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ABSTRACT 

Drug efflux is a major mechanism of resistance to 

drugs in both cancer cells and pathogenic microorganisms. 

Consequently, there is an urgent need to understand the 

structure, function, and expression of the multidrug 

resistance pumps involved so that inhibitors can be 

designed to block drug extrusion. One of the most 

frequently employed resistance strategies in both 

prokaryotes and eukaryotes is the use of protein efflux 

pumps, reducing the intracellular drug concentration to 

sub-toxic levels. The plant signaling molecule salicylate 

has been shown to increase levels of resistance for several 

antibiotics and induce expression of multiple genes 

involved in antibiotic resistance. 

In this study using Erwinia chrysanthemi 3937 DE, 

salicylate increased antibiotic resistance of novobiocin 

and naladixic acid but had no affect on the detergents 

deoxycholate and sodium dodecyl sulfate resistance levels. 

Northern hybridization revealed that deoxycholate, sodium 

dodecyl sulfate, and salicylate increased emr, acr, yceE, 

and tolC expression while showing no increase for the 

antibiotics novobiocin and naladixic acid. This represents 



the first time efflux pump expression and native antibiotic 

resistance levels have been observed in E. chrysanthemi. 

This data will help in the further research of efflux pumps 

and their involvement in plant pathogenesis of E. 

chrysanthemi. 
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CHAPTER I 

INTRODUCTION 

Background and Historical Significance 

Drug efflux is a major mechanism of resistance to 

drugs in both cancer cells and pathogenic microorganisms. 

Consequently, there is an urgent need to understand the 

structure, function, and expression of the multidrug 

resistance pumps involved so that inhibitors can be 

designed to block drug extrusion (Borges-Walmsley and 

Walmsley, 2001). Humans face the sobering possibility that 

many, if not all, pathogenic bacteria that affect human 

health will soon be resistant to all known antibiotics 

(Saier et al., 1998). It is now observed that plant and 

animal pathogens utilize similar strategies to infect their 

hosts. These include virulence-associated mechanisms for 

obtaining iron and conserved systems for deploying 

virulence proteins (Alfano and Collmer, 1996). The 

observed resistance to clinically important antibiotics 

appears to reflect an overlap with broad-ranged adaptive 

responses by free-living bacteria to noxious plant 

materials in their natural environment (Miller and Sulavik, 

1996). 



One of the most frequently employed resistance 

strategies in both prokaryotes and eukaryotes is the trans

membrane protein-catalyzed extrusion of drugs from the 

cell, with these proteins acting as pumps, reducing the 

intracellular drug concentration to sub-toxic levels 

(Nikaido, 1996; Borges-Walmsley and Walmsley, 2001). Many 

membrane transport systems have been demonstrated to play 

an important role in both bacteria and eukaryotes by 

conferring resistance to toxic compounds. For instance, in 

human cancer cells, the P-glycoprotein efflux pump commonly 

mediates resistance to anti-tumor chemotherapeutic agents 

(Gottesman and Pastan, 1993), and, in bacterial pathogens, 

resistance to antibiotics and antiseptics is due to 

extrusion of the drug (Paulson et al., 1996) 

Pumps are utilized to extrude a variety of chemicals, 

including antibiotics, antiseptics, dyes, detergents, and 

solvents (Borges-Walmsley and Walmsley, 2001; Miller and 

Sulavik, 1996; Nikaido, 1996). A majority of Gram-negative 

bacterial multidrug resistance (MDR) efflux pumps are 

constructed in that they traverse both the cytoplasmic and 

outer membranes by utilizing three protein components 

(Fralick 1996; Nikaido, 1996). In all these systems, the 

transporter protein located in the cytoplasmic membrane is 



thought to be brought into apposition with an outer 

membrane channel through a linker protein that belongs to 

the membrane fusion protein (MFP) family (Miller and 

Sulavik, 1996; Nikaido, 1996). Such pumps can confer 

resistance to either a single drug such as the Escherichia 

coli TetA or several unrelated drugs such as E. coli AcrAB 

(Borges-Walmsley and Walmsley, 2001). 

Gram-negative bacteria such as E. coli are known to be 

intrinsically resistant to bile salts and fatty acids. 

Traditionally, this resistance was primarily attributed to 

the outer membrane, which is the major barrier for the 

entry of hydrophobic molecules into the cell. Narrow porin 

channels slow down the penetration of even small 

hydrophilic solutes, and low fluidity of the 

lipopolysaccharide (LPS) decreases the rate of trans

membrane diffusion of lipophilic solutes (Nikaido, 1996). 

However, studies have shown that the outer membrane of 

Gram-negative bacteria can only slow down the influx of 

hydrophobic molecules, and the equilibration time for many 

hydrophobic inhibitors across the outer membrane is shorter 

than the doubling time of the bacteria (Ma et al., 1995; 

Nikaido, 1989). 



Many bacteria carry genes specifying MDR proteins, and 

some of them play an important role in conferring 

antibiotic resistance in pathogens such as Pseudomonas 

aeruginosa, Staphylococcus aureus, Candida albicans, and 

Plasmodium falciparum (Lewis, 1997). The fact that 

pathogenic and nonpathogenic bacteria exhibit comparable 

numbers of chromosomally encoded MDR pumps argues against 

the theory that these systems have arisen recently in 

pathogens as a result of extensive exposure to medically 

relevant drugs. Instead they may play important 

physiological roles in the extrusion of naturally occurring 

toxic substances (Saier, 1998). Generally, the efflux 

systems comprise an inner-membrane transporter, an MFP, and 

an outer membrane porin-like protein. The inner membrane 

transporter and the MFP are invariably encoded by the same 

operon, an example being the multidrug transport system Emr 

from E. coli (Lomovskaya et al., 1995). Bacterial drug 

efflux pumps occur in four families. Two of these families 

are large and ancient superfamilies known as the ABC 

superfamily and the major facilitator superfamily (MFS). 

The other two are smaller families, the small multidrug 

resistance (SMR) family, and the resistance-nodulation-cell 

division (RND) family (Saier, 1998). Each of the four 



permease families possess only one subfamily with 

recognized members that catalyze drug efflux. Other 

subfamilies function in other transport capacities, usually 

either bringing nutrients into the cell or exporting 

biosynthetic macromolecules (Saier, 1998). In prokaryotes, 

MDR pumps are members not only of ABC and MFS permease 

families, but also of SMR and RND families, whereas 

eukaryotic MDR pumps are only found in the ABC and MFS 

families (Saier, 1998), Proton-driven anti-porters clearly 

predominate in prokaryotes; for example, E. coli is 

predicted to have 17, three, and six drug transporters 

belonging to the MFS, SMR, and RND families, respectively, 

but only three belonging to the ABC transporter family 

(Borges-Walmsley and Walmsley, 2001). All MDR pumps share 

the unique functional property of discriminating between a 

fairly broad array of chemically unrelated antimicrobials 

and cellular substrates (Lewis, 1997). 

Permease Families 

The first observed MDR pumps were found in mammalian 

cells in the P-glycoprotein, responsible for the multidrug 

resistance of many cancer tumors in humans. Human P-

glycoprotein belongs to the ABC family of transporters 



using the hydrolysis of ATP molecules while expelling 

chemically unrelated toxins from cells, rendering 

chemotherapy ineffective (Gottesman and Pastan, 1993). The 

chemical nature of the substrates handled by ABC 

transporters is extremely diverse-from inorganic ions to 

sugars and large polypeptides-yet ABC transporters are 

highly conserved (Higgins and Linton, 2001). The ABC family 

is divided into four clusters, with each cluster being 

specific for a different type of substrate. All members of 

cluster A catalyze polysaccharide export; members of 

cluster B catalyze lipopolysaccharide export; cluster C 

proteins catalyze lipooligosaccharide export; and members 

of cluster D apparently catalyze drug-specific efflux 

(Saier, 1998). Mutations in the genes encoding many of the 

48 or so ABC transporters of human cells are associated 

with diseases such as cystic fibrosis, adrenoleuko-

dystrophy, Tangier disease, and obstetric cholestasis 

(Higgins and Linton, 2001). Overexpression of certain ABC 

transporters is the most frequent cause of resistance to 

cytotoxic agents including antibiotics, antifungals, 

herbicides, and anticancer drugs (Higgins and Linton, 

2001). Drug resistance apparently evolved only once during 

early evolution of the ABC subfamily, and all members of 



the family that catalyze drug resistance was therefore 

probably derived from a single, primordial permease (Saier, 

1998). 

The MFS family is an ancient superfamily that probably 

dates back through evolutionary time more than 3 billion 

years. It consists of more than 300 sequenced proteins that 

fall into 17 currently recognized, distantly related 

families, each with general specificity for a different 

type of solute (Pao et al., 1998; Saier, 1998). These 17 

families include four families specific for various types 

of sugars, a fifth that catalyzes uptake of phosphorylated 

glycolytic intermediates, a sixth that catalyzes uptake of 

Krebs cycle intermediates and other metabolites, two 

families that catalyze drug efflux, and several that 

transport organic and inorganic anions (Saier, 1998). The 

two large drug-resistance families within the MFS are 

topologically distinguishable in that one possesses 12 

putative or established transmembrane-spanning domains, 

whereas the others possess 14 spanners (Saier, 1998). First 

evidence of efflux of antimicrobials across the entire cell 

envelope by a MFS member was demonstrated by EmrAB, the E. 

coli MDR, that protects the cell from uncouplers of 

oxidative phosphorylation (Lomovskaya et al., 1995). 



Uncouplers act by shuttling back and forth across the inner 

membrane, bringing protons into the cell and disrupting the 

proton motive force. Using an MDR transporter just to 

extrude a protonophore across the cytoplasmic membrane 

would be counterproductive (Lewis, 1997). The EmrAB 

proteins provide a continuous pathway across the bacterial 

membranes by operating in conjunction with an outer 

membrane porin-like protein, such as TolC (Borges-Walmsley 

and Walmsley, 2001). By pumping across the entire 

envelope, thereby extruding the toxins across the outer 

membrane. Gram-negative cells can overcome this problem of 

counterproductivity- The EmrAB pump also protects the cells 

against other antimicrobial agents, including nalidixic 

acid, proton uncoupler carbonylcyanide m-

chlorophenylhydrazone (CCCP) and thiolactomycin (TLM), an 

antibiotic that inhibits fatty acid synthesis (Furukawa et 

al., 1993; Lomovskaya et al., 1995). Homologues of EmrAB 

have been found in human pathogenic bacteria such as Vibrio 

cholera, Haemophilus influenze, and Neisseria gonorrhoeae 

(Borges-Walmsley and Walmsley, 2001). The emrAB operon 

starts with the regulatory gene emrR, encoding a regulatory 

protein that is a small 19-kDa transcriptional repressor 

that forms a dimer, with several drugs inducing its 
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expression (Lomovskaya et al., 1995). EmrR acts as a 

negative repressor of the MDR pump. Overexpression of emrR 

increases the sensitivity of cells to CCCP, while a 

mutation in the repressor increases resistance to CCCP and 

TLM. EmrR is homologous to PecS, a protein controlling 

pectinase and cellulase production in Erwinia chrysanthemi 

(Reverchon et al,, 1994) and homologous to MarR, the 

repressor of the E. coli mar locus conferring multiple 

antibiotic resistance (Cohen et al., 1993; Gambino et al., 

1993), The emrA gene encodes a 47-kDa peptide containing a 

single hydrophobic domain and a large C-terminal 

hydrophilic domain (Lomovskaya and Lewis, 1992). EmrA, a 

member of the MFP family, is anchored to the cytoplasmic 

membrane by a single a-helix domain, with its large 

periplasmic domain apparently linking the cytoplasmic 

membrane and the outer membrane. 

A novel drug resistance gene, yceE, is also a member 

of the MFS family. The YceE pump confers 2-fold resistance 

to deoxycholate in the presence of IPTG in E. coli (Nishino 

and Yamaguchi, 2001). This novel efflux pump has also been 

reported to be up regulated upon infection in planta in 

Erwinia chrysanthemi (Okinaka et al. 2002). 



In the SMR family, subunits of these presumed homo-

oligomeric permeases are unusually small. Their polypeptide 

chains are 100 to 110 amino acids in length, and they span 

the membrane four times as putative a-helices. Their native 

state in the membrane is probably that of a homotrimer 

(Saier, 1998). Only ten members of SMR have been sequenced, 

and all are from bacteria. 

The RND family is a small, bacterial-specific family, 

some members of which catalyze drug:H+ antiport. Subunits 

of RND permeases are large proteins, generally of more than 

1000 amino-acyl residues (Saier, 1998). Phylogenetic 

analyses of RND family members revealed that these proteins 

fall into three subfamilies that cluster in accordance with 

function. Thus, members of one subfamily are specific for 

divalent heavy metal ions; the second specific for 

lipooligo-saccharides, the third subfamily catalyzes efflux 

of multiple drugs (Saier, 1998). The RND-type MDR pumps are 

important in drug-resistance mechanisms in isolates of 

Pseudomonas aeruginosa (Poole et al., 1993). The well-

known "high intrinsic resistance" of P- aeruginosa is 

apparently the result of a concerted action of an outer-

membrane barrier and the MexAB/Opr pumps that transport 
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erythromycin, chloroamphenicol, tetracycline, quinolones, 

and other antimicrobials across the cell envelope 

(Chuanchuen et al., 2002). A surprise was finding that P. 

aeruginosa MDR pumps protect cells against p-lactam 

antibiotics whose targets are in the periplasm and do not 

need to penetrate the cytoplasmic men±)rane to the cytoplasm 

(Poole et al., 1993). The RND type of MDR pumps is 

responsible for another well-known clinical phenomenon: 

resistance of clinical isolates of N. gonorrhoeae to 

"hydrophobic agents," such as erythromycin and neomycin 

(Lewis, 1997). A representative member of the RND family is 

the acrAB pump initially identified in E. coli (Ma et al., 

1993). AcrAB/TolC mutations produce the "acridine-

sensitivity phenotype" and lead to susceptibility to many 

antimicrobials: erythromycin, negatively charged linear 

detergent molecules such as sodium dodecylsulfate (SDS), 

and positively charged aromatics such as ethidium bromide 

(Fralick, 1996). The gene acrA encodes a periplasmic 

lipoprotein whose amino terminus is anchored to the 

cytoplasmic membrane, and the acrB gene encodes a 1000-kDa 

integral cytoplasmic membrane protein with 12 transmembrane 

segments (Ma et al., 1993). The periplasmic lipoprotein 

11 



AcrA interacts specifically with AcrB, the other component 

of the efflux pump, and this complex is assembled in the 

absence of the outer membrane component TolC. It appears 

that only oligomeric forms of AcrA form complexes with the 

AcrB protein. Oligomerization of AcrA itself, however, does 

not require AcrB (Zgurskaya and Nikaido, 2000). The AcrA 

polypeptide is homologous to EmrA, and, with the addition 

of the outer-membrane protein TolC, the cell benefits from 

two similar types of MDR pumps with complementary substrate 

spectra (Nikaido, 1996). An acrAB deletion mutant was found 

to be hyper-susceptible to bile salts and to deconate. 

Regulation of Efflux Pumps In Bacteria 

It has been observed that some efflux pumps are not 

induced by the substrates they translocate. Expression of 

acrAB was elevated by growth in 5 mM decanote. However, 

bile salts such as chelate and taurodeoxycholate are only 

weak inducers of acrAB. Transcription of acrAB is increased 

by other stress conditions including 4% ethanol, 0.5 M 

sodium chloride, and stationary phase in LB medium (Ma et 

al., 1995). 

Divergently transcribed from the acrAB operon is the 

local regulator gene acrR. The dimeric protein possesses a 

12 



helix-turn-helix DNA-binding domain, making it a member of 

the TetR family of repressors. Although AcrR represses its 

own synthesis and acrAB transcription, it is not involved 

in induction (Grkovic et al., 2001). It appears that AcrR 

plays a modulating role, acting to prevent excessive 

production of the AcrAB pump, whereas global regulators are 

responsible for induction (Grkovic et al., 2001). Increases 

in acrAB and tolC transcription are mediated by each of the 

global regulatory proteins: MarA, SoxS, or Rob. MarR 

controls the intracellular level of MarA; a protein that 

induces marRAB expression resulting in inactive forms of 

MarR, and thereby induction of the marRAB operon (Seoane 

and Levy, 1995; Barbosa and Levy, 2000). The subsequent 

production of MarA further increases marRAB transcription, 

and hence its own synthesis, by binding upstream of the 

jnari?AB promoter where it activates transcription (Alekshun 

and Levy, 1997). The ensuing highly elevated level of MarA 

activates inar regulon genes; including the AcrAB-TolC MDR 

pump complex (Grkovic et al., 2001). Elevated levels of 

MarA have also been found to increase micF transcription, 

thereby causing a decrease in OmpF expression and outer-

membrane permeability (Alekshun and Levy, 1997; Cohen et 

al., 1988; Okusu et al., 1996). Constitutive expression of 

13 



MarA has been also shown to result in differential 

expression of more than 60 E. coli genes (Barbosa and Levy, 

2000). Studies of several local transcriptional regulators 

have shown that they act by directly binding to a wide 

range of toxic compounds similar to that exported by the 

membrane protein whose expression they control, thereby 

facilitating the induction of MDR gene expression in 

response to the presence of diverse toxic substances 

(Grkovic et al., 2001). Multiple-antibiotic-resistance 

(mar) mutants of E. coli express elevated levels of 

resistance to a wide range of unrelated antibiotics such as 

tetracycline and fluoroquinolones (Okusa et al., 1996). 

Experiments have identified the AcrAB system as the major 

pump responsible for making the mar mutants resistant to 

many agents, including tetracycline, chloramphenicol, 

ampicillin, nalidixic acid and rifampin (Ma et al., 1995; 

Nikaido, 1996; Okusa et al., 1996). 

MarA homologs SoxS and Rob can also bind mar promoters 

and activate marRAB transcription. Production of SoxS 

occurs following the conversion of the SoxR effector 

protein into its active form (SoxR*) by superoxide 

generating agents (0̂ ") (Grkovic et al., 2001). 

Overexpression of MarA, SoxS, or Rob has been shown to 

14 



produce increased synthesis of TolC. In addition, a 

putative mar-rob-sox box was identified upstream of the 

tolC gene, suggesting that tolC belongs to the mar regulon 

and its expression is directly activated by MarA and its 

homologs (Aono et al., 1998). Neither MarR nor MarA has any 

affect of the expression of the MDR emrAB, whose induction 

is controlled by the repressor EmrR, the product of the 

first gene in the einrRAB operon (Lomovskaya and Lewis, 

1995). 

Phenotypic resistance to chloroamphenicol and 

ampicillin was induced in sensitive E. coli K-12 strains 

during incubation with acetate, acetyl salicylate 

(aspirin), benzoate, dimethyl sulfoxide, and salicylate. In 

addition, acetyl salicylate- or salicylate-induced 

resistance to nalidixic acid, tetracycline, and CCCP 

(Rosner, 1985; Lomovskaya et al., 1995) The addition of the 

antibiotics tetracycline and chloramphenicol, aromatic weak 

acids such as salicylate, and a structurally diverse range 

of other compounds have all been shown to cause induction 

of mar regulon expression (Aleksun and Levy, 1999; Hachler 

et al., 1991). The regulatory marRAB operon is the critical 

genetic element involved in salicylate-inducible antibiotic 

resistance (Cohen et al., 1993; Sulavik et al., 1994). 
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Relationship Between Salicylate and Plant 
Signaling 

Historically, the genus Erwinia has been a repository 

for plant-pathogenic or plant-associated bacteria 

(Chatterjee and Starr, 1980). The Erwinia are related 

genetically to other enterobacteria such as E. coli and 

Salmonella enterica Serovar Typhimurium which both serve as 

model systems for genetics and physiology (Neidhardt et 

al., 1987). Erwinia diversity is shown in the range of 

symptoms caused: necrosis, wilts, galls, and soft rot 

elicited in a wide range of plants (Barras et al., 1994). 

The capacity to attack a wide range of plants necessitates 

the presence of several isozymes that exhibit minor 

differences in their ability to recognize and cleave pectin 

(Hugouvieux-Cotte-Pattat et al., 1996). Different isozymes 

can attack the a 1-4 glycosidic linkages in pectin, the 

cementing material of the cell wall, creating a wide array 

of pectin oligomers and monomers (Collmer and Keen, 1986). 

Many studies have demonstrated that Erwinia chrysanthemi 

produces a set of depolymerizing enzymes such as 

pectinases, cellulases, proteases, phospholipases, and 

xylanases that can cause degradation of plant cell-wall 

components (Collmer and Keen, 1986). The plant-pathogenic 

16 



potential of E. chrysanthemi results from the action of a 

suite of pectinolytic enzymes (Hugouvieux-Cotte-Pattat et 

al., 1996). E. chrysanthemi uses the pectin polymers and 

pectin-derived monomers as carbon and energy sources for 

growth (Haseloff et al., 1998; San Francisco et al., 1996). 

Pectin is a common component of the middle lamella and the 

primary cell wall of plants. However, the degree of 

methylesterification or acetylation and the presence of 

other chemical groups vary according to the plant tissue 

and cell-wall component (Hugouvieux-Cotte-Pattat et al., 

1996). The extracellular degradation of the pectin leads to 

the formation of oligogalacturonides that are catabolized 

through an intracellular pathway, and these pectin 

oligomers have been shown to be important in signal 

exchange between soft-rot Erwinias and their host (Barras 

et al., 1994). Interestingly, pectin oligomers with a high 

degree of polymerization (10 to 15) residues activate plant 

defense systems such as synthesis of phytoalexins 

(antimicrobial compounds) and pathogenic-related proteins 

(chitinase or P-glucanase) in plant hosts (Ryan and Farmer, 

1991). 

17 



A plant's cellular responses to infection are often 

correlated with rapid, localized cell death at the site of 

attempted infection, termed the hypersensitive response 

(HR). It is not clear whether the HR itself kills the 

pathogen or whether the response is a by-product of the 

execution mechanism (Dangl, 1998). One of the cellular 

responses to invasion is an oxidative burst, leading to the 

production of reactive oxygen intermediates (ROIs). This 

drives cross-linking of the cell wall, induces several 

plant genes involved in cellular protection and defense. 

All of which is necessary for the initiation of host cell 

death in the HR. In mammalian macrophages, ROIs collaborate 

with nitric oxide (NO) to execute bacterial pathogens 

(Dangl, 1998). NO collaborates with ROIs to trigger 

transcriptional activation of plant-defense genes and the 

HR. Salicylate is an intermediate required for many plant 

disease-resistance responses. Accumulation of salicylate 

can act as a gate downstream of disease-resistance-gene-

dependent ROI production, and also as an amplifier of post-

ROI cellular responses (Dangl, 1998). 
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CHAPTER II 

MATERIALS AND METHODS 

Bacterial Strains, Chemicals, and Growth Media 

The Erwinia chrysanthemi strain used in this study was 

3937 DE provided by Dominique Expert. Luria-Bertani (LB) 

media was used in all liquid growth and MIC determinations. 

Media was made up at the following concentrations, 1% 

Bacto-Tryptone, 0.5% Yeast Extract, and 0.5% Sodium 

chloride. Novobiocin (NOV), nalidixic acid (NA), sodium 

dodecyl sulfate (SDS), sodium salicylate (SAL), and sodium 

deoxycholate (DOC) were purchased from Sigma Chemical 

Company (St. Louis, MO) and were all dissolved in water at 

150 mg/ml, 10 mg/ml, 1.5 mM, 100 mg/ml, and 300 mg/ml 

respectively. Typically, E. chrysanthemi cells were grown 

at 30°C and shaken at 200 rpm. The addition of SAL was 

always at 1.5 mM. 

Minimum Inhibition Concentration Determination 
and Growth Curve Analysis 

Test tubes (20 x 150 mm) were filled with 4 ml of LB 

media containing the appropriate antibiotic (NOV or NA) or 

detergent (SDS or DOC) to various concentrations and 

inoculated with approximately 10^ cells/ml from an overnight 
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culture. After 18 hours at 30°C and 200 rpm, 0.5-ml samples 

were read on a Beckman DU530 at 600 nm. Any reading below 

0.05 was considered zero, and the lowest concentration that 

prevented bacterial growth was identified as the minimum 

inhibitory concentration (MIC). The same procedure was 

followed as indicated above, except with the addition of 

1.5 mM SAL. The lowest concentration that inhibited growth 

was identified as the MIC-SAL. Erlenmeyer 150-ml flasks 

were filled with 15 ml of LB and inoculated with 

approximately 10^ cells/ml from an overnight culture. 

Antibiotics and detergents with and without SAL were added 

at sub-lethal and lethal doses at the time of inoculation 

and O.D. measurements at 600 nm were taken at regular 

intervals for 18-24 hours. 

Genomic DNA Isolation From E. chrysanthemi 
3937 DE 

Genomic DNA was isolated from a 5-ml overnight culture 

using the QIAGEN Genomic Prep Kit from Qiagen (Germany). 
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Preparation of Probes For Gene Expression 
Analysis 

In order to test expression of the efflux pumps emr, 

acr, and yceE and the outer-membrane protein TolC, PCR 

probes for E. chrysanthemi 3937 DE were needed. Primers 

were designed from e;nrB to yield an 815-base pair (bp) 

fragment (Figure 1) from the 1533-bp gene. The acrA primers 

were designed to make a full-length sequence from the 1206-

bp gene (fig 2). An 839-bp yceE fragment (Figure 3) from 

the 1194-bp gene and a 772-bp tolC fragment (Figure 4) from 

the 2004-bp gene were similarly constructed. A portion of 

the 16S rDNA gene was used as a positive control to check 

that the RNA samples were the same in each experiment. The 

16S primers were designed to synthesize an 802-bp fragment 

(Figure 5) from the 1285-bp gene. 

PCR was carried out using 3937 DE genomic DNA and the 

indicated primers from the appropriate genes: forward 

primer emrB 5'-AAC CAC TTG AGG GCA TGA CG-3', reverse 

primer emrB 5'-GCA CAG GCA GCC AAT GGT AA-3', forward 

primer acrA 5'-CAG TGC TGC GTC CAT AAT CTG GAG T-3', 

reverse primer acrA 5'-TCG GGC GAT CTA TGA AAA ACT TGG C-

3', forward primer yceE 5'-TCC GCC TGG CTG GGA TGT TT-3', 

reverse primer yceE 5'-AGG AAC AGC GCC ACG ATC AG-3', 
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forward primer toiC 5'-CTT TCC GCG GAA CGA ATC TGC T-3', 

reverse primer tolC 5'-TTC TCA TCA GCC TGG GTC TGG G-3', 

and forward primer 16S 5'-CTG AGA CAC GGT CCA GAC TC-3', 

reverse primer 16S 5'-AGA GGA TAA GGG TTG CGC TC-3'. PCR 

reactions for all 5 genes were as follows: 90°C for 1 

minute, 60°C for 1 minute, and 72°C for 1 minute, for 30 

cycles. All reactions used Promega buffers and Fisher Tag 

polymerase, nucleotide triphosphates (NTP) from Takara and 

primers at the following final concentrations: IX reaction 

buffer, 1.5 mM MgClz, 200 îM NTPs, 100 pM of primers, and 

one unit of Tag polymerase. All reactions were carried out 

on a MJ Research PTC-100 machine. 

Agarose Electrophoresis and Purification 

PCR reaction products were run on 0.8% agarose gels in 

TBE buffer at approximately 70 volts for 3 hours. Lambda 

Hind III standards were run with the reactions to ensure 

the products were of appropriate size. Once bands were 

determined to be the appropriate size, the bands were 

excised from the gel with a sterile razor blade and 

purified using the QIAEXII purification kit from QIAGEN 

(Germany). 
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RNA Isolation 

Erlenmeyer 150-ml flasks were filled with 15 ml of LB 

and inoculated with approximately 10^ cells/ml from an 

overnight culture and grown until they reached an O.D. of 

0,5 at 600 nm. Cultures were then induced with antibiotics 

and detergents as follows: LB control (no antibiotics), SAL 

(1.5 mM SAL only), Nov (100 ̂ ig/ml NOV), Nov+SAL (100 ng/ml 

NOV and 1.5 mM SAL), Na (0.5 ng/ml NA), Na+SAL (0.5 fxg/ml NA 

and 1.5 mM SAL), SDS (250 [xg/ml SDS), SDS+SAL (250 îg/ml SDS 

and 1.5 mM SAL), DOC (5 mg/ml DOC), and DOC+SAL (5 mg/ml 

DOC and 1.5 mM SAL). Following one hour of exposure to the 

inducers, approximately 10^ cells (2 ml) were harvested for 

RNA. Total cellular RNA was isolated from the harvested 

cells from the induction experiment using the RNeasy kit 

from QIAGEN (Germany). Concentration of the RNA samples was 

quantified on a Beckman DU530. RNA samples were analyzed 

for integrity on a 1.2% FA (Formaldehyde Agarose) gel (1.2 

grams of agarose, 1.8 ml of 37% formaldehyde, 20 mM MOPS, 5 

mM sodium acetate, 1 mM EDTA in 100 ml of Rnase-free 

water). Gels were equilibrated in IX FA running buffer (20 

mM MOPS, 5 mM Sodium Acetate, 1 mM EDTA, 0.75% formaldehyde 
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in RNase-free water) for 30 minutes prior to 

electrophoresis. 

Slot Blot RNA Transfer 

A BioRad Slot Blot manifold was cleaned with 0.1 N 

NaOH and rinsed with distilled water. A nylon membrane was 

cut to fit the manifold, soaked in distilled water for ten 

minutes, and then soaked lOX SSC for ten minutes. The 

membrane was placed in the manifold, assembled per the 

manufacturer's instructions, and each slot was filled with 

lOX SSC. Three volumes of denaturing solution (500 \xl of 

formaldehyde, 162 [il of 37% formaldehyde, and 100 [xl of MOPS 

buffer: {200 mM MOPS, 500 mM sodium acetate, 10 mM EDTA}) 

were added to one microgram of RNA and heated at 65°C for 15 

minutes. Two volumes of ice-cold 20X SSC were added to 

each sample. Vacuum suction was applied to the manifold, 

and after the lOX SSC passed through, the RNA samples were 

added. After the samples passed through the manifold, wells 

were rinsed twice with one ml of lOX SSC. After washing, 

the manifold was disassembled and the membrane dried and UV 

cross-linked using a UV Stratalinker 2400. 
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Random Prime Labeling and Probe Purification 

PCR probes were radioactively labeled using the Random 

Prime Labeling Kit (Roche) following manufacturer's 

protocols. Probe purification was carried out as follows. A 

small amount of sterile glass wool is packed into a 1-ml 

syringe (just enough to prevent the Sephadex G50 beads from 

passing through). One ml of sterile Sephadex G50 suspension 

was pipetted into the syringe, and the syringe was placed 

in a test tube for centrifugation. The test tube containing 

the syringe was placed in a bench-top test-tube centrifuge 

and spun exactly at 1000 rpm for one minute. After the 

centrifuge had come to a stop, liquid was discarded from 

the test tube and fresh Sephadex G50 was added and repeated 

until the syringe contained one ml of packed Sephadex G50. 

The packed column was washed two times with 500 [xl of TE at 

1000 rpm for one minute. A small 500-^1 microfuge tube was 

attached to the syringe to collect the eluted probe. After 

collection of the probe, the probe was boiled for 10 

minutes and then put on ice for five minutes prior to 

hybridization. 
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Northern Hybridization 

The RNA-bound nylon membrane was pre-hybridized in 5X 

SSC, 5X Denhardt's reagent, 50% formamide, 1% SDS and 100 

l-ig/ml of denatured salmon sperm DNA at 42''C for two hours. 

After pre-hybridization the denatured, labeled probe was 

added and hybridization was carried out overnight at 42°C in 

a Robbins Scientific Microhybridizer. After the overnight 

hybridization, the membrane was first washed in 2X SSC and 

0.1% SDS at room temperature for five minutes and repeated 

once. The membrane was then washed in 0.2X SSC and 0.1% SDS 

for five minutes at room temperature and repeated once. 

Thirdly, the membrane was washed in 0.2X SSC and 0.1% SDS 

for 15 minutes at 42°C and repeated once. Finally, the 

membrane was washed in O.IX SSC and 0.1% SDS for 15 minutes 

and 68°C and repeated once. The washed membrane was then 

exposed on Fuji X-ray film at -80°C overnight. The X-ray 

film was developed using Kodak developer and fixer. 

RNA Densitometry 

The X-ray films from each hybridization experiment 

were quantified using a Molecular Dynamics Computing 

Densitometer at the TTU Center for Genomic and 
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Biotechnology Core Facility. The values for the LB 

expression were used as the baseline and divided into the 

experimental values of expression to determine the amount 

of expression in each antibiotic treatment. 
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Figure 1: PCR reaction using emrB primers against genomic 
DNA of E. chrysanthemi 3937 DE as a template. 
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Figure 2: PCR reaction using acrA primers against genomic 
DNA of E. chrysanthemi 3937 DE as a template. 
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Figure 3: PCR reaction using yceE primers against genomic 
DNA of E. chrysanthemi 3937 DE as a template. 
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toil 

Figure 4: PCR reaction using tolC primers against genomic 
DNA of E. chrysanthemi 3937 DE as a template. 
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Figure 5: PCR reaction using 16S rDNA primers against 
genomic DNA of E. chrysanthemi 3937 DE as a template. 
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CHAPTER III 

RESULTS AND DISCUSSION 

Alignment of Efflux Pumps and TolC 

To compare efflux pumps from E. coli and E. 

chrysanthemi, their respect amino acid sequences were 

aligned to determine if significant homology existed 

between the gene products. Alignment of the derived amino 

acid sequence acrA (Figure 6) from E. chrysanthemi 3937 DE 

and E. coli K-12 using Vector NTI revealed a positives 

percentage of 77.9 and an identity of 68.3%. For acrB 

(Figure 7), 86.5% positives and 77.9% identity; emrA 

(Figure 8), 75.4% positives and 66.2% identity; einrB 

(Figure 9), 89.7% positives and 79.3% identity; and yceE 

(Figure 10), 74.6% positives and 60.1% identity. For tolC 

(Figure 11), the data was 78.2% positives and 70.0% 

identity. 

The alignment analysis indicates that the E. coli and 

E. chrysanthemi genes have significant homology and that 

their function would be similar. Interestingly, higher 

homologies were observed for the membrane-bound components 

of these pumps, AcrB and EmrB, relative to the membrane 

fusion periplasmic components AcrA and EmrA. This is 
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probably due to the high number of hydrophobic amino acids 

shared between the two proteins in their membrane-spanning 

domains. The relatively lower level of homology between the 

MFP's AcrA and EmrA may reflect differences in their 

substrate specificities. 

Evaluation of MICs 

E. chrysanthemi 3937 DE was exposed to NOV, NA, SDS, 

DOC at a wide range of concentrations to determine which 

minimum concentrations inhibited growth. The MIC data is 

shown in Table 1. To test whether the addition of SAL 

increased MIC levels to the tested compounds, the same 

experiment was carried out except with the addition of SAL. 

SAL addition increased the levels of NOV and NA resistance 

over 3-fold and 8-fold, respectively. Interestingly, SAL 

only increased resistance levels of the antibiotics but had 

no effect on resistance to the detergents SDS and DOC. 

Growth Curve Analysis 

To observe the growth pattern of E. chrysanthemi 3937 

DE at lethal and sub-lethal concentrations of antibiotics 

(NOV and NA) in the presence and absence of SAL, optical 

density measurements were made over 18-24 hours (Figures 12 
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and 13). The addition of SAL alone caused a decrease in the 

growth rate compared to the LB control but eventually 

reached the same optical density as LB cells at 24 hours. 

NOV at a sub-lethal dose of 100 |xg/ml slowed growth to 

approximately one-half that of LB-grown cells. The NOV 

treatment at 375 |xg/ml completely inhibited growth, as would 

be expected. The addition of SAL to 100 ^g/ml of NOV showed 

slower growth in the early log phase, but at 24 hours the 

optical density was comparable to the LB and SAL cells. The 

addition of SAL to the lethal concentration of 375 |xg/ml of 

NOV induced growth to about half the rate of LB cells and 

almost identical to the rate of growth at 100 ng/ml NOV, a 

sub-lethal concentration. 

The sub-lethal concentration of 0.5 [xg/ml NA slowed 

growth to about half that of the LB control, and the lethal 

concentration of NA at 4 ng/ml completely inhibited growth 

as expected. The addition of SAL to the sub-lethal 

concentration improved growth to almost that of the SAL 

control and the addition of SAL to the lethal concentration 

dramatically increased growth, almost to the same as the 

sub-lethal SAL treatment. Addition of SAL to cells exposed 

to NOV and NA is obviously providing a mechanism of 
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increased resistance. This increased resistance is due 

either to the enhanced expression of one or several efflux 

pumps or inducing genes similar to the mar operon found in 

E. coli (Cohen et al., 1993; Sulavik et al., 1994), which 

has been shown to respond to SAL and provide increased 

antibiotic resistance. 

MDR Expression Analysis 

Total RNA was isolated from cells exposed to 

antibiotics for one hour after cells were grown to an 

optical density of 0.5. RNA was then immobilized on nylon 

membranes for analysis. For each probe (emrB, acrA, yceE, 

tolC, and 16S rDNA) aliquots of the same RNA isolation were 

probed. 

The einrB probe blot (Figure 14) revealed that the 

efflux pump was induced to higher levels than that of LB 

control cells in SAL, NA+SAL, SDS, SDS+SAL, DOC and DOC+SAL 

treated cells (Table 2 and Table 3). The most dramatic 

increase was seen in the SDS- and DOC-treated cells (Figure 

15), approximately three to five times that of LB control 

cells. Thus it appears that, in E. chrysanthemi, DOC 

induces EmrAB pump activity by a SAL-independent pathway 

and a SAL-dependent pathway. The SAL seemed to lower 
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expression in SDS+SAL treated cells but had an increasing 

effect on DOC-treated cells. 

The acrA probe blot (Figure 16) showed that the gene 

was induced in SAL, NA+SAL, SDS, SDS+SAL, DOC, and DOC+SAL-

treated cells (Table 2 and Table 3). SDS, DOC, and DOC+Sal 

induced expression six to eight times higher than that of 

LB control (Figure 17). This data also shows that DOC and 

SDS resistance is inducible in an SAL-independent pathway 

and also that DOC and SDS may resemble the true inducers of 

this pump as more than antibiotics. As in the case in the 

emr pump, SAL induced expression to higher rates compared 

to the DOC treatment and the addition of SAL had minimal 

effects on SDS. 

The yceE pump known to be up regulated in planta 

(Okinaka et al., 2002) and in the presence of SDS in E. 

coli (Nishino and Yamaguchi, 2001) was up regulated in the 

presence of SAL, NA+SAL, SDS, SDS+SAL, DOC, and DOC+SAL 

(Figure 18). The highest expression increase was seen in 

the DOC+SAL treatment, ten times higher than LB control 

(Figure 19). SDS had over eight times the expression. The 

fact that this pump has been shown to be expressed in 

planta may indicate that it is responsible for pumping out 
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antimicrobial agents produced by the plant that resemble 

detergents like DOC and SDS. 

TolC expression was increased in the presence of SAL, 

NA+SAL, SDS, SDS+SAL, DOC, and DOC+SAL (Figure 20). The SDS 

and DOC showed the most dramatic increase (Figure 21), 

approximately five to six times the expression of LB. The 

expression of TolC was investigated because of the fact 

that this outer-membrane protein is an essential part of 

the efflux pump system of emr and acr. In this case we see 

an up-regulation in response to the addition of SAL and the 

detergents, which would be expected according the current 

theories regarding tolC expression (Aono et al., 1998; 

Fralick, 1996; Okusu et al., 1996) in E. coli. 

The 16S rDNA hybridizations in all of the samples were 

relatively uniform except the SDS, SDS+SAL, DOC and DOC+SAL 

samples. Even with the decreased numbers of expression, 

these four samples showed the highest induction of 

expression. Relative expression was calculated by 

normalizing the expression levels in emr, acr, yceE, and 

tolC experiments to the level of 16S rDNA expression (Table 

3). The results showed that the level of DOC induction of 

expression is indeed higher for emr, acr, yceE, and tolC 

once adjusted for the level of 16S rDNA expression. 
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In summary, this work describes two conclusions, (i) 

SAL increases resistance levels in the antibiotics NOV and 

NA, but does not increase resistance levels of DOC and SDS. 

(ii) Expression of the efflux pumps ejnr, acr, yceE, and the 

outer-membrane protein tolC is induced when exposed to the 

detergents DOC and SDS and the plant-signaling molecule 

SAL. 
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Figure 6: Vector NTI AlignX alignment of E. 
3937 acrA and E. coli K-12 acrA 

chrysanthemi 
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NAVGTGVMGGMITATVLAIFFVPVFFVWRRRF KK DD HT 

H-
H-
H 

Figure 7 continued 
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MPSKSKKSRKGILTLLMIVFFFIGCVWFAYWYLVLRHHQ 
MSANAETQTPQQPVKKSGKRKRLLLLLTLLFIIIAVAIGIYWFLVLRHFE 

P K RK IL LL ILF lA YWFLVLRH 

ETDDAYVAGNQIQIMSQVNGSVARVNVDNTDFVKKGDVLVELDPTDAEQA 
ETDDAYVAGNQIQIMSQVSGSyTKVWADNTDFVKEGDVLVTLDPTDARQA 
ETDDAYVAGNQIQIMSQV GSV KV DNTDFVK GDVLV LDPTDA QA 

FERSKTTLANSVRQVHQQMINVRQYQANIDLQQIALDKAISDLNRREVLG 
FEKAKTALASSVRQTHQLMINSKQLQANIEVQKIALAKAQSDYNRRVPLG 
FEKAKT LA SVRQ HQ MIN KQ QANIDLQ lAL KA SD NRR LG 

RANAIGREDLQHARDQVASARABLEAAKQQYAATQALVLNTSLEQQPAIA 
NANLIGREELQHARDAVTSAQAQLDVAIQQYNANQAMILGTKLEDQPAVQ 
AN IGREDLQHARD V SA A LD A QQY A QALIL T LE QPAI 

QAATDLRNAWLALKRTHIVSPVDGYVSRRSVQLGARVTPSSALMAWPAA 
QAATEVRNAWLALERTRIISPMTGYVSRRAVQPGAQISPTTPLMAWPAT 
QAATDLRNAWLAL RT IISPM GYVSRRAVQ GA ISPSS LMAWPA 

PLWVDANFKETQLANMRIGQPATIISDLYGDSWYKGKWGLDMGTGSAF 
NMWVDANFKETQIANMRIGQPVTITTDIYGDDVKYTGKWGLDMGTGSAF 
LWVDANFKETQIANMRIGQP TI SDIYGD V Y GKWGLDMGTGSAF 

SLLPAQNATGNWIKWQRLPVRIELDPKQLTDYPLRIGLSTLVKVDTANT 
SLLPAQNATGNWIKWQRLPVRIELDQKQLEQYPLRIGLSTLVSVNTTNR 
SLLPAQNATGNWIKWQRLPVRIELD KQL YPLRIGLSTLV V T N 

DGKMLSDASRATPAYQSDALDLDLSPVNQMIDQIIGANAG-
DGQVLANKVRSTPVAVSTAREISLAPVNKLIDDIVKANAG-
DG MLA RATP S A DI LAPVN LID II ANAG 

Figure 8: Vector NTI AlignX alignment of E. chrysanthemi 
3937 emrA and E. coli K-12 emrA 
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-VTRKPLEGMTLALMTIALSLATFMQVLDSTIANVAIPTIAGNLGASNSiQ 
MQQQKPLEGAQLVIMTIALSLATFMQVLDSTIANVAIPTIAGNLGSSLSQ 

KPLEG L IMTIALSLATFMQVLDSTIANVAIPTIAGNLGAS SQ 

GTWVITSFGVANAISIPITGWLAKRFGEVRLFIWATVLFTLTSWLCGMST 
GTWVITSFGVANAISIPLTGWLAKRVGEVKLFLWSTIAFAIASWACGVSS 
GTWVITSFGVANAISIPITGWLAKR GEVKLFIWATI F I SW CGMSS 

SLEMLIVSRMLQGLVAGPIIPLSQSLLLNNYPPAKRGIALALWSMTVWA 
SLNMLIFFRVIQGIVAGPLIPLSQSLLLNNYPPAKRSIALALWSMTVIVA 
SL MLI RMIQGIVAGPIIPLSQSLLLNNYPPAKR lALALWSMTVIVA 

PIFGPILGGWISDNYHWGWIFFINVPLGIVWLITLQTLRGRETKTEIRP 
PICGPILGGYISDNYHWGWIFFINVPIGVAWLMTLQTLRGRETRTERRR 
PI GPILGGWISDNYHWGWIFFINVPIGI WLITLQTLRGRETKTE R 

IDTIGLVLLAAGIGCLQMMLDRGKELDWFNSTEIWLAWAWSLTVLW 
IDAVGLALLVIGIGSLQIMLDRGKELDWFSSQEIIILTWAWAICFLIV 
ID IGL LL GIG LQIMLDRGKELDWF S EIIIL W A W A I LIV 

WELTDDHPWDLSLFKMRNFTIGCLCTSLAFMLYFGAIVLLPQLLQVVFG 
WELTDDNPIVDLSLFKSRNFTIGCLCISLAYMLYFGAIVLLPQLLQEVYG 
WELTDD PIVDLSLFK RNFTIGCLC SLAFMLYFGAIVLLPQLLQ VFG 

YTATWAGLASAPVGLMPVILSPLIGRFMHKLDMRRLVTFSFIMYAVCFYW 
YTATWAGLASAPVGIIPVILSPIIGRFAHKLDMRRLVTFSFIMYAVCFYW 
YTATWAGLASAPVGIIPVILSPIIGRF HKLDMRRLVTFSFIMYAVCFYW 

RAYTFEPAMDFGASAWPQFVQGFAVACFFMPLTTITLSGLPPERMAAASS 
RAYTFEPGMDFGASAWPQFIQGFAVACFFMPLTTITLSGLPPERLAAASS 
RAYTFEPAMDFGASAWPQFIQGFAVACFFMPLTTITLSGLPPERLAAASS 

LSNFARTLAGSIGTSITTTLWERREALHHEQLSEAINPYNPLAQQTYQQL 
LSNFTRTLAGSIGTSITTTMWTNRESMHHAQLTESVNPFNPNAQAMYSQL 
LSNF RTLAGSIGTSITTTLW REALHH QLSEAINPFNP AQ Y QL 

EAMGMSQQQVSSYLAQQITAQGLIIGANEIFWLSAGVFWLIVLVWFAKP 
EGLGMTQQQASGWIAQQITNQGLIISANEIFWMSAGIFLVLLGLVWFAKP 
EALGMSQQQ S WIAQQIT QGLII ANEIFWLSAGIFLVLI LVWFAKP 

PFGSHSAGG-AH-
PFGAGGGGGGAH-
PFGA AGG AH 

Figure 9: Vector NTI AlignX alignment of E. chrysanthemi 
3937 emrB and E. coli K-12 emrB 
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WK NLI AWLGCF TG A S ILPFLPLYIE LGVS HS 

ALNLWSGLVFSSSFLISAIVAPLWGSLADRKGRKLMLLRAALGMSIVMAL 
ALNMWSGIVFSITFLFSAIASPFWGGLADRKGRKLMLLRSALGMGIVMVL 
ALNLWSGIVFS SFL SAI AP WG LADRKGRKLMLLRAALGM IVM L 

QGMATNVWQLFILRALMGLTSGYIPNAMALIASQVPRSRSGWALGTLSTG 
MGLAQNIWQFLILRALLGLLGGFVPNANALIATQVPRNKSGWALGTLSTG 
GLA NIWQ ILRALLGL GFIPNA ALIASQVPR KSGWALGTLSTG 

QVAGVLIGPLLGGFMADTIGLRMVFFVTSAMLFICFLITLFAIRENAVTV 
GVSGALLGPMAGGLLADSYGLRPVFFITASVLILCFFVTLFCIREKFQPV 
VAG LIGPL GG LADS GLR VFFITAAML ICF ITLF IRE V 

SKKAQLSGRAVFASLPYPLLIVSLCFTTMMIQMANGSISPILTLFIRDLS 
SKKEMLHMREWTSLKNPKLVLSLFVTTLXIQVATGSIAPILTLYVRELA 
SKK L R V SL P LILSL TTLIIQMA GSIAPILTLFIRDLA 

PNIDNIAFISGVIAAVPGVSALLSAPRLGRLGDRIGSQRVLIVALFLCAL 
GNVSNVAFISGMIASVPGVAALLSAPRLGKLGDRIGPEKILITALIFSVL 
NI NIAFISGMIAAVPGVAALLSAPRLGKLGDRIG KILI AL L 

LFFLMSAVQSSVQLGILRFALGFADGALMPAVQALLVKYSSQQVTGRIFG 
LLIPMSYyQTPLQLGILRFLLGAADGALLPAVQTLLVYNSSNQIAGRIFS 
L MS VQS LQLGILRF LG ADGALLPAVQ LLV SSNQI GRIF 

YNQSCMYLGNWGPLLGSTVSATLGYRWVFLVTALLVLINGVQLMVSFAR 
YNQSFRDIGNVTGPLMGAAISANYGFRAVFLVTAGWLFNAVYSWNSLRR 
YNQS IGNV GPLLGA ISA GFR VFLVTA LVL NAV S R 

—MPKKG— 
RRIPQVSN-
IP 

Figure 10: Vector NTI AlignX alignment of E. chrysanthemi 
3937 yceE and E. coli K-12 yceE 
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AFEKINEARSPLLPQLGLGADYTYSNGYRDANGINSNATSASLQLTQSIF 
AFEKINEARS LLPQLGLGADYTY GYRD INSNATSASLQLTQSIF 

NMSLWRALTLQEKQAGIQDVSYQTSQQTLLLNTATAYFNVLRAIDSLSYV 
DMSKWRALTLQEKAAGIQDVTYQTDQQTLILNTATAYFNVLNAIDVLSYT 
MS WRALTLQEK AGIQDVSYQT QQTLILNTATAYFNVL AID LSY 

SAQKQSIYRELDQTTQRFNVGLVAITDVQNARAQYDNVLASEVTARNNLD 
QAQKEAIYRQLDQTTQRFNVGLVAITDVQNARAQYDTVLANEVTARNNLD 
AQK AIYR LDQTTQRFNVGLVAITDVQNARAQYD VLA EVTARNNLD 

NTMETLRQVTGQFYPQLAGLNIDRFAPQKPDAVNSLLKEAENRNLSLLSA 
NAVEQLRQITGNYYPELAALNVENFKTDKPQPVNALLKEAEKRNLSLLQA 
N ME LRQITGNFYP LAALNID F KP VNALLKEAE RNLSLL A 

RLSQDLAREQIRSAESGHMPTLNLTASTGVTNTNYSGS NAVGNNFND 
RLSQDLAREQIRQAQDGHLPTLDLTASTGISDTSYSGSKTRGAAGTQYDD 
RLSQDLAREQIR A GHLPTL LTASTGIS T YSGS A G NF D 

TYVGQNQVGLSFSLPMYSGGGTSSRVQQAQHSFVASSENMESAHRSVIQT 
SNMGQNKVGLSFSLPIYQGGMVNSQVKQAQYNFVGASEQLESAHRSWQT 
S MGQN VGLSFSLPIY GG S V QAQH FVAASENLESAHRSVIQT 

LRSAHNNIS SSIS S VN AYKQAWS AQS SLDAME AGYQVGTRTIVD VLDAT 
VRSSFNNINASISSINAYKQAWSAQSSLDAMEAGYSVGTRTIVDVLDAT 
LRSA NNI ASISSINAYKQAWSAQSSLDAMEAGY VGTRTIVDVLDAT 

TTLYNAKQQLSGARYDYLliNQLNLKQALGTLNEDDLRTLNTMLGKPVSTS 
TTLYNAKQELANARYNYLINQLNIKSALGTLNEQDLLALNNALSKPVSTN 
TTLYNAKQ LA ARY YLINQLNIK ALGTLNE DL LN L KPVST 

AAIGDDAPAPAATPVTAKTPAKAKP 
PENVAPQTPEQNAIADGYAPDSPAPWQQTSARTTTSNGHNPFRN-

AIAD A PV T AK 

Figure 11: Vector NTI AlignX alignment of E. 
E. coli K-12 tola 

chrysanthemi 3937 tolC and 
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Table 1: MIC concentrations for E. chrysanthemi 3937 DE in 
the absence and presence of Salicylate. 

SAL 
0 mM 

1.5 mM 

Novobiocin 

125 \iq/ml 
400 |.ig/ral 

Nalidixic Acid 

1 |xg/ml 

8 î g/ml 

SDS 
2 mg/ml 

2 mg/ml 

DOC 
10 mg/ml 

10 mg/ml 
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1 

2 

LB 

SAL 

3N0V 100 ng/ml 

4N0V 100 ng/ml, SAL 1.5mM 

5N0V 375 ng/ml 

6N0V 375 Jig/ml, SAL l,5mM 

0 

0,003 

0,001 

0,003 

0,001 

0.001 

0,002 

2 

0,006 

0.003 

0.006 

0.004 

0.005 

0.003 

5 

0,059 

0.014 

0.011 

0,014 

0,001 

0,005 

7 

0,412 

0.081 

0,027 

0.052 

0.007 

0.01 

8 

0,638 

0,126 

0.028 

0,084 

0.006 

0,008 

9 

0,944 

0,215 

0.048 

0,163 

0.006 

0,014 

10 

1,223 

0,349 

0.074 

0.261 

0.001 

0.015 

24 

1.671 

1.588 

0.986 

1.548 

0.031 

0,845 

g 
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Figure 12: Growth curve of E. chrysanthemi 3937 DE in the 
presence of Novobiocin at sub-lethal and lethal 
concentrations. 
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ILB 

2 SAL 

3NA 0 , 5 \ig/ml 
NA 0 , 5 f ig/ml, SAL 1,5 

4mM 

SNA 4 [ig/ml 

6NA 4 n g / m l , SAL 1,5 mM 

0 2 4 6 8 10 12 16 18 

0 .002 0 ,003 0 ,025 0 . 1 2 1 0 , 5 4 2 1 , 1 7 1 1 , 4 7 6 1 , 6 7 3 1 , 6 7 9 
0 , 0 0 1 0 . 0 0 1 0 . 0 0 8 0 .039 0 ,149 0 .447 0 ,955 1,419 1,536 
0 ,003 0 ,003 0 ,016 0 ,053 0 ,093 0 , 1 2 1 0 , 3 1 6 0 .564 0 ,795 

0 ,002 0 . 0 0 1 0 . 0 0 6 0 ,035 0 , 1 0 1 0 , 3 2 8 0 ,834 1,315 1,459 
0 ,004 0 .003 0 .007 0.012 0 . 0 1 1 0 . 0 1 7 0 .016 0 .018 0 . 0 2 1 
0 . 0 0 1 0 . 0 0 2 0 .009 0.027 0 .073 0 .206 0 .566 1.159 1,267 

Figure 13: Growth curve of E. chrysanthemi 3937 DE in the 
presence of Nalidixic acid at sub-lethal and lethal 
concentrations. 
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Figure 14: Northern slot-blot of total RNA from E. 
chrysanthemi 3937 DE using the emrB PCR product as a probe, 
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Figure 15: Adjusted emrB expression. 
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Figure 16: Northern slot-blot of total RNA from E. 
chrysanthemi 3937 DE using the acrA PCR product as a probe. 
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Figure 17: Adjusted acrA expression 
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Figure 18: Northern slot-blot of total RNA from E. 
chrysanthemi 3937 DE using the yceE PCR product as a probe, 
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Figure 19: Adjusted yceE expression 
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Figure 20: Northern slot-blot of total RNA from E. 
chrysanthemi 3937 DE using the tolC PCR product as a probe. 
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Figure 21: Adjusted tolC expression 
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Figure 22: Northern slot-blot of total RNA from E. 
chrysanthemi 3937 DE using the 16S PCR product as a probe, 

58 



Table 2: Relative expression rates of emrB, acrA, yceE, 
tolC, and 16S exposed to the indicated chemicals. 

LB 

SAL 

NOV 

NOV+SAL 

NA 

NA+SAL 

SDS 

SDS+SAL 

DOC 

DOC+SAL 

emrB 

1 

1.279 

0,443 

0,764 

0.842 

1.39 

2.049 

0.868 

1,947 

1,977 

acrA 

1 

1.379 

0.382 

0.74 

0.833 

1.365 

3.117 

0.769 

3,436 

3.196 

yceE 

1 

1,413 

0,736 

0,878 

0,991 

1.589 

4,037 

1,034 

3.396 

3.935 

toIC 

1 

1,602 

0,738 

0,631 

0,81 

1,23 

2,905 

0,873 

3.196 

2,781 

16S 

1 

0,983 

1,077 

0,919 

0,909 

0,903 

0,473 

0,632 

0,572 

0,376 
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TABLE 3: Adjusted expression rates to 16S expression of 
ejnrB, acrA, yceE, and tolC exposed to the indicated 
chemicals. 

LB 

SAL 

NOV 

NOV+SAL 

NA 

NA+SAL 

SDS 

SDS+SAL 

DOC 

DOC+SAL 

emrB 

1 

1,301 

0.411 

0.831 

0.926 

1,539 

4.332 

1,373 

3,404 

5,258 

acrA 

1 

1,403 

0,355 

0,805 

0.916 

1.512 

6,59 

1.217 

6,007 

8,5 

yceE 

1 

1.437 

0,683 

0,955 

1,09 

1,76 

8.535 

1,636 

5,937 

10.465 

tola 
1 

1.63 

0.685 

0.687 

0.891 

1.362 

6,142 

1,381 

5.587 

7,396 
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