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GENOMIC AND PROTEOMIC CHARACTERIZATION OF ESCHERICHIA COLI 

AND ENTEROCOCCUS SPP. FROM FOOD-PRODUCING ANIMALS 

 

ABSTRACT 

 

Nowadays antimicrobial resistance is compromising bacterial infections treatment in 

human and veterinary medicine. Commensal bacteria, such as Escherichia coli and 

Enterococcus spp., may carry transferable resistance determinants, which can be further 

transmitted to other pathogenic bacteria. Furthermore, these antimicrobial-resistant bacteria, 

and their genes of resistance, can easily be transmitted to Humans through the food chain. To 

address these questions, the main focus of this study was to assess and characterize the 

prevalence of antimicrobial resistance among commensal strains, isolated from food-

producing animals (pigs, cattle and sheep) at slaughter level. 

Firstly, the prevalence rate of resistant E. coli and enterococci isolates, in the faecal flora 

of food-producing animals, was evaluated. Among E. coli isolates, resistance to one or more 

antimicrobial classes was found at extremely high levels (97%) in pigs, and at very high 

levels in sheep and cattle (74% to 55%, respectively); resistance to tetracycline alone, or co-

resistance to ampicillin, streptomycin, tetracycline and trimethoprim-sulfamethoxazole were 

the most common phenotypes detected. Concerning enterococci, tetracycline-resistance was 

detected at very high to high levels in all animals species (95% to 49%), and the association 

between the tet(M) gene and Tn916/Tn1545-like, or Tn5397-like, transposons was detected 

in, respectively, 30.8% and 11.2% of the tetracycline-resistant isolates. 

Enterococcal strains with intrinsic vancomycin resistance were detected in 9.9%, 3.7% 

and 2.7% of faecal samples from pigs, cattle and sheep, respectively, whereas Enterococcus 

faecium containing the vanA gene, encoding for acquired vancomycin resistance, were 

detected in 25.3% and 2.7% of pigs and sheep samples, respectively, but not among cattle 

samples. Moreover, all vanA-positive isolates from pigs were resistant to tetracycline and 

erythromycin, and the mobile element Tn916/Tn1545-like transposon was detected in 90.5% 

of the tetracycline-resistant isolates, supporting the hypothesis of a putative linkage between 

the persistence of vancomycin-resistant enterococci in food-producing animals with the 

detection of glycopeptide, macrolide and tetracycline-resistant genes. 

The prevalence rate of extended-spectrum ß-lactamses-producing E. coli isolates 

recovered within the faecal flora of food-producing animals was evaluated, where percentages 

of 49%, 9.3% and 5.5%, were found, in pigs, cattle and sheep, respectively. The prevalent ß-
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lactamase detected was the CTX-M-1 enzyme, followed by CTX-M-9, CTX-M-14, SHV-12 

and CTX-M-32 and, for the first time, CTX-M-enzymes where reported from beef cattle and 

sheep in Portugal. With respect to the pattern of resistance of the ESBL producing E. coli 

isolates, most of them presented a phenotype of multidrug-resistance. Furthermore, in this 

study we also observed that 31% to 44% of CTX-M–producing E. coli strains belong to 

CC10, commonly recovered from clinical samples. 

Finally, we used a proteomic approach for comparison antibiotic-resistant E. coli strains 

with different phenotypes. We detected and confirmed the expression of beta-lactamase 

proteins in β-lactam-resistant strains. Furthermore, we assessed the differentially expressed 

proteins on bacterial strains subjected to antibiotic stress. The hydrolase L-asparaginase was 

found to be overexpressed in the ESBL-producing E. coli strain, stressed with ciprofloxacin, 

which could lead to a diverse secondary response, by influencing the production of other 

proteins or directly mediating ciprofloxacin resistance. Lastly, we assessed the response of a 

VRE strain, cultured with different vancomycin concentrations, concluding that the overall 

compensatory response was an alteration in the expression of proteins related to antibiotic 

resistance, cell wall formation and energy metabolism. Moreover, proteins involved in the 

vancomycin resistance mechanism were upregulated, while metabolism-related proteins were 

downregulated. 

This thesis showed that a high percentage of antibiotic resistance may be found in 

commensal bacteria of food-producing animals, raising important questions on the potential 

impact of antibiotic use in animals, and further, on the possible transmission of these resistant 

bacteria and resistance genes to humans, through the food chain. Special concern should be 

addressed to the wide dissemination of ESBL-producing E. coli found among pig isolates, and 

most often associated with co-resistance to other critically important antibiotics used in 

human therapy. Taken all together, and considering the direct (or indirect) implications on 

human health, antibiotic resistance in food-producing animals should be faced as a food safety 

problem. 

 

KEYWORDS: Antimicrobial resistance, Food-producing animals, Escherichia coli, 

Enterococcus, ESBL, VRE, Genomics, Proteomics. 
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CARACTERIZAÇÃO GENÉTICA E PROTEICA DE ESCHERICHIA COLI E DE 

ENTEROCOCCUS SPP. DE AMOSTRAS FECAIS DE ANIMAIS PARA CONSUMO 

RESUMO 

Actualmente em medicina humana e veterinária, o tratamento de determinadas infecções 

está comprometido pela resistência, manifestada por algumas bactérias, a antibióticos. 

Bactérias comensais, tais como Escherichia coli e Enterococcus spp., podem apresentar 

determinantes de resistência passíveis de ser transmitidos a outras bactérias mais patogénicas. 

Além disso, o Homem pode facilmente adquirir estas bactérias resistente ou os seus genes de 

resistência, através da cadeia alimentar. Nesse sentido, o objectivo principal deste estudo foi 

avaliar e caracterizar a prevalência de resistência a antibióticos em estirpes bacterianas 

comensais isoladas de animais abatidos para consumo humano (suínos, bovinos e ovinos). 

Inicialmente, foi avaliada a prevalência de resistência a antibióticos em E. coli e 

Enterococcus spp.. Nas amostras fecais de suínos, foi detectada uma elevada percentagem 

(97%) de isolados de E. coli com resistência a uma ou mais classes de antibióticos. Nas 

amostras fecais de ovinos e bovinos a percentagem de isolados de E. coli com resistência foi 

de 74% e 55%, respectivamente. Os fenótipos de resistência mais comuns foram a resistência 

à tetraciclina e co-resistência à tetraciclina, ampicilina, estreptomicina e sulfametoxazol-

trimetoprim. Relativamente aos isolados de Enterococcus spp., e em todas as espécies 

animais, as percentagens de resistência à tetraciclina variaram entre os 95% e os 49%. A 

associação entre o gene tet(M) e um dos transposões, Tn916/Tn1545 ou Tn5397, foi 

encontrada em, respectivamente, 30,8% e 11,2% dos isolados tetraciclina-resistentes.  

Enterococcus spp. com mecanismos intrínsecos de resistência à vancomicina foram 

detectados em, respectivamente, 9,9%, 3,7% e 2,7% das amostras fecais de suínos, bovinos e 

ovinos. Mecanismos adquiridos de resistência à vancomicina, foram detectados em, 

respectivamente, 25,3% e 2,7% de Enterococcus faecium isolados de suínos e ovinos, mas 

não entre os isolados de bovinos. Todos os isolados de suínos com o gene vanA, eram, 

simultaneamente, resistentes à tetraciclina e à eritromicina. O elemento móvel, transposão 

Tn916/Tn1545, foi detectado em 90,5% dos isolados tetraciclina-resistente com o gene 

tet(M). Estes dados apoiam a hipótese de uma possível ligação entre a persistência de 

enterococci vancomicina-resistentes entre os animais de consumo e a detecção de genes 

codificadores de resistência aos glicopeptidos, aos macrólidos e à tetraciclina. 
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Foi avaliada a prevalência de ß-lactamases de amplo espectro em isolados de E. coli, 

onde, percentagens de 49%, 9,3% e 5,5%, foram encontradas, respectivamente, em suínos, 

bovinos e ovinos. A enzima beta-lactamase predominante foi a CTX-M-1, seguida pela CTX-

M-9, CTX-M-14, SHV-12 e CTX-M-32, sendo que, pela primeira vez, enzimas do tipo CTX-

M foram reportadas em bovinos e ovinos, em Portugal. No que diz respeito ao padrão de 

resistência dos isolados de E coli produtores de ESBL, a maioria deles apresentou um 

fenótipo de multirresistência. Neste estudo observou-se, ainda, que entre 31% e 41% de 

estirpes de E. coli CTX-M-produtoras pertenciam ao CC10, onde se agrupam frequentemente 

amostras clínicas. 

Por fim, foi efectuada a comparação proteómica entre estirpes de E. coli, com diferentes 

fenótipos de resistência a antibióticos, onde, nas estirpes com resistência a β-lactâmicos, foi 

confirmada a expressão de proteínas ß-lactâmicas. Adicionalmente, as diferenças de 

expressão proteica em estirpes submetidas a stress com antibiótico foram avaliadas. Na 

presença de ciprofloxacina, a estirpe de E. coli produtora de ESBL apresentou uma sobre-

expressão da hidrolase, L-asparaginase, que poderá ter conduzido a uma resposta secundária 

influenciando a produção de outras proteínas ou, eventualmente, esta poderá estar 

directamente implicada no mecanismo de resistência à ciprofloxacina. Por último, avaliou-se 

a resposta de uma estripe de enterococci vancomicina-resistentes sujeita a stress com 

diferentes concentrações de vancomicina, concluindo que a resposta compensatória observada 

foi a alteração da expressão de proteínas relacionadas com resistência, com a formação da 

parede celular e com o metabolismo energético. No geral, proteínas envolvidas nos 

mecanismos de resistência à vancomicina mostraram um aumento da sua expressão, enquanto 

proteínas relacionadas com o metabolismo foram sob-expressas.  

Com esta tese demostrou-se que em bactérias comensais de animais de consumo 

podemos encontrar uma alta prevalência de resistência a antibióticos, o que pode levantar 

importantes questões sobre uso de antibióticos em animais e o seu potencial impacto no 

desenvolvimento de resistência, e sobre o papel da cadeia alimentar na transmissão de 

bactérias resistentes, e genes de resistência, ao ser humano. Especial atenção deve ser dada à 

elevada prevalência de E. coli produtora de ESBL encontrada em suínos, na maioria das vezes 

associada a co-resistência a outros antibióticos com importância crítica em terapia humana. 

Logo, e considerando as implicações diretas (ou indiretas) em saúde humana, a resistência a 

antibióticos em animais de consumo deve ser encarada como um grave problema de 

segurança alimentar. 
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CHAPTER 1:  

ANTIMICROBIAL RESISTANCE IN FOOD-PRODUCING ANIMALS: A PUBLIC 

HEALTH PROBLEM 

1. INTRODUCTION 

The discovery and use of antibiotics was a life-saving turning point in human history. 

The availability of antibiotic chemotherapy deeply changed society by prolonging life 

expectancy, and allowing rapid population growth through both a reduction in infant 

mortality, and the ability to treat common infectious diseases (Gonzalez-Zorn and Escudero, 

2012). Antibiotics became very important for both human and animal health. For humans the 

use of antibiotherapy is now critical to the success of complex surgery (such as organ 

transplants), in intensive care units and for the survival of immunosuppressed patients; while 

in animals, antibiotics are broadly used in food-production animals (Acar and Moulin, 2012). 

Meanwhile, the development of antimicrobial resistance (AMR) was a concomitant fact. 

Recent evidence strongly supports the idea that many types of resistance mechanisms and 

resistant bacteria were present long before the production and use of antibiotics (Andersson 

and Hughes, 2012; Acar and Moulin, 2012). Indeed, resistance mechanisms, could have been 

originated from pre-therapeutic use of antibiotics, in non-pathogenic environmental bacteria 

that are antibiotic producers, they always needed to be resistant to their own antibiotic 

(Huttner et al., 2013). However, it was believed that bacterial mutation frequencies were low 

enough to allow antimicrobial resistance to be largely ignored for decades.  

Notwithstanding this, warnings on AMR are not new. Well before antimicrobials 

became widely available, Alexander Fleming warned in his Nobel Prize acceptance speech: 

“it is not difficult to make microbes resistant to penicillin in the laboratory by exposing them 

to concentrations not sufficient to kill them” (Huttner et al., 2013). 

The history of AMR development shows that for every antimicrobial therapeutic 

compound used, resistance will develop. The scale of AMR changed rapidly, and became an 

issue with great impact on human life and global economy. Nowadays, the overall picture of 

infectious diseases treatment is more complicated and dramatically less optimistic. The term 

“superbug” is now commonly used in reference to microbes with enhanced morbidity and 

mortality, endowed with high levels of resistance to the antibiotic classes that are specifically 

recommended for their treatment (Davies and Davies, 2010). Antimicrobial drug resistance is 
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now considered a major public health problem, not limited to industrialized nations but 

occurring everywhere in the world, that should be taken seriously by all, veterinary and health 

sectors, and even the general community. 

2. DEVELOPMENT AND DISSEMINATION OF ANTIMICROBIAL 

RESISTANCE 

By definition, antimicrobial resistance enables microrganisms to grow in the presence 

of a chemical (drug) that would normally kill them or limit their growth. It is a natural 

phenomenon and a complex issue, linked to the ability of bacteria to adapt quickly to their 

environment (Acar and Moulin, 2012). As a matter of fact, in the presence of a therapeutic 

compound bacteria have the remarkable ability to adapt, evolve and survive by developing 

resistance mechanisms (Acar et al., 2012). Additionally, antimicrobials have been used so 

widely and for so long that the infectious organisms that they are designed to kill have 

adapted to them, making these drugs less effective. Currently, the pressure on the use of 

antimicrobials is considered the key promoter of antimicrobial resistance (Acar and Moulin, 

2012; da Costa et al., 2013; Huttner et al., 2013). Moreover, the use and increased 

consumption of antimicrobial agents in modern animal husbandry, and human medical 

practices creates special conditions for selection, spread and evolution of resistant strains (da 

Costa et al., 2013).  

Bacteria develop resistance mechanisms either through spontaneous mutations, or 

through the acquisition of exogenous resistance determinants from other bacterial strains, by 

horizontal gene transfer (HGT) (da Costa et al., 2013; Martinez and Baquero, 2009). HGT is 

considered the most important mechanism in the dispersal of antibiotic resistance genes, 

providing the means by which resistance genes, such as blaCTX-M, spread amongst different 

bacterial strains and species (Hawkey and Jones, 2009). There are three fundamental 

mechanisms by which acquisition of resistance genes occur through HGT: conjugation, 

transformation and transduction. Nevertheless, conjugation and mobile genetic elements, are 

considered the major players in HGT (van Hoek et al., 2011). 

By HGT, substantial amounts of deoxyribonucleic acid (DNA) can be introduced into or 

deleted from the chromosome, producing extremely dynamic genomes (Schubert et al., 2009). 

Some bacteria, but particularly Gram-negative, are adapted to exchange genetic information. 

In these organisms antibiotic resistance derives from the acquisition of genes from a shared 

pool (Partridge, 2011). Genes from this pool are not intrinsically mobile and appear to have 
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been captured from the chromosomes of different bacterial species. Different types of mobile 

genetic elements can be involved in the capture of such gene: those able to transfer genes 

between DNA molecules, for example insertion sequences (IS), gene cassettes, integrons and 

transposons; and those able to transfer genes between cells, for example, conjugative and 

mobilizable plasmids, and integrative and conjugative elements (ICEs) (Partridge, 2011).  

Integrons are not themselves mobile genetic elements, they include components of a 

site-specific recombination system enabling them to capture and mobilize genes of resistance 

(Davies and Davies, 2010; van Hoek et al., 2011). In turn, transposons are unique mobile 

genetic elements with the ability to excising themselves from one genetic locus to another, 

whether it is within the same bacteria or to bacteria from other taxa (Roe and Pillai, 2003). 

Plasmid-mediated transmission is by far the most common mechanism of HGT. Plasmids are 

bacterial extra-chromosomal elements, notorious for their ability to transfer genes, by 

conjugation, between different bacterial species. In addition, they can carry genes conferring 

resistance to one or more antibiotic classes, being significantly involved in the emergence and 

dissemination of multiple drug resistance associated with bacterial infections in humans 

(Clewell, 2014). Bacteriophages, also play a role in the spread of DNA between bacteria by 

transduction (van Hoek et al., 2011); however, bacteriophages with antibiotic genes of 

resistance have been rarely identified in resistant bacteria isolates weither, from the 

environment or from hospital settings (Davies and Davies, 2010).  

The antimicrobial resistance gene pool has never been so accessible, nor its selection 

pressure so strong (Huttner et al., 2013). All potential sources of DNA encoding antibiotic 

resistance determinants in the environment (including hospitals, farms and other places where 

antibiotics are used to control bacterial development) are included in this gene pool. Apart 

from their incorporation in a gene transfer unit capable to replicate in microbial pathogens, 

which is fundamental for their dissemination, the gene pool can suffer further diversification 

as a consequence of strong selective pressure by antibiotic use (Martinez and Baquero, 2009). 

Figure 1.1. shows a schematic representation of genetic elements involved in the 

dissemination of antibiotic resistance genes in response to the selective pressure of antibiotic 

use. 
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FIGURE 1.1. Representation of genetic elements involved in the dissemination of antibiotic 

resistance genes in response to the selective pressure of antibiotic use. (a) The gene pool includes 

all potential sources of DNA encoding antibiotic resistance determinants in the environment 

(including hospitals, farms and other places where antibiotics are used to control bacterial 

development). (b) HGT contributes to the spread of antibiotic resistance gene amongst different 

bacterial species and strains. Further, mobile genetic elements are involved in the captured and 

dissemination of resistance genes (c) which can be captured by integrons (d) that can be inserted in 

a transposon (e), which can be part of a plasmid (f). The plasmid can be transferred to a bacteria, 

where interactions between the chromosome and the plasmid might occur, or it might be 

transferred by conjugation between different bacterial species. 

The cumulative collection of antibiotic resistance traits within these multimodular 

structures (integrons, transposons and plasmids), which, by turn, act as single transmissible 

modules, result in multidrug-resistant strains (Martinez and Baquero, 2009). In the past, and 

because the acquisition of resistance genes was associated with a fitness cost to the 

microorganism, it was assumed that these multidrug-resistant bacteria would be unstable 

(Acar and Moulin, 2012; Davies and Davies, 2010; Martinez and Baquero, 2009). However, 

recently it was suggested that resistant bacteria can develop compensatory mutations and 

survive successfully. Moreover, they are able to acquire even more resistance genes and 

mutations (Acar and Moulin, 2012; Davies and Davies, 2010). 
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3. A PUBLIC HEALTH CONCERN 

3.1. THE COMPLEX ECOSYSTEM OF ANTIMICROBIAL RESISTANT 

BACTERIA 

It stands to reason that antimicrobial usages, and resistance, are a multifactorial 

problem. After decades of research, from the paucity of new antimicrobials, to the inefficient 

contingency plans to reduce the use of antimicrobials, numerous difficulties in tackling 

resistance have emerged (Gonzalez-Zorn and Escudero, 2012). 

There is now the overwhelming evidence that antibiotic use in both human and 

veterinary medicine is a powerful selector for resistance, which can appear not only at the 

point of origin, but also nearly everywhere else. Nowadays, there is an increasing concern that 

the pervasive use of antimicrobials in farming and the general widespread antimicrobial 

contamination of the environment may be indirectly implicated in this phenomenom. 

Therefore, when we discuss about antimicrobial resistance, two major drivers should be taken 

into account: firstly, the use of antimicrobials, which exerts an ecological pressure on 

microorganisms and contributes to the emergence and selection of antimicrobial-resistant 

microorganisms in populations; and secondly, the spread and cross-transmission of resistant 

microorganisms, and resistant genes, between humans, animals, and the environment. In 

figure 1.2. a diagram illustrating different antimicrobial uses, and the possible transmission 

pathways of antimicrobial resistance among different habitats is represented. To understand 

how antibiotic use might impact on the emergence and dissemination of antibiotic resistance, 

it is essential to consider the complex interaction of different elements: the physical 

environment (e.g., farms, crops, air, soil, and water), social exchanges (e.g., between animals 

within a herd, farmers and animals, domestic and wild animals, between clinical settings and 

the community), in food processing chain (e.g., farming activities, food preparation, 

transportation and storage), and in human use patterns (e.g., meat consumption habits and 

susceptibility to infection). 

The use of antibiotics in human and veterinary medicine may have consequences 

beyond their intended applications. Antimicrobial molecules are not restricted to treated 

patients, either animals or humans, but rather circulate throughout the whole ecosystem. From 

a public health point of view, the concern that bacteria will become resistant during antibiotic 

treatment can be negligible, compared to the impact of the dissemination of resistant bacteria 

in the environment (Gonzalez-Zorn and Escudero, 2012). Antibiotic use in food-producing 
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animals, including nontherapeutic use, is responsible for a significant proportion of antibiotic 

consumption (Landers et al., 2012), however, their use extends to improve agriculture 

production and aquaculture (Wang et al., 2012). There are a multitude of routes that can 

contribute to the pathways by which antibiotic use in food-producing animals, or at 

agriculture level, can directly or indirectly, pose risks to human health (Landers et al., 2012; 

Marshall and Levy, 2011).  

 

 

FIGURE 1.2. The complex ecosystem of antimicrobial resistant bacteria. The diagram illustrates different 

antimicrobial applications (the size of the blue arrows is proportional to antimicrobial use) and potential routes 

by which resistant bacteria, and resistant genes can spread between animals, humans and in the environment. 

The potential threat to human health posed by animals harbouring resistant bacteria is 

significant. The isolation of resistant bacteria from food-producing animals is frequent (Cortes 

et al., 2010; Drugdová and Kmet, 2013; Jiang et al., 2011; Karczmarczyk et al., 2011; Lay et 

al., 2012; Ozaki et al., 2011; Ramos et al., 2013; Wasyl et al., 2013). Furthermore, several 

reports have documented the presence of resistant-bacteria in pets (Costa et al., 2008; Harada 

et al., 2012; Leonard et al., 2012) which can be a potential source of resistant threats to their 

human co-habitants (da Costa et al., 2013). However, human-to-animal transmission may be 

equally as relevant as animal-to-human transmission. In this scenario, farm and 
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slaughterhouse workers, Veterinarians, and those in close contact with farm work are directly 

at risk of being colonized or infected with resistant bacteria through close animal contact 

(Marshall and Levy, 2011). In addition, human-to-human transmission by occupational 

workers, and their families, provide a conduit for the entry of resistance genes into the 

community and hospital environments, where further spread ofto pathogens is possible 

(Marshall and Levy, 2011). Notwithstanding this, where it was once believed that hospital and 

other health-care facilities were responsible for antibiotic resistance, community-associated 

resistant strains have also been implicated as a cause of hospital-acquired infections (Park et 

al., 2009; Qu et al., 2014). 

The environment can be considered the melting pot of antimicrobial resistance. 

Evidence of potential environmental risk pathways shows that antimicrobial resistant bacteria, 

and resistant genes, are frequently found in the farm environment (Garcia-Migura et al., 2005; 

Hartmann et al., 2012; Karczmarczyk et al., 2011; Nilsson et al., 2009; Tamang et al., 2013; 

Watson et al., 2012), including animal manure and sewage (Furtula et al., 2010; Holzel et al., 

2010; Hutchison et al., 2005; Klein et al., 2010). The detection of antimicrobial resistant 

bacteria, and resistance genes, in watercourses, or in manure and slurry, directly applied to 

arable land as a fertiliser, enhance the cross-contamination of crops grown for human food or 

for animal feeds. Moreover, effluents from urban areas and animal production units 

(husbandry and slaughter houses), even when treated in wastewater treatment plants, can 

discharge resistant bacteria into the receiving surface waters (Araujo et al., 2010; Dungan et 

al., 2012; Freitas et al., 2009b). Even watercourses not closely associated with the farm 

environment have been shown to contain potentially resistant bacteria (Abgottspon et al., 

2014; Cox et al., 2005; Macedo et al., 2011; Machado et al., 2009; Wooldridge, 2012).In 

addition, the dispersion of antibiotics into soil and water enhances the risk of breaking natural 

barriers, and currently it is estimated that 75% to 90% of antibiotics used in humans and food-

producing animals are excreted and accumulated in the environment, largely unmetabolized 

(Andersson and Hughes, 2012; Marshall and Levy, 2011) and some molecules such as 

fluoroquinolones have long half-lives (Gonzalez-Zorn and Escudero, 2012).  

In a wider context, the presence of multidrug-resistant bacteria is frequently reported in 

wild birds and mammals with no apparent exposure to antimicrobials (Costa et al., 2006; 

Figueiredo et al., 2009; Goncalves et al., 2013a; Goncalves et al., 2011; Goncalves et al., 

2013b; Marinho et al., 2013; Pinto et al., 2010; Poeta et al., 2009; Radhouani et al., 2013a; 
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Radhouani et al., 2013b; Radhouani et al., 2009; Santos et al., 2013b), indirectly, these may 

also drive from/into an environmental contamination source.  

Ultimately, antibiotic resistance does not respect geographical or biological borders; 

food animals and foods from animal origin are traded worldwide facilitating the spread of 

resistance. An extensive trade of animals occurs within the European Union (EU), thus, the 

occurrence of antimicrobial resistance in one country is a problem for all countries (Ahmed et 

al., 2009). 

3.2. ANTIMICROBIAL USE IN FOOD-PRODUCING ANIMALS  

In veterinary medicine, antibiotics are used not only to treat food animals but also to 

prevent them from developing diseases and to enhance animal growth (Landers et al., 2012; 

Marshall and Levy, 2011). Today, it is almost impossible to imagine veterinary medicine 

without the use of antimicrobials; they have had an enormous impact on the health and 

welfare of animal species. Moreover, the increasing demand for livestock products has 

prompted to developments in breeding, nutrition and management practices, where frequently 

large populations of livestock are breed at a single site, and often in the same airspace. 

Consequently, the use of antimicrobial agents allows the growth of healthier and more 

productive animals, with lower incidence of disease, reduced morbidity and mortality, leading 

to the production of abundant quantities of nutritious, high-quality and low-cost food for 

human consumption (Pagel and Gautier, 2012). 

Nowadays, it is well recognised that the selective pressure exerted by antibiotic use has 

a major role in the emergence and amplification of antimicrobial resistant pathogens (Wang et 

al., 2012). In several studies, the association between antibiotic use in food-producing animals 

and the prevalence of antibiotic resistant bacteria isolated from those animals was established. 

In a study by Cavaco et al (2008), after pigs were treated with amoxicillin, ceftiofur, or 

cefquinome, higher counts of CTX-resistant coliforms were observed; moreover, ceftiofur and 

cefquinome exerted larger selective effects than amoxicillin, providing evidence that 

cephalosporins used in pig production select for CTX-M-producing Escherichia coli strains 

(Cavaco et al., 2008). Bibbal et al (2009) studied the development of resistance in faecal E. 

coli populations during the pigs` treatment with ampicillin, results showed that ampicillin-

resistant isolates, present in the digestive tract before any treatment, were selected and one 

specific pulsed field gel electrophoresis (PFGE) genotype, encoding resistance to six 

antibiotics, became predominant (Bibbal et al., 2009). In a randomized, controlled, blinded 
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clinical trial, oxytetracycline was included in the starter ration or administered subcutaneously 

to feedlot cattle, concluding that before slaughter, there were significantly more animals with 

tetracycline-resistant E. coli isolates (Checkley et al., 2010).  

The growth promoter effect of antibiotics was discovered in the 1940s, when it was 

observed that animals fed dried mycelia of Streptomyces aureofaciens containing 

chlortetracycline residues improved their growth (Castanon, 2007). The use of antibiotics to 

promote growth implies that they are administered in low doses over long periods to large 

groups of healthy animals. This practice has continued since the 1950s, while the positive 

effects stemmed from antibiotics use to promote growth were championed, and the negative 

consequences went undetected. However, as researchers linked it to antibiotic resistance in 

humans and animal, this practice became increasingly under scrutiny (Marshall and Levy, 

2011). Concerns about antimicrobial resistance development and transference of antibiotic 

resistance genes from animal to human microbiota, led to bans on the use of antibiotics as 

growth promoters in the EU, first Sweden (1986), then Denmark (1998) and the United 

Kingdom (1999) (da Costa et al., 2013). In 1997 the EU banned avoparcin for all uses in 

agriculture, and in 1999 banned antibiotics used in human medicine from being added as 

animal feed additives. Thereby imposing a ban on tylosin, spiramycin, virginiamycin, and 

bacitracin (Cogliani et al., 2011). Further, the Feed Additives Regulation (EC) No 1831/2003 

completed these measures with the total ban on antibiotics as growth promoters from 1st 

January 2006 and, further, prohibited anticoccidial substances, such as antibiotics ionophores, 

as feed additives by 31 December 2012 (EC, 2003). From 2013, all medical substances for 

use in food-producing animals will be limited to therapeutic use, and only by Veterinary 

prescription.  

With these measures the EU intended to lead the world in reducing antibiotic use in 

healthy animals. These strong top-down approaches to regulate nontherapeutic use of 

antibiotics in animals go towards a reduction of the amount of antibiotics used in animal 

production, and consequently, a reduction of the resistant gene pool in animals was expected. 

Some of these bans were closely monitored from the outset, and in countries like Sweden, 

Denmark and the United Kingdom an overall decline in sales of antibiotics for animals with 

major reductions in vancomycin-resistant Enterococcus faecium were observed (Cogliani et 

al., 2011). On the other hand, immediately following the ban, it was also reported an increase 

in total therapeutic antibiotic consumption to control specific infectious outbreaks (Cogliani et 

al., 2011). Nevertheless, no lasting negative effects were detected on mortality rates, average 
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daily weight gain, or animal production, and even if therapeutic use increased, the numbers of 

animals treated would be reduced compared to those with growth promotion use (Marshall 

and Levy, 2011). In general, negative disease effects, resulting from the ban of nontherapeutic 

antibiotics in food-production animals, should be minimized with appropriate adjustments in 

husbandry practices to ensure continued animal health and safety. Furthermore, recent studies 

support the idea that a reduction of antibiotic use may be linked with a decrease of resistant 

bacteria in animals. Agreso and Aarestrup (2013) reported a reduction of extended-spectrum 

cephalosporinase-producing E. coli after discontinuation of cephalosporins use in pig 

production (Agerso and Aarestrup, 2013). While in Quebec, after a voluntary withdrawal of 

ceftiofur in chicken hatcheries, lower levels of ceftiofur resistance in Salmonella enterica and 

E. coli isolates were reported (Dutil et al., 2010). 

Antimicrobial resistance is a complex phenomenon, especially in Veterinary medicine, 

where the number of animal species, the diversity of rearing environments, the differences in 

the bacteria involved, the range of pathogenicity mechanisms and the complex epidemiology 

involved, should be considered (Acar et al., 2012). Many livestock bacterial diseases cause 

devastating losses on animal life and productivity, above all in intensive production systems, 

where diseases can result in dramatic animal loss and income reduction. There is often a great 

sense of urgency to treat affected animals early, even in the absence of a conclusive diagnosis 

prior to instituting treatment. Moreover, even in the most remote communities, antibiotics are 

used in food-producing animals and often, administered by owners with little or no 

professional input, although, in this case, the level of use is lower compared with that in 

intensive production systems (Pagel and Gautier, 2012). Nevertheless, the habits of 

antimicrobial agents use in modern animal husbandry may resemble its use in human 

hospitals where antimicrobial agents are heavily prescribed and used (da Costa et al., 2013). 

Decisions on drug use often rely on the risk of infection rather than on the existence of the 

infection itself, and the “resident microbiota” is exposed to a selective density due to the 

simultaneous or successive use of different antimicrobials, predisposing for the establishment 

of antimicrobial resistant microrganisms (da Costa et al., 2013).  

Despite the widespread use of antibiotics in food-producing animals, reliable data about 

the quantity and patterns of use (e.g., dose and frequency) are very limited (Landers et al., 

2012). The available data indicates that the use of antimicrobial agents in animals, measured 

as gross weight, is considerable, and may even exceed the quantities used in the treatment of 

human diseases (da Costa et al., 2013; Landers et al., 2012). However, data comparison on the 



GENERAL CONSIDERATIONS 

Chapter 1 

13 

 

quantities of antimicrobials used in humans versus animals should be interpreted cautiously, 

and the high populations and body mass of animals, compared to humans, should be kept in 

mind when making comparisons. 

 In the United States (U.S.), nontherapeutic antimicrobial use is still common in food-

producing animals, and is estimated to be equal to or as much as eight times greater than the 

quantity administered for therapeutic use (Marshall and Levy, 2011). Meanwhile, in the EU, 

data from the European Surveillance of Veterinary Antimicrobial Consumption (ESVAC), 

indicates that in 25 EU countries, approximately 36% of the sales of veterinary antimicrobial 

agents were for pharmaceutical forms applicable for mass treatment and 56% for forms 

applicable for group treatment(ESVAC, 2013). From the overall sales, the largest proportions 

were accounted to be tetracyclines, penicillins, sulfonamides and polymyxins (ESVAC, 

2013). Figure 1.3. shows the proportion of the total sales of the different veterinary 

antimicrobial classes, by country for 2011.  

 

FIGURE 1.3. Proportion of the total sales of the different Veterinary antimicrobial classes, by EU country, for 

2011. The indicator applied in this report to express the consumption of veterinary antimicrobials is, mg of active 

ingredient normalised by the population correction unit (mg/PCU), where PCU is the value of the population 

correction, i.e. the estimated weight at treatment of livestock and of slaughter animals. *Others include 

amphenicols, cephalosporins, other quinolones and other antibacterial (classified as such in the ATCvet system). 

In 3rd ESVAC report, Sales of veterinary antimicrobial agents in 25 EU/EEA countries in 2011.  

Different classes of antimicrobials such as tetracyclines, aminoglycosides, macrolides, 

lincosamides, ß-lactams, quinolones, streptogramins, and sulfonamides may be used at 

different times in the life cycle of poultry, cattle, and swine (Landers et al., 2012). 

Intramammary infusions of ß-lactam are used in prophylactic doses in dairy cows following 

lactation to prevent and control future mastitis. Macrolides, tetracyclines, florfenicol and 
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cephalosporins, by injection, are frequently prescribed in beef cattle for the treatment or to 

mitigate anticipated outbreaks of respiratory disease in animals that enter feedlots. Ceftiofur is 

also frequently prescribed for the treatment of respiratory tract infections, septicaemia and 

polyarthritis in pigs. In Table 1.1. are examples of antimicrobial agents used in animals and/or 

humans, and their specific applications, as individual or herd treatment, on the different 

animal species. 

Today, antibiotic use in food-producing animals requires a veterinary prescription, 

although individual treatment decisions are often made and administered by farm workers in 

accordance with guidelines provided by a Veterinarian. 

TABLE 1.1. Examples of antimicrobial agents used in animals and/or humans, and their specific 

applications, as individual or herd treatment, on the different animal species.  

Class or subclass Representative 

drugs
a
 

Use
b
 Specific veterinary applications

c
 

V H 

 Penicillins Benzylpenicillin 

Ampicillin 

Amoxicillin 

x 

x 

x 

x 

x 

x 

- Penicillins and cephalosporins are used for individual 

treatment as intramammary suspension in cow mastitis, 

or as injection in cattle, pigs and sheep.  

- Amoxicillin can be used as oral powder for pigs and 

chickens with respiratory infections.  

- Ceftiofur is used for individual treatment, by injection, 

of respiratory disease in swine and ruminants (cattle, 

sheep and goats). 

Cephalosporins  Cefotaxime 

Ceftazidime  

 x 

x 

Ceftiofur x  

Cefalonium x  

Glycopeptides Vancomycin   x - Avoparcin used as growth promoter has been prompted 

banned. Avoparcin  x  

Aminoglycosides Streptomycin 

Dihydrostreptomycin 

x 

x 

x 

x 

- Aminoglycosides can be used for individual treatment, 

by injection, of cattle, sheep and pigs, or in 

intramammary suspension in cattle mastitis. 

- Apramycin is used as premix for herd treatment of 

bacterial enteritis in pigs. 

Apramycin x  

Tetracyclines Chlortetracycline 

Oxytetracycline 

Tetracycline 

x 

x 

x 

x 

x 

x 

- Chlortetracycline is used as oral powder for treatment 

of respiratory disease in calves caused by Pasteurella 

spp.. 

- Oxytetracycline is used as a premix for the treatment of 

furunculosis in salmon farming. 

- Oxytetracycline and tetracycline are used for individual 

treatment, by injection, in cattle, pigs and sheep. 

Macrolides Spiramycin 

Tylosin 

Erythromycin 

x 

x 

x 

x 

 

x 

- Tylosin is used as a premix for herd treatment and 

prevention of pigs dysentery and chickens necrotic 

enteritis. 

- Spiramycin is used for individual treatment, by 

injection, of cattle and sows mastitis. 

- Erythromycin is used as powder of oral solution for 

treatment of Chronic Respiratory Disease in broilers. 

Phenicol Chloramphenicol  x - Florfenicol is used in drinking water of pigs respiratory 

disease associated with Pasteurella multocida; or as a 

premix for the treatment of furunculosis in commercial 

salmon farming; or for individual treatment, by injection, 

in cattle, sheep for respiratory tract infections. 

Florfenicol x  
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a)The list does not include all drugs in a class that are used in human or veterinary medicine, only major 

examples are included. b) Approved for Veterinary or Human use.  
c) Source: http://www.vmd.defra.gov.uk/ProductInformationDatabase/.  

Another relevant issue is the use of distinct antimicrobial classes in both, veterinary and 

human medicine, and the prioritization of each class in the respective area. While some agents 

that are used in food-producing animals belong to classes that have no counterpart in human 

medicine, this is not the case for the most widely used agents, such as tetracyclines, 

penicillins, macrolides and sulphonamides, see Table 1.1 (Landers et al., 2012; Pagel and 

Gautier, 2012). Some of these antimicrobials were classified, by the World Organisation for 

Animal Health (OIE), as “Critically Important for Veterinary Practice” (OIE, 2014). Losing 

any of them will have very direct consequences for animals, their owners and society at large; 

for example, very few alternatives are left for macrolides, used to treat Mycoplasma infections 

in pigs and poultry, and fluoroquinolones have no equally efficacious alternative in the 

treatment of chronic respiratory disease in poultry (Vaarten, 2012). 

3.3. FROM ANIMALS TO MAN, HOW ANTIBIOTIC USE IN ANIMALS 

BECAME A PUBLIC HEALTH PROBLEM 

Looking at the antimicrobial resistance problem from a public health point of view three 

important principles are to be considered: 1) low-dose, nontherapeutic use of antibiotics 

contributes to the resistance to those antibiotics; 2) resistance to antibiotics used in humans is 

determined by the same mechanism as those used in animals and 3) genes of resistance can 

disseminate via the food chain into the intestinal flora of humans (Cogliani et al., 2011). 

As discussed above, non-therapeutic use of antibiotics in animals can exert a selective 

pressure where antimicrobial-resistant bacteria are selected, and further, carry transferable 

resistance determinants across species borders; which can spread to humans either by the food 

chain (e.g., meat, fish, eggs and dairy products), direct contact with animals, or more 

indirectly, through environmental pathways (Aidara-Kane, 2012; da Costa et al., 2013; 

Gonzalez-Zorn and Escudero, 2012). However, there is now considerable evidence that 

Table 1.1. (continued) 

Class or subclass Representative 

drugs
a
 

Use
b
 Specific veterinary applications

c
 

V H 

Quinolones Ciprofloxacin 

Nalidixic acid 

 x 

x 

- Enrofloxacin is used in the treatment of respiratory 

disease and enteritis, by injection, in cattle and pigs, or as 

oral solution, used in drinking water in chicken, turkey 

and rabbit.  
Enrofloxacin 

Marbofloxacin  

x 

x 

 

Sulfonamides and 

Trimethoprim 

Sulfamethoxazol 

Trimethoprim 

x 

x 

x 

x 

- Are used as oral solution, in drinking water, for herd 

treatment and prevention of respiratory infections in 

poultry and pigs. 

http://www.vmd.defra.gov.uk/ProductInformationDatabase/
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transfer of antimicrobial resistance from food-producing animals to humans directly via the 

food chain is likely to be the main route of spread (Aidara-Kane, 2012; Wooldridge, 2012). 

From production to the consumer’s kitchen, the food chain can be an important contributor to 

the development, persistence and dissemination of antibiotic resistance in both, foodborne 

pathogens and commensal bacteria (Wang et al., 2012).  

There is undeniable evidence that foods from many different animal sources and in all 

stages of processing contain abundant quantities of resistant bacteria and genes of resistance 

(Marshall and Levy, 2011). Animal products may contain antimicrobial resistant bacteria as a 

result of fecal contamination during slaughter, or food contamination may occur by cross-

contamination during food processing, or when the consumer handles the food (Verraes et al., 

2013). Consumers may be exposed to resistant bacteria via direct contact or consumption of 

animal products, a far-reaching and more complex route of transmission.  

Literature provides evidence in support of an association between antibiotic use in food 

animals and antibiotic-resistant bacteria in humans. The increasing prevalence of antibiotic-

resistant bacteria detected in food-producing animals or food products available to consumers 

is discussed in several articles (Agerso et al., 2012; Altalhi et al., 2010; Borjesson et al., 2013; 

Cook et al., 2011; Costa et al., 2010; Egea et al., 2012; Gousia et al., 2011; Hasan et al., 2011; 

Hordijk et al., 2013; Jiang et al., 2011; Ojer-Usoz et al., 2013). Furthermore, some of the 

antibiotic resistance genes identified in bacteria from food-producing animals or food 

products have also been identified in humans, providing indirect evidence of transference by 

food handling and/or consumption. In a comparative study involving Dutch patients and retail 

chicken meat and poultry, similarities between the type of extendend spectrum ß-lactamases 

(ESBL) and plasmids detected in E. coli isolates were found, and food, most likely through 

the food chain, have been suggested as the potential source of transference of these ESBL 

genes in E. coli from animals to humans (Leverstein-van Hall et al., 2011). Whereas, in 

another study in Denmark, the phylogroups and antimicrobial resistance of E. coli isolates 

from patients with urinary tract infection (UTI), community-dwelling humans, broiler meat, 

broilers, pork and pigs were studied, and using cluster analysis to investigate antimicrobial 

resistance data, they found out that UTI isolates always grouped with isolates from meat 

and/or animals (Jakobsen et al., 2010). Further, an association between MDR and plasmid 

content was also found among extraintestinal pathogenic E. coli (ExPEC) and commensal 

strains from humans and poultry (Johnson et al., 2012). More recently, also between Dutch 

broiler farms and their farmers, ESBL/AmpC-producing isolates were compared, and in 
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isolates from two farmers the resistance genes were carried on identical plasmid subtypes as 

in the isolates from their animals (Dierikx et al., 2013). 

Likewise, a small number of studies have been able to link that human consumption of 

food carrying antibiotic-resistant bacteria has resulted, either directly or indirectly, in 

acquisition of antibiotic-resistant infection. In a study by Vincent et al, E. coli from retail 

chicken meat and honeydew melons were indistinguishable from, or closely related to E. coli 

from human UTIs, providing a strong support for the role of food reservoirs, or foodborne 

transmission, in the dissemination of E. coli causing common community-acquired UTIs 

(Vincent et al., 2010). Whereas Vieira et al reported that resistance in E. coli isolates from 

food animals (especially poultry and pigs) was highly correlated with resistance in isolates 

from humans, concluding that E. coli isolates causing blood stream infections in people may 

be derived from food sources (Vieira et al., 2011). 

Moreover, in laboratory experiments, human commensal and pathogenic bacteria 

became resistant by natural HGT transference of antibiotic resistance genes from foodborne 

bacteria. Antibiotic-resistant encoding plasmids from several food-borne commensals were 

transmitted to Streptococcus mutans via natural gene transformation, suggesting the possible 

transfer of antibiotic resistance genes from food commensals to human residential bacteria via 

HGT (Wang et al., 2006). In another study, it was proven that E. coli strains of poultry origin 

might establish itself and transfer its bla gene, by HGT, to commensal human E. coli, even 

without antimicrobial treatment (Smet et al., 2011). Moreover, conjugally transference of the 

antibiotic resistance tet(M) gene, was demonstrated between lactic acid bacteria strains 

isolated from Irish pork (Toomey et al., 2010). 

In conclusion, there is no doubt that Veterinary overuse of antibiotics has largely 

contributed to resistance, and that the bluid up of resistant bacteria in animals may have 

adverse consequences for humans. While antimicrobial resistance in commensal bacteria may 

represent an indirect public health risk, as they can pass by HGT, their resistance determinants 

to more pathogenic bacteria; the increased incidence of human infections caused by resistant 

pathogens, represents a more direct public health risk. The first effect of disease by 

antimicrobial resistant pathogenic bacteria is that medical treatment may fail, which as a 

consequence, may lead to more severe and longer lasting diseases, increased hospitalisation 

rates, more deaths, and higher costs to society (Aidara-Kane, 2012; da Costa et al., 2013; 

Verraes et al., 2013). Secondly, when patients are treated with antibiotics for any other 

medical reasons, resistant gastrointestinal pathogens will acquire an advantageous position 



GENERAL CONSIDERATIONS 

Chapter 1 

18 

 

which will further limit the available options for antibiotic treatment (Verraes et al., 2013). 

Finally, antimicrobial resistance may be accompanied by a possible higher risk of increased 

virulence, which may be due to a co-selection of resistant and virulent properties through 

integration of genes of virulence and resistance in the same plasmids (Verraes et al., 2013). 

Additionally, it is important to appreciate that if resistance develops to one chemical 

group of antimicrobial agents, then in general, and due to cross-resistance phenomenons, all 

the other antimicrobial agents in that group can be affected (Aidara-Kane, 2012). Moreover, 

the chronic use of a single antibiotic increases the resistance to other structurally unrelated 

antibiotics, by co-selection mechanisms, and linkage of resistant genes on plasmids and 

transposons (Marshall and Levy, 2011; Partridge, 2011). Consequently, many of the bacterial 

pathogens associated with epidemics of human disease have evolved into multidrug-resistant 

bacteria. The challenge with these multidrug-resistant microrganisms lies in the limited 

number of remaining options (if any) for a patient’s treatment, creating an atmosphere of 

anxiety that calls for immediate action. Another worrying fact is that few new antibiotics are 

being developed to replace those becoming ineffective. There are no new class of 

antimicrobials in the pipeline, so it is unlikely that any new classes of effective antimicrobials 

will be available for the next 10 years or more (WHO-AGISAR, 2012). As the same classes 

of antimicrobial agents are used both in human and animal therapy, the World Health 

Organization (WHO) has developed criteria for the classification of antibiotics as “critically 

important”, “highly important” and “important”, based on their importance in the treatment of 

human disease (WHO-AGISAR, 2012). Antibiotics such as: fluoroquinolones, third- and 

fourth-generation cephalosporins, and macrolides were classified as “critically important” for 

human treatment, and in order to preserve their effectiveness in human medicine, it was 

advised that they should be prudently used in both human and veterinary medicine (WHO-

AGISAR, 2012). 

4. ANTIMICROBIAL RESISTANCE MECHANISMS  

Broadly, antimicrobial agents may be described as either bacteriostatic, if they only 

inhibit the growth and multiplication of the bacteria, or bactericidal if they effectively kill the 

bacteria (de J. Sosa et al., 2009). We can consider four major modes of antibiotic mechanisms 

of action (see Figure 1.4-A): (1) interference with cell wall synthesis (e.g., ß-Lactams and 

glycopeptides); (2) inhibition of ribosome protein synthesis (e.g., macrolides, 

aminoglycosides, chloramphenicol and tetracycline); (3) affect in the synthesis and 
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conformation of nucleic acids (e.g., quinolones, sulfonamides and trimethoprim); and (4) 

disorganizing of the cell membrane (e.g., polymyxins and lipopeptides) (Dzidic et al., 2008). 

Whereby, the effectiveness of antibiotics depends upon: the existence of a susceptible 

antibiotic target in the cell, sufficient antibiotic quantity must reach the target and the 

antibiotic must not be inactivated or modified (Dzidic et al., 2008).  

 

 

FIGURE 1.4. A - Representation of antibiotic mechanisms of action: 1) Interference with cell wall synthesis (in 

ß-Lactams and glycopeptides); 2) Inhibit ribosome protein synthesis (in tetracyclines, aminoglycosides, 

chloramphenicol and macrolides); 3) Affect the synthesis and conformation of nucleic acids (quinolones in DNA 

formation, sulfonamides and trimethoprim in folic acid synthesis); and 4) disorganizing of the cell membrane 

(polymyxins and lipopeptides). B - Esquematic representation of antibiotic resistance mechanisms: 1) Antibiotic 

inactivation, by direct inactivation of the active antibiotic molecule; 2) Target modification, with sensitivity 

alteration to the antibiotic; 3) Efflux pumps and OM permeability changes, leading to reduction of the 

concentration of drug and (4) Target bypass, where some bacteria become refractory to specific antibiotics by 

bypassing the inactivation of a given enzyme. 

On the other hand, and in order to ensure their survival, bacteria have developed various 

mechanisms that confer resistance against antimicrobial agents. Resistance can be an intrinsic 

property of the bacteria themselves or it can be acquired (de J. Sosa et al., 2009; Dzidic et al., 

2008). In intrinsic resistance, bacteria naturally do not have targeted sites for the drugs (or 

naturally have low permeability to the drug) and therefore the drug does not affect them; 

while, in acquired resistance, bacteria acquire ways of not being affected by the drug, by 

means of cellular gene mutations or the acquisition of a foreign gene of resistance (de J. Sosa 

et al., 2009; Dzidic et al., 2008). Based on the chemical structure of the antimicrobial agent 

and the mechanisms through which the agents act, acquired resistance mechanisms can be 

described as (see Figure 1.4-B): (1) antibiotic inactivation, where direct inactivation of the 
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active antibiotic molecule exist; (2) target modification, where target sensitivity to the 

antibiotic is altered; (3) efflux pumps and outer membrane (OM) permeability changes, 

leading to reduction of the concentration of drug without modification of the compound itself 

and (4) target bypass, where some bacteria become refractory to specific antibiotics by 

passing the inactivation of a given enzyme (Dzidic et al., 2008). Although the mechanisms 

affecting the targets are specific to each antibiotic class and can lead to high-level of 

resistance, the reduced permeability of the membrane and the increased efflux are non-

specific and generally result in low-level cross-resistance between several antimicrobial 

classes (Cambau and Guillard, 2012). Today it is well-known that a single bacterial strain 

may possess several types of resistance mechanisms. Table A-1 (annex A) provides a resume 

of the chromosome- and/or plamid-mediated resistance mechanisms found in different 

antimicrobial classes. 

4.1. ANTIMICROBIALS TARGETING BACTERIAL CELL WALL 

4.1.1. ß-LACTAMS 

ß-Lactam antibiotics are a group of antibiotics characterized by the possession of a ß-

lactam ring. Among these agents are narrow-spectrum penicillins, narrow- and extended-

spectrum cephalosporins, broad-spectrum carbapenems, and the monobactam, aztreonam, 

which has activity against Gram-negative pathogens only (Bush, 2012). With less toxicity 

than other antimicrobials, good penetration in many body sites, good manageability and 

versatility, makes this antimicrobials very attractive for clinical use, especially when the 

causative pathogen is unknown (e.g. for empirical treatment), not only in humans but also in 

animals (Seiffert et al., 2013).  

The growth of most bacteria depends upon enzymatic linkage of pentapeptide precursor 

molecules into the peptidoglycan cell wall. The enzymes responsible for these crosslinking 

reactions are referred to as penicillin binding proteins (PBPs) (Hollenbeck and Rice, 2012); 

because β-lactams are structural analogs of the pentapeptide precursors, they interfere in the 

final stage of bacterial cell wall synthesis by binding covalently to these enzymes. The 

attachment of β-lactam antibiotics to PBPs results in impaired cell wall synthesis, and in most 

cases, programmed cell death (Bush, 2012; Hollenbeck and Rice, 2012). Thereby, the 

effectiveness of these antibiotics relies on their ability to reach and bind to the PBPs (de J. 

Sosa et al., 2009). Three different mechanisms may be involved in β-lactams resistance: 
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mutations in the PBPs, reduced permeability of the cell wall (e.g. disruption of porin proteins 

or efflux systems) and production of ß-lactamase enzymes able to hydrolyze and inactivate 

their ß-lactam ring (Li et al., 2007; Seiffert et al., 2013). 

In Gram-negative bacteria β-lactamase production is the most important mediator of 

resistance to broad-spectrum β-lactams, these enzymes hydrolyse the ß-lactam ring, which is 

crucial for inhibition of the PBP targets (Allocati et al., 2013; Bush, 2012; de J. Sosa et al., 

2009). ß-Lactamases are a heterogeneous group of enzymes which can be classified according 

to: hydrolytic spectrum, susceptibility to inhibitors, genetic location (plasmidic or 

chromosomal) and gene or amino acid protein sequence (de J. Sosa et al., 2009). On the basis 

of their substrate preference and inhibitor profile, to date, more than 1,000 unique β-

lactamases, with varying molecular and functional properties, have been described (Bush, 

2012). Resistance to broad-spectrum penicillins, such as ampicillin or amoxicillin, is usually 

conferred by plasmid coded ß-lactamases mainly of the TEM-type and to a lesser extent of the 

SHV-type. Variants of the TEM or SHV enzymes, with single or multiple aminoacid 

substitutions expand their hydrolytic ability to include third- and fourth-generation 

cephalosporins, and monobactams, such as aztreonam; these enzymes are referred as ESBLs. 

Most ESBLs can be inhibited by ß-lactamase inhibitors such as clavulanic acid, sulbactam or 

tazobactam. In addition, serine carbapenemases hydrolyse all β-lactams, including 

monobactams; while metallo-β-lactamases (MBLs) hydrolyse all β-lactams, with the 

exception of monobactams. These three families of enzymes are currently of most concern, 

they have been spreading among Gram-negative bacteria throughout the world on mobile 

elements that involve integrons, transposons or transferable plasmids, which further, convey 

resistance determinants for multiple antibiotic classes (Bush, 2012). Furthermore, during the 

past decade, the TEM and SHV ESBLs enzymes have been largely replaced by the CTX-M-

type ESBLs, which are now the most common ESBLs in E. coli and have become a great 

public health problem. 

In addition, outer membrane permeability barrier and multidrug efflux pumps play 

synergistically an important role in intrinsic resistance to β-lactams in Gram-negative bacteria 

(Li et al., 2007). Mutational and/or inducible alterations of these mechanisms can lead to 

decreased influx and/or increased efflux of antimicrobials and thus prevent drug access to the 

targets, yielding, in addition, resistance to other structurally unrelated antimicrobials (Li et al., 

2007). Resistance levels conferred by these mechanisms are, however, expected to be low, but 
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they may occur in concert with β-lactamase production, which results in high levels of 

resistance to virtually all β-lactams (Bush, 2012; Li et al., 2007). 

Alterations of PBPs are mainly responsible for ß-lactam resistance in Gram-positive 

bacteria such as the PBP2a-mediated methicillin-resistant Staphylococcus aureus (MRSA) 

and the PBP5-mediated resistant Enterococcus spp. (PBP5 in E. faecium, PBP4 in E. 

faecalis), these low affinity PBPs bind weakly to β-lactams (Bush, 2012; Hollenbeck and 

Rice, 2012; Li et al., 2007). High-level penicillin resistance, in E. faecium is most commonly 

associated with accumulation of point mutations in the penicillin binding region of PBP5; 

whereas in E. faecalis it is very rare (Hollenbeck and Rice, 2012). Moreover, although rare, 

enterococcal plasmid-mediated β-lactamase production has been described predominantly in 

E. faecalis (Hollenbeck and Rice, 2012). 

4.1.2. GLYCOPEPTIDES 

Vancomycin, isolated from fermentation broths of Streptomyces orientalis, was the first 

glycopeptide to be introduced into medical practice to treat infections caused by Gram-

positive cocci (Bush, 2012). Vancomycin gained clinical importance because it was 

traditionally reserved as a last resort treatment in resistant infections by MRSA S. aureus (de 

J. Sosa et al., 2009). Initially, vancomycin resistance was thought to be difficult, if not 

impossible, to attain (Bush, 2012). However, the acquisition of glycopeptide resistance by 

enterococci became an epidemiological dilemma over the past 25 years (Hollenbeck and Rice, 

2012). Moreover, in 1974, the veterinary glycopeptide avoparcin was approved for use as an 

antimicrobial growth promoter in Europe, but later, the association of avoparcin with 

increasing isolation of vancomycin-resistant E. faecium dictated the ban of this practice by 

1997 (Bush, 2012). 

Glycopeptides inhibit bacteria growth by forming a complex between the antibiotic and 

the C-terminal D-Ala-D-Ala dipeptide of the nascent peptidoglycan on the outer surface of 

the cytoplasmic membrane. The formation of this complex prevents the transglycosylation 

and transpeptidation reactions that are necessary for completion of the peptidoglycan chain, 

resulting in an incomplete cell wall and subsequent cell death (Bush, 2012). Since these 

antimicrobials do not interact with enzyme targets, but rather with their substrates, 

glycopeptide resistance mechanisms are mainly associated with structural modifications in the 

substrates for the enzymes that incorporate the final amino acids in the pentapeptide 

precursors, where the terminal D-ala is replaced by D-lac or D-ser (Bush, 2012). These 
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modified cell wall precursors bind glycopeptides with 1,000-fold lower affinity than do 

normal precursors (Hollenbeck and Rice, 2012). 

Until today, nine different variants of glycopeptides resistance have been described in 

enterococci (VanA, B, C, D, E, G, L, M and N) (Nilsson, 2012). Acquired resistance to 

glycopeptides mediated by the vanA and, to a lesser extent, the vanB resistance genes are by 

far the most prevalent in Europe, being E. faecium the main reservoir (Werner et al., 2008). 

Another common Van phenotype, chromosomally-encoded by the VanC operon, is observed 

in E. gallinarum and E. casseliflavus, and is characterized by intrinsic low-level glycopeptide 

resistance (Hollenbeck and Rice, 2012). 

At least seven enzymes are required to modify cell wall precursor. In the VanA operon 

we can find the VanH dehydrogenase, which converts cellular pyruvate to d-lactate; then 

VanA, a D-Ala-D-Ala ligase rebuilds the peptidoglycan side chain to express D-alanyl-D-

lactate, which has less affinity for glycopeptides (de J. Sosa et al., 2009). However, full 

glycopeptide resistance, requires not only construction of the altered precursor, but also 

elimination of normal precursors; thus, the VanX hydrolyzes D-ala-D-ala to its constituent 

amino acids, whereas the VanY hydrolyzes the terminal D-ala from any normal pentapeptide 

precursor (Hollenbeck and Rice, 2012). In addition, expression of these genes is regulated by 

the two-component sensor-transducer system, VanR and VanS (Hollenbeck and Rice, 2012). 

The mechanism by which VanZ increases resistance is unknown, but when present it confers 

decreased susceptibility to teicoplanin. Additional open reading frames VanW and VanV have 

been described on the VanB operon; their functions are also not yet known (Hollenbeck and 

Rice, 2012).  

VanA and VanB operons are by far the most prevalent in glycopeptide-resistant 

enterococci (GRE) human infections. While in the VanA phenotype, enterococcus are 

resistant to both, vancomycin and teicoplanin, in the VanB moderate levels of resistance to 

vancomycin and susceptibility to teicoplanin are found (de J. Sosa et al., 2009; Hollenbeck 

and Rice, 2012). The VanA and VanB phenotypes are associated with gene clusters that may 

be transferred on large plasmids, or from chromosome to chromosome, whereas the other 

vancomycin resistance mechanisms are related to chromosomal mutations that may be either 

inducible or constitutive (Bush, 2012). VanA is mobilized on Tn3-family transposon, like 

Tn1546, which can be found on both non-conjugative and conjugative plasmids; whereas the 

VanB is most often carried on a Tn5382/1549 or related conjugative transposons (Hollenbeck 

and Rice, 2012). 
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4.2. ANTIMICROBIALS THAT INHIBIT RIBOSOMAL PROTEIN SYNTHESIS 

4.2.1. AMINOGLYCOSIDES 

Aminoglycosides are isolated from antibiotic producers such as Streptomyces or 

Micromonospora (Lambert, 2012). They include a group of drugs characterized by the 

presence of an aminocyclitol ring linked to amino sugars in their structure, and by a broad 

spectrum of activity against bacteria, including Gram-negative and Gram-positive bacteria, 

but not anaerobes (de J. Sosa et al., 2009; Lambert, 2012). In 1942, streptomycin was the first 

aminoglycoside introduced for tuberculosis treatment. Today, amikacin, gentamicin and 

tobramycin are the principal aminoglycosides used in human clinical settings, whereas 

apramycin and fortimicin are reserved for veterinary medicine (Lambert, 2012). 

Aminoglycosides are often used in conjunction with β-lactams and glycopepetides, their 

synergist action is achieved by damaging the bacterial cell wall, thus allowing easier 

accessibility to the cell membrane and increased uptake of the aminoglycoside. 

Aminoglycosides are bactericidal antibiotics which act by irreversibly binding to the 

aminoacyl site of the 16S rRNA within the bacterial 30S ribosomal subunits, resulting in a 

protein mistranslation (Allocati et al., 2013). Mechanisms of resistance to aminoglycosides 

may be mutational or plasmid mediated, and bacteria have acquired several resistance 

mechanisms, including: (1) enzymes that destroy or reduce aminoglycosides activity, (2) 

target alteration by mutation and methylation of ribosomal proteins and (3) reduction of the 

intracellular concentration of aminoglycosides by, modification of outer membrane 

permeability, diminished inner membrane transport or increased export outside the cell by 

active efflux pumps (Lambert, 2012; Zarubica et al., 2011). 

Chromosomal or plasmid mediated enzymatic modification, or destruction, of 

aminoglycosides is an important mechanism of resistance, with more than 50 aminoglycoside-

modifying enzymes already described (de J. Sosa et al., 2009). Depending on their type of 

modification, enzymes are classified as three major types: acetyltransferases (AAC - 

acetylating enzymes), nucleotidyltransferases (ANT - adenylating enzymes) and 

phosphotransferases (APH - phosphorylating enzymes) (de J. Sosa et al., 2009; Lambert, 

2012). Aminoglycosides modified at amino groups by AAC enzymes, or at hydroxyl groups 

by ANT or APH enzymes, lose their ribosome-binding ability and thus no longer inhibit 

protein synthesis (de J. Sosa et al., 2009). Except for rare examples, the genes encoding for 
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these enzymes can be found on mobile elements, including plasmids, transposons and 

integrons (Lambert, 2012; Schultsz and Geerlings, 2012). 

The aminoglycoside-modifying enzymes can be produced by both Gram-positive and 

Gram-negative organisms, but their susceptibility to the different aminoglycoside antibiotics 

is quite variable. The combination of various enzymes is usual, so that the expressed 

phenotype results from the addition of each mechanism (Lambert, 2012). For example, among 

Gram-negative organisms, gentamicin is modified by the AAC(6’)-II and amikacin is a 

substrate for the APH(3’)-VI, while ANT(2’’) can modify kanamycin, gentamicin and 

tobramycin (Lambert, 2012). Streptomycin and spectinomycin are structurally unrelated to 

other aminoglycosides and therefore, they are inactivated by different enzymes, including 

APH(3″), APH(6), ANT(3″)(9) and ANT(6) in the case of streptomycin, and ANT(3″)(9) and 

ANT(9) in the case of spectinomycin (Lambert, 2012). Moreover, the APH(3″) and APH(6) 

are specific for Gram-negative bacteria and are encoded by the strA and strB genes found in a 

transcriptional unit (Lambert, 2012). 

E. faecium and E. faecalis are, intrinsically, low level resistant to aminoglycosides; and 

high-level aminoglycoside resistance typically underlies the acquisition of mobile genetic 

elements. Among E. faecium, the acetyltransferase AAC(6')-Ii confers resistance to 

tobramycin and to kanamycin; while high-level gentamicin resistance, and structurally related 

aminoglycosides, may occur by acquisition of a bifunctional gene encoding for APH(2'')-Ia-

AAC(6')-Ie enzyme (Hollenbeck and Rice, 2012). Commonly this gene is flanked by the 

IS256 in a composite transposon, Tn4001 in S. aureus or Tn5281 in E. faecalis (Hollenbeck 

and Rice, 2012). Whereas, in enterococci, high-level resistance to streptomycin occurs most 

commonly through antibiotic enzymatic modification by the adenylyltransferase, Ant(6')-Ia 

and Ant(3'')-Ia (Hollenbeck and Rice, 2012). 

One important resistance mechanism includes target modification by mutation of the 

16S rRNA, confering high-level aminoglycoside resistance. Specifically, the 16S rRNA 

methyltransferases methylate a single nucleotide of the 16S rRNA ribosome, G1405 

(Gonzalez-Zorn and Escudero, 2012). With a methyl group in this position, aminoglycosides 

such as: tobramycin, amikacin or gentamicin, become sterically hindered and thus unable to 

bind to their site of action (Gonzalez-Zorn and Escudero, 2012; Zarubica et al., 2011). This 

resistance mechanism is considered to be auto-protective in aminoglycoside-producing 

bacteria, for example, to protect itself from the gentamicin it produces, Micromonospora 

purpurea adds a methyl-group to the G1405 position of its own ribosome (Gonzalez-Zorn and 
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Escudero, 2012; Zarubica et al., 2011). Similar to the genes encoding for drug modification, 

the genes encoding methyltransferases are often accompanied by genes encoding for ESBLs 

on the same mobile element (Schultsz and Geerlings, 2012). Of particular concern is the 16S 

rRNA methyltransferase, armA gene, that confers pandrug-resistance to aminoglycosides and 

which is often accompanied by carbapenemase genes on the same mobile genetic element 

(Allocati et al., 2013). 

Furthermore, aminoglycosides impaired uptake has been associated with efflux systems, 

such as AcrD and MexXY, which are involved in moderate resistance to aminoglycosides in 

E. coli and Pseudomonas aeruginosa, respectively (Lambert, 2012).  

4.2.2. TETRACYCLINES 

Discovered as natural products from actinomycetes soil bacteria, tetracyclines are one 

of the oldest classes of antibiotics. So old that recently, tetracycline like fluorescent bands 

were found in the bone of skeletal remains of a tribe from ancient Sudan dated from the Late 

Antiquity period 350 A.D., these findings show that tetracyclines could have been one of the 

first antibiotics produced by fermentation, predating penicillin by almost 2000 years (Nelson 

and Levy, 2011). Tetracyclines were also the first broad spectrum class of antibiotics used. 

Nowadays, based on their availability, low cost, low toxicity and broad spectrum of activity, 

they are commonly used in developing countries in both human and veterinary medicine.  

The early biology studies of tetracyclines pointed out to a specific mechanism of action 

that was first described in 1953. By then, it was shown that tetracyclines block protein 

synthesis in S. aureus cells, and inhibit cell growth in a bacteriostatic manner (Nelson and 

Levy, 2011). Later, it was described that tetracyclines, normally stop elongation of 

synthesizing proteins, by impairing the stable binding of aminoacyl-transfer (t)RNA to the 

bacterial ribosomal A-site (de J. Sosa et al., 2009; Lambert, 2012). 

Resistance to these agents occurs mainly through three mechanisms: (1) efflux pumps 

of tetracycline, (2) protect the ribosome from the action of tetracyclines, or (3) enzymatically 

deactivation of tetracyclines (de J. Sosa et al., 2009; Roberts, 2011). Bacteria may become 

resistant to tetracyclines by mutation, while the majority of bacteria become tetracycline-

resistant because they acquire new resistance gene. There are 43 different known tet/otr 

resistance genes (Roberts, 2011), of which, 27 encodes for energy-dependent efflux proteins, 

12 codes for ribosomal protection proteins, 3 codes for inactivating enzymes and one gene, 

tet(U), is of unknown resistance mechanism (Roberts, 2011).  
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Efflux is the predominant mechanism of resistance to this antibiotic. Tetracycline 

exported from the cell occurs through membrane-associated proteins from the major 

facilitator superfamily (MFS) reducing the intracellular drug concentration (de J. Sosa et al., 

2009). Membrane-associated export proteins are encoded by tet and otr efflux genes. Efflux 

proteins, such as Tet(A), Tet(C), Tet(D), Tet(E), Tet(G), Tet(H), Tet(K) and Tet(L), confers 

resistance to tetracycline and doxycycline but not minocycline or tigecycline, and except for 

Tet(K) and Tet(L), which are found primarily in Gram-positive bacteria, these proteins are 

confined to Gram-negative bacteria (Lambert, 2012; Roberts, 2011). The Tet(B) efflux 

protein is the most common among Gram-negative bacteria and confer resistance to 

tetracycline, doxycycline, and minocycline (Lambert, 2012; Roberts, 2011). Of special 

concern, is that the majority of the genes encoding for these efflux proteins are associated 

with mobile elements which allow for gene exchange and spread throughout different 

ecosystems (de J. Sosa et al., 2009; Roberts, 2011). Moreover, tetracycline efflux proteins 

have amino acid and protein structural similarities with other efflux proteins involved in 

multiple-drug resistance such as: quaternary ammonium resistance, chloramphenicol and 

quinolone resistance (de J. Sosa et al., 2009). In addition, other efflux systems, in particular 

those belonging to the Resistance-Nodulation-cell Division (RND) family have also been 

reported to contribute to tetracycline resistance as a result of their overexpression, due to 

mutation in their regulatory sequences (Lambert, 2012). 

Ribosome protection proteins are cytoplasmic proteins that bind to the ribosome and 

cause an alteration in ribosomal conformation which prevents tetracycline from binding to the 

ribosome, without altering or stopping protein synthesis (de J. Sosa et al., 2009). Tet(M) and 

Tet(O) are the most studied, and Tet(M) has been found in numerous bacterial species 

including, Gram-positive and Gram-negative (Lambert, 2012). This mechanisms confer 

resistance mainly to doxycycline and minocycline, and confer a wider spectrum of resistance 

to tetracyclines than the one seen with bacteria that carry tetracycline efflux proteins (de J. 

Sosa et al., 2009).  

The third resistance mechanism described, chemical inactivation of tetracycline, was 

shown to be due to an oxygen-dependent flavin-monooxygenase enzyme encoded by the 

tet(X) gene (de J. Sosa et al., 2009; Nelson and Levy, 2011). 
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4.2.3. MACROLIDES AND RELATED COMPOUNDS 

Macrolides, lincosamides and streptogramins (MLS) are compounds that are 

structurally distinct but, usually, are considered together because they share a common mode 

of action and show similar antibacterial spectra. The first macrolide discovered was 

erythromycin, in 1952, and since then macrolides have had an important role in the treatment 

of infectious diseases (Roberts, 2011). Despite their limited spectrum of activity, narrow to 

Gram-positive cocci (mainly staphylococci and streptococci), bacilli or to Gram-negative 

cocci, and intracellular bacteria (Chlamydia and Rickettsia species), for years, these 

antibiotics have represented a major alternative to the use of penicillins and cephalosporins 

for the treatment of infections due to same gram-positive microorganisms (Leclercq, 2002).  

MLS antibiotics share overlapping binding sites on the 50S subunit of the ribosome and 

inhibit protein synthesis by blocking peptide bond formation and/or translation (Roberts, 

2008, 2011). However, in 1956, soon after the introduction of erythromycin into therapy, 

resistance emerged in staphylococci, and the multiplicity of resistance mechanisms that were 

involved resulted in a variety of resistance phenotypes (Leclercq, 2002). Biochemical studies 

showed that the first mechanism of macrolide resistance was due to post-transcriptional 

modification of the 23S rRNA by the adenine-N6 methyltransferase. These enzymes add one 

or two methyl groups to a single adenine (A2058 in E. coli) in the 23S rRNA moiety 

(Roberts, 2008); rRNA methylases alter the ribosomal target of the antibiotics which 

generally results in cross-resistance to macrolides, lincosamides and streptogramin B (MLSB-

resistant phenotype) (de J. Sosa et al., 2009; Leclercq, 2002; Roberts, 2011). Although, this 

remains the most frequent mechanism of resistance, a variety of other mechanisms have been 

later described, such as: efflux pumps, which pump the drug(s) out of the cell keeping low 

intracellular concentrations, frequent in Gram-positive populations, or inactivating enzymes 

which chemically modify the antibiotic preventing it from binding to the ribosome (de J. Sosa 

et al., 2009; Leclercq, 2002; Roberts, 2011). 

So far, ribosomal methylation remains the most widespread and best studied mechanism 

of resistance to macrolides and lincosamides. Genes encoding these rRNA methylases have 

been designated erm (erythromycin ribosome methylation) and were reported in a large 

number of microrganisms (Leclercq, 2002); currently, there are 33 erm genes described 

(Roberts, 2011). Where the most commonly detected among pathogenic microrganisms are: 

erm(A) and erm(C), typically staphylococcal class genes; erm(B) class genes mostly spread in 
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streptococci and enterococci; and the erm(F) class genes in Bacteroides species and other 

anaerobic bacteria (Leclercq, 2002). The expression of erm genes can be inducible, where 

bacteria produce inactive mRNA that is unable to encode the methylase, and is regulated by 

translational attenuation; or by contrast, can be constitutive, where active methylase mRNA is 

produced in the absence of an inducer (Lambert, 2012; Leclercq, 2002). Moreover, in 

pathogenic bacteria, these determinants are mostly borne by plasmids and transposons that are 

self-transferable (Leclercq, 2002). 

Efflux pumps are responsible for natural resistance of enterobacteria to these drugs, as 

for E. faecalis resistance to lincosamides and streptogramin A (Lambert, 2012). While in 

Gram-negative bacilli, intrinsic resistance to MLSB antibiotics is due to low permeability of 

the outer membrane to these hydrophobic compounds (de J. Sosa et al., 2009); in Gram-

positive organisms, acquisition of macrolide resistance by active efflux is caused by 2 classes 

of pumps, members of the ATP-binding-cassette (ABC) transporter superfamily and of the 

major facilitator superfamily (MFS) (Lambert, 2012; Leclercq, 2002). There are 17 efflux 

genes that code for proteins that pump one or more of the MLS antibiotics, where the most 

prevalent is the mef(A) gene followed by the msr(D) gene, plus, these two genes are normally 

linked on the same mobile element suggesting that they have the same host range (Roberts, 

2011). 

Drug modification by hydrolytic enzymes, unlike target modification, confers resistance 

only to structurally related antibiotics (Leclercq, 2002). There are 19 genes encoding for 

proteins that modify MLS antibiotics. These proteins can hydrolyse the lactone ring, 

adenylylate, acetylate or phosphorylate the antibiotic, disrupting their structure and leading to 

their inactivation (Roberts, 2011). Erythromycin is inactivated by esterases and 

phosphotransferases (encoded by ere and mph genes, respectively). Lincosamides are 

inactivated by nucleotidyltransferases (lnu determinants), whereas streptogramin A and B are 

modified by acetyltransferases (vat) and lyases (vgb), respectively (Lambert, 2012).  

4.2.4. PHENICOLS 

Chloramphenicol, originally referred to as chloromycetin, was first obtained from 

Streptomyces venezuelae in 1947 (Schwarz et al., 2004). Chloramphenicol and its derivatives, 

thiamphenicol and florfenicol, are bacteriostatic antimicrobials (Lambert, 2012). With a broad 

spectrum of activity, which includes Gram-positive and Gram-negative, aerobic and anaerobic 

bacteria, but also chlamydiae, mycoplasmas, and rickettsiae; chloramphenicol and some 
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derivatives, have been used over the years in human medicine (Schwarz et al., 2004). 

Although in the early years it was considered a promising broad spectrum antibiotic, in the 

mid-1960s several adverse effects (e.g. bone marrow toxicity, aplastic anemia) were 

associated with chloramphenicol application, restricting their use to the treatment of brain 

abscesses and eye infections (Lambert, 2012; Schwarz et al., 2004). However, since these 

adverse side-effects have not been observed in animals, the fluorinated derivative of 

chloramphenicol, florfenicol, has been licensed for veterinary use, mainly in the control of 

bacterial respiratory tract infections in cattle and pigs (Schwarz et al., 2004).  

Phenicols prevent protein chain elongation by inhibiting the peptidyl transferase activity 

of the bacterial ribosome. Specifically, the bacteriostatic activity of chloramphenicol is based 

on a reversible binding to the peptidyl transferase centre at the 50S ribosomal subunit of 70S 

ribosomes (de J. Sosa et al., 2009; Schwarz et al., 2004). Nevertheless, over the years, 

bacteria have developed a number of mechanisms which enable them to overcome the 

inhibitory effects of chloramphenicol. The most frequently encountered mechanism of 

bacterial resistance is due to enzymatic modification by chloramphenicol acetyltransferases 

(CAT); however, efflux systems, inactivation by phosphotransferases, mutations of the target 

site and permeability barriers were also reported as chloramphenicol resistance mechanisms 

(Schwarz et al., 2004). 

In enzymatic modification the acetyltransferases link covalently an acetyl group from 

acetylCoA to chloramphenicol, preventing it from binding to the ribosomes (Lambert, 2012). 

Based on their distinct structure, CATs are grouped into two types, -A and -B (Lambert, 2012; 

Schwarz et al., 2004). When resistance is exclusively based on the activity of CATs, 

chloramphenicol-resistant bacteria are susceptible to florfenicol (Lambert, 2012; Schwarz et 

al., 2004). Type-A CATs have been detected in a wide variety of bacteria and the cat genes 

encoding these enzymes are commonly located on small multicopy plasmids which carry the 

cat gene alone, or either, in combination with a streptomycin resistance or a macrolide 

resistance gene (Schwarz et al., 2004). Whereas type-B CATs appear to be related to other 

acetylating enzymes of staphylococci and enterococci involved in resistance to streptogramins 

A compounds, such as Vat(D), Vat(E), Vat(A) or Vat(B) (Schwarz et al., 2004). 

Another important resistance mechanism consists of efflux pumps encoded in Gram-

negative bacteria by cml genes, which confer cross-resistance to chloramphenicol and 

florfenicol (Lambert, 2012). The export of these antibiotics from the bacterial cell can be 

mediated by either specific transporters, which mediate distinctly higher levels of resistance, 
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and/or multidrug transporters. The first specific transporter was identified in P. aeruginosa, 

by 1979 the cmlA gene was found on the transposon Tn1696, and closely resembled other 

transmembrane transport proteins of the MFS (Schwarz et al., 2004). Whereas, the floR gene, 

which also mediates combined resistance to chloramphenicol and florfenicol, was identified 

on plasmids, and in the chromosome of E. coli from cattle, poultry and pigs (Schwarz et al., 

2004). Furthermore, multidrug efflux systems, such as the AcrAB-TolC and MdfA in E. coli, 

can contribute to chloramphenicol resistance (Lambert, 2012; Schwarz et al., 2004). 

Interestingly, the cat and cml genes encode proteins with two unrelated functions, and are 

inducible by chloramphenicol (Lambert, 2012). 

4.3. ANTIMICROBIALS THAT AFFECT THE SYNTHESIS AND 

CONFORMATION OF NUCLEIC ACIDS 

4.3.1. QUINOLONES 

Developed in the 1960s, nalidixic acid was the first quinolone-derived agent 

demonstrating antibacterial activity and useful clinical parameters (Ruiz et al., 2012). Since 

then, novel compounds of this family were developed, and the addition of a fluorine atom to 

the quinolone molecule was found to enhance quinolone antibacterial activity, expanding their 

use into clinical practice (Ruiz et al., 2012). Of these new compounds, ciprofloxacin is still 

the most widely used (Van Bambeke et al., 2005). In the late 1980s the first approved 

fluoroquinolone for use in veterinary medicine was enrofloxacin. Currently, it is still widely 

used in the treatment of gastrointestinal and respiratory infections in several animal species 

(Martinez et al., 2006).  

Based on their spectrum of activity, quinolones available for clinical use were classified 

into four generations (Van Bambeke et al., 2005). The first-generation (e.g. nalidixic acid and 

flumequine) act only on Gram-negative bacteria, especially enterobacteria; while the second 

generation drugs, the first of the fluoroquinolones (e.g. ciprofloxacin, enrofloxacin or 

norfloxacin), exhibited increased antibacterial activity against Enterobacteriaceae, and other 

Gram-negative bacteria, and have some activity against certain Gram-positive cocci (Cambau 

and Guillard, 2012; Martinez et al., 2006). Whereas, the new third- and fourth-generation 

fluoroquinolones (e.g. moxifloxacin, gatifloxacin) maintained the favourable characteristics 

of the second generation drugs while exhibit increased activity against Gram-positive bacteria 

(Cambau and Guillard, 2012; Martinez et al., 2006). Based on their pharmacodynamic 
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(spectrum) and pharmacokinetic properties, fluoroquinolones are currently among the most 

heavily prescribed antimicrobials in the world (Cambau and Guillard, 2012). 

The activity of quinolones stems primarily from the formation of ternary complexes 

between DNA and type II topoisomerases, namely DNA gyrase and topoisomerase IV (Van 

Bambeke et al., 2005). DNA gyrase is a tetrameric holoenzyme composed of the sub-units 

GyrA and GyrB, while topoisomerase IV has a similar structure with the sub-units ParC and 

ParE; these two enzymes play a critical role in the supercoiling of DNA (Cambau and 

Guillard, 2012). Quinolones attach, irreversibly, to the DNA-topoisomerase complex leading 

to immobilisation of the enzymes, their rapid bactericidal effect results from the release of 

DNA double-strand breaks, which are thought to induce bacterial apoptosis (Cambau and 

Guillard, 2012; Van Bambeke et al., 2005).  

Although these drugs originally appeared almost as a panacea, and promised a bright 

future, their overuse and misuse induced resistance, and currently, fluoroquinolones are 

considered “critically important antimicrobials”, and should be used with caution (Ruiz et al., 

2012). According to their function, resistance mechanisms can act by: reducing intra-

cytoplasmic accumulation, altering the permeability of the wall or increase the efflux; or 

reducing the affinity of targets, inactivating enzymes or protecting targets (Cambau and 

Guillard, 2012; Ruiz et al., 2012). For a long time the mechanisms of quinolone resistance 

described above were exclusively chromosomal. Nevertheless, plasmid-mediated genes have 

been described for more than a decade. 

The main chromosomal resistance mechanism is associated with mutations in type II 

topoisomerase structural genes, usually on the genes gyrA or parC, and more rarely on the 

genes gyrB or parE (Cambau and Guillard, 2012), that involve amino acid substitutions in a 

region called the quinolone resistance-determining region (QRDR) (Jacoby, 2005). In Gram-

negative bacteria, DNA gyrase is more susceptible to inhibition by quinolones, whereas, in 

Gram-positive bacteria, topoisomerase IV is usually the prime target (Jacoby, 2005). In E. 

coli, the most frequently observed mutations are on the codons 83 (Ser83Leu) and 87 

(Asp87His) of GyrA, corresponding to the codons 80 and 84 of ParC (Cambau and Guillard, 

2012).  

In addition, changes in outer membrane porins and overexpression of chromosomally 

encoded efflux pumps can lead to increased resistance to quinolones (Schultsz and Geerlings, 

2012). In Gram-negative bacteria, such as E. coli, reduced quinolone membrane permeability 

can be achieved by altering the expression of outer membrane proteins (OmpF and OmpC); 
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whereas the hyperexpression of the AcrAB-TolC efflux pump, increases quinolone efflux 

(Cambau and Guillard, 2012; Jacoby, 2005). In Gram-positive bacteria, the major facilitator 

superfamily (MFS) efflux pumps plays a major role in quinolone efflux (Cambau and 

Guillard, 2012; Jacoby, 2005).  

Until 1998, and the discovery of the gene qnrA1 carried by Klebsiella pneumoniae, 

plasmid-mediated quinolone resistance (PMQR), were thought not to exist (Cambau and 

Guillard, 2012; Jacoby, 2005). In recent years, several other PMQR mechanisms have been 

identified, and the high prevalence subsequently found in clinical isolates has further 

highlighted the problem of quinolone resistance. To date, many other quinolone resistance 

(qnr) genes have been described: qnrA, qnrB, qnrS, qnrC and qnrD, each one comprising one 

or more alleles (Cambau and Guillard, 2012; Ruiz et al., 2012). Qnr proteins interact with 

DNA gyrase and topoisomerase IV, hindering the action of the quinolones and minimising 

their inhibitory effect (Ruiz et al., 2012). PMQR are frequently associated to transference 

events such as transposons and integrons located on MDR plasmids of different 

incompatibility groups (Schultsz and Geerlings, 2012). Also worrisome is their frequent 

association with β-lactam resistance genes, mainly blaCTX-M-14 and blaCTX-M-15 (Allocati et al., 

2013). 

Furthermore, a few different plasmid-encoded efflux pumps, able to pump out 

quinolones, have also been described: the QepA, an MFS family efflux pump that confers 

decreased susceptibility to hydrophilic fluoroquinolones, and the multi-resistance efflux pump 

OqxAB that is also able to confer resistance to nalidixic acid and ciprofloxacin, among other 

antimicrobial agents (Cambau and Guillard, 2012). Enzymatic inactivation of quinolones, was 

not an established phenomenon in bacteria until 2006, the plasmid mediated gene aac(6′)-Ib-

cr was the first inactivating mechanism identified (Ruiz et al., 2012). This gene encodes for a 

bifunctional aminoglycoside 6′-N-acetyltransferase that not only confers resistance to 

tobramycin, amikacin and kanamycin, but is also capable of acetylating ciprofloxacin and 

norfloxacin (Cambau and Guillard, 2012). 

Although the described transferable mechanisms of quinolone resistance may only 

confer low-level quinolones resistance, the concomitant presence of two or more of these 

mechanisms in the same microorganism should be taken into account, since their additive 

action results in a more resistant clinical isolate (Jacoby, 2005; Ruiz et al., 2012).  
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4.3.2. SULFONAMIDES AND TRIMETHOPRIM  

In 1935, sulfonamides were the first class of true antimicrobial agents with life-saving 

potency and 30 years later trimethoprim (TMP) was first used for the treatment of human 

infections (Huovinen, 2001). In 1968 TMP combined with sulfonamides were first registered 

for clinical use. These compounds are still considered a first line drug of choice in the 

treatment and prophylaxis of patients with urinary tract infections (Huovinen, 2001). Both 

drugs affect bacterial folic acid synthesis, and their combined use is thought to have a 

synergistic effect (Huovinen, 2001). They cover a wide antibacterial spectrum including 

Gram-positive bacteria and Gram-negative bacteria (enterobacteria), however, some Gram-

negative species (e.g. Neisseria, Acinetobacter, Pseudomona) are intrinsically resistant to 

trimethoprim (Cambau and Guillard, 2012).  

Most bacteria lack the ability to absorb folate from the environment, as such, require de 

novo folate synthesis in order to produce nucleic acids (Hollenbeck and Rice, 2012). 

Sulfonamides and trimethoprim, each, block a key step in folate synthesis. These two 

compounds work sequentially to inhibit enzyme systems involved in the bacterial synthesis of 

tetrahydrofolic acid (Huovinen, 2001). Sulfonamides inhibit dihydropteroate synthetase 

(DHPS), which catalyses the formation of dihydrofolate from para-aminobenzoic acid, and 

subsequently, TMP inhibits dihydrofolate reductase (DHFR), which catalyses the formation 

of tetrahydrofolate from dihydrofolate (Huovinen, 2001). Reduced availability of 

tetrahydrofolic acid inhibits the synthesis of purine and pyrimidine nucleotides and DNA 

synthesis. 

Resistance to sulphonamides and trimethoprim might be chromosomal or plasmid-

mediated, where plasmid-borne genes are frequently found in clinical isolates. Bacterial 

resistance to TMP and sulfonamides can be mediated by the following mechanisms: (1) the 

permeability barrier and/or efflux pumps, (2) naturally insensitive target enzymes, (3) 

mutational or recombinational changes in the target enzymes, and (4) hyperproduction of the 

target enzymes, DHPS and DHFR (Cambau and Guillard, 2012; Huovinen, 2001). 

As previously described, resistance mechanisms that are mediated by the permeability 

barrier and/or efflux pumps are not specific of both, sulfonamides and TMP, as they also 

concern the efflux of other molecules with a low molecular weight, such as ß-lactams, 

aminoglycosides and quinolones. A permeability barrier was considered to be the main 

mechanism of resistance to sulfonamides and TMP, however, efflux pumps, have been shown 
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to mediate resistance to both, even simultaneously (Huovinen, 2001). These resistance 

mechanisms are chromosome-mediated, and in enterobacteria, mutations in the genes that 

regulate the synthesis of OmpF or hyperexpression of RND efflux pumps (e.g. Acr) are 

frequently observed (Cambau and Guillard, 2012).  

Commonly, sulfonamides resistance is mediated by alternative drug-resistant forms of 

the DHPS enzymes. Structural modifications of the DHPS are secondary to mutations of the 

chromosomal dhps gene (Cambau and Guillard, 2012). For example, in isolates of 

sulfonamide-resistant S. pneumoniae, resistance is based on two amino acid duplications in 

the folP gene (a dhps gene) that alter the tertiary structure of the enzyme (Huovinen, 2001). 

While, transferable resistance to sulphonamides is mediated by three drug-resistant DHPS 

enzymes, which are coded by the genes sul1, sul2 and sul3, these genes can be acquired from 

other bacteria and transferred via transposons or integron genetic structures (Cambau and 

Guillard, 2012). The sul1 gene is normally found linked to other resistance genes in class 1 

integrons, while sul2 is usually located on small non conjugative plasmids or large 

transmissible multi-resistance plasmids (de J. Sosa et al., 2009). 

Trimethoprim transferable resistance is mediated by dhfr genes that encode for the 

production of the DHFR enzyme, this is the most common resistant mechanism found in 

clinical isolates (Cambau and Guillard, 2012; de J. Sosa et al., 2009). The gene dhfr1 is 

prevalent and mediates high-level resistance to TMP; plus it can be transferred via 

transposons on MDR plasmids and is sometimes associated with integrons (Cambau and 

Guillard, 2012; Huovinen, 2001). Resistance caused by structural modifications of the DHFR, 

is seen in S. aureus and S. pneumonia, where a single amino acid substitution in the dhfr gene 

altered the chromosomally encoded DHFR (Huovinen, 2001). 

5. THE USE OF PROTEOMIC TOOLS IN THE STUDY OF ANTIMICROBIAL 

RESISTANCE MECHANISMS  

Proteomics may be defined as the comprehensive analysis of the entire protein 

complement expressed in a cell, or any biological sample, at a given time under specific 

conditions (Graham et al., 2007). Proteomics allows the dynamic nature of the entire protein 

network to be mapped providing major opportunities to elucidate microbial systems, their 

evolution and role in disease mechanisms. Moreover, proteomics provides information, not 

available by other methods, on the occurrence of post-translational modifications, sub-cellular 

localisation, and protein turnover rates (Cash, 2011).  
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Rising rapidly in the post-genomic era, proteomics is now seen as a challenging field. 

The evolution of proteomics is a natural consequence of the genomic era and indeed without 

high quality genome annotation large scale proteomic experiments would not occur (Graham 

et al., 2011). Proteomics complements the use of comparative genomics and transcriptomic 

profiling for gene expression analysis providing data on the nature of the final gene product, 

the protein (Cash, 2011; Vranakis et al., 2014). Unlike transcriptomics, which focuses on gene 

expression, proteomics examines the levels of proteins and their changes in response to 

different genotypes and conditions (Han and Lee, 2006). The term proteome was coined in 

1995 to represent the protein complement of a genome (Fournier and Raoult, 2011), and the 

same way the genome is the collective term for all of the genetic material in a cell, the 

proteome is the collective term for all of the proteins produced from the genetic material in 

the cell (Barrett et al., 2005). Although the genome contains a wealth of information, it does 

not reveal which encoded proteins are relevant to a given condition (Fournier and Raoult, 

2011); compared to a genome, a proteome is highly dynamic and often more complex. The 

full characterization of the proteome can be a formidable challenge, as proteins may be 

subjected to post-translational modifications, may have large degrees of dynamic range and 

be only transiently expressed (Graham et al., 2011). 

Although the first proteomic analyses were conducted more than 30 years ago (Han and 

Lee, 2006), sequencing of genomes paved the way for different proteomic approaches, such 

as: expression proteomics, which consists in establishing quantitative maps of protein 

expression under specific physiological or developmental conditions, or functional 

proteomics, focusing on the role of individual proteins and their interactions with other 

ligands (including other proteins) (Barrett et al., 2005). 

Schematically, proteomic analyses rely on the separation of solubilized proteins from a 

microorganism by two-dimensional gel electrophoresis (2-DGE) or chromatography, 

followed by mass spectrometric characterization of virtually every protein, and their 

subsequent identification by comparison with well-annotated genomic and protein databases 

(Fournier and Raoult, 2011). Typical proteomic workflow representing the classical gel-based 

approach to protein identification is represented in figure 1.5. Renewed interest in the 

proteomic field has been prompted by several recent advances, including the availability of 

public genome and protein databases, the development of database search engines capable of 

exploiting these databases, and the introduction of high-sensitivity, easy to use Mass 

Spectrometry (MS) techniques (Han and Lee, 2006). Due to its capacity to handle complex 
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samples, MS proved to be advantageous over other proteomic technologies, and today, 

become the technique of choice to carry out the identification of membrane, cellular, 

periplasmic and extracellular proteins; as well as full proteome expression, differential protein 

expression, and identification of post-translational modifications of proteins within an 

organism (Graham et al., 2011). 

 

FIGURE 1.5. Proteomic workflow representing the classical gel-based approach for protein identification. 

Proteins are extracted, and then separated by 2-DE approach (isoelectric focusing [IEF] followed by separation 

as a function of molecular mass). Protein spots are stained for visualisation, and image analysis is performed by 

specific software. The spots of interest are then excised, proteolytically digested, and analysed by MALDI-TOF-

MS. The peptide mass fingerprint (PMF) obtained is matched against genomic or protein databases to obtain 

candidate proteins.  

Several proteomic studies have been designed and carried out on resistant bacteria, or 

under antibiotic stress. Further, these studies will be helpful to understand more generally 

what constitutes a functional proteome, and in particular, how antimicrobial resistant 

mechanisms may work. Following we aimed to summarize several proteomic studies of 

resistant bacteria, or under pressure, to different antibiotic drugs. 

5.1. ANTIMICROBIALS THAT ACT ON CELL WALL 

Resistance to cell wall-acting antibiotics, particularly β-lactams, is a matter of global 

discussion, and the presence of β-lactamases is a leading cause of resistance in several Gram-

negative bacteria (Vranakis et al., 2014). 

A comparative proteomic study, using 2-D gel electrophoresis (2-DE) followed by 

matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF 

MS), was established by Radhouani and colleagues to compare the overall changes in the 

proteome of an ESBL-producing E. coli strain (C5478), isolated from red fox, stressed with 

its cefotaxime (CTX) minimal inhibitory concentration (2 μg/mL), with the proteome of the 
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same strain without antimicrobial stress (Radhouani et al., 2013c). They have demonstrated 

that a wide range of proteins change in abundance in a diverse secondary response to 

treatment with CTX. In the CTX-stressed strain, there were mainly decreases in percentages 

of proteins involved in transport/ATP-binding (like ArgT, FliY and NmpC), 

glycolysis/gluconeogenesis (like GapA, GpmA, PykF and OckA), transcription/RNA 

processing (like DaaA, RopB, Fur and Pnp), translation (like RpsA and RpsB), proteolysis 

(like PepQ and PrlC) and fatty acid biosynthesis (like AccC and FabF). By contrast, they 

observed that the stressed strain had acquired defence mechanisms normally related to the 

stress response, and the percentage of stress response proteins, such as those involved in 

mechanisms of acid resistance (GadA, GadB, WrbA), oxidative stress (like Tpx, SodB and 

OsmC), other general cellular stress responses involving cold, and heat shock proteins (DnaK, 

ClpB, ClpP), were increased compared to the strain cultured without CTX. Moreover, 

proteins already associated with antimicrobial resistance, such as OmpX, GyrB and FtsY, 

were also increased in the stressed strain, probably due to the immediate effects of 

encountering CTX (Radhouani et al., 2013c). 

Similarly, Gonçalves et al (2014) used 2-DGE combined with matrix-assisted laser 

ionization-time of flight mass spectrometry (MALDI-TOF/TOF) to compare the changes in 

the sub-cellular proteomes of the WA57 ESBL-producing E. coli strain (Goncalves et al., 

2014). Significant differences in the abundance of 40 protein spots from the extracellular, 

periplasmic, cytoplasmic, and membrane sub-proteomes, and the whole-cell proteome of the 

strain exposed, and non-exposed to CTX where reported by the authors. The clusters tools 

ClueGo and CluePedia where used to perform the protein–protein interaction analysis of the 

unique up- or down-regulated proteins, showing that proteins associated with biological 

processes involving DNA metabolism, cellular amino acid catabolism, responses to unfolded 

protein, and transport were up-regulated, whereas the predicted interaction effects of the 

down-regulated proteins predominantly involve tRNA aminoacylation, and amino acid 

metabolic processes (Goncalves et al., 2014). For example, different chaperone proteins, 

including DnaK, GroL, HtpG, and ClpB were all up-regulated and identified in the 

extracellular and cytoplasmic fractions; BamA was up-regulated in the periplasmic and 

cytoplasmic fractions; in the membrane fraction the LamB protein was down-regulated, while 

OmpA protein was up-regulated; and the elongation factor Tu1 was up-regulated in the 

extracellular fraction, and down-regulated in the periplasmic, and cytoplasmic fractions. 

Intriguingly, the ESBL CTX-M-14 protein was found down-regulated in the periplasmic 



GENERAL CONSIDERATIONS 

Chapter 1 

39 

 

fraction, which, according to the authors, could possibly be linked to the concentration of 

CTX used, the bacterial growth phase when proteins were extracted, or other factors 

(Goncalves et al., 2014). 

A study by Keserú and colleagues aimed to identify the penicillinase-resistant penicillins 

(PRPs) hydrolysing ß-lactamases, by proteomic analysis of the extracellular and membrane-

bound, in the previously characterized borderline S. aureus strains isolated from human and 

bovine clinical samples (Keseru et al., 2011). They concluded that all the ß-lactamase 

activities, detectable in the supernatant, and the membrane fractions were similar, and all 

attributable to the BlaZ staphylococcal penicillinase produced by these strains. Furthermore, 

in many isolates an extracellular, and a membrane-bound form of ß-lactamase were present, 

they satated that the extracellular form might have a role in the reduction of local antibiotic 

concentration, while the membrane-bound enzyme could act at a more concentrated way 

(Keseru et al., 2011). 

Proteomics has been helpful to understand how glycopeptide antibiotics affect the 

expression of proteins on vancomycin-resistant bacteria. A comparative proteomic analysis of 

two vanA strains recovered from seagull faecal samples, one E. durans and one E. faecium, 

with different genomic patterns of antibiotic resistance, was performed by Radhouani et al 

(2012) (Radhouani et al., 2012b). From each strain, E. durans and E. faecium, a total of 123 

and 93 spots were excised from the 2-DE gels, which represented, respectively, 42 and 47 

different proteins successfully identified by MS. In both strains the most abundant proteins 

identified were those involved in glycolysis, in ATP synthesis, in translation, in protein 

folding and transferases, and the identification of vancomycin/teicoplanin A-type resistance 

protein was pointed out by the authors (Radhouani et al., 2012b). This protein was previously 

proved to be controlled by vancomycin which, also, triggered innate signal regulators, 

adhesion factors, and metabolic gene expression in E. faecalis (Wang et al., 2010). 

Quantitative proteomic have been used to study the cellular response of bacteria to 

vancomycin, however, these studies have been limited in the number of proteins identified, 

and restricted to certain sub-cellular compartments. Recently, and with the aim of overcoming 

these limitations, Hessling and colleagues (2013) used a combined approach by enrichment of 

different proteomic sub-fractions with in vivo metabolic labelling, and shotgun proteomics to 

analyze the response of a S. aureus strain to vancomycin induced stress (Hessling et al., 

2013). Once that, mainly the cell membrane, and the cell wall are affected by vancomycin, the 

main objectives of this study was the elucidation of changes within the cell wall proteome and 



GENERAL CONSIDERATIONS 

Chapter 1 

40 

 

the membrane proteome framed by analysis of the soluble proteins inside and outside of the 

cell. They were successful in obtaining quantitative data for nearly 50% of the proteins 

assigned to the staphylococcal membrane, and of about 70% of the proteins that are predicted 

to be localized on the cell surface, and being secreted (Hessling et al., 2013). The extensive 

fractionation in sample preparation allowed for a most comprehensive overview on protein 

level that directly reflect physiologically relevant adaptations, such as the increase of proteins 

involved in cell wall synthesis, in the synthesis of amino acids that are essential for 

peptidoglycan synthesis, or the decrease of most proteins with a virulence related function 

(Hessling et al., 2013). Moreover, in this study the two component system VraSR was found 

to be the major regulatory system implicated in the response to vancomycin (Hessling et al., 

2013). 

5.2. ANTIMICROBIALS THAT INHIBIT PROTEIN SYNTHESIS  

Aminoglycoside antibiotics corrupt ribosomes, causing protein mistranslation. However, 

it remains poorly understood how mistranslated proteins cause growth arrest in bacteria. In a 

study by Ling and colleagues (2012) they demonstrated that streptomycin, increases 

ribosomal mistranslation, and induces transient protein aggregation in a wild-type E. coli 

strain (Ling et al., 2012). Further, they determined the aggregated proteome using label-free 

quantitative mass spectrometry, and in order to identify genes that reduce cellular 

mistranslation toxicity, they selected the overexpressed protein products that increased 

resistance against streptomycin and kanamycin (Ling et al., 2012). They have identified the 

critical role of alkyl hydroperoxide reductase subunit F (a protein defending bacteria against 

hydrogen peroxide) in the suppression of aggregated protein formation upon streptomycin 

treatment, and increased aminoglycoside resistance, suggesting that cellular defence against 

hydrogen peroxide lowers the toxicity of protein mistranslation (Ling et al., 2012). A year 

later, and in line with these results, in a proteomic study, by Goltermann et al (2013), using 

western blot analyses, was shown how chaperones can increase bacterial tolerance to 

aminoglycoside antibiotics (Goltermann et al., 2013). They showed that chaperonin 

GroEL/GroES overexpression counters cytosolic protein misfolding, helping bacteria cope 

during early exposure to these drugs, whereas the overexpression of DnaK/DnaJ/GrpE 

chaperone system similarly facilitated survival but did not promote growth of 

aminoglycoside-treated bacteria (Goltermann et al., 2013). 
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In another study a simple, but powerful, method was applied to identify potential drug 

targets for synergizers with gentamicin. The authors used a filter aided sample preparation 

(FASP) adapted protocol to isolate proteins from gentamicin-treated, and control samples, of 

E. coli cultured under aerobic, and oxygen-limited conditions (Al-Majdoub et al., 2013). They 

found clear differences in the proteome of the strains cluttered under these different 

conditions. On oxygen-limited conditions, heat shock-like characteristics, with CH60, CLPB, 

and SYK2 up-regulated, CSPE and CSPC, were found down-regulated, ATP synthase, was 

also significantly up-regulated (Al-Majdoub et al., 2013). Moreover, in oxygen limited 

conditions E. coli appears more sensitive to gentamicin than E. coli grown in aerobic 

conditions, probably because oxygen limitation represents a nonspecific insult to the cells, 

rendering them more sensitive to a second insult (antibiotic), but the high levels of ATP 

synthase in the oxygen-limited cells might alternatively lead to the tentative speculation that 

active transport of gentamicin is facilitated under conditions of oxygen limitation (Al-

Majdoub et al., 2013). They concluded that proteins up-regulated on oxygen depletion, such 

as the ATP synthase components, would be potential drug targets in anaerobic infections (Al-

Majdoub et al., 2013). However, the striking feature in this study was that ribosomal proteins, 

L1, L9, L10, and S2, were found to be up-regulated in both conditions, and they postulated 

that these are candidate drug targets for the development of synergistic combinations with 

gentamicin (Al-Majdoub et al., 2013). 

Currently, and as an alternative to 2-DE, multiplexed labeling methods, such as isotope-

coded affinity tags (ICAT), isobaric tags for relative and absolute quantitation (iTRAQ), and 

stable isotope labeling by/or with amino acids in cell culture (SILAC), have been applied in 

quantitative proteomics studies to analyse antibiotic-resistance-related proteins. In a recent 

study Lin et al (2014) combined iTRAQ labelling, and strong cation exchange (SCX) 

fractions followed by liquid chromatography matrix assisted laser desorption ionization mass 

spectrometry/mass spectrometry (LC-MALDI MS/MS), to compare the differential protein 

expression of E. coli K12 BW25113 in the presence, and absence of chlortetracycline stress 

(Lin et al., 2014). In medium with the drug a total of 331 differential proteins, including 184 

with decreasing abundance, and 147 with increasing abundance, were identified. Confirming 

the known chlortetracycline resistant strategy to overcome the pressure caused by this 

antibiotic, which inhibits protein synthesis, 50 (34.0%) of the proteins with increasing 

abundance were ribosome subunits (Lin et al., 2014). Of the proteins decreased in abundance, 

six outer membrane proteins, SiP, Lpp, OmpA, OmpX, OmpC and OmpF were identified, 
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same of which (OmpA, OmpX, OmpC and OmpF) have been previously reported in 

resistance to chlortetracycline, whereas other crucial metabolic proteins identified, such as the 

pyruvate dehydrogenase E1 component (Odp1), maltose-binding periplasmic protein (MalE) 

and ATP energy system related proteins (AtpB, AtpG), were largely unknown in 

chlortetracycline-resistance (Lin et al., 2014). They concluded that E. coli response to 

chlortetracycline was related not only to protein translation, but also to metabolic regulation. 

Moreover, three crucial metabolic pathways, the tricarboxylic acid cycle, pyruvate 

metabolism, and glycolysis/ gluconeogenesis, sharply fluctuated, whereas the ribosome 

protein complexes, contributing to the translation process, were generally elevated in 

chlortetracycline stress, which is known as compensative tactic due to the action of 

chlortetracycline on the ribosome (Lin et al., 2014). 

5.3. ANTIMICROBIALS THAT AFFECT NUCLEIC ACIDS SYNTHESIS 

Proteomic methodologies were used by Li and colleagues, in 2008, to characterize the 

outer membrane proteins (OM) in nalidixic acid-resistant E. coli strains, they found out that 

the OM proteins TolC, OmpT, OmpC and OmpW were up-regulated, whereas the FadL was 

down-regulated (Lin et al., 2008). They used Western blotting to validate the changes found 

at the level of protein expression, and further they used genetically modified strains, to 

investigate the roles of these altered proteins in regulation of NA resistance, concluding that 

TolC and OmpC were the OM proteins more important in the control of NA resistance (Lin et 

al., 2008). The role of the two-component system EnvZ/OmpR was also characterized, and 

their results suggest that OmpF and the EnvZ/OmpR are also important participants of the 

pathways regulating the NA resistance of E. coli (Lin et al., 2008). Later, the same authors, 

and with a similar approach, used E. coli strains with the deletion of ompR, envZ, cpxA and 

cpxR genes, and the antibiotics nalidixic acid and chlortetracycline, to investigate the 

relationships among OmpC, OmpF and two-component systems (Lin et al., 2012). It was 

found out that two-component systems play different roles in E coli responses to these 

antibiotics, AtpB was upregulated and downregulated in parallel with the reduced, and 

elevated expression of OmpC in response to chlortetracycline and nalidixic acid exposure, 

respectively, and that the change of AtpB was regulated by CpxR (Lin et al., 2012). With this 

work they could demonstrate, and constructed, the complex antibiotics resistance regulation 

network in E. coli resistance to nalidixic acid and chlortetracycline. 
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With the purpose of understanding the physiological response, of E. coli to enrofloxacin 

(ENR) recently, Qi et al (2013) used 2-D gel-based proteomic methods to identify the altered 

proteins of the whole-E. coli ATCC 25922 cell lysates after ENR treatment (Qi et al., 2013). 

The early protein expression profiles analysis revealed 42 differentially expressed proteins, an 

up-regulated expression of 13 proteins (such as, OmpX, F0F1-ATP synthase subunit-alpha, 

and elongation factor complex proteins, Ef-Tu and EF-Ts) was detected, while 17 proteins 

were down-regulated (including OmpW, AsnA, and tryptophanase) (Qi et al., 2013). The 

authors concluded that although the identified proteins included classic components of 

resistance mechanisms, such as OmpX and OmpW, the other adaptive changes found may 

represent the physiological basis, and background to understand E. coli resistance to ENR (Qi 

et al., 2013).  

Several proteomic investigations on molecular mechanisms related to one antibiotic 

resistance have been reported, in E. coli it has been well described that OM, such as TolC, 

OmpC, OmpT, and OmpW, are involved in ß-lactams (dos Santos et al., 2010), streptomycin 

(Li et al., 2008), chloramphenicol (Li et al., 2007a), chlortetracycline (Lin et al., 2010), 

tetracycline (Zhang et al., 2008) and nalidixic acid (Lin et al., 2008) resistance. However, 

only limited data are available on bacteria expressing MDR and related molecular 

mechanisms. Mechanisms associated with modifications of membrane permeation processes, 

such as decreasing passive uptake (influx) or increasing active efflux of antibiotics, are now 

being reported as key contributors of the bacterial MDR phenotype, and the overexpression of 

efflux pumps that expel structurally unrelated drugs has contributed to the emergence and 

dissemination of MDR Gram-negative bacteria.  

Bacterial efflux transporters, especially those belonging to the resistance-nodulation-

division (RND) family, are known to confer a resistance phenotype that can contribute to the 

acquisition of additional mechanisms of resistance including mutation of antibiotic targets 

(e.g. mutation in gyrase) or the production of enzymes that degrade antibiotics (e.g. ß-

lactamases), and also reinforces the effects of these acquired mechanisms (Nikaido and Pages, 

2012). RND-type efflux pumps, such as AcrAB-TolC and MexAB-OprM, are active in E. coli 

and P. aeruginosa clinical strains, and are essential for bacterial survival and 

colonization/virulence during infection (Nikaido and Pages, 2012). In a recent work, the 

effect of fluoroquinolone treatment has been reported to contribute to the overexpression of 

AcrAB in E. coli, and in the same work it was suggested an underlying correlation between 

fluoroquinolone resistance and MDR (Swick et al., 2011). Moreover, it has been 
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demonstrated that the AcrAB-TolC efflux activity is able to recognize and pump 

fluoroquinolones, chloramphenicol and tetracycline out of the bacterial cell (Nikaido and 

Pages, 2012). 

A few proteomic studies have been reported on MDR bacteria. Based on the premise 

that there ought to be detectable differences in the proteomic profiles of MDR, and 

antimicrobial susceptible E. coli strains that may provide basis for the identification of 

proteins that are crucial players in the mechanisms of MDR, Gautam et al (2011) used a 

combined proteomic approach, by two dimensional polyacrylamide gels, and liquid 

chromatography–mass spectrometry (LC–MS), for the comparison of four MDR and one 

moderately antimicrobial agent-susceptible from scouring calves. Experimental data 

demonstrated a variability in the expression patterns, and quantities, of eight proteins 

potentially involved in mechanisms of drug resistance, four membrane porins (TolC, OmpA, 

OmpC and Nmpc precursor), three microbial protein synthesis associated proteins (EF-Ts, 

EF-Tu and RpsA), and Dps, a protein of unknown location and function (Gautam et al., 2011). 

Later, Piras et al (2012) used an integrated approach based on 2-DE coupled with mass 

spectrometry techniques to resolve E. coli multi-resistant proteome. They identified 21 

differentially expressed proteins in the MR group bacteria (resistant to more than five 

antibiotics) in comparison with the control group bacteria (resistant to a maximum of one 

antibiotic) (Piras et al., 2012). Major differences were found in proteins involved in 

metabolism and transport at membrane levels, such as outer membrane protease, thiosulfate 

binding protein and zinc transport protein, confirming the relevance of membrane and cell 

wall systems in antibiotic resistance mechanisms (Piras et al., 2012). Concerning energetic 

metabolism, five proteins (fructose bisphosphate aldolase, glyceraldehyde-3-phosphate 

dehydrogenase, triosephosphateisomerase, phosphoglucomutase and malate dehydrogenase) 

were found up-regulated, whereas other three proteins (fumarate reductase iron–sulfur 

subunit, isocitrate dehydrogenase and ATP synthase gamma chain) were down-regulated in 

high resistant bacteria. These changes are related to energetic metabolism, and glycolysis, 

suggesting that an increase of sugar metabolism may occur in high drug-resistant cells, 

probably due to an increased need in ATP production, which is fundamental for active 

membrane transport systems (Piras et al., 2012). They also found a strong up regulation of S-

ribosylhomocysteinelyase, a protein involved in quorum sensing mechanisms, suggesting that 

quorum sensing may be involved as a central regulatory mechanism of gene expression in 

multi-drug resistance (Piras et al., 2012). 
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Today, proteomics is as an established tool to study antimicrobial resistance on bacteria. 

The elucidation of drug resistance mechanisms is a very active research area that bridges 

several disciplinary boundaries since understanding the mechanism(s) by which drug 

resistance develops, may lead to improvements in extending the efficacy of current 

antimicrobials (Vranakis et al., 2014). In general, each antibiotic has an individual protein 

expression profile, which makes it possible to construct a database of proteins involved in the 

resistance process (Lima et al., 2013). However, and regarding that specific modifications 

may occur in bacteria in response to specific antibiotics, the use of proteomic tools may show 

some technical limitations in the detections of these modifications. These limitations can be 

solved by using the novel sequencing techniques applied to genomics and transcriptomics 

(Lima et al., 2013). 

Furthermore, proteomics as become indispensable from genomics for the development of 

new antimicrobials, by enabling the identification of new targets among proteins differently 

expressed in bacteria exposed to antibiotics, and by increasing our understanding of the 

mechanisms of action of existing drugs, and antibiotic resistance (Fournier and Raoult, 2011). 

Ultimately, the application of proteomics provides major opportunities to elucidate disease 

mechanisms, and to identify new diagnostic markers and therapeutic targets (Radhouani et al., 

2012a). The development of newly targeted therapies, and vaccines using specific protein 

targets identified through proteomic analyses will be one of the major practical benefits 

arising from the proteomic analysis of bacterial pathogens (Cash, 2011).  

6. ESCHERICHIA COLI AS COMMENSAL AND PATHOGENIC BACTERIA 

Escherichia coli are facultative, anaerobic Gram-negative rods with many facets. 

Within resistant bacteria populations, they play an important ecological role, and can be used 

as a bio-indicator of antimicrobial resistance. All animal species used for food production, as 

well as humans, carry E. coli in their intestinal tract, plus, the genetic flexibility and 

adaptability of this bacteria to constantly changing environments allows it to acquire a great 

number of antimicrobial resistance mechanisms. Thus, the prevalence of antimicrobial 

resistance in this commensal bacteria (or others, such as Enterococci) can be a good indicator 

for the selective pressure caused by the use of antimicrobial agents, providing an early 

warning of the emergence of antimicrobial resistance in pathogens (da Costa et al., 2013; 

Wang et al., 2012).  
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As many as 90% of the E. coli strains are commensals inhabiting the intestinal tract of 

humans, and warm-blooded animals (Santos et al., 2013a), as a commensal, it lives in a 

mutually beneficial association with hosts, and rarely causes disease. However, also remains 

as one of the most frequent causes of several common bacterial infections in humans and 

animals. In humans it is the prominent cause of enteritis, community- and hospital-acquired 

urinary tract infection (UTI), septicaemia, post-surgical peritonitis, and other clinical 

infections, such as neonatal meningitis, while in farm animals it is more prominently 

associated with diarrhoea (Allocati et al., 2013). On a global scale, E. coli can be considered 

the most important human pathogen, causing substantially more infections than Salmonella 

spp. and Campylobacter combined (WHO-AGISAR, 2012). Thus, the importance of 

resistance in E. coli, typically considered a benign commensal, should not be underestimated. 

E. coli is a particularly complex species, having diversified into pathogenic strains. 

Based on the type of virulence factor present, and the hosts clinical symptoms, E. coli strains 

are classified into pathotypes1 of zoonotic intestinal pathogenic E. coli or Extraintestinal 

Pathogenic E. coli (ExPEC) (Allocati et al., 2013). The Diarrhoeagenic E. coli (DEC) groups 

include EnteroPathogenic E. coli (EPEC), EnteroToxigenic E. coli (ETEC), EnteroInvasive E. 

coli (EIEC), EnteroAggregative E. coli (EAggEC), Diffusely Adherent E. coli (DAEC), 

EnteroHaemorrhagic E. coli (EHEC) and Vero cytotoxin producing E. coli (VTEC) or Shiga 

toxin-producing E. coli (STEC) (Allocati et al., 2013; Newell et al., 2010). Food poisoning 

outbreaks have been particularly associated with VTEC, and to a lesser extent EPEC, ETEC 

and EAggEC strains. The E. coli O157:H7 VTEC strain has become widely recognized as a 

very important cause of food-borne illness. Since 1982 outbreaks have been recorded in the 

U.S. and throughout Europe. The sources were most often found to be contaminated beef 

meat, often minced, but today the organism is widespread in the guts of asymptomatic cattle, 

and their faeces can potentially contaminate other products (like vegetables, sprouts, fruits, 

meat products, drinking water, juices and milk) (Newell et al., 2010). 

The ExPEC group brings together the UroPathogenic E. coli (UPEC), the Neonatal 

Meningitis E. coli (NMEC), and the Avian Pathogenic E. coli (APEC). These, are frequently 

associated with nosocomial and community-associated infections (Allocati et al., 2013). 

Poultry meat is the food of animal source most closely linked to human ExPEC. In addition 

 
1 Pathotypes are defined as a group of strains of the same species causing a common disease. 
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to the overall highest levels of E. coli contamination found in poultry meat, virulence genes 

similar to those of human ExPEC are often found in poultry-associated E. coli strains 

(Bergeron et al., 2012; Manges and Johnson, 2012). Moreover, extensive genetic similarity 

has been documented between APEC, and ExPEC strains causing disease in poultry and 

humans, respectively (Manges and Johnson, 2012). Although, beef and pork meats were also 

evaluated as potential reservoirs of ExPEC causing UTIs in humans, the recovered ExPEC 

isolates were significantly less likely to be genetically related to isolates from humans with 

UTIs, than those from poultry (Bergeron et al., 2012).  

Some of the emerging ExPEC lineages associated with human outbreaks are known to 

be linked with food-producing animal. For example, the E. coli O25:H4-B2-ST131 has a 

globally emerging lineage with an extensive antimicrobial resistance profile, which includes 

ESBL production, more specifically the CTX-M-15 enzyme, and fluoroquinolone resistance 

(Manges and Johnson, 2012). In addition, wild, companion, and food-producing animals have 

been reported as carriers of this group (Manges and Johnson, 2012). Furthermore, similar to 

the indistinguishable E. coli O25:H4-B2-ST131, strains have been isolated from humans, 

poultry, or farms, and retail chicken meat (Cortes et al., 2010; Vincent et al., 2010). Further, 

the E. coli (various serotypes)-A-ST10, although commonly encountered as an antimicrobial 

susceptible low-virulence human intestinal colonizer, it has been associated with some human 

infections, and ESBL production (Manges and Johnson, 2012). Moreover, the ESBL-

producing E. coli ST10 has been recovered from chicken meat, other meat types, rectal swab 

samples from healthy humans, and human blood cultures (Overdevest et al., 2011). 

The presence of several putative virulence genes enables pathogenic ExPEC bacteria to 

cause infection. According to their phylogenetic classification, ExPECs typically belong to 

group B2, and less commonly to group D, whereas commensal intestinal strains belong to 

group A or B1 (Koga et al., 2014; Santos et al., 2013a). However, the simple presence or 

absence of virulence-associated genes rarely makes an organism virulent, their levels of 

expression, which can vary between pathogenic, and non-pathogenic isolates, can be also a 

determining factor (Pitout, 2012). Moreover, it seems that these putative virulence factors, 

rather than being typical virulence factors directly involved in infection, also contribute to 

ExPEC fitness, increasing their adaptability, competitiveness, and ability to colonize the 

human body (Pitout, 2012). ExPEC strains are characterized by virulence factors that may be 

present in various combinations, including: adhesins (papC, F10papA, sfaDE, afaBC III, iha, 

fimH, clpG, tsh, hra), invasin (ibe10), iron-sequestering systems (iucD, irp2, and chuA), 
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toxins (ompT, ehxA, espP, hlyA, hlyD, vat, sat and cnf1), capsules (K1, K5, kpsMT II, kpsMT 

III), siderophores (iroN, fyuA, ireA) and various other factors (iss, usp, traT, malX, cvaC, H7 

fliC) (Pitout, 2012; Santos et al., 2013a). 

6.1. ANTIMICROBIAL RESISTANCE TRENDS IN E. COLI 

Antimicrobial resistant E. coli strains are broadly distributed in Europe, in both human 

and food-producing animals. As reported in the 2011 Annual report of the European 

Antimicrobial Resistance Surveillance Network (EARS-Net), in humans, the prevalence of 

antimicrobial resistance in the Gram-negative pathogens is increasing (ECDC, 2012). Most 

alarming, is the significantly increasing trends of combined resistance to, third-generation 

cephalosporins, fluoroquinolones and aminoglycosides, among E. coli and K. pneumonia, that 

was reported by more than one third of the reporting countries (ECDC, 2012). While among 

food-producing animals, the European Food Safety Authority (EFSA) reported recently, that 

the high proportions of Salmonella, Campylobacter and indicator E. coli isolates exhibiting 

reduced susceptibility to fluoroquinolones remain of concern (EFSA, 2014). However, co-

resistance to “clinically important antimicrobials”, such as resistance to third-generation 

cephalosporins or fluoroquinolones, are generally reported at very low to low levels in 

commensal E. coli isolates from animals (EFSA, 2014). Especially among E. coli isolates 

from pigs, where cefotaxime and ciprofloxacin resistance where detected in levels of 1.4% 

and 7.5%, respectively (EFSA, 2014).  

These trends found among food-producing animals, are also evidenced by several other 

reports. In a Pan-European monitoring program of susceptibility in enteric bacteria from 

cattle, pigs and chickens, by de Jong et al (2012), resistance to older compounds (except 

gentamicin) was higher in E. coli isolates, while clinical resistance to newer compounds 

(cefepime, cefotaxime and ciprofloxacin) was absent or low (de Jong et al., 2012). Likewise, 

in Germany, a systematic resistance monitoring approach was established in 2009, covering 

each of the major food production chains (poultry, cattle and pigs) from where E.coli isolates 

were collected (Kaesbohrer et al., 2012). Besides resistance to antimicrobial classes that have 

been extensively used for a long time (e.g. sulphonamides and tetracyclines), resistance to 

fluoroquinolones and third-generation cephalosporins was observed. However, high resistance 

rates to ciprofloxacin were observed only from broilers, chicken meat and turkey meat, and by 

contrast, resistance was less frequent in the cattle and pig production chains (Kaesbohrer et 

al., 2012). Moreover, while highest resistance rates to cephalosporins were observed in 
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broilers and chicken meat, among dairy cattle and veal cephalosporin resistance was not 

detected (Kaesbohrer et al., 2012). Notwithstanding this, E. coli with resistance to “critically 

important” antibiotics (especially to quinolones) in food-producing animals is increasing 

reported by others (Cummings et al., 2014; Giufre et al., 2012; Ho et al., 2011; Jiang et al., 

2011; Literak et al., 2013; Wasyl et al., 2013). Since these are priority antimicrobials in 

human antimicrobial therapy, the emergence of this resistance warrants special concern and 

close monitoring. 

Concerning MDR in commensal E. coli isolates, recent publications from European and 

non-European countries shows that they are prevalent among poultry and pigs (de Verdier et 

al., 2012; Jiang et al., 2011; Mazurek et al., 2013; Ramos et al., 2013; Sheikh et al., 2012; 

Tadesse et al., 2012; Zhao et al., 2012). Moreover, the worldwide dissemination of MDR E. 

coli strains is mainly due to the spread of genes located on mobilizable genetic elements, 

including integrons, plasmids and transposons (Altalhi et al., 2010; Johnson et al., 2012; 

Karczmarczyk et al., 2011; Lay et al., 2012; Soufi et al., 2011; Sun et al., 2012).  

6.2. THE MAJOR THREAT FROM E. COLI PRODUCING ESBLS  

Organisms producing ESBLs have been increasingly reported worldwide since their 

first description in Europe, in the early 1980s (Canton et al., 2008). The presence of ESBL 

and their combined resistance is a serious public health concern. In addition to resistance 

conferred by the ESBLs enzymes, co-resistance to other antibiotic classes is frequently 

observed, limiting drastically therapeutic options available and putting under peril the human 

health (Liebana et al., 2013). Moreover, this phenomenon may lead to increased use of 

carbapenems, favouring further dissemination of carbapenemase-producing 

Enterobacteriaceae (WHO, 2014). 

For a long time, TEM- and SHV-types were the dominant ESBLs enzymes all over the 

world. However, this situation changed dramatically in the present century (Canton et al., 

2012; Canton et al., 2008). Nowadays, CTX-M-enzymes have become the most widespread 

type of ESBLs (Canton et al., 2012; Ewers et al., 2012). Worryingly, most ESBL-producing 

isolates are now E. coli expressing CTX-M ß-lactamases, that in the modern landscape, “cross 

the border” from hospital settings to the community (Canton et al., 2012; Canton et al., 2008). 

We are now witnessing a global epidemic of E. coli strains harbouring CTX-M-enzymes that 

require serious attention, the CTX-M-15 and CTX-M-14 enzymes are by far the most 
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important ones (Canton et al., 2012; Woodford et al., 2011), virtually invading all human and 

animal compartments, as well as the environment, all over the world (Canton et al., 2012). 

The CTX-M enzymes constitute a distinct phylogenetic lineage of molecular class A ß-

lactamases (Naseer and Sundsfjord, 2011). The first blaCTX-M was described in 1990, from a 

clinical E. coli isolate, in Germany (Naseer and Sundsfjord, 2011). Nowadays, at least 109 

members of the CTX-M family are identified, in at least 26 bacterial species, but the majority 

are from E. coli, K. pneumoniae and Proteus mirabilis (Zhao and Hu, 2013). The CTX-M 

genes can be traced back to the chromosome-encoded genes of Kluyvera spp., strongly 

indicating that these chromosomal ß-lactamase genes were the probable progenitors of all 

groups of plasmid-mediated CTXMs (Canton et al., 2012; Naseer and Sundsfjord, 2011; Zhao 

and Hu, 2013). Based upon their amino acid homology, the CTX-Ms can be divided into five 

groups, CTX-M-1, CTX-M-2, CTX-M-8, CTXM- 9 and CTX-M-25, however, at least two 

additional clusters have been reported lately (Canton et al., 2012; Naseer and Sundsfjord, 

2011; Zhao and Hu, 2013).  

In Enterobacteriaceae, the great adaptive success of blaCTX-M genes has been associated 

with a few surrounding genetic structures and a few plasmids. The spread of CTX-M is 

dependent upon its mobility. The mobilization of blaCTX-M genes from their original 

chromosomal position from Kluyvera species has been facilitated by mobile genetic elements, 

such as ISEcp1 or ISCR1, and their later incorporation in mobilizable genetic platforms, 

including class 1 integrons, plasmids and/or transposons (Canton et al., 2012; Naseer and 

Sundsfjord, 2011). The insertion sequence ISEcp1, provides a high-level expression promoter 

for the blaCTX-M gene and is positioned upstream of blaCTX-M genes from groups , CTX-M-1, -

2, -9, and -25 enzymes (Naseer and Sundsfjord, 2011; Zhao and Hu, 2013). Further, the 

ISEcp1 element has been linked to other multiple resistance determinants (blaCMY, aph(2’’), 

rmtC and qnr) in various members of the Enterobacteriaceae family, underlining their ability 

to facilitate expression and the spread of different antimicrobial resistance determinants 

(Naseer and Sundsfjord, 2011). More intriguingly, the ISCR can mobilize the blaCTX-M gene 

via rolling circle transposition and insertion into a class 1 integron, providing a putative 

promoter for high-level expression (Naseer and Sundsfjord, 2011; Seiffert et al., 2013).  

It is acknowledged, that once transferred on plasmid(s) and/or integron(s), the blaCTX-M 

genes have broader opportunities for horizontal spread among different Gram-negative 

organisms and these mobile elements became one important factor in the epidemiology of this 

bacterial ecosystem (Seiffert et al., 2013). Epidemiological studies, based on molecular 
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thecnology have revealed a close and significant linkage of blaCTX-M genes to plasmids, 

mainly of the IncF, IncI, IncN, IncHI2, IncL/M and IncK groups (Liebana et al., 2013; Zhao 

and Hu, 2013). The gene blaCTX-M-15 has been often identified in IncF group plasmids (FIA, 

FIB and FII), while, IncF, IncK and IncI1 are closely related to the widespread of blaCTX-M-14 

genes (Naseer and Sundsfjord, 2011; Zhao and Hu, 2013). In addition, CTX-Ms, such as 

blaCTX-M-1 and blaCTX-M-3, have been frequently reported on broad host-range replicon 

plasmids, IncN, IncI1, and IncL/M (Naseer and Sundsfjord, 2011; Zhao and Hu, 2013). 

Moreover, the presence of IncN plasmids carrying blaCTX-M-1 in farm animals, and their spread 

between humans and animals have been documented, such that, IncN and IncI1 plasmids are 

found to be highly prevalent among E. coli from poultry faecal flora (Naseer and Sundsfjord, 

2011). Furthermore, genes encoding resistance to quinolones, aminoglycosides, macrolides, 

tetracyclines, sulfonamides, trimethoprim and chloramphenicol have all been associated with 

blaCTX-M containing plasmids (Naseer and Sundsfjord, 2011). The successful associations of 

these units, and co-existence of blaCTX-M genes with other resistance determinants, might have 

contributed to the extraordinary spread of CTX-M-enzymes and to the actual uncontrolled 

pandemic scenario. On the other hand, co-existence of two or more β-lactamases in the same 

strain is now frequently found (Canton et al., 2012). Moreover, there is little doubt that the 

use of cephalosporins and related compounds has been one of the driving forces in the 

persistence and dissemination of ESBL-producing bacteria; and the use of other antimicrobial 

compounds also exert same selective force (Liebana et al., 2013).  

One of the most interesting issues in the dispersion of CTX-M enzymes is the 

dessimination of specific clones. The application of Multilocus Sequence Typing (MLST) 

technologies to the study of CTX-M-15-producing ESBL isolates led to the recognition of the 

internationally disseminated clone B2,O25:H4-ST131 (Seiffert et al., 2013; Woodford et al., 

2011). There is great concern about the pandemic spread of the CTX-M-15-producing E. coli 

of Sequence Type (ST) 131 (Seiffert et al., 2013). This clone belongs to the phylogenetic 

group B2, an highly virulent group of ExPEC, which is responsible for urinary tract 

infections, bacteraemia, urinary sepsis, and neonatal sepsis (Ewers et al., 2012; Woodford et 

al., 2011). Further, ST131 is the most studied phylogenetic lineage in terms of antimicrobial 

resistance in E. coli (Ewers et al., 2012), and blaCTX-M-15-carrying strains of ST131 are often 

associated with other resistance determinants, such as trimethoprim-sulfamethoxazole, 

aminoglycosides, fosfomycin and fluoroquinolones (Naseer and Sundsfjord, 2011). In 

addition, they have been associated with 100% of ciprofloxacin resistance rates, of whereas 
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those to aminoglycosides are nearby (Seiffert et al., 2013). The combination of, virulence and 

antimicrobial resistance, may give E. coli ST131 a fitness advantage over other E. coli strains. 

Furthermore, the spread of ST131 occurred among human isolates but, it is also disseminated 

to various animal species, including poultry, cattle, pigs, wildlife, and pets (Ewers et al., 

2012). 

Others E. coli lineages of the ‘virulent’ phylogroup D, also associated with 

multiresistance, include the ST69, ST405 and O15:K52:H1 (Woodford et al., 2011). In 

addition, E. coli clones belonging STs 10 and 23, and to phylogroup A, are increasingly 

reported in association with ESBL production (Wooldridge, 2012).  

Finally, globalization of CTX-M enzymes is illustrated by their presence not only in 

humans, but also in food, food-producing animals, companion and wild animals, and in the 

environment (Canton et al., 2012; Zhao and Hu, 2013). Nowadays, the prevalence of food-

producing animals carrying E. coli producing CTX-M-type ESBLs has reached worryingly 

high levels (Seiffert et al., 2013), raising questions about the possible role of animal and food, 

as related reservoirs, in this phenomenon. As recently reviewed by Liebana et al (2013), in 

studies targeted to detect ESBL or AmpC genes, the percentages of samples among food-

producing animals or food, in which ESBL-carrying E. coli were detected, ranged from 0.2% 

to 40% (Liebana et al., 2013).  

Although the dominant variants of CTX-Ms can be geographically different, in humans 

CTX-M-15 and CTX-M-14 are the most common variants detected worldwide in clinically 

important pathogens (Zhao and Hu, 2013). Whereas, overall, in food-producing animals, the 

most common genes reported, encode for CTXM-types enzymes (e.g., CTX-M-1, -2, -9, -14, 

-15, -32, and -55), followed by SHV-12 and TEM-52 ESBLs (BIOHAZ, 2011). In particular, 

the CTX-M-1 is broadly disseminated among food-producing animals in Europe, however is 

rarely reported in other regions and settings (Seiffert et al., 2013), accounting only for 7% of 

all types identified among humans in Europe (Ewers et al., 2012). On the other hand, although 

CTX-M-15 has spread in a pandemic fashion in humans, they were only detected incidentally 

in poultry in European countries, whereas, pets (15%) and cattle/pigs (8%) are frequently 

associated with this enzyme type (Ewers et al., 2012). 

7. ENTEROCOCCI, FROM HARMLESS BACTERIA TO A PATHOGEN 

Traditionally, enterococci were regarded as a harmless commensal bacterium, and were 

even believed to have positive effects on a number of gastrointestinal and systemic 
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conditions. However, when the commensal relationship with the host is disrupted, enterococci 

can cause invasive diseases and over the past few decades the ‘good bug turned bad’. 

Enterococci are Gram-positive catalase-negative, non-spore-forming, facultative 

anaerobic lactic acid bacteria, and normal inhabitants of the gut flora of humans, many 

different mammals, birds, fish, reptiles, amphibians and insects, as well as nematodes (Fisher 

and Phillips, 2009; Hendrickx et al., 2013). Until 1984, enterococci were considered as part of 

the genus Streptococcus (Nilsson, 2012), but, since the mid-1980s they have constituted a 

unique taxonomic entity (Werner et al., 2013). Today, 40 different species of enterococci have 

been described, of which E. faecium and E. faecalis are the most common in the human 

gastrointestinal tract, whereas, among farm animals are, E. faecium together with E. cecorum, 

E. faecalis, and to some extent E. hirae, while in plant sources E. mundtii and E. casseliflavus 

are common species (Fisher and Phillips, 2009; Nilsson, 2012; Werner et al., 2013). 

Moreover, ecology and epidemiological studies have reported E. faecalis and E. faecium as 

frequently isolated from food-products (cheese, fish, sausages, minced beef and pork) and the 

environment (sewage, soil and water) (Fisher and Phillips, 2009; Werner et al., 2013). Due to 

their preferred intestinal habitat, their wide occurrence, robustness and easy of cultivation, 

enterococci are used as indicators of faecal contamination, and assessing hygiene standards 

for water and food products (Werner et al., 2013). Additionally, they are also suitable as 

important key indicator bacteria for veterinary and human resistance surveillance systems 

(EFSA, 2012). 

Because they produce bacteriocins (Fisher and Phillips, 2009), enterococcal isolates 

have a long standing tradition as starter cultures or as supplements in food fermentation and 

food preservation (Werner et al., 2013). Bacteriocin ST15 from E. mundtii has been shown to 

be effective against a range of Gram-positive and Gram-negative bacteria including 

Acinetobacter, Bacillus, Clostridium, Klebsiella, Lactobacillus and Pseudomonas; whereas 

enterocins A, B, I, L and P, are active against Listeria species, Clostridum species and S. 

aureus (Fisher and Phillips, 2009). Another beneficial aspect is the use of E. faecalis as a 

probiotic, promoting a positive gut environment (Hew et al., 2007; Lenz et al., 2010). 

Additionally, enterococci have been shown to strengthen the immune system, reduce 

inflammation, and may even be, indirectly, involved in reducing the incidence of colon cancer 

(Hew et al., 2007; Werner et al., 2013). 

Enterococci are very hardy organisms, they can sustain various adverse conditions and 

survive for several months in the environment (Nilsson, 2012). They are able to survive in a 
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range of stressful and hostile environments, including extreme conditions of pH and 

temperatures (between 10°C and 45°C), plus high NaCl concentration (Fisher and Phillips, 

2009; Hew et al., 2007; Lenz et al., 2010). These attributes make enterococci ideally suited 

for fermentation applications but, ironically, these same attributes, makes them difficult to 

eliminate and control once they become established in a hospital environment. 

Enterococci are now firmly established as major nosocomial pathogens and are 

increasingly becoming more resistant to antimicrobial agents. Almost all nosocomial 

enterococcal infections are caused by, either, E. faecalis or E. faecium (Nilsson, 2012; Orsi 

and Ciorba, 2013; Sood et al., 2008), and today, they represent the third to fourth most 

prevalent nosocomial pathogen worldwide (Orsi and Ciorba, 2013). Of these, E. faecalis is 

the most pathogenic species, but, E. faecium is of increasing importance as, in general, is 

frequently more resistant to antimicrobials (Nilsson, 2012). Commonly, these organisms are 

involved in hospital-acquired infections such as catheter-associated urinary tract infections, 

endocarditis, bacteraemia, neonatal sepsis, surgical and burn wound infections, and more 

rarely meningitis (Lenz et al., 2010; Sood et al., 2008).  

Enterococci are typical harmless in healthy individuals. They become opportunistic 

pathogens mainly by causing infections in patients who are in Intensive Care Units, who 

suffer from severe underlying disease, or who are immunocompromised. Hence that, the 

severity of illness and immune-suppression can be directly associated with prolonged hospital 

and/or indiscriminate antibiotics use, and these are major risk factors for nosocomial 

acquisition of drug resistant enterococci. Antibiotic treatment may create new niches and 

nutrient resources, wherefore the existing commensal gut microbiota can be eliminated and 

subsequently replaced by opportunistic pathogens. Patients in hospitals are typically treated 

with broad-spectrum antibiotics (penicillins and cephalosporins), which dramatically 

increases hospital-associated E. faecium colonization in their small intestine, cecum and 

colon, outcompeting with the normal Gram-negative gut microbiota (Arias and Murray, 2012; 

Hendrickx et al., 2013). In addition, same antibiotic therapy may lower the levels of C-type 

lectin RegIII produced by the host, allowing E. faecium to overgrow in the intestinal tract 

(Hendrickx et al., 2013; van Schaik and Willems, 2010). Furthermore, the intrinsic resistance 

of enterococci to several commonly used antibiotics, and perhaps more importantly, their 

malleable genomes, plus their capacity to acquire and disseminate determinants of antibiotic 

resistance, are major factors which may have contributed to their adaptation to harsh 

environments (Arias and Murray, 2012; Sood et al., 2008). Both, microbial and host factors, 
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can contribute to the conversion of a second-rate pathogen into a first-rate clinical problem, as 

is seen nowadays (Arias and Murray, 2012). 

7.1. EMERGENCE AND DISSEMINATION TRENDS OF VRE STRAINS 

Vancomycin-resistant enterococci (VRE) have spread with unanticipated rapidity and 

today are steadily increasing worldwide. However, European countries and the United States 

(US) have experienced remarkable differences in VRE emergence and epidemiology. In the 

1990s, the rapid emergence of VRE observed in the US, was preceded by the emergence of 

ampicillin-resistant E. faecium in the early 1980s, while in Europe, the first VRE clinical 

isolates were only detected in 1986 (Bonten et al., 2001; Top et al., 2008). In the U.S., 

colonization of hospitalized patients with VRE rapidly increased since the first VRE 

detection, up to the current endemic levels in many hospitals (Bonten et al., 2001; Top et al., 

2008). On the contrary, in Europe the prevalence rates in hospitals have remained much 

lower, and only started to increase since the year 2000 (Top et al., 2008). The initial reports of 

VRE in Europe were of organisms that were frequently isolated from healthy people, farm 

animals, pets, and retail food products, suggesting a large community reservoir (Arias and 

Murray, 2012; Freitas et al., 2011; Top et al., 2008). Whereas such a community reservoir 

seemed absent in the US. Until recently the detection of VRE from food-production animal in 

the US was infrequent, only by 2010 was the first report of VRE in food animals published 

(Donabedian et al., 2010).  

These epidemiological differences, between the US and Europe, presumably resulted 

from the abundant antibiotic use in US hospitals, most notably of vancomcyin and 

cephalosporins, where the emergence of VRE was preceded by the emergence of ampicillin-

resistant enterococci, making them more susceptible to the selective effects of antibiotics 

(Bonten et al., 2001; Top et al., 2008). While in Europe, it has been suggested that the 

massive use of avoparcin (a vancomycin-like glycopeptide never used in the US) in animal 

husbandry was associated with the high numbers of VRE in animal faeces and meat samples, 

which subsequently, could have colonised healthy humans via the food chain, and thus 

explaining the initial community reservoir (Arias and Murray, 2012; Bonten et al., 2001; Top 

et al., 2008). Furthermore, the detection of VRE in hospitalized individuals, when they had 

not previously been in hospital or taken antibiotics, suggests that VRE may have been 

contracted through the food chain (Fisher and Phillips, 2009).  
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When the potential hazard of avoparcin use, to the VRE emergence, was recognized, its 

use was banned. After the withdrawal of avoparcin, the prevalence of VRE in farm animals in 

Europe, rapidly declined (Cogliani et al., 2011; Freitas et al., 2011; Nilsson et al., 2009; Top 

et al., 2008). On the other hand, and despite the fact glycopeptide resistance had already 

declined in community reservoirs, subsequent surveillance showed that the European 

continent has continued to experience an important increase in the isolation of VRE, 

especially E. faecium, in hospitals (Arias and Murray, 2012; Werner et al., 2008). However, 

more recently, the European Antimicrobial Resistance Surveillance System (EARSS) reported 

that the prevalence of clinical vancomycin-resistance in E. faecium is stabilising or decreasing 

throughout Europe (ECDC, 2012). Nevertheless, large variations between different European 

countries are seen, with VRE ranging from <2% (Finland, Holland) to >20% (Ireland, Greece, 

Portugal) (ECDC, 2012).  

Concerning animal prevalence, and despite avopracin being withdrawn for more than 15 

years, by 2010 in the EU, vancomycin resistance is still detected in enterococci isolates from 

food-producing animals, albeit, at low to very low levels. The overall level of vancomycin 

resistance reported, in food-producing, by the member states was of 0.7 % (EFSA, 2012). 

Different theories about why VRE persists among farm animals have been presented. Studies 

from Denmark and Norway showed that the use ofother antimicrobial growth promoters may 

lead to a co-selection phenomenon, and reduced VRE numbers were only documentable when 

other growth promoters (spiramycin, tylosin) were also banned (Nilsson, 2012; Werner, 

2012), as both resistance determinants erm(B) and vanA may be located on similar plasmids 

(Werner, 2012). Another explanation that has been suggested, is that plasmid addiction 

systems, located on the same plasmid as the vanA gene, would force the bacteria to retain the 

resistance (Nilsson, 2012). Recently, the EU reported that resistance to tetracyclines and 

erythromycin was commonly detected among the indicator enterococci isolates from animals 

and food (EFSA, 2012). Further, in a few European studies, putative linkage of glycopeptide, 

macrolide and tetracycline-resistant genes have been implicated in the occurrence of VRE in 

the faeces of food-producing animals (Agerso et al., 2006; Goncalves et al., 2010; Ramos et 

al., 2012). 

7.2. PUBLIC HEALTH IMPACT OF VRE 

Historically, E. faecalis has caused the majority of all enterococcal infections (80–90%) 

(Hendrickx et al., 2013; Orsi and Ciorba, 2013), however, in recent years, the proportion of E. 
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faecium infections has increased from 10 to 40% (Hendrickx et al., 2013; Orsi and Ciorba, 

2013). This may be due to the penetration of ampicillin-resistant E. faecium isolates in 

hospitals (Hendrickx et al., 2013); whereas, resistance to ampicillin and vancomycin in E. 

faecalis remains relatively rare (van Schaik and Willems, 2010). With the partial replacement 

of E. faecalis by E. faecium, as a cause of enterococcal infection, and the simultaneous rapid 

epidemic rise of multiresistant E. faecium clones, dramatic epidemiological changes have 

been felt in hospitals all over the world during the last two decades. 

Because enterococci are ‘tough bugs’ that can survive for long periods on 

environmental surfaces and are tolerant to heat, chlorine and some alcohol preparations (Arias 

and Murray, 2012), once established in a hospital environment, their control is highly 

challenging. Nowadays, VRE infections are increasingly common and difficult to treat, 

appearing usually as long lasting hospital outbreaks that represent tremendous dificulties for 

infection control (Rubinstein and Keynan, 2013). Moreover, patients are considered a major 

reservoir and faecal carrieres of VRE strains. Hence, that in hospital settings, VRE 

dissemination and transmission can occur through direct contact with colonized or infected 

patients or, through indirect contact via the hands of healthcare workers, or contaminated 

equipment such as thermometers, bedrails, gloves and environmental surfaces (Orsi and 

Ciorba, 2013; Rubinstein and Keynan, 2013).  

The treatment of VRE severe infections is difficult, non conventional, and demands the 

use of antibiotic combinations. VRE infections are associated to a higher mortality rate and 

economic burden compared to those caused by vancomycin susceptible enterococci (Fisher 

and Phillips, 2009; Orsi and Ciorba, 2013). In addition, the rise in prevalence of enterococcal 

infections in humans may be influenced, to some degree, by their acquired and intrinsically 

resistance mechanisms towards the most commonly used antibiotics. All Enterococcus 

species show intrinsic resistance to antimicrobial agents such as ß-lactams, aminoglycosides 

(low level) and vancomycin (low level, in E. gallinarum and E. casseliflavus). Enterococci do 

not possess penicillin-binding proteins (PBPs), which bind cephalosporins with high affinity, 

and as a result of the poor permeability of enterococcal cell wall aminoglycosides are unable 

to reach their target site (Top et al., 2008). For a long time the treatment of choice in serious 

enterococcal infections was the synergistic effect of penicillin/ampicillin or vancomycin and 

an aminoglycoside. The combination of ampicillin (or vancomycin) and gentamicin creates 

sufficient injury to cell wall to provide uptake and exposure to aminoglycosides, creating a 

bactericidal synergism (Bradley, 2014; Top et al., 2008). However, the combination of high-
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level resistance to ampicillin, vancomycin and aminoglycosides is now common with 

hospital-acquired E. faecium (Rubinstein and Keynan, 2013; Werner et al., 2013). 

Furthermore, such strains also commonly carry resistance genes to other classes of 

antimicrobials, such as fluoroquinolones, macrolides and tetracyclines (Sadowy and 

Luczkiewicz, 2014). Hence, therapeutic alternatives towards these multi-resistant VRE 

infections are restricted to antibiotics recently introduced into clinical practice such as, 

quinupristin/dalfopristin, linezolid, tigecycline, daptomycin(Rubinstein and Keynan, 2013; 

Werner et al., 2013). However, these drugs are only approved for certain situations and 

resistance has already been reported (Rubinstein and Keynan, 2013; Werner et al., 2013). 

Enterococci capacity to acquire and disseminate determinants of antibiotic resistance 

contributed largely to the actual epidemiological situation. The most common transmissible 

elements in enterococci are the Tn3 family transposons, like Tn917 (conferring resistance to 

MLSB antibiotics) and Tn1546 (conferring glycopeptide resistance) and the conjugative 

transposon Tn916, which confers resistance to minocycline and tetracycline (Hollenbeck and 

Rice, 2012). Furthermore, vancomycin resistance among enterococci most probably spread 

via the dissemination of variants of the vanA-type element Tn1546, mostly located on 

mobilizable or conjugative plasmids (Werner, 2012). Among E. faecalis sex-pheromone 

inducible plasmids, carrying resistance to tetracycline, aminoglycoside and glycopeptide have 

also been identified (Werner et al., 2013). Whereas the broad host range plasmids, of the 

Inc18 group, were found in E. faecium isolates. These are associated with resistance to 

MLSB, aminoglycosides, chloramphenicol, tetracycline and glycopeptides (Werner et al., 

2013). Moreover, in recent years, Inc18-type plasmids have been implicated in the transfer of 

vancomycin resistance determinants to S. aureus (Hollenbeck and Rice, 2012).  

Along with enterococci malleable genome, their ability to acquisition of virulence factors 

may have also contributed to their nosocomial prevalence. The genome sequence of E. 

faecalis strain V583, revealed the striking fact that over 25% of its genome is made up of 

mobile and exogenously acquired DNA, including a large pathogenicity island encoding 

known virulence traits (Manson et al., 2010). In enterococci, the presence of virulence factors 

can enhance their pathogenicity by allowing the colonisation and invasion of host tissue, 

translocation through epithelial cells and evasion from the host’s immune response 

(Rathnayake et al., 2012).  

Putative virulence factors such as aggregation substance, adhesins, haemolysin, 

hyaluronidase, and gelatinase, play an important role in establishing infection. The 
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aggregation substance (Agg) is a pheromone-inducible surface glycoprotein that mediates 

aggregate formation during conjugation thus, assisting in plasmid transfer, as well as, 

adhesion to an array of eukaryotic surfaces (Fisher and Phillips, 2009). Whereas Ace, is a 

collagen-binding protein, belonging to the Microbial Surface Components Recognizing 

Adhesive Matrix Molecules (MSCRAMM) family, it is considered to be important in the 

early stages of infection, as they may bind components of the host extracellular matrix (Arias 

and Murray, 2012). The surface protein (Esp), in addition to a role in adhesion, may also have 

a function in evasion from host’s immune response and in antibiotic resistance (Fisher and 

Phillips, 2009; Rathnayake et al., 2012). Esp also contributes to biofilm formation, which 

could have a role in experimental UTI and/or endocarditis models (Arias and Murray, 2012; 

Fisher and Phillips, 2009). The hydrolytic enzyme hyaluronidase, encoded by the 

chromosomal hyl gene, acts on hyaluronic acid and is associated with tissue damage (Fisher 

and Phillips, 2009). The secreted virulence factor, cytolysin (also called haemolysin), a 

bacterial toxin produced by ~30 % of E. faecalis strains (Arias and Murray, 2012), enables the 

bacteria to evade the host immune response by destroying cells such as macrophages and 

neutrophils (Rathnayake et al., 2012). Moreover, it has ß-haemolytic properties in humans and 

is bactericidal against other Gram-positive bacteria (Fisher and Phillips, 2009). Other 

important secreted factors include the proteases gelatinase (GelE) and the serine proteinase 

(SprE) (Arias and Murray, 2012). The main role of these proteases in enterococcal 

pathogenesis is thought to be in providing nutrients to the bacteria by degrading host tissue 

(Fisher and Phillips, 2009). In addition, GelE seems to have an important role in clearing 

misfolded proteins (Arias and Murray, 2012). The genes encoding these proteases are 

regulated by the Fsr quorum sensing system (Arias and Murray, 2012; Fisher and Phillips, 

2009).  

Furthermore, MLST-based studies have shown that strains isolated from hospital-

acquired infections clustered together in specific groups, termed clonal complexes (CC). 

Particularly, CC2 and CC9 in E. faecalis and, CC17 in E. faecium, have been associated with 

nosocomial infection (van Schaik and Willems, 2010). The relative increase in the proportion 

of E. faecium to E. faecalis, has been associated with the spread of a particular hospital-

adapted polyclonal high-risk enterococcal complex (HiRECC) E. faecium CC17 (Sadowy and 

Luczkiewicz, 2014). This specific E. faecium subpopulation is mostly characterized by 

ampicillin-resistance, high-level ciprofloxacin-resistance and to possess an accessory genome, 
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which, includes putative virulence traits such as the esp gene, the hyaluronidase hylEfm, and 

the acm gene (encoding a collagen-binding protein) (Top et al., 2008; Werner et al., 2013). 

There is limited evidence as to the direct role of the food-producing animals in the 

dissemination of VRE among humans (Freitas et al., 2011). However, this potential hazard 

has been widely recognized. Identical Tn1546 variants among VRE isolates have been 

recovered from food-producing animals and humans, indicating a common human and animal 

reservoir for vanA elements (Bonten et al., 2001). Moreover, strains from human-adapted 

CCs causing most enterococcal infections may eventually be recovered from farm and pets 

(e.g., E. faecium CC17 and E. faecalis CC2), and strains from CCs commonly found among 

animals have also been isolated from humans (e.g., E. faecium CC5, E. faecalis ST16 or 

CC21) (Freitas et al., 2011). Also, Freitas et al. (2011) were able to demonstrate a clonal 

relationships between hospital- and swine-associated VRE (Freitas et al., 2011), indicating 

that this route of transmission does exist (Werner et al., 2013).  

8. FUTURE PERSPECTIVE 

Antimicrobials are invaluable compounds that provide to society numerous benefits 

when used appropriately. However, their use and misuse have resulted in the development 

and spread of antibiotic resistance. Infections caused by antibiotic-resistant bacteria are 

increasing in the community and in health care settings, becoming a major public health 

problem that challenges the health care systems from all countries. For example, each year in 

the EU alone, over 25 000 people die from infections caused by antibiotic-resistant bacteria 

(WHO, 2011). At the present time, antimicrobial resistance imposes a significant burden on 

global human health, where increased morbidity and mortality results in serious consequences 

for individuals and society in terms of clinical outcomes and added costs. The cost impact of 

antimicrobial resistance to, health services, patients and society has not yet been adequately 

measured. It was estimated that the yearly cost to the US health system, alone, could be 21 to 

34 billion US dollars, accompanied by more than 8 million additional days in hospital (WHO, 

2014). In contrast to the increasing levels of resistance, the discovery of new molecules has 

been in constant decline for several decades and there are no encouraging perspects in the 

drug discovery field. Taking all things into consideration, we may be walking in the 21st 

century toward to a post-antibiotic era in which common infections and minor injuries can kill 

(WHO, 2014). 
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Additionally, antibiotic resistance must be viewed as a food safety problem, where the 

emergence and spread of antimicrobial-resistant zoonotic bacteria (e.g., Salmonella, 

Campylobacter, VRE, MRSA), has emphasised the non-existence of boundaries between 

hospitals, between people and animals, between countries, and probably between continents. 

In that sense, the integration of Veterinary and human medicine is a key step to track 

antimicrobial resistance. The adoption of a ‘One Health’ approach that should include 

humans, animals and the environment is fundamental and urgent. Moreover, the antimicrobial 

resistance issue cannot be addressed only locally, a global approach is required. On table 1.2 

are listed some measures that can be adopted to minimize the selection and dissemination of 

antibiotic resistant bacteria among food-producing animals.  

TABLE 1.2. Measures to minimize the selection and dissemination of antibiotic resistant bacteria in food-

producing animals. 

Control Measure Some Options 

Reduce the use of 

antibiotics in food-

production animals 

 Create guidelines on feed, medication, management and hygiene to 

keep animals healthy and prevent infections. 

 Improvement and development of rapid diagnostic tools that can 

promote a better use of antibiotics. 

 Insure specific antimicrobial regimen treatments, where 

understanding the pharmacokinetic and pharmacodynamic properties 

of drugs helps selecting optimal dose, route of administration, 

treatment interval and duration, minimising the emergence of 

resistance. 

  Off-label use of veterinary medicinal products should be limited to 

use by way of exception, and allways under veterinarian direct 

personal responsibility. 

  Implement systems to monitor and control antimicrobial usage. 

Ensuring the evaluation of trends of antimicrobials use and of the 

results obtained by management policies set up to reduce such usage. 

 Veterinarians and farmers should be continuously educated on 

strategies to minimise antimicrobial resistance. 

Implement measures to 

control 

dissemination 

 Implement infection control measures to prevent vertical transmission 

of resistant bacteria during production. 

 Improve and implement hygienic measures to prevent husbandry 

dissemination of AMR bacteria between animals and animal/human. 

 Implement guidelines to improve hygiene throughout the food chain, 

reducing cross-contamination. 

Implement measures to 

minimize environmental 

contamination 

 Development of surveillance programmes to assess the contribution 

of environmental pollution with antibiotics, antibiotics residues and 

resistant bacteria on the spread of AMR. 

 Identification of the exact role of environment (e.g. surface water, 

soil, air) on the emergence and dissemination of AMR. 

 Establishment of strategies to minimize environmental cross- 

contamination by antibiotics and resistant bacteria. 

Development of 

therapeutic alternatives 

to antibiotics 

 Development of new classes of antimicrobials should be encouraged, 

as the identification of new antibiotic targets.  

 Promote the development and use of alternatives for antibiotics (e.g. 

vaccines). 
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TABLE 1-2 (Continued) 

Control Measure Some Options 

Establishment of 

international 

standardized 

surveillance 

programmes 

 Structured surveillance targeting pathogenic and commensal animal 

bacteria, including the resistance genes/mechanisms therein. 

 Harmonization and standardisation of methodologies on isolation, 

identification, susceptibility testing and data interpretation. 

 Establish a multi-disciplinary approach to understand the 

transmission mechanisms by which antibiotic resistance can spread 

between different reservoirs (animal, human and environment). 

Efforts to contain antibiotic resistance should focus on: firstly, minimize development 

of resistance, by reducing unnecessary use of antibiotics and promoting their prudent use; 

secondly, preventing the spread of antibiotic-resistant strains by improving sanitation, and 

strengthening measures for infection prevention (including vaccinations). Other key points 

required to respond to this problem should focus on integrated surveillance programs, the 

need for specific legislation, and research focusing on both the development of resistance 

mechanisms by bacteria and the development of novel treatment strategies. Nevertheless, 

developing policies, guidelines, and strategies for the control of antimicrobial resistance 

requires integrated measures from National Authorities, Veterinarians, Physicians, patients, 

farmers and the general community. Nowadays, antimicrobial resistance should be faced as a 

global health security threat that requires concerted cross-sectional action by Governments 

and society as a whole (WHO, 2014).  
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RESEARCH FOCUS  

Antimicrobial resistance has increased worldwide and nowadays is faced as a "major 

global threat" to public health. Serious concerns about bacterial antimicrobial resistance from 

hospital-acquired, community-acquired and food-borne pathogens have been growing all over 

the world. Moreover, pathogenic bacteria harbouring antimicrobial resistance determinants 

lead to treatment failures in both humans and animals, impose huge costs to individuals and 

society.  

Antimicrobials agents are used extensively in both, human and veterinary medicine for 

treatment and disease prevention. Additionally, in Europe, antimicrobials were extensively 

used for growth promotion in food production animals. However, this practice has been 

forbidden since 2006. Nowadays, it is well established that the use and misuse of 

antimicrobials in human and animal medicine contributes to resistance, leading to the 

propagation and shedding of substantial amounts of antimicrobial-resistant bacteria, which 

may carry transferable resistance determinants across species borders. 

E. coli and Enterococcus spp. are commensal intestinal tract colonizers of human and 

animals. The genetic flexibility and adaptability of these bacteria to constantly changing 

environments allows them to acquire a great number of antimicrobial resistance mechanisms. 

So, commensal bacteria provide large reservoirs of antibiotic resistance genes, and therefore 

play a major role in the dissemination of bacterial resistance. Fresh meat products are 

frequently found contaminated with these commensal antimicrobial-resistant bacteria (Altalhi 

et al., 2010; Cook et al., 2011; Gousia et al., 2011; Sheikh et al., 2012; Silva et al., 2012), 

which originated from faecal contamination of carcasses during slaughter, or cross-

contamination during subsequent processing. These antimicrobial-resistant bacteria and 

resistance genes can easily be transmitted to humans through the food chain. Therefore, the 

prevalence of antimicrobial resistance in commensal bacteria can be a good indicator of the 

selective pressure caused by the use of antimicrobial agents, and can provide an early warning 

of the emergence of antimicrobial resistance in more pathogenic bacteria. 

Furthermore, for a better understanding of the role of the food chain in the 

dissemination of antimicrobial-resistant bacteria, and indirect consequences to public health, a 

scientific knowledge regarding the factors affecting the prevalence rate, emergence and 

spread of resistance among commensal bacteria from food-producing animals is required. 

Conventional molecular and microbiological techniques, such as PCR and culturing, continue 
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to be important for defining the dissemination of known antibiotic resistance genes in 

foodborne pathogens. The use of these methods to monitor antibiotic resistance and resistance 

genes in foodborne pathogens and commensal bacteria has been implemented in some 

countries. In Portugal, apart from some published studies, mostly in ploutry and pigs (Barbosa 

et al., 2009; Costa et al., 2009; Costa et al., 2010; de Fatima Silva Lopes et al., 2005; 

Goncalves et al., 2010; Lopes Mde et al., 2006; Machado et al., 2008; Novais et al., 2005; 

Pinto et al., 2010; Poeta et al., 2006; Ribeiro et al., 2007), official data from integrated 

monitoring system for antimicrobial resistance among commensal bacteria from food-

producing animals are unknown. 

Hence the major objective of the present research was to assess the expression dynamics 

of antibiotic resistance-associated to E. coli and Enterococcus spp. isolated from faecal 

samples of animals slaughtered for human consumption, with special attention to the content 

level of ESBLs and VRE in E. coli and Enterococcus spp. isolates, respectively. Moreover, 

based on the premise that there ought to be detectable differences in the antibiotic resistance 

prevalence rate, in this research, we included different animal species, pigs, cattle and sheep.  

In addition, and considering that a resistant phenotype is an innate controlled 

reprogramming of the genome expression of bacteria adapting to a new environment 

(Varkanis et al, 2014), proteomics can complements comparative genomics and transcriptome 

profiling for gene expression analysis by providing data on the nature of the final gene 

product, the protein. The use of proteomics along with other high-throughput methodologies, 

such as Mass Spectrometry and bioinformatics, can contribute in the understanding of the 

metabolic networks and their effect on antibiotic resistance. Therefore, we aimed to 

complement our study with the application of proteomics tools to the elucidation of bacterial 

protein expression in response to antibiotic stress.  
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OBJECTIVES 

The specific objectives of the present research were: 

1) To investigate the antimicrobial resistance prevalence, the molecular mechanisms of 

resistance and search for virulence genes in the faecal E. coli and Enterococcus spp. isolates 

recovered within the faecal samples of cattle, sheep and pigs.  

2) To perform the molecular characterization of extended-spectrum β-lactamase-

producing E. coli isolates recovered within the faecal samples of cattle, sheep and pigs, 

through: the identification of β-lactams resistance mechanisms and other associated resistance 

genes, the study of phylogenetic groups, the investigation of some virulence genes, and the 

evaluation of their clonality by MLST analysis. 

3) To investigate the presence of VRE in faecal samples of cattle, sheep and pigs, and 

further, to perform the molecular characterization of vancomycin resistance mechanisms, and 

other resistance genes, search for virulence genes and perform their MLST analysis. 

4) To assess the protein expression of multi-resistant E. coli strains. 

5) To evaluate the protein expression changes in the full proteome of different strains 

cultured under antibiotic influence. 
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CHAPTER 2  

HIGH PREVALENCE OF ANTIMICROBIAL-RESISTANT ESCHERICHIA COLI 

FROM ANIMALS AT SLAUGHTER: A FOOD SAFETY RISK 

 

ABSTRACT 

BACKGROUND: There has been concern about the increase of antimicrobial 

resistant bacteria, protection of animal and public health, along with food 

safety. In the present study, we evaluate the incidence of antimicrobial 

resistance among 192 strains of Escherichia coli isolated from faecal samples 

of healthy food-producing animals at slaughter in Portugal. 

RESULTS: Ninety-seven % of the pig isolates, 74% from sheep and 55% 

from cattle were resistant to one or more antimicrobial agents, with the 

resistances to ampicillin, streptomycin, tetracycline and trimethoprim–

sulfamethoxazole the most common phenotype detected. Genes encoding 

resistance to antimicrobial agents were detected in most of the resistant 

isolates. Ninety-three % of the resistant isolates were included in the A or B1 

phylogenetic groups, and the virulence gene fimA (alone or in association with 

papC or aer genes) was detected in 137 of the resistant isolates. Five isolates 

from pigs belonging to phylogroup B2 and D were resistant to five different 

antimicrobial agents. 

CONCLUSION: Our data shows a high percentage of antibiotic resistance in 

E. coli isolates from food animals, and raises important questions in the 

potential impact of antibiotic use in animals and the possible transmission of 

resistant bacteria to humans through the food chain. 

 

PUBLISHED IN: Sónia Ramos, Nuno Silva, Manuela Caniça, José-Luís Capelo-Martinez, 

Francisco Brito, Gilberto Igrejas, and Patrícia Poeta. High prevalence of antimicrobial-

resistant Escherichia coli from animals at slaughter: a food safety risk. JOURNAL OF THE 

SCIENCE OF FOOD AND AGRICULTURE, 93(3):517-526. 
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1. INTRODUCTION 

Over the past years there has been a major concern due to the increase of antimicrobial 

resistance in bacteria isolates of human and animals. The intensive use of antimicrobial agents 

in food animals had contributed to the emergence and dissemination of resistant bacteria in 

humans, especially Escherichia coli strains with multiple antibiotic-resistant phenotypes, 

involving co-resistance to four or more unrelated families of antibiotics (Saenz et al., 2004). 

E. coli is a common component of the intestinal tract of food animals and humans 

(Sunde and Sorum, 2001), and can be easily disseminated in different ecosystems through the 

food chain and water (van den Bogaard and Stobberingh, 2000). Although E. coli is a 

commensal bacteria of the digestive tract of healthy animals and humans, there are also 

pathogenic strains responsible for urinary tract infections, neonatal meningitis, and intestinal 

diseases. In addition, the development of resistance to commonly used antimicrobials agents 

has been associated with failures in the treatment of these infectious diseases (Hammerum 

and Heuer, 2009). 

This bacterium is considered important as an indicator for the acquisition of resistance 

to various antimicrobials agents by enteric organisms (Sharma et al., 2008). Moreover, it is 

also important because changes in the antibiotic resistance of this specie may serve as an early 

warning of the development of resistance by related pathogenic bacteria (Aarestrup et al., 

1998; van den Bogaard and Stobberingh, 2000). 

E. coli strains can be classified into four main phylogenetic groups (A, B1, B2 and D) 

that were initially identified by the allelic variation of strains associated with enzymes that 

could be detected by multi-locus enzyme electrophoresis (Herzer et al., 1990). More recently, 

a faster and simpler method to determine the E. coli phylogenetic groups, based on a triplex 

PCR strategy, has been reported (Clermont et al., 2000). Usually, the commensal strains are 

placed into the phylogenetic groups A and B1. On the other hand, the E. coli strains causing 

extra-intestinal infections are known to mainly belong to group B2 and, to a lower extent, 

group D (Clermont et al., 2000), whilst the intestinal pathogenic strains are usually assigned 

to groups A, B1 and D (Pupo et al., 1997). 

Several virulence factors have been identified in E. coli, that may be directly involved 

in the pathogenesis of these bacteria, and that include adhesins (e.g. type 1 fimbriae and P-

pili), toxins (e.g. hemolysin, cytotoxic necrotizing factor), polysaccharide capsules (e.g. K1 
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and K5), and siderophores (e.g. iron transport systems, aerobactin and novel catecholate 

siderophore E. coli) (Katouli and Vollmerhausen, 2010; Sabate et al., 2008). 

The aim of the present study was to analyze the prevalence of antimicrobial resistance 

in E. coli isolates recovered from faecal samples of healthy food-producing animals (pigs, 

cattle, and sheep) and to study the associated resistance and virulence genes. In addition, the 

classification of E. coli isolates into the four major phylogenetic groups was also performed. 

2. MATERIALS AND METHODS 

2.1. SAMPLES AND BACTERIAL ISOLATES 

One hundred and ninety-eight faecal samples recovered from healthy food animals (73 

sheep, 71 pigs and 54 beef cattle) were included in this study. The samples were recovered 

from September 2008 to March 2009 in a slaughterhouse located in the centre of Portugal, 

where animals from different geographical regions of Portugal are slaughtered. Samples were 

obtained randomly from animals raised in different production units; one faecal sample was 

taken per animal, collected directly from the rectum during animal slaughter with the aid of 

sterile gloves, and transported to the laboratory in Cary-Blair medium before being processed. 

The samples were seeded onto Levine agar (Oxoid Ltd, Basingstoke, UK) and incubated at 

37°C for 24 hours. One colony per sample, with typical E. coli morphology was selected and 

identified by classical biochemical methods (Gram-staining, catalase, oxidase, indol, Methyl-

Red_Voges_Proskauer, citrate and urease), and by the API 20E system (BioMérieux, La 

Balme Les Grottes, France). 

2.2. ANTIMICROBIAL SUSCEPTIBILITY TESTING 

Antimicrobial susceptibility was tested by the agar disk diffusion method as 

recommended by the Clinical and Laboratory Standards Institute (CLSI, 2011). A total of 16 

antimicrobial agents (Oxoid) were tested: ampicillin (AMP) (10 µg), amoxicillin-clavulanic 

acid (AMC) (20 µg + 10 µg), cefoxitin (FOX) (30 µg), cefotaxime (CTX) (30 µg), 

ceftazidime (CAZ) (30 µg), aztreonam (ATM) (30 µg), imipenem (IPM) (10 µg), gentamicin 

(CN) (10 µg), amikacin (AK) (30 mg), tobramycin (TOB) (10 µg), streptomycin (STR) (10 

µg), nalidixic acid (NA) (30 µg), ciprofloxacin (CIP) (5 µg), sulfamethoxazole-trimethoprim 

(SXT) (1.25 µg + 23.75 µg), tetracycline (TET) (25 µg), and chloramphenicol (CHL) (30 µg). 

E. coli ATCC 25922 was used as a quality control strain. The isolates with resistance to one 
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or more antimicrobial agents were selected for the characterization of their antimicrobial 

resistance genes, phylogenetic groups and virulence factors. 

2.3. CHARACTERIZATION OF ANTIBIOTIC RESISTANCE GENES 

DNA of antibiotic-resistant E. coli isolates was extracted by the boiling method (Daigle 

et al., 1994). The presence of genes encoding TEM, OXA and SHV β-lactamases was studied 

by PCR in all the ampicillin-resistant isolates. The following genes were studied by PCR: 

tet(A), tet(B), tet(C), tet(D) and tet(E) (in tetracycline resistant isolates), aadA and strA/B (in 

streptomycin-resistant isolates), aac(3)-II and aac(3)-IV (in gentamicin-resistant isolates), 

aac(6’) gene (in amikacin-resistant isolates), cmlA and floR (in chloramphenicol-resistant 

isolates), and sul1, sul2 and sul3 (in trimethoprim-sulfamethoxazole-resistant isolates). The 

presence of the intI1 and intI2 genes, encoding class 1 and 2 integrases, respectively, and the 

qacEΔ1 gene were analysed by PCR in the trimethoprim-sulfamethoxazole resistant isolates. 

The variable region of class 1 and 2 integrons was studied by PCR. Positive and negative 

controls from the bacterial collection of the University of Trás-os-Montes and Alto Douro, 

Vila Real, Portugal, were used in all the assays. Table 2.1 shows the primer sequences, 

expected band sizes of PCR amplicons, the PCR conditions used in this study and 

corresponding references.  

TABLE 2.1. Primers and annealing temperatures of PCR reactions used to detect antimicrobial resistance genes, 

phylogenetic groups and virulence genes. 

Target 

gene 
Sequence 5´→3´ 

Temp. 

(°C) 

Amplicon 

size (base 

pairs) 

Reference 

blaTEM 
F: ATTCTTGAAGACGAAAGGGC 

R: ACGCTCAGTGGAACGAAAAC 
60 1150 bp (Saenz et al., 2004) 

blaOXA 
F: ACACAATACATATCAACTTCGC 

R: AGTGTGTTTAGAATGGTGATC 
61 813 bp 

(Steward et al., 

2001) 

blaSHV 
F: CACTCAAGGATGTATTGTG 

R: TTAGCGTTGCCAGTGCTCG 
52 885 bp (Pitout et al., 1998) 

tet(A) 
F: GTAATTCTGAGCACTGTCGC 

R: CTGTCCTGGACAACATTGCTT 
62 937bp 

(Guardabassi et al., 

2000) 

tet(B) 
F: CTCAGTATTCCAAGCCTTTG 

R: CTAAGCACTTGTCTCCTGTT 
57 416 bp 

(Guardabassi et al., 

2000) 

tet(C) 
F: TCTAACAATGCGCTCATCGT 

R: GGTTGAAGGCTCTCAAGGGC 
62 570 bp 

(Guardabassi et al., 

2000) 

tet(D) 
F: ATTACACTGCTGGACGCGAT 

R: CTGATCAGCAGACAGATTGC 
57 1104 bp 

(Guardabassi et al., 

2000) 

tet(E) 
F: GTGATGATGGCACTGGTCAT 

R: CTCTGCTGTACATCGCTCTT 
62 1179 bp 

(Guardabassi et al., 

2000) 

aadA 
F: GCAGCGCAATGACATTCTTG 

R: ATCCTTCGGCGCGATTTTG 
60 282 bp (Saenz et al., 2004) 
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TABLE 2.1 (Continued) 

Sequence 

5´→3´ 
Temp. (°C) 

Amplicon 

size (base 

pairs) 

Reference  

strA 
F: ATTCTGACTGGTTGCCTGTC 

R: CGCAGATAGAAGGCAAGG 
55 815 bp 

(Curiao et al., 

2008) 

strB 
F: TTCTCATTGCGGACAACCT 

R: TAGATCGCGTTGCTCCTCTT 
55 747 bp (Bean et al., 2009) 

cmlA 
F: TGTCATTTACGGCATACTCG 

R: ATCAGGCATCCCATTCCCAT 
55 455 bp (Saenz et al., 2004) 

florR 
F: CACGTTGAGCCTCTATAT 

R: ATGCAGAAGTAGAACGCG 
55 868 bp (Ng et al., 1999) 

aac(3)-II 
F: ACTGTGATGGGATACGCGTC 

R: CTCCGTCAGCGTTTCAGCTA 
60 237 bp 

(Van de Klundert 

and Vliegenthart, 

1993) 

aac(3)-IV 
F: CTTCAGGATGGCAAGTTGGT 

R: TCATCTCGTTCTCCGCTCAT 
60 286 bp 

(Van de Klundert 

and Vliegenthart, 

1993) 

sul1 
F: TGGTGACGGTGTTCGGCATTC 

R: GCGAGGGTTTCCGAGAAGGTG 
63 789 bp 

(Mazel et al., 

2000) 

sul2 
F: CGGCATCGTCAACATAACC 

R: GTGTGCGGATGAAGTCAG 
50 722 bp 

(Maynard et al., 

2004) 

sul3 
F: CATTCTAGAAAACAGTCGTAGTTCG 

R:CATCTGCAGCTAACCTAGGGCTTTGGA 
51 990 bp 

(Perreten and 

Boerlin, 2003) 

Intl1 
F: GGGTCAAGGATCTGGATTTCG 

R: ACATGGGTGTAAATCATCGTC 
62 483 bp 

(Mazel et al., 

2000) 

rvintl1 
F: GGCATCCAAGCAGCAAG 

R: AAGCAGACTTGACCTGA 
55 Variable (Saenz et al., 2004) 

IntI2 
F: CACGGATATGCGACAAAAAGGT 

R: GTAGCAAACGAGTGACGAAATG 
62 788 bp 

(Mazel et al., 

2000) 

rvintI2 
F:CGGGATCCCGGACGGCATGCACGATTT 

R: GATGCCATCGCAAGTACGAG 
60 Variable 

(White et al., 

2001) 

qacEΔ1 
F: GGCTGGCTTTTTCTTGTTATCG 

R: TGAGCCCCATACCTACAAAGC 
62 287 bp 

(Mazel et al., 

2000) 

chuaA 
F: GACGAACCAACGGTCAGGAT 

R: TGCCGCCAGTACCAAAGACA 
55 279 bp 

(Clermont et al., 

2000) 

yjaA 
F: TGAAGTGTCAGGAGACGCTG 

R: ATGGAGAATGCGTTCCTCAAC 
55 211 bp 

(Clermont et al., 

2000) 

tspE4.C2 
F: GAGTAATGTCGGGGCATTCA 

R: CGCGCCAACAAAGTATTACG 
55 152 bp 

(Clermont et al., 

2000) 

stx 
F: GAACGAAATAATTTATATGT 

R: TTTGATTGTTACAGTCAT 
43 900 bp 

(Bastian et al., 

1998) 

papC 
F: GACGGCTGTACTGCAGGGTGTGGCG 

R: ATATCCTTTCTGCAGGGATGCAATA 
63 328 bp 

(Yamamoto et al., 

1995) 

cnf1 
F: AAGATGGAGTTTCCTATGCAGGAG 

R: CATTCAGAGTCCTGCCCTCATTATT 
63 498 bp 

(Yamamoto et al., 

1995) 

aer 
F: TACCGGATTGTCATATGCAGACCGT 

R: AATATCTTCCTCCAGTCCGGAGAAG 
63 602 bp 

(Yamamoto et al., 

1995) 

acc(6') 
F: TTGCGATGCTCTATGAGTGGCTA 

R: CTCGAATGCCTGGCGTGTTT 
55 482 bp 

(Park et al., 2006) 

fimA 
F: GTTGTTCTGTCGGCTCTGTC 

R: ATGGTGTTGGTTCCGTTATTC 
55 447 bp 

(Ruiz et al., 2002) 

papGIII 

 

F: CATTTATCGTCCTCAACTTAG 

R: AAGAAGGGATTTTGTAGCGTC 
55 482 bp 

(Ruiz et al., 2002) 
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2.4. DETECTION OF PHYLOGENETIC GROUPS AND VIRULENCE 

FACTORS  

The antibiotic-resistant E. coli isolates were classified into one of the four main 

phylogenetic groups A, B1, B2 and D, following the PCR strategy described previously 

(Clermont et al., 2000), that is based on the presence or on the absence of chuA, yjaA, or 

tspE4.C2 genes. The presence of genes encoding virulence factors (fimA, papC, aer, stx, 

papGIII and cnf1), often found in pathogenic E. coli, was tested by PCR in all antibiotic-

resistant E. coli isolates recovered in this study. Positive and negative controls were included 

in all PCRs assays. Table 2.1 shows the primers used in these assays, and corresponding 

references. 

2.5. STATISTICAL ANALYSIS 

The χ
2
 test was used to compare the difference between the proportions of the isolates 

from pigs, sheep and cattle that were resistant to various antimicrobials. A p-value < 0.05 was 

considered as significant. 

3. RESULTS  

3.1. PERCENTAGES OF ANTIMICROBIAL RESISTANCE AND RESISTANCE 

PHENOTYPES 

One hundred and ninety two E. coli isolates, recovered from 198 faecal samples (97%) 

of pigs (n= 66), sheep (n= 73) and cattle (n= 53), were analyzed in this study. The phenotypes 

of resistance of the 192 E. coli isolates are present in Table 2.2. One hundred and forty-seven 

isolates (76.6%) were resistant to one or more of the antimicrobial agents, and 30 (15.6%) 

were resistant to at least five different classes, being mostly the isolates recovered from pigs.  

In total 63.0% of the isolates, showed tetracycline resistance (n= 121), and 15.6 - 48.4% 

of the isolates exhibited ampicillin, amoxicillin-clavulanic acid, streptomycin, trimethoprim-

sulfamethoxazole, or chloramphenicol resistance (Table 2.3). The percentage of resistance to 

the other antimicrobial agents was in all cases below 5% (Table 2.3). The percentages of 

antimicrobial resistance detected are associated with the animal origin. The prevalence of 

resistance among the isolates from the three animal species sampled is represented in Figure 

2.1. Resistance to amoxicillin-clavulanic acid was significantly higher in the isolates from 

sheep (32.9%) than in those from pigs (16.7%) or sheep (3.8%). E. coli isolates from pigs 
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were significantly more resistant to ampicillin, tetracycline, chloramphenicol, 

sulfamethoxazole-trimethoprim, and streptomycin (36.4 - 93.9%) than isolates from sheep 

(4.11 - 52.1%) or cattle (1.89 - 39.6%) (p-value < 0.05). Imipenem or cefoxitin resistance was 

only detected in one pig isolate and cefotaxime resistance in one cattle isolate. Amikacin 

resistance was detected in sheep and cattle isolates, while tobramicin resistance was detected 

in pigs and sheep isolates.  

Resistances to AMP-TET-STR-SXT and also to TET alone were the most frequently 

detected (8.3%), followed by TET-STR resistance (6.8%) and AMP-TET-STR-SXT-CHL 

(5.7%). In pigs, only three per cent of the E. coli isolates showed a susceptible phenotype to 

all antimicrobial agents tested, while in sheep and cattle this percentage was 26% and 45.3%, 

respectively.  

 

FIGURE 2.1. Prevalence of antimicrobial resistance among E. coli isolates from pigs (n= 66), sheep 

(n=73) and cattle (n=53). Antimicrobial agents: AMC, amoxicillin-clavulanic acid; ATM, 

aztreonam; CTX, cefotaxime; FOX, cefoxitin; AMP, ampicillin; TET, tetracycline; CN, gentamicin; 

CIP, ciprofloxacin; IPM, imipenem; TOB, tobramycin; CHL, chloramphenicol; SXT, 

sulfamethoxazole-trimethoprim; NA, nalidixic acid; STR, streptomycin. 

3.2. MECHANISMS OF ANTIBIOTIC RESISTANCE 

The resistance genes detected among the E. coli isolates are shown in Table 2.4. The 

presence of β-lactamase genes was analyzed in all ampicillin-resistant isolates (n=68) and the 

blaTEM gene was detected in 47 isolates (69.1%) (pigs =31; sheep =15; and cattle =1), while 

blaSHV or blaOXA genes were not found. The aac(3)-II or aac(3)-IV genes, encoding an 

aminoglycoside acetyl transferase that modifies gentamicin and tobramycin, were detected in 

all gentamicin-resistant isolates (n=6). Also, there was one E. coli isolate 

(tobramycin/gentamicin-resistant) recovered from a pig that harbored both genes. All the 
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amikacin-resistant isolates (n=3) were negative for the presence of the aac(6’) gene. In 

addition, the aadA gene, encoding an aminoglycoside adenyltransferase, was detected in 50 

(98.0%), 12 (41.4%) and four (30.8%) streptomycin-resistant isolates from pigs (n= 51), 

sheep (n= 29) and cattle (n= 13), respectively. On the other hand, the strA+strB genes were 

detected in one (2.0%), 12 (100%) and three (23.1%) of the streptomycin-resistant isolates. 

The tet(A) and/or tet(B) gene, associated with an active efflux system, were identified in 

105 of the 121 tetracycline-resistant isolates (86.8%) (pigs = 59; sheep = 31; and cattle = 15), 

and both genes were detected in three isolates from pigs (4.8%) and in one from sheep 

(2.6%). 

The cmlA gene was found in 23 of 30 (76.7%) of the chloramphenicol-resistant isolates 

from pigs (n=21) and sheep (n=2), and one chloramphenicol-resistant isolate from pig 

harbored the floR gene. None of these genes were detected in the three chloramphenicol-

resistant isolates recovered from cattle. A total of 65 E. coli isolates showed resistance to 

trimethoprim-sulfamethoxazole. With the exception of two isolates from pigs, all the 

trimethoprim-sulfamethoxazole-resistant isolates harbored the sul1 and/or sul2 and/or sul3 

genes. Fifteen isolates (23.1%) (pigs=5; and sheep=10) carried both the sul1 and sul2 genes, 

two isolates (3.1%) from pigs carried the sul2 and sul3 genes, and one isolate (1.5%) from 

cattle harbored the sul1 and sul3 genes. It is of interest to point out that one isolate (1.5%), 

recovered from a pig, and simultaneously harbored all the three sul genes.  

The intI1 gene encoding class 1 integrase was detected in 16 (24.6%) of the 

trimethoprim-sulfamethoxazole-resistant isolates from pigs (n=7) and sheep (n=9). In 

addition, these E. coli isolates showed the qacEΔ1 and sul1 or sul1+ sul2 genes and amplified 

the class 1 integron variable region. In pigs, the gene cassette arrangements detected among 

the int1-positive isolates were as follows: dfrA1+aadA1 (five isolates), aadA2 (one isolate) 

and dfrA2+aadA2 (one isolate); while in sheep the gene cassette arrangements were: 

dfrA1+aadA1 (eight isolates) and aadA1 (one isolate). In addition, the intI2 gene encoding 

class 2 integrase was detected in eight (12.3%) of the trimethoprim-sulfamethoxazole-

resistant isolates from pigs (n=6) and sheep (n=2), respectively. The aadA1+dfrA1+sat2 gene 

cassette arrangement was identified in the two variable regions of the E. coli isolates 

recovered from sheep. In the isolates recovered from pigs the gene cassette arrangements 

detected were aadA1+ dfrA1+sat2 (two isolates), aadA1+estX+sat2 (three isolates) and 

aadA1+ estX+sat1 (one isolate).  
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TABLE 2.2. Phenotypes of resistance detected among the 192 E. coli isolates recovered from slaughtered 

animals. 

Phenotype of resistance
a
 

Number of isolates 

Pigs 

(n=66) 

Sheep 

(n=73) 

Cattle 

(n=53) 

Total 

(n=192) 

AK - 1 1 2 

CIP - - 1 1 

CHL - - 2 2 

TET 6 3 7 16 

STR - 1 - 1 

SXT 1 - - 1 

AMC - 6 - 6 

AMP - - 1 1 

TET-SXT - 1 - 1 

TET-STR 3 1 9 13 

AMC-CN - 1 - 1 

AMC-AK - 1 - 1 

AMC-TET - 5 - 5 

AMC-STR - 3 - 3 

AMP-TET 1 2 - 3 

AMC-CHL - - 1 1 

AMC-TOB - 1 - 1 

ATM-STR - - 1 1 

AMP-AMC - 1 - 1 

CIP-TET-NA - - 2 2 

AMC-CTX-CN - - 1 1 

AMC-CN-STR - 1 - 1 

TET-STR-SXT 3 4 1 8 

AMP-TET-CHL 1 - - 1 

STR-SXT-CHL 1 - - 1 

AMP-TET-SXT 1 1 - 2 

AMC-TET-STR - 5 2 7 

AMP-TET-STR 5 - - 5 

AMP-AMC-TET - 1 - 1 

TET-STR-SXT-CHL 4 - - 4 

AMP-TET-SXT-CHL - 1 - 1 

AMC-CN-TET-STR 1 - -  

AMC-TET-TOB-STR - 1 - 1 

AMP-TET-STR-SXT 11 5 - 16 

AMC-AMP-TET-STR 1 1 - 2 

AMC-AMP-TET-SXT 1 - - 1 

AMP-TET-NA-STR- SXT 3 - - 3 

AMP-TET-NA-SXT-CHL 1 - - 1 

AMP-TET-STR-SXT-CHL 9 2 - 11 

AMP-TET-TOB-STR-SXT 1 - - 1 

AMC-AMP-TET-STR-SXT 1 4 - 5 

AMC-AMP-CIP-TET-NA-STR - 1 - 1 

AMP-CN-TET-STR-SXT-CHL 1 - - 1 

AMC-AMP-TET-STR-SXT-CHL 5 - - 5 

AMC-FOX-AMP-IPM-TET-SXT 1 - - 1 

AMP-CN-TET-TOB-STR-NA-SXT-CHL 1 - - 1 

AMC-AMP-CIP-TET-NA-STR-SXT-CHL 1 - - 1 

Susceptible 2 19 24 45 

a
AMP, ampicillin; AMC, amoxicillin-clavulanic acid; AK, amikacin; CTX, cefotaxime; ATM, aztreonam; 

CN, gentamicin; TOB, tobramycin; STR, streptomycin; TET, tetracycline; SXT, sulfamethoxazole-

trimethoprim; NA, nalidixic acid; CIP, ciprofloxacin; CHL, chloramphenicol; FOX, cefoxitin; IPM, 

imipenem 
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TABLE 2.3. Percentages of antimicrobial resistance in the 192 E. coli isolates from faecal samples of slaughtered animals. 

Antimicrobial agents 

Antimicrobial resistant E. coli isolates 

Pigs (n=66)  Sheep (n=73)  Cattle (n=53)  Total (n=192) 

Number (%)  Number (%)  Number (%)  Number (%) 

Ampicillin  45 68.2  20 27.4  3 5.7  68 35.4 

Amoxicillin-clavulanic acid 11 16.6  31 42.5  2 3.8  44 22.9 

Cefotaxime  - -  - -  1 1.9  1 0.5 

Aztreonam  - -  - -  1 1.9  1 0.5 

Ceftazidime  - -  - -  - -  - - 

Cefoxitin  1 1.5  - -  - -  1 0.5 

Imipenem  1 1.5  - -  - -  1 0.5 

Gentamicin  3 4.5  2 2.7  1 1.9  6 3.1 

Tobramycin  2 3  2 2.7  - -  4 2.1 

Amikacin  - -  2 2.7  1 1.9  3 1.6 

Streptomycin  51 77.3  29 39.7  13 24.5  93 48.4 

Tetracycline  62 93.9  38 52.1  21 39.6  121 63.0 

Trimethoprim-sulfamethoxazole 46 69.7  18 24.6  1 1.9  65 33.9 

Nalidixic acid  6 9.1  1 1.4  2 3.8  9 4.7 

Ciprofloxacin  1 1.5  1 1.4  3 5.7  5 2.6 

Chloramphenicol  24 36.4  3 4.1  3 5.7  30 15.6 
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TABLE 2.4. Genes of antibiotic resistance detected among antimicrobial resistant E. coli isolates of pig, sheep and cattle origins. 

Phenotype of resistance 

Pigs (n=64)  Sheep (n=54)  Cattle (n=29) 

Number 

of isolates 

tested 

Genes detected by PCR 

 

Number 

of 

isolates 

tested 

Genes detected by PCR 

 

Number 

of 

isolates 

tested 

Genes detected by PCR 

Genes 

Number 

of 

isolates 

 

Genes 

Number 

of 

isolates 

 

Genes 

Number 

of 

isolates 

Ampicillin  45 blaTEM 31  20 blaTEM 15  3 blaTEM 1 

Gentamicin 

3 

aac(3)-II 2  2 aac(3)-II 2  1 aac(3)-II 1 

aac(3)-II+aac(3)-

IV 
1 

 aac(3)-II+aac(3)-

IV 

-  aac(3)-II+aac(3)-

IV 

- 

Amikacin  - acc(6') -  2 acc(6') -  1 acc(6') - 

Streptomycin  51 aadA 50  29 aadA  12  13 aadA  4 

  strA+strB 1   strA+strB  12   strA+strB  3 

Tetracycline  62 tet(A) 30  38 tet(A) 19  21 tet(A) 9 

  tet(B) 26   tet(B) 11   tet(B) 6 

  tet(A)+tet(B) 3   tet(A)+tet(B) 1   tet(A)+tet(B) - 

Trimethoprim-

sulfamethoxazole 
46 sul1 7 

 18 sul1  1  1 sul1  - 

  sul2 8   sul2  5   sul2  - 

  sul3 21   sul3  2   sul3  - 

  sul1+sul2 5   sul1+sul2  10   sul1+sul2  - 

  sul1+ sul3 -   sul1+ sul3 -   sul1+ sul3 1 

  sul2+sul3 2   sul2+sul3  -   sul2+sul3  - 

  sul1+sul2+sul3 1   sul1+sul2+sul3  -   sul1+sul2+sul3  - 

Chloramphenicol 24 cmlA 21  3 cmlA  2  3 cmlA  - 

  floR 1   floR  -   floR  - 
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3.3. PHYLOGENETIC GROUPS 

Table 2.5 shows the phylogenetic groups of the 147 antimicrobial resistant isolates in 

relation to the number of antimicrobial agents to which they were resistant. Most of the 

isolates (n=147) were included in the phylogenetic groups A (71) or B1 (65), and only seven 

isolates were classified into the D group and four into the B2 group. The E. coli isolates 

classified in phylogroup B2 were recovered from pigs and sheep (two isolates each one). All 

the isolates classified in the phylogenetic groups A or B1 were resistant to two or more 

different antimicrobial agents. Two isolates from pigs included in the B2 group and three 

from D group were resistant to five different antibiotics. In addition, the two isolates from 

sheep classified in the D group were resistant to four different antibiotics. 

3.4. VIRULENCE FACTORS 

At least one virulence-associated gene (fimA, papC, papGIII or aer) was detected in 

94.6% of the antibiotic-resistant E. coli isolates (n=147) studied (Table 2.6). The most 

frequent virulence factor detected was the fimA, and it was observed (alone or combined) in 

137 of the isolates (pigs = 57; sheep = 52; and cattle = 28), followed by the aer gene detected 

in 29 of the isolates (pigs = 20; sheep = 6; and cattle = 3). The co-presence of fimA and aer 

genes was detected in 26 isolates, while seven isolates contained both fimA and papC 

virulence genes. All the four virulence factor genes (fimA, papC, papGIII, and aer) were 

detected in one E. coli isolate recovered from a pig. In table 2.6 the virulence genes detected 

are correlated with phylogenetic groups. The majority of the isolates classified in the A and 

B1 phylogenetic groups (n=136) harbored the fimA virulence factor and to a lesser extent the 

fimA + aer. In phylogroup D there were two isolates, one from pig and one from sheep, that 

harbored the virulence factors fimA + aer and fimA + papC, respectively. In addition, in the 

remaining isolates belonging to the D or B1 phylogenetic groups the fimA virulence factor 

was the only one detected. 
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TABLE 2.5. Phenotypes of resistance and phylogenetic groups detected among the antibiotic-resistant isolates of E. coli recovered from pigs, sheep and cattle. 

Number of antibiotics to 

which E. coli were resistant 

Phylogenetic group 

Pigs  Sheep Cattle  Total 

A B1 B2 D  A B1 B2 D  A B1 B2 D  A B1 B2 D 

1 7 - - -  3 9 - -  4 8 - -  14 17 - - 

2 2 1 - 1  5 10 2 -  3 10 - 1  10 21 2 2 

3 11 3 - -  6 6 -   1 2 - -  18 11 - - 

4 17 2 - -  3 7 - 2  - - - -  20 9 - 2 

5 9 4 2 3  - 1 - -  - - - -  9 5 2 3 

6 - 2 - -  - - - -  - - - -  - 2 - - 

Total resistant isolates 46 12 2 4  17 33 2 2  8 20 - 1  71 65 4 7 

 

TABLE 2.6. Virulence factors genes detected and its correlation with phylogenetic groups studied in resistant isolates. 

Virulance factors detected 

Phylogenetic group 

Pigs  Sheep  Cattle  Total 

A B1 B2 D  A B1 B2 D  A B1 B2 D  A B1 B2 D 

fimA 28 5 2 2  14 25 2 1  6 17 - 1  48 47 4 4 

aer 1 - - -  - - - -  - 1 - -  1 1 - - 

fimA+aer 10 7 - 1  1 5 -. -  1 1 - -  12 13 - 1 

fimA+papC 1 - - -  - 3 - 1  1 1 - -  2 4 - 1 

fimA+papC+papGIII+aer 1 - - -  - - - -  - - - -  1 - - - 

Total resistant isolates 41 12 2 3  15 33 2 2  8 20 - 1  64 65 4 6 

No virulent genes  5 - - 1  2 - - -  - - - -  7 - - 1 
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4. DISCUSSION 

In the present study, a very high prevalence of antimicrobial resistance was observed in 

E. coli strains recovered from faecal samples of slaughtered animals in Portugal. High 

percentages of resistance (15.6-63.0%) were observed for ampicillin, amoxicillin-clavulanic 

acid, streptomycin, tetracycline, trimethoprim-sulfamethoxazole and chloramphenicol. Faecal 

E. coli isolates, recovered from healthy food-producing animals also showed a high 

prevalence of resistance to these antimicrobial agents across different European countries 

(Enne et al., 2008; Guerra et al., 2003; Lapierre et al., 2008). The proportion of samples 

containing antibiotic-resistant E. coli was significantly higher in pigs comparing with cattle or 

sheep isolates. Other studies report increased antibiotic resistance among pigs isolates than 

from cattle or sheep isolates (Enne et al., 2008; Guerra et al., 2003). However, the prevalence 

of E. coli resistance in these animals was substantially lower than observed in our study, 

especially in cattle and sheep isolates. Therefore, in Great Britain only 3.0 and 5.7% of the E. 

coli isolates from sheep and cattle, respectively were resistant to one or more antimicrobials 

agents while in pigs, 92.1% of the isolates showed resistance (Enne et al., 2008). On the order 

hand, in another report performed in Germany, E. coli resistant isolates from cattle (25%) was 

significantly lower than in swine (60%) (Guerra et al., 2003). 

The use of chloramphenicol in animal husbandry is banned in Europe since 1994. 

Despite this fact, we found a high level of resistance, particularly in isolates from pigs. Most 

of the chloramphenicol-resistant E. coli isolates (27/30) have a multi-resistant phenotype, 

suggesting that resistance to chloramphenicol is likely to be part of a multiple resistance 

system (Ahmed et al., 2010). 

Farming units represent an important reservoir of antibiotic-resistant bacteria. It can be 

related to the regular use of antibiotics, the dissemination of resistant bacteria via faecal 

contamination and by the intensive (indoor) animal production (van Den Bogaard et al., 

2000). These factors may facilitate the transmission, propagation, and maintenance of the 

antimicrobial resistance in bacterial populations and are typical of intensive farm management 

practices, particularly in pig farms. Consequently, this can help explain the higher resistance 

profile to the antimicrobial agents tested in faecal E. coli isolated from pigs. 

The multi-resistance profiles most observed were AMP-TET-STR-SXT and AMP-TET-

STR-SXT-CHL. Our results confirm the broad distribution of multi-resistance in bacterial 

strains obtained from food-producing animals. This situation has been widely reported in 
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different countries of Europe (Enne et al., 2008; Guerra et al., 2003; Lanz et al., 2003; 

Lapierre et al., 2008; Teshager et al., 2000).  

In this study a diverse range of resistance genes was detected among E. coli isolates. 

Several isolates carry more than one gene encoding resistance to the same antimicrobial 

agent. The isolates that harbored several genes that conferred resistance to the same antibiotic 

were often significantly more multi-resistant than others (Tang et al., 2011). The TEM β-

lactamase was the most frequent mechanism of ampicillin resistance among our isolates 

(69.1%). In previous studies, TEM-type β- lactamase production has also been described as 

the resistance mechanism to ampicillin in E. coli isolates recovered from food-producing 

animals (Briñas et al., 2002; Enne et al., 2008; Guerra et al., 2003). Four classes of AAC(3) 

acetyltransferases have been associated with gentamicin resistance in E. coli (Magnet and 

Blanchard, 2005). The aac(3)-II gene alone or associated with aac(3)-IV was detected among 

our gentamicin-resistant isolates. These resistance genes have been also identified in 

gentamicin-resistant E. coli recovered from cattle, poultry and swine (Guerra et al., 2003; 

Saenz et al., 2001). Apramycin is an aminoglycoside, structurally related with gentamicin, 

with an exclusively veterinary use. This antibiotic could have selected gentamicin-resistant E. 

coli strains producing AAC(3)-II and/or AAC(3)-IV enzymes (Salauze et al., 1990).  

In the pig isolates the aadA gene was the most prevalent among streptomycin-resistant 

isolates, while in cattle and sheep the aadA and the strA/B genes were detected in similar 

proportions. Similar frequencies of these genes were obtained by others in food producing-

animals (Enne et al., 2008; Guerra et al., 2003). The cmlA gene was the most prevalent 

mechanism of resistance among our chloramphenicol-resistant isolates. This gene was 

frequently detected in E. coli isolates from animals in Spain and Germany (Guerra et al., 

2003; Saenz et al., 2004). On the other hand, a high prevalence of the floR gene (38-52%) was 

observed in chloramphenicol-resistant isolates from sick pigs (Maynard et al., 2004; Wang et 

al., 2011). However, in our study, the floR gene was detected in only one pig E. coli isolate. 

The fact that our isolates have been recovered from healthy pigs may explain the lower 

incidence of the floR gene. 

The detection of tet(A) and/or tet(B) genes in almost 87% of the tetracycline-resistant 

isolates indicates that the main mechanism of tetracycline resistance is mediated by an active 

efflux system. To date, eight different tet genes for efflux proteins have been sequenced in 

Gram-negative bacteria: tet(A-E); (G); (H); and (J). Although the tet(A) was predominant, a 

similar proportion of the tet(A) and tet(B) genes was detected among the E. coli tetracycline 



MICROBIOLOGY AND MOLECULAR RESEARCH 

Chapter 2 

 

 

94 

 

resistant from pigs, cattle and sheep. To date, 14 different tet genes encoding for efflux 

proteins have been studied in Gram-negative bacteria from different animals and humans 

origins, with tet(A) and tet(B) reported to be more associated in tetracycline resistance (Bryan 

et al., 2004). 

Class 1 and/or class 2 integrons carrying resistance gene cassettes were detected in 

36.9% of the isolates from pigs and sheep. In a previous study in E. coli isolates from sheep in 

Norway, none of the resistant isolates were integron-positive (Sunde, 2005). However, similar 

to our results, class 1 integrons carrying either aadA1 gene, alone or associated with a dfrA1 

cassette were frequently observed in E. coli isolates from food-producing animals in Europe 

(Guerra et al., 2003; Kadlec and Schwarz, 2008; Sunde, 2005). In our study, the genes 

contained in the variable region of the class 1 integrons are associated with trimethoprim and 

streptomycin resistance. In addition, in class 2 integrons the aadA1 cassette gene was found in 

association with the arrangements dfrA1-sat2 or estX-sat1/sat2. These genes combinations 

have been frequently detected among resistant isolates of E. coli (Kadlec and Schwarz, 2008; 

Lapierre et al., 2008). In our study, the second most frequent gene within integrons was the 

dfrA1 which confers resistance to trimethoprim. This gene has been previously described in 

class 1 and class 2 integrons (Kang et al., 2005; Lapierre et al., 2008; Saenz et al., 2004; 

Sunde, 2005). The increased prevalence of integrons observed in food animals is a cause for 

concern and even if they do not have the capacity for genetic mobilization, they can be 

disseminated through plasmids or transposons to other bacteria (Mazel et al., 2000). 

The analysis of phylogenetic groups, together with virulence factors detection, may 

provide a useful tool to predict potential health risks associated with E. coli strains (Ishii et 

al., 2007). The higher prevalence of A and B1 phylogroups compared with B2 and D 

phylogroups among the isolates could be explained by their faecal origin. Identical E. coli 

phylogenetic groups distribution had been obtained in farm animals (Chapman et al., 2006; 

Sabaté et al., 2008; Walk et al., 2007). 

Several virulence factors have been identified in E. coli, which can contribute to the 

pathogenesis of the bacteria (Sabaté et al., 2008). The isolates from all animal origins showed 

a similar virulence profile in each phylogroup, with the fimA gene (alone or in association 

with papC or aer) the most prevalent in all phylogenetic groups. The fimA gene, encoding the 

major subunit of the E. coli type 1 fimbriae, was also, the most frequently found virulence 

factor-encoding gene detected in E. coli strains responsible for urinary tract infection in 

humans (Ruiz et al., 2002). Other studies have also reported the detection of virulence genes 
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in E. coli isolates from food-producing animals and food products, causing intestinal and 

extraintestinal disease in humans (Chapman et al., 2006; Ishii et al., 2007; Jakobsen et al., 

2010). On the other hand, studies on E. coli strains from healthy and diarrheic swine, 

demonstrated that the presence of virulence genes from human isolates in swine E. coli strains 

should not be interpreted as a process of active virulence gene acquisition. Their studies 

suggests that both swine commensal and clinical strains have over the years acquired and 

maintained these genes as part of a survival mechanism to engender greater diversity and 

hence increase their survival capability in the host animal (Chapman et al., 2006). 

5. CONCLUSIONS 

This study demonstrated that antimicrobial resistance is high among E. coli from 

healthy pigs, sheep and cattle, slaughtered for human consumption in Portugal. The high 

prevalence of antimicrobial resistance in E. coli isolates from food-producing animals is 

extremely concerning. When animals are slaughtered and processed, during the evisceration 

stage there is a strong probability of transmission of E. coli from faeces to the meat. Although 

the bacteria can be easily killed during the cooking process, if the meat is not thoroughly 

cooked throughout, E. coli might survive and may enter in the human food chain making 

them a potential transmitter of genes to humans. The possible transmission of these resistant 

bacteria to humans and the fact that the resistances found in this study belong to the same 

classes of antimicrobial agents used in human medicine might represent a public health 

problem. This might lead to the ineffectiveness of these antibiotics in the therapy, and thus 

highlights the importance of a prudent use of antimicrobial agents in animal husbandry. In 

addition, most of the E. coli isolates examined in this study possessed some of the virulence 

factors commonly found in pathogenic E. coli isolates associated with a variety of human 

diseases. From a food safety perspective, additional studies in the meats and dairy products 

become essential in this research area in respect of their contribution to microbial risk 

assessment. 
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 CHAPTER 3:  

CLONAL DIVERSITY OF ESBL-PRODUCING ESCHERICHIA COLI IN PIGS AT 

SLAUGHTER LEVEL, IN PORTUGAL 

 

ABSTRACT 

We aimed to determine the prevalence of (ESBL)-producing E. coli in faecal 

samples of healthy pigs, and to evaluate their clonality and associated 

resistance. Forty nine percent of pigs sampled (n=35/71) in a slaughterhouse in 

Portugal revealed ESBL-producing E. coli isolates. Most isolates produced 

CTX-M-1 enzyme (71.4%; n=25/35), followed by CTX-M-9 (11.4%; n=4/35), 

CTX-M-14 (5.7%; n=2/35), SHV-12 (5.7%; n=2/35) and CTX-M-32 (5.7%; 

n=2/35). Ninety-four per cent of the isolates presented a phenotype of multi-

resistance. Most isolates belonged to phylogroups B1 (42.8%; n=15/35) and A 

(40%; n=14/35). Multilocus sequence typing (MLST) analysis revealed nine 

sequence types (STs) under six clonal complexes (CCs) and nine singletons, 

including overrepresentation of CC10 and three new STs (ST2524, ST2525, 

ST2528). We observed the frequent presence of CTX-M producing E. coli in 

pigs at slaughter level, most of them belonging to the CC10 clonal complex, 

commonly recovered from clinical samples. 
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1. INTRODUCTION 

Escherichia coli is a common inhabitant of the gastrointestinal tract of human and 

animals, with the capability of acquiring and preserving antibiotic resistance genes (Murray, 

1997). In addition, E. coli is an important human pathogen; about 80% of the urinary tract 

infections that occur globally are associated with this bacterium (Russo and Johnson 2003; 

Vincent et al., 2010) and β-lactams are frequently used for treatment (Paterson et al., 2001). 

Extended-spectrum beta-lactamases (ESBLs) are bacterial enzymes that confer 

resistance to a broad range of commonly used β-lactams, including cephalosporins 

(ceftriaxone, cefotaxime, and ceftazidime) as well as to aztreonam and related oxyimino-β-

lactams (Bradford, 2001). Moreover, resistance caused by ESBLs is often associated with 

resistance to other classes of antibiotics like aminoglycosides, fluoroquinolones, and 

trimethoprim-sulfamethoxazole. In addition, most ESBLs genes are plasmid-borne and are 

often located within transposons and integrons, which facilitates transfer between and within 

bacterial species (Eckert et al., 2006). 

ESBL-producing E. coli are increasingly reported in healthy food-producing animals 

in several countries in Europe, Asia and North Africa, and the genotypes sometimes 

correspond to locally dominant human types (Agersø et al., 2012; Bortolaia et al., 2010; Costa 

et al., 2009; Escudero et al., 2010; Hiroi et al., 2011; Randall et al., 2011). 

Since healthy food-producing animals slaughtered for human consumption can be 

reservoir for ESBL strains, the aim of this study was to evaluate the carriage level and type of 

ESBLs in E. coli obtained from fecal samples in pigs slaughtered in Portugal. In addition, 

MLST was performed based on a greater discriminatory ability and the capacity to define 

genetically related ESBL-producing E. coli isolates. 

2. MATERIAL AND METHODS 

2.1 SAMPLES AND BACTERIAL ISOLATES 

Seventy-one faecal samples from pigs were collected from September 2008 to March 

2009 in a slaughterhouse located in the center of Portugal, where animals from different 

geographical regions of Portugal are slaughtered. Each fecal sample corresponded to a 

different flock of animals, ranging from 30 to 50 animals, and were collected directly from 

the rectum during animal slaughter with the aid of sterile gloves, and transported to the 

laboratory in a Cary-Blair medium before being processed. The samples were seeded onto 
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Levine agar plates (Levine-CTX plates) supplemented with 2 mg/L cefotaxime (BD product 

no. 236950, BD Difco™ Tryptic Soy Agar; Difco, Le Pont de Claix, France). Plates were 

incubated at 37°C for 24 hours. Three colonies per sample, with typical E. coli morphology, 

were selected and identified by classical biochemical methods (Gram-staining, catalase, 

oxidase, indol, Methyl-Red Voges-Proskauer, citrate and urease), and confirmed by the API 

20E system (BioMérieux, La Balme-Les Grottes, France). 

2.2. ANTIMICROBIAL SUSCEPTIBILITY TESTING 

Susceptibility to 16 antimicrobial agents (ampicillin, amoxicillin + clavulanic acid, 

cefoxitin, cefotaxime, ceftazidime, aztreonam, imipenem, gentamicin, amikacin, tobramycin, 

streptomycin, nalidixic acid, ciprofloxacin, sulfamethoxazole/ trimethoprim, tetracycline, and 

chloramphenicol) was tested by the disk-diffusion method in all isolates, and 

ESBLphenotypic detection was carried out by double-disk synergy test (CLSI, 2011). E. coli 

American Type Culture Collection 25922 was used as a quality control strain. 

2.3. CHARACTERIZATION OF ANTIBIOTIC RESISTANCE MECHANISMS 

The presence of genes encoding TEM, OXA, SHV, and CTX-M β-lactamases was 

studied by PCR in all the E. coli isolates using primers and conditions previously reported 

(Briñas et al., 2003; Jouini et al., 2007). The obtained DNA amplicons were sequenced on 

both strands and sequences were compared with those included in the GeneBank database, as 

well as with those deposited at the website (http://www.lahey.org/Studies/), in order to 

determine the specific type of β-lactamase gene (Machado et al., 2005). Additionally, the 

genetic environment of blaCTX-M genes, (ISEcp1, IS903, IS26 and orf477) was studied by PCR 

(Eckert et al., 2006). The following genes were also studied by PCR: tet(A), tet(B), tet(C), 

tet(D) and tet(E) (in tetracycline resistant isolates), aadA and strA/B (in streptomycin-resistant 

isolates), aac(3)-II and aac(3)-IV (in gentamicin-resistant isolates), cmlA and floR (in 

chloramphenicol-resistant isolates), and sul1, sul2 and sul3 (in trimethoprim-

sulfamethoxazole-resistant isolates) (Sáenz et al., 2004). In addition, the presence of the intI1 

and intI2 genes, encoding class 1 and 2 integrases, respectively, and their variable region was 

also analysed by PCR and sequencing (Machado et al., 2005). The quinolone resistance-

determining region of gyrA and parC genes were amplified by PCR, sequenced and examined 

in all quinolone-resistant isolates (Sáenz et al., 2004). Positive and negative PCR controls 
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from the bacterial collection of the University of Trás-os-Montes and Alto Douro, Vila Real, 

Portugal, were used in all the assays. 

2.4. MLST AND PHYLOGENETIC GROUPS ANALYSIS 

ESBL-containing E. coli isolates were characterized by multilocus sequence typing 

(MLST). The sequences obtained were analysed using Bionumerics version 3.5 software 

(Applied Maths, Sint-Martens-Latem, Belgium) and compared against the http://mlst.ucc.ie/ 

database. The combination of the seven obtained alleles for each isolate allows us to 

determine the corresponding sequence type (ST) and clonal complex (CC) (Tartof et al., 

2005). 

The isolates were also classified into one of the four main phylogenetic groups A, B1, 

B2 and D, following the PCR strategy described previously (Clermont et al., 2000). 

3. RESULTS 

3.1. ß-LACTAMASES DETECTED IN CTX-RESISTANT E. COLI ISOLATES 

CTX-resistant E. coli isolates were detected in 35 of 71 faecal samples of slaughtered 

pigs, representing 49.3% of the analysed samples, and three isolates per sample were 

identified and their antimicrobial susceptibility profiles determined. All the three isolates 

exhibited the same antimicrobial resistance profile and, for this reason, only one isolate per 

positive sample was maintained for further studies. All 35 CTX-resistant E. coli isolates 

exhibited a positive ESBL production test, and the characteristics of the isolates are shown in 

Table 3.1. β-lactamase genes found in the E. coli isolates were: blaTEM-1 + blaCTX-M-1 (n=18), 

blaCTX-M-1 (n=7), blaCTX-M-9 (n=4), blaCTX-M-14 (n=2), blaSHV-12 (n=2), blaTEM-1 + blaCTX-M-32 

(n=1), and blaCTX-M-32 (n=1). The insertion sequences ISEcp1, IS903 and orf477, surrounding 

the CTX-M genes, were detected in 26 ESBL-producing E. coli isolates (Table 3.1). The 

ISEcp1 sequence was found upstream of the blaCTX-M genes in two of 33 CTX-M E. coli 

isolates. In these CTX-M isolates, an 80 bp region between the β-lactamase-encoding region 

and ISEcp1 sequence was detected. In addition, 24 isolates harbored the orf477 or IS903 

sequence downstream of the blaCTX-M-1/blaCTX-M-32 or blaCTX-M-9/blaCTX-M-14 genes, 

respectively. 
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3.2. ANTIMICROBIAL RESISTANCE 

With respect to the pattern of resistance of the ESBL-producing E. coli isolates, most of 

them (94.2%) presented a phenotype of multidrug-resistance that included antimicrobial 

agents belonging to at least three different categories, and 22.8% showed resistance to seven 

different antimicrobial categories (Magiorakos et al., 2012) Table 3.1.  

A wide variety of resistance genes [tet(A), tet(B), aadA, strA, strB, cmlA, floR, aac(3)-

II, aac(3)-IV, sul1, sul2, sul3] were detected among our ESBL-producing E. coli isolates 

(Table 3.1). Two amino acid changes were identified in GyrA protein (Ser83Leu+Asp87Asn) 

in six quinolone-resistant isolates, and in ParC protein (Ser80Ile+Glu84Gly) in one isolate. In 

addition, one amino acid changes was identified in GyrA protein (Ser83Leu) in five nalidixic 

acid-resistant isolates, and in ParC protein (Ser80Ile) in five nalidixic acid and ciprofloxacin-

resistant isolates (Table 3.1). Twelve isolates harbored class 1 integrons and the gene cassette 

arrangement dfrA1+aadA1 was identified in all of them. Seven isolates harbored class 2 

integrons with the following gene cassettes in their variable regions: aadA1+dfrA1+sat2 (six 

isolates) and sat1+aadA1 (one isolate). Two E. coli isolates (SU14 and SU80) contained 

simultaneously class 1 and 2 integrons. 

3.3. MLST TYPING 

Among the 35 ESBL-producing E. coli isolates, MLST analysis revealed nine different 

STs under six CCs, and nine singletons ST, including overrepresentation of the CC10 (31%; 

n=11/35). Three of the isolates were assigned in a new allele number for the fumC gene, that 

were included in the MLST database (www.mlst.net) and registered as ST2528, and two 

isolates were registered as ST2524 and ST2525 through new combination of alleles (Table 

3.1).  

The CTX-M-1-producers were distributed into four different CCs (16 isolates) and 

seven singletons (nine isolates). The CTX-M-9-producers were distributed among two CCs 

(three isolates) and one singleton (one isolate). The CTX-M-32-producers were distributed 

among one singleton (two isolates). The CTX-M-14-producers were distributed among two 

CCs (two isolates). On the other hand, E. coli isolates with different variants of CTX-M, 

grouped into the same CC, were observed. Three isolates, CTX-M-9 and CTX-M-1-producing 

E. coli are associated with the ST58 (CC58); two isolates, CTX-M-14 and CTX-M-9- 

producing E. coli are associated with the ST354 (CC354); and three isolates, CTX-M-32 and 
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CTX-M-1-producing E. coli, are associated with the singleton ST1832. The SHV-12-

producers were distributed among one CC (one isolate) and one singleton (one isolate) (Table 

3.1). Concerning the phylogenetic groups, 42.8% of the 35 ESBL-producing E. coli isolates 

belonged to the B1 phylogenetic group, 40.0% of the isolates to A, and 17.1% of the isolates 

to D. 

4. DISCUSSION 

The detection of ESBL-producing E. coli in 49.3% of the analysed samples highlights 

the wide dissemination of these resistant bacteria among healthy pigs for human consumption 

in Portugal. Similar studies on prevalence of ESBL-producing E. coli in pigs have been 

performed at national level and in other European countries. However, significantly lower 

prevalence rates of ESBL-positive E. coli isolates were described in these reports when 

compared with our study (Agersø et al., 2012; Escudero et al., 2010; Geser et al., 2011; 

Goncalves et al., 2010; Machado et al., 2008). Thus, 25% was found in faecal samples of 

intensive pig farm in Portugal (Goncalves et al., 2010), while non-ESBL-producing E. coli 

were found in feacal samples recovered from healthy swine in the north and central region of 

the country (Machado et al., 2008). Moreover, percentages of 15 to 26% were described in 

recent studies in slaughter pigs in Switzerland and Spain, respectively (Escudero et al., 2010; 

Geser et al., 2011). Some of the variability between our data and previous studies can be 

related with differences in the geographical conditions or even differences with the 

methodology used. However, the wide dissemination of ESBL-producing E. coli among 

faecal isolates of healthy food-producing animals, found in our study is a problem of food 

safety, and it is important to analyse the factors that could contribute to this situation. 

Our results confirm that CTX-M-1 enzyme was the most dominant ESBL, followed by 

CTX-M-9. In previous studies, performed in Spain and Denmark, a high prevalence of CTX-

M-1 was also reported in E. coli isolates recovered from healthy swine (Agersø et al., 2012; 

Blanc et al., 2006). Moreover, also in Spain, Briñas et al. (2005) described E. coli isolates 

recovered from sick pigs that were found to harbor CTX-M-14, CTX-M-32 and SHV-12 

encoding genes (Briñas et al., 2005). In our study, isolates from healthy pigs also showed 

CTX-M-14, CTX-M-32 and SHV-12 β-lactamases. The occurrence of ESBL-producing E. 

coli in Portugal was reported in 2010 in a study conducted in an intensive pig farm in the 

north of the country by Gonçalves et al. (2010). In that study, the only ESBL encoding genes 

detected were the CTX-M-1. In addition, ESBL-producing E. coli, particularly those 



MICROBIOLOGY AND MOLECULAR RESEARCH 

Chapter 3 

 

 

105 

 

TABLE 3.1. Characteristics of cefotaxime-resistant Escherichia coli isolates recovered from pigs. 

E. coli 

Isolate 

β-lactamases Environment of blaCTX-M 

genes 

Phenotype of resistance to non-β-

lactamsb 

Resistance genes Amino acid changesc  MLSTd
 Phylogene

tic group 

     GyrA ParC  ST Clonal complex  

SU01 CTX-M-1 ISEcp1-blaCTX-M-1-orf477 TET-STR strA; strB; tet(B) - -  ST56  CC155 B1 

SU65 CTX-M-1 - TET tet(B) - -  ST218 CC10 A 
SU66 CTX-M-1 - TET-STR-NA aadA Ser83Leu wild  ST1397 Singleton B1 

SU31 CTX-M-1 blaCTX-M-1-orf477 TET-STR aadA; tet(A) - -  ST877 Singleton B1 
SU46 CTX-M-1 blaCTX-M-1-orf477 CN-TET-NA-STR-SXT-CHL sul1; sul2; aadA; tet(B); aac(3)-II; cmlA Ser83Leu wild  ST10 CC10 A 

SU53 CTX-M-1 blaCTX-M-1-orf477 TET-STR-SXT sul2; aadA; tet(A); tet(B) - -  ST10  CC10 A 

SU63 CTX-M-1 blaCTX-M-1-orf477 TET-STR-SXT sul3; aadA; tet(B)  - -  ST10  CC10 A 

SU02 CTX-M-1a blaCTX-M-1-orf477 TET tet(A); tet(B) - -  ST540 Singleton B1 
SU03 CTX-M-1a  blaCTX-M-1-orf477 CIP-CN-TET-TOB-NA-SXT-CHL sul1; sul3; tet(A); aac(3)-II; aac(3)-IV; cmlA Ser83Leu+Asp87Asn Ser80Ile  ST2528 Singleton B1 

SU05 CTX-M-1a blaCTX-M-1-orf477 CIP-TET-NA-TOB-SXT-CHL sul1; sul3; tet(A); cmlA Ser83Leu+Asp87Asn Ser80Ile  ST2528 Singleton B1 

SU10 CTX-M-1a blaCTX-M-1-orf477 CIP-TET-NA-SXT-CHL sul1; sul3; tet(A) Ser83Leu+Asp87Asn Ser80Ile  ST2528 Singleton B1 

SU14 CTX-M-1a blaCTX-M-1-orf477 CIP-TET-STR-NA-SXT-CHL sul1; sul2; aadA; tet(A); floR Ser83Leu+Asp87Asn Ser80Ile  ST398  CC398 A 

SU16 CTX-M-1a ISEcp1-blaCTX-M-1-orf477 TET-STR-SXT sul2; aadA; tet(A) - -  ST58  CC155 B1 

SU32 CTX-M-1a blaCTX-M-1-orf477 STR aadA - -  ST1508 Singleton D 

SU29 CTX-M-1a blaCTX-M-1-orf477 TET-SXT-STR sul1; sul3; aadA; tet(A); tet(B) - -  ST10 CC10 A 

SU39 CTX-M-1a blaCTX-M-1-orf477 TET-STR-SXT sul3; aadA; tet(A) - -  ST10 CC10 A 
SU47 CTX-M-1a blaCTX-M-1-orf477 TET-STR-NA-SXT-CHL-TOB sul3; aadA; tet(A); tet(B); cmlA Ser83Leu wild  ST1832 Singleton D 

SU50 CTX-M-1a blaCTX-M-1-orf477 TET-CHL tet(A); cmlA - -  ST48  CC10 A 

SU51 CTX-M-1a blaCTX-M-1-orf477 TET-STR-SXT-CHL sul3; aadA; tet(B); cmlA - -  ST10  CC10 A 

SU54 CTX-M-1a blaCTX-M-1-orf477 TET-SXT-CHL sul3; tet(A); tet(B); cmlA - -  ST10  CC10 A 

SU68 CTX-M-1a - TET-STR-SXT-CHL sul3; aadA; cmlA - -  ST10  CC10 A 
SU69 CTX-M-1a  TET-STR-NA-SXT-CHL sul1; sul2; aadA; tet(A) Ser83Leu wild  ST10  CC10 A 

SU70 CTX-M-1a blaCTX-M-1-orf477 CN-TET-TOB-STR-SXT sul1; sul2; sul3; aadA; tet(B); aac(3)-IV - -  ST2525 Singleton B1 

SU77 CTX-M-1a blaCTX-M-1-orf477 TET-STR-NA-SXT-CHL sul1; sul2; aadA; tet(A) Ser83Leu wild  ST23  CC23 A 

SU80 CTX-M-1a - TET-SXT sul1; sul2; sul3; tet(A) - -  ST398  CC398 A 

SU26 CTX-M-9 blaCTX-M-9- IS903 TET-STR-SXT sul1; sul2; aadA; tet(A) - -  ST58  CC155 B1 

SU28 CTX-M-9 blaCTX-M-9- IS903 TET-STR-SXT sul1; sul2; aadA; tet(A) - -  ST58  CC155 B1 
SU30 CTX-M-9 blaCTX-M-9- IS903 TET-STR-SXT sul1; aadA - -  ST1790 Singleton B1 

SU55 CTX-M-9 - CIP-CN-TET-TOB-NA-SXT-STR aadA; tet(B); aac(3)-II Ser83Leu+Asp87Asn Ser80Ile+Glu84Gly  ST354  CC354 D 

SU23 CTX-M-14 - CN-CIP-TET-TOB-NA-STR-SXT strA; tet(B); aac(3)-II Ser83Leu+Asp87Asn Ser80Ile  ST354  CC354 D 

SU42 CTX-M-14 blaCTX-M-14- IS903 TET-STR-SXT-CHL sul3; aadA; tet(A); cmlA - -  ST101 CC101 B1 

SU25 CTX-M-32 blaCTX-M-32-orf477 TET-STR-SXT sul2; aadA; tet(B) - -  ST1832 Singleton D 

SU21 CTX-M-32a blaCTX-M-32-orf477 TET-STR-SXT-CHL sul3; aadA; tet(B); cmlA - -  ST1832 Singleton D 
SU62 SHV-12 - TET tet(A) - -  ST2524 Singleton B1 

SU64 SHV-12 - TET tet(A); tet(B) - -  ST101 CC101 B1 

a Additionally blaTEM-1 was detected in these E. coli isolates. 
b
CN, gentamicin; TOB, tobramycin; STR, streptomycin; TET, tetracycline; SXT, sulfamethoxazole-trimethoprim; NA, nalidixic acid; CIP, ciprofloxacin; CHL, 

chloramphenicol.



MICROBIOLOGY AND MOLECULAR RESEARCH 

Chapter 3 

106 

 

producing CTX-M type ESBLs, are commonly associated with human healthcare and 

community (Guimaraes et al., 2009; Mendonça et al., 2007). 

The plasmid-located blaCTX-M genes have been previously found associated to the 

ISEcp1 or the IS903 insertion sequences (Lartigue et al., 2007). In our study, the blaCTX-M-1 

gene has been identified as associated to the ISEcp1 sequence in two E. coli isolates, and 

IS903 element was found downstream of blaCTX-M-9 (three isolates) and blaCTX-M-14 (one 

isolate). The presence of these insertion sequences upstream and downstream of the blaCTX-M 

genes may play an important role in the mobilization and expression of different β-lactamase 

genes (Eckert et al., 2006). 

Resistance to quinolones in E. coli is primarily related to mutations in GyrA, and 

additional mutations in ParC also produce higher levels of resistance. The substitutions 

Ser83Leu and Asp87Asn (GyrA) and Ser80Ile (ParC) were the most frequently detected in 

our quinolones-resistance E. coli isolates and similar findings were reported by others (Drago 

et al., 2010; Jouini et al., 2007; Leflon-Guibout et al., 2004). 

Class 1 and/ or class 2 integrons carrying resistance gene cassettes were detected in 

48.6% of E. coli isolates. Similar to our results, class 1 integrons carrying dfrA1 and aadA1 

cassettes were frequently observed in E. coli isolates from pigs in Europe (Guerra et al., 2003; 

Kadlec and Schwarz, 2008; Sunde, 2005). In addition, in class 2 integrons, the aadA1 cassette 

gene was found in association with the arrangements dfrA1-sat2 or sat1. These genes 

combinations have also been frequently detected among resistant E. coli isolates from pigs 

(Kadlec and Schwarz, 2008; Sunde, 2005). The increased prevalence of integrons observed in 

bacteria isolated from healthy swine for human consumption is a cause for concern and even 

if they have not the capacity of genetic mobilization, they can be disseminated through 

plasmids or transposons to other bacteria. 

A great heterogeneity of MLST types was observed among our ESBL-producing E. coli 

isolates. The CC10 and CC155 were the most common CCs. Some ESBL-producing E. coli 

clones of phylogroups A and B1, associated with the CC10 and CC155, respectively, have 

been increasingly found in human clinical samples in Spain (Valverde et al., 2009). CC10 is 

overrepresented among isolates of phylogroup A, and is frequently identified among ESBL- 

and non-ESBL-producing E. coli isolates from faecal samples of healthy people (Leflon-

Guibout et al; Valverde et al., 2009), enterotoxigenic E. coli isolates from community-based 

populations (Turner et al., 2006), and ESBL producers E. coli causing urinary tract infections 

(Leflon-Guibout et al., 2008; Oteo et al., 2009; Turner et al., 2006; Valverde et al., 2009). It is 
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also important to underline the incidence of two ST101 E. coli isolates in our study, which 

had recently been associated with clinical isolates with New Delhi metallo-β-lactamase 

(NDM) enzymes in UK, Pakistan and Canada (Nordmann et al., 2011).  

Moreover, six of our ESBL-producing E. coli isolates were included in three new 

sequences type and all of them were assigned to phylogroup B1. Three of these isolates were 

identified in a new allele number for the fumC gene that originated a new sequence type, 

ST2528. Moreover, new combination of alleles was obtained for two isolates and designated 

as ST2524 and ST2525. Through the MLST database we find that ST656 (CC10) and ST8 

(CC165) have a higher homology to ST2524 and ST2525, respectively. The ST2524 is a 

single locus variant of ST656 which belong to CC10, while ST2525 is a double locus variant 

of ST8 included in CC165. CCs are defined as a group of multi-locus genotypes in which 

every genotype shares at least five loci in common with at least one other member of the 

group (Feil et al., 2001); the new sequences type, ST2524 and ST2525 most likely belong to 

CC10 and CC165, respectively. 

E. coli isolates belonging to the most common STs or CC could carry almost all of the 

ESBL types known. For example, in a study performed in Spain, the ST10 complex (the most 

frequent in this study and also in the MLST database) carried five different ESBLs (CTX-M-

14, SHV-12, CTX-M-9, CTX-M-15 and CTX-M-32) (Oteo et al., 2009). In a French study, 

ST10 complex isolates (associated with ST131) were found to be the most prevalent among 

faecal samples from healthy carriers of nalidixic acid-resistant (but ESBL-negative) E. coli 

(Leflon-Guibout et al., 2008).  

5. CONCLUSIONS 

This study demonstrated a high prevalence of ESBL-producing E. coli recovered in pigs 

slaughtered for human consumption in Portugal. Our findings raise important questions for 

human health due to the possible spreading of ESBL-producing E. coli via food-borne 

transmission or even by environmental pathways, such as farm waste. From a food safety 

perspective, the presence of ESBL-producing E. coli in fecal samples of pigs represents a risk 

for carcass contamination at slaughter and therefore also the potential for contamination of 

retail meat products. Although the bacteria can be easily killed during the cooking process, if 

the meat is not thoroughly cooked, E. coli might survive and may lead to colonization of 

humans with ESBL-producing E. coli. Further investigation is required to understand the 
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magnitude of this selection and to assess the risk of zoonotic transmission via the food chain 

and by contact with animals. 
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CHAPTER 4:  

FIRST REPORT OF CTX-M PRODUCING ESCHERICHIA COLI, INCLUDING THE 

NEW ST2526, ISOLATED FROM BEEF CATTLE AND SHEEP IN PORTUGAL 

 

ABSTRACT  

The prevalence of extended-spectrum β-lactamase-containing 

Escherichia coli isolates was studied in beef cattle and sheep at slaughter 

in Portugal. CTX-M-producing E. coli isolates were detected in 7% of 

the 127 fecal samples. The β-lactamase genes detected were as following: 

CTX-M-32 (n=4), TEM1+CTX-M-1 (n=3) and CTX-M-1 (n=2). All 

CTX-M-containing isolates exhibit a multiresistant phenotype. MLST 

analysis revealed four different STs under 2 ST complexes (STC10 and 

STC155) and we detected a novel allelic profile representing a new ST, 

registered in the database as ST2526. Five of the CTX-M-containing 

isolates were classified in the B1 phylogroup and 4 isolates in the A 

phylogroup. Eight isolates harbored at least one of the virulence factors 

studied. Detection of CTX-M-producers E. coli in beef cattle and sheep 

raises important questions as they can represent a potential risk factor to 

public health. 
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1. INTRODUCTION 

Infections caused by Escherichia coli harboring extended-spectrum β-lactamases have a 

great impact on public health due to an increased incidence of treatment failure and severity 

of disease. The potential contribution of food-producing animals to public health risks by 

ESBL-producing bacteria is related to specific plasmid-mediated ESBL, including the CTX-

M-1 enzymes that are the most frequently reported in food-producing animals in the EU 

(EFSA, 2011). 

In recent years, the increasing detection of ESBLs in E. coli strains from healthy 

animals and food products have been globally reported (Ben Slama et al., 2010; Carneiro et 

al., 2010; Costa et al., 2009; Doi et al., 2010; Geser et al., 2012; Gonçalves et al., 2010; 

Madec et al., 2008). The aim of this study was to evaluate the carriage level and type of 

ESBLs in E. coli isolated from fecal samples of healthy ruminants, as beef cattle and sheep, at 

slaughterhouse level in Portugal. In addition, the genetic characterization of the ESBL-

positive isolates was performed. 

2. MATERIAL AND METHODS 

2.1. SAMPLES AND BACTERIAL ISOLATES 

A total of 127 fecal samples were collected from ruminants (73 sheep and 54 beef 

cattle), from September 2008 to March 2009, in a slaughterhouse located in the center of 

Portugal. Samples were obtained randomly from animals raised in different production units; 

each fecal sample corresponded to a different flock of animals, ranging from 30 to 50 

animals, and were collected directly from the rectum during animal slaughter with the aid of 

sterile gloves and transported to the laboratory in Cary-Blair medium before being processed. 

The samples were seeded onto Levine agar plates supplemented with 2 mg/L of cefotaxime 

and incubated for 24 h at 37°C. One colony per sample with typical E. coli morphology was 

selected and identified by classical biochemical methods and by the API 20E system 

(BioMérieux, La Balme Les Grottes, France). 

2.2. ANTIMICROBIAL SUSCEPTIBILITY TESTING 

Susceptibility to 16 antimicrobial agents (ampicillin, amoxicillin + clavulanic acid, 

cefoxitin, ceftazidime, cefotaxime, aztreonam, imipenem, gentamicin, amikacin, tobramycin, 

streptomycin, nalidixic acid, ciprofloxacin, sulfamethoxazole/trimethoprim, tetracycline and 
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chloramphenicol) was tested by the disc diffusion method (CLSI, 2011). E. coli ATCC 25922 

was used as a quality control strain. Screening for the detection of ESBLs was carried out by 

the double disc diffusion test (CLSI, 2011).  

2.3. CHARACTERIZATION OF ANTIBIOTIC RESISTANCE MECHANISMS 

The presence of genes encoding TEM-, SHV-, OXA- and CTX-M-type β-lactamases 

was studied by specific PCR (Sáenz et al., 2004). Positive amplicons were sequenced and 

were compared with those included in the GenBank database to determine the specific type of 

β-lactamase gene. PCR assays, using primers and conditions previously reported, were 

conducted for detection of specific antibiotic resistance genes [tetA/tetB/tetC, aadA/strA-

strB, sul1/sul2/sul3, aac(3’)-II/aac(3’)-IV and cmlA/floR] (Sáenz et al., 2004). In addition, 

the presence of the intI1 and intI2 genes, encoding class 1 and 2 integrases, respectively, and 

their variable region were analyzed by PCR and sequencing (Sáenz et al., 2004). 

2.4. MLST AND PHYLOGENETIC GROUPS ANALYSIS 

The study of phylogenetic groups was performed as previously described (Clermont et 

al., 2000). Positive and negative controls from the bacterial collection of the University of 

Trás-os-Montes and Alto Douro were used in all PCR assays. Additionally, we used 

multilocus sequence typing (MLST) to identify the genetic lineages of all ESBL-producing E. 

coli strains. For this purpose, seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA 

and recA) were amplified, sequenced, analyzed and compared against the http://www.mlst.net 

database (Tartof et al., 2005). 

2.5. VIRULENCE FACTORS 

The presence of genes encoding virulence factors, often found in extraintestinal 

pathogenic E. coli (ExPEC) (stx1/stx2, fimA, papGIII, cnf1, papC, and aer) and in intestinal 

pathogenic E. coli (InPEC) isolates (stx1/stx2), were tested by PCR (Ruiz et al., 2002) in all 

ESBL-producing E. coli isolates recovered in this study. Positive and negative controls were 

included in all PCRs assays. 
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3. RESULTS AND DISCUSSION 

CTX-resistant E. coli isolates were detected in 9 of the 127 (7%) fecal samples and 

exhibited a resistant phenotype to cefotaxime and/or ceftazidime. Positive screening test for 

ESBLs was obtained in all of them. The percentage of ESBL-producing E. coli detected was 

9.3% (5/54) in cattle isolates and 5.5% (4/73) in sheep isolates. The β-lactamase genes 

detected in these isolates were as follows: blaCTX-M-32 (n=4); blaCTX-M-1 (n=2) and blaCTX-M-

1+blaTEM-1 (n=3). This is the first report of CTX-M-producers E. coli in food-producing 

ruminants, in Portugal. Similar studies on prevalence of ESBL-producing E. coli in fecal 

samples from cattle have been performed in other European countries. In these reports lower 

percentages of ESBL-positive E. coli isolates were obtained in France (4.1%) (Madec et al., 

2008), while in recent studies performed in Switzerland and in northern Germany a higher 

percentages (13.7 and 11%, respectively) were detected (Geser et al., 2012; Wieler et al., 

2011). The first data of ESBL-producing E. coli in fecal samples from sheep were reported, 

recently, by Geser et al (2012). The percentages reported in that study (8.6%) are slightly 

higher than the ones in this study (Geser et al., 2012). Moreover, percentages of 7.1 - 9% were 

described in E. coli isolates from beef and sheep meat samples in Tunisia and Spain (Ben 

Slama et al., 2010; Doi et al., 2010). Our results confirm that CTX-M-1 enzyme was the most 

dominant ESBL type found in E. coli beef cattle isolates; while in sheep, the CTX-M-32 

enzyme was the prevalent one. Previous studies, performed in different countries, also 

reported the CTX-M-1 enzyme as the most prevalent in ESBL-producing E. coli isolates 

recovered from healthy cattle and food samples (Ben Slama et al., 2010; Doi et al., 2010; 

Geser et al., 2012). In addition, the CTX-M-14 enzyme was the most prevalent in ESBL-

producing E. coli isolates recovered from sheep (Geser et al., 2012). However, in a previous 

study performed in E. coli isolates from milk cheese of goats, sheeps and cows, in Portugal 

the TEM-type enzyme was the single beta-lactamase detected (Amador et al., 2009) (Table 

4.1).
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TABLE 4.1. Characteristics of CTX-resistant E. coli isolates recovered from sheep and beef cattle. 

E. coli 

Isolate 

β-lactamases 

detected 

Phenotype of resistance 

to non-β-lactams
a
 

Resistance genes 

Class 1 

integrons gene 

cassette array 

Class 2 integrons 

gene cassette 

array 

Phylo 

group 

Virulance 

factors 

MLST
b
 

STs CCs 

Sheep 01 CTX-M-1 
TET-TOB-STR-NA-CIP-

CN 

tet(A); aadA5; 

aac(3) II 
- - A aer ST167 CC10 

Cattle 36 CTX-M-1 TET-SXT sul1 dfrA1+aadA1 - A - ST10 CC10 

Cattle 09 
CTX-M-

1+TEM-1 
TET-STR tet(B); aadA - - A fimA ST10 CC10 

Cattle 12 
CTX-M-

1+TEM-1 
TET-SXT-STR-NA sul1; sul2; aadA - estX+sat2+aadA1 B1 fimA ST155 CC155 

Cattle 48 
CTX-M-

1+TEM-1 
TET-SXT-STR-NA sul1; sul2; aadA aadA1 

aadA1+dfrA1+sat

2 
B1 fimA ST155 CC155 

Sheep 42 CTX-M-32 TET-STR aadA - - A fimA ST218 CC10 

Sheep 43 CTX-M-32 TET-SXT-CHL 

tet(B); sul3; 

cmlA 
- - B1 fimA ST2526* - 

Sheep 46 CTX-M-32 TET-SXT-STR-CHL sul3; aadA; cmlA - - B1 fimA ST2526* - 

Cattle 46 CTX-M-32 TET-SXT-CHL sul3; cmlA - - B1 fimA ST2526* - 

a 
CN, gentamicin; TOB, tobramycin; STR, streptomycin; TET, tetracycline; SXT, sulfamethoxazole-trimethoprim; NA, nalidixic acid; CIP, ciprofloxacin; CHL, 

chloramphenicol. 
b 
Multilocus sequence typing; ST: sequence type; CC: clonal complex.*New ST2526.
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All ESBL-producing E. coli isolates presented a multiresistant phenotype that includes 

antimicrobial agents of at least three different families. Tetracycline resistance was detected in 

all isolates; while resistance to streptomycin and trimethoprim-sulfamethoxazole was detected 

in 66.7% of the isolates; lower resistance percentages were obtained to chloramphenicol, 

gentamicin, nalidixic acid and ciprofloxacin. Resistance to tetracycline was associated with 

tet(A) or tet(B) genes in three of the tetracycline-resistant isolates while all the six 

trimethoprim-sulfamethoxazole resistant isolates showed different combinations of the three 

sul genes studied. The aadA and aadA5 genes were detected in five and one of the 

streptomycin-resistant isolates, respectively. Furthermore, the cmlA gene was detected in the 

three chloramphenicol-resistant isolates and the aac(3’)-II gene was found in the only 

gentamicin-resistant isolate. The presence of integrons was confirmed in three of the ESBL-

positive beef cattle isolates. Class 1 integron (with the cassette gene arrangement dfrA1+ 

aadA1) was detected in one isolate while class 2 integron (with the cassette gene arrangement 

estX+sat2+aadA1) was detected in another isolate. Additionally, one isolate harbored both, 

class 1 and class 2 integrons, with the following cassette gene arrangements aadA1 and 

aadA1+dfrA1+sat2, respectively. 

Among the nine ESBL-producing E. coli isolates, MLST analysis revealed four 

different sequence types (STs) under 2 ST complexes (STC10 and STC155). Three of the 

CTX-M-32-producers presented a novel allelic profile (Adk-6, Fum-41, Gyr-3, Icd-18, Mdh-

11, Pur-8 and Rec-14) representing a new ST that was included in the MLST database 

(www.mlst.net) and registered as ST2526. Concerning the phylogenetic groups, five of the 

CTX-M-containing isolates were classified in the B1 phylogroup and four isolates in the A 

phylogroup. Eight isolates harbored at least one of the virulence factors studied (fimA=7 and 

aer=1). Genetic typing analysis, together with virulence factors detection, may provide a 

useful tool to predict potential health risks associated with E. coli strains. The STC10 and 

STC155 were the most common clonal complexes. As among our ESBL-positive isolates, E. 

coli isolates of B1 and A phylogroups are associated to the CC10 and CC155, respectively, 

and have been previously isolated from human clinical samples in Spain (Valverde et al., 

2009). The MLST database shows several double-loci variant strains of the new ST2526, in 

different countries, including pathogens such as enterohemorrhagic E. coli in Germany or 

enteroaggregative E. coli in Nigéria. 
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4. CONCLUSIONS 

Our study provided more information about the real problem of ESBL in food-

producing animals. The CTX-M-type enzymes were prevalent among our ESBL-positive 

isolates and, the dissemination of these enzymes among fecal isolates of healthy food-

producing animals can be a problem of food safety. The reasons leading to the recent dramatic 

worldwide dissemination of CTX-M-producing microorganisms are far from being 

understood. In addition, cross-talk between CTX-M encoding genes and the fimA virulence-

factor, detected in seven strains in our study, is a matter of concern, as they may be potential 

risk factors for infection by antibiotic resistant strains. 
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CHAPTER 5:  

ANTIBIOTIC RESISTANCE AND MECHANISMS IMPLICATED IN FECAL 

ENTEROCOCCI RECOVERED FROM PIGS, CATTLE AND SHEEP IN A 

PORTUGUESE SLAUGHTERHOUSE 

 

ABSTRACT 

A total of 194 enterococcal isolates were recovered from 198 fecal samples of 

pigs, cattle and sheep obtained in a Portuguese slaughterhouse. The 

enterococcal species more prevalent were Enterococcus faecium and 

Enterococcus hirae. High percentages of resistance were detected for 

tetracycline in pigs isolates (95.7%), sheep isolates (76.7%) and cattle isolates 

(49%); erythromycin resistance was higher in pigs isolates than in cattle or 

sheep isolates. Intermediate level of resistance was obtained to 

quinupristin/dalfopristin in all animals isolates (15.1 to 23.5%). High-level 

resistance to aminoglycosides was detected, HLR-S and -K was higher in pigs 

isolates (44.3% and 32.9%, respectively) compared with cattle or sheep isolates 

and modest percentages of HLR-G were obtained in pigs and cattle isolates 

(7.1% and 3.9%, respectively). The aac(6`)-aph(2”), aph(3`)-IIIa, ant(6)-Ia, 

cat(A), erm(B) and tet(M) genes were demonstrated in most of the gentamycin-

, kanamycin-, streptomycin-, chloramphenicol-, erythromycin- and 

tetracycline-resistant isolates, respectively. The association between the tet(M) 

gene and Tn916/Tn1545-like or Tn5397-like transposons was detected in 

30.8% and 11.2% of the isolates, respectively. Food animals could be a 

reservoir for antibiotic resistance genes and slaughterhouse cross-

contamination of animals’ carcasses may be a food safety risk. 
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1. INTRODUCTION 

Enterococci are ubiquitous bacteria that inhabit the gastrointestinal tract of humans and 

many animals (mammals, birds, insects and reptiles) and are commonly found in soil, plants, 

and in water (Hayes et al., 2003; Kuhn et al., 2005).  

Although these organisms are not considered as primary pathogens in animals and 

humans they have emerged as an increasingly important cause of human nosocomial 

infections (Kuhn et al., 2005). Enterococci are intrinsically resistant to several commonly 

used antibiotics (cephalosporins and aminoglycosides) and, perhaps more importantly, is their 

ability to acquire resistance to all currently available antibiotics (Cetinkaya et al., 2000; Hayes 

et al., 2003). They acquire resistance to antimicrobial agents through transfer of plasmids and 

transposons, chromosomal exchange, or mutation (Cetinkaya et al., 2000; Hayes et al., 2003) 

and might act as reservoir of antibiotic resistance genes that could be transmitted to other 

bacteria and, for this reason, might represent a worldwide problem with large repercussions 

for public health.  

The possibility of transfer antimicrobial-resistant bacteria (pathogens or commensal 

organisms) from animals to humans has caused increased interest in antimicrobials that are 

used in both human and veterinary medicine (Jackson et al., 2011). In human medicine, 

enterococcal infections are often treated with a combination of an aminoglycoside (e.g. 

gentamycin) and a cell-wall-active agent, such as penicillin or a glycopeptides (e.g. 

vancomycin), but due to the emergence of resistant strains, new agents like 

quinupristin/dalfopristin are also used (Hammerum et al., 2010). The use of avoparcin, 

gentamicin, and virginiamycin for growth promotion and therapy in food animals has lead to 

the emergence of vancomycin- and gentamicin-resistant enterococci and 

quinupristin/dalfopristin-resistant E. faecium in animals and meat, which implies a potential 

risk for transfer of resistance genes or resistant bacteria from food animals to humans 

(Hammerum et al., 2010). 

In Portugal, resistant-enterococci have been previously isolated from food-producing 

animals (Costa et al., 2010; de Fatima Silva Lopes et al., 2005; Freitas et al., 2009; Goncalves 

et al., 2010; Novais et al., 2005; Poeta et al., 2006), from wild animals (Figueiredo et al., 

2009; Poeta et al., 2007; Poeta et al., 2005), and from the environment (Araujo et al., 2010; 

Freitas et al., 2009; Macedo et al., 2011).  
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The cross-contamination of edible carcass tissues during the slaughter process 

represents a significant food safety hazard. The contamination of carcass tissues occurred 

mainly with fecal material during the evisceration and the skinning process and in most of the 

Portuguese abattoirs these two operations are performed manually increasing the risk of fecal 

contamination. The objective of this work was to analyze the prevalence of antibiotic 

resistance and the mechanisms implicated in non-selected enterococci recovered from fecal 

samples of animals (pigs, cattle and sheep) in a slaughterhouse located in the center of 

Portugal.  

2. MATERIAL AND METHODS 

2.1. SAMPLES AND BACTERIAL ISOLATES 

Fecal samples were recovered from September 2008 to March 2009 in a slaughterhouse 

located in the center of Portugal were, everyday around 200 growing pigs, 100 bovines and 

100 sheep (lambs and adult animals) are killed for human consumption; animals stem from 

production units located in different regions of Portugal. Enterococcal isolates were recovered 

from a total of 198 fecal samples obtained from slaughtered animals (73 sheep, 71 pigs and 54 

beef cattle). Animals were selected randomly and samples collected at different days of the 

week and during different periods of the day, to guarantee samples collected from each animal 

had different origin. 

Fecal material was collected from each animal, directly from the rectum after animal 

evisceration. Samples were collected in sterilized tubes and transported on the same day in to 

the laboratory. A portion of approximately 3 g of each sample was suspended in 3 ml of 

sterile saline solution and this dilution was seeded on Slanetz-Bartley agar plates and 

incubated for 48 h at 37°C (Torres et al., 2003). Colonies with typical enterococcal 

morphology were presumptively identified to the genus level by Gram-staining, catalase test 

and bile-aesculin reaction (Torres et al., 2003). DNA was extracted by the Instagene™ 

Purification Matrix protocol (Bio-Rad) and PCR experiments with specific primers, described 

in table 2.1, were performed for the different enterococcal species (Arias et al., 2006; Dutka-

Malen et al., 1995).  
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2.2. ANTIMICROBIAL SUSCEPTIBILITY TESTING 

Susceptibility for 11 antibiotics (vancomycin, 30 µg; teicoplanin, 30 µg; ampicillin, 10 

µg; streptomycin, 300 µg; gentamycin, 120 µg; kanamycin, 120 µg; chloramphenicol, 30 µg; 

tetracycline, 30 µg; erythromycin, 15 µg; quinupristin/dalfopristin, 15 µg; and ciprofloxacin, 

5 µg), were tested by the disk diffusion method (C.L.S.I., 2010). High-level aminoglycosides 

resistances were considered to streptomycin, kanamycin and gentamycin. Minimal inhibitory 

concentrations (MICs) of vancomycin and teicoplanin were also determined by the agar 

dilution method (C.L.S.I., 2010). Enterococcus faecalis ATCC 29212 and Staphylococcus 

aureus ATCC 25923 strains were used as a control. 

2.3. PCR DETECTION OF ANTIBIOTIC RESISTANCE GENES 

Vancomycin resistance mechanisms (vanA, vanB, vanC-1, vanC-2/3, and vanD genes) 

were analysed by PCR in all enterococcal isolates that showed resistance or reduced 

susceptibility for glycopeptides (Dutka-Malen et al., 1995; Miele et al., 1995). The presence 

of genes encoding resistance to erythromycin [erm(A) and erm(B)], tetracycline [tet(M), 

tet(L) and tet(K)], kanamycin [aph(3’)-IIIa], streptomycin [ant(6)-Ia], quinupristin-dafopristin 

[vat(E) and vat(D)], chloramphenicol [cat(A)] and gentamycin [aac(6’)-aph(2”)] were 

analysed by PCR using primers (Table 5.1) and conditions previously reported (Aarestrup et 

al., 2000; del Campo et al., 2000; Robredo et al., 2000; Sutcliffe et al., 1996; Van de klundert 

and Vliegenthart, 1993). PCR-assays were used to demonstrate the presence of specific genes 

of the Tn5397-like and Tn916/Tn1545-like transposons (tdnX and int genes, respectively) 

(Agerso et al., 2006). Positive and negative controls from the collection of strains from the 

University of Trás-os-Montes and Alto Douro (Portugal) were included in all PCR assays. 

TABLE 5.1. Primers used in PCR reactions for enterococcal species identification and detection of genes 

implicated in antibiotic resistance. 

Gene detected Sequence of the primer (5`to 3`) Amplicon 

(bp) 

Reference 

ddl E. faecalis 
F: ATCAAGTACAGTTAGTCT 

R: ACGATTCAAAGCTAACTG 
941 

Dutka-Malen et al., 

1995 

ddl E. faecium 
F: TAGAGACATTGAATATGCC 

R: TCGAATGTGCTACAATC 
550 

Dutka-Malen et al., 

1995 

E. gallinarum (vanC-1) 
F: GGTATCAAGGAAATC 

R: CTTCCGCCATCATCT 
822 

Dutka-Malen et al., 

1995 

E. casseliflavus (vanC-

2/vanC-3) 

F: CTCCTACGATTCTCTTG 

R: CGAGCAAGACCTTTAAG 
439 

Dutka-Malen et al., 

1995 

E. hirae (murG) 
F: GGCATATTTATCCAGCACTAG 

R: CTCTGGATCAAGTCCATAAGTGG 
521 Arias et al, 2006 
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3. RESULTS AND DISCUSSION 

A total of 194 enterococcal isolates were recovered from the 198 fecal samples of pigs, 

cattle and sheep analysed in this study. No enterococcal isolates were recovered from 4 of the 

tested fecal samples. Table 5.2 shows the distribution of enterococcal species found in the 

samples of different origin. E. faecium (45.7%) was the prevalent species detected in pigs, 

while in cattle and sheep this enterococcal species was the second most detected and was 

found in similar percentages (29.4% and 26%, respectively). Enterococcus hirae was the most 

detected in cattle and sheep (56.8% and 58.9%, respectively). Enterococcus faecium and E. 

hirae were also the predominant enterococcal species isolated from cattle and/or pigs by 

others (Anderson et al., 2008; Jackson et al., 2011; Kuhn et al., 2003; Poeta et al., 2007). The 

prevalence of E. faecalis in pigs, cattle and sheep was identical (12.9%, 11.8% and 8.2%, 

TABLE 5.1 (Continued) 

Gene detected Sequence of the primer (5`to 3`) Amplicon 

(bp) 

Reference 

E. durans (mur2) 
F: AACAGCTTACTTGACTGGACGC 

R: GTATTGGCGCTACTACCCGTATC 
177 Arias et al, 2006 

vanA 
F: GGGAAAACGACAATTGC 

R: GTACAATGCGGCCGTTA 
732 Miele et al., 1995 

vanB 
F: ATGGGAAGCCGATAGTC 

R: GATTTCGTTCCTCGACC 
635 

Dutka-Malen et al., 

1995 

vanC1 
F: GGTATCAAGGAAATC 

R: CTTCCGCCATCATCT 
822 

Dutka-Malen et al., 

1995 

vanC-2/3 
F: CTCCTACGATTCTCTTG 

R: CGAGCAAGACCTTTAAG 
439 

Dutka-Malen et al., 

1995 

vat(D) 
F: CCGAATCCTATGAAAATGTATCC 

R: GCAGCTACTATTGCACCATCCC 
413 Robredo et al., 2000 

vat(E) 
F: ACGTTACCCATCACTATG 

R: GCTCCGATAATGGCACCGAC 
282 Robredo et al., 2000 

aac(6`)-Ie-aph(2``)-Ia 
F: CCAAGAGCAATAAGGGCATA 

R: CACTATCATACCACTACCG 
220 

Van de Klundert and 

Vliegenthart, 1993 

aph(3`)-IIIa 
F: GCCGATGTGGATTGCGAAAA 

R: GCTTGATCCCCAGTAAGTCA 
292 

Van de Klundert and 

Vliegenthart, 1993 

ant(6)-Ia 
F: ACTGGCTTAATCAATTTGGG 

R: GCCTTTCCGCCACCTCACCG 
577 

Del Campo et al., 

2000 

catA 
F: GGATATGAAATTTATCCCTA 

R: CAATCATCTACCCTATGAAT 
486 Aarestrup et al., 2000 

erm(B) 
F: GAAAAGATACTCAACCAAATA 

R: AGTAACGGTACTTAAATTGTTTAC 
639 Sutcliffe et al., 1996 

erm(A) 
F: TCTAAAAAGCATGTAAAAGAA 

R: CTTCGATAGTTTATTAATATTAGT 
645 Sutcliffe et al., 1996 

tet(M) 
F: GTTAAATAGTGTTCTTGGAG 

R: CTAAGATATGGCTCTAACAA 
576 Aarestrup et al., 2000 

tet(L) 
F: CATTTGGTCTTATTGGATCG 

R: CAATATCACCAGAGCAGGCT 
456 Aarestrup et al., 2000 

tet(K) 
F: TTAGGTGAAGGGTTAGGTCC 

R: GCAAACTCATTCCAGAAGCA 
697 Aarestrup et al., 2000 
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respectively); higher prevalence of E. faecalis was detected in food producing animals by 

others (Aarestrup et al., 2000; Cortes et al., 2006). E. durans was only detected in cattle (2%) 

and sheep (4.2%) and E. casseliflavus only in sheep (2.7%).  

TABLE 5.2. Enterococcal isolates recovered from the 198 fecal samples of pigs, cattle and sheep 

analysed in this study. 

 

Enterococcal species 
Number (%) of isolates of the different origins

a
 

Pigs (n=70) Cattle (n=51) Sheep (n=73) 

E. hirae 29 (41.4) 29 (56.8) 43 (58.9) 

E. faecium 32 (45.7) 15 (29.4) 19 (26) 

E. faecalis 9 (12.9) 6 (11.8) 6 (8.2) 

E. durans - 1(2) 3 (4.2) 

E. casseliflavus - - 2 (2.7) 

a
 Number of fecal samples analysed: pigs (71), cattle (54) and sheep (73) 

Table 5.3 shows the percentage of antibiotic resistances in our collection of 

enterococcal isolates. Higher percentages of resistance were detected for tetracycline and 

erythromycin in pigs isolates (95.7% and 84.3%, respectively) compared with sheep isolates 

(76.7% and 17.3%, respectively); lower percentages of resistance to these antibiotics were 

obtained in cattle isolates (49% and 15.7%, respectively). Tetracycline has been the most 

commonly used antimicrobial agent for therapy in food-production animals in Portugal and 

the frequent occurrence of resistance observed probably reflects this use. Similar percentages 

of tetracycline and erythromycin resistance were detected in the three enterococcal species 

isolated in pigs (82-100%); in sheep, resistance to these antibiotics was higher among E. 

faecium species (78.9% and 36.8%, respectively), while in cattle E. hirae isolates showed 

higher tetracycline resistance (62.1%) compared to other enterococcal species.  

Glycopeptide resistance was not detected among the enterococci isolates of this study. 

Nevertheless, vanA enterococci were recovered from fecal samples of pigs and sheep in a 

previous study carried out by our group using vancomycin-supplemented agar plates 

(4µg/mL) for enterococci isolation in these fecal samples (unpublished observations). This 

fact could indicate that vancomycin-resistant enterococci could be present within the fecal 

enterococcal population of pigs and sheep but in a low proportion with respect to the 

vancomycin-susceptible ones, and thus could not be detected when non-supplemented plates 

were used for bacterial isolation. 
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TABLE 5.3. Percentages of antibiotic resistance in 194 enterococci isolated from fecal samples of pigs, cattle and sheep at slaughter. 

 

Antibiotic 

Pigs Cattle Sheep 

E. hirae 

(n =29) 

E. 

faecium 

(n=32) 

E. 

faecalis 

(n=9) 

Total 

(n =70) 

E. hirae 

(n=29) 

E. 

faecium 

(n=15) 

E. 

faecalis/ 

durans 

(n =7) 

Total 

(n=51) 

E. hirae 

(n=43) 

E. 

faecium 

(n =19) 

E. 

faecalis/ 

durans 

(n =9) 

Total 

(n=73) 

Ampicillin 13.8 43.8 - 25.7 - - - - 2.3 15.8 - 5.5 

Gentamicin 3.4 - 44.4 7.1 3.4 - 14.3 3.9 - - - - 

Streptomycin 34.5 50 55.5 44.3 6.9 - 14.3 5.9 7 26.3 11.1 12.3 

Kanamycin 17.2 34.4 77.7 32.9 10.3 13.3 28.6 13.7 2.3 26.3 11.1 9.6 

Tetracycline 100 93.8 88.8 95.7 62.1 26.6 42.9 49 44.2 78.9 33.3 76.7 

Erythromycin 82.8 84.4 88.8 84.3 17.2 33.3 42.9 15.7 11.6 36.8 11.1 17.8 

Chloramphenicol - - 11.1 1.4 3.4 6.6 - 3.9 - - - - 

Ciprofloxacin - 9.4 44.4 10 - - - - - 21 - 5.5 

Quinupristin/ 

dalfopristin 
13.8 6.3 100 21.4 10.3 20 85.7 23.5 - 21.1 77.7 15.1 

Vancomycin
a
 - - - - - - - - - - - - 

Teicoplanin
a
 - - - - - - - - - - - - 

a
 Resistant when MIC ≥ 32 µg/ml 
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Ampicillin-resistant isolates were not found in cattle fecal samples and the same result 

was obtained by Anderson et al (2008). Ampicillin resistance was only observed among E. 

hirae and E. faecium isolates of pigs and sheep (pigs, 13.8% and 43.8%, respectively; sheep, 

2.3% and 15.8%, respectively). Our results are in accordance with those obtained by Butaye 

et al (2001) that detected ampicillin resistance among E. faecium, but not in E. faecalis, of pig 

origin. In sheep, ampicillin resistance detected was only 5.5%, but others had no ampicillin 

resistance among sheep (de Fatima Silva Lopes et al., 2005; Mannu et al., 2003).  

Lower percentages of high-level resistance for gentamycin (HLR-G) were detected in 

our enterococci from pigs and cattle (7.1% and 5.9%, respectively) but all our sheep isolates 

were susceptible for HLR-G. Similar percentages of HLR-G were observed by others in pigs 

and cattle (Aarestrup et al., 2000; Aarestrup et al., 2002; Hershberger et al., 2005). Higher 

percentages were found for high-level resistance for kanamycin (HLR-K) and high-level 

resistance for streptomycin (HLR-S), especially in the isolates recovered from pigs (32.9% 

and 44.3%, respectively). In cattle and sheep isolates HLR-K and HLR-S detected were lower 

(5.9 to 13.7%). In pigs, HLR-K and HLR-S were more associated to E. faecalis while in 

sheep this type of resistance was more associated to E. faecium. HLR-K and HLR-S were also 

detected by others in food producing animals (Aarestrup et al., 2002; Butaye et al., 2001; 

Poeta et al., 2006).  

Similar percentages of quinupristin/dalfopristin resistance were observed in isolates 

from pigs, cattle and sheep (23.5 to 15.1%). Other reports showed a higher level of 

quinupristin-dalfopristin resistance in enterococci from pigs and lower levels of resistance in 

beef cattle isolates (Aarestrup et al., 2000; Donabedian et al., 2006; Hershberger et al., 2005). 

Chloramphenicol resistance was not detected among our enterococcal isolates from 

sheep and low percentages of resistance were observed in pigs and cattle isolates (1.4% and 

3.9%, respectively). Although chloramphenicol has been used in the past in food-producing 

animals, it was banned for more than 20 years ago and this fact could explain the low 

chloramphenicol resistance detected among our isolates (Poeta et al., 2006). Only E. faecalis 

from pigs (44.4%) and E. faecium from pigs and sheep (9.4% and 21%, respectively) 

presented ciprofloxacin resistance. Among our cattle isolates no ciprofloxacin resistance was 

detected, but resistance to this antibiotic was detected in cattle by others (Anderson et al., 

2008; Hershberger et al., 2005). Ciprofloxacin resistance, of 21%, in sheep isolates is higher 

than that obtained by de Lopes et al (2005), were only few dairy isolates, showed 

ciprofloxacin resistance. 
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Table 5.4 shows the different antibiotic resistance phenotypes detected in the series of 

194 enterococci in relation to the species and origin. The enterococcal species (E. hirae, E. 

faecium and E. faecalis) isolated from different origin show resistance to 4 or 5 antibiotic 

groups at the same time. Resistance to erythromycin and tetracycline was commonly observed 

alone, especially among E. hirae and E. faecium isolates, whereas, resistance to 

quinupristin/dalfopristin, aminoglycosides or ampicillin were observed mainly in combination 

with resistance to other antimicrobial agents. In human medicine, enterococcal infections are 

often treated with a combination of these antibiotics (Hammerum et al., 2010) and the fact 

that our isolates showed resistance to them can be a cause of concern since successful therapy 

for infection may be impossible. 

The only two Enterococcus casseliflavus detected, recovered from sheep, were 

susceptible to all tested antibiotics. E. casseliflavus is often associated with water and plants 

and a constant supply of plant-associated E. casseliflavus, by grazing, can explain their 

presence in sheep intestinal tract (Muller et al., 2001). 

The presence of antibiotic resistance genes was studied by PCR in all resistant 

enterococci and the results are presented in Table 5.5 The catA gene, encoding a 

chloramphenicol acetyl-transferase, was found in all but one E. faecium isolate recovered 

from cattle; this gene has been previously detected in chloramphenicol-resistant enterococci 

of different origins by other authors (Aarestrup et al., 2000; Poeta et al., 2006). 

Enterococci can show high level resistance to aminoglycosides, generally due to the 

acquisition of genes encoding for aminoglycoside modifying enzymes. Enterococci which 

containing the aac(6’)-aph(2”) gene that encodes the bifunctional enzyme AAC(6’)-APH(2”) 

are resistant to virtually all of the clinically available aminoglycosides, including gentamycin, 

tobramycin, amikacin, kanamycin, and netilmicin, but not streptomycin (Chow, 2000). All 

our enterococcal isolates that show HLR-G contained the aac(6’)-aph(2”) gene; this gene has 

been found as a common mechanism of HLR-G in enterococci (Aarestrup et al., 2002; del 

Campo et al., 2003; Jackson et al., 2010). The ant(6)-Ia gene responsible for high-level 

streptomycin resistance was detected in most of our streptomycin resistant isolates. The same 

gene has been reported among HLR-S enterococci from animals and humans (del Campo et 

al., 2000; Poeta et al., 2006). 
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TABLE 5.4. Antibiotic resistance phenotypes detected in the series of 194 enterococci in relation to the 

species and origin. 

AMP, ampicillin; GEN, gentamicin; KAN, kanamycin; TET, tetracycline; ERY, erythromycin; QD, 

quinupristin/dalfopristin; CHL, chloramphenicol; CIP, ciprofloxacin; STR, streptomycin; 

Enterococcal species Antibiotic resistance phenotype 
Number of isolates with phenotype 

Pigs Cattle Sheep 

E. hirae 

STR-GEN-KAN-TET-ERY-QD 1 1 - 

AMP-STR-KAN-TET-ERY 1 - - 

STR-KAN-TET-ERY-QD - 1 - 

STR-KAN-TET-ERY 2 - 1 

KAN-TET-ERY-QD - 1 - 

STR-KAN-TET-QD 1 - - 

AMP-TET-ERY-QD 1 - - 

STR-TET-ERY 4 - 2 

STR-TET-QD 1 - - 

AMP-TET-ERY 2 - - 

TET-ERY-CHL - 1 - 

AMP-TET - - 1 

TET-ERY 13 - 2 

TET 3 14 13 

ERY - 1 - 

Susceptible to all tested antibiotics - 10 24 

E. faecium 

AMP-STR-KAN-TET-ERY-QD-CIP  1 - 1 

AMP-STR-KAN-TET-ERY-CIP 1 - 1 

AMP-STR-KAN-TET-ERY 5 - - 

AMP-STR-TET-ERY-QD 1 - - 

STR-KAN-TET-ERY-QD - - 1 

AMP-STR-TET-ERY 2 -  

STR-KAN-TET-ERY 3 - 1 

STR-TET-ERY-QD - - 1 

KAN-TET-ERY-QD  - 1 - 

AMP-TET-ERY-CIP 1 -  

AMP-KAN-TET-QD - - 1 

AMP-TET-ERY 2 - - 

STR-TET-ERY 3 - - 

TET-ERY-QD - 1 - 

TET-ERY-CIP - - 1 

AMP-TET 1 - - 

KAN- ERY 1 - - 

TET-ERY 7 - 1 

TET-CIP - - 2 

KAN - 1 - 

TET 3 2 5 

ERY - 3 - 

QD - 1 1 

CIP - - 1 

CHL - 1 - 

Susceptible to all tested antibiotics 1 5 2 

E. faecalis 

STR-GEN-KAN-TET-ERY-QD-CIP 3 - - 

STR-KAN-TET-ERY-QD-CHL-CIP 1 - - 

STR-GEN-KAN-TET-ERY-QD - 1 - 

GEN-KAN-TET-ERY-QD 1 - - 

STR-KAN-TET-ERY-QD 1 - 1 

KAN-TET-ERY-QD 1 - - 

TET-ERY-QD 1 1 - 

QD 1 3 5 

Susceptible to all tested antibiotics - 1 - 

E. durans 

KAN-TET-ERY-QD - 1 - 

TET-QD - - 1 

TET - - 1 

Susceptible to all tested antibiotics - - 1 

E. casseliflavus Susceptible to all tested antibiotics - - 2 
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TABLE 5.5. Antibiotic resistance and resistance genes among enterococcal isolates from pigs, cattle and sheep at slaughter. 

 
Enterococcal 

species 
Resistance for Number (%) of isolates resistant to this antimicrobial 

Resistance genes 

analysed 

Prevalence of resistance genes detected among 

resistant isolates: number (%) 

Pigs (n= 29) Cattle (n= 29) Sheep (n= 43) Pigs Cattle Sheep 

E. hirae 

Gentamicin 1 (3.4) 1 (3.4) - aac(6`)-aph(2`) 1 (100) - - 
Kanamycin 5 (17.2) 3 (10.3) 1 (2.3) aph(3`)-IIIa 4 (80) 3 (100) 1 (100) 

Streptomycin 10 (34.5) 2 (6.9) 3 (7) ant(6)-Ia 7 (70) 2 (100) 1 (33.3) 

Erythromycin 24 (82.8) 5 (17.2) 5 (11.6) erm(B) 23 (95.8) 4 (80) 5 (100) 
Quinupristin/ 

dalfopristin 
4 (13.8) 3 (10.3) - 

vat(D) - - - 

vat(E) - - - 

Tetracycline 29 (100) 18 (62.1) 19 (44.2) 
tet(M) 4 (13.8) 4 (22.2) 2 (10.5) 
tet(L) 1 (3.4) 5 (27.8) 1 (5.3) 

tet(M)+tet(L) 24 (82.8) 5 (27.8) 13 (68.4) 

Chloramphenicol - 1 (3.4) - catA - 1 (100) - 

Enterococcal 

species 
Resistance for Number (%) of isolates resistant to this antimicrobial 

Resistance genes 

analysed 

Prevalence of resistance genes detected among 

resistant isolates: number (%) 

Pigs (n= 32) Cattle (n= 15) Sheep (n= 19) Pigs Cattle Sheep 

E. faecium 

Kanamycin 11 (34.4) 2 (13.3) 5 (26.3) aph(3`)-IIIa 11 (100) 1(50) 5 (100) 
Streptomycin 16 (50) - 5 (26.3) ant(6)-Ia 13 (81.3) - 4 (80) 

Erythromycin 27 (84.4) 5 (33.3) 7 (3.8) erm(B) 24 (89) 2 (40) 7 (100) 

Quinupristin/ 
dalfopristin 

2 (6.3) 3 (20) 4 (21.1) 
vat(D) - - - 
vat(E) - - - 

Tetracycline 30 (93.8) 4 (26.6) 15 (78.9) 

tet(M) 1 (3,3) - 3 (20) 

tet(L) - 1 (25) - 
tet(M)+tet(L) 29 (96.7) 1 (25) 10 (66.7) 

Chloramphenicol - 1 (6.6) - catA - - - 

Enterococcal 

species 
Resistance for Number (%) of isolates resistant to this antimicrobial 

Resistance genes 

analysed 

Prevalence of resistance genes detected among 

resistant isolates: number (%) 

Pigs (n= 9) Cattle (n= 6) Sheep (n= 6) Pigs Cattle Sheep 

E. faecalis 

 

Gentamicin 4 (44.4) 1 (16.6) - aac(6`)-aph(2`) 4 (100) - - 

Kanamycin 7 (77.7) 1 (16.6) 1 (16.6) aph(3`)-IIIa 5 (71.4) 1 (100) 1 (100) 
Streptomycin 5 (55.5) 1 (16.6) 1 (16.6) ant(6)-Ia 5 (100) 1 (100) 1 (100) 

Erythromycin 8 (88.8) 2 (33.3) 1 (16.6) erm(B) 6 (75) 1 (50) 1 (100) 
Quinupristin/ 

dalfopristin 
9 (100) 5 (83.3) 6 (100) 

vat(D) - - - 

vat(E) - - - 

Tetracycline 8 (88.8) 2 (33.3) 1 (16.6) 
tet(M) 1 (12.5) - - 
tet(M)+tet(L) 5 (62.5) 1 (50) 1 (100) 

Chloramphenicol 1 (11.1) - - catA 1 (100) - - 

Enterococcal 

species 
Resistance for Number (%) of isolates resistant to this antimicrobial 

Resistance genes 

analysed 

Prevalence of resistance genes detected among 

resistant isolates: number (%) 

Pigs (n= 0) Cattle (n= 1) Sheep (n= 3) Pigs Cattle Sheep 

E. durans 

Kanamycin - 1 (100) - aph(3`)-IIIa - 1 (100) - 

Erythromycin - 1 (100) - erm(B) - 1 (100) - 

Quinupristin/ 
dalfopristin 

- 1 (100) 1 (33.3) 
vat(D) - - - 
vat(E) - - - 

Tetracycline - 1 (100) 2 (66.6) tet(M)+tet(L) - 1 (100) 2 (100) 
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The aph(3’)-IIIa gene encodes the aminoglycoside phosphotransferase Aph(30)-IIIa, 

which confers high-level kanamycin resistance; this gene was detected in almost all our 

resistant isolates, and other studies report this gene as the most frequent in animals (Aarestrup 

et al., 2002; Jackson et al., 2010; Poeta et al., 2006). In four of our HLR-K isolates the 

aph(3’)-IIIa gene was not detected but other mechanisms can be implicated. Two of this 

isolates, were HLR-G and harbored the aac(6’)-aph(2”) gene, also implicated in HLR-K. 

Other studies referred that these two genes, aph(3’)-IIIa and aac(6’)-aph(2”), alone or 

associated, were responsible for HLR-K (del Campo et al., 2003).  

The erm(B) gene was the only one found among the erythromycin-resistant enterococci. 

Others reports refer the erm(B) has the most frequently resistance gene found among the 

erythromycin-resistant enterococci (Aarestrup et al., 2002; Donabedian et al., 2006; Poeta et 

al., 2006).  

It is assumed that virginiamycin, a streptogramin compound, used in animal feed as a 

growth promoter, is responsible for quinupristin-dalfopristin resistance in animals (Aarestrup 

et al., 2000; Donabedian et al., 2006). In our results none of the genes, vat(D) or vat(E), 

mediated quinupristin/dalfopristin resistance were observed (Table 2.4). The same results 

were obtained in other studies (Donabedian et al., 2006; Poeta et al., 2005) and most likely 

different mechanisms of resistance could be involved in those quinupristin/dalfopristin-

resistant strains where no genes were detected (Donabedian et al., 2006; Jackson et al., 2007; 

Poeta et al., 2006). 

The tet(M) or tet(L) genes (alone or associated) were demonstrated in all our E. hirae 

and E. faecium pigs isolates; but in cattle and sheep isolates these two genes were not detected 

among any tetracycline-resistant E. hirae and E. faecium. However, Anderson et al. (2008) 

reported the tet(O) gene as the most frequently associated with tetracycline-resistance in 

cattle. The majority (75%) of the tetracycline-resistant E. faecalis isolates from pigs harbored 

the tet(M) gene alone or in association with the tet(L) gene. All the E. faecalis and E. durans 

isolates from sheep harbored the tet(M) and the tet(L) genes in association, the same 

association was detected in all but one E. faecalis isolate from cattle. In tetracycline-resistance 

the tet(M) gene is implicated in ribosomal protection and tet(L) encodes an efflux pump; as 

reported by others, these two genes are the most frequently detected among tetracycline-

resistant isolates in animals (Aarestrup et al., 2000; Poeta et al., 2006; Poeta et al., 2005). 

The Tn916/Tn154-like transposons were associated with the tet(M) gene in 30.8% of 

the isolates. The Tn5397-like transposon alone was detected in 11.2% of the isolates, mainly 
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among E. hirae and E. faecium from pigs and cattle, and in all E. durans from sheep. Rizzott 

et al. (2009) also detected the association between tet(M) gene and Tn916/Tn154-like 

transposons in enterococci isolated from a total food chain. They concluded that Enterococcus 

species can be an important source of antibiotic resistance genes for potentially pathogenic 

bacteria occurring in the food chain through the transfer of mobile genetic elements, such as 

transposons (Rizzotti et al., 2009). 

The association between the tet(M) gene and the two studied transposons 

(Tn916/Tn154-like and Tn5397-like) at the same time was detected in 7 of our isolates; this 

association has also been detected by others (Agerso et al., 2006). 

4. CONCLUSION 

Enterococci are ubiquitous bacteria and are frequently associated with mobile genetic 

elements, what make them the ideal reservoir for antibiotic resistance genes that can be 

transferred between different environments and bacterial species. 

Food borne diseases often follow the consumption of contaminated food-stuffs 

especially from animal products such as meat. Carcasses can be contaminated with 

pathogenic bacteria and the majority of these bacteria result from fecal contamination 

occurring during the slaughtering process. Our study shows that the presence of enterococci 

resistant to different antibiotics groups and carrying antibiotic resistance genes can be 

frequent among animals slaughtered for human consumption. These genes are similar to those 

found in enterococci of human origin indicating the possible circulation of bacteria and 

resistance genes between the animal and human ecosystem.  

These facts and the detection of mobile genetic elements (Tn916/Tn154-like and 

Tn5397-like transposons) indicate that enterococci can be a source of antibiotic resistance 

genes for potentially more pathogenic bacteria occurring in the food chain. 

In conclusion, surveillance studies should be continued to follow the evolution of 

antibiotic resistance in saprophytic bacteria of the intestinal tract of animals in order to assess 

the potential risk for human health of these resistant bacteria.  
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CHAPTER 6: 

GENETIC CHARACTERISATION OF ANTIBIOTIC RESISTANCE AND 

VIRULENCE FACTORS IN VANA-CONTAINING ENTEROCOCCI FROM 

CATTLE, SHEEP AND PIGS SUBSEQUENT TO THE DISCONTINUATION OF 

THE USE OF AVOPARCIN 

 

ABSTRACT 

The prevalence of vancomycin resistant-enterococci (VRE) in fecal samples 

from cattle, sheep and pigs slaughtered for human consumption was evaluated. 

Enterococci containing the vanA gene were detected in 25.3% and 2.7% of the 

porcine and ovine samples, respectively, and were identified as Enterococcus 

faecium. No vanA-containing enterococcal strains were detected in bovine 

samples. Enterococcal strains with intrinsic vancomycin resistance were 

detected in seven (9.9%) fecal samples from pigs and in two samples from both 

cattle and sheep (3.7% and 2.7%, respectively). All vanA-positive isolates from 

pigs were resistant to tetracycline and erythromycin and the mobile element 

Tn916/Tn1545-like transposon was detected in 90.5% of tetracycline-resistant 

isolates that harbored the tet(M) gene. Although gelatinase and hemolytic 

activity were not observed, the hyl and cylB virulence genes were found within 

the VRE strains isolated. 
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1. INTRODUCTION 

Enterococci are ubiquitous bacteria that inhabit the gastrointestinal tract of humans and 

animals and are intrinsically resistant to several commonly used antibiotics such as 

cephalosporins and aminoglycosides (Shepard and Gilmore, 2002). Perhaps more importantly, 

these bacteria have the ability to acquire resistance to all currently available antibiotics 

including vancomycin (Sood et al., 2008). A possible explanation for the emergence and 

spread of vancomycin resistant-enterococci (VRE) in Europe has been the use of the growth 

promoter avoparcin, a glycopeptide that induces cross-resistance to vancomycin (Aarestrup, 

2000). The presence of VRE in animals for human consumption and the consequent cross-

contamination is a food-safety hazard. The purpose of this study was to determine the 

prevalence of VRE in fecal samples of animals slaughtered for human consumption in 

Portugal between September 2008 and March 2009, >11 years after the banning of the use of 

avoparcin. 

2. MATERIALS AND METHODS 

A total of 198 faecal samples were taken at random, from 73, 71 and 54 sheep, pigs and 

beef cattle, respectively. One sample/animal was taken per rectum during the slaughter 

procedure. The samples were seeded onto Slanetz-Bartley agar plates supplemented with 

vancomycin (4mg/mL). Colonies with typical enterococcal morphology were isolated and 

identified to species level by PCR (Torres et al., 2003). Susceptibility to 11 antimicrobial 

agents (vancomycin, 30 µg; teicoplanin, 30 µg; ampicillin, 10 µg; streptomycin, 300 µg; 

gentamycin, 120 µg; kanamycin, 120 µg; chloramphenicol, 30 µg; tetracycline, 30 µg; 

erythromycin, 15 µg; quinupristin–dalfopristin, 15 µg; and ciprofloxacin, 15 µg), was 

performed by the disk diffusion method and minimum inhibitory concentrations (MICs) of 

vancomycin and teicoplanin were determined by agar dilution (CLSI, 2010).  

Enterococcus faecalis (ATCC 29212) and Staphylococcus aureus (ATCC 25923) 

strains were used for quality control. The presence of genes encoding antimicrobial resistance 

(erm[A], erm[B], tet[M], tet[L], aph[3′]-IIIa, ant[6]-Ia, vat[E], vat[D], vanA, vanB, vanC1, 

and vanC2/3) were tested by PCR in all enterococcal isolates that exhibited resistance using 

primers and conditions previously reported (Torres et al., 2003). PCR was used to detect the 

presence of specific genes of the Tn5397-like and Tn916/Tn1545-like transposons (Agerso et 

al., 2006). Gelatinase and haemolytic activity in isolates was assessed using the methodology 
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described by Poeta et al. (2008). PCR was also used to detect the presence of the following 

virulence factor genes: (gelE, agg, ace, cpd, fsr, esp, hyl and cylLL, cylLS, cylA, cylB and 

cylM) (Poeta et al., 2008). 

3. RESULTS AND DISCUSSION 

Although the use of avoparcin as an animal growth promoter in Europe was banned in 

1997, VRE with acquired mechanisms of resistance (VREar) were detected in fecal samples 

(Table 6.1). A previous study found that acquired vanA genes can be found in food-producing 

animals (Lopez et al., 2009). In the current study, enterococci containing vanA were detected 

in 18/71 of the porcine faecal samples (25.3%; all E. faecium), and in 2/73 of the ovine 

samples (2.7%; one E. faecium and one E. hirae isolate, respectively). No vanA-containing 

enterococcal strains were detected in any of bovine samples. Enterococci with intrinsic 

vancomycin resistance (with vanC-1 gene) were detected in 7/71 (9.9%), 2/54 (3.7%), and 

2/73 (2.7%) of the samples taken from pigs, cattle and sheep, respectively. All vanA isolates 

demonstrated a high degree of both vancomycin (MIC≥ 128 µg/ml) and teicoplanin (MIC 64 

µg/ml) resistance. In pigs, all vanA isolates were resistant to tetracycline, erythromycin, 

quinupristin-dalfopristin (38.8%), ampicillin (27.7%), ciprofloxacin (16.6%), and to high-

level kanamycin (22.2%) and streptomycin (44.4%). The mobile element Tn916/Tn1545-like 

transposon was detected in 90.5% of tetracycline-resistant isolates that contained the tet(M) 

gene.  

Why VREar persist in the faeces of food-producing animals in the absence of 

glycopeptide selection pressure remains unclear, but it could be a consequence of co-selection 

due to the use of other antimicrobials. The persistence of glycopeptide-resistant enterococci in 

pig herds in Denmark after the ban on the use of glycopeptides may have been due to the link 

between the ermB and vanA genes and their co-selection following the use of macrolides for 

treatment and growth promotion until 1999 (Aarestrup, 2000). Macrolide resistance, mediated 

by erm(B) gene, has been linked to the same conjugative plasmid that contains the vanA gene, 

so that both genes are co-transferred (Aarestrup, 2000). This hypothesis is consistent with our 

results as macrolides are widely used in Portugal to treat swine respiratory diseases. 

All of the VREar identified in the present study were resistant to macrolides and 

contained the erm(B) gene. Macrolides and tetracyclines are regularly used drugs in food 

animal veterinary practice and the putative linkage of glycopeptide, macrolide and 

tetracycline-resistant genes has previously been implicated in the occurrence of VREar in the 
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faeces of food-producing animals (Aarestrup, 2000; Agerso et al., 2006; Goncalves et al., 

2010). Another important finding of our study was the high prevalence of VRE with intrinsic 

mechanisms of resistance (VREir), all of which were E. gallinarum, in 5.5% of fecal sample. 

Given that the genes for this intrinsic resistance are located on the chromosome, and are 

therefore non-transferable to other bacteria, the risks to human health are much lower than 

those represented by VREar. However, VREir could acquire vancomycin resistance by other 

mechanisms (Lopez et al., 2009).  

Hyl and cylB were the only genes encoding virulence factors detected among our VRE 

strains and neither gelatinase nor haemolytic activity was detected. These results are 

consistent with those of previous studies which found virulence factors more commonly in 

clinical isolates of E. faecalis (Eaton and Gasson, 2001). However, the hyl gene, encoding 

hyalorunidase activity, was identified in our E. gallinarum, E. faecium, and E. hirae isolates 

as previously reported (Goncalves et al., 2010; Mannu et al., 2003). It is interesting to note 

that in our study the hyl gene had greater association with E. gallinarum, than with E. faecium 

isolates. A recent study we found that in VRE isolated from the faeces of ostriches only the 

vanC1 isolates contained the hyl gene (Goncalves et al., 2010). In the current study, the 

detection of the cylB gene, responsible for cytolysin transport, may explain the absence of β-

haemolysis in our isolates as this property requires the existence of the entire cylLL/SABM 

cluster (Eaton and Gasson, 2001). 

Our results suggest that food animals could be a reservoir of VRE, including vanA 

isolates, and that the genetic determinants of vancomycin resistance could potentially be 

transmitted to other potentially zoonotic bacteria. The cross contamination of animal 

carcasses at slaughter with these bacteria may represent a food safety hazard, and in particular 

pig carcasses given the potentially higher levels of VREar associated with this species. 
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TABLE 6.1. Characteristics of vancomycin-resistant enterococci isolated from the faeces of beef cattle, sheep and pigs at slaughter.  

 

Origin Enterococcus 

spp. specie 

MIC (µg/ml) Vancomycin-resistant 

genes detected 

Resistant Phenotype for 

other antibiotics 

Genes or transposon 

sequences detected by PCR 

Virulence 

factors VAN
a
 TEC

a
 

Pig SU01 E. faecium >128 64 vanA TET- ERY-AMP- QD tet(M)-tet(L)-erm(B)-Tn916/Tn1545  

Pig SU02 E. faecium >128 64 vanA TET- ERY-STR tet(L)-erm(B) hylL-cylB 

Pig SU04 E. faecium >128 64 vanA TET- ERY tet(M)-tet(L)-erm(B)-Tn916/Tn1545  

Pig SU06 E. faecium >128 64 vanA TET- ERY tet(M)-tet(L)-erm(B)-Tn916/Tn1545 cylB 

Pig SU07 E. faecium >128 64 vanA TET- ERY tet(M)-tet(L)-erm(B)-Tn916/Tn1545 hylL-cylB 

Pig SU09 E. faecium >128 64 vanA TET-ERY-QD-CIP 
tet(M)-tet(L)- erm(B)-vat(E)- 

Tn916/Tn1545 
 

Pig SU18 E. faecium >128 64 vanA 
TET-ERY-QD-AMP-STR-

CIP 
tet(M)-tet(L)-erm(B)-Tn916/Tn1545  

Pig SU19 E. faecium >128 64 vanA TET-ERY-QD-AMP-STR tet(M)-tet(L)-erm(B)-Tn916/Tn1545  

Pig SU20 E. faecium >128 64 vanA TET-ERY-QD tet(M)-tet(L)-erm(B)-Tn916/Tn1545 hylL 

Pig SU27 E. faecium >128 64 vanA TET- ERY-STR-KAN 
tet(M)-tet(L)-erm(B)-aph(3`)-IIIa-ant(6)-

Ia -Tn916/Tn1545 
 

Pig SU30 E. faecium >128 64 vanA TET-ERY-STR-KAN 
tet(M)-tet(L)-erm(B)-aph(3`)-IIIa-ant(6)-

Ia- Tn916/Tn1545 
 

Pig SU31 E. faecium >128 64 vanA TET-ERY tet(L)-erm(B)  

Pig SU38 E. faecium >128 64 vanA TET-ERY-AMP-STR-KAN tet(L)-erm(B)-aph(3`)-IIIa-ant(6)-Ia  

Pig SU39 E. faecium >128 64 vanA TET- ERY-QD-STR tet(M)-tet(L)-erm(B)-Tn916/Tn1545  

Pig SU43 E. faecium >128 64 vanA 
TET-ERY-QD-CIP-STR-

KAN 

tet(M)-tet(L)-erm(B)-aph(3`)-IIIa-ant(6)-

Ia-Tn916/Tn1545 
 

Pig SU48 E. faecium >128 64 vanA TET-ERY tet(M)-tet(L)-erm(B)-Tn916/Tn1545  

Pig SU51 E. faecium >128 64 vanA TET-ERY tet(M)-tet(L)-erm(B)-Tn916/Tn1545  
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TABLE 6.1. (Continued) 

Origin 
Enterococcus 

spp. specie 

MIC (µg/ml) Vancomycin-resistant 

genes detected 

Resistant Phenotype for 

other antibiotics 

Genes or transposon 

sequences detected by PCR 

Virulence 

factors VAN
a
 TEC

a
 

Pig SU77 E. faecium >128 64 vanA TET- ERY-AMP tet(M)-tet(L)-erm(B)-Tn916/Tn1545  

Sheep PR74 E. faecium >128 64 vanA TET-AMP tet(M)-tet(L)-Tn916/Tn1545  

Sheep PR60 E. hirae >128 64 vanA -------------- ---------------- hylL-cylB 

Pig SU21 E. gallinarum 8 1 vanC1 TET-ERY tet(M)-erm(B)-Tn916/Tn1545 hylL 

Pig SU22 E. gallinarum 8 1 vanC1 TET-ERY-QD tet(M)-Tn916/Tn1545 hylL 

Pig SU23 E. gallinarum 8 1 vanC1 TET-QD-STR tet(M)-tet(L)-Tn916/Tn1545 hylL 

Pig SU46 E. gallinarum 8 1 vanC1 TET-ERY tet(L)-erm(B) hylL-cylB 

Pig SU47 E. gallinarum 8 1 vanC1 TET-ERY-STR-KAN tet(L)-erm(B)-aph(3`)IIIa-ant(6)-Ia hylL-cylB 

Pig SU65 E. gallinarum 8 1 vanC1 TET tet(M)-tet(L)  

Pig SU79 E. gallinarum 8 1 vanC1 TET tet(M)-tet(L)  

Cattle BV35 E. gallinarum 8 1 vanC1 --------- -------------- hylL-cylB 

Cattle BV37 E. gallinarum 8 1 vanC1 ---------- -------------- hylL-cylB 

Sheep PR71 E. gallinarum 8 1 vanC1 -------- -------------- hylL-cylB 

Sheep PR72 E. gallinarum 8 1 vanC1 -------- --------------- hylL-cylB 

MIC - minimum inhibitory concentration. 
a
AMP - ampicillin; STR - high-level streptomycin; KAN - high-level kanamycin; TET - tetracycline; ERY - 

erythromycin; CIP - ciprofloxacin; QD - Quinupristin-Dalfopristin; VAN - vancomycin; TEC - teicoplanin.
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CHAPTER 7:  

PROTEOMIC EVALUATION OF MULTIPLE ANTIBIOTIC-RESISTANT 

ESCHERICHIA COLI RECOVERED FROM SLAUGHTERED PIGS 

 

ABSTRACT 

In the present study, a proteomic survey of 66 E. coli isolates with different 

antibiotic resistance profiles, recovered from faecal samples of pigs slaughtered 

for human consumption was carried out. A total of 857 different spots were 

picked from the four different strains analysed. Preliminary results based on the 

full proteome analyses of these strains revealed proteins, among others, which 

expression can be related with antibiotic resistance gene mechanism. 

Additionally, proteins involved in transport/ATP-binding, glycolysis, 

transcription/RNA processing, translation, proteolysis, fatty acid biosynthesis, 

and proteins related in oxidative and acid stresses responses were identified. 

These results reinforce the utility of antibiotic resistance proteomes from E. 

coli isolates in the identification of resistance mechanisms, even as potential 

diagnostic and therapeutic targets. 
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1. INTRODUCTION 

Escherichia coli is considered a frequent cause of nosocomial and community-acquired, 

enteric infections, and systemic infections in humans (von Baum and Marre, 2005). The 

human population may be colonized and/or infected via contact, occupational exposure or 

through the food chain. In addition to the transmission of resistant bacteria, resistance genes 

from animals resident bacterial flora can be transferred to pathogens which may infect 

humans (von Baum and Marre, 2005). There is ongoing concern about the risks posed to 

human health by antimicrobial-resistant bacteria isolated from farm animals especially 

multidrug-resistant E. coli strains. There are three types of enzymes that inactivate antibiotics: 

beta-lactamases, responsible for hydrolyzing nearly all beta-lactams which have ester and 

amine bonds (e.g. penicillins and cephalosporins) thus inactivating the antibiotic action; 

transferases, a group of enzymes who inactivate aminoglycosides, chloramphenicol, 

streptogramin or rifampicin by binding adenylyl, phosphoryl or acetyl groups to the periphery 

of the antibiotic agent through the transport across the cytoplasmic membrane; oxidation and 

reduction processes are used by pathogenic bacteria as a resistance mechanism against 

antibiotics (Giedraitiene et al., 2011). 

In addition to the difficulties in controlling infectious diseases, the phenotype of 

resistance can generate metabolic changes which, in turn, can interfere with host pathogen 

interactions (dos Santos et al., 2010). The ability to determine the protein complement 

expressed by an organism at specific times and under specific conditions provides insights 

into the proteins that the organism needs to selectively express to survive and thrive. 

Currently, proteomics is a challenging field that has been growing rapidly in the post genomic 

era, the evaluation of protein expression in response to various 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 (Radhouani 

et al., 2012). 

Understanding mechanisms at the molecular level is extremely important to control 

multi-resistant strains. Accordingly, a proteomic survey of 66 E. coli isolates with different 

antibiotic resistance phenotypes, recovered from faecal samples of pigs slaughtered for human 

consumption was performed by two-dimensional electrophoresis (2-DE) and subsequent 

protein identification by matrix-assisted laser desorption/ionization mass spectrometry 

(MALDI-TOF/TOF MS). 
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2. MATERIAL AND METHODS 

The 66 E. coli strains included in this study were recovered from faecal samples of pigs 

slaughtered for human consumption (Ramos et al., 2013). Overnight cultures were grown in 

Brain Heart Infusion (BHI) solid medium, adjusted to 0.06 OD (550nm) with fresh BHI broth 

to yield a starting inoculum of approximately 1x 10
6
 CFU/ml. Cultures were then incubated at 

37°C for five hours, and cell pellets obtained when cell growth reached the exponential phase. 

The crude protein extract was obtained according to the methodology presented by Pinto et al 

(Pinto et al., 2011). 

SDS-PAGE was performed on vertical gel with constant gel concentration with a 

T=12.5% and C=0.97% according to a procedure described previously by Laemmli (Laemmli, 

1970). Electrophoresis was carried out with constant amperage of 30mA per gel until the dye-

front reached the bottom of the gels that were stained with Coomassie Brilliant Blue 

R250.The mono-dimensional profile of these 66 strains was compared with each other and 

subsequently, four of these strains, selected randomly on base of their SDS-PAGE patterns 

and phenotypic/genotypic characteristics, were submitted to two-dimensional electrophoresis, 

namely Isoelectric Focusing followed by Sodium Dodecyl Sulphate Polyacrylamide Gel 

Electrophoresis (IEF x SDS-PAGE). 

2-DE was performed with IPG (Immobiline
TM 

pH Gradient) technology (Laemmli, 

1970). Protein samples were previously prepared with 2-D Clean-Up Kit (GE Healthcare) and 

the protein pellet was resuspended in rehydration buffer (8M urea, 1% CHAPS, 0.4% DTT, 

0.5% carrier ampholyte buffer pH 3-10). Samples were loaded in precast IPG strips with 

linear gradient of pH 3-10 (pH 3-10, 13 cm, Amersham Biosciences, UK), using an IPGphor 

fixed-length Strip Holder. For IEF, a first step of active rehydration, at 50 V for 12 h, was 

performed; followed by focused sequentially at 500 V for 1 h, gradient at 1000 V for 1 h, 

gradient at 8000 V for 2:30 h, and finally 8000 V during 30 minutes on an Ettan
TM 

IPGPhor 

IITM (Amersham Biosciences, Uppsala, Sweden). Seven IEF replicate runs were performed 

and the GE Healthcare protocol for IPG strips pH 3-10, in order to obtain the optimized 

running conditions, resulting in a final 17 hour run. Focused IPG strips were then stored at -

80ºC in plastic bags. Before running the second dimension, strips were equilibrated twice for 

15 minutes in equilibration buffer [6 M urea, 30% (w/v) glycerol, 2% (w/v) SDS in 0.05 M 

Tris-HCl buffer (pH 8.8)]. In the first equilibration it was added 1% DTT to the original 

equilibration buffer and to the second 4% iodoacetamide, and also bromophenol blue was 
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added to both solutions. The equilibrated IPG strips were gently rinsed with SDS 

electrophoresis buffer, blotted to remove excessive buffer, and then applied onto a 12.52% 

polyacrylamide gels in a Hoefer
TM

 SE 600 Ruby
®

 (Amersham Biosciences) unit. Some 

modifications were introduced in the SDS-PAGE technique previously reported by Laemmli 

(Laemmli, 1970), that allowed to increase its resolution, with proper insertion of the IPG 

strips in the stacking gel (Laemmli, 1970; Pinto et al., 2011). The 2-DE gels were stained 

overnight in Coomassie Brilliant Blue G-250 (Pinto et al., 2011). Coomassie-stained gels 

were scanned on a flatbed scanner (Umax PowerLook 1100; Fremont, CA, USA), and the 

resulting digitized images were analyzed using Image Master 5.0 software (Amersham 

Biosciences; GE Healthcare). 

Spots of expression in all gel replicates were manually excised. After tryptic digestion, 

peptide fragments were analyzed using a MALDI-TOF/TOF UltraFlex model from Bruker 

Daltonics. For protein identification, peptide mass fingerprints were processed with the 

Flexanalysis software and searched using the MASCOT server (Matrix Science, London, UK) 

on the SwissProt database. Carbamidomethyl cysteine was set as fixed modification and 

oxidized methionine was searched as a variable modification, one missed cleavage was 

allowed, and a peptide mass tolerance up to 100 ppm was used. A match was considered 

successful when the protein identification score was located out of the random region with a 

significance threshold of p < 0.05. 

3. RESULTS AND DISCUSSION 

E. coli strains included in this study were previously characterized for antibiotic 

resistance and virulence factors (Ramos et al., 2013). The 66 bacterial strains were clustered 

in four different protein profiles, with major differences in the positions higher than 60 kDa of 

molecular weight. Further, full proteomic studies were performed in the same IEF and SDS-

PAGE conditions, for four strains which were selected randomly, on base of their SDS-PAGE 

patterns and phenotypic/genotypic characteristics (Table 7.1.). Three of the selected strains 

(SU23, SU62 and SU60) present a phenotype of multidrug-resistance that included 

antimicrobial agents belonging to at least three different antimicrobial categories (such as 

tetracyclines, fluoroquinolones, penicillins, folate pathway inhibitors or phenicols), while and 

strain SU76 shows resistance only to tetracycline. The use of pH 3-10 IPG strips resulted in a 

well spread display of protein spots which allowed their safe and accurate excision and image 
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identification. A total of 857 different spots were picked from the analysed strains, 

respectively: 320 (SU76), 199 (SU23), 150 (SU62) and 188 (SU60). 

 

TABLE 7.1. Phenotypic and genotypic characterization of the four stains selected for IEF X SDS-

PAGE. 

Isolate Phenotype of resistance
a
 Resistance genes detected 

Phylog. 

group 

Virulence 

factors 

SU76 TET tetA A fimA 

SU23 AMP-TET-NA-STR- SXT 
blaTEM-sul3-tetA-tetB-

aadA 
A  

SU62 
AMC-AMP- TET-STR-SXT-

CHL 

blaTEM-sul1-aadA-tetB-

cmlA B1 fimA-aer 

SU60 
AMC-AMP-CIP-TET-STR-

NA-SXT-CHL 

blaTEM-sul3-aadA-tetA-

cmlA 
B1 fimA-aer 

a
AMP, ampicillin; AMC, amoxicillin-clavulanic acid; TET, tetracycline; STR, streptomycin; SXT, 

sulfamethoxazole-trimethoprim; NA, nalidixic acid; CIP, ciprofloxacin; CHL, chloramphenicol. 

To date, from the spots collected we could identify a total of 379 proteins, 116 (SU76), 

94 (SU23), 75 (SU62) and 94 (SU60) respectively, corresponding to 36%, 47%, 50% and 

52% of the identified spots. These preliminary results based on the full proteome analyses of 

these strains, revealed proteins related to biosynthesis and regulation, glycolysis, transport, 

stress response, cellular metabolic processes and antibiotic resistance (Figure 7.1.) and mostly 

are localized either at the membrane or cytoplasmic level. 

 
FIGURE 7.1. Distribution of the biological processes related to the protein spots identified found in the 

2-DE gels of the E. coli. strains, respectively, SU76, SU23, SU62 and SU60. 
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Resistance can result from intrinsic features of the organisms, such as the outer 

membrane proteins (OMPs) in Gram-negative bacteria and the expression of efflux pumps 

(Radhouani et al., 2012). OMPs were identified in all strains studied by 2-DE, OmpA (like 

spots, 408 of SU76, 800 of SU62, protein molecular weight (MW) = 37292 and pI= 5.99, 

Figure 7.2) is required for the action of colicins K and L and for the stabilization of mating 

aggregates in conjugation, serve as a receptor for a number of T-even like phages and also 

acts as a porin with low permeability that allows slow penetration of small solutes. OmpA is 

also important for bacterial virulence and was also found overexpressed in others E. coli 

resistant strains (dos Santos et al., 2010). The outer membrane protein assembly factor BamA, 

which is involved in assembly and insertion of beta-barrel proteins into the outer membrane, 

was identified in all strains analysed (like spots, 1 of SU23 and 523 of SU60, MW= 90611 

and pI= 4.93, Figure 7.2). In addition, outer membrane proteins of the gram-negative porin 

family were identified in same of the strains, like OmpD (spots 395of SU76 and 788 of SU62, 

MW= 40654 and pI= 4.57, Figure 7.2) and OmpC (spots 79 of SU23 and 622 of SU60, MW= 

40343 and pI= 4.58); they form pores that allow passive diffusion of small molecules across 

the outer membrane. In E. coli it has been well described that the OMPs are involved in 

streptomycin, nalidixic acid, chlortetracycline and tetracycline resistance (Piras et al., 2012) 

and, strains carried out present resistance to tetracycline, streptomycin and nalidixic acid. 

Moreover, the heat resistant agglutinin 1 (HRA1), identified in strains SU76 and SU23 

(spots 497 and 147, respectively) is a monomeric outer membrane agglutinin responsible for 

bacterial adhesion. The presence of HRA1 in these commensal strains, described as an 

accessory colonization factor in enteroaggregative E. coli strains, may enhance their 

pathogenicity of selecting pathogenic lineages (Mancini et al., 2011). 

Bacterial surface proteins are important for the host pathogen interaction, as they are 

frequently involved in disease pathogenesis and contribute to bacterial processes, many of 

which could be vital for survival within the host and for bacterial growth in stress situations 

(Pinto et al., 2011). Several chaperones, related to stress response were detected in all studied 

strains. The chaperone protein ClpB (spots 716 of SU62 and 543 of SU60, MW= 95697 and 

pI= 5.37) is part of a stress-induced multi-chaperone system that is involved in the recovery of 

the cell from heat-induced damage, in cooperation with DnaK (spots 286 of SU76 and 12 of 

SU23, MW= 69130 and pI= 4.83), DnaJ (spots 281 of SU76 and 714 of SU62, MW= 41589 

and pI= 7.97) and GrpE (spot 675 of SU60, MW= 21727 and pI= 4.68 ). The curved DNA-

binding protein (spots 444 of SU76 and 111of SU23, MW= 34404 and pI= 6.33) functions 
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under different conditions, probably acting as a molecular chaperone in an adaptive response 

to environmental stresses other than heat shock, this protein was found to be up regulated 

under high resistance conditions by Piras et al (Piras et al., 2012). In addition, the trigger 

factor, involved in protein export, also acts as a chaperone by maintaining the newly 

synthesized protein in an open conformation and was expressed in all studied strains (like 

spots, 15 of SU23 and 747 of SU62 MW= 47836 and pI= 4.83). This protein was found to be 

decreased in abundance in piperacillin-tazobactam-resistant E. coli strain by others (dos 

Santos et al., 2010). 

 

 

FIGURE 7.2. Monodimensional profile (left) (Coomassie R-250 staining) and respective 2-DE gel image 

(Coomassie G-250 staining) obtained in strains. 

 

In Gram-negative bacteria, quorum sensing involves the production, the release and the 

detection of auto-inducers, which are used for cell to cell communication and for regulation of 

gene expression in cell community. Quorum sensing has been already described in 

pathogenesis, virulence and in the biofilm formation (Piras et al., 2012). S-
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ribosylhomocysteinelyase, also called Autoinducer-2 production protein LuxS, is part of the 

quorum sensing mechanisms since it is involved in the synthesis of autoinducer 2 (AI-2) 

which is secreted by bacteria and is used to communicate both the cell density and the 

metabolic potential of the environment. This protein was expressed in three of studied strains 

SU76, SU23 and SU62 (spots 514, 183 and 852, respectively, MW= 19575 and pI= 5.18).  

A great number of proteins which were related to several functions within the cell 

metabolism were also found among these strains. Fructose-bisphosphate aldolase class 2, or 

FBPA, and Glyceraldehyde-3-phosphate dehydrogenase A, or GAPDH-A, are both glycolytic 

enzymes that were found among these strains (spot 610 of SU60 represent FBA protein, 

MW= 39351 and pI= 5.52; while spot 806 of SU62 represent GapA protein, MW= 35681 and 

pI= 6.61). FBPA and GAPDH-A were found to be up regulated in high resistant E. coli 

bacteria (Piras et al., 2012). On the other hand, Santos et al, found that the glyceraldehyde-3-

phosphate dehydrogenase A protein was decreased in abundance in piperacillin-tazobactam-

resistant E. coli strains, what could be a consequence of the biological cost that resistance 

imposes to fitness of bacteria (dos Santos et al., 2010). 

Moreover, Glutamate decarboxylase alpha (or GAD-alpha) converts glutamate to 

gamma-aminobutyrate (GABA), consuming one intracellular proton in the reaction. The gad 

system helps to maintain a near-neutral intracellular pH when cells are exposed to extremely 

acidic conditions. This protein was found in stains SU76, SU62 and SU60 (spots 344, 758 and 

568 respectively, MW= 53221 and pI= 5.22) and is essential for successful colonization of the 

mammalian host by commensal and pathogenic bacteria. For pathogenic bacteria to 

successfully colonize the intestine, they have to overcome the gastrointestinal tract barriers, 

including the primary bactericidal barrier, the gastric acidity (Gut et al., 2006). The detection 

of this feature, in two commensal multi-resistant strains should be considered as a worrying 

factor. 

In our study, three of the studied strains showed a phenotype of resistance to β-lactam 

antibiotics and presented the corresponding resistance gene blaTEM (Table 7.1). In these 

strains three protein spots were identified as beta-lactamase TEM (spots 154, 830 and 690 

respectively, MW= 31666 and pI= 5.69). This protein hydrolyzes the beta-lactam bond in 

susceptible beta-lactam antibiotics, thus conferring resistance to penicillins and 

cephalosporins, confirming that our strains possess resistance to β-lactam antibiotics. 

Moreover, the protein DNA gyrase subunit B, identified in spot 225 (MW=90179 and pI= 

5.72) of strain SU76 is also associated with antibiotic resistance. DNA gyrase negatively 
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supercoils closed circular double-stranded DNA in an ATP-dependent manner and in gram 

negative microorganisms it is identified as a quinolone target. Amino acid substitutions 

involved in the development of quinolone resistance have been described in subunits A and B 

of DNA gyrase (Giedraitiene et al., 2011). The emerging resistance to fluoroquinolones and 

the production of extended-spectrum b-lactamases (ESBL) by multi-drug resistant E. coli 

strains has caused increasing concern over the last decade due to the limited therapeutic 

options if infections with these strains occur (Piras et al., 2012). 

Comparative proteomic approaches of E. coli strains with different genetic profile 

showed the same changes in the full proteome, especially in the outer membrane proteins, 

stress response proteins or proteins involved in metabolic processes that were expressed by 

the different strains studied. Proteomic methodologies contribute towards determining 

antimicrobial resistance mechanism(s) through the capacity to analyze global changes of 

bacteria. In our study we could detect and confirm the expression of beta-lactamase proteins, 

in strains that showed to be resistant to β-lactam antibiotics. The identification and 

characterization of E. coli proteomes can be a valuable source of information and with 

possible applications in biochemical and biotechnological research areas for understanding 

the metabolic pathways leading to antibiotic resistance as well as protein expression in stress 

response.  
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CHAPTER 8:  

COMPARISON OF MULTIDRUG RESISTANT AND CIPROFLOXACIN STRESS 

PROTEOMES OF EXTENDED-SPECTRUM ß-LACTAMASE PRODUCING 

ESCHERICHIA COLI FROM SLAUGHTERED PIGS  

 

ABSTRACT 

The increasing prevalence of 

bacteria resistant to even the most 

current arsenal of antibiotics is a 

serious concern for public health 

globally. The resistant bacteria 

that cause human infections are 

thought to emerge in food and 

animals. Our goal was to study the 

proteome of multidrug resistant 

(MDR) and extended-spectrum β-

lactamase (ESBL)-producing E. coli strains recovered from faecal samples of pigs 

slaughtered for human consumption. A full proteomic survey of these strains was made 

by two-dimensional electrophoresis identifying proteins by MALDI-TOF/MS. The 

proteomes of four MDR E. coli strains with different genetic profiles were compared in 

more detail. Identical transport, stress response or metabolic proteins were identified in 

the four strains. Several of the identified proteins, namely GAPDH, enolase, OmpA, 

TolC, LuxS, GroEL, ClpB and HtpG, are essential in bacterial pathogenesis and are 

potential antibacterial targets. We then studied how the proteome of the ESBL-

producing E. coli strain SU03 responded to ciprofloxacin stress. The hydrolase L-

asparaginase was overexpressed when SU03 was cultured with double the minimum 

inhibitory concentration of ciprofloxacin. Further investigations should determine how 

this enzyme contributes to ciprofloxacin resistance. 
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1. INTRODUCTION 

Escherichia coli with its large range of pathologies is a major cause of human morbidity 

and mortality around the world (Touchon et al., 2009). E. coli is typically considered a benign 

commensal, but a variety of strains are pathotypes of partly zoonotic intestinal pathogenic E. 

coli or extraintestinal pathogenic E. coli (ExPEC) (Allocati et al., 2013; Ewers et al., 2012). 

These pathogenic strains have the potential to cause a wide spectrum of intestinal and extra-

intestinal diseases such as urinary tract infections, septicaemia, meningitis, and pneumonia in 

humans and animals (Allocati et al., 2013; Touchon et al., 2009). Based on specific virulence 

factors and phenotypic traits, different pathotypes of enteric E. coli strains causing diarrhoea 

have been identified: enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), 

enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAggEC), diffusely adherent E. coli 

(DAEC), Vero cytotoxin producing E. coli (VTEC) or Shiga toxin-producing E. coli (STEC) 

(Allocati et al., 2013; Newell et al., 2010). Outbreaks originating from contaminated food 

have been associated with VTEC, and to a lesser extent EPEC, ETEC and EaggEC strains 

(Newell et al., 2010). 

The use of antimicrobials in veterinary medicine as growth promoters has encouraged 

the proliferation of antibiotic-resistant E. coli in the endogenous microflora of animals (von 

Baum and Marre, 2005). Some resistant bacteria that have emerged in food and animals can 

cause human infections directly, whereas others can pass their resistance determinants by 

horizontal transmission to other bacteria that are pathogenic to humans (Aidara-Kane, 2012). 

The human body can become colonized and/or infected by resistant E. coli via direct contact, 

occupational exposure or by the food chain. Based on clear scientific evidence, the European 

Union completely banned the use of antibiotics as growth promoters in food animal 

production as of 1st January 2006 (EC, 2003). Nevertheless, E. coli resistance to major 

antibiotics is increasing in almost all countries in Europe. The situation is getting worse with 

the emergence of bacterial strains resistant to several antibiotics at once (Piras et al., 2012). 

This multidrug-resistance (MDR), or resistance to at least two classes of antimicrobial agents, 

is now commonly found in E. coli from humans and animal (Ramos et al., 2013a; von Baum 

and Marre, 2005). The increasing prevalence of bacteria resistant to the most up-to-date 

arsenal of antibiotics is a serious concern for global public health, given the increased health 

care costs and mortality rates (Polyak et al., 2012).  
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Another related issue is how distinct antimicrobial classes are used in veterinary and 

human medicine, which can impair the efficiency of therapies due to co- and cross-selection. 

These phenomenon impelled the World Health Organization (WHO) to classify certain 

antibiotics, such as fluoroquinolones, third- and fourth-generation cephalosporins, and 

macrolides, as being critically important for human medicine (WHO-AGISAR, 2012). For 

instance, quinolones are broad-spectrum antibacterial agents, commonly used in both clinical 

and veterinary medicine. Enrofloxacin was the first of the fluoroquinolones approved for use 

in animals in the late 1980s (Martinez et al., 2006). Although ciprofloxacin is not approved 

for use in animal therapy, it is the main metabolite of enrofloxacin, currently used for the 

treatment of gastrointestinal and respiratory infections in several animal species, including 

pigs suffering with diseases caused by Gram-positive and Gram-negative bacteria (Araneda et 

al., 2013). The extensive use and misuse of fluoroquinolones has resulted in the rapid 

development of bacterial resistance to these agents and in human therapy ciprofloxacin is 

known as the most consumed antibacterial agent in the world (Al-Agamy and A. Zaki, 2012). 

The emerging resistance to fluoroquinolones and the production of extended-spectrum 

β-lactamases (ESBL) by MDR E. coli strains have raised further concern over the last decade 

due to the limited therapeutic options available (Ewers et al., 2012; von Baum and Marre, 

2005). ESBL-producing strains have been shown to be significantly more frequent among 

ciprofloxacin-resistant E. coli than among susceptible strains (Drago et al., 2010). It is 

noteworthy that fluoroquinolone resistance in E. coli is not restricted to clinical isolates, but is 

commonly present in the healthy population and animals (von Baum and Marre, 2005). In 

fact, we previously showed that more than 90% of ESBL-producing E. coli isolates detected 

in pigs are MDR, with some isolates being resistant to ciprofloxacin (Ramos et al., 2013b). 

In addition to the difficulties of controlling infectious diseases, the phenotype of 

resistance may generate metabolic changes that can in turn interfere with host-pathogen 

interactions (Radhouani et al., 2013). Proteomics can been used to study bacterial physiology, 

and to fill in the multiple gaps that remain in our understanding of resistance and of how it is 

transmitted between hosts in different ecosystems. Several studies have shown that in 

different bacteria some proteins are differentially expressed in response to antibiotic stress 

(Coldham et al., 2006; dos Santos et al., 2010; Poutanen et al., 2009; Radhouani et al., 2013). 

Proteomic detection of specific proteins expressed in response to antibiotic stress has proved a 

remarkable tool in developing vaccines against MDR pathogens (Lima et al., 2013). 

Proteomics research thus offers major opportunities to characterize bacterial pathogens, 
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elucidate disease mechanisms and to identify new diagnostic markers and therapeutic targets 

(Radhouani et al., 2013). 

Our goal was to study the proteomes of MDR and ESBL-producing E. coli strains 

recovered from faecal samples of pigs slaughtered for human consumption. A proteomic 

survey of many different strains was performed by two-dimensional electrophoresis (2-DE) 

coupled with identification by matrix-assisted laser desorption/ionization mass spectrometry 

(MALDI-TOF/MS). We took a similar approach to identify differentially expressed proteins 

in one MDR ESBL-producing E. coli strain subjected to ciprofloxacin stress. The main 

objective was to establish the range of proteins present in these bacteria, focusing on those 

previously associated with antibiotic resistance and stress responses. 

2. MATERIAL AND METHODS 

2.1. BACTERIAL STRAINS AND CULTURE CONDITIONS 

We selected 66 previously studied and characterized E. coli strains that had been 

recovered from faecal samples of pigs slaughtered for human consumption (Ramos et al., 

2013a). Of these 66 isolates, only 2 of them showed susceptibility to all the tested antibiotics, 

while 80% presented an MDR phenotype in some cases to antimicrobial agents belonging to 

at least three different categories (Ramos et al., 2013a). 

Overnight cultures of these 66 strains were grown on brain-heart infusion (BHI) solid 

medium. Colonies were inoculated in 15 mL of BHI broth and turbidity was adjusted to an 

OD600nm of 0.06 to yield a starting inoculum of approximately 1 × 10
6
 CFU/ml. Cultures were 

then incubated at 37°C for nearly 5 h, and when cell growth reached the exponential phase all 

cells were collected as pellets. 

For ciprofloxacin stress experiments, we selected the previously characterized MDR 

ESBL-producing E. coli strain SU03, recovered from faecal samples of pigs slaughtered for 

human consumption (Ramos et al., 2013b). The MDR phenotype of this strain is to at least 

three different antimicrobial classes (such as tetracyclines, fluoroquinolones, 

aminoglycosides, folate pathway inhibitors or phenicols). The effect of ciprofloxacin stress on 

the proteome of this strain was analysed. A 300-mL BHI culture inoculated with SU03 was 

set up at an initial OD600nm of 0.01 and incubated at 37°C with shaking at 150 rpm. When the 

OD600nm reached 0.1, the initial culture was divided into two 150-mL cultures. In one of the 

cultures, ciprofloxacin (Ciprofloxacin BioChemica, AppliChem) was added to give a final 
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concentration of 8µg/mL, double the minimum inhibitory concentration. The cultures were 

then incubated at 37ºC for 4 h (mid-exponential phase, OD600nm ~1.9). Three biological 

replicates of three independent assays were performed with and without antibiotic. 

2.2. PROTEIN EXTRACTION AND QUANTITATION 

For each of the 66 MDR strains the cell culture was pelleted at 10,000 rpm at 4ºC for 3 

min. The pellets were washed twice by re-suspension in 4 mL of phosphate buffered saline 

(PBS) pH 7.4, at room temperature, and then re-suspended in 0.2 mL of SDS sample 

solubilization buffer. Samples were sonicated with an ultrasonic homogenizer (three 10-s 

bursts at 100 W) at 4 °C, and the cell debris was removed by centrifugation at maximum 

speed (14,000 g) for 30 min at 4°C. The supernatant was collected, and the protein 

concentration was assayed using a 2D Quant kit (GE Healthcare). 

For SU03, cells were collected by centrifugation (15 min, 7 500 g) and cell pellets were 

washed twice with TE buffer. Cells were re-suspended and disrupted at 2.5 kbar. Lysed cells 

were treated with DNase I and RNase A (1% vol/vol) and cell debris were separated by 

centrifugation (13 000 g, 20 min, 4°C). The precipitate was washed with ice-cold acetone and 

solubilized in isoelectric focusing (IEF) buffer. Proteins were quantified by the Bradford 

method using bovine serum albumin as the standard (Bradford, 1976). 

2.3. ONE-DIMENSIONAL ELECTROPHORESIS (1-DE) AND STAINING 

For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), the 

proteins were re-suspended in an equal volume of buffer containing 0.5 M Tris HCl pH 8.0, 

glycerol, sodium dodecyl sulfate (SDS) and bromophenol blue. SDS-PAGE was performed 

on vertical gels (12.5%T and 0.97%C) in a Hoefer
TM 

SE 600 Ruby
®

 (Amersham Biosciences) 

unit, according to the procedure described by Laemmli (Laemmli, 1970) with some 

modifications (Igrejas, 2000). Electrophoresis was carried out at constant current of 30 mA 

per gel until the dye front reached the bottom of the gel. Gels were then stained with 

Coomassie Brilliant Blue R250 and washed in water overnight. Finally, gels were fixed in 6% 

trichloroacetic acid for 4 h and in 5% glycerol for 2 h (Görg et al., 2000). 
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2.4. TWO-DIMENSIONAL GEL ELECTROPHORESIS (2-DE) AND 

PROTEOME ANALYSIS 

Four different MDR strains were selected on the basis of their different SDS-PAGE 

patterns and phenotypic/genotypic characteristics for 2-DE, which was performed according 

to the principles of O’Farrell (O'Farrell, 1975) but with IPG (Immobiline™ pH Gradient) 

technology (Görg et al., 2007). Protein samples were previously prepared with 2-D Clean-Up 

Kit (GE Healthcare) and the protein pellet was re-suspended in a rehydration buffer (8M urea, 

1% CHAPS, 0.4% DTT, 0.5% carrier ampholyte buffer pH 3-10). Samples were loaded in 

precast IPG strips with a linear gradient from pH 3 to pH 10 (pH 3-10, 13 cm, Amersham 

Biosciences, UK), using an IPGphor fixed-length strip holder and covering IPG strips with 

DryStrip Cover Fluid (Plus One, Amersham Biosciences). For IEF, a first step of active 

rehydration was performed at 50 V for 12 h followed by IEF at 500 V for 1 h, a gradient up to 

1000 V for 1 h, a gradient up to 8000 V for 2 h 30min, and finally 8000 V for 30 min on an 

Ettan
TM

 IPGPhor IITM apparatus (Amersham Biosciences, Uppsala, Sweden). This 17-hour 

run had been optimized by running seven replicate IEFs according to Görg and colleagues 

(Görg et al., 2007) and the GE Healthcare protocol for 13-cm pH 3-10 IPG strips. Before the 

second dimension of electrophoresis, strips were equilibrated twice for 15 min each in an 

equilibration solution (0.05 M Tris-HCl pH 8.8, 6 M urea, 2% (wt/vol) SDS, 30% (vol/vol) 

glycerol) containing 1% DTT for the first step and 4% iodoacetamide and traces of 

bromophenol blue for the second. The equilibrated IPG strips were gently rinsed with SDS 

electrophoresis buffer and blotted to remove excessive buffer. The second dimension of 

separation was carried out with SDS-PAGE (12.5% T, 0.97% C) in a Hoefer
TM

 SE 600 Ruby
®

 

(Amersham Biosciences) unit. IPG strips were inserted in the stacking gel for SDS-PAGE 

using a method modified to improve protein resolution (Igrejas, 2000; Laemmli, 1970). A 

current of 15 mA per gel was applied until the marker dye reached the bottom of the gel. 

After fixing gels in 40% methanol/10% acetic acid for 1 h, the resolved proteins were 

detected using Colloidal Coomassie Blue G250 staining (Görg et al., 2004). Coomassie-

stained gels were scanned in a flatbed scanner (Umax PowerLook 1100; Fremont, CA, USA), 

and the resulting digitized images were analyzed using Image Scanner II and Image Master 

5.0 software (Amersham Biosciences; GE Healthcare). Three biological replicates of three 

independent assays were used to establish similar protein patterns or differences in 2-DE gels. 
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Precast IPG strips with a pH 4–7 linear gradient were used for IEF of proteins from the 

ESBL strain SU03. Gel electrophoresis and gel staining was performed as previously 

described (Renier et al., 2013). Gels were stained with Colloidal Coomassie Blue G250. 

Stained gels were scanned using GS-800 imaging densitometer (Bio-Rad) and images were 

analysed using Image Master 2D Platinum 5.0 (Amersham Biosciences, Saclay, France). 

Statistical image analysis was performed using Progenesis Samespots software, version 4.1 

(Nonlinear Dynamics). Differential spot intensity was considered significant at p ≤ 0.01 using 

analysis of variance (ANOVA) and these spots were manually excised from the gels and 

processed for mass spectrometry (MS). 

2.5. PROTEIN IDENTIFICATION BY MALDI-TOF/TOF AND DATABASE 

SEARCHE 

All spots were manually excised from the gels and analysed using matrix-assisted laser 

desorption/ionization-time of flight (MALDI-TOF) MS. Excised gel pieces were treated and 

digested and peptides were extracted as previously described (Shevchenko et al., 2006)]. 

Briefly, gel pieces were distained with ammonium bicarbonate/acetonitrile (ACN). For 

protein digestion, the gel pieces were incubated with 0.02 µg/µl trypsin at 37ºC overnight. To 

extract peptides, the reaction mixture was acidified with 5% formic acid to stop the enzymatic 

digestion and 50% ACN/0.1% trifluoroacetic acid (TFA) solution was added and then extracts 

were lyophilized. Just before MS analysis, peptides were re-suspended in 10 µL of 0.3% 

formic acid solution. A matrix solution, consisting of a saturated solution of α-cyano-4-

hydroxycinnamic acid in 50% ACN/0.1 % formic acid, was prepared. The samples were 

mixed with the matrix (1:1, vol/vol) and 1 μL of the mixture was spotted onto the MALDI 

sample target plate. Peptide mass fingerprints (PMF) were obtained using an Ultraflex II 

MALDI-TOF/TOF-MS instrument from Bruker Daltonics equipped with a 200 Hz Smart 

beam laser system. Positive-ion MALDI mass spectra were recorded in the reflectron mode 

with a mass range from 600 to 3500 Da. Close external calibration was performed with the 

monoisotopic peaks of bradykinin (757.3992), angiotensin II (1046.5418), angiotensin I 

(1296.6848), substance P (1347.7345), bombesin (1619.8223), renin substrate (1758.9326), 

ACTH clip 1-17 (2093.0862), ACTH 18-39 (2465.1983), and somatostatin 28 (3147.4710). 

Mass spectrum analysis for each sample was based on the average of 500 laser shots. 

The peak lists were generated from the mass spectra using the peak detection algorithm 

SNAP from the FlexAnalysis 3.3 software (Bruker Daltonics). MASCOT search engines were 
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used to search for protein sequences containing PMFs. MASCOT parameters were as follows: 

variable modifications, oxidation (M); fixed modifications, carbamidomethyl (C); Swiss-Prot 

database; one missed cleavage allowance; and a peptide tolerance of up to 100 ppm. The 

default significance threshold, p ≤ 0.05, was used. A match was considered successful if the 

protein identification score was outside the random region and the protein analysed scored in 

the first position. 

For the ciprofloxacin experiment, the protein spots extracted from gels were destained 

as described (Renier et al., 2013). After tryptic digestion, peptide fragments were analysed 

using a MALDI-TOF/TOF MS (AutoFlex Speed, Bruker Daltonics) or a LC-ESI-IT-MS/MS 

(LTQ Velos, ThermoScientific). The output files were analysed by MASCOT (internal 

licence, V.2.3) either via the ProteinScape query server (version 3.0.0 346) for the PMF data 

or via Proteome Discoverer (version 1.3) for the MS/MS data. The database used was 

EBI_Bacteria. The main parameters considered were: possible alkylation of cysteines (C) by 

iodoacetamide and oxidation of methionines (M), a mass tolerance of 25 ppm for PMFs, 200 

ppm for parent ions (MS) and 0.3 Da for fragment ions (MS/MS) for the MALDI-TOF/TOF 

MS/MS analyses, 1,5 Da for parent ion (MS) and 0.8 Da for fragment ions (MS/MS) for the 

LC-ESI-IT analyses. For PMF identification, a protein was validated with at least 4 peptides, 

a coverage rate of about 20% and a score of –10 × Log (P) where P is the probability that the 

observed match is a random event. For MS/MS analyses from MALDI-TOF/TOF, an 

individual ion score > 52 indicates identity or extensive homology (p < 0.05). For MS/MS 

analyses from LC- ESI-IT, the identification of a protein was validated by at least two 

peptides and a false positive rate less than 5%. When positive identification was not possible 

by MALDI-TOF/TOF, proteins were identified by nano-liquid chromatography (LC, Ultimate 

3000, Dionex) coupled to electrospray ionization (ESI) and tandem mass spectrometry 

(MS/MS).  

3. RESULTS AND DISCUSSION 

3.1. MDR E.COLI ISOLATES HAVE DISTINCT 1-DE PROTEIN PROFILES 

SDS-PAGE was used to compare total cellular proteins from 66 E. coli strains that had 

been previously been isolated from the faeces of pigs destined for human consumption. The 

molecular weights (Mw) of the majority of the E. coli proteins were between 6.5 and 116 kDa 

and there were different levels of expression. The isolates had three different 1-DE protein 

profiles (Figure 8.1). Profile 1 and 2 are similar, differing in the relative position of bands in 
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the 45-kDa region, while in profile 3 a distinct band less than 6.5 kDa is visible. The majority 

of the isolates had protein profile 1, while 12 isolates had profile 2 and only 2 isolates had 

profile 3. 

The four strains SU23, SU62, SU60, and SU76 were selected for a full comparative 

proteomic analysis using 2-DE and MALDI-TOF/TOF MS to characterize and identify the 

proteins present. The four strains were selected semi-randomly taking some account of their 

SDS-PAGE patterns and phenotypic/genotypic characteristics. SU23, SU62 and SU60 have 

an MDR phenotype that includes resistance to at least four different antimicrobial categories, 

SU60 is resistant to ß-lactams, tetracyclines, aminoglycosides, folate pathway inibitors, 

pheniclos and quinolones, while SU23 and SU60 were resistant to the same antimicrobial 

categories except for phenicols and quinolones, respectively; and strain SU76 is only resistant 

to tetracycline. Based on 1-DE protein profiles, strain SU62 and SU60 where in the 1 group, 

and strains SU23 and SU76 are both in group 3 (Figure 8.1). 

 

FIGURE 8.1. SDS-PAGE profiles of proteins from MDR E. coli strains. Mw is the molecular mass marker 

[Protein Marker III (6.5 200), AppliChem]. Three different profiles were obtained. The bands which constitute 

the major observable differences between E. coli strains are indicated. Profile 1 and 2 are similar, differing in the 

relative position of 45 kDa bands (red), while in profile 3 a distinct band less than 6.5 kDa is visible (green). 

Strains SU62 and SU60 were grouped in profile 1 and strains SU76 and SU23 were grouped in profile 3. 
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3.2. FULL PROTEOME ANALYSIS OF FOUR MDR E.COLI ISOLATES  

Knowing the total protein expression of an organism at specific times and under specific 

conditions provides some molecular insights into what the organism needs to survive and 

thrive. The objective of these experiments was to establish the range of proteins present, 

especially any that have been previously associated with antibiotic resistance. First, the 

number and identity of proteins detected in the proteome was evaluated by the traditional 

approach of 2-DE. Figure 8.2 shows the 2-DE gel images of proteins obtained from strains 

SU76, SU23, SU62 and SU60. The use of pH 3-10 IPG strips resulted in a well spread display 

of protein spots which made spot excision and image identification more accurate. All spots 

were distributed in the IEF region of pI 3-10, but the majority of spots were between pI 4 and 

6. The protein expression patterns were very similar in the four strains and many landmark 

spots are consistently present in all strains, evidence that the methodology is suitable for 

comparing the proteomes of different strains. 

 

FIGURE 8.2. Monodimensional profile (left, Coomassie R-250 staining) and respective 2-DE gel 

image (right, Coomassie G-250 staining) of proteins from strains SU76, SU23, SU62 and SU60. The 

numbered spots are referred to in the discussion section. 
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A total of 857 different spots were picked from the gels, 320 spots from the SU76 gel, 

199 from the SU23 gel, 150 from the SU62 gel and 188 from the SU60 gel. After analysing 

the contents of spots by MALDI-TOF/TOF MS, the peptide signatures were compared to 

sequences in bioinformatics databases. A total of 652 (76.1%) spots were accurately identified 

in this way. The number of spots identified in strains SU76, SU23, SU62 and SU60 were, 

respectively, 244 (76.25%), 134 (67.3%), 117 (78%) and 157 (83.5%) (Table 8.1). The 

identified spots corresponded to 150, 96, 89 and 111 different proteins identified from strain 

SU76, SU23, SU62 and SU60, respectively. Figure 8.3 shows how many identified proteins 

were common to strains SU76, SU23, SU62 and SU60. The same 38 proteins were identified 

in the four strains, but 43, 15, 13 and 23 identified proteins were unique to SU76, SU23, 

SU62 and SU60 respectively. The protein identification data including Genebank ID, Mw, pI 

value, Mascot score and biological function can be consulted in Supplementary Tables C-1, 

C-2, C-3, and C-4 (annex C). 

TABLE 8.1. Number (percentage) of total spots collected, spots identified and spots not identified in strains 

SU76, SU23, SU62 and SU60; and total number of spots. 

Strain Collected Spots Spots Identified Spots Not Identified 

SU76 320 (37.3%) 244 (76.25%) 76 (23.75%) 

SU23 199 (23.2%) 134 (67.3%) 65 (32.7%) 

SU62 150 (17.5%) 117 (78%) 33 (22%) 

SU60 188 (22%) 157 (83.5%) 31 (16.5%) 

TOTAL 857 (100%) 652 (76.1%) 205 (23.9%) 

 

 

 

FIGURE 8.3. Venn diagram highlighting the distribution of identified proteins from strains SU76, SU23, SU62 

and SU60. (http://bioinformatics.psb.ugent.be/webtools/Venn/). 
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Interestingly, numerous proteins were detected in more than one spot, respectively, 54, 

24, 15 and 23 identified proteins from strains SU76, SU23, SU62 and SU60, which signifies 

that often the same protein had different charges or molecular weights. Some of the proteins 

found in more than one spot were enolase, outer membrane protein A, elongation factor Tu 1, 

chaperone protein DnaK, glyceraldehyde-3-phosphate dehydrogenase A, chaperone protein 

ClpB and phosphoglycerate kinase (Supplementary Tables C-1, C-2, C-3, and C-4, annex C). 

Although these changes were not analysed further, the different spot positions may represent 

proteolytic fragments or proteins with post-translational modifications (PTM). Similar 

observations were made in previous studies of the E. coli proteome (dos Santos et al., 2010; 

Radhouani et al., 2013). Until recently, bacterial protein PTM were presumed to be rare but 

the advent of high-resolution MS-based proteomics has provided the tools necessary to 

demonstrate their presence. Bacteria do indeed make use of multiple PTM endogenously and 

in the context of host-pathogen interactions so it will be essential to unravel the role of PTM 

in the modulation of bacterial physiology, pathogenesis and immunity (Cain et al., 2014). 

The proteins identified in the four strains were categorized according to their biological 

functions (Figure 8.4). The proteins are involved in glycolysis, transport, protein and amino 

acid biosynthesis, biosynthetic processes, translation, transcription, metabolism, metabolic 

process, stress response, and protein folding and refolding among others. The biological 

processes for which the most proteins were identified were glycolysis (16% of identified 

proteins) and transportation (12% of identified proteins) (Figure 8.4).  

Metabolism-related changes in MDR E. coli were previously described by Piras et al 

(2012). The main changes were related to energetic metabolism and glycolysis, indicative of 

an increase in sugar metabolism probably due to an increased demand for ATP, which is 

essential for active membrane transport (Piras et al., 2012). By contrast, in piperacillin-

tazobactam-resistant E. coli (Ec-PTZ) strains, the abundance of the same energy metabolism, 

synthesis and transport proteins decreased. This metabolic shutdown could be the biological 

cost of resistance on bacterial fitness (dos Santos et al., 2010). 
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FIGURE 8.4. Distribution of the biological processes related to the total protein spots (center) identified in the 

four E. coli strains studied. Distribution of the biological processes related to the protein spots identified in the 2-

DE gels of each E. coli strain SU76, SU23, SU62 and SU60. (a) Other biosynthesis: riboflavin, lipid A, 

nucleotide, purine, pyridoxine, isoprene, lipopolysaccharide, pyrimidine, fatty acid, pantothenate, GMP, 

menaquinone; (b) Biosynthetic process: acetate, carbohydrate, NDA, glucan, glutamine, L-phenylalanine, GDP-

mannose, Acetyl-CoA; (c) Metabolism: carbohydrate, lipid, glucose, pyrimidine, glycerol and Metabolic 

process: carbohydrate, phosphate-containing compound, asparagine, superoxide, alcohol, nitroglycerin, 

aspartate, glutamate, purine nucleoside; (d) Other: catabolic process nucleotide; mRNA; peptide; antibiotic 

resistance; response to DNA damage stimulus; DNA replication; DNA damage/DNA repair; cytidine deaminase 

activity; proteolysis; response to oxidative stress; cell redox homeostasis; one-carbon metabolism; protein 

insertion into membrane; translation regulation; negative regulation of transcription; tRNA processing; hydrogen 

uptake; removal of superoxide radicals; hydrogen peroxide; pentose shunt; pentose-phosphate shunt; cell 

cycle/cell division; defense response to Gram-negative bacterium; cell shape; peptidoglycan synthesis; ATP 

binding; cellular metabolic compound salvage; regulation of gene expression; restriction system; tricarboxylic 

acid cycle; UMP synthesis/salavage; biofilm formation; virulence; quorum sensing; unknown. 

3.3. METABOLIC PROTEINS 

Many proteins related to cell metabolism were found in extracts from the four strains 

studied. Enolase and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are two 

glycolytic enzymes that were detected in several spots in the different strains (SU23: Eno- 40, 

41, 42, 43, 44, 50; GaP- 103, 106; SU76 : Eno- 332, 333, 334, 335, 336, 337, 341; Gap- 427, 

436, 439, 440, 441, 457; SU62 : Eno- 775, 778, 776, 779; Gap- 802, 803, 804, 805, 806, 807; 

SU60: Eno- 596, 597, 598, 599, 601, 602; Gap- 637, 639, 661, 662, 664, 665, 666). These 

enzymes have been referred to as ‘moonlighting’ proteins or multifunctional proteins. In 
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several Gram-positive bacteria moonlighting proteins are considered as virulence 

determinants involved in interactions with the host, including adaptive responses to 

environmental changes (Blaze M. T. et al., 2012). Lately, enolase was proved to play an 

important role in some pathogen interactions with host molecules (Jiang et al., 2014; 

Nogueira et al., 2013). In Gram-negative pathogens, extracellular GAPDH was described as a 

virulence factor which could contribute to enterohemorrhagic E. coli (EHEC) and EPEC 

pathogenesis (Egea et al., 2007). Recently, it was suggested that GAPDH could be involved in 

cellular mechanisms linked to DNA repair (Ferreira et al., 2013). In a proteomic analysis of 

erythromycin resistance in Streptococcus pneumonia, the function of a novel GAPDH was 

described as being to produce additional energy for the efflux system (Cash et al., 1999). Two 

further glycolytic enzymes, fructose-bisphosphate aldolase class 2 (FBPA) and pyruvate 

kinase I (PK-1) were also detected in all the strains. FBPA was identified in spot 368 from 

SU76, spot 53 from SU23, spot 780 from SU62 and spot 610 from SU60, while PK-1 was 

identified in spots 306 and 308 from SU76, spot 25 from SU23, spot 738 from SU62 and spot 

558 from SU60 (Figure 8.2). The FBPA protein has been shown to be essential in some 

pathogenic bacteria, and is already being studied as a potential antibacterial target (de la Paz 

Santangelo et al., 2011; Pegan et al., 2013). Furthermore, due to the immunogenic potential of 

these glycolytic enzymes, they have been studied as candidate vaccine components against 

some pathogens (Gupta et al., 2014; Ling et al., 2004; Wu et al., 2008).  

In MDR E. coli strains, enzymes involved in lipid biosynthesis were found to be 

downregulated, indicating a possible decrease in lipid metabolism in response to increased 

sugar metabolism (Piras et al., 2012). The proteins 3-oxoacyl-[acyl-carrier-protein] synthase 1 

(FabB) and synthase 2 (FabF) are involved in lipid biosynthesis and were identified in strains 

SU76 (spots 369 and 387), SU62 (spot 785) and SU60 (spot 603 and 656) (Figure 8.2). In a 

recent study, it was demonstrated that the suppression of several proteins, including FabB, 

leads to bacteriostasis, so these proteins are seen as potential antibiotics targets (Yoshida et 

al., 2012). The protein enoyl-[acyl-carrier-protein] reductase [NADH] (FabI) was also 

identified in strain SU62 (spot 811). FabI is known as a specific target to triclosan, a biocidal 

active agent found in many consumer products (Sheridan et al., 2013). 

De novo fatty acid biosynthesis is an important metabolic process as the products from 

this pathway are required in numerous biological processes such as bacterial quorum sensing 

and protein modification (Polyak et al., 2012). Acetyl-CoA carboxylase (ACC) catalyses the 

first committed step in fatty acid biosynthesis, a metabolic pathway required for the synthesis 
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and maintenance of cell membranes, for example (Polyak et al., 2012). Two ACCs were 

identified among our strains. Biotin carboxylase, encoded by the accC gene, was detected in 

strains SU76 (spots 276 and 277) and SU60 (spot 569), while the acetyl-coenzyme A 

carboxyltransferase subunit alpha, encoded by the accA gene, was detected in strains SU76 

(spots 461 and 466), SU23 (spot 124) and SU62 (spot 809) (Figure 8.2). It has been proposed 

that the fatty acid pathway could be a potential drug target for the development of new 

antibiotics against certain pathogenic bacteria that require de novo synthesis (Polyak et al., 

2012).  

3.4. TRANSPORT PROTEINS 

Antibiotic translocation across the membrane of Gram-negative bacteria is a key step in 

reaching specific intracellular targets. As a first line of defence against external toxic 

compounds, such as antibiotics, resistant bacteria control their membrane permeability by 

reducing the number of outer membrane proteins (OMPs) making it more difficult for the 

compound to enter the cell, while increasing efflux pump action to remove toxic compounds 

faster (Lima et al., 2013; Masi and Pages, 2013). Several OMPs were identified in all strains 

studied. OmpC was expressed in strains SU23 (spot 79) and SU60 (spots 621 and 622), 

OmpD in strains SU76 (spot 395) and SU62 (spot 788), and OmpA in strains SU76 (spots 

408, 442 and 468), SU23 (spots 52, 94 and 135), SU62 (spots 797, 798, 800 and 801) and 

SU60 (spots 643 and 672) (Figure 8.2). OMPs play important roles in the adaptability, 

virulence and resistance of bacterial pathogens and the expression of some OMPs is regulated 

by the environment. (Confer and Ayalew, 2013; Piras et al., 2012).  

Furtehrmore, efflux pumps significantly contribute to the acquisition of bacterial 

resistance as they recognize a broad variety of substrates and cooperate with other 

mechanisms of resistance (Piras et al., 2012). TolC is an outer membrane component of the 

multidrug efflux pump AcrAB-TolC, which expels proteins, toxins and antimicrobial agents, 

such as fluoroquinolones, chloramphenicol and tetracycline, from Gram-negative bacteria 

(Nikaido and Pages, 2012). TolC was identified in SU76 (spot 316), SU62 (spot 749) and 

SU60 (spot 575) (Figure 8.2). The overexpression of the efflux pump AcrAB-TolC associated 

with reduced levels of OMPs observed in E. coli strains, suggests that the development of 

resistance may be facilitated by limiting drug accumulation in the cellular environment (Lima 

et al., 2013). The ability of bacteria to adapt by altering influx and efflux systems contributes 

to the emergence and dissemination of MDR bacterial strain. In E. coli it is well described 
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that OMPs, such as TolC, OmpC, OmpT, and OmpW, are involved in resistance to different 

antibiotics, such as ß-lactams (dos Santos et al., 2010), streptomycin (Li et al., 2008), 

chloramphenicol (Li et al., 2007), tetracycline (Zhang et al., 2008) and nalidixic acid (Lin et 

al., 2008). All the strains used in this study, and in which TolC and OmpC proteins were 

identified, showed a phenotype of resistance to these antibiotics. In general, in Gram-negative 

bacteria, β-lactam resistance involves not only the production of hydrolytic enzymes, such as 

β-lactamases but also alterations in membrane permeability (Lima et al., 2013). 

Impermeability to β-lactam halts bacterial development, owing to the restricted entry of 

nutrients, and further enables bacterial survival in the face of intensive and continuous 

antibiotic therapy (Lima et al., 2013). Besides the OMPs identified, a TEM β-lactamase (spots 

154, 830 and 690) was detected in the three MDR strains studied here that are resistant to β-

lactam antibiotics (SU23, SU62 and SU60 respectively) (Figure 8.2). 

Although the roles of OMPs and efflux channels are well established, it is not clear 

which signals are responsible for their specific activation (Piras et al., 2012). Previously, a 

link between multi-drug efflux systems and quorum sensing (QS) was demonstrated (Moore 

et al., 2014; Piras et al., 2012). QS is widespread in bacteria and allows the coordination of 

gene expression with bacterial population density. This intercellular communication pathway 

is mediated by small peptides, or autoinducers, that vary in concentration as a function of cell 

number (Moore et al., 2014). S-ribosylhomocysteinelyase, also called autoinducer-2 

production protein LuxS, is part of the QS mechanism of E. coli. LuxS was detected in SU76, 

SU23 and SU62 (spots 514, 183 and 852, respectively, Figure 8.2). Lately, a novel strategy to 

combat the infections caused by MDR organisms has been to identify QS inhibitors which can 

quench the virulence phenotypes exerted by populations of pathogenic bacteria and 

compliment antibiotic treatment (Bhardwaj et al., 2013; Moore et al., 2014; Naik and 

Mahajan, 2013). 

3.5. STRESS RESPONSE PROTEINS  

Usually the bacterial stress response requires chaperones or heat shock proteins that 

preserve protein function or repair damage after cell injury. The GroL chaperonin (SU76: 288, 

291; SU23: 7, 13, 16; SU62: 743, 745; SU60: 541, 546), and the Dnak (SU76: 251, 285, 286; 

SU23: 10, 12; SU62: 720, 723, 728; SU60: 535, 537, 544) were identified in several spots of 

the four strains. DnaJ was also identified in strains SU76 (spot 281) and SU62 (spot 770) and 

GrpE was identified in strain SU60 (spot 675) (Figure 8.2) and. (Yamaguchi et al., 2003). 
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Molecular chaperones are proteins that assist in the folding, unfolding, and remodelling of 

other proteins (Genest et al., 2011). 

Although, chaperone action in drug susceptibility is poorly understood, it was found 

that chaperones can fight aminoglycoside-induced protein misfolding and promote short-term 

tolerance in E. coli (Goltermann et al., 2013). Moreover, it has been shown that E. coli cells 

exposed to levofloxacin induced the syntheses of heat shock proteins, and that mutations on 

dnaK and groEL, increased susceptibility to fluoroquinolones (Yamaguchi et al., 2003). Other 

components of the stress-induced multi-chaperone system, heat-shock proteins ClpB and 

HtpG, were identified in several spots in the strains SU76, SU62 and SU60 (SU76: ClpB- 

230, 231, 232, 246, 247; HtpG- 250, 290; SU62: ClpB- 716, 721, 722; HtpG- 725; SU60 : 

ClpB- 526, 528, 534 ; HtpG- 538). Previously, the abundance of these two chaperones was 

reported to increase in an ESBL E. coli strain under cefotaxime stress (Radhouani et al., 

2013). Although, we cannot make a direct correlation between the proteins identified by us, 

and resistance phenotypes expressed by the different strains studied, strains SU23, SU62 and 

SU60, where these stress proteins were identified, presented a phenotype of resistance to β-

lactam, aminoglycosides and fluoroquinolones antibiotics. FK506-binding proteins (FKBPs) 

are enzymes in the superfamily of peptidyl-prolyl cis/trans-isomerases (PPIases) that act as 

chaperones in protein folding. All four strains expressed the ribosome associated Trigger 

factor (TF) (spots 287 and 288 for strain SU76, spot 15 for SU23, spots 746 and 747 for 

SU62, and spot 547 for SU60; Figure 8.2). Two other cytoplasmic FKBPs were identified, 

FkpA in strains SU76 (spot 451), SU23 (spots 114 and 115), SU62 (spot 816) and SU60 (spot 

669), and SlyD in strain SU76 (spots 420 and 421) (Figure 2). It should be noted that in E. 

coli, the FKBPs may have a significant role in survival in environmental and pathogenic 

niches (Justice et al., 2005). Moreover, sudies of the E. coli chaperone TF reveal that β-barrel 

outer membrane proteins are their most prominent substrates, and that loss of TF leads to 

broad outer membrane defects and premature, co-translational protein translocation (Oh et al., 

2011). 

It is important to also point out the presence of the chaperone SurA, identified in strains 

SU76 (spot 366), SU23 (spot 64) and SU60 (spot 591) (Figure 8.2). SurA is a periplasmic 

protein folding factor involved in chaperoning and trafficking OMPs across the Gram-

negative bacterial periplasm and therefore may be involved in antibiotic translocation across 

the membrane. Recently it was reported that in E. coli the deletion of the surA gene leads to a 
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decrease in outer membrane density and an increase in bacterial drug susceptibility (Zhong et 

al., 2013).  

The mechanism of defence against oxidative stress is provided by the superoxide 

dismutase protein (SOD), encoded by the gene sodB. SOD catalyzes the dismutation of toxic 

superoxide anion radicals produced in stressed cells. SOD was identified in strains SU76 (spot 

518) and SU23 (spot 178) (Figure 8.2). The SOD enzyme allows bacteria to resist oxidative 

stress and deficiency in SOD expression causes a variety of oxygen-dependent phenotypic 

defects in E. coli, including a high rate of spontaneous mutagenesis, as has possibly occurred 

in an Ec-PTZ strain (dos Santos et al., 2010). When clinical STEC E. coli strains formed a 

biofilm under stressful conditions, the activity of these antioxidant enzymes increased and a 

high level of Shiga toxin was produced. Possibly the oxidative imbalance produced by the 

alteration in the biofilm environment is involved in STEC pathogenesis (Villegas et al., 2013). 

3.6. CIPROFLOXACIN STRESS 

To gain insight into the physiological changes conferring resistance to ciprofloxacin, we 

compared the proteomes of a naturally occurring MDR ESBL-producing E. coli strain, SU03, 

grown with and without ciprofloxacin. In this strain, ciprofloxacin resistance was associated 

with mutations in type II topoisomerase structural gene GyrA (Ser83Leu + Asp87Asn) and 

ParC (Ser80Ile) (Ramos et al., 2013b). In the previous 2-DE gels of the four MDR strain 

proteomes, the majority of the spots were in a pI range between 4 and 6, so we decided to use 

IEF strips with a linear gradient of pH 4-7 for 2-DE of total cellular proteins from SU03. This 

resulted in a better spread display of protein spots (Figure 8.5). Statistical image analysis was 

used to detect which proteins were differentially expressed.  

The abundance of three spots was changed in cultures supplemented with ciprofloxacin. 

In these spots the variation of protein expression was considered statistically significant with 

p ≤ 0.01 and the three identified proteins were all highly expressed under ciprofloxacin stress 

(Table 8.2). Two of the proteins were identified as putative uncharacterized proteins (spots 

1174 and 1181), and the protein L-asparaginase II was identified in spot 1096.  

L-asparaginase II from E. coli is well known as it has been used clinically for the past 

30 years to treat acute lymphoblastic leukaemia and lymphosarcoma. L-asparaginase is an 

antineoplastic agent that selectively decreases the level of L-asparagine in blood and 

diminishes the proliferation of cancerous cells, which do not synthesize this amino acid 

(Nagarethinam et al., 2012). In addition, the E.coli L-asparaginase is associated with 
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significant glutaminase activity, which has the deleterious effect of reducing protein synthesis 

(Nagarethinam et al., 2012). Indeed L-asparaginase therapy reduces the level of several 

important proteins (Nagarethinam et al., 2012). It is conceivable that up-regulated L-

asparaginase could influence the production of other proteins in strain SU03 under 

ciprofloxacin stress. Moreover, quinolone resistance in Gram-negative bacteria can be 

mediated by the hyper-expression of some efflux pumps (Cambau and Guillard, 2012). L-

asparaginase may be one of these pumps as it is a hydrolase that could be diverted from 

primary metabolism to the stress response. In conclusion, this enzyme should be investigated 

further to determine its role in ciprofloxacin resistance. 

 

FIGURE 8.5. Representative 2-DE protein profile of the total cellular proteins obtained from 

ESBL multi-resistant E. coli strain SU03. This image corresponds to the reference gel used for 

comparison. The spots identified were excised from the gel, trypsinolyzed, and subjected to 

MALDI-TOF/TOF identification. 

Additionally, two proteins annotated as putative uncharacterized proteins with unknown 

functions were identified. Proteomic and genetic studies focusing on the presence of these 

proteins during growth phase, stress, or other processes may give insight into their functions 

and roles. 

Overall the results of the ciprofloxacin experiment were surprising as they differed from 

previous investigations of the primary response to fluoroquinolones. Fluoroquinolone 
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exposure caused substantial changes in the transcriptional profile, particularly of repressed 

genes, which included those involved in metabolism, transport of small molecules, protein 

synthesis and encoding OMPs (Coldham et al., 2006). Induction of the SOS response has 

been shown to play a remarkable role in promoting ciprofloxacin resistance in E. coli 

(Coldham et al., 2006; Poutanen et al., 2009). Our different results could be explained by 

species-specific effects or be related to differences in the design or execution of the 

experiments. 

4. CONCLUSION 

As little is known about the structural and metabolic changes in the cell that trigger 

resistance to antimicrobial agents, proteomic analysis and protein identification are reliable 

complementary tools to improve our knowledge in this field. Here, our comparison of E. coli 

strains with different genetic profiles showed that similar changes in the full proteome had 

occurred, especially in the expression of the same proteins involved in transport, stress 

responses or metabolic processes. Moreover, among the MDR E. coli strains studied, several 

of the identified proteins are essential in bacterial pathogenesis and are already being studied 

as potential antibacterial targets. 

More importantly, we found that when the ESBL-producing E. coli strain was treated 

with ciprofloxacin, the enzyme L-asparaginase was overexpressed. The abundance of this 

hydrolase may lead to a diverse secondary response by influencing in the production of other 

proteins or directly mediating ciprofloxacin resistance. 

Comparative assessment and integration of genome and proteome-wide techniques, will 

improve our knowledge about bacterial growth, virulence and interaction with its 

environment, especially under antibiotic stress. It will particularly help in narrowing down the 

number of potential targets of interest by rapidly identifying gene products that are really 

required for bacterial survival and discounting non-translated genes, thus reducing risk and 

inefficiency in developing new drugs. 
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TABLE 8.2. Proteins differentially expressed identified by MALDI-TOF/TOF or LC-ESI MS/MS in the MDR ESBL-producing E. coli, strain SU03, under ciprofloxacin 

stress. 

a 
The listed proteins showed a statistical difference of spot volume ratio between all the strains, without and with antibiotic, with an ANOVA p<0.01. 

b
 CIP- Ciprofloxacin 

c
 The database used was EBI_Bacteria for MALDI-TOF/TOF and Local Mix_Mouse_Ecoli database for LC-ESI MS/MS. 

d
 For spot 1096 identification by MALDI-TOF/TOF, PMF was considered for potein validation with at least 4peptides, a coverage rate of about 20% and a score of – 10 x 

Log(P) where P is the probability that the observed match is a random event. For spots 1174 and 1181 identification by MALDI-TOF/TOF, MS/MS was considered for 

protein validation, where the spectra allow to validate the peptide mass sequencing after interpretation of fragment ions and each search engine has its own scoring algorithm 

of MS/MS spectra; a peptide is validated when the false discovery rate is less than 5%. Spot 985 was identified by LC-ESI MS/MS, where to validate a peptide, it is necessary 

that the interpretation of the sequence score is such that the false positive rate (FDR) is less than 5%. A protein is validated by at least two peptides
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CHAPTER 9:  

EFFECT OF VANCOMYCIN ON THE PROTEOME OF THE MULTIRESISTANT 

ENTEROCOCCUS FAECIUM SU18 STRAIN 

 

ABSTRACT 

Enterococci are not highly pathogenic bacteria, 

but the incidence of vancomycin resistance 

among clinical isolates of this microbial group 

is steadily increasing, posing a threat to public 

health. Vancomycin-resistant enterococci are 

currently some of the most recalcitrant 

hospital-associated pathogens against which 

new therapies are urgently needed. To 

understand the molecular mechanisms of 

bacterial resistance to glycopeptides, we 

obtained proteomic profiles of the vancomycin-resistant Enterococcus faecium SU18 strain 

treated with and without vancomycin. Fourteen proteins were differentially expressed in 

SU18, seven of which were upregulated and seven downregulated. Proteins involved in the 

vancomycin resistance mechanism, such as the VanA protein, VanA ligase, VanR and D-Ala-

D-Ala dipeptidase, were upregulated in the presence of vancomycin, while metabolism-

related proteins, such as triosephosphate isomerase, guanine monophosphate synthase and 

glyceraldehyde-3-phosphate dehydrogenase were downregulated. Overall the compensatory 

response of SU18 to antibiotics is to alter expression of proteins related to antibiotic 

resistance, cell wall formation and energy metabolism. Some of the differentially expressed 

proteins might enhance antimicrobial activity and are now being investigated as potential 

therapeutic drug targets in other pathogenic bacteria. 

 

PUBLISHED IN: Sónia Ramos, Ingrid Chafsey, Nuno Silva, Michael Hébraud, Hugo 

Santos, José-Luís Capelo-Martinez, Patrícia Poeta, Gilberto Igrejas. Effect of vancomycin on 

the proteome of the multiresistant Enterococcus faecium SU18 strain. JOURNAL OF 

PROTEOMICS.113: 378-387. 
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1. INTRODUCTION 

Enterococci are normal components of human and animal intestinal flora, but over the 

years they have become important clinical pathogens. Nowadays vancomycin-resistant 

enterococci (VRE) are among the most common healthcare-associated multidrug-resistant 

organisms that are responsible for serious infections in hospitalized patients with underlying 

conditions representing a wide spectrum of illness severity and immune compromission 

(Radhouani et al., 2010; Ramos et al., 2012). The glycopeptide antibiotic vancomycin is a 

natural product first isolated from the bacteria Amycolatopsis orientalis in the early 1950s 

(Scherl et al., 2006). Vancomycin is bactericidal by binding to the 

transglycosylase/transpeptidase complex of enzymes that are responsible for the last stages of 

bacterial cell wall formation (Bradley, 2014; Mainardi et al., 2008). Enterococcal survival 

mechanisms, which include both innate and acquired antibiotic resistance and high rates of 

conjugation, mean that virulence and antibiotic resistance genes can spread readily through a 

population. 

The food chain is commonly suspected to be the major route by which people acquire 

health-threatening antibiotic-resistant bacteria, which are transferred via direct animal contact, 

and consumption of meat and other animal products (Holzel et al., 2010). Recently, a genome 

sequence study revealed that a rapidly evolving hospital-adapted lineage of multidrug-

resistant E. faecium, the cause of some epidemics, emerged approximately 75 years ago, 

concomitant with the introduction of antibiotics use, from a population that included the 

majority of animal strains, and not from human commensal lines (Lebreton et al., 2013).
 
In 

Europe, the major reservoir of VRE was initially present in the healthy human population, 2% 

to 10% of whom were carriers (Orsi and Ciorba, 2013). The use of avoparcin, a glycopeptide 

that induces cross-resistance to vancomycin, as a growth promoter in food animals during the 

1980s, is thought to be the reason for the expansion of the VRE community reservoir (Orsi 

and Ciorba, 2013; Radhouani et al., 2010; Ramos et al., 2012).  

In the European Union, the majority of antibiotic classes used in veterinary medicine are 

also used in human medicine, and only a few antibiotic classes, like glycopeptides, 

oxazolidinones and carbapenems, are reserved only for human therapy (Holzel et al., 2010). 

The use of antimicrobial agents in animals, even the reserved antimicrobial drugs can impair 

the efficiency of human therapies due to co- and cross-selection phenomena (Holzel et al., 

2010). The emergence of glycopeptide-resistant enterococci in animals could therefore 
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compromise the efficacy of antibiotic therapy in human enterococcal infections. The most 

worrying features of resistance to vancomycin are the lack of synergy when vancomycin is 

combined with aminoglycosides, the high frequency of simultaneous resistance to several 

antibiotics, and the putative risk of spread to more virulent bacteria, such as Staphylococcus 

aureus (Mendez-Alvarez et al., 2000). Human VRE infections are increasingly common and 

difficult to treat, occurring usually in longlasting hospital outbreaks that present tremendous 

challenges for infection control (Rubinstein and Keynan, 2013). In severe infections (e.g., 

bacteremia, endocarditis, meningitis, brain abscess), the treatment of choice is a combination 

of a β-lactam or vancomycin with an aminoglycoside to achieve bactericidal activity 

(Rubinstein and Keynan, 2013). However, the combined high-level resistance to ampicillin, 

vancomycin, and aminoglycosides is now very common in hospital-acquired E. faecium, 

further limiting the therapeutic options available (Rubinstein and Keynan, 2013). 

Non-susceptibility to glycopeptide antibiotics like vancomycin and teicoplanin is the key 

resistance characteristic in enterococci. Molecular studies on VRE strains have documented at 

least six acquired resistance types (VanA, VanB, VanD, VanE, VanG, and VanL). However, 

only VanA and to a lesser extent VanB, both in E. faecium, are widely prevalent (Orsi and 

Ciorba, 2013). Most VRE cases in Europe are due to the presence of the vanA gene that 

typically confers high-level resistance to vancomycin and teicoplanin (Orsi and Ciorba, 

2013).
 
The vancomycin binding site is the D-alanine-D-alanine amino acid pair on the end of 

the growing glycan strand. When vancomycin binds this dipeptide, the substrate of 

transglycosylase, it prevents crosslinking of the bacterial cell wall. The vanA gene product 

can cleave the D-Ala-D-Ala pair and replace it with D-Ala-D-lactate, which decreases the 

binding of vancomycin 1000-fold and hence allows crosslinking of the wall (Bradley, 2014; 

Mainardi et al., 2008). 

The mechanisms of drug resistance in Enterococcus are complex, especially in E. 

faecium, which can efficiently acquire and incorporate exogenous DNA into its gene pool 

(van Schaik et al., 2010). More specifically the molecular mechanisms underlying resistance 

to glycopeptides like vancomycin and effects on Enterococcus protein expression are still 

relatively poorly understood. In this context, we took a proteomic approach to identify 

differentially expressed proteins in a multiresistant vancomycin resistant E. faecium (VREfm) 

strain previously isolated from pigs slaughtered for human consumption. We compared the 

proteomes of the VREfm strain cultured with different concentrations of vancomycin or 
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without the antibiotic. The results give an overview of how vancomycin affects proteomic 

events related to resistance mechanisms and stress tolerance in this bacterium. 

2. MATERIAL AND METHODS  

2.1. BACTERIAL STRAINS AND CULTURE CONDITIONS 

We chose to study the strain SU18, a VREfm, previously characterized and recovered 

from faecal samples of pigs slaughtered for human consumption (Ramos et al., 2012). A 

preculture was set up from 2 or 3 individual colonies and grown in brain heart infusion broth, 

at 37°C with shaking at 150 rpm, overnight. Then 250-mL cultures were started from the 

precultured cells (at an initial OD600nm ~0.01) and incubated at 37°C until the end of the log 

growth phase (OD600nm ~1.3, 16 to 18 h later), growth curves for the different conditions are 

showed in Figure 9.1. The culture medium contained 16 µg/ml (EfVAN16) or 64 µg/ml 

(EfVAN64) vancomycin. Control cultures were grown without the antibiotic (EfVAN0). Three 

biological replicates were performed for each condition. 

 

FIGURE 9.1. Growth curves obtained from the control culture EfVAN0 and the culture medium 

contained 16 µg/ml (EfVAN16) or 64 µg/ml (EfVAN64) vancomycin. Cultures were started at an 

initial OD600nm ~0.01 and incubated at 37°C until the end of the log growth phase (black arrow). 

2.2. PROTEIN EXTRACTION AND QUANTITATION 

Protein extracts were obtained from strains cultured in each of the three conditions. 

Briefly, cells were harvested by centrifugation (15 min, 7500 g) and cell pellets were washed 

twice with 10 ml of TE buffer (20 mM Tris-HCl pH 7.5, 5 mM EDTA, 5 mM MgCl2). Cells 

were resuspended in 1 ml of TE buffer and disrupted with a Constant Cell Disruption System 
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at 2.5 kbar. After a 30-min treatment with DNase I and Rnase A (both 1% v/v) at room 

temperature, cell debris was precipitated by centrifugation  

(13 000 g, 20 min, 4°C). The supernatant was collected and the proteins were quantified by 

the method of Bradford using bovine serum albumin as the standard (Bradford, 1976). Protein 

samples were precipitated with 3 volumes of cold acetone at -20°C for at least 2 h and then 

pelleted by centrifugation (13 000 g, 40 min, 4°C). Pellets were resuspended in isoelectric 

focusing (IEF) buffer (7 M urea, 2 M thiourea, 4% CHAPS with a trace of bromophenol blue) 

at a final concentration of 5 µg/µl and stored at -20°C. Proteins were extracted from three 

independent cultures and at least three 2-DE gels were run per protein sample. 

2.3. TWO-DIMENSIONAL GEL ELECTROPHORESIS (2-DE) AND STAINING 

For IEF, precast immobilized pH gradient (IPG) strips, from Bio-Rad, with a pH 4-7 

linear gradient were passively rehydrated for 17½ h in a reswelling tray with 400 μL of IEF 

buffer (with 0.15% (v/v) ampholytes for pH 4-7, 0.15% (v/v) ampholytes for pH 5-7, and 2 

mM tributylphosphine for 500 μg of proteins). The proteins were subjected to IEF (IEF cell, 

Bio-Rad, Marnes-la-Coquette, France) for a total of 66000 Vh (7 h at 350V, 2 h at 200 V, 

linear gradient increasing to 1 000 V in 2 h, 1 h at 1 000 V, linear gradient increasing to 8 000 

V in 5 h and 8 000V till the end). Strips were equilibrated twice for 15 min in an equilibration 

solution (1.5 M Tris-HCl pH 8.8, 6 M urea, 2% (w/v) sodium dodecyl sulfate, 30% (v/v) 

glycerol) containing 0.2 M tributylphosphine for the first step and 2.5% (w/v) iodoacetamide 

and a trace of bromophenol blue for the second step. The second dimension of protein 

separation was done by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) with 12.5% T, 3.3% C polyacrylamide gels in a Multicell Protean II XL system (Bio-

Rad, Hercules, CA, USA). The current applied was 15 mA per gel until the marker dye 

reached the bottom of the gel. Resolved proteins were detected using colloidal Coomassie 

Blue G250 staining (Görg et al., 2000). 

2.4. 2-DE GEL IMAGING AND STATISTICAL ANALYSIS 

Stained gels were scanned using a GS-800 imaging densitometer (Bio-Rad) and images 

were analysed using Progenesis SameSpots software, version 4.1 (Nonlinear Dynamics). All 

18 2-DE gel images were exported into Progenesis SameSpots software, for comparison. The 

images were aligned to a reference gel and background subtraction, spot autodetection and 

quantification were performed automatically by the software. To each spot was assigned a 
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relative value corresponding to the spot volume, the estimated amount of protein in the spot. 

To compare the strains grown without and with antibiotic, an experimental design was set up 

with the three conditions, EfVAN0, EfVAN16, EfVAN64. Variation in protein expression was 

considered as statistically significant if p < 0.01 after analysis of variance (ANOVA). 

Subsequently, all protein spots showing statistically significant differences in protein 

expression were manually excised from the gels for identification. 

Principal component analysis (PCA) was performed using the statistical tool within the 

gel analysis software to compare the eighteen 2-DE (six 2-DE gels per conditions comprising 

three biological repeats with two technical repeats each) and cluster each sample based on the 

expression pattern of each spot with a significant ANOVA p-value.  

2.5. IDENTIFICATION OF PROTEINS BY LC-MS/MS 

The spots of interest were excised from the 2-DE, placed in Eppendorf tubes, and 

destained by washing them in 25 mM ammonium bicarbonate, 5% acetonitrile for 30 min 

then twice in 25 mM ammonium bicarbonate, 50% acetonitrile for 30 min each. The spots 

were then dehydrated with 100% acetonitrile. Proteins were hydrolysed with 180 ng of trypsin 

per sample for 5 h and peptides were extracted with 11 µL acetonitrile for 15 min in an 

ultrasonic field. Proteins were identified 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 concetration column (Dionex) 

to retain peptides and eliminate contaminants. Peptides were eluted and then separated on a 

reverse phase column (C18, 15 cm length, 75 µm diameter, Dionex) for 30 min with a 4% to 

50% gradient of acetonitrile 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, ThermoScientific) 

operating in top ten mode, where each MS analysis was followed by ten MS/MS analyses of 

the ten most intense peaks. After LC-MS/MS analysis, databases were searched with 

MASCOT v2.3, using Proteome Discoverer v1.3 which links acquired spectra with protein 

sequences in the database. The database queried was UniP_E_faecalis and the following 

parameters were set: carbamidomethyl cysteine and oxidized methionine were searched as 

variable modifications; two missed cleavages were allowed; the peptide mass tolerance was ± 

1.5 Da; and the fragment mass tolerance was ± 0.6 Da. 
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3. RESULTS AND DISCUSSION 

The differential protein expression was assessed in a multiresistant E. faecium strain 

grown with less than 1/8 or less than 1/2 of the minimum inhibitory concentration of 

vancomycin. 

Gene expression profiling technologies, particularly proteomics methods, are extremely 

useful in studying the physiological response of bacterial cells to various environmental 

stresses, including stress caused by antibiotic action. Expressed protein profiles can provide 

information at both genomic and functional level. A few studies have been carried out on 

enterococci, including one study about the molecular mechanisms of E. faecalis resistance to 

a glycopeptide (Wang et al., 2010). In another study, a functional comparison of protein 

families present in E. faecium and the related opportunistic pathogen E. faecalis revealed 

divergence in plant carbohydrate metabolic pathways and oxidative stress defense 

mechanisms (van Schaik et al., 2010). 

To investigate gene expression responses under drug-induced stress conditions, 

proteomic profiles of the SU18 VREfm strain grown without antibiotic were compared to 

those of the strain grown in the presence of two different concentrations of vancomycin (16 

µg/ml and 64 µg/ml). Assessing the relative differences in protein expression by image 

analysis revealed a total of 39 spots that were different in cultures with vancomycin compared 

to the control. Figure 9.2 shows a representative 2-DE protein profile of the total cellular 

proteins with the spots containing statistically significantly more or less protein indicated. 

Thirty nine spots of interest were excised from the gel (spots 1169 and 1174 were processed 

both) and analyzed by LC-MS/MS which allowed to identify 30 of them corresponding to 14 

different proteins. Information about all the identified proteins is listed in Table 9.1. Nine of 

the 39 protein spots (204, 484, 591, 734, 746, 764, 829, 1052 and 1136) were either 

unidentified or containing a mixture of two or more proteins not allowing a clear validation of 

one of them. Parameters (ANOVA, fold, average normalised volume) and enlarged image of 

that showed protein expression variation in Progenesis SameSpots (Supplementary data Table 

D-1, Table D-2, Figure D.1-A, Figure D.1-B, Figure D.1-C). 

Of the total of 14 identified proteins that were differentially expressed between the 

cultures treated or untreated with vancomycin, half were upregulated in the presence of 

vancomycin, and half were downregulated (Table 9.1). The seven upregulated proteins have 

biological functions associated with cell wall biogenesis, proteolysis, antibiotic resistance and 
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transcription (Figure 9.3). All of these proteins play some role in vancomycin resistance 

mechanism and may be related to bacterial adaptation to the presence of vancomycin. By 

contrast, the seven downregulated proteins were related to processes in glycolysis, arginine 

and glucose metabolism or purine biosynthesis (Figure 9.3). Since these downregulated 

proteins are required for growth maintenance, E. faecium catabolism may be affected in the 

presence of vancomycin. 

 

FIGURE 9.2. Representative 2-DE pattern of total cellular E. faecium SU18 strain proteins 

stained with Coomassie Blue. This image is the reference gel used for comparison. The 

spots identified were excised from the gel, digested with trypsin, and subjected to LC-

MS/MS identification. Spot numbers correspond to those reported in Table 8.1. 

In a recent study, an E. faecalis strain was exposed to different antibiotics, including 

vancomycin, and similar responses were observed (Abranches et al., 2013). All the antibiotic 

treatments resulted in what can be described as a metabolic downshift as genes involved in 

translation, energy metabolism, transport and binding were repressed, while genes involved in 
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cell wall metabolism were highly upregulated. This suggests that cells are conserving or 

redirecting energy resources to maintain cell wall integrity and survive the physiological 

stress imposed by the antibiotics (Abranches et al., 2013).
 
More recently, in a proteomics 

analysis on the effect of sublethal vancomycin exposure on protein expression of 

Staphylococcus aureus led to the identification of approximately 1400 proteins (Hessling et 

al., 2013), quite dispar number compared to our results. However, in this study the different 

proteomic sub-fractions were considered whereas in the present investigation we focused only 

on cytoplasmic proteins. 

 
 

FIGURE 9.3. Distribution of biological processes related to functions of identified proteins. A) Percentage 

distribution of biological processes related to functions of the 14 proteins identified from the 39 differentially 

expressed spots analysed by LC-MS/MS. B) Percentage distribution of biological processes related to functions 

of proteins differentially expressed in EfVAN16 cultures containing 64µg/ml vancomycin. C) Percentage 

distribution of biological processes related to functions of proteins differentially expressed in EfVAN16 cultures 

containing 16µg/ml vancomycin. Others: purine biosynthesis, DNA replication and response to stress. 

The advent of high-resolution mass spectrometry-based proteomics has provided the tools 

necessary to demonstrate that bacterial protein post-translational modifications (PTM) are not 

as rare as previously presumed. Interestingly, in our 2-DE analysis, we found 6 different 

proteins (from 23 spots) displaying changes in charge or molecular weight. These proteins 

were vancomycin/teicoplanin A-type resistance protein VanA (spots 1790, 1784 and 860), D-

Ala-D-Ala ligase (spots 1788, 1787, 1783, 863, 834, 833 and 798), VanA ligase (spots 

797and 791), VanR protein (spots 1062 and 1056), D-Ala-D-Ala dipeptidase (spots 1263, 
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1251, 1234, 1174/1169 and 1166) and glyceraldehyde-3-phosphate dehydrogenase (spots 827, 

784 and 782). The different spot positions and series of pI spots in a row on the 2-DE gels 

(Figure 8.2) might be due to proteolytic fragments or another type of PTM of the same 

protein. Wang et al. (2010) made similar observations and suggested that PTM may be 

common in E. faecalis (Wang et al., 2010). For example, it was demonstrated that 

vancomycin can specifically and reversibly induce some proteins, like VanA, VanX, VanB, 

and VanXB, and regulate them by PTM, so they probably play key roles in the E. faecalis 

drug resistance response (Wang et al., 2010). PTMs can potentially change physical or 

chemical properties of proteins, changing their activity, localization, or stability. Some PTMs 

can be added and removed dynamically as a mechanism for reversibly controlling protein 

function and cell signaling (Farley and Link, 2009). Phosphorylation is a common mechanism 

of regulating protein function and transmitting signals throughout the cell. In bacteria, 

phosphorylation of His to pHis is unique and most frequently associated with two-component 

regulation, where detection of a specific environmental signal, such as the antibiotic 

concentration, induces ATP-mediated autophosphorylation of a conserved His residue (Cain 

et al., 2013; Courvalin, 2006). Further phosphoproteome studies of a variety of culture 

conditions may deepen our understanding of bacterial signaling and of PTMs involved in 

regulation of the E. faecium response to vancomycin stress. Another PTM in bacteria is lysine 

acetylation (AcK), which mediates a broad range of functions, including motility and 

chemotaxis, transcription, metabolism, and stress responses (Cain et al., 2013). There is a 

need to purify, characterize and quantify the various modified forms of peptides and proteins 

to understand how PTM contributes to the modulation of bacterial physiology, pathogenesis 

and immunity (Cain et al., 2013). 

3.1. KNOWN RESISTANCE PROTEINS ARE UPREGULATED IN RESPONSE 

TO VANCOMYCIN  

The expression of proteins involved in functions such as cell wall biogenesis and 

antibiotic resistance varied greatly. However the expression of proteins with known 

vancomycin resistance functions did not differ significantly when vancomycin was added 

(EfVAN16 and EfVAN64). The VanA protein, identified in several spots (Table 9.1, accession 

number P25051), is the vancomycin/teicoplanin A-type resistance protein. Although the 

VanA protein was detected in EfVAN0, it was clearly upregulated when the VREfm strain was 

cultured under vancomycin stress (in EfVAN16 and EfVAN64). In a vancomycin-resistant E. 
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faecalis clinical isolate, the VanA and VanX proteins were previously found to be upregulated 

in the presence of vancomycin and significantly higher levels of vancomycin resistance genes 

were transcribed (Wang et al., 2010). 

Other proteins involved in the vancomycin resistance mechanism, VanA ligase, VanR 

and D-Ala-D-Ala dipeptidase (accession numbers respectively, D4EIM5, G1FK42 and 

D4EIM4, see Table 9.1), were also upregulated in the presence of vancomycin and identified 

in several different spots. 

The Tn1546 VanA-type resistance element, which was originally detected on a plasmid 

in an E. faecium clinical isolate, encodes several enzymes responsible for vancomycin 

resistance (Bradley, 2014; Courvalin, 2006).
 
VanA ligase catalyses the formation of an ester 

bond between D-Ala and D-Lac after the VanH dehydrogenase has reduced pyruvate to D-

Lac. As previously mentioned this forms the basis of a resistance mechanism as the resulting 

D-Ala-D-Lac dipeptide replaces the D-Ala-D-Ala dipeptide in peptidoglycan synthesis, 

considerably decreasing the affinity of the molecule for glycopeptide antibiotics (Courvalin, 

2006; Mainardi et al., 2008). However, the simultaneous production of precursors ending in 

D-Ala or D-Lac does not alone lead to resistance. It is rather the elimination of precursors 

ending in D-Ala, preventing glycopeptides from binding to precursors that contain D-Ala-D-

Ala, which is required for resistance (Courvalin, 2006; Mainardi et al., 2008). The VanX D,D-

dipeptidase and the VanY D,D-carboxypeptidase catalyse this process (Courvalin, 2006).
 

Although the abundance of the VanA resistance protein and VanA ligase increased in SU18, 

it is not clear how this affects the network of other putative enzyme activities in the resistance 

mechanism. 

Tn1546 also encodes a two-component regulatory system that modulates transcription. 

This system is composed of a cytoplasmic VanR response regulator, which acts as a 

transcriptional activator of the vanHAXYZ resistance genes, and a membrane-bound VanS 

sensor histidine kinase that controls the level of phosphorylation of VanR (Courvalin, 2006; 

Mainardi et al., 2008). Only the regulator VanR was identified among the differentially 

expressed proteins in SU18 (spots 1062 and 1056). However, VanR does not necessarily need 

VanS activation, as it can also be activated by a heterologous kinase encoded by the host 

chromosome or possibly by auto-phosphorylation using acetyl-phosphate as substrate (Arthur 

and Quintiliani, 2001; Mainardi et al., 2008). Moreover, in E. faecalis, parallel determinations 

of D,D-dipeptidase activity and of the cytoplasmic pool of peptidoglycan precursors show 
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that expression of glycopeptide resistance is mainly, if not exclusively, regulated at the level 

of transcriptional initiation by phosphorylated VanR (Arthur and Quintiliani, 2001). 

D-alanine-D-alanine ligase (Ddl) was identified in several different spots (accession 

number D4EIM5, Table 9.1). Ddl is part of the biochemical machinery involved in 

peptidoglycan biosynthesis, as it catalyses the formation of the terminal D-Ala-D-Ala 

dipeptide. The Ddl ligases from glycopeptide-susceptible bacteria do not accept D-Lac as a 

substrate, but those from glycopeptide-resistant bacteria use D-Lac preferentially, while also 

capable of producing small amounts of D-Ala-D-Ala (Mainardi et al., 2008). The specificity 

of these enzymes is modified by amino acid substitutions. However, as stated by Mainardi et 

al (2008), there is no evidence for alteration of the specificity of a D-Ala-D-Ala ligase under 

the selective pressure of glycopeptides, probably because this is not sufficient for resistance 

(Mainardi et al., 2008). In vancomycin-dependent VRE, the housekeeping ddl gene is not 

functional due to modifications (point mutations, deletions, insertions) in the coding sequence 

and depletion of D-Ala-D-Ala dipeptides leads to impaired cell wall synthesis. Ddl 

participates in unique bacterial biosynthetic reactions and when it is inhibited, bacterial 

growth is prevented, making this enzyme an attractive and viable target in the urgent search 

for novel and effective antimicrobial drugs (Meziane-Cherif et al., 2010; Skedelj et al., 2012). 

In conclusion, further studies should be conducted to discover why D-Ala-D-Ala ligase was 

upregulated when VREfm was under vancomycin stress. 

The initiation-control protein YabA (spot 1569 in Figure 9.2, accession number I6SYI6 

in Table 9.1) was upregulated only in EfVAN64. YabA is involved in DNA replication. A class 

II fructose-1,6-bisphosphate aldolase (FBA, spot 1172 in Figure 9.2, accession number 

E0H5P8 in Table 9.1) is a key enzyme in glycolysis and gluconeogenesis that was 

upregulated only in EfVAN16. Interestingly, humans lack this type of aldolase, having instead a 

class I FBA that is structurally and mechanistically distinct from class II FBAs. For this 

reason, class II FBA is a possible pharmacological target for the development of novel 

antibiotics against pathogenic bacteria (Capodagli et al., 2013; Yadav et al., 2013). 

3.2. METABOLIC ENZYMES ARE DOWNREGULATED IN RESPONSE 

TO VANCOMYCIN  

Guanine monophosphate (GMP) synthetase (spot 473 in Figure 9.2, accession number 

I6T5G9 in Table 9.1) is a glutamine amidotransferase encoded by the guaA gene. It catalyses 

the synthesis of GMP from XMP, and was downregulated in cultures treated with 
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vancomycin. GMP synthetase is a key enzyme in both de novo purine synthesis and salvage 

pathways of guanine nucleotides (Franco et al., 2012). Nucleotide biosynthesis is a ubiquitous 

and essential process found throughout all forms of life and an imbalance in purine nucleotide 

biosynthesis can affect nearly all of cellular metabolism. The salvage pathway for GMP 

production is physiologically important because it allows cells to reutilize nucleosides or 

nucleotides produced by degradation of nucleic acids and the interconversion of adenine and 

guanine-containing nucleotides (Iglesias-Gato et al., 2011). Several studies have shown how 

deletion of the guaA gene may result in attenuated virulence and immunogenicity of 

auxotrophic strains (Franco et al., 2012; Kotloff et al., 2004; Santiago et al., 2009). The guaA 

gene also reduces Escherichia coli urovirulence in vivo.  

The arginine deiminase (ADI) pathway enables many bacteria to produce ATP from 

arginine by the successive reactions of three enzymes: arginine deiminase, ornithine 

carbamoyltransferase (OTC), and carbamate kinase (CK). These enzymes are encoded by the 

arcA, arcB, and arcC genes, respectively. Each of these enzymes was found to be 

downregulated in VREfm SU18 subjected to vancomycin treatment. While ADI (spot 597 in 

Figure 9.2, accession number I6S2K3 in Table 9.1) was decreased in EfVAN64 and EfVAN16 

cultures, the OTC and CK enzymes were decreased only in EfVAN16 (respectively spots 755 

and 915 in Figure 9.2, accession numbers I6T7Z6 and I6SZJ4 in Table 9.1). This was 

unexpected as the ADI pathway is known as a major energy generator, and in other bacterial 

strains adaptation to non-optimal growth conditions can activate the ADI pathway to 

compensate stress (Cheng et al., 2013; Ni et al., 2013; Vrancken et al., 2009). Either way, it is 

necessary to debate the potential role of the ADI pathway enzymes in the pathogenesis and 

virulence of pathogenic bacteria (Cheng et al., 2013; Hitzmann et al., 2013). 

Triosephosphate isomerase (spot 1172 in Figure 9.2, accession number C7VUS5 in Table 

9.1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, spots 827, 784 and 782 in 

Figure 9.2, accession number I6S1Q9 in Table 9.1) are key enzymes in the glycolytic 

pathway and hence carbohydrate metabolism. In many bacteria, the glycolytic pathway 

functions primarily to provide energy in the form of ATP. 

Furthermore, different GAPDH functions can be correlated to differences in GAPDH 

structure, which favor either NAD or NADP binding and then a catabolic rather than an 

anabolic carbon flow, or versa (Fillinger et al., 2000). In Gram-positive bacteria, different 

isoforms of GAPDH have been reported. The GapA enzyme functions in glycolysis whereas 

the GapB product is involved in glyconeogenesis (Fillinger et al., 2000; Pessione et al., 2005; 
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Willemoes et al., 2002). Intriguingly, the GAPDH protein was identified in at least three 

different spots, with slightly different Mw and pIs. It is difficult to say whether this finding is 

actually due to PTMs, representing different isoforms of GAPDH, or to artifacts. Since 

GAPDH was downregulated in Efvan16, they may however have a function in glyconeogenesis 

rather than glycolysis. 

One protein related to the stress response identified as downregulated in EfVAN16 is a Dps 

family protein (spot 1050 in Figure 9.2, accession number I6SX62 in Table 9.1). Dps-like 

proteins are key factors in the protection of prokaryotic cells from oxidative damage, as they 

prevent the formation of oxidative radicals or form Dps-DNA complexes to physically protect 

DNA (Haikarainen and Papageorgiou, 2010). Members of the Dps family possibly have 

different functions like adhesion and virulence during bacterial infections and Dps-like 

proteins have lately attracted considerable interest in the field of nanotechnology owing to 

their ability to act as protein cages for iron and various other metals (Haikarainen and 

Papageorgiou, 2010). 

3.3. EFFECT OF VANCOMYCIN CONCENTRATION ON PROTEIN 

EXPRESSION  

The full 2-DE protein patterns obtained from 18 gels can be compared and clustered into 

three discrete groups, EFVAN0, EFVAN16 and EFVAN64, according to PCA which differentiated 

two main components PC1 and PC2 (74.28%) (Figure 9.4). The separation between the 

control group without antibiotic (EFVAN0) and the two groups with antibiotic (EFVAN16 and 

EFVAN64) was clearly observed, as expected. The cross-gel variations for the differentially 

expressed spots (whether up or downregulated) were also compared by PCA. They appear to 

cluster into two distinct groups; one corresponding to EFVAN0 and another one including both 

EFVAN16 and EFVAN64 growth conditions.  

Additionally, 2-DE gels of the strain grown under different degrees of vancomycin stress 

(EFVAN16 and EFVAN64) were compared. It is noteworthy that with this analysis significant 

differences in protein expression were measured for seven spots (p < 0.01). Among them, the 

log normalized volume of spots 1088, 1147, 1448 and 1610 revealed that they were 

underexpressed at the higher vancomycin concentration. In the PCA analysis (Figure 9.4) 

these spots did not cluster into a distinct group. 
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FIGURE 9.4. Principal component analysis of differentially expressed proteins and full 2-DE protein patterns of 

E. faecium SU18 strain grown either without antibiotic or with 16 µg/ml (EfVAN16) or 64 µg/ml (EfVAN64) 

vancomycin. The stained 2-DE gels were compared using Progenesis SameSpots software and spots showing 

significant differences (ANOVA, p < 0.01) between certain groups were used for the PCA. The numbers 

correspond to spots that showed significant differences and which are identified in Table 8.1. The biological and 

technical repeats for each growth conditions are circled. 

Spot 1610 was a mixture of 4 proteins. The carbamate kinase protein, previously 

identified as downregulated in EfVAN16, was identified in spot 1088 (accession number 

I6SZJ4) while the 30S ribosomal protein S4 (accession number I6SWN0), was identified in 

spot 1147. Interesting spot 1448 revealed an uridylate kinase (accession number I6SZJ8). 

UMP kinase catalyses the phosphorylation of UMP by ATP to yield UDP, which is involved 

in cell wall and RNA biosynthesis, and has been put forward as a potential therapeutic drug 

target in many pathogenic bacteria (Arvind et al., 2013; Yadav et al., 2012). 
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TABLE 9.1. Proteins differentially expressed after exposure of VRE Enterococcus faecium to different vancomycin concentrations, 16 µg/ml (EfVAN16) and 64 µg/ml 

(EfVAN64). 

Accession 

Number
a
 

Protein 

Description 

Gene 

name 

Biological 

process 
Specie 

MW
b 

[kDa] 

Calc. 

pI
c
 

Spot
d
 

Peptide 

Match.
e
 

Sequence 

coverage 

(%)
f
 

Anova 

(p) 
Fold 

Protein 

expressio

n
g
 

UP-REGULATED PROTEINS 

P25051 

Vancomycin/teico

planin A-type 

resistance protein 

VanA 

vanA 
Antibiotic 

resistance 

E. 

faecium 
37.4 6.11 

1790
(a)

 15 60.06 3.624e-009 2.0 EfVAN16/64 

1784
(a)

 13 54.81 4.031e-007 3.7 EfVAN16/64 

860
(a)

 15 58.31 2.321e-005 2.9 EfVAN64 

G1FK42 VanA ligase vanA 
Cell wall 

biogenesis 

E. 

faecalis 
35.8 5.58 

797
(b)

 12 43.16 1.507e-006 2.2 EfVAN16/64 

791
(b)

 11 42.86 7.712e-005 2.2 EfVAN16/64 

Q0WYL0 
Two component 

regulator protein 
vanR Transcription 

E. 

faecalis 
26.6 6.24 

1062
(c)

 10 51.52 1.230e-007 3.6 EfVAN16/64 

1056
(c)

 11 62.77 3.106e-008 3.7 EfVAN16/64 

D4EIM4 
D-Ala-D-Ala 

dipeptidase 
ddpX Proteolysis 

E. 

faecalis 
23.4 5.62 

1263
(d)

 11 67.82 1.236e-007 2.7 EfVAN16/64 

1251
(d)

 9 58.42 2.032e-005 3.0 EfVAN16/64 

1234
(d)

 10 73.27 2.158e-004 2.2 EfVAN16/64 

1174/ 

1169*
(d)

 
12 84.65 

9.311e-006 

2.00e-03 

2.0 

2.9 
EfVAN16/64 

1166
(d)

 6 41.58 2.428e-004 2.0 EfVAN64 

D4EIM5 
D-alanine-D-

alanine ligase 
ddl 

Cell wall 

biogenesis 

E. 

faecalis 
37.4 6.11 

1788
(e)

 13 45.48 9.300e-007 2.3 EfVAN16/64 

1787
(e)

 12 40.52 4.087e-007 2.4 EfVAN16/64 

1783
(e)

 14 43.15 4.012e-008 3.7 EfVAN16/64 

863
(e)

 14 50.73 4.454e-006 4.0 EfVAN16/64 

834
(e)

 12 45.48 4.212e-007 3.9 EfVAN16/64 

833
(e)

 9 32.36 4.936e-009 4.5 EfVAN16/64 

798
(e)

 16 51.31 5.975e-005 2.8 EfVAN16/64 

E0H5P8 

Fructose-1,6-

bisphosphate 

aldolase, class II 

fba Glycolysis 
E. 

faecalis 
30.8 4.96 1486 3 11.07 4.00e-03 1.9 EfVAN16 

I6SYI6 
Initiation-control 

protein YabA 
 

DNA 

replication 
E. hirae 13.6 5.07 1569 4 21.05 2.00e-03 1.5 EfVAN64 

http://www.uniprot.org/keywords/KW-0573
http://www.uniprot.org/keywords/KW-0804
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0006508
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TABLE 9.1. (Continued) 

Accession 

Number
a
 

Protein 

Description 

Gene 

name 

Biological 

process 
Specie 

MW
b 

[kDa] 

Calc. 

pI
c
 

Spot
d
 

Peptide 

Match.
e
 

Sequence 

coverage 

(%)
f
 

Anova 

(p) 
Fold 

Protein 

expressio

n
g
 

DOWN-REGULATED PROTEINS 

I6T5G9 GMP synthase  Biosynthesis E. hirae 57.8 5.03 473 20 45.11 3.674e-004 1.4 EfVAN16/64 

I6S2K3 
Arginine 

deiminase 
 

Arginine 

metabolism 
E. hirae 45.9 5.27 597 12 36.92 8.869e-004 1.3 EfVAN16/64 

I6T7Z6 

Ornithine 

carbamoyltransfer

ase 

 
Arginine 

metabolism 
E. hirae 38.4 5.10 755 12 43.07 2.00e-03 1.4 EfVAN16 

I6SZJ4 Carbamate kinase  
Arginine 

metabolism 
E. hirae 34.0 4.64 915 9 43.35 7.00e-03 1.2 EfVAN16 

I6S1Q9 

Glyceraldehyde-

3-phosphate 

dehydrogenase 

 
Glucose 

metabolism 
E. hirae 35.7 5.43 

827
(f)

 13 53.75 1.00e-03 1.2 EfVAN16 

784
(f)

 11 50.45 4.197e-004 1.5 EfVAN16 

782
(f)

 12 50.15 2.00e-03 1.3 EfVAN16 

I6SX62 
Dps family 

protein 
 

Stress 

response 
E. hirae 17.9 4.61 1050 3 30.97 4.00e-03 1.4 EfVAN16 

C7VUS5 
Triosephosphate 

isomerase 
 Glycolysis 

E. 

faecalis 
27.3 4.69 1172 6 22.83 2.735e-004 1.2 EfVAN64 

All the listed proteins showed a statistical difference of spot volume ratio between all the strains, without and with antibiotic, with an ANOVA p<0.01. 
a
 The database queried was UniP_E_faecalis. 

b
 Molecular weight of the protein. 

c
 Calculated Isoelectric point. 

d
 (a), (b), (c), (d), (e) and (f) represent isoform proteins. *Spots 1174 and 1169 were treated and identified together. 

e
 Number of peptides validating the protein (minimum of 3). To validate a peptide, its Mascot score must be > 42 for p-value < 0.05 with a False Discovery Rate (FDN) at 5%. 

f
 Percentage of the protein with the validated set of peptides from a spot. It is calculated by dividing the total number of all amino acids of the peptides found with the total 

number of amino acid of the protein sequence. 
g
 EfVAN16/64 - Proteins differentially expressed in both different vancomycin concentrations used (16 µg/ml and 64 µg/ml)

http://www.uniprot.org/keywords/KW-0560
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4. CONCLUSION 

Surveillance of antimicrobial resistance among the enterococci as commensal colonizers 

of food-producing animals became prominent during the early and mid-1990s. Vancomycin 

resistance among enterococci most probably spreads via a dissemination of mobile genetic 

elements of variants of the vanA-type element Tn1546 mostly located on mobilizable or 

conjugative plasmids. Proteins associated with vancomycin resistance mechanisms were 

found to be overexpressed by the SU18 E. faecium strain grown under vancomycin pressure, 

as expected, while the underexpressed proteins were mostly associated with energy producing 

metabolic processes. It is, therefore, possible that the presence of vancomycin in the 

environment may enhance an adaptive response that reduces the normal metabolism and 

survival of the bacteria. Nevertheless, some of the downregulated proteins can become, when 

secreted, virulence determinants, playing roles in interactions with the host, including 

adaptive responses to environmental changes, adherence, and escaping the host immune 

system. 

Some of the differentially expressed proteins in SU18 are already being investigated as 

potential therapeutic drug targets in other pathogenic bacteria. Since metabolism and 

virulence are closely connected in pathogenic bacteria, more detailed investigation is now 

required to discover how these proteins influence the pathogenesis of E. faecium under 

vancomycin treatment.  
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CHAPTER 10: DISCUSSION 

Antibiotic resistance in bacteria of clinical relevance is threatening the treatment of 

bacterial infections in human and veterinary medicine. Commensal non-pathogenic bacteria, 

such as E. coli and Enterococcus spp., are suspected reservoirs of antibiotic resistance genes; 

however, little is known about the abundance, diversity, and distribution of resistance genes in 

commensal bacteria. Furthermore, the cross-species transfer of such genes, from commensal 

to pathogenic bacteria, though supported by a growing body of scientific evidence, is equally 

poorly understood. Numerous mechanisms of HGT suggest that the frequency of resistance 

genes in commensals may act as a marker of the emergence of resistance in pathogens.  

Surveillance studies provide important information that allows for the identification of 

trends in pathogen incidence and antimicrobial resistance, including identification of 

emerging pathogens at national and global levels (Masterton, 2008). Moreover, routine 

surveillance is critical to create and refine approaches to control antimicrobial resistance 

(Masterton, 2008). Notwithstanding, resistance monitoring systems were not established by 

1986 when the EU banned non-essential antibiotic use in food animal production (Cogliani et 

al., 2011). However, to support the ban, some governmental efforts were made to educate 

farmers, and to monitor antimicrobial use. Later, surveillance systems, to monitor 

antimicrobial resistance in farm animals were setup in several European countries, first 

Denmark created the DANMAP system in 1995, in 1999 the MARAN system was established 

in the Netherlands, and in 2000 Sweden established the SVARM system (Cogliani et al., 

2011). In Portugal, the “General Food and Veterinary Directorate” (Direção Geral 

Alimentação Veterinária-DGAV) established the surveillance system “National Plan for 

Control of Use of Medicines” (Plano Nacional de Control de Utilização de Medicamentos-

PNCUM), designed to verify the conditions of acquisition, use and registration of drugs in 

food-producing animals, and the improper or illegal treatment of food-producing animals. In 

2011, 469 farms where inspected of which, 81.75% used veterinary medicines, and only 

48.99% detained veterinary drugs on their farm
1
. The quantities of antibiotics consumption 

were also adequately accounted for the year 2011 (ESVAC, 2013). However, there is no 

effective centralised data collection of the antibiotic use in every European country, including 

Portugal, and it is not possible for the public health and veterinary authorities to know exactly 

what doses of each antibiotic are given to farmed animals, for how long and for what reason. 

 

1file:///C:/Users/EU-pc/Desktop/RELAT%C3%BFRIO%20PNCUM%20ANO%202011%20.pdf 
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Moreover, in Portugal, data from integrated monitoring systems for antimicrobial 

resistance among commensal bacteria in food-producing animals are unknown. In defense of 

public health, as well as animal health and welfare, from the 1
st
 January of 2014 and 

throughout a period of 5 years, the DGAV established the “National action plan for reducing 

the use of antibiotics in animals” (Plano de Ação Nacional para a Redução do Uso de 

Antibióticos nos Animais-PANRUAA)
1
, with the broad objective of risk reduction of 

antimicrobial resistance associated with antibiotics use in animals.  

Hence, the main objective of this study was to determine the prevalence of 

antimicrobial resistance, and implicated resistance mechanisms, among commensal bacteria 

from food-producing animals. A detailed discussion concerning the mechanisms of resistance, 

resistance genes, virulence determinants found among resistant bacteria has been carried out 

in each chapter of the previous sections.  

Thus, we will look at the global prevalence rate of acquired antimicrobial resistance in 

E. coli and Enterococcus spp. observed in our results, and compare them to results obtained in 

other countries; we also aimed to compare the prevalence of VRE reported in Portugal in 

different settings, as well as the percentages of ESBL-producing E. coli strains reported on 

food-producing animals by different European and non-European countries. A correlation 

analysis between the antibiotic resistance levels found, and the use of antibiotics in livestock 

production, in Portugal, will be carried out. Special attention will be given to the levels of co-

resistance found to “critical important antibiotics” which may directly compromise the 

available treatment options in human bacterial infections. 

It should be taken into consideration that there are significant gaps in surveillance, as 

well as lacks concerning the methodology procedures and data sharing, thus compromising 

the ability to assess, monitor and compare the antimicrobial resistance situation among 

humans and animals, or even between animals (BIOHAZ, 2011; WHO, 2014). Therefore 

comparisons amongst data are made difficult. Nevertheless, the prevalence rate of acquired 

antimicrobial resistance in enterococci and E. coli observed in our study was compared with 

the results reported in other European countries by the European Food Safety Authority 

(EFSA) and European Centre for Disease Prevention and Control (ECDC) (EFSA, 2012, 

2014).  
 

 

1http://www.dgv.min-agricultura.pt/ 
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In figures 10.1 and 10.2, respectively, are represented the prevalence rates of antimicrobial 

resistance observed among commensal E. faecium and E. faecallis isolates, on pigs and cattle, 

obtained in our study, and then compared them with other countries.  

 

FIGURE 10.1 Percentage of antimicrobial resistance among E. faecium isolates from pigs and cattle, in different 

European countries (EFSA, 2012; Ramos et al., 2011). 

 

FIGURE 10.2. Percentage of antimicrobial resistance among E. faecallis isolates from pigs and cattle, in 

different European countries (EFSA, 2012; Ramos et al., 2011). 
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Taking into account the indicator enterococci in Portugal, as in the majority of the other 

European countries, the overall level of resistance to tetracyclines and erythromycin ranged 

from high (> 20%) to extremely high (> 70%), especially among pigs isolates. In general 

higher levels of resistance were obtained among E. faecalis. There was also a high (> 20%) 

level of resistance to streptomycin in both enterococci species in the majority of the countries. 

Resistance to ampicillin among E. faecalis was not found, whereas among E. faecium we 

found high levels (> 40%) of ampicillin resistance, compared with the low levels reported by 

the other countries. In addition, no resistance to very low (1 to 3%) levels of vancomycin 

resistance was detected. 

The observed high levels of resistance to the macrolide, erythromycin, are of particular 

importance once these substances have been defined as critically important antimicrobials for 

human medicine (WHO-AGISAR, 2012). The widespread levels of macrolides and 

tetracycline resistance in enterococcal isolates from pigs, and somehow from cattle, have been 

considered to reflect the different levels and patterns of usage of antimicrobials in those 

different species. These species frequently receive treatment with this antimicrobials for 

prevention or treatment of enteric and respiratory diseases.  

Concerning the indicator E. coli, the resistance levels varied substantially between the 

different countries. In figures 10.3 and 10.4 are represented the percentage of antimicrobial 

resistance among E. coli isolates from pigs and cattle, respectively, in different countries. An 

immediate observation is that lower levels of antibiotic resistance were detected in isolates 

from cattle, in comparison with the levels observed among pigs isolates. In pigs, resistance to 

ampicillin, sulfonamides, streptomycin and tetracyclines was commonly reported at levels 

ranging from high (> 20%) to extremely high (> 70%), with a slight increase in Portugal 

comparing to other countries. In all countries resistance to ciprofloxacin and nalidixic acid 

was low to moderate (< 20%) among pigs and cattle, while gentamicin resistance was 

generally found at low to very low levels (< 10% to < 1%). Conversely, resistance to 

chloramphenicol was low to moderate (< 10% to < 20%) in most countries; with the 

exceptions of Portugal and Belgium where high level (> 30%) where detected in pigs. 

Moreover, cefotaxime resistance was low (< 3%) in pigs and cattle in all countries. 
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FIGURE 10.3. Percentage of antimicrobial resistance among E. coli isolates from pigs in different countries 

(Akwar et al., 2008; EFSA, 2014; Enne et al., 2008; Ramos et al., 2013b). In our study, Ramos et al., 2013b, the 

antibiotic of the sulfonamides class tested was the association trimethoprim–sulfamethoxazole. 

 
FIGURE 10.4. Percentage of antimicrobial resistance among E. coli isolates from cattle in different countries 

(Akwar et al., 2008; EFSA, 2014; Enne et al., 2008; Ramos et al., 2013b). In our study, Ramos et al., 2013b, the 

antibiotic of the sulfonamides class tested was the association trimethoprim–sulfamethoxazole. 
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Antimicrobial resistance surveillance is enhanced when linked to monitoring of 

antimicrobial use practices. Our isolates were obtained from faecal samples collected from 

healthy animals slaughtered for human consumption that at some point during production 

could have had antibiotics administered, either prophylactically or for treatment. 

Nevertheless, we do not have this information; hence, that an integrative interpretation of this 

data with the level of resistance obtained among our isolates is impossible. 

However, Chantziaras et al. (2013) published recently, that in different countries, the 

use level of specific antimicrobials strongly correlates to the level of resistance towards these 

agents in commensal E.coli isolates from food-producing animals (Chantziaras et al., 2014). 

Furthermore, in 2011, the overall sales of veterinary antimicrobial agents, in 25 European 

countries (including Portugal), the largest proportions, were accounted for by tetracyclines 

(37%), penicillins (23%), sulfonamides (11%) and polymyxins (7%) (ESVAC, 2013). Taken 

all together, we may infer that the high levels of resistance to ampicillin, tetracycline and 

sulfonamides commonly found in food-producing animals may reflect the different levels and 

patterns of antimicrobials use during production. 

In line with the findings of our study, co-resistance to clinically important 

antimicrobials, such as ciprofloxacin and cefotaxime, was generally reported at very low to 

low levels (EFSA, 2014). Moreover, multi-resistance levels (reduced susceptibility to three or 

more antimicrobial classes) were high in all reporting countries, ranging between about one-

quarter, and half of the indicator E. coli isolates from pigs (EFSA, 2014). As in our study, the 

MDR pattern of co-resistance to ampicillin, streptomycin, sulfonamides, tetracyclines and 

trimethoprim (and combinations thereof) were frequently observed in the European 

monitoring E. coli isolates (EFSA, 2014). The dissemination of these MDR patterns, in E. coli 

isolates from food-producing animals in Europe, where sulfonamide, streptomycin and 

trimethoprim resistance are common components, may be explained by the frequent 

identification of class 1 or class 2 integrons, carrying genes conferring resistance to these 

antimicrobials. Moreover, recently, in a Spanish study by Marchant et al. (2013), the multi-

resistant profiles of E. coli isolates recovered from healthy broilers and pigs showed an high 

association between antimicrobial resistance and the detection of class 1 and class 2 integrons, 

harboring antimicrobial-related gene cassettes for the corresponding antimicrobials 

(streptomycin, trimethoprim, chloramphenicol, plus sulphonamides) (Marchant et al., 2013). 

In addition, the same study also associated the presence of integrons with resistance to 
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amoxicillin and tetracycline, two antimicrobials that are widely used in food animals, despite 

not linked to these genetic elements (Marchant et al., 2013). 

Vancomycin is still an antibiotic frequently used to treat infections caused by 

multiresistant enterococci, however, the actual expansion of vancomycin-resistant enterococci 

(VRE) strains, represents a tremendous challenge to human infection control. In Europe, it has 

been suggested that the massive use of avoparcin (a vancomycin-like glycopeptide) in animal 

husbandry, was associated with the high prevalence rates of VRE strains detected in food-

producing animals and their subsequent expansion into the community. Once the use of 

avoparcin was discontinued, the prevalence of VRE among farm animals decreased. 

Nevertheless, VRE are still present among farm animals. We aimed to compare the 

prevalence of VRE reported in Portugal in different settings (food-producing animals, 

humans, environmental, wastewater treatment plants, wild animals and pets). The data 

displayed in figure 10.5 shows that VRE strains are broadly distributed in Portugal, being 

isolated not only from healthy food-producing animals, wild animals and pets, but also from 

healthy humans. Of special concern is the wide environmental prevalence of VRE; very high 

levels were found in sewage from hospitals, which can be related with the high prevalence (> 

20 %) of VRE in Portuguese hospital settings (ECDC, 2012). However, VRE are also 

frequently found in waste water treatment plants (this data includes urban and poultry 

slaughterhouses) or even in pig breeding facilities. The environmental prevalence of VRE is 

troublesome, as the release of effluents into watercourses, and the use of sludge in agriculture 

might actively contribute to the dissemination of VRE strains, resistant bacteria, and 

resistance genes throughout the environment.  

Furthermore, the persistence of VRE in food-producing animal, and related 

environments (years after avoparcin withdrawal) indicates that co-selection with other 

antimicrobial agents, increased fitness of strains, and the presence of specific mobile genetic 

elements cannot be ruled out. It is known that the ermB gene, encoding for macrolide 

resistance, can be carried by the same conjugative plasmid harbouring vanA gene (Aarestrup, 

2000). Moreover, a putative linkage of glycopeptide, macrolide and tetracycline-resistant 

genes has been implicated in the occurrence of VRE in the faeces of food-producing animals 

(Agerso et al., 2006). In fact, tetracycline and macrolide, are widely prescribed in pigs 

husbandry to control respiratory and enteric disease, and the use of one of these 

antimicrobials may favours the spread of resistance against antimicrobial from different 
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groups. In our study, all the VRE strains with acquired mechanisms of resistance (VREar) 

from pigs, showed co-resistance to tetracycline and erythromycin; which supports the 

hypothesis that this linkage could be a causative factor for the ongoing persistence of VRE.  

 

FIGURE 10.5. Percentages vancomycin-resistance enterococci reported in Portugal in different settings: 

food-producing animals, environmental, wastewater treatment plants, wild animals, horses and pets (Araujo 

et al., 2010; Braga et al., 2013; Goncalves et al., 2010; Guimaraes et al., 2009; Moura et al., 2009; Novais et 

al., 2005a; Novais et al., 2005b; Poeta et al., 2007; Poeta et al., 2005; Radhouani et al., 2010; Ramos et al., 

2012). 

Finally, it is important to notice that the mobile element Tn916/Tn1545-like transposon 

was detected in the majority of our VREar strains. This is consistent with the results from 

other Portuguese settings, where these mobile genetic elements were also frequently 

associated with acquired vancomycin-resistance (Goncalves et al., 2010; Poeta et al., 2007; 

Radhouani et al., 2010). Moreover, recently, it was reported, in Portugal, that human and 

swine share vancomycin-resistant E. faecium strains harboring Tn1546 on indistinguishable 

plasmids (Freitas et al., 2011). In addition, the rapid and extensive spread of VRE in 

Portuguese hospitals seems to be associated with the dissemination vanA gene on Tn1546-

type transposons (Freitas et al., 2009). Nonetheless, VRE persistence, being continuously 

reported among animals and the environment, shows that this data should not be overlooked 

and must be continuously monitored. 

Another important emerging issue, of public health significance, is the detection of 

extended-spectrum beta-lactamases (ESBLs) in Gram-negative bacteria. Of concern is the 

high proportions of resistance to 3
rd

 generation cephalosporins reported for E. coli in humans, 



DISCUSSION 

Chapter 10 

 

 

217 

 

meaning that, in many settings, treatment must rely on carbapenems, a more expensive drug, 

that may not be available in resource-constrained settings, and which is also likely to further 

accelerate the development of resistance (WHO, 2014). More worrisome, is that, commensal 

E. coli bacteria from food-producing animals, may contribute to the dissemination of ESBL 

resistance, and to transference of resistance genes to human pathogenic bacteria, such as 

Salmonella spp.. 

The Figure 10.6 compares the percentages of ESBL-producing E. coli strains reported 

in food-producing animals by different European and non-European countries. For 

comparison purposes, we selected studies where samples were collected from healthy animals 

at farm or slaughter level. Apart from Portugal, Poland and Korea, where high percentages (> 

20%) of ESBL-producing E. coli were found among pigs isolates, low to moderate 

percentages (>1 % to < 20 %) where detected in the other countries. Concerning cattle and 

sheep isolates, the overall results point out for low percentages (<10%), exception made for 

Germany where the results showed percentages higher than 30%. 

 

FIGURE 10.6. Percentage ESBL-producing E. coli strains reported in health food-producing animals in 

different countries (Agerso et al., 2012; Bardon et al., 2013; Geser et al., 2012; Hartmann et al., 2012; Hiroi et 

al., 2012; Lalzampuia et al., 2013; Mollenkopf et al., 2013; Mollenkopf et al., 2012; Ramos et al., 2013a; Ramos 

et al., 2013c; Schmid et al., 2013; Tamang et al., 2013a; Tamang et al., 2013b; Tian et al., 2012; Wasyl et al., 

2012). 

The variability across data can be explained by the husbandry practices, antibiotic 

usage, or even differences in methodologies. However, in the majority of the reports the data 

from antibiotic use were not included, so we cannot draw practical conclusions concerning 

this aspect. Furthermore, isolation methods (e.g. the use of enrichment broth and/or different 

selective media) and sample sizes vary greatly between countries, which may have resulted in 
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different screening sensitivities. Whence, that sometimes comparing prevalence data should 

be performed cautiously; for example, in the recent report by the European Food Safety 

Authority (EFSA), the overall levels of resistance to cefotaxime and ceftazidime in the 

reporting countries were generally low (<3%), in pigs and cattle (EFSA, 2014); however this 

monitoring report does not used a selective primary isolation media containing 

cephalosporins, so the results, generally, relate to organisms chosen effectively at random 

from primary culture media (EFSA, 2014). A different type of result can be obtained when 

selective media containing cephalosporins is used, which has a greater sensitivity. In Poland, 

Wasyl et al. (2012) reported that the use of MacConkey agar supplemented with cefotaxime 

(2 mg/L) increased the recovery of resistant strains from 0% up to 33.3% in samples from 

pigs (Wasyl et al., 2012). 

It is of note that differences in the type of cattle (dairy cattle, veal calves or beef cattle) 

sampled should be taken in consideration for comparison purposes. Hence, that the higher 

percentages of ESBL-producing E. coli obtained among cattle isolates in Germany can be 

explained by the type of cattle included in that study, samples were collected from mixed 

farms and beef cattle farms, and the overall prevalence of ESBL-producing E. coli was much 

higher in calves than in older cows (Schmid et al., 2013). This fact can be explained by 

farming differences, like housing and exposure to antibiotics (Schmid et al., 2013). Also in 

Switzerland, the study by Geser et al. (2012) was performed at slaughterhouse, however, this 

included samples from claves and older animals, and 94% of the ESBL-producing E. coli 

where found among claves isolates (Geser et al., 2012). In our study, cattle samples were 

collected from beef cattle older than twelve months, which can explain the lower prevalence 

of ESBL-producing E. coli found in cattle in Portugal as compared to those from Germany or 

Switzerland. Therefore, when surveillance studies include cattle is important to specify the 

type of cattle sampled. 

Overall, and with few exceptions, ESBL-producing E. coli were widely disseminated 

among healthy pigs, but were less prevalent in cattle and sheep. Evidence suggests that, in 

general, antibiotic-resistant bacteria are found associated with poultry or pigs at higher 

frequencies than in cattle or sheep, and this correlates with the amounts of antibiotics 

generally used during husbandry production (Marshall and Levy, 2011). 

There are several different types of ß-lactamase which can confer resistance to third-

generation cephalosporins. These are conveniently sub-divided into four classes, designated A 

to D; ESBL enzymes of the TEM, SHV and CTX-M families belong to class A, while class C 
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includes the AmpC beta-lactamases. In animals the most common genes associated with this 

resistance are blaCTX-M-1 and blaCTX-M-14, followed by blaTEM-52 and blaSHV-12; whereas blaCMY-2 

is the most common AmpC-type β-lactamases detected (BIOHAZ, 2011). Based on several 

studies, on Figure 10.7 we represented the global distribution of ESBL enzymes most 

frequently detected in E. coli isolates from food-producing animals.  

 

FIGURE 10.7. Global distribution of ESBL enzymes frequently (bolt) detected in E. coli isolates from food-

producing animals (Agerso et al., 2012; Asai et al., 2011; Bardon et al., 2013; Bortolaia et al., 2010; Cortes et al., 

2010; Dierikx et al., 2010; Egea et al., 2012; Escudero et al., 2010; Ferreira et al., 2014; Friese et al., 2013; Geser et 

al., 2012; Hansen et al., 2013; Hartmann et al., 2012; Hiroi et al., 2011; Hiroi et al., 2012; Hordijk et al., 2013a; 

Hordijk et al., 2013b; Horton et al., 2011; Lalzampuia et al., 2013; Li et al., 2010; Liao et al., 2013; Mnif et al., 

2012; Mollenkopf et al., 2013; Mollenkopf et al., 2012; Ohnishi et al., 2013; Ojer-Usoz et al., 2013; Ramos et al., 

2013a; Ramos et al., 2013c; Randall et al., 2011; Schmid et al., 2013; Snow et al., 2011; Tamang et al., 2013a; 

Tamang et al., 2013b; Tian et al., 2012; Toth et al., 2013; Wasyl et al., 2012; Watson et al., 2012; Wittum et al., 

2010). 

Nowadays, the global spread, and high prevalence, of CTX-M enzymes in E. coli is a 

matter of concern in both, human and veterinary medicine. In line with previous studies, our 

results showed that the CTX-M-type enzymes were prevalent among food-producing animals 

in Portugal. Looking at the world distribution of genes responsible for resistance to extended-

spectrum cephalosporins: the CTX-M-1 group (CTX-M-1 and -15) is predominant in 

European countries, additionally the CTX-M-9 group (CTX-M-9 and -14) has been frequently 

identified in animals from Spain, Portugal, and the United Kingdom. The CTX-M-2 group has 

been mainly described in South America and Japan, whereas in China enzymes of the CTX-
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M-9 group are prevalent, and in United States or North Africa the enzymes of the CTX-M-1 

group are frequently identified. Apart from this general overview, the CTX-M-15 and CTX-

M-14 are by far the most important ones, they are broadly distributed in food-producing 

animals and humans, and are commonly detected in clinically important pathogens (Zhao and 

Hu, 2013). 

The relatively high rates of ESBL producers found in food-producing animals, and the 

high genetic diversity among these isolates, are worrisome and may indicate an established 

reservoir in farm animals. One of the main factors is likely to have been the use of ß-lactams 

antibiotics, including 3
rd

- and 4
th

- generation cephalosporins (Cavaco et al., 2008). Another 

reason could be co-selection of multiple resistance mechanism through the use of different 

antibiotics, and in fact, resistance genes for aminoglycosides, tetracycline and trimethoprim-

sulfametoxazole are frequently placed on single conjugative plasmids, and often associated 

with blaCTX-M genes (Canton et al., 2012; Geser et al., 2012). 

Furthermore, the zoonotic potential of ESBL-producing bacteria and the fact that CTX-

M expression is often associated with co-resistance to other “critical important antibiotics” 

can have direct implications in human health by reducing treatments options. In fact, in our 

study the majority of the ESBL detected in pigs had a MDR phenotype, whith high percentage 

(> 30%) of these isolates being co-resistant to fluoroquinolones. This underlines the need to 

consider carefully the use of fluoroquinolones, or 3
rd

- and 4
th

- generation cephalosporins, as 

treatment options in animals in view of their critical importance in the treatment of systemic 

or invasive Gram-negative bacterial infections in humans. 

In conclusion, not only in Portugal, but all over the word, antibiotic resistance is 

commonly detected among commensal bacteria from food-producing animals, raising 

important questions on the potential impact of antibiotic use in animals and the possible 

transmission of these resistant bacteria to humans through the food chain. The use, in food-

producing animals, of antibiotics that are critically important in human medicine is also 

implicated in the emergence of new forms of MDR bacteria including new strains of multi-

resistant foodborne bacteria, sucha as VRE and ESBL-producing E. coli. In addition, the 

worldwide dissemination of MDR strains of E. coli and enterococci is mainly due to the 

spread of genes for antibiotic resistance located on mobilizable genetic elements, including 

integrons, plasmids and transposons, and these genes are also known to be transferable to 

other bacteria of the same or a different strain or species, including pathogenic ones. 
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From our study we should also underline the persistence of VRE, as well as, the wide 

dissemination of ESBL-producing E. coli found among food-producing animals, withal in 

pigs; these data should not be overlooked and should be continuously monitored. Further 

research should be conducted to determine the real situation in Portugal and to determine the 

risk factors that may underlie the high prevalence of antibiotic resistance found in our results. 
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CONCLUDING REMARKS 

Throughout this thesis; several aspects on antimicrobial resistance in commensal E. coli 

and enterococci isolated from food-producing animals were investigated. Some general 

conclusions can be highlighted:  

1.  Determination of antimicrobial resistance prevalence in commensal Enterococcus 

spp. isolates, mechanisms of resistance associated and detection of virulence genes: 

1.1. Concerning the characterization of the 194 enterococcal isolates obtained from 

pigs, sheep and cattle, the E. faecium (45.7%) was the prevalent species 

detected in pigs, while in cattle and sheep this enterococcal species was the 

second most detected and was found in similar percentages (29.4 and 26%, 

respectively). Whereas, E. hirae was the most detected in cattle and sheep (56.8 

and 58.9%, respectively). 

1.2. Higher percentages of resistance were detected for tetracycline and 

erythromycin in pig isolates (95.7% and 84.3%, respectively) compared with 

sheep isolates (76.7 and 17.3%, respectively); lower percentages of resistance to 

these antibiotics were obtained in cattle isolates (49% and 15.7%, respectively). 

Similar percentages of quinupristin/dalfopristin resistance were observed in 

isolates from pigs, cattle and sheep (23.5% – 15.1%). Lower percentages of 

high-level resistance for gentamycin (HLR-G) were detected in enterococci 

from pigs and cattle (7.1% and 5.9%, respectively). Higher percentages were 

found for high-level resistance for kanamycin (HLRK) and high-level resistance 

for streptomycin (HLR-S), especially in the isolates recovered from pigs 

(32.9% and 44.3%, respectively). Moreover, genes encoding resistance for 

these antibiotics were demonstrated in the majority of the resistant enterococci 

isolates. 

1.3. In addition, the association between the tet(M) gene and Tn916/Tn1545-like or 

Tn5397-like transposons was detected in 30.8% and 11.2% of the tetracycline-

resistant isolates, respectively. 

2. Determination of the antimicrobial resistance prevalence in commensal E. coli 

isolates, mechanisms of resistance associated and detection of virulence genes: 
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2.1. High percentages of antibiotic resistance were found in E. coli isolates from 

food-producing animals, 97% of the pig isolates, 74% from sheep and 55% 

from cattle were resistant to one or more antimicrobial agents classes. 

2.2. Among the E. coli multiresistant isolates co-resistance to ampicillin, 

streptomycin, tetracycline and trimethoprim-sulfamethoxazole was the most 

common phenotype detected. Moreover, class 1 and/or class 2 integrons 

carrying resistance gene cassettes were detected in 36.9% of the isolates from 

pigs and sheep; the genes contained in the variable region of these integrons 

confer trimethoprim and streptomycin resistance. 

2.3. Additionally, 93% of the E. coli resistant isolates were included in the A or B1 

phylogenetic groups and 5 isolates from pigs, into the phylogroups B2 and D. In 

addition, these five isolates were resistant to five different antimicrobial agents. 

The virulence gene fimA (alone or in association with papC or aer genes) was 

detected in 71% of the E. coli resistant isolates. 

A high percentage of antibiotic resistance was detected in commensal bacteria 

enterococci and E. coli from food-producing animals, raising important questions on the 

potential impact of antibiotic use in animals and the possible transmission of these resistant 

bacteria, and resistance genes, to humans through the food chain. Furthermore, the detection 

of integrons and transposons is a cause for concern, since they can be associated with 

dessimination of genes encoding for antibiotic resistance to more pathogenic bacteria. 

3. Determination of VRE prevalence, molecular characterization of vancomycin 

resistance mechanisms, association with other resistance genes and clonal 

relationship: 

3.1. E. faecium containing the vanA gene, encoding for acquired vancomycin 

resistance (VREar), were detected in 25.3% and 2.7% of pigs and sheep 

samples, respectively; but not among cattle samples.  

3.2. All the VRE strains from pigs, with acquired mechanisms of resistance, 

showed co-resistance to tetracycline and erythromycin. Moreover, the mobile 

element Tn916/Tn1545-like transposon was detected in 90.5% of the 

tetracycline-resistant isolates that contained the tet(M) gene. Supporting the 

hypothesis of co-transference of the gene tet(M), on the same conjugative 

plasmid that contain the vanA gene and a putative linkage, between the 
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glycopeptide, macrolide and tetracycline-resistant genes and the occurrence 

VREar in food-producing animals. 

3.3. Enterococcal strains with intrinsic vancomycin resistance (VREir) were 

detected in 9.9%, 3.7% and 2.7% of faecal samples from pigs, cattle and sheep, 

respectively. 

3.4. Although gelatinase and haemolytic activity were not detected, the hyl and 

cylB virulence genes were found within the VRE strains. 

3.5. The MLST analysis revealed that VRE strains isolates belong to the CC5. 

More than 15 years after avoparcin ban, our results suggest that food-producing animals 

are still frequent reservoirs of enterococci with acquired mechanism of vancomycin 

resistance. This may be associated with the phenomenon of co-resistance to other frequently 

used antibiotics, such as tetracyclines and macrolides. Moreover, VREar in food-producing 

animals is worrissome since they harbour resistance determinants that could potentially be 

transmitted to zoonotic bacteria. On the other hand, the detection of VREir is not so worrying, 

given that the genes encoding for intrinsic resistance are located on the chromosome, and 

therefore, non-transferable to other bacteria. The risks they represent to human health is much 

lower than those from VREar. 

4. Characterization of ESBL-producing E. coli isolates, phylogenetic groups, virulence 

determinants, analysis of their clonal relationship and identification of other 

associated resistance genes:  

4.1. ESBL-producing E. coli isolates were identified in 49% of pigs isolates. The 

prevalent ß-lactamase detected was the CTX-M-1 enzyme (71.4%), followed by 

CTX-M-9 (11.4%), CTX-M-14 (5.7%), SHV-12 (5.7%) and CTX-M-32 (5.7%).  

4.2. For the first time in Portugal, CTX-M-producing E. coli isolates were detected 

in cattle and sheep, in 7% of the 127 fecal samples analyzed. The ß-lactamase 

genes detected were: CTX-M-32 (n= 4), TEM-1 + CTXM-1 (n= 3) and CTX-

M-1 (n= 2).  

4.3. A phenotype of MDR was detected in 94.2% of the ESBL isolates from pigs, 

and in all CTX-M-containing isolates from cattle and sheep. Moreover, in 

several isolates, class 1 and/or class 2 integrons carrying genes conferring 

resistance to different antibiotics were identified. 
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4.4. Co-resistance to quinolones was observed in many ESBL-producing E. coli 

isolates from pigs. The substitutions Ser83Leu and Asp87Asn (GyrA) and 

Ser80Ile (ParC) were the most frequently detected. 

4.5. The majority of the isolates belonged to phylogroups B1 and A. 

4.6. The MLST analysis of pigs isolates revealed nine sequence types under six 

clonal complexes and nine singletons, including the overrepresentation of 

CC10. Moreover, a new allele number was detected on the fumC gene 

representing a new SST2528, and a new combination of alleles that correspond 

to 2 new ST2524 and ST2525 on pigs isolates. These three new STs were 

registered in the database (www.mlst.net).   

4.7. Among cattle and sheep isolates the MLST analysis revealed four different STs 

under 2 ST complexes (STC10 and STC155) and we detected a novel allelic 

profile (Adk-6, Fum-41, Gyr-3, Icd-18, Mdh-11, Pur-8 and Rec-14) representing 

a new ST, registered in the database as ST2526.  

The high prevalence of ESBL-producing E. coli recovered from food-producing 

animals, especially among pigs, may raise concern as they can represent a potential risk factor 

to public health. Their zoonotic potential and the fact that CTX-M expression is often 

associated with co-resistance to other “critically important antibiotics”, such as 

fluoroquinolones, can have direct implications in human health by reducing treatments 

options. In addition, most of them belonged to CC10, commonly recovered from clinical 

samples. Hence, the use of fluoroquinolones, or 3rd- and 4th- generation cephalosporins, 

should be regarded with caution as a treatment options in animals.  

5.  Proteomic comparison of multiple antibiotic-resistant E. coli strains: 

5.1.Firstly, we compared the total cellular proteins of 66 E. coli strains obtained 

from pigs by SDS-PAGE. Different levels of expression were detected for 

proteins located between the 6.5 and 116 kDa and the 66 isolates were clustered 

in three different 1-DE protein profiles. 

5.2.Secondly, four strains SU76, SU23, SU62 and SU60, were selected for a full 

comparative proteomic analysis by 2-DE. A total of 857 different spots were 

picked for protein identification by MALDI-TOF/TOF. The number of spots 

identified from each strain, SU76, SU23, SU62 and SU60, were, respectively: 



CONCLUDING REMARKS 

 

 

 

231 

 

244 (76.25%), 134 (67.3%), 117 (78%) and 157 (83.5%), which corresponded 

to 150, 96, 89 and 111 different identified proteins. 

5.3.Identical transport, stress response or metabolic proteins were identified in the 

four strains. Several of the identified proteins, namely GAPDH, enolase, 

OmpA, TolC, LuxS, GroEL, ClpB and HtpG, are essential in bacterial 

pathogenesis and are potential antibacterial targets.  

5.4.Moreover, in our study we could detect and confirm the expression of beta-

lactamase proteins, in strains that showed to be resistant to β-lactam antibiotics. 

 

6. Assessment of protein expression changes in the proteomes of a ESBL-producing E. 

coli strain and a VRE E. faecium strain stressed with antibiotic: 

6.1. In this last part, our goal was to identify differentially expressed proteins on 

bacterial strains subjected to antibiotic stress. In that sense, the 2-DE gels 

obtained were analysed and compared using the Progenesis SameSpots 

software.  

6.2.We compared the proteomes of the E. faecium VRE strain, SU18, grown in 1/8 

and ½ of vancomycin minimum inhibitory concentration. Fourteen proteins 

were differentially expressed, seven of which were upregulated and seven 

downregulated. The overall compensatory response of SU18 to vancomycin 

was to alter the expression of proteins related to antibiotic resistance, cell wall 

formation and energy metabolism; where proteins involved in the vancomycin 

resistance mechanism, such as the VanA protein, VanA ligase, VanR and D-

Ala-D-Ala dipeptidase, were upregulated, while metabolism-related proteins 

such as triosephosphate isomerase, guanine monophosphate synthase and 

glyceraldehyde-3-phosphate dehydrogenase, were downregulated. 

6.3. Similarly, the ESBL-producing E. coli strain, SU03, was cultured with double 

ciprofloxacin minimum inhibitory concentration. The hydrolase L-asparaginase 

was found to be overexpressed, which may have lead to a diverse secondary 

response by influencing the production of other proteins, or may directly have 

mediated ciprofloxacin resistance. 

These studies reflect the importance of proteomics in detecting protein expression 

changes in bacterial strains exposed to a particular stress, such as that caused by antibiotic, 



CONCLUDING REMARKS 

 

 

232 

 

helping us to understand which pathways trigger antibiotic resistance mechanisms. Moreover, 

some of the differentially expressed proteins identified might enhance antimicrobial activity 

and are now being investigated as potential therapeutic drug targets in other pathogenic 

bacteria. 

Antimicrobial resistance is an important phenotypic property that is compromising 

treatment of infectious diseases and reshaping drug discovery. As little is known about the 

structural and metabolic changes in the cell that trigger resistance to antimicrobial agents, 

proteomic analysis and protein identification are reliable complementary tools to improve our 

knowledge in this field. Proteomic studies provide major opportunities to elucidate disease 

mechanisms and to identify new diagnostic markers or even therapeutic targets. We 

performed a comparative proteomic analyses, based on 2-DE gel electrophoresis approach, 

achieving the separation and identification of many solubilized proteins. However, some 

limitations must be further overcome, for example the underrepresented proteomic profile of 

membrane or secreted proteins that could be differentially expressed in the presence of an 

antibiotic. These proteins are important in many bacterial processes, such as acquisition of 

nutrients, stress responses and intercellular signalling, many of which could be vital for 

bacterial growth and survival within the host. In comparative proteomic studies, to improve 

the identification and quantification of the predicted proteome, a combined approach of 

different proteomic sub-fractions enrichment within in vivo metabolic labelling and shotgun 

proteomics can be applied. Moreover, confirming the quantitative data obtained in our 

proteomic experiments, through independent methods such as immunoblotting or qPCR, can 

further validate or add more information to our base information. 

In conclusion, and recognizing that our study provides limited data, we observed that 

ESBL-producing E. coli and VRE E. faecium strains can be commonly found in food-

producing animals, pigs, cattle and sheep in Portugal. Our results provide important 

information on antimicrobial resistance patterns, antimicrobial resistance genes and clonal 

relationships of different ESBL-producing E. coli and VRE enterococci strains. Overall, our 

results were consistent with those from other European studies. However, in Portugal, there is 

a paucity of studies expressing the prevalence of these strains all over the country or in 

different settings. Therefore, additional nationwide surveys are needed to identify the possible 

spread of ESBL-producing E. coli and VRE E. faecium strains among food-producing 

animals, its transmission dynamics, and risk factors.  
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Our findings make a contribution to establishing a knowledge base regarding the 

emergence of antimicrobial resistance in food-producing animals in Portugal. In turn, this 

could aid in the implementation of guidelines, and regulations on the usage of antimicrobial 

agents in livestock production systems. Such guidelines for the prudent use of antimicrobial 

agents may help to slow down the selection for resistance, and should be based on knowledge 

regarding the normal susceptibility patterns of the causative agents and take into account the 

potential problems for human health. At present our knowledge regarding the occurrence of 

antimicrobial resistance in food-producing animals, the quantitative impact by the use of 

different antimicrobial agents on selection of resistance and most appropriate treatment 

protocols to limit the development of resistance, still have some limitations. Accordingly, 

programmes monitoring the occurrence and development of resistance and consumption of 

antimicrobial agents are strongly desirable, as is research into the most appropriate ways to 

use antimicrobial agents in veterinary medicine.  

Nowadays it is clear that the use of antimicrobials on production animals is part of the 

antimicrobial resistance complex scenario. Moreover, in livestock, such as in humans, the 

emergence of antimicrobial resistance has an impact on animal health affecting production 

costs, and in some situations, leaving fewer treatment options in the case of animal infections. 

Therefore, it is imperative to recognize that urgent action is needed to avoid inappropriate use 

of antibiotics and to reduce their usage in animal husbandry. However, we should not forget 

that restrictive policies on antibiotic use may have a direct impact on animal health and 

welfare. In addition, the impact of restrictive policies may be compromised by the continuous 

contact of livestock with MDR strains at environmental level (e.g. feed, facilities, 

transportation, other animals, air and dust), leading to the consumption of antibiotics to treat 

specific infections. Therefore, these restrictive measures on antibiotic use should always be 

reinforced by preliminary interventions at husbandry management level. 

To assess the real magnitude of the problem, long-term surveys on antimicrobial 

resistance running in parallel in human and veterinary fields are required. However, when 

establishing a surveillance programme several factors have to be taken into consideration, 

such as: bacterial species to be included, sampling strategies, isolation procedures, 

susceptibility testing methods, data recording, computing and reporting. In order to allow 

comparison of results and reach reliable conclusions, the adoption of international uniform 

criterion should be mandatory.  
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Meanwhile, strong efforts have been made to achieve a broader surveillance on 

antimicrobial resistance, and studies reporting antimicrobial resistance bacteria in different 

ecosystems are published all over the world. Nevertheless, it should be emphasized that the 

need of an integrated surveillance system on antimicrobial use and resistance mechanisms, 

with intersectoral collaboration between human health, veterinary and other food-related 

disciplines are essential. The “One Health” concept recognizes that the health of humans is 

connected to the health of animals and the environment. In addition, the EU integrated 

approach to food safety aims to assure a high level of food safety, animal health, and welfare 

through coherent farm-to-table measures and adequate monitoring. These two concepts are 

important, and should be applied to overcome this public health emergency.  

Furthermore, an intensive collaboration between scientists and policy makers is required 

for the development of specific legislation, enabling the adoption and implementation of 

measures that positively impact on antimicrobial resistance. It should be kept in mind that 

because, people travel, and meat and livestock are exported, antimicrobial resistance can 

easily be transferred between borders. Therefore, the established policies to control 

antimicrobial resistance should be adopted globally. 

Finally, and perhaps the most important factor in the antibiotic resistance problem is the 

awareness of the general community towards the real risks associated with the use and abuse 

of antibiotic consumption. The consciousness of general public will bring an understanding of 

the efforts being made by the political and scientific community (physicians, veterinarians 

and scientists), and is crucial for the successful implementation of measures to fight the 

misuse of antibiotics. 
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TABLE A-1. Chromosome- and/or plamid-mediated resistance mechanisms found in different antimicrobial classes. 

Class and 

subclass 

Resistance mechanisms 
References 

Chromosome-mediated resistance Plasmid-mediated resistance 

Antimicrobials targeting bacterial cell wall 

ß-Lactams 

- Enzymatic inactivation by ß-lactamase (e.g. TEM, 

SHV, CTX-M, AmpC). 

- Target modification (e.g.: mutations on PBP5 in E. 

faecium and methicillin altered PBP2 transpeptidase 

in S. aureus). 

- Active efflux due to overexpressed multidrug efflux 

pump (e.g. AcrAB in Gram-negative bacteria). 

- Decreased influx due to the loss of porin (e.g. 

OmpF). 

- Enzymatic inactivation by ß-lactamase, e.g.: 

. ISEcp1, ISCR1, IS10, and IS26 upstream of the 

blaCTX-M genes; 

. Tn3 and Tn21 derivatives and Tn5090-like 

transposon with blaCTX-M genes; 

. blaCTX-M-15 gene in FII plasmids; 

. blaNDM-1 genes in IncN plasmids; 

. IncK plasmids with blaCTX-M-14 and blaCMY 

genes. 

(Allocati et al., 2013; Li 

et al., 2007; Schultsz and 

Geerlings, 2012) 

Glycopeptides 

- Peptidoglycan structure alteration by replacement 

of the D-ala-D-ala binding site by D-ala-D-lactate (or 

serine) (e.g. vanA, vanB, vanC). 

- Peptidoglycan structure alteration, e.g.: 

. vanA gene by Tn1546; 

. vanB1 by Tn1547 with IS16 and IS256-like; 

. vanB2 by Tn5382,Tn1549. 

(Hollenbeck and Rice, 

2012; Werner et al., 

2013) 

Antimicrobials that inhibit ribosomal protein synthesis 

Aminoglycosides 

- Enzymatic inactivation by aminoglycoside-

modifying enzymes, e.g.: 

. AAC (6’)-Ii in low-level tobramycin and 

kanamycin in E. faecium; 

. APH(3’)-VI in amikacin or ANT(2’’) in 

kanamycin, gentamicin and tobramycin, in Gram-

negative bacteria; 

- Decreased antimicrobial uptake by overexpression 

of efflux pumps (e.g. AcrAD-TolC and MexXY-

OprM ). 

- 16S rRNA methylases (e.g. ArmA). 

- Enzymatic inactivation by aminoglycoside-

modifying enzymes, e.g.: 

. Aph(2’’)-Ia-Aac(6’)Ie in gentamicin HLR by 

Tn5281 in enterococci; 

. Ant(6’)-Ia in streptomycin HLR by Tn1546, 

Inc.18, Tn5382 in enterococci; 

- 16S rRNA methylases (e.g. ArmA). 

(Allocati et al., 2013; 

Hollenbeck and Rice, 

2012; Lambert, 2012; 

Schultsz and Geerlings, 

2012) 

Tetracyclines 

- Antibiotic efflux by proteins from the major 

facilitator superfamily (MFS) [e.g.: Tet(A), Tet(B), 

Tet(K) or Tet(L)]. 

- Ribosomal protection proteins, Tet(M), Tet(O). 

- Antibiotic inactivation by Tet(X) proteins. 

- Antibiotic efflux by proteins from the major 

facilitator superfamily (MFS) [e.g.: Tet(A), 

Tet(B), Tet(K) or Tet(L)]. 

- Ribosomal protection proteins Tet(M) encoded 

by gene on transposons from Tn916 and Tn1545 

families. 

(Lambert, 2012; Roberts, 

2011) 
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Table A-1 (Continued) 

Class and 

subclass 

Resistance mechanisms 
References 

Chromosome-mediated resistance Plasmid-mediated resistance 

Macrolides 

- Target modification by rRNA methylases [e.g. 

erm(A) erm(B) or erm(C)]. 

- Antibiotic modification by hydrolytic enzymes 

(e.g.: ere, mph or vat). 

- Active antibiotic efflux pumps (e.g. ABC 

transporter family and MFS family in Gram-positive 

organisms). 

- Target modification by rRNA methylases, e.g. 

Erm(B) enzyme encoded by gene in Tn916 and 

Tn1545. 

(Lambert, 2012; 

Leclercq, 2002; Roberts, 

2011) 

Phenicols 

- Antibiotic inactivation by acetyltransferases 

(CATs). 

- Specific antibiotic efflux pumps (e.g. CmlA). 

- Active efflux due to overexpressed multidrug efflux 

pump (e.g. AcrAB-TolC and MdfA). 

- Decreased influx due to the loss of porin (e.g. 

OmpF). 

- Antibiotic inactivation by acetyltransferases 

(e.g.: catI gene in Tn9 of E.coli). 

- Antibiotic efflux pumps (e.g. floR in E.coli). 

(Schwarz et al., 2004) 

Antimicrobials that affect the synthesis and conformation of nucleic acids 

Quinolones 

- Mutations in structural genes of type II 

topoisomerases, (gyrA, parC, gyrB or parE) 

- Reduction in the permeability of the cell wall of 

Gram-negative bacteria (e.g. OmpF). 

- Hyperexpression of efflux RND pumps (e.g. 

AcrAB) in Gram-negative bacteria and MPS pumps 

in Gram-positive bacteria (e.g. NorA, Pmr)3 

- Protection of the target by the Qnr proteins 

(e.g. qnrA, qnrB, qnrC, qnrD, qnrS). 

- Enzyme inactivation (e.g. Aac-6’-Ib-cr). 

- Efflux pumps (e.g. QepA, OqxAB). 

(Allocati et al., 2013; 

Cambau and Guillard, 

2012; Ruiz et al., 2012; 

Schultsz and Geerlings, 

2012) 

Sulfonamides 

and 

Trimethoprim 

- Reduction in the permeability of the cell wall of 

Gram-negative bacteria (e.g. OmpF). 

- Hyperexpression of RND efflux pumps (e.g. Acr). 

- Structural modification of the target DHPS or 

DHFR. 

- Hyperproduction of DHPS. 

- Production of DHPS enzymes resistant to the 

action of sulfamides (sul1, sul2, sul3). 

- Production of DHFR enzymes resistant to the 

action of trimethoprim (dhfr1 and dhfr2). 

(Cambau and Guillard, 

2012; Huovinen, 2001) 
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ANNEX B:  

MULTILOCUS SEQUENCE TYPING OF VANCOMYCIN-RESISTANT 

ENTEROCOCCUS FAECIUM ISOLATED FROM PIG AND SHEEP.
¥
 

The Gram-positive specie Enterococcus faecium has long been thought of as a harmless 

commensal of the mammalian gastrointestinal tract. However, in the last two decades E. 

faecium became an emergent and challenging nosocomial problem worldwide. In the United 

States, E. faecium is now almost as common a cause of nosocomial infections as E. faecalis 

(Arias and Murray, 2012). In Europe, a remarkable reduction in the prevalence of 

vancomycin-resistant enterococci (VRE) among animals and humans has been observed after 

the EU withdrawal of avopracin as a growth promoter (Freitas et al., 2011). Nevertheless, 

subsequent surveillance has revealed an increase in nosocomial ampicillin- and/or 

vancomycin-resistant enterococcal infections over the past decade (Arias and Murray, 2012). 

Multilocus sequence typing (MLST) is a suitable tool for global epidemiologic studies, and 

the data provided are important for tracking the dissemination of pathogenic strains and 

therefore avoiding outbreaks (Maiden, 2006). In this context, we used MLST to study the 

clonal relatedness of vanA-containing enterococci E. faecium (VREfm) isolated from pigs and 

sheep at slaughter. We analyzed 18 VREfm strains (17 from pigs and 1 from sheep) that were 

previously characterized (Ramos et al., 2012). For this purpose, internal 400–600-bp 

fragments of housekeeping genes were amplified and sequenced: adk, atpA, ddl, gdh, gyd, 

purK and pst (Homan et al., 2002). The sequences obtained were analysed and compared 

against the http://mlst.ucc.ie/ database. The combination of the seven obtained alleles for each 

isolate allows us to determine the corresponding sequence type (ST) and clonal complex 

(CC). 

Table B.1 shows the characteristics and MLST results of the vanA-containing 

enterococci E. faecium strains analyzed. The MLST analysis revealed sequence type 5 (ST5) 

(n =5), ST139 (n=12), obtained from pig isolates, and ST185 in the sheep isolate, which are 

E. faecium sequence types belonging to clonal complex 5 (CC5). ST185 is a single locus 

variant (SLV) of ST5, and both belong to CC5. Strains belonging to CC5 are recognized to be 

circulating among European pigs (Freitas et al., 2011; Freitas et al., 2009), and were also 

detected in the USA (Gordoncillo et al., 2012).  

 

¥Data not published 
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TABLE B.1. characteristics and MLST results of the vanA-containing enterococci E. faecium strains analyzed. 

AMP, ampicillin; STR, high-level streptomycin; KAN, high-level kanamycin; TET, tetracycline; ERY, 

erythromycin; CIP, ciprofloxacin; QD, quinupristin-dalfopristin; VAN, vancomycin; TEC, teicoplanin. 

As previously reported by Ramos et al (2010) all isolates studied were resistant to 

tetracycline and erythromycin, and most of them were associated with resistance to 

quinupristin-dalfopristin, ampicillin, to high-level kanamycin and streptomycin (table 1). Four 

of the isolates assigned to ST5 showed high-level resistance (HLR) to kanamycin and 

streptomycin, what can be of concern. In case severe enterococcal infections the synergistic 

and bactericidal therapy can be reliably achieved with the addition of an aminoglycoside to 

the b-lactam (or other cell wall agent such as vancomycin), as long as the organism does not 

exhibit HLR to the aminoglycoside (Arias et al., 2010). 

Sequence 

type 
Isolate Resistance profile 

Genes or transposon sequences 

detected by PCR 

5 Pig SU04 VAN-TEC-TET-ERY 
vanA-tet(M)-tet(L)-erm(B)-

Tn916/Tn1545 

5 Pig SU27 VAN-TEC-TET-ERY-STR-KAN 
vanA-tet(M)-tet(L)-erm(B)-aph(3`)-

IIIa-ant(6)-Ia -Tn916/Tn1545 

5 Pig SU30 VAN-TEC-TET-ERY-STR-KAN 
vanA-tet(M)-tet(L)-erm(B)-aph(3`)-

IIIa-ant(6)-Ia- Tn916/Tn1545 

5 Pig SU38 
VAN-TEC-TET-ERY-AMP-STR-

KAN 

vanA-tet(L)-erm(B)-aph(3`)-IIIa-

ant(6)-Ia 

5 Pig SU43 
VAN-TEC-TET-ERY-QD-CIP-STR-

KAN 

vanA-tet(M)-tet(L)-erm(B)-aph(3`)-

IIIa-ant(6)-Ia-Tn916/Tn1545 

139 Pig SU01 VAN-TEC-TET-ERY-AMP-QD 
vanA-tet(M)-tet(L)-erm(B)-

Tn916/Tn1545 

139 Pig SU02 VAN-TEC-TET-ERY-STR vanA-tet(L)-erm(B) 

139 Pig SU06 VAN-TEC-TET-ERY 
vanA-tet(M)-tet(L)-erm(B)-

Tn916/Tn1545 

139 Pig SU07 VAN-TEC-TET-ERY 
vanA-tet(M)-tet(L)-erm(B)-

Tn916/Tn1545 

139 Pig SU09 VAN-TEC-TET-ERY-QD-CIP 
vanA-tet(M)-tet(L)-erm(B)-vat(E)- 

Tn916/Tn1545 

139 Pig SU18 
VAN-TEC-TET-ERY-QD-AMP-

STR-CIP 

vanA-tet(M)-tet(L)-erm(B)-

Tn916/Tn1545 

139 Pig SU19 
VAN-TEC-TET-ERY-QD-AMP-

STR 

vanA-tet(M)-tet(L)-erm(B)-

Tn916/Tn1545 

139 Pig SU31 VAN-TEC-TET-ERY vanA-tet(L)-erm(B) 

139 Pig SU39 VAN-TEC-TET-ERY-QD-STR 
vanA-tet(M)-tet(L)-erm(B)-

Tn916/Tn1545 

139 Pig SU48 VAN-TEC-TET-ERY 
vanA-tet(M)-tet(L)-erm(B)-

Tn916/Tn1545 

139 Pig SU51 VAN-TEC-TET-ERY 
vanA-tet(M)-tet(L)-erm(B)-

Tn916/Tn1545 

139 Pig SU77 VAN-TEC-TET-ERY- AMP 
vanA-tet(M)-tet(L)-erm(B)-

Tn916/Tn1545 

185 Sheep PR74 VAN-TEC-TET-AMP vanA-tet(M)-tet(L)-Tn916/Tn1545 
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Although E. faecium CC5 are commonly found among animals they have also been 

isolated from humans. A previous study by Freitas et al (2011), suggests interhost 

transmission of particular VRE strains belonging to predominant enterococcal CC associated 

with hospital-acquired human infections (E. faecium CC17 and E. faecalis CC2) or swine 

colonization (E. faecium CC5) in several European countries.  

The recovery from slaughtered animals of E. faecium CC5 clone is of concern, since 

these CC5 VRE strains with zoonotic potential may further contribute to the already growing 

VRE problem in Portuguese hospitals, another public health concern is the spread of their 

resistance genes to other human pathogens. The vanA resistance gene, being located in 

mobile genetic elements, such as the Tn916/Tn1545 identified in the majority of our isolates, 

might be horizontally transferred to other pathogens as the methicillin-resistant S. aureus. 
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TABLE C -1. Proteins identified by MALDI-TOF/TOF in strain SU76. 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene Biological process Species Reference 

RPOB_ECO24 
201/202/ 

203* 
12 114 9 150937 5.15 

DNA-directed RNA 

polymerase subunit 
beta 

rpoB Transcription 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

ILVD_ECO45 205 8 61 11 66199 5.51 
Dihydroxy-acid 

dehydratase 
ilvD 

Amino-acid 

biosynthesis 

Escherichia coli O45:K1 

(strain S88 / ExPEC) 
(Touchon et al., 2009) 

ADHE_ECO57 
208/209* 18 152 33 

96580 6.32 
Aldehyde-alcohol 

dehydrogenase 
adhE 

Alcohol metabolic 

process 
Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

211 8 65 13 

ODP1_ECO57 
212/213* 20 193 28 

99948 5.46 

Pyruvate 

dehydrogenase E1 
component 

aceE Glycolysis Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 
214 17 194 19 

BAMA_ECO24 215 19 178 35 90611 4.93 

Outer membrane 

protein assembly 
factor BamA 

bamA 
Protein insertion 

into membrane 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

EFG_ECO24 216/217* 32 249 57 77704 5.24 Elongation factor G fusA Protein biosynthesis 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

GYRB_ECO57 225/226* 8 92 18 90179 5.72 DNA gyrase subunit B gyrB Antibiotic resistance Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

PFLB_ECOLI 

227/228* 11 67 13 

85588 5.69 
Formate 

acetyltransferase 1 
pflB 

Carbohydrate 

metabolism 

Escherichia coli (strain 

K12) 

(Becker et al., 1999; Blattner et al., 

1997; Hayashi et al., 2006; Molloy et al., 

1998; Oshima et al., 1996; Rodel et al., 

1988; Sawers and Bock, 1989; 

VanBogelen et al., 1997; Wagner et al., 

1992; Zhang et al., 2009; Zhang et al., 

2011) 

238/239* 39 311 60 

CLPB_ECO57 

230/231* 52 462 63 

95697 5.37 
Chaperone protein 
ClpB 

clpB Stress response Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 
232 15 118 22 

246 14 101 21 

247 7 68 11 

PTA_ECOLI 233 20 213 32 77466 5.28 
Phosphate 
acetyltransferase 

pta 
Acetate biosynthetic 
process 

Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Campos-

Bermudez et al., 2010; Castano-Cerezo 

et al., 2009; Chang et al., 1999; Hayashi 

et al., 2006; Matsuyama et al., 1994; 

Matsuyama et al., 1989; Shi et al., 2005; 

Yamamoto et al., 1997) 

KATG1_ECO57 236 11 95 17 80047 5.14 Catalase-peroxidase 1 katG1 Hydrogen peroxide Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

FRDA_ECOLI 

241/242* 19 166 34 

66500 5.86 
Fumarate reductase 

flavoprotein subunit 
frdA Transport 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Blaut et al., 1989; 

Burland et al., 1995; Cole, 1982; 

Hayashi et al., 2006; Iverson et al., 

1999; Iverson et al., 2002; Schroeder et 

al., 1994; Yi et al., 1999) 
243 12 127 24 

TKT1_ECOLI 244/245* 17 132 31 72451 5.43 Transketolase 1 tktA 

Pentose-phosphate 

shunt, non-oxidative 
branch 

Escherichia coli (strain 

K12) 

(Asztalos et al., 2007; Blattner et al., 

1997; Hayashi et al., 2006; Riley et al., 

2006; Sprenger, 1993; Sprenger et al., 

1995; Szumanski and Boyle, 1990; 

Zhang et al., 2009) 
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TABLE C - 1.(Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene Biological process Species Reference 

SYGB_ECOBW 248 17 183 37 76936 5.29 
Glycine--tRNA ligase 

beta subunit 
glyS Protein biosynthesis 

Escherichia coli (strain 

K12 / MC4100 / BW2952) 
(Ferenci et al., 2009) 

SYP_ECO24 249 20 246 41 63622 5.08 Proline--tRNA ligase proS Protein biosynthesis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

HTPG_ECO57 
250 34 332 59 

71378 5.09 
Chaperone protein 
HtpG 

htpG Stress response Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 
295 20 189 36 

DNAK_ECO24 

251 36 303 57 

69130 4.83 
Chaperone protein 

DnaK 
dnaK Stress response 

Escherichia coli O139:H28 

(strain E24377A / ETEC) [ 
(Rasko et al., 2008) 285 14 170 33 

286 17 160 37 

RS1_ECO57 252 15 90 32 61235 4.89 
30S ribosomal protein 

S1 
rpsA Translation Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

GLMS_ECO57 253 16 175 40 67095 5.56 

Glutamine--fructose-6-
phosphate 

aminotransferase 

[isomerizing] 

glmS 
Carbohydrate 

biosynthetic process 
Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

SYQ_ECO24 255 8 89 25 64008 5.89 
Glutamine--tRNA 

ligase 
glnS Protein biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

OPGG_ECO24 259/260* 7 64 12 57846 6.70 
Glucans biosynthesis 

protein G 
mdoG 

Glucan biosynthetic 

process 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

RL5_ECO24 262 15 195 75 20346 9.49 
50S ribosomal protein 
L5 

rplE Translation 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

RL6_ECO24 263 14 216 64 18949 9.71 
50S ribosomal protein 

L6 
rplF Translation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

IF3_ECO27 264 7 74 51 20608 9.54 
Translation initiation 

factor IF-3 
infC Protein biosynthesis 

Escherichia coli O127:H6 

(strain E2348/69 / EPEC) 
(Iguchi et al., 2009) 

RL3_ECO24 265/266* 18 216 62 22230 9.91 
50S ribosomal protein 
L3 

rplC Translation 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

RL1_ECO24 
267/268* 10 107 50 

24714 9.64 
50S ribosomal protein 

L1 
rplA 

Translation 

regulation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

452 6 95 31 

RL2_ECO24 
270 8 74 25 

29956 10.93 
50S ribosomal protein 

L2 
rplB Translation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

450 9 153 35 

YDGH_ECOLI 272 8 111 33 33882 9.27 Protein YdgH ydgH  
Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Fountoulakis et al., 

1999; Hayashi et al., 2006) 

PYRD_ECO24 274 4 60 16 36979 7.66 

Dihydroorotate 

dehydrogenase 

(quinone) 

pyrD 
Pyrimidine 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

DEGP_ECO57 275 5 60 15 49438 8.65 
Periplasmic serine 
endoprotease DegP 

degP Stress response Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

ACCC_ECOLI 

276 11 91 34 

49745 6.65 Biotin carboxylase accC 
Fatty acid 

biosynthesis 

Escherichia coli (strain 

K12) 

(Alix, 1989; Blattner et al., 1997; 

Hayashi et al., 2006; Kondo et al., 1991; 

Li and Cronan, 1992; Link et al., 1997; 

Shen et al., 2006; Thoden et al., 2000; 

Waldrop et al., 1994) 
277 6 65 12 
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TABLE C -1.(Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene Biological process Species Reference 

RHO_ECO57 278 6 74 19 47032 6.75 
Transcription 

termination factor Rho 
rho Transcription Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

DNAJ_ECO24 281 9 82 25 41589 7.97 
Chaperone protein 
DnaJ 

dnaJ Stress response 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

PT1_ECOLI 283 17 96 34 63750 4.78 

Phosphoenolpyruvate-

protein 

phosphotransferase 

ptsI Transport 
Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Byrne et al., 1988; 

De Reuse and Danchin, 1988; De Reuse 

et al., 1985; Garrett et al., 1997; Garrett 

et al., 1998; Garrett et al., 1999; Hayashi 

et al., 2006; Link et al., 1997; Powell et 

al., 1995; Saffen et al., 1987; Teplyakov 

et al., 2006; VanBogelen et al., 1997) 

DNAK_ECOHS 284 25 277 46 69146 4.83 
Chaperone protein 
DnaK 

dnaK Stress response 
Escherichia coli O9:H4 
(strain HS) 

(Rasko et al., 2008) 

TIG_ECO45 
287 11 127 30 

47836 4.83 Trigger factor tig 
Cell cycle/Cell 

division 

Escherichia coli O45:K1 

(strain S88 / ExPEC) 
(Touchon et al., 2009) 

289 29 264 61 

CH601_ECOK1 
288 38 278 68 

57464 4.85 60 kDa chaperonin 1 groL1 Protein refolding 
Escherichia coli O1:K1 / 

APEC 
(Johnson et al., 2007) 

291 20 144 47 

CEIA_ECOLX 290 8 71 14 69387 9.15 Colicin-Ia cia 

Defense response to 

Gram-negative 

bacterium 

Escherichia coli 
(Mankovich et al., 1986; Riley et al., 

1994; Wiener et al., 1997) 

BTUB_ECO24 293 7 65 20 68432 5.29 
Vitamin B12 

transporter BtuB 
btuB Transport 

Escherichia coli O139:H28 

(strain E24377A / ETEC)  
(Rasko et al., 2008) 

USHA_ECOLI 298 8 70 16 60900 5.47 Protein UshA ushA 
Nucleotide catabolic 

process 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Burns and 

Beacham, 1986; Hayashi et al., 2006; 

Knofel and Strater, 1999, 2001a, b; Link 

et al., 1997) 

YDEN_ECOLI 301 14 118 36 62763 5.67 
Uncharacterized 
sulfatase YdeN 

ydeN  
Escherichia coli (strain 
K12) 

(Aiba et al., 1996; Blattner et al., 1997; 

Hayashi et al., 2006) 

PYRG_ECO24 304/305* 15 192 26 60792 5.63 CTP synthase pyrG 
Pyrimidine 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

KPYK1_ECO57 

306 10 91 27 

51039 5.77 Pyruvate kinase I pykF Glycolysis Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 307/309* 10 83 25 

308 14 184 27 

OPPA_ECOLI 
310/311/

312* 
7 64 15 60975 6.05 

Periplasmic 

oligopeptide-binding 

protein 

oppA Transport 
Escherichia coli (strain 

K12) 

(Aiba et al., 1996; Blattner et al., 1997; 

Hayashi et al., 2006; Kashiwagi et al., 

1990; Kessler et al., 1991; Link et al., 

1997; Wilkins et al., 1998) 

GLNA_ECO57 315 18 206 56 52099 5.26 Glutamine synthetase glnA 
Glutamine 
biosynthetic process 

Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

TOLC_ECOLI 316 8 56 19 53708 5.46 
Outer membrane 

protein TolC 
tolC Transport 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Fontaine et al., 

2011; Hackett et al., 1983; Hackett and 

Reeves, 1983; Koronakis et al., 2000; 

Molloy et al., 1998; Niki et al., 1990; 

Stenberg et al., 2005; Touze et al., 2004) 
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TABLE C -1.(Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene Biological process Species Reference 

ASPA_ECO57 
317 11 82 25 

52950 5.19 
Aspartate ammonia-

lyase 
aspA 

Aspartate metabolic 

process 
Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

320 18 135 41 

ATPB_ECO24 
322 16 155 36 

50351 4.90 
ATP synthase subunit 

beta 
atpD Transport 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

323 29 242 69 

GALM_ECOLI 326 17 195 60 38395 4.84 Aldose 1-epimerase galM 
Carbohydrate 

metabolism 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Bouffard et al., 

1994; Hayashi et al., 2006; Oshima et 

al., 1996) 

DDLA_ECO57 328 5 58 17 39519 5.02 
D-alanine--D-alanine 

ligase A 
ddlA 

Peptidoglycan 

synthesis 
Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

YCHF_ECO57 329 6 83 21 39984 4.87 
Ribosome-binding 

ATPase YchF 
ychF ATP binding Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

METK_ECO24 330/331* 16 159 38 42153 5.10 
S-adenosylmethionine 
synthase 

metK 
One-carbon 
metabolism 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

ENO_ECO24 

332/333* 13 133 41 

45683 5.32 Enolase eno Glycolysis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

334/335* 18 162 53 

336 14 90 34 

337 16 125 42 

341 18 221 53 

DEOB_ECO24 
338/339* 7 64 18 

44684 5.11 Phosphopentomutase deoB 
Cellular metabolic 
compound salvage 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 
340 10 85 31 

HSLU_ECO57 342 17 176 53 49677 5.24 

ATP-dependent 

protease ATPase 

subunit HslU 

hslU Stress response Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

DCEA_ECOL6 343/344* 19 178 46 53221 5.22 
Glutamate 
decarboxylase alpha 

gadA 
Glutamate metabolic 
process 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

SYS_ECO24 348 9 91 23 48669 5.34 Serine--tRNA ligase serS Protein biosynthesis 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

AHPF_ECOLI 
349 6 68 12 

56484 5.47 
Alkyl hydroperoxide 
reductase subunit F 

ahpF 
Cell redox 
homeostasis 

Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Hayashi et al., 

2006; Oshima et al., 1996; Smillie et al., 

1992; Zhang et al., 2009) 350 13 116 43 

DLDH_ECO57 

351/353* 9 104 22 

50942 5.79 
Dihydrolipoyl 

dehydrogenase 
lpdA Glycolysis Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 354 12 114 36 

358/359* 19 207 47 

ATPA_ECO24 
352/355* 17 168 36 

55416 5.80 
ATP synthase subunit 
alpha 

atpA Transport 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

360 23 243 43 

IMDH_ECO57 
361/362* 13 94 45 

52275 6.02 

Inosine-5'-

monophosphate 
dehydrogenase 

guaB GMP biosynthesis Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 
363 12 98 32 

GLMU_ECO24 364 5 59 10 49388 6.09 
Bifunctional protein 

GlmU 
glmU 

Peptidoglycan 

synthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 
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SURA_ECO57 366 17 189 35 47254 6.48 Chaperone SurA surA Biofilm formation Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

EFTU1_ECO24 

367 6 57 17 

43427 5.30 Elongation factor Tu 1 tuf1 Protein biosynthesis 
Escherichia coli O139:H28 

(strain E24377A / ETEC) [ 
(Rasko et al., 2008) 

374 25 216 67 

381 22 264 58 

382 22 146 60 

482 23 269 63 

ALF_ECO57 368 11 142 35 39351 5.52 
Fructose-bisphosphate 
aldolase class 2 

fbaA Glycolysis Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

FABB_ECOL6 369 7 58 19 42928 5.35 

3-oxoacyl-[acyl-

carrier-protein] 
synthase 1 

fabB 
Fatty acid 

biosynthesis 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 
700928 / UPEC) 

(Welch et al., 2002) 

PROA_ECO24 370 6 74 24 45001 5.42 
Gamma-glutamyl 

phosphate reductase 
proA 

Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

PGK_ECO24 

372 9 90 34 

41264 5.08 
Phosphoglycerate 
kinase 

pgk Glycolysis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

373 22 224 61 

375 9 112 27 

416 17 181 54 

456 13 123 35 

MREB_ECOL6 376/377* 11 113 40 37100 5.19 
Rod shape-
determining protein 

MreB 

mreB Cell shape 
Escherichia coli O6:H1 
(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

AAT_ECOLI 

378 13 139 38 

43831 5.54 
Aspartate 

aminotransferase 
aspC 

L-phenylalanine 

biosynthetic process 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Danishefsky et al., 

1991; Fotheringham et al., 1986; 

Hayashi et al., 2006; Inoue et al., 1991; 

Kondo et al., 1987; Kuramitsu et al., 

1985; Link et al., 1997; Liu et al., 2007;; 

Mizuguchi et al., 2001; Oshima et al., 

1996; Oue et al., 1999; Smith et al., 

1989; VanBogelen et al., 1997; Yano et 

al., 1991) 

379 7 60 24 

MANA_ECOLI 380 6 67 23 42937 5.29 
Mannose-6-phosphate 

isomerase 
manA 

GDP-mannose 

biosynthetic process 

Escherichia coli (strain 

K12) 

(Aiba et al., 1996; Blattner et al., 1997; 

Hayashi et al., 2006; Miles and Guest, 

1984; Zhang et al., 2009) 

GLYA_ECO24 384/385* 10 114 35 45459 6.03 

Serine 

hydroxymethyltransfer

ase 

glyA 
Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

YNJE_ECOLI 386 7 82 21 48312 6.19 
Thiosulfate 

sulfurtransferase YnjE 
ynjE  

Escherichia coli (strain 

K12) 

(Aiba et al., 1996; Blattner et al., 1997; 

Hanzelmann et al., 2009; Hayashi et al., 

2006) 

FABF_ECO57 387 11 112 52 43247 5.71 

3-oxoacyl-[acyl-

carrier-protein] 

synthase 2 

fabF 
Fatty acid 
biosynthesis 

Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

ACKA_ECO57 
388 12 118 37 

43605 5.85 Acetate kinase ackA 
Acetyl-CoA 

biosynthetic process 
Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

389 14 124 40 
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KBL_ECO57 390 6 59 13 43432 5.64 

2-amino-3-

ketobutyrate 

coenzyme A ligas 

 Biosynthetic process Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

TOLB_ECO24 392/393* 11 96 27 45927 6.98 Protein TolB tolB Transport 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

gi|419172557 395 12 119  40654 4.57 
outer membrane porin 
protein ompD 

ompD  Escherichia coli DEC7A  

PTFAH_ECO57 397 8 86 35 39624 4.77 
Multiphosphoryl 

transfer protein 
fruB Transport Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

MALE_ECO57 400/402* 16 217 46 43360 5.53 
Maltose-binding 

periplasmic protein 
malE Transport Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

K6PF2_ECOLI 403/404* 10 79 32 32664 5.25 
6-phosphofructokinase 

isozyme 2 
pfkB Glycolysis 

Escherichia coli (strain 

K12) 

(Aiba et al., 1996; Blattner et al., 1997; 

Daldal, 1983, 1984; Hayashi et al., 2006; 

VanBogelen et al., 1997) 

YGFZ_ECO24 405 6 84 17 36185 5.17 
tRNA-modifying 
protein YgfZ 

ygfZ tRNA processing 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

K6PF1_ECOL6 
407 9 107 30 

35176 5.48 6-phosphofructokinase pfkA Glycolysis 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 
700928 / UPEC) 

(Welch et al., 2002) 
411 18 151 67 

OMPA_ECO57 

408 12 117 40 

37292 5.99 
Outer membrane 

protein A 
ompA Transport Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 442 6 66 28 

468 14 161 41 

NADE_ECOBW 409/410* 11 117 50 30789 5.41 
NH(3)-dependent 

NAD(+) synthetase 
nadE 

NAD biosynthetic 

process 

Escherichia coli (strain 

K12 / MC4100 / BW2952) 
(Ferenci et al., 2009) 

TRXB_ECO57 412 11 117 34 34829 5.30 Thioredoxin reductase trxB 
Removal of 

superoxide radicals 
Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

KPRS_ECO57 413 12 107 42 34425 5.23 
Ribose-phosphate 
pyrophosphokinase 

prs 
Nucleotide 
biosynthesis 

Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

TALB_ECO57 
414 14 172 56 

35368 5.11 Transaldolase B talB Pentose shunt Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 
415 8 118 30 

POTD_ECOLI 417 9 80 30 38842 5.24 

Spermidine/putrescine

-binding periplasmic 
protein 

potD Transport 
Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Furuchi et al., 

1991; Hayashi et al., 2006; Link et al., 

1997; Matsuo and Nishikawa, 1994; 

Oshima et al., 1996; Sugiyama et al., 

1996a; Sugiyama et al., 1996b) 

EFTS_ECO24 
422 16 233 58 

30518 5.22 Elongation factor Ts tsf Protein biosynthesis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 
423 23 236 74 

G3P1_ECO57 

427 8 92 33 

35681 6.61 
Glyceraldehyde-3-
phosphate 

dehydrogenase A 

gapA Glycolysis Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

436 12 128 53 

439 17 179 63 

440 19 184 58 

441 17 150 52 

457 7 70 27 
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SLYD_ECO57 420/421* 8 72 29 21182 4.86 

FKBP-type peptidyl-

prolyl cis-trans 

isomerase SlyD 

slyD Protein folding Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

SYW_ECOLI 428 8 70 30 37642 6.27 
Tryptophan--tRNA 

ligase 
trpS Protein biosynthesis 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hall et al., 1982; 

Hall and Yanofsky, 1981; Hayashi et al., 

2006; Lyngstadaas et al., 1995; Sever et 

al., 1996; VanBogelen et al., 1997) 

PTNAB_ECO57 429 19 182 66 35026 5.74 

PTS system mannose-

specific EIIAB 
component 

manX Transport Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

gi|16130909 431 15 126 54 42128 5.72 
Aldehyde reductase, 

NADPH-dependent 
  

Escherichia coli (strain 

K12) 
(Blattner et al., 1997; Riley et al., 2006) 

CYSK_ECO57 
433 20 234 79 

34525 5.83 Cysteine synthase A cysK 
Amino-acid 

biosynthesis 
Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

437 18 267 69 

NEMA_ECOLI 434 5 57 19 39492 5.80 
N-ethylmaleimide 
reductase 

nemA 
Nitroglycerin 
metabolic process 

Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Hayashi et al., 

2006; Miura et al., 1997; Umezawa et 

al., 2008) 

GALE_ECOLI 435 7 98 28 37413 5.89 
UDP-glucose 4-

epimerase 
galE 

Carbohydrate 

metabolism 

Escherichia coli (strain 

K12) 

(Bauer et al., 1992; Bernardi and 

Bernardi, 1990; Blattner et al., 1997; 

Busby and Dreyfus, 1983; Hayashi et 

al., 2006; Lemaire and Muller-Hill, 

1986; Liu et al., 1997; Liu et al., 1996; 

Oshima et al., 1996; Swanson and Frey, 

1993; Thoden et al., 1996a, b, c; Thoden 

et al., 1997a; Thoden et al., 1997b; 

Thoden et al., 2002; Thoden and 

Holden, 1998; Walkenhorst et al., 1995; 

Wilson and Hogness, 1964, 1969) 

MBHT_ECO57 438 7 80 23 40368 6.28 
Hydrogenase-2 small 
chain 

hybO Hydrogen uptake Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

CBPA_ECO24 444 6 72 32 34404 6.33 
Curved DNA-binding 

protein 
cbpA Protein folding 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

MENB_ECOL6 446 6 76 23 32069 6.00 

1,4-Dihydroxy-2-

naphthoyl-CoA 

synthase 

menB 
Menaquinone 
biosynthesis 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

DAPA_ECO24 447 8 135 34 31549 5.98 

4-hydroxy-

tetrahydrodipicolinate 

synthase 

dapA 
Amino-acid 
biosynthesis 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

YIHM_ECOLI 448 6 80 21 37033 5.12 
Uncharacterized 

protein YihM 
yihM  

Escherichia coli (strain 

K12) 
(Blattner et al., 1997; Hayashi et al., 

2006; Plunkett et al., 1993) 

KDSA_ECO24 449 13 113 55 31041 6.32 
2-dehydro-3-
deoxyphosphooctonate 

aldolase 

kdsA 
Lipopolysaccharide 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

FKBA_ECO57 451 14 181 54 28894 8.39 
FKBP-type peptidyl-
prolyl cis-trans 

isomerase FkpA 

fkpA Protein folding Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 
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RS2_ECO27 453 14 115 55 26784 6.61 
30S ribosomal protein 

S2 
rpsB Translation 

Escherichia coli O127:H6 

(strain E2348/69 / EPEC) 
(Iguchi et al., 2009) 

RS4_ECO24 
454 5 72 24 

23512 10.05 
30S ribosomal protein 
S4 

rpsD Translation 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 
502 9 79 51 

GLNH_ECO57 
455 13 157 55 

27173 8.44 
Glutamine-binding 

periplasmic protein 
glnH Transport Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

474 8 85 42 

YEAD_ECOLI 
458 15 194 64 

32874 5.89 
Putative glucose-6-
phosphate 1-epimerase 

yeaD 
Carbohydrate 
metabolic process 

Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Fountoulakis et al., 

1999; Hayashi et al., 2006; Itoh et al., 

1996; Link et al., 1997) 459 5 57 23 

RSUA_ECO57 460 5 66 37 25963 5.75 
Ribosomal small 
subunit pseudouridine 

synthase A 

rsuA rRNA processing Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

ACCA_ECO24 461/464* 12 135 48 35333 5.76 

Acetyl-coenzyme A 
carboxylase carboxyl 

transferase subunit 

alpha 

accA 
Fatty acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

AMPM_ECO57 465 11 130  29711  
Methionine 

aminopeptidase 
map Proteolysis Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

DAPD_ECO24 466 17 172 64 30045 5.56 

2,3,4,5-

tetrahydropyridine-

2,6-dicarboxylate N-
succinyltransferase 

dapD 
Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

CDD_ECO24 467 7 84 38 31791 5.29 Cytidine deaminase cdd UMP synthesis 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

HBP_ECOLX 469 11 87 7 148280 5.51 

Hemoglobin-binding 

protease hbp 

autotransporter 

hbp Virulence Escherichia coli 
(Otto et al., 2005; Otto et al., 2002; Otto 

et al., 1998; Sijbrandi et al., 2003) 

gi|415811371 471 12 96  31177  
2,5-diketo-D-gluconic 

acid reductase A 
  Escherichia coli LT-68  

FRDB_ECO57 472 8 86 32 27732 6.07 
Fumarate reductase 
iron-sulfur subunit 

frdB Transport Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

RS3_ECO24 473 7 73 34 25967 10.27 
30S ribosomal protein 

S3 
rpsC Translation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

NFNB_ECOLI 475 4 59 20 23947 5.80 

Oxygen-insensitive 

NAD(P)H 
nitroreductase 

nfnB 

Reduction of a 

variety of 
nitroaromatic 

compounds 

Escherichia coli (strain 
K12) 

(Anlezark et al., 1992; Blattner et al., 

1997; Hayashi et al., 2006; Johansson et 

al., 2003; Link et al., 1997; Lovering et 

al., 2001; Michael et al., 1994; Oshima 

et al., 1996; Parkinson et al., 2000; Race 

et al., 2005; Vasudevan et al., 1988; 

Zenno et al., 1996) 

RRF_ECO24 
476 10 96 50 

20683 6.43 
Ribosome-recycling 
factor 

frr Protein biosynthesis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 
481 4 57 28 
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gi|15804423 477 7 115 56 27304 5.71 uridine phosphorylase   Escherichia coli O157:H7 (Perna et al., 2001) 

T257_ECOLX 478 9 62 7 117584 5.85 
Type IIS restriction 

enzyme Eco57I 

eco57I

R 
Restriction system Escherichia coli 

(Janulaitis et al., 1992a; Janulaitis et al., 

1992b; Tamulaitiene et al., 2004) 

YDFG_ECO57 479 8 70 32 27360 5.65 

NADP-dependent L-

serine/L-allo-threonine 

dehydrogenase YdfG 

ydfG  Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

PEPE_ECO24 480 5 60 26 24669 5.67 Peptidase E pepE Proteolysis 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

UCPA_ECO57 486 5 68 22 28042 5.13 Oxidoreductase UcpA ucpA  Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

HISJ_ECO57 487 11 138 52 28580 5.47 
Histidine-binding 

periplasmic protein 
hisJ Transport Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

MIND_ECO57 488 6 89 26 29710 5.25 
Septum site-
determining protein 

MinD 

minD 
Cell cycle/Cell 
division 

Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

ARCA_ECO57 489 5 69 21 27389 5.21 
Aerobic respiration 

control protein ArcA 
arcA Transcription Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

PANB_ECO24 490 8 80 33 28389 5.16 

3-methyl-2-
oxobutanoate 

hydroxymethyltransfer

ase 

panB 
Pantothenate 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

TPIS_ECO24 
491 11 131 50 

27126 5.64 
Triosephosphate 

isomerase 
tpiA Glycolysis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

494 16 174 59 

KAD_ECO24 493 16 142 66 23628 5.55 Adenylate kinase adk 
Nucleotide 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

MUCB_ECOLX 495 8 62 28 46674 9.43 Protein MucB mucB 
DNA damage/DNA 

repair 
Escherichia coli (Perry et al., 1985) 

gi|323971797 
497 16 201 77 

26806 4.75 
Heat resistant 
agglutinin 1 

  Escherichia coli TA007  
507 16 157 71 

RIBB_ECO24 498 7 75 34 23567 4.90 
3,4-dihydroxy-2-
butanone 4-phosphate 

synthase 

ribB 
Riboflavin 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

YBGI_ECO57 500 6 72  26990  
Putative GTP 
cyclohydrolase 1 type 

2 

ybgI  Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

SSPA_ECO57 501 4 66 19 24346 5.22 
Stringent starvation 
protein A 

sspA  Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

FLIY_ECOL6 503 9 89 31 29021 6.21 
Cystine-binding 

periplasmic protein 
fliY Transport 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 
700928 / UPEC) 

(Welch et al., 2002) 

WRBA_ECO24 504 12 100  20832  

NAD(P)H 

dehydrogenase 
(quinone) 

 
Negative regulation 

of transcription 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 
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b
 Spots number.*Spots that were treated and identified together as the same protein. 

c
 Peptides matches, number of peptides validating the protein. 

d 
Mascot score for the protein. A match was considered successful when the protein identification score was located out of the random region with a significance threshold of p < 0.05. 

e 
Sequence coverage, percentage of the protein with a validated set of peptides from a spot. 

f
 Nominal mass of the protein.  

g
 Calculated Isoelectric Point.
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DEOD_ECO24 505 15 116 56 26161 5.42 

Purine nucleoside 

phosphorylase DeoD-

type 

deoD 
Purine nucleoside 
metabolic process 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

ALKH_ECO57 506 6 79 40 22441 5.57 KHG/KDPG aldolase eda  Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

PTGA_ECOL6 508 11 146 84 18240 4.73 

Glucose-specific 

phosphotransferase 
enzyme IIA 

component 

crr Transport 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

FKBB_ECOLI 509 5 78 29 22203 4.85 
FKBP-type 22 kDa 
peptidyl-prolyl cis-

trans isomerase 

fklB Protein folding 
Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Burland et al., 

1995; Hayashi et al., 2006; Link et al., 

1997; Rahfeld et al., 1996) 

AHPC_ECO57 
510 8 116 47 

20862 5.03 
Alkyl hydroperoxide 

reductase subunit C 
ahpC 

Response to 

oxidative stress 
Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

512 8 75 52 

IPYR_ECOL6 

511 5 77 26 
19833 5.03 

Inorganic 

pyrophosphatase 
ppa 

Phosphate-

containing 

compound 
metabolic process 

Escherichia coli O6:H1 
(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

513 11 163 63 

LUXS_ECO24 514 7 63 33 19575 5.18 
S-ribosylhomocysteine 

lyase 
luxS Quorum sensing 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

UPP_ECO24 515 10 92 61 22576 5.32 

Uracil 

phosphoribosyltransfer

ase 

upp UMP salvage 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

CLPP_ECO24 517 8 94 37 23286 5.52 

ATP-dependent Clp 

protease proteolytic 

subunit 

clpP Proteolysis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

SODF_ECO57 518 6 88 39 21310 5.58 
Superoxide dismutase 

[Fe] 
sodB 

Superoxide 

metabolic process 
Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 

SSB_ECO57 519 7 105 27 18963 5.44 
Single-stranded DNA-
binding protein 

ssb 
DNA damage/DNA 
repair 

Escherichia coli O157:H7 (Hayashi et al., 2001; Perna et al., 2001) 
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TABLE C -2. Proteins identified by MALDI-TOF/TOF in strain SU23. 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene 

Biological 

Process 
Species Reference 

BAMA_ECO24 1 8 70 13 90611 4.93 
Outer membrane 
protein assembly 

factor BamA 

bamA 
Protein insertion 

into membrane 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

EFG_ECO24 2/3* 13 57 22 77704 5.24 Elongation factor G fusA 
Protein 
biosynthesis  

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

RS1_ECO57 6 31 300 59 61235 4.89 
30S ribosomal protein 

S1 
rpsA Translation Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

CH601_ECOK1 

7 15 121 35 

57464 4.85 60 kDa chaperonin 1 groL1 Protein refolding 
Escherichia coli O1:K1 / 
APEC 

(Johnson et al., 2007) 13 14 102 41 

16 19 135 45 

PTA_ECOLI 9 13 144 23 77466 5.28 
Phosphate 
acetyltransferase 

pta 

Acetate 

biosynthetic 

process 

Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Campos-

Bermudez et al., 2010; Castano-

Cerezo et al., 2009; Chang et al., 

1999; Hayashi et al., 2006; 

Kakuda et al., 1994; Matsuyama 

et al., 1994; Matsuyama et al., 

1989; Shi et al., 2005; Yamamoto 

et al., 1997) 

DNAK_ECO24 
10 17 194 35 

69130 4.83 
Chaperone protein 

DnaK 
dnaK Stress response 

Escherichia coli O139:H28 

(strain E24377A / ETEC) [ 
(Rasko et al., 2008) 

12 6 63 17 

TIG_ECO27 15 44 407 73 48163 4.83 Trigger factor tig 
Cell cycle/Cell 

division 

Escherichia coli O45:K1 

(strain S88 / ExPEC) 
(Iguchi et al., 2009) 

CPDB_ECOLI 

17 8 78 18 

70902 5.45 

2',3'-cyclic-nucleotide 
2'-

phosphodiesterase/3'-

nucleotidase 

cpdB 
Response to DNA 

damage stimulus 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Burland et 

al., 1995; Hayashi et al., 2006; 

Link et al., 1997; Liu and 

Beacham, 1990; Liu et al., 1986) 
18 20 199 35 

YDEN_ECOLI 

19 11 83 33 

62763 5.67 
Uncharacterized 

sulfatase YdeN 
ydeN Metal ion binding 

Escherichia coli (strain 

K12) 
(Aiba et al., 1996; Blattner et al., 

1997; Hayashi et al., 2006) 
20 14 159 42 

49 7 68 23 

GLNA_ECO57 22 14 145 42 52099 5.26 Glutamine synthetase glnA 
Glutamine 
biosynthetic 

process 

 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

ATPB_ECO24 23 24 180 55 50351 4.90 
ATP synthase subunit 

beta 
atpD Transport 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

OPPA_ECOLI 24 9 95 28 60975 6.05 
Periplasmic 
oligopeptide-binding 

protein 

oppA Transport 
Escherichia coli (strain 
K12) 

(Aiba et al., 1996; Blattner et al., 

1997; Hayashi et al., 2006; 

Kashiwagi et al., 1990; Kessler et 

al., 1991; Link et al., 1997; 

Wilkins et al., 1998) 

KPYK1_ECO57 25 16 145 44 51039 5.77 Pyruvate kinase I pykF Glycolysis Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

FUMB_ECOLI 26 9 80 25 60581 5.88 
Fumarate hydratase 

class I, anaerobic 
fumB 

Tricarboxylic acid 

cycle 

Escherichia coli (strain 

K12) 

(Bell et al., 1989; Blattner et al., 

1997; Burland et al., 1995; 

Hayashi et al., 2006; Zhang et al., 

2009) 
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Accession 

Numbera 
Spotb 

Peptides 
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Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene 

Biological 

Process 
Species Reference 

OPGG_ECO5E 28 16 100 38 58612 7.72 
Glucans biosynthesis 
protein G 

mdoG 

Glucan 

biosynthetic 

process 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

 

IMDH_ECO57 
30 12 112 36 

52275 6.02 

Inosine-5'-

monophosphate 

dehydrogenase 

guaB 
Purine 
biosynthesis 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 32 6 61 20 

ATPA_ECO24 31 20 182 41 55416 5.80 
ATP synthase subunit 

alpha 
atpA Transport 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

DEGP_ECO57 36 5 59 17 49438 8.65 
Periplasmic serine 
endoprotease DegP 

degP Stress response Echerichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

ENO_ECO24 

40 23 214 62 

45683 5.32 Enolase eno Glycolysis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

41 22 197 65 

42 24 215 71 

43 18 133 43 

44 14 193 48 

50 13 147 37 

OMPA_ECO57 

52 15 160 52 

37292 5.99 
Outer membrane 

protein A 
ompA Transport Escherichia coli O157:H7 

(Iguchi et al., 2009; Perna et al., 

2001) 
94 8 94 37 

135 5 60 17 

ALF_ECO57 53 11 116 36 39351 5.52 
Fructose-bisphosphate 

aldolase class 2 
fbaA Glycolysis Escherichia coli O157:H7 

(Iguchi et al., 2009; Perna et al., 

2001) 

EFTU1_ECO24 

54 40 380 76 

43427 5.30 Elongation factor Tu 1 tuf1 
Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) [ 
(Rasko et al., 2008) 70 12 102 41 

74 12 102 41 

SERC_ECO24 55 5 65 14 40071 5.49 
Phosphoserine 

aminotransferase 
serC 

Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

ACKA_ECO57 

56 14 78 42 

43605 5.85 Acetate kinase ackA 
Acetyl-CoA 
biosynthetic 

process 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 
57 19 192 57 

83/84* 7 71 32 

TOLB_ECO24 58 12 115 33 45927 6.98 Protein TolB tolB Transport 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

GLYA_ECO24 
60 12 103 31 

45459 6.03 

Serine 

hydroxymethyltransfer

ase 

glyA 
Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

61 8 65 22 

ARGK_ECOLI 62 6 64 33 36909 6.10 
Probable GTPase 
ArgK 

argK 

Signal 

transduction by 

phosphorylation 

Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Celis et al., 

1998; Froese et al., 2009; 

Hayashi et al., 2006) 

PGK_ECO24 

63 18 200 65 

41264 5.08 
Phosphoglycerate 

kinase 
pgk Glycolysis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

71 11 107 34 

72 7 72 20 

81 6 78 20 



 

ANNEX C 

255 

 

TABLE C -2 (Continued) 

Accession 
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Spotb 

Peptides 
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Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene 

Biological 

Process 
Species Reference 

SURA_ECO57 64 6 81 13 47254 6.48 Chaperone SurA surA Biofilm formation Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

GLMU_ECO24 66 5 58 11 49388 6.09 
Bifunctional protein 

GlmU 
glmU 

Peptidoglycan 

synthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

GALM_ECOLI 67 11 139 41 38395 4.84 Aldose 1-epimerase galM 
Carbohydrate 

metabolism 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Bouffard et 

al., 1994; Hayashi et al., 2006; 

Oshima et al., 1996) 

YHFA_ECO57 68 4 62 46 14678 5.52 Protein YhfA yhfA  Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

6PGL_ECO24 69 5 72 30 36570 5.06 

6-

phosphogluconolacton
ase 

pgl 
Carbohydrate 

metabolism 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

PTFAH_ECO57 73/74* 7 65 27 39624 4.77 
Multiphosphoryl 

transfer protein 
fruB Transport Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

MALE_ECO57 
76 9 106 30 

43360 5.53 
Maltose-binding 

periplasmic protein 
malE Transport Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 77 10 97 33 

K6PF2_ECOLI 78 6 92 23 32664 5.25 
6-phosphofructokinase 

isozyme 2 
pfkB Glycolysis 

Escherichia coli (strain 

K12) 

(Aiba et al., 1996; Blattner et al., 

1997; Daldal, 1983, 1984; 

Hayashi et al., 2006; VanBogelen 

et al., 1997) 

OMPC_ECOLI 79 9 92 35 40343 4.58 
Outer membrane 

protein C 
ompC Transport 

Escherichia coli (strain 

K12) 

(Basle et al., 2006; Blattner et al., 

1997; Itoh et al., 1996; Link et 

al., 1997; Mizuno et al., 1983a, b; 

Molloy et al., 1998; Nogami et 

al., 1985; VanBogelen et al., 

1997) 

POTD_ECOLI 80 10 114 34 38842 5.24 
Spermidine/putrescine
-binding periplasmic 

protein 

potD Transport 
Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Furuchi et 

al., 1991; Hayashi et al., 2006; 

Link et al., 1997; Matsuo and 

Nishikawa, 1994; Sugiyama et 

al., 1996a; Sugiyama et al., 

1996b) 

RL3_ECO24 86/87* 14 167 53 22230 9.91 
50S ribosomal protein 

L3 
rplC Translation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

RL1_ECO27 
88 9 150 50 

24728 9.64 
50S ribosomal protein 

L1 
rplA 

Translation 

regulation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Iguchi et al., 2009) 

149 9 127 50 

YDGH_ECOLI 
89 11 160 43 

33882 9.27 Protein YdgH ydgH  
Escherichia coli (strain 

K12) 

(Blattner et al., 1997; 

Fountoulakis et al., 1999; 

Hayashi et al., 2006) 90 6 84 21 

ASPG2_ECOLI 91 7 73 25 36942 5.95 L-asparaginase 2 ansB 
Asparagine 

metabolic process 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Bonthron, 

1990; Derst et al., 1992; Hayashi 

et al., 2006; Jennings and 

Beacham, 1990; Maita and 

Matsuda, 1980; Maita et al., 

1980; Palm et al., 1996; Peterson 

et al., 1977; Sanches et al., 2003; 

Swain et al., 1993; Wehner et al., 

1992) 
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RL6_ECO24 85 11 170 57 18949 9.71 
50S ribosomal protein 

L6 
rplF Translation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

K6PF1_ECO57 92 7 60 30 35162 5.47 
6-phosphofructokinase 

isozyme 1 
pfkA Glycolysis 

Escherichia coli O6:H1 
(strain CFT073 / ATCC 

700928 / UPEC) 

(Hayashi et al., 2001; Perna et al., 

2001) 

NADE_ECOBW 93 8 138 38 30789 5.41 
NH(3)-dependent 
NAD(+) synthetase 

nadE 
NAD biosynthetic 
process 

Escherichia coli (strain K12 
/ MC4100 / BW2952) 

(Ferenci et al., 2009) 

CYSK_ECO57 96 27 297 83 34525 5.83 Cysteine synthase A cysK 
Amino-acid 
biosynthesis 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

PTNAB_ECO57 97 11 109 52 35026 5.74 
PTS system mannose-
specific EIIAB 

component 

manX Transport Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

EFTS_ECO24 100 19 171 62 30518 5.22 Elongation factor Ts tsf 
Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

GALE_ECOLI 101 11 116 50 37413 5.89 
UDP-glucose 4-

epimerase 
galE 

Carbohydrate 

metabolism 

Escherichia coli (strain 

K12) 

(Bauer et al., 1992; Blattner et al., 

1997; Busby and Dreyfus, 1983; 

Hayashi et al., 2006; Lemaire and 

Muller-Hill, 1986; Liu et al., 

1996; Oshima et al., 1996; 

Swanson and Frey,1993; Thoden 

et al., 1996a, b, c; Thoden et al., 

1997; Thoden and Holden, 1998; 

Walkenhorst et al., 1995; Wilson 

and Hogness, 1969) 

G3P1_ECO57 
103 10 116 42 

35681 6.61 

Glyceraldehyde-3-

phosphate 

dehydrogenase A 

gapA Glycolysis Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 106 9 105 42 

SYW_ECOLI 107 11 95 38 37642 6.27 
Tryptophan--tRNA 

ligase 
trpS 

Protein 

biosynthesis 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hall et al., 

1982; Hall and Yanofsky, 1981; 

Hayashi et al., 2006; Lyngstadaas 

et al., 1995; Sever et al., 1996; 

VanBogelen et al., 1997; Winter 

et al., 1977) 

CBPA_ECO24 111 7 84 36 34404 6.33 
Curved DNA-binding 
protein 

cbpA Protein folding 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

CYSP_ECOLI 112 10 80 34 37591 7.78 
Thiosulfate-binding 
protein 

cysP Transport 
Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Hryniewicz et al., 

1990; Link et al., 1997; 

Yamamoto et al., 1997) 

FKBA_ECO57 
114 13 166 51 

28894 8.39 

FKBP-type peptidyl-

prolyl cis-trans 

isomerase FkpA 

fkpA Protein folding Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna 
et al., 2001) 115 7 83 43 

KDSA_ECO24 113 12 107 53 31041 6.32 

2-dehydro-3-

deoxyphosphooctonate 

aldolase 

kdsA 
Lipopolysaccharid
e biosynthesis 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 
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RS2_ECO24 116 7 69 35 26798 6.62 
30S ribosomal protein 

S2 
rpsB Translation 

Escherichia coli O127:H6 

(strain E2348/69 / EPEC) 
(Rasko et al., 2008) 

YEAD_ECOLI 117 11 132 46 32874 5.89 
Putative glucose-6-

phosphate 1-epimerase 
yeaD 

Carbohydrate 

metabolic process 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; 

Fountoulakis et al., 1999; 

Hayashi et al., 2006; Itoh et al., 

1996; Link et al., 1997) 

ACCA_ECO24 124 20 223 63 35333 5.76 

Acetyl-coenzyme A 

carboxylase carboxyl 

transferase subunit 

alpha 

accA 
Fatty acid 

biosynthesis  

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

HCHA_ECO55 125 8 63 29 31315 5.63 
Molecular chaperone 
Hsp31 and glyoxalase 

3 

hchA Stress response 
Escherichia coli (strain 
55989 / EAEC) 

(Touchon et al., 2009) 

DAPD_ECO24 128 11 138 49 30045 5.56 

2,3,4,5-

tetrahydropyridine-

2,6-dicarboxylate N-
succinyltransferase 

dapD 
Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

YBIS_ECO57 129 6 72 39 33418 5.99 
Probable L,D-

transpeptidase YbiS 
ybiS 

Peptidoglycan 

synthesis 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

PDXJ_ECOL6 131 7 91 50 26630 5.49 
Pyridoxine 5'-
phosphate synthase 

pdxJ 
Pyridoxine 
biosynthesis 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

TALB_ECO57 
132/133

* 
12 140 51 35368 5.11 Transaldolase B talB Pentose shunt Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

TRXB_ECO57 134 7 66 22 34829 5.30 Thioredoxin reductase trxB 
Removal of 
superoxide 

radicals 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

YGFZ_ECO24 136 5 56 17 36185 5.17 
tRNA-modifying 
protein YgfZ 

ygfZ tRNA processing 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

gi|189310878 
137 8 90 41 

25569 5.42 Putative esterase   Escherichia coli (Saenz et al., 2010) 
138 7 101 55 

HISJ_ECO57 141 5 63 28 28580 5.47 
Histidine-binding 

periplasmic protein 
hisJ Transport Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

MIND_ECO57 143 5 68 17 29710 5.25 
Septum site-
determining protein 

MinD 

minD 
Cell cycle/Cell 

division 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

KAD_ECO24 
152 15 141 61 

23628 5.55 Adenylate kinase adk 
Nucleotide 
biosynthesis 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 
155 5 68 23 

BLAT_ECOLX 154 9 73 33 31666 5.69 Beta-lactamase TEM bla 
Antibiotic 
resistance 

Escherichia coli 

(Ambler and Scott, 1978; Brun et 

al., 1994; Chanal et al., 1992; 

Goussard et al., 1991; Jelsch et 

al., 1992; Maveyraud et al., 1998; 

Ohtsubo et al., 1986; Sougakoff 

et al., 1989; Strynadka et al., 

1996; Sutcliffe, 1978, 1979; 

Swaren et al., 1999) 
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gi|323971797  
147 16 201  

26806 4.75 
heat resistant 

agglutinin 1 
  Escherichia coli TA007  

187 10 118 55 

TPIS_ECO24 156 14 154 64 27126 5.64 
Triosephosphate 
isomerase 

tpiA Glycolysis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

UDP_ECOLI 158 6 80 54 27313 5.81 Uridine phosphorylase udp 
Cellular response 
to DNA damage 

stimulus 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Burling et 

al., 2003; Daniels et al., 1992; 

Gonzalez-Gil et al., 1996; 

Hayashi et al., 2006; Henzel et 

al., 1993; Morgunova et al., 

1995; Veiko et al., 1998; Walton 

et al., 1989) 

GPMA_ECO27 159 14 170 63 28539 5.85 

2,3-

bisphosphoglycerate-

dependent 
phosphoglycerate 

mutase 

gpmA Glycolysis 
Escherichia coli O127:H6 

(strain E2348/69 / EPEC) 
(Iguchi et al., 2009) 

RBSB_ECOLI 160 8 104 44 30931 6.85 
D-ribose-binding 

periplasmic protein 
rbsB Transport 

Escherichia coli (strain 

K12) 

(Bell et al., 1989; Bjorkman et 

al., 1994; Bjorkman and 

Mowbray, 1998; Blattner et al., 

1997; Burland et al., 1995; 

Gonzalez-Gil et al., 1996; 

Groarke et al., 1983; Hayashi et 

al., 2006; Hope et al., 1986; Link 

et al., 1997; Mowbray and Cole, 

1992; VanBogelen et al., 1997) 

FRDB_ECO57  161 9 90  27732  
Fumarate reductase 

iron-sulfur subunit 
frdB 

Tricarboxylic acid 

cycle 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

PEPE_ECO24 163 6 95 32 24669 5.67 Peptidase E pepE Proteolysis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

NFNB_ECOLI 
164/165

* 
6 64 41 23947 5.80 

Oxygen-insensitive 

NAD(P)H 

nitroreductase 

nfnB 

Reduction of a 

variety of 
nitroaromatic 

compounds  

Escherichia coli (strain 
K12) 

(Anlezark et al., 1992; Blattner et 

al., 1997; Hayashi et al., 2006; 

Johansson et al., 2003; Link et 

al., 1997; Lovering et al., 2001; 

Michael et al., 1994; Oshima et 

al., 1996; Parkinson et al., 2000; 

Race et al., 2005; Vasudevan et 

al., 1988; Zenno et al., 1996) 

GLNH_ECO57 

166 10 122 48 

27173 8.44 
Glutamine-binding 

periplasmic protein 
glnH Transport Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 
169 7 66 44 

170 16 180 60 

RRF_ECO24 167 8 100 46 20683 6.43 
Ribosome-recycling 

factor 
frr 

Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

WRBA_ECO24 174 9 86  20832  
NAD(P)H 
dehydrogenase 

(quinone) 

 

negative 

regulation of 

transcription, 
DNA-dependent 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 
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RISA_ECOLI 176 4 60 26 23601 5.64 Riboflavin synthase ribC 
Riboflavin 
biosynthesis 

Escherichia coli (strain 
K12) 

(Aiba et al., 1996; Blattner et al., 

1997; Eberhardt et al., 1996; 

Hayashi et al., 2006; Hensel et 

al., 1997; Liao et al., 2001; 

Meining et al., 2003; Truffault et 

al., 2001) 

SODF_ECO57 178 5 90 31 21310 5.58 
Superoxide dismutase 
[Fe] 

sodB 
Superoxide 
metabolic process 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

MDAB_ECO57 179 5 62 40 21877 5.84 
Modulator of drug 

activity B 
mdaB  Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

YAJQ_ECO24 180 14 219 85 18333 5.96 
UPF0234 protein 

YajQ 
yajQ  

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

SSB_ECO57 181 8 90 51 18963 5.44 
Single-stranded DNA-

binding protein 
ssb 

DNA 
damage/DNA 

repair 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

LUXS_ECO24 183 6 58 33 19575 5.18 
S-ribosylhomocysteine 
lyase 

luxS Quorum sensing 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

DKSA_ECO57 184 4 71 37 17745 5.06 

RNA polymerase-

binding transcription 
factor DksA 

dksA 
Regulation of 

gene expression 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

PTGA_ECOL6 186 12 158 84 18240 4.73 

Glucose-specific 

phosphotransferase 
enzyme IIA 

component 

crr Transport  

Escherichia coli O6:H1 

(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

DSBA_ECO27 189 6 83 31 23218 5.95 
Thiol:disulfide 
interchange protein 

DsbA 

dsbA 
Cell redox 

homeostasis 

Escherichia coli O127:H6 

(strain E2348/69 / EPEC) 
(Iguchi et al., 2009; Zhang and 

Donnenberg, 1996) 

UPP_ECO24 190 7 103 30 22576 5.32 
Uracil 
phosphoribosyltransfer

ase 

upp UMP salvage 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

DEOD_ECO24 191 9 80 43 26161 5.42 
Purine nucleoside 
phosphorylase DeoD-

type 

deoD 
Purine nucleoside 

metabolic process 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

FLIY_ECOL6 192 8 81 28 29021 6.21 
Cystine-binding 

periplasmic protein 
fliY Transport 

Escherichia coli O6:H1 
(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

IPYR_ECO57 

195 5 58 21 

19805 5.03 
Inorganic 

pyrophosphatase 
ppa 

Phosphate-
containing 

compound 
metabolic process 

Escherichia coli O6:H1 
(strain CFT073 / ATCC 

700928 / UPEC) 

(Hayashi et al., 2001; Perna et al., 

2001) 
197 12 163 63 

RS4_ECO24 196 6 69 29 23512 10.05 
30S ribosomal protein 

S4 
rpsD Translation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

AHPC_ECO57 198 10 114 60 20862 5.03 
Alkyl hydroperoxide 

reductase subunit C 
ahpC 

Response to 

oxidative stress 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 
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a
 The database queried was SwissProt database. 

b
 Spots number.*Spots that were treated and identified together as the same protein. 

c
 Peptides matches, number of peptides validating the protein. 

d
 Mascot score for the protein. A match was considered successful when the protein identification score was located out of the random region with a significance threshold of p < 

0.05. 
e
 Sequence coverage, percentage of the protein with a validated set of peptides from a spot. 

f
 Nominal mass of the protein.  

g
 Calculated Isoelectric Point 
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TABLE C -3. Proteins identified by MALDI-TOF/TOF in strain SU62. 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene 

Biological 

Process 
Species Reference 

EFG_ECO24 711 18 148 36 77704 5.24 Elongation factor G fusA 
Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

BAMA_ECO24 713 15 129 27 90611 4.93 
Outer membrane 
protein assembly 

factor BamA 

bamA 
Protein insertion 

into membrane 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

PNP_ECO24  714 4 59 5 77111 5.09 
Polyribonucleotide 
nucleotidyltransferase 

pnp 
mRNA catabolic 
process 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

PTA_ECOLI 715 14 149 22 77466 5.28 
Phosphate 
acetyltransferase 

pta 

Acetate 

biosynthetic 

process 

Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Campos-

Bermudez et al., 2010; Castano-

Cerezo et al., 2009; Chang et al., 

1999; Hayashi et al., 2006; 

Kakuda et al., 1994; Matsuyama 

et al., 1994; Matsuyama et al., 

1989; Shi et al., 2005; Yamamoto 

et al., 1997) 

CLPB_ECO57 
716 32 276 48 

95697 5.37 
Chaperone protein 

ClpB 
clpB Stress response Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 721/722* 20 171 34 

PFLB_ECOLI 718 13 107 26 85588 5.69 
Formate 

acetyltransferase 1 
pflB 

Glucose 

metabolism 

Escherichia coli (strain 

K12) 

(Becker et al., 1999; Blattner et 

al., 1997; Hayashi et al., 2006; 

Molloy et al., 1998; Oshima et al., 

1996; Rodel et al., 1988; Sawers 

and Bock, 1989; VanBogelen et 

al., 1997; Wagner et al., 1992; 

Zhang et al., 2009; Zhang et al., 

2011) 

gi|320193537 719 7 70 17 66535 5.92 

Succinate 

dehydrogenase 
flavoprotein subunit 

  
Escherichia coli 
WV_060327 

 

DNAK_ECO24 
720/723* 8 71 17 

69130 4.83 
Chaperone protein 
DnaK 

dnaK Stress response 
Escherichia coli O139:H28 
(strain E24377A / ETEC) [ 

(Rasko et al., 2008) 
728 33 306 59 

SYP_ECO24 724 18 165 37 63622 5.08 Proline--tRNA ligase proS 
Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

HTPG_ECO57 725 20 201 41 71378 5.09 
Chaperone protein 
HtpG 

htpG Stress response Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

RS1_ECO57 
726/727* 25 266 52 

61235 4.89 
30S ribosomal protein 
S1 

rpsA Translation Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 826 25 266 52 

PT1_ECOLI 730 19 83 39 63750 4.78 

Phosphoenolpyruvate-

protein 

phosphotransferase 

ptsI Transport 
Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Byrne et al., 

1988; De Reuse and Danchin, 

1988; De Reuse et al., 1985; 

Garrett et al., 1997; Garrett et al., 

1998; Garrett et al., 1999; 

Hayashi et al., 2006; Link et al., 

1997; Powell et al., 1995; Saffen 

et al., 1987; Teplyakov et al., 

2006; VanBogelen et al., 1997) 
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TABLE C -3 (Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene 

Biological 

Process 
Species Reference 

PYRG_ECO24 735 14 114 35 60792 5.63 CTP synthase pyrG 
Pyrimidine 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

KPYK1_ECO57 738 18 145 48 51039 5.77 Pyruvate kinase I pykF Glycolysis Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

FUMB_ECOLI 739 11 97 33 60581 5.88 
Fumarate hydratase 

class I, anaerobic 
fumB 

Tricarboxylic acid 

cycle 

Escherichia coli (strain 

K12) 

(Bell et al., 1989; Blattner et al., 

1997; Burland et al., 1995; 

Hayashi et al., 2006; Zhang et al., 

2009) 

ILVD_ECO45 
742 6 67 7 

66199 5.51 
Dihydroxy-acid 

dehydratase 
ilvD 

Amino-acid 

biosynthesis 

Escherichia coli O45:K1 

(strain S88 / ExPEC) 
(Touchon et al., 2009) 

774 6 67 8 

CH60_ECOL5 743/744* 24 164 48 57464 4.85 60 kDa chaperonin groL 
Protein refolding 

Escherichia coli O1:K1 / 

APEC 

(Hochhut et al., 2006) 

CH601_ECOK1 745 16 145 46 57464 4.85 60 kDa chaperonin 1 groL1 (Johnson et al., 2007) 

TIG_ECO45 
746 8 86 19 

47836 4.83 Trigger factor tig 
Cell cycle/Cell 

division 

Escherichia coli O45:K1 

(strain S88 / ExPEC) 
(Touchon et al., 2009) 

747 19 178 48 

GLNA_ECO57 748 16 192 51 52099 5.26 Glutamine synthetase glnA 

Glutamine 

biosynthetic 

process 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

TOLC_ECOLI 749 9 112 20 53708 5.46 
Outer membrane 

protein TolC 
tolC Transport 

Escherichia coli (strain 

K12)  

(Blattner et al., 1997; Fontaine et 

al., 2011; Hackett et al., 1983; 

Hackett and Reeves, 1983; 

Hayashi et al., 2006; Koronakis et 

al., 2000; Link et al., 1997; 

Molloy et al., 1998; Niki et al., 

1990; Stenberg et al., 2005; Touze 

et al., 2004) 

ASPA_ECO57 750 13 93 30 52950 5.19 
Aspartate ammonia-

lyase 
aspA 

Aspartate 

metabolic process 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

ATPB_ECO24 751 24 214 59 50351 4.90 
ATP synthase subunit 

beta 
atpD Transport 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

PEPD_ECOLI 752 7 58 13 53110 5.20 
Cytosol non-specific 

dipeptidase 
pepD 

Peptide catabolic 

process 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Henrich et al., 1990; 

Henrich et al., 1989; Miller and 

Schwartz, 1978; Schroeder et al., 

1994; Suzuki et al., 2001; Zhang 

et al., 2009) 

SYS_ECO24 753 7 58 20 48669 5.34 Serine--tRNA ligase serS 
Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

AHPF_ECOLI 754 13 128 31 56484 5.47 
Alkyl hydroperoxide 

reductase subunit F 
ahpF 

Cell redox 

homeostasis 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Oshima et al., 1996; 

Smillie et al., 1992; Zhang et al., 

2009) 

DCEA_ECOL6 

757 16 146 44 

53221 5.22 
Glutamate 
decarboxylase alpha 

gadA 
Glutamate 
metabolic process 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 758 16 146 44 

759 5 62 12 
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TABLE C -3 (Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene 

Biological 

Process 
Species Reference 

ATPA_ECO24 
762 14 122 33 

55416 5.80 
ATP synthase subunit 

alpha 
atpA 

Transport and 

ATP synthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

763 16 131 37 

IMDH_ECO57 764 14 145 44 52275 6.02 

Inosine-5'-

monophosphate 
dehydrogenase 

guaB 
Purine 

biosynthesis 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

gi|377872093 765/766* 6 77 27 44795 8.58 

glycosyltransferase 

sugar-binding region 
containing DXD motif 

family protein, partial 

  Escherichia coli DEC2B  

gi|157829703 767 8 71 83 14607 5.87 

Chain A, The Nmr 
Structure Of The Rna 

Binding Domain Of 

E.Coli Rho Factor 
Suggests Possible 

Rna-Protein 

Interactions 

  
Escherichia coli 

BL21(DE3) 
(Briercheck et al., 1996; 

Briercheck et al., 1998) 

DNAJ_ECO24 770 8 61 26 41589 7.97 
Chaperone protein 

DnaJ 
dnaJ Stress response 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

gi|300921831 771 9 71  40028  GTP-binding protein YchF  Escherichia coli MS 182-1  

6PGL_ECO24 772 6 70 34 36570 5.06 

6-

phosphogluconolacton

ase 

pgl 
Carbohydrate 

metabolism 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

DEOB_ECO24 773 10 117 29 44684 5.11 Phosphopentomutase deoB 
Biosynthetic 

process 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

ENO_ECO24 

775/778* 15 164 44 
45683 5.32 Enolase eno Glycolysis  

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 776 14 116 45 

779 10 116 37 

TPIS_ECO24 

777 9 90 38 
27126 5.64 

Triosephosphate 

isomerase 
tpiA Glycolysis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 832 9 90 38 

834 16 146 64 

ALF_ECO57 780 12 131 40 39351 5.52 
Fructose-bisphosphate 
aldolase class 2 

fbaA Glycolysis Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

EFTU1_ECO24 781 25 241 68 43427 5.30 Elongation factor Tu 1 tuf1 
Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) [ 
(Rasko et al., 2008) 

GLYA_ECO24 783 12 106 41 45459 6.03 

Serine 

hydroxymethyltransfer

ase 

glyA 
Amino-acid 
biosynthesis 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

FABF_ECO57 785 17 151 58 43247 5.71 

3-oxoacyl-[acyl-

carrier-protein] 

synthase 2 

fabF 
Fatty acid 
biosynthesis 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

ACKA_ECO57 786 13 118 53 43605 5.85 Acetate kinase ackA 

Acetyl-CoA 

biosynthetic 

process 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 
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TABLE C -3 (Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene 

Biological 

Process 
Species Reference 

TOLB_ECO24 787 7 61 18 45927 6.98 Protein TolB tolB Transport 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

gi|378011606 788 11 134 57 40654 4.57 
outer membrane porin 
protein ompD 

ompD Transport Escherichia coli DEC7A  

FTSZ_ECO57 789 10 111 34 40299 4.65 
Cell division protein 

FtsZ 
ftsZ 

Cell cycle/Cell 

division 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

GALM_ECOLI 791 10 125 56 38395 4.84 Aldose 1-epimerase galM 
Carbohydrate 

metabolism 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Bouffard et 

al., 1994; Hayashi et al., 2006; 

Oshima et al., 1996) 

GLDA_ECOL6 792 8 92 34 39087 4.81 
Glycerol 
dehydrogenase 

gldA 
Glycerol 
metabolism 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

PGK_ECO24 794 18 173 62 41264 5.08 
Phosphoglycerate 

kinase 
pgk Glycolysis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

POTD_ECOLI 795 15 131 47 38842 5.24 

Spermidine/putrescine

-binding periplasmic 
protein 

potD Transport 
Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Furuchi et 

al., 1991; Hayashi et al., 2006; 

Link et al., 1997; Matsuo and 

Nishikawa, 1994; Oshima et al., 

1996; Sugiyama et al., 1996a; 

Sugiyama et al., 1996b) 

EFTS_ECO24 796 19 199 62 30518 5.22 Elongation factor Ts tsf 
Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

OMPA_ECO57 

797 9 74 32 

37292 5.99 
Outer membrane 

protein A 
ompA Transport Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

798 113 125 47 

800 16 159 52 

801 8 83 30 

K6PF1_ECO57 799 13 127 60 35162 5.47 
6-phosphofructokinase 
isozyme 1 

pfkA Glycolysis 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 

700928 / UPEC) 

(Hayashi et al., 2001; Perna et al., 

2001) 

G3P1_ECO57 

802/803* 14 131 41 

35681 6.61 

Glyceraldehyde-3-

phosphate 
dehydrogenase A 

gapA Glycolysis Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

804 14 129 34 

805 17 223 60 

806 13 146 49 

807 12 158 51 

CDD_ECO24 808 7 105 32 31791 5.29 Cytidine deaminase cdd 
Cytidine 
deaminase activity 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

ACCA_ECO24 809 18 170 56 35333 5.76 

Acetyl-coenzyme A 

carboxylase carboxyl 
transferase subunit 

alpha 

accA 
Fatty acid 
biosynthesis 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

DAPD_ECO24 810 12 207 37 30045 5.56 

2,3,4,5-
tetrahydropyridine-

2,6-dicarboxylate N-

succinyltransferase 

dapD 
Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 
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TABLE C -3 (Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene 

Biological 

Process 
Species Reference 

FABI_ECO57 811 5 75 21 28074 5.58 

Enoyl-[acyl-carrier-

protein] reductase 

[NADH] FabI 

fabI 
Fatty acid 
biosynthesis 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

YNID_ECOLI 812 4 65 74 4169 10.46 
Uncharacterized 

protein YniD 
yniD Stress response 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Hemm et al., 2010; 

Hemm et al., 2008) 

YEAD_ECOLI 813 6 62 35 32874 5.89 
Putative glucose-6-

phosphate 1-epimerase 
yeaD 

Carbohydrate 

metabolic process 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; 

Fountoulakis et al., 1999; Hayashi 

et al., 2006; Itoh et al., 1996; Link 

et al., 1997) 

DAPA_ECO24 814 8 78 40 31549 5.98 
4-hydroxy-
tetrahydrodipicolinate 

synthase 

dapA 
Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

KDSA_ECOL5 815 8 69 46 31081 6.32 
2-dehydro-3-
deoxyphosphooctonate 

aldolase 

kdsA 
Lipopolysaccharid

e biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Hochhut et al., 2006) 

FKBA_ECO57 816 10 95 50 28894 8.39 
FKBP-type peptidyl-
prolyl cis-trans 

isomerase FkpA 

fkpA Protein folding Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

ELBB_ECOLI 817 5 78 28 23252 4.68 
Enhancing lycopene 

biosynthesis protein 2 
elbB 

Isoprene 

biosynthesis 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Hemmi et al., 1998; 

Smillie et al., 1992; Ueshima et 

al., 1992) 

RS2_ECO27 818 11 135 46 26784 6.61 
30S ribosomal protein 

S2 
rpsB Translation 

Escherichia coli O127:H6 

(strain E2348/69 / EPEC) 
(Iguchi et al., 2009) 

RIBB_ECO24 822 8 75 39 23567 4.90 

3,4-dihydroxy-2-

butanone 4-phosphate 

synthase 

ribB 
Riboflavin 
biosynthesis 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

MTNN_ECO24 823 8 102 60 24624 5.09 

5'-

methylthioadenosine/S

adenosylhomocysteine 
nucleosidase 

mtnN 
Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

AHPC_ECO57 824 6 84 29 20862 5.03 
Alkyl hydroperoxide 

reductase subunit C 
ahpC 

Response to 

oxidative stress 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

RL3_ECO24 
825 6 62 32 

22230 9.91 
50S ribosomal protein 

L3 
rplC Translation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

859 9 136 43 

IPYR_ECOL6 827 9 124 40 19833 5.03 
Inorganic 

pyrophosphatase 
ppa 

Phosphate-
containing 

compound 

metabolic process 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 
700928 / UPEC) 

(Welch et al., 2002) 

PURK_ECOLI 828 4 60 12 39664 5.60 

N5-
carboxyaminoimidazol

e ribonucleotide 

synthase 

purK 
Purine 

biosynthesis 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Meyer et al., 1992; 

Mueller et al., 1994; Thoden et 

al., 1999; Tiedeman et al., 1989; 

Watanabe et al., 1989) 
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Accession 

Numbera 
Spotb 

Peptides 
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Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene 

Biological 

Process 
Species Reference 

BLAT_ECOLX 830 15 155 50 31666 5.69 Beta-lactamase TEM bla 
Antibiotic 

resistance 
Escherichia coli 

(Ambler and Scott, 1978; Brun et 

al., 1994; Chanal et al., 1992; 

Goussard et al., 1991; Jelsch et 

al., 1992; Jelsch et al., 1993; 

Maveyraud et al., 1998; Ohtsubo 

et al., 1986; Sougakoff et al., 

1989; Sutcliffe, 1978, 1979; 

Swaren et al., 1999) 

KAD_ECO24 833 12 99 54 23628 5.55 Adenylate kinase adk 
Nucleotide 
biosynthesis 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

YDFG_ECO57 835 12 109 38 27360 5.65 

NADP-dependent L-

serine/L-allo-threonine 
dehydrogenase YdfG 

ydfG  Escherichia coli O157:H7  
(Hayashi et al., 2001; Perna et al., 

2001) 

PEPE_ECO24 836 5 65 41 24669 5.67 Peptidase E pepE Proteolysis 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

UDP_ECOLI 837 9 125 60 27313 5.81 Uridine phosphorylase udp 
Response to DNA 

damage stimulus 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Burling et 

al., 2003; Daniels et al., 1992; 

Gonzalez-Gil et al., 1996; 

Hayashi et al., 2006; Henzel et al., 

1993; Morgunova et al., 1995; 

Veiko et al., 1998; Walton et al., 

1989) 

HDHA_ECO57 838 9 81 36 26990 5.22 

7-alpha-

hydroxysteroid 

dehydrogenase 

hdhA Lipid metabolism Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

FLIY_ECOL6 839 9 103 31 29021 6.21 
Cystine-binding 

periplasmic protein 
fliY Transport 

Escherichia coli O6:H1 
(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

UPP_ECO24 842 8 92 31 22576 5.32 
Uracil 
phosphoribosyltransfer

ase 

upp 
Pyrimidine 

metabolism 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

WRBA_ECO24 844 13 114  20832  
NAD(P)H 
dehydrogenase 

(quinone) 

 
Negative 
regulation of 

transcription 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

RISA_ECOLI 845 4 57 21 23601 5.64 Riboflavin synthase ribC 
Riboflavin 

biosynthesis 

Escherichia coli (strain 

K12) 

(Aiba et al., 1996; Blattner et al., 

1997; Eberhardt et al., 1996; 

Hayashi et al., 2006; Hensel et al., 

1997; Liao et al., 2001; Meining 

et al., 2003; Truffault et al., 2001) 

NFNB_ECOLI 846 5 65 23 23947 5.80 

Oxygen-insensitive 

NAD(P)H 
nitroreductase 

nfnB 

Reduction of a 
variety of 

nitroaromatic 

compounds  

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Johansson et al., 2003; 

Knox et al., 1992; Michael et al., 

1994; Oshima et al., 1996; 

Parkinson et al., 2000; Race et al., 

2005; Vasudevan et al., 1988; 

Zenno et al., 1996) 
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a
 The database queried was SwissProt database. 

b
 Spots number.*Spots that were treated and identified together as the same protein. 

c
 Peptides matches, number of peptides validating the protein. 

d
 Mascot score for the protein. A match was considered successful when the protein identification score was located out of the random region with a significance threshold of p < 

0.05. 
e
 Sequence coverage, percentage of the protein with a validated set of peptides from a spot. 

f
 Nominal mass of the protein.  

g
 Calculated Isoelectric Point 

 

 

  

TABLE C -3 (Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. 

pIg 
Protein Description Gene 

Biological 

Process 
Species Reference 

gi|209918606 847 7 72 29 30105 5.93 
hypothetical protein 

ECSE_1415 
  Escherichia coli SE11 (Oshima et al., 2008) 

GLNH_ECO57 850 11 109 47 27173 8.44 
Glutamine-binding 
periplasmic protein 

glnH Transport Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

LUXS_ECO24 
851/853* 7 82 43 

19575 5.18 
S-ribosylhomocysteine 

lyase 
luxS Quorum sensing 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

852 6 61 33 

SSB_ECO57 854 5 73 24 18963 5.44 
Single-stranded DNA-

binding protein 
ssb 

DNA 

damage/DNA 

repair 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

RRF_ECO24 855 8 80 47 20683 6.43 
Ribosome-recycling 

factor 
frr 

Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

YAJQ_ECO24 856 12 189 76 18333 5.96 
UPF0234 protein 
YajQ 

yajQ  
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

RL1_ECO24 858 4 62 22 24714 9.64 
50S ribosomal protein 

L1 
rplA 

Translation 

regulation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 
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TABLE C - 4. Proteins identified by MALDI-TOF/TOF in strain SU60. 
Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. pIg Protein Description Gene 

Biological 

Process 
Species Reference 

RPOB_ECO24 520 12 121 10 150937 5.15 

DNA-directed RNA 

polymerase subunit 

beta 

rpoB Transcription 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

RT86_ECOLX 521 9 61 19 36686 10.03 

RNA-directed DNA 

polymerase from retron 

EC86 
 

DNA replication Escherichia coli (Lim, 1991; Lim and Maas, 1989) 

ADHE_ECO57 
522 25 163 45 

96580 6.32 
Aldehyde-alcohol 
dehydrogenase 

adhE 
Alcohol 
metabolic process 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 530/531* 25 187 31 

BAMA_ECO24 523 13 98 22 90611 4.93 

Outer membrane 

protein assembly factor 
BamA 

bamA 
Protein insertion 

into membrane 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

EFG_ECO24 524 34 266 56 77704 5.24 Elongation factor G fusA 
Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

PTA_ECOLI 525 17 129 35 77466 5.28 
Phosphate 

acetyltransferase 
pta 

Acetate 
biosynthetic 

process 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Campos-

Bermudez et al., 2010; Castano-

Cerezo et al., 2009; Chang et al., 

1999; Hayashi et al., 2006; 

Kakuda et al., 1994; Matsuyama 

et al., 1994; Matsuyama et al., 

1989; Shi et al., 2005; Yamamoto 

et al., 1997) 

CLPB_ECO57 

526 34 305 52 

95697 5.37 
Chaperone protein 

ClpB 
clpB Stress response Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 
528 8 71 12 

534 30 265 43 

PNP_ECO24 527 26 184 42 77111 5.06 
Polyribonucleotide 

nucleotidyltransferase 
pnp 

mRNA catabolic 

process 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

PFLB_ECOLI 529 32 208 54 85588 5.69 
Formate 
acetyltransferase 1 

pflB 
Glucose 
metabolism 

Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Molloy et al., 1998; 

Oshima et al., 1996; Rodel et al., 

1988; Sawers and Bock, 1989; 

VanBogelen et al., 1997; Wagner 

et al., 1992; Zhang et al., 2009; 

Zhang et al., 2011) 

FRDA_ECOLI 532 23 161 36 66500 5.86 
Fumarate reductase 
flavoprotein subunit 

frdA 
Response to DNA 
damage stimulus 

Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Blaut et al., 

1989; Burland et al., 1995; Cole, 

1982; Hayashi et al., 2006; 

Iverson et al., 1999; Iverson et al., 

2002; Schroder et al., 1991; 

VanBogelen et al., 1997) 

DNAK_ECO24 

535 23 262 40 

69130 4.83 
Chaperone protein 

DnaK 
dnaK Stress response 

Escherichia coli O139:H28 

(strain E24377A / ETEC) [ 
(Rasko et al., 2008) 537 23 285 51 

544 13 130 29 

RS1_ECO57 536 33 289 58 61235 4.89 
30S ribosomal protein 
S1 

rpsA Translation Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 
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TABLE C - 4 (Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. pIg Protein Description Gene 

Biological 

Process 
Species Reference 

HTPG_ECO24 538 16 88 31 71404 5.06 
Chaperone protein 

HtpG 
htpG Stress response Escherichia coli O157:H7 (Rasko et al., 2008) 

SYP_ECO24 539 14 133 34 63622 5.08 Proline--tRNA ligase proS 
Protein 
biosynthesis  

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

NUSA_ECO57 540 13 106 37 55008 4.53 

Transcription 

termination/antitermina
tion protein NusA 

nusA Transcription Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

CH601_ECOK1 541 16 87 45 
57464 4.85 

60 kDa chaperonin 1 groL1 
Protein refolding 

Escherichia coli O1:K1 / 

APEC 

(Johnson et al., 2007) 

CH60_ECOL5 546 41 304 79 60 kDa chaperonin groL (Hochhut et al., 2006) 

TIG_ECO45 547 35 311 61 47836 4.83 Trigger factor tig 
Cell cycle/Cell 

division 

Escherichia coli O45:K1 

(strain S88 / ExPEC) 
(Touchon et al., 2009) 

SYK2_ECO57 548 10 115 22 57847 5.10 
Lysine--tRNA ligase, 
heat inducible 

lysU 
Protein 
biosynthesis 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

ILVD_ECO45 553 6 68 9 66199 5.51 
Dihydroxy-acid 
dehydratase 

ilvD 
Amino-acid 
biosynthesis 

Escherichia coli O45:K1 
(strain S88 / ExPEC) 

(Touchon et al., 2009) 

PYRG_ECO24 554 14 98 33 60792 5.63 CTP synthase pyrG 
Pyrimidine 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

FUMB_ECOLI 557 12 109 31 60581 5.88 
Fumarate hydratase 

class I, anaerobic 
fumB 

Tricarboxylic 

acid cycle 

Escherichia coli (strain 

K12) 

(Bell et al., 1989; Blattner et al., 

1997; Burland et al., 1995; 

Hayashi et al., 2006; Zhang et al., 

2009) 

KPYK1_ECO57 558 18 130 47 51039 5.77 Pyruvate kinase I pykF Glycolysis Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

IMDH_ECO57 
560 23 232 62 

52275 6.02 

Inosine-5'-

monophosphate 

dehydrogenase 

guaB 
Purine 
biosynthesis 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 561 19 158 57 

ATPA_ECO24 
562 15 142 35 

55416 5.80 
ATP synthase subunit 

alpha 
atpA 

Transport and 
ATP synthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

564 24 201 48 

DLDH_ECO57 
563/565* 17 163 45 

50942 5.79 
Dihydrolipoyl 
dehydrogenase 

lpdA Glycolysis  Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 566 5 68 14 

DEGP_ECO57 568 6 62 18 49438 8.65 
Periplasmic serine 
endoprotease DegP 

degP Stress response Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

ACCC_ECOLI 569 8 71 29 49745 6.65 Biotin carboxylase accC 
Fatty acid 
biosynthesis 

Escherichia coli (strain 
K12) 

(Alix, 1989; Blattner et al., 1997; 

Hayashi et al., 2006; Kondo et al., 

1991; Li and Cronan, 1992; Link 

et al., 1997; Shen et al., 2006; 

Thoden et al., 2000; Waldrop et 

al., 1994) 

RHO_ECO57 570 6 69 16 47032 6.75 
Transcription 
termination factor Rho 

rho Transcription Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

GLNA_ECO57 573 18 183 52 52099 5.26 Glutamine synthetase glnA 

Glutamine 

biosynthetic 
process.  

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 
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TABLE C - 4 (Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. pIg Protein Description Gene 

Biological 

Process 
Species Reference 

AHPF_ECOLI 574 10 108 28 56484 5.47 
Alkyl hydroperoxide 

reductase subunit F 
ahpF 

Cell redox 

homeostasis 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Oshima et al., 1996; 

Zhang et al., 2009) 

TOLC_ECOLI 575 15 100 37 53708 5.46 
Outer membrane 

protein TolC 
tolC Transport 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Fontaine et 

al., 2011; Hackett et al., 1983; 

Hackett and Reeves, 1983; 

Hayashi et al., 2006; Koronakis et 

al., 2000; Link et al., 1997; 

Molloy et al., 1998; Niki et al., 

1990; Stenberg et al., 2005; Touze 

et al., 2004) 

GPMI_ECO24 576 19 106 41 56188 5.18 

2,3-

bisphosphoglycerate-
independent 

phosphoglycerate 

mutase 

gpmI Glycolysis 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

gi|15830232 
577 14 108 37 

48669 5.34 seryl-tRNA synthetase   
Escherichia coli O157:H7 

strain Sakai 

(Bergholz et al., 2007; Hayashi et 

al., 2001; Makino et al., 1999; 

Ohnishi et al., 2000; Yokoyama et 

al., 2000) 
579 14 108 37 

ATPB_ECO24 578 30 235 70 50351 4.90 
ATP synthase subunit 
beta 

atpD Transport 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

HSLU_ECO24 581 13 112 38 49676 5.24 

ATP-dependent 

protease ATPase 
subunit HslU 

hslU Stress response Escherichia coli O157:H7 (Rasko et al., 2008) 

DCEA_ECOL6 

582/583* 14 169 36 

53221 5.22 
Glutamate 
decarboxylase alpha 

gadA 
Glutamate 
metabolic process 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 584/585* 27 196 53 

586 22 167 51 

GLMU_ECO24 587/588* 5 70 11 49388 6.09 
Bifunctional protein 
GlmU 

glmU 
Peptidoglycan 
synthesis 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

GLYA_ECO24 
589 9 97 30 

45459 6.03 
Serine 
hydroxymethyltransfer

ase 

glyA 
Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

590 19 150 41 

SURA_ECO57 591 20 215 37 47254 6.48 Chaperone SurA surA 
Biofilm 
formation. 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

EFTU1_ECO24 

592 8 79 31 

43427 5.30 Elongation factor Tu 1 tuf1 
Protein 
biosynthesis 

Escherichia coli O139:H28 
(strain E24377A / ETEC) [ 

(Rasko et al., 2008) 

606/607* 16 147 40 

612 12 147 30 

613 20 158 55 

623 8 86 24 

ENGD_ECO57 593 12 101  39984 4.87 
Ribosome-binding 
ATPase YchF 

ychF   
(Hayashi et al., 2001; Perna et al., 

2001) 
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TABLE C - 4 (Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. pIg Protein Description Gene 

Biological 

Process 
Species Reference 

DEOB_ECO24 594 19 126 60 44684 5.11 Phosphopentomutase deoB 
Biosynthetic 

process 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

METK_ECO24 595 10 73 22 42153 5.10 
S-adenosylmethionine 
synthase 

metK 
One-carbon 
metabolism 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

ENO_ECO24 

596 17 143 54 

45683 5.32 Enolase eno Glycolysis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

597 21 182 54 

598 16 131 53 

599 11 154 29 

601 5 59 15 

602 16 145 48 

gi|293449105 600 13 110  44956  
Phosphopyruvate 

hydratase 
  Escherichia coli B088  

FABF_ECO57 
603 12 109 45 

43247 5.71 

3-oxoacyl-[acyl-

carrier-protein] 
synthase 2 

fabF 
Fatty acid 

biosynthesis 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 
656 17 151 58 

BIKB_ECO57 604 10 78  43432  
2-amino-3-
ketobutyrate coenzyme 

A ligase 

 
Biosynthetic 

process 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

CARA_ECOL6 605 14 120 48 41617 6.00 
Carbamoyl-phosphate 

synthase small chain 
carA 

Amino-acid 

biosynthesis 

Escherichia coli O6:H1 
(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

ACKA_ECO57 608/609* 18 141 59 43605 5.85 Acetate kinase ackA 

Acetyl-CoA 

biosynthetic 

process 

Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

ALF_ECO57 610 10 100 35 39351 5.52 
Fructose-bisphosphate 

aldolase class 2 
fbaA Glycolysis Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

PGK_ECO24 

611 24 289 68 

41264 5.08 
Phosphoglycerate 
kinase 

pgk Glycolysis 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 615 19 205 58 

706 6 63 25 

GALM_ECOLI 614 19 186 65 38395 4.84 Aldose 1-epimerase galM 
Carbohydrate 
metabolism 

Escherichia coli (strain 
K12) 

(Blattner et al., 1997; Bouffard et 

al., 1994; Hayashi et al., 2006; 

Oshima et al., 1996) 

FTSZ_ECO57 617 10 112 27 40299 4.65 
Cell division protein 

FtsZ 
ftsZ 

Cell cycle/Cell 

division 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

PTFAH_ECO57 618 5 58 18 39624 4.77 
Multiphosphoryl 

transfer protein 
fruB Transport Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

POTD_ECOLI 620 12 119 31 38842 5.24 

Spermidine/putrescine-

binding periplasmic 
protein 

potD Transport 
Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Furuchi et 

al., 1991; Hayashi et al., 2006; 

Link et al., 1997; Matsuo and 

Nishikawa, 1994; Oshima et al., 

1996; Sugiyama et al., 1996a; 

Sugiyama et al., 1996b) 
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Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. pIg Protein Description Gene 

Biological 

Process 
Species Reference 

OMPC_ECOLI 

621 12 173 31 

40343 4.58 
Outer membrane 
protein C 

ompC Transport 
Escherichia coli (strain 
K12) 

(Basle et al., 2006; Blattner et al., 

1997; Hayashi et al., 2006; Itoh et 

al., 1996; Link et al., 1997; 

Mizuno et al., 1983a, b; Nogami 

et al., 1985; VanBogelen et al., 

1997) 
622 17 157 54 

GAL1_ECO24 624 9 81 23 41929 5.28 Galactokinase galK 
Carbohydrate 
metabolism 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

HLDD_ECO24 625 14 114 47 34985 4.80 

ADP-L-glycero-D-

manno-heptose-6-
epimerase 

hldD 
Carbohydrate 

metabolism 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

MALE_ECO57 626 17 109 48 43360 5.53 
Maltose-binding 

periplasmic protein 
malE Transport Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

MREB_ECOL6 627 7 81 21 37100 5.19 
Rod shape-determining 
protein MreB 

mreB Cell shape 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 

700928 / UPEC) 

(Welch et al., 2002) 

AAT_ECOLI 628 14 165 39 43831 5.54 
Aspartate 

aminotransferase 
aspC 

L-phenylalanine 
biosynthetic 

process  

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; 

Fotheringham et al., 1986; 

Hayashi et al., 2006; Inoue et al., 

1991; Kondo et al., 1987; Kondo 

et al., 1984; Kuramitsu et al., 

1985; Link et al., 1997; Liu et al., 

2007; Mahon et al., 1999; 

Mizuguchi et al., 2001; Oshima et 

al., 1996; Oue et al., 1999; Smith 

et al., 1989; VanBogelen et al., 

1997; Yano et al., 1991) 

RPOA_ECO24 629 6 79 19 36717 4.98 

DNA-directed RNA 

polymerase subunit 
alpha 

rpoA Transcription 
Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

K6PF2_ECOLI 631 11 121 50 32664 5.25 
6-phosphofructokinase 
isozyme 2 

pfkB Glycolysis 
Escherichia coli (strain 
K12) 

(Aiba et al., 1996; Blattner et al., 

1997; Daldal, 1983, 1984; 

Hayashi et al., 2006; VanBogelen 

et al., 1997) 

PDXB_ECOBW 632 7 76 20 41684 6.23 

Erythronate-4-

phosphate 

dehydrogenase 

pdxB  
Escherichia coli (strain 
K12 / MC4100 / BW2952) 

(Ferenci et al., 2009) 

ISPG_ECO24 634 7 97 20 40943 4.87 

4-hydroxy-3-

methylbut-2-en-1-yl 

diphosphate synthase 

ispG 
Isoprene 
biosynthesis 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

SYFA_ECO24 636 8 100 26 36866 5.79 
Phenylalanine--tRNA 

ligase alpha subunit 
pheS 

Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

PTNAB_ECO57 640 14 102 53 35026 5.74 

PTS system mannose-

specific EIIAB 

component 

manX Transport Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 



 

ANNEX C 

273 

 

TABLE C - 4 (Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. pIg Protein Description Gene 

Biological 

Process 
Species Reference 

G3P1_ECO57 

637 6 62 18 

35681 6.61 

Glyceraldehyde-3-

phosphate 

dehydrogenase A 

gapA Glycolysis Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

639 12 152 51 

661 6 64 15 

662 13 140 54 

664 13 149 45 

665 12 164 51 

666 20 174 70 

GALE_ECOLI 638 6 69 23 37413 5.89 
UDP-glucose 4-
epimerase 

galE 
Carbohydrate 
metabolism 

Escherichia coli (strain 
K12) 

(Bauer et al., 1992; Bernardi and 

Bernardi, 1990; Blattner et al., 

1997; Busby and Dreyfus, 1983; 

Hayashi et al., 2006; Lemaire and 

Muller-Hill, 1986; Liu et al., 

1996; Oshima et al., 1996; 

Swanson and Frey, 1993; Thoden 

et al., 1996a, b; Thoden et al., 

2002; Thoden and Holden, 1998; 

Walkenhorst et al., 1995; Wilson 

and Hogness, 1964, 1969) 

CYSK_ECO57 
641 28 279 85 

34525 5.83 Cysteine synthase A cysK 
Amino-acid 

biosynthesis 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 
671 15 172 69 

K6PF1_ECO57 
642 17 113 47 

35162 5.47 
6-phosphofructokinase 

isozyme 1 
pfkA Glycolysis 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 
700928 / UPEC) 

(Hayashi et al., 2001; Perna et al., 

2001) 
648 6 72 17 

OMPA_ECO57 
643 10 104 39 

37292 5.99 
Outer membrane 
protein A 

ompA Transport Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 
672 16 160 46 

gi|26247530 644 11 110 49 36854 5.48 
Ribose-phosphate 

pyrophosphokinase 
  Escherichia coli CFT073 (Welch et al., 2002) 

EFTS_ECO24 645 22 177 64 30518 5.22 Elongation factor Ts tsf 
Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

TALB_ECO57 646 16 172 59 35368 5.11 Transaldolase B talB Pentose shunt Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

CDD_ECO27 650 6 85 27 31832 5.42 Cytidine deaminase cdd 

Cytidine 

deaminase 

activity 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Iguchi et al., 2009) 

DAPD_ECO24 651 12 185 41 30045 5.56 

2,3,4,5-

tetrahydropyridine-2,6-

dicarboxylate N-
succinyltransferase 

dapD 
Amino-acid 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

gi|297521463 652 14 132  26771  
enoyl-(acyl carrier 

protein) reductase 
  Escherichia coli OP50  
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Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. pIg Protein Description Gene 

Biological 

Process 
Species Reference 

MAP1_ECO57 653 12 149  29711  
Methionine 

aminopeptidase 
map Proteolysis Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

YEAD_ECOLI 654 14 112 30 32874 5.89 
Putative glucose-6-

phosphate 1-epimerase 
yeaD 

Carbohydrate 

metabolic process 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; 

Fountoulakis et al., 1999; Hayashi 

et al., 2006; Itoh et al., 1996; Link 

et al., 1997) 

CYSP_ECOLI 
655 8 77 27 

37591 7.78 
Thiosulfate-binding 

protein 
cysP Transport 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Hryniewicz et al., 1990; 

Link et al., 1997; Yamamoto et 

al., 1997) 
667 6 72 15 

CBPA_ECO24 
657 6 63 21 

34404 6.33 
Curved DNA-binding 

protein 
cbpA Protein folding 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

658 5 58 19 

SYW_ECOLI 659 12 97 38 37642 6.27 
Tryptophan--tRNA 

ligase 
trpS 

Protein 

biosynthesis 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hall et al., 

1982; Hall and Yanofsky, 1981; 

Hayashi et al., 2006; Lyngstadaas 

et al., 1995; Sever et al., 1996; 

VanBogelen et al., 1997; Winter 

et al., 1977) 

KDSA_ECO24 668 12 110 50 31041 6.32 

2-dehydro-3-

deoxyphosphooctonate 
aldolas 

kdsA 
Lipopolysacchari

de biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

FKBA_ECO57 669 10 137 50 28894 8.39 

FKBP-type peptidyl-

prolyl cis-trans 
isomerase FkpA 

fkpA Protein folding Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

LPXA_ECO24 670 5 70 27 28348 6.63 

Acyl-[acyl-carrier-
protein]--UDP-N-

acetylglucosamine O-

acyltransferase 

lpxA 
Lipid A 

biosynthesis  

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

ELBB_ECOLI 673 4 56 15 23252 4.68 
Enhancing lycopene 

biosynthesis protein 2 
elbB 

Isoprene 

biosynthesis 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Hayashi et 

al., 2006; Hemmi et al., 1998; 

Ueshima et al., 1992) 

YFDQ_ECOLI 674 4 60 18 30538 4.96 
Uncharacterized 

protein YfdQ 
yfdQ  

Escherichia coli (strain 

K12) 
(Blattner et al., 1997; Hayashi et 

al., 2006) 

GRPE_ECO24 675 8 75 30 21727 4.68 Protein GrpE grpE Stress response  
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

RS2_ECO24 677 6 62 25 26798 6.62 
30S ribosomal protein 

S2 
rpsB Translation 

Escherichia coli O127:H6 

(strain E2348/69 / EPEC) 
(Rasko et al., 2008) 

RL4_ECO24 678 5 71 31 22073 9.72 
50S ribosomal protein 

L4 
rplD Translation  

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

RS4_ECO24 680 7 75 30 23512 10.05 
30S ribosomal protein 
S4 

rpsD Translation 
Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

AHPC_ECO57 681 10 99 51 20862 5.03 
Alkyl hydroperoxide 

reductase subunit C 
ahpC 

Response to 

oxidative stress 
Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 
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Accession 

Numbera 
Spotb 

Peptides 
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Scored 

Seq. cov. 

(%)e 
Mrf Calc. pIg Protein Description Gene 

Biological 

Process 
Species Reference 

IPYR_ECO57 682 13 179 68 19805 5.03 
Inorganic 

pyrophosphatase 
ppa 

Phosphate-

containing 

compound 
metabolic process 

Escherichia coli O6:H1 
(strain CFT073 / ATCC 

700928 / UPEC) 

(Hayashi et al., 2001; Perna et al., 

2001) 

FLIY_ECOL6 684 11 147 34 29021 6.21 
Cystine-binding 

periplasmic protein 
fliY Transport 

Escherichia coli O6:H1 

(strain CFT073 / ATCC 
700928 / UPEC) 

(Welch et al., 2002) 

HDHA_ECO57 685 6 61 32 26990 5.22 
7-alpha-hydroxysteroid 

dehydrogenase 
hdhA Lipid metabolism Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

UPP_ECO24 686 6 76 29 22576 5.32 

Uracil 

phosphoribosyltransfer
ase 

upp 
Pyrimidine 
metabolism 

Escherichia coli O139:H28 
(strain E24377A / ETEC) 

(Rasko et al., 2008) 

ARCA_ECO57 689 8 111 34 27389 5.21 
Aerobic respiration 

control protein ArcA 
arcA Transcription Escherichia coli O157:H7 

(Hayashi et al., 2001; Perna et al., 

2001) 

BLAT_ECOLX 690 16 150 54 31666 5.69 Beta-lactamase TEM bla 
Antibiotic 
resistance 

Escherichia coli 

(Ambler and Scott, 1978; Brun et 

al., 1994; Chanal et al., 1992; 

Goussard et al., 1991; Jelsch et 

al., 1992; Jelsch et al., 1993; 

Mabilat et al., 1992; Maveyraud et 

al., 1998; Ohtsubo et al., 1986; 

Sougakoff et al., 1989; Strynadka 

et al., 1996; Sutcliffe, 1978, 1979; 

Swaren et al., 1999) 

TPIS_ECO24 
691 8 116 47 

27126 5.64 
Triosephosphate 

isomerase 
tpiA Glycolysis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

695 15 110 60 

ARCB_ECO57 692 7 59 10 88069 4.99 
Aerobic respiration 
control sensor protein 

ArcB 

arcB Transcription Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

YDFG_ECO57 693 12 109 49 27360 5.65 

NADP-dependent L-

serine/L-allo-threonine 

dehydrogenase YdfG 

ydfG  Escherichia coli O157:H7  
(Hayashi et al., 2001; Perna et al., 

2001) 

KAD_ECO24 694 13 96 53 23628 5.55 Adenylate kinase adk 
Nucleotide 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

DEOD_ECO24 697 20 181 76 26161 5.42 
Purine nucleoside 
phosphorylase DeoD-

type 

deoD 
Purine nucleoside 

metabolic process 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

WRBA_ECO24 698 17 153  20832  
NAD(P)H 
dehydrogenase 

(quinone) 

 
Negative 
regulation of 

transcription 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

GLNH_ECO57 
701 7 70 45 

27173 8.44 
Glutamine-binding 
periplasmic protein 

glnH Transport Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 
707 14 141 55 
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a
 The database queried was SwissProt database. 

b
 Spots number.*Spots that were treated and identified together as the same protein. 

c
 Peptides matches, number of peptides validating the protein. 

d
 Mascot score for the protein. A match was considered successful when the protein identification score was located out of the random region with a significance threshold of p < 

0.05. 
e
 Sequence coverage, percentage of the protein with a validated set of peptides from a spot. 

f
 Nominal mass of the protein.  

g
 Calculated Isoelectric Point 

 

 

 

 

 

TABLE C - 4 (Continued) 

Accession 

Numbera 
Spotb 

Peptides 

matchedc 
Scored 

Seq. cov. 

(%)e 
Mrf Calc. pIg Protein Description Gene 

Biological 

Process 
Species Reference 

UDP_ECOLI 702 9 126 60 27313 5.81 Uridine phosphorylase udp 
Response to DNA 

damage stimulus 

Escherichia coli (strain 

K12) 

(Blattner et al., 1997; Burling et 

al., 2003; Daniels et al., 1992; 

Gonzalez-Gil et al., 1996; 

Hayashi et al., 2006; Henzel et al., 

1993; Morgunova et al., 1995; 

Veiko et al., 1998; Walton et al., 

1989) 

FRDB_ECO57 704 7 65 28 27732 6.07 
Fumarate reductase 
iron-sulfur subunit 

frdB Transport Escherichia coli O157:H7 
(Hayashi et al., 2001; Perna et al., 

2001) 

RS3_ECO24 705 5 64 23 25967 10.27 
30S ribosomal protein 

S3 
rpsC Translation 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 

RRF_ECO24 708 7 90 50 20683 6.43 
Ribosome-recycling 

factor 
frr 

Protein 

biosynthesis 

Escherichia coli O139:H28 

(strain E24377A / ETEC) 
(Rasko et al., 2008) 
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TABLE D -1. Number of gels compared in each different condition, without vancomycin (EfVAN0) and with 

different vancomycin concentrations, 16 µg/ml (EfVAN16) and 64 µg/ml (EfVAN64). 

Condition EfVAN0 EfVAN16 EfVAN64 

Replicates 6 6 6 

 

TABLE D -2. Spots parameters that showed protein expression variation on Progenesis Samespots analyses. 

Spots Anova (p) Fold Average Normalised Volumes 

   EfVAN0 EfVAN16 EfVAN64 

1790 3.624e-009 2.0 7.964e+005 1.490e+006 1.568e+006 

833 4.936e-009 4.5 5.455e+004 2.453e+005 2.446e+005 

1056 3.106e-008 3.7 2.263e+005 6.943e+005 8.363e+005 

1783 4.012e-008 3.7 2.021e+005 6.102e+005 7.474e+005 

1062 1.230e-007 3.6 1.394e+005 3.970e+005 5.018e+005 

1263 1.236e-007 2.7 5.929e+005 1.610e+006 1.568e+006 

1784 4.031e-007 3.7 1.118e+005 3.891e+005 4.186e+005 

1787 4.087e-007 2.4 4.279e+005 8.391e+005 1.020e+006 

834 4.212e-007 3.9 2.439e+004 9.399e+004 8.987e+004 

1788 9.300e-007 2.3 3.579e+005 7.649e+005 8.149e+005 

797 1.507e-006 2.2 3.464e+005 7.185e+005 7.511e+005 

863 4.454e-006 4.0 1.111e+005 3.847e+005 4.453e+005 

1174 9.311e-006 2.0 5.619e+005 1.118e+006 1.036e+006 

1251 2.032e-005 3.0 4.416e+004 1.096e+005 1.304e+005 

860 2.321e-005 2.9 3.281e+005 7.084e+005 9.490e+005 

798 5.975e-005 2.8 2.594e+005 6.534e+005 7.293e+005 

791 7.712e-005 2.2 2.629e+005 5.819e+005 5.714e+005 

1234 2.158e-004 2.2 8.129e+004 1.771e+005 1.692e+005 

1166 2.428e-004 2.0 2.143e+005 4.000e+005 4.372e+005 

1172 2.735e-004 1.2 1.849e+006 1.530e+006 1.531e+006 

473 3.674e-004 1.4 4.252e+005 3.021e+005 3.170e+005 

784 4.197e-004 1.5 5.395e+005 3.607e+005 4.895e+005 

597 8.869e-004 1.3 2.015e+006 1.568e+006 1.627e+006 

827 1.00e-03 1.2 8.831e+005 7.358e+005 8.284e+005 

1569 2.00e-03 1.5 3.122e+005 4.472e+005 4.582e+005 

782 2.00e-03 1.3 9.030e+005 6.730e+005 8.328e+005 

1169 2.00e-03 2.9 9800.126 2.881e+004 2.204e+004 

755 2.00e-03 1.4 2.540e+005 1.854e+005 2.108e+005 

1486 4.00e-03 1.9 9.321e+004 1.725e+005 1.420e+005 

1050 4.00e-03 1.4 9.205e+005 6.582e+005 7.496e+005 

915 7.00e-03 1.2 9.219e+005 7.596e+005 7.656e+005 
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FIGURE D.1-A Enlarged image of each spot that showed protein expression variation on Progenesis Samespots 

analyses. 
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FIGURE D.1-B. Enlarged image of each spot that showed protein expression variation on Progenesis Samespots 

analyses. 
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FIGURE D.1-C Enlarged image of each spot that showed protein expression variation on Progenesis Samespots 

analyses. 
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