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Abstract 

Biocides are used in different stages of crop production as herbicides, insecticides and 

fungicides. The toxicological mechanisms of these chemicals on their target organism is 

known, however, their sub-lethal effects on microbes are not. Previous work from this 

laboratory had shown that commercial formulations of herbicides can change the 

susceptibility of bacteria to antibiotics upon concurrent exposure. This is most likely due to 

changes in the expression of genes involved in influx and efflux and hence a physiological 

effect, reversible without requiring mutation. 

Out of the 12 combinations of biocide formulations and antibiotics tested, nine exhibited 

statistically significant differences in the minimum inhibitory concentration (MIC) between 

treatments in the presence and absence of biocides. The strongest effect was a greater than 

30- fold change in MIC following exposure to copper and tetracycline. Where changes in 

susceptibility due to biocide exposure were observed, minimum inducing concentrations 

were identified from dose response curves. All observed effects were induced by biocide 

concentrations lower than the recommended application rate. 

The formulation had no observed effect on mutation frequency and the change in 

susceptibility was displayed uniformly by the population. Thus the effects on phenotype are 

consistent with adaptive resistance. 

To test whether efflux pumps were indeed responsible for the observed effects, different 

pump mutant strains were tested for the effect of copper on tetracycline resistance. The 

tolerance to tetracycline and copper in the pump mutant strains were significantly lower 

than the wildtype, indicating that the pump contributes to intrinsic resistance to both 

substances. In the mutant strains, copper exposure increased the tetracycline MIC 3 to 5 

folds. This indicates that the AcrAB-TolC efflux system is not the only contributors to 

adaptive resistance.  

The persistence of the elevated tetracycline tolerant phenotype in the absence of copper 

fungicide was quantified. Although reversible, the induced phenotype was heritable for 

approximately 1 generation and the population uniformly reverted to a susceptible 

phenotype in the second generation post exposure. 



Continuous exposure to copper and tetracycline induced a morphological change in most or 

all exposed bacteria. The morphology changes included filamentation and then return to 

single cells, depending on exposure time. The morphological changes did not correlate with 

changes in genotype because the frequency of acquired resistance did not change. Dilution 

and re-growth experiments were used to determine whether the single cell form was 

outgrowth of a minority population or arose from filaments. The source of single cells was 

determined to be filaments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter One 

Introduction 

The use of biocides has been essential part of agricultural practice throughout history. The 

use of these agents are designed to destroy unwanted organisms. Although the toxicological 

mechanisms of these chemicals on the target organism may be known, the unintended 

effects on other organisms is not well described in many cases (Goldman & Jackson, 2015). 

Previous work has demonstrated that E. coli exposed to herbicide changed antibiotic 

tolerance (Kurenbach et al., 2015). The biocides used in this research may also cause this 

response. 

Escherichia coli is a Gram-negative bacterium. It is part of the microbiota of the 

gastrointestinal tracts of humans and other warm- blooded animals, often living as a 

harmless commensal. However, in some cases E. coli can also cause urinary tract infections, 

pneumonia and meningitis. The treatment for these bacterial infections involves the use of 

antibiotics. If biocide exposures increase antibiotic tolerance, this may result in treatment 

failure. Higher concentrations of antibiotics need to be used to treat the infection (Daniels & 

DiCenso, 2003). 

1.1 Antibiotic, use and mode of action 

By convention, the word “antibiotic” refers to a class of substances that are produced by 

biological processes. These substances kill or inhibit the growth of microorganisms #. The 

definition does not include substances derived from synthetic origin. The term 

“antimicrobial agent” refers to antibiotics and other substances derived from synthetic 

origin, or physical agents such as radiation (Waksman, 1956). In this thesis, the term 

antibiotic is used synonymously with antimicrobial agents. 

Ever since the first discovery of an antibiotic, they have been used therapeutically to treat 

infections or disease caused by bacteria in human, animal and plants. Shortly afterwards, it 

was discovered that the administration of antibiotic had a growth promoting effect on 

livestock (Jukes & Williams, 1953). The consistent use improved feed conversion and animal 

growth by reducing morbidity and mortality due to bacterial infection. The use had 

improved feed utilization in some cases by 2 to 5% (Sickel, 1970).  



The introduction of these agents helps to intensify animal husbandry. Livestock living in 

close confinements, often covered in their own waste and under constant stress, require 

these drugs to stay healthy (Jukes, 1970). High density farming creates conditions that 

reduce farm animal immunity and makes them prone to opportunistic bacterial infections 

(Jukes, 1977). The use of antibiotics prevents the occurrence of bacterial infections in this 

environment. According to the FDA, approximately 80 percent of all antibiotic used in the 

United States are fed to livestock (Dolliver, Gupta, & Noll, 2008). 

The antibiotics are orally administered through feed and drinking water. The life of the 

antibiotic does not simply end once the infection had been treated. Some of these 

chemicals are metabolized but in some cases more than 90% are excreted in urine or faeces 

as active compounds (Butaye, Devriese, & Haesebrouck, 2003). For highly consumed 

antibiotic classes (e.g. β-lactams, tetracycline and quinolones) more than 50% of the 

administered dose is excreted (Hori, Yoshida, & Okumura, 1979). In many cases, biomass 

from excretions are directly reused as fertilizers #. Even when these excretions go through 

waste- water treatment plants (WWTP), treatment can be insufficient to breakdown 

antibiotics (Rizzo et al., 2013). Conventional WWTPs remove between 20 to 90% of the 

drugs but their consistent use maintains the presence of these compounds in the effluent 

ponds.  

Antibiotics can therefore leave the WWTP within the treated water and seep into major 

waterways, lakes and ocean (Rizzo et al., 2013). The biomass accumulated in the WWTP is 

often recycled as fertilizers in agricultural fields (Le-Minh, Khan, Drewes, & Stuetz, 2010). 

Countries like Nambia have exhausted all available surface water supplies and are 

completely dependent on water reuse. The direct reuse of water increases the risk of 

physical contact between the use and traces of antibiotic associated within the wastewater 

(Bouki, Venieri, & Diamadopoulos, 2013).  

The prevalence of antibiotics in the environment correlates with the emergence and spread 

of antibiotic resistance genes in bacteria. The presence of an antibiotic exerts selective 

pressure which favors bacteria that are resistant to the antibiotic (D. Li et al., 2010). The 

biological treatment process in WWTP creates an environment suitable for development 

and propagation of antibiotic resistant bacteria due to continual exposure to antibiotics at 



various concentrations. The mechanism leading to the development of antibiotic resistance 

will be discuss in the later section of this chapter. 

Some of the most commonly prescribed antibiotics have been investigated in this research. 

Tetracycline, fluoroquinolones and aminoglycosides are classes of antibiotic that are used in 

human and veterinary medicine. These antibiotics have different modes of action. 

Tetracycline was one of the most widely used antibiotics during the 1950s and 1960s in the 

United States (Speer, Shoemaker, & Salyers, 1992). It has a broad spectrum activity against 

variety of different species of bacteria, can be taken orally and was cost effective at the 

time. By the late 1980s, there were appearances of tetracycline resistant strains of Neisseria 

gonorrhoeae and Mycoplasma pneumoniae (Speer et al., 1992). As a result, tetracycline has 

been discontinued as a first line of therapy in medicine. Currently, tetracycline derivatives 

have limited use in treating clinical infection. 

Tetracycline’s target is intracellular. It either diffuses through the cytoplasmic membrane or 

enters the cell through OmpF and OmpC porins through binding to a metal ion and forming 

a charged metal-ion complex (Chopra & Roberts, 2001). Uptake of tetracycline is energy 

dependent and driven by the proton motive force (Franklin, 1971). This complex dissociates 

in the periplasm and diffuses through the inner membrane into the cytoplasm. Once inside 

the cell, it binds strongly to a single site on the 30S ribosomal subunit and this prevents the 

interaction between ribosome and aminoacyl-tRNA (Chopra & Roberts, 2001). Association 

with the ribosome is reversible and the antibiotic has a bacteriostatic effect on the bacteria.  

The aminoglycosides are one of the oldest classes of antimicrobial agents. These are group 

of antibiotic agents derived from Streptomyces or Micromonospora spp, and include 

kanamycin and streptomycin. They exhibit antimicrobial activity against wide range of 

different micro-organisms. They exhibit antimicrobial activity against wide range of different 

micro-organisms. The most frequent clinical use of aminoglycosides involves serious 

infections or complicated urinary tract infections when the organism causing the infection 

has not been properly identified. It is not viable as a long term treatment due to its intrinsic 

toxicity to kidneys, which can lead to renal failure (Spelman, McDonald, & Spicer, 1989).  

The aminoglycosides enter the cell by permeating through the outer membrane. They bind 

to the aminoacyl site of 16S ribosomal RNA (rRNA) within the 30S ribosomal subunit. It 



disturbs the elongation of the nascent peptide at 30S ribosomal subunit leading to 

inaccurate mRNA translation (Farouk, Azzazy, & Niessen, 2015). The overall structure of 

rRNA is conserved among all species, there is a 10-fold higher binding affinity to the rRNA of 

prokaryotes than that of eukayotes. This may in part explain for the toxic effects of these 

antibiotics in mammalian systems. The protein product of these proteins may be truncated 

or exhibits altered amino acid composition. The presence of these proteins reduces the 

functional integrity of the bacteria, leading to eventual death. This has a bactericidal activity 

on the bacteria (Farouk et al., 2015). 

Fluoroquinolones are broad spectrum antibiotics that are used in both human and 

veterinary medicine. They enter the bacteria through porins in the outer membrane and 

binds to DNA gyrase and DNA topoisomerase IV (Zhanel et al., 2002). They are vital for 

releasing torsional strains formed during DNA replication and translation. Fluoroquinolones 

cause irreversible DNA damage and stall DNA replication machinery. This prevents DNA 

replication. This has a bactericidal activity on the bacteria (Zhanel et al., 2002).  

Over the past decades, there has been a rapid increase in antibiotic tolerant strains, 

reducing the clinical success of the antibiotic. Understanding different antibiotic resistance 

mechanisms is vital for the prevention of resistance. There have been no new classes of 

antibiotics to treat Gram- negative bacteria since 1987 (Fischbach & Walsh, 2009). The 

discovery of the new antibiotic is hampered by a decrease in profitability from the effort 

(Stanton, 2013).  

Bacteria can intrinsically be resistant to certain types of antibiotics. They are able to resist 

the actions of particular antibiotic due to intrinsic structural and functional characteristics, 

or because they do not have a target enzyme or other kind of molecule (Randall, Mariner, 

Chopra, & O'Neill, 2013). This includes structural difference between Gram-positive and 

Gram-negative bacteria, as antibiotics such as vancomycin cannot cross the outer 

membrane of the Gram-negative bacteria and bind to targets in the periplasm (Tsuchido & 

Takano, 1988). The Gram- negative genus of Psudomonas is resistant to biocide triclosan 

due to alteration of the enoyl-ACP reductase enzyme – a target for triclosan (Zhu, Lin, Ma, 

Cronan, & Wang, 2010). 



In addition to intrinsic resistance, bacteria can develop resistance through acquisition of 

new genes or modification of existing genes. They can also modify gene expression 

(adaptive response) to tolerate higher concentration of antibiotic in the environment. 

Bacteria can minimize the intracellular concentration of the antibiotic through reducing the 

permeability or increasing the expression of efflux pumps. Secondly, target of the antibiotic 

is altered through genetic mutation or post- translational modification and reduce the 

binding affinity with the antibiotic. Antibiotics can be modified or hydrolyzed by the 

antibiotic enzymes. They can work in combination to confer antibiotic resistance. 

Antibiotics exert their activity through binding to their target thereby hindering the 

functionality of the target. Mutational changes to the target structure can prevent efficient 

antibiotic binding. Mutation in gyrA and parC gene change the structure of DNA gyrase and 

topoisomerase IV (Zhanel et al., 2002). This provides resistance to fluoroquinolones like 

ciprofloxacin. During the course of infection, there are large and diverse population of 

bacterial pathogens (Randall et al., 2013). They contribute to a formation of biofilms 

increasing their persistence during the treatment. If a strain had or acquired mutation that 

conferred resistance to the antibiotic, it can then proliferate within the biofilm through 

horizontal gene transfer (Stewart & Costerton, 2001). 

Bacteria can destroy, sequester or modify antibiotics leading to inactivation or complete 

degradation (Heinemann, 1999). The example of this is a β-lactam ring of penicillin class 

derivatives (Shaw, Rather, Hare, & Miller, 1993). Aminoglycoside antibiotics tend to be 

susceptible to modification due to its exposed hydroxyl and amide groups. There are 

aminoglycoside modifying enzymes, acetyltransferase, phosphotransferase and 

nucleotidyltransferase. They can modify different parts of the aminoglycoside molecule and 

the modification can be additive (Shaw et al., 1993). 

The modification in influx and efflux of the antibiotic alters the susceptibility to the drug. 

Large hydrophobic molecules can diffuse through the lipid bilayer (Pages, James, & 

Winterhalter, 2008). Gram-negative bacteria are less permeable to antibiotics due to the 

structure of their outer membrane. In E. coli porins such as OmpF and OmpC function as 

non-specific channels. Several different classes of antibiotics have been found to enter the 

cell using these proteins and the reduction in porin expression was shown to significantly 

increase the resistance (Fernandez & Hancock, 2012). 



The intracellular concentration of an antibiotic can also be reduced by increasing the 

expression of efflux pumps. These are energy dependent transporters. Efflux pumps can 

have a narrow specificity (e.g. TetK), but many can transport specific but a wide range of 

structurally dissimilar substrates including different antibiotics, heavy metals and biocides. 

These pumps are known as multidrug resistance (MDR) efflux pumps (Vargiu & Nikaido, 

2012). There are many different types of MDR efflux pumps found in different strains of 

bacteria. However, the genes encoding these pumps can be mobilized onto plasmids and 

can be transferred between bacteria (Ogawa, Onishi, Ni, Tsuchiya, & Kuroda, 2012).  

In Gram- negative bacteria, the RND (resistance-nodulation-cell division) family of efflux 

pumps are associated with multiple drug resistance (Du et al., 2014).  

It is composed of the RND pump located in the inner membrane, a periplasmic adaptor 

protein from the MFP family and an OMP protein in the outer membrane. These 

components work in combination with other family of efflux pumps. All components of the 

efflux pump are essential for its functionality. AcrAB- TolC is an example of an MDR efflux 

pump in E. coli. It is composed of three distinct elements. The expression of acrA and acrB is 

under the control of the transcriptional repressor, AcrR and AcrS. The expression of tolC is 

independent from acrAB operon. The TolC is located on the outer memberane, AcrB is on 

the inner membrane and acrA holds the two components together (Anes, McCusker, 

Fanning, & Martins, 2015).  

1.2 Biocides 

A biocide is defined in European legislation as a chemical substance that is intended to 

destroy, deter render harmless, or exert a controlling effect on any harmful organism by 

chemical or biological means. An antibiotic is an example of a biocide that is created to 

destroy micro-organism. These chemicals are used in medicine, agriculture and in urban 

settings. I will focus on those that I have used in my research. 

Heavy metals have been known for their antimicrobial properties for thousands of years. 

Silver coins were dropped into transport containers to preserve water, wine and milk. In the 

late 19th century, copper in form of copper sulphate was mixed with lime to prevent the 

growth of fungi on graph vines. This mixture was also used to manage other fungi related 



disease such as potato blights and apple scabs. Various copper salts have been used in 

agriculture to this day (Lemire, Harrison, & Turner, 2013). 

Copper is an essential trace element in most living organisms. Copper, incorporated into 

enzymes, serve as an electron donor/ acceptor by alternating between redox states Cu(I) 

and Cu(II). This generates a redox potential which is used to generate ATP. This property 

copper can also cause lethal oxidative damage. Hydroxyl radicals can be generated in a 

Fenton-type reaction.  

𝐶𝑢+ + 𝐻2𝑂2 → 𝐶𝑢2+ + 𝑂𝐻− + 𝑂𝐻−   (1) 

The hydroxyl radicals produced by this reaction react with different proteins and lipids 

within the cell. This can cause depletion of sulfhydryls, such as cysteines or glutathione. An 

alternative route to copper toxicity is through copper ion competition with zinc or other 

metal ions for important binding sites on proteins. It alters the structure thereby influencing 

the functional capability of the protein (Faundez, Troncoso, Navarrete, & Figueroa, 2004).  

There are range of mechanisms bacteria use to protect themselves from the toxic effects of 

copper ions. In E. coli, the multicomponent copper efflux system CusCFBA controls the level 

of copper and pumps excess Cu(I) from the cytoplasm to the periplasm. The components of 

copper detoxification systems are transcriptionally responsive to cytoplasmic copper 

concentrations (Rensing & Grass, 2003).  

The pyrethrins are a class of organic compounds that are derived from Chrysanthemum 

cinerariifolium. Once ingested, pyrethrins excite the nervous system of insects through 

delaying the closure of voltage-gated sodium ion channels (Yamamoto, Elliott, & Casida, 

1971). This results in repeated and extended firing of the nerve cells causing death through 

paralysis. It is used in combination with piperonyl butoxide as this inhibits the insect’s 

intrinsic defense mechanism to pyrethrins. This leads to higher concentrations of pyrethrins 

remaining in the system thereby enhancing the potency of the chemical (Cordero & Zaias, 

1987).  

Atrazine (2- choloro-4-ethylamino-6-ethylamino-1,3,5-trizaine) is an herbicide that has been 

used to control pre- and post- emergence broadleaf and grassy weeds during maize 

production (Satsuma, 2009). Atrazine binds to the D1-protein which is part of the 



photosynthetic electron transport, leading to inhibition of photosynthesis in the chloroplast. 

The electron transport chain releases hydroxyl radicals, causing oxidation of pigments and 

cell membranes. This process is intensified with the exposure to sunlight (Kulshrestha, 

Yaduraju, & Mani, 1982).  

Biocides can be broken down by UV-lights (pyrethrins) and micro-organisms (atrazine). Their 

persistent use maintains steady-state concentration in the environment. Pyrethrins are 

considered to be among the safest insecticides to human health in the market due to their 

rapid degradation #.  

The regular use of copper based fungicide has led to the accumulation of copper in surface 

soils of vineyard with concentration ranging from 130 to 1280mg/kg (Komarek, Cadkova, 

Chrastny, Bordas, & Bollinger, 2010). Various reports that this has an adverse effect on the 

soil microbial community (Broos et al., 2007), which can have a long term implication on the 

fertility of agricultural soils (Komarek et al., 2010). The half-life of atrazine in soil ranges 

from 13 to 261 days (Crawford, Sims, Mulvaney, & Radosevich, 1998). It’s rate of 

degradation is dependent on the composition of soil microbial community, Pseudomonas 

sp. with hydrolase enzymes AtzA and AtzB, they accelerate the breakdown of atrazine 

(Satsuma, 2009). Once it leaches into groundwater, the degradation slows down and it flows 

into surface waters leading to contamination (Q. Li, Luo, Song, & Wu, 2007).  

1.3 Physiological heterogeneity 

Isogenic bacteria within a spatially homogenous environment may be phenotypically diverse 

(Liu, Zhang, Shen, & Gao, 2007). There is a cell to cell difference in physiological parameters 

such as growth rate, expression of efflux pumps and resistance to stress (Lidstrom & 

Konopka, 2010). This is a result of interplay of several different biological mechanisms. 

Stochastic gene expression can be due to internal and external factors. One source is gene 

amplification, where the expression of the gene is amplified within a sub-population 

(Sturrock, Hellander, Matzavinos, & Chaplain, 2013). It also can be randomly generating 

heterogeneous expression as a consequence of “noisy” gene expression (Lidstrom & 

Konopka, 2010). One example of this transcriptional bursting, the transcription occurs in 

bursts rather than at a constant rate #. An environmental cue may only induce gene 

expression in fraction of a bacterial population leading to bacterial population with two 



distinct states (bimodal states). Taking an average of this population would indicate an 

expression level of an intermediate phenotype. This is however not a true depiction of the 

cellular state on an individual cell level (Lidstrom & Konopka, 2010). 

The diversity in physiological parameters may allow a sub-population of bacteria to survive 

at a higher concentration of antibiotics. Various models show phenotypic heterogeneity can 

provide an evolutionary advantage. It is advantageous in harsh and changing environments 

(Stewart & Franklin, 2008). 

 

1.4 Objectives of this study 

The aim of this study were to  

1. Investigate how E. coli responds to biocide exposure and to determine the minimum 

exposure necessary to cause a change to antibiotic tolerance. 

2. Identify the biochemical mechanism by which biocide exposures cause a change to 

antibiotics. The upregulation of the efflux pump is one of the known mechanisms of 

tetracycline tolerance. This was investigated by using deletion mutants of efflux 

pump component. The changes in tetracycline tolerance due to copper exposure 

between wildtype and these strains were monitored. 

3. Determine how long the effect lasts after exposure. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Two 

Methods 

2.1 Experimental methods 

2.1.1 Bacterial strains, culture conditions and chemicals 

Strains of Escherichia coli used in this study are shown in table 2.1. These strains were 

stored at -80oC in glycerol solution (15%). Luria Bertani (LB) agar plate was inoculated with 

the sample of this strain. This agar plate was incubated at 37oC for 16 to 24 hours and then 

stored at 4oC for up to one week. LB broth was inoculated with a single colony from this 

plate. This was grown in gyratory water bath (37oC) for aeration. Luria- Bertani base 

(Lennox-L-Broth Base, Invitrogen (USA) and Agar (Bacteriological Agar No. 1, Oxoid (UK)) 

were used throughout this project. Eosin methylene blue agar (Levine), (Oxoid, UK) was 

used in section 3.2.6. 

Table 2.1: E. coli strains used in this study. All strains were described by Baba et al, 2006 and 

generously supplied by Stuart Levy (Tufts university Boston, MA, USA). 

Strain Genotype 

BW25113 F-, λ-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), rph-1, Δ(rhaD-rhaB)568, 

hsdR514 

CR5000 BW25113 ΔacrA 

CR7000 BW25113 ΔacrB 

JW5503 BW25113 ΔtolC::kan, KanR 

 

The antibiotics used in these experiments were tetracycline, streptomycin, kanamycin and 

ciprofloxacin. The tetracycline was made for one time use. kanamycin, streptomycin and 

ciprofloxacin were stored in aliquots of 1ml. These antibiotics were stored at -20oC. 

Tetracycline hydrochloride and streptomycin sulfate salts were purchased from Sigma-

Aldrich (USA), ciprofloxacin hydrochloride from Pentax (USA), kanamycin sulfate from Life 

Technologies. 



The biocides used in this projects were fungicide (Yates, Auckland, NZ) *, insecticide (Yates, 

Auckland, NZ) and herbicide (Atranex WG). The active ingredients in these products were 

copper (92.8g/L) (Cu) present as copper ammonium acetate, pyrethrin (14g/L) and atrazine 

(900/kg) as a water dispersible granule, respectively. These biocides were directly added 

into growth medium to achieve desired biocide concentration. 

2.1.2 Determining the effect of biocides on antibiotic tolerance – Killing curve assay. 

LB plates containing various concentrations of antibiotics in the presence and the absence 

of biocide were inoculated with serially diluted up to 1:106. E. coli grown to saturation. 10µl 

of these dilutions were transferred. The plates were incubated in 37oC and examined daily 

up to 10 days or there was no change in colony forming units. The colony forming unit (cfu) 

of the bacteria between the two treatment groups was compared. Since there was a 

variability in the concentration of E. coli between saturated cultures, this was normalized to 

efficiency of plating (EOP). The formula for EOP is shown in figure 2.1 Each experiment was 

carried out three times independently.  

𝐸𝑂𝑃 =
𝐶𝐹𝑈 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑝𝑙𝑎𝑡𝑒

𝐶𝐹𝑈 𝑖𝑛 𝑁𝑜 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑝𝑙𝑎𝑡𝑒
 

Figure 2.1: Formula to calculate Effiency of Plating (EOP).  

2.1.3 Dose response assay 

In dose response assays the antibiotic concentration remained constant while biocide 

concentrations were decreased from the ones used in the respective killing curves to 

determine minimum concentration necessary to cause 100- fold change in the EOP. The 

antibiotic concentration chosen was the one that had induced the greatest difference in EOP 

in killing curves. These plates were inoculated with serially diluted E. coli as described in 

section 2.1.2. The plates were incubated in 37oC and examined daily up to 10 days or there 

was no change in colony forming units. The cfu on each plates were converted to EOP as 

described in section 2.1.2. Each experiment was carried out three times independently. 

2.1.4 Measuring biocide mutagenicity 

To determine whether biocide exposure had increased the frequency of mutation above 

background levels, E. coli was grown to saturation in liquid medium at 37oC. 100µl of this 



culture were spread on to a plate containing rifampicin (100µg/ml) and some or no biocide 

(Application concentration as indiciated in Table 3.1). The plates were incubated for 16 to 24 

hours. Three replicates of this experiments were conducted and the colonies on each plate 

was recorded. The colony forming units on the biocide treatment groups were compared 

against a control group (no biocide plate). 

2.1.5 Determining the reversibility of copper biocide induced tetracycline resistance in E. 

coli 

E. coli was grown to saturation and then serially diluted in 10 folds (up to 1:106) and 10µl of 

diluents were plated on to LB plate containing Cu (110ppm ae) + Tet (35µg/ml). Twenty 

colonies that grew on this plate were replica plated on to LB, LB+ Tet (35µg/ml) and LB + Tet 

(110ppm ae) + Cu (35µg/ml). These plates were incubated at 37oC and were checked daily 

for 4 days. 

Subsequently, twenty E. coli colonies from the LB and the LB+ Tet+ Cu plates were 

transferred to plate containing Cu + Tet (35µg/ml), Tet (15µg/ml), Tet (35µg/ml) and LB in 

that order. These plates were incubated in the 37oC incubator and was checked daily for 

seven days. 

2.1.6 Investigating the copper and tetracycline induced morphological change in E. coli 

E. coli was grown to saturation in LB and diluted 1:100 to an Erlenmeyer flask (50ml) with 

fresh LB medium (10ml) containing sub-lethal concentration of copper (110pm ae) and 

tetracycline (15µg/ml). The Erlenmeyer flask was used to allow maximum aeration of the 

culture. The flask was incubated for 24 hours at 37oC with aeration. A 100- fold dilution of 

this culture was then transferred to fresh LB medium (10ml). A sample of both cultures 

(15µl) was loaded on to a microscope slide and examined under the compound microscope 

(400x).  

A reversibility in the morphological changes of E. coli in copper (110ppm ae) and tetracycline 

(15µg/ml) was observed upon prolonged incubation (>3 days). For microscopic examination 

of this effect, E. coli was grown to saturation (LB), and transferred (1:1000 dilution) to fresh 

LB media (10ml) containing sub-lethal concentrations of copper (110ppm ae) and 



tetracycline (15µg/ml) this culture was incubated for 3 days. Samples of this culture (15µl) 

were examined daily for 3 days under the compound microscope. 

Details on the microscope are in section 2.3. 

2.1.7 Determination of bacteria concentration using a haemocytometer 

A Haemocytometer (depth: 0.100mm, smallest grid:0.0025mm2), (Marienfeld Superior, 

Lauda- Königshofen, Germany) was used for this analysis. E. coli sample were kept on ice 

while it was not being used in the experiment. 

The haemocytometer and coverslips were cleaned with 70% ethanol before use. The 

coverslip was moistened with water and was affixed to the haemocytometer chamber. The 

E. coli culture was gently swirled to ensure that all cells were evenly distributed. 10µl of a 

sample were transferred into the chamber. This haemocytometer was loaded on to the 

microscope and was left for 5 minutes to allow the bacteria to settle within the cell 

suspension. Bacteria were counted at 400x magnification. 

Bacteria were counted according to the protocols outlined in the haemocytometer 

manufacturer’s website (http://www.microbehunter.com/the-hemocytometer-counting-

chamber/). Bacteria within the blue area outlined in figure 2.2 were counted. For each 

sample, 10 blue squares were evaluated and the average was calculated for each sample. 

Five (4- fold dilution) or Ten (8- fold dilution) sample measurements were examined. 

 

Figure 2.2: Counting chamber of the haemocytometer. Area outlined in blue indicates the 

area bacteria was counted. 



The mean cell count was converted to bacteria concentration following the formula outlined 

in figure 2.3. 

𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝑐𝑓𝑢

𝑚𝑙
) = 𝑀𝑒𝑎𝑛 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 ×  25 ×  9 ×  10 × 100 

Figure 2.3: Determination of bacteria concentration with the mean cell count. 

2.1.8 Investigating the relationship between bacteria count on haemocytometer and 

colony forming units 

The E. coli samples were kept on ice throughout the duration of this experiment.  

The relationship between bacteria concentration calculated from the haemocytometer 

measurements and counts determined by plating serial dilution on solid medium was 

assessed. The concentration of E. coli at saturating concentration (1-2 x109cfu/ml) was 

determined using haemocytometer with the protocol outlined in section 2.1.6. This culture 

had been diluted to produce dilutions with populations in a countable range on LB plate (20-

200). The culture was spread plate on to LB plate and the plate was incubated at 37oC for 24 

hours. Three repeated measures of cfu were taken and average was compared with the 

haemocytometer cell count. Statistics used in this analysis is outlined in section 2.2.4. 

2.1.9 Determining the transience of elevated tetracycline tolerance phenotype after being 

exposed to copper and tetracycline 

The persistence of copper induced tetracycline tolerance of E. coli was measured. E. coli was 

grown for 3 days, resulting in individual non-filamented cells in LB medium containing 

copper (110ppm ae) and tetracycline (15µg/ml). A 100- fold dilution of this culture was 

transferred to LB medium that contained only tetracycline (15µg/ml). This was left to grow 

at 37oC for 12 hours in gyrating. The bacteria concentration at the start and end of the 

experiment was determined using the protocols outlined in section 2.1.8. Three repeated 

measures were taken for statistical analysis. Bacteria counts start and end of the treatment 

was analyzed. Statistics used in this analysis is outlined in section 2.2.5. 

 

 



2.2 Statistical analysis 

R (R core Team) and Microsoft Excel (Excel 2016) was used for all statistical analysis. 

2.2.1 Determining the effect of biocides on antibiotic tolerance 

This method was used for data derived from the killing curve assay in section 2.1.2. 

The sub-lethal effect of biocides on antibiotics were tested for their effects on the log-

transformed EOP scores. This was done using a multifactor analysis of variance (ANOVA) by 

evaluating the significance of the antibiotic by herbicide interaction term. Antibiotic 

concentrations were treated as separate categories in the ANOVA. Plots of residuals were 

used to test for violations of assumptions. 

The biocide treatments had caused different levels of effect upon a range of concentrations 

of antibiotic. The identification of antibiotic concentrations where there was a significant 

difference among the biocide treatments was required. This was done using the Test-

Interaction function in the Phia package in R. A Bonferroni correction was used within each 

experiment for this procedure. 

2.2.2 Dose response assay 

The data derived in dose response assay had many data points that were near or below the 

detection limit, as a result, the residuals from a standard ANOVA were not normally 

distributed. Hence, the equivalent non-parametric test, a Kruskal-Wallis one-way ANOVA, 

was used to test for differences in log-transformed EOP scores among biocide 

concentrations. The P value given is for a comparison of a null model where EOP is the same 

across all ingredient concentrations versus an alternative model where EOP differs among 

some ingredient concentrations. 

2.2.3 Measuring biocide mutagenicity 

A one tailed paired t-test was used to determine whether statistically significant differences 

between the treatment groups. A P- value less than 0.05 indicates statistically significant 

differences between treatments. 

2.2.4 Investigating the relationship between bacteria count on haemocytometer and 

colony forming units 



A one tailed paired t-test was used to determine whether statistically significant differences 

between the treatment groups. A P- value less than 0.05 indicates statistically significant 

differences between treatments. 

2.2.5 Determining the transience of elevated tetracycline tolerance phenotype after being 

exposed to copper and tetracycline 

A one tailed paired t-test was used to determine whether statistically significant differences 

between the treatment groups. A P- value less than 0.05 indicates statistically significant 

differences between treatments. 

2.3 Microscopy protocols 

An Olympus BH2 compound microscope was used as the primary microscope for this 

analysis. A blue filter was installed to increase the resolution of the analysis. The microscope 

slides were viewed at 400x magnification. 

The bacterial images were taken using a Zeiss Axio Imager – M1 compound microscope, 

equipped with Differential Interference Contrast (DIC) illumination and using 100x oil plan 

apochromatic objective. Photomicrographs were captured using a Zeiss Axio Cam HRc CCD 

camera with AxioVision Rel 4.8 sofeware (3900x 3090- pixel resolution). Image-processing 

was only performed to crop the image using Adobe Photoshop 8.0. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter Three 

Escherichia coli’s response to three biocides and four antibiotics 

3.1 Introduction 

Previous work has shown that commercial formulations of the biocides dicamba, 

glyphosate, and 2,4 induced changes in antibiotic response of Escherichia coli and 

Salmonella enterica to five different antibiotics from different classes (Kurenbach et al., 

2015). The aim of the work described in this chapter was to determine whether other 

biocides used in agriculture and urban environments could induce a similar response in E. 

coli. The biocides used in the experiments were commercial formulations of pesticides 

(fungicide, insecticide and herbicide). The active ingredients were copper, pyrethrins and 

atrazine, respectively. 

The biocides are used extensively in agriculture. Copper based fungicides disrupt the 

osmotic balance of fungal cells leading to their rupture  (Rensing & Grass, 2003). Pyrethrins 

bind sodium channels of nerve cells causing hyper- excitation (Yamamoto et al., 1971). 

Atrazine binds to a plant specific protein which is involved in electron transport. This causes 

oxidative damage and starvation leading to eventual death. These biocides break down in 

nature due to microbial metabolism and UV light (Kulshrestha et al., 1982). The extensive 

and permanent application results in their permanent presence in the environment 

(Yamamoto et al., 1971). 

Even though these chemicals are not intended to kill bacteria, exposure near the application 

concentration might have unintended effects on bacteria. One of thesis is a change in gene 

expression caused by the biocides, potentially as part of a stress response. The biocides 

investigated in this experiment have the potential to induce a gene response that can affect 

antibiotic tolerance. The antibiotics used in this experiments were tetracycline, 

streptomycin, kanamycin and ciprofloxacin. These represent different classes of antibiotics 

which are commonly prescribed to humans and animals. 

An alternative explanation for an increase in tolerance upon biocide exposure would be that 

these biocides act as mutagens increasing the frequency of mutation above the background 



level. This can cause a heritable change in antibiotic susceptibility instead of an adaptive 

change in antibiotic tolerance. 

 

3.2 Results 

 

3.2.1 Determination of the absolute MIC and NOEL of biocides on E. coli BW25113 

Although these biocides are not designed to be harmful to bacteria, they have the potential 

to do so. I measured the lowest concentration where no E. coli grows; this concentration is 

defined as the “absolute MIC”. 

Table 3.1: The relevant biocide concentrations for this research.  

Biocides Label recommended 
biocide application 

concentration 

MIC NOEL 

Copper 114- 171 ppm ae 400 ppm ae 110 ppm ae 

Pyrethrin 70 ppm 2300 ppm 140 ppm 

Atrazine 500 ppm > 2000 ppm 1000 ppm 

 

The absolute MICs of copper and pyrethrin was determined. For atrazine, it was not possible 

to determine the MIC because E. coli BW25113 survived to limit of solubility of atrazine in 

LB. Since the intent of this project was to determine non-lethal exposure of biocides, the 

actual absolute MIC served only as a guideline to determine sub-lethal concentration. 

 

3.2.2 Determining the effects of biocides on antibiotic tolerance of E. coli 

The effects of biocide exposure on E. coli to changes in antibiotic tolerance were tested. The 

bacteria were grown on plates containing a range of different concentrations of each 

antibiotic in the presence and absence of the biocides (NOEL indicated in table 3.1). Survival 

with and without biocide exposure was compared and reported as an efficiency of plating 

(EOP), the ratio of the titre (cfu/ml) on biocide treated plates to titre (cfu/ml) on plates 

without biocide. The EOP values were log transformed for graphing and statistical analysis. 

The detection range was an EOP of 1-10-7. 



Biocide exposure increased or decreased the MIC depending on the antibiotic. In some 

cases, there was no statistically significant change in EOP upon exposure to biocides. The 

table 3.2 shows changes in antibiotic tolerance due to biocide exposure. 

Copper induced statistically significant responses to tetracycline (p < 2e-16), streptomycin (p 

< 2e-16) and kanamycin (p = 0.0838) but not ciprofloxacin (p = 0.1912) (Figure 3.1). The 

MIC1000 was defined as the concentration where there was more than 1000- fold decrease in 

EOP. The MIC1000 of tetracycline increased, streptomycin and kanamycin decreased. There 

was 30- fold increase in tetracycline tolerance, 5 and 2-fold decrease in streptomycin and 

kanamycin tolerance, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Survival of E. coli BW25113 on a series of concentrations of tetracycline, streptomycin, kanamycin and 

ciprofloxacin ± copper. The survival is shown here as EOP. Error bars are SEM. 
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The exposure to pyrethrins induced statistically significant responses to tetracycline (p = 

0.0217), streptomycin (p < 2e-16) and ciprofloxacin (p = 0.00325) (figure 3.2). It did not 

induce a significant response to kanamycin (p = 0.979). The MIC1000 of streptomycin 

increased by 5- fold, there were increases in tetracycline and ciprofloxacin tolerance 

without a change in MIC100. 
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Figure 3.2 Survival of E. coli BW25113 on a series of concentrations of tetracycline, streptomycin, kanamycin and 

ciprofloxacin ± Pyrethrin. The survival is shown here as EOP. Error bars are SEM. 

 



The exposure to atrazine induced statistically significant responses to streptomycin (p = 

5.58e-06), kanamycin (p = 0.0458) and ciprofloxacin (p = 0.00623) (figure 3.3). It did not 

induce a significant response to tetracycline (p = 0.539). The MIC1000 was not altered in 

statistically significant treatment groups.  
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Figure 3.3 Survival of E. coli BW25113 on a series of concentrations of tetracycline, streptomycin, kanamycin and 

ciprofloxacin ± atrazine. The survival is shown here as EOP. Error bars are SEM. 

 



 Tetracycline Streptomycin Kanamycin Ciprofloxacin 

Copper Increase Decrease Decrease NS 
Pyrethrin Increase Increase NS Increase 
Atrazine NS Increase Increase Increase 

Table 3.2: Changes in antibiotic tolerance due to biocide exposure. Ns indicates no change in tolerance. 

 

3.2.3 The dose- dependent response of E. coli BW25113 

Above results show that sub-lethal exposures to biocides altered susceptibility to antibiotics. 

The next step was to determine the minimum concentration necessary to induce this 

response (figure 3.5). The is called dose response. My threshold was the minimum 

concentration of biocide that caused at least a 100- fold change in the EOP value. 

E. coli were grown on a plate containing a range of concentrations of biocide (up to NOEL 

concentration) with a fixed concentration of antibiotic. The antibiotic concentration that 

caused the highest difference in EOP due to biocide was identified from the previous 

experiment (section 3.2.2) was used to determine minimum biocide concentrations. The 

combinations that had consistently induced greater than 100- fold change in the EOP value 

were analysed.  

 

Copper - Tetracycline 10µg/ml Copper - Kanamycin 1µg/ml 

Copper - Streptomycin 2µg/ml Pyrethrin - Streptomycin 10µg/ml 



Figure 3.4: The dose response survival of E. coli BW25113 with a range of concentrations of copper and pyrethrin biocides. 

The survival is shown here as EOP. Error bars are SEM. 

The result shows that exposure to 30, 20, 60 ppm ae of copper caused 100- fold EOP change 

in tetracycline, kanamycin and streptomycin respectively. A 100 ppm of pyrethrin is required 

to cause 100- fold EOP change in Streptomycin. 

3.2.4 Mutagenicity of the biocides 

Mutagens are chemicals that can increase the frequency of mutation. Mutagens increase 

the probability of substitutions, insertions or deletions. For example, resistance to the 

antibiotic rifampicin can be acquired through a point mutation in the gene for the beta 

subunit of RNA polymerase *. This makes rifampicin resistance a convenient phenotype to 

measure mutation frequencies in a population. If these biocides were mutagens, a greater 

proportion of E. coli exposed to these compounds would display resistance to rifampicin. 

E. coli was grown to saturation and 100µl of this culture were spread on to an LB plate 

containing rifampicin and biocide. The true replicates of this experiments were used to 

determine a statistically significant difference in CFUs. A one tailed paired t-test was used to 

determine whether statistically significant differences were observed between the number 

of rifampicin resistant mutants on treatment and non-treatment plates. P value greater than 

0.05 indicates that there was no statistically differences due to biocide treatment. 

Table 3.3: Mutagenicity of the biocides. The number of colony forming units on LB plate was compared against treatment 

plates. The statistical significance was determined by one tailed paired T- test.  

Colony forming 
units (CFU) 

LB LB + Copper LB + Pyrethrin LB + Atrazine 

Replicate 1 7 4 6 7 

Replicate 2 5 7 4 9 

Replicate 3 15 8 3 4 

P value --------------------- 0.20 0.16 0.32 

 

None of the tested biocides had detectable mutagen activity. 

The shortcoming of this analysis is that I have one outliner on LB with 15 colonies (Replicate 

3). This makes the standard deviation so high that I need more replicates to detect anything 

at all.  



3.2.5 Testing AcrAB- TolC efflux pump involvement in copper induced tetracycline 

resistance 

A previous experiment (section 3.2.2) had shown 30- fold increase in the tetracycline 

tolerance due to copper exposure. I wanted to investigate whether this was caused by an 

efflux related mechanism. The AcrAB-TolC efflux pump is composed of AcrA, AcrB and TolC. 

This experiment used series of single gene deletion pump components of the AcrAB-TolC 

efflux pump; - in mutants of BW25113, which are part of the KEIO collection (strains 

CR5000, CR7000 and JW5503) (See table 2.1). This experiment was conducted with the 

same method as the killing curve experiment (section 3.2.2). 

First I determined NOEL and MIC (table 3.4) of copper for all strains. Once determined, the 

different strains of E. coli were grown on media containing a range of tetracycline 

concentrations with copper concentrations (NOEL). NOEL is the highest detected 

concentration where it does not cause a statistically significant change in the EOP. Absolute 

MIC is the lowest detected concentration where all E. coli does not form colony. 

Table 3.4: NOEL (No observable effect level) and absolute minimum inhibitory concentration of copper across wildtype and 

pump component deleted strains. 

 Wildtype ΔacrA ΔacrB ΔtolC 

NOEL (Cu) 110 ppm ae 110 ppm ae 110 ppm ae 110 ppm ae 

MIC (Cu) 400 ppm ae 350 ppm ae 300 ppm ae 170 ppm ae 

 

The absolute MIC of tetracycline was lower in the pump component deleted strains 

compared to the wildtype (figure 3.5). This indicates that these pump components play a 

role in tetracycline tolerance. Across all pump component mutants, the copper exposure 

had increased tolerance to tetracycline. Exposure to copper increase the MIC of tetracycline 

by 11- fold in ΔacrA (p < 2e-16), ΔacrB (p < 2e-16) and 10- fold ΔtolC (p < 2e-16). This suggests 

that the AcrAB- TolC efflux pump plays an important role in copper and tetracycline 

tolerance, however it is not the only mechanism involved in copper induced tetracycline 

tolerance.  

 

 

 

 



 

Figure 3.5: Survival of pump component deleted strains of E. coli BW25113 on a series of concentrations of tetracycline ± 

respective NOEL concentration of copper. The survival is shown here as EOP. Error bars are SEM. 

3.2.6 Effect of EMB medium on streptomycin tolerance of E. coli BW25113 

An interesting effect was observed when working with atrazine. Atrazine mixed with LB 

medium changed the background colour of the medium to pale opaque white, which made 

it extremely difficult to identify individual colonies. As an alternative, eosin methylene blue 

agar (EMB) was used to visualize E. coli colonies grown on medium containing atrazine. EMB 

agar is a both selective and differential culture medium. It is a selective medium for Gram- 

negative bacteria because the combination of the eosin and methylene blue inhibits the 
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ΔacrA 

ΔacrB 

ΔtolC 



growth of most Gram-positive bacteria. E. coli colonies on this medium are dark purple and 

this allows easy identification and enumeration. 

 

 

Figure 3.6: Survival of E. coli BW25113 on a series of concentrations of streptomycin ± atrazine on EMB medium. The 

survival is shown here as EOP. Error bars are SEM. 

Using this new medium, I observed that results for streptomycin and atrazine differed from 

those observed on LB. This difference was statistically significant (p= 7.15x 10-7). This implies 

that replacing LB with EMB introduces another factor that can affect the viability of E. coli 

under streptomycin. Therefore, it cannot be used as a substitute for LB medium for these 

measurements.  

3.2.7 Maintenance of tetracycline efficacy 

I wanted to see whether the prolonged incubation of tetracycline in 37oC in gyrating water 

bathe had resulted in the reduction of its efficacy. LB broth containing tetracycline (15µg/ml) 

was inoculated with E. coli and the growth of E. coli was monitored for 10 days. The growth was 

quantified by change in the optical density of the culture. After 10 days of monitoring, the optical 

density of the culture did not change and tetracycline was able to suppress the growth of E. coli. 
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3.3 Discussion 

Biocides are used extensively in agricultural and urban environments. Their frequent use 

maintains these chemicals in the environment and this has a potential impact on microbial 

ecology. The aim of this chapter was to determine their intrinsic effect and the extent of this 

effect on antibiotic tolerance of E. coli.  

3.3.1 Concentrations of biocides within potential exposure levels for bacteria are 

sufficient to cause a change in antibiotic tolerance 

This research investigated the toxicity of biocides on E. coli BW25113 at or below 

application concentrations. The pyrethrin and atrazine at application concentrations were 

below NOEL. The copper at application concentration had a sub-lethal effect on E. coli. This 

shows that copper acts both as a fungicide and had changed antibiotic tolerance. 

The results from this experiment indicate that biocides change E. coli tolerance of antibiotics 

at concentrations used in the real world. For example, livestock are fed with antibiotic 

supplements to promote growth and to improve feed efficiency (Jukes, 1970). Tetracycline 

is one of the antibiotics commonly used in honey production (Tian, Fadhil, Powell, Kwong, & 

Moran, 2012), and the pig and poultry industries (Manson, 1968). Honey bees are fed with 

syrups containing tetracycline (up to 500µg/ml) for honey production and residue 

concentration of the antibiotic can be detected in honey bee and within the honey (40.7 µg 

/g) (Tian et al., 2012). The pig feeds can contain traces of copper sulfate from a pesticide 

residue and also as a growth promoter (125- 250ppm ae). These feeds can also contain up 

to (50- 150µg/g) of tetracycline class antibiotic (Pijpers, Schoevers, Haagsma, & Verheijden, 

1991). When the antibiotic comes in contact with biocides, it changes the overall 

effectiveness of the antibiotic. If the residual biocides decrease the overall effectiveness of 

the antibiotic, the treatment may fail to completely eradicate an infection (Pijpers et al., 

1991).  

The dose response assay indicates that 30 ppm ae of copper changed the effectiveness of 

the tetracycline treatment on a population of E. coli (100-fold change in EOP). Copper and 

tetracycline both have anti-microbial properties. The results from this study indicates that 

the effectiveness of the tetracycline is reduced due to the addition of copper. The tested 

concentrations were below the application concentration of copper and tetracycline. This 

suggests that it is something that can take place out in the environment.  



It has been hypothesized that biocide exposure causes a change in gene expression in an 

exposed organism. In that case, it is consistent with an adaptive response. On its own, this 

response is heritable but only to a finite number of generations. Without the stimulus, as 

the bacteria replicates the effect triggered by biocides gets diluted. Eventually, it will revert 

back to pre-exposed state (Fernandez, Breidenstein, & Hancock, 2011). This suggests that 

biocide mediated change in antibiotic tolerance is also reversible. The reversibility and the 

transience of this effect will be discussed in the next chapter. 

 

3.3.2 Loss of efflux components can alter the susceptibility of E. coli to both tetracycline 

and copper 

Adaptive resistance to antibiotics in bacteria is commonly caused by increasing the 

production of efflux pumps (Fernandez et al., 2011).  Efflux pumps have substrate 

preference, but will work on a chemically diverse group of substrates (Daury et al., 2016). 

This as a result can increase tolerance towards a wide range of unrelated substances, 

including antibiotics simultaneously (Fernandez et al., 2011). Copper exposure is known to 

induce or repress various genes involved in expression or regulation of efflux pumps. For 

example, a recent study showed that copper exposure caused depression of MarR and 

upregulated the expression of MarA and MarB *. MarA is a transcriptional activator it can 

upregulate the expression of genes that are involved in antibiotic resistance. This includes 

the upregulation of the acrAB transcript. This leads to increase in the number of AcrAB-TolC 

efflux pumps on the membrane (Hao et al., 2014). 

The results indicated in section 3.2.5 shows that AcrAB- TolC pump complex is important for 

the tolerance tetracycline and copper biocide formulation. The tolerance to copper and 

tetracycline individually was reduced in ΔacrA, ΔacrB and ΔtolC deleted strains of E. coli 

BW25113 compared to the wildtype strain. Although these components work together to 

form a functional pump, the ΔtolC strain had a reduced tolerance towards copper and 

tetracycline compared to ΔacrA and ΔacrB strains. Various research suggests that TolC 

functions with the majority of MFP-dependent transporters (Nishino & Yamaguchi, 2001) 

and it therefore has larger effect than AcrA and AcrB. 



If copper exposure increases the tolerance towards an antibiotic by increasing the number 

of AcrAB- TolC efflux pumps, there should be no change in antibiotic tolerance in the 

knockout strains. Only if AcrAB-TolC is the only way E. coli has to deal with the antibiotic. 

However, in my experiments tetracycline tolerance was still increased due to copper 

exposure across all three pump component deleted strains. This suggests that there are 

other mechanisms which is induced by the copper exposure.  

There are many other classes of multi-drug efflux pumps. There are other efflux pump 

systems that confers multiple antibiotic resistance, EmrAB-TolC, MdfA and Fsr systems 

(Nishino & Yamaguchi, 2001). Despite their difference in structure, they confer specific and 

broad range resistance towards range of antibiotics (Fernandez et al., 2011). The expression 

of these pump systems have the potential to be induced by copper. They need to be 

investigated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

Investigating the longevity of biocide mediated antibiotic tolerance 

4.1 Introduction 

The previous chapter showed that biocide exposure caused changes in antibiotic tolerance. 

The prevailing model of adaptive resistance is that maintenance of elevated antibiotic 

tolerance is dependent upon the ongoing presence of stressors like biocides or antibiotics in 

the environment. Some authors refer to adaptive resistance as not heritable (Fernandez et 

al., 2011). However, there is no conclusive evidence that the phenotype must be reset each 

generation. It is possible that the effect is heritable even though it is not due to a change in 

genotype. 

The purpose of the research described in this chapter was to measure how long, as in 

cellular generations an elevated resistance phenotype, once induced would persist in the 

absence of the inducing agent. Firstly, the reversibility of the biocide mediated effects on E. 

coli after removal of the stimulus was assessed. Later, I attempted to quantify the number 

of generations until the effect becomes undetectable in a population of previously induced 

bacteria.  

As the bacteria replicates, various genes expressions that are induced or repressed due to 

the biocide exposure will eventually return to unexposed state. For example, if biocide 

exposure upregulates the expression of efflux pumps, as the bacteria replicates the number 

of efflux pumps on the outer membrane will be diluted. This will result in the loss of 

elevated antibiotic tolerant phenotype. At that moment bacteria will stop growing. I know 

number of bacteria at the start of the experiment and when they stop growing. I may be 

able to extrapolate number of generations. 

Previous works conducted by our lab group had shown that the bacteria count using a 

spectrometer or CFU did not have the sensitivity required for this experiment. I therefore 

used haemocytometer to count bacteria under the microscope. I assessed the viability of 

counting bacteria with haemocytometer for this purpose. 

However, copper and tetracycline treatment altered the morphology of E. coli when it was 

viewed under the microscope. E. coli continued to elongate without undergoing cell division. 



This observation was consistent with bacterial filamentation (Bos et al., 2015). The filament 

formation compromised the accuracy of counting the number of bacteria using a 

haemocytometer.  

The continuous exposure of copper and tetracycline upon filament formation induced 

another phenotypic change on a population level.  The prolonged exposure had changed the 

majority of the E. coli in the media to be in single cells. The origin of these bacteria was 

investigated. This may be because copper induces a change in gene expression that results 

in adaptive resistance, and it is necessary for sustaining that pattern of gene expression. 

Alternatively, it might be that copper selects for rare mutation that improves survival in 

tetracycline but it is deleterious in competition with individuals that do not have this 

mutation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.2 Results 

4.2.1 Copper induced tetracycline resistance 

The results in chapter 3 are consistent with adaptive resistance, I endeavoured to determine 

whether this is indeed the case. 

The purpose of these experiment was to investigate whether the copper induced 

tetracycline tolerance is a reversible response. E. coli was grown on LB plates containing Cu 

(110ppm ae) + Tet (35µg/ml). Twenty colonies were then transferred to LB, LB+ Tet and LB+ 

Tet+ Cu plate. Twenty colonies from an LB plate were treated identically as controls. Results 

were consistent and reproducible for both sets of colonies: all transferred bacteria formed 

colonies on LB and LB+ Tet+ Cu plates but none did on LB+ Tet plates. This indicates that the 

increase in tetracycline tolerance was reversible and dependent upon the presence of 

copper in the environment. However, this alone does not distinguish between physiological 

reversibility due to change in gene expression or an evolution of a population. 

4.2.2 Copper and tetracycline induced changes to the morphology of E. coli 

In order to determine the number of generation the adaptive effect remained in place after 

the removal of copper, a haemocytometer and microscopy were used.  

However, when observing E. coli cultures exposed to copper and tetracycline (between 8 -

24 hours) a change in morphology became apparent (B, figure 4.2). A sub-lethal copper 

exposure (110ppm ae) in the presence of tetracycline (>10µg/ml) caused filamentation (B, 

figure 4.1). Figure 4.2 shows that cultures dominated by filaments revert back to cultures 

dominated by single cells when filaments were transferred to LB only media and incubated 

for 48 to 72 hours. So, far these observations are consistent with physiological changes 

occurring in the surviving filament forming units. It is not a proof but supports physiological 

adaptation rather than selection of faster growing mutants in the culture. 

 

 

 

 



 

Figure 4.1: E. coli BW25113 in A) LB broth and B) LB broth + copper (110 ppm ae) + tetracycline (15µg/ml) after 24 hours of 
incubation in gyrating water bath (37oC) 

 

Figure 4.2: E. coli BW25113 in LB broth+ copper (110 ppm ae) + tetracycline (15µg/ml) after 72 hour of incubation in 
gyrating water bath (37oC) 

 

 



The cultures of single celled bacteria (from figure 4.2) were plated on to agar plates with 

and without tetracycline (15µg/ml). Bacteria were able to grow on LB plate but unable to 

grow on tetracycline, indicating that even after 72 hours of exposure to tetracycline and 

copper, transferred cells could not grow enough generations on tetracycline to form visible 

colony.  

Do the single cell forms observed after 48- 72 hours of exposure to copper+ tet arise from 

filaments observed after 24 hours, or from a minority of single celled bacteria in the 

culture? I reasoned that E. coli taken from colonies founded by a single cell on LB plate form 

filaments when subjected to copper and tetracycline treatment, this would indicate that 

these bacteria have originated from the filamentous bacteria.  

E. coli was exposed to copper (110pm ae) and tetracycline (15µg/ml) in liquid culture for 3 

days as in the previous experiment. These bacteria were examined under the microscope. I 

saw bacterial population dominated by single cells. The LB plate was inoculated with 

dilutions (1x108 fold dilution) of this culture. The LB broth was inoculated with a single 

colony from an LB plate. After 24 hours of incubation, bacteria were examined under the 

microscope. It was evident that filaments had formed. This suggests that the filament 

formation is itself a response to the environment and is a uniform response to the 

environment for this genotype. 

4.2.3 The cause of filamentation upon biocide exposure 

Some bacteria naturally form filaments. However, bacteria such as E. coli form filaments 

when stressed (Justice, Hunstad, Seed, & Hultgren, 2006). The presence of copper and 

tetracycline in the medium induced filamentous growth. I investigated whether the biocides 

and the antibiotics used in this experiment were able to cause filamentation. LB medium 

was inoculated with E. coli in various concentrations of antibiotics or biocides individually 

and incubated to grow until saturation (24 hours). Cultures were then examined for 

morphological changes using a microscope. The individual biocide up to the tested 

concentrations, did not induce the formation of filaments.  

 

 



Table 4.1: Effect of biocide exposure on filament formation of E. coli 

 Copper (ppm ae) Pyrethrin (ppm) Round-up (ppm) 

Tested concentrations Up to 300 Up to 70 Up to 400 

Filament formation No No No 
 

Table 4.2: Effect of antibiotic exposure on filament formation of E. coli 

 Tetracycline (µg/ml) Kanamycin (µg/ml) Streptomycin (µg/ml) 

Tested concentrations Up to 10 Up to 15 Up to 10 

Filament formation Yes, 1 to 5µg/ml No No 

 

For tetracycline, exposure near the minimum inhibitory concentration led to the formation 

of bacteria filaments. Tetracycline (> 2µg/ml) induced a more pronounced phenotype than 

at 1µg/ml. However, as the concentration of antibiotic went up (> 5µg/ml), the rate of 

growth was reduced both in bacteria concentration in the medium and filament formation. 

E. coli that had been incubated in tetracycline (> 10µg/ml) did not undergo any morphological 

change and the bacteria concentration remained unchanged after a 7 days of continuous 

incubation. 

 

4.2.4 Determination of the longevity of the biocide induced antibiotic tolerant phenotype 

In order to determine the longevity of biocide induced antibiotic tolerant phenotype, I 

needed sensitive measure of concentrations of bacteria in a culture. The sensitivity and 

reproducibility of determining the concentration of bacteria in a culture using a 

haemocytometer was tested. I first compared defined dilutions of a starting culture to test 

whether a haemocytometer gave accurate results. I tried to find the limit of detection of 

differences between dilutions and planned to use this to determine the number of 

generations E. coli can grow after Cu removal. 

A culture of E. coli was grown in LB to saturation and then diluted 100- folds to ensure that 

the bacteria were within a countable range of the haemocytometer (106 – 107 cfu/ml). This 

sample was further diluted by 8- fold dilution. The bacteria concentration was measured 

using a haemocytometer for both original and the 8- fold diluted samples.  



 

Figure 4.3: The concentrations of E. coli in the original sample and the 1:8 fold diluted sample measured by the 

haemocytometer. The error bars are SEM. P= 5.58x10-11. 

The bacteria concentration measurement obtained from the haemocytometer can 

statistically distinguish (p= 5.58e-11) between the original and diluted samples because the 

calculated cfu/ml from the haemocytometer readings was 8- fold different between the two 

(figure 4.3). I then sought to test if the haemocytometer could reliably distinguish between 

populations differing only 4- fold in density. The result shows that it is possible to 

statistically distinguish (p= 8.47e-6) 4- fold diluted sample from the original sample with 5 

repeated measurements (figure 4.4).   

 

Figure 4.4: The concentration of E. coli in the original sample and the 1:4 fold diluted sample measured by the 

haemocytometer. The error bars are SEM. P=8.47x10-6. 
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The bacteria count measured by haemocytometer can overestimate cfu because it does not 

discriminate between a living cell and a dead cell. The relationship between bacteria 

concentration measured using a haemocytometer and colony forming unit (cfu/ml) on LB 

plate was therefore assessed. 

E. coli was grown to suturing concentration (1-2x 109 cfu/ml) and the bacteria concentration 

for this culture was determined using the haemocytometer. The culture was diluted to 

produce colonies in a countable range on a LB plate (20- 200). Three repeated measures of 

colony forming units was taken from the different cultures. The results, detailed in table 4.1 

shows that the haemocytometer consistently overestimated the cfu, however the accuracy 

is within a factor of 4, consistent with previous experiments. 

Table 4.3: The relationship between the haemocytometer estimate of colony forming unit (CFU) and CFU on LB media.  

 Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Haemocytometer 
estimate 

43.7 26.5 37.8 42.7 

Replicate 1 26 22 27 29 
Replicate 2 35 15 20 44 
Replicate 3 31 21 27 27 

Average CFU 30.6 19.3 24.6 33.3 

 

With this in mind, I tried to determine longevity of copper induced tetracycline tolerance on 

E. coli. E. coli was grown to saturation (3 days after first incubation, resulting in individual 

non- filamented cells) in copper (110 ppm ae) with tetracycline (15 µg/ml). A 100- fold 

dilution of this culture was transferred to LB broth that contained only tetracycline (15 

µg/ml). The bacteria concentration at the start and end of the experiment (16 hours) was 

determined by haemocytometer. There was 2.85- fold increase in the concentration of E. 

coli. The bacteria increased by about one generation after transfer to tetracycline. However, 

a 2 to 3- fold increase is below the current sensitivity of a haemocytometer. 



 

Figure 4.5: Growth of E. coli in 15µg/ml tetracycline (> MIC). The error bars are SEM. P= 2.38x10-4. 
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4.3 Discussion 

Understanding how bacteria rapidly acquire antibiotic resistance under selective pressure is 

crucial to preventing the development of multidrug resistant bacteria. The reversible nature 

of adaptive antibiotic resistance makes it particularly inconvenient in its identification. This 

phenotype is known to emerge due to exposure to subinhibitory concentrations of 

antibiotics (Andersson & Hughes, 2014). Epigenetic inheritance, population heterogeneity, 

gene amplification and efflux pumps are possible explanations for its development (Grote, 

Krysciak, & Streit, 2015). What makes adaptive resistance distinct from acquired resistance 

is its plasticity. This research attempted to measure the transience of the biocide induced 

adaptive resistance of copper and tetracycline exposure of E. coli.  

The formation of elongated bacterial cell is due to growing in a stressful environment. This 

includes unfavourable pH of the medium, various vitamin deficiencies, exposure to gamma 

radiation, and various antibiotic exposure (Bos et al., 2015). It has been proposed that 

multinucleated filaments are involved in adapting to new environment. It has been 

speculated that it generates elevated levels of mutations through mutagenic SOS response. 

Once the stress had been relieved, division of the filamentous cell occurs simultaneously 

across the filament resulting in multiple viable normal sized offspring cells (Bos et al., 2015). 

The 24-hour exposure of copper and tetracycline on E. coli led to formation of elongated 

bacteria. This can be an abnormally long single cells or multi- nucleated filaments. Further 

tests are necessary to distinguish between two phenotypes. An example can be nuclear 

staining. The growth of E. coli through multi-nucleated filaments would indicate that the 

gene expression had changed due to the presence of copper and tetracycline. If so, this is 

consistent with epigenetic response. There was a heritable change in the gene expression 

due to conditional changes in the environment. 

After prolonged incubation of E. coli (48- 72 hr) in copper and tetracycline, E. coli reverts 

back to its original morphology. These bacteria either had adapted to the environment or 

had acquired permanent resistance to tetracycline. The results show that these bacteria did 

not acquire permanent resistance to tetracycline.  

 



4.3.1 Did tetracycline and copper exposure cause adaptive change in tetracycline 

tolerance on E. coli? 

The results from section 4.2.4 suggests that reversion of the phenotype is environmentally 

induced, yet there are underlying possibilities that the reversion is not due to physiological 

adaptation. These possibilities need to be investigated. 

Result in chapter 3 indicates that tetracycline can suppress the growth of E. coli for more 

than a week in the 37oC incubator. It is possible to speculate that copper exposure had led 

to physiological change in E. coli, and also induced a physio-chemical change to tetracycline 

(Pulicharla, Hegde, Brar, & Surampalli, 2017). The molecular properties of tetracycline make 

it an efficient chelator for wide range of metal cations like copper. The conformational 

change affects uptake, binding affinity and degradation pathways. This affects the overall 

potency of tetracycline and it makes the directionality of the potency difficult to predict. For 

example, copper can increase the potency by through improving the uptake efficiency.  

Heavy metals such as Fe2+, Cu2+ and Mn2+ acts as a catalyst for the oxidation of tetracycline 

in the presence of oxygen (Olusola, Folashade, & Ayoade, 2012). The reversion of the 

morphological change in E. coli can be due to decrease in the potency of tetracycline over 

time instead of acquisition of adaptive resistance from E. coli.  

The potency of tetracycline may also have decreased during incubation. E. coli under a 

bacteriostatic concentration of tetracycline suppresses cellular function by inhibiting 

translation (Chopra & Roberts, 2001). This down regulates the metabolic activity of E. coli. 

The presence of copper allows E. coli to grow and metabolize tetracycline. The tetracycline 

may be modified or be broken down, enzymes such as TetX was reported to exist in 

Acinetobacter genus  (Ghosh, LaPara, & Sadowsky, 2015). The filamentous growth of E. coli 

increases the overall cellular mass. This reduces the effective concentration of tetracycline 

per cell volume. The growth of bacteria can change the effectiveness of the tetracycline 

present in the environment. 

The effectiveness of the copper and tetracycline in the LB medium should be investigated. E. 

coli can be removed from the medium through centrifugation. The same medium can then 

be inoculated with fresh E. coli and can be examined for morphological changes. The 

continuous growth without a morphological change should indicate that there was a change 



in the medium. This would indicate that the changes in the media had influenced the results 

of my experiments. 

4.3.2 What are the limitations of measuring longevity of adaptive resistance? 

Experiments from other members of this laboratory group had identified herbicides that 

induced an increase in antibiotic tolerance (Kurenbach et al., 2015). Statistically significant 

increases in the proportion of E. coli able to replicate in the presence of lethal antibiotic 

concentrations when exposed to sub-lethal herbicide concentrations were reported. In this 

case, experiments were conducted on solid medium. I have attempted to measure the 

transience of adaptive resistance for these antibiotic and herbicide combinations in liquid 

medium. However, I was not able to replicate these results in liquid medium. This lead me 

to consider the limitations of the methodology. 

An isogenic population of bacteria is often studied with the assumption that their average 

phenotype is representative of the individual cell rather than representative of the 

proportion of cells with different phenotypes (Novick & Weiner, 1957). Bacteria grown in 

liquid medium to saturation should be isogenic yet this does not mean that they are 

phenotypically identical. There are many factors that contributes towards phenotypic 

heterogeneity. This is important because heterogeneous expression of efflux pumps and 

porins can change the phenotype of bacteria during antibiotic exposure (El Meouche, Siu, & 

Dunlop, 2016). The herbicide exposure should have different effects on an individual 

bacterium.  

Phenotypic heterogeneity occurs even if the micro-environment surrounding the cells is 

consistent throughout space and time. According to the stochastic model of gene 

expression, every cell in a population has a certain probability to respond to an inducing 

stimulus in a given time frame. This may affect gene transcription, translation and post-

translational modifications. As a result, it generates phenotypic subpopulations with distinct 

traits within an isogenic population of bacteria (Elowitz, Levine, Siggia, & Swain, 2002).  A 

phenotypic heterogeneous bacterial population is beneficial since it can adapt to sudden 

changes within their environment (Sanchez-Romero & Casadesus, 2014).  

The end point measurement for this (section 4.2.4) experiment is the change in the 

reproductive capability of an initial inoculant in the presence of antibiotic and biocide. It 



measures the reproductive capability of a population rather than a single bacterium. It only 

takes a few cells from the initial inoculant to repopulate the medium. This may be a reason 

why there was a variation in the MIC between the replicate experiments. 

In order to measure the transience of adaptive resistance, the biocide exposure has to 

induce a large change in antibiotic tolerance. Bacteria near the MIC grow at a slower rate. It 

is difficult to distinguish a slow growing culture from a bacteriostatic culture as there is no 

significant change in the number of bacteria. A large difference in the MIC between 

antibiotic only treatment and the antibiotic + biocide treatment assures that biocide is 

necessary to grow in bacteriostatic concentration of antibiotic prior to biocide exposure.  

4.3.3 How does morphological change have biological impact on E. coli 

I observed that the copper and tetracycline exposure caused morphological change to 

filaments which was distinctly different from original morphology (single cell). There are two 

different ways that may have led to this change. Either E. coli has a heterogeneous 

expression of shapes and a subset of these morphology replicated better under the stimulus 

or E. coli had modified its morphology in response to an environmental cue. In latter case, it 

suggests that the shape is important enough to merit regulation. 

The shape of the cell determines the surface area. If the organism has to take up nutrients 

and actively disposes toxins like antibiotic and biocides, it would be beneficial to change 

shape to increase the surface area (Young, 2007). Since a spherical shape minimizes the 

surface area in relation to cell volume, it should reduce the incidence of interacting with 

harmful substances (Young, 2007). It can also decrease the area where efflux pumps can be, 

which can remove toxic substances from cells. Bacteria have been known to increase their 

surface to volume ratio in a nutrient rich environment (Schulz & Jorgensen, 2001). This 

morphological adaptation provides a selective advantage in a given environment. 

On the other hand, morphological change is a result of other biological activity. This might 

not directly be regulated to an environmental change. Studies have shown that E. coli under 

the exposure to ciprofloxacin changes their shape to long filamentous structure (Bos et al., 

2015). This formation can also be induced by extensive DNA damage, nutrient deficiency 

and various antibiotic treatments. It is described as a generalized survival strategy under 



these environments. There are only speculative theories to the functional benefit that this 

provides to the organism (Bos et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 

Summary and future directions 

5.1 Summary 

The general aim of this study was to extend observations of the effects of exposure of 

biocides on microorganism. The specific aim was to study the toxicity and sub-lethal activity 

of copper, pyrethrins and atrazine on E. coli. 

The results of this study had shown that out of the 12 antibiotic- biocide combinations, 

there were nine combinations which had led to change in antibiotic tolerance. 

The strongest effect was caused by copper exposure. It induced a 30- fold increase in 

tetracycline tolerance. This effect can be induced by a copper concentration of 30 ppm ae 

which is far below the application concentration. How copper induced tetracycline tolerance 

was investigated. The adaptive response induced by copper persisted for approximately one 

doubling of a population which then uniformly reverted to tetracycline susceptibility.  

Bacteria with elevated levels of antibiotic tolerance have the potential to cause treatment 

failures if they infect human or domestic animals (Fernandez & Hancock, 2012). The 

longevity of the elevated antibiotic tolerant phenotype in absence of stimulus could 

therefore have therapeutic relevance. The result showed that the elevated tetracycline 

phenotype was maintained for roughly 1 generation. This doesn’t seem very much; but we 

do not know other mechanisms that leads to loss of these phenotype other than replication. 

If the E. coli with the elevated phenotype does not replicate, it is possible to maintain the 

phenotype and cause infection. 

The tolerance to tetracycline and copper in the AcrAB-TolC mutant was significantly lower 

than the wildtype. This indicates that both agents would be more toxic to E. coli without 

these endogenous pumps and that they contribute to the apparent intrinsic resistance to 

both agents. In the context of the broad model of efflux pump regulation, it is likely that the 

exposure conditions result in more pumps or more pump activity. However, I did not 

directly test this. Moreover, the pumps would not alone account for the full effect. The 

copper exposure had elevated tolerance to tetracycline in pump component mutant strains 



which suggests that there are other biological mechanisms which had resulted in this 

phenotype. 

There are tests to identify other mechanisms. Transcriptomic analysis can identify the 

change in the level of transcript due to biocide exposure. Proteomic analysis can identify the 

change in the amount of protein. Mutant strain library can be used to identify the gene that 

is important in copper mediated elevated tetracycline tolerant phenotype. 

The exposure (24 hours) to copper and tetracycline induced a phenotypic change. Cells in 

the culture formed filaments, without undergoing septation. Longer exposures caused the 

bacteria to revert to single cells with uniform loss of filamented forms. 

So far, it is unclear whether this morphological change has direct connection to elevated 

tetracycline tolerance. More work is needed to investigate whether there is a functional 

advantage in forming filaments to acquire elevated tetracycline tolerance. 

5.2 Future works 

5.2.1 The extent of tetracycline inhibition 

The experiments outline in chapter 3 had shown that E. coli exposed to bacteriostatic 

concentration of tetracycline (15µg/ml) in LB medium over 10 days were not dead because 

they could again form colonies when tetracycline was removed from the medium. It is 

possible that they may still have residual metabolic activity and for that they need 

transcription and translation. It is possible that there is translation taking place under a 

bacteriostatic concentration of tetracycline. 

To test for this hypothesis, I want to measure translation activity in bacteriostatic 

concentrations of tetracycline. The use of green fluorescent protein (gfp) as reporter protein 

can be used to indicate if new translation occurs. However, the problem associated with this 

gfp for this analysis is that it is very stable. This makes it difficult to measure real- time gene 

expression.  

It has been discovered that if this gfp was attached with a specific C- terminal oligopeptide 

extension, this makes the protein to be susceptible to degradation by intracellular tail- 

specific protease (Andersen et al., 1998). Due to the consistent breakdown, the level of 

florescence can only be maintained by constant translation. The most unstable gfp indicated 



in Anderson et al. 1998 [gfp(LVA)], was chosen for this study. This study also indicates that 

protease remained stable for the duration of the experiment. This suggests that the 

protease activity does not require ongoing translation.  

The level of florescence in this strain can be measured with a fluorometer at the excitation 

wavelength of 475nm. This can indicate whether translation takes place under tetracycline. 

However, my concern is the detection limit – if the translation under tetracycline takes place 

so slowly that it’s below the detection limit, I would not be able to detect fluorescence even 

though there is translation taking place. 

5.2.2 Showing physiological heterogeneity 

Experiments in chapter 3 had shown that the isogenic population of bacteria exposed to 

antibiotics and biocide respond in different ways – some form colony and while other do not 

replicate. Mutation does not explain this phenomenon because the research in chapter 3 

shows that biocide does not elevate the background levels of mutation.  

Even in population of isogenic bacteria there can be a variety of phenotypes. These include 

differences in growth rate or expression of certain genes, e.g. those for efflux pumps. The 

interplay of these parameters introduces cell to cell variation in antibiotic tolerance. If LB 

broth medium containing antibiotic near the MIC was inoculated with E. coli, only the 

bacteria with the tolerant phenotype are expected to propagate. However, it is difficult to 

quantify the individual contributions of a bacterium in a large population.  

I hypothesize that E. coli with more antibiotic tolerant phenotype will contribute more to 

the large population. I want to compare the gene expression profile between replicating 

bacteria from a non/ less replicating bacteria. In order to do this, I need to be able to 

distinguish them. 

The CUSPER (reproductive success spelt backwards) is a bioreporter tool, designed to 

distinguish between replicating bacteria and those that are non-replicating (Remus-

Emsermann, Tecon, Kowalchuk, & Leveau, 2012). The reporter contains GFPmut3 and a 

constitutively expressed repressor LacIq which can be induced by adding IPTC into the 

growth medium. 



To assess the effects of physiological heterogeneity, E. coli is grown in LB broth containing 

IPTG. This will achieve the maximum level of fluorescence. A sample of the bacteria is 

transferred to broth medium containing an antibiotic near MIC. As the E. coli reproduces 

through binary fission, the concentration of gfp in each bacterium is halved as IacIq 

represses the expression of gfp. The dimmer a cell, it indicates that there was more 

reproductive success than the ancestor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



References 

Andersen, J. B., Sternberg, C., Poulsen, L. K., Bjorn, S. P., Givskov, M., & Molin, S. (1998). New 
unstable variants of green fluorescent protein for studies of transient gene expression in 
bacteria. Appl Environ Microbiol, 64(6), 2240-2246.  

Andersson, D. I., & Hughes, D. (2014). Microbiological effects of sublethal levels of antibiotics. Nat 
Rev Microbiol, 12(7), 465-478. doi:10.1038/nrmicro3270 

Anes, J., McCusker, M. P., Fanning, S., & Martins, M. (2015). The ins and outs of RND efflux pumps in 
Escherichia coli. Front Microbiol, 6, 587. doi:10.3389/fmicb.2015.00587 

Bos, J., Zhang, Q., Vyawahare, S., Rogers, E., Rosenberg, S. M., & Austin, R. H. (2015). Emergence of 
antibiotic resistance from multinucleated bacterial filaments. Proc Natl Acad Sci U S A, 
112(1), 178-183. doi:10.1073/pnas.1420702111 

Bouki, C., Venieri, D., & Diamadopoulos, E. (2013). Detection and fate of antibiotic resistant bacteria 
in wastewater treatment plants: a review. Ecotoxicol Environ Saf, 91, 1-9. 
doi:10.1016/j.ecoenv.2013.01.016 

Broos, K., Warne, M. S., Heemsbergen, D. A., Stevens, D., Barnes, M. B., Correll, R. L., & McLaughlin, 
M. J. (2007). Soil factors controlling the toxicity of copper and zinc to microbial processes in 
Australian soils. Environ Toxicol Chem, 26(4), 583-590.  

Butaye, P., Devriese, L. A., & Haesebrouck, F. (2003). Antimicrobial growth promoters used in animal 
feed: effects of less well known antibiotics on gram-positive bacteria. Clin Microbiol Rev, 
16(2), 175-188.  

Chopra, I., & Roberts, M. (2001). Tetracycline antibiotics: mode of action, applications, molecular 
biology, and epidemiology of bacterial resistance. Microbiol Mol Biol Rev, 65(2), 232-260 ; 
second page, table of contents. doi:10.1128/MMBR.65.2.232-260.2001 

Cordero, C., & Zaias, N. (1987). Clinical evaluation of pediculicidal and ovicidal efficacy of two 
pyrethrin-piperonyl-butoxide formulations. Clin Ther, 9(5), 461-465.  

Crawford, J. J., Sims, G. K., Mulvaney, R. L., & Radosevich, M. (1998). Biodegradation of atrazine 
under denitrifying conditions. Appl Microbiol Biotechnol, 49(5), 618-623.  

Daniels, J., & DiCenso, A. (2003). Review: antibiotic treatment for 7-14 days reduces treatment 
failure in children with urinary tract infection. Evid Based Nurs, 6(1), 15.  

Daury, L., Orange, F., Taveau, J. C., Verchere, A., Monlezun, L., Gounou, C., . . . Lambert, O. (2016). 
Tripartite assembly of RND multidrug efflux pumps. Nat Commun, 7, 10731. 
doi:10.1038/ncomms10731 

Dolliver, H., Gupta, S., & Noll, S. (2008). Antibiotic degradation during manure composting. J Environ 
Qual, 37(3), 1245-1253. doi:10.2134/jeq2007.0399 

Du, D., Wang, Z., James, N. R., Voss, J. E., Klimont, E., Ohene-Agyei, T., . . . Luisi, B. F. (2014). 
Structure of the AcrAB-TolC multidrug efflux pump. Nature, 509(7501), 512-515. 
doi:10.1038/nature13205 

El Meouche, I., Siu, Y., & Dunlop, M. J. (2016). Stochastic expression of a multiple antibiotic 
resistance activator confers transient resistance in single cells. Sci Rep, 6, 19538. 
doi:10.1038/srep19538 

Elowitz, M. B., Levine, A. J., Siggia, E. D., & Swain, P. S. (2002). Stochastic gene expression in a single 
cell. Science, 297(5584), 1183-1186. doi:10.1126/science.1070919 

Farouk, F., Azzazy, H. M., & Niessen, W. M. (2015). Challenges in the determination of 
aminoglycoside antibiotics, a review. Anal Chim Acta, 890, 21-43. 
doi:10.1016/j.aca.2015.06.038 

Faundez, G., Troncoso, M., Navarrete, P., & Figueroa, G. (2004). Antimicrobial activity of copper 
surfaces against suspensions of Salmonella enterica and Campylobacter jejuni. BMC 
Microbiol, 4, 19. doi:10.1186/1471-2180-4-19 



Fernandez, L., Breidenstein, E. B., & Hancock, R. E. (2011). Creeping baselines and adaptive 
resistance to antibiotics. Drug Resist Updat, 14(1), 1-21. doi:10.1016/j.drup.2011.01.001 

Fernandez, L., & Hancock, R. E. (2012). Adaptive and mutational resistance: role of porins and efflux 
pumps in drug resistance. Clin Microbiol Rev, 25(4), 661-681. doi:10.1128/CMR.00043-12 

Fischbach, M. A., & Walsh, C. T. (2009). Antibiotics for emerging pathogens. Science, 325(5944), 
1089-1093. doi:10.1126/science.1176667 

Franklin, T. J. (1971). Uptake of tetracycline by membrane preparations from Escherichia coli. 
Biochem J, 123(2), 267-273.  

Ghosh, S., LaPara, T. M., & Sadowsky, M. J. (2015). Transformation of tetracycline by TetX and its 
subsequent degradation in a heterologous host. FEMS Microbiol Ecol, 91(6). 
doi:10.1093/femsec/fiv059 

Goldman, J. L., & Jackson, M. A. (2015). Tip of the Iceberg: Understanding the Unintended 
Consequences of Antibiotics. Pediatrics, 136(2), e492-493. doi:10.1542/peds.2015-1296 

Grote, J., Krysciak, D., & Streit, W. R. (2015). Phenotypic Heterogeneity, a Phenomenon That May 
Explain Why Quorum Sensing Does Not Always Result in Truly Homogenous Cell Behavior. 
Appl Environ Microbiol, 81(16), 5280-5289. doi:10.1128/AEM.00900-15 

Hao, Z., Lou, H., Zhu, R., Zhu, J., Zhang, D., Zhao, B. S., . . . Chen, P. R. (2014). The multiple antibiotic 
resistance regulator MarR is a copper sensor in Escherichia coli. Nat Chem Biol, 10(1), 21-28. 
doi:10.1038/nchembio.1380 

Hori, R., Yoshida, H., & Okumura, K. (1979). Tissue distribution and metabolism of drugs. IV. 
Accumulation and penetration of some antibiotics in rat lungs. Chem Pharm Bull (Tokyo), 
27(6), 1321-1327.  

Jukes, T. H. (1970). Antibiotics in animal feeds. N Engl J Med, 282(1), 49-50.  
Jukes, T. H. (1977). The history of the "antibiotic growth effect". Fed Proc, 36(11), 2514-2518.  
Jukes, T. H., & Williams, W. L. (1953). Nutritional effects of antibiotics. Pharmacol Rev, 5(4), 381-420.  
Justice, S. S., Hunstad, D. A., Seed, P. C., & Hultgren, S. J. (2006). Filamentation by Escherichia coli 

subverts innate defenses during urinary tract infection. Proc Natl Acad Sci U S A, 103(52), 
19884-19889. doi:10.1073/pnas.0606329104 

Komarek, M., Cadkova, E., Chrastny, V., Bordas, F., & Bollinger, J. C. (2010). Contamination of 
vineyard soils with fungicides: a review of environmental and toxicological aspects. Environ 
Int, 36(1), 138-151. doi:10.1016/j.envint.2009.10.005 

Kulshrestha, G., Yaduraju, N. T., & Mani, V. S. (1982). The relative toxicity of the S-triazine herbicides 
atrazine and simazine to crops. J Environ Sci Health B, 17(4), 341-354. 
doi:10.1080/03601238209372325 

Kurenbach, B., Marjoshi, D., Amabile-Cuevas, C. F., Ferguson, G. C., Godsoe, W., Gibson, P., & 
Heinemann, J. A. (2015). Sublethal exposure to commercial formulations of the herbicides 
dicamba, 2,4-dichlorophenoxyacetic acid, and glyphosate cause changes in antibiotic 
susceptibility in Escherichia coli and Salmonella enterica serovar Typhimurium. MBio, 6(2). 
doi:10.1128/mBio.00009-15 

Le-Minh, N., Khan, S. J., Drewes, J. E., & Stuetz, R. M. (2010). Fate of antibiotics during municipal 
water recycling treatment processes. Water Res, 44(15), 4295-4323. 
doi:10.1016/j.watres.2010.06.020 

Lemire, J. A., Harrison, J. J., & Turner, R. J. (2013). Antimicrobial activity of metals: mechanisms, 
molecular targets and applications. Nat Rev Microbiol, 11(6), 371-384. 
doi:10.1038/nrmicro3028 

Li, D., Yu, T., Zhang, Y., Yang, M., Li, Z., Liu, M., & Qi, R. (2010). Antibiotic resistance characteristics of 
environmental bacteria from an oxytetracycline production wastewater treatment plant and 
the receiving river. Appl Environ Microbiol, 76(11), 3444-3451. doi:10.1128/AEM.02964-09 

Li, Q., Luo, Y., Song, J., & Wu, L. (2007). Risk assessment of atrazine polluted farmland and drinking 
water: a case study. Bull Environ Contam Toxicol, 78(3-4), 187-190. doi:10.1007/s00128-007-
9051-8 



Lidstrom, M. E., & Konopka, M. C. (2010). The role of physiological heterogeneity in microbial 
population behavior. Nat Chem Biol, 6(10), 705-712. doi:10.1038/nchembio.436 

Liu, Y., Zhang, H., Shen, J., & Gao, P. (2007). Effect of physiological heterogeneity of E. coli population 
on antibiotic susceptivity test. Sci China C Life Sci, 50(6), 808-813. doi:10.1007/s11427-007-
0091-4 

Manson, E. R. (1968). Antibiotics in animal feeds. Aust Vet J, 44(4), 169-173.  
Nishino, K., & Yamaguchi, A. (2001). Analysis of a complete library of putative drug transporter genes 

in Escherichia coli. J Bacteriol, 183(20), 5803-5812. doi:10.1128/JB.183.20.5803-5812.2001 
Novick, A., & Weiner, M. (1957). Enzyme Induction as an All-or-None Phenomenon. Proc Natl Acad 

Sci U S A, 43(7), 553-566.  
Ogawa, W., Onishi, M., Ni, R., Tsuchiya, T., & Kuroda, T. (2012). Functional study of the novel 

multidrug efflux pump KexD from Klebsiella pneumoniae. Gene, 498(2), 177-182. 
doi:10.1016/j.gene.2012.02.008 

Olusola, A. V., Folashade, P. A., & Ayoade, O. I. (2012). Heavy metal (lead, Cadmium) and antibiotic 
(Tetracycline and Chloramphenicol) residues in fresh and frozen fish types (Clarias 
gariepinus, Oreochromis niloticus) in Ibadan, Oyo State, Nigeria. Pak J Biol Sci, 15(18), 895-
899.  

Pages, J. M., James, C. E., & Winterhalter, M. (2008). The porin and the permeating antibiotic: a 
selective diffusion barrier in Gram-negative bacteria. Nat Rev Microbiol, 6(12), 893-903. 
doi:10.1038/nrmicro1994 

Pijpers, A., Schoevers, E. J., Haagsma, N., & Verheijden, J. H. (1991). Plasma levels of oxytetracycline, 
doxycycline, and minocycline in pigs after oral administration in feed. J Anim Sci, 69(11), 
4512-4522.  

Pulicharla, R., Hegde, K., Brar, S. K., & Surampalli, R. Y. (2017). Tetracyclines metal complexation: 
Significance and fate of mutual existence in the environment. Environ Pollut, 221, 1-14. 
doi:10.1016/j.envpol.2016.12.017 

Randall, C. P., Mariner, K. R., Chopra, I., & O'Neill, A. J. (2013). The target of daptomycin is absent 
from Escherichia coli and other gram-negative pathogens. Antimicrob Agents Chemother, 
57(1), 637-639. doi:10.1128/AAC.02005-12 

Remus-Emsermann, M. N., Tecon, R., Kowalchuk, G. A., & Leveau, J. H. (2012). Variation in local 
carrying capacity and the individual fate of bacterial colonizers in the phyllosphere. ISME J, 
6(4), 756-765. doi:10.1038/ismej.2011.209 

Rensing, C., & Grass, G. (2003). Escherichia coli mechanisms of copper homeostasis in a changing 
environment. FEMS Microbiol Rev, 27(2-3), 197-213.  

Rizzo, L., Manaia, C., Merlin, C., Schwartz, T., Dagot, C., Ploy, M. C., . . . Fatta-Kassinos, D. (2013). 
Urban wastewater treatment plants as hotspots for antibiotic resistant bacteria and genes 
spread into the environment: a review. Sci Total Environ, 447, 345-360. 
doi:10.1016/j.scitotenv.2013.01.032 

Sanchez-Romero, M. A., & Casadesus, J. (2014). Contribution of phenotypic heterogeneity to 
adaptive antibiotic resistance. Proc Natl Acad Sci U S A, 111(1), 355-360. 
doi:10.1073/pnas.1316084111 

Satsuma, K. (2009). Complete biodegradation of atrazine by a microbial community isolated from a 
naturally derived river ecosystem (microcosm). Chemosphere, 77(4), 590-596. 
doi:10.1016/j.chemosphere.2009.06.035 

Schulz, H. N., & Jorgensen, B. B. (2001). Big bacteria. Annu Rev Microbiol, 55, 105-137. 
doi:10.1146/annurev.micro.55.1.105 

Shaw, K. J., Rather, P. N., Hare, R. S., & Miller, G. H. (1993). Molecular genetics of aminoglycoside 
resistance genes and familial relationships of the aminoglycoside-modifying enzymes. 
Microbiol Rev, 57(1), 138-163.  



Sickel, E. (1970). [Comparison of the effect of aureomycin-containing, antibiotic-free and diatetically 
improved starter feed in 14-day-old specific pathogen-free piglets]. Dtsch Tierarztl 
Wochenschr, 77(7), 153-156.  

Speer, B. S., Shoemaker, N. B., & Salyers, A. A. (1992). Bacterial resistance to tetracycline: 
mechanisms, transfer, and clinical significance. Clin Microbiol Rev, 5(4), 387-399.  

Spelman, D. W., McDonald, M., & Spicer, W. J. (1989). Aminoglycoside antibiotic agents: a review. 
Med J Aust, 151(6), 346-349.  

Stanton, T. B. (2013). A call for antibiotic alternatives research. Trends Microbiol, 21(3), 111-113. 
doi:10.1016/j.tim.2012.11.002 

Stewart, P. S., & Costerton, J. W. (2001). Antibiotic resistance of bacteria in biofilms. Lancet, 
358(9276), 135-138.  

Stewart, P. S., & Franklin, M. J. (2008). Physiological heterogeneity in biofilms. Nat Rev Microbiol, 
6(3), 199-210. doi:10.1038/nrmicro1838 

Sturrock, M., Hellander, A., Matzavinos, A., & Chaplain, M. A. (2013). Spatial stochastic modelling of 
the Hes1 gene regulatory network: intrinsic noise can explain heterogeneity in embryonic 
stem cell differentiation. J R Soc Interface, 10(80), 20120988. doi:10.1098/rsif.2012.0988 

Tian, B., Fadhil, N. H., Powell, J. E., Kwong, W. K., & Moran, N. A. (2012). Long-term exposure to 
antibiotics has caused accumulation of resistance determinants in the gut microbiota of 
honeybees. MBio, 3(6). doi:10.1128/mBio.00377-12 

Tsuchido, T., & Takano, M. (1988). Sensitization by heat treatment of Escherichia coli K-12 cells to 
hydrophobic antibacterial compounds. Antimicrob Agents Chemother, 32(11), 1680-1683.  

Vargiu, A. V., & Nikaido, H. (2012). Multidrug binding properties of the AcrB efflux pump 
characterized by molecular dynamics simulations. Proc Natl Acad Sci U S A, 109(50), 20637-
20642. doi:10.1073/pnas.1218348109 

Waksman, S. A. (1956). Definition of antibiotic. Int Rec Med Gen Pract Clin, 169(2), 87-88.  
Yamamoto, I., Elliott, M., & Casida, J. E. (1971). The metabolic fate of pyrethrin I, pyrethrin II, and 

allethrin. Bull World Health Organ, 44(1-3), 347-348.  
Young, K. D. (2007). Bacterial morphology: why have different shapes? Curr Opin Microbiol, 10(6), 

596-600. doi:10.1016/j.mib.2007.09.009 
Zhanel, G. G., Ennis, K., Vercaigne, L., Walkty, A., Gin, A. S., Embil, J., . . . Hoban, D. J. (2002). A critical 

review of the fluoroquinolones: focus on respiratory infections. Drugs, 62(1), 13-59.  
Zhu, L., Lin, J., Ma, J., Cronan, J. E., & Wang, H. (2010). Triclosan resistance of Pseudomonas 

aeruginosa PAO1 is due to FabV, a triclosan-resistant enoyl-acyl carrier protein reductase. 
Antimicrob Agents Chemother, 54(2), 689-698. doi:10.1128/AAC.01152-09 

 


