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“The time may come when penicillin can be bought by anyone in the shops. There is the danger that 

the ignorant man may easily underdose himself and by exposing his microbes to non-lethal quantities 

of the drug make them resistant.” 

Alexander Fleming,  

Nobel Lecture, December 11, 1945 
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Abstract  

Antimicrobial resistance is a worldwide public health threat and Salmonella enterica subsp. 

enterica serotype Typhimurium phage type DT104B multiresistant strains with additional quinolone 

resistance have been responsible for global outbreaks and high mortality. Due to the worldwide high 

human health impact of nontyphoidal Salmonella infections and vital importance of the fluoroquinolone 

class of antibiotics, fluoroquinolone-resistance in nontyphoidal Salmonella is considered a situation of 

serious and international concern.  

Fluoroquinolone resistance is known to be multifactorial but is still far from a complete 

understanding. Proteomics achieved significant progress in the characterization of proteins involved in 

resistance mechanisms and have greatly contributed to the understanding of the effect of metabolic 

networks on antibiotic resistance and to identify new drug targets. Hence, in order to give new insights 

about the resistance mechanisms involved, three clonally related Salmonella Typhimurium DT104B 

clinical strains with different antimicrobial resistance phenotypes, Se6, Se20 and Se6-M, were 

thoroughly studied through different proteomic approaches complemented with genomic and 

transcriptomic methods.  

In a preliminary analysis, the complete proteome of the Se20 strain, which acquired quinolone 

resistance in vivo after patient treatment with ciprofloxacin, was determined by 2-DE~MALDI-TOF MS 

together with the total proteome of reference strain SL1344, in order to obtain an overview of global 

protein expression under normal growth conditions. A total of 178 and 202 protein spots (representing 

143 and 166 unique gene products) were positively identified, respectively, in Se20 and SL1344, 

providing a snapshot of the major proteins involved in the basic cellular physiology of these strains.  

Subsequently, in order to specifically observe mechanism-related differential protein expression, 

a set of different comparative subproteomic analyses were performed by combining 2-DE~LC-MS/MS 

and shotgun LC-MS/MS identification approaches for intracellular and membrane subproteomes, 

respectively. First, the in vivo selected Se20 strain was compared to Se6-M, an in vitro selected highly 

resistant mutant, obtained from the parental strain of Se20 (Se6) by laboratory evolution with increasing 

ciprofloxacin concentrations. A total of 50 and 7 unique proteins (32+2 more abundant in Se20 and 

18+5 more abundant in Se6-M) were identified in the intracellular and membrane subproteomes 

respectively. Afterwards, each of the quinolone-resistant strains, Se20 and Se6-M, were individually 

compared at the subproteomic level with their parental strain Se6 and also under ciprofloxacin stress. In 

total, 14 differentially abundant proteins were identified when comparing Se6 with Se20 and 91 were 

identified between Se20 and Se20+CIP. A total of 35 differentially abundant proteins were identified 

when comparing Se6 with Se6‑M and 82 were identified between Se6‑M and Se6‑M+CIP. Both stress 

conditions together revealed a total of 125 unique antibiotic-stress response proteins, of which only 45 

were common to the two strains. Of the remaining, 45 and 38 stress response proteins were exclusively 
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identified in Se20 and Se6-M respectively, highlighting the importance of including both laboratory- 

and clinically-adapted strains in these comprehensive comparative approaches.  

The roles of the identified proteins as resistance determinants is discussed in the contexts of 

reduced diffusion-mediated antibiotic uptake through porin downregulation and alterations in bacterial 

outer membrane organization and integrity through LPS, lipoprotein and peptidoglycan modifications. 

Additionally, the roles of identified ABC importers, global regulators of bacterial metabolism and 

bacterial stress response mechanisms as either determinants of antimicrobial resistance or targets for the 

development of new antimicrobial drugs is also discussed. 

The great number of proteins identified in the different comparative approaches provide valuable 

information about mechanism-related differential protein expression, giving new evidences on the 

nature of the physiological disturbance caused by the antibiotic, which might lead to new testable 

hypotheses on the mode of action of fluoroquinolone drugs and also secondary target proteins implicated 

in adaptation and compensatory mechanisms. Also, the results obtained emphasize that an improved 

detection of the multiple and superposing mechanisms that are usually involved in resistance acquisition 

can be achieved through the coordinated use of high-throughput proteomics and bioinformatics 

techniques complemented with different genomics and transcriptomics methods.  

By highlighting pathways involved in the acquisition of resistance, the comprehensive approaches 

performed in this study may be helpful not only to extend the useful life of current antimicrobials but 

also to develop new drugs and strategies to combat the emergence and spread of resistance in the high 

human health impact foodborne pathogen Salmonella Typhimurium DT104B.  

 

Keywords: antimicrobial resistance, Salmonella Typhimurium DT104B, comparative subproteomics, 

in vivo acquired quinolone resistance, in vitro induced quinolone resistance, ciprofloxacin stress.  
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Resumo 

A resistência aos antimicrobianos representa uma ameaça séria e actual à saúde pública mundial 

e estirpes multirresistentes de Salmonella enterica subsp. enterica serotipo Typhimurium e fagotipo 

DT104B com resistência adicional às quinolonas têm sido responsáveis por surtos globais e elevada 

mortalidade. Devido ao elevado impacto das infecções por Salmonella não tifóide e à vital importância 

dos antibióticos da classe das fluoroquinolonas, a resistência às fluoroquinolonas em Salmonella não 

tifóide é considerada uma situação de elevada preocupação a nível internacional. 

Apesar de ser do conhecimento geral que a resistência às fluoroquinolonas é multifactorial, ainda 

se desconhecem muitos dos elementos que contribuem para este fenótipo. A proteómica tem progredido 

significativamente no que respeita à caracterização de proteínas envolvidas em mecanismos de 

resistência, tendo contribuído amplamente para o conhecimento actual dos efeitos das redes metabólicas 

na antibiorresistência assim como na identificação de novos alvos. De modo a contribuir com novas 

perspectivas sobre os mecanismos de resistência envolvidos, três estirpes clínicas clonalmente 

relacionadas de Salmonella Typhimurium DT104B com fenótipos de resistência distintos, Se6, Se20 e 

Se6-M, foram exaustivamente estudadas através de diferentes abordagens proteómicas, 

complementadas com métodos genómicos e transcriptómicos. 

Numa análise preliminar, o proteoma total da estirpe Se20, que adquiriu resistência às quinolonas 

in vivo após tratamento do paciente com ciprofloxacina, tal como o proteoma total da estirpe de 

referência SL1344, foram determinados por 2-DE~MALDI-TOF MS. Um total de 178 e 202 spots 

proteicos (representando 143 e 166 produtos de genes específicos) foram identificados, respectivamente, 

nas estirpes Se20 e SL1344, fornecendo uma visão global da expressão proteica destas estirpes em 

condições normais de crescimento. 

Subsequentemente, com o intuito de detectar proteínas diferencialmente expressas relacionadas 

com mecanismos de resistência, foram realizadas várias análises subproteómicas comparativas, 

combinando identificação por 2-DE~LC-MS/MS e shotgun LC-MS/MS para análise do subproteoma 

intracelular e membranar, respectivamente. Numa primeira instância, a estirpe Se20, seleccionada in 

vivo, foi comparada à estirpe Se6-M, um mutante altamente resistente seleccionado in vitro a partir da 

estirpe parental da Se20 (Se6) por passagens sucessivas em concentrações crescentes de ciprofloxacina. 

Um total de 50 e 7 proteínas (32+2 mais abundantes em Se20 e 18+5 mais abundantes em Se6-M) foram 

identificadas nos subproteomas intracelular e membranar, respectivamente. Posteriormente, cada estirpe 

resistente, Se20 e Se6-M, foi comparada individualmente ao nível subproteómico com a estirpe parental, 

Se6, e também sob stress com ciprofloxacina. No total, foram identificadas 14 proteínas 

diferencialmente expressas ao comparar as estirpes Se6 e Se20 e 91 proteínas ao comparar a estirpe 

Se20 com Se20+CIP. Um total de 35 proteínas diferencialmente expressas foram identificadas na 

comparação das estirpes Se6 e Se6-M e 82 foram identificadas entre Se6-M e Se6-M+CIP. Em conjunto, 
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ambas as condições de stress revelaram um total de 125 proteínas relacionadas com a resposta à 

ciprofloxacina, das quais apenas 45 são comuns a ambas as estirpes. Das restantes, 45 e 38 foram 

identificadas exclusivamente nas estirpes Se20 e Se6-M, respectivamente, salientando a importância de 

incluir tanto estirpes adaptadas em laboratório como estirpes adaptadas clinicamente neste tipo de 

abordagens comparativas.  

O papel das proteínas identificadas como determinantes de resistência é discutido nos contextos 

do influxo reduzido de antibióticos através da diminuição da expressão de porinas e de alterações na 

organização e integridade da membrana externa através de modificações de LPS, lipoproteínas ou 

peptidoglicano. Adicionalmente, é também discutido o papel de importadores ABC, de reguladores 

metabólicos e dos mecanismos bacterianos de resposta ao stress, quer como determinantes de resistência 

ou alvos para o desenvolvimento de novos agentes antimicrobianos. 

O elevado número de proteínas identificadas neste estudo constitui informação valiosa sobre a 

expressão diferencial de proteínas envolvidas em mecanismos de resistência, fornecendo novas 

evidências sobre a natureza dos distúrbios fisiológicos causados pelo antibiótico. Tal pode conduzir à 

formulação de novas hipóteses no que respeita não só ao mecanismo de acção das fluoroquinolonas, 

mas também a proteínas-alvo secundárias implicadas em mecanismos adaptativos e compensatórios. Os 

resultados obtidos salientam ainda que o uso coordenado de técnicas proteómicas e bioinfomáticas de 

alto rendimento, complementadas com diferentes métodos genómicos e transcriptómicos, possibilitam 

uma melhor detecção dos múltiplos mecanismos envolvidos na aquisição de resistência. 

As vias envolvidas na aquisição de resistência, realçadas nas diversas abordagens realizadas neste 

estudo, podem ser úteis não só para prolongar o uso dos antibióticos actuais, como também para o 

desenvolvimento de novos antibióticos e estratégias alternativas para combater a emergência e 

disseminação de resistência no agente patogénico de origem alimentar de elevado impacto na saúde 

humana, Salmonella Typhimurium DT104B. 

 

Palavras-chave: resistência antimicrobiana, Salmonella Typhimurium DT104B, subproteómica 

comparativa, aquisição de resistência às quinolonas in vivo, selecção de resistência às quinolonas in vitro, 

stress com ciprofloxacina. 
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Thesis outline 

The main aim of this study was to perform a comprehensive proteomic analysis, integrated with 

genomic and transcriptomic approaches, to better understand the mechanisms associated to 

antimicrobial resistance, particularly to quinolones, in the clinically important foodborne pathogen 

Salmonella enterica serovar Typhimurium. 

Hence, the two introductory chapters of this thesis (section I) describe the role of proteomics in 

elucidating multiple antibiotic resistance in Salmonella as well as its potential for novel antibacterial 

discovery (chapter 1) and also a brief state-of-the art review of the mechanisms involved in quinolone 

action and resistance (chapter 2). 

The following chapters portray the proteomic studies of three clonally related Salmonella 

Typhimurium DT104B clinical strains with distinct antimicrobial resistance phenotypes (section II). 

First, the complete proteome of a previously characterized DT104B strain (Se20) that acquired 

quinolone resistance in vivo after patient treatment with ciprofloxacin was studied, together with the 

proteome of reference strain SL1344, to obtain an overview of global protein expression under normal 

growth conditions (chapter 3). Then, in order to provide new insights about the resistance mechanisms 

involved, the subproteomes of the in vivo selected Se20 strain were compared to the subproteomes of 

an in vitro selected highly resistant mutant (Se6-M) obtained from the parental strain of Se20 (Se6) by 

laboratory evolution with ciprofloxacin (chapter 4). Finally, each of these strains, Se20 and Se6-M, were 

compared at the subproteomic level with their parental strain Se6 and also under ciprofloxacin stress 

(chapters 5 and 6), in order to observe mechanism-related differential protein expression and provide 

new evidences on the nature of the bacterial physiological disturbance caused by antibiotic stress, 

leading to new hypotheses on quinolone mechanisms of action and resistance. 

The thesis finalizes (section III) with an integrative general discussion of the results obtained in 

all comparative proteomic analyses and major concluding remarks (chapter 7) followed by a closing 

chapter with challenges, opportunities and perspectives (chapter 8).  
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1. Introduction 

Salmonellae are Gram-negative facultative anaerobes that have been divided into two species: S. 

enterica, which is subdivided into over 2,500 serovars, and Salmonella bongori. Some serovars of S. 

enterica, such as S. Typhi, cause systemic infections and typhoid fever, whereas others, such as S. 

Typhimurium, cause gastroenteritis. Nontyphoidal Salmonella are a major cause of food poisoning 

being Salmonellosis one of the most common and widely distributed foodborne diseases. Millions of 

human cases are reported worldwide every year and the disease constitutes a major public health burden, 

causing significant morbidity and mortality in several countries. Since the beginning of the 1990s, strains 

of Salmonella which are resistant to a range of antimicrobials, including first-choice agents for human 

treatment, have emerged and are threatening to become a serious public health problem. Multidrug-

resistant strains of Salmonella are now frequently encountered and the rates of multidrug-resistance 

(MDR) have been increasing considerably in recent years [World Health Organization (WHO 2005)].  

Strains of Salmonella spp. with resistance to antimicrobial drugs are now widespread in both 

developed and developing countries. Effective antimicrobial agents are essential for human and animal 

health and welfare. However, infections caused by resistant microorganisms often fail to respond to 

standard treatment, resulting in prolonged illness and greater risk of death. Hence, the increasing 

antimicrobial resistance is considered a public health problem at a global level (Musgrove et al. 2006; 

Võ 2007). A diversity of foods and environmental sources harbor bacteria that are resistant to 

antimicrobial drugs used in medicine and in food-animal production (Bager & Helmuth 2001; Schroeder 

et al. 2004). Also the misuse and/or excessive use of antibiotics in human and veterinary medicine are 

in certain cases responsible for the increase and spread of resistance seen among the bacterial population. 

Antimicrobial agents are known to be clinically prescribed in situations where there is no bacterial 

infection or the illness event is a viral infection. In other cases, the treatment of an infection is made 

with the incorrect antibiotic combinations, doses or durations that are sometimes excessive. 

Antimicrobial resistance reduces the effectiveness of treatment as patients remain infected for longer, 

thus potentially spreading resistant microorganisms to others. The achievements of modern medicine 

are also at risk since, without effective antimicrobials for care and prevention of infections, the success 

of treatments such as organ transplantation, cancer chemotherapy and major surgery would be 

compromised. In addition, the growth of global trade and travel allows resistant microorganisms to be 

spread rapidly to distant countries and continents; this represents a threat to health security, and damages 

trade and economies (WHO 2011). 

Bacterial antibiotic resistance can be classified in five different main mechanisms, involving the 

antibiotic molecules or its targets in the cell (Figure 1). 

Although genes encoding efflux pumps can be found on plasmids, the carriage of efflux pump 

genes on the chromosome gives the bacterium an intrinsic mechanism that allows survival in a hostile 

environment (e.g. the presence of antibiotics), and so mutant bacteria that over-express efflux pump 
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genes can be selected without the acquisition of new genetic material (Webber & Piddock 2003). Before 

the development of genomics, the scientific community focused investigations on single or small groups 

of genes or proteins. The genome-sequencing projects of the late 1990’s yielded entire genome 

sequences of many bacteria, leading to a large amount of genetic data. These new platforms of the so-

called “omic” technologies allow the analysis and characterization of biological systems and promised 

to facilitate our understanding of normal cellular function and dysfunction by permitting simultaneous 

monitoring of thousands of molecular components. There are currently 1587 complete bacterial 

genomes and 4901 bacterial genomes in-progress at NCBI (http://www.ncbi.nlm.nih.gov/ 

genomes/lproks.cgi). Even though the number of encoding entities (open reading frames, ORFs) can be 

predicted from the genome, the number of different proteins that an organism is capable of generating 

cannot directly be deduced - a global protein analysis is needed to define the protein composition of a 

given cell under a certain circumstance (Brotz-Oesterhelt et al. 2005). 

 

 

Figure 1. Antibiotic resistance mechanisms. Adapted from Yao & Moellering, 2003. Antibacterial Agents 

American Society for Microbiology, Washington. 

 

Proteomics, defined as the global analysis of cellular proteins, is a key area of research that is 

developing in the post-genome era (Osman et al. 2009). The term proteome, in analogy to the term 

genome, was coined to describe the complete set of proteins that an organism has produced under a 

defined set of conditions (Wasinger et al. 1995). In the last few years proteomics has become a powerful 

tool for the investigation of complex biochemical processes, the discovery of new proteins and 

investigation of protein-protein interactions. The proteome is highly dynamic and much more complex 

than the genome - the number of encoding entities can be predicted from the genome, but the number 

of different proteins that an organism is capable of generating cannot be directly deduced. Hence, a 
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global protein analysis is needed to define the protein composition of a given cell under a specific 

circumstance (Brotz-Oesterhelt et al. 2005). Moreover, the evaluation of protein profiles in response to 

multiple stress mechanisms, such as sensitivity to antibiotics or modifications related to antibiotic 

resistance, could represent a valid and integrating approach for the development of new therapeutic 

strategies. In complement, Mass Spectrometry (MS)-based proteomics and bioinformatics were shown 

to be suitable for evaluation of the effect of protein extracts, whole cell versus outer membrane proteome 

(OMP), on the identification of Gram-negative organisms. Different numbers of distinguishing, unique 

proteins were obtained by the bioinformatics procedure between the two protein extraction methods. 

This chapter will present an overview of the major achievements of proteomic approaches to study 

Salmonella and its adaptation networks that are crucial for bacteria. Furthermore, the published efforts 

to exploit the knowledge derived from the proteomic studies directly for the antibacterial drug discovery 

process will be reviewed. Special focus will be placed on antibiotic treatment induced stress and 

particular stressful environments. Finally, recent developments related to the Salmonella proteome and 

technological determinants used as biomarkers will be discussed. 

 

2. Proteomics in practice 

In the mid-1990’s, two factors arose that substantially simplified proteomic analysis. For the first 

time, DNA sequences of whole bacterial genomes became available and allowed the prediction of the 

approximate total number of encoded ORFs (Brotz-Oesterhelt et al. 2005). At the same time, progress 

in MS facilitated the analysis of peptides and small proteins, and the accuracy of the measured peptide 

masses was sufficient to allow protein identification. The introduction of user-friendly, browser-based 

bioinformatics tools to extract information from these databases constituted a key of the post-genomic 

era. It is now possible to search entire genome sequences for specific nucleic acid or protein sequences 

to have a global view of living organisms through in silico analysis. Proteome informatics tools span 

today a large panel of very diverse applications ranging from simple tools to compare protein amino 

acid compositions to sophisticated software for large-scale protein structure determination (Palagi et al. 

2006). The application of proteomics provides major opportunities to elucidate disease mechanisms and 

to identify new diagnostic markers and therapeutic targets. Significant progress has been made in the 

characterisation of bacterial pathogens using a combination of genomic and proteomic technologies. 

Pathogenic determinants are identified through comparative proteomics between virulent and avirulent 

isolates whereas complex disease phenotypes can be correlated with specific proteomic signatures 

identified through the analysis of large collections of natural isolates (Osman et al. 2009). 

Proteomics is used to describe any large-scale investigation of proteins and can be approached in 

many ways but in principle it consists in three steps (Figure 2): (1) protein extraction, (2) separation and 

(3) identification. Most of the approaches require MS and database searching for protein identification 

but differ in the way the proteins are separated and isolated (Westermeier & Naven 2002). In the 
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extraction process, depending on the source, the proteins have to be brought into solution by breaking 

the tissue or cells containing them. Several methods like repeated freezing and thawing, sonication, 

homogenization by high pressure, filtration, or permeabilization by organic solvents are used to achieve 

this purpose. The methodology used depends on how fragile the protein is and how sturdy the cells are. 

 

 

Figure 2. Typical proteomic workflow representing the classical components of protein identification. 

Proteins are extracted and then separated according to isoelectric point and molecular mass (two-dimensional 

gel electrophoresis, 2-DE). Spots of interest are excised, digested and then proteins are identified by MS 

followed by data interrogation against genomic or proteomics databases using bioinformatic tools. 

 

One of the most important ways that proteins are separated is by electrophoresis, including two-

dimensional gel electrophoresis (2-DE) and capillary electrophoresis (Mishra 2010). The latter involves 

the separation of proteins and peptides carried in a thin glass tube under high voltage before injection 

into the mass spectrometer for their identification. Thin tubes have the advantage of dissipating heat by 

high voltage, and separated proteins can be visualized and monitored by ultraviolet (UV) light during 

the eletrophoretic run. However, protein separation by 2-DE is the most commonly used method in 

proteomics. Proteins are separated according to isoelectric point (pI) in the first dimension and to 

molecular mass (Mr) in the second. The gels are stained to visualize the resolved proteins using a dye 

that can contain zinc or copper, Coomassie Blue, silver or a fluorescent dye (Mishra 2010). Zinc or 

copper staining is a negative staining because it stains the gel and not the protein spots; this method is 

inexpensive and has a sensitivity to detect spots containing 6-12 ng of protein, but it has difficulty in 

handling thin gels. Coomassie Blue is an easy and an inexpensive stain that is used to identify proteins 

by mass spectrometry; it has a sensitivity of 36-45 ng of protein per spot in the gel. Silver staining is 

expensive and time consuming but with high sensitivity as it can detect 0.5-1.2 ng of protein per spot in 
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the gel. 2D Differential Gel Electrophoresis (DIGE) is a modification of 2D gel electrophoresis to avoid 

any differences that are usually encountered when samples are run on different gels even under identical 

conditions. In this method, multiple protein samples are separately labelled with different fluorescent 

dyes and then co-electrophoresed on the same 2-DE gel. Fluorescent dyes come in a variety of choices; 

they are quick and easy to use and are highly sensitive like silver staining but not compatible to 

subsequent techniques of protein identification by MS (Mishra 2010).  

After staining, the spots of interest are excised, either manually or automatically. An in-gel tryptic 

digestion of the gel spot is conducted and the protein is identified by MS analysis of the resultant 

peptides followed by data interrogation against genomic or proteomics databases using bioinformatic 

tools. This technique was initiated by Stegemann (1970) (as cited in Westermeier & Naven 2002), 

combining isoelectric focusing (IEF) and SDS polyacrylamide gel electrophoresis (SDS-PAGE). 2-DE 

resolution was considerably increased when O’Farrell, in 1975, introduced denaturating conditions 

during sample preparation and IEF. This modification gave wide acceptance to the method but the 

technique only became reproducible enough for proteome analysis in 1982, with the application of 

immobilized pH gradients for the first dimension (Bjellqvist et al. 1982). 2-DE/MS provides a direct 

method to separate proteins and to visualize changes between complex proteome samples and it is able 

to resolve thousands of proteins. Many technological improvements have made 2-DE relatively 

inexpensive and accessible to most biomedical research labs but criticisms such as the inability of 2D-

PAGE to resolve membrane proteins and its lack of reproducibility have been to some extent tempered 

by the development of better reagents, techniques, and gel alignment software. Even though 2-DE is 

still limited in sensitivity and dynamic range (Veenstra 2007), it is still the most widely used method for 

protein separation. Nonetheless, liquid chromatography methods which includes gel filtration, affinity 

chromatography, ion exchange chromatography, Reverse-Phase (RP) and High-Performance Liquid 

Chromatography (HPLC), and multidimensional chromatography are also used for protein separation in 

proteomic analysis (Mishra 2010). 

For protein identification one can use an approach that is not based on spectrometry 

(determination of the amino acid sequence from the DNA sequence or the identification of one amino 

acid at a time from the N-terminus of the peptide - Edman Degradation) or a MS approach which allows 

protein identification based on their amino acid sequence (Mishra 2010). Peptide mass fingerprinting 

(PMF) is the easiest and fastest way to identify proteins (Westermeier & Naven 2002). In this method, 

the protein of interest is digested with a proteolytic enzyme, commonly trypsin, inside a gel plug and 

the cleavage products (peptides) are eluted and submitted to MS analysis. MALDI-TOF (Matrix-assisted 

laser desorption/ionization – Time-of-flight) instruments are preferably used because they are easier to 

handle than electrospray systems (ESI-TOF). The mass spectrum with the accurately measured peptide 

masses is matched with theoretical peptide spectra in various databases using adequate bioinformatic 

tools. Even though this procedure works very well for protein identification, the method can be 
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compromised for several reasons. In these circumstances, more specific information is needed for 

unambiguous protein identification and so the amino acid sequence is determined. During MS analysis 

a peptide can be selected from the spectrum and fragmented inside the instrument, termed tandem MS 

(MS/MS). The resultant fragment ion masses are indicative of amino acid sequence that can be used to 

search not only protein databases but also Expressed Sequence Tag (EST) databases and used for de 

novo sequencing when necessary. 

The evolution of MS-based proteomic technologies has advanced our understanding of the 

complex and dynamic nature of proteomes while simultaneously revealing that no proteomic strategy 

can be used alone to address all biological questions. Figure 3 depicts a typical proteomic workflow 

with examples of commonly used techniques that may be applied in most types of proteomics studies. 

Several tools are available to help quantify and interpret data generated through specific applications of 

MS. MS-based quantitative approaches include tagging or chemical modification methods, such as 

isotope-coded affinity tags (ICAT), isobaric tag for relative and absolute quantitation (iTRAQ) or stable 

isotope labelling by amino acids in cell culture (SILAC). A further detailed description of proteomic 

techniques can be consulted in Westermeier & Naven 2002; Veenstra 2007; Mallick & Kuster 2010; 

Mishra 2010; Parker et al. 2010; Hamacher et al. 2011. 

Despite the variation in proteomics approaches, all techniques generate large quantities of data. 

Bioinformatics approaches appear as an essential mean for analysis, storage and retrieval of all that 

information. In 2-DE, there are several software available for image analysis that allow the comparison 

of different gels. 2-DE gels are not exactly identical; different factors may cause variation between 

analysis, such as preparation methods, staining, and unequal mobility in the different gels’ regions and 

variations in electrophoretic conditions, even when studying the same sample. Automatic gel matching 

methods include features like spot detection, gel warping and auto-matching; this matching is the 

starting point for deeper analysis and statistical studies. Through MS, integrated systems allow protein 

identification, based on comparison of peptide fingerprints with proteins in databases (Vihinen 2003). 

Bioinformatics not only helps the interpretation of results but it also may guide the course of new 

investigations since results and new discoveries from laboratories from all over the world can be stored 

in online databases, available to any researcher. 

Due to the wide diversity of proteins and properties in complex proteomes, it is anticipated that 

no single proteome analysis technology will be able to effectively address all proteome analysis 

requirements. 2-DE gels will probably remain the ‘‘gold standard’’ within the foreseeable future to 

which any competing method should be compared, and to which it should display clear advantages of 

2-DE with IPGs (Görg et al. 2009). In contrast to the 2-DE approaches, information about protein 

abundances is initially unavailable in the non-gel-based technologies, unless stable isotope labelling is 

applied. Moreover, 2-DE is highly parallel and unsurpassed for its ability to run as far as 20 2-D gels at 

a time with thousands of proteins per gel. Post-translationally modified (PTM) proteins can be readily 
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located in 2-DE gels because they appear as distinctive spot clusters, which can be subsequently 

identified by MS analysis. For a global view, post-translational modifications (PTMs) (e.g. 

glycosylation or phosphorylation) can be visualized with specific fluorescent dyes (Hecker et al. 2008; 

Zong et al. 2008). However, there are challenges, in particular, with respect to detection of low-

abundance proteins and, particularly, of integral membrane proteins, whereas non-gel-based methods 

are unsurpassed by their potential to cover the whole proteome (de Godoy et al. 2008). 

 

Figure 3. Technologies for proteomics. This figure depicts the proteomic workflow from sample extraction 

to protein quantification. For each step in the workflow, the text boxes give examples of commonly used 

techniques, many of which may be combined in any one study. Reprinted by permission from Macmillan 

Publishers Ltd: [Nature Biotechnology] (Proteomics: A Pragmatic Perspective., 28(7): 695-709), copyright 

(2010) (Mallick & Kuster 2010). 

 

3. Antimicrobial resistance in Salmonella 

An alarming increase in the incidence of antibiotic resistant strains of Salmonella was pointed out 

by the World Health Organization more than 20 years ago (Brisabois et al. 1997). Multiple antibiotic 

resistance in Salmonella has also been increasing; about 45% of the isolates of Salmonella Typhimurium 

reported to the Enter-net surveillance network in recent years presented a MAR phenotype (International 

surveillance network for the enteric infections Salmonella and VTEC O157, 2008). 
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Salmonella commonly show resistance to ampicillin, chloramphenicol, streptomycin/ 

spectinomycin, sulphonamides and tetracyclines (R-type ACSSuT), with additional resistance to third-

generation cephalosporins mediated by the CMY-2 beta-lactamase gene (Threlfall 2002; Antunes et al. 

2006; Threlfall 2008). The increasing number of infections with R-type ACSSuT Salmonella, with 

extended-spectrum ß-lactamase (ESBL)-producing Salmonella and with quinolone-resistant Salmonella 

strains, have emerged as a global health problem and deserve special attention (Antunes et al. 2006; 

Threlfall 2008).  

Infections due to antibiotic-resistant Salmonella may have different consequences. People treated 

with antimicrobial drugs for unrelated reasons, such as upper respiratory tract infections, are at increased 

risk of infection with Salmonella that are resistant to the given antibiotic. Infections by resistant 

Salmonella have been proven to be more severe than infections with susceptible strains and resistance 

is directly associated with increased frequency of treatment failures, mainly when there is a prolonged 

duration of illness, associated with increased hospitalization (WHO 2005). 

The emergence of MDR Salmonella strains with resistance to fluoroquinolones and third-

generation cephalosporins is also a serious development, which results in severe limitation of the 

possibilities for effective treatment of human infections. Ceftiofur and ceftriaxone are two of the most 

common antimicrobials used for treatment of infections caused by Salmonella, especially invasive ones, 

but there are already records of strains containing the blaCMY-2 cephalosporine-resistance gene (Dunne 

et al. 2000; Fey et al. 2000; Winokur et al. 2000). The concern rises from the fact that third generation 

cephalosporins are drugs of choice in invasive infections caused by strains with resistance to 

ciprofloxacin (Threlfall 2002). Also, mobile genetic elements allow and have been associated to 

resistance transmission as they may contain one or more resistance-associated genes (White et al. 2001). 

This spread of resistances has led to a predominance of resistant strains in several countries. In the 

United States of America, United Kingdom, France and Germany, the predominant Salmonella type is 

resistant to at least five drugs: ampicillin, chloramphenicol, streptomycin, sulfonamides and tetracycline 

(Helms et al. 2002). 

While resistance to fluoroquinolones often emerges as a result of mutations in the bacterial 

genome (DNA), resistance to other antimicrobials often spread by DNA transfer between bacterial 

strains through plasmids. Nalidixic acid was the first quinolone antibacterial agent licensed for use in 

the United States. Since introduction of nalidixic acid in the 1960s, subsequent generations of 

fluoroquinolones have been licensed by the US Food and Drug Administration (FDA). Fluorination of 

quinolone compounds resulted in the introduction of norfloxacin in 1986 and ciprofloxacin in 1987, 

followed by other second-generation fluoroquinolones. Additional modifications resulted in third- and 

fourth-generation fluoroquinolones. Some fluoroquinolones are no longer available, and others are of 

limited use clinically. Currently, ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin are the 

most widely used fluoroquinolones. When fluoroquinolones were first licensed for human therapy, no 
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immediate rise in Salmonella resistance was observed (WHO 2005). In contrast, when fluoroquinolones 

were subsequently licensed for use in food animals, the rates of fluoroquinolone-resistant Salmonella in 

animals and food, and then subsequently in human infections, rapidly increased in several countries 

(WHO et al. 2003). Even worse than the increasing rates of drug-resistant Salmonella is the fact that 

some variants of Salmonella have developed MDR as an integral part of the genetic material of the 

organism, and are therefore likely to retain their drug-resistant genes even when antimicrobial drugs are 

no longer used, a situation where other resistant strains would typically lose their resistance (WHO 2005). 

Evidence from many countries supports the role of agricultural antimicrobial use and increasing 

prevalence of resistance among commensal and pathogenic bacteria isolated from food animals, 

humans, the food supply, and the environment. First, a mass flow concept of antimicrobial pressure and 

resistance evolution supports the importance of controlling the agricultural use of antimicrobials because 

this is the primary category of use worldwide; and second, the problem must be redefined as one of 

resistance and gene flow, thus challenging the basis of policies that respond to or prioritize specific 

drug/bug combinations (Silbergeld et al., 2008). In developed countries the existence of Salmonella 

organisms resistant to antibiotics is an almost inevitable consequence of the use of antimicrobial drugs 

in food-producing animals. Although legislation targeted at controlling the overall usage of 

antimicrobials in livestock, in recent years there have been significant increases in the occurrence of 

resistance in non-typhoidal Salmonella. Selective pressure from the use of antimicrobials in food 

animals may be a major driving force behind the emergence of resistance but other factors must also be 

considered; some Salmonella serotypes are more prone to develop resistance than others and major shifts 

in the occurrence of Salmonella serotypes in food animal and humans are regularly seen. An example is 

the global spread of a multidrug-resistant S. Typhimurium phage type DT104 in animals and humans 

that may not only have been facilitated by the use of antimicrobials, but also worsened by international 

and national trade of infected animals. 

In the past, studies on Salmonella isolates from human infection cases and clinical animal samples 

showed low resistance levels (Seyfarth et al. 1997). Nevertheless, it has been shown that the occurrence 

of resistant Salmonella strains in domestic animals is associated with the continuing use of antimicrobial 

agents in animal herds (van Leeuwen et al., 1979; Threlfall et al., 1993, as cited in (Seyfarth et al. 1997). 

The routine practice of giving antimicrobial drugs to domestic livestock as a mean of preventing and 

treating diseases, as well as promoting growth, is an important factor in the emergence of antibiotic-

resistant bacteria that are subsequently transferred to humans by the food chain (Angulo et al., 2004, as 

cited in Miko et al. 2005). Even indirect contact between animals, humans and ecosystems may lead to 

the transference of bacteria and/or resistance genes from one microorganism to another (Radhouani et 

al. 2010), making resistant Salmonella strains a cross-species problem. Hence, the emergence and 

dissemination of antimicrobial-resistant pathogens such as Salmonella has become a serious health 

hazard worldwide. The comparison between the genomes of different serovars revealed that despite their 
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similarities, each serovar has many insertions and deletions in relation to the others, which vary in size 

from 1 to 50 kB (Edwards et al. 2002). However, the observed differences at the DNA level proved to 

be unrelated to protein expression. Therefore, it is of great importance to determine if the observed 

genomic difference could impact its expressed protein outcome. Taoka et al. (2004) found that the 

majority of horizontally transferred genes in the genome of E. coli are not translated into proteins. Recent 

data from transcriptomic and/or proteomic profiling suggest that marker panels derived from 

transcriptomic or proteomic profiling are superior to single genes or markers, in differentiating non-

infectious from sepsis-associated systemic inflammation, and thus may overcome some of the 

limitations of procalcitonin (Johnson et al. 2007; Tang et al. 2009).  

The use of biomarkers might help to avoid antibiotic misuse and overuse and to curb the rising 

incidence of microbial resistance. Increasing rates of bacterial resistance among common pathogens are 

threatening the effectiveness of even the most potent antibiotics. Through proteome analysis we showed 

how mechanisms of antimicrobial resistance can affect other important characteristics, like virulence, 

possibly resulting in low dissemination of such strains. Further work focusing on the interactions 

between antimicrobial resistance and virulence mechanisms is important. There is also a need for further 

epidemiological studies to determine whether different kinds of disinfectants contribute to the 

emergence of antibiotic resistance in order to establish the best practices to prevent or minimize the 

selection of antibiotic resistance (Karatzas et al. 2008). 

 

4. The potential role of proteomics in Salmonella research 

Functional genomics allows identification of complex pathways and interactions between gene 

expression products that provides insight into processes beyond their clinical appearance. Single cell 

signaling stimuli can define complex cellular pathways but multicellular and whole organism systems 

require an understanding of complex interrelationships, both structurally and temporally. These complex 

interrelationships are based on numerous individual components, diffuse interconnectivity between 

components, differences in spatio-temporal relations, and complexity in signaling network control 

interactions. Together, comparative proteomics, MS and bioinformatics contributed to the achievement 

of significant progress on the characterization of bacterial pathogens (Osman et al. 2009). MALDI has 

been used for the identification of bacteria since 1996 (Holland et al. 1996; Krishnamurthy & Ross 

1996) and this technique can be used for determining the causes of infection in patients, for the detection 

of bioterrorism agents, for the detection of toxic molds and bacteria in indoor air and for the detection 

of infectious agents in water (Parker et al. 2010). 

Nevertheless, a broader definition states that proteomics deals with the large-scale analysis of 

proteins, including identification, measure of expression levels and partial characterization by the analysis 

of pre-, co-, and post-translational modifications, their structures, functions and interactions. Proteomics 

has four main objectives: (i) to identify all proteins from a proteome creating a catalogue of information; 
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(ii) to analyze differential protein expression associated to a disease, different cell states, sample treatments 

and drug targets; (iii) to characterize proteins by discovering their function, cellular localization, PTMs, 

etc. and (iv) to describe and understand protein interaction networks (Palagi et al. 2006). 

Proteomic profiling is a useful approach to obtain an overview of the proteins present in a bacterial 

system under differing conditions (DelVecchio et al. 2002; Lipton et al. 2002). Additionally, it can aid 

in understanding the molecular determinants involved with pathogenesis, which is essential for the 

development of effective strategies to combat infection and revealing new therapeutic targets (Lucas & 

Lee 2000). Therefore, proteomics presents one of the best ways to investigate changes in the genome 

expression profile (Leverrier et al. 2004). Protein profiles can reveal the complexity of expressed 

proteins in bacteria, representing phenotypic characteristics, but they can also provide an excellent 

approximation of a microorganism’s genome information. Also, proteomic methodologies contribute to 

the determination of antimicrobial resistance mechanisms, through the capacity to analyze global 

changes of bacteria (Radhouani et al. 2010). The use of Salmonella reference protein maps may be 

helpful in the identification of proteins in different Salmonella strains. In addition, these maps can 

facilitate the determination of different growth conditions (Qi et al. 1996). Studying the proteome of 

Salmonella with its small genome (with an estimated coding potential of 4000 gene products) makes it 

theoretically simple to determine if a certain protein is known or novel. Further, the close evolutionary 

relationship between E. coli and Salmonella, in which protein homologues usually have similar 

sequences, allows a reliable assignment of proteins and PTMs which appears to be relatively rare. Also, 

the availability of decreased-virulence-strains, as a result of mutations in key regulatory proteins, allows 

the comparison of protein expression profiles between strains, which permits the identification of 

proteins under the control of a specific regulator (O'Connor et al. 1997).  

Because Salmonella need to invade a specific host cell to initiate the disease process, the 

characterization of the Salmonella proteins that are induced during and following invasion of different 

types of mammalian cells is of particular interest (O'Connor et al. 1997), particularly in the development 

of new antimicrobial approaches. Studies performed by our research group have proven the capability 

of proteomics to provide results that allow the comparison between Salmonella strains, as long as the 

detection of proteins related to antibiotic resistance, pathogenesis and virulence in this species (Pinto et 

al. 2010). Therefore, our group developed an integrated genomic and proteomic evaluation of antibiotic 

resistance in Salmonella strains with different serotypes and antibiotic resistance phenotypes, recovered 

from faecal samples of wild rabbits and wild boars from the North of Portugal. All strains used in the 

referred study are listed in Table 1, which shows the resistance profiles of the different samples of 

Salmonella serotypes displayed in the 1-D gel. Analysis of different strains by SDS-PAGE gave 

reproducible whole-cell protein patterns which allowed differentiation among the serovars included in 

this study (Figure 4). The genetic characterization of antimicrobial resistance genes as well as their 

location and diversity is important in identifying factors involved in resistance, understanding the 
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diversity of multi-drug resistant strains, identifying genetic linkages among markers, understanding 

potential transfer mechanisms, and developing efficient detection methods. 

 

Table 1. Resistance profiles of the different samples of Salmonella serotypes displayed in the 1-D gel. 

Sample Serotype Resistance profile 

J27(1) S. Typhimurium AMP; TET; STR; CHL 

J32(2) S. Typhimurium AMP; TET; STR; CHL 

C71(1) S. Typhimurium AMP; TET; STR; CHL 

P40(a) S. Typhimurium AMP; TET; STR; CHL 

P16(1) S. Typhimurium AMP; TET; STR; CHL 

P20(2) S. Enteritidis AMP; TET; STR; NAL; CHL 

P29(2) S. Rissen AMP; TET; STR; NAL; SXT 

J45(1) S. Rissen AMP; TET; SXT 

P1(1) S. Enteritidis AMP; TET; NAL; SXT 

AVT14(1) ND TET; SXT 

C12(1) S. Rissen AMC; AMP; TET; STR; SXT 

C16(1) S. Typhimurium AMP; TET; AK; STR; CHL 

C40(2) S. Typhimurium AMP; STR; CHL 

P57(c) S. Enteritidis TOB; STR 

C37(1) S. Enteritidis - 

J15(2) S. Typhimurium AMP; STR; CHL 

J - wild boars; C - wild rabbit; P - swine; AVT - ostrich; AK - amikacin; AMC - amoxicillin-clavulanic acid; AMP - ampicillin;  

CHL - chloramphenicol; NAL - nalidixic acid; STR - streptomycin; SXT - sulfamethoxazole-trimethoprim; TET - tetracycline;  

TOB - tobramycin; ND - not determined. Adapted from Journal of Proteomics, 73 (8), Pinto et al. 2010, Genomic and proteomic 

evaluation of antibiotic resistance in Salmonella strains, 1535-1541, Copyright (2010), with permission from Elsevier. 

 

Cell wall changes that result in reduced permeability can also be responsible for resistance to 

biocides and antibiotics. These common mechanisms of resistance to biocides and antibiotics should be 

a public health concern, and prevention of the dissemination of antibiotic-resistant strains in the 

environment and animal hosts, including farm animals and humans, is important (Karatzas et al. 2008). 

The application of proteomics to the antibiotic-discovery process, technically spoken, requires the same 

methodological approaches as those applied to study the physiological response to environmental 

stresses. Nevertheless, there are many potential questions to be asked that are specific for drug-discovery 

applications. Antibiotics exert their antibacterial activity via binding to and inhibition of certain 

molecular targets, thereby usually blocking a function essential for microbial survival. Therefore, one 

application of proteomics in drug discovery is the identification of novel antibacterial targets. Target 

identification will critically rely either on the availability of similar protein expression profiles for 

comparison or on the detailed investigation of proteome signatures induced by the compound tested. For 

target validation, proteome analysis of mutants may be helpful if an inhibitor of a novel target of interest 

is not yet available. For certain groups of inhibitors it might be beneficial to extend the analysis to 

different pI ranges or to include different protein fractions to increase the number of marker proteins. 

For instance, it would be interesting to identify marker proteins in the membrane fraction that help 

differentiate between membrane-active antibacterial compounds (Gray & Keck 1999; Apfel et al. 2001; 

Evers et al. 2001; Gmuender et al. 2001; Singh et al. 2001; Bandow et al. 2003). 
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Figure 4. SDS-PAGE of total protein extracts from Salmonella serotypes. 1-J27(1); 2-J32(2); 3-C71(1); 4-

P40(a); 5-P16(1); 6-P20(2); 7-P29(2); 8-J45(1); 9-P1(1); 10-AVT14(1); 11-C12(1); 12-C16(1); 13-C40(2); 

14- Marker; 15-P57(c); 16-C37(1); 17-J15(2). Arrows indicate the clearest differences between protein 

samples. Reprinted from Journal of Proteomics, 73 (8), (Pinto et al. 2010), Genomic and proteomic evaluation 

of antibiotic resistance in Salmonella strains, 1535-1541, Copyright (2010), with permission from Elsevier. 

 

According to these patterns, two different serotypes were chosen based on differences in 

serotypification and antibiotic resistance to proceed to a full proteomic study: the wild boar S. 

Typhimurium J15(2) strain, which demonstrated resistance to three antimicrobial agents (ampicillin, 

streptomycin and chloramphenicol) and S. Enteritidis C37(1), recovered from a wild rabbit, where no 

antibiotic resistance was found. 2-DE (Figure 5) combined with MS (MALDI-TOF/TOF) and then the 

correlation with web databases allowed the exact identification and characterization of proteins related 

to antibiotic resistance, pathogenesis and virulence in both Salmonella strains (Table 2). In S. Enteritidis 

isolated from a wild rabbit [C37(1)], the protein “Virulence transcriptional regulatory protein phoP” was 

detected in spot 47 and was previously reported in three different Salmonella strains: S. Typhi (accession 

number Q8Z7H2), S. Typhimurium (P14146) and S. Choleraesuis (Q57QC3). Protein phoP is a member 

of the two-component regulatory system phoQ/phoP that regulates the gene expression involved in 

virulence and resistance to host defensive antimicrobial peptides, promoting intramacrophage survival 

of S. Typhimurium (Miller et al. 1989). Transcriptional regulatory protein basR/pmrA (P36556) was 

also found in C37(1), and is related to S. Typhimurium where it is involved with processes of antibiotic 

resistance and pathogenesis, more exactly in the resistance to polymyxin (McClelland et al. 2001).  



 

Table 2. Protein spots identification and sequencing results from Salmonella spp. isolates C37(1) and J15(2) 2-DE gels, by MALDI-TOF. 

Adapted from Journal of Proteomics, 73 (8), (Pinto et al. 2010), Genomic and proteomic evaluation of antibiotic resistance in Salmonella strains, 1535-1541, Copyright (2010), with permission from Elsevier.  

Isolates Spot Protein Description 
Salmonella 

serovar 

Protein 

Name 

Accession 

Number 
Protein MW 

Protein 

PI 

Peptide 

Count 

Protein 

Score 

Protein Score 

C.I. % 
References 

C37(1) 

6 Superoxide dismutase [Mn] S. Typhimurium sodA P43019 23064,68945 6.45 7 323 100 
Tsolis et al. 1995; 

McClelland et al. 2001 

6 Superoxide dismutase [Mn] S. Typhi sodA Q8Z2V9 23092,68945 6.23 8 419 100 
Parkhill et al. 2001;  

Deng et al. 2003 

18 Chaperone protein dnaJ S. Paratyphi B  dnaJ A9MXI3 41286,62891 8.42 11 159 100 McClelland et al. 2007 

18 Chaperone protein dnaJ S. arizonae  dnaJ A9MR76 40909,53125 8.67 8 136 100 McClelland et al. 2007 

47 
Virulence transcriptional 

regulatory protein phoP 
S. Typhi phoP Q8Z7H2 25607,26953 5.28 9 270 100 

van Velkinburgh & Gunn 

1999; Parkhill et al. 

2001; Deng et al. 2003 

47 
Virulence transcriptional 

regulatory protein phoP 
S. Choleraesuis phoP Q57QC3 25661,32031 5.28 7 244 100 Chiu et al. 2005 

47 
Virulence transcriptional 

regulatory protein phoP 
S. Typhimurium phoP P14146 25617,28906 5.28 9 313 100 

Miller et al. 1989; van 

Velkinburgh & Gunn 

1999 

91 
Transcriptional regulatory 

protein basR/pmrA 
S. Typhimurium pmrA P36556 25019,03906 5.79 2 75.6 100 McClelland et al. 2001 

106 Superoxide dismutase [Mn] S. Typhimurium sodA P43019 23064,68945 6.45 6 123 100 
Tsolis et al. 1995; 

McClelland et al. 2001 

J15(2) 

5 Superoxide dismutase [Mn] S. Typhimurium sodA P43019 23064,68945 6.45 8 240 100 
Tsolis et al. 1995; 

McClelland et al. 2001 

46 Superoxide dismutase [Mn] S. Typhi sodA Q8Z2V9 23092,68945 6.23 1 65.7 100 
Parkhill et al. 2001; Deng 

et al. 2003 

47 Superoxide dismutase [Mn] S. Typhimurium sodA P43019 23064,68945 6.45 1 84.8 100 
Tsolis et al. 1995; 

McClelland et al. 2001 

51 Superoxide dismutase [Mn] S. Typhimurium sodA P43019 23064,68945 6.45 7 318 100 
Tsolis et al. 1995; 

McClelland et al. 2001 

66 Chaperone protein dnaJ S. Paratyphi B  dnaJ A9MXI3 41286,62891 8.42 7 178 100 McClelland et al. 2007 

66 Chaperone protein dnaJ S. arizonae  dnaJ A9MR76 40909,53125 8.67 5 155 100 McClelland et al. 2007 

93 
Transcriptional regulatory 

protein basR/pmrA 
S. Typhimurium pmrA P36556 25019,03906 5.79 2 50.9 100 McClelland et al. 2001 
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Figure 5. 2-DE gel image of Salmonella samples with IPG strips pH 3–10. Left: Serotype C37(1); Right: 

Serotype J15(2). Reprinted from Journal of Proteomics, 73 (8), (Pinto et al. 2010), Genomic and proteomic 

evaluation of antibiotic resistance in Salmonella strains, 1535-1541, Copyright (2010), with permission 

from Elsevier. 

 

Since horizontal gene transfer among bacteria is a common mechanism of antibiotic resistance 

transmission within different bacteria, the presence of this protein in Salmonella carried in a faecal 

sample of a wild animal represents a concern, in the event of contact with domestic or commercial 

animals, or even humans. In S. Typhimurium J15(2), recovered from the faecal sample of a wild boar, 

the transcriptional regulatory protein basR/pmrA (P36556) was also found. Protein Superoxide 

dismutase [Mn] (sodA) was found in both isolates and is known to be responsible for the destruction of 

radicals that are normally produced within the cells and that are toxic to biological systems. The presence 

of this protein allows these bacteria to prevent an early killing by J774 cells and thus play a minor role 

in Salmonella pathogenesis (Tsolis et al. 1995). Chaperone protein dnaJ was also identified and is 

important for its relationship with the stress response mechanism towards heat, a very important reaction 

for the survival of bacteria such as Salmonella and its contribution to antibiotic resistance capability. 

This work, albeit preliminary in nature, reveals the complexity of expressed proteins in bacteria or 

different serotypes and profiles of antibiotic resistance. Bearing in mind that serotypes are related to 

infectious processes in humans and animals, it is important to explore the proteome of new strains which 

might serve as protein biomarkers for biological activity.  

 

4.1. Proteomic mapping analysis and proteomic signatures 

Proteomics already allowed substantial progress in elucidating the basic regulatory networks that 

form the basis for the extraordinary capacity of bacteria to adapt to a diversity of lifestyles and external 

stress factors. The application of this method for antibacterial drug-discovery purposes, however, is still 

in its early days. One reason for this phenomenon is the fact that the discovery of novel targets, which 
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is one of the most important applications of proteome studies in other areas of drug discovery, is not so 

much a bottleneck in antibiotic research, because the pathophysiology of most bacterial infections is 

relatively well-understood and simple: killing the bacterium or interfering with its growth and, possibly, 

its virulence is usually all it takes. The term “proteomic signature” is defined by a subset of proteins, 

whose expression levels are characteristic for a defined condition (VanBogelen et al. 1999). To spot a 

proteomic signature, it is essential to recognize the connection between the expression levels of specific 

proteins and a particular physiological state. The establishment of protein signatures can be extremely 

helpful in the interpretation of a protein expression profile obtained under an unprecedented growth 

condition (Brotz-Oesterhelt et al. 2005). 

Since its inception, the goal of proteomics has been the complete characterization of all proteins. 

However, considering the proteome of an organism as all protein forms expressed, including splice 

isoforms and PTMs, this goal consists of a considerably complex amount of information that needs to 

be gathered. Whereas the genome of an organism generally does not vary from cell to cell, the proteome 

will change in response to different stimuli, even for a single cell (Han et al. 2008). When grown under 

moderate stress conditions, bacteria may develop an adaptive response, allowing them to cope with 

subsequent more severe stresses. In general, this adaptation phenomenon appears to involve multiple 

genes encoding stress proteins, which can be specifically induced by a particular stress factor or induced 

by several conditions (Rince et al. 2002). 

Protein maps associate a protein spot from a 2D gel to its corresponding ORF and also provide 

the respective knowledge pertaining to protein function (Brotz-Oesterhelt et al. 2005). 2D-PAGE, as 

already referred, is the most used technique for protein mapping and analysis. However, there are by 

now published studies proving the potential of non-gel-based technologies, like liquid chromatography 

coupled with ion-trap tandem MS. The number of proteins identified in both techniques may be quite 

similar, but it is possible to detect some different types of proteins (Brotz-Oesterhelt et al. 2005). 

Analyzing the proteome of a human pathogen like Salmonella has proven to be crucial. The 

establishment of protein reference maps is a significant point for many physiological studies that may 

follow. Nevertheless, protein maps only represent virtual compilations of all proteins ever detected or 

identified in an organism; they do not disclose which subset of proteins is expressed under specific 

growth conditions. In order to obtain such information, protein-expression profiles must be generated 

(Brotz-Oesterhelt et al. 2005). 

The adaptation status of each organism to a specific ecological niche is reflected by the different 

types of proteins encoded and variations in their amino acid sequences. That adaption is achieved by 

differences in post-transcriptional and post-translational regulation that mediate the adaptation on the 

protein level. Thus, proteins that constitute a proteomic signature for a specific condition in one 

organism do not necessarily belong to the proteomic signature for the same physiological state in another 

organism. 
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Genomic and proteomic technologies have revolutionized the way we design and conduct current 

biological experiments. Our ability to rapidly analyze hundreds of expressed proteins and identify which 

gene encodes a specific protein generates a vast amount of information essential in examining different 

but interrelated pathways within the organism. Knowing which proteins are phosphorylated, for 

instance, may explain the differential expression of certain genes responsible for attenuating virulence 

or conferring host specificity. Beyond these, results of proteomics studies may be used in the 

development of a more potent vaccine, rapid detection methodology and fingerprinting, and novel 

antimicrobial drugs (DelVecchio et al. 2002; Lipton et al. 2002). Proteomic technologies have been 

greatly refined during the past decade and have been applied to investigate differences in the protein 

expression profiles of cells grown under a broad spectrum of growth conditions and with different stress 

factors including some antibiotics inhibiting protein synthesis or gyrase function. 

 

4.2. Comparative proteomics and antibacterial drug discovery process 

Evaluation of protein profiles in response to multiple stress mechanisms, such as sensitivity to 

antibiotics or modifications related to antibiotic resistance, could represent a valid and integrating 

approach for the development of new therapeutic strategies (Roncada et al. 2009). It is widely 

recognized that the development of novel antibacterial agents without cross-resistance to existing 

antibiotics should have high priority on any meaningful public health agenda. Therefore, it is not 

surprising that proteome analysis of the consequences of antimicrobial treatment for bacteria has 

recently gained increasing interest. This approach provides a deeper insight into bacterial response to a 

certain antimicrobial treatment and benefits are expected in many other aspects of modern drug 

development such as the identification of novel target areas and the elucidation of the molecular 

mechanisms of action of novel drug candidates. 

Antibiotics exert their antibacterial activity by binding to and inhibiting certain molecular targets, 

thereby usually blocking a function essential for microbial survival. Thus, one application of proteomics 

in drug discovery is the identification of novel antibacterial targets. Some available studies in which 

proteomics was performed with clear emphasis on antibacterial drug discovery focus on either target 

validation or mode of action, including those that aim at a better molecular understanding of the 

mechanisms of action of existing drugs (Gray & Keck 1999; Apfel et al. 2001; Evers et al. 2001; 

Gmuender et al. 2001; Singh et al. 2001; Bandow et al. 2003). In these studies, the proteome of bacteria 

grown in vitro under standardized conditions in the presence and absence of the antibiotic of interest is 

analyzed with respect to changes in the protein-expression pattern. 

Thus, significant progress has been made on the characterization of bacterial pathogens through 

comparative proteomics correlated with MS and bioinformatics (Pinto et al. 2010). In comparative 

proteomic studies, proteins from different biological states are quantitatively compared to obtain a 

complete understanding of the biological processes affecting their expression and/or in which they are 
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involved (Renzone et al. 2005). This is a two-step process in which proteins within cellular extracts are 

first fractionated to reduce sample complexity, and then the proteins are identified by MS (Minden 

2007). Two-dimensional electrophoresis is the long-time standard for protein separation as it provides 

a direct method to visualize changes in proteins between complex proteome samples and is able to 

resolve thousands of proteins; however, it has suffered from poor reproducibility and limited sensitivity 

(Minden 2007; Veenstra 2007). DIGE was developed to overcome the reproducibility and sensitivity 

limitations and provides a reliable and sensitive platform to discover proteome changes in a boundless 

variety of circumstances (Minden 2007). Discovery proteomics also involves multi-dimensional 

separation steps and liquid chromatography-tandem mass spectrometry (LC-MS/MS) with long 

gradients (Qi et al. 1996). 

According to Brotz-Oesterhelt et al. (2005) successful exploitation of those technologies for the 

antibacterial drug discovery process depends on further progress in three main areas: i) data collection, 

which should be expanded to comprise as many antibacterial compounds with diverse mechanisms of 

action as possible, to ideally cover all relevant targets (for novel targets, where such reference antibiotics 

are not always available, the analysis of conditional mutants should be included); ii) the data analysis 

tools, which should be optimized or developed to efficiently handle the enormous datasets and to 

facilitate data evaluation in terms of mechanism-specific signatures (by including clustering, 

chemometric, and artificial intelligence approaches, for example); and iii) further methodological 

progress in order to increase the speed, throughput, and reproducibility of 2D gel-based as well as non-

gel-based techniques. In comparative proteomics, data analysis in most cases concentrates on listing the 

proteins with significantly altered expression levels, which are subsequently discussed with respect to 

the current knowledge of the antibiotic’s mode of action.  It is known that antibiotics such as β-lactams, 

glycopeptides, D-cycloserine and fosfomycin, act at different stages of bacterial cell wall synthesis and 

that compounds such as quinolones inhibit DNA gyrase. For all proteins with an altered expression in 

response to a particular stimulus, the term ‘‘stimulon’’ was coined (Neidhardt et al. 1990) to describe 

the changes in protein expression on a phenotypic level. Therefore, if antibiotics with known activity in 

a certain metabolic pathway are investigated, the data can be exploited to define a pathway-specific 

stimulon or a proteomic signature that is indicative of the inhibition of a specific target, which might 

prove to be useful later in identifying and characterizing novel antibiotics that act within that pathway 

(Brotz-Oesterhelt et al. 2005). Another application for proteomic studies within the drug-discovery 

process is the verification that a compound, which inhibits the activity of a desired isolated protein in a 

biochemical target assay, acts indeed as expected when tested against whole bacterial cells, and does 

not kill the cell due to other, not target-related, possibly undesired and non-specific activities such as 

general membrane perturbation or intercalation into nucleic acids (Brotz-Oesterhelt et al. 2005). 

Gene-expression analysis is increasingly important in many fields of biological research. 

Understanding patterns of expressed genes is expected to provide insight into complex regulatory 
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networks and will most probably lead to the identification of genes relevant to new biological processes, 

or implicated in disease. Real-time PCR provides the simultaneous measurement of gene expression in 

many different samples for a limited number of genes, and is especially suitable when only a small 

number of cells are available (Fink et al. 1998). Many changes in the protein synthesis patterns in 

response to the antibiotics were consistent with existing knowledge on the modes of action and on the 

cellular responses to changes in environmental conditions. Inhibition of Ile-tRNA synthetase induced 

the stringent response, and protein synthesis inhibitors that interfere with translation accuracy induced 

class I heat shock proteins known to be induced by misfolded proteins. Each response, however, also 

yielded new information, for example, the expression of proteins with unknown function, a shift in the 

pIs of proteins newly synthesized after actinonin treatment, or the good correlation of the protein 

expression profiles of nitrofurantoin and diamide (Bandow et al. 2003). The NCBI-matched proteins 

that show overregulation were then further confirmed on the mRNA level by quantitative real time PCR. 

Identified proteins were representing diverse functional activities including energy production, 

metabolism, and nucleic acid synthesis. Interestingly, some recognized proteins have some relevance to 

bacterial virulence e.g. Salmonella pathogenicity island 1 effector protein, T-cell inhibitor protein, 

response regulator protein, paratose synthetase protein (RfbS) and heat shock protein 90. Comparative 

proteomics analysis of the cytosolic proteins of S. Gallinarum and S. Enteritidis isolated from poultry 

was performed and revealed the presence of some proteins of unknown function, which raise the 

speculation for their importance in either host adaptation or pathogenicity among S. Gallinarum serovars 

(Osman et al. 2009). 

Current strategies for the discovery of novel antibacterial agents can be categorized as being either 

directed against a specific molecular target or based on reverse genomics. In the target-based approach, 

a certain molecular target is carefully selected and then compound libraries are screened specifically for 

inhibitors of its function. In the ‘‘reverse-genomics’’ approach, a compound is selected for its promising 

antibacterial activity and the target is determined in a second step.  

In antibiotic drug discovery two major strategies are used (Bandow et al. 2003): the evaluation of 

structural variations among existing antibiotic classes in order to find compounds which hit the same targets 

by similar molecular mechanisms and the evaluation of novel antibiotic substances arising either from high-

throughput target-based assays, or from antibacterial activity screening. If, through its antibacterial activity 

alone, a novel compound class arouses interest, its molecular target needs to be identified so that undesirable 

side effects on eukaryotic cells can be minimized (target identification). In addition, for structurally modified 

antibiotics or compounds derived from the target-based assays it is necessary to prove that interaction with 

the cellular target is indeed the direct cause for bacterial cell death (target validation).  

Bandow et al. (2003) used a proteomic approach to study the responses of bacteria to antibacterial 

compounds and demonstrated that proteome analysis is useful for both target identification and target 

validation. They began building a database from 2D protein analysis of bacterial responses to antibiotic 
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treatment, considering all important established and emerging antibiotic classes as well as some 

substances causing generalized cell damage. Bacillus subtilis was the chosen organism because its 

genome is fully sequenced and earlier proteome studies focusing on the description of protein signatures 

of environmental stimuli were accessible in the Sub2D database. Therefore, 30 antimicrobial 

compounds were studied, most of which have been well characterized in terms of their mechanisms of 

action and by comparison with known antibiotics, and they were able to predict the mode of action of 

the structurally new antibacterial BAY 50-2369. This study also provided a better understanding of 

nitrofurantoin’s mode of action, which has been used for decades in the treatment of urinary tract 

infections. Hence, Bandow et al. (2003) showed that, by mirroring the complex molecular reactions of 

bacteria, proteomics is able to enlarge the view of known antibiotics and assist in the discovery of new drugs. 

 

5. Effects of external stress on the Salmonella proteome 

The capability of growing many bacterial species in well-defined artificial culture media has been 

a pre-requisite for the current in-depth understanding of bacterial physiology. Repeatedly, those culture 

media provide the most advantageous growth conditions that allow maximal and uniform logarithmic 

bacterial growth until some components of the medium become exhausted and logarithmic growth 

ceases. Under such optimal conditions, the protein composition of the cell is usually quite constant and 

tuned to support the special conditions of rapid growth. However, on the external environment, outside 

the laboratory, bacteria face much less supportive and highly variable growth conditions, with respect 

to temperature, pH, osmolarity, nutrient availability, host interactions, etc. Those stress situations do not 

principally differ from the stresses induced by antibiotic attack. Antibiotics are frequently encountered 

by many bacteria in their natural habitats, because many microorganisms produce them to suppress the 

growth of competitors. Hence, even antibiotic classes that stem from purely synthetic approaches and 

are never encountered by bacteria during evolution can, to a certain extent, mimic “natural” processes 

for which bacteria have developed regulatory mechanisms (Brotz-Oesterhelt et al. 2005). 

It is critical for survival that the protein composition of a cell is constantly adjusted to meet the 

challenges of changing environmental conditions. Thus, bacteria respond to their environment with 

programmed changes in gene expression and their evolutionary success is strongly dependent on their 

ability to respond to external adverse conditions through a set of behavioural responses (Brotz-

Oesterhelt et al. 2005). Proteomic technologies appear to be the natural tools to study the consequences 

of these regulatory processes on protein composition since a large number of external and internal signal 

molecules and signal transduction processes are present in bacteria to adapt their protein composition to 

the changing requirements of their environment (Armitage et al. 2003). During the past decade, 

proteomic technologies have been greatly refined and have been applied to investigate differences in the 

protein expression profiles of cells grown under a broad spectrum of growth conditions and with 

different stress factors, including some antibiotics (Bandow et al. 2003). 
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The number of detected proteins in response to stress mechanisms represents only a small proportion 

of the predicted proteome, as many genes may only be induced and expressed under certain conditions. 

Coldham et al. (2006) evaluated the effect of fluoroquinolone exposure on the proteome of S. enterica 

serovar Typhimurium using strain SL1344 and a MAR mutant. Broth cultures of strain SL1344 were 

treated with ciprofloxacin and enrofloxacin. Then, protein expression was determined by two-dimensional 

HPLC-MSn and also, after exposure to ciprofloxacin, by two-dimensional gel electrophoresis (Figure 6).  

 

 

Figure 6. Silver-stained second-dimension electrophoretogram of the proteome of S. Typhimurium extracted 

from untreated cultures (left) and from a culture following treatment with ciprofloxacin (right). Coldham et 

al., 2006, Effect of fluoroquinolone exposure on the proteome of S. enterica serovar Typhimurium. Journal 

of Antimicrobial Chemotherapy, 2006, 58 (6): 1145-1153, by permission of Oxford University Press. 

 

Coordinated regulation of protein effector expression is a key feature of innate reduced 

susceptibility to multiple antibiotics (Randall & Woodward 2002). The chromosomal MAR locus of E. 

coli, in cooperation with other regulatory loci, plays a pivotal role in innate reduced susceptibility (circa 

4-fold) to some unrelated antibiotics and certain disinfectants (Levy 2002). Overexpression of the 

AcrAB-TolC efflux pump contributes to multiple antibiotic resistance in E coli, and has also been 

associated in conjunction with mutations in gyrA with resistance to fluoroquinolones in S. enterica. The 

AcrAB efflux pump of E. coli and S. enterica belongs to the resistance/nodulation/cell division (RND) 

family and consists of a proton antiporter (AcrB) and a membrane fusion protein (AcrA) (Zgurskaya & 

Nikaido 2000; Borges-Walmsley & Walmsley 2001). These two proteins associate with an outer 

membrane channel protein, such as TolC, to form a functional efflux pump unit providing selective 

molecular translocation of solutes from the periplasm to the external environment. Reduced expression 

of porin proteins located in the outer cell membrane may act synergistically with efflux pumps to reduce 

penetration of antibiotic into the bacterial periplasm. Whilst much is understood about the mechanisms 

of efflux, little is known of the secondary responses enabling the physiological adaptation of Salmonella 

to fluoroquinolones. This study demonstrated an increased and decreased expression of a wide range of 

proteins on the proteome of S. enterica serovar Typhimurium after fluoroquinolone exposure; the basal 
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expression of the efflux system AcrAB/TolC, which contributes to antibiotic resistance, was elevated in 

the multiple antibiotic resistant mutant when compared with the untreated wild-type and also increased 

following treatment with ciprofloxacin. Therefore, an amplified expression of AcrAB/TolC was 

associated with resistance while other increases, such as in F1F0-ATP synthase and Imp, were a response 

to fluoroquinolone exposure (Coldham et al. 2006).  

Proteomic analysis of triclosan resistance in S. enterica serovar Typhimurium by proteomics 

identified a set of proteins with commonly altered expression in all triclosan-resistant mutants. 

According to the authors, this ‘triclosan resistance network’ included nine proteins involved in the 

production of pyruvate or fatty acid. This may represent a mechanism by which the triclosan-resistant 

mutants have increased throughput of fatty acid biosynthesis by increased pyruvate production or have 

altered metabolic pathways in order to produce fatty acid via a different pathway (conversion of glycerol 

to hexadecanoate or increased citrate production to feed acetyl-CoA production). Proteomic data 

revealed specific patterns of protein expression in each mutant as well as the 25 proteins that constitute 

a common metabolic resistance network in all mutants studied. These data show that triclosan resistance 

is multifactorial and a number of resistance mechanisms act in synergy to achieve high-level resistance. 

This indicates that triclosan is likely to act on multiple targets within the cell rather than being 

exclusively an inhibitor of fabI (Webber et al. 2008). The physiological status of supercritical carbon 

dioxide (SC-CO2) treated S. enterica serotype Typhimurium was analyzed by using gas chromatography 

mass spectrometry (GC–MS) analysis of fatty acids with principal component analysis and two-

dimensional electrophoresis for protein profiling. From the results of these systemic analyses, it was 

revealed that SC-CO2 caused significant alterations to the profiles of fatty acids and proteins of the cells 

(Kim et al. 2009). This data and other results of stress induced/repressed proteins obtained by proteomics 

in Salmonella spp. are summarized in Table 3. 

 

6. Remarks on proteomics as a biomarker search tool 

After its steep rise in the late 1970s and the early 1980s after O’Farrell’s outstanding publication, 

there was a slow decline of the application of 2-DE in the late 1980s due to the inability to identify the 

gel-separated proteins of interest on a large scale. However, after the introduction of large-scale genome 

sequencing, the development of MS methods for the analysis of proteins and peptides, progress in 

bioinformatic tools and the rise of proteomics in general has experienced a revival and is today by far 

the most commonly applied protein separation technology in proteome research (Görg et al. 2009). 

Recent advances in biological and analytical sciences have led to an unprecedented interest in the 

discovery and quantification of endogenous molecules which serve as indicators of drug safety, 

mechanism of action, efficacy, and disease state progression. By allowing better decision-making, these 

indicators, referred to as biomarkers, can dramatically improve the efficiency of drug discovery and 

development (Ackermann et al. 2006). 
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Table 3. Summary of some results on stress induced/repressed proteins obtained by proteomics in Salmonella spp. 

Stress 
Differential 

expression 
Identified Proteins Relevant Protein Function Reference 

Acid Overexpression fliC  Virulence during infection 
Jindal et al. 

2011 

Anaerobiosis 

Overexpression 
38 proteins, more importantly 

Mdh, PflI, FrdA, AckA, AdhE  

Metabolism (mixed-acid 

fermentation) 

Encheva et 

al. 2009 
Underexpression 

42 proteins, more importantly 

ArgT, HisJ, GlnQ, GltI, OppA, 

DppA, SodA, SuhB, DnaK, 

GroS, SspA, PspA, OsmC, UspG 

Transport, stress-response and 

chaperone function 

Fluoroquinolone Overexpression 

43 proteins, more importantly 

AtpA, AtpC, AtpD, AtpH, Imp, 

TolC, AcrB 

Mechanisms of resistance 
Coldham et 

al. 2006 

Hydrogen 

Peroxide (H2O2) 

Over- and 

underexpression 

76 proteins, more importantly 

SipC, SopB, SipA 

Survival and replication under 

oxidative stress and during infection  

Kim et al. 

2010 

Propionate (PA) Overexpression Dps, CpxR, RplE, RplF, SodA  
PA-induced acid resistance, 

virulence and pathogenesis  

Calhoun et 

al. 2010 

Thymol 
Over- and 

underexpression 

45 proteins, more importantly 

Trx1, FtsZ, CheW, GroEL, DnaK 
Antioxidant and chaperon function 

Di Pasqua 

et al. 2010 

Triclosan Overexpression 

25 proteins, more importantly 

ArcA, GcvP, MdH, MaeB, 

GapA, PpS, FadB, GltA, GlpK 

Pyruvate or fatty acid production 

(Metabolic triclosan resistance 

network) 

Webber et 

al. 2008 

 

Comparative genomics and several genomic tools have been used to identify virulence factors 

and genes involved in environmental persistence of pathogens. Proteomics has been contributing to a 

wide-range of scientific disciplines, but perhaps no area is more critical than the discovery of novel 

biomarkers. The extraordinary developments made in proteomic technologies in the past decade have 

enabled investigators to search for biomarkers by scanning complex proteome samples using unbiased 

methods (Veenstra 2007). Currently, the search for protein biomarkers has been dominated by the 

employment of MS. Its high mass accuracy, resolution, dynamic range, sensitivity and even more 

importantly the speed at which MS/MS is performed, allowing thousands of proteins to be 

unambiguously identified, have made MS an invaluable tool for biomarker discovery (Blonder et al. 2011).  

To identify novel diagnostic and therapeutic biomarkers, investigators focus on the discovery of 

proteins that are more or less abundant in samples obtained from patients with a specific disease 

compared to those acquired from healthy-matched control patients. There are a number of different MS-

based methods to conduct these studies such as 2-DE/MS, proteomic profiling, stable-isotope proteome 

tagging and subtractive proteomics (for detailed description of each method see Veenstra, 2007). 

Recent data suggests that marker panels derived from transcriptomic or proteomic profiling are 

superior to single genes or markers in differentiating non-infectious from sepsis-associated systemic 

inflammation (Johnson et al. 2007). Early and adequate antibiotic therapy is mandatory for successful 

sepsis therapy; hence a rapid diagnosis of infection and sepsis is of great significance. Diagnostic 

uncertainty is usually compensated by the liberal use of broad-spectrum antibiotics which leads to 

increased drug resistance. Therefore, the use of these biomarkers might help to avoid antibiotic misuse 

and overuse and to curb the rising incidence of microbial resistance (Reinhart & Hartog 2010). 
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With the advent of large-scale proteomic sequencing, the general belief was that biomarkers 

would be obvious within the data sets but unfortunately the results showed numerous background 

proteins that are routinely identified but have little value as biomarkers and numerous proteins that show 

a difference in comparative studies but their value as a reliable biomarker is extremely difficult to 

determine (Blonder et al. 2011). Having too many potential biomarkers is considered a problem when 

examining the workflow required to validate a biomarker for clinical use (Figure 7). In this scheme, 

thousands of analytes are measured in a few samples and when potential biomarkers are found, a more 

direct approach is taken to specifically measure these potential biomarkers again in a small number of 

samples to qualify the results from the discovery stage. The analytes that pass the qualification stage are 

then specifically measured in a larger number of samples to verify their utility as biomarkers. Those that 

pass the verification stage are then measured in a very large number of clinical samples to provide final 

validation that these proteins can function reliably (Blonder et al. 2011).  

 

 

Figure 7. The six essential process components in the biomarker pipeline: candidate discovery, qualification, 

verification, research assay optimization, biomarker validation and commercialization. Based on Rifai et al., 

2006: Protein biomarker discovery and validation: The long and uncertain path to clinical utility. Nat 

Biotechnol, 24(8): 971-983. 

 

The advances made in proteomic technology, primarily in the field of MS, allowed to scrutinize 

proteome samples to a far greater extent than previously possible. There are many options available to 

measure the relative abundance of proteins but unfortunately the number of biomarkers that have 

ultimately been successfully validated using these discovery approaches is discouraging - between 2003 

and 2008, only 7 protein biomarkers were approved by the US FDA (Qi et al. 1996). In fact, MS-based 

studies are able to come up with very large numbers of “potential” biomarkers but the challenge relies 

on how to identify those that have the highest chance of being validated in a well-controlled clinical 

trial. Validation of a single biomarker is expensive in terms of money and time and so it is impossible 

to graduate a large number of potential biomarkers to a validation phase. Unfortunately, it is difficult to 

inherently recognize those proteins identified in the discovery phase that may turn out to be the best 

biomarker. Nevertheless, encouragement can be found in the progress that has been made in the past 

years, allowing investigators to attempt the types of biomarker studies that are being conducted today 

(Veenstra 2007). On the other hand, the current proteomic technology still does not allow studying the 

full genomic equivalent of all proteins, whereas transcriptome analyses cover the whole genomic 

sequence and are also able to produce data at a much higher pace. Nevertheless, transcript expression 

profiling is unable to distinguish between different gene products derived from the same coding region 

Candidate 
discovery

Qualification Verification
Research assay 

optimization
Biomarker 
validation 
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on the genome (due to, e.g., modifications, truncations, or splice variants). It should also be kept in mind 

that none of these technologies alone will be able to deliver novel drugs. 

 

7. Outlook 

The genomics revolution has changed the paradigm for the comprehensive analysis of biological 

processes. The genomic era began in the year 1995 when the first complete bacterial genomic sequence 

of Haemophilus influenzae was published. Since that moment, a distinct change in the quality of 

microbial genetic studies can be observed. Analyses of single genes leads presently to global analyses 

of microbial cells, while analyses of full genetic sequences, whole transcriptomes as well as total protein 

content or networks of protein-protein interactions is directed to the genome, transcriptome, proteome 

and interactome, respectively. The word Proteome describes the ensemble of protein forms expressed 

in a biological sample at a given point in time and in a given situation. Proteomics has seen the increasing 

creation of new useful techniques, but the study of proteomes is still based on 2-DE, allied with MS 

analysis. Among the proteomic techniques commonly used for analysis of protein expression in 

biological samples, 2D-PAGE is a popular technique for the separation of proteins. However, 2-DE still 

has some drawbacks, like excluding the smallest and the largest proteins, those which are extremely 

acidic and those extremely basic (Gygi et al. 2000). Furthermore, some proteins cannot be detected due 

to the low sensitivity of the system (Washburn et al. 2001; Wu & Han 2006). On the other hand, there 

are certain limitations to the universal use of this technology, such as low detection sensitivity and 

linearity, poor solubility of membrane proteins, limited loading capacity of gradient pH strips, gel 

reproducibility, relatively low throughput and low linear range of visualisation procedures (López et al., 

2004). RNA profiling, which is capable of addressing the expression of all genes in an organism, can be 

used to complement proteome analysis. An increase in sensitivity can be achieved through modifications 

or additions to the common proteomic methods. Loading higher amounts of proteins onto a 2-DE gel 

can help in the identification of low-expressed proteins, despite the fact that, in this case, these can be 

“hidden” by high-abundance proteins. Also, the use of different protein extraction buffers and detergents 

can improve the sensitivity and resolution of the 2-DE profiles. IPG strips provide reproducibility, 

increased resolution and loading capacity and simplicity to isoelectric focusing of 2-DE. With this 

technique, a higher number of different proteins can be resolved where previously a single spot was 

present in the gel (Wildgruber et al. 2000; Fey & Larsen 2001). Non-equilibrium pH gel electrophoresis 

(NEPHGE) is another method that allows a better resolution of protein spots; the resulting peptides are 

then separated through multi-dimensional chromatography and analyzed using tandem-MS, and if 

combined with stable isotope labeling experiment methods, it can be a very powerful tool for proteome 

characterization. Protein arrays and antibody microarrays can create proteomic maps, revealing the 

proteome (Wingren & Borrebaeck 2004; Souza et al. 2008). 
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Substantial progress has already been made in elucidating the basic regulatory networks that form 

the basis for the extraordinary capacity of bacteria to adapt to a diversity of lifestyles and external stress 

factors. A database of these results will be able to facilitate the identification of more comprehensive 

signatures for treatment with antimicrobial agents and support functional analysis by combined protein 

and RNA profiling. However, since classical proteomic approaches alone mainly provide information 

on the relative amounts of protein species and only rarely provides information on the activity of these 

protein species, it is necessary to complement these findings with metabolomics and interaction studies 

to determine the true functional level of biological systems. Proteomics and genomics technologies offer 

more sensitive and specific methods for identification of microbial food contaminants and their toxins. 

Classical antibiotics are characterized as compounds which influence microbial life processes without 

harming the host’s cells. Their main mechanism of action is based on blocking cell wall synthesis and 

replication or translation inhibition. Metagenomic techniques, based on direct cloning of DNA present 

in natural environments, allow the identification of several new antibiotics. The increasing resistance of 

bacterial pathogens to present day antibiotics and the lack of a robust pipeline of innovative 

antimicrobial substances demand innovative and more efficient approaches towards the development of 

anti-infective drugs. 
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1. Abstract 

Quinolone antibiotics represent one of the most important classes of anti-infective agents and 

although still clinically valuable, their use has been compromised by the increasing emergence of 

resistant strains, which has become a prevalent clinical problem. Quinolones act by inhibiting the 

activity of DNA gyrase and topoisomerase IV, two essential bacterial enzymes that modulate the 

chromosomal supercoiling required for critical nucleic acid processes. The acquisition of quinolone 

resistance is recognised to be multifactorial and complex. The main resistance mechanism consists in 

one or a combination of target-site gene mutations that alter the drug-binding affinity of target enzymes. 

However, other mechanisms such as mutations that lead to reduced intracellular drug concentrations, 

either by decreased uptake or increased efflux, and plasmid-encoded resistance genes producing either 

target protection proteins, drug modifying enzymes, or multidrug efflux pumps, are known to contribute 

additively to quinolone resistance. The understanding of these different resistance mechanisms has 

improved significantly in recent years, however much details remain to be clarified and the contribution 

of less studied mechanisms still needs to be better elucidated in order to fully understand this phenotype. 

 

2. Introduction 

The quinolones are a group of synthetic antibacterials with major clinical relevance, being one of 

the most frequently prescribed classes of antimicrobial agents in the world. Initially, quinolones were 

mostly used in the treatment of Gram-negative infections but were later modified in order to improve 

their pharmacokinetic properties and extend their antibacterial spectrum, becoming effective against a 

wide variety of Gram-negative and Gram-positive pathogens (Fàbrega et al. 2009; Hernandez et al. 

2011; Aldred et al. 2014; Kim & Hooper 2014; Redgrave et al. 2014).  

The founding and prototypical compound of the quinolones, nalidixic acid, was introduced for 

clinical use in 1962 to treat uncomplicated urinary tract infections (UTIs) and can be considered the first 

generation of quinolones (Lesher et al. 1962; Fàbrega et al. 2009; Bisacchi 2015). However, the 

quinolones only became a widely used drug class in the 1980s with the development of a second 

generation of compounds, the fluoroquinolones, which displayed considerably improved activity, 

greater Gram-positive penetration, and enhanced pharmacokinetic and pharmacodynamic properties 

(Fàbrega et al. 2009; Aldred et al. 2014; Bisacchi 2015). The most important modifications to the 

quinolone structure were the introduction of a fluorine at the sixth position and a major ring substituent 

at position seven. The first representative of this generation was norfloxacin, however ciprofloxacin was 

the first fluoroquinolone showing significant activity outside the urinary tract (Aldred et al. 2014; 

Bisacchi 2015). After almost three decades in clinical use, ciprofloxacin remains one of the most 

commonly prescribed antimicrobial drugs, being listed by the World Health Organization (WHO) as an 

Essential Medicine and critically important antibiotic (WHO 2015; Collignon et al. 2016). The clinical 
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success of ciprofloxacin led to the development of a collection of newer-generation quinolones 

(levofloxacin, moxifloxacin, gatifloxacin, etc.) with an even broader and different spectra of activity 

and pharmacokinetic characteristics (Aldred et al. 2014; Redgrave et al. 2014).  

Due to their potency, broad activity spectrum, oral bioavailability, and generally good safety 

profile, fluoroquinolones have been used extensively for multiple clinical indications worldwide (Kim 

& Hooper 2014; Hooper & Jacoby 2016). Quinolones have been prescribed to treat UTIs, respiratory 

tract infections (e.g. community-acquired and nosocomial pneumonia, chronic bronchitis, tuberculosis), 

skin and soft tissue infections, bone and joint infections, intra-abdominal infections, sexually transmitted 

diseases, among others (Aldred et al. 2014; Kim & Hooper 2014). However, due to the extensive use of 

these drugs in human and veterinary medicine, and despite prescribing guidelines now recommending 

reserving quinolone use, the number of quinolone-resistant strains has been growing steadily, being 

observed in all species treated by this antimicrobial class. Although still clinically valuable, quinolone 

use has been compromised by the emergence of resistance, having serious implications in some clinical 

settings (CDC 2013; Aldred et al. 2014; Fair & Tor 2014; Kim & Hooper 2014; Redgrave et al. 2014; 

WHO 2014; Hooper & Jacoby 2016).  

 

3. Mechanisms of quinolone action 

Quinolones act by inhibiting the activity of two essential bacterial type II topoisomerases, DNA 

gyrase and topoisomerase IV, which are involved in the modulation of chromosomal supercoiling 

required for DNA synthesis, transcription and cell division. These enzymes modulate DNA topology by 

passing an intact double helix through a transient 4-bp staggered double-stranded break that they 

introduce in a separate segment. In order to preserve genomic integrity during this process, DNA gyrase 

and topoisomerase IV form covalent bonds between active site tyrosine residues and the 5′-overhangs 

at the DNA break, forming enzyme-cleaved DNA complexes known as cleavage complexes. Quinolones 

interfere with this critical process by reversibly binding to these cleavage complexes at the enzyme-

DNA interface in the cleavage-ligation active site, therefore increasing the steady-state concentration of 

cleavage complexes by physically blocking DNA strand re-ligation. Quinolone-topoisomerase binding 

was recently demonstrated to occur through a water-metal ion bridge where a noncatalytic Mg2+ ion 

coordinated with four water molecules appears as a bridge for hydrogen bonding between the quinolone 

and the serine and acidic residues that act as anchor points to the enzyme (Fàbrega et al. 2009; Kohanski 

et al. 2010; Aldred et al. 2014; Hooper & Jacoby 2016).  

DNA gyrase and topoisomerase IV are A2B2 heterotetramer enzymes composed of two pairs of 

identical subunits, GyrA2GyrB2 and ParC2ParE2 (or GrlA2GrlB2), respectively. Despite their general 

functional and structural similarities, DNA gyrase and topoisomerase IV have distinct physiological 

functions. DNA gyrase uses the energy of ATP hydrolysis to actively introduce negative supercoils into 

DNA which are essential for: (i) setting the super-helical density that allows chromosome condensation, 
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(ii) relieving the torsional stress that accumulates in front of replication forks and transcription 

complexes and (iii) promoting local melting for transcript initiation by RNA polymerase. 

Topoisomerase IV also plays a role in maintaining chromosomal super-helical density and alleviating 

torsional stress, although to a lesser extent than DNA gyrase since it is only able to relax positive 

supercoils and not of introducing further negative supercoiling. However, the major function of 

topoisomerase IV is to decatenate the interlocked daughter chromosomes at the end of replication 

(Fàbrega et al. 2009; Kohanski et al. 2010; Aldred et al. 2014; Redgrave et al. 2014; Hooper & Jacoby 

2016). Quinolones are known to target DNA gyrase and topoisomerase IV with varying efficiencies in 

different bacterial species. Generally, DNA gyrase is considered the primary target of quinolones in 

Gram-negative species and topoisomerase IV the primary target in Gram-positives. However, this has 

been proven to be untrue in many cases, with examples of Gram-positive species where DNA gyrase is 

the primary target for quinolones and also cases of different quinolones having distinct primary targets 

in the same species or quinolones with similar potencies against both enzymes. Hence, the relative 

contributions of each topoisomerase to quinolone action still needs to be further investigated, on a 

species-by-species and drug-by-drug basis, in order to be fully elucidated (Kohanski et al. 2010; Aldred 

et al. 2014; Redgrave et al. 2014; Hooper & Jacoby 2016). 

The formation of quinolone-topoisomerase-DNA ternary complexes causes the DNA replication 

machinery to become arrested at blocked replication forks, resulting in an inhibition of DNA synthesis 

which immediately leads to bacteriostasis (at low quinolone concentrations) and eventually to cell death 

(at lethal concentrations) (Kohanski et al. 2010; Redgrave et al. 2014). Due to the positioning of DNA 

gyrase ahead of the DNA replication complex and of topoisomerase IV behind it, it appears that the 

interaction of quinolones with DNA gyrase results in a more rapid inhibition of DNA replication than 

with topoisomerase IV (Hawkey 2003; Hooper & Jacoby 2016). Moreover, when DNA tracking systems 

(replication forks, transcription complexes, etc.) collide with these stabilized ternary complexes, 

permanent chromosomal breaks are generated (Aldred et al. 2014; Hooper & Jacoby 2016). These 

double-strand DNA breaks trigger the bacterial DNA stress response, in which the RecA protein is 

activated by DNA damage and promotes the self-cleavage of the LexA repressor, thus de-repressing the 

expression of SOS response genes such as DNA repair enzymes (Kohanski et al. 2010; Qin et al. 2015). 

The quinolone bactericidal activity therefore results from the overwhelming of these processes and the 

extent to which DNA repair is incomplete (Aldred et al. 2014; Hooper & Jacoby 2016). Indeed, 

fluoroquinolone bactericidal activity has been shown to be enhanced when the induction of the SOS 

response is prevented (Kohanski et al. 2007). Although the inhibition of protein synthesis does not seem 

to affect quinolone-mediated inhibition of DNA replication, it has been proven to reduce the quinolone 

bactericidal activity, with varying magnitudes between different quinolones (Hooper & Jacoby 2016). 

Hence, the primary effects of the formation of quinolone-topoisomerase-DNA complexes and the 

following bacterial response through stress-induced protein expression seem to have a clear association 
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in determining quinolone bactericidal activity (Kohanski et al. 2010). For instance, the contribution of 

reactive oxygen species to quinolone-mediated cell death has been recently shown to occur in a protein 

synthesis-dependent manner (Wang et al. 2010). This suggests that in addition to the inhibition of DNA 

replication, other events that may affect DNA or other cellular damage may also contribute to the 

bactericidal activity of quinolone drugs; however, the underlying molecular mechanisms are not yet 

fully understood (Hooper & Jacoby 2016). Moreover, the inhibition of the catalytic functions of DNA 

gyrase and topoisomerase IV due to quinolone stabilization of cleavage complexes results in a loss of 

enzyme activity that affects a number of nucleic acid processes and is therefore likely to have a 

contribution to the overall toxicity of quinolones (Aldred et al. 2014). 

 

4. Mechanisms of quinolone resistance 

The acquisition of quinolone resistance may be associated with three types of mechanisms: (i) 

chromosomal mutations that alter the target enzymes and their drug-binding affinity, (ii) chromosomal 

mutations leading to reduced drug accumulation either by decreased uptake or increased efflux, and (iii) 

plasmid-acquired resistance genes producing either target protection proteins, drug modifying enzymes, 

or drug efflux pumps (Fàbrega et al. 2009; Aldred et al. 2014; Kim & Hooper 2014; Redgrave et al. 2014; 

Hooper & Jacoby 2016). The cellular alterations associated with each mechanism are not mutually 

exclusive and can accumulate to create high levels of quinolone resistance (Hopkins et al. 2005; Aldred 

et al. 2014; Hooper & Jacoby 2016).  

 

4.1. Target-site gene mutations in type II topoisomerases 

The most common mechanism of high-level resistance is due to mutations within the quinolone 

resistance-determining regions (QRDRs) of at least one of the genes that encode the primary and 

secondary targets of these drugs, the type II topoisomerases (gyrA, gyrB, parC, and parE). Mutations in 

the QRDR of these genes result in amino acid substitutions that structurally change the target protein 

and subsequently the drug-binding affinity of the enzyme (Fig.1a) (Aldred et al. 2014; Redgrave et al. 

2014). Resistance mutations in the GyrB and ParE subunits are considerably less frequent than those in 

GyrA and ParC (Hopkins et al. 2005; Hooper & Jacoby 2016). Since the serine and acidic residues that 

anchor the water-metal ion bridge are, by far, the most common single amino acid substitutions that 

confer quinolone resistance, it is presumed that the disruption of this topoisomerase-quinolone 

interaction is the cause of resistance; however, mutations have been found throughout the A and B 

subunits of DNA gyrase and topoisomerase IV in quinolone-resistant strains (Aldred et al. 2014; Hooper 

& Jacoby 2016). In both laboratory and clinical isolates, serine substitutions represent more than 90% 

of the mutant pool, with modifications at the acidic residue comprising the majority of the other (Aldred 

et al. 2014). In E. coli, the most common mutation site in GyrA is at Ser83 followed by Asp87, both key 

residues for quinolone binding, and similar mutation frequencies are seen at equivalent positions for 
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GyrA and ParC in other species (Hopkins et al. 2005; Hooper & Jacoby 2016). The much higher frequency 

of serine mutations could be, fully or in part, explained by the fact that mutations in this residue generally 

have little effect on the catalytic activity of DNA gyrase and topoisomerase IV whereas mutations in the 

acidic residue can result in a five- to ten-fold decrease in the overall catalytic activity (Aldred et al. 

2014; Hooper & Jacoby 2016). The magnitude of resistance caused by single amino acid changes in a 

DNA gyrase or topoisomerase IV subunit varies depending on the quinolone and the bacterial species, 

being the resistance phenotype of a particular mutation determined by the relative sensitivities of each 

enzyme to a particular quinolone. Thus, the susceptibility of a wild-type isolate is determined by the 

more sensitive of the two target enzymes and therefore, under quinolone selection pressure, resistance 

mutations will first occur in this more sensitive primary target, as mutation of the secondary less 

sensitive target alone is not enough for resistance due to dominance of the quinolone-primary target 

 

Figure 1. Mechanisms of quinolone resistance. (a) Chromosomal mutations within the quinolone resistance-

determining regions of the genes encoding the A and B subunits of DNA gyrase and topoisomerase IV 

structurally change the target protein, reducing its drug-binding affinity. (b) Chromosomal mutations leading 

to reduced outer membrane permeability, either by reduced porin expression (b1) or modifications in the 

outer membrane organization (b2), and also mutations leading to an increased expression of efflux pumps 

(c), contribute additively to resistance by decreasing cytoplasmic quinolone accumulation. (d) Plasmid-

encoded quinolone resistance genes can produce Qnr target protection proteins (d1), AAC(6′)-Ib-cr 

acetyltransferase variants capable of modifying certain quinolones (d2) or QepA and OqxAB efflux pumps 

that actively extrude quinolones. LPS, lipopolysaccharide; MFS, major facilitator superfamily; RND, 

resistance-nodulation-division; MATE, multiple antibiotic and toxin extrusion; ABC, ATP-binding cassette; 

MDR, multi-drug resistance. (Adapted from Correia et al. 2016). 
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interaction (Hooper & Jacoby 2016). Since fluoroquinolones currently in clinical use generally have 

different potency between the two target enzymes, single target-site gene mutations typically result in 

an 8 to 16-fold increase in resistance, being mutation in both DNA gyrase and topoisomerase IV 

generally associated with higher (up to 100-fold) resistance levels (Fàbrega et al. 2009; Aldred et al. 

2014; Redgrave et al. 2014; Hooper & Jacoby 2016). Indeed, an accumulation of mutations in one or 

the two target enzymes have been shown to cause increasing levels of quinolone resistance being 

generally accepted that high-levels of quinolone resistance require double gyrA mutations; however, 

high-level resistance phenotypes have been reported with single gyrA mutations (Hopkins et al. 2005; 

Correia et al. 2016; Hooper & Jacoby 2016). Mutations detected in the DNA gyrase and topoisomerase 

IV genes of clinically important pathogens described in the literature are summarized in Table 1. 

 

4.2. Chromosomal mutations leading to reduced drug accumulation  

In order to interact with their cytoplasmic targets, quinolones must cross the bacterial envelope 

and mutations that result in a reduction of the intracellular drug concentration, either by decreased 

uptake (Fig. 1b), increased efflux (Fig. 1c), or a combination of both, can confer quinolone resistance 

(Aldred et al. 2014; Redgrave et al. 2014; Hooper & Jacoby 2016).  

As opposed to Gram-positive species, the Gram-negative outer membrane represents an additional 

permeability barrier for hydrophilic drugs which cannot diffuse into the cell due to the core region of 

lipopolysaccharide (LPS) and therefore rely on outer membrane porin channels to enter the cell. Hence, 

mutations that result in either porin loss, porin downregulation or in a modification of the size or 

conductance of the porin channel, will result in a limited, substantially slower diffusion of quinolones 

and other drugs into the cell and consequently lead to bacterial antibiotic resistance (Fig. 1 b1) (Bolla et 

al. 2011; Fernandez & Hancock 2012; Aldred et al. 2014; Redgrave et al. 2014; Hooper & Jacoby 2016). 

The reduced or loss of expression of porins such as OmpF, OmpC, OmpD and OmpA has been implied 

in increased antibiotic resistance to quinolones and other drugs. Moreover, the overexpression of OmpX, 

which has been described as a downregulator of porin expression, leads to a decreased expression of the 

OmpC, OmpD, OmpF, LamB and Tsx porins, resulting in an increased resistance to a variety of 

antibiotics, including quinolones (Chapman & Georgopapadakou 1988; Delcour 2009; Fernandez & 

Hancock 2012; Rushdy et al. 2013; Correia et al. 2016; Hooper & Jacoby 2016). Moreover, other aspect 

that can be or not associated with changes in the expression and/or function of porins in reducing 

membrane permeability is the alteration of the outer membrane organization (Fig. 1 b2). Since, depending 

on protonated status, quinolones are known to use both a porin- and a lipid-mediated pathway to enter 

bacterial cells, mutations that lead to LPS structure modifications are also reported to impact bacterial 

resistance to these and other antibiotics. Also, OmpA in known to have a structural role in maintaining the 

integrity of the cell envelope however, it’s the exact contribution to antibiotic resistance remains to be 

demonstrated (Viveiros et al. 2007; Delcour 2009; Bolla et al. 2011; Smani et al. 2014; Correia et al. 2016). 
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Table 1. Mutations detected in the DNA gyrase and topoisomerase IV genes of clinically important 

pathogens described in the literature. 

Species gyrA gyrB parC parE 

Escherichia coli 
1,2,3,4,5,6,7,8,9,10,17 

Tyr50Phe Asp426Asn Ala56Thr Leu416Phe 

Ala51Val Lys447Glu Ser57Thr Ile444Phe 

Ala67Ser Ser492Asn Asp69Glu Leu445His/Ile 

Gly78Cys  Gly78Asp Ser458Ala/Pro/Thr/Trp 

Ser80Arg/Ile  Ser80Arg/Ile Glu460Asp/Lys 

Gly81Asp/ Cys  Ser83Leu Ile464Phe 

Asp82Gly  Glu84Ala/Gly/Lys/Val Ile529Leu 

Ser83Ala/Ile/Leu/Trp/Tyr/Val  Cys107Trp  

Ala84Pro/Val  Ala108Thr/Val  

Asp87Asn/Glu/Gly/His/Tyr/Val    

Gln106Arg/His    

Ala119Glu    

Ala196Glu    

Arg237His    

Salmonella spp. 
1,2,7,11,12,13,14,15,16 

Ala67Pro Tyr420Cys Glu51Lys Glu453Gly 

Asp72Gly Gly434Leu Thr57Ser Ser458Pro 

Val73Ile Gly435Ala/Glu/Val Thr66Ile Glu459Thr 

Gly81Asp/Cys/His/Ser Arg437Leu Gly72Cys His461Tyr 

Asp82Asn/Gly Gly447Cys Gly78Asp Gly468Cys 

Ser83Ala/Leu/Phe/Thr/Thy/Tyr Ser464Phe/Tyr Ser80Arg/Ile Ser493Phe 

Asp87Asn/Gly/Lys/Tyr Glu466Asp Glu84Gly/Lys Ala498Thr 

Leu98Val Ala468Glu Phe115Ser Arg507Ile 

Ala119Glu/Ser/Val Leu470Met Ala141Ser Val512Gly 

Ala131Gly   Lys514Asn 

Glu133Gly    

Glu139Ala    

Klebsiella 

pneumoniae  
4,7,17 

Asp87Ala/Asn/Gln/Glu/Gly/His/Tyr _ Ser80Arg/Ile/Met _ 

Ser80Ile  Glu84Gly/Val  

Ser83Ile/Leu/Phe/Tyr    

Ser88Ile/Phe/Tyr    

Mycobacterium 

tuberculosis* 
7,18,19,20,21 

His70Arg Arg485Cys   

Ala74Ser/Glu/Gly/Leu/Val Ser486Phe   

Thr80Ala Asp(472=495=500)Ala/Asn/His   

Asp84Gly Gly509Ala   

Gly88Ala/Cys Asp505Ala   

Asp89Asn/Gly Asn(510=533=538)Asp/Lys/Thr/Ile   

Ser91Ala/Pro Thr(500=511=539)Asn/Pro   

Ile92Met Glu(501=540)Asp/Val   

Asp94Ala/Asn/Gly/His/Phe/Tyr/Val Ala(504=515=543)Thr/Val   

Pro102His Gln549His   

Ala126Arg Pro592Ser   

Asp500His    

Asp533Ala    

Asn538Asp    

Streptococcus 

pneumoniae  
7,22,23 

Ala17Thr Val432Asp Ser52Gly Asp435Asn 

Gly54Val Asp435Asn/Glu/Ile Gly77Glu Pro454Ser 

Val71Ile Glu474Lys Asp78Asn Ile460Val 

Asp80Ala  Ser79Phe/Tyr Glu474Lys 

Glu85Gly/Lys  Asp83Asn/Gly/Tyr  

Ser81Phe/Tyr  Asn91Asp  

Trp93Ser  Gly128Asp  

  Glu135Asp  

  Lys137Asn/Asp  

  Ala142Ser  

1 Fàbrega et al. 2009, 2 Hopkins et al. 2005, 3 Jones-Dias et al. 2013, 4 Minarini and Darini, 2012, 5 Moon et al. 2010, 6 Pourahmad Jaktaji and 

Mohiti, 2010, 7 Qin et al. 2015, 8 Ruiz, 2003, 9 Sáenz et al. 2003, 10 Zayed et al. 2015, 11 Ferrari et al. 2013, 12 Kim and Woo, 2011, 13 Wasyl et al. 

2014, 14 Fàbrega et al. 2014, 15 Michael et al. 2006, 16 Sun et al. 2011, 17 Weigel et al. 1998, 18 Avalos et al. 2015, 19 Malik et al. 2012, 20 Maruri 

et al. 2012, 21 Singh et al. 2015, 22 Biedenbach et al. 2003, 23 Davies et al. 2003. The reference lists are not intended to be exhaustive.  

* four different Mycobacterium tuberculosis numbering systems have been used to report substitutions in the GyrB subunit which differ 

according to the position of the start codon. Equivalent positions are indicated according to Maruri et al. 2012.  
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Reduced influx due to porin or LPS modifications, often acts together with basal or increased 

expression of active efflux transporters in reducing cytoplasmic quinolone concentrations, both 

contributing additively to resistance (Aldred et al. 2014; Redgrave et al. 2014; Hooper & Jacoby 2016). 

Bacterial exposure to quinolones can select mutants that overexpress efflux pumps, usually as a result 

of mutations in regulatory proteins and less often as a result of mutations in structural genes associated 

with quinolone inclusion in pump substrate profiles (Aldred et al. 2014; Redgrave et al. 2014; Hooper 

& Jacoby 2016). In general, mutations affecting quinolone uptake and efflux cause only low-level 

resistance (about 4- to 8-fold increases in inhibitory concentrations) and usually do not represent a major 

clinical problem in the absence of additional resistance mechanisms. However, efflux systems have been 

shown to be of critical importance for the development of high levels of quinolone resistance and 

reduced intracellular concentrations of quinolones can favour the emergence and dissemination of other 

types of resistance (Fàbrega et al. 2009; Aldred et al. 2014; Hooper & Jacoby 2016). 

Efflux pumps involved in quinolone extrusion have been described in both Gram-positive and 

Gram-negative bacteria (Fig. 1c) (Hernandez et al. 2011; Vila et al. 2011). In Gram-positive species, the 

major facilitator superfamily (MFS) contains the largest number of efflux systems that include quinolones 

in their substrate profiles (e.g. NorA, NorB, NorC, MdeA, LmrS, SdrM and QacB(III) in S. aureus; PmrA 

in S. pneumoniae; Bmr, Bmr3 and Blt in B. subtilis; LmrP in L. lactis; Lde in L. monocytogenes; EfmA in 

E. faecium). In addition, efflux pumps belonging to the multiple antibiotic and toxin extrusion (MATE) 

(e.g. MepA in in S. aureus; FepA in L. monocytogenes) and ATP-binding cassette (ABC) (e.g. PatAB in 

S. pneumoniae; LmrA in L. lactis; SatAB in S. suis; EfrAB in E. faecalis) families have also been shown 

to confer quinolone resistance in Gram-positive species (Fàbrega et al. 2009; Vila et al. 2011; Fernandez 

& Hancock 2012; Hooper & Jacoby 2016). Concerning Gram-negative bacteria, the majority of efflux 

pumps involved in quinolone resistance are members of the resistance-nodulation-division (RND) family 

which are tripartite complexes formed by an inner membrane pump protein, an outer membrane channel 

protein and a periplasmic membrane-fusion protein (e.g. AcrAB-TolC in E. coli, Salmonella spp.; E. 

aerogenes and E. cloacae; MexAB-OprM, MexCD-OprJ, MexEF-OprN, MexXY-OprM in P. aeruginosa; 

OqxAB-TolC in K. pneumoniae; CmeABC, CmeDEF in C. jejuni; AdeABC, AdeFGH, AdeIJK in A. 

baumannii; SmeDEF, SmeABC in S. maltophilia; SdeAB, SdeXY in S. marcescens). A few members of the 

MFS (e.g. EmrAB-TolC and MdfA in E. coli), MATE (e.g. NorE, YdhE in E. coli; EmmdR in E. cloacae; 

PmpM in P. aeruginosa; AbeM in A. baumannii; VcmB, VcmD, VcmH, VcmN in V. cholerae; NorM in V. 

parahaemolyticus and V. cholerae; NorA in B. fragilis; BexA in B. thetaiotaomicron) and ABC (VcaM in 

V. cholerae) families have also been shown to be involved in quinolone resistance in Gram-negative 

species (Fàbrega et al. 2009; Vila et al. 2011; Fernandez & Hancock 2012; Hooper & Jacoby 2016). 

The reduced quinolone influx acts in concert with increased efflux to generate a resistance 

phenotype through mechanisms involving the transcriptional and posttranscriptional regulation of both 

efflux systems and porins (Viveiros et al. 2007; Delcour 2009; Fàbrega et al. 2009; Fernandez & Hancock 
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2012; Hooper & Jacoby 2016). Mutations in the Mar (multiple antibiotic resistance), SoxRS and Rob 

regulons can result in quinolone resistance, sometimes with overlapping effects since some genes are 

present in different regulons. For instance, mutations in the MarR and MarA regulators can result in 

both an increased expression of AcrAB and reduced expression of OmpF. In addition to direct 

regulators, mutations in the mppA gene, encoding a murein peptide binding protein, have also been 

shown to increase MarA expression. Moreover, MarA can prevent ompF mRNA translation, and also 

activate the expression of the porin downregulator OmpX, through the activation of the small RNA 

MicF, which can likewise be activated by SoxS or the MarA homologue RamA. The OmpC porin can 

equally be post-transcriptionally regulated by the sRNA MicC and both ompF and ompC genes can also 

be transcriptionally regulated by the two-component regulatory system OmpR-EnvZ. Similarly, upon 

envelope stress, porin synthesis can be repressed by the RpoE-regulated sRNAs MicA, RybB and CyaR 

which inhibit mRNA translation of a number of OMPs including the OmpA, OmpC, OmpF, OmpX, 

OmpW and Tsx porins. Furthermore, LPS biosynthesis and assembly is other important feature under 

the posttranscriptional control of the RpoE-regulated RybB and MicA sRNAs and LPS lipid A 

modifications are also regulated by the PhoP/Q two-component system through the sRNA MgrR. 

Changes in LPS structure and composition have been shown to be critical not only for outer membrane 

integrity, virulence, host survival and adaptation to specific environments but also for resistance to 

quinolones and other antibiotics (Viveiros et al. 2007; Johansen et al. 2008; Pagès et al. 2008; Delcour 

2009; Fàbrega et al. 2009; Fernandez & Hancock 2012; Klein & Raina 2015; Hooper & Jacoby 2016).  

 

4.3. Plasmid-mediated quinolone resistance (PMQR) 

Mechanisms involving plasmid-mediated quinolone resistance were first described only in the late 

1990s and have been extensively reviewed in the last decade (Robicsek et al. 2006; Martinez-Martinez et 

al. 2008; Strahilevitz et al. 2009; Rodriguez-Martinez et al. 2011; Poirel et al. 2012; Ruiz et al. 2012; Guan 

et al. 2013; Jacoby et al. 2014; Hooper & Jacoby 2016; Rodriguez-Martinez et al, 2016). The first PMQR 

gene, qnrA, was described in 1998 in a broad-host-range conjugative plasmid of a ciprofloxacin-resistant 

K. pneumoniae clinical isolate (Martinez-Martinez et al. 1998), and to date about a hundred Qnr variants 

have been identified, being classified into six distinct families: QnrA, QnrB, QnrS, QnrC, QnrD and QnrVC. 

The Qnr proteins belong to the pentapeptide-repeat protein family and confer quinolone resistance by 

physically protecting DNA gyrase and topoisomerase IV from quinolone inhibition (Fig. 1 d1). A second 

mechanism for PMQR was later discovered in 2006 and consisted of a bifunctional variant of an 

aminoglycoside-modifying acetyltransferase, AAC(6′)-Ib-cr, which harboured two specific amino acid 

substitutions, Trp102Arg and Asp179Tyr. This variant is able to acetylate the unsubstituted nitrogen of the 

C7 piperazine ring that is found in quinolones such as ciprofloxacin, thereby conferring quinolone resistance 

by decreasing the drug’s activity (Fig. 1 d2). Shortly after, a third mechanism for PMQR was added with 

the discovery of the plasmid-encoded efflux pumps QepA and OqxAB (Fig. 1 d3). QepA belongs to the 
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MFS family and confers decreased susceptibility to hydrophilic fluoroquinolones, especially ciprofloxacin, 

norfloxacin and enrofloxacin. OqxAB belongs to the RND family and has a wide substrate specificity that 

beyond the quinolones ciprofloxacin, norfloxacin, nalidixic acid, olaquindox and flumequine, also includes 

the antibiotics tetracycline, chloramphenicol and trimethoprim, biocides like benzalkonium chloride or 

triclosan, among many other compounds. PMQR determinants generally confer only low-level quinolone 

resistance that alone do not exceed the clinical breakpoint, however, in the presence of therapeutic levels of 

quinolones, PMQR provides a favourable background for selection of additional resistance mechanisms 

and hence for the emergence of high-levels of quinolone resistance. PMQR genes have been detected in 

transposons and/or integrons that are often co-located with other resistance determinants (frequently ESBL, 

AmpC-type β-lactamase and carbapenemase genes) in MDR plasmids of significantly varying sizes and 

incompatibility groups. The dissemination of multiple plasmids with such heterogeneity has been 

responsible for the wide geographic distribution of PMQR in a great variety of hosts. PMQR genes have 

also been reported with a certain frequency in chromosomal locations, reflecting the plasticity of PMQR-

related mobile genetic elements. For instance, qnr genes are detected on the chromosome of Gram-negative 

and Gram-positive bacteria from both clinical and environmental origins and the aac(6′)-Ib-cr gene can also 

be chromosomal. Additionally, the oqxAB gene is reported with high frequencies on the chromosome of K. 

pneumoniae, which represents a potential reservoir organism for the dissemination of such genes. Due to 

the current difficulties in the phenotypic detection of PMQR mechanisms (reliable detection depends on 

genetic assays), the actual prevalence of these determinants is not precisely known. Incidences varying from 

less than 1% to more than 50% have been reported, depending on the bacterial species and resistance 

mechanisms. PMQR prevalence, distribution and epidemiology data has been exhaustively compiled and 

reviewed recently by Martinez-Martinez et al, 2008, Strahilevitz et al, 2009, Rodriguez-Martinez et al, 

2011, Jacoby et al, 2014, Yanat et al, 2016 and Rodriguez-Martinez et al, 2016. PMQR determinants have 

been found mostly in enterobacteria (particularly E. coli, Enterobacter spp., Klebsiella spp. and Salmonella 

spp.) with occasional reports in non-fermenting bacteria (e.g. Pseudomonas spp., A. baumannii and S. 

maltophilia) isolated from a wide variety of human, animal and environmental samples, being qnr variants 

and aac(6′)-Ib-cr the most commonly reported. PMQR represents an emerging clinical problem that was 

not expected to occur. Although thoroughly studied in the last 10 years, much remains to be understood 

about these resistance mechanisms. Nevertheless, the insidiousness with which PMQR determinants can 

promote substantial levels of resistance together with their easy horizontal dissemination and co-selection 

with multiple resistance elements substantiate the need for a more cautious use of quinolone drugs in both 

clinical and non-clinical environments and for serious reconsiderations of actual clinical breakpoints 

(Robicsek et al. 2006; Martinez-Martinez et al. 2008; Strahilevitz et al. 2009; Hernandez et al. 2011; 

Rodriguez-Martinez et al. 2011; Vila et al. 2011; Poirel et al. 2012; Ruiz et al. 2012; Guan et al. 2013; 

Aldred et al. 2014; Jacoby et al. 2014; Kim & Hooper 2014; Redgrave et al. 2014; Hooper & Jacoby 2016; 

Yanat et al, 2016; Rodriguez-Martinez et al, 2016). 
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5. Concluding remarks 

Quinolone resistance is multifactorial and complex and even though our understanding of the 

interplay and biological impact of the multiple resistance mechanisms has improved significantly over 

the last years, we are still far from the complete elucidation of this phenotype. Due to the synthetic 

nature of quinolones, it was predicted that mutations in the genes encoding the target type II 

topoisomerases would be the only mechanism through which resistance could be acquired, and the 

existence of plasmid-mediated quinolone resistance was completely unexpected. However, in addition 

to one or a combination of target-site gene mutations, quinolone resistance has been shown to occur via 

plasmid-encoded modifying enzymes and/or target-protection proteins and also due to the expression of 

either chromosomally- or plasmid-encoded efflux pumps. Additionally, reduced quinolone influx 

through changes in outer membrane porin expression and/or LPS modifications have been shown to act 

concertedly with increased efflux in conferring quinolone resistance in Gram-negative species. 

Although these mechanisms have been thoroughly studied, much details remain to be clarified, and the 

exact contribution of less studied mechanisms such as the metabolic regulation of drug resistance 

(reviewed in detail by Martinez and Rojo, 2011), the bacterial stress responses as resistance determinants 

(reviewed by Poole, 2012), or even quorum sensing and biofilm formation, to the global resistance 

phenotype to quinolones still needs further elucidation. 
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1. Abstract 

Salmonellosis is one of the most common and widely distributed foodborne diseases. The 

emergence of Salmonella strains that are resistant to a variety of antimicrobials is a serious global public 

health concern. Salmonella enterica serovar Typhimurium definitive phage type 104 (DT104) is one of 

these emerging epidemic multidrug resistant strains. Here we collate information from the diverse and 

comprehensive range of experiments on Salmonella proteomes that have been published. We then 

present a new study of the proteome of the quinolone-resistant Se20 strain (phage type DT104B), 

recovered after ciprofloxacin treatment and compared it to the proteome of reference strain SL1344. A 

total of 186 and 219 protein spots were recovered from Se20 and SL1344 protein extracts, respectively, 

after two-dimensional gel electrophoresis. The signatures of 94% of the protein spots were successfully 

identified through matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF MS). 

Three antimicrobial resistance related proteins, whose genes were previously detected by polymerase 

chain reaction (PCR), were identified in the clinical strain. The presence of these proteins, 

dihydropteroate synthase type-2 (sul2 gene), aminoglycoside resistance protein A (strA gene) and 

aminoglycoside 6'-N-acetyltransferase type Ib-cr4 (aac(6')-Ib-cr4 gene), was confirmed in the DT104B 

clinical strain. The aac(6')-Ib-cr4 gene is responsible for plasmid-mediated aminoglycoside and 

quinolone resistance. This is a preliminary analysis of the proteome of these two S. Typhimurium strains 

and further work is being developed to better understand how antimicrobial resistance is developing in 

this pathogen.  

 

Keywords: Salmonella enterica serovar Typhimurium; DT104B; SL1344; proteome; aminoglycoside 

6'-N-acetyltransferase type Ib-cr4. 

 

2. Introduction 

Non-typhoid Salmonella is a common and widely distributed cause of food poisoning (Pacheco 

et al. 2012). Even though non-typhoid Salmonella frequently causes self-limited infections, some strains 

can also cause complicated invasive infections that require antimicrobial therapy (Su et al. 2012). The 

global burden of disease caused by Salmonella infections is substantial and the public health impact is 

aggravated by antimicrobial resistance, which leads to increased morbidity, mortality, and treatment 

costs (Mather et al. 2013). Nowadays, Salmonella clinical isolates show high rates of resistance to 

traditional antimicrobials. Fluoroquinolones and expanded-spectrum cephalosporins have remained 

effective against non-typhoid Salmonella infection but resistance to these agents is also increasing (Su 

et al. 2012). Ciprofloxacin is an important last resort antimicrobial to treat complicated Salmonella 

infections because it can penetrate macrophages and eliminate multidrug-resistant strains (Marathe et 

al. 2013). Nevertheless, ciprofloxacin-resistant strains are becoming more common. 
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Salmonella is a prime model organism for infection biology research (Bumann 2010). S. 

Typhimurium SL1344 is among the most extensively studied pathogenic strains and is frequently used 

as a reference organism to investigate Salmonella pathogenicity (Humphrey et al. 2011). However, 

considering the high plasticity of bacterial genomes, the adequacy of laboratory-adapted reference 

strains for the study of ‘real-world’ pathogenesis is being questioned (Fux et al. 2005). As laboratory 

reference strains are repeatedly passaged in vitro, they can become significantly differentiated from 

clinical samples. Studies based on laboratory strains may therefore overlook important 

pathophysiological mechanisms that are only present in clinical strains (Fux et al. 2005). 

S. Typhimurium phage type DT104 is an important multidrug-resistant clinical strain with an 

extensive host range that has been responsible for pandemic spread and many outbreaks over the last 

two decades (Humphrey et al. 2011; Mather et al. 2013). Multiresistant DT104 strains were first isolated 

in the 1980s and commonly show resistance to ampicillin, chloramphenicol, streptomycin, sulfonamides 

and tetracycline (ACSSuT resistance type), with additional resistance to trimethoprim and ciprofloxacin 

(Threlfall 2000). Higher morbidity and mortality rates are likely to be associated with DT104 infections 

but it is not completely known why this particular strain has disseminated so successfully (Threlfall 

2000; Humphrey et al. 2011). Recent studies have shown an emergence of hybrid virulence-resistance 

plasmids in S. Typhimurium DT104 that results from the integration of antimicrobial resistance genes 

into virulence plasmids involved in systemic infection (Mendoza Mdel et al. 2009). These hybrid 

plasmids provide an adaptive advantage that enhances the epidemic potential of these strains. 

Antimicrobial resistance and virulence are determinant in the clinical outcome of severe 

Salmonella infections, so it is important to understand how the associated genetic mechanisms are 

regulated (Giraud et al. 2013). Proteomics approaches can be used to investigate how genetic diversity 

can lead to the emergence of new resistance phenotypes and which protein interactions or post-

translational modifications (PTM) are associated with antimicrobial resistance (Correia et al. 2014). 

Genome mining in Salmonella showed that, due to its metabolic robustness, the number of potentially 

lethal targets for antimicrobial drug development is smaller than expected. Directly identifying bacterial 

proteins which prevent antibiotic resistance might expand the conventional armamentarium (Becker et 

al. 2006; Fernandez-Reyes et al. 2009). In the last decade, MS-based proteomics has been advancing 

rapidly, generating more information on functional and regulatory features. Proteomics results provide 

the most realistic depiction of infective processes because the methods detect the final products of gene 

biosynthetic pathways that truly define a biological phenotype (Lima et al. 2013; Correia et al. 2014). 

Two dimensional gel electrophoresis (2-DE) is still one of the most powerful methods to study crude 

protein mixtures, as it is a selective, specific, reproducible, and reliable way to analyze several hundred 

proteins in a single experiment (Kleinert et al. 2007). The analysis of bacterial proteomes can provide a 

global view of physiological adaptation and 2-DE coupled with peptide mass fingerprinting (PMF) has 

been established as a standard tool to study diverse cellular functions and regulation (Lee et al. 2006). For 
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instance, total bacterial proteomes from different strains can be compared to identify proteins that 

correlate with different antimicrobial resistance profiles (Vranakis et al. 2014). Table 1 sumarizes 

information from the many studies that have investigated Salmonella serotypes at the proteomic level. 

In this work we investigated the complete proteomes of a clinical multidrug-resistant S. 

Typhimurium DT104B strain, designated as Se20 (de Toro et al. 2010), and the reference S. 

Typhimurium SL1344 strain (Hoiseth & Stocker 1981), in order to provide a snapshot of the major 

proteins involved in the basic cellular physiology of these strains, paying special attention to the 

expression of proteins related to antimicrobial resistance and virulence. 

 

 

Table 1. List of Salmonella serotypes studied at the proteomic level with a short description of the main 

purpose and findings of each study. 

 

Serotype Strain Main Purpose Main Findings Ref. 

Typhimurium 

and Typhi 

LT2 and Ty2 To perform a quantitative 

comparative proteomic analysis 

between S. Typhimurium and S. 

Typhi using SILAC coupled with 

LC-MS/MS. 

Potential biomarker proteins with serovar-

specific expression were identified. 

Flagella and chemotaxis genes were down-

regulated in S. Typhi and proteins involved 

in metabolism and transport of 

carbohydrates and amino acids were 

differentially expressed. 

Wang et al. 

2014 

Infantis  Soil isolate 

(from cattle 

manure) 

To elucidate the global 

modulation of bacteria and plant 

protein expression after 

Salmonella internalization into 

lettuce. 

Fifty proteins were differentially expressed 

between internalized and cutured S. 

Infantis. Internalized S. Infantis triggered the 

lettuce defense mechanisms. The bacteria 

might use ascorbate as a carbon source and 

require stress response proteins to cope with 

stresses incurred in plants.  

Zhang et al. 

2014 

Paratyphi A YN07077, 

GZ9A0503, 

ZJ98053, 

ATCC 9150 

To perform a 2-DE comparative 

proteomics analysis for 4 

epidemic strains with different 

geospatial and temporal 

characteristics in order to obtain 

their core and pan proteomes. 

The proteomes of the four strains were 

highly conserved. Few strain-specific 

proteins were found and non-core proteins 

were found in similar categories as core 

proteins. Significant fluctuations in the 

abundance of some core proteins suggest a 

variation in protein expression in the 

different strains even when cultured in the 

same conditions. 

Zhang et al. 

2014 

Typhimurium  ATCC 14028 To profile the intact proteome by 

single-dimension ultra-high-

pressure liquid chromatography 

coupled with Velos-Orbitrap MS. 

Identification of 563 proteins including 

1665 proteoforms generated by PTMs. 

Report of a unique protein S-thiolation 

switch in response to infection-like 

conditions. 

Ansong et 

al. 2013 

Typhimurium  ATCC 14028 To observe changes in protein 

abundance or location between 

phagosome-mimicking and 

standard laboratory conditions. 

The protein subcellular localization of over 

1000 proteins was catalogued. New 

insights into dynamic protein localization 

and potential moonlighting. 

Brown et 

al. 2012 

Typhimurium  ST23 To elucidate biocide tolerance 

mechanisms by comparing 2-D 

DIGE protein profiles of a 

triclosan sensitive strain and the 

isogenic tolerant mutant in the 

presence and absence of 

triclosan. 

Triclosan exposure induced multiple 

changes in cellular metabolism, 

permeability, transport and also 

modifications involving mutations in the 

triclosan specific target FabI. Broader 

changes that may confer cross-resistance to 

antimicrobial agents were also observed.  

Condell et 

al. 2012 
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Serotype Strain Main Purpose Main Findings Ref. 

Typhimurium  SL1344  To analyze differentially 

expressed proteins between a 

wild-type strain and an opgGH 

mutant to elucidate proteomic 

pleiotropy under low osmolarity. 

The opgGH mutant had decreased protein 

amounts, consistent with the genotype and the 

expected phenotypes, and revealed 

pleiotropic proteome effects likely to enable 

survival under low-nutrient and low-osmotic 

growth conditions. 

Cooper et 

al. 2012 

Typhimurium, 

Typhi and 

Choleraesuis 

LT2, ATCC 

33458 and 

SC-B67  

To analyze the ability of 

pseudogenes to express normal 

protein sequences and to develop an 

experimental approach to detect 

recoding at the genomic scale using 

LC-MS/MS. 

The majority of pseudogenes failed to 

express, validating the overall accuracy of 

in silico annotation. A few annotated 

pseudogenes translated normal peptides, 

suggesting that recoding may be common 

in bacterial species.  

Feng et al. 

2012 

Gallinarum 9R and WT 

(287/91 and 

06Q110) 

To compare the proteome and 

transcriptome of wild-type and 

live vaccine strains of S. 

Gallinarum by 2-DE MALDI-

TOF MS and microarray 

analysis. 

One protein relevant to virulence absent 

from 9R. Analysis revealed 42 virulence 

genes down-regulated in the 9R transcrip-

tome. The attenuation of 9R may be 

associated with a combination of impaired 

virulence factors so reversion to virulence 

is probably not caused by single mutation. 

Kang et al. 

2012 

Enteritidis, 

Typhimurium 

and 

Gallinarum 

Human and 

chicken 

isolates; 9R  

To examine protein profile 

variability among S. Enteritidis, S. 

Typhimurium and S. Gallinarum 

by a comparative 2-DE MALDI-

TOF MS proteomic analysis. 

A high level of variation between serotypes 

was observed and several serotype-specific 

factors were detected. Proteins related to 

virulence, such as β-lactamase, RfbH pro-

tein, and shikimate kinase were identified.  

Sun & 

Hahn 2012 

Typhimurium  - To characterize the proteome and 

ionome of wild type and znuA 

mutant strains under Zn starvation 

or Zn-replete conditions to gain 

further insight into Zn influx 

regulation. 

Several differentially regulated proteins 

were predicted to be metal-binding 

proteins; their over-expression in the znuA 

mutant strain strictly depends on Zn 

starvation and correlates with differences 

found at the ionome level.  

Ciavardelli 

et al. 2011 

Typhimurium  VNP20009 To profile protein expression in the 

tumor-specific VNP strain under 

anaerobic and aerobic conditions, 

and to develop a hypoxia-inducible 

promoter system to confine 

expression of therapeutic genes 

within the tumor microenvironment. 

The hypoxia-inducible adhE promoter was 

screened from the hypoxia-regulated 

endogenous proteins of Salmonella and 

proof-of-principle was provided that these 

promoter systems can be employed to target 

the hypoxic region of solid tumors and exert 

enhanced anticancer effects. 

Chen et al. 

2011 

Typhimurium  ATCC 14028 To identify effector proteins 

secreted under SPI-2-inducing 

growth conditions using LC-

MS/MS. 

Eight novel effectors and ~80% of the 

previously reported ATCC14028 repertoire 

were identified including novel secreted 

effectors and new pathways for Salmonella 

virulence factors. 

Niemann et 

al. 2011 

Typhimurium  SL1344 To identify post-transcriptional 

regulatory events by analyzing 

proteome changes after activation 

of the RcsCDB regulatory 

system. 

Two new post-transcriptional regulatory 

processes were defined, inverse regulation by 

the metE and pckA genes and expression 

control of the small RNA FnrS by the 

RcsCDB system. 

Paradela et 

al. 2011 

Typhimurium  MA6926 To survey the proteomic changes 

in response to low Mg2+ 

concentrations or CAMP in a 

SILAC-based quantitative 

proteomic approach. 

CAMP activates a portion of the PhoP/PhoQ 

regulatory network. Low Mg2+ concentrations 

up-regulate nearly all known and some pre-

viously unknown members of this network, 

and also proteins regulated by IHF and RpoS.  

Yu & Guo 

2011 

Typhi CT18 Characterization of anti-S. Typhi 

antibody responses in bacteremic 

Bangladeshi patients by 

immunoaffinity proteomics-

based technology. 

Identification of 57 proteins whose capture 

by affinity-purified antibody fractions from 

plasma of patients with S. Typhi bacteremia 

was significantly increased compared to the 

capture by the column without antibody. 

Charles et 

al. 2010 
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Serotype Strain Main Purpose Main Findings Ref. 

Typhimurium  ATCC 14028 Proteome profiling of wild-type 

and mutant strains with 

ProteinChip arrays coupled to 

SELDI-TOF. 

Revelation of differential regulation of the 

σ-dependent yciGFE(katN) locus by YncC 

and H-NS in Salmonella and Escherichia 

coli K-12. 

Beraud et 

al. 2010 

Enteritidis chicken 

isolate (LK5) 

Global 2-DE MALDI-TOF MS 

protein analysis of S. Enteritidis 

adapted or unadapted to 

propionate. 

The stress-related proteins Dps and CpxR5 

were up-regulated in propionate-adapted 

cultures and play an important role in 

propionate-induced acid resistance. 

Calhoun et 

al. 2010 

Enteritidis clinical 

isolate 

(SE2472) 

To develop a stable isotope 

labeling procedure coupled with 

MS analysis to carry out 

quantitative proteomic analysis 

of S. Enteritidis upon exposure to 

hydrogen peroxide. 

Identification of 76 proteins with H2O2 

modulated expression. SPI-1 effector SipC 

was overexpressed and was found to be 

highly expressed in the spleen at late stage of 

in vivo infection, suggesting a role of SipC in 

supporting survival and replication under 

oxidative stress and during systemic infection 

in vivo.  

Kim et al. 

2010 

Typhimurium 

and 

Enteritidis 

wild boar and 

wild rabbit 

isolates 

To determine and compare the 

proteomes of S. Typhimurium 

and S. Enteritidis recovered from 

faecal samples from wild boars 

and rabbits. 

Different serotypes had different SDS-

PAGE profiles. Proteins related to 

antibiotic resistance, pathogenesis and 

virulence were identified in both strains. 

Pinto et al. 

2010 

Typhimurium  LT2 (ATCC 

700720) 

To elucidate the expression of 

OMPs of S. Typhimurium using 

a LPI™ Flow-Cell lipid-based 

protein immobilization 

technique. 

The LPI™ technique provided wide 

coverage with 54 OMPs identified, 

enabling the incorporation of a multi-step 

protease workflow that allows the 

identification of more membrane proteins 

with higher confidence.  

Chooneea 

et al. 2010 

Thompson  MCV1  To study the proteome changes of 

S. Thompson during stress 

adaptation to sublethal 

concentrations of thymol with 2-

DE MALDI-TOF MS. 

Several proteins from different functional 

classes were significantly up- or down-

regulated showing that thymol plays a role 

in altering very different metabolic 

pathways. 

Di Pasqua 

et al. 2010 

Typhi and 

Typhimurium 

Ty2, CT18, 

Ty800 and 

LT2 

Comparative proteomic analysis 

to study PhoP/Q-dependent 

protein expression differences 

between S. Typhi and S. 

Typhimurium. 

Identification of 53 PhoP-regulated proteins 

in LT2 and 56 in S. Typhi, including 3 S. 

Typhi-unique proteins (CdtB, HlyE and 

STY1499). First protein expression profile of 

the live attenuated bacterial vaccine studied in 

humans Ty800. 

Charles et 

al. 2009 

Typhimurium  clinical 

isolate and 

NCTC 74  

To characterize proteins that are 

differentially expressed in the 

presence or absence of oxygen to 

reveal proteins that may allow 

the species to adapt and initiate 

infection in anaerobic conditions.  

A drastic transformation in expression was 

observed with the shift to anaerobiosis.  

The responses of different isolates were 

not uniform and the high degree of change 

showed the potential limitation of using 

laboratory-grown strains to search for 

vaccine targets.  

Encheva et 

al. 2009 

Typhimurium  DT104 

(ATCC 

700408) 

To determine if protein profiling 

by GC-MS analysis of fatty acids 

with PCA and 2-DE can be used 

for rapid assessment and 

interpretation of the impact of 

SC-CO2 treatment. 

SC-CO2 caused significant alterations in the 

fatty acid and protein profiles with 11 spots 

becoming more than 50% less intense. The 

low levels of the latter proteins may have 

negatively affected the survival of microbial 

cells.  

Kim et al. 

2009 

Gallinarum 

and 

Enteritidis 

JOL394 To discover host specificity 

and/or pathogenicity proteins 

among different host-adapted 

serovars by 2-DE MALDI-TOF 

MS/QRT-PCR analysis of 

serovar Gallinarum in 

comparison with Enteritidis. 

In S. Gallinarum 22 proteins were over-

expressed comparing to S. Enteritidis. 

Proteins were identified that are related to 

virulence or have unknown functions that 

may be important in the host adaptation 

and/or pathogenicity of S. Gallinarum. 

Osman et 

al. 2009 
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Serotype Strain Main Purpose Main Findings Ref. 

Typhimurium  ATCC 14028 To investigate the macrophage 

response to infection by infecting 

RAW 264.7 macrophages and 

analyzing time course responses 

at the global proteomic level. 

Identification of 1006 macrophage and 115 

Salmonella proteins with high confidence. 

Most of the Salmonella proteins were 

observed in the late stage of infection, 

which is consistent with the fact that the 

bacterial cells proliferate inside RAW 

264.7 macrophages. 

Shi et al. 

2009 

Typhimurium ATCC 14028 To determine the impact of a low 

Mg2+/pH defined growth medium 

(MgM) on the proteome of S. 

Typhimurium by a comparative 

LC-MS/MS approach. 

MgM shock induced proteins usually 

induced by low O2. MgM dilution induced 

the T3SS proteins SsaQ and SseE and also 

the biotin biosynthesis proteins BioB and 

BioD that also increased after infection of 

RAW 264.7 macrophages. 

Shi et al. 

2009 

Typhimurium SL1344 To investigate the role of AI-

2/LuxS by a comparative 2D-

DIGE analysis of wild type and a 

luxS mutant strain. 

A few proteins were differentially 

expressed but further analysis of the LuxS 

protein revealed a PTM and a potential 

translocation across the cytoplasmic 

membrane. 

Kint et al. 

2009 

Typhimurium SL1344 To investigate the combined 

effect of low oxygen tension and 

high osmolarity on the proteome 

of S. Typhimurium compared to 

standard laboratory conditions by 

2-D DIGE. 

Under in vivo-like conditions anaerobic 

fumarate respiration and the utilization of 

1,2-propanediol are up-regulated and an 

arginine deiminase pathway is expressed 

for l-arginine catabolism. Proteins involved 

in quorum sensing and virulence are also 

differentially expressed. 

Sonck et al. 

2009 

Typhimurium  SL1344 To determine and compare the 

proteomes of three triclosan 

resistant mutants to identify 

proteins involved in triclosan 

resistance. 

Proteins involved in pyruvate or fatty acid 

production were differentially expressed in 

all mutants. Triclosan resistance is 

multifactorial and several resistance 

mechanisms act in synergy to achieve 

high-level resistance.  

Webber et 

al. 2008 

Typhimurium  ATCC 13311 Characterization of the OMP-

immunoreactive fractions in 

Salmonella induced reactive 

arthritis by SDS-PAGE and 

MALDI-TOF MS. 

Identification of 10 low molecular weight 

OMPs which are T-cell immunoreactive in 

patients with Salmonella induced reactive 

arthritis/undifferentiated 

spondyloarthropathy. 

Singh et al. 

2007 

Typhimurium  01-45, R200 

and 6B7 

To compare OMP profiles 

between a yjeH mutant with 

reduced resistance to ceftriaxone 

and the resistant parental strain, 

by 2-DE MALDI-TOF MS/MS. 

yjeH gene inactivation resulted in a 4-fold 

reduction in ceftriaxone resistance and in 

an underexpression of STM1530, 

STM3031, MopA, and NuoB, but 

overexpression of OmpD. Expression of 

the S. Typhimurium yjeH gene also confers 

ceftriaxone resistance in E. coli. 

Hu et al. 

2007 

Typhimurium  CS022 To compare a proteome defined 

by shotgun proteomics directly 

on an LTQ-FT and by proteome 

pre-fractionation on an LCQ-

DUO. 

Shotgun proteomic analyses on the LCQ-

DUO adequately characterized a PhoP 

constitutive strain if proteome pre-

fractionation steps and gas-phase 

fractionation were included. 

Nunn et al. 

2006 

Typhimurium  STM14028 To identify key proteins linked to 

macrophage colonization by LC-

MS analysis of protein 

abundance in Salmonella cells 

isolated from RAW264.7 

macrophages, with or without 

functional Nramp1, at various 

time points of infection. 

After infection 39 proteins were strongly 

induced, 6 of which are modulated by 

Nramp1, including STM3117. Deletion of 

the STM3117 gene caused a dramatic 

reduction in the ability to colonize 

macrophages, demonstrating that 

STM3117 is an important virulence factor 

that promotes replication inside 

macrophages. 

Shi et al. 

2006 
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Serotype Strain Main Purpose Main Findings Ref. 

Typhimurium SL1344  To investigate the physiological 

response of S. Typhimurium to 

fluoroquinolone antibiotics by 2-

DE and 2D-LC-MS. 

Several proteins were over or underexpressed. 

An increase in AcrAB/TolC was associated 

with resistance while F1F0-ATP synthase and 

Imp increased in response to fluoroquinolones. 

Coldham et 

al. 2006 

Typhimurium ATCC 14028 

and LT2 

To analyze the S. Typhimurium 

proteome under laboratory and 

infection-like conditions through 

a LC-MS-based “bottom-up” 

proteomic approach. 

A comprehensive view of protein abundances 

as they vary with respect to time, environment, 

and genotype. Results support earlier 

observations that pdu gene expression 

contributes to S. Typhimurium pathogenesis. 

Adkins et 

al. 2006 

Typhimurium 

and Pullorum 

NCTC 74, 4 

clinical 

isolates, A01, 

C01; NCTC 

10704, B52 

To compare the expression 

patterns of host restricted S. 

Pullorum and host generalist S. 

Typhimurium isolates with a 

combined 2-DE LC-MS/MS 

proteomic approach. 

Isolates varied greatly and, in some cases, 

more between the same serotype than 

between different serotypes. New serotype-

specific proteins were identified, including 

intermediates in sulphate utilization and 

cysteine synthesis. 

Encheva et 

al. 2005 

Typhi clinical 

isolate 

(5866) 

Analysis of the pleiotropic 

effects of a deficiency in the 

periplasmic disulfide-bond 

oxidoreductase DsbA using 2-DE 

MALDI-TOF MS. 

In total, 25 spots were exclusive to the wild-

type strain, 10 to the dsbA-null mutant, and 

21 were common to both. DsbA, glucose-1-

phosphatase, flagellin and the AI-2 

autoinducer-producing LuxS were absent in 

the dsbA-null mutant. 

Agudo et 

al. 2004 

Typhimurium SL1344 Proteome characterization by 2D-

HPLC MS to provide a platform 

for subsequent proteomic studies 

of low level multiple antibiotic 

resistance. 

A total of 34 OMPs were detected and 20 

proteins previously associated with the mar 

locus in E. coli were also identified 

including the key MAR effectors AcrA, 

TolC and OmpF. 

Coldham & 

Woodward 

2004 

Typhimurium UK1 (WT) 

and RJ1827 

To compare changes in gene 

expression caused by fis mutation 

through a 2-DE MS proteomic 

approach in order to elucidate the 

role of Fis in Salmonella 

virulence. 

Identification of 11 proteins upregulated and 7 

downregulated by Fis, involved in translation, 

sugar metabolism, flagellar synthesis, and 

virulence. Changes in SPI expression suggest 

that gene regulation in SPI-2 and in SPI-1 is 

affected by Fis. 

Yoon et al. 

2003 

Typhimurium  ATCC 14028 To identify low-level expressed 

proteins by expressing several 

SPI2 T3SS putative proteins as 

recombinant products followed 

by 2-DE MALDI-MS detection. 

Recombinant expression is a complementary 

tool to analyze low abundant or membrane 

proteins. Pre-fractionation and pulse labeling 

allowed the identification of growth phase 

regulated SPI2 proteins that might not be 

detected otherwise. 

Deiwick et 

al. 2002 

Typhimurium  SL1344 To identify acid-regulated elements 

of the flagellar system and to study 

how they are regulated by low pH. 

Flagella mediated cell motility is co-

regulated by low pH via the PhoPQ signal 

transduction system. 

Adams et 

al. 2001 

Typhimurium SL1344 To test the feasibility of 

proteome determination by 

identifying 53 randomly 

sequenced cell envelope proteins 

by N-terminal sequencing of 

spots from 2D gels.  

The existence of previously hypothetical 

proteins predicted from genomic 

sequencing projects was confirmed, and 

approximately 20% of the proteins had no 

matches in sequence databases.  

O'Connor 

et al. 1997 

Typhimurium SL1344 To present a 2D reference map 

for proteins of the cell envelope 

fraction of S. Typhimurium 

SL1344. 

In total 49 proteins were identified by 

microsequencing and assigned to a 2D 

reference map. Of these, 10 proteins seem to 

be new and others closely match putative 

proteins or proteins found in other bacteria but 

not previously reported in salmonellae. 

Qi et al. 

1996 

2-D DIGE, two-dimensional difference gel electrophoresis; CAMP, cationic antimicrobial peptides; GC-MS, gas chromatography - mass 

spectrometry; LC-MS/MS, liquid chromatography coupled with tandem mass spectrometry; OMPs, outer membrane proteins; PCA, principal 

component analysis; QRT-PCR, quantitative real time - PCR; SC-CO2, supercritical carbon dioxide; SDS-PAGE, sodium dodecyl sulfate - 

polyacrylamide gel electrophoresis; SELDI-TOF, surface-enhanced laser desorption/ionization-time of flight; SILAC, stable isotope labeling 

by amino acids in cell culture; SPI, Salmonella pathogenicity island; T3SS, type three secretion system. 
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3. Results and Discussion 

The proteomes of two S. Typhimurium strains, a multidrug-resistant phage type DT104B clinical 

strain (Se20) (de Toro et al. 2010) and the phage type DT44 reference strain SL1344 (Hoiseth & Stocker 

1981; Hogg et al. 2013), grown under standard culture conditions, were determined by 2-DE and 

MALDI-TOF MS identification. 

The S. Typhimurium DT104B clinical strain analyzed in this study was recovered from a elderly 

patient hospitalized with acute gastroenteritis and treated with ciprofloxacin. In vivo selection of 

quinolone and aminoglycoside resistance was observed post-treatment (de Toro et al. 2010). This strain 

was resistant to nalidixic acid, to all of the fluoroquinolones tested (ciprofloxacin, levofloxacin, ofloxacin 

and norfloxacin) and to the aminoglycosides amikacin, tobramycin, kanamycin and streptomycin. Strain 

Se20 was also resistant to tetracycline, trimethoprim/sulfamethoxazole, sulfonamides, trimethoprim and 

fusidic acid (de Toro et al. 2010). This strain harbored the antimicrobial resistance genes tet(A), strA, 

strB and sul2 and the plasmid-mediated quinolone resistance genes qnrS1 and aac(6’)-Ib-cr4. The S83Y 

substitution in GyrA, which confers quinolone resistance, was also detected (de Toro et al. 2010; de 

Toro et al. 2013). The virulent S. Typhimurium SL1344 reference strain was originally isolated from a 

calf with salmonellosis and is resistant to streptomycin and sulfonamide antimicrobials (Rankin & Taylor 

1966; Hoiseth & Stocker 1981; Stecher et al. 2007). In this work, we recovered 186 protein spots from 

the 2-DE gel of strain Se20 (Figure 1) and 219 spots from strain SL1344 (Figure 2). After MALDI-TOF 

MS analysis, a total of 178 (96%) proteins representing 143 unique gene products were identified in strain 

Se20 (Table S1) and 202 (92%) proteins representing 166 unique gene products were identified in strain 

SL1344 (Table S2). The Gene Ontology (GO) annotations database (http://www.geneontology.org/) was 

used to search for the biological processes assigned to each protein. A clustering algorithm (simRel) 

relying on semantic similarity measures was used to reduce the redundancy of GO terms using the web 

server tool REViGO (Supek et al. 2011) and a broad overview of the gene product attributes was 

achieved by using a GO slim based on the generic GO slim developed by the GO consortium. 

Approximately 50% of the proteins identified in both strains were related to oxidation-reduction 

processes, protein metabolism (chemical reactions and pathways involving a specific protein, including 

protein modifications), nucleobase-containing compound metabolism (processes involving nucleobases, 

nucleosides, nucleotides and nucleic acids) and carbohydrate metabolism (Figure 3). Table 2 indicates 

some relevant proteins that were exclusively identified in each of the studied strains. 

When comparing the proteins identified in each of the analysed strains, it is important to refer the 

exclusive presence of the aminoglycoside 6'-N-acetyltransferase type Ib-cr4 (AAC(6')-Ib-cr4) protein 

(spot 75) and the aminoglycoside resistance protein A (spots 142 and 143) in the Se20 clinical strain 

(Figure 1, Table S1). These two proteins reflect the antimicrobial resistance phenotype observed in Se20 

for the aminoglycosides amikacin, tobramycin and kanamycin and for the fluoroquinolones 

ciprofloxacin, levofloxacin, ofloxacin and norfloxacin. The AAC(6')-Ib-cr4 protein is encoded by the 
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aac(6')-Ib-cr4 gene, which was previously detected in this strain on plasmid pMdT1 (de Toro et al. 2010; 

de Toro et al. 2013). The 225 amino acid protein here detected was predicted by ORF (open reading 

frame) Finder analysis to have a longer N-terminal length when comparing to other previously described 

functional aac(6′)-Ib variants (de Toro et al. 2013). The position of spot 75 matches the theoretical 

molecular weight (MW) of 25031 Da and isoelectric point (pI) value of 5.2 estimated for AAC(6')-Ib-

cr4. The AAC(6')-Ib-cr protein is a variant of the widespread aminoglycoside acetyltransferase 

AAC(6′)-Ib that is usually responsible for resistance to amikacin, kanamycin and tobramycin. The 

 

 

 
 

Figure 1. Stained 2-DE (two dimensional gel electrophoresis) gel of total proteins of Salmonella Typhimurium 

Se20 (phage type DT104B) using IPG (Immobiline™ pH Gradient) strips pH 3-10 NL (non-linear) for the 

first dimension. Numbered spots were excised for analysis by in-gel digestion and MALDI-TOF MS (matrix-

assisted laser desorption/ionization mass spectrometry) identification, described in Table S1. 
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AAC(6′)-Ib-cr variant also acetylates ciprofloxacin and norfloxacin, but less efficiently than 

aminoglycoside substrates (Poirel et al. 2012). Acetylation occurs at the amino nitrogen on the 

piperazinyl substituent, so only fluoroquinolones with an unsubstituted piperazinyl group are substrates 

of AAC(6′)-Ib-cr. Even though the presence of the aac(6′)-Ib-cr gene confers only low-level resistance 

to substrate fluoroquinolones, it may facilitate the survival of target-site mutants with a 10-fold increase 

in their mutant prevention concentration (Cattoir & Nordmann 2009).  

 

 

 

 

 

 

Figure 2. Stained 2-DE gel of total proteins of Salmonella Typhimurium SL1344 using IPG strips pH 3-10 

NL for the first dimension. Numbered spots were excised for analysis by in-gel digestion and MALDI-TOF 

MS identification, described in Table S2.   
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Figure 3. Functional classification of proteins identified in the Se20 and SL1344 strains based on Gene 

Ontology. (a) Number of proteins in each category for Se20 (light gray) and SL1344 (dark gray). Relative 

percentages of protein functions in (b) Se20 and (c) SL1344. As this classification reflects the fact that single 

proteins can be involved in more than one process, the sum of proteins in all categories is higher than the 

total number of unique proteins identified.   
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Table 2. List of some relevant proteins exclusively identified either in Salmonella Typhimurium strain Se20 

or in Salmonella Typhimurium strain SL1344.  

 

Strain Spots Protein  Gene  Biological process 

Se20 24/98 flagellin fljB ciliary or bacterial-type flagellar motility 

75 aminoglycoside 6'-N-acetyltransferase 

type Ib-cr, AAC(6')-Ib-cr4  

aac(6')-

Ib-cr4 

metabolic process 

99 ethanolamine ammonia-lyase heavy 

subunit  

eutB cellular amino acid metabolic process 

106 ATP-dependent protease  hslU ATP catabolic process, proteolysis, 

response to stress, protein unfolding 

134 universal stress protein E  uspE response to stress 

142/143 aminoglycoside resistance protein A  strA response to antibiotic 

148 Chain E, Alkyl Hydroperoxide Reductase 

C (Substrate- Ready Conformation) 

ahpC response to oxidative stress, oxidation-

reduction process 

182 5'-nucleotidase  ushA dephosphorylation, nucleotide catabolism 

SL1344 205/341 arginine deiminase  arcA protein citrullination 

215 ornithine carbamoyltransferase  arcB ornithine metabolic process 

225 fumarate reductase iron-sulfur subunit  frdB tricarboxylic acid cycle 

227 carbamate kinase  arcC arginine metabolic process 

237/238/287 glycerol-3-phosphate dehydrogenase  glpD glycerol-3-phosphate metabolic process 

240 inosine 5'-monophosphate dehydrogenase  guaB purine nucleotide biosynthetic process 

259 NADH dehydrogenase subunit G  nuoG ATP synthesis coupled electron transport 

296 molecular chaperone DnaJ  dnaJ response to stress 

332 hydrogenase  - - 

344 phosphoglucomutase  pgm carbohydrate metabolic process 

346 oligopeptidase A  prlC proteolysis 

378 exonuclease III  xth DNA catabolic process, exonucleolytic 

396 serine endoprotease  htrA proteolysis 

406 cell invasion protein SipA sipA pathogenesis 

 

The aminoglycoside resistance protein A, coded by the previously detected strA gene, is an 

aminoglycoside 3'-phosphotransferase that catalyzes the transfer of the gamma-phosphoryl group from 

ATP to aminoglycoside antimicrobials, inactivating them (Marchler-Bauer et al. 2013). Theoretically 

this protein has a MW of 30,474 Da and a pI value of 4.7. In the 2-DE gel, the two corresponding spots 

have a MW similar to the theoretical value, however spot 142 is slightly more basic than spot 143 (Figure 

1). Single proteins separated by 2-DE frequently exhibit multiple spots in the first dimension. These so-

called “charge trains” can be caused by isoform differences and post-translational modifications 

(PTMs). Some PTMs, such as phosphorylation, deamidation, desulfuration or acylation, can lead to 

electrical charge heterogeneity with minor modifications in molecular weight. Cysteine oxidation has 

also been reported to be responsible for pI basic shifts (Kleinert et al. 2007). Nontheless, “charge trains” 

can also be considered  artifacts due to the sample treatment and analytical procedures employed, such as 

carbamylation in the presence of urea or acrylamide adduct formation during electrophoresis (Righetti 2006). 

The two strains analysed in this study present phenotypic resistance to sulphonamides. The target 

of sulfonamide antimicrobials and the basis for their selective effect on bacteria is dihydropteroate 

synthase (DHPS) in the folic acid pathway (Skold 2000). DHPS is a functional homodimer that, in 
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prokaryotes, catalyzes the condensation of p-aminobenzoic acid (PABA) in the de novo biosynthesis of 

folate, an essential cofactor in protein and nucleic acid biosynthesis (Marchler-Bauer et al. 2013). Higher 

eukaryotes are able to utilize dietary folate, so they do not have DHPS enzymes. Sulfonamides act either 

by competitively inhibiting DHPS by structural similarity with the PABA substrate or by functioning as 

alternative substrates for DHPS, forming pterin adducts that are unable to participate in folate 

biosynthesis (Skold 2000). DHPS was identified in both Se20 (spot 154, Figure 1, Table S1) and SL1344 

(spot 382, Figure 2, Table S2) strains.  In enteric Gram-negative bacteria, sulfonamide clinical resistance 

is plasmid-mediated by genes such as sul1 and sul2, which encode alternative drug-resistance variants 

of DHPS that show high insensitivity to sulfonamide drugs but bind normally to the PABA substrate 

(Skold 2000). The DHPS identified in this study (AC: S5HED7) is plasmid-encoded and shows a 100% 

sequence identity with the S. Typhimurium SL1344 DHPS type-2 (AC: H8WV44), which is present on 

the pRSF1010SL1344 plasmid. The sul2 gene, which encodes the type-2 DHPS, was previously reported 

in the Se20 strain (de Toro et al. 2010) and also in the SL1344 strain (Kroger et al. 2012). 

Several other proteins related to antimicrobial resistance or virulence were identified. The outer 

membrane protein (OmpA) is one of the main surface proteins in Enterobacteriaceae species and has 

essential roles in the maintenance of structural cell integrity, transmembrane ion transport, mammalian 

cell invasion, bacteriophage binding, and conjugation (Lal et al. 2012). OmpA was detected in two 

different gel locations in both strains. The more abundant spots, 6 for Se20 (Figure 1) and 203 for 

SL1344 (Figure 2), were found where expected for proteins with theoretical MW of 37606 Da and pI of 

5.5. The less abundant spots, 141 for Se20 (Figure 1) and 386 for SL1344 (Figure 2), had the same pI 

but a lower MW of approximately 30 kDa. However, these results are not unexpected as OmpA is known 

to run anomalously in SDS-PAGE (Lal et al. 2012). β-barrel structures of bacterial outer membrane 

proteins are usually very stable and survive the SDS denaturing treatment at room temperature. As a 

result, native and denatured forms of many OMPs migrate at two different apparent molecular weights 

in SDS-PAGE. The OmpA protein was previously reported to migrate at 30 kDa in its native compacted 

form (Kleinschmidt 2006).  

The porin outer membrane protein C (OmpC) was also identified. Antimicrobials such as 

ciprofloxacin, norfloxacin, cefepime and ceftriaxone strongly interact with OmpC, and so their 

translocation through this channel is facilitated (Mahendran et al. 2010). The ion channel protein Tsx, 

which is also likely to play a role in antimicrobial resistance (Coldham & Woodward 2004), was also 

identified. TolB, a periplasmic protein associated with the outer-membrane protein Pal, was detected. 

TolB belongs to the Tol-Pal system that is well conserved among Gram-negative bacteria and plays 

several roles, including lipopolysaccharide O-antigen surface expression, outer membrane stability, 

uptake of filamentous phage DNA, resistance to detergents and virulence (Paterson et al. 2009).  

The majority of the proteins identified in this study are involved in oxidation-reduction processes 

(Figure 3). One of the proteins identified in this class was the alkyl hydroperoxide reductase subunit C 
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(AhpC), also named alkyl hydroperoxide reductase protein C22 (spot 148). In bacteria, this enzyme is 

responsible for hydrogen peroxide removal, a response to oxidative stress. The peroxide-reducing 

activities of AhpC help to protect pathogenic bacteria from the host immune response (Nirudodhi et al. 

2011); therefore the identification of this protein in the Se20 strain is in accordance with its host adapted 

phenotype. The AhpC protein has recently been considered as a possible target for the development of 

new antimicrobial agents (Nirudodhi et al. 2011). Other stress response proteins were also identified, 

namely the heat shock chaperone proteins DnaK, DnaJ, HtpG, HslU, HtrA, GroL, the protein 

disaggregation chaperone and the universal stress protein E (UspE). Another heat shock protein 

identified was the Lon protease (HAMAP-Rule MF_01973), which is required for cellular homeostasis 

and for survival from DNA damage and developmental changes induced by stress, was another heat 

shock protein identified. 

Bactericidal antimicrobials can induce cell death by stimulating the production of reactive oxygen 

species, principally O2
-, which induces oxidative damage (Guerrero et al. 2013). Superoxide dismutases 

are responsible for the destruction of these superoxide anion radicals. In addition to their detoxifying 

function, bacterial superoxide dismutases have also been shown to be important virulence factors 

(Bakshi et al. 2006). In S. Typhimurium, SodA and SodB are cytoplasmic superoxide dismutases that 

require manganese and iron respectively as cofactors (Troxell et al. 2011). Some studies show that the 

expression of superoxide dismutase enzymes increases in response to antimicrobial stress (Guerrero et 

al. 2013). Here, both cytoplasmic superoxide dismutases, SodA (AC: P43019) and SodB (AC: P0A2F5), 

were identified.  

Another important virulence factor that shows significant expression in the Se20 clinical strain is 

flagellin, identified in spots 24 and 98. A tight regulation of flagella expression is essential for 

Salmonella when interacting with the host. Flagella-mediated virulence can be activated in the early 

stage of infection to increase invasiveness and can after be deactivated in order to minimize flagellin 

recognition by the host innate immune system and therefore prevent flagella-associated vulnerabilities. 

More than a motility associated virulence factor, flagella have a role in biofilm formation, are essential 

for in vivo multiplication, confer an advantage in the early stage of infection allowing rapid invasion of 

host cells, and also activate the host immune system while inactivating epithelial cell apoptosis (Yang 

et al. 2012). Individual Salmonella serotypes usually alternate between the production of two antigenic 

forms of flagella, phase I and phase II, each specified by separate structural genes, fliC and fljB. Our 

results show that although the phase II flagellin seems to be higly expressed in the Se20 clinical strain 

and absent from SL1344, the phase I flagellin middle domain variant C12 was identified in both strains 

(spot 100 and spot 204), and shows a considerable higer expression in the SL1344 reference strain.  

An additional protein identified in the clinical strain that may contribute to the pathogenic 

phenotype of DT104 is the ethanolamine ammonia-lyase (spot 99). Ethanolamine can be readily derived 

from cell membranes and therefore is available in the large intestine due to enterocyte turnover. Some 
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bacteria, including Salmonella, are able to use ethanolamine as a source of carbon and/or nitrogen in a 

process that involves the conversion of ethanolamine into acetaldehyde and ammonia by an 

ethanolamine ammonia lyase (Garsin 2010). Evidence was provided that in the inflamed intestine, S. 

Typhimurium has a growth advantage due to its ability to respire ethanolamine that is not utilizable by 

competing bacteria, showing a direct link between ethanolamine utilization and bacterial pathogenesis 

(Thiennimitr et al. 2011).  

Further, concerning the Se20 clinical strain, the 5'-nucleotidase UDP (uridine diphosphate)-sugar 

hydrolase (UshA), was identified in spot 182 and appears to be absent in the reference strain. In 

Escherichia coli, UshA has an important function in nucleotide salvage. However, UshA can also 

function as a phosphate starvation-induced 5′-nucleotidase, being required for growth when nucleotides 

are provided as the only source of phosphate (Rittmann et al. 2005). This condition is likely to be 

significant for bacterial growth in the wild (Rittmann et al. 2005), which may play a role in the 

worldwide dissemination on this strain. 

The majority of proteins identified exclusively in SL1344 also reflect the virulence characteristics 

of this strain. The proteins arginine deiminase (ADI), ornithine carbamoyltransferase and carbamate 

kinase, constitute the ADI system that, besides its metabolic functions, has also been associated with 

virulence in some pathogens. These three proteins were identified in the high intensity spots 205, 215 

and 227, respectively. It was previously established that the ADI pathway contributes to Salmonella 

pathogenesis and that arginine deiminase activity has an active role in the successful infection of 

mammalian hosts by S. Typhimurium (Choi et al. 2012).  

Another high intensity spot was identified as the fumarate reductase iron-sulfur subunit (spot 

225). A recent study provided evidence that fumarate reductase is associated with the bacterial flagellar 

switch complex, which determines the direction of flagellar rotation and is essential for chemotaxis. 

Fumarate influences the interaction of fumarate reductase with the FliG switch thus affecting flagellar 

assembly and rotation (Cohen-Ben-Lulu et al. 2008).  

The study of specific proteins participating in de novo purine synthesis have shown that the 

absence of key enzymes in the pathway, namely the inosine 5'-monophosphate dehydrogenase GuaB, 

can severely attenuate growth rates and directly affect virulence in S. Typhimurium (Liechti & Goldberg 

2012). GuaB was only identified in spot 240 of SL1344.  

Exonuclease III (spot 378), is an intermediate in the second step of the base excision repair (BER) 

system of oxidatively damaged DNA. S. Typhimurium suffers an oxidative DNA damage within macro-

phages that is repaired by the BER system. Hence, a functional BER system is required for Salmonella 

intramacrophage survival and contributes to systemic Salmonella infection (Suvarnapunya et al. 2003).  

The NADH dehydrogenase I coded by the nuoG gene (spot 259) is induced under microaerophilic 

and stationary-phase growth conditions. Mutations in nuo genes affect several mechanisms of microbial 

physiology and biochemistry which have direct consequences in Salmonella virulence (Turner et al. 2003).  
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Hydrogenase, identified in spot 332, has also been described to be essential to virulence in S. 

Typhimurium. The usage of respiratory hydrogen as a critical growth substrate for energy production 

allows colonization of the animal host and subsequent virulence during infection. Therefore, hydrogenases 

can represent potential therapeutic targets to combat Salmonella infections (Maier et al. 2004).  

The phosphoglucomutase enzyme (spot 344) is important in the virulence of numerous pathogens 

and was recently reported to be required by S. Typhimurium for O-antigen production, resistance to 

antimicrobial peptides and in vivo fitness (Paterson et al. 2009). Oligopeptidase A, which is involved in 

degradation of signal peptides after they are released from precursor forms of secreted proteins, is also 

a virulence factor and heat shock protein that was identified only in the reference strain (spot 346) 

(Calhoun et al. 2011). 

The effector SipA protein identified in SL1344 spot 406 is secreted by the centisome 63 type III 

secretion system encoded by Salmonella pathogenicity island 1 and is known to be a key factor in the 

invasion of epithelial cells by S. Typhimurium (Raffatellu et al. 2005). 

Finally, the glycerol-3-phosphate dehydrogenase GlpD was identified in spots 237, 238 and 287 

of the SL1344 strain. In a recent study in E. coli, GlpD overexpression resulted in high persisters, i.e., 

in a bacterial subpopulation capable of surviving antimicrobial exposure or other lethal treatments 

(Slattery et al. 2013).  

Effective therapies to treat resistant bacteria are urgently needed. We must understand the 

mechanisms underlying antimicrobial drug resistance in more detail, as no single bacterial strain can 

truly represent its species (Fux et al. 2005). In this proteomic analysis we provide a physiological map 

and an overview of global protein expression of Salmonella Typhimurium Se20 (phage type DT104B) 

and SL1344 strains under normal growth conditions (Lima et al. 2013).  

 

4. Experimental Section  

4.1. Bacterial strains and growth conditions 

Two strains of S. Typhimurium, Se20 (de Toro et al. 2010) and SL1344 (Hoiseth & Stocker 1981), 

were included in this study. Se20 (phage type DT104B) is a previously characterized strain that was 

recovered from a faecal sample of an elderly patient who was admitted to a Spanish hospital with acute 

gastroenteritis. The patient was treated for 7 days with ciprofloxacin, and in vivo selection of quinolone 

resistance was observed post-treatment (de Toro et al. 2010). Frozen cell stocks of S. Typhimurium Se20 

and SL1344 were streaked onto LB agar (Miller, Scharlau Chemie, S.A. Barcelona, Spain) plates and 

grown overnight at 37 °C. Pre-cultures were prepared by inoculation of 10 mL of LB (Luria-Bertani) 

broth (Miller, Scharlau Chemie, S.A. Barcelona, Spain) with single colonies of each strain with further 

overnight incubation at 37 ºC. Pre-cultures were diluted to an optical density at 600 nm (OD600) of 0.02 

in a final volume of 10 mL of LB broth, and incubated at 37 ºC for 5 h. 
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4.2. Protein extraction 

Cultures were harvested in the late exponential phase (OD600 of 0.5) by centrifugation at 10,000× 

g for 3 min at 4 °C and washed by centrifugation with 4 mL of phosphate-buffered saline (PBS). 

Bacterial cell pellets were suspended in 0.2 mL of solubilization buffer (10 % (w/v) SDS and 12 % (w/v) 

Tris) and lysed by sonication (4 × 10 s, 20 kHz, 100 W) at 4 °C. Cell debris were removed by 

centrifugation at 14,000× g for 30 min at 4 °C and proteins were further precipitated with cold 

trichloroacetic acid (TCA) at a final concentration of 20 %. The proteins were recovered by 

centrifugation at 15,000× g for 25 min at 4 °C and washed twice by centrifugation in 0.3 mL of cold 

acetone for 10 min. Protein pellets were left to air-dry at room temperature. Proteins were extracted from 

three independent cultures and quantified by the Bradford method (Bradford 1976).  

 

4.3. Two-dimensional gel electrophoresis 

Two-dimensional gel electrophoresis (2-DE) was performed according to the principles of 

O'Farrell (O'Farrell 1975) but with Immobiline™ pH Gradient (IPG) technology (Görg et al. 2007). For 

isoelectric focusing, precast 13-cm IPG strips with a non-linear gradient from pH 3 to pH 10 (pH 3–10 

NL, Amersham Biosciences, GE Healthcare, Uppsala, Sweden) were passively rehydrated overnight 

(16 h) at room temperature in a reswelling tray with 250 μL of rehydration buffer (8 M urea, 1 % CHAPS 

(3-[(3-cholamidopropyl)-dimethylammonio]-propane-sulfonate), 0.4 % DTT (dithiothreitol), 0.5 % 

carrier ampholyte IPG buffer pH 3–10), covered with Dry-Strip Cover Fluid (Plus One, Amersham 

Biosciences, , GE Healthcare). The protein samples (100 μg) were cup-loaded onto the rehydrated IPG 

strips (Gorg et al. 2000) and focused at 500 V for 1 h, 1000 V for 8 h, 8000 V for 3 h and finally 8000 

V incremented to 21881 Vh in an Ettan™ IPGPhor II™ apparatus (Amersham Biosciences, GE 

Healthcare). Before the second dimension of electrophoresis, the focused IPG strips were equilibrated 

twice, each time for 15 min as follows. For the first equilibration, 1 % DTT was added to equilibration 

stock buffer (6 M urea, 30 % (w/v) glycerol, 2 % (w/v) SDS in 0.05 M Tris–HCl buffer pH 8.8) and in 

the second equilibration, 4 % iodoacetamide was added to equilibration stock buffer. Bromophenol blue 

was also added to both solutions. The equilibrated IPG strips were then gently rinsed with SDS 

electrophoresis buffer, blotted to remove excessive buffer, and then applied to 12.52 % polyacrylamide 

gels in a Hoefer™ SE 600 Ruby® (Amersham Biosciences, GE Healthcare) unit. The Laemmli SDS-

PAGE technique  was used with some modifications (Laemmli 1970). After the second dimension of 

separation, the 2-DE gels were fixed in a 40 % methanol/10 % acetic acid solution for 1 h with agitation, 

then stained overnight in Coomassie Brilliant Blue G-250 with agitation (Gorg et al. 2004). Gels were 

rinsed twice with 40 % methanol for 45 min to remove excess staining and scanned on a flatbed scanner 

(Umax PowerLook 1100, Fremont, CA, USA). At least three 2-DE gels were run per protein sample. 

Images were analyzed using Image Master 5.0 software (Amersham Biosciences, GE Healthcare).  
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4.4. Tryptic digestion of in-gel proteins 

Coomassie Blue stained protein spots were manually excised and destained with 50 % acetonitrile 

(ACN) in 25 mM ammonium bicarbonate. Gel pieces were dehydrated in neat ACN and dried under 

vacuum centrifugation. Enough trypsin solution (0.02 μg/μL), usually 15 μL, was added to cover each 

dried gel piece which was left on ice to rehydrate and to allow enzyme diffusion into the gel matrix. 

After 1 h, any solution not absorbed was removed and 15 μL of 12.5 mM ammonium bicarbonate was 

added, to immerse the gel piece. Proteins were digested overnight at 37 ºC. The enzymatic reaction was 

stopped with 25 μL of 5 % formic acid solution and the liquid mixture was collected. Finally, 25 μL of 

50 % (v/v) ACN/0.1 % (v/v) TFA (trifluoroacetic acid) solution was added to the remaining gel pieces 

to increase the recovery of peptides. The extracted fractions were combined and dried in a Speed-Vac. 

 

4.5. Peptide mass fingerprinting 

Prior to protein digest analysis, each tryptic peptide mixture was ressuspended in 10 μL of 0.3% 

formic acid. Then, 1 μL of the resuspension was hand-spotted onto a MALDI target plate (384-spot 

ground steel plate), overlaid with 1 μL of α-cyano-4-hydroxycinnamic acid matrix solution (7 mg/mL 

in 0.1 % (v/v) TFA/50 % (v/v) ACN/8 mM ammonium phosphate) and dried under ambient conditions. 

All mass spectra were generated on a MALDI-TOF/TOF mass spectrometer Ultraflex (Bruker 

Daltonics, Bremen, Germany), operating in positive ion reflectron-mode. Spectra were acquired in the 

m/z range of 600-3500. A total of 500 spectra were acquired for each sample at a laser frequency of 50 

Hz. External calibration was performed with the [M+H]+ monoisotopic peaks of bradykinin 1–7 (m/z 

757.3992), angiotensin II (m/z 1046.5418), angiotensin I (m/z 1296.6848), substance P (m/z 

1758.9326), ACTH clip 1–17 (m/z 2093.0862), ACTH18–39 (m/z 2465.1983) and somatostatin 28 (m/z 

3147.4710). The MASCOT search engine (http://www.matrixscience.com) was used to match the 

determined peptide masses to two customized databases: Salmonella Typhimurium from NCBI RefSeq 

(National Center for Biotechnology Information, U.S. National Library of Medicine, Bethesda, MD, 

USA), comprising 231,752 entries (Release 62); and Salmonella spp. from Swiss-Prot (Swiss Institute 

of Bioinformatics, Geneva, Switzerland; The EMBL Outstation—The European Bioinformatics 

Institute, Cambridge, UK), comprising 12,772 entries (Release 2013_11). The Max Planck Institute of 

Biochemistry, Martinsried, common contaminants collection (MPI) was included in both databases in 

order to avoid misleading matches in the presence of contaminant proteins. The search criteria adopted 

were: (i) proteolytic enzyme, trypsin/P; (ii) one missed cleavage allowed; (iii) fixed modifications, 

carbamidomethylation; (iv) variable modifications, methionine oxidation; and (v) a peptide tolerance 

error window up to 50 ppm. A match was considered significant when the probability of it being a 

random event was below the default significance threshold used (p < 0.05), i.e., with a frequency less 

than 5 %. 
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5. Concluding remarks 

This study is a preliminary analysis of the proteomes of S. Typhimurium Se20 (phage type 

DT104) and SL1344 strains. It provides a physiological map and an overview of global protein 

expression of these strains under normal growth conditions, presented in the diverse context of 

Salmonella proteomics research. New stresses are continuously introduced to microbiological systems, 

contributing to the evolution of resistance mechanisms and spread of new resistance phenotypes. 

Discovering the physiological processes underlying these phenotypes is an important issue and 

microbial proteomics represents a powerful and accurate instrument for this purpose (Correia et al. 

2014). Additional work, such as comparative proteomics under antimicrobial stress conditions, will be 

developed to better understand the evolution of antimicrobial resistance in this pathogen. 
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1. Abstract 

Antimicrobial resistance is a growing public health threat worldwide that is still far from a 

complete understanding. Salmonella Typhimurium DT104 multiresistant strains with additional 

quinolone resistance are highly adaptive and have been responsible for global outbreaks and high 

mortality. In order to give new insights about the resistance mechanisms involved, the developed work 

aimed to point out subproteome changes between a DT104B clinical strain (Se20) that acquired 

quinolone resistance after patient treatment and an in vitro induced clonally related highly-resistant 

mutant (Se6-M). The intracellular subproteomes were compared by a 2-DE/LC-MS/MS approach and a 

total of 50 unique proteins were identified (32 more abundant in Se20 and 18 more abundant in Se6-M). 

The membrane subproteomes were analysed by a shotgun LC-MS/MS approach, where 7 differentially 

abundant proteins were identified (5 more abundant in Se6-M and 2 more abundant in Se20). Several 

proteins known to be directly related to quinolone resistance mechanisms (AAC(6')-Ib-cr4, OmpC, 

OmpD, OmpX, etc.) and MipA, recently reported as novel antibiotic resistance-related protein, were 

identified. Other proteins (Fur, SodA, SucB, AtpD/AtpG, OmpC, GltI, CheM/CheB, etc.) reflecting the 

metabolic re-adjustments occurred in each strain in order to acquire quinolone resistance were also 

identified. Moreover, proteins involved in lipopolysaccharide biosynthesis (RfbF, RfbG, GmhA) and 

export (LptA) were detected, supporting the importance of exploring these proteins as targets for the 

development of new antimicrobial agents. In conclusion, this study provides new insights into the 

mechanisms involved in the acquisition of antibiotic resistance, which can be highly valuable for the 

development of improved therapeutic strategies. 

 

Keywords: Antimicrobial resistance; quinolone; Salmonella Typhimurium DT104B; subcellular 

proteomes; 2-DE; LC-MS/MS. 

 

2. Introduction 

Antimicrobial-resistant infections are an increasing worldwide public health threat and the imminence 

of a post-antibiotic era, where common infections and minor injuries can be fatal, is of global concern 

(WHO 2014). Modern medicine is currently challenged with a growing number of multi- and panresistant 

severe infections in the face of a drying pipeline for new antibiotics (Fair & Tor 2014; Enani 2015).  

Fluoroquinolone resistance in nontyphoidal Salmonella (NTS) is considered a situation of serious 

and international concern (CDC 2013; WHO 2014). More than 2,500 Salmonella serotypes have been 

identified and nontyphoidal salmonellosis refers to illnesses caused by all serotypes except for Typhi 

and Paratyphi A, B and C (Iwamoto 2016). NTS is a common and widely distributed cause of foodborne 

disease and its incidence has increased significantly in the past years, with 94 million cases of NTS 

gastroenteritis estimated globally each year, resulting in 155,000 deaths. Salmonella can survive for 

weeks in dry environments or several months in water and infection is usually acquired by consumption 
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of contaminated water or undercooked food. Even though NTS infections usually result in a self-limited 

gastroenteritis that does not require treatment, cases of severe invasive infections require antimicrobial 

therapy (Hopkins et al. 2005; CDC 2013; WHO 2014). Ciprofloxacin, a major member of the fluoroquinolone 

class, has been the standard treatment for severe salmonellosis in adults and has also been used in children, 

on a compassionate basis, after clinical failure with ceftriaxone (Moulin et al. 2002; Hopkins et al. 2005).  

Multidrug-resistant Salmonella enterica subsp. enterica serotype Typhimurium has been 

associated with higher risks of invasive infection, more frequent and longer hospitalizations, extended 

illness and greater risk of death (CDC 2013; WHO 2014). S. Typhimurium phage type DT104 is a 

pandemic and highly adaptive multiresistant strain, with an extensive host range, that has been 

responsible for several outbreaks and high mortality (Mather et al. 2013; Correia et al. 2014). 

Multiresistant DT104 strains were first isolated in the 1980s and commonly show resistance to 

ampicillin, chloramphenicol, streptomycin, sulfonamides and tetracycline (ACSSuT resistance type), 

with additional resistance to trimethoprim and ciprofloxacin (Threlfall 2000). Fluoroquinolones are 

among the most widely used oral antimicrobials in the community and represent the last available oral 

treatment option in some settings. Therefore, the emergence of DT104 isolates with additional resistance 

to fluoroquinolones, and the increasing numbers of treatment failures, are of particular concern 

(Threlfall 2000; Helms et al. 2005; WHO 2014). To address this problem, a comprehensive knowledge 

of the mechanisms of resistance is needed to understand how resistance is selected and persists 

(Redgrave et al. 2014). Several mechanisms are known to be involved in quinolone resistance but 

additional elements keep being described, showing that we are still far from a complete understanding 

of the mechanisms responsible for this phenotype (Hernandez et al. 2011).  

The study of drug resistant mutants, selected in vitro by laboratory evolution, represents a 

powerful tool to explore the acquisition dynamics of antimicrobial resistance (Oz et al. 2014; Suzuki et 

al. 2014), being particularly relevant in the case of quinolones, for which single point mutations can 

result in high-level resistance (Toprak et al. 2012). A complex interaction network is involved in the 

acquisition of drug resistance, implicating changes at several levels, including genes, transcripts, 

proteins and metabolites (Suzuki et al. 2014).  

The increasing availability of whole genome sequences for a large number of bacterial species 

have encouraged the use of proteomic technologies to study microbial gene expression (Vranakis et al. 

2014). Thus, proteomics has evolved as an important method to identify antimicrobial resistance 

mechanisms and over the last years subproteomic approaches increased significantly, becoming 

essential to understand protein function in relation to subcellular location (Hébraud 2014; Vranakis et 

al. 2014). Among the different developing technologies in the field of proteomics, protein separation by 

two-dimensional gel electrophoresis (2-DE) complements new high-throughput techniques and remains 

a method of choice to resolve thousands of proteins simultaneously (Hébraud 2014). Comparative 

proteomic approaches allow a comprehensive coverage of key metabolic pathways and have the 
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potential to connect molecular changes to resistance phenotypes (Burchmore 2014; Vranakis et al. 

2014). By highlighting pathways involved in the acquisition of resistance, and which may themselves 

represent resistance-proof drug targets, these approaches may be helpful not only to extend the useful 

life of current antimicrobials but also to develop new drugs and strategies to combat the emergence and 

spread of resistance (Burchmore 2014; Vranakis et al. 2014).  

Hence, in order to give new insights about the resistance mechanisms involved, the developed 

work aimed to point out subproteome changes between a S. Typhimurium DT104B clinical strain (Se20) 

that acquired quinolone resistance after patient treatment and an in vitro induced clonally related highly-

resistant mutant (Se6-M). 

 

3. Material and methods 

3.1. Bacterial strains and resistant mutant selection 

Two quinolone resistant S. Typhimurium DT104B strains, Se20 (de Toro et al. 2010) and Se6-M, 

were used in this study. In a previous work by de Toro et al (de Toro et al. 2010), two S. Typhimurium 

DT104B isolates (Se6 and Se20) were recovered from a hospitalized elderly patient with acute 

gastroenteritis, before (Se6) and after (Se20) a 7-day treatment with ciprofloxacin (CIP). In vivo 

selection of quinolone resistance was observed in the Se20 isolate recovered post-treatment. Both 

isolates were proven to be clonally related by pulsed-field gel electrophoresis (PFGE) (de Toro et al. 

2010). In the present work, an in vitro selected quinolone-resistant mutant (Se6-M) was obtained from 

the parental Se6 strain by a multi-step selecting process in the presence of increasing concentrations of 

ciprofloxacin (AppliChem). An overnight Se6 pre-culture was grown from a single colony in 5 mL of 

LB broth (Miller, Scharlau Chemie) at 37 ºC. A volume of 10 µL was inoculated into glass tubes 

containing 1 mL of antibiotic-free and antibiotic-supplemented LB with four CIP doubling dilutions 

(0.5x MIC, 1x MIC, 2x MIC and 4x MIC) and after incubated for 24 h at 37 ºC. For each subsequent 

daily passage, a 10-µL aliquot was taken from the tube nearest the MIC which had the same opacity as 

the antibiotic-free control and used to inoculate the next dilution series. Daily passages were performed 

until growth stabilized at 64 µg/mL during several successive passages. The highly resistant clone 

obtained, Se6-M, was sub-cultured for 10 days in antibiotic-free media to ensure the stability of acquired 

resistance. To confirm that Se6-M derived from the parental strain (Se6), both strains were examined 

by PFGE as previously described (Mendonca et al. 2007). 

 

3.2. Antimicrobial susceptibility testing 

The minimum inhibitory concentration (MIC) for ciprofloxacin was determined with 

M.I.C.EvaluatorTM strips (Oxoid) according to the manufacturer’s instructions and by the agar dilution 

method following the Clinical and Laboratory Standards Institute (CLSI) recommendations (CLSI 2012). 
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Antimicrobial susceptibility was tested by agar disc diffusion for ampicillin, amoxicillin/clavulanate, 

cefazolin, cephalothin, cefoxitin, cefotaxime, ceftriaxone, ceftazidime, aztreonam, imipenem, 

gentamicin, tobramycin, amikacin, kanamycin, streptomycin, tetracycline, ciprofloxacin, levofloxacin, 

ofloxacin, norfloxacin, nalidixic acid, trimethoprim-sulfamethoxazole, sulphonamides, trimethoprim, 

chloramphenicol and fosfomycin, following the CLSI criteria (CLSI 2012; CLSI 2012).  

 

3.3. Intracellular and membrane protein extraction 

Overnight starter cultures of Se20 and Se6-M were grown in triplicate from independently 

isolated colonies in 10 mL of LB at 37 ºC with 150 rpm shaking. Each pre-culture was diluted to an 

OD600nm of 0.02 in a final volume of 150 mL of LB, and incubated in the same conditions for 3.5 h. The 

late exponential cultures (OD600nm ≈ 0.6) were harvested by centrifugation (7,500 g, 15 min) and 

bacterial cell pellets were washed twice (9,000 g, 10 min) in 10 mL of TE buffer (20 mM Tris-HCl 

pH 7.5, 5 mM EDTA and 5 mM MgCl2). Cell pellets were then resuspended in 1 mL of TE buffer, 

disrupted at 2.5 kbar with a Constant Cell Disruption System and after treated with 1% (v/v) DNase I 

and 1% (v/v) RNase A at room temperature for 30 min. Cell debris were removed by centrifugation 

(13,000 g, 10 min, 4 ºC) and supernatants were ultracentrifuged (100,000 g, 1 h, 4 ºC) to separate the 

membrane containing pellet from the soluble intracellular proteins. Membrane pellets were washed 

twice (100,000 g, 30 min, 4 ºC) with 1 mL of 40 mM Tris-HCl buffer pH 8.5, resuspended in 500 µL of 

a 20 mM Tris-HCl pH 7.6 buffer with 0.1 M DTT and 1% (v/v) SDS, and heated at 95 ºC for 5 min. 

Protein concentration of both fractions, intracellular and membrane, was quantified with a Bradford 

protein assay (Bradford 1976) using bovine serum albumin as the standard. The membrane enriched 

fraction was stored at - 20 ºC until further analysis by label-free semi-quantitative shotgun proteomics. 

The intracellular proteins were precipitated overnight at - 20 ºC with 3 volumes of ice-cold acetone, 

pelleted by centrifugation (13,000 g, 40 min, 4 ºC) and air-dried at room temperature. Pellets were 

resuspended in isoelectric focusing (IEF) buffer (7 M urea, 2 M thiourea, 4% CHAPS with a trace of 

bromophenol blue) to a final concentration of 5 μg/μL and stored at - 20 °C. 

 

3.4. Two-dimensional gel electrophoresis (2-DE) of intracellular subproteomes 

For each Se20 and Se6-M biological triplicate, two 2-DE gels were run as technical replicates to 

ensure result reproducibility and repeatability. For IEF, 18 cm pH 3-10 non-linear (NL) IPG strips (Bio-

Rad) were passively rehydrated for 22-24 h in a reswelling tray with 400 μL of IEF buffer containing 

600 µg of protein, 0.3 % (v/v) ampholytes 3-10 and 2 mM tributylphosphine (TBP). Proteins were 

subjected to IEF for a total of 66,300 Vh (4 h at 50 V, 2 h at 200 V, linear gradient to 1,000 V in 2 h, 

1 h at 1,000 V, linear gradient to 8,000 V in 5 h and 8,000 V until 41,000 Vh). Before the second 

dimension (SDS-PAGE), the focused IPG strips were equilibrated in two 15-min steps with an 

equilibration solution (50 mM Tris-HCl pH 8.8, 6 M urea, 2% v/v SDS, 30% v/v glycerol) containing 2 
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mM TBP in the first step, and 2.5% (w/v) iodoacetamide (IAA) plus traces of bromophenol blue in the 

second step. SDS–PAGE was carried out overnight with 12.5% acrylamide gels in a Multicell Protean 

II XL system (Bio-Rad) at a constant current of 15 mA per gel limited to 40 V for 1 h and then to 150 V 

for about 15 h. After electrophoresis, proteins were stained with colloidal Coomassie Blue G-250 as 

previously described (Hébraud 2014) and gels were digitized with a GS-800 imaging densitometer 

(Bio-Rad). 

 

3.5. 2-DE image and statistical analysis 

For each strain, six 2-DE gels corresponding to 3 biological replicates and 2 technical replicates 

were included for image and statistical analysis with the SameSpots software v4.1 (TotalLab). All 

images were aligned to the reference gel image and, after definition of the mask of disinterest, spot 

detection, background subtraction, matching, normalization and quantification was performed 

automatically by the software. An experimental design was set up to compare Se20 with Se6-M and 

significant fold-changes in protein spot intensity were automatically detected based on Anova p-value 

(< 0.01). A multivariate statistical analysis, including False Discovery Rate (q-values), Principal 

Components Analysis, Correlation Analysis and Power Analysis was also performed automatically by 

the SameSpots software. 

 

3.6. Intracellular protein identification by LC-MS/MS 

All protein spots with statistically significant differences in abundance were manually excised 

from the 2-DE gels and destained with a 30-min wash in 25 mM ammonium bicarbonate, 5% acetonitrile 

(ACN) followed by two 30-min washes in 25 mM ammonium bicarbonate, 50% ACN. After spot 

dehydration with 100% ACN, proteins were hydrolysed for 5 h with 150 ng of trypsin (Promega) per 

sample and peptides were extracted in an ultrasonic field with 9.6 μL ACN for 5 min. Protein 

identification was performed by nano-liquid chromatography (LC, Ultimate 3000, Dionex) coupled to 

electrospray ionization (ESI) and tandem mass spectrometry (MS/MS). Briefly, 8 μL of protein 

hydrolysate were injected into a nano concentration column (Dionex) to retain peptides and eliminate 

contaminants. Peptides were eluted and after separated on a reverse phase column (C18, 15 cm length, 

75 μm diameter; Dionex) with a 29-min gradient of 4–90% ACN in 0.5% formic acid at a flow rate of 

300 nL/min. The nano-HPLC was coupled via a nano-electrospray source to an ion trap mass 

spectrometer (LTQ velos, Thermo Scientific) operating in top 5 mode, where each MS analysis was 

followed by 5 MS/MS analyses of the 5 major peaks. Proteome Discoverer v1.3 (Thermo Electron) was 

applied to process raw data and database interrogation was performed using Mascot v2.3 with precursor 

mass tolerance of 1.5 Da and fragment mass tolerance of 0.5 Da. Two missed cleavage sites of trypsin 

were allowed and carbamidomethyl cysteine and oxidized methionine were searched as variable 

modifications. Protein identification was validated when at least two peptides originating from one 
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protein showed significant identification Mascot scores (Mascot percolator score > 13 for p-value 0.05 

with a False Discovery Rate adjust to 1%). Interrogations were performed against a customized 

Salmonella Typhimurium database (UniProtKB, taxon identifier 90371) comprising 31,682 entries 

(Release 2015_08). 

 

3.7. Membrane protein identification by shotgun proteomics (LC-MS/MS) 

A total of 50 µg of each Se20 and Se6-M triplicate membrane protein extract was suspended in 

100 mM ammonium bicarbonate pH 7.5. Proteins were reduced with 2.5 mM DTT at 56 ºC for 30 min, 

alkylated with 25 mM IAA during 20 min in the dark, and after digested overnight at 37 ºC with 20 µg 

of trypsin (Promega) per sample. Extracted peptides were purified and concentrated with Sep-Pak C18 

Plus Short cartridges (Waters), pre-equilibrated in two steps with 65% ACN/0.1% trifluoroacetic acid 

(TFA) and after 2% ACN/0.1% TFA. Peptides were loaded into the cartridges, washed with 2% 

ACN/0.1% TFA and eluted with 65% ACN/0.1% TFA. Purified peptides were dried completely with a 

speed-vac and resuspended in 20 µL of 2% ACN/0.1% TFA.  

The peptide mixtures were analysed by micro-LC-MS/MS using an Ultimate 3000 system 

(Dionex) coupled to an Impact II (Bruker Daltonics) with a CaptiveSpray ion source (Bruker Daltonics). 

One microliter of each peptide sample was loaded on a C18 pre-column (300 μm inner diameter × 5 

mm; Dionex) at 30 μL/min in 97.9 % H2O, 2 % ACN and 0.1 % TFA. After 6 min of desalting, the pre-

column was switched on line with the analytical C18 column (300 µm inner diameter × 15 cm, 2 µm; 

Acclaim C18 Pepmap RSLC) equilibrated in 96 % solvent A (99.5 % H2O, 0.5 % formic acid) and 4 % 

solvent B (80 % ACN, 19.5 % H2O, 0.5 % formic acid). Peptides were eluted using a 4 to 50 % gradient 

of solvent B during 100 min at a 10 µL/min flow rate. The eluate was electrosprayed into the mass 

spectrometer through the CaptiveSpray ion source. The QTOF impact II was used in a CID mode to 

acquire a maximum number of MS/MS possible in three seconds after the full MS scans.  

At the end of each LC-MS/MS analysis, the raw files (.d) were loaded into the Progenesis LC-

MS software v4.1 (Nonlinear Dynamics) and label-free quantitation was performed using a proprietary 

workflow (alignment, peak picking, normalization, design set up, quantitation, and protein 

identification). For data search, Mascot was used with uniprot-ref_salmonella_typhimurium database 

(4,521 sequences; 1,417,155 residues; release 2015_10). The following parameters were considered for 

the searches: peptide mass tolerance was set to 20 ppm, fragment mass tolerance was set to 0.2 Da and 

a maximum of two missed cleavages was allowed. Variable modifications were methionine oxidation 

(M) and cysteine carbamidomethylation (C). Protein identification was considered valid if at least one 

peptide with a statistically significant Mascot percolator score assigned it (with Mascot percolator score 

> 13 for p-value 0.05 with a False Discovery Rate adjust to 1%). Identification of proteins based on one 

peptide was accepted after checking the correct assignment of fragment ion matches (at least three 

consecutive fragments b/y, match peaks well above the background noise). Identifications not satisfying 
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these defined criteria were rejected. For label-free quantitation, all unique validated peptides (p < 0.05) 

of an identified protein were included and the total cumulative abundance was calculated by summing 

the abundances of all peptides allocated to the respective protein. Statistical analysis was performed 

using the “between subject design” and p-values were calculated by a repeated measures analysis of 

variance using the normalized abundances across all runs. 

 

3.8. RNA isolation and quantification 

RNA was extracted from triplicate Se20 and Se6-M late exponential phase cultures using the 

TRIzol (Life Technologies) manufacturers’ protocol with some modifications. Briefly, 1.5 mL of each 

culture, grown as described above, was harvested by centrifugation (4,000 g, 5 min, 4 ºC), resuspended 

700 µL of TRIzol Reagent, mixed by vortex and stored at - 80 ºC. For RNA purification, homogenized 

samples were thawed, vortexed for 1 min and incubated 5 min at room temperature. After addition of 

200 µL of cold chloroform, tubes were shaked vigorously for 30 s, left at room temperature for 5 min 

and centrifuged at 12,000 g for 15 min at 4 ºC. The RNA-containing upper aqueous phase was carefully 

recovered to a new tube containing 500 µL of ice-cold 100 % isopropanol, incubated for 15 min at 

- 20 ºC and then centrifuged at 12,000 g for 10 min at 4 ºC. RNA pellets were washed twice by adding 

1 mL of 75 % ethanol, vortex briefly, incubate for 10 min at room temperature and centrifuge for 10 

min at 12,000 g, 4 ºC. The pellets were air-dried for 10 min, resuspended in 30 µL of RNase-free water 

(Ambion) and incubated for 10 min at 56 ºC. RNA quality and quantity were determined with a ND-

1000 spectrophotometer (NanoDrop, Thermo Scientific) before performing two DNase treatments with 

a TURBO DNA-free™ Kit (Ambion), according to the manufacturer’s instructions. After DNase 

treatment, a PCR with gene-specific primers was performed on the treated RNA to confirm the absence 

of genomic DNA contamination, and RNA quality and quantity were re-evaluated with NanoDrop and 

also using an Agilent 2100 Bioanalyzer Automated Analysis System (Agilent Technologies). The RNA 

was stored at - 80 ºC. 

 

3.9. Quantitative real time PCR (qPCR) validation of proteomic data 

Five selected proteins with differential protein expression between Se20 and Se6-M were 

screened for changes in the mRNA levels using qPCR (primers in Table 1). Total RNA was reverse-

transcribed to cDNA using a SuperScript Reverse Transcriptase (RT) kit (Invitrogen). Briefly, per 

reaction, 0.7 µg RNA was mixed with 1 µL random primers at 3 µg/µL, 1 µL dNTPs 10 mM and RNase-

free water to a final volume of 17 µL. The mixture was incubated at 65 ºC for 5 min and quickly chilled 

on ice. After adding 4 µL of First-strand buffer 5x and 2 µL DTT 0.1 M, the mixture was gently mixed 

and incubated 2 min at 25 ºC. Reverse transcription occurred by adding 0.5 µL of SuperScript RT and 

incubating for 10 min at 25 ºC followed by 42 ºC for 50 min. The reaction was then inactivated at 70 ºC 

during 15 min. cDNAs were conserved at - 20 ºC. qPCR was performed on an 7900HT Real-Time PCR 
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System (Applied Biosystems) using Power SYBR Green PCR Master Mix 2X (Applied Biosystems) 

with 10 ng of cDNA per reaction. The final primer concentration was 10 μM (except for gmk which was 

15 μM) in a total volume of 20 μL. The thermal cycling conditions were: 2 min at 50 ºC, 10 min at 95 °C 

and 15 s at 95 °C plus 1 min at 60 ºC for 40 cycles, with dissociation curve at the end. Three replicates 

were analysed for each gene and samples without template cDNA were included as negative controls in 

all experiments. Data was normalized with two housekeeping genes, rsmC (16S rRNA) and gmk 

(5' guanylate kinase), and relative gene expression was determined by the comparative CT (ΔΔCT) 

method using the Applied Biosystems qPCR Analysis Software (Thermo Fisher Cloud). 

 

Table 1. qPCR primer sequences and expected amplicon size. 
 

Gene Primer name Primer sequence (5´- 3’) Amplicon size 

gmk 
gmk_F CCATGATTGGCAGGGAGG 

87 bp 
gmk_R GCACTTGCTCAATGGTTTCGC 

rsmC 
rsmC_F CCGACATCCAGCACTTTACC 

99 bp 
rsmC_R GTTGCCGGGCGTATTCAG 

aac(6′)-Ib-cr 
aac_F CCAAGATCCAAACGGACCC 

79 bp 
aac_R CCTTGCCTCTCAAACCCC 

ompC 
ompC_F GTCCGTCTGTGGCTTACC 

83 bp 
ompC_R TACGATGTCCTGGTCGCC 

ompD 
ompD_F CAGGTGAAAGCAGCGAGC 

96 bp 
ompD_R CGCCAGGTAGATGTTGTTCG 

ompX 
ompX_F CGATTATGGCTTCTCCTATGG 

96 bp 
ompX_R ACGCTACGAATACGGCTC 

mipA 
mipA_F CCAGAACGATTACTATTACGGC 

96 bp 
mipA_R TCAAGATACGGGTTCCAGC 

 

3.10. Screening for mutational resistance 

Mutations in the quinolone-resistance determining region (QRDR) of the gyrA, gyrB, parC and 

parE topoisomerase genes were screened by PCR and DNA sequencing using primers and conditions 

previously reported (Griggs et al. 1996; Eaves et al. 2004). The acquisition of mutational resistance 

associated with the OmpC and OmpD porins and with the MltA-interacting protein MipA (scaffolding 

protein for murein-synthesizing holoenzyme) was also screened by PCR and sequencing, using the 

primers and conditions described in Table 2. 

 

Table 2. PCR primers designed for ompC, ompD and mipA sequencing. 
 

Gene Primer name Primer sequence (5´- 3’) 

Annealing 

temperature Amplicon size 

ompC 
OmpCSeqFw GAGAATGGACTTGCCGACTG 

58.9 ºC 1300 bp 
OmpCSeqRv AACGTCGTATTTGTACGCCG 

ompD 
OmpDSeqFw GGTTGAGGAAACACGCTAAG 

57.2 ºC 1199 bp 
OmpDSeqRv GACCGAGTCTACATCAAGAG 

mipA 
mipASeqFw GTTGGGCTTACAGGTATTGG 

59.9 ºC 859 bp 
mipASeqRv CGCATAACGCAGGCTTTGTC 
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4. Results 

A previously characterized S. Typhimurium DT104B clinical strain (Se20) [20], which acquired 

quinolone resistance in vivo during ciprofloxacin treatment, was compared with an in vitro selected 

highly resistant mutant (Se6-M), obtained from Se6, the parental strain of Se20, after 18 sub-culture 

steps with increasing ciprofloxacin concentrations (0.12 to 64 µg/mL). The Se6, Se20 and Se6-M strains 

were proven to be clonally related by PFGE. 

 

4.1. Characterization of antimicrobial resistance 

Se6-M showed cross-resistance for all tested quinolones, cephalothin, cefoxitin and co-

trimoxazole and the D87G mutation was detected in the gyrA gene (Table 3). Both strains harbour the 

plasmid-mediated quinolone resistance (PMQR) gene qnrS1 (de Toro et al. 2010) which encodes a target 

protection protein that confers low-level quinolone resistance. Se20 also harbours the PMQR gene 

aac(6′)-Ib-cr which encodes an aminoglycoside acetyltransferase AAC(6′)-Ib variant that confers 

resistance to ciprofloxacin and norfloxacin in addition to tobramycin, amikacin and kanamycin 

resistance (de Toro et al. 2010). 

 

Table 3. Description of the ciprofloxacin MICs, quinolone and cross-resistance phenotypes and QRDR 

mutations of the S. Typhimurium DT104B strains Se6, Se20 and Se6-M. 

 

a de Toro et al. 2010. AK, amikacin; AMP, ampicillin; CIP, ciprofloxacin; FOX, cefoxitin; K, kanamycin; KF, cephalothin; KZ, cefazolin; 

LEV, levofloxacin; NA, nalidixic acid; NOR, norfloxacin; OFX, ofloxacin; S, streptomycin; SUL, sulphonamides; SXT, co-trimoxazole; TE, 

tetracycline; TOB, tobramycin; W, trimethoprim. * The resistance to these antimicrobial agents was classified in the intermediate resistance category. 

 

4.2. Comparative subproteome analysis 

The proteomes of Se20 and Se6-M were compared at the intracellular and membrane levels by a 

2-DE/LC-MS/MS and a shotgun LC-MS/MS approach, respectively. As 2-DE allows the comparison 

of complex intracellular protein extracts with high resolving power, and the shotgun analysis permits to 

overcome the solubility limitations of the highly hydrophobic membrane proteins, a combined use of 

both gel-based and gel-free approaches ensured a more complete coverage of the present proteins and 

an overall improved analysis (Abdallah et al. 2012; Hébraud 2014; da Costa et al. 2015). Of the total 87 

protein spots with significant differential abundance that were excised from the intracellular 

subproteomes, 73 were positively identified, representing a total of 50 unique gene products. Of these, 

Strain MICCIP  

Resistance phenotype to 

quinolones 

Resistance phenotype to  

other antibiotics 

QRDR 

mutations 

Se6 a 0.5 µg/mL NA* S, TE, SUL _ 

Se20 a 16 µg/mL NA, CIP, NOR S, TE, SUL, W, SXT, AK*, TOB, K GyrA S83Y  

Se6-M 64 µg/mL NA, CIP, NOR, LEV*, OFX* S, TE, SUL, W*, SXT, AMP*, KF, KZ*, FOX GyrA D87G 
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32 proteins were more abundant in Se20 and 18 showed to be more abundant in Se6-M. Representative 

2-DE gel images with the differentially abundant protein spots that were positively identified are shown 

in Fig. 1 and detailed information concerning each protein is described in Tables 4 and 5. At the 

membrane level, a total of seven differentially abundant proteins were identified between Se20 and Se6-

M. Five of these proteins were more abundant in Se6-M and only two were more abundant in Se20. 

Table 6 contains the detailed information concerning the comparative analysis of the membrane proteins. 

The identified proteins were categorized based on Gene Ontology (GO) into different biological 

processes and cellular components (locations at the level of subcellular structures and macromolecular 

complexes) (Fig. 2). The majority of differentially abundant proteins identified are involved in transport, 

oxidation-reduction processes or different metabolic processes. Most of the proteins related to gene 

expression represent ribosomal proteins and show to be less abundant in Se6-M. The two identified 

proteins involved in pathogenesis, the Salmonella invasion proteins SipC and SipD, showed to be more 

abundant in the Se20 strain.  

Concerning cellular components, in the intracellular fraction, as expected, the majority of 

identified proteins with described GO belong to the cytoplasm with large representations from the 

ribosome and periplasm. Nonetheless, several membrane proteins were identified in this fraction. On 

the other hand, in the membrane enriched fraction, all proteins were part of membrane components.  

The proteomic data was validated by a qPCR analysis of five selected proteins: the 

aminoglycoside 6'-N-acetyltransferase type Ib-cr (AAC(6')-Ib-cr4), the outer membrane proteins OmpC 

and OmpD, the outer membrane protease, receptor for phage OX2 (OmpX) and the scaffolding protein 

for murein-synthesizing holoenzyme/MltA-interacting protein (MipA). AAC(6')-Ib-cr4, OmpD and 

MipA showed to be significantly less abundant in Se6-M, in both protein and mRNA levels, and OmpX 

was more abundant in Se6-M in both levels. Concerning OmpC, protein and mRNA levels were 

divergent, showing more abundant mRNA levels in Se6-M but lower comparative protein amounts.  

The ompD, ompC and mipA genes were also screened for mutational resistance by PCR and sequencing. 

An absence of amplification was observed for the ompD gene in Se6-M, ompC showed only synonym 

mutations and the mipA gene revealed a 7-nucleotide deletion in Se6-M at nucleotide positions 679 to 685. 

 

5. Discussion 

Quinolone resistance is known to be multifactorial (Hopkins et al. 2005; Piddock 2014; Redgrave 

et al. 2014). High-level resistance commonly occurs via one or a combination of target-site gene 

mutations in the bacterial type II topoisomerases (Hopkins et al. 2005; Redgrave et al. 2014) however, 

other strategies such as reduced membrane permeability, increased production of multidrug-resistance 

efflux pumps, modifying enzymes, and/or target-protection proteins are also of major importance for 

the overall resistance (Hernandez et al. 2011; Aldred et al. 2014; Redgrave et al. 2014).  
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Figure 1. Representative 2-DE gels with the differentially abundant intracellular proteins between the S. 

Typhimurium DT104B strains Se20 and Se6-M. The protein spots more abundant in Se20 are represented on 

top and the more abundant in Se6-M are shown on the bottom. The indicated spots were excised, trypsin-

digested and identified by LC-MS/MS. The corresponding identified proteins are described in Tables 4 and 5. 
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Figure 2. Gene Ontology based categorization of the differentially abundant proteins identified in the 

comparative subproteomic analysis of Se20 and Se6-M. The bar chart (left panel) describes the number of 

proteins of both subproteomes involved in each biological process: blue bars represent proteins more 

abundant in Se6-M and green bars are proteins more abundant in Se20. The pie charts (right panel) represent 

the number of proteins by cellular component in each proteomic fraction. Individual proteins can be 

represented in more than one category. The ND category represents proteins without described GO for 

cellular compartment. 
 

 

5.1. Target-site gene mutations in type II topoisomerases 

Quinolones act by inhibiting the activity of two essential enzymes involved in DNA replication 

and transcription, the DNA gyrase and topoisomerase IV, which are heterotetramers composed of two 

identical subunits (GyrA/GyrB and ParC/ParE, respectively) (Aldred et al. 2014; Fàbrega et al. 2014). 

The most common mechanism of high-level resistance is due to mutations within the quinolone 

resistance-determining regions (QRDRs) of each subunit gene, which result in amino acid substitutions 

that change the target protein structure and subsequently the quinolone-binding affinity of the enzyme 

(Aldred et al. 2014; Redgrave et al. 2014). Both strains under study have an amino acid substitution in 

the GyrA subunit, which is the primary target in Gram-negative bacteria. The clinically resistant strain, 

Se20, harbours a Ser83Tyr substitution while the highly resistant laboratory-induced mutant harbours 

an Asp87Gly substitution (Figure 3A). Mutations in these codons are the most frequently detected in 

Salmonella strains although mutations at Ser83 were previously reported to confer a higher resistance 

level than Asp87 mutations (Hopkins et al. 2005), which was not observed in this case. High-level 

resistance in salmonellae is usually associated with at least two mutations in the gyrA gene, often 

combined with mutations in the other topoisomerase genes, but Salmonella spp. exhibiting high-level 

resistance phenotypes have also been reported with only one mutation in gyrA (Hopkins et al. 2005). 



 

chapter 4  |  91 

5.2.  Plasmid-mediated quinolone resistance: target-protection proteins and modifying enzymes 

Quite recently, plasmid-mediated mechanisms of quinolone resistance have been identified as an 

emerging clinical problem. Generally, PMQR genes alone are only responsible for low-level resistance 

but their presence favours the selection of additional resistance mechanisms that lead to higher resistance 

levels (Martinez-Martinez et al. 2008; Aldred et al. 2014; Jacoby et al. 2014). Both strains harbour the 

qnrS1 PMQR gene (de Toro et al. 2010), which encodes a target protection protein that binds to DNA 

gyrase and topoisomerase IV, inhibiting quinolones from entering the DNA-enzyme cleavage 

complexes (Figure 3 B1) (Aldred et al. 2014; Jacoby et al. 2014). Se20 also harbours the PMQR gene 

aac(6′)-Ib-cr, likely acquired by horizontal gene transfer in the host’s intestinal microbiota (de Toro et 

al. 2010), that encodes a bifunctional variant of a common aminoglycoside acetyltransferase. This 

enzyme not only reduces the activity of aminoglycoside antimicrobials such as amikacin, kanamycin 

and tobramycin, but is also able to acetylate fluoroquinolones with an amino nitrogen on the piperazinyl 

ring, such as ciprofloxacin and norfloxacin (Figure 3 B2) (de Toro et al. 2010). As expected, this protein 

was identified in the proteome of Se20 with a high fold-change (9.2) relatively to Se6-M, being these 

results corroborated at the transcriptomic level by qPCR. 

 

5.3. Reduced membrane permeability and increased multidrug-resistance efflux pump production 

In Gram-negative bacteria such as Salmonella spp., a major determinant of the efficacy of 

fluoroquinolone drugs, which have intracellular targets, is their capability to overcome the outer 

membrane barrier and enter the cell (Aldred et al. 2014; Redgrave et al. 2014). The intracellular 

fluoroquinolone concentration is regulated through both diffusion-mediated uptake and pump-mediated 

efflux (Fernandez & Hancock 2012; Aldred et al. 2014; Redgrave et al. 2014). Hydrophilic antibiotics 

such as ciprofloxacin passively diffuse into the cell through water-filled pore complexes formed by outer 

membrane proteins, thus the type and number of porins expressed by the cell will determine the 

susceptibility of the bacteria to these drugs (Pagès et al. 2008; Fernandez & Hancock 2012). In this study 

we observed that the porins OmpC and OmpD were significantly less abundant in Se6-M (Figure 3 C1). 

OmpD was identified in the intracellular subproteome as the major component (68%) of spot 2624, with 

a 2.4-fold decrease comparing to Se20, and also in the membrane subproteome with a declined 7.3-fold 

change (Tables 4 and 6). The absence of ompD amplification at the gene and transcript levels provides 

a high indication that the ompD gene was deleted in the process of in vitro selection. Selection-driven 

gene loss is described as a common evolutionary process in bacterial species (Koskiniemi et al. 2012) 

and selection for fitness-increasing deletions during repeated serial passage has been observed in 

Salmonella enterica (Nilsson et al. 2005; Koskiniemi et al. 2012). Since OmpD is the most abundant 

outer membrane protein in S. Typhimurium, representing nearly 1 % of total protein content of the cell 

(Santiviago et al. 2003; Hu et al. 2007), its absence in Se6-M must have a major contribution to the high 

drug resistance showed by this strain. OmpC is also one of the most abundant porins in S. Typhimurium. 
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In this analysis, OmpC was identified in the intracellular proteome as the major component (76%) of 

spot 2680, with a 1.7-fold decrease in Se6-M (Table 4). By contrast, the ompC mRNA levels were 1.36-

fold higher in Se6-M, however this gene is known to be post-transcriptionally repressed in S. 

Typhimurium by the conserved Hfq-associated sRNA, MicC (Pfeiffer et al. 2009) and the σE-controlled 

sRNA, RybB (Papenfort et al. 2006). The reduced or loss of expression of both OmpC and OmpD has 

been vastly implied in increased antibiotic resistance not only to quinolones but also to beta-lactam 

antibiotics, namely cephalosporins (Medeiros et al. 1987; Gootz 2006; Hu et al. 2007; Pagès et al. 2008; 

Sandegren & Andersson 2009; Martinez & Rojo 2011; Su et al. 2012). Therefore, the reduced expression 

of these porins in Se6-M is likely to be important not only for the high-level quinolone resistance but 

also for the cross-resistance observed in this strain for the beta-lactams ampicillin, cephalothin, cefazolin 

and cefoxitin. In the membrane subproteomes, the OmpA and OmpX outer membrane proteins were 

also identified (Figure 3 C1) but both showed to be more abundant in the Se6-M strain (Table 6), with 

a 21- and 8-fold increase, respectively (qPCR results also reveal a 1.7-fold increase of ompX in Se6-M). 

OmpX has been described as a downregulator of porin expression and is activated by the transcriptional 

activator MarA, encoded by the multiple antibiotic resistance operon marRAB (Viveiros et al. 2007). 

When overexpressed, OmpX leads to a decreased expression of porins such as OmpC, OmpF, OmpD, 

LamB, Tsx, and hence to an increased resistance to a variety of antibiotics, including beta-lactams and 

fluoroquinolones (Figure 3 C1) (Dupont et al. 2007; Viveiros et al. 2007; Dowd et al. 2008). The inverse 

manner in which OmpX is expressed when compared to other porins is suggested to be because its 

production saturates the chaperones and assembly proteins needed for porin folding and outer membrane 

insertion (Viveiros et al. 2007). OmpA is a highly regulated multifaceted protein that is present in high-

copy number in mainly Gram-negative species (Smith et al. 2007; Confer & Ayalew 2013). OmpA 

cellular functions span from maintenance of the structural integrity of the outer membrane, function as 

an adhesin/invasin, participate in biofilm formation, act as an immune target and evasin, serve as a 

bacteriophage receptor or as a mediator of F-dependent conjugation (Smith et al. 2007; Ambrosi et al. 

2012). Therefore, the difference of abundance of OmpA between the Se20 clinical strain that acquired 

quinolone resistance after patient treatment and the in vitro induced highly-resistant mutant Se6-M could 

also be explained by multiple factors. One can suggest that the fact that OmpA functions as a receptor 

for several bacteriophages and bacteriocins, or the fact that it can be a target of the host innate 

immune system, that the Se20 strain adapted in vivo to express a lower number of these proteins in 

its surface. 

Another aspect that plays a major role in the MDR phenotype is the alteration of the outer 

membrane organization, that can be or not associated with porin downregulation in reducing membrane 

permeability (Delcour 2009; Bolla et al. 2011). For instance, modifications of the lipopolysaccharide 

(LPS) structure have been reported to be involved in bacterial resistance to quinolone and other 

antibiotics in numerous resistant clinical isolates (Hirai et al. 1986; Chapman & Georgopapadakou 1988; 
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Delcour 2009). LPS is an essential and major component of the external outer membrane of Gram-

negative bacteria and provides a permeability barrier to a diversity of toxic compounds such as metals, 

detergents and antibiotics (Lopez-Abarrategui et al. 2013; Dong et al. 2014). LPS has a critical role in 

the correct assembly of the outer membrane and also participates in host-bacterium interactions such as 

adhesion, colonization, virulence and symbiosis (Lopez-Abarrategui et al. 2013; Dong et al. 2014). Four 

proteins involved in LPS biosynthesis and transport were identified with significant differential 

abundances between Se20 and Se6-M (Figure 3 C2). The glucose-1-phosphate cytidylyltransferase, 

RfbF (spot 2784), and the CDP-glucose 4,6-dehydratase, RfbG (spot 2635), were 2- and 1.7-fold less 

abundant in Se6-M (Table 4). RfbF and RfbG are involved in LPS O-antigen biosynthesis (Figure 3 

C2), more precisely in steps 1 and 2 of the subpathway that synthesizes CDP-3,6-dideoxy-D-mannose 

from CTP and alpha-D-glucose 1-phosphate. Also involved in the LPS biosynthesis, but more abundant 

in Se6-M, is the phosphoheptose isomerase GmhA (spot 1295, 2.4-fold increase), which catalyses the 

first committed step in LPS core biosynthesis (Figure 3 C2). Quinolone-selected strains, which is the 

case of Se6-M, are reported to produce increased amounts of LPS that can form a permeability barrier 

acting preferentially against hydrophilic antibiotics such as ciprofloxacin (Giraud et al. 2000). All levels 

of LPS biosynthesis represent underexploited targets for the development of new antimicrobial agents 

and the heptose biosynthetic pathway, particularly GmhA, represents a highly attractive novel Gram-

negative antimicrobial target (Taylor et al. 2008). Also, targeting enzymes involved in LPS synthesis 

opens the possibility of combinatorial drug therapy, since any debilitation of the LPS bilayer will make 

bacteria more sensible to hydrophobic and also some hydrophilic antibiotics (Delcour 2009). LPS export 

has also been largely explored in antibiotic discovery programs in Gram-negative pathogens (Walsh & 

Wencewicz 2014). In this study, the LPS export system protein LptA (yhbN, spot 1443), was also 1.5-

fold more abundant in the mutant strain Se6-M (Table 5). LptA is involved in LPS assembly, being 

required for LPS translocation from the inner to the outer membrane (Figure 3 C2). The LPS transport 

(Lpt) machinery consists of seven essential proteins, LptA–LptG which form a trans-envelope complex; 

LPS is extracted from the inner membrane by an ABC transporter formed by LptB, LptF and LptG, and 

then passed sequentially to LptC, to the periplasmic LptA and finally to the outer membrane LptD–LptE 

complex that promotes LPS insertion (Dong et al. 2014). In the last years, there has been an enormous 

progress in defining the roles and structures of the periplasmic and outer membrane proteins of the Lpt 

machinery, taking us one step closer to develop new antibiotic strategies targeting the bacterial outer 

membrane (Qiao et al. 2014; Walsh & Wencewicz 2014).  

By acting in an opposing way as diffusion-mediated uptake, as referred above, pump-mediated 

drug efflux is also essential in regulating quinolone intracellular concentration (Aldred et al. 2014). The 

overexpression of multidrug resistance (MDR) efflux pumps is usually not responsible for high-level 

quinolone resistance but the contribution of mechanisms that reduce its intracellular concentrations for 

the development of high-levels of resistance should not be underestimated (Hernandez et al. 2011). 
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Transporters belonging to four families of MDR systems are capable of extruding quinolones: the ATP 

binding cassette (ABC) family, the major facilitator superfamily (MFS), the resistance-nodulation 

division (RND) family, and the multidrug and toxic compound extrusion (MATE) family (Poole 2000; 

Hernandez et al. 2011). Between Se20 and Se6-M, several differentially abundant proteins belonging to 

the ABC family were identified (Figure 3 D): the glutamate/aspartate periplasmic-binding protein GltI 

(spot 2482; 1.8-fold) and the sn-glycerol-3-phosphate-binding periplasmic protein UgpB (spot 783; 2-

fold) were more abundant in the Se20 proteome (Table 4) and the ABC transporter substrate-binding 

protein Oxd-6a (spot 2954; 1.3-fold), the arginine substrate-binding protein ArtI (spots 2800, 2837 and 

2844; 1.5-, 1.9- and 1.5-fold) and the molybdate transporter ModA (spot 1209; 1.5-fold) were more 

abundant in the proteome of Se6-M (Table 5). As ABC transporters have a very diverse substrate 

specificity, the differential expression of these proteins between Se20 and Se6-M can be: a) related to 

antibiotic export, and therefore reflect their different multidrug resistance phenotypes, or b) restricted to 

the diverse physiological functions of these proteins (nutrient uptake, export of noxious substances, etc.) 

and therefore reflect the adaptation of these strains to the very distinct environments (in vivo vs. in vitro) 

from which they were recovered. 

 

5.4. MipA, a novel antibiotic resistance-related protein 

The MltA-interacting protein MipA is involved in peptidoglycan (murein) biosynthesis, acting as 

a structural protein that mediates the assembly of the membrane-bound lytic murein transglycosylase 

MltA and the bifunctional murein transglycosylase/transpeptidase PBP1B into a complex (Figure 3E) 

(Vollmer et al. 1999). This complex represents a murein-synthesizing holoenzyme that is responsible 

for the controlled growth of the murein sacculus of Gram-negative bacteria (Vollmer et al. 1999). The 

MipA protein showed to be significantly less abundant in Se6-M, in both the intracellular (spot 2643; 

3.3-fold change) and membrane (24.6-fold change) subproteomes (Tables 4 and 6), and reduced 

expression was confirmed at the transcript level. A significant downregulation of MipA has been 

reported to occur in quinolone-resistant strains, suggesting that the disruption of MipA function can 

have a contribution to quinolone resistance (Suzuki et al. 2014). A frameshift mutation resulting from 

7-nucleotide deletion was detected in the mipA gene of Se6-M. In a recent study, quinolone-resistant 

strains obtained by experimental evolution with enoxacin and ciprofloxacin revealed frameshift 

mutations resulting from one- to ten-nucleotide deletions in the mipA gene however, the contribution of 

the mutations to quinolone resistance was not clarified (Suzuki et al. 2014). Nonetheless, the MipA 

protein has very recently been reported as novel antibiotic resistance-related protein, showing to be 

downregulated in kanamycin-, streptomycin- and nalidixic acid-resistant Escherichia coli strains 

(Li et al. 2015). 
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Figure 3. Schematic representation of the main resistance mechanisms discussed in the comparative 

subproteomic analysis between the S. Typhimurium DT104B Se20 and Se6-M strains. The proteins identified 

and discussed in this study are indicated in orange. A) The target-site gene mutations leading to a Ser83Tyr 

(Se20) and to an Asp87Gly (Se6-M) amino acid substitution in the GyrA subunit of DNA gyrase were 

detected. B) Two plasmid-mediated quinolone resistance mechanisms were identified: the qnrS1 gene (B1), 

encoding a protein that protects DNA gyrase and topoisomerase IV from quinolone inhibition, and the 

AAC(6')-Ib-cr4 acetyltransferase (B2), which acetylates and reduces antibiotic activity. C) Different 

mechanisms involved in reducing membrane permeability were detected: a reduced or loss of expression of 

porins (C1) and also changes in the mechanisms of lipopolysaccharide (LPS) biosynthesis and transport that 

could affect the outer membrane organization (C2). Several proteins belonging to the ATP binding cassette 

(ABC) family of multidrug resistance (MDR) efflux pumps (D) were identified and also the novel antibiotic 

resistance-related protein MipA (E), which is involved in peptidoglycan biosynthesis, showed significant 

reduced expression in Se6-M. 

 

5.5. Linking bacterial metabolism and antimicrobial resistance 

Lately, a tight linkage between bacterial metabolism and antibiotic susceptibility has been proved 

and has become a subject of great interest considering the actual antibiotic resistance crisis (Martinez & 

Rojo 2011; Bhargava & Collins 2015). An example of such link is the impact on bacterial metabolism 

of the hydroxyl radicals produced upon exposure to bactericidal antibiotics, described recently as a 

mechanism of action for these drugs (Kohanski et al. 2007). The hydroxyl radicals are generated through 

the Fenton reaction pathway that includes basic elements of the bacterial metabolism such as the 

tricarboxylic (TCA) acid cycle, the electron transport chain and the iron metabolism (Kohanski et al. 

2007). Studies correlating proteins involved in these metabolic pathways with antimicrobial resistance 

have been described (Martinez & Rojo 2011). In this study, the SucB protein involved in the TCA cycle 

was more abundant in Se20 and also the ATP synthase subunits beta (AtpD) and gamma (AtpG), 
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involved in proton transport, were differentially abundant (Tables 4 and 6). The ferric uptake regulator 

(Fur), which plays a critical role in the transcriptional regulation of iron metabolism, was also identified, 

being more abundant in the laboratory-induced Se6-M strain (Table 5). The high existence of this protein 

can be correlated to the quinolone resistance of this strain not only by the mechanism mentioned above 

for the bactericidal antibiotics but also by the role of Fur as a global metabolic regulator (Martinez & 

Rojo 2011; Banci & Bertini 2013; Troxell & Hassan 2013). Fur is involved in the control of diverse 

cellular processes, such as the TCA cycle, glycolysis, respiration, chemotaxis, redox-stress responses, 

DNA synthesis and virulence factor production (Banci & Bertini 2013; Troxell & Hassan 2013). Fur 

controls the bacterial defense against Reactive Oxygen Species (ROS), by directly repressing the 

transcription of the Mn-superoxide dismutase (MnSOD, SodA) and indirectly activating the expression 

of the FeSOD (SodB) (Troxell & Hassan 2013). Accordingly, in this study, SodA showed to be more 

abundant in the Se6-M strain (Table 5). In S. Typhimurium, Fur also regulates the transcription of 

virulence factors such as hilA/D and fur mutants showed reduced virulence in mice; because Fur 

regulates enzymes within the TCA cycle, these fur mutants are defective in the utilization of several 

carbon sources, which may contribute to their inability to cause disease within animal hosts (Troxell & 

Hassan 2013). Finally, due to their pivotal role in regulating diverse adaptation processes, two-

component signal transduction systems are instrumental in the regulation of both virulence and antibiotic 

resistance (Martinez & Rojo 2011). In this study, four proteins belonging to two-component systems 

were identified as more abundant in the Se20 clinical strain (Table 4): the already described OmpC, 

from the EnvZ–OmpR system that is widely distributed among Gram-negative bacteria and allows 

bacteria to respond to changes of medium osmolarity (Martinez & Rojo 2011); the glutamate/aspartate 

periplasmic-binding protein (GltI) and the methyl-accepting chemotaxis protein II/aspartate 

chemoreceptor protein (CheM) and chemotaxis response regulator protein-glutamate methylesterase 

(CheB). As these transduction systems enable bacteria to sense, respond and adapt to the wide range of 

environment stressors and growth conditions, the higher abundance of these proteins in Se20 might 

reflect the acquisition of quinolone resistance by this strain in vivo, in the human gut environment, in 

contrast to the in vitro well defined and less complex conditions where Se6-M was selected for 

resistance. For instance, an example of the utility of understanding bacterial metabolism during infection 

has been shown with Listeria: despite having a resistant phenotype using in vitro tests, fosfomycin is 

still proposed for the treatment of listeriosis because Listeria becomes hypersusceptible to this drug as 

a consequence of the metabolic adaptation required to use the nutrients available inside the host cell 

(Martinez & Rojo 2011). Therefore, an improvement of our current knowledge of the crosstalk between 

bacterial metabolism and antibiotic resistance can be useful to either propose new strategies for treating 

infections with the existing drugs or to develop new drugs using antivirulence–antiresistance approaches 

by finding global regulators that simultaneously modulate bacterial metabolism, virulence and antibiotic 

resistance (Martinez & Rojo 2011). 
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Table 4. Protein spots identified by LC-MS/MS that were significantly more abundant in the 2-DE intracellular subproteome of the S. Typhimurium DT104B 

Se20 strain. 

 

Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI 

Biological  

process  

Cellular 

component 

Spot 

No. % b 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

Q8ZKW8 ATP synthase 

gamma chain  

atpG  287 31.5 8.92 plasma membrane ATP 

synthesis coupled 

proton transport  

plasma membrane; 

proton-transporting 

ATP synthase 

complex. catalytic 

core F(1)  

1090 100 22 147 79.79 4415 0.001 2.9 

1091 100 11 44 33.80 1582 0.0006 4.2 

Q9ZF60 Glutamate/aspartate 

periplasmic-binding 

protein  

gltI  302 33.4 8.73 amino acid transport  periplasmic space  2482 100 14 131 48.01 6075 0.0009 1.8 

P0A263 Outer membrane 

protein C  

ompC  378 41.2 4.89 ion transport; 

transmembrane 

transport 

cell outer 

membrane; pore 

complex  

2680 75.9 20 295 85.19 12865 2.18E-06 1.7 

D0ZXQ1 Outer membrane 

porin protein OmpD  

ompD 

nmpC 

362 39.7 4.87 ion transport; 

transmembrane 

transport 

cell outer 

membrane; pore 

complex  

2624 67.8 17 172 70.44 7472 8.00E-07 2.4 

Q7CP68  Hyperosmotically 

inducible periplasmic 

protein 

osmY 205 21.44 6.09 transport; response to 

osmotic stress 

integral component 

of membrane 
2097 59.8 11 131 57.56 5841 1.90E-05 2.0 

Q7CPR3 Putative inner 

membrane protein 

(ElaB protein) 

yqjD; 

elaB_1 

101 11.1 9.07 _ integral component 

of membrane 
1435 ND 6 33 65.35 1524 1.74E-05 2.5 

Q8ZP03  Mannose-specific 

enzyme IIAB 

manX; 

ptsL 

322 35.0 6.09 phosphoenolpyruvate-

dependent sugar PTS; 

carbohydrate trans-

membrane transport 

cytoplasm; integral 

component of 

membrane  

2991 94.8 20 214 77.64 8797 0.0009 1.6 

Q7CPK0 sn-glycerol-3-

phosphate-binding 

periplasmic protein 

UgpB  

ugpB  438 48.4 7.46 glycerol-3-phosphate 

transport; 

glycerophosphodiester 

transport  

ABC transporter 

complex. substrate-

binding subunit-

containing; outer 

membrane-bounded 

periplasmic space 

783 100 23 128 58.68 4730 0.0003 2.0 

C6G201 

 

DfrA17  dfr17  157 17.5 6.80 glycine biosynthesis; 

nucleotide 

biosynthesis; oxidation-

reduction process  

_ 3016 100 12 66 92.36 2262 4.64E-05 2.4 
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Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI 

Biological  

process  

Cellular 

component 

Spot 

No. % b 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

P0A2C9 3-oxoacyl-[acyl-

carrier-protein] 

reductase FabG  

fabG  244 25.5 7.20 fatty acid elongation; 

oxidation-reduction 

process  

cytoplasm 1231 53.5 10 35 60.25 1096 3.67E-05 1.8 

Q8ZRD4  Riboflavin 

biosynthesis protein 

RibD  

ribD  367 39.7 8.07 riboflavin biosynthesis; 

oxidation-reduction 

process 

cytoplasm 917 80.8 14 77 62.40 2677 0.0088 1.8 

P0A1P0 Glyceraldehyde-3-

phosphate 

dehydrogenase  

gapA; 

gap 

331 35.6 6.80 glucose metabolism; 

glycolytic process; 

oxidation-reduction 

process 

cytoplasm 823 56 11 36 48.64 1509 0.0006 2.4 

3060 60.2 15 55 56.19 2166 1.85E-05 2.1 

Q8ZQ40 NAD(P)H 

dehydrogenase 

(quinone)  

STM111

9; wraB; 

wrbA 

198 20.9 6.16 negative regulation of 

transcription, DNA-

templated; oxidation-

reduction process 

plasma membrane 2830 100 12 139 70.20 5275 3.22E-05 1.5 

A0A0C9IA53 Tas protein tas  346 38.6 7.15 oxidation-reduction 

process 

_ 857 58.8 10 47 35.55 1800 0.001 1.5 

K4I0G8 Aminoglycoside 6'-

N-acetyltransferase 

type Ib-cr. AAC(6')-

Ib-cr4  

aac(6')-

Ib-cr4  

225 25.0 5.49 metabolism _ 2769 89.5 10 117 53.78 4812 6.64E-07 9.2 

2813 58.5 10 91 53.78 3691 3.78E-07 3.7 

A0A0D6GMB9 N-acetylneuraminate 

epimerase 

nanM  382 42.0 8.94 carbohydrate 

metabolism  

periplasmic space  822 67.2 15 49 68.59 2214 7.29E-05 2.8 

O33921 Glucose-1-

phosphatase  

agp  413 45.5 7.08 metabolism; protein 

dephosphorylation 

periplasmic space  2685 51.4 16 96 58.11 4008 0.0001 1.6 

Q7CQX4 Dihydrolipoyllysine-

residue succinyl-

transferase component 

of 2-oxoglutarate 

dehydrogenase 

complex  

sucB 402 43.8 5.69 L-lysine catabolic 

process to acetyl-CoA 

via saccharopine; 

tricarboxylic acid cycle 

oxoglutarate 

dehydrogenase 

complex  

2687 61.4 15 79 44.03 2642 0.0004 2.1 

Q7CQP6 Scaffolding protein for 

murein-synthesizing 

holoenzyme 

mipA 248 28.0 5.85 peptidoglycan 

biosynthesis 

cell outer membrane 2643 72.8 8 61 43.15 2281 0.0008 3.3 

P26396 Glucose-1-phosphate 

cytidylyltransferase  

rfbF  257 29.0 6.46 O antigen biosynthesis; 

LPS biosynthesis 

_ 2784 100 13 60 43.58 2366 1.04E-07 2.0 

P26397 CDP-glucose 4.6-

dehydratase  

rfbG  359 41.0 6.47 O antigen biosynthesis; 

LPS biosynthesis 

_ 2635 64.9 17 63 66.30 2188 0.0011 1.7 
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Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI 

Biological  

process  

Cellular 

component 

Spot 

No. % b 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

P66541 30S ribosomal 

protein S2  

rpsB  241 26.7 7.14 translation small ribosomal 

subunit; 

ribonucleoprotein 

complex; 

intracellular 

1074 67.6 11 67 63.07 2706 2.77E-05 1.9 

1079 100 14 89 61.83 3205 1.89E-05 3.7 

1083 84.7 13 51 54.36 1964 0.0002 2.2 

2111 100 13 48 54.36 1874 0.0004 3.9 

2112 86 12 48 50.21 1852 3.64E-05 3.5 

O54297 30S ribosomal 

protein S4  

rpsD  206 23.5 10.02 response to antibiotic; 

translation  

small ribosomal 

subunit; 

ribonucleoprotein 

complex; 

intracellular 

833 100 9 33 48.54 1255 0.0007 2.5 

836 100 9 33 48.54 1144 0.0001 4.8 

841 100 10 36 46.60 1118 3.12E-05 4.8 

845 100 11 52 56.80 1715 4.55E-05 4.8 

847 100 12 120 59.22 3507 5.61E-05 6.1 

P66073 50S ribosomal 

protein L15  

rplO  144 15.0 11.18 translation  large ribosomal 

subunit; 

ribonucleoprotein 

complex; 

intracellular 

1797 100 3 12 27.08 603 0.0006 1.4 

P62405 50S ribosomal 

protein L5  

rplE  179 20.3 9.39 translation  ribosome; 

ribonucleoprotein 

complex; intracellular 

2923 100 13 88 68.72 3660 0.0008 2.6 

Q8ZK80 50S ribosomal 

protein L9  

rplI  149 15.8 7.40 translation  ribosome; 

ribonucleoprotein 

complex; intracellular 

1575 100 9 105 63.76 4719 3.88E-06 2.0 

2854 92 15 198 79.87 6472 0.0001 2.0 

P04042 Chemotaxis response 

regulator protein-

glutamate 

methylesterase 

cheB 349 37.5 8.41 chemotaxis; 

phosphorelay signal 

transduction system 

cytoplasm 3080 92.3 15 43 56.45 1722 0.0013 

 

2.2 

P0CL47 Cell invasion protein 

SipC  

sipC; 

sspC 

409 43.0 8.87 pathogenesis  extracellular region  770 76.1 24 147 77.02 5783 1.24E-05 2.4 

2415 89.4 21 146 77.02 5835 6.76E-06 6.0 

2416 100 19 65 69.93 2430 2.19E-07 9.0 

Q56026 Cell invasion protein 

SipD  

sipD; 

sspD 

343 37.1 5.15 pathogenesis  extracellular region  867 52.4 15 99 58.89 4332 0.0004 3.7 

Q8L220 SogS transfer protein  sogS  844 92.3 4.67 _ _ 2531 51.4 32 81 54.38 2911 0.0008 2.0 

Q8ZPL1  Putative periplasmic 

protein 

ydgH 314 33.9 9.33 _ _ 1006 100 22 158 69.11 6316 0.0019 3.2 

G2HK75 MobC-like protein yggA 111 12.4 9.36 _ _ 2030 100 8 55 53.15 1922 2.07E-08 5.0 

a Underlined accession numbers represent active S. Typhimurium UniProtKB entries replacing the original accessions that became obsolete and deleted from UniProtKB by the time of manuscript submission. 

b Relative abundance of the referred protein in the spot. Calculated based on the Mascot emPAI (Exponentially Modified Protein Abundance Index) value, which offers an approximate, label-free, relative quantitation 

of the proteins in a mixture based on protein coverage by the peptide matches in a database search result (Ishihama et al. 2005). The percentage value is obtained by normalizing each individual emPAI value by the 

sum of the emPAI values in the sample (% = (emPAI / Σ emPAI)*100).  



 

 

1
0
0

  |  ch
ap

ter 4  

Table 5. Protein spots identified by LC-MS/MS that were significantly more abundant in the 2-DE intracellular subproteome of the S. Typhimurium DT104B Se6-M strain. 

 

Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI Biological process 

Cellular 

component 

Spot 

No. % b 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova  

p-value 

Fold 

change 

O34156 ABC transporter 

substrate-binding protein 

oxd-6a; 

appA 

528 57.9 6.55 transmembrane 

transport  

ABC transporter 

complex  
2954 58.7 25 361 67.05 14507 7.07E-05 1.3 

A0A0J0VT51 Arginine ABC transporter 

ATP-binding protein 

artI 243 27.0 7.90 transport; ionotropic 

glutamate receptor 

signaling pathway 

outer membrane-

bounded 

periplasmic space 

2800 100 13 56 58.02 2442 1.55E-05 1.5 

2837 55.7 13 53 59.67 2099 0.001 1.9 

2844 55.7 12 51 54.73 2076 0.0002 1.5 

Q8ZQR7  Molybdate transporter  modA  257 27.5 7.06 molybdate ion 

transport 

OM-bounded 

periplasmic space  
1209 100 16 130 71.98 5211 0.0002 1.5 

A0A0J5E5X1 Lipopolysaccharide 

export system protein 

LptA 

yhbN 184 20.0 8.73 Gram-negative-cell 

OM assembly; LPS 

transport  

periplasmic space  1443 83.7 7 62 48.91 2807 0.0013 1.5 

A0A0D6IDB5 NADPH quinone 

reductase MdaB 

mdaB  193 21.8 6.29 oxidation-reduction 

process  

cytoplasm 3256 87.4 11 71 65.28 2865 1.85E-05 2.3 

P15888 Oxygen-insensitive 

NAD(P)H nitroreductase  

nfsB; 

nfnB 

217 23.9 5.64 oxidation-reduction 

process 

cytoplasm  2322 54.6 15 156 68.20 5336 0.0008 1.8 

2629 62.9 12 60 55.76 1950 4.13E-05 1.7 

P43019 Superoxide dismutase 

[Mn]  

sodA  206 23.1 6.96 removal of superoxide 

radicals; oxidation-

reduction process 

cytoplasm 1280 70.1 10 79 58.74 2970 0.0001 1.6 

1292 76.7 12 101 63.59 3213 2.36E-05 1.5 

2458 87.5 13 93 65.05 3348 3.03E-05 1.6 

P63223 Phosphoheptose 

isomerase  

gmhA 

lpcA 

192 20.9 6.42 D-glycero-D-manno-

heptose 7-phosphate 

biosynthesis; LPS core 

region biosynthesis 

cytoplasm  1295 91.9 10 47 48.44 1845 6.20E-06 2.4 

P0A277 Xanthine 

phosphoribosyltransferase  

gpt  152 17.0 6.19 purine ribonucleoside 

salvage; XMP salvage  

plasma membrane  2891 57.9 4 43 32.89 2340 0.0013 1.5 

Q8ZL67 Mannitol-1-phosphate 5-

dehydrogenase  

mtlD  382 40.9 5.94 mannitol metabolism; 

oxidation-reduction 

process 

cytoplasm 728 74.9 17 96 66.23 3744 0.0002 2.0 

P0A2B5 Ribosome maturation 

factor RimM  

rimM  182 20.5 4.81 ribosomal small 

subunit biogenesis; 

rRNA processing  

cytoplasm; 

ribosome 
2967 58.5 7 34 51.65 1201 0.0007 1.5 

A0A0D6H2U6 Ferric uptake regulation 

protein 

fur  150 17.0 5.96 regulation of transcrip-

tion. DNA-templated 

cytoplasm 1533 71.5 8 93 58.00 4182 0.0018 1.6 

P0A1F6  Uridine phosphorylase  udp  253 27.1 6.54 nucleoside metabolism; 

nucleotide catabolic 

process; UMP salvage 

cytoplasm  1200 60.8 8 98 43.08 3582 7.95E-05 1.6 

1204 58.6 7 102 42.29 3518 0.0001 2.3 

2887 49.6 7 95 42.29 3482 0.0011 1.4 
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Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI Biological process 

Cellular 

component 

Spot 

No. % b 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova  

p-value 

Fold 

change 

Q8ZPD6 Uncharacterized protein 

YncE  

yncE  353 38.5 9.16 _ OM-bounded 

periplasmic space 
2563 100 14 208 52.12 9607 1.46E-05 1.9 

P67179 Probable transcriptional 

regulatory protein YebC  

yebC  246 26.4 4.88 regulation of transcrip-

tion. DNA-templated  

cytoplasm  3279 100 9 27 24.80 966 0.0011 2.6 

Q7CQ00 Ribosome associated 

factor 

yfiA 112 12.6 7.14 primary metabolism  _ 1628 61 5 20 59.82 596 0.0002 2.1 

1629 88.6 7 30 71.43 1251 8.53E-09 3.0 

1632 100 7 87 71.43 3618 1.95E-06 2.8 

Q7CPD8 UPF0438 protein YifE  yifE  112 13.1 6.70 _ cytoplasm 1548 100 10 47 63.39 1421 0.001 1.4 

A0A0J5F5C0 Putative selenoprotein YdfZ ydfZ 67 7.2 8.97 _ cytoplasm 1825 100 5 23 71.64 897 0.0011 2.5 

a Underlined accession numbers represent active S. Typhimurium UniProtKB entries replacing the original accessions that became obsolete and deleted from UniProtKB by the time of manuscript submission. 

b Relative abundance of the referred protein in the spot. Calculated based on the Mascot emPAI (Exponentially Modified Protein Abundance Index) value, which offers an approximate, label-free, relative quantitation 

of the proteins in a mixture based on protein coverage by the peptide matches in a database search result (Ishihama et al. 2005). The percentage value is obtained by normalizing each individual emPAI value by the 

sum of the emPAI values in the sample (% = (emPAI / Σ emPAI)*100). 

 
 

Table 6. Proteins identified by shotgun LC-MS/MS with significant differential abundance between the membrane subproteomes of the S. Typhimurium DT104B 

Se20 and Se6-M strains. 

Accession 

Number Protein Description 

Gene 

name(s) 

No. 

AAs Biological Process Cellular Component 

Peptide 

count 

Unique 

peptides 

Confidence 

score 

Anova 

p-value 

Max 

fold 

change 

Highest 

mean 

condition 

P37592 Outer membrane porin 

protein OmpD 

ompD; 

nmpC 

362 ion transport; 

transmembrane transport 

cell outer membrane; pore 

complex  

11 11 1006.81 5.49E-06 7.29 Se20 

P02941 Methyl-accepting chemotaxis 

protein II  

tar;  

cheM 

553 chemotaxis; signal 

transduction  

integral component of plasma 

membrane  

2 2 109.31 0.001276 Infinity Se6-M 

Q7CPE2 ATP synthase subunit beta  atpD 460 ATP hydrolysis coupled 

proton transport; plasma 

membrane ATP synthesis 

coupled proton transport  

plasma membrane; proton-

transporting ATP synthase 

complex, catalytic core F(1)  

2 2 134.85 0.001382 15.83 Se6-M 

Q8ZND3 Putative inner membrane 

protein  

STM2342 463 phosphoenolpyruvate-

dependent sugar PTS  

integral component of 

membrane 

3 3 186.44 0.002067 3.81 Se6-M 

Q7CQV8 Outer membrane protease, 

receptor for phage OX2 

ompX 171 proteolysis cell outer membrane; integral 

component of membrane  

3 3 202.73 0.002935 8.18 Se6-M 

P02936 Outer membrane protein A  ompA 350 conjugation; ion transport  cell outer membrane; pore 

complex  

10 10 478.66 0.007176 21.11 Se6-M 

Q7CQP6 Scaffolding protein for murein-

synthesizing holoenzyme 

mipA 248 peptidoglycan 

biosynthetic process 

cell outer membrane 1 1 61.93 0.012056 24.62 Se20 
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6. Conclusions 

In this comparative proteomic study, the membrane and intracellular subproteomes of two S. 

Typhimurium DT104B clinical strains were compared: the Se20 strain, which acquired quinolone 

resistance in vivo after patient treatment with ciprofloxacin and Se6-M, an in vitro selected highly 

resistant mutant obtained from the Se20 parental strain, Se6, by laboratory evolution with increasing 

ciprofloxacin concentrations. From this analysis, a total of 50 and 7 differentially abundant proteins 

were identified in the intracellular and membrane fractions, respectively. This large number of 

differentially regulated proteins reflects the innate controlled reprogramming of genome expression of 

these different resistant strains when adapting to ciprofloxacin pressure in the different environments. 

To some extent, a direct relationship could be associated to the environment in which each strain evolved 

and the selected genetic factors leading to resistance. Moreover, the acquisition of resistance could have 

originated several fitness-compensating mutations, that are known to differ depending on whether the 

bacteria evolves in a laboratory medium or within a host (Bjorkman et al. 2000), that could differently 

affect each strain and therefore reflect the differences observed between the proteomes in this study. 

Several proteins known to be directly related to quinolone resistance mechanisms were identified, 

such as the ciprofloxacin modifying enzyme AAC(6')-Ib-cr4, the porins OmpC, OmpD and OmpX and 

also several members of the ABC transporter superfamily, which is known to be capable of extruding 

quinolones. However, other proteins appeared of relevance in this study. Bacterial metabolism has been 

proved to be tightly linked to antibiotic susceptibility and each differentially abundant protein identified 

reflects the metabolic re-adjustments that each strain needed to perform in order to acquire quinolone 

resistance, either in the human gut or in controlled laboratory conditions. For instance, the global 

metabolic regulator Fur, which showed higher abundance in Se6-M, regulates a large number of 

metabolic networks and may be of major importance in the acquisition of quinolone resistance in in 

vitro conditions. On the other hand, the several members of two-component signal transduction systems 

(OmpC, GltI, CheM, CheB) that were identified to be more abundant in Se20 can be implicated in the 

in vivo acquisition of quinolone resistance. Therefore, this study contributes to an improvement of our 

current knowledge of the crosstalk between bacterial metabolism and antibiotic resistance which can be 

highly valuable to the development of improved therapeutic strategies. Moreover, this study 

corroborates the recent report of MipA as novel antibiotic resistance-related protein and also strongly 

supports the importance of exploring proteins involved in LPS biosynthesis and export as targets for the 

development of new antimicrobial agents. 
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1. Abstract 

Purpose: Antimicrobial resistance is a worldwide public health threat and Salmonella enterica 

subsp. enterica serotype Typhimurium phage type DT104B multiresistant strains with additional 

quinolone resistance have been responsible for global outbreaks and high mortality. Quinolone 

resistance is known to be multifactorial but is still far from a complete understanding. To give new 

insights about the resistance mechanisms involved, this work aimed to evaluate subproteome changes 

between a S. Typhimurium DT104B clinical strain that acquired fluoroquinolone resistance after 

treatment (Se20) and its pre-treatment parental strain (Se6), and also subproteome variations in Se20 

under ciprofloxacin stress (Se20+CIP). Experimental design: The proteomes were compared at the 

intracellular and membrane levels by a 2-DE∼LC-MS/MS and a shotgun LC-MS/MS approach, 

respectively. Results:  In total, 14 differentially abundant proteins were identified when comparing Se6 

with Se20 and 91 were identified between Se20 and Se20+CIP. Several proteins with known and 

possible roles in quinolone resistance (AAC(6')-Ib-cr4, OmpD, OmpX, GlmS, GlmU, H-NS, etc.) were 

identified and discussed. Conclusions and clinical relevance: The great number of proteins identified 

in this study provides important information about mechanism-related differential protein expression 

which supports the current knowledge and might lead to new testable hypotheses on the mechanism of 

action of fluoroquinolone drugs.  

 

Keywords: Antimicrobial resistance; ciprofloxacin stress; comparative subproteomics; fluoroquinolone 

resistance; Salmonella Typhimurium DT104B. 

 

2. Introduction 

Nontyphoidal Salmonella (NTS) is a common and widely distributed foodborne pathogen with 

high human health impact worldwide (Majowicz et al. 2010). Of all foodborne diseases, NTS infections 

show the highest disease burden (Iwamoto 2016), with 93.8 million cases and 155 000 deaths estimated 

to occur globally per year (Majowicz et al. 2010). Over 2 500 Salmonella serotypes are currently known 

and nontyphoidal salmonellosis can be caused by all serotypes except for Typhi and Paratyphi A, B and 

C (Iwamoto 2016). NTS infections usually result in a self-limited gastroenteritis that does not require 

treatment. Nonetheless, cases of invasive infections or severe diarrhoea require antimicrobial therapy 

(Hopkins et al. 2005; CDC 2013; WHO 2014). The standard treatment for severe salmonellosis is the 

second-generation fluoroquinolone ciprofloxacin (Sun et al. 2011). Fluoroquinolones are considered a 

last-resort treatment option in cases of life-threatening Salmonella infections caused by multidrug-

resistant (MDR) isolates (Colobatiu et al. 2015) and the rates of ciprofloxacin resistance and number of 

treatment failures are increasing worldwide (CDC 2013; WHO 2014; Lin et al. 2015). Hence, 

fluoroquinolone resistance in NTS infections is recognised as a situation of serious and international 

concern (CDC 2013; WHO 2014).  
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Salmonella enterica subsp. enterica serotype Typhimurium is one of the most commonly isolated 

serotypes and MDR S. Typhimurium has been associated with higher risks of invasive infection, more 

frequent and longer hospitalizations, extended illness and greater risk of death (CDC 2013; WHO 2014). 

S. Typhimurium phage type DT104 is a pandemic and highly adaptive multiresistant strain, with an 

extensive host range, that has been responsible for several outbreaks and high mortality (Mather et al. 

2013; Correia et al. 2014). MDR DT104 strains are usually resistant to ampicillin, chloramphenicol, 

streptomycin, sulphonamides and tetracycline (ACSSuT), with additional resistance to trimethoprim and 

ciprofloxacin (Threlfall 2000). As fluoroquinolones represent one of the most widely used antimicrobial 

classes, being the last available treatment option in some settings, the emergence of MDR DT104 isolates 

with additional resistance to fluoroquinolones is of major concern (Threlfall 2000; WHO 2014). 

To address this problem, a thorough knowledge of the mechanisms of antibiotic resistance is 

fundamental to understand how resistance is selected and persists (Redgrave et al. 2014; Vranakis et al. 

2014). The acquisition of antibiotic resistance involves a complex interaction network that involves 

changes at the gene, transcript, protein and metabolite level (Suzuki et al. 2014). Over the last years, 

proteomic tools have become established in the study of bacterial species providing quantitative and 

functional data to complement genomic and transcriptomic profiles (da Costa et al. 2015). Numerous 

comparative proteomic studies, either of resistant bacteria or under antibiotic stress conditions, have shown 

the potential of these approaches not only in associating molecular changes to antibiotic resistance 

phenotypes but also in elucidating the mechanisms by which resistance arises (Lima et al. 2013; 

Burchmore 2014; Vranakis et al. 2014; Park et al. 2016). Together with other high-throughput 

methodologies, proteomics achieved significant progress in the characterization of proteins involved in 

resistance mechanisms and have greatly contributed to the understanding of the effect of metabolic 

networks on antibiotic resistance and to identify new drug targets (Lima et al. 2013; Vranakis et al. 2014). 

Antimicrobial resistance is listed as one of the greatest threats to human health (WEF 2014), with an 

ever-growing number of multi- and pan-resistant severe infections in face of a drying pipeline for new drugs 

(Enani 2015). The acquisition of high-level fluoroquinolone resistance is a multifactorial process and despite 

the wealth of available literature describing the mechanisms of resistance, the exact contribution of each of 

these mechanisms remains unexplained (Hopkins et al. 2005; Hernandez et al. 2011). Hence, in order to give 

new insights about the resistance mechanisms involved, this work aimed to evaluate subproteome changes 

between a S. Typhimurium DT104B clinical strain (Se20) that acquired fluoroquinolone resistance after 

treatment and its parental strain (Se6), and also subproteome variations in Se20 under ciprofloxacin stress. 

 

3. Materials and methods  

3.1. Bacterial strains and growth conditions 

In a previous work by de Toro et al. (2010), two S. Typhimurium DT104B isolates (Se6 and Se20) 

were recovered from a hospitalized elderly patient with acute gastroenteritis, before (Se6) and after 
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(Se20) a 7-day treatment with ciprofloxacin (CIP). In vivo selection of quinolone resistance was 

observed in the Se20 isolate recovered post-treatment. Both isolates were proven to be clonally related 

by pulsed-field gel electrophoresis (de Toro et al. 2010). In this study, two comparative subproteomic 

analyses are performed: Se6 vs. Se20 and Se20 under of ciprofloxacin stress (Se20 vs. Se20+CIP). 

All strains were grown in LB broth at 37 ºC with 150 rpm shaking. Growth experiments were 

performed with Se20 in order to establish reproducible growth and treatment conditions and to find an 

antibiotic concentration that would cause a proteomic response. Different ciprofloxacin (AppliChem) 

concentrations (8, 16, 32 and 64 µg/mL) were added to exponentially growing cultures. Growth was 

monitored by optical density (OD600) measurements until the untreated control reached stationary phase. 

Colony forming unit counts were performed at the beginning of the culture (T0), after CIP addition (T1.5) 

and in the late exponential phase (T3.5). A CIP concentration leading to a reduction in growth rate of 

approximately 50 to 90% (Raatschen & Bandow 2012) was used to induce antibiotic stress in Se20. 

 

3.2. Intracellular and membrane protein extraction 

Overnight 10-mL pre-cultures of Se6 (n = 3) and Se20 (n = 6), grown from single colonies, were 

diluted to an OD600 of 0.02 in a final volume of 150 mL of LB and incubated for 3.5 h. After 1.5 h of 

growth (early exponential phase), half of the Se20 cultures (n = 3) were supplemented with 32 µg/mL 

of CIP. The late exponential cultures of Se6, Se20 and Se20+CIP were harvested by centrifugation and 

intracellular and membrane protein extraction was performed by cell disruption and ultracentrifugation 

as described previously (Correia et al. 2016; Hébraud 2014). Protein concentration of both fractions, 

intracellular and membrane, was quantified with a Bradford protein assay (Bradford 1976), using BSA 

as the standard. The proteomes of Se6, Se20 and Se20+CIP were compared at the intracellular and 

membrane levels by a 2-DE/LC-MS/MS and a shotgun LC-MS/MS approach, respectively. Since 2-DE 

allows the comparison of complex intracellular protein extracts with high resolving power, and the shotgun 

analysis permits to overcome the solubility limitations of the highly hydrophobic membrane proteins, a 

combined use of both gel based and gel-free approaches ensured a more complete coverage of the proteins 

present and an overall improved analysis (Correia et al. 2016; da Costa et al. 2015; Hébraud 2014). 

 

3.3. 2-DE and gel imaging of intracellular subproteomes 

For each strain Se6, Se20 and Se20+CIP, six 2-DE gels were run from three biological replicates 

with two technical replicates each to ensure result reproducibility and repeatability. IEF and SDS-PAGE 

were performed as described in detail by Correia et al. (2016), using 18 cm pH 3-10 non-linear IPG strips 

(Bio-Rad) passively rehydrated with 600 µg of protein and 12.5% acrylamide gels, respectively. Gels were 

stained with CBB G-250 and digitized with a GS-800 imaging densitometer (Bio-Rad). Image and statistical 

analyses were performed with the SameSpots software v4.1 (TotalLab). All images were aligned to the 

reference gel image and spot detection, background subtraction, matching, normalization and quantification 
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was performed automatically by the software. Two experimental designs were set up to compare Se6 with 

Se20 and Se20 with Se20+CIP and significant fold-changes in protein spot intensity were automatically 

detected based on Anova p-value (< 0.01). A multivariate statistical analysis, including FDR, PCA, 

Correlation Analysis and Power Analysis was also performed automatically by the SameSpots software. 

 

3.4. Intracellular protein identification by LC-MS/MS 

All protein spots with statistically significant (p < 0.01) differential abundances were manually 

excised from the 2-DE gels, destained, dehydrated and trypsin digested (150 ng, Promega) as previously 

described (Correia et al. 2016). Peptides were extracted in an ultrasonic field and protein identification was 

performed by nano-LC (Ultimate 3000, ThermoFisher) coupled to ESI and MS/MS. Briefly, 8 μL of protein 

hydrolysate were injected into a concentration column (ThermoFisher) to retain peptides and eliminate 

contaminants. Peptides separated on a C18 RP column (15 cm length, 75 μm diameter; ThermoFisher) with 

a 28-min gradient of 4–55% ACN in 0.5% formic acid at a flow rate of 300 nL/min. The nano-HPLC 

was coupled via a nano-electrospray source to an ion trap mass spectrometer (LTQ velos, ThermoFisher) 

operating in top 5 mode, where each MS analysis was followed by 5 MS/MS analyses of the 5 major peaks. 

Proteome Discoverer v1.3 (Thermo Electron) was applied to process raw data and database interrogation 

was performed using Mascot v2.3 with precursor mass tolerance of 1.5 Da and fragment mass tolerance of 

0.5 Da. Two missed cleavage sites of trypsin were allowed and carbamidomethyl cysteine and oxidized 

methionine were searched as variable modifications. Protein identification was validated when at least 

two peptides originating from one protein showed significant (p < 0.05) identification Mascot scores. 

When several proteins were identified in a spot, only the most representative (> 50%) was taken into 

account. Interrogations were performed against a customized Salmonella Typhimurium database 

(UniProtKB, taxon identifier 90371) comprising 31,682 entries (Release 2015_08). 

 

3.5. Membrane protein identification by shotgun proteomics (LC-MS/MS) 

The membrane protein extracts (50 µg) for each Se6, Se20 and Se20+CIP strain were suspended 

in 100 mM ammonium bicarbonate pH 7.5. Proteins were reduced, alkylated and trypsin digested as 

previously described (Correia et al. 2016). Extracted peptides were purified and concentrated with Sep-

Pak C18 Plus Short cartridges (Waters) as described before (Correia et al. 2016) and then analysed by 

micro-LC-MS/MS using an Ultimate 3000 system (ThermoFisher) coupled to a Q-TOF Impact II with a 

CaptiveSpray ion source (Bruker Daltonics). One microliter of each peptide sample was loaded on a C18 

pre-column (300 μm inner diameter × 5 mm; ThermoFisher) at 30 μL/min in 97.9% H2O, 2% ACN and 

0.1% TFA. After 6 min of desalting, the pre-column was switched on line with the analytical C18 column 

(300 µm inner diameter × 15 cm, 2 µm; Acclaim C18 Pepmap RSLC) equilibrated in 96% solvent A 

(99.5% H2O, 0.5% formic acid) and 4% solvent B (80% ACN, 19.5% H2O, 0.5% formic acid). Peptides 

were eluted using a 4 to 50% gradient of solvent B during 100 min at a 10 µL/min flow rate. The eluate 
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was electrosprayed into the mass spectrometer through the CaptiveSpray ion source. The Q-TOF impact 

II was used in a CID mode to acquire a maximum number of MS/MS possible in three seconds after the 

full MS scans. Three biological replicates with two technical repeats each were analysed for each strain. 

At the end of each LC-MS/MS analysis, the raw files (.d) were loaded into the Progenesis LC-

MS software v4.1 (Nonlinear Dynamics) and label-free quantitation was performed using a proprietary 

workflow (alignment, peak picking, normalization, design set up, quantitation, and protein 

identification).  For data search, Mascot was used with uniprot-ref_salmonella_typhimurium database 

(4,521 sequences; 1,417,155 residues; release 2015_10). The following parameters were considered for 

the searches: 20 ppm peptide mass tolerance, 0.2 Da fragment mass tolerance and two missed cleavages 

allowed. Variable modifications were methionine oxidation and cysteine carbamidomethylation. Protein 

identification was considered valid if at least one peptide with a statistically significant Mascot 

percolator score was assigned it (Mascot percolator score > 13 for p-value 0.05 with a 1% FDR). 

Identification of proteins based on one peptide was accepted after checking the correct assignment of 

fragment ion matches (at least three consecutive fragments b/y, match peaks well above the background 

noise) (Theron et al. 2014). Identifications not satisfying these defined criteria were rejected. For label-

free quantitation, all unique validated peptides of an identified protein were included and the total 

cumulative abundance was calculated by summing the abundances of all peptides allocated to the 

respective protein. Statistical analysis was performed using the “between subject design” and p-values 

were calculated by a repeated measures ANOVA using the normalized abundances across all runs. 

 

3.6. RNA isolation and quantification 

Triplicate Se6, Se20 and Se20+CIP cultures, grown as described above for protein extraction, 

were used for RNA isolation using the TRIzol (Life Technologies) method, as described in detail by 

Correia et al. (2016). RNA quality and quantity were determined with a ND-1000 spectrophotometer 

(NanoDrop, Thermo Scientific) before performing two DNase treatments with a TURBO DNA-free™ 

Kit (Ambion), following the manufacturer’s instructions. A PCR with gene-specific primers was 

performed on the DNase-treated RNA to confirm the absence of genomic DNA contamination, and 

RNA quality and quantity were re-evaluated with NanoDrop and an Agilent 2100 Bioanalyzer 

Automated Analysis System (Agilent Technologies). RNA was stored at - 80 ºC. 

 

3.7. Quantitative real time PCR (qPCR) validation of proteomic data 

Five selected proteins (AAC(6')-Ib-cr4, GlmS, GrcA, OmpD and OmpX) were screened for 

changes in mRNA levels using qPCR (primers and conditions in Table 1). Total RNA was reverse-

transcribed to cDNA using a SuperScript Reverse Transcriptase kit (Invitrogen), as described before 

(Correia et al. 2016). qPCR was performed on an 7900HT Real-Time PCR System (Applied 

Biosystems) using Power SYBR Green PCR Master Mix 2X (Applied Biosystems) with 10 ng of cDNA 
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per reaction. Three replicates were analysed for each gene and samples without template cDNA were 

included as negative controls in all experiments. Data was normalized with two housekeeping genes, 

rsmC and gmk, and relative gene expression was determined by the comparative CT (ΔΔCT) method 

using the Applied Biosystems qPCR Analysis Software (Thermo Fisher Cloud). 

 

Table 1. Oligonucleotide qPCR primers and thermal cycling conditions. 

Gene name Protein name Primer sequence (5´- 3’) 

Final concentration 

(in 20 μL) 

Amplicon 

size 

gmk 5' guanylate kinase 
CCATGATTGGCAGGGAGG 

15 μM 87 bp 
GCACTTGCTCAATGGTTTCGC 

rsmC 16S ribosomal rRNA 
CCGACATCCAGCACTTTACC 

10 μM 99 bp 
GTTGCCGGGCGTATTCAG 

aac(6′)-Ib-cr4 
Aminoglycoside 6'-N-

acetyltransferase type Ib-cr 

CCAAGATCCAAACGGACCC 
10 μM 79 bp 

CCTTGCCTCTCAAACCCC 

glmS 
Glutamine-fructose-6-

phosphate aminotransferase 

GATGCGGGTTTCGTCAGC 
10 μM 93 bp 

CAGCGGAACGGTGTAGAAG 

grcA 
Autonomous glycyl radical 

cofactor 

CTGCGTCGTGAAACTCTGG 
10 μM 65 bp 

CGAATAGTCAGTTGCGGGT 

ompD 
Outer membrane porin protein 

OmpD 

CAGGTGAAAGCAGCGAGC 
10 μM 96 bp 

CGCCAGGTAGATGTTGTTCG 

ompX 
Outer membrane protease, 

receptor for phage OX2 

CGATTATGGCTTCTCCTATGG 
10 μM 96 bp 

ACGCTACGAATACGGCTC 

Thermal cycling conditions: 2 min at 50 ºC, 10 min at 95 °C and 15 s at 95 °C plus 1 min at 60 ºC for 40 cycles, with dissociation curve at the end. 

 

 

4. Results and Discussion 

In this comparative subproteomic study, a previously characterized S. Typhimurium DT104B clinical 

strain (Se20) (de Toro et al. 2010), which acquired quinolone resistance in vivo during ciprofloxacin 

treatment, was compared to its parental strain (Se6) recovered before treatment, and also to Se20 under 

ciprofloxacin stress (Se20+CIP). The ciprofloxacin MIC for Se6 and Se20 were 0.5 µg/mL and 16 µg/mL, 

respectively. Se6 presented intermediate resistance to nalidixic acid while Se20 was resistant to this 

quinolone and also to the fluoroquinolones ciprofloxacin and norfloxacin. Both strains showed resistance 

to streptomycin, tetracycline and sulphonamides and Se20 showed additional resistance to co-trimoxazole, 

trimethoprim and also to the aminoglycosides kanamycin, tobramycin and amikacin (de Toro et al. 2010). 

The most common mechanism of clinically significant quinolone resistance is due to mutations 

within the quinolone resistance-determining regions of the genes encoding the GyrA/GyrB and ParC/ParE 

subunits of the bacterial DNA gyrase and topoisomerase IV, respectively, which are the bacterial targets 

of quinolones (Aldred et al. 2014; Redgrave et al. 2014). These enzymes are essential for DNA replication 

and transcription and target-site gene mutations result in protein structure changes that lead to weakened 

quinolone-enzyme interactions (Aldred et al. 2014). The Se20 strain contains a Ser83Tyr amino acid 

substitution in GyrA, which is the primary target in Gram-negative bacteria. Target-site gene mutations 

are the most common mechanism of high-level fluoroquinolone resistance and although resistance is 
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largely attributed to double mutations in the gyrA gene, high-level resistance phenotypes have also been 

reported with single gyrA mutations (Hopkins et al. 2005; da Costa et al. 2015; Lin et al. 2015). However, 

quinolone resistance is known to be multifactorial and other strategies such as reduced membrane 

permeability, increased production of multidrug-resistance efflux pumps, modifying enzymes, and/or 

target-protection proteins are of major importance for the overall resistance (Redgrave et al. 2014). 

Hence, in order to give new evidences about the different resistance mechanisms involved, the 

proteomes of Se6, Se20 and Se20+CIP were compared at the intracellular and membrane levels by a 2-

DE∼LC-MS/MS and a shotgun LC-MS/MS approach, respectively. In the first comparative approach, 

Se6 vs. Se20, 10 out of the 12 protein spots with significant differential abundance that were excised 

from the intracellular subproteomes were positively identified (Figure 1A), representing 9 unique gene 

products. Of these, 7 proteins were more abundant in Se20 and only 2 showed to be more abundant in 

Se6 (Table 2). At the membrane level, a total of 5 differentially abundant proteins were identified 

between Se20 and Se6, all being more abundant in Se6 (Table 3). Ribonucleoprotein complex members 

such as the ribosomal protein family are significantly represented as bacteria do not have a distinct 

nucleus that separates DNA from ribosomes, so there is no barrier to immediate translation. Ribosomes 

are an important target for a wide variety of antibiotics. When comparing Se20 vs. Se20+CIP, a total of 

155 protein spots with significant differential abundance were excised from the intracellular 

subproteomes and 128 were positively identified (Figure 1B). These included 82 unique proteins of 

which 49 were more abundant in Se20 and 33 more abundant under ciprofloxacin stress (Table 4). At 

the membrane level, a total of 9 differentially abundant proteins were identified between Se20 and 

Se20+CIP, 4 being more abundant in Se20 and 5 more abundant under antibiotic stress (Table 5). 

One of the most concerning resistance mechanisms are the ones that are plasmid-encoded, due to 

their easy transfer to other organisms, within and between species. Plasmid-mediated quinolone resistance 

(PMQR) genes alone are usually only responsible for low-level resistance. However, their presence 

favours the selection of additional resistance mechanisms, leading to higher resistance levels (Aldred et al. 

2014; Jacoby et al. 2014). Both the Se6 and Se20 strains harbour the qnrS1 PMQR gene (de Toro et al. 

2010), which encodes a target protection protein that binds to DNA gyrase and topoisomerase IV, 

inhibiting quinolones from entering the DNA-enzyme cleavage complexes (Aldred et al. 2014; Jacoby et 

al. 2014). Se20 also harbours the PMQR gene aac(6′)-Ib-cr4 (de Toro et al. 2010) encoding a bifunctional 

variant of a common aminoglycoside acetyltransferase which not only reduces the activity of 

aminoglycoside antimicrobials such as amikacin, kanamycin and tobramycin, but is also able to acetylate 

fluoroquinolones with an amino nitrogen on the piperazinyl ring, such as ciprofloxacin and norfloxacin 

(de Toro et al. 2010; Jacoby et al. 2014). The AAC(6')-Ib-cr4 protein was identified in this study as more 

abundant in the Se20 strain (Table 2, spots 2769 and 2813). The presence of this protein can therefore be 

responsible not only for the fluoroquinolone resistance but also for the aminoglycoside resistance 

phenotype showed by Se20. Under ciprofloxacin stress, the AAC(6')-Ib-cr4 protein showed significant 
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differential abundance only in spot 2813 (Table 3). At the transcript level, there was no aac(6′)-Ib-cr4 

amplification in Se6 and no significant differential expression between Se20 and Se20+CIP. 

Since fluoroquinolones have intracellular targets, a major determinant of fluoroquinolone efficacy 

in Gram-negative bacteria such as Salmonella spp. is their capability to overcome the outer membrane 

barrier and enter the cell (Aldred et al. 2014; Redgrave et al. 2014). The intracellular fluoroquinolone 

concentration is regulated through both diffusion-mediated uptake and pump-mediated efflux 

(Fernandez & Hancock 2012; Aldred et al. 2014; Redgrave et al. 2014). Due to the small and hydrophilic 

nature of fluoroquinolones such as ciprofloxacin, their major way to enter the cell is by passive diffusion 

through pore complexes formed by outer membrane proteins (OMPs) (Dupont et al. 2007; Pagès et al. 

2008; Delcour 2009; Fernandez & Hancock 2012). Hence, mutations resulting in either the loss, 

downregulation or in a modification of the size or conductance of these porin channels, will result in a 

limited, considerably slower diffusion of fluoroquinolones and other small hydrophilic antibiotics into 

the cell and substantially impact bacterial resistance to these dugs (Dupont et al. 2007; Pagès et al. 2008; 

Fernandez & Hancock 2012; Aldred et al. 2014). In this study we observed that the porins OmpD and 

OmpX were significantly less abundant in Se20+CIP and these results were also confirmed at the 

transcript level. OmpD was identified in both the intracellular (Table 4, spot 2624) and membrane (Table 

5) subproteomes and the reduced or loss of expression of OmpD has been implied in increased resistance 

to quinolones and other antibiotics (Correia et al. 2016). OmpX was identified only at the membrane 

level (Table 5). This porin is generally described as upregulated upon antibiotic stress (Dupont et al. 

2007), yet this was not the case in this study. OmpX is considered a downregulator of porin expression 

leading to decreased membrane permeability and increased resistance to several antibiotics, including 

fluoroquinolones (Dupont et al. 2007; Fernandez & Hancock 2012; Correia et al. 2016). Nevertheless, 

OmpX is known to be involved in a complex regulatory network and its role in the modulation of outer 

membrane permeability and adaptability is still not fully elucidated (Dupont et al. 2007; Fernandez & 

Hancock 2012). Resistance is not exclusively the result of a single altered protein, but rather a 

comprehensive and concerted metabolic process, as indicated by the proteome adjustments. Hence, the 

distinct behaviour of OmpX in response to ciprofloxacin stress in this study may provide new insights 

about the role of this porin in antibiotic resistance. 

Other important feature in drug resistance that can be or not associated with porin downregulation 

in reducing membrane permeability is the alteration of the outer membrane organization (Delcour 2009; 

Correia et al. 2016). Since fluoroquinolones can use both a porin- and a lipid-mediated pathway to enter 

bacterial cells, depending on its protonated status, lipopolysaccharide (LPS) structure modifications have 

been reported to be involved in bacterial resistance to these and other antibiotics (Delcour 2009). In this 

study, two proteins involved in LPS lipid A biosynthesis, GlmS and GlmU (Table 4, spots 312/2276/2462 

and 498, respectively), were significantly more abundant in the intracellular subproteome of Se20 under 

ciprofloxacin stress. The high abundance of these proteins in Se20+CIP is expected as a higher content in 
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LPS Lipid A leads to a decreased permeability and therefore to a higher drug resistance (Nanduri et al. 

2008; Delcour 2009). GlmU catalyses the last two reactions in the pathway for uridine diphosphate N-

acetylglucosamine (UDP-GlcNAc) biosynthesis and GlmS catalyses the first step. Due to the importance 

of this intermediate in LPS and peptidoglycan formation, and therefore in cell wall integrity and bacterial 

survival, both GlmU and GlmS have been recognized and explored as important bacterial targets for the 

development of new drugs (Kalamorz et al. 2007; Mehra et al. 2015).  

By acting in an opposing way as diffusion-mediated uptake, as mentioned before, pump-mediated 

drug efflux is also important in regulating fluoroquinolone intracellular concentration (Aldred et al. 2014). 

In response to the antibiotic insult, multidrug resistance efflux pumps are expected to be overexpressed in 

resistant strains in order to extrude the antibiotic from the cell before it reaches harmful intracellular 

concentrations (Hernandez et al. 2011). Transporters belonging to four families of multidrug resistance 

systems are capable of extruding quinolones (Hernandez et al. 2011). In this study, several members of the 

ATP binding cassette (ABC) family were identified (ArtI, FliY, GlnH, GsiB, LsrB, MalE, ModA, MppA, 

PstS, RbsB and UgpB), although all showed to be less abundant under ciprofloxacin stress (Table 4). The 

fact that all of these proteins are periplasmic substrate-binding proteins of ABC importers and not exporters 

might explain the decreased abundance of these proteins in Se20+CIP. In several naturally occurring 

systems, antibiotics are synthesized attached to a peptide which directs their entry into the cell via a peptide 

transporter. For instance, ABC importers such as the OppA system have the ability to bind a broad variety 

of peptide substrates which might suggest their exploitation as active uptake systems for the delivery of 

novel antimicrobials into the bacterial cell (Garmory & Titball 2004). Nevertheless, the association of 

some ABC transporters with virulence or host survival, their external location in the cell envelope, and the 

fact that mammalian host cells lack ABC import systems also make these systems perfect targets for the 

development of new drugs (Garmory & Titball 2004). Also, some of these differentially abundant proteins 

are involved in bacterial signaling, as it is the case of MppA and the autoinducer-2 (AI-2) receptors RbsB 

and LsrB (Payne & Marshall 2003; Pereira et al. 2013). Null mutations in mppA have been reported to 

confer increased resistance to a wide spectrum of antibiotics and the absence of MppA leads to the multiple 

antibiotic resistance phenotype (Payne & Marshall 2003). AI-2 is a signal molecule involved in quorum 

sensing, an interspecies communication system which due to its pivotal role in the pathogenesis 

(virulence expression) and resistance (biofilm formation) of significant human pathogens, has also been 

regarded with great interest as a potential target for the development of new anti-infective therapies 

(Guo et al 2013; Pereira et al. 2013). Biofilm-bacterial growth, estimated to occur in 80% of microbial 

infections, is known to enhance resistance to antimicrobial agents (Brackman & Coenye 2015).  Hence, 

small molecules targeting either the AI-2 synthases (such as LuxS) or AI-2 receptors (such as LsrB and 

LsrR or RbsB) have been proved valuable in modulating bacterial behavior, having promising clinical 

applications as antibiofilm agents in the treatment of both Gram-negative and Gram-positive bacterial 

infections (Guo et al 2013; Pereira et al. 2013; Brackman & Coenye 2015). 
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Recently, a tight link between bacterial metabolism and antibiotic resistance has been proved and has 

become a subject of great interest considering the actual antibiotic resistance crisis (Martinez & Rojo 2011). 

Changes in bacterial metabolism can affect bacterial antibiotic susceptibility and therefore global regulators 

of bacterial metabolism might modulate the expression of antibiotic resistance determinants in bacteria 

(Martinez & Rojo 2011). In this study, the histone-like protein H-NS, a global regulator that modulates 

several cellular processes including virulence, mutation rate, stress responses, motility, cell envelope 

biosynthesis and metabolism, was identified as significantly less abundant in Se20+CIP (Table 4, spot 3103). 

H-NS has been proved to simultaneously modulate metabolism, virulence and antibiotic resistance in 

Enterobacteriaceae, specifically in S. Typhimurium by regulating the expression of MDR efflux pumps 

(Martinez & Rojo 2011). Moreover, due to their central role in regulating diverse adaptation processes, two-

component signal transduction systems are instrumental in the regulation of both virulence and antibiotic 

resistance (Martinez & Rojo 2011; Correia et al. 2016). Here, five proteins belonging to two-component 

systems were identified, being four (CheB, PhoP, PstS and DegP) less abundant in the intracellular 

subproteome of Se20+CIP (Table 4) and one (Tar) more abundant in the membrane subproteome (Table 5). 

 

5. Concluding remarks  

In this comparative subproteomic approach, a great number of differentially abundant proteins were 

identified between a S. Typhimurium DT104B clinical strain with in vivo acquired quinolone resistance 

(Se20) and its pre-treatment parental strain (Se6), and also under ciprofloxacin stress (Se20+CIP). These 

proteomic signatures provide crucial information about mechanism-related differential protein 

expression and give new evidences on the nature of the physiological disturbance caused by the 

antibiotic, which might lead to new testable hypotheses on the mechanism of action of quinolone drugs. 

Also, these approaches improve the current knowledge of the crosstalk between bacterial metabolism 

and antibiotic resistance, being useful to either propose new strategies for treating infections with 

existing drugs or to develop new ones using antivirulence-antiresistance approaches by finding global 

regulators that simultaneously modulate bacterial metabolism, virulence and antibiotic resistance. 
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Figure 1. Representative 2-DE gels with the protein spots identified by LC-MS/MS with significant 

differential abundance between the intracellular subproteomes of the Salmonella Typhimurium DT104B 

strains. (A) The protein spots more abundant in Se6 are represented on top and the more abundant in Se20 

are shown on the bottom. (B) The protein spots more abundant in Se20 grown without ciprofloxacin stress 

are represented on top and the more abundant in Se20 grown with 32 µg/mL of ciprofloxacin are shown on 

the bottom.  
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Table 2. Proteins identified by LC-MS/MS with significant differential abundance between the intracellular subproteomes of the S. Typhimurium DT104B Se6 and 

Se20 strains. 
 

Accession 

Number a) Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI 

GO Biological 

process  

GO Cellular 

component b) 

Spot 

No. % c) 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

Highest 

mean 

condition 

K4I0G8 Aminoglycoside 6'-N-

acetyltransferase type 

Ib-cr, AAC(6')-Ib-cr4  

aac(6')-

Ib-cr4  

225 25.0 5.49 metabolism - 2769 89.5 10 117 53.78 4812 1.94E-06 5.8 Se20 

2813 58.5 10 91 53.78 3691 4.00E-05 3.1 Se20 

P0A2C9 3-oxoacyl-[acyl- 

carrier-protein] 

reductase FabG  

fabG  244 25.5 7.20 fatty acid 

elongation; 

oxidation-

reduction 

process  

CYT 1231 53.5 10 35 60.25 1096 9.69E-05 1.8 Se20 

P0A1P0 Glyceraldehyde-3-

phosphate 

dehydrogenase  

gapA; 

gap 

331 35.6 6.80 glucose 

metabolism; 

glycolytic 

process; 

oxidation-

reduction 

process 

CYT 823 56.0 11 36 48.64 1509 0.00031 2.1 Se20 

P19576 Maltose-binding 

periplasmic protein 

malE  396 43.1 6.67 carbohydrate 

transport; 

maltose transport 

PS 2497 69.8 26 236 77.02 9547 0.00033 1.3 Se6 

Q8ZQR7  Molybdate transporter modA  257 27.5 7.06 molybdate ion 

transport 

OM-PS 1209 100 16 130 71.98 72 0.00010 1.6 Se6 

A0A0D6GMB9  N-acetylneuraminic  

acid mutarotase 

nanM  382 42.0 8.94 carbohydrate 

metabolism 

PS 822 67.2 15 49 68.59 2214 0.00059 2.1 Se20 

Q8L220 SogS transfer protein  sogS  844 92.3 4.67 - - 2531 51.4 32 81 54.38 2911 2.16E-06 3.2 Se20 

G2HK75 Molybdopterin- 

guanine dinucleotide 

biosynthesis protein 

MobC 

yggA 111 12.4 9.36 - - 2030 100 8 55 53.15 1922 1.41E-07 3.6 Se20 

Q7CPD8 UPF0438 protein  

YifE  

yifE  112 13.1 6.70 - CYT 2516 91.5 4 10 46.43 268 0.00019 3.5 Se20 

a) Underlined accession numbers represent active S. Typhimurium UniProtKB entries replacing the original accessions that became obsolete and deleted from UniProtKB by the time of manuscript submission. 

b) CYT cytoplasm; OM-PS outer membrane-bounded periplasmic space; PS, periplasmic space. 

c) Relative abundance of the referred protein in the spot. Calculated based on the Mascot emPAI (Exponentially Modified Protein Abundance Index) value, which offers an approximate, label-free, relative quantitation 

of the proteins in a mixture based on protein coverage by the peptide matches in a database search result (Ishihama et al. 2005). The percentage value is obtained by normalizing each individual emPAI value by the 

sum of the emPAI values in the sample (% = (emPAI / Σ emPAI)*100). 
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Table 3. Proteins identified by shotgun LC-MS/MS with significant differential abundance between the membrane subproteomes of the S. Typhimurium DT104B 

Se6 and Se20 strains. 

 

Accession 

Number Protein Description 

Gene 

name(s) 

No. 

AAs GO Biological Process 

GO Cellular 

Component a) 

Peptide 

count 

Unique 

peptides 

Confidence 

score 

Anova 

p-value 

Max fold 

change 

Highest mean 

condition 

Q7CPE2 ATP synthase subunit beta  atpD  460 ATP hydrolysis coupled proton 

transport; ATP synthesis coupled 

proton transport 

ATPase-F1;  

PM 

2 2 134 0.00649 5.13 Se6 

P0A2A3 50S ribosomal protein L1  rplA  234 regulation of translation 50S 3 3 81 0.00267 7.26 Se6 

P60446 50S ribosomal protein L3  rplC  209 translation ribosome 4 4 173 0.02096 15.10 Se6 

P61179 50S ribosomal protein L22  rplV  110 translation 50S-CYT 2 2 58 0.02454 4.09 Se6 

P0CL47 Cell invasion protein SipC  sipC; sspC  409 pathogenesis EC 2 2 181 0.03253 11.98 Se6 

a) ATPase-F1, proton-transporting ATP synthase complex, catalytic core F(1); EC extracellular; PM, plasma membrane; 50S large ribosomal subunit; 50S-CYT cytosolic large ribosomal subunit. 

 
 
 

Table 4. Proteins identified by LC-MS/MS with significant differential abundance between the intracellular subproteomes of the S. Typhimurium DT104B Se20 

strain grown with and without ciprofloxacin stress. 
 

Accession 

Number 
a)

 Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI 

GO Biological  

process 
b)

 

GO Cellular 

component 
b)

 
Spot 

No. % 
c)

 
No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

Highest 

mean 

condition 

K4I0G8 Aminoglycoside 6'-N-

acetyltransferase type 

Ib-cr, AAC(6')-Ib-cr4  

aac(6')-

Ib-cr4  

225 25.0 5.49 metabolic process - 2813 58.5 10 91 53.78 3691 0.00125 1.5 Se20 

Q7CQ41 Acetyl-coenzyme A 

carboxylase carboxyl 

transferase subunit beta 

accD  304 33.2 7.69 fatty acid biosynthesis; 

malonyl-CoA 

biosynthesis 

ACCase 

complex;  

CYT 

989 54.5 10 58 43.42 1816 0.00017 1.8 Se20+CIP 

O33921 Glucose-1- 

phosphatase  

agp  413 45.5 7.08 metabolic process; 

protein 

dephosphorylation 

PS 718 55.2 14 72 54.48 2884 0.00021 2.2 Se20 

Q7CPT7 Periplasmic L-

asparaginase II 

ansB; 

ansB_1 

348 36.9 6.25 asparagine metabolism - 996 55.5 15 110 56.61 5346 0.00161 1.9 Se20 

1011 59.8 16 312 55.75 15301 0.00124 1.8 Se20 

2119 79.3 12 122 52.01 4970 3.02E-05 1.5 Se20 

A0A0J0VT51 Arginine ABC 

transporter ATP-

binding protein 

artI 243 27.0 7.90 transport; ionotropic 

glutamate receptor 

signaling pathway 

OM-PS 2800 100 13 56 58.02 2442 5.75E-06 1.7 Se20 
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Q7CPE1 ATP synthase subunit 

alpha  

atpA  513 55.1 6.00 ATP hydrolysis 

coupled proton 

transport; ATP 

synthesis coupled 

proton transport  

ATPase-F1 509 93.1 25 534 57.12 21848 1.81E-05 1.7 Se20+CIP 

511 72.5 22 321 55.75 13093 1.21E-05 1.7 Se20+CIP 

P0A1B7 ATP synthase epsilon 

chain  

atpC  139 15.1 6.28 ATP synthesis 

coupled proton 

transport 

ATPase-F1 1623 100 5 42 76.98 1625 1.68E-05 2.0 Se20+CIP 

1625 100 3 21 33.81 816 6.13E-05 1.7 Se20+CIP 

Q8ZKW8 ATP synthase gamma 

chain  

atpG  287 31.5 8.92 ATP synthesis 

coupled proton 

transport 

ATPase-F1 1086 100 16 54 47.04 1854 0.00042 1.9 Se20+CIP 

1090 100 22 147 79.79 4415 5.83E-08 2.2 Se20+CIP 

1091 100 11 44 33.80 1582 8.65E-06 1.9 Se20+CIP 

P04042 Chemotaxis response 

regulator protein-

glutamate 

methylesterase  

cheB  349 37.5 8.41 chemotaxis; 

phosphorelay signal 

transduction system  

CYT  3080 92.3 15 43 56.45 1722 0.00093 1.9 Se20 

P0A9Y2 Cold shock protein 

CspA  

cspA  70 7.4 5.95 regulation of 

transcription, DNA-

templated 

CYT 1779 100 5 39 67.14 1269 2.00E-05 2.7 Se20+CIP 

P0A9Y9 Cold shock-like  

protein CspC  

cspC  69 7.4 7.24 regulation of 

transcription, DNA-

templated 

CYT 1763 56.9 4 24 78.26 925 0.00104 2.2 Se20 

1765 80.6 5 100 78.26 4193 1.43E-05 1.7 Se20 

P0A2G9 Cobalt-precorrin-4 

C(11)-methyltransferase 

cbiF  257 28.4 6.40 cobalamin biosynthesis; 

porphyrin biosynthesis 

- 1156 59.9 10 54 47.47 2019 1.19E-05 3.0 Se20 

P26982 Periplasmic serine 

endoprotease DegP  

degP; 

htrA; ptd 

475 49.3 8.78 misfolded or 

incompletely 

synthesized protein 

catabolism; protein 

folding; proteolysis; 

response to oxidative 

stress; response to 

temperature stimulus  

OM-PS;  

PM 
632 62.2 19 81 58.11 3594 0.00022 1.7 Se20 

637 78.9 20 91 58.74 40803 0.00028 2.5 Se20 

639 100 20 141 58.74 6302 1.79E-06 2.3 Se20 

P0A2C9 3-oxoacyl-[acyl- 

carrier-protein] 

reductase FabG  

fabG  244 25.5 7.20 fatty acid elongation; 

oxidation-reduction 

process  

CYT 1234 57.5 9 40 57.38 1640 1.69E-05 3.3 Se20+CIP 

1269 71.1 9 34 57.38 1272 2.82E-06 2.8 Se20+CIP 

H9L419 Putative periplasmic 

binding transport 

protein 

fliY 266 28.8 8.84 transport; ionotropic 

glutamate receptor 

signaling pathway 

MEM 2431 81.8 22 102 69.17 3497 2.14E-05 2.7 Se20 
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P0A1P0 Glyceraldehyde-3-

phosphate 

dehydrogenase  

gapA;  

gap 

331 35.6 6.80 glucose metabolism; 

glycolytic process; 

oxidation-reduction 

process 

CYT 823 56.0 11 36 48.64 1509 0.00117 2.7 Se20 

939 90.1 18 219 71.60 9195 0.00010 2.4 Se20 

1012 100 21 249 64.35 10285 5.08E-05 1.8 Se20 

1017 89.1 18 186 63.44 7999 0.00011 1.6 Se20 

2116 57.2 14 102 53.78 4075 0.00160 1.9 Se20 

2156 57.7 15 58 60.73 2317 0.00101 2.0 Se20 

2438 100 15 86 54.98 3608 0.00084 2.6 Se20 

929 79.4 22 232 74.92 9215 0.00048 1.5 Se20 

931 100 29 328 79.76 12627 0.00021 1.3 Se20 

932 100 17 223 60.73 8876 7.70E-05 1.6 Se20 

Q8ZKX1 

 

 

 

Glutamine-fructose- 

6-phosphate 

aminotransferase 

[isomerizing]  

glmS  609 66.8 5.87 Fructose-6-phosphate 

metabolism; glutamine 

metabolism; protein N-

linked glycosylation; 

UDP-GlcNAc 

metabolism 

CYT 

 

 

312 70.5 33 367 69.95 15649 0.00023 1.9 Se20+CIP 

2276 100 38 284 62.07 12752 0.00021 2.7 Se20+CIP 

2462 100 36 271 61.08 11810 4.84E-05 4.0 Se20+CIP 

Q8ZKX0 Bifunctional protein 

GlmU  

glmU  456 49.2 6.71 UDP-GlcNAc 

biosynthesis; 

peptidoglycan 

biosynthesis; LPS lipid 

A biosynthesis; 

regulation of cell shape; 

cell wall organization; 

cell morphogenesis 

CYT 498 59.8 15 89 45.39 3264 0.00019 1.8 Se20+CIP 

Q7CQW0  Glutamine high- 

affinity transporter  

glnH  248 27.2 8.51 transport; ionotropic 

glutamate receptor 

signaling pathway 

MEM 1220 63.6 11 51 60.89 2029 1.81E-05 2.2 Se20 

1225 100 15 69 62.50 2878 0.00011 2.2 Se20 

Q8ZLH4 Glycerol-3-phosphate 

dehydrogenase  

(GPDH)   

glpD  502 56.9 6.96 glycerol-3-phosphate  

metabolism; oxidation-

reduction process 

GPDH 

complex   
503 100 31 203 63.94 7956 0.00015 1.7 Se20+CIP 

Q8ZNG7 Periplasmic 

glycerophosphodiester 

phosphodiesterase 

glpQ  356 40.4 6.05 glycerol metabolism; 

lipid metabolism 

- 851 100 22 152 76.97 6321 3.46E-06 1.9 Se20 

854 100 14 103 57.87 3986 6.58E-06 1.7 Se20 

3156 100 14 57 57.02 2366 1.94E-05 1.8 Se20 

Q7CQ05 Autonomous glycyl 

radical cofactor  

grcA  127 14.3 5.17 threonine catabolism CYT 1637 100 9 81 70.08 3148 5.81E-07 7.0 Se20 

1734 100 7 76 55.12 2879 7.69E-08 1.9 Se20 

1743 79.8 9 60 66.93 2493 0.00017 1.9 Se20 

2088 100 10 67 77.95 2765 2.39E-05 2.7 Se20 
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P0A1D5 10 kDa chaperonin  groS; 

groES; 

mopB  

97 10.3 5.50 protein folding CYT 1574 87.4 5 44 65.98 1627 0.00046 1.4 Se20+CIP 

2108 100 10 115 79.38 4598 0.00091 1.5 Se20+CIP 

2114 71.2 7 68 77.32 2606 2.21E-05 2.0 Se20+CIP 

Q7CQR3 Glutaredoxin 2 grxB 215 24.4 7.99 glutathione metabolism; 

cell redox homeostasis; 

oxidation-reduction 

process 

CYT 1221 86.1 16 125 76.74 4450 4.58E-05 2.4 Se20 

Q8ZQM3 Glutathione-binding 

protein GsiB 

gsiB 512 56.5 8.60 transmembrane 

transport  

ABC;  

OM-PS 
543 100 12 29 34.18 923 7.34E-05 2.2 Se20 

544 100 20 68 50.00 2614 1.49E-06 3.0 Se20 

Q8ZPM7 Glutathione S-

transferase  

gst 201 22.4 6.55 glutathione  

metabolism 

CYT 1413 100 11 64 56.22 2549 8.91E-06 3.5 Se20 

K4I2Q8 Hypothetical 

macrophage 

stimulating factor  

- 183 20.6 6.95 - - 1258 74.0 10 46 66.67 1487 1.47E-06 1.6 Se20+CIP 

P0A1S2 DNA-binding protein 

H-NS  

hns; 

hnsA; 

osmZ 

137 15.5 5.29 regulation of 

transcription, DNA-

templated 

IC  3103 68.3 9 159 63.50 4813 0.00137 1.6 Se20 

O33799 Hypoxanthine phos-

phorribosyltransferase  

hpt  178 20.1 5.11 IMP salvage CYT 3187 77.7 10 59 64.61 2630 0.00102 1.8 Se20+CIP 

P0A1G0 Protein ImpC  impC 82 9.5 5.45 DNA repair; DNA 

damage response 

- 2080 62.3 4 33 57.32 1149 0.00027 2.6 Se20+CIP 

Q8ZNZ7  Putative IclR family 

transcriptional 

repressor 

kdgR 263 29.8 5.33 downregulation of 

transcription, DNA-

templated 

- 2615 58.5 15 69 69.96 2694 5.73E-05 1.5 Se20 

Q8ZKQ1 Autoinducer 2- 

binding protein LsrB 

lsrB 340 36.8 6.93 carbohydrate transport ABC 3095 53.0 14 126 63.53 4371 8.88E-08 4.4 Se20 

P19576 Maltose-binding 

periplasmic protein 

malE  396 43.1 6.67 maltose transport PS 794 100 34 301 81.57 12242 2.84E-07 2.5 Se20 

800 84.0 24 174 74.24 6931 0.00015 1.8 Se20 

P26478 Maltose operon 

periplasmic protein  

malM  305 31.8 8.97 carbohydrate transport  PS 1053 62.3 11 70 42.30 2680 2.71E-07 3.6 Se20 

Q8ZP03 Mannose-specific 

enzyme IIAB 

manX; 

ptsL; 

gptB 

322 35.0 6.09 PTS system; 

carbohydrate 

transmembrane 

transport 

CYT;  

I-MEM 
972 57.7 16 92 67.62 3890 3.70E-05 1.9 Se20 

2991 94.8 20 214 77.64 8797 0.00022 1.6 Se20 

Q8ZQR7  Molybdate transporter  modA  257 27.5 7.06 molybdate ion transport OM-PS 1209 100 16 130 71.98 5211 0.00177 1.6 Se20 
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Q8ZP68 Periplasmic murein 

tripeptide transport 

protein 

mppA; 

oppA 

537 59.8 7.91 peptide transport; 

transmembrane 

transport  

ABC;  

OM-PS 
2096 78.4 17 61 45.07 2406 0.00149 1.9 Se20 

Q8ZL67 Mannitol-1-phosphate 

5-dehydrogenase  

mtlD  382 40.9 5.94 mannitol catabolism; 

oxidation-reduction 

process 

CYT 728 74.9 17 96 66.23 3744 0.00118 1.8 Se20+CIP 

A0A0D6GMB9  N-acetylneuraminic 

acid mutarotase  

nanM  382 42.0 8.94 carbohydrate 

metabolism 

PS 822 67.2 15 49 68.59 2214 0.00022 3.2 Se20 

D0ZXQ1 Outer membrane porin 

protein OmpD  

ompD; 

nmpC 

362 39.7 4.87 ion transmembrane 

transport 

OM;  

pore  
2624 67.8 17 172 70.44 7472 0.00010 1.7 Se20 

Q7CP68  Hyperosmotically 

inducible periplasmic 

protein 

osmY 205 21.436

073 

6.09 transport; response to 

osmotic stress 

I-MEM 2097 59.8 11 131 57.56 5841 1.47E-05 2.3 Se20 

Q7CPJ9  PanD maturation  

factor  

panM; 

yhhK 

127 14.5 6.80 pantothenate 

biosynthesis; zymogen 

activation 

_ 1622 84.0 7 86 76.38 3923 0.00073 2.0 Se20+CIP 

E1WFA1 Virulence 

transcriptional 

regulatory protein 

PhoP  

phoP  224 25.6 5.49 pathogenesis; 

phosphorrelay signal 

transduction system; 

growth regulation; 

regulation of 

transcription, DNA-

templated 

CYT 1162 88.8 12 117 79.91 4243 6.34E-06 1.8 Se20 

2081 95.1 15 289 87.50 12141 4.90E-06 1.7 Se20 

Q7CPK9 Phosphoribulokinase  prkB 289 32.4 6.60 carbohydrate 

metabolism; UMP 

biosynthesis; pyrimidine 

nucleoside salvage 

CYT 1033 66.4 12 91 68.17 3606 0.00075 1.7 Se20 

Q8ZKX5  Phosphate-binding 

protein PstS 

pstS 346 36.8 8.88 phosphate ion 

transmembrane 

transport; cellular 

response to phosphate 

starvation 

ABC 916 100 19 173 63.58 7000 0.00120 1.4 Se20 

P0A2C5 D-ribose-binding 

periplasmic protein  

rbsB;  

rbsP 

296 30.9 8.62 carbohydrate transport; 

chemotaxis 

PS;  

I-MEM 
2172 100 15 253 68.24 8256 0.00157 1.5 Se20 

A0A0D6GRR0 Putative prophage 

protein 

- 89 10.4 7.24 - - 1738 100 5 19 57.30 706 0.00010 2.2 Se20 
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P65977 Protein RecA  recA  353 37.9 5.17 SOS response; DNA 

recombinase assembly; 

chemoattraction; mitotic 

recombination; strand 

invasion; response to 

ionizing radiation 

upregulation of receptor 

clustering; regulation of 

bacterial-type flagellum-

dependent cell motility;  

CYT 848 80.9 14 209 64.59 8562 2.48E-05 2.2 Se20+CIP 

Q8ZRD4  Riboflavin 

biosynthesis protein 

RibD  

ribD  367 39.7 8.07 riboflavin biosynthesis; 

oxidation-reduction pro-

cess; RNA modification 

CYT 917 80.8 14 77 62.40 2677 7.25E-05 2.3 Se20 

P66038 6,7-dimethyl-8-ribityl-

lumazine synthase  

ribH  156 16.0 5.24 riboflavin biosynthesis CYT  2087 60.2 7 71 56.41 3322 0.00019 2.2 Se20 

P66692 Ribose-5-phosphate 

isomerase A  

rpiA  219 22.9 5.25 pentose-phosphate shunt, 

non-oxidative branch 

- 1238 57.5 7 64 57.99 2646 3.64E-05 1.6 Se20 

P62405 50S ribosomal protein 

L5  

rplE  179 20.3 9.39 ribosomal large subunit 

assembly; translation  

50S-CYT 2923 100 13 88 68.72 3660 7.69E-05 3.4 Se20+CIP 

Q8ZK80 50S ribosomal protein 

L9  

rplI  149 15.8 7.40 translation  50S-CYT 1575 100 9 105 63.76 4719 0.00018 1.7 Se20+CIP 

2854 92.0 15 198 79.87 6472 0.00087 1.7 Se20+CIP 

P0A297 50S ribosomal protein 

L10  

rplJ  165 17.8 8.98 regulation of translation; 

ribosome biogenesis   

ribosome 1050 100 6 31 50.91 1185 0.00025 2.4 Se20+CIP 

2872 66.6 7 103 55.15 3385 2.34E-05 1.7 Se20+CIP 

P66541 30S ribosomal protein 

S2  

rpsB  241 26.7 7.14 translation 30S 1079 100 14 89 61.83 3205 0.00143 1.4 Se20+CIP 

O54297 30S ribosomal protein 

S4  

rpsD  206 23.5 10.02 upregulation of 

translational fidelity; 

response to antibiotic 

30S 829 100 9 35 50.97 1057 0.00058 2.1 Se20+CIP 

P66593 30S ribosomal protein 

S6  

rpsF  131 15.2 5.39 translation  30S-CYT 2375 89.9 8 77 74.05 2625 6.75E-06 2.1 Se20+CIP 

P0A7X0 30S ribosomal protein 

S8  
rpsH  130 14.1 9.42 translation  ribosome 2139 69.1 7 36 48.46 1598 7.63E-05 2.4 Se20+CIP 

P66643 30S ribosomal protein 

S9  

rpsI  130 14.8 10.95 translation;  

maturation of SSU-

rRNA from tricistronic 

rRNA transcript 

30S-CYT 1550 100 7 57 45.38 1867 0.00056 2.4 Se20+CIP 
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C7FHN1 Dihydropteroate 

synthase  

sul2,  

sulII 

271 28.5 6.38 folate biosynthesis; 

tetrahydrofolate 

biosynthesis  

- 1108 52.9 16 163 85.24 7591 0.00020 1.8 Se20+CIP 

P43019 Superoxide dismutase 

[Mn]  

sodA  206 23.1 6.96 removal of O2-; 

oxidation-reduction 

process 

CYT 1280 70.1 10 79 58.74 2970 1.79E-07 2.8 Se20+CIP 

1292 76.7 12 101 63.59 3213 8.64E-08 2.4 Se20+CIP 

2458 87.5 13 93 65.05 3348 6.62E-07 2.9 Se20+CIP 

P0A2F4 Superoxide dismutase 

[Fe]  

sodB  193 21.3 5.95 removal of O2-; 

oxidation-reduction 

process 

CYT 1317 67.1 9 79 73.06 2837 4.40E-05 1.8 Se20 

3213 58.0 9 96 73.58 3370 0.00144 1.7 Se20 

Q8L220 SogS transfer protein  sogS 844 92.3 4.67 - - 2531 51.4 32 81 54.38 2911 0.00033 3.0 Se20 

P0CL47 Cell invasion protein 

SipC  

sipC; 

sspC 

409 43.0 8.87 pathogenesis  EC 770 76.1 24 147 77.02 5783 1.89E-05 1.9 Se20 

2415 89.4 21 146 77.02 5835 0.00035 2.0 Se20 

2416 100 19 65 69.93 2430 0.00068 1.9 Se20 

P0A2F6  Single-stranded DNA-

binding protein 1 

ssb 176 19.1 5.58 DNA recombination; 

DNA repair; DNA 

replication; DNA 

damage response 

- 2079 100 11 308 58.52 13360 0.00028 1.7 Se20+CIP 

Q8ZQ40 

 

NAD(P)H 

dehydrogenase 

(quinone)  

STM1119: 

wraB; 

wrbA 

198 20.9 6.16 downregulation of 

transcription, DNA-

templated; oxidation-

reduction process 

PM  1270 57.5 11 64 70.20 2220 4.72E-05 1.5 Se20 

2830 100 12 139 70.20 5276 7.77E-09 2.4 Se20 

P66955 Transaldolase B  talB  317 35.1 5.22 carbohydrate 

metabolism; pentose-

phosphate shunt 

CYT 935 58.7 18 104 66.56 4022 0.00149 1.8 Se20 

Q8ZMA6 Putative aldo/keto 

reductase 

tas  346 38.6 7.15 oxidation-reduction 

process 

- 857 58.8 10 47 35.55 1800 0.00198 1.5 Se20 

P0AA28 Thioredoxin-1  trxA  109 11.8 4.88 response to oxidative 

stress; glycerol ether 

metabolism; cell redox 

homeostasis; sulfate 

assimilation; protein 

folding; oxidation-

reduction process  

CYT 1726 93.0 5 67 53.21 3046 3.19E-05 2.0 Se20+CIP 

1741 100 6 37 61.47 1818 8.99E-07 2.8 Se20+CIP 

2068 94.3 9 145 89.91 6878 0.00130 1.8 Se20+CIP 

P0A261 Nucleoside-specific 

channel-forming  

protein tsx  

tsx  287 32.8 5.21 ion transport OM;  

pore 
2620 56.5 15 168 77.70 7026 0.00038 1.8 Se20+CIP 
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Q8ZQY2  Putative 

monooxygenase 

ubiF 391 42.6 7.40 ubiquinone 

biosynthesis; oxidation-

reduction process 

- 786 62.3 13 50 48.08 2397 0.00088 1.6 Se20 

P0A1F6 Uridine phosphorylase  udp  253 27.1 6.54 nucleotide catabolism; 

UMP salvage 

CYT  2887 49.6 7 95 42.29 3482 0.00026 1.5 Se20+CIP 

Q7CPK0 sn-glycerol-3-

phosphate-binding 

periplasmic protein 

UgpB  

ugpB  438 48.4 7.46 transport  ABC-SB;  

OM-PS 
783 100 23 128 58.68 4730 2.85E-06 3.5 Se20 

Q8ZLD7 Universal stress  

protein A 

uspA 144 16.1 5.69 response to stress CYT 1617 76.4 4 60 41.67 2389 5.29E-05 1.9 Se20 

P67093 Universal stress  

protein G  

uspG  142 15.9 6.68 response to stress - 1593 96.4 8 131 83.80 5413 4.98E-06 2.4 Se20 

P37174 Cys-tRNA(Pro)/Cys-

tRNA(Cys) deacylase 

YbaK  

ybaK  159 17.0 9.28 regulation of 

translational fidelity 

CYT 2145 63.1 11 43 80.50 1386 0.00109 1.8 Se20+CIP 

P67366 UPF0227 protein  

YcfP  

ycfP  180 21.1 6.79 - - 1463 82.6 8 60 58.33 2016 0.00020 2.1 Se20 

P60817 UPF0304 protein  

YfbU  

yfbU  164 19.5 6.52 - - 1475 100 8 64 51.22 1936 6.90E-06 1.9 Se20 

Q7CQ00 Ribosome associated 

factor  

yfiA 112 12.6 7.14 primary metabolism - 1629 88.6 7 30 71.43 1251 0.00014 1.6 Se20 

1632 100 7 87 71.43 3618 0.00197 1.7 Se20 

1751 89.2 6 25 62.50 934 7.25E-05 2.7 Se20 

Q7CPD8 UPF0438 protein YifE  yifE  112 13.1 6.70 - CYT 1548 100 10 47 63.39 1421 1.45E-08 2.8 Se20+CIP 

1559 100 9 58 57.14 1763 5.49E-05 1.8 Se20+CIP 

Q7CPB2 UPF0337 protein YjbJ  yjbJ  70 8.5 6.76  - 1768 90.3 8 32 71.43 1195 6.64E-05 2.4 Se20 

Q8ZKP1 Cell division protein 

ZapB  

zapB; 

yiiU 

79 9.3 4.56 barrier septum 

assembly; FtsZ-

dependent cytokinesis 

CYT 1786 89.0 8 75 82.28 2992 0.00217 1.7 Se20+CIP 

a) Underlined accession numbers represent active S. Typhimurium UniProtKB entries replacing the original accessions that became obsolete and deleted from UniProtKB by the time of manuscript submission. 

b) ABC, ATP-binding cassette transporter complex; ABC-SB, ABC transporter complex, substrate-binding subunit-containing; ATPase-F1, proton-transporting ATP synthase complex, catalytic core F(1); CYT, 

cytoplasm; EC, extracellular; IC, intracellular; I-MEM, integral component of membrane; MEM, membrane; OM, cell outer membrane; OM-PS, outer membrane-bounded periplasmic space; PM, plasma membrane; 

PS, periplasmic space; 30S, small ribosomal subunit; 30S-CYT, cytosolic small ribosomal subunit; 50S-CYT cytosolic large ribosomal subunit. 

c) Relative abundance of the referred protein in the spot. Calculated based on the Mascot emPAI (Exponentially Modified Protein Abundance Index) value, which offers an approximate, label-free, relative quantitation 

of the proteins in a mixture based on protein coverage by the peptide matches in a database search result (Ishihama et al. 2005). The percentage value is obtained by normalizing each individual emPAI value by the 

sum of the emPAI values in the sample (% = (emPAI / Σ emPAI)*100).  
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Table 5. Proteins identified by shotgun LC-MS/MS with significant differential abundance between the membrane subproteomes of the S. Typhimurium DT104B 

Se20 strain grown with and without ciprofloxacin stress. 
 

Accession 

Number Protein Description 

Gene 

name(s) 

No. 

AAs GO Biological Process 

GO Cellular 

Component 
a)

 
Peptide 

count 

Unique 

peptides 

Confidence 

score 

Anova 

p-value 

Max fold 

change 

Highest 

mean 

condition 

Q7CPE2 ATP synthase subunit beta  atpD  460 ATP hydrolysis coupled proton 

transport; ATP synthesis coupled 

proton transport 

ATPase-F1;  

PM 

2 2 134 0.01335 3.6 Se20+CIP 

Q8ZKB4 Succinate dehydrogenase 

iron-sulfur subunit  

frdB  244 tricarboxylic acid cycle;  

oxidation-reduction process 

- 2 2 106 0.00577 17.8 Se20 

Q7CQD8 Mannose-specific enzyme 

IIC  

manY  266 PTS system I-MEM 1 1 92 0.00613 13.2 Se20 

P37592 Outer membrane porin 

protein OmpD  

ompD;  

nmpC  

362 ion transmembrane transport OM; pore  11 11 1006 1.99E-05 7.8 Se20 

Q7CQV8 Outer membrane protease, 

receptor for phage OX2  

ompX  171 proteolysis OM; I-MEM 3 3 202 0.02923 2.0 Se20 

Q8ZND6 Phosphate acetyltransferase  pta  714 acetyl-CoA biosynthesis CYT 1 1 54 0.00897 5.8 Se20+CIP 

P65977 Protein RecA  recA  353 SOS response; DNA recombinase 

assembly; mitotic recombination; 

chemoattraction; upregulation of 

receptor clustering; regulation of 

bacterial-type flagellum-dependent 

cell motility; response to ionizing 

radiation; strand invasion 

CYT 1 1 103 0.00010 9.6 Se20+CIP 

P0CL47 Cell invasion protein SipC  sipC; sspC 409 pathogenesis EC 2 2 181 0.00564 4.3 Se20+CIP 

P02941 Methyl-accepting 

chemotaxis protein II  

tar; cheM 553 chemotaxis; signal transduction  I-MEM 2 2 109 4.23E-05 Infinity Se20+CIP 

a) ATPase-F1, proton-transporting ATP synthase complex, catalytic core F(1); CYT, cytoplasm; EC, extracellular; I-MEM, integral component of membrane; OM, cell outer membrane; PM, plasma membrane. 
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1. Abstract 

Background: Fluoroquinolone-resistance in nontyphoidal Salmonella is a situation of serious and 

international concern, particularly in S. Typhimurium DT104B multiresistant strains. Although known to 

be multifactorial, fluoroquinolone resistance is still far from a complete understanding. Aim and 

Methods: To evaluate subproteome changes between an experimentally-induced fluoroquinolone-

resistant strain (Se6-M) and its parent strain (Se6), and also in Se6-M under ciprofloxacin (CIP) stress, 

in order to give new insights into mechanisms involved. Proteomes were compared at the intracellular 

and membrane levels by a 2-DE~LC-MS/MS and a shotgun LC-MS/MS approach, respectively. Results: 

In total, 35 differentially abundant proteins were identified when comparing Se6 with Se6-M (25 more 

abundant in Se6 and 10 more abundant in Se6-M) and 82 were identified between Se6-M and Se6-M+CIP 

(51 more abundant in Se6-M and 31 more abundant under ciprofloxacin stress). Conclusion: Several 

proteins with known and possible roles in quinolone resistance were identified which provide important 

information about mechanism-related differential protein expression, supporting the current knowledge 

and also leading to new testable hypotheses on the mechanism of action of fluoroquinolone drugs.  

 

Keywords: Antimicrobial resistance; comparative subproteomics; LC-MS/MS; Salmonella Typhimurium 

DT104B; shotgun proteomics; 2-DE. 

 

2. Introduction 

Fluoroquinolones are one of the most commonly prescribed classes of antibiotics in the world, having 

great therapeutic value against a wide variety of Gram-positive and Gram-negative pathogens due to their 

extended antibacterial spectrum and enhanced systemic distribution into host tissues (Aldred et al. 2014; 

Goswami et al. 2016). Ciprofloxacin, a standout second generation fluoroquinolone, has been listed by the 

World Health Organization (WHO) as a critically important antibiotic, being also part of the WHO's List of 

Essential Medicines (Fair & Tor 2014; WHO 2015). Due to the extensive use of these drugs in human and 

veterinary medicine, the number of fluoroquinolone-resistant bacterial strains has been growing steadily 

and has been observed in all species treated by this antimicrobial class (Aldred et al. 2014; Fair & Tor 2014). 

Fluoroquinolone-resistance in nontyphoidal Salmonella (NTS) is considered by WHO and other 

public health agencies as a situation of serious and international concern (CDC 2013; WHO 2014). NTS is a 

common and widely distributed foodborne pathogen with high human health impact worldwide (Majowicz 

et al. 2010). Of all foodborne diseases, NTS infections show the highest disease burden (Iwamoto 2016), 

with around 94 million cases and more than one hundred thousand deaths estimated to occur globally per 

year (Majowicz et al. 2010). Over 2 500 Salmonella serotypes are currently known and nontyphoidal 

salmonellosis can be caused by all serotypes except for Typhi and Paratyphi A, B and C (Iwamoto 2016). 

Due to the self-limiting nature of salmonellosis, antimicrobial treatment is usually not necessary however, 

in cases of invasive infections or severe diarrhoea, antimicrobial therapy is required and can be lifesaving, 
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being ciprofloxacin and ceftriaxone the key drugs of choice (Hopkins et al. 2005; CDC 2013; WHO 2014; 

Lin et al. 2015). The major problem is that the rates of ciprofloxacin and ceftriaxone resistance, and the 

number of treatment failures, are increasing worldwide (CDC 2013; WHO 2014; Lin et al. 2015). 

Salmonella enterica subsp. enterica serotype Typhimurium is one of the most commonly isolated 

serotypes worldwide (Leekitcharoenphon et al. 2016). Multidrug-resistant (MDR) S. Typhimurium has 

been associated with higher risks of invasive infection, more frequent and longer hospitalizations, extended 

illness and greater risk of death (WHO 2014). One of the deadliest S. Typhimurium strains is phage type 

DT104, which is a pandemic and highly adaptive multiresistant strain, with an extensive host range, that 

has been responsible for several outbreaks worldwide (Mather et al. 2013; Correia et al. 2014). MDR S. 

Typhimurium DT104 was first isolated in the early 1980s and the success of these strains is largely due to 

their MDR phenotype and how easily they acquire additional resistance to other clinically important 

antimicrobials (Lan et al. 2009). MDR DT104 strains usually have a ACSSuT resistance type (ampicillin, 

chloramphenicol, streptomycin, sulfonamides and tetracycline), with additional resistance to trimethoprim 

and ciprofloxacin (Threlfall 2000). As fluoroquinolones are considered a last-resort treatment option in 

cases of life-threatening MDR Salmonella infections (Colobatiu et al. 2015), the emergence of MDR DT104 

isolates with additional resistance to ciprofloxacin are of major concern (Threlfall 2000; WHO 2014). 

In order to address this problem, a complete knowledge of the mechanisms of antimicrobial 

resistance is needed to comprehend how resistance is selected and persists (Redgrave et al. 2014; 

Vranakis et al. 2014). Several mechanisms are known to be involved in fluoroquinolone resistance but 

a complete understanding of the mechanisms responsible for this phenotype is still missing (Hernandez 

et al. 2011). For instance, the acquisition of high-level fluoroquinolone resistance is recognized as a 

multifactorial process, however the exact contribution of each of these mechanisms remains to be 

completely elucidated (Hopkins et al. 2005; Hernandez et al. 2011). 

The study of laboratory selected drug resistant mutants represents a powerful tool to explore the 

acquisition dynamics of antimicrobial resistance (Oz et al. 2014; Suzuki et al. 2014), being of particular 

relevance in the case of the fluoroquinolones, for which single point mutations can result in high-levels 

of resistance (Toprak et al. 2012). As the acquisition of drug resistance involves a complex interaction 

network that implicates changes at the gene, transcript and protein level (Suzuki et al. 2014), proteomic 

tools have become established in the study of this problematic, providing quantitative and functional 

data to complement genomic and transcriptomic profiles (da Costa et al. 2015). A vast number of 

comparative proteomic studies, whether of resistant organisms or under antibiotic stress conditions, have 

demonstrated the potential of these approaches in associating molecular changes to resistance 

phenotypes and in elucidating the mechanisms responsible for the emergence of antibiotic resistance 

(Lima et al. 2013; Burchmore 2014; Vranakis et al. 2014). 

Proteome simplification through subproteomics has increased significantly in the last years, 

becoming essential to understand protein function in relation to subcellular location (Hébraud 2014). 
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With comprehensive subproteomic approaches coupled with state-of-the-art mass spectrometry methods, 

a near-total proteome coverage can be accomplished for unbiased drug target discovery (Lin et al. 2014). 

Two-dimensional gel electrophoresis (2-DE) has improved at different levels and became the method of 

choice to simultaneously resolve complex protein extracts and to study differential protein expression 

(Abdallah et al. 2012; Hébraud 2014). However, in face of some drawbacks that are still encountered 

with gel-based methods (e.g. solubility limitations of highly hydrophobic membrane proteins), attractive 

alternative gel-free approaches such as shotgun proteomics have emerged (Abdallah et al. 2012; Hébraud 

2014; da Costa et al. 2015). Although different in numerous aspects, both approaches are able to resolve 

hundreds to thousands of features hence the choice between the different platforms should not only be 

determined by the advantages and limitations inherent to each technique but also to the biological 

question being addressed (Abdallah et al. 2012; da Costa et al. 2015). As no individual method can ensure 

qualitative and quantitative information of all protein components of a complex mixture, the combined 

use of both gel-based and gel-free approaches can provide a more complete coverage of the proteins 

present and an overall improved analysis (Abdallah et al. 2012; Hébraud 2014; da Costa et al. 2015).  

Hence, to give new insights into mechanisms involved in high-level fluoroquinolone resistance in 

S. Typhimurium DT104B, this work aimed to evaluate subproteome changes between an experimentally-

induced fluoroquinolone-resistant strain (Se6-M) and its parent strain (Se6), and also in Se6-M under 

ciprofloxacin stress, by a combined 2-DE and shotgun approach. 

 

3. Materials and methods 

3.1. Bacterial strains  

Two S. Typhimurium DT104B isolates, Se6 and Se20, were previously collected (de Toro et al. 

2010) from an elderly inpatient with acute gastroenteritis, before and after ciprofloxacin (CIP) treatment 

for seven days, respectively, and in vivo selection of quinolone resistance was observed in Se20. In a 

previous study by Correia et al. (2016), an in vitro selected quinolone-resistant mutant strain, Se6-M, was 

obtained by laboratory evolution of Se6 with ciprofloxacin. In this work, two comparative subproteomic 

analyses are performed: Se6 vs. Se6-M and Se6-M in the presence and absence of ciprofloxacin stress. 

 

3.2. Growth experiments for ciprofloxacin stress 

Growth experiments were performed with Se6-M to establish reproducible growth and treatment 

conditions and to find an antibiotic concentration that would provoke a molecular response. Different 

ciprofloxacin concentrations were added to exponentially growing cultures and growth was monitored 

by optical density (OD600) measurements until the untreated control reached stationary phase. Colony 

forming unit (CFU) counts were performed at the beginning of the culture (T0), after CIP addition (T1.5) 

and in the late exponential phase (T3.5). A CIP concentration leading to a reduction in growth rate of 

approximately 50 to 90% (Raatschen & Bandow 2012) was used to induce antibiotic stress in Se6-M. 
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3.3. Intracellular and membrane protein extraction 

Overnight pre-cultures of Se6 (n = 3) and Se6-M (n = 6) were grown from independently isolated 

colonies in 10 mL of LB at 37 ºC with 150 rpm shaking. Each pre-culture was diluted to an OD600nm of 

0.02 in a final volume of 150 mL of LB, and incubated in the same conditions for 3.5 h. After 1.5 h of 

growth, half of the Se6-M cultures (n = 3) were supplemented with 128 µg/mL of CIP. The late exponential 

Se6, Se6-M and Se6-M+CIP cultures were harvested by centrifugation and subproteome extraction was 

performed by cell disruption and ultracentrifugation as described previously (Correia et al. 2016). Protein 

concentrations was determined by the Bradford method (Bradford 1976) with BSA as the standard. 

Membrane fractions were stored at - 20 ºC until further analysis. Intracellular proteins were precipitated 

as detailed before (Correia et al. 2016) and resuspended to a final concentration of 5 μg/μL in IEF buffer 

(7 M urea, 2 M thiourea, 4% CHAPS and a trace of bromophenol blue) before storage at - 20 °C. 

 

3.4. 2-DE and gel imaging of intracellular proteins 

2-DE was performed twice for each Se6, Se6-M and Se6-M+CIP triplicate intracellular protein 

extract.  IEF and SDS-PAGE were performed as described in detail by Correia et al. (2016), using 18 

cm pH 3-10 non-linear IPG strips passively rehydrated with 600 µg of protein and 12.5% acrylamide 

gels, respectively. After 2-DE, proteins were stained with colloidal Coomassie Blue G-250 (Hébraud 

2014) and gels were digitized with a Bio-Rad GS-800 imaging densitometer. Gel image alignment, spot 

detection, background subtraction, matching, normalization, quantification and statistical analysis were 

performed automatically by the SameSpots software v4.1 (TotalLab). Two experimental designs were 

set up to compare Se6 with Se6-M and Se6-M with Se6-M+CIP and significant fold-changes in protein 

spot intensity were automatically detected by the software based on Anova p-value (< 0.01).  

 

3.5. LC-MS/MS identification of intracellular proteins 

All protein spots with statistically significant (p < 0.01) differential abundances were manually 

excised from the 2-DE gels, destained, dehydrated and trypsin digested (150 ng, Promega) as previously 

described (Correia et al. 2016). Peptide extraction and further protein identification by nano-liquid 

chromatography coupling with electrospray ionization ion-trap tandem mass spectrometry (Ultimate 

3000 - LTQ Velos, ThermoFisher) was performed as described in detail by Correia et al. (2016). Raw 

data was processed through Proteome Discoverer v1.3 (Thermo Electron) and Mascot v2.3 was used for 

database interrogation by searching a customized Salmonella Typhimurium database (UniProtKB, taxon 

identifier 90371). A mass tolerance of 1.5 Da and 0.5 Da were used for precursor and fragment masses, 

respectively. Two missed cleavage sites of trypsin were allowed and carbamidomethyl cysteine and 

oxidized methionine were set as variable modifications. Protein identification was validated when at 

least two peptides originating from one protein showed significant (p < 0.05) identification Mascot scores. 
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3.6. Shotgun LC-MS/MS identification of membrane proteins 

Each Se6, Se6-M and Se6-M+CIP triplicate membrane protein extract (50 µg) was suspended in 

100 mM ammonium bicarbonate pH 7.5 and proteins were reduced, alkylated and trypsin digested overnight 

(20 µg, Promega) as previously described (Correia et al. 2016). After purification and concentration with 

Sep-Pak C18 Plus Short cartridges, extracted peptides were analyzed by micro-LC-MS/MS using an 

Ultimate 3000 system (ThermoFisher) coupled to a Q-TOF Impact II with a CaptiveSpray ion source 

(Bruker Daltonics) as described in detail by Correia et al. (2016). Label-free quantitation and protein 

identification was performed by the Progenesis LC-MS software v4.1 (Nonlinear Dynamics) using a 

proprietary workflow (alignment, peak picking, normalization, design set up, quantitation and protein 

identification). The “between-subject design” was used for statistical analysis and p-values were 

calculated by a repeated measures Anova using the normalized abundances across all runs. Mascot was 

used for database interrogation by searching a customized reference UniProtKB Salmonella 

Typhimurium database with 20 ppm peptide mass tolerance, 0.2 Da fragment mass tolerance, a maximum 

of two missed cleavages allowed and methionine oxidation (M) and cysteine carbamidomethylation (C) 

as variable modifications. Only protein identifications with at least one peptide with a statistically 

significant Mascot percolator score (> 13 for p-value 0.05 and 1% FDR) were considered valid. Single-

peptide protein identifications were only accepted after inspecting the correct assignment of fragment ion 

matches (at least three consecutive b/y fragments and match peaks well above the background noise). All 

the unique validated peptides of an identified protein were included for label-free quantitation with total 

protein abundance calculated by summing all peptide ion abundances allocated to the respective protein. 

 

3.7. RNA extraction and quantification 

Triplicate Se6, Se6-M and Se6-M+CIP cultures, grown as described above for protein extraction, 

were used for RNA isolation using the TRIzol (Life Technologies) method, as described in detail by 

Correia et al. (2016). RNA was quantified with NanoDrop 1000 (Thermo Scientific) before two DNase 

treatments (TURBO DNA-free™ Kit, Ambion). Absence of genomic DNA contamination was confirmed 

by performing a gene-specific PCR on the DNase-treated RNA. RNA quality and quantity was reassessed 

with NanoDrop and an Agilent 2100 Bioanalyzer System (Agilent Technologies) before storage at - 80ºC. 

 

3.8. Proteomics data validation by quantitative real time PCR (qPCR) 

A total of six differentially abundant proteins (GlmS, GrcA, OmpC, OmpD, OmpX and MipA) 

were selected for qPCR analysis of mRNA levels in Se6, Se6-M and Se6-M+CIP (primers in Table 1). 

cDNA was obtained with a SuperScript Reverse Transcriptase kit (Invitrogen) and triplicate qPCR runs 

were performed for each gene as detailed before (Correia et al. 2016) using Power SYBR Green PCR 

Master Mix 2X (Applied Biosystems) with 10 ng of cDNA per reaction in a 7900HT Real-Time PCR 

System (Applied Biosystems). Data normalization was performed with the rsmC and gmk housekeeping 
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genes and relative gene expression was determined through the Applied Biosystems qPCR Analysis 

Software (Thermo Fisher Cloud) by the comparative CT (ΔΔCT) method. 

 

Table 1. qPCR primer sequences and expected amplicon size. 
 

Gene Primer sequence (5´- 3’) Amplicon size 

gmk 
CCATGATTGGCAGGGAGG 

87 bp 
GCACTTGCTCAATGGTTTCGC 

rsmC 
CCGACATCCAGCACTTTACC 

99 bp 
GTTGCCGGGCGTATTCAG 

glmS 
GATGCGGGTTTCGTCAGC 

93 bp 
CAGCGGAACGGTGTAGAAG 

grcA 
CTGCGTCGTGAAACTCTGG 

65 bp 
CGAATAGTCAGTTGCGGGT 

ompC 
GTCCGTCTGTGGCTTACC 

83 bp 
TACGATGTCCTGGTCGCC 

ompD 
CAGGTGAAAGCAGCGAGC 

96 bp 
CGCCAGGTAGATGTTGTTCG 

ompX 
CGATTATGGCTTCTCCTATGG 

96 bp 
ACGCTACGAATACGGCTC 

mipA 
CCAGAACGATTACTATTACGGC 

96 bp 
TCAAGATACGGGTTCCAGC 

 

 

4. Results and discussion 

In previous studies a highly fluoroquinolone-resistant mutant (Se6-M, MICCIP = 64 µg/mL) 

(Correia et al. 2016) was in vitro selected from a previously characterized S. Typhimurium DT104B 

clinical strain (Se6, MICCIP = 0.5 µg/mL) (de Toro et al. 2010) recovered from an elderly patient before 

ciprofloxacin treatment, being both strains proven to be clonally related by PFGE (Correia et al. 2016). 

The antimicrobial resistance profiles of Se6 and Se6-M were earlier characterized (de Toro et al. 2010; 

Correia et al. 2016). In addition to ciprofloxacin resistance, Se6-M showed cross-resistance for all 

quinolones tested, to the beta-lactams cephalothin and cefoxitin and also to co-trimoxazole (Table 2). 

The qnrS1 plasmid-mediated quinolone resistance (PMQR) gene encoding a Qnr target-protection 

protein was detected in both Se6 and Se6-M. PMQR genes alone are usually only responsible for low 

resistance levels which individually do not exceed the clinical breakpoint however their presence can favor 

the selection of supplementary resistance mechanisms, leading to high-level resistance (Jacoby et al. 2014). 

This was the case in the Se6-M strain where the D87G mutation was detected within the quinolone 

resistance-determining region (QRDR) of the gyrA gene (Table 2). Mutations within the QRDR of the 

genes encoding the GyrA/GyrB and ParC/ParE subunits of the bacterial DNA gyrase and topoisomerase 

IV, respectively, are the most common mechanism of clinically significant quinolone resistance (Aldred 

et al. 2014; Redgrave et al. 2014). Although the GyrA Asp87Gly substitution alone can have a substantial 

impact on the high-level fluoroquinolone resistance phenotype of Se6-M, quinolone resistance is known 

to be multifactorial and other strategies such as reduced membrane permeability and increased drug 

efflux can have a major impact in the overall resistance (Redgrave et al. 2014; Correia et al. 2016). 
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Table 2. Description of the ciprofloxacin MICs, quinolone and cross-resistance phenotypes and quinolone 

resistance-determining region (QRDR) mutations of the S. Typhimurium DT104B strains Se6 and Se6-M. 
 

AMP, ampicillin; CIP, ciprofloxacin; FOX, cefoxitin; K, kanamycin; KF, cephalothin; KZ, cefazolin; LEV, levofloxacin; NA, nalidixic acid; 

NOR, norfloxacin; OFX, ofloxacin; S, streptomycin; SUL, sulphonamides; SXT, co-trimoxazole; TE, tetracycline; W, trimethoprim.  

* The resistance to these antimicrobial agents was classified in the intermediate resistance category. 

 

Hence, to give new insights about the different resistance mechanisms involved, the proteomes 

of Se6, Se6-M and Se6-M+CIP were compared at the intracellular and membrane levels by a 2-DE LC-

MS/MS and a shotgun LC-MS/MS approach, respectively. Figure 1 shows a schematic representation of 

the different approaches and main results of this study. In the first comparative approach, Se6 vs. Se6-M, 

50 of the 58 differentially abundant protein spots recovered from the 2-DE intracellular subproteomes 

were successfully identified. These represented 33 unique gene products of which 24 were more 

abundant in Se6 and 9 had higher abundance in Se6-M (Figure 2, Table 3). At the membrane level, only 

2 differentially abundant proteins were identified, being one more abundant in Se6 and other in Se6-M 

(Table 4). When comparing Se6-M with Se6-M+CIP, 110 of the 142 differentially abundant protein spots 

excised from the 2-DE intracellular subproteomes were identified. These included 75 unique proteins of 

which 44 were more abundant in Se6-M and 31 more abundant under ciprofloxacin stress (Figure 3, 

Table 5). A total of 7 differentially abundant proteins were identified between the Se6-M and Se6-M+CIP 

membrane subproteomes, all showing reduced abundance in Se6-M under CIP stress (Table 6). 
 

 

Figure 1. Schematic representation of the subproteome changes observed between the experimentally-

induced fluoroquinolone-resistant strain Se6-M and its parent strain Se6 and under ciprofloxacin (CIP) stress. 

A total of 35 differentially abundant proteins were identified when comparing Se6 with Se6-M (25 more 

abundant in Se6 and 10 more abundant in Se6-M) and 82 were identified between Se6-M and Se6-M+CIP 

(51 more abundant in Se6-M and 31 more abundant under ciprofloxacin stress).  

Strain MICCIP  

Resistance phenotype 

to quinolones 

Resistance phenotype  

to other antibiotics QRDR mutations 

Se6 (de Toro et al. 2010) 0.5 µg/mL NA* S, TE, SUL - 

Se6-M (Correia et al. 2016) 64 µg/mL NA, CIP, NOR, LEV*, 

OFX* 

S, TE, SUL, W*, SXT, 

AMP*, KF, KZ*, FOX 

GyrA D87G 
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Figure 2. Representative 2-DE gels with the protein spots identified by LC-MS/MS with significant 

differential abundance between the intracellular subproteomes of the S. Typhimurium DT104B Se6 and 

Se6-M strains. The protein spots more abundant in Se6 are represented on top and the more abundant in 

Se6-M are shown on the bottom.  
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Figure 3. Representative 2-DE gels with the protein spots identified by LC-MS/MS with significant 

differential abundance between the intracellular subproteomes of the S. Typhimurium DT104B Se6-M strain 

grown with and without ciprofloxacin (CIP) stress. The protein spots more abundant in Se6-M are represented 

on top and the more abundant in Se20+CIP are shown on the bottom.    
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Since fluoroquinolones have intracellular targets, a major determinant of the efficacy of this drug 

class in Gram-negative bacteria such as Salmonella spp. is their ability to surpass the outer membrane 

barrier and remain within the cell (Aldred et al. 2014; Redgrave et al. 2014). Intracellular 

fluoroquinolone levels are regulated through the concerted actions of diffusion-mediated influx and 

pump-mediated efflux (Fernandez & Hancock 2012; Aldred et al. 2014; Redgrave et al. 2014).  

As small hydrophilic antibiotics such as fluoroquinolones passively diffuse through outer 

membrane protein (OMP) pore complexes (porins) into the cell, the bacteria’s susceptibility to these 

drugs will be determined by the type and number of expressed porins (Pagès et al. 2008; Delcour 2009; 

Fernandez & Hancock 2012). In this comparative study, the OmpD (spot 2624) and OmpC (spot 2680) 

porins showed significant reduced abundances in the Se6-M strain when compared with Se6 (2.3- and 

1.5-fold, respectively). As an absence or reduced expression of either OmpC or OmpD has been greatly 

related with increased resistance levels to quinolones and also to beta-lactam antibiotics (particularly 

cephalosporins) (Medeiros et al. 1987; Gootz 2006; Hu et al. 2007; Pagès et al. 2008; Sandegren & 

Andersson 2009; Martinez & Rojo 2011; Su et al. 2012), the reduced abundance of these porins in Se6-

M can be of relevance for the fluoroquinolone resistance phenotype of this strain and also for the beta-

lactam cross-resistance observed for cephalothin, cefazolin, cefoxitin and ampicillin. An absence of 

ompD amplification was observed at both DNA (Correia et al. 2016) and RNA levels, which highly 

suggests the deletion of the ompD gene during of in vitro selection. Selection-driven gene loss is an 

evolutionary process frequently described in bacteria and selection for fitness-increasing deletions 

through repeated serial passages has been reported in Salmonella spp. (Nilsson et al. 2005; Koskiniemi 

et al. 2012). As OmpD is the most abundant OMP in S. Typhimurium (~1 % of total cell protein content) 

(Santiviago et al. 2003; Hu et al. 2007), the absence of this protein in Se6-M can greatly contribute to this 

strains’ high-resistance levels. OmpC, which is also one of the most abundant S. Typhimurium porins, 

showed discordant protein and transcript expression levels (higher mRNA abundance in Se6-M), 

however ompC translation is post-transcriptionally inhibited in S. Typhimurium by the sRNAs MicC and 

RybB (Papenfort et al. 2006; Pfeiffer et al. 2009). Interestingly, when comparing Se6-M with Se6-M+CIP, 

mRNA levels decreased under antibiotic stress, showing that the presence of ciprofloxacin might have 

triggered regulation mechanisms at the transcriptional level. Transcription initiation of the ompC gene is 

repressed by the transcriptional regulators Lrp, YjjQ and integration host factor IHF. Both Lrp and YjjQ 

are repressed by the DNA-binding protein H-NS (Stratmann et al. 2008; Lee & Gottesman 2016), which 

was less abundant in Se6-M+CIP (spot 3103, 1.9-fold). Hence, a diminished repression of Lrp and YjjQ 

by H-NS under ciprofloxacin stress might have led to a higher repression of ompC transcription. Also, 

one of the composing subunits of IHF, IhfA, was identified in this study as less abundant in Se6-M+CIP 

(spot 1698, 1.9-fold). Being a repressor of ompC transcription, the reduced levels of IhfA would not 

lead to the reduced mRNA levels observed under CIP stress. However, IHF is a DNA binding and DNA 

bending protein with roles in local DNA structural organization and also in transcriptional and 
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translational regulation, being responsible for managing the co-ordinate expression of major classes of 

genes in S. Typhimurium (Mangan et al. 2006). Indeed, several genes which are either negatively (Hpt, 

spot 3187; SodA, spots 1280/2458 and OsmY, spot 1385) or positively (PstS, spot 916) regulated by 

IHF were identified in this study with corresponding higher and lower abundance in Se6-M+CIP. 

In the membrane subproteomes, the OmpA (Table 6) and OmpX (Tables 4 and 6) porins were also 

identified. OmpX was identified in both conditions under study, being 6.7-fold more abundant in Se6-M 

when compared with Se6 but with a 3.5-fold decreased abundance under CIP stress (concordant results 

were observed for ompX at the transcriptional level). OmpX, which is activated by the MarA 

transcriptional activator, is considered a porin down-regulator that when overexpressed reduces the 

expression of several porins (e.g. OmpC, OmpD, OmpF, LamB, Tsx), leading to increased resistance levels 

to various antibiotics, including beta-lactams and quinolones (Dupont et al. 2007; Viveiros et al. 2007; 

Dowd et al. 2008). This is in accordance with the increased abundance of OmpX and decreased abundances 

of OmpC and OmpD observed in Se6-M. However, OmpX was less abundant in Se6-M under antibiotic 

stress. In response to many envelope stresses, including osmolarity and antibiotic presence, Gram-negative 

bacteria are well-known to alter the porin composition of their OM in order to diminish membrane 

permeability and increase resistance to antimicrobial compounds (Guest & Raivio 2016). Upon envelope 

stress, OMP synthesis is repressed at the post-transcriptional level by RpoE-regulated sRNAs such as 

MicA, which inhibits mRNA translation of ompX and also of ompA (Johansen et al. 2008; Klein & Raina 

2015). In accordance, OmpA showed to be 15.6-fold less abundant in Se6-M under CIP stress. OmpA is 

a tightly regulated multifaceted protein that is present in high-copy number in mainly Gram-negative 

species (Smith et al. 2007; Confer & Ayalew 2013). OmpA is considered a structural OMP that contributes 

to the integrity of the cell envelope and although its role in diverse cellular functions has been well-

described, a clear role for OmpA in antimicrobial resistance has not yet been fully demonstrated (Smith et 

al. 2007; Viveiros et al. 2007; Confer & Ayalew 2013; Smani et al. 2014). Some studies have associated 

reduced levels of OmpA with resistance to chloramphenicol, ciprofloxacin, nalidixic acid, ampicillin, and 

cefotaxime (Fernandez & Hancock 2012; Smani et al. 2014) and the reduced OmpA abundance in Se6-

M+CIP observed in this study supports a role for this OMP in fluoroquinolone resistance. 

Other major feature contributing to multidrug resistance by reduced membrane permeability in 

Gram-negatives, which can associate or not with downregulation of porin expression, is alterations in the 

OM organization (Delcour 2009; Bolla et al. 2011). Since fluoroquinolones can use both a porin- and a 

lipid-mediated pathway to enter bacterial cells, depending on its protonated status, lipopolysaccharide 

(LPS) structure modifications have been reported to be involved in bacterial resistance to these and also to 

other antibiotics (Delcour 2009). LPS biosynthesis and transport involves more than 50 genes, being 

several of them essential and unique to bacteria and therefore excellent targets for the identification of 

new inhibitors and development of new antimicrobial drugs (Klein & Raina 2015). In this study, five 

proteins involved in LPS biosynthesis (GlmS, GmhA, RbfG and RfbF) and transport (LptA) were identified. 



146  |  chapter 6 

LPS comprises a membrane-anchored lipid A, a core oligosaccharide and an O-specific polysaccharide 

chain (O-antigen) (Taylor et al. 2008; Klein & Raina 2015). GlmS catalyzes the first step in hexosamine 

metabolism, converting fructose-6-phosphate into glucosamine-6-phosphate (GlcN6P), which constitutes 

the first rate-limiting step in the synthesis of UDP-GlcNAc and hence in LPS Lipid A, and also 

peptidoglycan, biosynthesis (Klein & Raina 2015). In this study, the GlmS protein (Table 5, spot 2276) 

was significantly more abundant in the intracellular proteome of Se6-M under CIP stress. Increased 

contents of LPS Lipid A are reported to lead to a decreased membrane permeability and therefore to 

higher drug resistance (Nanduri et al. 2008; Delcour 2009). Due to the importance of GlmS in LPS and 

peptidoglycan formation, and therefore in cell wall integrity and bacterial survival, this protein has been 

recognized and extensively explored as a bacterial target for the design of new drugs (Kalamorz et al. 

2007; Klein & Raina 2015). Other highly attractive non-traditional target for Gram-negative selective 

antimicrobial agents is the heptose biosynthetic pathway, particularly the phosphoheptose isomerase 

GmhA (Taylor et al. 2008). This protein was identified (spot 1295) as more abundant in Se6-M when 

compared to Se6 (Table 3) but with decreased abundance under CIP stress (Table 5). GmhA catalyses the 

first committed step in LPS core biosynthesis and previous studies demonstrated that gmhA mutations 

greatly increased antibiotic susceptibility by effectively removing the protective barrier normally afforded 

by LPS (Cheung et al. 2003; Taylor et al. 2008). However, quinolone classes of antibiotics are reported to 

repress gmhA synthesis (Cheung et al. 2003), hence the reduced abundance observed in Se6-M+CIP. Also 

with decreased abundance under CIP stress was the glucose-1-phosphate cytidylyltransferase RfbF (spot 

2784, Table 5), which is involved in LPS O-antigen biosynthesis. This protein, involved in step 1 of the 

subpathway that synthesizes CDP-3,6-dideoxy-D-mannose from CTP and alpha-D-glucose 1-phosphate, 

together with the CDP-glucose 4,6-dehydratase RfbG (spot 2635, Table 3), which is involved in the second 

step of the same subpathway, also showed decreased abundances in Se6-M when compared with Se6 (2.2- 

and 1.9-fold, respectively). These results suggest major roles for these proteins in the LPS modifications 

leading to antimicrobial resistance, particularly in quinolone-selected Salmonella strains. Besides LPS 

biosynthesis, LPS transport has also been increasingly explored in anti-Gram-negative drug discovery 

programs (Walsh & Wencewicz 2014). One of the major members of the LPS export system, LptA (yhbN, 

spot 1443), was identified as more abundant in the Se6-M mutant strain (Table 3) but with decreased 

abundance under CIP stress (Table 5). LptA is the periplasmic component of the LptA–LptG trans-envelope 

complex required for LPS translocation from the inner to the outer membrane (Dong et al. 2014). Over the 

last years, great progress has been achieved in elucidating the roles and structures of the Lpt proteins, 

rising the expectations for the development of new therapeutic strategies targeting the outer membrane 

of Gram-negative pathogens (Qiao et al. 2014; Walsh & Wencewicz 2014). Other major component of the 

cell envelope are lipoproteins, whose genes are universally distributed in bacteria and constitute 1–3% of the 

total gene content (Nakayama et al. 2012). Lipoproteins are functionally diverse proteins, playing important 

roles in nutrient uptake, cell wall metabolism, cell division, transmembrane signal transduction, adhesion 
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to host tissues during infection and also in antibiotic resistance (Nakayama et al. 2012). In this study, the 

LolA lipoprotein carrier showed decreased abundance under CIP stress (spot 1424, Table 5). LolA is a 

critical protein in the Lol system which allows efficient transport of the hydrophobic lipoproteins from the 

inner to the outer membrane through the hydrophilic periplasmic space (Okuda & Tokuda 2011). The Lol 

system, as very important, or even essential, for bacterial growth, and being widely conserved among Gram-

negative bacteria, represents an important target for the development of anti-Gram-negative bacterial 

agents (Okuda & Tokuda 2011). Indeed, a new antibacterial compound that inhibits the LolA function was 

recently discovered, exhibiting activity against MDR Pseudomonas aeruginosa (Okuda & Tokuda 2011). 

Other antibiotic resistance-related protein which also contributes to cell envelope integrity, the 

MltA-interacting protein MipA, was identified in this study as 3.4-fold less abundant in the Se6-M 

mutant when compared to its parent strain Se6 (spot 2643, Table 3). At the transcriptional level, mipA 

mRNAs were also less abundant in Se6-M and showed a statistically significant reduced abundance 

under CIP stress as well. MipA is a scaffolding protein involved in peptidoglycan biosynthesis that 

mediates the assembly of the membrane-bound MltA murein hydrolase and the PBP1B murein 

polymerase into a murein-synthesizing holoenzyme complex which is responsible for the controlled 

growth of the Gram-negative murein sacculus (Vollmer et al. 1999). In a recent study, quinolone-

resistant strains obtained by experimental evolution with ciprofloxacin and enoxacin revealed frameshift 

mutations resulting from one- to ten-nucleotide deletions in the mipA gene (Suzuki et al. 2014). A 

frameshift mutation due to a 7-nucleotide deletion was also detected in the mipA gene of the in vitro 

selected Se6-M strain (Correia et al. 2016). Although the contribution of these mutations to quinolone 

resistance has not been clarified, the observation of significant MipA downregulation in most quinolone-

resistant strains suggested that MipA disruption can play a role in quinolone resistance (Suzuki et al. 

2014). Moreover, the MipA protein has been reported to be downregulated in Escherichia coli strains 

resistant to kanamycin, streptomycin and nalidixic acid (Li et al. 2015). 

Together with diffusion-mediated uptake, pump-mediated efflux also plays an important role in 

regulating fluoroquinolone intracellular concentration (Aldred et al. 2014). In response to the antibiotic 

insult, multidrug resistance efflux pumps are usually overexpressed in resistant strains in order to 

extrude the antibiotic from the cell before it reaches harmful intracellular concentrations (Hernandez et 

al. 2011). In this study, several members of the ATP binding cassette (ABC) family, which is one of the 

four families of MDR systems known to be capable of extruding quinolones (Hernandez et al. 2011), 

were identified (ArtI, FliY, GltI, GsiB, LsrB, MalE, ModA, MppA, Oxd-6a, PstS, RbsB and YrbC) 

however all except two (GltI and MalE) showed to be less abundant under CIP stress (Table 5). When 

comparing Se6 with Se6-M, also three ABC transporter members showed differential expression (GltI 

and UgpB more abundant in Se6 and Oxd-6a with higher abundance in Se6-M) (Table 3). In fact, all of 

these proteins are the periplasmic substrate-binding protein (SBP) of ABC importers, being responsible 

for recruiting their specific substrates (ions, sugars, amino acids, peptides, etc.) from the extracellular 
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space and deliver them to the respective transporter, and therefore with no known role in extruding 

ciprofloxacin (Moussatova et al. 2008). On the other hand, the general decreased expression of these 

ABC transporter periplasmic SBPs under CIP stress may reflect the bacterial regulation of the transport 

system in order to limit the uptake of these molecules into the cell and therefore balance the intracellular 

and extracellular concentration when ciprofloxacin enters the periplasmic space (Nabu et al. 2014). Still, 

some of these differentially abundant SBPs might play direct roles in drug resistance. For instance, null 

mutations in mppA have been reported to confer increased resistance to a wide spectrum of antibiotics 

and the absence of MppA is reported to lead to the multiple antibiotic resistance phenotype (Payne & 

Marshall 2003). Particular attention should also be given to the GltI protein (spots 1075 and 2482), 

which showed decreased abundance in Se6-M when compared to Se6 (Table 3) but increased abundance 

under CIP stress (Table 5). The synthesis of the gltI mRNA not only provides the template for protein 

synthesis of the periplasmic SBP of the Glutamate/Aspartate ABC transporter, but also the precursor of 

a RNA antagonist of the Hfq-dependent GcvB sRNA (SroC sponge, generated upon gltI mRNA decay) 

(Miyakoshi et al. 2015). GcvB is a widely conserved and one of the most globally acting post-

transcriptional regulators in bacteria, potentially regulating ~1% of all mRNAs in Salmonella and E. 

coli (Miyakoshi et al. 2015). GcvB sRNA represses mRNAs of the periplasmic SBPs of many ABC 

transporters involved in amino acid and short peptide uptake, and also of proteins involved in amino 

acid biosynthesis (ex. SerA, which showed decreased abundance in Se6-M when compared to Se6) and 

major transcription factors (ex. PhoP, with decreased abundance in Se6-M+CIP).  

Nonetheless, the association of some ABC transporters with virulence or host survival, their external 

location in the cell envelope, and the fact that mammalian host cells lack ABC import systems also make 

these systems perfect targets for the development of new drugs (Garmory & Titball 2004). Also, some of 

these differentially abundant proteins (RbsB and LsrB, decreased abundance under CIP stress) are involved 

in quorum sensing, an interspecies communication system which has also been regarded with great interest 

as a potential target for the development of novel antimicrobial drugs (Payne & Marshall 2003; Pereira et 

al. 2013). Alternatively, such ABC importers can also be exploited as active uptake systems for the delivery 

of novel antimicrobials into the bacterial cell rather than targets for antimicrobial compounds (Garmory & 

Titball 2004). The fact that in several naturally occurring systems, antibiotics are synthesized attached to 

a peptide which directs their entry into the cell via a peptide transporter provides proof of principle of such 

approaches (Garmory & Titball 2004). Besides, since a great number of candidate antimicrobials fail 

because they are unable to cross the cell envelope, an active uptake system would greatly increase the 

number of compounds with potential value in drug development programs (Garmory & Titball 2004). 

Recently, a tight link between bacterial metabolism and antimicrobial resistance has been proved, 

becoming a subject of great interest in face of the current antibiotic resistance crisis (Martinez & Rojo 

2011; Bhargava & Collins 2015). Changes in bacterial metabolism can affect bacterial antibiotic 

susceptibility and therefore global regulators of bacterial metabolism might modulate the expression of 
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antibiotic resistance determinants in bacteria (Martinez & Rojo 2011). In this study, a great number of 

global metabolic regulators were identified that were either more (RecA, CspA, NusG) or less (LexA, 

H-NS, IhfA, PhoP, CspC, StpA and SeqA) abundant under ciprofloxacin stress (Table 5). Also, the 

transcription termination factor Rho showed decreased abundance in Se6-M when compared to Se6 

(Table 3). Some of these global regulators have already proven roles in the simultaneous modulation of 

metabolism, virulence and antibiotic resistance (ex. H-NS) and thus it might be predicted that these and 

other global regulators of bacterial metabolism can modulate, directly or indirectly, bacterial 

susceptibility to antibiotics (Martinez & Rojo 2011). Also, the great majority of global metabolic 

regulators identified as differentially abundant in this study are involved in bacterial stress response 

mechanisms, which themselves have been considered determinants of antimicrobial resistance and 

worth considering as therapeutic targets (Poole 2012). 

 

5. Conclusions 

In this comparative subproteomic approach, a great number of differentially abundant proteins 

were identified between an experimentally-induced fluoroquinolone-resistant S. Typhimurium DT104B 

strain (Se6-M) and its parent strain (Se6) and under ciprofloxacin stress. The roles of these proteins as 

resistance determinants is discussed in the contexts of reduced diffusion-mediated antibiotic uptake 

through porin downregulation and alterations in bacterial outer membrane organization and integrity 

through LPS, lipoprotein and peptidoglycan modifications. Also, the roles of ABC importers, global 

regulators of bacterial metabolism and bacterial stress response mechanisms as either determinants of 

antimicrobial resistance or targets for the development of new antimicrobial drugs is also discussed. 

These proteomic signatures provide valuable information about mechanism-related differential protein 

expression, giving new evidences on the nature of the physiological disturbance caused by the antibiotic, 

which might lead to new testable hypotheses on the mode of action of quinolone drugs and also 

secondary target proteins implicated in adaptation and compensatory mechanisms.  
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Table 3. Protein spots identified by LC-MS/MS with significant differential abundance between the intracellular subproteomes of the S. Typhimurium DT104B Se6 

and Se6-M strains. 

Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI GO Biological process 

GO Cellular 

component b 

Spot 

No. % c 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

Highest 

mean 

condition 

O33921 Glucose-1-phosphatase  agp  413 45.5 7.08 metabolism; protein 

dephosphorylation 

PS  2685 51 16 96 58.11 4008 0.00023 1.6 Se6 

Q8ZKW8 ATP synthase gamma 

chain  

atpG  287 31.5 8.92 plasma membrane ATP 

synthesis coupled proton 

transport 

PM;  

ATPase-F1 
1090 100 22 147 79.79 4415 0.00138 2.8 Se6 

1091 100 11 44 33.80 1582 0.00072 4.0 Se6 

P0A1P0 Glyceraldehyde-3-

phosphate dehydrogenase  

gapA; 

gap 

331 35.6 6.80 glucose metabolism; 

glycollytic process; 

oxidation-reduction  

CYT 598 100 16 102 57.40 4503 0.00093 1.7 Se6-M 

Q9ZF60 Glutamate/aspartate 

periplasmic-binding 

protein  

gltI  302 33.4 8.73 amino acid transport  PS  1075 100 10 36 42.05 1567 0.00039 2.7 Se6 

2480 79 16 106 52.98 5075 2.31E-05 2.4 Se6 

2482 100 14 131 48.01 6075 0.00022 2.0 Se6 

P63223 Phosphoheptose isomerase  gmhA; 

lpcA 

192 20.9 6.42 D-glycero-D-manno-

heptose 7-phosphate 

biosynthesis; LPS core 

region biosynthesis 

CYT  1295 92 10 47 48.44 1845 0.00096 1.7 Se6-M 

P26478 Maltose operon 

periplasmic protein  

malM  305 31.8 8.97 carbohydrate transport  PS  1053 62 11 70 42.30 2680 7.97E-05 2.2 Se6 

Q7CQP6 Scaffolding protein for 

murein-synthesizing 

holoenzyme  

mipA 248 28.0 5.85 peptidoglycan 

biosynthesis 

OM 2643 73 8 61 43.15 2281 0.00034 3.4 Se6 

Q8ZL67 Mannitol-1-phosphate 5-

dehydrogenase  

mtlD  382 40.9 5.94 mannitol metabolism; 

oxidation-reduction 

CYT 728 75 17 96 66.23 3744 0.00043 1.7 Se6-M 

P15888 Oxygen-insensitive 

NAD(P)H nitroreductase  

nfsB; 

nfnB; 

nfsI 

217 23.9 5.64 oxidation-reduction CYT; MEM 2322 55 15 156 68.20 5336 0.00029 1.7 Se6-M 

2629 63 12 60 55.76 1950 1.36E-06 2.2 Se6-M 

2700 90 14 144 61.29 4682 8.24E-05 1.6 Se6-M 

P0A263 Outer membrane protein C  ompC  378 41.2 4.89 ion transport; 

transmembrane transport 

OM; pore 2680 76 20 295 85.19 12865 8.81E-06 1.5 Se6 

D0ZXQ1 Outer membrane porin 

protein OmpD  

ompD; 

nmpC 

362 39.7 4.87 ion transport; 

transmembrane transport 

OM; pore 2624 68 17 172 70.44 7472 2.58E-07 2.3 Se6 

Q7CP68 Hyperosmotically indu-

cible periplasmic protein 

osmY 205 21.4 6.09 transport; response to 

osmotic stress 

I-MEM 2097 60 11 131 57.56 5841 3.90E-06 2.1 Se6 

1385 65 9 65 54.15 2760 0.00019 1.7 Se6 

O34156 ABC transporter substrate-

binding protein 

oxd-6a; 

appA 

528 57.9 6.55 transmembrane transport  ABC  2954 59 25 361 67.05 14507 0.00036 1.3 Se6-M 
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Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI GO Biological process 

GO Cellular 

component b 

Spot 

No. % c 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

Highest 

mean 

condition 

Q7CPK9 Phosphoribulokinase  prkB 289 32.4 6.60 carbohydrate metabolism; 

UMP biosynthesis; pyri-

midine nucleoside salvage 

CYT 1033 66 12 91 68.17 3606 0.00088 1.5 Se6 

P26396 Glucose-1-phosphate 

cytidylyltransferase  

rfbF  257 29.0 6.46 LPS biosynthesis; 

O antigen biosynthesis 

- 2784 100 13 60 43.58 2366 3.17E-07 2.2 Se6 

P26397 CDP-glucose 4,6-

dehydratase  

rfbG  359 41.0 6.47 O antigen biosynthesis; 

LPS biosynthesis 

- 2635 65 17 63 66.30 2188 0.00018 1.9 Se6 

P0A295 Transcription termination 

factor Rho  

rho  419 47.0 7.25 DNA-templated trans-

cription, termination; 

regulation of transcrip-

tion, DNA-templated 

- 2748 86 24 123 65.63 4422 0.00124 1.8 Se6 

Q8ZK80 50S ribosomal protein L9  rplI  149 15.8 7.40 translation  ribosome; 

RNP; IC 
1575 100 9 105 63.76 4719 0.00174 1.5 Se6 

P66541 30S ribosomal protein S2  rpsB  241 26.7 7.14 translation 30S; RNP;  

IC 
1074 

1079 

1083 

2111 

2112 

68 

100 

85 

100 

86 

11 

14 

13 

13 

12 

67 

89 

51 

48 

48 

63.07 

61.83 

54.36 

54.36 

50.21 

2706 

3205 

1964 

1874 

1852 

0.00111 

0.00014 

0.00052 

0.00059 

0.00047 

1.9 

3.3 

2.6 

3.6 

3.0 

Se6 

Se6 

Se6 

Se6 

Se6 

O54297 30S ribosomal protein S4  rpsD  206 23.5 10.02 response to antibiotic; 

translation  

30S; RNP;  

IC 
836 100 9 33 48.54 1144 0.00124 3.0 Se6 

841 100 10 36 46.60 1118 0.00058 3.0 Se6 

845 100 11 52 56.80 1715 0.00109 3.1 Se6 

847 100 12 120 59.22 3507 0.00116 4.1 Se6 

Q8ZM69 D-3-phosphoglycerate 

dehydrogenase  

serA 410 44.0 6.89 L-serine biosynthesis; 

oxidation-reduction   

- 2633 61 13 71 54.39 2131 9.94E-05 1.6 Se6 

P0CL47 Cell invasion protein SipC  sipC; 

sspC 

409 43.0 8.87 pathogenesis  EC 770 76 24 147 77.02 5783 1.17E-05 2.8 Se6 

2415 89 21 146 77.02 5835 2.84E-06 6.5 Se6 

2416 100 19 65 69.93 2430 2.03E-06 6.8 Se6 

Q56026 Cell invasion protein SipD  sipD 343 37.1 5.15 pathogenesis  EC 867 52 15 99 58.89 4332 0.00035 3.6 Se6 

P43019 Superoxide dismutase [Mn]  sodA  206 23.1 6.96 oxidation-reduction - 2458 87 13 93 65.05 3348 0.00203 1.5 Se6-M 

Q7CQX4 Dihydrolipoyllysine-residue 

succinyltransferase compo-

nent of 2-oxoglutarate 

dehydrogenase complex 

sucB 402 43.8 5.69 L-lysine catabolic 

process to acetyl-CoA 

via saccharopine; 

tricarboxylic acid cycle 

OGDC  2687 61 15 79 44.03 2642 0.00058 2.1 Se6 

Q7CPK0 sn-glycerol-3-phosphate-

binding periplasmic 

protein UgpB  

ugpB  438 48.4 7.46 glycerophosphodiester 

transport; glycerol-3-

phosphate transport 

ABC-SB; 

OM-PS 
783 100 23 128 58.68 4730 4.40E-06 2.4 Se6 
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Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI GO Biological process 

GO Cellular 

component b 

Spot 

No. % c 

No. 
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No. 

PSMs 

% Seq. 
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Anova 

p-value 

Fold 

change 

Highest 

mean 

condition 

Q8ZQ40 NAD(P)H dehydrogenase 

(quinone)  

STM 

1119; 

wraB; 

wrbA 

198 20.9 6.16 negative regulation of 

transcription, DNA-

templated;   

oxidation-reduction  

PM  2830 100 12 139 70.20 5276 7.27E-06 1.7 Se6 

Q7CQJ6   Selenium-binding protein 

YdfZ 

ydfZ 67 7.2 8.97 - CYT 1825 100 5 23 71.64 897 0.00063 2.1 Se6-M 

Q8ZPL1  Putative periplasmic protein ydgH 314 33.9 9.33 - - 1006 100 22 158 69.11 6316 0.00421 2.6 Se6 

Q7CQ00 Ribosome associated 

factor (σ54 modulation 

protein) 

yfiA 112 12.6 7.14 primary metabolism  - 1628 61 5 20 59.82 596 4.29E-05 2.4 Se6-M 

1629 89 7 30 71.43 1251 8.28E-07 3.4 Se6-M 

1632 100 7 87 71.43 3618 4.48E-09 4.0 Se6-M 

Q8ZLR9  Lipopolysaccharide export 

system protein LptA 

yhbN  184 20.0 8.73 Gram-negative-

bacterium-type cell OM 

assembly; LPS transport  

PS  1443 84 7 62 48.91 2807 5.04E-07 1.9 Se6-M 

Q7CPB2 UPF0337 protein YjbJ  yjbJ  70 8.5 6.76 - - 1768 90 8 32 71.43 1195 0.00034 2.8 Se6 

Q7CPR3 Putative inner membrane 

protein (ElaB protein) 

yqjD; 

elaB_1 

101 11.1 9.07 - I-MEM 1435 _ 6 33 65.35 1524 2.97E-05 2.3 Se6 

a Underlined accession numbers represent active S. Typhimurium UniProtKB entries replacing the original accessions that became obsolete and deleted from UniProtKB by the time of manuscript submission.  
b ABC, ATP-binding cassette transporter complex; ABC-SB, ABC transporter complex, substrate-binding subunit-containing; ATPase-F1, proton-transporting ATP synthase complex, catalytic core F(1); CYT, 

cytoplasm; EC, extracellular; IC, intracellular; I-MEM, integral component of membrane; MEM, membrane; OGDC, oxoglutarate dehydrogenase complex; OM, cell outer membrane; OM-PS, outer membrane-

bounded periplasmic space; PM, plasma membrane; PS, periplasmic space; RNP, ribonucleoprotein complex; 30S, small ribosomal subunit. 
c Relative abundance of the referred protein in the spot. Calculated based on the Mascot emPAI (Exponentially Modified Protein Abundance Index) value, which offers an approximate, label-free, relative quantitation 

of the proteins in a mixture based on protein coverage by the peptide matches in a database search result (Ishihama et al. 2005). The percentage value is obtained by normalizing each individual emPAI value by the 

sum of the emPAI values in the sample (% = (emPAI / Σ emPAI)*100). 

 

Table 4. Proteins identified by shotgun LC-MS/MS with significant differential abundance between the membrane subproteomes of the S. Typhimurium DT104B 

Se6 and Se6-M strains. 

Accession 

Number Protein Description 

Gene 

name(s) 

No. 

AAs GO Biological Process 

GO Cellular 

Component a 

Peptide 

count 

Unique 

peptides 

Confidence 

score 

Anova 

p-value 

Max fold 

change 

Highest mean 

condition 

P52616 Phase 2 flagellin fljB 506 bacterial-type flagellum-dependent 

cell motility; MyD88-dependent toll-

like receptor signaling pathway; toll-

like receptor 5 signaling pathway 

bacterial-type 

flagellum filament; 

EC; PM 

7 7 536.87 0.024208 7.6 Se6 

Q7CQV8 Outer membrane protease, 

receptor for phage OX2 

ompX  171 - OM; I-MEM  3 3 202.73 0.032707 6.7 Se6-M 

a EC, extracellular; I-MEM, integral component of membrane; OM, cell outer membrane; PM, plasma membrane. 
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Table 5. Protein spots identified by LC-MS/MS with significant differential abundance between the intracellular subproteomes of the S. Typhimurium DT104B 

Se6-M strain grown with and without ciprofloxacin (CIP) stress. 

Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI GO Biological process 

GO Cellular 

component b 

Spot 

No. % c 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

Highest 

mean 

condition 

O33921 Glucose-1-phosphatase  agp  413 45.5 7.08 metabolism; protein 

dephosphorylation 

PS  718 55 14 72 54.48 2884 0.00035 2.4 Se6-M 

Q8XG72 Arginine transport system artI 243 27.0 7.90 transport; ionotropic 

glutamate receptor 

signaling pathway 

OM-PS 2800 100 13 56 58.02 2442 3.71E-06 2.0 Se6-M 

Q7CPE1 ATP synthase subunit 

alpha  

atpA  513 55.1 6.00 plasma membrane ATP 

synthesis coupled proton 

transport; ATP hydrolysis 

coupled proton transport 

PM;  

ATPase-F1 
511 73 22 321 55.75 13093 0.00049 1.4 Se6-M+CIP 

P0A1B7 ATP synthase epsilon 

chain  

atpC  139 15.1 6.28 plasma membrane ATP 

synthesis coupled proton 

transport 

PM;  

ATPase-F1 
1623 100 5 42 76.98 1624 0.00015 1.4 Se6-M+CIP 

1625 100 3 21 33.81 816 9.07E-05 2.0 Se6-M+CIP 

Q8ZKW8 ATP synthase gamma 

chain  

atpG  287 31.5 8.92 plasma membrane ATP 

synthesis coupled proton 

transport 

PM;  

ATPase-F1 
1086 100 16 54 47.04 1854 0.00088 2.9 Se6-M+CIP 

1090 100 22 147 79.79 4415 0.00014 4.6 Se6-M+CIP 

1091 100 11 44 33.80 1582 0.00029 5.1 Se6-M+CIP 

P0A9Y2 Cold shock protein CspA  cspA  70 7.4 5.95 regulation of 

transcription, DNA-

templated; transcription, 

DNA-templated 

CYT 1785 100 4 21 52.86 712 4.57E-06 2.4 Se6-M+CIP 

P0A9Y9 Cold shock-like protein 

CspC  

cspC  69 7.4 7.24 regulation of 

transcription, DNA-

templated; transcription, 

DNA-templated 

CYT 1765 81 5 100 78.26 4193 0.00116 1.4 Se6-M 

C6G201 DfrA17  dfr17  157 17.5 6.80 glycine biosynthesis; 

nucleotide biosynthesis; 

oxidation-reduction   

- 3016 100 12 66 92.36 2262 1.40E-05 1.7 Se6-M+CIP 

P0A2H9 Thiol:disulfide inter-

change protein DsbA  

dsbA  207 22.9 5.95 cell redox homeostasis;   

oxidation-reduction  

PS 2352 85 15 182 63.77 6467 9.28E-05 1.4 Se6-M+CIP 

P64105 3-hydroxydecanoyl- 

[acyl-carrier-protein] 

dehydratase  

fabA  172 19.0 6.79 fatty acid biosynthesis CYT 1469 100 9 61 44.77 2511 0.00113 1.5 Se6-M+CIP 

P0A2C9 3-oxoacyl-[acyl-carrier-

protein] reductase FabG  

fabG  244 25.5 7.20 fatty acid elongation; 

oxidation-reduction   

CYT 1231 53 10 35 60.25 1096 0.00046 1.5 Se6-M+CIP 

1269 71 9 34 57.38 1272 3.38E-05 2.2 Se6-M+CIP 
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Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI GO Biological process 

GO Cellular 

component b 

Spot 

No. % c 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

Highest 

mean 

condition 

Q7CPU6 Fructose-bisphosphate 

aldolase 

fba  359 39.1 6.07 glycolytic process - 2440 64 14 200 47.91 8822 2.84E-05 1.7 Se6-M 

Q8ZLL6 Peptidyl-prolyl cis-trans 

isomerase  

fkpA 272 28.9 8.48 chaperone-mediated 

protein folding; protein 

peptidyl-prolyl 

isomerization 

- 2445 100 15 201 59.19 8332 3.67E-06 1.9 Se6-M 

H9L419 Putative periplasmic 

binding transport protein 

fliY 266 28.8 8.84 transport; ionotropic 

glutamate receptor 

signaling pathway 

MEM 2431 82 22 102 69.17 3497 5.23E-05 2.1 Se6-M 

P17127 Multiphosphoryl transfer 

protein  

fruB; 

fpr; fruF 

376 39.6 5.02 phosphoenolpyruvate-

dependent sugar PTS; 

phosphorylation; 

carbohydrate transport 

CYT 2246 55 18 187 73.14 7630 0.00058 1.9 Se6-M+CIP 

Q8ZKX1 Glutamine--fructose-6-

phosphate 

aminotransferase 

[isomerizing]  

glmS  609 66.8 5.87 glutamine metabolism; 

carbohydrate derivative 

biosynthesis; 

carbohydrate metabolism 

CYT 2276 100 38 284 62.07 12751 0.00036 1.5 Se6-M+CIP 

P0A1P0 Glyceraldehyde-3-

phosphate dehydrogenase 

gapA; 

gap 

331 35.6 6.80 glucose metabolism; 

glycolytic process; 

oxidation-reduction  

CYT 598 100 16 102 57.40 4503 0.00130 2.1 Se6-M 

929 79 22 232 74.92 9215 0.00029 1.6 Se6-M 

931 100 29 328 79.76 12627 0.00013 1.5 Se6-M 

932 100 17 223 60.73 8876 5.96E-06 1.9 Se6-M 

939 90 18 219 71.60 9195 9.11E-05 3.8 Se6-M 

2116 57 14 102 53.78 4075 0.00043 2.2 Se6-M 

2156 58 15 58 60.73 2317 0.00048 2.8 Se6-M 

2438 100 15 86 54.98 3608 0.00105 3.7 Se6-M 

187 78 19 146 59.21 6144 0.00023 3.1 Se6-M 

463 69 9 53 42.90 2375 0.00064 2.1 Se6-M 

Q8ZNG7 Periplasmic 

glycerophosphodiester 

phosphodiesterase 

glpQ  356 40.4 6.05 glycerol metabolism; lipid 

metabolism 

- 851 100 22 152 76.97 6321 5.44E-06 1.8 Se6-M 

853 84 17 155 65.73 6634 0.00061 1.4 Se6-M 

854 100 14 103 57.87 3986 1.01E-08 1.7 Se6-M 

3156 100 14 57 57.02 2366 2.16E-05 2.1 Se6-M 

Q9ZF60 Glutamate/aspartate peri-

plasmic-binding protein  

gltI  302 33.4 8.73 amino acid transport  PS  1075 100 10 36 42.05 1567 0.00154 2.4 Se6-M+CIP 

2482 100 14 131 48.01 6075 0.00125 1.8 Se6-M+CIP 

P63223 Phosphoheptose 

isomerase  

gmhA; 

lpcA 

192 20.9 6.42 D-glycero-D-manno-

heptose 7-phosphate 

biosynthesis; LPS core 

region biosynthesis   

CYT  1295 92 10 47 48.44 1845 5.16E-05 2.0 Se6-M 
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Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI GO Biological process 

GO Cellular 

component b 

Spot 

No. % c 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

Highest 

mean 

condition 

Q9X6M5 Guanylate kinase  gmk  207 23.5 6.65 Phosphorylation; purine 

nucleotide metabolism 

CYT 2273 63 10 52 69.57 1435 0.00019 1.8 Se6-M+CIP 

P0A277 Xanthine 

phosphoribosyltransferase  

gpt  152 17.0 6.19 purine ribonucleoside 

salvage; XMP salvage  

PM  2891 58 4 43 32.89 2340 0.00029 1.8 Se6-M 

Q7CQ05 Autonomous glycyl 

radical cofactor  

grcA  127 14.3 5.17 threonine catabolic 

process 

CYT 1637 100 9 81 70.08 3148 2.21E-07 3.0 Se6-M 

2088 100 10 67 77.95 2765 0.00058 1.7 Se6-M 

P0A1D5 10 kDa chaperonin  groS; 

groES; 

mopB 

97 10.3 5.50 protein folding  CYT 1574 87 5 44 65.98 1627 3.14E-05 2.3 Se6-M+CIP 

2108 100 10 115 79.38 4598 5.18E-06 2.1 Se6-M+CIP 

2114 71 7 68 77.32 2606 1.26E-07 4.2 Se6-M+CIP 

2345 55 6 60 74.23 2396 0.00027 2.2 Se6-M+CIP 

Q8ZQM3 Glutathione-binding 

protein GsiB  

gsiB  512 56.5 8.60 transmembrane transport  ABC; PS 544 100 20 68 50.00 2614 0.00132 1.8 Se6-M 

Q8ZPM7 Glutathione S-transferase  gst 201 22.4 6.55 glutathione metabolism CYT 1413 100 11 64 56.22 2549 1.67E-05 2.3 Se6-M 

P0A1S2 DNA-binding protein  

H-NS  

hns; 

hnsA; 

osmZ 

137 15.5 5.29 regulation of 

transcription, DNA-

templated; transcription, 

DNA-templated 

IC 3103 68 9 159 63.50 4813 3.51E-05 1.9 Se6-M 

O33799 Hypoxanthine 

phosphoribosyltransferase  

hpt  178 20.1 5.11 IMP salvage; purine 

ribonucleoside salvage 

CYT 3187 78 10 59 64.61 2630 0.00165 1.6 Se6-M+CIP 

O30911 ATP-dependent protease 

ATPase subunit HslU 

hslU  443 49.6 5.54 protein unfolding; 

proteolysis 

CYT;   

HslUV  
582 59 25 366 58.47 15471 0.00112 1.5 Se6-M+CIP 

P0A1S0 Integration host factor 

subunit alpha  

ihfA; 

himA 

99 11.4 9.35 DNA recombination; 

regulation of translation; 

transcription, DNA-

templated; regulation of 

transcription, DNA-

templated  

CYT 1698 100 10 97 62.63 2982 0.00285 1.9 Se6-M 

P0A273 LexA repressor  lexA  202 22.3 6.14 cellular response to DNA 

damage stimulus; DNA 

repair; SOS response; 

DNA replication; negative 

regulation of transcription, 

DNA-templated 

- 1243 51 11 55 59.41 2567 8.97E-06 2.2 Se6-M 

Q8ZQD4 Outer-membrane 

lipoprotein carrier protein 

lolA  203 22.5 7.43 lipoprotein transport PS 1424 88 11 159 76.85 5470 0.00049 1.5 Se6-M 
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MW 

[kDa] 

calc. 
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Fold 

change 
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condition 

Q8ZKQ1 Autoinducer 2-binding 

protein LsrB 

lsrB 340 36.8 6.93 carbohydrate transport ABC 3095 53 14 126 63.53 4371 1.88E-07 4.1 Se6-M 

P19576 Maltose-binding 

periplasmic protein 

malE  396 43.1 6.67 carbohydrate transport; 

maltose transport 

PS 2497 70 26 236 77.02 9547 0.00048 1.7 Se6-M+CIP 

Q8ZQR7  Molybdate transporter  modA  257 27.5 7.06 molybdate ion transport OM-PS  1209 100 16 130 71.98 5211 0.00027 1.4 Se6-M 

Q8ZP68 Periplasmic murein 

tripeptide transport 

protein 

mppA 537 59.8 7.91 peptide transport; 

transmembrane transport  

ABC;  

OM-PS 
490 100 26 90 61.64 3747 2.35E-05 2.4 Se6-M 

Q8ZPN7 N-ethylmaleimide 

reductase  

nemA 365 39.5 6.67 oxidation-reduction  CYT 2310 100 21 201 85.48 7940 0.00025 1.4 Se6-M 

K4I2Q8 Hypothetical macrophage 

stimulating factor  

- 183 20.6 6.95 - - 1258 74 10 46 66.67 1487 0.00068 1.5 Se6-M+CIP 

P0AA02 Transcription  

termination/ 

antitermination  

protein NusG  

nusG  181 20.5 6.81 transcription 

antitermination; DNA-

templated transcription, 

termination; regulation of 

DNA-templated 

transcription, elongation; 

DNA-templated 

transcription, elongation  

CYT 1380 87 11 111 80.66 4458 6.31E-05 1.7 Se6-M+CIP 

1382 90 13 163 81.22 5968 8.15E-05 1.9 Se6-M+CIP 

Q7CP68 Hyperosmotically indu-

cible periplasmic protein 

osmY  205 21.4 6.09 transport; response to 

osmotic stress 

I-MEM 1385 65 9 65 54.15 2760 0.00056 1.6 Se6-M+CIP 

O34156 ABC transporter 

substrate-binding protein 

oxd-6a; 

appA 

528 57.9 6.55 transmembrane transport  ABC  2954 59 25 361 67.05 14507 9.77E-05 1.3 Se6-M 

Q7CPJ9  PanD maturation factor  panM; 

yhhK 

127 14.5 6.80 pantothenate 

biosynthesis; zymogen 

activation 

- 1622 84 7 86 76.38 3923 0.00021 1.9 Se6-M+CIP 

P65702 Phosphoglycerate kinase  pgk  387 41.1 5.22 glycolytic process; 

phosphorylation 

CYT 780 71 25 297 86.56 12797 0.00015 1.5 Se6-M 

E1WFA1 Virulence transcriptional 

regulatory protein PhoP  

phoP  224 25.6 5.49 pathogenesis; regulation 

of growth; phosphorelay 

signal transduction 

system; regulation of 

transcription, DNA-

templated; transcription, 

DNA-templated 

CYT 2081 95 15 289 87.50 12140 0.00046 1.4 Se6-M 
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Accession 

Number a Protein Description 

Gene 

name(s) 

No. 

AAs 

MW 

[kDa] 

calc. 

pI GO Biological process 

GO Cellular 

component b 
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No. % c 

No. 

Peptides 

No. 

PSMs 

% Seq. 

Coverage Score 

Anova 

p-value 

Fold 

change 

Highest 

mean 

condition 

Q8ZKX5  Phosphate-binding 

protein PstS 

pstS 346 36.8 8.88 cellular response to 

phosphate starvation; 

phosphate ion trans-

membrane transport 

ABC 916 100 19 173 63.58 7000 1.60E-05 1.8 Se6-M 

P0A2C5 D-ribose-binding 

periplasmic protein  

rbsB; 

rbsP 

296 30.9 8.62 carbohydrate transport; 

chemotaxis 

PS; I-MEM 2172 100 15 253 68.24 8256 0.00071 1.4 Se6-M 

P26396 Glucose-1-phosphate 

cytidylyltransferase  

rfbF  257 29.0 6.46 biosynthesis   2784 100 13 60 43.58 2366 1.67E-05 1.5 Se6-M 

P66692 Ribose-5-phosphate 

isomerase A  

rpiA  219 22.9 5.25 pentose-phosphate shunt, 

non-oxidative branch 

- 1238 58 7 64 57.99 2646 5.88E-05 1.5 Se6-M 

P65977 Protein RecA  recA  353 37.9 5.17 DNA recombination; 

DNA repair; positive 

chemotaxis; positive 

regulation of receptor 

clustering; regulation of 

bacterial-type flagellum-

dependent cell motility; 

SOS response  

CYT 848 81 14 209 64.59 8562 9.34E-05 1.8 Se6-M+CIP 

P66073 50S ribosomal protein 

L15  

rplO  144 15.0 11.18 translation  50S; RNP; IC 1797 100 3 12 27.08 603 0.00030 1.5 Se6-M 

P66541 30S ribosomal protein S2  rpsB  241 26.7 7.14 translation 30S; RNP; IC 1074 68 11 67 63.07 2706 0.00088 1.9 Se6-M+CIP 

1079 100 14 89 61.83 3205 0.00018 3.1 Se6-M+CIP 

2111 100 13 48 54.36 1874 0.00094 3.4 Se6-M+CIP 

2112 86 12 48 50.21 1852 0.00058 2.6 Se6-M+CIP 

O54297 30S ribosomal protein S4  rpsD  206 23.5 10.02 response to antibiotic; 

translation  

30S; RNP; IC 829 100 9 35 50.97 1057 2.61E-06 2.6 Se6-M+CIP 

833 100 9 33 48.54 1255 3.48E-05 3.8 Se6-M+CIP 

836 100 9 33 48.54 1144 5.50E-05 5.0 Se6-M+CIP 

841 100 10 36 46.60 1118 6.98E-06 5.1 Se6-M+CIP 

845 100 11 52 56.80 1715 2.82E-05 5.1 Se6-M+CIP 

847 100 12 120 59.22 3507 0.00084 3.6 Se6-M+CIP 

P0A2B3 30S ribosomal protein S7  rpsG  156 17.6 10.30 translation  30S; IC-RNP 2429 80 13 120 68.59 4440 0.00166 3.7 Se6-M 

Q7CQY1 Negative modulator of 

initiation of replication  

seqA  180 20.1 8.40 negative regulation of 

DNA-dependent DNA 

replication initiation; 

regulation of transcrip-

tion, DNA-templated 

CYT 1354 100 10 121 81.67 4908 0.00086 1.8 Se6-M 
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P0CL47 Cell invasion protein 

SipC  

sipC; 

sspC 

409 43.0 8.87 pathogenesis  EC 2415 89 21 146 77.02 5835 0.00054 2.8 Se6-M+CIP 

2416 100 19 65 69.93 2430 0.00042 2.8 Se6-M+CIP 

P43019 Superoxide dismutase 

[Mn]  

sodA  206 23.1 6.96 removal of O2-; 

oxidation-reduction  

CYT 1280 70 10 79 58.74 2970 0.00030 1.5 Se6-M+CIP 

2458 87 13 93 65.05 3348 0.00017 1.5 Se6-M+CIP 

P0A2F4 Superoxide dismutase 

[Fe]  

sodB  193 21.3 5.95 removal of O2-; 

oxidation-reduction  

CYT 1317 67 9 79 73.06 2837 4.07E-05 1.5 Se6-M 

3213 58 9 96 73.58 3370 0.00015 1.9 Se6-M 

Q8ZPJ3 Spermidine N1-

acetyltransferase 

speG 186 22.0 6.15 N-terminal protein amino 

acid acetylation 

- 1436 72 10 99 58.06 3967 9.96E-06 1.9 Se6-M 

P0A1S4 DNA-binding protein 

StpA  

stpA  133 15.5 8.40 regulation of 

transcription, DNA-

templated  

IC 1589 100 9 219 62.41 5848 8.29E-05 1.7 Se6-M 

C7FHN1 Dihydropteroate synthase  sul2 271 28.5 6.38 folic acid biosynthesis; 

tetrahydrofolate 

biosynthesis  

- 1108 53 16 163 85.24 7591 0.00067 1.5 Se6-M+CIP 

A0A0 

D6GRR0 

Putative prophage protein - 89 10.4 7.24 - - 1738 100 5 19 57.30 706 1.36E-06 3.1 Se6-M 

P64052 Elongation factor Ts  tsf  283 30.3 5.21 translation;   

translational elongation 

CYT; IC 1039 53 19 182 70.67 6852 0.00047 1.8 Se6-M+CIP 

1061 85 20 290 71.02 11009 7.72E-06 1.9 Se6-M+CIP 

2034 79 24 384 77.03 14767 0.00030 1.4 Se6-M+CIP 

P67093 Universal stress protein G uspG  142 15.9 6.68 response to stress - 1593 96 8 131 83.80 5413 1.25E-06 1.8 Se6-M 

Q8ZS17 UPF0246 protein YaaA  yaaA  257 29.7 6.27 response to 

hydroperoxide 

CYT 1020 70 18 140 79.38 5503 9.51E-05 1.5 Se6-M 

Q8ZRC9 UPF0234 protein YajQ  yajQ  163 18.3 5.76 - - 1431 100 14 226 77.91 8937 0.00092 1.4 Se6-M+CIP 

P67537 UPF0250 protein YbeD  ybeD  87 9.8 5.33 - - 1815 100 5 51 94.25 2089 0.00098 1.6 Se6-M+CIP 

P67366 UPF0227 protein YcfP  ycfP  180 21.1 6.79 - - 1463 83 8 60 58.33 2016 4.37E-07 2.1 Se6-M 

Q7CQJ6   Selenium-binding protein 

YdfZ 

ydfZ 67 7.2 8.97 - CYT 1825 100 5 23 71.64 897 7.24E-05 3.0 Se6-M 

P60817 UPF0304 protein YfbU  yfbU  164 19.5 6.52 - - 1475 100 8 64 51.22 1936 1.98E-06 2.3 Se6-M 

Q7CQ00 Ribosome associated factor 

(σ54) modulation protein) 

yfiA 112 12.6 7.14 primary metabolism  - 1632 100 7 87 71.43 3618 1.44E-07 2.0 Se6-M 

Q8ZLR9  Lipopolysaccharide 

export system protein 

LptA 

yhbN  184 20.0 8.73 Gram-negative-

bacterium-type cell OM 

assembly; LPS transport  

PS  1443 84 7 62 48.91 2807 3.71E-06 1.6 Se6-M 

Q7CPD8 UPF0438 protein YifE  yifE  112 13.1 6.70 - CYT 1548 100 10 47 63.39 1421 0.00153 1.6 Se6-M+CIP 
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Q8ZPD6 Uncharacterized protein 

YncE  

yncE  353 38.5 9.16 - OM-PS 2563 100 14 208 52.12 9607 4.32E-05 1.7 Se6-M 

Q7CPP3 Putative ABC 

superfamily transport 

protein 

yrbC 211 24.0 9.13 - - 1235 74 13 129 69.67 3830 0.00017 1.5 Se6-M 

Q8ZKP1 Cell division protein 

ZapB  

zapB  79 9.3 4.56 FtsZ-dependent 

cytokinesis; barrier 

septum assembly 

CYT 1786 89 8 75 82.28 2892 0.00162 1.5 Se6-M+CIP 

a Underlined accession numbers represent active S. Typhimurium UniProtKB entries replacing the original accessions that became obsolete and deleted from UniProtKB by the time of manuscript submission. 
b ABC, ATP-binding cassette transporter complex; ATPase-F1, proton-transporting ATP synthase complex, catalytic core F(1); CYT, cytoplasm; EC, extracellular; HslUV, HslUV protease complex; IC, intracellular; 

IC-RNP, intracellular ribonucleoprotein complex; I-MEM, integral component of membrane; MEM, membrane; OM-PS, outer membrane-bounded periplasmic space; PM, plasma membrane; PS, periplasmic space; 

RNP, ribonucleoprotein complex; 30S, small ribosomal subunit; 50S, large ribosomal subunit. 
c Relative abundance of the referred protein in the spot. Calculated based on the Mascot emPAI (Exponentially Modified Protein Abundance Index) value, which offers an approximate, label-free, relative quantitation 

of the proteins in a mixture based on protein coverage by the peptide matches in a database search result (Ishihama et al. 2005). The percentage value is obtained by normalizing each individual emPAI value by the 

sum of the emPAI values in the sample (% = (emPAI / Σ emPAI)*100). 

 
Table 6. Proteins identified by shotgun LC-MS/MS with significant differential abundance between the membrane subproteomes of the S. Typhimurium DT104B 

Se6-M strain grown with and without ciprofloxacin (CIP) stress. 

Accession 

Number Protein Description 

Gene 

name(s) 

No. 

AAs GO Biological Process 

GO Cellular 

Component a 

Peptide 

count 

Unique 

peptides 

Confidence 

score 

Anova 

p-value 

Max fold 

change 

Highest 

mean 

condition 

Q8ZRT1 Acetyltransferase component of 

pyruvate dehydrogenase complex 

aceF 629 glycolytic process PDC 4 4 268.18 0.001368 9.3 Se6-M 

Q8ZQT9 Cytochrome d terminal oxidase, 

polypeptide subunit I 

cydA 522 aerobic electron transport chain  cytochrome 

complex; I-MEM 

2 2 84.29 0.005143 14.6 Se6-M 

Q8ZKP2 Glycerol diffusion MIP channel glpF 281 cellular water homeostasis; ion 

transmembrane transport; water 

transport; glycerol transport 

I-PM 1 1 38.89 0.005719 34.9 Se6-M 

P02936 Outer membrane protein A  ompA 350 conjugation; ion transport  OM; pore  10 10 478.66 0.00978 15.6 Se6-M 

Q7CPR3 Putative inner membrane protein yqjD 101 - I-MEM 1 1 53.27 0.026052 3.6 Se6-M 

Q8ZND3 Putative inner membrane protein STM2342 463 phosphoenolpyruvate-

dependent sugar PTS 

I-MEM 3 3 186.44 0.039856 2.6 Se6-M 

Q7CQV8 Outer membrane protease, 

receptor for phage OX2 

ompX 171 - OM; I-MEM  3 3 202.73 0.043976 3.5 Se6-M 

a I-MEM, integral component of membrane; I-PM, integral component of plasma membrane; OM, cell outer membrane, PDC, pyruvate dehydrogenase complex.
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1. Unlocking functional genomics 

Antimicrobial resistance represents one of the greatest threats to global human health, being 

modern medicine currently challenged with increasing numbers of severe multiresistant infections in 

face of a drying pipeline for new antibiotics (WEF 2014; Enani 2015). Fluoroquinolone resistance in 

nontyphoidal Salmonella is currently considered a situation of serious and international concern due to 

the worldwide high human health impact of nontyphoidal Salmonella infections and to the vital 

importance of the fluoroquinolone class of antibiotics (CDC 2013; WHO 2014). Salmonella enterica 

subsp. enterica serotype Typhimurium phage type DT104B (S. Typhimurium DT104B) multiresistant 

strains with additional quinolone resistance represent a situation of particular concern as they have been 

responsible for global outbreaks with high mortality rates and frequent treatment failures (Threlfall 

2000; Helms et al. 2005; Mather et al. 2013; WHO 2014).  

To address this problem, a comprehensive knowledge of the multi-layered mechanisms by which 

bacteria escape quinolone action is needed to understand how resistance is selected and persists 

(Redgrave et al. 2014; Vranakis et al. 2014). Multiple factors are known to be involved in quinolone 

resistance however additional elements keep being described and the exact contribution of many 

mechanisms remains unexplained and/or need better understanding at a molecular level (Hernandez et 

al. 2011; Fàbrega et al. 2014).  

The acquisition of antibiotic resistance involves a complex interaction network that involves 

changes at the gene, transcript, protein and metabolite level (Suzuki et al. 2014). Functional genomics 

allows identification of complex pathways and interactions between gene expression products. Table 1 

summarizes the genome annotation of S. Typhimurium DT104. Even though the number of coding DNA 

sequences (CDS) can be predicted from the genome, the number of different proteins that an organism 

is capable of generating cannot directly be deduced - a global protein analysis is needed to define the 

protein composition of a given cell under a certain circumstance (Brotz-Oesterhelt et al. 2005).  

 

Table 1. Genome assembly information of Salmonella enterica subsp. enterica serovar Typhimurium DT104 

(https://www.ncbi.nlm.nih.gov/genome/152?genome_assembly_id=154408). 

 

Type RefSeq Size (bp) GC% CDS rRNA tRNA Other RNA Gene 

Chromosome NC_022569.1 4,933,631 52.1 4,625 22 84 16 4,801 

 

2. Experimentalism in proteomics: towards an understanding of Salmonella omics  

Over the last years, proteomic tools have become established in the study of bacterial species 

providing quantitative and functional data to complement genomic and transcriptomic profiles (da Costa 

et al. 2015). A comprehensive coverage of key metabolic pathways can be achieved through proteomic 

approaches and numerous comparative proteomic studies have shown the potential of such approaches 
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not only in associating molecular changes to antibiotic resistance phenotypes but also in elucidating the 

mechanisms by which resistance arises (Lima et al. 2013; Burchmore 2014; Vranakis et al. 2014). 

Together with other high-throughput methodologies, proteomics achieved significant progress in the 

characterization of proteins involved in resistance mechanisms and have greatly contributed to the 

understanding of the effect of metabolic networks on antibiotic resistance and to identify new drug 

targets (Lima et al. 2013; Vranakis et al. 2014).  

Hence, in order to give new insights about the resistance mechanisms involved, three clonally 

related Salmonella Typhimurium DT104B clinical strains with different antimicrobial resistance 

phenotypes were thoroughly studied through different proteomic approaches complemented with 

genomic and transcriptomic methods.  

Primarily, the complete proteome of Se20, a previously characterized S. Typhimurium DT104B 

clinical strain that acquired quinolone resistance in vivo after patient treatment with ciprofloxacin (de 

Toro et al. 2010), together with the total proteome of reference strain SL1344, was determined by 2-DE 

and MALDI-TOF MS identification in order to obtain a physiological map and an overview of global 

protein expression in these strains under normal growth conditions (Chapter 3). A total of 186 and 219 

protein spots was recovered from the Se20 and SL1344 2-DE gels, respectively (Figures 1 and 2, 

Chapter 3). After MALDI-TOF MS analysis, 178 and 202 protein spots (representing 143 and 166 

unique gene products) were positively identified in Se20 and SL1344, respectively (Tables 2 and 3, 

Chapter 3). Approximately 50% of the proteins identified in both strains were related to oxidation-

reduction processes or protein, nucleobase-containing compound and carbohydrate metabolism 

(Figure 3, Chapter 3). However, we should keep in mind that the limitations of 2-DE gel approaches 

concerning low abundance and hydrophobic proteins, together with the fact that a small percentage of 

the most highly expressed genes is known to produce the great majority of the protein mass that can be 

visualized on a typical gel, can create a functional bias that results in a limited number of biological 

functions being represented in the restricted protein pool (Park et al. 2016). Nonetheless, this preliminary 

study provided a snapshot of the major proteins involved in the basic cellular physiology of the S. 

Typhimurium Se20 and SL1344 strains, with special attention given to the expression of proteins related 

to antimicrobial resistance and virulence. 

Subsequently, a set of different comparative subproteomic analyses were performed in order to 

specifically observe mechanism-related differential protein expression which could provide new 

evidences on quinolone mechanisms of action and resistance by a combined 2-DE~LC-MS/MS and 

shotgun LC-MS/MS approach. As 2-DE allows the comparison of complex intracellular protein 

extracts with high resolving power, and the shotgun analysis permits to overcome the solubility 

limitations of the highly hydrophobic membrane proteins, the combined use of both approaches 

ensured a more complete coverage of the present proteins (Abdallah et al. 2012; Hébraud 2014; da 

Costa et al. 2015). 



chapter 7  |  169 

First, the membrane and intracellular subproteomes of the in vivo selected Se20 strain were 

compared to the subproteomes of an in vitro selected highly resistant mutant (Se6-M), obtained from 

the parental strain of Se20 (Se6) by laboratory evolution with increasing ciprofloxacin concentrations 

(Chapter 4), and then each of these strains, Se20 and Se6-M, were individually compared at the 

subproteomic level with their parental strain Se6 and also under ciprofloxacin stress (Chapters 5 and 6). 

Figure 1 shows the different strains and comparative analyses performed and Table 2 summarizes the 

total number of unique differentially abundant proteins identified in both subproteomes for each 

comparative analysis. Detailed information concerning each protein identified, including accession 

number, protein description, gene name(s), sequence length, molecular weight, pI, Gene Ontology (GO) 

biological process and cellular component, spot number and relative abundance of protein in the spot, 

peptide and PSM number and sequence coverage, peptide count and unique peptides, score, Anova p-

value and fold change, is presented in Tables 4-6 of Chapter 4, Tables 1-4 of Chapter 5 and Tables 3-6 

of Chapter 6. 

 

 

 

 
Figure 1. Comparative experimental designs set up to observe mechanism-related differential protein 

expression between the Salmonella Typhimurium DT104B strains Se6, Se20 and Se6-M. 

 

 

Table 2. Total number of significantly differentially abundant proteins identified in the five comparative 

subproteomic analyses performed. In the subproteome columns, each count refers to number of proteins that 

were more abundant in the corresponding condition. 

 

Comparative analysis 

Intracellular 

subproteome 

Membrane 

subproteome 

  TOTAL 

█ Se20 vs. █ Se6-M 32 + 18 2 + 5 57

█ Se6 vs. █ Se20 2 + 7 5 + 0 14

█ Se20 vs. █ Se20+CIP 49 + 33 4 + 5 91

█ Se6 vs. █ Se6-M  24 + 9 1 + 1 35

█ Se6-M vs. █ Se6-M+CIP 44 + 31 7 + 0 82

Se6     vs.      Se20        vs.     Se20+CIP 

CHAPTER 4 

CHAPTER 5 

Se6     vs.     Se6-M     vs.     Se6-M+CIP CHAPTER 6 

vs. 
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Through the integrated genomic, transcriptomic and proteomic approaches performed, resistance 

determinants associated with the three currently recognized mechanisms of bacterial resistance to 

quinolones, i.e. gene mutations that modify the drug targets, reduced drug accumulation and plasmid-

mediated resistance, were identified and are discussed henceforth. 

Both the in vivo- and in vitro-selected quinolone-resistant strains have a single gyrA mutation 

resulting in a Ser83Tyr substitution in Se20 and a Asp87Gly substitution in Se6-M. These amino acid 

modifications structurally modify the GyrA subunit of the target enzyme DNA gyrase which results in 

a reduced quinolone-binding affinity. Although significant levels of quinolone resistance are usually 

associated with multiple target-site gene mutations, high-level resistance phenotypes have also been 

reported with single gyrA mutations (Hopkins et al. 2005; da Costa et al. 2015; Lin et al. 2015).  

Plasmid-encoded resistance mechanisms are of high concern due to their easy transfer to other 

organisms, within and between species. PMQR genes alone are usually only responsible for low-level 

resistance which by itself does not exceed the clinical breakpoint; however, their presence can favour 

the selection of additional resistance mechanisms, leading to higher resistance levels. All the S. 

Typhimurium DT104B strains in this study harbour the qnrS1 PMQR gene (de Toro et al. 2010; Correia 

et al. 2016), which encodes a target protection protein that binds to DNA gyrase and topoisomerase IV 

and physically protects them from quinolone inhibition. The Se20 strain recovered after patient 

treatment also harbours the PMQR gene aac(6′)-Ib-cr, which was likely acquired by horizontal gene 

transfer in the host’s intestinal microbiota (de Toro et al. 2010). This gene encodes a bifunctional variant 

of a common aminoglycoside acetyltransferase that not only reduces the activity of aminoglycoside 

antibiotics such as amikacin, kanamycin and tobramycin, but is also able to acetylate fluoroquinolones 

with an amino nitrogen on the piperazinyl ring, such as ciprofloxacin and norfloxacin. As expected, the 

AAC(6')-Ib-cr4 protein was identified as more abundant in the Se20 strain either when compared with 

Se6 or Se6-M and its presence can therefore be responsible not only for the fluoroquinolone resistance 

but also for the aminoglycoside resistance phenotype showed by Se20 (Table 3, Chapter 4).  

Fluoroquinolones must overcome the Gram-negative outer membrane barrier in order to interact 

with their cytoplasmic targets and mutations that result, either directly or indirectly, in a reduced membrane 

permeability to these drugs can lead to bacterial resistance. The intracellular fluoroquinolone concentration 

is regulated through the concerted actions of diffusion-mediated uptake and pump-mediated efflux, being 

both tightly coordinated by a complex regulatory network that acts at both transcriptional and post-

transcriptional levels (Viveiros et al. 2007; Delcour 2009; Fernandez & Hancock 2012; Masi & Pages 2013).  

Hydrophilic antibiotics such as ciprofloxacin require outer membrane porin channels to passively 

diffuse into the cell thus, the type and number of expressed porins determines the bacteria’s 

susceptibility to these drugs (Pagès et al. 2008; Bolla et al. 2011; Fernandez & Hancock 2012). In this 

study four relevant porins were identified with significant differential abundances between conditions: 

OmpA, OmpC, OmpD and OmpX.  
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The OmpA protein showed to be 21-fold more abundant in Se6-M when compared to Se20 and 

showed reduced levels under CIP stress only in Se6-M (16-fold). OmpA is considered a structural outer 

membrane protein that contributes to the integrity of the cell envelope and although the diversity of 

OmpA cellular functions has been well-described, a clear role for this porin in antimicrobial resistance 

has not yet been fully demonstrated (Smith et al. 2007; Viveiros et al. 2007; Confer & Ayalew 2013; 

Smani et al. 2014). Thus, the difference of abundance of OmpA between Se20 a Se6-M could be 

explained by factors related or not with drug resistance. For instance, one can suggest that the Se20 

strain adapted in vivo to express a lower number of these proteins in its surface due to the fact that OmpA 

can be a target of the host innate immune system or function as a receptor for several bacteriophages 

and bacteriocins (Smith et al. 2007). Moreover, upon envelope stress, the synthesis of outer membrane 

proteins is known to be repressed at the posttranscriptional level by RpoE-regulated sRNAs such as 

MicA, which inhibits mRNA translation of ompA and also of ompX (Johansen et al. 2008; Klein & Raina 

2015). This can explain not only the reduced levels of OmpA under CIP stress in Se6-M but also the 

reduced levels of OmpX observed in both Se6-M+CIP and Se20+CIP conditions. Results at the 

transcriptional level also revealed reduced ompX mRNA levels in both stress conditions. OmpX has 

been described as a downregulator of porin expression and is activated by the transcriptional activator 

MarA, encoded by the multiple antibiotic resistance operon marRAB (Viveiros et al. 2007). When 

overexpressed, OmpX leads to a decreased expression of porins such as OmpC, OmpD, OmpF, LamB, 

Tsx, and hence to an increased resistance to a variety of antibiotics, including beta-lactams and 

fluoroquinolones (Dupont et al. 2007; Viveiros et al. 2007; Dowd et al. 2008; Delcour 2009). Indeed, 

OmpX was more abundant in Se6-M when compared with either Se6 or Se20 and correspondingly, the 

OmpC and OmpD proteins showed reduced abundances in Se6-M in the same conditions. An absence 

of ompD amplification was observed in Se6-M at the gene and transcript levels providing a high 

indication that the ompD gene was deleted in the process of in vitro selection. Also, reduced levels of 

OmpD were observed in Se20 under CIP stress at both protein and transcript levels. Considering that 

OmpD represents nearly 1 % of total protein content of S. Typhimurium (Santiviago et al. 2003; Hu et 

al. 2007), the absence of this porin in Se6-M and its reduced levels in Se20 under CIP stress indicates a 

particular relevance for OmpD in quinolone resistance. Concerning OmpC, which is also one of the 

most abundant proteins in S. Typhimurium, expression was discordant at protein and transcript levels 

(higher mRNA abundance in Se6‑M), however this gene is known to be post-transcriptionally repressed 

in S. Typhimurium by the sRNAs MicC and RybB (Papenfort et al. 2006; Pfeiffer et al. 2009). The 

absence of differential expression of OmpC in Se20 when compared to either Se6 or Se20+CIP might 

show that the reduced levels of this porin could be of particular importance in the resistance phenotype 

of the Se6-M strain, which can possibly be reflected in the beta-lactam resistance phenotype exhibited 

by Se6-M and not by Se20 (Table 3, Chapter 4). 
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Outer membrane organization modifications are other important feature in multidrug resistance 

that can be or not associated with porin downregulation in reducing membrane permeability (Delcour 

2009; Bolla et al. 2011). Given that fluoroquinolones can use both a porin- and a lipid-mediated pathway 

to enter bacterial cells, lipopolysaccharide (LPS) structure modifications have been reported to be 

involved in bacterial resistance to these and other antibiotics (Delcour 2009). In the comparative 

proteomic analyses performed in this study, six proteins involved in the biosynthesis of all LPS 

constituents (lipid A: GlmU and GlmS; core: GmhA; O-antigen: RbfG and RfbF) and also in LPS 

transport (LptA) were identified with significant differential abundances.  

The two proteins involved in LPS lipid A biosynthesis, GlmS and GlmU, were significantly more 

abundant in Se20 under ciprofloxacin stress, with one of the three spots corresponding to GlmS also 

with significant increased abundance in Se6-M+CIP. The high abundance of these proteins under CIP 

stress can be expected as a higher content in LPS Lipid A leads to a decreased permeability and therefore 

to a higher drug resistance (Nanduri et al. 2008; Delcour 2009). The GmhA protein, which catalyses the 

first committed step in LPS core biosynthesis, showed to be significantly more abundant in Se6-M when 

compared to Se6 and Se20, showing also decreased abundance in Se6-M under CIP stress. The high 

expression of GmhA in Se6-M can represent a protective mechanism acquired by this strain; quinolone-

selected strains are reported to produce increased amounts of LPS forming a permeability barrier that 

acts preferentially against hydrophilic antibiotics such as ciprofloxacin (Giraud et al. 2000) and previous 

studies have also demonstrated that gmhA mutations greatly increased antibiotic susceptibility by 

effectively removing the protective LPS barrier (Cheung et al. 2003; Taylor et al. 2008). However, 

quinolone antibiotics are reported to repress gmhA synthesis (Cheung et al. 2003) which is in accordance 

with the reduced GmhA abundance observed in Se6‑M+CIP. Concerning the proteins involved in LPS 

O-antigen biosynthesis, both RfbF and RfbG showed decreased abundances in Se6-M when compared 

with Se6 and Se20 but only RfbG showed to be less abundant in Se6-M+CIP. Together these results 

suggest that the proteins involved in LPS Lipid A biosynthesis, GlmU and GlmS, have major roles in 

LPS modifications leading to antimicrobial resistance in the in vivo selected strain Se20 and, in the other 

hand, proteins involved in LPS core and O-antigen biosynthesis, GmhA, RbfG and RfbF, are more 

relevant for LPS modifications leading drug resistance in the in vitro selected strain Se6-M. Also clearly 

important in Se6-M is the LptA protein which is required for LPS translocation and assembly; LptA was 

more abundant in Se6-M when compared to Se6 and Se20 but less abundant under CIP stress. The LPS 

export system, and also the LPS biosynthesis proteins GmhA, GlmU and GlmS, have been largely 

recognized and/or explored as important new Gram-negative targets for the development of new 

antimicrobials (Kalamorz et al. 2007; Taylor et al. 2008; Walsh & Wencewicz 2014; Mehra et al. 2015). 

Other important Gram-negative target identified as differentially abundant was the LolA protein 

which is critical for transporting lipoprotein, a major component of the cell envelope, and thus essential 

for bacterial growth. This protein was exclusively identified as less abundant in Se6-M under CIP stress, 
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representing other protein with particular relevance for resistance due to outer membrane organization 

modifications in the in vitro selected Se6-M strain. 

The MltA-interacting protein MipA, a structural protein involved in peptidoglycan biosynthesis, 

has also been shown to be relevant for the resistance phenotype of Se6-M. The MipA protein was 

significantly less abundant in Se6-M when compared with Se6 and Se20 and reduced expression was 

confirmed at the transcript level. At the genomic level, a frameshift mutation resulting from 7-nucleotide 

deletion was detected in the mipA gene of Se6-M and no mipA mutations were observed in Se20.  In a 

recent study, quinolone-resistant strains obtained by experimental evolution with enoxacin and 

ciprofloxacin revealed frameshift mutations resulting from one- to ten-nucleotide deletions in the mipA 

gene; although the contribution of these mutations was not clarified, the significant downregulation of 

mipA expression in most quinolone-resistant strains suggested that the disruption of MipA function 

could contribute to quinolone resistance (Suzuki et al. 2014). Nevertheless, the MipA protein has very 

recently been reported as novel antibiotic resistance-related protein, showing to be downregulated in 

kanamycin-, streptomycin- and nalidixic acid-resistant E. coli strains (Li et al. 2015). 

As mentioned above, pump-mediated drug efflux is also important in regulating fluoroquinolone 

intracellular concentration and represents one of the most commonly described mechanisms of 

resistance. In response to the antibiotic insult, multidrug resistance efflux pumps are usually 

overexpressed in resistant strains in order to extrude the antibiotic from the cell before it reaches harmful 

intracellular concentrations (Hernandez et al. 2011; Aldred et al. 2014). Hence, one of the most 

surprising results of this study is the absence of known efflux-pump proteins among the numerous 

differentially abundant proteins identified in the five comparative proteomic analyses. Several members 

of the ATP binding cassette (ABC) family, which is one of the four families of MDR efflux systems 

known to extrude quinolones (Hernandez et al. 2011) were identified, however the majority showed to 

be less abundant in the resistant strains and also under CIP stress. In fact, all of these proteins are the 

periplasmic substrate-binding protein (SBP) of ABC importers, being responsible for recruiting their 

specific substrates (ions, sugars, amino acids, peptides, etc.) from the extracellular space and deliver 

them to the respective transporter, and therefore with no known role in extruding ciprofloxacin 

(Moussatova et al. 2008). Nonetheless, some of these proteins can play direct or indirect roles in 

multidrug resistance or represent potential targets for the development of new antimicrobial drugs, 

which is discussed in more detail in Chapter 6. 

Several of the differentially abundant proteins identified in this study are discussed above in light 

of the current knowledge of the mechanisms involved in bacterial resistance to quinolones and other 

drugs. However, a total of 144 proteins with significant differential abundances were identified 

throughout the different comparative analyses, providing many valuable information about mechanism-

related differential protein expression and new evidences on the nature of the metabolic changes 

associated with resistance acquisition and the physiological disturbances caused by quinolone drugs.  
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Changes in bacterial metabolism have been proved to affect bacterial antibiotic susceptibility and 

the linkage between metabolism and antimicrobial resistance has become of great interest in face of the 

current antibiotic resistance crisis (Martinez & Rojo 2011; Bhargava & Collins 2015). In this study, a 

great number of global metabolic regulators were identified with significant differential abundances, 

some with already proven roles in modulating simultaneously bacterial metabolism, virulence and 

antibiotic resistance (e.g. H-NS). According to Gene Ontology (GO) Biological Process classification, 

a total of 23 of the significant differentially abundant proteins identified correspond to the “regulation 

of cellular process” category. Thus it might be predicted that each of these regulators of bacterial 

metabolism can modulate, directly or indirectly, the bacterial susceptibility to quinolones and other 

drugs observed in the strains under study. Figure 2 discriminates these regulator proteins and the 

corresponding comparative proteomic analysis where they were identified as differentially abundant.  

 

Figure 2. Significant differentially abundant proteins corresponding to the “regulation of cellular process” 

Gene Ontology category (n=23) identified in the different comparative proteomic analyses. Different colours 

represent proteins that showed higher abundance in: ∎Se20, ∎Se6-M; ∎Se6, ∎Se20, ∎Se20+CIP; ∎Se6, 

∎Se6-M and ∎Se6-M+CIP. 

 

We can observe that more than half of the differentially abundant protein regulators are condition-

specific (indicated in bold in Fig. 2) and also some strain-specific (e.g. CheB) or stress-specific (CspA, 

CspC, H-NS, PhoP and RecA) regulators can be distinguished, which can provide further evidences for 

the role of these proteins in determining bacterial resistance and/or responding to CIP stress. Moreover, 

some of these regulators belong to two-component signal transduction systems (e.g. CheB, PhoP, Tar) 

which, due to their key role in regulating diverse adaptation processes, are known to be instrumental in 

the regulation of both virulence and antibiotic resistance (Martinez & Rojo 2011). Additionally, several 

of the regulatory proteins identified, and also numerous non-regulatory proteins identified, are involved 

in bacterial stress response mechanisms (e.g. DNA damage: LexA, RecA, Ssb; oxidative stress: DegP, 

Trx-1, SodA, SodB, YaaA; etc), which themselves have been considered determinants of antimicrobial 

resistance and worth considering as therapeutic targets (Poole 2012). For instance, inactivation of the 

SOS response has been shown to increase fluoroquinolone E. coli susceptibility by compromising the 
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formation of fluoroquinolone-promoted persisters (Dorr et al. 2009). Also, targeting the oxidative stress 

response can promote the efficacy of bactericidal drugs such as quinolones which usually promote cell 

death through the production of highly deleterious hydroxyl radicals (Kohanski et al. 2007; Poole 2012).

 Moreover, considering the link between stress and resistance, the fact that antibiotics themselves 

activate the bacterial stress responses can also have important implications for the development of 

resistance (Poole 2012). When comparing the results obtained from inducing CIP stress in Se20 and 

Se6-M, a total of 125 antibiotic-stress response proteins was identified either exclusively in each strain 

under stress or in both stressed conditions (Figure 3). Opposing results were observed for OsmY, which 

showed lower abundance in Se20+CIP but higher levels in Se6-M+CIP, and for SipC, where the protein 

identified in the membrane subproteome was more abundant only in Se20+CIP, but at the intracellular 

level (2-DE spots) showed to be less abundant in Se20+CIP and more abundant in Se6-M+CIP.  

Figure 3. Differentially abundant proteins identified in the Se20 and Se6-M under ciprofloxacin stress. Top 

and bottom bars represent proteins with higher and lower abundances, respectively. *HMSF, Hypothetical 

macrophage stimulating factor; PPP, Putative prophage protein. 

 

Among these proteins identified with significant differential abundance in the Se20 and Se6-M 

resistant strains under CIP stress are not only relevant bacterial stress response effectors but also numerous 

proteins involved in a great variety of cellular process, reflecting the different metabolic adaptations of 

these strains to ciprofloxacin stress. The fact that a great number of proteins were identified exclusively in 

either the in vivo- or the in vitro-selected quinolone-resistant strain show the importance of including both 

laboratory- and clinically-adapted strains in these comprehensive comparative approaches. Indeed, 

although experimentally-inducing resistance can allow for more controlled conditions and the achievement 

of a much higher resistance levels, the results obtained with these approaches may not always be 

representative of clinically acquired resistance which develops as a response to numerous factors 

(environment, host response, competitive fitness, etc.). This has been shown in some studies where 

proteome changes are not observed in in vitro selected resistant strains when re-exposed to the same 
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antibiotic, which suggests a form of adapted resistance that may not be as clinically relevant (Park et al. 

2016). Furthermore, when comparing either Se20 or Se6-M with the parental strain Se6, only one of the 

significantly differentially abundant proteins identified (14 in Se6 vs. Se20 and 35 in Se6 vs. Se6-M), 

glyceraldehyde-3-phosphate dehydrogenase (gapA), was common to both comparative approaches, which 

underpins the importance of studying strains which evolved resistance in both in vivo and in vitro contexts.  

Additionally, the opposing results frequently observed at the protein and transcript level show the 

importance of integrating different -omic approaches in answering a complex biological question such 

as the mechanisms of action and resistance to quinolones and other drugs. For instance, the OmpC 

protein, whose reduced abundance in Se6-M is of major relevance for the resistance phenotype of this 

strain, revealed increased mRNA levels that, if observed alone, would lead to misleading conclusions 

regarding the role of this porin. Also, ompC mRNA levels showed to be significantly decreased in Se6-

M+CIP however significant differential abundances were not observed at the protein level. Moreover, 

the structural protein MipA, which also revealed great relevance for the Se6-M resistance phenotype, 

showed concordant results at both protein and mRNA levels when comparing this strain with Se6 and 

Se20 however additional significant reduced mRNA levels were observed under CIP stress in both Se6-

M and Se20, that were not observed at the protein level. Ultimately, the GlmS protein, which is a 

recognized bacterial target with great importance in LPS and peptidoglycan formation and thus in cell 

wall integrity and bacterial survival, showed significant increased levels in both stress conditions. This 

finding would go unnoticed if expression was regarded exclusively at the transcriptional level where 

qPCR results showed insignificant differential expression for this gene in all comparative analyses. 

 

3. Concluding remarks 

In conclusion, the results obtained from the different comparative approaches performed in this 

study reveal that although some protein-based resistance mechanisms can be evident in the unchallenged 

proteome of resistant strains, many features only become functional after activation of the resistance 

response through antibiotic exposure. Hence, the combination of these two types of comparative 

approaches, and the inclusion of both clinically- and experimentally-adapted resistance strains, provided 

valuable information and a more in-depth examination of the mechanisms of quinolone resistance in S. 

Typhimurium DT104B. Also, the results obtained emphasize that an improved detection of the multiple, 

superposing and compensatory mechanisms that are usually involved in resistance acquisition can be 

achieved through the coordinated use of different genomics and transcriptomics methods together with 

high-throughput proteomics and bioinformatics techniques. The great number of proteins identified in 

the different comparative approaches provide valuable information about mechanism-related differential 

protein expression, which may be helpful to develop new strategies to tackle the issue of antibiotic 

resistance in the high human health impact foodborne pathogen Salmonella Typhimurium DT104B.  



chapter 7  |  177 

4. References 

Abdallah C, Dumas-Gaudot E, Renaut J, et al. (2012). Gel-based and gel-free quantitative proteomics approaches at a glance. 

Int J Plant Genomics 2012: 494572. 

Aldred KJ, Kerns RJ and Osheroff N (2014). Mechanism of quinolone action and resistance. Biochemistry 53(10): 1565-1574. 

Bhargava P and Collins JJ (2015). Boosting bacterial metabolism to combat antibiotic resistance. Cell Metab 21(2): 154-155. 

Bolla JM, Alibert-Franco S, Handzlik J, et al. (2011). Strategies for bypassing the membrane barrier in multidrug resistant 

Gram-negative bacteria. FEBS Lett 585(11): 1682-1690. 

Brotz-Oesterhelt H, Bandow JE and Labischinski H (2005). Bacterial proteomics and its role in antibacterial drug discovery. 

Mass Spectrom Rev 24(4): 549-565. 

Burchmore R (2014). Mapping pathways to drug resistance with proteomics. Expert Rev Proteomics 11(1): 1-3. 

CDC (2013). Antibiotic Resistance Threats in the United States, 2013, Centers for Disease Control and Prevention. 

Cheung KJ, Badarinarayana V, Selinger DW, et al. (2003). A microarray-based antibiotic screen identifies a regulatory role for 

supercoiling in the osmotic stress response of Escherichia coli. Genome Res 13(2): 206-215. 

Confer AW and Ayalew S (2013). The OmpA family of proteins: roles in bacterial pathogenesis and immunity. Vet Microbiol 

163(3-4): 207-222. 

Correia S, Hebraud M, Chafsey I, et al. (2016). Impacts of experimentally induced and clinically acquired quinolone resistance 

on the membrane and intracellular subproteomes of Salmonella Typhimurium DT104B. J Proteomics 145: 46-59. 

da Costa JP, Carvalhais V, Ferreira R, et al. (2015). Proteome signatures-how are they obtained and what do they teach us? 

Appl Microbiol Biotechnol 99(18): 7417-7431. 

de Toro M, Rojo-Bezares B, Vinue L, et al. (2010). In vivo selection of aac(6')-Ib-cr and mutations in the gyrA gene in a clinical 

qnrS1-positive Salmonella enterica serovar Typhimurium DT104B strain recovered after fluoroquinolone treatment. 

J Antimicrob Chemother 65(9): 1945-1949. 

Delcour AH (2009). Outer membrane permeability and antibiotic resistance. Biochim Biophys Acta 1794(5): 808-816. 

Dorr T, Lewis K and Vulic M (2009). SOS response induces persistence to fluoroquinolones in Escherichia coli. PLoS Genet 

5(12): e1000760. 

Dowd SE, Killinger-Mann K, Brashears M, et al. (2008). Evaluation of gene expression in a single antibiotic exposure-derived 

isolate of Salmonella enterica Typhimurium 14028 possessing resistance to multiple antibiotics. Foodborne Pathog 

Dis 5(2): 205-221. 

Dupont M, James CE, Chevalier J, et al. (2007). An early response to environmental stress involves regulation of OmpX and 

OmpF, two enterobacterial outer membrane pore-forming proteins. Antimicrob Agents Chemother 51(9): 3190-3198. 

Enani MA (2015). Antimicrobial resistance. Insights from the declaration of World Alliance Against Antibiotic Resistance. 

Saudi Med J 36(1): 11-12. 

Fàbrega A, Soto SM, Balleste-Delpierre C, et al. (2014). Impact of quinolone-resistance acquisition on biofilm production and 

fitness in Salmonella enterica. J Antimicrob Chemother 69(7): 1815-1824. 

Fernandez L and Hancock RE (2012). Adaptive and mutational resistance: role of porins and efflux pumps in drug resistance. 

Clin Microbiol Rev 25(4): 661-681. 

Giraud E, Cloeckaert A, Kerboeuf D, et al. (2000). Evidence for active efflux as the primary mechanism of resistance to 

ciprofloxacin in Salmonella enterica serovar Typhimurium. Antimicrob Agents Chemother 44(5): 1223-1228. 

Hébraud M (2014). Analysis of Listeria monocytogenes subproteomes. Methods Mol Biol 1157: 109-128. 

Helms M, Ethelberg S and Molbak K (2005). International Salmonella Typhimurium DT104 infections, 1992-2001. Emerg 

Infect Dis 11(6): 859-867. 

Hernandez A, Sanchez MB and Martinez JL (2011). Quinolone resistance: much more than predicted. Front Microbiol 2: 22. 

Hopkins KL, Davies RH and Threlfall EJ (2005). Mechanisms of quinolone resistance in Escherichia coli and Salmonella: 

recent developments. Int J Antimicrob Agents 25(5): 358-373. 

Hu WS, Lin YH and Shih CC (2007). A proteomic approach to study Salmonella enterica serovar Typhimurium putative 

transporter YjeH associated with ceftriaxone resistance. Biochem Biophys Res Commun 361(3): 694-699. 

Johansen J, Eriksen M, Kallipolitis B, et al. (2008). Down-regulation of outer membrane proteins by noncoding RNAs: 

unraveling the cAMP-CRP- and sigmaE-dependent CyaR-ompX regulatory case. J Mol Biol 383(1): 1-9. 

Kalamorz F, Reichenbach B, Marz W, et al. (2007). Feedback control of glucosamine-6-phosphate synthase GlmS expression 

depends on the small RNA GlmZ and involves the novel protein YhbJ in Escherichia coli. Mol Microbiol 65(6): 

1518-1533. 

Klein G and Raina S (2015). Regulated Control of the Assembly and Diversity of LPS by Noncoding sRNAs. Biomed Res Int 

2015: 153561. 

Kohanski MA, Dwyer DJ, Hayete B, et al. (2007). A common mechanism of cellular death induced by bactericidal antibiotics. 

Cell 130(5): 797-810. 

Li H, Zhang DF, Lin XM, et al. (2015). Outer membrane proteomics of kanamycin-resistant Escherichia coli identified MipA 

as a novel antibiotic resistance-related protein. FEMS Microbiol Lett 362(11). 



178  |  chapter 7 

Lima TB, Pinto MF, Ribeiro SM, et al. (2013). Bacterial resistance mechanism: what proteomics can elucidate. FASEB J 27(4): 

1291-1303. 

Lin D, Chen K, Wai-Chi Chan E, et al. (2015). Increasing prevalence of ciprofloxacin-resistant food-borne Salmonella strains 

harboring multiple PMQR elements but not target gene mutations. Sci Rep 5: 14754. 

Martinez JL and Rojo F (2011). Metabolic regulation of antibiotic resistance. FEMS Microbiol Rev 35(5): 768-789. 

Masi M and Pages JM (2013). Structure, Function and Regulation of Outer Membrane Proteins Involved in Drug Transport in 

Enterobactericeae: the OmpF/C - TolC Case. Open Microbiol J 7: 22-33. 

Mather AE, Reid SW, Maskell DJ, et al. (2013). Distinguishable epidemics of multidrug-resistant Salmonella Typhimurium 

DT104 in different hosts. Science 341(6153): 1514-1517. 

Mehra R, Sharma R, Khan IA, et al. (2015). Identification and optimization of Escherichia coli GlmU inhibitors: an in silico 

approach with validation thereof. Eur J Med Chem 92: 78-90. 

Moussatova A, Kandt C, O'Mara ML, et al. (2008). ATP-binding cassette transporters in Escherichia coli. Biochim Biophys 

Acta 1778(9): 1757-1771. 

Nanduri B, Lawrence ML, Peddinti DS, et al. (2008). Effects of subminimum inhibitory concentrations of antibiotics on the 

Pasteurella multocida proteome: a systems approach. Comp Funct Genomics: 254836. 

Pagès JM, James CE and Winterhalter M (2008). The porin and the permeating antibiotic: a selective diffusion barrier in Gram-

negative bacteria. Nat Rev Microbiol 6(12): 893-903. 

Papenfort K, Pfeiffer V, Mika F, et al. (2006). SigmaE-dependent small RNAs of Salmonella respond to membrane stress by 

accelerating global omp mRNA decay. Mol Microbiol 62(6): 1674-1688. 

Park AJ, Krieger JR and Khursigara CM (2016). Survival proteomes: the emerging proteotype of antimicrobial resistance. 

FEMS Microbiol Rev 40(3): 323-342. 

Pfeiffer V, Papenfort K, Lucchini S, et al. (2009). Coding sequence targeting by MicC RNA reveals bacterial mRNA silencing 

downstream of translational initiation. Nat Struct Mol Biol 16(8): 840-846. 

Poole K (2012). Bacterial stress responses as determinants of antimicrobial resistance. J Antimicrob Chemother 67(9): 2069-

2089. 

Redgrave LS, Sutton SB, Webber MA, et al. (2014). Fluoroquinolone resistance: mechanisms, impact on bacteria, and role in 

evolutionary success. Trends Microbiol 22(8): 438-445. 

Santiviago CA, Toro CS, Hidalgo AA, et al. (2003). Global regulation of the Salmonella enterica serovar typhimurium major 

porin, OmpD. J Bacteriol 185(19): 5901-5905. 

Smani Y, Fabrega A, Roca I, et al. (2014). Role of OmpA in the multidrug resistance phenotype of Acinetobacter baumannii. 

Antimicrob Agents Chemother 58(3): 1806-1808. 

Smith SG, Mahon V, Lambert MA, et al. (2007). A molecular Swiss army knife: OmpA structure, function and expression. 

FEMS Microbiol Lett 273(1): 1-11. 

Suzuki S, Horinouchi T and Furusawa C (2014). Prediction of antibiotic resistance by gene expression profiles. Nat Commun 

5: 5792. 

Taylor PL, Blakely KM, de Leon GP, et al. (2008). Structure and function of sedoheptulose-7-phosphate isomerase, a critical 

enzyme for lipopolysaccharide biosynthesis and a target for antibiotic adjuvants. J Biol Chem 283(5): 2835-2845. 

Threlfall EJ (2000). Epidemic Salmonella typhimurium DT 104 - a truly international multiresistant clone. J Antimicrob 

Chemother 46(1): 7-10. 

Viveiros M, Dupont M, Rodrigues L, et al. (2007). Antibiotic stress, genetic response and altered permeability of E. coli. PLoS 

One 2(4): e365. 

Vranakis I, Goniotakis I, Psaroulaki A, et al. (2014). Proteome studies of bacterial antibiotic resistance mechanisms. J 

Proteomics 97: 88-99. 

Walsh CT and Wencewicz TA (2014). Prospects for new antibiotics: a molecule-centered perspective. J Antibiot (Tokyo) 67(1): 

7-22. 

WEF (2014). Global Risks 2014, Ninth Edition. Geneva, World Economic Forum. 

WHO (2014). Antimicrobial resistance: global report on surveillance, World Health Organization. 



 

 

 

 

 

 

 

 

 

 

 

SECTION III 

chapter 8 

Challenges, Opportunities and Perspectives 
 

 

 

 

 

 

 





chapter 8  |  181 

Challenges, Opportunities and Perspectives (COP) 

 Antimicrobial resistance has become one of the most serious public health concerns of the 21st 

century. Global human health is now facing the prospect of a post-antibiotic era, where resistance 

acquisition and dissemination rates are outpacing by far the drug development pipeline. If not adequately 

addressed, antimicrobial resistance is estimated to result in 10 millions of human deaths and cost up to 

100 trillion dollars annually by 2050 (O'Neill 2014; Park et al. 2016).  

 Issues on food safety are not of less concern. As a consequence of the excessive (mis)use of 

antibiotics for the treatment, prophylaxis or growth promotion of food animals, resistant bacteria and 

resistance genes were allowed to spread through the food chain to humans, causing antibiotic resistance 

to become an important food safety problem (WHO 2011).  

 To address this urgent global threat, a broad, multifaceted strategy involving strong political 

commitment, investment in systems and research, and a one-health approach, is mandatory (Lammie & 

Hughes 2016). In this sense, an unprecedented step forward took place very recently in a high-level 

meeting on antimicrobial resistance (21 September 2016, United Nation Headquarters, New York) 

where world leaders motioned, for the first time, a coordinated multi-sectorial approach including 

human and veterinary medicine, agriculture, environment, finance and consumers to address 

antimicrobial resistance comprehensively and effectively. Antimicrobial resistance was ultimately 

acknowledged as the greatest and most urgent global risk requiring international and national attention. 

Among many important questions, new incentives for investment in research and development of novel, 

effective and affordable antimicrobial agents, innovative therapeutic approaches, antimicrobial 

alternatives, rapid diagnostic tests and new vaccines were prioritized and called-for. The European 

Union is also highly aware and committed to this subject, being antibiotic resistance one of the ten 

features of the new Horizon 2020 research plans. 

 While a multitude of innovative approaches are pursued to tackle antimicrobial resistance, 

including synthetic biology, new biomaterials, or even the use of stem cells, the focus on appropriate 

tools to address the mechanisms of resistance is pivotal. Proteomics has evolved as an important tool to 

answer these questions (Lima et al. 2013; Vranakis et al. 2014; da Costa et al. 2015; Park et al. 2016; 

Perez-Llarena & Bou 2016). Together with other high-throughput methodologies, proteomics achieved 

significant progress in the characterization of proteins involved in resistance mechanisms and have 

greatly contributed to the understanding of the effect of metabolic networks on antibiotic resistance and 

to identify new drug targets (Lima et al. 2013; Vranakis et al. 2014). Moreover, with the continuous 

improvements in sample preparation, protein fractionation and mass spectrometer sensitivity, a more 

complete proteome coverage can be achieved (Perez-Llarena & Bou 2016). By highlighting pathways 

involved in resistance acquisition, and which may themselves represent resistance-proof drug targets, 

proteomic approaches may be helpful not only to extend the useful life of current antimicrobials but also 

to develop new drugs and strategies to combat the emergence and spread of resistance (Burchmore 2014; 
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Vranakis et al. 2014). For instance, the identification and characterization of putative vaccine candidates 

through immunoproteomics has been achieved and shall be further explored. Additionally, recent 

findings show the potential usefulness of mass spectrometry techniques, in particular MALDI-TOF MS, 

for a more rapid and cost-effective diagnosis of antibiotic resistance mechanisms. Although still in early 

stages of development, the use of MALDI-TOF MS in clinical microbiology is very promising and has 

already been proven successful in the detection antibiotic resistance determinants, with validated 

methods already routinely used in clinical and reference laboratories (Kostrzewa et al. 2013; Singhal et 

al. 2015; Perez-Llarena & Bou 2016). 
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Table S1. Salmonella Typhimurium Se20 (phage type DT104B) proteins identified by MALDI-TOF MS. 

Spot GI number UniProt AC Protein Name 

Gene 

names 

Protein 

Length 

Protein 

MW (Da) 

pI-

Value 

Mascot 

Score 

MS 

Coverage Biological Process 

1 * 525839731 S5HK16 molecular chaperone GroEL groEL 548 57421 4.7 350 71 protein folding, protein refolding 

2 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 358 77 GTP catabolic process, translational elongation 

3 * 525838467 S5H702 
glyceraldehyde-3-phosphate 

dehydrogenase 
 331 35735 6.4 310 75 

glucose metabolic process, oxidation-reduction 

process 

4 * 383495039 H8M4U4 30S ribosomal protein S2 rpsB 236 26310 6.7 213 61 translation 

5  525839734 S5HHN2 aspartate ammonia-lyase aspA 478 52880 5 252 52 
tricarboxylic acid cycle, aspartate metabolic 

process 

6 * 545007466 Q8Z7S0 outer membrane protein A ompA 350 37606 5.5 209 52 conjugation, transmembrane ion transport 

7 * 525837154 S5HA44 enolase eno 432 45627 5.1 312 74 glycolysis 

8 * 383497733 H8M1H4 phosphoglycerate kinase pgk 382 40719 4.9 233 57 glycolysis, phosphorylation 

9 * 525839509 S5HGY3 molecular chaperone DnaK dnaK 638 69273 4.7 358 52 response to stress, protein folding 

10  529292027 not mapped 
30S ribosomal protein S1, 

partial 
  44495 4.8 142 50  

11 * 545006954 T2K3Y0 heat shock protein HtpG htpG 632 72364 5.1 312 53 protein folding, response to stress 

12 * 525840415 S5H8L9 elongation factor G fusA 704 77722 5 365 57 GTP catabolic process, translational elongation 

13 * 525840415 S5H8L9 elongation factor G fusA 704 77722 5 421 64 GTP catabolic process, translational elongation 

14 * 525837344 S5HAQ1 
protein disaggregation 

chaperone 
 857 95549 5.2 431 60 response to heat, protein processing 

15  525839720 S5H6L3 
fumarate reductase flavoprotein 

subunit 
 596 66021 5.9 292 49 

electron transport chain, oxidation-reduction 

process 

16  525839720 S5H6L3 
fumarate reductase flavoprotein 

subunit 
 596 66021 5.9 314 49 

electron transport chain, oxidation-reduction 

process 

17 * 525838467 S5H702 
glyceraldehyde-3-phosphate 

dehydrogenase 
 331 35735 6.4 296 74 

glucose metabolic process, oxidation-reduction 

process 

18 * 525840042 S5HBA0 
transcription termination factor 

Rho 
rho 419 47021 6.9 162 42 

ATP catabolic process, DNA-templated 

transcription, termination 

19  525836798 S5H107 
acetyl-CoA carboxylase biotin 

carboxylase subunit 
 449 49630 6.6 252 59 metabolic process 

20 * 525838467 S5H702 
glyceraldehyde-3-phosphate 

dehydrogenase 
 331 35735 6.4 197 69 

glucose metabolic process, oxidation-reduction 

process 

21 * 525838467 S5H702 
glyceraldehyde-3-phosphate 

dehydrogenase 
 331 35735 6.4 248 64 

glucose metabolic process, oxidation-reduction 

process 
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names 

Protein 
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Protein 

MW (Da) 

pI-
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22  525837064 S5H9U4 fructose-bisphosphate aldolase  359 39360 5.6 116 35 glycolysis, carbohydrate metabolic process 

23 * 525839101 S5HI58 trigger factor tig 432 48037 4.7 398 65 
protein peptidyl-prolyl isomerization, cell cycle, 

protein transport 

24 * 525837296 S5HD40 flagellin  506 52504 4.6 254 52 ciliary or bacterial-type flagellar motility 

25 * 525840077 S5HBD9 
F0F1 ATP synthase subunit 

beta 
atpD 460 50309 4.8 322 69 

plasma membrane ATP synthesis coupled 

proton transport, ATP hydrolysis coupled 

proton transport 

26 * 525840441 S5HLY6 
DNA-directed RNA 

polymerase subunit alpha 
rpoA 329 36717 4.8 260 61 transcription, DNA-templated 

27 * 525839514 S5HGY9 transaldolase tal 317 35320 5 164 48 
carbohydrate metabolic process, pentose-

phosphate shunt 

28 * 525839322 S5H9F3 endo-1,4-D-glucanase tsf 283 30453 5 215 51 translational elongation 

29 * 525839927 S5HAZ7 6-phosphofructokinase pfkA 320 35235 5.5 135 50 
fructose 6-phosphate metabolic process, 

glycolysis, carbohydrate phosphorylation 

30 * 525838135 S5H284 enoyl-ACP reductase  262 27971 5.5 116 41 
fatty acid biosynthetic process, oxidation-

reduction process 

31 * 532641272 T5JVY4 phosphoglyceromutase, partial gpmA 243 27736 5.4 146 44 glycolysis 

32 * 525839546 S5HJF3 
purine nucleoside 

phosphorylase 
deoD 239 26189 5.5 206 76 purine nucleoside metabolic process 

33  525839140 S5H512 peroxiredoxin  200 22417 5.1 190 68 oxidation-reduction process 

34 * 525839858 S5H9S7 
DNA-directed RNA 

polymerase subunit beta 
rpoB 1342 150876 5 445 38 transcription, DNA-templated 

35 * 525840415 S5H4D5 elongation factor G  933 77722 5 256 44 
tricarboxylic acid cycle, oxidation-reduction 

process 

36  525838875 S5H4D5 
2-oxoglutarate dehydrogenase 

E1 
 933 105328 6.1 195 25 

tricarboxylic acid cycle, oxidation-reduction 

process 

37  525838094 S5HCW3 acetaldehyde dehydrogenase  892 96668 6.2 187 34 
alcohol metabolic process, carbon utilization, 

oxidation-reduction process 

39  525839098 S5H7L3 peptidase lon 784 87698 6 213 37 

response to stress, proteolysis, misfolded or 

incompletely synthesized protein catabolic 

process 

40  532640808 K8W3Y2 
dimethyl sulfoxide reductase 

subunit A 
 740 83389 5.8 421 53 oxidation-reduction process 

41 * 525840102 S5HBG1 DNA gyrase subunit B gyrB 804 90125 5.7 248 36 
DNA topological change, ATP catabolic 

process 
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Spot GI number UniProt AC Protein Name 

Gene 

names 

Protein 

Length 

Protein 

MW (Da) 

pI-

Value 

Mascot 

Score 

MS 

Coverage Biological Process 

42  525838441 S5HGB6 hydroperoxidase II katE 750 83802 5.7 287 33 
hydrogen peroxide catabolic process, oxidation-

reduction process 

43  525839734 S5HHN2 aspartate ammonia-lyase aspA 478 52880 5 170 46 
tricarboxylic acid cycle, aspartate metabolic 

process 

44 * 525840371 S5HLS6 
phosphoenolpyruvate 

carboxykinase 
pckA 539 59895 5.6 376 71 gluconeogenesis, phosphorylation 

45 * 525840075 S5H7K0 
F0F1 ATP synthase subunit 

alpha 
atpA 513 55307 5.6 320 57 

ATP hydrolysis coupled proton transport, 

plasma membrane ATP synthesis coupled 

proton transport 

46 * 525838719 S5HEM6 seryl-tRNA synthetase serS 430 48835 5.3 145 42 
seryl-tRNA aminoacylation, selenocysteinyl-

tRNA(Sec) biosynthetic process 

47  525839380 S5H5Q6 
dihydrolipoamide 

dehydrogenase 
 474 50893 5.8 279 55 cell redox homeostasis 

48 * 525836878 S5H169 translation initiation factor IF-2 infB 892 97514 5.8 214 27 GTP catabolic process, translational initiation 

49  525839377 S5H9J9 

bifunctional aconitate hydratase 

2/2-methylisocitrate 

dehydratase 

 865 94040 5.1 208 25 tricarboxylic acid cycle 

50 * 525840415 S5H8L9 elongation factor G fusA 704 77722 5 108 21 GTP catabolic process, translational elongation 

51  525839382 S5H9K2 pyruvate dehydrogenase aceE 887 99802 5.4 267 30 oxidation-reduction process 

52 * 525839315 S5H5L1 
outer membrane protein 

assembly factor YaeT 
bamA 804 89585 4.8 199 37 

Gram-negative-bacterium-type cell outer 

membrane assembly, protein insertion into 

membrane 

53 * 81521548 Q8ZLT3 
Polyribonucleotide 

nucleotidyltransferase 
pnp 711 77048 4.9 326 39 

RNA phosphodiester bond hydrolysis, 

exonucleolytic, mRNA catabolic process 

54  525837570 S5H0M0 phosphate acetyltransferase  714 77572 5.2 125 30 acetyl-CoA biosynthetic process 

55  525837456 S5HDG7 malic enzyme  759 82726 5.4 224 31 
malate metabolic process, oxidation-reduction 

process 

56 * 525837570 S5H0M0 phosphate acetyltransferase  714 77572 5.2 223 44 acetyl-CoA biosynthetic process 

57 * 525841024 S5HLB3 heat shock protein 90 htpG 624 71442 5 109 29 protein folding, response to stress 

58  525838733 S5H6L9 
ATP-dependent Clp protease 

ATP-binding protein 
clpA 758 84156 5.8 214 29 ATP catabolic process, proteolysis 

59  525839734 S5HHN2 aspartate ammonia-lyase aspA 478 52880 5 184 38 
tricarboxylic acid cycle, aspartate metabolic 

process 

60 * 525837491 S5HDK7 
phosphoenolpyruvate-protein 

phosphotransferase 
 575 63557 4.6 138 31 

phosphoenolpyruvate-dependent sugar 

phosphotransferase system, phosphorylation 
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61 * 545007761 T2K502 pyruvate kinase pykF 452 48907 5.4 168 45 glycolysis, phosphorylation 

62 * 525837987 S5H5K3 pyruvate kinase  480 51583 6.1 155 33 glycolysis, phosphorylation 

63  525836996 S5HC51 hydrogenase 2 large subunit  567 62912 5.8 231 44 oxidation-reduction process 

64 * 525838467 S5H702 
glyceraldehyde-3-phosphate 

dehydrogenase 
 331 35735 6.4 165 39 

glucose metabolic process, oxidation-reduction 

process 

65  525838024 S5HCN7 
PTS mannose transporter 

subunit IIAB 
 322 34965 5.8 262 64 

phosphoenolpyruvate-dependent sugar 

phosphotransferase system 

66  525838024 S5HCN7 
PTS mannose transporter 

subunit IIAB 
 322 34965 5.8 240 63 

phosphoenolpyruvate-dependent sugar 

phosphotransferase system 

67 * 525836819 S5H969 malate dehydrogenase mdh 312 32626 6 157 47 

malate metabolic process, carbohydrate 

metabolic process, tricarboxylic acid cycle, 

oxidation-reduction process 

68 * 525838611 S5HGT7 DNA-binding protein cbpA 306 34672 6.6 103 37 protein folding 

69  525840408 S5HBH2 
peptidyl-prolyl cis-trans 

isomerase 
 272 28927 9 136 53 protein peptidyl-prolyl isomerization 

70 * 525838914 S5HF78 
glucosamine-6-phosphate 

deaminase 
nagB 266 29784 6.4 128 47 N-acetylglucosamine metabolic process 

71 * 525841256 P0A2C6 
D-ribose-binding periplasmic 

protein 
rbsB 296 30943 9.2 178 43 chemotaxis, carbohydrate transport 

72 * 525840420 S5H8M3 50S ribosomal protein L4 rplD 201 22073 10.2 92 39 translation 

73  525838341 S5HG46 glutathionine S-transferase  201 22543 6.1 143 59 metabolic process 

74 * 525839914 S5HI71 triosephosphate isomerase tpiA 255 27071 5.6 168 52 
gluconeogenesis, glycolysis, pentose-phosphate 

shunt 

75  410655108 K4I0G8 

aminoglycoside 6'-N-

acetyltransferase type Ib-cr, 

AAC(6')-Ib-cr4 

aac(6')-

Ib-cr4 
225 25031 5.2 144 46 metabolic process 

76 * 414022212 K8SG73 
DNA-binding transcriptional 

regulator PhoP 
 223 25486 5.2 213 62 

phosphorelay signal transduction system, 

transcription, DNA-templated 

77 * 525838356 P0A2F5 superoxide dismutase [Fe] sodB 193 21352 5.5 118 55 
oxidation-reduction process, superoxide 

metabolic process 

78  549725641 U4MED2 transketolase tktA 648 70745 5.2 164 20 metabolic process 

79 * 525840248 S5HB18 glycyl-tRNA synthetase glyS 689 76576 5.4 252 44 
arginyl-tRNA aminoacylation, glycyl-tRNA 

aminoacylation 

80 * 525839673 S5H982 3'-nucleotidase cpdB 647 70587 5.6 151 33 dephosphorylation, nucleotide catabolic process 
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81 * 525838912 S5H878 glutaminyl-tRNA synthetase glnS 555 64068 5.6 220 36 
glutamyl-tRNA aminoacylation, glutaminyl-

tRNA aminoacylation 

82 * 525837153 S5H1Y1 CTP synthetase pyrG 545 60540 5.6 192 45 
de novo' CTP biosynthetic process, glutamine 

metabolic process 

83  525837616 S5HDZ5 
sn-glycerol-3-phosphate 

dehydrogenase subunit A 
glpA 542 59819 6.2 363 61 

glycerol-3-phosphate metabolic process, polyol 

catabolic process, oxidation-reduction process 

84  525838742 S5H7T6 pyruvate dehydrogenase  572 62214 6.3 117 26 metabolic process 

85 * 54041937 P67557 
glucans biosynthesis protein G 

Precursor 
mdoG 511 57808 8.8 212 42 glucan biosynthetic process 

87 * 525839748 S5H9G5 fumarate hydratase  548 60523 5.9 137 31 generation of precursor metabolites and energy 

88 * 383498724 H8M0S2 
pyridine nucleotide-disulfide 

oxidoreductase 
sthA 444 49878 6.2 127 33 

NADP metabolic process, cell redox 

homeostasis, hydrogen ion transmembrane 

transport 

89  525838959 S5HFC4 citrate lyase subunit alpha  509 55103 6.3 117 32 acetyl-CoA metabolic process 

90  525836996 S5HC51 hydrogenase 2 large subunit  567 62912 5.8 184 38 oxidation-reduction process 

91  525836996 S5HC51 hydrogenase 2 large subunit  567 62912 5.8 114 24 oxidation-reduction process 

92 * 525839990 S5H7C8 proline dipeptidase pepQ 443 50309 5.8 178 42 proteolysis 

93  525837137 S5H337 L-serine dehydratase  455 49449 5.8 121 21 gluconeogenesis 

94 * 525837388 S5H2M8 
serine 

hydroxymethyltransferase 
glyA 417 45597 6 180 38 

cellular amino acid biosynthetic process, 

methylation, one-carbon metabolic process 

95  525836915 S5GYP6 L-serine dehydratase  454 48957 6 163 38 gluconeogenesis 

96 * 383498489 H8M229 
UDP-N-acetylglucosamine 

pyrophosphorylase 
glmU 451 48936 6.3 97 30 

UDP-N-acetylglucosamine biosynthetic 

process, regulation of cell shape, lipid A 

biosynthetic process 

97 * 383498339 H8LYI4 

2,3-bisphosphoglycerate-

independent phosphoglycerate 

mutase 

gpmI 523 57355 4.9 142 47 glycolysis 

98 * 525837296 S5HD40 flagellin  506 52504 4.6 163 40 ciliary or bacterial-type flagellar motility 

99 * 383497152 H8LX56 
ethanolamine ammonia-lyase 

heavy subunit 
eutB 447 49303 4.6 245 50 cellular amino acid metabolic process 

100 * 116489820 A0FLL2 
phase I flagellin middle domain 

variant C12 
fliC 386 40713 4.6 199 66 ciliary or bacterial-type flagellar motility 

101  378443762 C9X823 
aminoacyl-histidine dipeptidase 

precursor 
 485 52693 5 97 31 proteolysis 
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102  525839734 S5HHN2 aspartate ammonia-lyase aspA 478 52880 5 175 46 
tricarboxylic acid cycle, aspartate metabolic 

process 

103  525839734 S5HHN2 aspartate ammonia-lyase aspA 478 52880 5 134 47 
tricarboxylic acid cycle, aspartate metabolic 

process 

104 * 525837775 S5H1A5 
lipopolysaccharide biosynthesis 

protein 
 437 48530 5.1 236 41 metabolic process 

105 * 525839909 S5HI67 glycerol kinase glpK 502 56301 5.3 327 53 

glycerol-3-phosphate metabolic process, 

phosphorylation, carbohydrate metabolic 

process 

106 * 525839904 S5HI62 ATP-dependent protease hslU 443 49751 5.3 199 47 
ATP catabolic process, proteolysis, response to 

stress, protein unfolding 

107 * 525839547 S5HA11 phosphopentomutase deoB 407 44558 5 213 45 

cellular metabolic compound salvage, 5-

phosphoribose 1-diphosphate biosynthetic 

process, deoxyribonucleotide catabolic process 

108  525838502 S5H738 isocitrate dehydrogenase  416 46101 5 272 53 
glyoxylate cycle, tricarboxylic acid cycle, 

oxidation-reduction process 

109 * 525837048 S5H1M6 
S-adenosylmethionine 

synthetase 
metK 384 42154 5 111 22 

S-adenosylmethionine biosynthetic process, 

one-carbon metabolic process 

110  380009294 H9CZL8 heat shock protein GroEL groL 548 57463 4.7 60 15 
response to stress, protein folding, protein 

refolding 

111  525838066 S5HF84 GTP-binding protein YchF ychF 363 39919 4.7 117 33 ATP catabolic process 

112 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 200 52 GTP catabolic process, translational elongation 

113 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 251 58 GTP catabolic process, translational elongation 

114 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 197 53 GTP catabolic process, translational elongation 

115 * 525837008 S5H1I2 mannonate dehydratase uxuA 394 45080 5.6 85 29 glucuronate catabolic process 

116 * 525837399 S5HAU3 cysteine desulfurase iscS 404 45235 5.8 106 40 cysteine metabolic process 

117 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 146 39 GTP catabolic process, translational elongation 

118 * 549591826 U6W8M2 elongation factor Tu, partial tuf 400 42767 5.1 133 46 GTP catabolic process, translational elongation 

118  525837571 S5HDU4 acetate kinase ackA 388 43572 5.9 121 49 
acetyl-CoA biosynthetic process, 

phosphorylation, organic acid metabolic process 

119 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 72 27 GTP catabolic process, translational elongation 

120 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 140 39 GTP catabolic process, translational elongation 

121 * 525840204 S5HJ10 
2-amino-3-ketobutyrate CoA 

ligase 
 398 43346 5.8 95 23 biosynthetic process 
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122 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 128 45 GTP catabolic process, translational elongation 

123 * 525838606 S5HGT3 
glucose-1-phosphatase/inositol 

phosphatase 
 413 45872 6.7 121 34 dephosphorylation 

124 * 32699711 Q8ZQT5 Protein TolB Precursor tolB 430 46120 8.7 125 34 protein transport 

125 * 32699711 Q8ZQT5 Protein TolB Precursor tolB 430 46120 8.7 100 29 protein transport 

126 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 188 48 GTP catabolic process, translational elongation 

127 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 164 43 GTP catabolic process, translational elongation 

128 * 379657333 E1WCY8 
glycerol-3-phosphate-binding 

periplasmic protein, partial 
ugpB 430 47567 6.6 149 35 transport 

129  525837733 S5H3P6 fructose-bisphosphate aldolase  350 38292 6.4 268 74 metabolic process 

130  525841142 S5HEC3 isoaspartyl dipeptidase  390 40584 5.6 196 55 proteolysis 

131  525837618 S5H3B3 
glycerophosphodiester 

phosphodiesterase 
glpQ 356 40456 5.6 123 36 

glycerol metabolic process, lipid metabolic 

process 

133 * 525838070 S5H221 
ribose-phosphate 

pyrophosphokinase 
prs 321 35073 5 110 43 

5-phosphoribose 1-diphosphate biosynthetic 

process, phosphorylation 

134 * 549620658 U6YG44 
ribose-phosphate 

pyrophosphokinase 
prs 315 36852 5.4 87 35 

5-phosphoribose 1-diphosphate biosynthetic 

process, phosphorylation 

134  525838167 S5H652 universal stress protein E  337 35730 5 77 38 response to stress 

135 * 525839322 S5H9F3 endo-1,4-D-glucanase tsf 283 30453 5 78 29 translational elongation 

136 * 525839307 S5H9E2 
acetyl-CoA carboxylase subunit 

alpha 
accA 319 35435 5.3 143 52 

malonyl-CoA biosynthetic process, fatty acid 

biosynthetic process 

137 * 525836836 S5HBS0 N-acetylneuraminate lyase nanA 297 32606 5.5 145 66 
N-acetylneuraminate catabolic process, 

carbohydrate metabolic process 

138  525837478 S5H2W5 
deferrochelatase/peroxidase 

YfeX 
 299 33256 5.4 202 64 oxidation-reduction process 

139 * 525837479 S5HB07 short-chain dehydrogenase  263 28023 4.9 127 39 oxidation-reduction process 

140  525838038 S5H4K8 cell division inhibitor MinD  270 29596 5.2 138 39 
barrier septum site selection, ATP catabolic 

process 

141 * 545007466 Q8Z7S0 outer membrane protein A ompA 350 37606 5.5 137 40 conjugation, transmembrane ion transport 

142  386730548 E8XLZ1 
aminoglycoside resistance 

protein A 
strA 272 30474 4.7 77 36 response to antibiotic 

143  386730548 E8XLZ1 
aminoglycoside resistance 

protein A 
strA 272 30474 4.7 102 36 response to antibiotic 
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144 * 525839130 S5H505 ion channel protein Tsx  287 32758 4.8 110 41 nucleoside transmembrane transport 

148 * 558705045 P0A251 

Chain E, Wild Type Salmonella 

Alkyl Hydroperoxide 

Reductase C 

ahpC 187 20717 4.9 102 53 
response to oxidative stress, oxidation-reduction 

process 

149 * 525839663 S5H972 inorganic pyrophosphatase ppa 176 19778 4.9 112 43 
phosphate-containing compound metabolic 

process 

150 * 525840697 S5HD31 
dTDP-4-dehydrorhamnose 3,5-

epimerase 
 182 20577 4.9 106 42 lipopolysaccharide biosynthetic process 

152 * 525838356 P0A2F5 Superoxide dismutase [Fe] sodB 193 21352 5.5 121 55 
oxidation-reduction process, superoxide 

metabolic process 

153 * 525838604 S5HEA4 
NAD(P)H:quinone 

oxidoreductase 
 198 20854 5.8 141 53 

negative regulation of transcription, DNA-

templated, oxidation-reduction process 

154  525832427 S5HED7 dihydropteroate synthase  271 28452 5.9 223 78 

folic acid-containing compound biosynthetic 

process, pteridine-containing compound 

metabolic process 

155 * 158428843 P0A1F6 

Chain B, Unliganded Crystal 

Structure Of The Uridine 

Phosphorylase From 

Salmonella Typhimurium At 

1.90 A Resolution 

udp 253 27162 6.1 166 62 UMP salvage, nucleotide catabolic process 

156  525838717 S5H7R3 
dimethyl sulfoxide reductase 

subunit B 
 205 23677 6.8 141 40  

157 * 525838541 S5HGL3 3-ketoacyl-ACP reductase fabG 244 25586 7.5 134 54 
fatty acid biosynthetic process, oxidation-

reduction process 

158  525838799 S5HEX7 
amino acid ABC transporter 

substrate-binding protein 
glnH 248 27245 9 96 38 transport 

159  525837935 S5H1P9 cystine transporter subunit  266 28787 9.3 147 37 transport 

160  257097748 Q7CQR3 

Chain A, 1.2 Angstrom Crystal 

Structure Of The Glutaredoxin 

2 (Grxb) From Salmonella 

Typhimurium In Complex With 

Glutathione 

grxB 215 24694 8.8 117 45 cell redox homeostasis 

161 * 525839861 S5HKD9 50S ribosomal protein L1 rplA 234 24713 10.1 113 50 translation 

162 * 525840424 S5HJP0 30S ribosomal protein S3 rpsC 233 25967 10.7 147 45 translation 

163 * 383498061 H8M073 30S ribosomal protein S4 rpsD 202 23024 10.4 179 53 translation 
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164 * 525840432 S5HCC1 50S ribosomal protein L6 rplF 177 18905 10.2 97 37 translation 

165 * 525840429 S5HJP4 50S ribosomal protein L5 rplE 179 20362 9.9 189 86 translation 

166 * 525837455 S5H0A2 transaldolase tal 316 35741 6 155 43 pentose-phosphate shunt 

167  525836988 S5H1G3 oxidoreductase  294 31590 6 170 49 oxidation-reduction process 

169  525836802 S5H297 quinone oxidoreductase  324 34537 6.5 122 36 oxidation-reduction process 

170 * 383496004 H8M3B7 
glyceraldehyde 3-phosphate 

dehydrogenase A 
gapA 334 36159 6.1 118 36 

glucose metabolic process, oxidation-reduction 

process 

171 * 525838077 S5H5U9 
2-dehydro-3-

deoxyphosphooctonate aldolase 
kdsA 284 31004 5.9 122 41 

keto-3-deoxy-D-manno-octulosonic acid 

biosynthetic process 

172 * 525837418 S5H2Q1 
4-hydroxy-3-methylbut-2-en-1-

yl diphosphate synthase 
ispG 372 40886 5.8 113 40 

isopentenyl diphosphate biosynthetic process, 

methylerythritol 4-phosphate pathway, 

oxidation-reduction process 

173 * 525838428 S5H5P5 phenylalanyl-tRNA synthetase pheS 327 36789 5.8 226 53 phenylalanyl-tRNA aminoacylation 

176 * 525839611 S5HJM0 
multifunctional aminopeptidase 

A 
pepA 503 55368 7 161 29 proteolysis, protein metabolic process 

177  525840290 S5H897 glutathione reductase  450 49004 5.7 75 24 
glutathione metabolic process, cell redox 

homeostasis 

178 * 525836874 S5H9A9 phosphoglucosamine mutase glmM 445 47697 5.7 99 26 carbohydrate metabolic process 

179 * 525837501 S5HDL8 glutaminyl-tRNA synthetase gltX 471 53999 5.5 170 35 glutamyl-tRNA aminoacylation 

180 * 525840371 S5HLS6 
phosphoenolpyruvate 

carboxykinase 
pckA 539 59895 5.6 133 33 gluconeogenesis, phosphorylation 

181  525839536 S5HJD9 
heme ABC transporter ATP-

binding protein 
 555 62385 5.4 167 33 ATP catabolic process 

182 * 525839059 S5HFM4 5'-nucleotidase ushA 550 60557 5.8 106 16 dephosphorylation, nucleotide catabolic process 

183 * 525838245 S5H2K8 malate dehydrogenase maeA 565 63255 5.1 170 36 
oxidation-reduction process, malate metabolic 

process 

184  525838711 S5HH39 
keto-acid formate 

acetyltransferase 
 760 85293 5.7 279 55 carbohydrate metabolic process 

185  549725641 U4MED2 transketolase tktA 648 70745 5.2 96 25 metabolic process 

186  525838711 S5HH39 
keto-acid formate 

acetyltransferase 
 760 85293 5.7 158 25 carbohydrate metabolic process 

* an orthologous protein was also identified using the Salmonella spp Swiss-Prot database. 
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Table S2. Salmonella Typhimurium SL1344 proteins identified by MALDI-TOF MS. 
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200 * 525838467 S5H702 
glyceraldehyde-3-phosphate 

dehydrogenase 
 331 35735 6.4 304 79 

glucose metabolic process, oxidation-

reduction process 

201 * 525839731 S5HK16 molecular chaperone GroEL groEL 548 57421 4.7 332 61 protein folding, protein refolding 

202 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 315 73 
GTP catabolic process, translational 

elongation 

203 * 545007466 Q8Z7S0 outer membrane protein A ompA 350 37606 5.5 253 58 conjugation, transmembrane ion transport 

204 * 116489820 A0FLL2 
phase I flagellin middle domain 

variant C12 
fliC 386 40713 4.6 282 67 ciliary or bacterial-type flagellar motility 

205 * 525839621 S5HJN2 arginine deiminase arcA 406 45875 5.4 308 69 protein citrullination 

206 * 383495039 H8M4U4 30S ribosomal protein S2 rpsB 236 26310 6.7 178 60 translation 

207 * 525839509 S5HGY3 molecular chaperone DnaK dnaK 638 69273 4.7 338 57 response to stress, protein folding 

208  525838703 S5H6I4 30S ribosomal protein S1 rpsA 557 61250 4.7 337 57 translation 

209 * 525841024 S5HLB3 heat shock protein 90 htpG 624 71442 5 509 70 protein folding, response to stress 

210  525839734 S5HHN2 aspartate ammonia-lyase aspA 478 52880 5 230 41 
tricarboxylic acid cycle, aspartate metabolic 

process 

211 * 525840415 S5H8L9 elongation factor G fusA 704 77722 5 515 69 
GTP catabolic process, translational 

elongation 

212  525837616 S5HDZ5 
sn-glycerol-3-phosphate 

dehydrogenase subunit A 
glpA 542 59819 6.2 524 69 

glycerol-3-phosphate metabolic process, polyol 

catabolic process, oxidation-reduction process 

213 * 525837154 S5HA44 enolase eno 432 45627 5.1 301 68 glycolysis 

214 * 383497733 H8M1H4 phosphoglycerate kinase pgk 382 40719 4.9 316 72 glycolysis, phosphorylation 

215 * 525839623 S5H935 ornithine carbamoyltransferase  334 37021 5.2 190 50 ornithine metabolic process 

216  525837618 S5H3B3 
glycerophosphodiester 

phosphodiesterase 
glpQ 356 40456 5.6 223 68 

glycerol metabolic process, lipid metabolic 

process 

217 * 525837344 S5HAQ1 
protein disaggregation 

chaperone 
 857 95549 5.2 539 62 response to heat 

218  525839720 S5H6L3 
fumarate reductase flavoprotein 

subunit 
 596 66021 5.9 330 51 

electron transport chain, oxidation-reduction 

process 

219  525839720 S5H6L3 
fumarate reductase flavoprotein 

subunit 
 596 66021 5.9 396 54 

electron transport chain, oxidation-reduction 

process 

220 * 525840371 S5HLS6 
phosphoenolpyruvate 

carboxykinase 
pckA 539 59895 5.6 290 56 gluconeogenesis, phosphorylation 
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221 * 525839909 S5HI67 glycerol kinase glpK 502 56301 5.3 358 62 

glycerol-3-phosphate metabolic process, 

phosphorylation, carbohydrate metabolic 

process 

222 * 525837615 S5H0R2 
glycerol-3-phosphate 

dehydrogenase subunit B 
glpB 419 46213 5.5 188 49 glycerol catabolic process 

223 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 320 67 
GTP catabolic process, translational 

elongation 

224 * 532641272 T5JVY4 phosphoglyceromutase, partial gpmA 243 27736 5.4 203 67 glycolysis 

225  525839721 S5HK04 
fumarate reductase iron-sulfur 

subunit 
 244 27784 6.1 121 43 tricarboxylic acid cycle 

226 * 158428843 P0A1F6 

Chain B, Unliganded Crystal 

Structure Of The Uridine 

Phosphorylase From 

Salmonella Typhimurium At 

1.90 A Resolution 

udp 253 27162 6.1 220 74 UMP salvage, nucleotide catabolic process 

227  525839622 S5HA86 carbamate kinase  310 33558 5.4 214 45 arginine metabolic process 

228  525838718 S5H6K1 
dimethyl sulfoxide reductase 

subunit A 
 814 91201 6.4 365 42 oxidation-reduction process 

229  525839098 S5H7L3 peptidase lon 784 87698 6 197 31 

response to stress, proteolysis, misfolded or 

incompletely synthesized protein catabolic 

process 

230  525838094 S5HCW3 acetaldehyde dehydrogenase  892 96668 6.2 247 49 
alcohol metabolic process, carbon utilization, 

oxidation-reduction process 

231  525838094 S5HCW3 acetaldehyde dehydrogenase  892 96668 6.2 93 17 
alcohol metabolic process, carbon utilization, 

oxidation-reduction process 

232 * 525839101 S5HI58 trigger factor tig 432 48037 4.7 393 64 
protein peptidyl-prolyl isomerization, cell 

cycle, protein transport 

233 * 525837491 S5HDK7 
phosphoenolpyruvate-protein 

phosphotransferase 
 575 63557 4.6 140 40 

phosphoenolpyruvate-dependent sugar 

phosphotransferase system, phosphorylation 

234 * 525840077 S5HBD9 
F0F1 ATP synthase subunit 

beta 
atpD 460 50309 4.8 166 52 

plasma membrane ATP synthesis coupled 

proton transport, ATP hydrolysis coupled 

proton transport 

235 * 525840042 S5HBA0 
transcription termination factor 

Rho 
rho 419 47021 6.9 125 41 

ATP catabolic process, DNA-templated 

transcription, termination 

236 * 525838467 S5H702 
glyceraldehyde-3-phosphate 

dehydrogenase 
 331 35735 6.4 212 54 

glucose metabolic process, oxidation-

reduction process 
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237  525840348 S5HBC4 
glycerol-3-phosphate 

dehydrogenase 
glpD 502 57117 6.5 189 34 glycerol-3-phosphate metabolic process 

238  525840348 S5HBC4 
glycerol-3-phosphate 

dehydrogenase 
glpD 502 57117 6.5 328 49 glycerol-3-phosphate metabolic process 

239 * 525838327 S5H6N7 fumarate hydratase  548 60734 6.3 354 62 
generation of precursor metabolites and 

energy 

240  525837426 S5HDD9 
inosine 5'-monophosphate 

dehydrogenase 
guaB 488 52201 6.2 220 49 purine nucleotide biosynthetic process 

241  525839380 S5H5Q6 
dihydrolipoamide 

dehydrogenase 
 474 50893 5.8 234 52 cell redox homeostasis 

242 * 525840075 S5H7K0 
F0F1 ATP synthase subunit 

alpha 
atpA 513 55307 5.6 357 57 

ATP hydrolysis coupled proton transport, 

plasma membrane ATP synthesis coupled 

proton transport 

243 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 209 51 
GTP catabolic process, translational 

elongation 

244 * 383497733 H8M1H4 phosphoglycerate kinase pgk 382 40719 4.9 287 61 glycolysis, phosphorylation 

245  525837064 S5H9U4 fructose-bisphosphate aldolase  359 39360 5.6 75 26 glycolysis 

246 * 525839393 S5H8G1 
guanosine 5'-monophosphate 

oxidoreductase 
guaC 347 37514 6.1 173 41 oxidation-reduction process 

247  525837733 S5H3P6 fructose-bisphosphate aldolase  350 38292 6.4 292 73 metabolic process 

248 * 525838611 S5HGT7 DNA-binding protein cbpA 306 34672 6.6 175 48 protein folding 

249  532641030 T5K5Z8 
peptidyl-prolyl cis-trans 

isomerase, partial 
 263 28015 8.7 193 49 protein peptidyl-prolyl isomerization 

250 * 525838914 S5HF78 
glucosamine-6-phosphate 

deaminase 
nagB 266 29784 6.4 139 58 N-acetylglucosamine metabolic process 

251  525838341 S5HG46 glutathionine S-transferase  201 22543 6.1 169 76 metabolic process 

252 * 525839546 S5HJF3 
purine nucleoside 

phosphorylase 
deoD 239 26189 5.5 247 84 purine nucleoside metabolic process 

253 * 414021944 P0A2F5 Superoxide dismutase [Fe] sodB 193 21380 5.5 129 55 
oxidation-reduction process, superoxide 

metabolic process 

254 * 525839322 S5H9F3 endo-1,4-D-glucanase tsf 283 30453 5 259 56 translational elongation 

255 * 525839322 S5H9F3 endo-1,4-D-glucanase tsf 283 30453 5 188 49 translational elongation 

256 * 525838240 S5H2K1 
outer membrane porin  

protein C 
 362 39655 4.5 105 42 transmembrane ion transport 
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257 * 529293148 not mapped 
DNA-directed RNA 

polymerase subunit beta, partial 
  141946 5.1 203 17  

258 * 525836878 S5H169 translation initiation factor IF-2 infB 892 97514 5.8 103 17 GTP catabolic process, translational initiation 

259 * 525837582 S5H4B4 NADH dehydrogenase subunit G  908 100877 5.7 77 9 ATP synthesis coupled electron transport 

260  525838094 S5HCW3 acetaldehyde dehydrogenase  892 96668 6.2 245 40 
alcohol metabolic process, carbon utilization, 

oxidation-reduction process 

261  525838094 S5HCW3 acetaldehyde dehydrogenase  892 96668 6.2 204 39 
alcohol metabolic process, carbon utilization, 

oxidation-reduction process 

262  525838094 S5HCW3 acetaldehyde dehydrogenase  892 96668 6.2 255 47 
alcohol metabolic process, carbon utilization, 

oxidation-reduction process 

263  525838094 S5HCW3 acetaldehyde dehydrogenase  892 96668 6.2 296 48 
alcohol metabolic process, carbon utilization, 

oxidation-reduction process 

264 * 525840102 S5HBG1 DNA gyrase subunit B gyrB 804 90125 5.7 165 25 DNA topological change, ATP catabolic process 

265  525838441 S5HGB6 hydroperoxidase II katE 750 83802 5.7 329 35 
hydrogen peroxide catabolic process, 

oxidation-reduction process 

266 * 525840415 S5H8L9 elongation factor G fusA 704 77722 5 248 40 
GTP catabolic process, translational 

elongation 

267 * 525840415 S5H8L9 elongation factor G fusA 704 77722 5 352 60 
GTP catabolic process, translational 

elongation 

268  525839377 S5H9J9 

bifunctional aconitate hydratase 

2/2-methylisocitrate 

dehydratase 

865 94040 5.1 208 31 
tricarboxylic 

acid cycle 
tricarboxylic acid cycle 

269 * 81521548 Q8ZLT3 
Polyribonucleotide 

nucleotidyltransferase 
pnp 711 77048 4.9 139 16 

RNA phosphodiester bond hydrolysis, 

exonucleolytic, mRNA catabolic process 

270 * 525839315 S5H5L1 
outer membrane protein 

assembly factor YaeT 
bamA 804 89585 4.8 328 43 

Gram-negative-bacterium-type cell outer 

membrane assembly, protein insertion into 

membrane 

271  525838417 S5H6V2 phosphoenolpyruvate synthase  792 87610 4.8 143 21 pyruvate metabolic process 

272  525839382 S5H9K2 pyruvate dehydrogenase aceE 887 99802 5.4 273 35 oxidation-reduction process 

273 * 525837456 S5HDG7 malic enzyme  759 82726 5.4 271 41 malate metabolic process 

274 * 525837570 S5H0M0 phosphate acetyltransferase  714 77572 5.2 302 51 acetyl-CoA biosynthetic process 

275  525838898 S5H714 ornithine decarboxylase  732 83253 5.6 311 57 cellular amino acid metabolic process 

276  525838733 S5H6L9 
ATP-dependent Clp protease 

ATP-binding protein 
clpA 758 84156 5.8 331 50 ATP catabolic process, proteolysis 
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277  525839720 S5H6L3 
fumarate reductase flavoprotein 

subunit 
 596 66021 5.9 199 33 

electron transport chain, oxidation-reduction 

process 

278  525839720 S5H6L3 
fumarate reductase flavoprotein 

subunit 
 596 66021 5.9 265 42 

electron transport chain, oxidation-reduction 

process 

279 * 525838912 S5H878 glutaminyl-tRNA synthetase glnS 555 64068 5.6 173 29 
glutamyl-tRNA aminoacylation, glutaminyl-

tRNA aminoacylation 

280 * 525838719 S5HEM6 seryl-tRNA synthetase serS 430 48835 5.3 149 41 
seryl-tRNA aminoacylation, selenocysteinyl-

tRNA(Sec) biosynthetic process 

282  525836996 S5HC51 hydrogenase 2 large subunit  567 62912 5.8 180 36 oxidation-reduction process 

283 * 525839990 S5H7C8 proline dipeptidase pepQ 443 50309 5.8 215 42 proteolysis 

284  525838742 S5H7T6 pyruvate dehydrogenase  572 62214 6.3 108 15 metabolic process 

285  525838959 S5HFC4 citrate lyase subunit alpha  509 55103 6.3 138 24 acetyl-CoA metabolic process 

286 * 54041937 P67557 
glucans biosynthesis protein G, 

precursor 
mdoG 511 57808 8.8 181 40 glucan biosynthetic process 

287  525840348 S5HBC4 
glycerol-3-phosphate 

dehydrogenase 
glpD 502 57117 6.5 372 53 glycerol-3-phosphate metabolic process 

288 * 383496004 H8M3B7 
glyceraldehyde 3-phosphate 

dehydrogenase A 
gapA 334 36159 6.1 115 31 

glucose metabolic process, oxidation-

reduction process 

289 * 525839438 S5H8K5 
peptidyl-prolyl cis-trans 

isomerase 
surA 428 47221 6.9 205 44 protein transport 

290  525836915 S5GYP6 L-serine dehydratase  454 48957 6 195 45 gluconeogenesis 

291 * 525837388 S5H2M8 
serine 

hydroxymethyltransferase 
glyA 417 45597 6.0 155 42 

cellular amino acid biosynthetic process, 

methylation, one-carbon metabolic process 

292  525837137 S5H337 L-serine dehydratase  455 49449 5.8 124 21 gluconeogenesis 

293 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 226 53 GTP catabolic process, translational elongation 

294 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 134 36 GTP catabolic process, translational elongation 

295 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 241 53 GTP catabolic process, translational elongation 

296 * 525839508 S5H8T7 molecular chaperone DnaJ dnaJ 379 41857 9.3 202 49 response to stress 

297 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 180 51 GTP catabolic process, translational elongation 

298 * 379657333 E1WCY8 
glycerol-3-phosphate-binding 

periplasmic protein, partial 
ugpB 430 47567 6.6 211 52 transport 

299 * 525838606 S5HGT3 
glucose-1-phosphatase/inositol 

phosphatase 
 413 45872 6.7 178 44 dephosphorylation 
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300  525838351 S5HG53 N-ethylmaleimide reductase  365 39455 6.2 274 82 oxidation-reduction process 

301  525841142 S5HEC3 isoaspartyl dipeptidase  390 40584 5.6 206 63 proteolysis 

302 * 525839927 S5HAZ7 6-phosphofructokinase pfkA 320 35235 5.5 135 51 fructose 6-phosphate metabolic process 

303  525840287 S5HC17 phosphosugar isomerase  324 36406 5.9 87 22 carbohydrate metabolic process 

304  525840371 S5HLS6 
phosphoenolpyruvate 

carboxykinase 
pckA 539 59895 5.6 228 49 gluconeogenesis, phosphorylation 

305 * 525837455 S5H0A2 transaldolase tal 316 35741 6 100 29 pentose-phosphate shunt 

305  525840389 S5HJK6 tryptophanyl-tRNA synthetase trpS 334 37605 6 93 35 tryptophanyl-tRNA aminoacylation 

306 * 525836819 S5H969 malate dehydrogenase mdh 312 32626 6 244 76 

malate metabolic process, carbohydrate 

metabolic process, tricarboxylic acid cycle, 

oxidation-reduction process 

307  383496518 H8M6D2 
PTS system mannose-specific 

transporter subunit IIAB 
gptB 300 32631 5.8 241 63 

phosphoenolpyruvate-dependent sugar 

phosphotransferase system 

308 * 525836836 S5HBS0 N-acetylneuraminate lyase nanA 297 32606 5.5 145 62 
N-acetylneuraminate catabolic process, 

carbohydrate metabolic process 

309 * 525838135 S5H284 enoyl-ACP reductase  262 27971 5.5 110 44 
fatty acid biosynthetic process, oxidation-

reduction process 

310  525837478 S5H2W5 
deferrochelatase/peroxidase 

YfeX 
 299 33256 5.4 103 41 oxidation-reduction process 

311 * 414022212 K8SG73 
DNA-binding transcriptional 

regulator PhoP 
 223 25486 5.2 268 80 

phosphorelay signal transduction system, 

transcription, DNA-templated 

312 * 525839914 S5HI71 triosephosphate isomerase tpiA 255 27071 5.6 150 47 
gluconeogenesis, glycolysis, pentose-

phosphate shunt 

313 * 525838604 S5HEA4 
NAD(P)H:quinone 

oxidoreductase 
 198 20854 5.8 128 53 

negative regulation of transcription, DNA-

templated, oxidation-reduction process 

314  525839140 S5H512 peroxiredoxin  200 22417 5.1 148 68 oxidation-reduction process 

315 * 525841256 P0A2C6 
D-ribose-binding periplasmic 

protein 
rbsB 296 30943 9.2 184 61 chemotaxis, carbohydrate transport 

316 * 383495039 H8M4U4 30S ribosomal protein S2 rpsB 236 26310 6.7 112 46 translation 

317  525838717 S5H7R3 
dimethyl sulfoxide reductase 

subunit B 
 205 23677 6.8 81 30  

318  525838566 S5HGP3 glutaredoxin  215 24562 8.9 148 68 cell redox homeostasis 

319  525837935 S5H1P9 cystine transporter subunit  266 28787 9.3 182 41 transport 
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320  525838799 S5HEX7 
amino acid ABC transporter 

substrate-binding protein 
glnH 248 27245 9 107 43 transport 

321 * 525838541 S5HGL3 3-ketoacyl-ACP reductase fabG 244 25586 7.5 148 54 fatty acid biosynthetic process 

322 * 525839320 S5H5L3 ribosome recycling factor frr 185 20600 9 116 51 translational termination 

323 * 808038 P43019 Mn-superoxide dismutase sodA 206 22952 6.1 94 50 superoxide metabolic process 

324 * 525840887 B5F8E4 UPF0227 protein YcfP ycfP 180 21292 6.3 134 52  

325 * 525839863 S5H9T4 
transcription antitermination 

protein NusG 
nusG 181 20532 6.4 148 61 transcription antitermination 

326 * 525839861 S5HKD9 50S ribosomal protein L1 rplA 234 24713 10.1 119 50 translation 

327 * 525840420 S5H8M3 50S ribosomal protein L4 rplD 201 22073 10.2 110 51 translation 

328 * 525840429 S5HJP4 50S ribosomal protein L5 rplE 179 20362 9.9 192 72 translation 

329  525836802 S5H297 quinone oxidoreductase  324 34537 6.5 159 50 oxidation-reduction process 

330 * 378447564 C9XCD0 quinone oxidoreductase  323 34816 6.8 187 52 oxidation-reduction process 

331 * 525839917 S5HAZ0 aldolase  291 32007 6 220 75 metabolic process 

332  525836994 S5H9L4 hydrogenase  328 36837 6.7 153 36  

333 * 525837545 S5H0J2 
acetyl-CoA carboxylase subunit 

beta 
accD 304 33536 8.9 121 32 malonyl-CoA biosynthetic process 

334 * 383498081 H8M093 50S ribosomal protein L2 rplB 255 27917 11.4 103 33 translation 

335 * 525839514 S5HGY9 transaldolase tal 317 35320 5 304 77 
carbohydrate metabolic process, pentose-

phosphate shunt 

336 * 549620658 U6YG44 
ribose-phosphate 

pyrophosphokinase 
prs 337 36852 5.4 100 43 

5-phosphoribose 1-diphosphate biosynthetic 

process, phosphorylation 

337 * 525840441 S5HLY6 
DNA-directed RNA 

polymerase subunit alpha 
rpoA 329 36717 4.8 288 56 transcription, DNA-templated 

338  525838502 S5H738 isocitrate dehydrogenase  416 46101 5 161 42 
glyoxylate cycle, tricarboxylic acid cycle, 

oxidation-reduction process 

339 * 525839547 S5HA11 phosphopentomutase deoB 407 44558 5 195 44 

cellular metabolic compound salvage, 5-

phosphoribose 1-diphosphate biosynthetic 

process, deoxyribonucleotide catabolic 

process 

340 * 525837775 S5H1A5 
lipopolysaccharide biosynthesis 

protein 
 437 48530 5.1 223 45 metabolic process 

341 * 525839621 S5HJN2 arginine deiminase arcA 406 45875 5.4 159 57 protein citrullination 



 

su
p
p
o

rtin
g

 in
fo

rm
atio

n
  |  2

0
1 

Spot GI number UniProt AC Protein Name 

Gene 

names 

Protein 

Length 

Protein 

MW (Da) 

pI-

Value 

Mascot 

Score 

MS 

Coverage Biological Process 

342 * 383498339 H8LYI4 

2,3-bisphosphoglycerate-

independent phosphoglycerate 

mutase 

gpmI 523 57355 4.9 170 31 glycolysis 

343  378443762 C9X823 
aminoacyl-histidine dipeptidase 

precursor 
 485 52693 5 193 52 proteolysis 

344  545007139 T2K3A1 phosphoglucomutase pgm 531 56752 5.5 129 27 carbohydrate metabolic process 

345 * 525837089 S5H9X0 lysyl-tRNA synthetase lysS 505 57596 4.9 273 52 lysyl-tRNA aminoacylation 

346 * 525840293 S5HB85 oligopeptidase A  680 77237 5 154 32 proteolysis 

347 * 545007761 T2K502 pyruvate kinase pykF 452 48907 5.4 162 44 glycolysis, phosphorylation 

348 * 525837153 S5H1Y1 CTP synthetase pyrG 545 60540 5.6 248 35 
de novo' CTP biosynthetic process, glutamine 

metabolic process 

349 * 525839673 S5H982 3'-nucleotidase cpdB 647 70587 5.6 191 41 dephosphorylation 

350 * 312913650 U3SMX6 
protein disaggregation 

chaperone 
 857 95531 5.2 128 23 response to heat 

351 * 525837976 S5HEZ9 aspartyl-tRNA synthetase aspS 590 65910 5.3 185 39 aspartyl-tRNA aminoacylation 

352 * 525838245 S5H2K8 malate dehydrogenase maeA 565 63255 5.1 241 51 
oxidation-reduction process, malate metabolic 

process 

353  525836996 S5HC51 hydrogenase 2 large subunit  567 62912 5.8 180 36 oxidation-reduction process 

354  525839748 S5H9G5 fumarate hydratase  548 60523 5.9 141 35 
generation of precursor metabolites and 

energy 

355 * 383498724 H8M0S2 
pyridine nucleotide-disulfide 

oxidoreductase 
sthA 444 49878 6.2 160 40 

NADP metabolic process, cell redox 

homeostasis, hydrogen ion transmembrane 

transport 

357 * 525837953 S5H4C9 trehalose-6-phosphate synthase  473 53662 6.2 109 28 trehalose biosynthetic process 

358 * 525837464 S5HAZ4 aldehyde dehydrogenase  467 49428 6.2 102 23 metabolic process 

360  525840290 S5H897 glutathione reductase  450 49004 5.7 72 19 
glutathione metabolic process, cell redox 

homeostasis 

361 * 525837399 S5HAU3 cysteine desulfurase iscS 404 45235 5.8 177 39 cysteine metabolic process 

362 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 165 48 
GTP catabolic process, translational 

elongation 

363 * 525837571 S5HDU4 acetate kinase ackA 400 43572 5.9 178 58 
acetyl-CoA biosynthetic process, 

phosphorylation, organic acid metabolic process 

364 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 180 49 GTP catabolic process, translational elongation 

365 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 179 44 GTP catabolic process, translational elongation 
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366 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 137 39 GTP catabolic process, translational elongation 

367 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 212 48 GTP catabolic process, translational elongation 

368 * 525838428 S5H5P5 phenylalanyl-tRNA synthetase pheS 327 36789 5.8 220 51 phenylalanyl-tRNA aminoacylation 

369 * 525837493 S5H2X9 cysteine synthase A  323 34571 5.8 156 55 cysteine biosynthetic process from serine 

370 * 525839354 S5HGI9 pantoate-beta-alanine ligase panC 284 31952 5.8 148 40 pantothenate biosynthetic process 

371  525836988 S5H1G3 oxidoreductase  294 31590 6 149 51 oxidation-reduction process 

373 * 525839412 S5H9N6 16S rRNA methyltransferase rsmH 313 34754 6.7 90 28 rRNA base methylation 

377 * 525839019 S5HFH9 
methenyltetrahydrofolate 

cyclohydrolase 
folD 288 31109 6.1 128 37 one-carbon metabolic process 

378 * 525838456 S5HGD0 exonuclease III  268 30937 6.2 151 41 DNA catabolic process, exonucleolytic 

379 * 525838077 S5H5U9 
2-dehydro-3-

deoxyphosphooctonate aldolase 
kdsA 284 31004 5.9 197 53 

keto-3-deoxy-D-manno-octulosonic acid 

biosynthetic process 

381  525840658 S5HC50 
carbohydrate degradation 

protein 
 276 30549 5.7 106 48  

382  525832427 S5HED7 dihydropteroate synthase  271 28452 5.9 199 74 

folic acid-containing compound biosynthetic 

process, pteridine-containing compound 

metabolic process 

384  525839520 S5H629 transcriptional regulator  238 27388 5.2 125 45 
phosphorelay signal transduction system, 

transcription, DNA-templated 

385  525838038 S5H4K8 cell division inhibitor MinD  270 29596 5.2 169 53 
barrier septum site selection, ATP catabolic 

process 

386 * 545007466 Q8Z7S0 outer membrane protein A ompA 350 37606 5.5 194 51 conjugation, transmembrane ion transport 

387 * 525837479 S5HB07 short-chain dehydrogenase  263 28023 4.9 102 26 oxidation-reduction process 

388 * 554075122 V1JW55 trehalose-6-phosphate synthase  437 49334 6.1 73 13 trehalose biosynthetic process 

389  414021469 K8SL93 GTP-binding protein YchF ychF 363 39947 4.7 166 52 ATP catabolic process 

390 * 428698020 P0A264 

Chain A, Loop Deletion Mutant 

Of Salmonella Typhi 

Osmoporin (Ompc):an Outer 

Membrane Protein. 

ompC 378 37246 4.3 96 38 ion transmembrane transport 

391 * 549591826 U6W8M2 elongation factor Tu, partial tuf 388 42767 5.1 215 48 
GTP catabolic process, translational 

elongation 

392 * 525837076 S5HCC5 
glycine cleavage system 

aminomethyltransferase T 
gcvT 364 40305 5.2 131 32 methylation 

393 * 525837769 S5HBY3 dTDP-glucose 4,6-dehydratase  361 40865 5.5 146 42 nucleotide-sugar metabolic process 
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394  525838194 S5HD60 
hypothetical protein 

CFSAN001921_08980 
 447 51275 5.5 149 37  

395  383496375 H8M5H8 
periplasmic murein peptide-

binding protein MppA 
mppA 525 58570 7.7 164 35 transport 

396 * 532641168 K8VWI5 serine endoprotease  442 46224 9.3 108 29 proteolysis 

398 * 32699711 Q8ZQT5 protein TolB tolB 430 46120 8.7 181 43 protein transport 

399  414011741 K8RUH9 plasmid partition protein B  324 36755 8.8 73 28  

400 * 525839832 S5HAS7 
B12-dependent methionine 

synthase 
metH 1227 136660 4.8 75 14 methionine biosynthetic process 

401 * 525838427 S5H6W4 phenylalanyl-tRNA synthetase pheT 795 87940 5 120 15 phenylalanyl-tRNA aminoacylation 

402  525839382 S5H9K2 pyruvate dehydrogenase aceE 887 99802 5.4 232 31 oxidation-reduction process 

405  525838094 S5HCW3 acetaldehyde dehydrogenase  892 96668 6.2 146 30 
alcohol metabolic process, carbon utilization, 

oxidation-reduction process 

406 * 383497556 Q8VQB5 Cell invasion protein SipA sipA 670 72588 6.1 77 16 pathogenesis 

407 * 525837794 S5HC05 thiosulfate reductase  758 83488 7.9 114 20 oxidation-reduction process 

408 * 525837794 S5HC05 thiosulfate reductase  758 83488 7.9 110 20 oxidation-reduction process 

409 * 554021358 V1FLU5 carboxy-terminal protease  660 74470 6.2 86 21 proteolysis 

412  525839720 S5H6L3 
fumarate reductase flavoprotein 

subunit 
 596 66021 5.9 239 41 

electron transport chain, oxidation-reduction 

process 

414  525838470 S5H396 MltA-interacting protein MipA  248 27975 5.4 79 43  

416 * 525839130 S5H505 ion channel protein Tsx  287 32758 4.8 108 41 nucleoside transmembrane transport 

* an orthologous protein was also identified using the Salmonella spp Swiss-Prot database. 
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