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ITHACA 
 
When you set out on your journey to Ithaca, pray that the road is long, full of 
adventure, full of knowledge. The Lestrygonians and the Cyclops, the angry 
Poseidon – do not fear them: You will never find such as these on your path, if 
your thoughts remain lofty, if a fine emotion touches your spirit and your body. 
The Lestrygonians and the Cyclops, the fierce Poseidon you will never 
encounter, if you do not carry them within your soul, if your soul does not set 
them up before you. 
 
Pray that the road is long. That the summer mornings are many, when, with 
such pleasure, with such joy you will enter ports seen for the first time; stop at 
Phoenician markets, and purchase fine merchandise, 
mother-of-pearl and coral, amber, and ebony, and sensual perfumes of all kinds, 
as many sensual perfumes as you can; visit many Egyptian cities, 
to learn and learn from scholars. 
 
Always keep Ithaca on your mind. To arrive there is your ultimate goal. But do 
not hurry the voyage at all. It is better to let it last for many years; and to anchor 
at the island when you are old, rich with all you have gained on the way, not 
expecting that Ithaca will offer you riches. 
 
Ithaca has given you the beautiful voyage. Without her you would have never 
set out on the road. She has nothing more to give you. 
 
And if you find her poor, Ithaca has not deceived you. Wise as you have 
become, with so much experience, you must already have understood what 
these Ithacas mean. 
 
 -Constantine P. Cavafy 
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SUMMARY 

 

  In recent years, the emergence and rapid dissemination of antibiotic-

resistant bacteria has become an important public health concern. Infections 

with resistant bacteria can result in a failure of antibiotic therapy and therefore, 

an increased risk of morbidity, mortality and healthcare costs. While it is true that 

antibacterial agents are an effective means of controlling bacterial infections, the 

use of antibiotics is not limited to disease treatment and prevention; they are 

also used for growth promotion in production animals. These practices are likely 

to facilitate the emergence of multidrug resistant bacteria (e.g., non-typhoidal 

Salmonella, Escherichia coli and other food-borne pathogens) and the 

dissemination of their multidrug resistance (MDR)-encoding determinants to 

other susceptible bacteria via horizontal gene transfer to different host 

environments.  

 

  MDR phenotypes occur either by the accumulation of multiple antibiotic 

resistance genes, often localized on mobile genetic elements (MGE) such as 

integrons, transposons or plasmids, by chromosomal mutations or by the action 

of multidrug efflux pumps that can pump out more than one drug type. Initially 

described in clinical E. coli, the multiple antibiotic resistance (mar) locusis one of 

the most studied chromosomal MDR systems. This locus, composed of the 

marRAB genes, can confer resistance to low levels of tetracycline and 
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chloramphenicol by regulating genes that encode major multidrug efflux pumps. 

While the mar locus generally confers low level of resistance, it can have a 

substantial effect on the resistance phenotype of a bacterium.  

  

 Multidrug resistance in bacteria involving higher minimum inhibitory 

concentrations is more commonly associated with the acquisition of MGE. For 

example, incompatibility group A/C (IncA/C) plasmids have received recent 

attention because of their dissemination to a wide variety of Gram-

negativecommensal and pathogenic bacteria, and their ability to confer 

resistance to up to ten or more antimicrobial agents. In fact, the recent epidemic 

emergence of blaNDM-1 metallo-beta-lactamase gene in E. coli conferring 

resistance to almost all -lactam antibiotics has been associated with the IncA/C 

plasmid.  

 

  Despite their importance to human and animal health, the mechanisms of 

IncA/C plasmid transfer, maintenance and regulation are poorly studied. 

Understanding the regulatory interactions (i.e., crosstalk) between IncA/C 

plasmids and their host chromosomes is essential towards improving 

understanding of the broad and rapid dissemination of the IncA/C plasmids and 

will aid in the development of new strategies (e.g., inhibiting efflux pumps and 

eliminating plasmids) for reducing the occurrence of MDR-encoding bacteria in 

animals and humans.  
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  The purpose of this research is to utilize genomic and transcriptomic 

analyses of IncA/C plasmids and their host bacterial strains, towards elucidating 

the IncA/C plasmid-chromosome transcriptional regulatory network. 

  

 Overall, comparative sequence analysis revealed each of the four 

plasmids retained a remarkably stable and conserved backbone sequence, with 

differences observed primarily within accessory regions, which presumably have 

evolved recently via horizontal gene transfer events. On the other hand, the 

transcriptional study showed evidence that a number of chromosomal E. coli 

genes, such as marA, marR,and others, were differentially expressed upon 

acquisition of the IncA/C plasmidcompared to the absence of the IncA/C 

plasmid. In addition, the most over-represented biological process that were 

associated to the differentially expressed genes are mainly involved in function 

related to carbohydrate catabolic process,cell wall and membrane, transporter 

activity, and structural constituent of ribosome and succinate dehydrogenase 

activity.  

 

  In conclusion, the results from this study suggest that variants of broad-

host-range IncA/C plasmids have emerged in a variety of bacterial species. 

Furthermore, the transcriptional regulation of E. coli DH5α strain is affected by 

the multidrug resistance prototype IncA/C plasmid. However, little is known 
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about of the regulatory relationships involved between the genes encoded on 

the chromosome and on the plasmid, and how these interactions could be 

associated with the acquisition and spread of the MDR-plasmids. Further studies 

are underway to elucidate the biological relevance of these differences in 

expression. 
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  CHAPTER 1 

General Introduction 

 

A. Introduction 

 The intensive use of antimicrobial agents in agriculture has been severely 

questioned over the past two decades. Although antibacterial agents are an 

effective means of controlling bacterial infections, the use of antibiotics in 

agriculture is not limited to disease treatment and prevention; they are also used 

as a growth promoter in poultry and other livestock. These practices are highly 

likely to facilitate the emergence of multidrug resistance (MDR) among bacteria 

isolated from animal sources (e.g., non-typhoidal Salmonella, Escherichia coli 

and other food-borne pathogens) and the dissemination of their MDR-encoding 

determinants to other susceptible bacteria via horizontal gene transfer to different 

host environments [1,2,3,4,5,6,7,8,9,10,11,12].  

  

 The term “multidrug resistant”is used to refer to those bacteria that exhibit 

decreased susceptibility to multiple antimicrobial agents. This can occur either by 

the accumulation of multiple antibiotic resistance genes, often localized on 

mobile genetic elements (MGE) such as integrons, transposons or plasmids, by 

chromosomal mutations in genes such as gyrA that confer resistance to 

fluoroquinolones, or by the action of multidrug efflux pumps, each of which can 

pump out more than one drug type. These pumps are mostly encoded on the 

chromosome, although they are also found on extra-chromosomal 
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plasmids[4,5,6,8,9,13,14,15,16,17].Among these MGE, plasmids are one of the 

main elements involved in translocation and dispersal of genes arrays between 

different species because they can carry large amountsof genetic information. 

Gene cassettes are inserted into integrons by a site-specific recombination 

mechanism involving specific attachment sites and an integrase. Thus, integrons 

may be inserted into transposons (mobile gene flanked by transposase-encoding 

insertion sequences), which in turn may be inserted into a self-conjugative 

plasmid (Figure1).  

 

   

 Figure 1: Modular and hierarchal composition of mobile genetic elements [18]. 

 

 

B. Incompatibility IncA/C Plasmids 

 Bacterial plasmids are self-replicating, extrachromosomal replicons, 

andare key agents of genetic variation in microbial populations. Their basic 

structure or backbone is mainly composed of genes that encode replication, 

stability and transfer functions. They also carry a variety of traits, including resist 
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heavy metals, virulence, fitness, and metabolism of rare substances 

[4,5,6,9,14,19,20,21,22].Bacteria can carry different type of plasmids; however, 

not all of themcan stably coexist in the cell. To facilitate their study, they are 

classified according to their incompatibility group (Inc). Thus, plasmids sharing 

the same replication mechanism are incompatible and they belong to the same 

Inc type.  

 

 In recent years, there has been growing interest in the study of the 

Incompatibility group A/C (IncA/C) plasmids. These plasmids have been shown 

to confer resistance to a large number of antibiotics. They have also been found 

in a wide variety of Gram negative commensal and pathogenic bacteria isolated 

from different hosts and in diverse geographic [5,7,9,23,24,25,26]. Examples 

include Yersinia pestis, the causative agent of the bubonic plague [9], Vibrio 

cholerae O139 from China[24], S. enterica [5], E. coli isolates [26]. The most 

recent example is the epidemic emergence of the blaNDM-1 metallo-beta-

lactamase gene in E. coli conferring resistance to almost all -lactam antibiotics 

associated with the IncA/C plasmid [27]. The set of antibiotic resistance genes 

typically located on IncA/C plasmids includes those coding for resistance to 

sulfonamides sul1, tetracycline tet(A), chloramphenicol/florfenicol floR, 

streptomycin/spectinomycin aadA2, and extended-spectrum β-lactamases 

blaCMY-2, among others (Figure 2).Some of the antibiotics that IncA/C plasmids 

are able to resist are used therapeutically in animal agriculture and in humans 

[28]. For example, ceftriaxone is a third-generation cephalosporin with many 
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applications in human medicine, including the treatment of severe salmonellosis 

[29].Ceftiofur, similar to ceftriaxone, is the only third-generation cephalosporin 

approved for use in cattle in the United States. The gene blaCMY-2 that confers 

resistance to these drugs has been found on Enterobacteriaceae plasmids, 

including numerous important enteric pathogens [29,30,31,32]. 

 

 

Figure 2: Circular representation of the IncA/C backbone (inner circle)and horizontally laterally 

acquired regions (outer circles) of three plasmids [9]. 

 
 
 
  Recent evidence suggests potential health risks due to the possible co-

selection of blaCMY-2 when florfenicol is used in food animal production. 

Cephalosporins are notapproved for use in aquaculture; however, the use of 

florfenicol inaquaculture could contribute to the dissemination of MDR plasmids 

having both blaCMY-2 and floR, thereby co-selecting for both florfenicol and 

cephalosporin type resistance (e.g., ceftiofur and ceftriaxone) [25,33].  
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C. Chromosomal Multiple Antibiotic Resistance (mar) locus 

 Multidrug resistance in bacteria is commonly associated with 

theacquisition of MGE. However, chromosomal MDR systems have been 

described in many clinically relevant pathogens, including E. coli and 

Salmonella[8,16,34,35,36,37,38]. One of the most studied chromosomal MDR 

systems is themar locus, initially described in laboratory and naturally occurring 

E. coli isolates with resistance to low levels of tetracycline and chloramphenicol 

[39,40,41].The mar locus is organized as an operon composed of two divergently 

transcribed units, marC-marR and marRAB genes regulated by independent 

promoters. Transcription of this operon is autorepressed by the MarR protein and 

autoactivated by MarA protein. The functions of MarC (putative integral inner 

membrane protein) and MarB have not yet been defined. An increase in the 

concentration of MarA can confer intrinsic multiple antibiotic resistance due to the 

up-regulation of genes that encode major multidrug efflux pumps such as AcrAB-

TolC (Figure 3) [35,42].  

 

Studies have shown that the mar locus not only confers resistance to low 

levels of tetracycline and chloramphenicol but also to disinfectants, 

cephalosporins, penicillins, fluoroquinolones and organic solvents. It also has a 

potential role in regulating virulence [35]. Kern et al. (2000) showed that the up-

regulation in the expression of mar confers greater level of resistance to 

fluoroquinolones than that provided by the mutations ingyrA. Oethinger et al, 
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(2000) also found that DNA gyrase mutations fail to produce clinically significant 

fluoroquinolone resistance in the absence of the AcrAB efflux pump.  

 

 

Figure 3:E. coli regulation of MarA-mediated MDR[34]. 

 

E. coli strains from humans and animals resistant to fluoroquinolones 

showed that over-expression of marRAB, soxRS or acrAB was involved in the 

general resistance phenotype for some of the isolates [43,44]. Further, isolates of 

different Salmonellaserovars, mainly from poultry, with the Mar resistance 

phenotype, were shown to be more resistant than the sensitive strains to several 

antibiotics, particularly ciprofloxacin [45]. Although the function of this operon is 

less clear with respect to virulence, a small number of studies support a role in 

virulence phenotype. For example, S. Typhimurium DT104 in a chick model was 

found to be more invasive and was shed longer in the feces than the strain 

inactivated for marAleading the authors to suggest that the increased virulence 

was associated with the mar locus [46]. More recently, using a murine model of 
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pyelonephritis, it was found that E. coli lacking marA, soxS and rob did not 

maintain colonization of the kidney and was significantly less virulent than 

parental strains, and complementation studies of each loci showed restored wild-

type virulence, so the authors of the study concluded that these proteins 

contributed to virulence in vivo[47].Still, morestudies need to be done to identify 

the mechanism of resistance of mar phenotype beyond phenomenological 

characterization. 

 

D. Transcriptional interactions between the IncA/C plasmid and 

Escherichia coli chromosome 

Despite extensive study on antibiotic resistance mediated via genes 

encoded in plasmids or bacterial chromosome, few studies 

havefocusedtheirinvestigation on the regulatory interactions that occur between 

the genes encoded on the chromosome and on the plasmid, or regulatory 

crosstalk. 

 

Harr and Schollerer examined the global effects of plasmid carriage on a 

host chromosome using the E. coli laboratory strains DH5 and K-12 MG1655, 

both harboring the same F plasmid. They observed that 4% of the chromosomal 

genes examined were differentially expressed in the presence of the plasmid. In 

two other studies, the effects of the large, catabolic IncP-7 plasmid (pCAR1) on 

different host chromosomal backgrounds (three distinct Pseudomonas strains) 

were examined. In both studies, carrying of this plasmid also affected the 
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transcription of certain genes within the host chromosomes studied. For example, 

the carriage of pCAR1 in P. putida KT2440 up regulated the mexEF-oprN 

operon, which encodes for efflux pumps. The induction of this operon increased 

the resistance of pCAR1-containing KT2440 to chloramphenicol compared with 

pCAR1-free KT2440; in addition, pCAR1 altered the growth rate of the host via 

the expression of genes on pCAR1 and the host chromosomes [20,48]. 

 

Finally, recent studies could support more evidence to the idea of 

crosstalk between plasmid-host chromosome. The Salmonella Genomic Island 1 

(SGI1), is an integrative mobilizable element, which carry the common penta-

resistance profile to ampicillin (Amp), chloramphenicol (Chl), streptomycin (Str), 

sulphonamides (Sul) and tetracycline (Tet),in several S. entericaserovars and in 

Proteus mirabilis. Douard et al. (2010) demonstrated that plasmids of the IncA/C 

MDR family mobilized the SGI1. The authors suggested that a “close 

relationship, probably at a molecular conjugative process level, may exist 

between the IncA/C MDR plasmid family and the MDR genomic island SGI1” 

[49].  

 

However, little is known about of the regulatory relationships involved 

between the genes encoded on the chromosome and on the plasmid, and how 

these interactions are associated with the acquisition and spread of the MDR-

plasmids. 
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E. Significance 

  There is evidence that the emergence of MDR pathogens has become an 

important public health concern. MDR IncA/C plasmids are found in various 

bacterial species and can rapidly disseminate among clinical isolates. These 

strains then serve as reservoir of antibiotic resistance, resulting in systematic 

antibiotic therapy failure. Therefore, a basic understanding of the host-IncA/C 

plasmid interaction mechanisms is required. Studies along these lines will 

contribute to our understanding of infectious disease and new strategies for 

reducing of IncA/C plasmids. 

F. Aims 

 This work was performed first using a global perspective using genome 

sequencing and transcriptomic analysis, followed by a targeted analysis using 

basic molecular genetics techniques. First, comparative genomics was applied to 

determinethe structureand diversity ofIncA/Cplasmids from various animal 

sources with the hypothesis that IncA/C plasmid acquisition in E. coli is a recent 

event that will be reflected by genomic structure. Second, the regulatory 

transcriptional interactions between an IncA/C plasmidand the E. coli 

chromosome were examined, with the hypothesisthat the expression profile of 

the chromosomal E. coli genes is affected significantly in the presence of an 

IncA/C plasmid. Finally, one of the differentially expressed loci, mar, was 

examined in different host backgrounds by placing the prototype IncA/C plasmid 

into different E. coli recipients with the hypothesis that mar up-regulation is a 

common effect in multiple E. coli host backgrounds. 



 

10 

 

CHAPTER 2 

Comparative Genomics of Multidrug Resistance-Encoding IncA/C Plasmids from 

Commensal and Pathogenic Escherichia coli from Multiple Animal Sources 

 

Abstract 

 

 Incompatibility group A/C (IncA/C) plasmids have received recent attention 

for their broad host range and ability to confer resistance to multiple antimicrobial 

agents.Due to the potential spread of multidrug resistance (MDR) phenotypes 

from foodborne pathogens to human pathogens, the dissemination of these 

plasmids represents a public health risk. In this study, four animal-source IncA/C 

plasmids isolated from Escherichia coli were sequenced and analyzed, including 

isolates from commercial dairy cows, pigs and turkeys in the U.S. and Chile.  

These plasmids were initially selected because they either contained the floR 

andtetA genes encoding for florfenicol and tetracycline resistance, respectively, 

and/or the blaCMY-2gene encoding for extended spectrum β-lactamase resistance.  

Overall, sequence analysis revealed that each of the four plasmids retained a 

remarkably stable and conserved backbone sequence, with differences observed 

primarily within their accessory regions, which presumably have evolved via 

horizontal gene transfer events.  Comparison of these plasmids with other 

available IncA/C plasmid sequences shed further light on the core and accessory 

elements of these plasmids in bacteria originating from commercial animal 

production environments.  Specifically, our results suggest that the blaCMY-2 
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plasmid lineage appears to have derived from an ancestral IncA/C plasmid type 

harboring floR-tetAR-strAB and Tn21-like accessory modules.  Evidence is 

mounting that IncA/C plasmids are widespread among enteric bacteria of 

production animals and these emergent plasmids have flexibility in their 

acquisition of MDR-encoding modules, necessitating further study to understand 

the evolutionary mechanisms involved in their dissemination and stability in 

bacterial populations. 

 

Introduction 

 

The use of antimicrobial agents in agriculture has been scrutinized over 

the past two decades because of their potential detrimental effects on animal and 

human health. Although the administration of antibacterial agents is an effective 

means to control bacterial infections, the use of antibiotics in agriculture is not 

limited to disease treatment and control; they are also used to prevent disease 

and to promote growth. These use of antibiotics in agriculture are postulated to 

facilitate the emergence of multidrug resistant bacteria isolated from animal 

sources (e.g., non-typhoidal Salmonella spp., Escherichia coli and other food-

borne pathogens), and the dissemination of their multidrug resistance (MDR)-

encoding determinants to other susceptible bacteria through horizontal gene 

transfer. The dissemination of MDR via conjugative plasmids can potentially limit 

future therapeutic options for treating infections in animals and humans 

[1,7,50,51,52,53,54].  
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Horizontal transfer of individual or arrays of resistance genes occurs 

mainly through the acquisition of conjugative plasmids, integrons, and 

transposons in enteric bacteria. Bacterial plasmids are self-replicating, 

extrachromosomal replicons, and as such they are key agents of genetic change 

in microbial populations. Besides conferring resistance to antibiotics, naturally 

occurring plasmids promote the spread of a variety of traits, including resistance 

to mercury and other heavy metals, virulence, fitness, and the metabolism of 

unusual compounds [5,14,21,53,54,55,56]. 

 

In recent years, there has been growing interest in the study of plasmids 

belonging to the IncA/C incompatibility group, mainly because of their ability to 

confer resistance to a diverse group of antimicrobial agents and their broad host 

range. IncA/C plasmids have been identified in numerous bacterial species, 

including Aeromonas hydrophila [57,58], Yersinia pestis [9,59], Photobacterium 

damselae subsp. Piscicida [60,61], Klebsiella pneumoniae [62], Vibrio cholera 

[63,64],E. coli [26], A. salmonicida [7], and S. enterica [5,26]. Analysis of the 

completed sequences of these plasmids has revealed that, with the exception of 

accessory components containing resistance-encoding elements, they were 

virtually identical to one another [9,26,58]. Among the genes identified within the 

IncA/C plasmid accessory regions are those encoding for resistance to 

tetracycline (tetA), chloramphenicol/florfenicol (floR), streptomycin/spectinomycin 

(aadA2), sulfonamides (sul1 and sul2), and extended-spectrum β-lactamases 

(blaCMY-2). In addition, the recent epidemic emergence of strains containing the 
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blaNDM-1 metallo-beta-lactamase gene, which are resistant to all antibiotic options 

in humans, has been associated with the IncA/C plasmid [27]. 

 

We recently completed the sequence of an IncA/C plasmid from E. coli 

isolated from a dairy cow in Illinois. This plasmid, approximately 165 kb in size, 

shared strong similarities with IncA/C plasmids isolated from human-source 

Salmonella, suggesting recent movements of this plasmid type among a variety 

of enteric populations [26].Despite the widespread distribution of IncA/C among 

enteric bacterial populations of production animals, more work is needed to 

define their genetic repertoire and similarities with plasmids from other bacterial 

populations. Therefore, the aim of this study was to analyze genetic differences 

in several IncA/C plasmids from E. coli recovered from differing production 

animal sources and geographical locations using comparative plasmid 

sequencing and analysis.  

 

Materials and Methods 

 

Bacterial isolates.  All strains used in this study are listed in Table 1. The strains 

were selected because they all harbored a large plasmid and exhibited 

resistance to ceftriaxone, florfenicol or tetracycline.All strains were cultured at 

37C in Tryptone soy agar (TSA) and stored in 40% glycerol at -80C.  
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Plasmid isolation and sequencing. Single colonies were inoculated into 100 

mL LB broth and grown overnight at 37°C with shaking. Plasmid isolation was 

performed using Plasmid Midi Kit (Qiagen Inc., Valencia, CA). After purification, 

plasmid DNA was resuspended in sterile water anddetected by electrophoresis 

on 0.8% agarose gels at 4ºC. Ten micrograms of purified plasmid DNA was 

sequenced at Biomedical Genomic Center at the University of Minnesota using 

the Roche 454 GS-Titanium sequencing platform (454 Life Sciences, Branford, 

CT). 

 

Assembling and annotation. For each strain, sequencing reads were 

assembled de novo using SeqMan software from DNAStar (Lasergene, Madison, 

WI). Assembled contigs were then mapped to a reference genome (FJ621588) 

for arrangement of the contiguous sequences in their most likely orientation. The 

final gaps were closed using standard PCR. Open Reading Frames (ORFs) in 

the plasmids sequences were identified using GeneQuest from DNAStar 

(Lasergene, Madison, WI), and ORF Finder 

(http://www.ncbi.nlm.nih.gov/projects/gorf/), followed by complete manual inspection. 

Translated ORFs were then compared to known protein sequences using BLAST 

[65]. Those with greater than 80% homology with database protein sequences 

were considered matches, while hypothetical proteins with greaterthan 80% 

amino acid sequence identity to one or more previouslypublished proteins were 

classified as conserved hypotheticalproteins. Insertion sequences and repetitive 

elements were identified using IS FINDER (http://www-is.biotoul.fr/).  Finished 

http://www.ncbi.nlm.nih.gov/projects/gorf/
http://www.pubmedcentral.nih.gov/redirect3.cgi?&&auth=0zQe4etan3Wj1Glf4abF06Bvn90qZ78DDI1k6jkPX&reftype=extlink&article-id=1540072&issue-id=133807&journal-id=88&FROM=Article%7CBody&TO=External%7CLink%7CURI&rendering-type=normal&&http://www-is.biotoul.fr/
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sequences are deposited in Genbank under accession numbers HQ023864 

(pAR060302), HQ023861 (pPG010208), HQ023862 (pUMNK88_161), and 

HQ023863 (p199061_160). 

 

Comparative genomics. Following annotation, the assembled nucleotide 

sequences were analyzed to other plasmid sequences using BlastN [66]. 

Through this analysis, comparative linear maps (http://www.iayork.com/XPlasMap/) 

were created. The G+C content of each plasmid was analyzed using ARTEMIS 

software [67]. 

 

Antimicrobial susceptibility testing. Wild type strains were subjected to 

diskdiffusion to determine the susceptibilities of isolatesto the following drugs: 

streptomycin, tetracycline, florfenicol, chloramphenicol, ampicillin, 

andsulfisoxazole. 

 

Results 

 

 Sequence overview.Four plasmids were sequenced in this study, 

including the resequencing of pAR060302, previously isolated from a florfenicol-

resistant E. coli commensal isolate from a US dairy cow [26].The remaining three 

plasmids sequenced were from a commensal E. coli strain from a dairy cow in 

Chile (pPG010208), an avian pathogenic E. coli strain from a turkey with 

colibacillosis (p199061_160), and a porcine enterotoxigenic E. coli strain from a 

http://www.iayork.com/XPlasMap/
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pig with post-weaning diarrhea (pUMNK88_160). All were sequenced using high-

throughput Roche 454 DNA sequencing. These plasmids were isolated from 

farms in different geographical locations in the U.S. and Chile (Table 1).  Single 

contiguous sequences with at least 15-fold coverage were obtained for each 

plasmid sequenced using draft assembly and PCR-based gap closure. BLAST 

analysis of the completed nucleotide sequencesconfirmed that they all belonged 

to the IncA/C incompatibility group based upon analysis of the predicted replicon. 

The sequence of pAR060302 was identical to the previous sequence generated 

via Sanger sequencing [26]. The plasmids varied in size from 135 to 165 kb, and 

with the exception of the accessory regions (see below), their backbone 

sequences were highly conserved (>99% nucleotide sequenceidentity) and 

syntenic. Of the predicted open reading frames, approximately 40% were of 

unknown function.The predicted proteins with known function were primarily 

associated with resistance to antibiotics and heavy metals, conjugative transfer, 

and replication (Supplementary Table 1). 
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Table 1: General characteristics of the IncA/C plasmids sequenced in this study. 

Plasmid pAR060302 pPG010208 pUMNK88_161 p199061_160 

Source location Illinois-USA  Valdivia-Chile  Minnesota-USA  USA  

Source host Cow Cow Pig Turkey 

Year of isolation 2002 2004 2007 1995 

Resistance 

phenotype 

FLO-TET-

CHL-SUL-

AMP 

FLO-TET-

CHL-SUL 

FLO-TET-CHL-

SUL-AMP 

FLO-TET-CHL-SUL-

AMP 

Size (bp) 166,530 135,803 161,081 160,573 

G+C content 53.12 % 51.47 % 52.59% 53.10% 

FLO = florfenicol; TET = tetracycline; CHL = chloramphenicol; AMP = ampicillin; SUL = 

sulfisoxazole. 

 

 sul2-containing accessory region.As described above, the sequenced 

plasmids differed primarily in their accessory regions. These regions mainly 

included insertion sequences and transposases, class 1 integrons, antibiotic 

resistance determinants, and heavy metal detoxification proteins.  Analysis of 

these regions revealed the presence of several accessory gene clusters 

implicated inresistance to multiple antimicrobial agents. One of these regions 

occurs between repA and the a putative conjugative transfer region (designated 

Tra1), and is a 16-kb module containing floR-tetA-strAB-sul2, encoding 

resistance to phenicols, tetracyclines, aminoglycosides,and sulfonamides (Figure 
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4). This region is identical in plasmids pAR060302, pUMNK88_161, and 

p199061_160, with the exception of a truncated strB gene in p199061_160.  

Also, located upstream of the floR gene were three putative transposases and 

two ORFs encoding unknown functions. This region was also present in 

pPG010208; however, an additional insertion was also located in this accessory 

region containing themph2 and mel genes encoding for macrolide resistance 

(Figure 4).  

 

 

 
Figure 4:Comparison of the sul2 regions of the plasmids sequenced in this study.  Colored boxes 

represent predicted function as follows: grey = unknown function, yellow = mobile genetic 

element. The arrows indicate transcription direction. Dotted lines indicate the positions where the 

plasmids differ. See Supplementary Table 1 for a full list of sequenced gene annotations. 

 
 
 

 Conjugative transfer and blaCMY-2-containing regions.Within the 

backbone of all of the sequenced IncA/C plasmids are two putative conjugative 

transfer-associated regions designated Tra1 and Tra2.Figure 5 shows the 

arrangement of the Tra1 region, which consists of 22 ORFs, including 9 
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conserved hypothetical proteins, all located in a singlegene cluster. In blaCMY-2-

containing plasmids, one or more copies of blaCMY-2are inserted within the Tra1 

region in different locations. Among our sequenced plasmids, all except 

pPG010208 contained a blaCMY-2 insertion within Tra1. pAR060302 and 

pUMNK88_161 contained the insertion downstream oftraA. In addition to blaCMY-

2, this accessory module contains genes with homology to theblc, sugE, and 

dsbC genes as previously described [26].  

 

 

Figure 5: Comparison of the conjugative transfer and the blaCMY-2 containing regions of the 

plasmids sequenced in this study. Colored boxes represent predicted function as follows: red = 

antibiotic resistance, grey = unknown function, yellow = mobile genetic element, blue = transfer, 

green = known function. The arrows indicate transcription direction. Dotted lines and red lines 

indicate the positions where the plasmids differ.  

 

 
 In addition, a putative transposase tnpA exists upstream of the blaCMY-2 

gene. This gene varies in size from 948 bp in the swine-source E. coli plasmid 

(pUMNK88_161) to 1,262 bp in the avian- and bovine-source E. coli isolates’ 
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plasmids (p199061_160 and pAR060302) (Figure 5). In 199061_160, a region 

containing traLEKBV upstream of the insertion is absent. 

 

 Class 1 integron-containing accessory region.  A third accessory 

module exists in most sequenced IncA/C plasmids, separating a cluster of 

hypothetical genes and the Tra2 region (Figure 7). This region typically contains 

a Tn21-like class 1 integron structure with multiple antibiotic resistance gene 

cassettes and mercury resistance genes. This structure is absent from 

pPG010208, but present in the three other plasmids from this study inserted in 

identical locations. In pAR060302 and p199061_160, identical class 1 integrons 

are present that contain aminoglycoside acetyltransferase genes, aadA and 

aacC; heat-shockchaperones groSEL; the qacEdelta1 and the sul1 genes; and 

mercury resistance genes merDBAPTR. The integron region is flanked by 

inverted repeats similar to that previously described for Tn21[68].  In 

pUMNK88_161, the Tn21-like structure is identical to that of plasmids 

pAR060302 and p199061_160, except that the gene cassette region in 

pUMNK88_161 contains cmlA, encoding resistance to chloramphenicol, and 

aadA2, encoding aminoglycoside resistance (Figure 6). 
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Figure 6: Comparison of the class 1 integron regions of the plasmids sequenced in this study. 

Colored boxes represent predicted function as follows: grey = unknown function, yellow = mobile 

genetic element. The arrows indicate transcription direction. Dotted lines and solid lines indicate 

the positions where the plasmids differ. 

 

 

 G+C content.The G+C contents of each plasmid sequenced here were 

analyzed and compared to the archetypic IncA/C plasmid pRA1 isolated in 1971 

from the fish pathogen Aeromonas hydrophyla (Supplementary Figure 1). Local 

G+C content varied from approximately 28% to 73% across the different 

plasmids, with two regions of high G+C content observed (~60%). The first 

corresponded to the accessory module containing the floR, tetA and sul2 genes, 

which is absent in pRA1. The other high G+C content fragment corresponds to 

the Tn21-like accessory regions, present on p199061_160, pUMNK88_161, and 

pAR060302. Additionally, two low G+C content regions were observed (~ 30%) 

corresponding to the genes that confer resistance to macrolides and 
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theconjugative transfer Tra1 region containing blaCMY-2. These regions of low or 

high G+C content were generally flanked by IS elements or inverted repeats.  

 

 

Supplementary Figure1. Sliding G+C contents of each plasmid sequenced in this study.A = 

region containing floR, tetA and sul2 genes, B = the Tn21-like accessory regions, C = genes that 

confer resistance to macrolides, and D = the conjugative transfer region together with blaCMY-2 

gene. 

 
 
 Comparison of all sequenced IncA/C plasmids.Linear maps were 

constructed for twelve completed IncA/C plasmids, including those from this 

study and from A. hydrophila (pRA1), Y. ruckeri (pYR1), P. damselae (pP91278 

and pP99-018), Y. pestis (pIP1202), E. coli (peH4H), and S. enterica 

(pAM04528) (Figures 7 and 8) [26].  As previously determined, the core 

backbones of these plasmids are all highly syntenic with no genetic 

rearrangements [14, 22].  The plasmids were grouped into those lacking (Figure 
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7) or possessing (Figure 8) the blaCMY-2 insertion. Eleven of twelve plasmids had 

sul2 in an accessory region between repA and Tra1.  All of the blaCMY-2 plasmids 

had an identical sul2 accessory region structure containing floR-tetAR-strBA-

sul2.   

 

 

Figure 7:Linear maps of sequenced IncA/C plasmids lacking blaCMY-2.  Core sequences are 

colored red (IncA/C replicon and hypothetical genes), blue (Tra1 region), and green (hypothetical 

genes and Tra2 region).  Pink boxes depict the sul2-containing regions.  Blue box depicts the 

Tn21-like region containing a class 1 integron.  Scale is depicted in kb. 

  

The sul2 regions from plasmids pPG010208, pIP1202, pP99-018, pP91278, and 

pYR1 all differed from the blaCMY-2 plasmids and each other. The blaCMY-2 

insertions within Tra1 varied with regards to insertion location, copy number, and 

genetic layout.  p199061_160, pUMNK88_161, and pAR060302 all contained a 

single blaCMY-2 insertion downstream of traA, with the deletion of several Tra1 

genes from p199061_160.peH4H contained duplicate blaCMY-2 insertions in Tra1 

with multiple truncations of the Tra1 region.  pAM04528 and pSN254 both 
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contained adjacent and inverted copies of the blaCMY-2 region downstream of 

traA. 

 

 

 

Figure 8:Linear maps of sequenced IncA/C plasmids possessing blaCMY-2.  Core sequences are 

colored red (IncA/C replicon and hypothetical genes), blue (Tra1 region), and green (hypothetical 

genes and Tra2 region).  Pink boxes depict the sul2-containing regions.  Green boxes depict 

blaCMY-2 insertions.  Blue boxes depict the Tn21-like region containing a class 1 integron.  Scale is 

depicted in kb. 

  

 The third accessory region site lies upstream of the Tra2 region, and 

generally involves integron-like elements (Figures 7 and 8).  In the blaCMY-2 

plasmids, all of these insertions involve intact Tn21 or remnants thereof, inserted 

into identical sites.  All of these regions contain a mercury resistance operon.  In 

all blaCMY-2 plasmids except pAM04528, a class 1 integron is upstream of mer 

and varies between plasmids only with regard to gene cassette content.  In 

pAM04528, mer is present but the class 1 integron appears to have been 

deleted. Among the non-blaCMY-2 plasmids, three (pP91278, pP99-018, and 
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pPG010208) do not have an accessory element upstream of Tra2. One plasmid, 

pIP1202, contains a Tn21-like structure like the blaCMY-2 plasmids except that it is 

inverted.pRA1 and pYR1 contain insertions upstream of Tra2 that do not involve 

Tn21. In pRA1, a sul2 element with tetAR is present, and in pYR1 Tn10 and 

strAB are present. 
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Supplementary Table 1 

 

Table 1. Annotated features of sequenced 

plasmids.

Protein description bp aa bp aa bp aa bp aa

conserved hypothetical protein 323 862 539 180 323 862 539 180 323 862 539 180 323 862 539 180

conserved hypothetical protein 867 1154 287 96 867 1154 287 96 867 1154 287 96 867 1154 287 96

plasmid replication protein RepA 1139 2239 1100 367 1139 2239 1100 367 1139 2239 1100 367 1139 2239 1100 367

conserved hypothetical protein 2567 2866 299 100 2585 2866 281 94 2585 2866 281 94 2585 2866 281 94

conserved hypothetical protein 3716 3276 440 147 3710 3276 434 145 3710 3276 434 145 3710 3276 434 145

conserved hypothetical protein/similar to 

phosphosulfate sulfotransferase (PAPSs 

reductase)/FAD synthetase 4399 3728 671 224 4843 3728 1115 372 4844 3852 992 331 4843 3728 1115 372

conserved hypothetical protein 4841 5449 608 203 5112 5720 608 203 5113 5721 608 203 5112 5720 608 203

conserved hypothetical protein 5454 5975 521 174 5725 6246 521 174 5726 6247 521 174 5725 6246 521 174

conserved hypothetical protein 5978 6499 521 174 6249 6770 521 174 6250 6771 521 174 6249 6770 521 174

IS1294  transposase protein *** *** *** *** *** *** *** *** *** *** *** *** 8208 7009 1199 400

conserved hypothetical protein 6596 7069 473 158 6867 7340 473 158 6868 7341 473 158 8555 9028 473 158

conserved hypothetical protein 6990 7373 383 128 7261 7644 383 128 7262 7645 383 128 8949 9332 383 128

conserved hypothetical protein 7339 8232 893 298 7610 8503 893 298 7611 8504 893 298 9298 10191 893 298

putative peptidase 8214 9191 977 326 8485 9462 977 326 8486 9463 977 326 10173 11150 977 326

putative thioredoxin domain-containing protein 9207 10067 860 287 9478 10338 860 287 9479 10339 860 287 11166 12026 860 287

conserved hypothetical protein 10101 10529 428 143 10372 10800 428 143 10373 10801 428 143 12060 12488 428 143

conserved hypothetical protein 10586 10945 359 120 10857 11216 359 120 10858 11217 359 120 12545 12904 359 120

conserved hypothetical protein 10945 11391 446 149 11216 11662 446 149 11217 11663 446 149 12904 13350 446 149

putative formate-dependent nitrite reductase, 

membrane component 11361 11906 545 182 11632 12177 545 182 11633 12178 545 182 13320 13865 545 182

conserved hypothetical protein 12078 12980 902 301 12349 13251 902 301 12350 13252 902 301 14037 14939 902 301

putative micrococcal nuclease 13142 13738 596 199 13413 14009 596 199 13414 14010 596 199 15101 15697 596 199

DNA-binding protein HU-beta, NS1 (HU-1) 13796 14068 272 91 14067 14339 272 91 14068 14340 272 91 15755 16027 272 91

conserved hypothetical protein 14156 14449 293 98 14427 14720 293 98 14428 14721 293 98 16115 16408 293 98

conserved hypothetical protein 14778 14476 302 101 15049 14747 302 101 15050 14748 302 101 16737 16435 302 101

conserved hypothetical protein 15133 14783 350 117 15404 15054 350 117 15405 15055 350 117 17092 16742 350 117

putative transcriptional regulator 15296 15853 557 186 15567 16115 548 183 15568 16116 548 183 17255 17803 548 183

conserved hypothetical protein *** *** *** *** 16797 16237 560 187 16798 16238 560 187 18485 17925 560 187

conserved hypothetical protein 16209 16580 371 124 16661 17032 371 124 16662 17033 371 124 18349 18720 371 124

conserved hypothetical protein 16564 17043 479 160 17016 17495 479 160 17017 17496 479 160 18704 19183 479 160

conserved hypothetical protein 17399 17058 341 114 17851 17510 341 114 17852 17511 341 114 19539 19198 341 114

conserved hypothetical protein 17517 17861 344 115 17969 18430 461 154 17970 18431 461 154 19657 20118 461 154

conserved hypothetical protein *** *** *** *** 18433 18930 497 166 18434 18931 497 166 20121 20618 497 166

hypothetical protein 18308 17928 380 127 *** *** *** *** *** *** *** *** *** *** *** ***

putative transposase protein 19336 18620 716 239 *** *** *** *** *** *** *** *** *** *** *** ***

putative replication initiation protein 19315 20142 827 276 *** *** *** *** *** *** *** *** *** *** *** ***

conserved hypothetical protein 20209 20751 542 181 *** *** *** *** *** *** *** *** *** *** *** ***

macrolide 2'-phosphotransferase protein Mph 22008 21211 797 266 *** *** *** *** *** *** *** *** *** *** *** ***

macrolide efflux pump protein Mel 23539 22064 1475 492 *** *** *** *** *** *** *** *** *** *** *** ***

putative transposase protein InsB1 24705 23989 716 239 19861 19145 716 239 19862 19146 716 239 21549 20833 716 239

putative transposase protein InsB2 25232 25948 716 239 20388 21104 716 239 20388 21104 716 239 22076 22792 716 239

conserved hypothetical protein 26473 25982 491 164 21629 21138 491 164 21629 21138 491 164 23317 22826 491 164

resolvase protein ParA 26580 27317 737 246 21735 22472 737 246 21736 22473 737 246 23424 24161 737 246

putative transposase protein InsA 27749 29242 1493 498 22904 24397 1493 498 22905 24398 1493 498 24593 26086 1493 498

conserved hypothetical protein 29273 30157 884 295 24428 25312 884 295 24429 25313 884 295 26117 27001 884 295

florfenicol/chloramphenicol resistance protein 

FloR 30374 31588 1214 405 25529 26743 1214 405 25530 26744 1214 405 27218 28432 1214 405

putative transcriptional regulator protein LysR 31616 31921 305 102 26771 27076 305 102 26772 27077 305 102 28460 28765 305 102

tetracycline repressor protein TetA, class A 33462 32188 1274 425 28617 27343 1274 425 28618 27344 1274 425 30306 29032 1274 425

tetracycline resistance repressor protein TetR 33466 34143 677 226 28621 29298 677 226 28622 29299 677 226 30310 30987 677 226

streptomycin phosphotransferase protein StrB 35559 34723 836 279 30714 29878 836 279 30484 29879 605 202 32403 31567 836 279

streptomycin phosphotransferase protein StrA 36176 35559 617 206 31331 30714 617 206 31331 30714 617 206 33020 32403 617 206

conserved hypothetical protein 36157 36426 269 90 31312 31581 269 90 31312 31581 269 90 33001 33270 269 90

sulfonamide-resistance dihydropteroate synthase 

protein Sul2 37238 36423 815 272 32393 31578 815 272 32393 31578 815 272 34082 33267 815 272

pPG010208 pUMNK88_161 p199061_160 pAR060302

Coordinates Coordinates Coordinates Coordinates
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conserved hypothetical protein 37545 37856 311 104 32700 33011 311 104 32699 33010 311 104 34389 34700 311 104

putative plasmid partitioning protein ParA 38024 38815 791 264 33179 33970 791 264 33285 33968 683 228 34868 35659 791 264

putative plasmid partitioning protein ParB 38819 40000 1181 394 33974 35155 1181 394 33972 35153 1181 394 35663 36844 1181 394

conserved hypothetical protein 40043 40321 278 93 35198 35476 278 93 35202 35474 272 91 36887 37165 278 93

conserved hypothetical protein 41009 40374 635 212 36164 35529 635 212 36162 35527 635 212 37853 37218 635 212

conserved hypothetical protein 41554 41940 386 129 36717 37103 386 129 36715 37101 386 129 38406 38792 386 129

conserved hypothetical protein 41861 42214 353 118 37024 37377 353 118 37022 37375 353 118 38713 39066 353 118

conserved hypothetical protein 42189 42863 674 225 37352 38026 674 225 37350 38024 674 225 39041 39715 674 225

conserved hypothetical protein 42838 43362 524 175 38001 38525 524 175 37999 38523 524 175 39690 40214 524 175

conserved hypothetical protein 43347 43679 332 111 38510 38842 332 111 38508 38840 332 111 40199 40531 332 111

conserved hypothetical protein 43688 44188 500 167 38851 39351 500 167 38849 39349 500 167 40540 41040 500 167

conserved hypothetical protein 44192 45619 1427 476 39355 40782 1427 476 39353 40780 1427 476 41044 42471 1427 476

conserved hypothetical protein 45619 46275 656 219 40782 41438 656 219 40780 41436 656 219 42471 43127 656 219

conserved hypothetical protein 46339 46956 617 206 41494 42111 617 206 41492 42109 617 206 43183 43800 617 206

conserved hypothetical protein 47168 47467 299 100 42323 42622 299 100 42321 42620 299 100 44012 44311 299 100

conserved hypothetical protein 48047 47559 488 163 43201 42713 488 163 43199 42711 488 163 44890 44402 488 163

DNA topoisomerase III protein TopB 50254 48062 2192 731 45408 43216 2192 731 45406 43214 2192 731 47097 44905 2192 731

conserved hypothetical protein 51101 50469 632 211 46255 45623 632 211 46253 45621 632 211 47944 47312 632 211

putative type IV conjugative transfer system 

protein TraI 51254 54232 2978 993 46408 49380 2972 991 46406 49378 2972 991 48097 51069 2972 991

putative type IV conjugative transfer system 

protein TraD 54229 56094 1865 622 49377 51242 1865 622 49375 51240 1865 622 51066 52931 1865 622

conserved hypothetical protein 56105 56689 584 195 51253 51837 584 195 51251 51835 584 195 52942 53526 584 195

putative type IV conjugative transfer system 

coupling factor 56646 57275 629 210 51794 52423 629 210 51792 52421 629 210 53483 54112 629 210

conserved hypothetical protein 57285 57731 446 149 52433 52879 446 149 52431 52877 446 149 54122 54568 446 149

conserved hypothetical protein 57741 58118 377 126 52889 53266 377 126 52887 53264 377 126 54578 54955 377 126

conserved hypothetical protein 58118 58780 662 221 53266 53928 662 221 53264 53926 662 221 54955 55617 662 221

conserved hypothetical protein 59104 59481 377 126 54252 54629 377 126 54250 54627 377 126 55941 56318 377 126

putative type IV conjugative transfer system 

protein TraL 59626 59907 281 94 54774 55055 281 94 54772 55053 281 94 56463 56744 281 94

putative type IV conjugative transfer system 

protein TraE 60006 60530 524 175 55154 55678 524 175 *** *** *** *** 56843 57367 524 175

putative type IV conjugative transfer system 

protein TraK 60514 61431 917 306 55662 56579 917 306 *** *** *** *** 57351 58268 917 306

putative type IV conjugative transfer system 

protein TraB 61428 62744 1316 439 56576 57892 1316 439 *** *** *** *** 58265 59581 1316 439

putative type IV conjugative transfer system 

protein TraV 62741 63319 578 193 57889 58467 578 193 *** *** *** *** 59578 60156 578 193

putative type IV conjugative transfer system 

protein TraA 63323 63715 392 131 58471 58863 392 131 *** *** *** *** 60160 60552 392 131

transposase protein TnpA *** *** *** *** 59452 60399 947 316 55388 56650 1262 421 60837 62099 1262 421

beta-lactamase protein AmpC *** *** *** *** 60723 61868 1145 382 56974 58119 1145 382 62423 63568 1145 382

outer membrane lipoprotein Blc *** *** *** *** 61962 62495 533 178 58213 58746 533 178 63662 64195 533 178

quaternary ammonium compound-resistance 

SugE2 *** *** *** *** 62932 62492 440 147 59183 58743 440 147 64632 64192 440 147

putative transcriptional regulatory protein *** *** *** *** 63066 63491 425 142 59318 59743 425 142 64766 65191 425 142

conserved hypothetical protein 63904 69447 5543 1848 63525 69023 5498 1833 59777 65275 5498 1833 65225 70723 5498 1833

putative disulfide bond isomerase DsbC 69596 70303 707 236 69172 69879 707 236 65424 66131 707 236 70872 71579 707 236

type IV conjugative transfer system protein TraC 70300 72747 2447 816 69876 72323 2447 816 66128 68575 2447 816 71576 74023 2447 816

conserved hypothetical protein 72762 73079 317 106 72338 72655 317 106 68590 68907 317 106 74038 74355 317 106

/type IV conjugative transfer system signal 

peptidase TrhF 73076 73606 530 177 72652 73182 530 177 68904 69434 530 177 74352 74882 530 177

traW/type IV conjugative transfer system protein 

TraW 73569 74834 1265 422 73145 74410 1265 422 69397 70662 1265 422 74845 76110 1265 422

EAL domain-containing protein/cyclic diguanylate 

phosphodiesterase 74831 75502 671 224 74407 75078 671 224 70660 71330 670 223 76107 76778 671 224

type IV conjugative transfer system protein TraU 75427 76506 1079 360 75003 76082 1079 360 71255 72334 1079 360 76703 77782 1079 360

type IV conjugative transfer system protein TraN 76610 79420 2810 937 76186 78993 2807 936 72438 75245 2807 936 77886 80693 2807 936

conserved hypothetical protein 80319 79459 860 287 79892 79032 860 287 76143 75283 860 287 81592 80732 860 287

conserved hypothetical protein 81083 80442 641 214 80656 80015 641 214 76907 76266 641 214 82356 81715 641 214
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conserved hypothetical protein 81377 81697 320 107 80870 81271 401 134 77203 77523 320 107 82570 82971

putative AAA family ATPase protein 82406 83374 968 323 81980 82948 968 323 78232 79200 968 323 83680 84648

conserved hypothetical protein 83385 84293 908 303 82959 83867 908 303 79211 80119 908 303 84659 85567

putative ssDNA binding protein Ssb 84354 84884 530 177 83928 84458 530 177 80180 80710 530 177 85628 86158

putative DNA recombination protein Bet 84937 85968 1031 344 84511 85542 1031 344 80763 81794 1031 344 86211 87242

putative phage-type endonuclease domain 

protein 86031 87041 1010 337 85605 86615 1010 337 81857 82867 1010 337 87305 88315

conserved hypothetical protein 87241 88518 1277 426 86815 88092 1277 426 83067 84344 1277 426 88515 89792

conserved hypothetical protein 88603 90399 1796 599 88177 89973 1796 599 84429 86225 1796 599 89877 91673

conserved hypothetical protein 90461 90796 335 112 90035 90370 335 112 86287 86622 335 112 91735 92070

conserved hypothetical protein 91061 91600 539 180 90635 91174 539 180 86887 87426 539 180 92335 92874

conserved hypothetical protein 91691 92191 500 167 91265 91765 500 167 87517 88017 500 167 92965 93465

putative DNA methylase 92226 93149 923 308 91800 92723 923 308 88052 88975 923 308 93500 94423

conserved hypothetical protein 93501 93890 389 130 93075 93464 389 130 89327 89716 389 130 94775 95164

conserved hypothetical protein 93856 94332 476 159 93430 93906 476 159 89682 90158 476 159 95130 95606

conserved hypothetical protein 94313 94612 299 100 93887 94186 299 100 90139 90438 299 100 95587 95886

putative type II A topoisomerase (DNA gyrase) 94864 95283 419 140 94438 94857 419 140 90690 91109 419 140 96138 96557

conserved hypothetical protein 95475 95819 344 115 95049 95393 344 115 91301 91645 344 115 96749 97093

conserved hypothetical protein 95897 96199 302 101 95471 95773 302 101 91723 92025 302 101 97171 97473

cytosine-specific DNA methylase protein Dcm 96277 97902 1625 542 95851 97476 1625 542 92103 93728 1625 542 97551 99176

conserved hypothetical protein 97918 98394 476 159 97492 97968 476 159 93920 94219 299 100 99192 99668

conserved hypothetical protein 98468 99022 554 185 98042 98596 554 185 94293 94847 554 185 99742 100296

conserved hypothetical protein 99255 99641 386 129 98829 99215 386 129 95080 95466 386 129 100529 100915

conserved hypothetical protein 99729 102182 2453 818 99303 101756 2453 818 95554 98007 2453 818 101003 103456

phosphohydrolase family protein 102659 103264 605 202 102233 102838 605 202 98484 99089 605 202 103933 104538

conserved hypothetical protein 103257 103526 269 90 102831 103100 269 90 99082 99351 269 90 104531 104800

conserved hypothetical protein 103459 103758 299 100 103033 103332 299 100 99284 99583 299 100 104733 105032

conserved hypothetical protein 103832 104389 557 186 103406 103963 557 186 99657 100214 557 186 105106 105663

conserved hypothetical protein 104431 105315 884 295 104005 104889 884 295 100256 101140 884 295 105705 106589

conserved hypothetical protein 105773 106159 386 129 105348 105734 386 129 101599 101985 386 129 107048 107434

putative DNA primase 106307 108064 1757 586 105882 107639 1757 586 102133 103890 1757 586 107582 109339

conserved hypothetical protein 108006 108329 323 108 107581 107904 323 108 103832 104155 323 108 109281 109604

putative transposase *** *** *** *** 109384 108380 1004 335 105635 104631 1004 335 111084 110080

transposase for Tn3 *** *** *** *** 112435 109463 2972 991 108686 105714 2972 991 114135 111163

resolvase domain-containing protein TnpR *** *** *** *** 112917 112438 479 160 109168 108689 479 160 114617 114138

transposition modulator protein TnpM *** *** *** *** 113356 113033 323 108 109607 109284 323 108 115056 114733

class 1 integron integrase IntI1 *** *** *** *** 114314 113301 1013 338 110565 109552 1013 338 116014 115001

aminoglycoside resistance protein AadA *** *** *** *** 114244 115218 974 325 110596 111501 905 302 115944 116951

putative integrase *** *** *** *** 115591 115929 338 113 *** *** *** *** *** ***

chloramphenicol resistance protein CmlA1 *** *** *** *** 116219 117478 1259 420 *** *** *** *** *** ***

aminoglycoside resistance protein Aad2 *** *** *** *** 117571 118362 791 264 *** *** *** *** *** ***

aminoglycoside 3-N-acetyltransferase AacC *** *** *** *** *** *** *** *** 111665 112567 902 301 117115 118017

GroS *** *** *** *** *** *** *** *** 112654 113094 440 147 118104 118544

chaperonin protein GroEL *** *** *** *** *** *** *** *** 113150 114787 1637 546 118600 120237

transposase protein InsE *** *** *** *** *** *** *** *** 114976 116505 1529 510 120426 121955

transposase protein InsF *** *** *** *** *** *** *** *** 116773 118008 1235 412 122223 123458

quaternary ammonium compound resistance 

protein QacEdelta1 *** *** *** *** 118486 118833 347 116 118226 118573 347 116 123676 124023

dihydropteroate synthase protein Sul1 *** *** *** *** 118827 119666 839 280 118567 119406 839 280 124017 124856

putative acetyltransferase *** *** *** *** 119794 120294 500 167 119534 120034 500 167 124984 125484

conserved hypothetical protein *** *** *** *** 120318 120605 287 96 120058 120345 287 96 125508 125795

transposon NTP-binding protein IstB *** *** *** *** 121614 120829 785 262 121354 120569 785 262 126804 126019

transposase IstA *** *** *** *** 123124 121601 1523 508 122864 121341 1523 508 128314 126791

putative transposase *** *** *** *** 123247 124791 1544 515 122987 124531 1544 515 128437 129981

transposon ATPase protein TniB/TniB 

superfamily *** *** *** *** 125522 124842 680 227 125262 124582 680 227 130712 130032

putative transposase protein TnpA-rve/rve 

superfamily *** *** *** *** 126908 126384 524 175 126649 125933 716 239 132099 131383

putative transposase protein TnpA-rve/rve 

superfamily *** *** *** *** *** *** *** *** 127416 126700 716 239 132866 132150

conserved hypothetical protein *** *** *** *** 128563 127106 1457 486 129071 127614 1457 486 134539 133064
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Discussion 

 

In this study, we sequenced three plasmids from E. colithat had been 

isolated from a commercial dairy cow, pig and turkey, and re-sequenced a fourth 

plasmid from a commercial dairy cow. DNA sequencing confirmed that all four 

plasmids belong to the IncA/C group. Plasmids from this group have been 

isolated and described previously from a variety of Proteobacteria from animals, 

soil, and water. These include both pathogens and commensal bacteria 

[5,25,26,27,58]. Despite the fact that the IncA/C plasmids sequenced thus far 

were isolated from different geographical locations and diverse sources, the 

growing collection of IncA/C plasmid sequences all share a remarkably 

conserved backbone with unique accessory elements collectively encoding for a 

broad spectrum of antimicrobial resistance. 

 

 The comparison of IncA/C plasmids from different production animals and 

geographic locations provides further evidence that the blaCMY-2 plasmids 

represent a unique IncA/C lineage that appears to be quite successful among 

bacterial populations, since they have been increasingly isolated and identified 

[69,70,71,72,73,74,75,76]. Analyses of this lineage suggests that its basic 

structure, in addition to the IncA/C conserved components among all sequenced 

plasmids, also includes a sul2 module containing floR-tetAR-strAB and a Tn21-

like module.  However, while the sul2 module appears to be stably maintained 
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among this lineage, the blaCMY-2 and Tn21-like regions appear to be in constant 

flux. 

 

 A potential predecessor to the blaCMY-2 lineage of IncA/C plasmids is 

hinted at by the sequence of pPG010208 from a Chilean bovine-source E. coli 

isolate, which contains the sul2 region identical to blaCMY-2 plasmids but lacks 

blaCMY-2 itself and lacks a Tn21-like accessory region. This plasmid has 

additionally acquired themel and mph-2 genes surrounded by two IS26 copies, 

present only on pPG010208 as compared to other sequenced plasmids. These 

genes confer resistance to macrolides, which are mainly active against Gram-

positive bacteria and are considered the drug of choice for group A streptococcal 

and pneumococcal infections when penicillin cannot be used [77]. Similar genetic 

structures to this have been described on plasmid pMUR050, isolated from an E. 

coli strain from a diarrheagenic pig [78] and on the pCTX-M3, a highly 

conjugative plasmid responsible for the dissemination of blaCTX gene in clinical 

populations of the family Enterobacteriaceae in Poland [79]. The differences 

observed between the Chilean isolate plasmid and other sequenced plasmids 

from U.S. isolates could represent an “isolation by distance” scenario, where 

differing local pressures could affect the acquisition of accessory elements in 

these plasmids. Ceftiofur is used frequently in the dairy industry of Chile, 

including on the farm where this isolate was obtained, but in our experience 

resistance to third generation cephalosporins and the blaCMY-2 gene encoding this 

ability are rarely identified among Chilean E. coli isolates. The discrepancies 
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observed between pPG010208 and other sequenced IncA/C plasmidsare not 

fully understood from an evolutionaryand selective pressure standpoint, and 

deserve further study. 

 

In addition to the accessory elements, we detected differences on the 

conjugal transfer system of the sequenced plasmids. In the non-blaCMY-2 

plasmids, their Tra1 and Tra2 regions were generally complete and intact.  

However, the mosaic nature of the blaCMY-2 insertions and their propensity to 

insert within the Tra1 region resulted in apparent disruptions of this region.  For 

example, p199061_160 lacks of a 4-kb segment that includes the traEKBVA 

genes, which is present in pUMNK88_161 and pAR060302. Also, the blaCMY-2 

insertion in several of these plasmids disrupts thetraA and traC genes. Poole et 

al. studied the conjugative transferability of IncA/C plasmids containing or lacking 

the blaCMY-2 gene in Salmonella, concludingthat plasmids encoding blaCMY-2 were 

rarely transferred compared with higher conjugation efficiencies where blaCMY-2 

was absent [37].  Call et al. also reported the failure of self-conjugation for 

someof the IncA/C plasmids [22]. They reported that the failure of transferability 

of some of the IncA/C plasmids in their study was due to differences of the tra 

genes localized withblaCMY-2. Thus, it is likely that the entire blaCMY-2 IncA/C 

plasmid lineage is transfer deficient and dependent on additional transfer 

mechanisms (i.e., from co-residing plasmids) for its dissemination.  However, it is 

important to note that the mechanisms of IncA/C plasmid conjugative transfer 

and the implication of Tra1 and Tra2 in such transfer have not yet been studied in 
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detail. 

 

A key question pertaining to multidrug resistance encoded by IncA/C 

plasmids is their maintenance in bacterial populations in the absence of selective 

pressures.Third-generation cephalosporins such as ceftriaxone and ceftiofur 

have important applications to both human and animal health [28]. Various genes 

encode for proteins that confer reduced susceptibility to these antimicrobials, 

andblaCMY-2 is commonly responsible for the resistance to these antimicrobial 

agents in the U.S. [26,69,71,73,80,81]. Potential risks have been identified due to 

the possible co-selection of the blaCMY-2 through the use of florfenicol in food 

animal production. Compounding this scenario is the presence of multiple means 

of selection, including antibiotics and heavy metals, on many IncA/C plasmids. 

Future efforts to identify the effects of these varying selective pressures on 

IncA/C plasmid stability and maintenance in populations will greatly increase our 

understanding of their behavior in natural situations. 

 

The presence of thecmlA gene on the class 1 integrons was another trait 

that differed between the IncA/C plasmid sequences.  This gene was detected 

only on the swine-source E. coli plasmid, pUMNK88_161 (Figure 6).  These 

results agree with the study by Bischoff et al., who found that 48 of the 90 E. coli 

isolates from swine production in Oklahoma exhibited resistance to 

chloramphenicol and 47 of these isolates possessed the cmlA gene [41]. This 

gene encodes a putative efflux pump that confers resistance to chloramphenicol, 
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which has been banned in the U.S. since 1985.  Thus, the presence of this gene 

on IncA/C plasmids, might have previously provided an additional selection 

mechanisms for its widespread dissemination in commercial pig hosts and 

persistence in the absence of the particular selective pressures, and is 

aggravated by the fact that the use of any antimicrobial encoded by the IncA/C 

plasmid can potentially co-select for a number of additional phenotypes. 

 

Previous studies of the IncA/C plasmids suggest that these plasmids 

probably did share a recent common ancestor. Fricke et al. sequenced pRA1 

[14], considered the first member of the IncA/C group of MDR plasmids to be fully 

described [82]. This plasmid showed a reduced antimicrobial resistance 

spectrum, which the authors attributed to a probable minimal selective pressure.  

The authors proposed an evolutionary model in which each “IncA/C plasmid 

diverged from a common ancestor through a specific process of stepwise 

integration events of horizontally acquired resistance gene arrays” [14].It appears 

that the blaCMY-2 plasmid lineage is such an example, where its emergence 

resulted from initial acquisitions of its sul2 module, blaCMY-2 module, and Tn21. 

Further evolution of this plasmid lineage and other IncA/C lineages seems to be 

rapidly occurring, as recent reports have identified the New Delhi Metallo-β-

Lactamase (NDM-1) occurring on or with IncA/C plasmids [27]. Again, the 

underlying mechanisms driving the evolution and emergence of such IncA/C 

plasmid variants is unclear, but will likely present great challenges to human and 

animal health. 
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 In conclusion, variants of broad-host-range IncA/C plasmids have 

emerged in a variety of bacterial species. The association of MDR with 

transposons or conjugative plasmids infers the possibility of dissemination 

among clinical isolates, creating opportunities for the rapid emergence of 

multidrug resistant bacterial clones. Strains harboring these plasmids serve as a 

reservoir for antibiotic resistance genes, the further spread of which could likely 

limit therapeutic options. Based upon the recent analyses of IncA/C plasmids 

revealing their genetic components and dissemination among E. coli and 

Salmonella of humans and production animals, future studies are essential to 

determine the specific mechanisms of acquisition, persistence, and 

dissemination of these plasmids among bacterial populations. 
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CHAPTER 3 

Transcriptional regulation of E. coli chromosome modulated 

by the MDR-A/C plasmid. 

 

Abstract 

 

Incompatibility group A/C (IncA/C) plasmids have received recent attention for 

their broad host range and ability to confer resistance to multiple antimicrobial 

agents.Due to the potential spread of multidrug resistance phenotypes from 

foodborne pathogens to human pathogens, the dissemination of these plasmids 

represents a public health risk. In this study, transcriptome analysis of the 

Escherichia coli chromosome was performed in response to acquisition of the 

IncA/C plasmid pAR060302 using RNA-Seq. In total, 109 genes were identified 

as being differentially expressed at least 2-fold or greater; 65 of which were 

significantly up-regulated (p < 0.05) and 44 of which were significantly down-

regulated. The marRAB genes of the multiple antimicrobial resistance (mar) 

locus were among the most strongly up-regulated genes together with genes 

such as garPLRK-rnpB. Further analysis of the expression of the mar genes in 

response to pAR060302 acquisition was performed in several wild type strains, 

confirming that pAR060302 up-regulates the mar genes in natural E. coli hosts. 

Overall, this work confirms that acquisition of the IncA/C plasmid by a 

plasmidless host modulates a number of E. coli chromosomal genes. The most 

over-represented biological process that were related to the differentially 
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expressed genes are mainly involved in function related to carbohydrate 

catabolic process, cell wall and membrane, transporter activity, and structural 

constituent of ribosome and succinate dehydrogenase activity. The phenotypic 

extent of such modulations is yet to be determined, but these modulations may 

contribute to the overall success of this emergent plasmid type among enteric 

bacterial populations. 

 

Introduction 

 

Plasmids are an important extra-chromosomal component of the bacterial 

genome that can be transferred among different bacterial populations. These 

genetic elements not only confer resistance to antibiotics, but also they carry a 

variety of traits, including resistance to heavy metals, virulence, and the 

metabolism of rare substances [5,9,14,20,21]. Nevertheless, the co-existence of 

the large plasmids within the bacterial cell could result in high fitness costs to the 

cell, whichcanbe translatedintochangesat the transcription level [83,84]. 

However, little is known about of the regulatory relationships involved between 

the genes encoded on the chromosome and on the plasmid (genotype-crosstalk), 

and how these interactions are associated with the acquisitions, stability and 

spread of plasmids.  

 

 Some other examples of these interactions are well studied using the 

large catabolic IncP-7 plasmid (pCAR1) on its host chromosome placement into 
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different host chromosomal backgrounds (three distinct Pseudomonas strains). 

Similarly, carrying of this plasmid also affected the transcription of certain genes 

within the host chromosomes studied. Per example, the carriage of pCAR1 in P. 

putida KT2440 up regulated the mexEFoprN operon, which encoding an efflux 

pump. The induction of this operon increased the resistance of pCAR1-

containing KT2440 to chloramphenicol compared with pCAR1-free KT2440; in 

addition, pCAR1 altered the growth rate of the host via the expression of genes 

on pCAR1 and the host chromosomes [20,48]. A recent study utilized microarray 

and proteomic approaches to examine the effects of loss of the Shigella flexneri 

virulence plasmid on its host chromosome [85]. They found that expression of the 

glycerol 3-phosphate (glp) regulon-encoded proteins was increased in the 

absence of the plasmid, suggesting that the regulation of this operon is mediated 

by the virulence plasmid. Currently studies, have reported that Pmr, a histone-

like proteins (H-SN) encoded on the IncP-7 plasmid pCAR1 is a global regulator 

that can play a role in the transcriptional regulation. Takeda et al (2011), studied 

whole-sequenced plasmid from Gram-negative bacteria among others finding 

genes encoding bacterial nucleoid-associated proteins (NAPs) homologs. These 

proteins cannot only regulate the gene expression of the host chromosome, but 

also the plasmid itself [84]. Studies like these validate that crosstalk occurs 

between a plasmid and its host chromosome.  However, many questions remain 

to be addressed, including the shared and unique regulatory mechanisms 

employed by different plasmid types and different bacterial hosts, the effects of 

host adaptation on these crosstalk mechanisms and the effects of plasmid 
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evolution on these mechanisms.  

 

IncA/C plasmids have received recent attention for their broad host range 

and ability to confer resistance to multiple drugs, including cephalosporins. While 

very little is known pertaining to the biology of this plasmid, it has emerged 

worldwide among a wide variety of animal-source and environmental bacteria, 

including those of fish [7], production animals [86,87,88,89] companion animals, 

humans [89,90,91,92] water [93] and soil. Strains containing IncA/C plasmids 

may serve as a reservoir for a diversity of antibiotic resistance genes. The 

continued spread of these strains could likely limit therapeutic interventions in 

human and veterinary medicine.  

 

Despite a great understanding of the dissemination of the IncA/C plasmid 

type, little is known about of the regulatory relationships involved between the 

genes encoded on the chromosome and on the plasmid, and how these 

interactions could be associated with the acquisition and spread of the MDR-

plasmids. In fact, most of the genes identified in IncA/C plasmids encode 

unknown protein products and detailed information on their transcriptional 

organization and regulation still remains unclear. A better understanding of the 

global control oftheseevolutionaryadaptations andhow the carriage of IncA/C 

plasmids affect the chromosomal transcriptome will help to improve our 

understanding of the molecular mechanisms governing dynamics of these 

plasmids with respect to their molecular and genetic interactions with bacterial 
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host chromosomes. 

 

The objective of this study is to identify how the expression profile of the 

chromosomal E. coli genes should be significantly altered in the presence of the 

IncA/C plasmid. To test that objective, we performed RNA sequencing to identify 

chromosomal E. coli genes that were differentially expressed in the condition of 

the presence as compared to the absence of the IncA/C plasmid.  

 

Materials and Methods 

 

Bacterial strains and growth conditions. To study the transcriptome of 

Escherichia coli chromosome in response to the acquisition of the IncA/C 

plasmid pAR060302 (pAR), two different genotypes were investigated: DH5α 

containing pAR, and DH5α without pAR. Further analysis of the expression of 

mar genesin the presence of pAR was performed in different host backgrounds 

of E. coli strains via conjugation (Prototype IncA/C plasmid pAR: DH5-alpha, 

UPEC strain 104, UPEC strain CFT073, and E. coli sepsis strain i484) (Table 2). 

Each strain was spontaneously mutated with nalidixic acid resistance prior to the 

experiments described below. All strains were cultured at 37C in Tryptone soy 

agar (TSA) and stored in 40% glycerol at -80C.  

 

Transfer of resistance. Bacterial conjugation experiments were performed using 

nalidixic acid-resistant E. coli strains. After overnight incubation at 37ºC, the 
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bacteria were diluted, and the transconjugants were selected on Luria-Bertani 

(LB) agar plates containing nalidixic acid (15 mg/L) and florfenicol(30 mg/L) [26]. 

 

Table 2.E. coli strains and plasmids used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

Antimicrobial susceptibility assays, PCR for plasmid replicon typing and 

detection of the floR gene. To determinate the presence and transfer of the 

MDR plasmid; susceptibility to antimicrobial agents, PCR-based replicon typing 

and additional PCRs (to amplify known resistance genes carried by the IncA/C 

plasmids for resistance genesfor floR) were performed to each donor, recipient, 

and transconjugant strains. The antimicrobial agentMICs were determinedfor 

each isolate by use of broth microdilution inaccordance with NCCLS guidelines 

Description  Source 

Recipient  

Strains 
E. coli DH5- reference 

 E. coli i484 [11] 

 E. coli CFT073 [12] 

 E. coli UPEC 104 This study 

 E. coli pAR020306 (Wild Type) [13] 

Donor Strains E. coli DH5--pAR This study 

 E. coli pAR020306 (Wild Type) [13] 

Transconjugants E. coli DH5--pAR This study 

 E. coli I484-pAR This study 

 E. coli CFT-073-pAR This study 

 E. coli UPEC 104-pAR This study 

Cured strain E. coli pAR020306 (Wild Type) This study 

Plasmids   

IncA/C pAR FJ621588  
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[94]. Antibiotic concentrationsranged from 0.5 to 512 µg/ml. The MIC was defined 

asthe lowest concentration of antibiotic completely inhibitingvisible growth. E. 

coliATCC 25922 was used as quality control strains.PCR was performedusing 

AmpliTaq polymerase Gold (Applied Biosystems, Foster City,CA) according to 

the manufacturer's instructions. The PCR mixtures was as follows: 2.5 µl 10X 

PCR buffer (Applied Biosystems); 2.0µl dNTP mix; 1.0µlof each primers (10µM) 

diluted 1-in 100 SDW. DNA was obtained from an isolated colony from and ON 

culture. Recently, a multiplex PCR replicon typingprotocol was developed for 

classification of plasmids occurringin members of the Enterobacteriaceae[55]. 

Here, a simplified versionof this replicon typing procedure was done. The primers 

A/C amplify a fragment of 465 bp (Table 3).Carriage of the floR gene was 

confirmed using PCR with primers flo1 and prflo1, which yield a predicted 

amplicon of 800 bp flo1 F: 5'-GAT ACA GCG TGG CCC GTG ATT-3' [95], and 

prflo1 R: 5’-ATT TAT CTC CCT GTC GTT CC-3’ 

(http://frodo.wi.mit.edu/primer3/).An A/C positive E. coli(FJ621588), andE. coliDH5-

served as positive and negative controls, respectively, and were included in 

each PCR run. Amplified products were visualized by conventional agarose gel 

1.5% electrophoresis in 0.5X TBE buffer. 

 

RNA-Seq. Bacterial strains were grown from a single colony overnight in LB 

broth, and a 1% inoculum was transferred to fresh LB broth the following 

morning. Cultures were grown to an OD600 of 0.8-0.9 and stabilized using 

RNALater (Ambion). Total RNA was isolated using the RNEasy kit (Qiagen) and 

http://frodo.wi.mit.edu/primer3/
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contaminating DNA was removed by performing DNasetreatment using the TURBO 

DNA-free kit (Ambion, USA).The bacterial mRNA was enriched from the samples 

using MicrobExpress (Ambion) to remove rRNA. mRNA preparations were 

submitted to the University of Minnesota Biomedical Genomics Center (BMGC) 

for fragmentation, ligation with specific ID tags, reverse-transcription to cDNA 

and sequencing on Illumina GA 2x according to manufacturer’s protocols. 

Normalization was performed to account for differences in the number of reads 

per sample. Following sequencing, the data were extracted and sorted.  

Sequencing reads were aligned to reference chromosomes and plasmids using 

Bowtie [96]. Normalization was performed to account for differences in the 

number of reads per sample.  

 

Data analysis. Sequence reads from RNA-seq data were analyzed using 

DEGseq, a free R package. From this analysis, mapped reads with a gene 

annotation of the corresponding genome were obtained, and gene expression 

values were normalized using RPKM program [97]to finally identifydifferentially 

expressed genes from the data [98]. One-tail Wilcoxon p-values and false 

discovery (FDR) rates value and Storey q-values) [99,100] were also calculated 

with DEGseq. Significantly differentially expressed (SDE) genes were determined 

by ranking by FDR and then retaining genes that were above a context-

dependent cutoff. To calculate this cutoff, the following rule was used: the final 

list of SDE genes should include about one gene expected to be falsely identified 

as SDE.This was achieved by noting that the FDR is the proportion of genes in a 
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given geneset expected to be falsely identified as SDE, and the inverse of the 

FDR is the size that a gene set would have to be to expect only one gene to be 

falsely identified as SDE. Therefore, after the genes were ranked by FDR, the 

inverse FDR was calculated. When the size of the actual set of SDE genes and 

inverse were (approximately) equal, the cutoff was applied, and the genes above 

the cutoff were identified as SDE. In this way, only one gene was expected to be 

falsely identified out of the final list of genes identified as SDE.  

 

Transcriptome mapping.The Integrated Genome Viewer (IGV) was used for 

visualization of the differences in expression levels of the transcribed geneswhen 

the plasmid was harbored by the laboratory E. coli strain DH5α. 

 

Functional Classification of Genes.DAVID Bioinformatics Resources 

(Database for Annotation Visualization and Integrated Discovery) was used to 

functionally categorize the list of differentially expressed genes. P-values less 

than 0.05 after Benjamini–Hochberg multiple-testing correction and a false 

detection rate of <5% were considered to be strongly enriched in the annotation 

category [101]. The databases RegulonDB (http://regulondb.ccg.unam.mx/index.jsp) 

and KEGG (http://www.genome.jp/kegg/) were also used to complement this 

functional gene analysis. 

 

QRT-PCR. Differential gene expressions of DH5α containing pAR, and DH5α 

without pAR were verified via qRT-PCR. Total RNA was isolated using the 

http://regulondb.ccg.unam.mx/index.jsp
http://www.genome.jp/kegg/
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Qiagen RNeasy Mini Kit as instructed by the manufacturer (Quiagen, USA). After 

isolation, DNase treatment was performed using the TURBO DNA-free kit 

(Ambion, USA). RNA was isolated from E. coli grown in LB at 37 C to an 

OD6008.0. One-step quantitative RT-PCR was carried out using an Mx30005P 

real-time thermal cycler (Stratagene) and the Brilliant II SYBRGreen QRT-PCR 

Master Mix Kit, 1–Step (Stratagene, USA). Primers are listed in Table 2. The 25μl 

reaction volume contained 5 μl of extracted RNA (5ng/μl), 12 μl of 2X SYBR 

reaction mix, 5 μl (0.5 μM Mix) of the primers and 1μl RT enzyme. The following 

thermal profile was used: 30 min at 50°C, 10 min at 95°C followed by 37 

amplification cycles of 30 sec at 95°C and 1 min at 61°C. A negative control 

containing all reagents except reverse transcriptase was included to rule out 

DNA contamination.  

  

Data analysis. Differential gene expression for reference (gapA) and target 

genes were calculated using the comparative RT-PCR methods described by 

Pfaffl [102]. Results for each target gene were calculated as ratio of expression 

of that gene in treated cells to that in the untreated cells corrected using the 

reference gene gapAand reaction efficiencies for each gene. Reactions were 

performed in triplicate, and at least two independent trials was performed for 

each gene and condition assessed.  
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  Table 3.Sequences of primers used in this study. 

 

The gapA gene encode encodes the glycolytic enzyme glyceraldehydes 3-phosphate    (GAPDH). 

 

 

Primer name Primer sequence 

MarA-F 5’-CTGGAATCGCCACTGTCAC-3’ 
 

MarA-R 5’-ATCTTACGGCTGCGGATGT-3’ 

MarB-F1 5'-GCGGAACAAACCACGCAGCC-3' 

MarB-R1 5'-CGCCGAGCGCATCCGACTTA-3' 

MarR-F2 5'-ACCTGGGAGCACTGACCCGT-3' 

MarR-R1 5'-ACCAGTACGCCGCGCTTGTC-3' 

garD2-F 5'-GTGATTGGTTACGCCGTGCG-3' 

garD1-R 5'-TCGGCATTGCGATAGCCCTC-3' 

garP2-F  5'-ATCCACAGCGCCGTCAGCAC-3' 

garP1-R  5'-GGCCTGGGCAGGGATCTCCA-3' 

cdaR2-F 5'-AGTTTGCGTGGCGACTGGCA-3' 

cdaR2-R 5'-GACGTTGCCAGCGGTTGCAC-3' 

gudP1-F 5'-GCCCCACTGTTCGACCCACG-3' 

gudP1-R  5'-GGAACAGAGCGCTCAGCGGG-3' 

gap 5'-CGCCGAGCGCATCCGACTTA-3' 

gap 5'-CGCCGAGCGCATCCGACTTA-3' 

A/C-F 5’- GAGAACCAAAGACAAAGACCTGGA-3 

A/C-R 5’ ACGACAAACCTGAATTGCCTCCTT-3 
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Results 

 

 Chromosomal E. coli genes differentially expressed upon acquisition 

of the IncA/C plasmid. RNA-Seq technology was used to identify differentially 

expressed genes of chromosome of DH5α plasmid-containing (pAR060302, an 

IncA/C plasmid subsequently referred to as pAR). This was done comparing the 

transcriptome of DH5α+pARversus plasmid-lacking cells in E. coliDH5α. Tables 4 

and 5 show the RNA-Seq output files contained a list of genes, RPKM 

expression values in the presence and absence of plasmid pAR for E. coli strain 

DH5α, fold-changes between the two conditions, Wilcoxon p-values, and both 

Benjamini and Storey q-values. One hundred nine differentially expressed genes 

were identified in the chromosome of DH5α in response to the plasmid 

acquisition. Forty-four genes were identified as a downregulated, while the 

remainder of genes were identified as upregulated. All these genes were at least 

two-fold differentially expressed. Table 4shows the up-regulated genes, which 

are part of the operons marRAB (multiple antibiotic resistance), garPLRK-rnpB, 

the garD gene (metabolism-carbon-utilization), and cdaR gene, 

(carbohydrate diacid regulator) that regulates genes involved in the uptake and 

metabolism of galactarate and glucarate, such as garD, gudP, gudX genes, 

(include in this table), and it is also auto-regulated.In addition, among the top up-

regulated genes is cspA gene, a transcriptional activator. 
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Table 4:Escherichia coliDH5-α up-regulated chromosomal genes upon 

acquisition of pAR060302.  

 

EntrezID Gene Description

-pAR 

RPKM

+pAR 

RPKM Fold

log2 

Fold

abs log2 

Fold Regulation z-score p-value

q-value 

(Benjamani)

947613 marA Multiple antibiotic resistance protein marA 9 163 17.21 4.1 4.1 UP -1.25E+01 5.42E-36 2.63E-33

946184 marB Multiple antibiotic resistance protein marB 5 68 12.48 3.6 3.6 UP -7.74E+00 9.60E-15 1.90E-12

945825 marR Multiple antibiotic resistance protein marR 5 63 12.17 3.6 3.6 UP -7.44E+00 1.04E-13 1.98E-11

947641 garD D-galactarate dehydratase 59 297 5.00 2.3 2.3 UP -1.29E+01 2.40E-38 1.49E-35

947642 garP Probable galactarate transporter 30 138 4.57 2.2 2.2 UP -8.52E+00 1.63E-17 3.75E-15

947630 garL 5-keto-4-deoxy-D-glucarate aldolase 46 183 4.00 2.0 2.0 UP -9.24E+00 2.49E-20 6.79E-18

944860 cdaR Carbohydrate diacid regulator 19 75 3.94 2.0 2.0 UP -5.87E+00 4.37E-09 4.44E-07

948070 cspA Cold shock protein cspA 102 389 3.80 1.9 1.9 UP -1.31E+01 2.10E-39 1.52E-36

947261 gudX Glucarate dehydratase-related protein 20 71 3.62 1.9 1.9 UP -5.48E+00 4.21E-08 3.34E-06

947265 gudP Probable glucarate transporter 23 83 3.60 1.8 1.8 UP -5.89E+00 3.82E-09 3.96E-07

945483 nfsA Oxygen-insensitive NADPH nitroreductase 19 65 3.51 1.8 1.8 UP -5.15E+00 2.58E-07 1.88E-05

947631 garR 2-hydroxy-3-oxopropionate reductase 75 252 3.37 1.8 1.8 UP -9.89E+00 4.79E-23 1.49E-20

945292 nagE PTS system N-acetylglucosamine-specific EIICBA component27 87 3.19 1.7 1.7 UP -5.64E+00 1.72E-08 1.50E-06

945290 nagB Glucosamine-6-phosphate deaminase 23 72 3.17 1.7 1.7 UP -5.10E+00 3.35E-07 2.36E-05

945481 ybjC Uncharacterized protein ybjC 15 46 3.12 1.6 1.6 UP -4.05E+00 5.17E-05 2.65E-03

945289 nagA N-acetylglucosamine-6-phosphate deacetylase 14 44 3.10 1.6 1.6 UP -3.94E+00 8.30E-05 4.11E-03

945762 ychH Uncharacterized protein ychH 53 142 2.67 1.4 1.4 UP -6.33E+00 2.38E-10 3.24E-08

948736 ytfK Uncharacterized protein ytfK 100 266 2.65 1.4 1.4 UP -8.63E+00 6.32E-18 1.53E-15

947258 gudD Glucarate dehydratase 25 64 2.54 1.3 1.3 UP -4.07E+00 4.67E-05 2.46E-03

947043 bolA Protein bolA 33 84 2.53 1.3 1.3 UP -4.66E+00 3.12E-06 2.13E-04

945365 ybhT Uncharacterized protein ybhT 49 122 2.51 1.3 1.3 UP -5.57E+00 2.51E-08 2.07E-06

945778 nfsB Oxygen-insensitive NAD(P)H nitroreductase 25 60 2.43 1.3 1.3 UP -3.81E+00 1.37E-04 5.99E-03

945997 ydcH Uncharacterized protein ydcH 35 84 2.39 1.3 1.3 UP -4.42E+00 1.01E-05 6.00E-04

947632 garK Glycerate kinase 2 59 140 2.38 1.2 1.2 UP -5.70E+00 1.20E-08 1.09E-06

948658 aspA Aspartate ammonia-lyase 234 511 2.19 1.1 1.1 UP -1.00E+01 1.26E-23 4.23E-21

947129 raiA Ribosome-associated inhibitor A 580 1221 2.10 1.1 1.1 UP -1.49E+01 6.00E-50 8.71E-47

948817 yfcZ UPF0381 protein yfcZ 54 112 2.07 1.0 1.0 UP -4.41E+00 1.01E-05 5.97E-04

945904 uspE Universal stress protein E 51 105 2.06 1.0 1.0 UP -4.24E+00 2.23E-05 1.21E-03

948708 bsmA Uncharacterized lipoprotein yjfO 112 226 2.02 1.0 1.0 UP -6.08E+00 1.24E-09 1.46E-07

946342 manZ Mannose permease IID component 141 274 1.94 1.0 1.0 UP -6.38E+00 1.72E-10 2.42E-08

945783 narK Nitrite extrusion protein 1 48 93 1.94 1.0 1.0 UP -3.71E+00 2.05E-04 8.22E-03

946334 manX PTS system mannose-specific EIIAB component 191 368 1.93 0.9 0.9 UP -7.34E+00 2.21E-13 3.85E-11

945782 narG Respiratory nitrate reductase 1 alpha chain 116 221 1.90 0.9 0.9 UP -5.59E+00 2.30E-08 1.93E-06

948636 melA Alpha-galactosidase 61 114 1.89 0.9 0.9 UP -3.96E+00 7.52E-05 3.77E-03

947480 gpr Uncharacterized protein yghZ 115 217 1.88 0.9 0.9 UP -5.44E+00 5.45E-08 4.17E-06

947024 cspE Cold shock-like protein cspE 822 1526 1.86 0.9 0.9 UP -1.42E+01 9.79E-46 8.53E-43

948761 treB PTS system trehalose-specific EIIBC component 246 447 1.82 0.9 0.9 UP -7.43E+00 1.08E-13 1.96E-11

945341 cydA Cytochrome d ubiquinol oxidase subunit 1 135 245 1.81 0.9 0.9 UP -5.46E+00 4.80E-08 3.74E-06

948407 kdgT 2-keto-3-deoxygluconate permease 392 709 1.81 0.9 0.9 UP -9.28E+00 1.74E-20 5.05E-18

947533 glgS Glycogen synthesis protein glgS 74 131 1.76 0.8 0.8 UP -3.82E+00 1.33E-04 5.85E-03

947319 kduI 4-deoxy-L-threo-5-hexosulose-uronate ketol-isomerase 593 1032 1.74 0.8 0.8 UP -1.06E+01 4.25E-26 1.55E-23

946332 manY Mannose permease IIC component 183 315 1.72 0.8 0.8 UP -5.72E+00 1.04E-08 9.90E-07

946898 ucpA Oxidoreductase ucpA 95 158 1.66 0.7 0.7 UP -3.80E+00 1.43E-04 6.11E-03

946716 ompC Outer membrane protein C 869 1418 1.63 0.7 0.7 UP -1.11E+01 1.44E-28 5.73E-26

946338 yobF Uncharacterized protein yobF 990 1614 1.63 0.7 0.7 UP -1.18E+01 2.89E-32 1.26E-29

948548 lamB Maltoporin 159 256 1.61 0.7 0.7 UP -4.57E+00 4.97E-06 3.23E-04

947323 kduD 2-deoxy-D-gluconate 3-dehydrogenase 588 942 1.60 0.7 0.7 UP -8.72E+00 2.77E-18 7.10E-16

948777 tabA Uncharacterized protein yjgK 129 203 1.57 0.7 0.7 UP -3.90E+00 9.61E-05 4.55E-03

948537 malK Maltose/maltodextrin import ATP-binding protein malK 133 208 1.56 0.6 0.6 UP -3.90E+00 9.66E-05 4.53E-03

947068 yfiD Autonomous glycyl radical cofactor 428 661 1.54 0.6 0.6 UP -6.77E+00 1.33E-11 1.99E-09

948538 malE Maltose-binding periplasmic protein 333 514 1.54 0.6 0.6 UP -5.95E+00 2.73E-09 2.97E-07

946636 gatY D-tagatose-1,6-bisphosphate aldolase subunit gatY 460 704 1.53 0.6 0.6 UP -6.84E+00 7.91E-12 1.23E-09

948221 tnaA Tryptophanase 2438 3727 1.53 0.6 0.6 UP -1.58E+01 2.48E-56 5.40E-53

945514 pflB Formate acetyltransferase 1 206 314 1.52 0.6 0.6 UP -4.50E+00 6.69E-06 4.17E-04

944816 lpxC UDP-3-O-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase200 299 1.49 0.6 0.6 UP -4.21E+00 2.60E-05 1.40E-03

945567 rmf Ribosome modulation factor 388 579 1.49 0.6 0.6 UP -5.83E+00 5.56E-09 5.51E-07

945669 cspD Cold shock-like protein cspD 165 245 1.48 0.6 0.6 UP -3.74E+00 1.83E-04 7.59E-03

946175 lpp Major outer membrane lipoprotein 3246 4614 1.42 0.5 0.5 UP -1.47E+01 3.58E-49 3.90E-46

948261 rbsB D-ribose-binding periplasmic protein 621 872 1.40 0.5 0.5 UP -6.11E+00 9.72E-10 1.21E-07

948041 kdgK 2-dehydro-3-deoxygluconokinase 271 374 1.38 0.5 0.5 UP -3.81E+00 1.38E-04 5.94E-03

946339 cspC Cold shock-like protein cspC 586 807 1.38 0.5 0.5 UP -5.55E+00 2.83E-08 2.29E-06

948267 rbsD D-ribose pyranase 769 1028 1.34 0.4 0.4 UP -5.71E+00 1.14E-08 1.06E-06

948223 tnaC Tryptophanase leader peptide 4753 6171 1.30 0.4 0.4 UP -1.27E+01 4.29E-37 2.34E-34



 

53 

 

Table 5:Escherichia coliDH5-α down-regulated chromosomal genes upon 

acquisition of pAR060302.  

 

 

 The list of Escherichia coli DH5-α down-regulated chromosomal gene are 

shown in table 5. Among these genes are fimA and fimI that form part of the  

fimAICDFGH operon related with the expression of genes for type 1 fimbriae, 

sdhCD genes associated succinate dehydrogenase (SQR) enzyme, and cyoA 

gene which play an important role in energy metabolism (TCA cycle, aerobic 

EntrezID Gene Description

-pAR 

RPKM

+pAR 

RPKM Fold

log2 

Fold

abs log2 

Fold Regulation z-score p-value

945554 ompF Outer membrane protein F 960 800 0.83 -0.3 0.3 DOWN 4.26E+00 2.02E-05

946349 rpmI 50S ribosomal protein L35 583 473 0.81 -0.3 0.3 DOWN 3.73E+00 1.93E-04

947811 rpsS 30S ribosomal protein S19 709 565 0.80 -0.3 0.3 DOWN 4.41E+00 1.04E-05

947828 rplM 50S ribosomal protein L13 464 366 0.79 -0.3 0.3 DOWN 3.72E+00 1.95E-04

948247 atpF ATP synthase subunit b; ATP synthase B chain 335 247 0.74 -0.4 0.4 DOWN 3.91E+00 9.24E-05

945536 rpsA 30S ribosomal protein S1 317 230 0.72 -0.5 0.5 DOWN 4.00E+00 6.30E-05

948403 sodA Superoxide dismutase [Mn]; Superoxide dismutase 274 196 0.71 -0.5 0.5 DOWN 3.87E+00 1.10E-04

948243 atpG ATP synthase gamma chain 227 156 0.69 -0.5 0.5 DOWN 3.84E+00 1.23E-04

947720 secG Protein-export membrane protein secG 303 208 0.69 -0.5 0.5 DOWN 4.45E+00 8.77E-06

944854 lpd Dihydrolipoyl dehydrogenase 256 168 0.65 -0.6 0.6 DOWN 4.54E+00 5.75E-06

945650 yceD Uncharacterized protein yceD 171 111 0.65 -0.6 0.6 DOWN 3.76E+00 1.70E-04

944759 rpsT 30S ribosomal protein S20 395 248 0.63 -0.7 0.7 DOWN 6.07E+00 1.28E-09

948283 ilvL IlvGMEDA operon leader peptide 165 96 0.58 -0.8 0.8 DOWN 4.49E+00 7.09E-06

948252 atpB ATP synthase subunit a 149 86 0.58 -0.8 0.8 DOWN 4.31E+00 1.62E-05

948251 atpI ATP synthase protein I 94 49 0.53 -0.9 0.9 DOWN 3.86E+00 1.13E-04

947069 kgtP Alpha-ketoglutarate permease 93 48 0.52 -0.9 0.9 DOWN 3.90E+00 9.74E-05

946897 cyoC Cytochrome o ubiquinol oxidase subunit 3 91 47 0.51 -1.0 1.0 DOWN 3.92E+00 8.75E-05

944834 aceE Pyruvate dehydrogenase E1 component 89 44 0.49 -1.0 1.0 DOWN 4.05E+00 5.10E-05

945615 cyoB Ubiquinol oxidase subunit 1 89 44 0.49 -1.0 1.0 DOWN 4.07E+00 4.67E-05

947758 accB Biotin carboxyl carrier protein of acetyl-CoA carboxylase109 53 0.49 -1.0 1.0 DOWN 4.57E+00 4.79E-06

5625562 uof Fur leader peptide 93 45 0.48 -1.1 1.1 DOWN 4.27E+00 1.98E-05

948665 groL 60 kDa chaperonin 181 86 0.48 -1.1 1.1 DOWN 6.05E+00 1.47E-09

948026 hdeB Protein hdeB 106 50 0.47 -1.1 1.1 DOWN 4.66E+00 3.19E-06

944750 dnaK Chaperone protein dnaK 142 64 0.45 -1.2 1.2 DOWN 5.69E+00 1.31E-08

948025 hdeA Chaperone-like protein hdeA 176 77 0.44 -1.2 1.2 DOWN 6.46E+00 1.08E-10

945300 SdhB Succinate dehydrogenase iron-sulfur subunit 145 60 0.41 -1.3 1.3 DOWN 6.18E+00 6.51E-10

945402 SDHA Succinate dehydrogenase flavoprotein subunit 127 49 0.39 -1.4 1.4 DOWN 6.11E+00 1.02E-09

945185 ompT Protease 7 115 44 0.38 -1.4 1.4 DOWN 5.90E+00 3.59E-09

947188 msrB Peptide methionine sulfoxide reductase msrB 45 17 0.37 -1.4 1.4 DOWN 3.74E+00 1.83E-04

948461 sthA Soluble pyridine nucleotide transhydrogenase 61 21 0.35 -1.5 1.5 DOWN 4.55E+00 5.35E-06

945752 dadA D-amino acid dehydrogenase small subunit 54 18 0.34 -1.6 1.6 DOWN 4.40E+00 1.06E-05

945754 dadX Alanine racemase, catabolic; Alanine racemase 41 13 0.33 -1.6 1.6 DOWN 3.87E+00 1.08E-04

948655 groS 10 kDa chaperonin 136 45 0.33 -1.6 1.6 DOWN 7.11E+00 1.14E-12

945080 cyoA Ubiquinol oxidase subunit 2 121 38 0.32 -1.7 1.7 DOWN 6.86E+00 6.84E-12

946547 hisL His operon leader peptide 65 18 0.28 -1.8 1.8 DOWN 5.38E+00 7.48E-08

7751643 yoeI b4678 27 6 0.24 -2.1 2.1 DOWN 3.71E+00 2.04E-04

947369 prfB Peptide chain release factor 2 47 10 0.22 -2.2 2.2 DOWN 5.12E+00 3.05E-07

948841 fimI Fimbrin-like protein fimI 56 11 0.20 -2.3 2.3 DOWN 5.76E+00 8.53E-09

945322 sdhD Succinate dehydrogenase hydrophobic membrane anchor subunit113 23 0.20 -2.3 2.3 DOWN 8.21E+00 2.25E-16

947369 prfB Peptide chain release factor 2 52 10 0.20 -2.3 2.3 DOWN 5.62E+00 1.94E-08

945316 sdhC Succinate dehydrogenase cytochrome b556 subunit 99 17 0.17 -2.5 2.5 DOWN 8.07E+00 7.25E-16

5625577 yibW b4651 34 5 0.16 -2.7 2.7 DOWN 4.88E+00 1.05E-06

5625577 yibW b4651 34 3 0.10 -3.3 3.3 DOWN 5.42E+00 5.94E-08

948838 fimA Type-1 fimbrial protein, A chain 364 31 0.09 -3.5 3.5 DOWN 1.81E+01 5.59E-73

947879 yhfL Uncharacterized protein yhfL 16 1 0.07 -3.8 3.8 DOWN 3.90E+00 9.54E-05
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respiration). In addition, down-reguated were the genes prfB and hisL, whose 

products are proteins related with translation and the biosynthesis of building 

blocks (amino acids –histidine) respectively. 

 

 Functional Classification of Genes. Table 6 shows the results obtained 

from the functional annotations analysis using DAVID Knowledgebase. The most 

over-represented (gene-term enrichment) terms are organized into three groups: 

Gene Ontology (GO), Protein-Family and Pathways. In total, 90, 56, and 73 

genes from the list (Tables 4 and 5) were assigned to associated Biological 

Process (BP), Cellular Component (CC) and Molecular Function (MF) analysis 

respectively; 106 genes in SP-PIR (protein information resource database) and 

57 genes in the KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway 

analysis. Of these, the most statistically significant results are shown. On 

average 13% of genes that were differentially regulated on the condition 

ofDH5α+pAR are involved in biological process (BP) related to carbohydrate 

catabolic process, generation of precursor metabolites and energy, energy 

derivation by oxidation of organic compounds. Approximately 22% of the genes 

were related to CC from peptidoglycan-based cell wall, cell wall, organelle 

envelope and external encapsulating structure and 6.2% of the most statistically 

significant genes were mapped to MF involved in hydrogen ion transmembrane, 

monovalent inorganic cation transmembrane and inorganic cation 

transmembrane transporter activity, structural constituent of ribosome and 

succinate dehydrogenase activities.    
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Table 6:List of functional categories generated from the output of the list of 

differentially regulated genes in response to acquisition of pAR060302.

 

 

Category Term Count % PValue FDR

GOTERM_BP_FAT GO:0016052~carbohydrate catabolic process 24 22.43 1.05E-13 1.42E-10

GOTERM_BP_FAT GO:0006091~generation of precursor metabolites and energy 21 19.626 1.67E-09 2.25E-06

GOTERM_BP_FAT GO:0015980~energy derivation by oxidation of organic compounds 15 14.019 4.19E-08 5.65E-05

GOTERM_BP_FAT GO:0045333~cellular respiration 14 13.084 7.92E-08 1.07E-04

GOTERM_BP_FAT GO:0009060~aerobic respiration 9 8.4112 5.68E-07 7.66E-04

GOTERM_BP_FAT GO:0006084~acetyl-CoA metabolic process 7 6.5421 2.03E-05 2.74E-02

GOTERM_BP_FAT GO:0015772~oligosaccharide transport 4 3.7383 4.02E-05 5.43E-02

GOTERM_CC_FAT GO:0009274~peptidoglycan-based cell wall 29 27.10 1.22E-11 1.12E-08

GOTERM_CC_FAT GO:0005618~cell wall 29 27.10 1.79E-11 1.64E-08

GOTERM_CC_FAT GO:0031967~organelle envelope 23 21.50 3.00E-11 2.74E-08

GOTERM_CC_FAT GO:0019866~organelle inner membrane 23 21.50 3.00E-11 2.74E-08

GOTERM_CC_FAT GO:0031090~organelle membrane 23 21.50 4.85E-11 4.44E-08

GOTERM_CC_FAT GO:0030312~external encapsulating structure 29 27.10 2.79E-05 2.56E-02

GOTERM_CC_FAT GO:0005829~cytosol 8 7.48 5.40E-05 4.94E-02

GOTERM_CC_FAT GO:0031975~envelope 27 25.23 9.62E-05 8.79E-02

GOTERM_MF_FAT GO:0015078~hydrogen ion transmembrane transporter activity 8 7.48 4.67E-08 5.84E-05

GOTERM_MF_FAT GO:0015077~monovalent inorganic cation transmembrane transporter activity8 7.48 3.21E-07 4.02E-04

GOTERM_MF_FAT GO:0000104~succinate dehydrogenase activity 4 3.74 1.36E-05 1.70E-02

GOTERM_MF_FAT GO:0022890~inorganic cation transmembrane transporter activity 8 7.48 1.12E-04 1.40E-01

GOTERM_MF_FAT GO:0003735~structural constituent of ribosome 5 4.67 2.67E-04 3.34E-01

Category Term Count % PValue FDR

SP_PIR_KEYWORDS membrane 36 33.64 3.12E-15 3.75E-12

SP_PIR_KEYWORDS cell inner membrane 27 25.23 6.32E-15 7.65E-12

SP_PIR_KEYWORDS transport 30 28.04 7.49E-15 8.99E-12

SP_PIR_KEYWORDS cell membrane 34 31.78 9.37E-15 1.13E-11

SP_PIR_KEYWORDS transmembrane protein 16 14.95 4.24E-14 5.13E-11

SP_PIR_KEYWORDS acetylation 13 12.15 5.87E-14 7.10E-11

SP_PIR_KEYWORDS oxidoreductase 22 20.56 4.25E-11 5.14E-08

SP_PIR_KEYWORDS membrane-associated complex 7 6.54 4.61E-11 5.57E-08

SP_PIR_KEYWORDS electron transport 9 8.41 1.18E-08 1.43E-05

SP_PIR_KEYWORDS sugar transport 10 9.35 6.13E-08 7.41E-05

SP_PIR_KEYWORDS transmembrane 25 23.36 7.26E-08 8.78E-05

SP_PIR_KEYWORDS Hydrogen ion transport 5 4.67 2.37E-06 2.86E-03

SP_PIR_KEYWORDS phosphotransferase 6 5.61 3.37E-06 4.08E-03

SP_PIR_KEYWORDS formylation 4 3.74 4.69E-06 5.67E-03

SP_PIR_KEYWORDS sugar transport system 4 3.74 4.69E-06 5.67E-03

SP_PIR_KEYWORDS ion transport 8 7.48 4.81E-06 5.81E-03

SP_PIR_KEYWORDS ribosome 5 4.67 7.59E-06 9.17E-03

SP_PIR_KEYWORDS stress-induced protein 4 3.74 9.92E-06 1.20E-02

SP_PIR_KEYWORDS membrane protein 5 4.67 1.75E-05 2.11E-02

SP_PIR_KEYWORDS antibiotic resistance 3 2.80 5.82E-02 5.16E+01

INTERPRO IPR002059:Cold-shock protein, DNA-binding 4 3.7383 2.62E-04 3.34E-01

INTERPRO IPR012156:Cold shock, CspA 4 3.7383 2.62E-04 3.34E-01

INTERPRO IPR019844:Cold-shock conserved site 4 3.7383 2.62E-04 3.34E-01

INTERPRO IPR011129:Cold shock protein 4 3.7383 5.36E-04 6.81E-01

Category Term Count % PValue FDR

KEGG_PATHWAY eco00190:Oxidative phosphorylation 11 10.28 3.69E-13 5.60E-10

KEGG_PATHWAY eco00020:Citrate cycle (TCA cycle) 6 5.61 2.60E-06 3.95E-03

KEGG_PATHWAY eco00650:Butanoate metabolism 6 5.61 6.87E-06 1.04E-02

KEGG_PATHWAY eco00520:Amino sugar and nucleotide sugar metabolism 6 5.61 2.18E-05 3.30E-02

KEGG_PATHWAY eco00053:Ascorbate and aldarate metabolism 4 3.74 1.97E-04 2.99E-01

KEGG_PATHWAY eco02060:Phosphotransferase system (PTS) 5 4.67 4.05E-04 6.13E-01

KEGG_PATHWAY eco00632:Benzoate degradation via CoA ligation 4 3.74 4.11E-04 6.21E-01

KEGG_PATHWAY eco00910:Nitrogen metabolism 4 3.74 2.54E-03 3.78E+00

KEGG_PATHWAY eco03010:Ribosome 5 4.67 3.35E-03 4.97E+00
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 The genes assigned to the category Super Protein Family (SP) were 

categorized to cell membrane, transport, acetylation and oxidoreductase terms. 

Finally, 7% of the genes were assigned to the KEGG pathways. These genes 

were associated with the termsoxidative phosphorylation, citrate cycle (TCA 

cycle), amino sugar, and nucleotide sugar metabolism. 

 

 Another way used to analyze the biological process associated to the list 

from tables 4 and 5 was heat map analysis. Figure 9 display in detail on 2D View 

the association of gene-term enrichment. In this map, the salmon color indicates 

the positive association of the pair of term-gene and grey represents the negative 

or no association of the pair of term-gene. Similarly, expressed genes included 

protein export membrane and ATP-synthase proteins, mannose and permease 

component, and cytochrome u obiquinol oxidase. 

  

 Pathway analyses were also performed to further examine the 

differentially expressed genes for network changes in response to plasmid 

acquisition. Figure 10 shows the KEGG pathway map integrated view of the 

genes associated with the molecular pathways for metabolism (Energy 

Metabolism; Oxidative phosphorylation [PATH:eco00190]).The pathway map 

without coloring is the reference version that is manually drawn by in-house 

software named KegSketch and the green boxes represent the E. coli K-12 

MG1655: b0723-specific pathway. 

 

http://www.genome.jp/kegg-bin/show_pathway?eco00190+b0723
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Figure 9: Two-dimensional heat map view of relevant genes and annotation terms. Red color 

represents the positive association of the pair of term and gene. Grey color represents the 

negative or no association of the pair of term and gene. 

 

 

To build this pathway the list of genes from this study were linked to 

enzymes (EC) ortholog groups (KO-Genes-), and to REACTION entries. The 

green boxes highlighted with a red start represent the genes from our list that 

were linked to metabolic enzymes and the metabolic products integrated into 

metabolic pathways that were linked into the oxidative phosphorylation pathway. 

The lists include two reactions. The first one correspond to the succinate-

acceptor oxidoreductase (R00412) and their corresponding enzymes succinate 

dehydrogenase/fumaratereductase(EC13.991), the KO succinate dehydrogenase 
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flavoprotein subunit (KO0239), succinate dehydrogenaseiron-sulfur protein (KO 

0240) and the genes sdhA,B,C,D. The second reaction is the ATP 

phosphohydrolase (R00086), including F1-ATPase enzyme (EC 3.6.3.14) and 

the KO-genes F-type H+-transporting ATPase subunit a (KO 2108) and b 

(KO2109). The most down-regulated chromosomal genes on the list of E. coli 

DH5α+pAR were linked to this pathway. 

 

 

 

Figure 10: Visualization of genes on the pathway Oxidative phosphorylation of E.coli K-12. Red 

stars indicate the association between the input of the genes from this study and pathway genes 

from the database (Pathway information generated byKEGG).  

 

COMPLEX II: Succinate-acceptor oxidoreductase reaction (R00412):succinate 

dehydrogenase/fumaratereductase (EC 13.991), the KO succinate dehydrogenase flavoprotein 

subunit (KO0239), succinate dehydrogenase iron-sulfur protein (KO 0240) and the genes 

sdhA,B,C,D.  

 

COMPLEX V: ATP phosphohydrolase reaction (R00086), including F1-ATPase enzyme (EC 

3.6.3.14) and the KO-genes F-type H+-transporting ATPase subunit a (KO 2108) and b 

(KO2109).  

 

 

 

http://www.genome.jp/dbget-bin/show_pathway?eco00190#_blank
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 Verification of up-regulated genes via qRT-PCR. Differential expression 

of selected genes was verified via qRT-PCR. The results showed evidence that 

levels of the marR, marA, marB genes (mar locus, multidrug resistance), garD, 

garP,cdaR, gudP, were significantly up-regulated in the presence of the MDR-

IncA/C plasmids (Table 7).  

 

Table 7: qRT-PCR validation of up-regulated genes compare to the  

RNA-seq data. 

 

 

  Figure11shows the comparison plots between the RNA-Seq log2 changes 

and the qRT-PCR log2 changes for those genes. In this case, the R2 value is 

close to one, suggesting that the RNA-Seq and qRT-PCR results are highly 

correlated. 

Gene 

log2 Fold  

qRT-PCR 

Fold  

qRT-PCR 

log2 Fold  

RNAseq Fold RNAseq 

marA 3.84 14.32 4.11 17.21 

marB 3.07 8.40 3.64 12.48 

marR 3.91 15.03 3.61 12.17 

garD 0.75 1.68 2.32 5.00 

garP 0.63 1.55 2.19 4.57 

gudP     0.44 1.36 1.85 3.60 

cdaR -0.23 0.85 1.98 3.94 
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Figure 11: Comparison plots between the RNAseq log2 fold changesand the qRT-PCR log2 fold 
changes for the validated genes. 

 

 

 

 Transcriptional activation of marRAB (multiple antibiotic resistance) 

operon on the E. coli chromosome by the IncA/C plasmid.IncA/C and floR 

PCR (data not shown), and susceptibility test to antibiotics confirmed the 

presence of the plasmid on each strain (Table 8). In all strains tested, the E. coli 

strain containing the IncA/C plasmid showed decreased susceptibility to the 

fluoroquinolones nalidixic acid and ciprofloxacin, compared to the same strain 

without the plasmid. Fluoroquinolone resistance determinants are not known to 

exist on the IncA/C plasmid. 
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Table 8: Antimicrobial susceptibility assays of the donor and transconjugant 

E. coli strains. 

 

Amikacin (AMI), Ampicillin (AMP), Amox/Clav (AUG), Ceftriaxone (AXO), Chloramphen 

(CHL),Ciprofloxacin (CIP), Trim/Sulfa (SXT), Cefoxitin (FOX) Cefoxitin (FOX), Gentamicin (GEN), 

Kanamycin (KAN), Nalidixic Acid (NAL),  Sulfisoxazole (FIS), Streptomycin (STRP), Tetracycline 

(TET), Ceftiofur (TIO). 

 

 

 The results showed evidence that levels of the marR, marA and marB 

genes (mar locus, multidrug resistance) were significantly up-regulated in the 

presence of the MDR-A/C plasmids in DH5 (Table 4), and the qRT-PCR 

measurements of the transcripts of these genes validated this finding (Table 

7).The transcribed genes of themaroperon of DH5α+pAR versus plasmid-lacking 

cells in E. coliDH5αwere mapping to the reference strain E. coli K-12 MG1655 

[103]. This map shows additional evidence that level of transcription of the mar 

operon increased when the laboratory E. coli harbored the plasmid strain DH5α 

(Figure 12). 

STRAIN AMI AMP AUG AXO CHL CIP SXT FOX GEN KAN NAL FIS STRP TET TIO

DH5 1 4 4 0.25 4 0.06 0.12 4 0.25 8 64 16 32 4 0.25

DH5+pAR 0.5 64 64 16 64 0.12 0.12 64 32 8 64 512 128 64 8

DELTA-AR 1 64 8 0.25 8 0.03 8 2 8 8 4 512 32 64 0.5

WT+pAR 2 64 64 16 64 0.015 0.12 64 32 128 2 512 32 64 16

I484 2 2 4 0.25 4 0.015 0.12 2 0.5 8 2 32 32 4 0.25

I484-pAR 4 64 64 16 64 0.25 0.25 64 32 128 64 512 128 64 16

CFT0O73 2 4 4 0.25 8 0.015 0.12 4 1 8 2 16 32 4 0.25

CFT-073+pAR 4 64 64 16 64 0.25 0.5 64 32 16 64 512 128 64 8

UPEC 104 2 64 8 0.25 8 0.015 0.25 4 0.5 8 2 512 32 4 0.25

UPEC 104+pAR 2 64 64 16 64 0.25 0.5 64 32 16 64 512 128 64 8
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  marR  marA                 marB  

Figure 12: Comparison of the transcriptome mapping of the mar operon of DH5α+pAR versus 

plasmid-lacking cells in E. coliDH5α.  

 

 

 Due to the potential spread of multidrug resistance (MDR) phenotypes 

from food-borne pathogens to human pathogens further analysis of the 

expression of the mar genes in response to pAR060302 acquisition was 

performed in several wild type E. coli strains. These included E. coliCFT073, a 

pathogenic strain isolated from the blood of a woman with acute pyelonephritis 

[104], UropathogenicE. colistrain UPEC 104, E. colistrain i484, isolated from a 

human with septicemia [105], and the wild type commensal E. coli strain 

AR060302 isolated from a dairy cow [26].Analysis of the genes known to be 

regulated by marA revealed that most were affected in the dataset as expected. 

However, analysis of genes known to regulate marA directly affected its 

differential expression, suggesting that its significant change in expression could 

be due to plasmid-encoded traits.   
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Figure 13: Quantitative reverse transcription (qRT-PCR) measurements of marA. 

 

The results from Figure 13 confirmed that the genes encoded in mar 

operon differ in their transcription levels within different hosts harboring 

pAR060302. mar operon was up-regulated in all strains except i484, which was 

not significantly affected by the presence of the plasmid. Interesting is also the 

fact that the laboratory strain DH5α and WT, the commensal strain show the 

higher fold changes in the expression of mar compare with the pathogenic 

strains, CFT073 and i484 E. coli strains. 

 

Discussion 

 

 Previous work has shown that MDR-encoding IncA/C plasmids readily 

acquire antimicrobial resistance-encoding genes, facilitating the dissemination of 

multiple antibiotic resistance mechanisms. However, studies are needed to fully 

understand the animal and human health risks associated with the acquisition 

and persistence of IncA/C plasmids and associated MDR phenotypes. One 

aspect of this is a need for understanding of the host-plasmid interactions that 
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occur between the bacterial chromosome and the IncA/C plasmids.This study 

used a global transcriptomic approach to identify genes modulated through 

acquisition of an IncA/C plasmid.  Overall, this work confirms that acquisition of 

the IncA/C plasmid by a plasmidless host modulates a number of E. coli 

chromosomal genes over-represented in biological process mainly involved in 

function related to carbohydrate catabolic process, cell wall and membrane, 

transporter activity, and structural constituent of ribosome and succinate 

dehydrogenase activity.  

  

MDR phenotypes occur either by the accumulation of multiple antibiotic 

resistance genes, often localized on mobile genetic elements (MGE) such as 

integrons, transposons or plasmids, by chromosomal mutations or by the action 

of multidrug efflux pumps that can pump out more than one drug type 

[5,6,13,14,17]. IncA/C plasmids are well known to encode for a large number of 

antimicrobial resistance phenotypes. Our results suggest that acquisition of the 

IncA/C plasmid also imposes alterations of the mar regulatory network, resulting 

in subtle changes to the resistance phenotype in its host E. coli strain.   

 

Harr and Schollerer examined the global effects of plasmid carriage on a 

host chromosome using the E. coli laboratory strains DH5 and K-12 MG1655, 

both harboring the same F plasmid. They observed that some chromosomal 

genes were differentially expressed in the presence of the plasmid. However, the 

marRAB operon was not in this list [106]. In two other studies, the effects of the 
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large, catabolic IncP-7 plasmid (pCAR1) on its host chromosome were examined 

[20,48]. Similarly, carrying of this plasmid also affected the transcription of certain 

genes within the host chromosomes studied, but marRAB was not included in the 

report. While the previous studies were done in Pseudomonas, this finding 

should not be associated to the lack of mar in these strains, since they harbor 

MarA and MarR homologs, such as MmsR or TmbS [35].  

  

 In an effort to determine if up-regulation of mar locus is induced in multiple 

E. coli hosts, the IncA/C plasmid pAR060302 was placed into several different E. 

coli recipients. These results suggest that this phenomenon is not limited to E. 

coliDH5; however, it seems that pAR060302 up-regulates the mar genes at 

higher levels in natural E. coli hosts compared with the pathogenic strains. Figure 

13 shows how the highest changes in the level of expression occur in the 

laboratory and commensal strains. However, it is unclear if this observed 

phenomenon is unique to IncA/C plasmids or conferred by multiple plasmid Inc 

types, or if the background genetic of these pathogens strains could explain 

these results. Future work will address this question. Despite the limitations, it is 

clear from this work that IncA/C plasmids modulate mar in multiple E. coli hosts.  

 

 In E. coli DH5, pAR060302 modulates genes involved in biological 

process related to carbohydrate catabolic process, generation of precursor 

metabolites and energy, peptidoglycan-based cell wall, cell wall, organelle 

envelope and external encapsulating structure. The genes mapped to the 

category Super Protein Family were categorized to cell membrane, transport, 
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acetylation and oxidoreductase terms and from KEGG pathways analysis genes 

were associated with the termsoxidative phosphorylation, citrate cycle (TCA 

cycle), amino sugar, and nucleotide sugar metabolism. These results could vary 

from one host to another. In 2006, Harr et al. showed that E. coli K-12 MG1655 

and DH5 in the presence of the F-plasmid resulted in a different gene 

expression profiles in the two hosts studied. Here, we did not address whether 

and how the transcriptome in the wild type host differed from that in the 

transconjugant. The fact that DH5 is a laboratory strain suggests that similar 

results might not be observed in wild type E. coli strains. Certainly, the presence 

of virulence gene regulatory networks could result in different results compared 

to E. coli DH5-alpha. Further studies are underway to elucidate the biological 

relevance of these differences in expression.  
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CHAPTER 4 

General discussion, future perspectives and conclusions 

 

A. General Discussion 

 

Plasmids are an important component of the bacterial genome, and the 

dissemination and stability of plasmids such as the IncA/C group could represent 

a public health risk due to the potential spread of their MDR phenotypes from 

foodborne pathogens to human pathogens. In order to understand the 

mechanisms that govern the processes of the dissemination and spread of the 

MDR-encoding IncA/C plasmid it is necessary to understand how the genes 

interaction between bacteria and plasmids are regulated. 

 

Today, the use of the next-generation sequencing technology and 

bioinformatics tools allowsfor thegeneration and analysis of large amounts of 

data. We have used this approach todetermine the genetic composition of the 

MDR-encoding IncA/C plasmids from different animal sources and the 

assignment of new functions in those regions in the plasmid that are unknown. In 

addition, we used next-generation approaches to identify chromosomal genes 

andregulatory networks affected by the acquisition of the IncA/C 

plasmid[67,107,108,109,110,111].Whole plasmid sequences of four IncA/C 

plasmids using 454 high throughput sequencing were completed. These 

plasmids were isolated from two commensal E. coli strains from commercial 



 

68 

 

cattle, a highly host-adapted avian pathogenic E. coli strain from a diseased 

commercial broiler chicken, and an enterotoxigenic E. coli (ETEC) sample from a 

diseased commercial pig. The strains came from farms in three geographically 

different locations in the US and one location in the south of Chile. The plasmids 

were selected because of the presence of floR, tetA, and/or blaCMY-2 genes, 

suggesting a multidrug resistance phenotype. Considering their diverse sources, 

we hypothesized there would be considerable genetic differences between the 

plasmids. Previous studies of the IncA/C plasmids suggest that these plasmids 

probably did share a recent common ancestor. Fricke et al. sequenced pRA1, 

considered the first member of the IncA/C group of MDR plasmids to be fully 

described [82]. This plasmid showed a reduced antimicrobial resistance 

spectrum, which the authors attributed to a probable minimal selective pressure.  

The authors proposed an evolutionary model in which each “IncA/C plasmid 

diverged from a common ancestor through a specific process of stepwise 

integration events of horizontally acquired resistance gene arrays” [53].   

 

Little is known about of the regulatory crosstalk involved between the 

genes encoded on the chromosome and on the IncA/C plasmid, and how these 

interactions are associated with IncA/C plasmid acquisition, stability and 

dissemination. In this study, the regulatory crosstalk occurring between 

pAR060302 and the E. coli chromosome was investigated.Among the 

chromosomal genes significantly up-regulated were marRAB (multiple antibiotic 

resistance), garPLRK-rnpB and garD (metabolism-carbon-utilization), and cdaR 
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gene (carbohydrate diacid regulator) that regulates genes involved in the uptake 

and metabolism of galactarate and glucarate, such as garD, gudP, gudX genes. 

Themost down-regulated chromosomal gene were fimA and fimI that form part 

ofthe fimAICDFGH type 1 fimbria loperon, sdhCD genes associated succinate 

dehydrogenase (SQR) enzyme, and cyoAgene, which play an important role in 

energy metabolism (TCA cycle, aerobic respiration). In addition, the genes prfB 

and hisL, which product is a protein related with translation and the biosynthesis 

of building blocks (amino acids –histidine) respectively. 

 

 Pathway analysis of theregulatory networks linked to differentially 

expressed genes encoded on the E. coli chromosome was alsoperformed. The 

enrichment analysis showed that these genes are associated with biological 

functions such as transporter activity, carbohydrate catabolic process, generation 

of precursor metabolites and energy, cell wall biosynthesis, organelle envelope 

and external encapsulating structure transmembrane transporter activity,and 

succinate dehydrogenase activities. This information provides important insights 

towards how carriage of these plasmids could affect theinteractions between 

IncA/C plasmid and the chromosome-encoded genes. 

  

 Preliminary data indicate that the acquisition of our prototype IncA/C 

plasmid by a plasmid-lacking DH5-α E. coli strain results in the up-regulation of 

the mar genes. However, the exact nature of this association is not completely 

understood. To assess whether this phenomenon is specific to core regions of 
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the IncA/C plasmid, several IncA/C plasmid variants differing in size and 

accessory gene content were sequenced and compared. One of these was 

conjugated into E. coli DH5- and these transconjugants were assessed for up-

regulation of the mar locus. Additionally, the regulation of marwas study in 

different host backgrounds by placing the prototype A/C plasmid into different E. 

coli recipients. This work verifiedthatthe up-regulation of mar is a phenomenon 

observed in multiple E. coli hosts, and suggests that this phenomenon could be 

greater in commensal than in pathogenic E. coli strains, but more studies need to 

be done in additional E. coli strains and non-E. coli strains to better understand 

this finding. This will help us to understand how the background host and the 

carry of these MDR plasmids could affect the transcription within the cell.  

Furthermore, the precise IncA/C genetic determinants modulating the mar locus 

need to be identified. 

 

Overall, from this study we have generated important information related 

tothe genetic composition of the MDR IncA/C plasmid, interactions between this 

plasmid and itshost chromosome, regulatory sequence(s) that are regulatedby 

the IncA/Cplasmid in itshost, and regulatory networks that have been modified 

because of the presence of the plasmid. Because this study focuses only on 

MDR IncA/C plasmids in E. coli, these findings may be limited in attempts to 

extend them to other bacterial species. However, the information generated from 

this study will establish a fundamental base of understanding about the evolution 

and biology of IncA/C plasmids. 
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B. Future perspectives: 

 This study demonstrates that crosstalk occurs between an IncA/C plasmid 

and its host chromosome. However, many questions remain to be addressed, 

including the shared and unique regulatory mechanisms employed by different 

plasmid types and different bacterial hosts, the effects of host adaptation on 

these crosstalk mechanisms, and the effects of plasmid evolution on these 

mechanisms. Later research will address to the specific problems of plasmid 

spread and dissemination among different bacterial populations. Further studies 

are underway to elucidate the biological relevance of these differences in 

expression.   

 

It is clear that important contributions would be obtained from the previous 

analyses, such as a global gene expression patterns; however it is also 

necessary study molecular detail regulatory mechanism that control gene 

expression as a promoter sequences or regulatory elements. For example, the 

data generated in this study will be used to develop future hypotheses 

addressing fundamental questions related to dissemination, maintenance and 

evolution of this plasmid among different bacterial populations. 

 

One of the undergoing projects is to elucidate the transcriptional regulator 

on the plasmid that could regulate mar operon. To date, this is the first report that 

mar is activated by plasmidacquisition.  Since the induction of marRAB by the 

pAR060302 appears to be a novel interaction, we suggest that an unknown 
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transcription factor (TF) encoded on the MDR-A/C plasmid could activate the 

expression of marRAB operon in E. coli chromosome. To test this hypothesis, we 

suggest mutagenesis to generate a librarya of gene knockouts of pAR060302. 

This library could beused to identify the specific genes that induce marRAB 

transcription. Chromatin immunoprecipitation-sequencing (ChIP-Seq) analysis 

couldthen be used to identify the global binding sites of the transcriptional 

regulators encoded by pAR060302.  

 

In an effort to determine if up-regulation of mar locus is induced in multiple 

E. coli hosts, the IncA/C plasmid pAR060302 was placed into several different E. 

coli recipients. These results suggest that this phenomenon is not limited to E. 

coliDH5. However, it is unclear if this observed phenomenon is unique to 

IncA/C plasmids or conferred by multiple plasmid Inc types, or if the background 

genetic of these pathogens strains could explain these results. Future work will 

address this question. 

 

 Additional experiments investigating phenotypes attributed per example 

toproteins encoded by the genes garPLRK-rnpB and garD(metabolism-carbon-

utilization),fimA and fimI (fimAICDFGH type 1 fimbrial operon), or sdhCD genes 

associated succinate dehydrogenase, which play an important role in energy 

metabolism (TCA cycle, aerobic respiration) should be performed. To this, strains 

lacking single and multiple members of these metabolic pathways should be 

tested. 
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 Finally, studies such as the one describes by Bailey et al, and Casaz et al, 

(2006) should also be considered infutureexperiments. On the first study, the 

authors showed that growth conditions and antibiotic exposureexperiments affect 

expression of bacterial genes. Therefore, in vitro experiments including different 

growth conditions (medium, temperature, exposure to antibiotics) are needed to 

identify meaningful changes in genes of interest. Although, it is certain that in 

vitro experiments generated important findings, the nextstep is toshow the effect 

of these finding in vivo studies. The second study, showed thatbacterial 

transcription factors, such as marA, soxS and rob that are not required for growth 

in vitro, played a role for persistence in a mouse model of urinary tract infection. 

The authors suggest that these TF might be exploited as new therapeutic 

targets[47]. 

 

C. Conclusions: 

1. Sequence analysis of IncA/C plasmids isolated from Escherichia coli 

revealed that each plasmid retained a remarkably stable and conserved 

backbone sequence, with differences observed primarily within their accessory 

regions. This comparison between the sequences strongly suggests a recent 

acquisition by E. coli, with integration events mediatingthe acquisition of 

resistance genes enabling persistence in the face of selective pressures. 

 

2. Acquisition of the IncA/C plasmid by a plasmidless host modulates a 

number of E. coli chromosomal genes, including the mar regulator of 
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chromosome-encoded antibiotic resistance. The most over-represented 

biological process that were related to the differentially expressed genes are 

mainly involved in function related to carbohydrate catabolic process,cell wall and 

membrane, transporter activity, and structural constituent of ribosome and 

succinate dehydrogenase activity. The phenotypic extent of such modulations is 

yet to be determined, but these modulations may contribute to the overall 

success of this emergent plasmid type among enteric bacterial populations. 
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