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CYTOTOXICITY IN POIKILOTHERl\fiC CELLS, EXPLOITING 

BIOSENSOR TECHNOLOGY 

HannahWex 

ABSTRACT 

The effect of temperature on the sensitivity of poikilothermic cells to toxicant 
exposure was investigated, with particular attention to the relationship between 
temperature induced changes in cellular activity, and cell sensitivity to toxicants. 

Temperature was shown to have a significant influence on the metabolic activity 
and sensitivity to toxicants of three types ofpoikilothenns: E.coli, a consortium 
of cells isolated from activated sludge (ASBC), and a genetically modified 
bioluminescent fish cell line (BF-2/lucl). The influence of temperature on the 
ASBC and BF-2/lucl cell sensitivity to toxicants appeared to be related to its 
effects on toxicant uptake and reactivity. However temperature induced changes 
in E. coli metabolic activity were shown to have a pronounced influence on its 
sensitivity to toxicants. The increased metabolic rate supported by higher 
temperatures was associated with decreases in E. coli sensitivity to narcotic 
toxicants as were the increases in E. coli metabolic activity that resulted from 
changes in respiratory substrate solution composition. Subsequent biosensor and 
growth assays demonstrated that E. coli responded to low concentrations of 
phenolic toxicants by increasing it respiration rate at the expense of growth. This 
suggests that the protective effect of increased metabolic activity at higher 
temperatures was related to the energetic costs of toxicant exposure. Additionally 
an impedance spectroscopy assay was developed and showed that 3,5-DCP 
caused only limited disruption of E. coli membrane integrity. 

This study demonstrated for the first time that temperature effects on E. coli 
metabolic activity and on E. coli sensitivity to toxicants are directly linked. 
Further work is needed to develop a fuller understanding of how E. coli metabolic 
activity influences its sensitivity to toxicants. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Temperature is one of the most important abiotic factors affecting the sensitivity 

of poikilothermic organisms, such as microbes and fish, to xenobiotics. All 

aspects of the physiology and metabolic activity of poikilotherms are directly 

dependant on the temperature of their environment, and changes in temperature 

can have a profound impact on their sensitivity to toxic challenges. These changes 

in sensitivity are of importance in a range of areas including environmental 

management, wastewater treatment, food protection and medical microbiology, 

yet the interaction between temperature and toxicity in poikilothermic species is 

still not well understood. 

The aim of this study was to investigate how temperature influences the sensitivity 

of poikilothermic cells to different toxicants, with particular emphasis on the 

interaction between temperature, toxicants, and cell metabolic activity. The need 

for an improved understanding of the interaction between temperature change and 

poikilotherm sensitivity to toxicants is widely acknowledged, as the importance of 

temperature effects on biological responses to xenobiotics is widely recognised 

(Cairns et al. 1975, Babich and Stotzky 1983, 1985, Smoralek 1988, Brecken 

Folse et al 1994, Howe et al 1994, Moller, 1994, Spurgeon 1997, Chapman 2000, 

Rathore and Khangarot 2002). Temperature change is known to affect the 

sensitivity of poikilotherms to antimicrobial compounds and disinfectants (Taylor 

et al. 1999, Karatzas et al. 2001), antibiotics (Parte and Smith 1994), and 

environmental pollutants (Babich and Stotzky 1985, Chapman 2000). The 

environmental implications of temperature induced changes in cell sensitivity to 

toxicants may be particularly important. Seasonal changes in the temperature of 

aquatic and terrestrial habitats may be as much as 20°C (Spurgeon 1997, 
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Thamdrup et al. 1998). However, the majority of environmental toxicity testing is 

carried out at a fixed temperature, intended to optimise the detection of toxicant 

effects (Babich and Stotzky 1985, Spurgeon et al. 1997, Chapman 2000). It has 

been suggested that environmental regulations based on toxicity testing carried out 

at only one temperature may not be adequately protective of natural environments 

(Babich and Stotzky 1985, Chapman 2000). 

Despite the acknowledged importance of the temperature / toxicity interaction in 

poikilotherms, relatively little research has been carried out into the effects of 

temperature on cell sensitivity to toxicants, particularly in the case of microbial 

cells. In a wide ranging 1975 review Cairns et al. stated that very little 

information was available on the effects of temperature on microbial sensitivity to 

toxicants. Almost thirty years later this is still the case (Rathore and K.hangarot 

2002) despite widespread agreement that an understanding of the interaction 

between temperature and toxicity is vital to the development of realistic 

environmental regulations (Babich and Stotzky 1985, Howe et al. 1994, Spurgeon 

et al. 1997, Chapman 2000), and the importance of the temperature/ toxicity 

interaction in food preservation and hygiene. Although investigations into the 

effect of temperature on the response of microbes to some toxic compounds have 

been carried out, they have been relatively few, and even fewer have attempted to 

explain how temperature change influences the interaction between microbes and 

toxicants. The temperature / toxicity interaction is little better understood in 

cultured poikilothermic cells, such as those from fish, although these have been 

exploited to a limited extent to investigate temperature effects on the ability of 

cells to metabolise certain pro-toxicants such as benzo[a]pyrene (Smoralek et al 

1988). 
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1.2 Toxicity testing with bacterial cells 

1.2.1 Background 

Bacteria are used in a wide range of toxicity tests for a variety ofpurposes, and 

have several advantages as test species. In addition to being the obvious test 

organisms for assays with disinfectants and other antimicrobial compounds, they 

are widely used in environmental toxicity testing (Babich and Stotzky 1985) and 

the majority of short term bioassays used in toxicity testing are microbe based 

(Dutka and Kwan 1982). Microbes are ubiquitous throughout the natural 

environment and play important roles in the degradation of waste, nutrient cycles 

and primary production. Damage caused to microbial communities by toxicants 

may result in the inhibition of essential ecological processes, and might also result 

in bioaccumulation of toxic compounds through the food chain, eventually 

harming higher organisms (Mayfield 1998, Sani et al 2001). In addition microbial 

assays can be used as surrogates for assays with higher organisms (Mayfield 1998, 

Pill et al. 1991 ). However the usefulness of bacteria as direct surrogates for higher 

organisms is limited by their inability to predict the effects of compounds which 

act against specific organs in multicellular animals, such as the liver, (Castano et 

al. 2003) and differences in the responses of prokaryotes and eukaryotes to some 

toxicants (Hollis et al. 2000). Bacteria are also easily amenable to genetic 

manipulation, an area of considerable current interest, and assays using microbes 

modified to emit light in response to specific toxicants (Heitzer et al. 1994, Sticher 

et al. 1997, Beaton et al. 1999, Alexander et al. 2000), or the activation of stress 

response pathways (Belkin et al. 1996, 1997, Bianchi and Baneyx 1999, Choi and 

Gu 2001, Gu and Choi 2001) have been developed. 

A major disadvantage associated with toxicity tests with single species is the 

difficulty involved in extrapolating from single species laboratory data to 

considerably more complex natural environments (Cairns and Pratt 1989, 

Chapman 2000). Toxicity tests with bacteria are generally carried out under fixed 
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laboratory conditions, in which abiotic factors, such as temperature, pH and 

nutrient availability are controlled to allow comparison between assays. However, 

toxicity tests carried out under such fixed conditions are unlikely to reflect the 

actual responses of cells in their natural habitat (Babich and Stotzky 1985). 

Additionally under natural conditions microbial cells exist in multispecies 

communities, and the sensitivity of pure cultures of bacteria to toxicants has been 

found to differ from that of bacteria in such communities (Evans et al. 1998, 

Chapman 2000). This problem can be partially overcome through the use of 

consortia of bacteria rather than pure cultures. However, such factors are rarely 

taken into account in studies of the toxicity of compounds. 

1.2.2 The effects of temperature on bacterial cells 

Temperature can have a pronounced effect on the physiology and metabolic 

activity of bacterial cells, and such temperature induced changes can influence the 

interaction between bacteria and toxicants. Toxicants may interact with three 

main regions of vegetative bacterial cells: the cell wall, the cytoplasmic membrane 

and the cytoplasm (Denyer and Stewart 1998, Maillard 2002). The effects of 

temperature change on these cellular structures are discussed below. Toxicants 

can act on more than one of these regions of a cell, and inhibitory effects of a 

compound on the three target areas may be interrelated. For example, oxidative 

stress caused by mercury(II) chloride acting on targets in the cytoplasm, can lead 

to peroxidation of the lipids in the cell membrane (Kim et al. 2003). 

1.2.2.l The cell wall 

The cell wall is the outermost region ofbacterial cells, and forms a rigid layer 

which acts as a barrier, preventing large molecules such as proteins from entering 

the cell, and enables cells to hold their shape. Essential molecules are able to 

enter the cell through diffusion channels known as porins (Neidhardt et al. 1990). 
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The cell wall is also essential for growth and cell division. Its major structural 

component is a rigid meshwork of cross-linked chains ofthe peptidoglycan 

murein, interspersed with other compounds such as teichoic acids (Neidhardt et al. 

1990). In Gram positive bacteria the cell wall consists simply of a layer of 

murein, whereas Gram negative bacteria have a thinner murein wall combined 

with an outer membrane (McDonnell and Russel 1999). The outer membrane is 

an assymetrical lipid bilayer, the outer layer ofwhich consists of a molecule 

unique to the outer membrane called lipopolysaccharide (Neidhardt et al. 1990, 

Russell and Chopra 1990). The outer membrane acts as a very effective barrier to 

biocides (McDonnell and Russell 1999) and Gram negative bacteria are generally 

less sensitive to biocides and antibiotics than Gram positive bacteria (Neidhardt et 

al. 1990, Denyer and Stewart 1998, McDonnell and Russell 1999, Segura et al. 

1999, Nikaido 2001, Maillard 2002). 

There is little information available about the effects of temperature on the cell 

wall of bacteria, although there is some evidence that increased temperature can 

increase the permeability of the Gram negative outer membrane (Orange 1994). 

Temperature has also been found to control the phosphorylation of 

lipopolysaccharide in the outer membrane of a strain of Pseudomonas syringae, 

and this has been suggested to modulate outer membrane function at different 

temperatures in these bacteria (Berry and Foegedding 1997). 

1.2.2.2 The cytoplasmic membrane 

The cytoplasmic membrane consists of a phospolipid bilayer arranged so that the 

hydrophobic lipid tails are on the inside ofthe bilayer and the hydrophilic head 

regions of the phospholipids are in contact with the aqueous cytoplasm and the 

external environment of the cell. A range of proteins are associated with the 

bilayer and these can account for as much as 70% of the membrane mass 

(Neidhardt et al. 1990). The membrane is the main boundary between the 

cytoplasm of the cell and its external environment, controlling what enters and 
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leaves the cell and is vital to normal cellular function. It is the site of energy 

generating processes, including the electron transport chain of respiration, and 

A TP synthesis (Neidhardt et al. 1990). The maintenance of osmotic and pH 

gradients across the membrane are also essential to normal cell function (Dawes 

1986, Segura et al. 1999). 

The physical state of the lipids within the bilayer is very important to membrane 

function as normal cellular function requires the membrane to be in a semi fluid 

state. For this reason the most important effect of temperature on the cytoplasmic 

membrane of bacterial cells is its ability to alter the fluidity of the lipids within the 

bilayer (Gounot 1991, Berry and Foegedding 1997). Bacterial membrane lipids 

are most fluid at temperatures slightly higher than their growth temperature, and as 

the temperature of cells decreases the membrane lipids become progressively less 

fluid (Ultee et al. 1998, Luxo et al. 2000). At low temperatures this results in a 

change in the organisation of the lipids from a fairly liquid disordered state to a 

more ordered crystalline configuration (Berry and Foegedding 1997). As 

reductions in membrane fluidity are inhibitory to normal cellular function many 

bacteria are able to alter the lipid composition of their membrane. In response to 

decreases in temperature cells can increase the proportion of unsaturated fatty 

acids and / or the proportion of fatty acids with short acyl chains within the lipid 

bilayer. This reduces the melting temperature of the membrane lipids and enables 

the cells to maintain the required level of membrane fluidity (Gounot 1991, Whyte 

et al. 1996, Berry and F oegedding 1997, Pano ff et al. 1998). In addition changes 

in the ratio of cis- and trans-fatty acids within the membrane lipids may occur at 

higher temperatures. These changes have been linked to stress adaptation by cells, 

and can also be induced by the presence of toxicants such as heavy metals 

(Neumann et al. 2003). However, alterations in membrane composition in 

response to temperature change are not seen with all bacterial species (Hazelegger 

et al. 1995). 
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1.2.2.3 The cytoplasm 

The cytoplasm of microbial cells is the site of DNA replication and a variety of 

anabolic and catabolic processes, including protein synthesis, and biosynthesis of 

cellular components (Denyer and Stewart 1998, Neidhardt et al. 1990). In 

combination with the cytoplasmic membrane it is also the site of cellular energy 

production. In many bacteria, such as ammonia oxidising bacteria, multiple 

invaginations of the cytoplasmic membrane into the cytoplasm are present. This 

increases the energetic capacity ofthe cells, by increasing the membrane surface 

area available to the cells for energy production (Prosser et al. 1989, Pelczar et al. 

1993). The cytoplasm of bacteria is not divided into compartments or organelles 

by membranes in the manner that the eukaryotic cytoplasm is. However, there is 

increasing evidence that the cytoplasm of bacteria is highly organised via 

complexes ofproteins, or structures homologous to the cytoskeleton of eukaryotic 

cells (Heppert and Mayer 1999, Carballido-Lopez and Errington 2003). 

Over the normal temperature range for growth of a bacteriwn the effects of 

changing temperature on the physical structures within the cytoplasm are expected 

to be quite limited, although temperatures close to the maximwn for the cells are 

thought to cause increasing levels of protein denaturation and other damage (Stark 

1996). At supraoptimal temperatures proteins including enzymes, ribosomes and 

transport molecules are denatured, and DNA, the cell membrane and cell wall are 

also damaged (Teixera et al. 1997). 

Temperature change within the range at which bacteria can grow does have a 

pronounced effect on the rate at which processes take place within the cytoplasm, 

and on the proportion of cellular energy devoted to different aspects ofcellular 

activity. The rate at which metabolic processes including catabolism of substrates, 

biosynthesis, and energy generation take place are all expected to increase with 

increasing temperature. In general the metabolic rate of poikilothermic cells is 

expected to approximately double with a 10°C increase in temperature (Cairns et 
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al. 1975, Rathore and Khangarot 2002). To support this increase in metabolic 

activity microbial cells must take up increased levels of substrate from their 

environment (Heugens et al. 2001, Rathore and Khangarot 2002). The affinity of 

microbial cells for many sugars is increased at higher temperatures (Nedwell et al. 

1999), enhancing their ability to take up substrates. The proportion of cellular 

energy required for maintenance activity, such as maintaining the internal pH of 

the cells and the potential difference across the membrane (Dawes 1986), has also 

been shown to increase over the normal temperature range for growth in E. coli 

(Marr et al. 1963), and Legionella pneumophila (Kusnetsov et al. 1996). 

At supraoptimal temperatures the increased generation of reactive oxygen species 

in cells, caused by increasing temperature, can lead to oxidative stress (Smimova 

et al. 2001 ). Supraoptimal or suboptimal temperatures may also be associated 

with changes in the rate of protein synthesis (Hebraud et al. 1994, Hazeleger et al. 

1998) and with the synthesis of heat shock or cold shock proteins, which protect 

the cells from the harmful effects of temperature (Heugens et al. 2001). 

1.2.3 The effects of temperature on interactions between toxic compounds 

and bacterial cells 

1.2.3.1 Toxicant interactions with the cell wall 

Relatively few toxic compounds interact directly with the cell wall (Denyer and 

Stewart 1998). Those that do affect the wall include permeabilisers, such as 

EDTA, which are able to increase the permeability of the outer membrane of 

Gram negative bacteria, and aldehydes such as glutaraldehyde and formaldehyde 

which cause the formation of additional cross links between the proteins of the 

cell wall and outer membrane (McDonnell and Russell 1999, Maillard 2002). 

Temperature may influence the interaction oftoxicants with the cell wall through 

its influence on reaction rates, or by causing changes in cell wall permeability. 
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Temperature induced changes in the permeability of the outer membrane of the 

Pseudomonas fluorescens cell wall have been shown to increase the rate at which 

a ~-lactam antibiotic was able to enter the cells (Orange 1994). The combined 

effects of increased temperature and permeabilising toxicants on the permeability 

of the cell wall are likely to be greater than the effects of either factor alone, since 

both have the same effect on the cell wall. The rate at which reactive compounds 

such as fom1aldehyde are able to interact with this structure is likely to be 

enhanced at warmer temperatures as reaction rates increase with increasing 

temperature (Boucher et al. 1975). 

1.2.3.2 Toxicant interactions with the cytoplasmic membrane 

The cytoplasmic membrane is the most common site of action oftoxic compounds 

(Denyer and Stewart 1998, McDonnell and Russell 1999) and toxicants which 

react with this structure can cause damage by a variety ofmechanisms. Many 

compounds cause generalised disruption of the lipid bilayer, eventually leading to 

the loss of membrane integrity and the leakage of cytoplasmic components. Even 

low levels ofleakage can be toxic to cells as it can lead to disruption ofthe ion 

and proton gradients which are essential for cell energy transduction (Sikkema et 

al. 1992). Compounds with non specific modes of action such as narcosis are able 

to partition into the lipid bilayer, causing disruption of its function in a manner 

which is dependant on the concentration of the toxicant that accumulates within 

the membrane (Ultee et al. 1998). Alterations to the level of organisation of the 

lipids within the bilayer have also been shown to have an inhibitory effect on 

microbial cells (Luxo et al. 2000), possibly because these changes inhibit correct 

protein function by disrupting an essential lipid boundary region around 

membrane proteins (Sandermann et al. 1993). Other effects of non specific 

membrane acting compounds have been suggested to include competitive 

inhibition of enzymes within the membrane (Sandermann et al. 1993) and lipid 

phase separation and domain formation (McDonnell and Russell 1999). The 

presence oftoxicants may also inhibit the ability of cells to maintain an 
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appropriate level of membrane flexibility. Van Wezel et al. (1996) showed that 

the presence of narcotic chemicals in an artificial membrane lowered the 

temperature at which membrane fluidity increased and suggested that this was part 

of the toxic mechanism of such compounds. 

The main effect of temperature induced changes in the fluidity of the cell 

membrane on the sensitivity of the cells to toxicants is to alter the ability of 

toxicants to cross the membrane and so enter the cytoplasm. As the fluidity of the 

membrane lipids increases so does membrane permeability, increasing the rate at 

which compounds can diffuse into the cytoplasm in a way that is dependant on 

both the test temperature and the temperature at which the cells were grown (Abee 

et al. 1994, Patchett et al 1996, Ultee et al. 1998). Increased membrane fluidity 

also increases the concentrations of baseline toxicants, such as non-polar 

narcotics, which can accumulate in the lipid bilayer (Ultee et al. 1998). Since the 

toxicity of these compounds is concentration dependent, this enhances their toxic 

effects on the cells. Additionally the increased disorder within the membrane 

found at higher temperatures can lead to an increased susceptibility of the cells to 

compounds which act by disrupting membrane organisation such as tamoxifen 

(Luxo et al 2000). 

It has been suggested that the changes which take place in the fatty acid 

composition of cell membranes in order to maintain appropriate levels of 

membrane fluidity at lower temperatures may alter the sensitivity of bacteria to 

toxic compounds (Berry and Foegedding 1997, Abu-Shkara et al. 1998). For 

example, the decreased sensitivity of four coliform bacteria to chorine disinfection 

at lower temperatures was linked to an increase in the proportion of cyclo fatty 

acids present in the cell membranes at the lower test temperatures (Abu Shk.ara et 

al. 1998). 
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1.2.3.3 Toxicant interactions with the cytoplasm 

Once within the cytoplasm toxic compounds may act at a range of sites. Whilst 

some compounds, notably antibiotics, act against very specific targets within the 

cell, many compounds act against broad classes of molecules, causing major 

damage to the cells. Many metals, including mercury, silver, and cadmium, bind 

to sulphydryl or sulphur bonds within proteins and nucleic acids causing 

widespread disruption of cellular processes (Rouch et al. 1995, McDonnell and 

Russell 1999). The reactions between the metals and cellular material can also 

generate free radicals, which induce oxidative stress within the cells (Lenartova et 

al. 1998, Westwater et al. 2002). Other compounds, such as the aldehydes, cause 

cross-linking of proteins, and also DNA and RNA, inhibiting their function 

(Rossmoore and Sondossi 1998). Several antibiotics act by binding to ribosomes, 

thus inhibiting protein synthesis, whilst others such as rifamycin and ciprofloxacin 

interact with nucleic acids, blocking DNA replication and protein transcription 

(Parte and Smith 1994). 

The effects of temperature induced changes in cellular activity and reaction rates 

on the interactions between cells and toxicants are potentially hugely complex. As 

temperature increases several factors can enhance the toxicity ofxenobiotics to 

cells. The most fundamental effect of increasing temperature on the interaction 

between cells and toxicants is that it increases reaction rates, potentially enhancing 

the rate at which toxicants can damage cellular structures (Van Eseltine and Rahn 

1949, Boucher et al. 1975). Additionally changes in the metabolic activity of the 

cells may increase the sensitivity of the cells to toxicants. The increased rate of 

nutrient uptake in cells at higher temperatures may lead to an increase in the rate 

ofuptake of toxic compounds which are taken up via nutrient transport systems. 

Some heavy metals, such as cadmium, are thought to be taken up by cells via 

nutrient transport systems for essential metals such as zinc and magnesium 

(Pawlik et al. 1994, Rouch et al. 1995). Furthermore some compounds are 

metabolised by bacteria to more toxic products (Singleton 1994), meaning an 
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increase in metabolic activity might increase the rate at which such products 

accumulated within the cells. The greater energy demands on cells at higher 

temperatures are thought to increase their vulnerability to compounds which act by 

inhibiting energy production (Heinenon et al. 2003). Additionally at temperatures 

close to the maximum for cellular activity both the temperature and the toxicant 

may be damaging to the cells (Cairns et al. 1975). 

However microbial cells are able to protect themselves from the inhibitory effects 

of toxic compounds, and changing temperature may also influence the rate and 

efficacy ofbacterial defence activities. Microbial cells are able to respond to the 

presence of toxicants in a variety ofways including the detoxification of 

compounds (Singleton 1994, Wu et al. 1996), removal oftoxicants from the 

cytoplasm by mechanisms such as efflux pumps (McDonnell and Russell 1999), 

precipitation ofmodified forms of toxicants, chelation of compounds, or binding 

toxicants to cell surfaces (Boening 2000). Cells can also repair the damage caused 

by toxic compounds (Penttinen and Kukkenon 1998). All of these defence 

mechanisms are energetically costly (Willows 1994, Penttinen and Kukkenon 

1998, Browne and Dowds 2001), and the increasing metabolic rate of the cells as 

temperature increases is likely to support a higher level of such cell defence 

activity. Additionally the rate at which defence mechanisms reduce the inhibitory 

effects of toxicants is likely to increase with increasing temperature, potentially 

counterbalancing the potentiating effects of temperature on toxicity discussed 

above. However, such positive effects of higher temperature are only likely to be 

beneficial up to a point. At higher temperatures the combined effects of increased 

maintenance energy requirements and the energetic demands imposed by the 

presence oftoxicants may result in exhaustion of cellular resources. This is 

associated with inhibition ofcell growth at toxicant concentrations which are not 

toxic at lower temperatures (Willows 1994 ). Furthermore, whilst the rate at which 

bacteria are able to metabolise and detoxify compounds may increase with 

temperature, the metabolic pathways involved in detoxification may also vary, 

potentially altering the end product of such reactions (Wu et al. 1996). 
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1.2.4 Previous studies of temperature and toxicity in microbes 

Temperature is known to influence the sensitivity of many poikilothermic 

organisms to toxic substances, and the effect of temperature on the toxicity of 

substances to poikilotherms has been widely studied, but largely with 

invertebrates and fish (Cairns et al. 1975, Heugens et al. 2001). There is relatively 

little information available about the interaction between temperature and toxicity 

in bacteria, particularly for compounds that are environmentally relevant. The 

majority of the work done has investigated the effect of temperature on the ability 

of disinfectants or antibiotics to reduce the number of viable cells in suspensions 

or food products. Few of these studies have included any investigation of the 

possible reasons for the differences in the sensitivity of bacteria at different 

temperatures, and even fewer used more than one biological endpoint, such as 

growth or respiratory activity, in assessing the affects of temperature on the 

sensitivity of the cells. 

The majority of the reported investigations have been carried out within the food 

industry to investigate the effects of temperature on disinfectant and preservative 

efficiency. A small number of studies have found that temperature did not 

influence the sensitivity of bacteria to test substances (Aureli et al. 1992, Taylor et 

al. 1999), or that the sensitivity of bacteria was increased with decreasing test 

temperature (Roller and Seedhar 2002, Thomas et al. 2004 ). The efficacy of 

fifteen out of eighteen disinfectants tested against Pseudomona aeruginosa and E. 

coli 0157 at 10 and 20°C was unaffected by test temperature in a study by Taylor 

et al. (1999). The study simply determined whether or not the disinfectant caused 

a set reduction in bacterial numbers, and so it is possible that more subtle 

variations in the number ofbacteria killed at the two temperatures did occur but 

were not reported. Two studies of the ability of plant essential oils to prevent 

bacterial growth in food at low temperatures found that altering the incubation 

temperature from 4 to 8°C had little influence on efficacy (Aureli et al. 1992) or 

that the oils were actually more effective at the lower temperature (Roller and 
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Seedhar 2002). An antimicrobial agent derived from fungi, Ascopyrene P, has 

also been reported to be more inhibitory to Pseudomonas at lower temperatures 

(Thomas et al. 2004). 

However, in the majority ofreported studies, the sensitivity of the cells increased 

with increasing temperature. Reductions in the numbers of Salmonella spp. 

caused by acetic acid, lactic acid (Cherrington et al. 1992), and by an essential oil 

from mint (Tassou et al. 1995) were found to increase with increasing 

temperature. The inactivation ofListeria spp. by the essential oil carvacrol 

(Karatzas et al. 2001) and by a quaternary ammoniun1 compound and an iodine 

based sanitiser (Tuncan 1993) was also increased at higher temperatures. This last 

study found that the reduced efficacy of the disinfectants was related to the rate at 

which the compounds acted against the bacteria; by extending the exposure period 

at the lower test temperatures reductions in cell numbers similar to those at the 

highest test temperatures could be achieved (Tuncan 1993). Ahlstrom et al. 

( 1999a, 1999b) also found that the efficacy of quaternary ammonium compounds 

increased with increasing temperature. The efficacy ofreuterin (a natural product 

from Lactobacillus reuteri ) and of a bismuth thiol disinfectant against E. coli 

have also been shown to be enhanced by increased temperature (Rasche et al. 

2002, Codony et al. 2003), and high temperatures have been found to improve 

spore killing by disinfectants (Boucher et al. 1975, Young and Setlow 2004). 

The effect of temperature on the efficacy of chlorine as a disinfectant has been 

studied with several bacteria, with varying results. The antibacterial activity of 

chlorine concentrations between 25 and 200 mg / L against Listeria 

monocytogenes was not affected by temperatures between 2 and 25°C (Tuncan 

1993 ), but the sensitivity of Yersinia enterocolitica to 10 mg I L ofchlorine was 

found to increase by 30% over the temperature range 20 to 30°C ( Paz et al. 1993). 

Both these studies used contact times of 0.5 to 2.5 min, and the bacteria were 

tested as suspensions in sterile saline, meaning the different effects of temperature 

in the two studies were due to differences between the two bacteria tested. The 
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effect of temperature on the efficacy of chlorine against Aeromonas spp. has been 

shown to vary between different strains of the same species. The sensitivity of a 

clinical Aer. hydrophila strain to chlorine disinfection in tap water was found to be 

higher at 5°C than at 20°C (Sisti et al. 1998), whilst the sensitivity of a strain 

isolated from tap water (Aer. hydrophila TW 27) to chlorine when tested in a 

saline buffer was found to increase significantly as the test temperature was 

increased from 4 to 32°C (Massa et al. 1999). A third strain (Aer. hydrophila TW 

11) was found to be fairly resistant to chlorine at all temperatures between 4 and 

32°C (Massa et al. 1999). 

The influence of temperature on the sensitivity of bacteria to the bactericidal 

effects ofdisinfectants and the bacteriostatic effects of the same compounds has 

been reported to differ (Van Eseltine and Rahn 1949). These authors reported that 

whilst bactericidal activity of disinfectants was increased at higher temperatures, 

the influence oftemperature on the ability of the same substances simply to 

prevent growth of bacterial cells was almost opposite. 

A small number of studies have compared the effect of temperature on an aspect 

ofmicrobial membrane physiology and on the sensitivity of the micro-organisms 

to toxicants. Such studies have shown that temperature associated changes in the 

sensitivity of bacteria to some toxicants can be linked to changes in the 

organisation ofthe cell membrane. The combined effects of growth temperature 

and exposure temperature on the sensitivity ofBacillus cereus to carvacrol were 

linked to the influence of growth temperature on the fluidity of the cell membrane 

by Ultee et al. (1998). B. cereus sensitivity to this compound was higher at 30°C 

than at 8°C regardless of whether the bacteria were grown at 8 or 30°C. However 

the bacteria grown at 8°C were significantly more sensitive to the essential oil at 

both test temperatures than those grown at 30°C. Fourier-transformed infra red 

spectroscopy indicated that the membrane fluidity of the cells grown at 8°C was 

significantly higher than that of the cells grown at 30°C at both of the test 

temperatures used. The authors suggested that this higher membrane fluidity 
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made the cells grown at the lower temperature more vulnerable to carvacrol. Abu

Shkara et al. (1998) analysed the fatty acid composition of the membranes of 

coliform bacteria grown at high and low temperatures, and suggested that 

temperature related differences in the sensitivity of the bacteria to disinfectants 

were related to differences in their membrane composition. 

Listeria monocytogenes Scott A grown at 30°C were found to be more vulnerable 

to membrane disruption by nisin than cells grown at 4 °C. This difference in the 

sensitivity of the cells was suggested to be linked to the influence of growth 

temperature on the fatty acid composition of the cytoplasmic membrane (Abee et 

al. 1994). Temperature has also been shown to influence the ability of the outer 

membrane of Gram negative bacteria, which are not susceptible to nisin, to 

maintain its barrier function against the compound. Gram negative cells which 

were heat shocked or chilled demonstrated transient sensitivity to nisin, probably 

as a result ofthe disruption to the organisation of the outer membrane caused by 

the temperature shock (Boziaris and Adams 2001 ). 

Several researchers have also looked at the effects of temperature on the efficacy 

of antibiotics, although as with the disinfectant studies, few have investigated the 

actual interaction between temperature and the toxicant in any detail. Parte and 

Smith (1994) reported that the sensitivity ofE. coli, Staphylococcus aureus, 

Staphylococcus epidermidis, and Pseudomonas aeruginosa to two 4-quinolone 

antibiotics decreased when the test temperature was reduced from 37 to 20°C. In 

contrast the sensitivity of Psuedomonas aeruginosa to antibiotics including 

chloramphenicol, amikacin and gentamicin was not affected by changes in test 

temperature between 20 and 42°C (Papapetropoulou et al. 1994). The sensitivity 

of three other species ofPseudomonas tested, P. maltophilia, P. cepacia and P. 

jluorescens, was influenced by temperature. In all three cases the sensitivity of the 

bacteria increased with increasing temperature between 30 and 37°C, but they 

were more sensitive to the compounds at 20°C, which is suboptimal for these 

bacteria, than at 30°C. The ability of 13-lactam antibiotics to induce autolysis in 
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bacteria has also been found to be temperature dependant; E. coli was found to be 

most sensitive at 30°C and the sensitivity of the bacteria then decreased as the 

temperature was increased up to 42°C (Kusser and Ishiguro 1987). 

The effect of temperature on the sensitivity of bacteria to drugs has been shown to 

be related to cell membrane and wall physiology. The sensitivity of a 

Pseudomonas spp. to mezlocillin, a ~-lactam antiobiotic, at different temperatures 

was found to be related to the rate at which the antibiotic diffused through the 

outer membrane of the cell wall by Orange (1994). The Pseudomonas spp. tested 

was able to detoxify the antibiotic by producing P- lactamase enzymes and the 

induction of these enzymes was found to be most rapid at higher temperatures 

(17.5 and 28°C) where the cell wall was more permeable to the antibiotic. When 

the cell wall ofthe bacteria tested at 8°C was permeabilised using EDTA the~

lactamase induction rate at this temperature increased, and the sensitivity of the 

cells to the antibiotic decreased. The increasing toxicity of the anti-cancer drug 

Tamoxifen to a thermophillic bacteriun1, Bacillus Stereothermophilus, as the test 

temperature increased was found to be due to the disruptive effects of the drug on 

the organisation of the plasma membrane (Luxo et al. 2000). Using differential 

scanning calorimetry and fluorescent probes it was shown that both Tamoxifen 

and increasing temperature caused an increase in the disorder of the membrane 

lipids, and at higher temperatures the combined effects of the drug and 

temperature resulted in inhibition of the cells. Addition ofcalcium ions, which 

stabilise the membrane, reduced the toxic effect of the drug. 

Investigations into the interaction between temperature and the toxicity of 

compounds such as pollutants and heavy metals have been less common, despite 

the importance of temperature in environmental toxicity. Like the studies 

discussed above, most of these investigations have simply identified temperature 

related trends in microbial sensitivity to environmental toxicants without 

investigating the nature of the temperature toxicity interaction. The sensitivity of 

soil bacteria to cadmium was found to be greater at 30°C than at 6°C (Kozdroj 
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2001) and the activity of anaerobic acetogenic soil bacteria was found to be more 

inhibited by the pollutant 2,4-DCP at 37°C than at 30°C (Nitayapat and Watson

Craik 2002). The study with 2,4-DCP also found that the sensitivity of 

methanogenic anaerobes to this compound was not affected by temperature. The 

inhibitory effects of nickel on the growth of a pyschrotrophic Pseudomonas spp. 

were found to be greater at 23°C than at 4°C (Babich and Stotzky 1983). In the 

absence of nickel, the growth rate of the bacteria was greater at 4°C than at 23°C, 

and the authors suggested that the greater activity of the cells at 4°C had a 

protective effect when they were exposed to the metal. The effect of temperature 

on the sensitivity of soil borne Arthrobacter to aluminium was found to be species 

dependent. The sensitivity ofone Arthrobacter spp. tested to the metal was 

increased at higher temperatures, whilst the sensitivity of a second species was 

found to be unaffected by temperature (Ulmer and Mutschlechner 2004). 

The sensitivity of Microtox to test substances has also been shown to vary with 

temperature, in a manner specific to different compounds. The toxicity of 

mercury(II) chloride and isopropyl alcohol to Vibrio fischeri luminescence was 

found to increase with increasing temperature, whilst the toxicity of phenol to the 

cells decreased as the temperature increased (Bullich 1979). The sensitivity of 

the assay to cadmium and zinc was also found to be higher if the test temperature 

used was 20°C instead of the standard 15°C (Vasseur et al. 1986). A study using 

groundwater samples found that the sensitivity of Vibrio fischeri to contaminants 

present in the samples was strongly influenced by temperature (Dewhurst et al. 

2002) and the effect of temperature on the sensitivity of the bacteria was found to 

vary between different groundwaters. 

An interesting study by Margesin et al. (2004) found that the effect of temperature 

on the sensitivity ofPseudomonas putida and an Arthrobacter spp. to phenolic 

compounds was related to the temperature dependence of their ability to utilise 

phenol as a substrate for growth. The optimum temperature for the growth of the 

cold tolerant Arthrobacter spp. on phenol was l 5°C. This bacterium was able to 
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degrade a range of phenolic compounds when exposed to them at 10°C, but its 

growth was inhibited by almost all of these compounds at 25°C. In contrast the 

ability of the mesophillic Pseudomonas putida to grow on phenol was greatest at 

25°C, and the sensitivity of this species to the phenolic toxicants was lowest at the 

same temperature. 

1.2.5 Summary of previous studies of temperature and toxicity in microbes 

Overall, it is clear from the studies discussed above that temperature can have a 

pronounced influence on the sensitivity of bacterial cells to toxic compounds. The 

influence of temperature on the sensitivity ofprokaryotic cells to such compounds 

varies with both the compound tested and the test species, and may be related to 

changes in the physiology or the metabolic activity of the cells. However, several 

aspects of the temperature / toxicity interaction with microbial cells have only 

been addressed to a very limited extent by the studies discussed above, and these 

are summarised below: 

• The majority of the investigations described above tested the effects of 

temperature and toxicants on pure cultures of bacteria rather than on 

consortia of prokaryotes, which could provide a better reflection of the 

effects ofenvironmental stressors under natural conditions (Chapman 

2000). 

• Very little work investigating the interactions between temperature, cells 

and toxicants has been carried out. The studies which have looked in 

detail at the temperature / toxicity interaction have focussed on the 

cytoplasmic membrane and membrane associated toxicants (Abu-Shkara et 

al. 1998, Ultee et al. 1998, Luxo et al. 2000, Boziaris and Adams 2001). 

• Only one of the studies discussed above investigated the effects of 

temperature induced changes in the metabolic activity of prokaryotic cells 
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on their sensitivity to harmful compounds (Margesin et al. 2004), and this 

was based on the ability of the cells to metabolise phenols to provide 

energy for growth. Although there is evidence that changes in the 

respiratory activity of bacterial cells can influence their sensitivity to 

toxicants (Ullrich et al. 1996, Brovme and Dowds 2001, Farre et al. 2001, 

Heinenon et al. 2003), no studies have followed the influence of 

temperature on microbial metabolism of sugar substrates in conjunction 

with its influence on microbial sensitivity to toxicants. 

• None of the studies discussed above used more than one endpoint to 

investigate the effects of temperature on the sensitivity of bacteria to 

toxicants. As variations in the sensitivity of different toxicity endpoints to 

the same compound can represent different aspects of that compound's 

toxicity (Schuurrnann et al. 1997), using a range of toxicity tests with 

different endpoints has considerable advantages in terms of determining 

the specific effects of compounds upon cells (Pill et al. 1991). Such an 

approach could be expected to be particularly useful in the investigation of 

temperature effects on cell sensitivity to toxicants, as it might provide 

information about which aspects of the interaction between the compounds 

and the cells were being influenced by temperature change. 

1.3 Toxicity testing using cultured t"'ish cells 

1.3.1 Background 

The use of cultured fish cells in ecotoxicology testing was first suggested by 

Rachlin and Perlmutter (1968) and a range of tests using a variety of endpoints, 

such as changes in morphology, cell numbers, cell proteins or the ability of cells to 

attach to substrata have since been developed (Babich and Borenfreund 1991, 

Castano et al. 2003). Cultured fish cells can be considered as a direct surrogate 

for in vivo testing using live fish, and like bacterial based toxicity tests have the 
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advantage of allowing rapid testing of compounds against a large number ofcells 

at one time (Castano et al. 2003). As any toxic effects measured in fish cell assays 

are specific to fish, cultured cell lines are considered an appropriate alternative to 

the use of live fish in initial toxicity testing (Villeneuve et al. 1999, Dowling and 

Mothersill 2001). 

There are two main types of cultured fish cells, primary cell lines which retain 

many of the properties of the tissues they are isolated from and continuous cell 

lines which are undifferentiated cells. The use ofprimary cell lines can provide 

mechanistic information about the effects ohest substances on particular tissues 

(Braunbeck 1993, Dowling and Mothersill 2001, Castano et al. 2003), but has the 

disadvantage that the lines need to be freshly established for each experiment 

carried out with them, and that the response of the cells can vary between donor 

fish (Castano et al. 2003). Tests that utilise continuous cell lines are based on the 

assumption that the majority oftoxicants act against cellular components common 

to all cells, and that the effects seen in whole organisms simply reflect the damage 

caused at the cellular level, a concept known as basal cytotoxicity (Ekwall 1983). 

Results from these cell lines are more reproducible than the results from primary 

cell lines (Castano et al. 2003). 

Although toxicity tests using fish cell lines are considered appropriate alternatives 

to tests using whole fish, cell lines have been found to be less sensitive to 

toxicants than live fish, and they do not respond to all kinds of toxicant. In 

particular, the effects of compounds which act on particular aspects ofwhole 

organism activity, such as the nervous system, that can not be replicated by 

cultured cells are unlikely to be detected using cultured fish cells (Castano et al. 

2003). For this reason the ability of such assays to predict the response ofwhole 

fish to toxicants has also been questioned. Whilst the majority of studies have 

found good correlations between the sensitivity of fish cells and whole fish 

(Richter et al. 1997, Dayeh et al. 2002, Castano et al. 2003), exceptions have been 

found with lipophillic solvents and some metal complexes (Castano et al. 2003). 
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1.3.2 The effects of temperature on cultured eukaryotic poikilothermic cells 

The effects of temperature on the growth rate, physiology and metabolic activity 

of cells from eukaryotic poikilotherms such as fish (Castano et al. 2003) have a 

marked influence on the interaction between cells and toxicants. A range of 

eukaryotic organelles and cellular processes are considered common targets for 

toxic compounds. These include the cell membrane, cytoskeleton, and 

mitochondria, and the processes involved in the biosynthesis, transport and 

utilisation of carbohydrates, lipids and proteins (Kristen 1996). The functions of 

these components of eukaryotic cells are all interlinked, and so a compound acting 

directly on one target may have an indirect effect on other aspects of cellular 

activity (Kristen 1996). The effects of temperature on some of the most common 

toxicant sites of action within eukaryotic cells are discussed below, with particular 

emphasis on data from cells isolated from fish. 

1.3.2.l The cell membrane 

The basic structure of the eukaryotic cell membrane is the same as that of 

prokaryotic cells: a phospholipid bilayer incorporating a range ofmembrane 

proteins (Hochachka and Somero 2002). In addition the eukaryotic cell membrane 

contains sterols such as cholesterol which play an important role in regulating 

membrane fluidity as temperature changes (Farkas et al. 2001, Hochachka and 

Somero 2002). The main functions of the cell membrane are to act as a boundary 

between the interior of the cell and its environment, maintaining ion and pH 

gradients between the cytoplasm and the exterior of the cell. It is also involved in 

cell signalling, and the uptake and transport of nutrients (Hochachka and Somero 

2002). The organelles within eukaryotic cells, such as those surrounding the 

mitochondria, and the endoplasmic reticulum are bounded by membranes with the 

same basic lipid bilayer structure as the plasma membrane. 
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As discussed for prokaryotic cells (Section 1.2.2.2) maintenance of an appropriate 

level ofmembrane fluidity is essential for cell viability, and so cells isolated from 

multicellular eukaryotic poikilotherms are able to compensate for the effects of 

temperature on the fluidity and flexibility of their plasma membranes (Bols et al. 

1992, Farkas et al. 2001, Hochachka and Somero 2002). Fish cells are able to 

adjust their membrane fluidity within minutes of an alteration in temperature 

(Farkas et al. 2001). They achieve this by altering the proportion of saturated fatty 

acids and wedge shaped phospholipids, and the ratio of sterols and phospholipids 

in their membrane (Farkas et al. 2001). This process ofhomeoviscous adapatation 

allows cells to maintain a near constant membrane fluidity despite changes in the 

temperature of their environment and has been demonstrated in several cultured 

fish cell lines, including cells isolated from goldfish (Tsugawa and Lagerspetz 

1990) and from salmon and carp (Farkas et al. 2001). 

1.3 .2.2 The Cytoskeleton 

The cytoskeleton is an important structural element of cells, and is also vital to 

processes including intracellular transport, cell division, cell mobility and 

maintenance ofmembrane domains (Nogales 2000, Fais et al. 2000, Peterson and 

Mitchison 2002, Herrman and Aebi 2004). It is made up of three types of 

filament: actin microfilaments, tubulin microtubules, and intermediate filaments 

(Nogales 2000, Peterson and Mitchison 2002, Herrman and Aebi 2004), all of 

which have different roles within the cell. The intermediate filaments play a 

largely structural role and have been described as the 'stress buffering' component 

of the cytoskeleton (Peterson and Mitchison 2002, Herrman and Aebi 2004). 

Microfilaments and microtubules are both highly dynamic structures, which are 

able to switch between phases of growth and of disassembly (Nogales 2000, 

Peterson and Mitchison 2002). Actin microfilaments are the main structural 

support for the plasma membrane (Elliget et al. 1991, Fais et al. 2000) and also 

interact with the membrane via connections to some membrane proteins (Fais et 

al. 2000). The interactions between the membrane and actin cytoskeleton have 
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been linked to the ability of cells to adhere to extracellular matrices, as well as 

membrane stability and membrane domain organisation (Fais et al. 2000). Actin 

filaments have also been found to interact with the nucleus of cells (Pais et al. 

2000). Microtubules are involved in processes such as maintenance of cell shape, 

cell mobility and cell division as well as the trafficking of intracellular particles 

(Nogales 2000, Peterson and Mitchison 2002). An essential aspect of the role of 

microtubules in these processes is their interaction with a wide range of 

microtubule-associated proteins (MAPs) (Nogales 2000). 

Although there is little information available about the influence of temperature on 

the cytoskeleton of cells isolated from fish, it has been reported that both high and 

low temperatures reduce the stability ofthe cytoskeleton of cells isolated from 

rainbow trout. Incubation ofRTG-2 cells at temperatures above or below their 

growth range resulted in the complete disassembly of their cytoskeleton (Tsugawa 

and Takahaashi 1987, Bols et al. 1992). The disassembly caused by cold 

temperatures was reversible (Tsugawa and Takahaashi 1987). The cold stability 

of the cytoskeleton could be improved by long term incubation of the RTG-2 cells 

at a low temperature that was within the range at which the cells could grow. A 

similar effect was found for the heat stability of the cytoskeleton (Tsugawa and 

Takahaashi 1987, Bols et al. 1992). Hypothermia and hyperthermia have been 

found to have a similar destabilising effect on all three of the main cytoskeletal 

structures in eukaryotic cells isolated from mammals (Agostinelli et al. 1995, 

Huang et al. 1999). As the cytoskeleton plays a vital role in a multitude of cellular 

processes, destabilisation of this structure caused by temperature change is likely 

to be inhibitory to normal cellular function. 
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1.3.2.3 Mitochondria 

Mitochondria play a pivotal role in cell energy metabolism (Guderley and St

Pierre 2002). These organelles are the site of the eukaryotic electron transport 

chain and ofATP generation, but also play a key role in apoptotic cell death 

(Crompton 1999, Tiano et al. 2003). They have a double membrane, the inner part 

ofwhich is the site of the electron transport chain. The inner membrane is formed 

into numerous infoldings called cristae, which increase its surface area, and it also 

contains the enzymes and proteins involved in the transport of metabolites, as well 

as those required for electron transport and ATP formation (Alberts et al. 1994, 

Guderley and St-Pierre 2002). The maintenance of a potential of approximately 

140 m V across the inner membrane is essential for ATP formation, and so this 

membrane is highly impermeable to most ions (Alberts et al. 1994, Tiano et al. 

2003). 

Mitochondria also play an important role in apoptosis, a process in which a family 

of proteases called caspases break down the cell in an organised manner 

(Crompton 1999, Waterhouse et al. 2003). Several proteins with pro-apoptotic 

activity, which are normally contained within the intermembrane space of 

mitochondria, are released during the early stages of apoptosis. They include 

cytochrome c, which activates caspase precursors (Crompton 1999, Tiano et al. 

2003), apoptosis inducing factor (AIF) which causes damage to DNA (Crompton 

1999, Tiano et al. 2003), and a protein called SMAC, which blocks inhibitors of 

apoptosis (Waterhouse et al. 2003). These proteins are released by 

permeabilisation of the outer membrane of the mitochondria. The mechanism by 

which the outer membrane is permeabilised is not fully understood, although it is 

thought it might be mediated by a pore between the inner and outer mitochondrial 

membranes, known as the permeability transition pore (Crompton 1999, 

Waterhouse et al. 2003). 

25 



Temperature change affects both the physiology and the catalytic activity of 

mitochondria. In general, decreases in temperature are thought to reduce 

mitochondrial activity and several mechanisms by which these organelles 

compensate for the limiting effects of low temperature have been described. 

Increases in the levels of respiratory enzymes, the overall oxidative capacity of 

mitochondria, and the density of the inner membrane cristae at lower temperatures 

are all thought to allow mitochondria to compensate for the inhibitory effects of 

low temperature on the rates of mitochondrial processes (Guderley and St-Pierre 

2002). The homeoviscous adaptation ofmitochondrial membranes to changing 

temperature (Farkas et al. 2001, Guderley and St-Pierre 2002, Hochachka and 

Somero 2002) has also been linked to changes in the catalytic activity of 

mitochondrial membrane proteins (Wodtke 1981), with the activity of the proteins 

being increased at low temperatures. In addition the affinity of mitochondria for 

substrates and regulatory substances has been reported to increase as temperature 

decreases (Guderley and St-Pierre 2002). 

Increasing temperature is associated with increases in mitochondrial respiration 

rates. However, high temperature can also lead to an increase in the rate of 

production of reactive oxygen species (Akahori et al. 1999) which are associated 

with oxidative stress. The formation ofROS is thought to induce the release of 

pro-apoptotic proteins from the mitochondria (Tiano et al. 2003), and so stressful 

temperatures may be able to induce apoptosis of cells. Furthermore increased 

temperature is associated with an increase in the rate of leakage ofprotons from 

mitochondria, and with progressive uncoupling of mitochondrial activity 

(Sokolova 2004). 

1.3.2.4 General cellular activity 

Increasing temperature can increase the rate ofmany poikilothermic cellular 

processes, but is also expected to increase the energetic demands on cells 

(Heinenon et al. 2003). Increases in the activity of cells at higher temperatures can 
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be associated with increased production of reactive oxygen species (Akahori et al. 

1999, Davidson and Scheistl 2001). Temperature dependent processes within 

eukaryotic cells include the transport of nutrients such as sugars (Knodler et al. 

1992, Ebrahim et al. 1999), the ability of cells to repair DNA damage (Mitani and 

Egami (1984) and the rate ofprotein synthesis (Bols et al. 1992). Exposure of 

cells to stressful temperatures (those a few degrees above or below the optimum 

temperature for growth) can induce the synthesis ofnew proteins known as heat 

shock proteins (Hightower and Renfro 1988, Bols et al. 1992). These proteins are 

thought to act as molecular chaperones, protecting cellular proteins from heat 

damage (Bols et al. 1992) and they are produced in a period ofhours after 

exposure of cells to stressful temperatures (Hightower and Renfro 1988). 

Temperature change has a particularly pronounced effect on the activity of 

enzymes within cells with increasing temperature, up to the optimum for the 

enzyme, causing an increase in catalytic activity (Jensen et al. 1996). Over long 

periods oftime, many poikilothermic eukaryotes are able to adapt their activity so 

as to maintain near constant levels of metabolic activity regardless of test 

temperature (Bols et al. 1992, Jensen et al. 1996). This is achieved by changes in 

the level of expression of cellular enzymes in response to temperature change. At 

lower temperatures the concentrations of some enzymes within cells are increased, 

and at higher temperatures enzyme concentrations decrease (Bols et al. 1992, 

Jensen et al. 1996, Akahori et al. 1999). Not all enzymes respond to changing 

temperature in this way; the levels and activity of many enzymes are reduced at 

lower temperatures, whilst the levels of others are unaffected by temperature 

(Jensen et al. 1996). Such adaptation takes place over periods of several days 

(Bols et al. 1992, Jensen et al. 1996). 
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1.3.3 The effects of toxicants on cultured eukaryotic cells 

1.3.3.1 The effects oftoxicants on the cytoplasmic membrane 

The interactions and the eukaryotic plasma membrane are similar to those 

discussed for the bacterial cytoplasmic membrane in section 1.2.3.2, as are the 

potential effects of temperature on such interactions. 

1.3 .3 .2 The effects of toxicants on the cytoskeleton 

Disruption of the cytoskeleton can be caused both by toxicants which act against a 

broad range of cellular structures, such as mercury(II) chloride and 3,5-

dichlorophenol (Elliget et al. 1991, Bieberstein et al. 1998), and compounds which 

specifically bind to microtubules or microfilaments (Peterson and Mitchison 

2002). Toxicants which bind specifically to cytoskeletal components generally act 

either by preventing the polymerisation ofprotein subunits into microtubules or 

microfilaments, or by stabilising the filaments and preventing their disassembly 

(Peterson and Mitchison 2002). More broadly acting toxicants are thought to 

particularly affect the interaction of actin filaments with the cell membrane 

(Elliget et al. 1991, Bieberstein et al. 1998), causing the uncoupling of the two 

structures. The diverse roles ofthe cytoskeleton within the cell mean that 

disruption of cytoskeletal structure or function may have an inhibitory effect on 

many aspects of cellular activity, including mitosis, cell division and cell 

signalling (Nogales et al. 2000, Fais et al. 2000, Hermann and Aebi 2004). 

There is very little information about the potential effects of temperature induced 

changes in the cytoskeleton ofpoikilotherms on the sensitivity of this structure to 

inhibition by toxicants. The decreased stability of the cytoskeleton at 

temperatures above or below their thermal tolerance range (Tsugawa and 

Takahashi 1987, Bols et al. 1992) can have an influence on the vulnerability of 

these filaments to toxicants which interact directly with the cytoskeleton. The 
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decreased stability of the actin cytoskeleton at high temperatures reduced the 

sensitivity of M14 melanoma cells to the compound N- methylformamide, which 

inhibits cells by stabilising the actin filaments (Agostinelli et al. 1995). It is 

probable that the vulnerability ofcells to compounds which acted by destabilising 

the cytoskeleton would be increased by high or low temperature. Given the 

multitude of cellular functions that are dependent on the cytoskeleton it is also 

likely that the impact of damage to the cytoskeleton on cell viability will vary with 

changing temperature. As poikilothermic activity is generally expected to increase 

with increasing temperature (Heinenon et al. 2003), the harmful consequences of 

disruption of cellular functions are likely to be greater at higher temperatures. 

1.3.3.3 The effects oftoxicants on mitochondria 

Mitochondria are inhibited by a range of toxicants including narcotics, uncouplers 

(Escher and Scwarzenbach 2002), heavy metals (Tiano et al. 2003, Sokolova 

2004) and aldehydes (Teng et al. 2001). Many of the compounds which act 

against this organelle do so via interactions with mitochondrial membranes 

(Shannon et al. 1991, Escher and Schwarzenbach 2002); several compounds have 

been shown to cause changes in the morphology ofmitochondria (Zahn and 

Braunbeck 1993, Zahn et al. 1996 and Tiano et al. 2003) including mitochondrial 

swelling (Tiano et al. 2003) and loss of cristae organisation from the inner 

membrane (Zahn and Braunbeck 1993, Tiano et al. 2003). In addition toxicants, 

including uncouplers of oxidative phosphorylation can cause loss of the 

membrane potential by increasing proton leakage through the inner mitochondrial 

membrane (Teng et al. 2001, Escher and Schwarzenbach 2002, Tiano et al. 2003, 

Sokolova 2004). 

Other compounds interact with the enzymes and proteins involved in 

mitochondrial function. Analogues ofelectron carriers such as quinines are able 

to competitively inhibit the electron transport chain (Escher et al. 1997), and 

toxicants such as heavy metals and formaldehyde are thought to damage the 
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enzymes involved in mitochondrial respiration (Teng et al. 2001, Sokolova 2004). 

Compounds causing the generation of reactive oxygen species (ROS) may also 

have toxic effects on the mitochondrial function (Teng et al. 2001) by 

overwhelming the antioxidant enzymes which control the ROS generated by 

normal mitochondrial function. 

The role of mitochondria in apoptosis is also important in the interaction of this 

organelle with toxicants. Exposure to compounds including tributyltin (Tiano et 

al. 2003) and formaldehyde (Teng et al. 2001) has been reported to push cells into 

mitochondrion mediated apoptosis, possibly via toxicant induced opening of the 

permeability transition pore (Teng et al. 2001). 

In general increasing temperature would be expected to increase the ability of 

toxicants to inhibit mitochondrial activity. Increased reaction rates at higher 

temperatures are likely to increase the damage caused to mitochondria by 

compounds, such as formaldehyde, which react with mitochondrial enzymes 

(Teng et al. 2001 ). At higher temperatures the inhibitory effects ofreduced 

mitochondrial respiration on poikilothermic eukaryotic cells ( and organisms) are 

likely to be increased, due to the greater energetic demands on the cells (Heinenon 

et al. 2003). The inhibitory effects of the interaction oftoxicants such as narcotics 

and uncouplers ofrespiration with the mitochondrial membrane are likely to 

increase with increasing temperature in a similar manner to that discussed for the 

cytoplasmic membrane ofprokaryotic cells (Section 1.2.3 .2). Additionally many 

of the effects of increasing temperature on mitochondria, such as the uncoupling 

ofmitochondrial respiration and generation of reactive oxygen species, are similar 

to the effects of toxicants on this organelle. Increased temperature and toxicants 

are therefore likely to interact, increasing their harmful effects on mitochondria 

(Sokolova 2004). 
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1.3.3.4 The effects oftoxicants on general cellular activity 

Many toxicants have a generally inhibitory effect on eukaryotic cells which they 

exert by acting against a broad range of cellular targets. The effects of such 

compotmds on eukaryotic cells are largely similar to their effects on prokaryotes 

(Section 1.2.3.3), and include cross-linking or disruption of proteins, DNA and 

RNA, as well as the generation of oxidative stress (Rouch et al. 1995, Lenartova et 

al. 1998, Rossmoore and Sondossi 1998, McDonnell and Russell 1999, Westwater 

et al. 2002). 

Eukaryotes have mechanisms to protect themselves from the inhibitory effects of 

xenobiotics, and so many eukaryotic cells, including those isolated from fish, 

contain enzymes involved in the detoxification ofxenobiotics and the control of 

oxidative stress (Jensen et al. 1996, Bains and Kennedy 2004). Cultured cells can 

detoxify xenobiotics via mechanisms such as enzymatic conversion to less 

harmful products (Jensen et al. 1996, Bains and Kennedy 2004) or conjugation of 

toxic compounds with substances such as glucuronide (Bains and Kennedy 2004). 

Such detoxification mechanisms are energetically costly, requiring energy for the 

metabolism of compounds and the transport of detoxification products out ofthe 

cells and they are associated with increases in the overall respiratory activity of 

cells. Such energetic costs are likely to have an impact on the overall energy 

budgets of poikilotherms, but the importance of this impact on the cells is not 

known (Bains and Kennedy 2004 ). 

In principle the influence of temperature on the interaction between eukaryotic 

cells and toxicants is similar to that discussed for bacteria in Section 1.2.3.3. The 

increased reaction rates at higher temperatures can increase the toxicity of 

compounds which act by reacting with cellular components. Increasing 

temperature may increase the rate at which toxicants enter cells as a result of 

increases in the rate at which they diffuse across membranes (Foulkes et al. 2000). 

Additionally some compounds can use nutrient transport mechanisms to enter 
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cells, and so the increased rate of nutrient uptake required to sustain the metabolic 

rate of cells at higher temperatures is likely to result in an increase intoxicant 

uptake (Rathore and Khangarot 2002). Higher temperature may also increase the 

vulnerability of cells to the inhibitory effects of compounds which act by 

disrupting energy metabolism (Heinenon et al. 2003). 

The effects of temperature on eukaryotic metabolism of toxicants are likely to be 

very complex. The detoxification ofxenobiotics is catalysed by enzymes (Jensen 

et al. 1996, Bains and Kennedy 2004), and their activity is likely to increase with 

increasing temperature (Akahori et al. 1999), potentially improving the efficiency 

of the detoxification process and reducing the sensitivity of the cells to 

compotmds. However, at temperatures above an optimum for the cells the 

combined effects of the energetic costs ofxenobiotic detoxification and the 

increased energetic demands on cells at higher temperatures are likely to increase 

the vulnerability ofcells to inhibition (Willows 1996). Furthermore, the 

metabolism of toxicants does not necessarily reduce the toxicity of compounds. 

Some compounds are converted to more harmful substances by cells, and both the 

rate at which harmful metabolites are produced, and even the proportion of toxic 

metabolites produced, from a compound can be increased at higher temperatures 

(Smoralek et al. 1988). 

Synthesis of heat shock proteins by cells under conditions of temperature stress 

may also have an influence on the interaction between eukaryotic cells and 

toxicants. Heat shock proteins are thought to have a cross-protective effect 

against some toxicants such as heavy metals (Moller et al, 1998), and some of 

these proteins can be induced by the presence of toxicants as well as by high 

temperature (Hightower and Renfro 1988, Iwama et al. 1998). 
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1.3.4 Previous studies of temperature and toxicity using cultured fish cells 

There have been few studies on the effect of temperature on the sensitivity of 

cultured fish cells to toxicants. Even fewer studies have investigated the 

mechanisms by which temperature influences cell sensitivity to toxic compounds. 

As is expected for poikilothermic cells (Cairns et al. 1975, Heugens et al. 2001) 

the sensitivity ofcultured fish cells has generally been found to be increased at 

higher temperatures. The sensitivity of kidney cells from Coho salmon to 

mercury(II) chloride was found to be higher at 18°C than at 12°C by Vickrey and 

Mccann (1978), and rainbow trout derived RTG-2 cells, in a 96 h neutral red 

assay, were more sensitive to copper at 20°C than at 14 or 4°C (Castano et al. 

2003). A study comparing BF-2 cells (Bluegill sunfish fiy) and FHM (Fathead 

minnow) cells found that both cell lines were more sensitive to diethyltin 

dichloride and 4'4'-DDE in the neutral red assay at 34°C than at 26°C (Babich 

and Borenfreund 1987b ). Both cell lines replicated most rapidly at 34 °C and it 

was suggested that the increased sensitivity of the cells to the toxicants at this 

temperature was related to their increased activity. This temperature is considered 

to be the optimum temperature for the growth of FHM cells but is higher than the 

temperature normally considered optimum for BF-2 cells (26°C). The authors 

suggested that actively metabolising cells might contain a greater number of 

targets which could be inhibited by toxic stress (Babich and Borenfreund 1990). 

The interaction between temperature and the toxicity of polycyclic aromatic 

hydrocarbons (P AH) has been studied in some detail. This reaction is interesting 

as the toxicity of PAH compounds depends on their biotransformation to toxic 

metabolites by the test cells (Babich and Borenfreund 1987a). It was noted by 

Kocan et al. (1981) that the sensitivity ofBF-2 cells to Benzo[a]pyrene (B[a]P) 

was higher at 30°C than at 24 or 18°C. In a subsequent study Babich and 

Borenfreund (1987a) found that the sensitivity of the same cell line to eight PAH 

compounds including B[a]P was greater after a 6 h incubation at 37°C than at 

23°C. The sensitivity ofthe cells to three other PAHs was unaffected by 
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temperature. Incubation of BF-2 cells at 37°C is stressful to the cells in itself, and 

in fact incubation at this temperature for 24 h caused the cells to die. The 

increased sensitivity of the BF-2 cells to the P AHs at 3 7°C was suggested to be a 

result of the dual stress of the high temperature and toxicant exposure on the cells 

(Babich and Borenfreund 1987a). 

However, the effect of temperature on P AH metabolism is also likely to have 

played a highly significant role in the greater sensitivity of the cells tested at the 

higher temperature to these compounds. Analysis of the B[a]P metabolites 

produced by BF-2 cells exposed to the toxicant at 35°C and 23°C showed that the 

cells at the higher temperatures metabolised 61 % more of the toxicant over 24 h 

than the cells tested at 23°C, and produced a higher proportion of strongly 

carcinogenic metabolites. In particular, the levels of one carcinogenic metabolite 

(the(+)- anti-B[a]PDE) were 300% higher in the cells incubated at 35°C 

(Smoralek et al. 1988). The proportion ofB[a]P metabolites bound to the DNA of 

the cells was also considerably higher at 35°C than at 23°C. This suggests that the 

greater proportion of B[a]P metabolised to carginogenic products at the higher 

temperatures is likely to be an important reason for the increased sensitivity of BF-

2 cells to this compound at increased temperatures. 

1.3.5 Summary of previous studies of temperature and toxicity using 

cultured fish cells 

The key points of interest from these studies are summarised below: 

• Temperature clearly has an influence on the sensitivity ofboth cell lines 

and primary cultures of cells derived from fish. 

• However, there has been little research into the interaction between 

temperature change, toxicants and fish cells. Additionally, as was noted 

for prokaryotes, much of the research which has been carried out has 
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simply identified temperature induced trends in cell sensitivity without 

attempting to determine the possible causes of these trends. 

• The interaction between temperature change and BF-2 cell sensitivity to 

PAH compounds has been investigated in detail, and the effects of 

temperature on the metabolism of these compounds have been examined. 

However, this interaction is very specific, and is unlikely to reflect the 

influence of changing temperature and metabolic activity on the responses 

ofcells to compounds with a more general mode of action. 

1.4 Summary 

The studies described in this chapter have demonstrated that temperature has a 

pronounced influence on the sensitivity to toxicants of bacteria and cultured fish 

cells. However, there is still relatively little known about how temperature exerts 

this influence. In particular, the importance of temperature induced changes in 

poikilothem1 metabolic activity to the sensitivity to toxicants of such cells has not 

previously been investigated. As discussed in Sections 1.2.3.3 and 1.3.3.4 there 

are many potential mechanisms by which temperature associated changes in cell 

metabolic activity might influence poikilotherm sensitivity to toxicants. However, 

no previous studies have determined whether, or how, the sensitivity of cells to 

toxicants at different temperatures is influenced by changes in their overall 

metabolic activity (Sections 1.2.5 and 1.3 .5). This research set out to develop a 

greater understanding of how temperature influences the sensitivity of 

poikilotherms to toxicants. 

In this study a range of assays measuring different endpoints were used to allow a 

greater understanding of the interaction between temperature, toxicants and 

poikilotherms. The use of multiple endpoints is known to allow a greater 

understanding ofhow toxicants interact with cells (Pill et al. 1991), but this 

approach has not previously been used in temperature / toxicity studies (Sections 
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1.2.5 and 1.3.5). The bioassays were used to measure effect of changes in 

temperature on the activity and sensitivity to toxicants of selected poikilothermic 

cells. 
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CHAPTER2:RATIONALE 

2.1 Introduction 

The aim of this research project was to investigate the effects of temperature on 

the sensitivity to toxicants of poikilothermic cells, with particular emphasis on 

relating temperature induced changes in cell sensitivity to toxicants to the effects 

of temperature on normal cellular activity. All aspects of poikilotherm cellular 

activity are dependent on the temperature of their environment, and temperature 

related changes in cellular activity are known to influence the sensitivity of these 

organisms to toxicants. However, very little work relating measured metabolic 

activity, exposure temperature, and sensitivity to toxicants ofpoikilotherms has 

been carried out. In particular, there have been no studies linking the overall 

metabolic activity of microbial or fish cells with their sensitivity to toxicants. By 

using the same bioassays to investigate the effect of temperature on the normal 

activity of poikilothermic cells and on their sensitivity to toxicants, in this study it 

was possible to make direct comparisons between temperature effects on these 

two aspects of cellular activity. 

2.2 Selection of test organisms 

Two different types of prokaryotic cells, one heterotrophic and one 

chemolithotrophic, and one eukaryotic cell line were chosen for use in this study. 

This allowed comparisons both between cells with different types of metabolism 

and different levels of structural organisation. 
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2.2.1 E. coli 

The reasons for using the well characterised heterotroph E. coli in this study were 

largely pragmatic. E. coli is easy to handle in the laboratory, and its use in a range 

ofbioassays, including the Cellsense™ biosensor assay, is well established. It 

has been widely used in toxicity testing, and so its responses to many toxicants are 

well characterised. In addition, the influence of temperature on the sensitivity of 

E. coli to antibacterial compounds and disinfectants is of interest in its own right. 

Food preparation and storage temperatures influence the efficacy ofdisinfectants 

and preservatives against food pathogens such as E. coli O 157. There is 

considerable current interest in ensuring that the antibacterial agents used during 

food preparation are effective at 'in use' temperatures (Taylor et al. 1999, Roller 

and Seedhar 2002). 

Three different sugar substrate solutions were used for testing E. coli in the 

biosensor assays, (i) glucose, (ii) succinate, and (iii) a mixture ofglucose, 

succinate and lactate. The aim was to investigate whether the differences in the 

uptake and catabolism of these sugars influenced the responses of E.coli to 

changes in temperature. The three sugars are taken up by different transport 

mechanisms (Neidhardt et al. 1996, Davies et al. 1999), and can be incorporated 

into heterotrophic metabolism at different stages of respiration. The use of the 

different substrate solutions in toxicity tests provided an additional measure of the 

importance of the metabolic activity of the cells in determining their sensitivity to 

toxicants. As the only difference in the assay protocols was the choice of 

substrate solution, any differences in the effects of temperature on the sensitivity 

ofthe E. coli to toxicants could be linked to the combined effects of temperature 

and the substrate on the metabolic activity ofE. coli. 

2.2.2 Activated Sludge Bacterial Consortium (ASBC) 

The cells in this consortium were of interest both because any influence of 

temperature on their sensitivity to toxicants may have an important impact on the 
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wastewater treatment process, and because of the chemolithotrophic nature of 

some of the cells within the consortium. Activated sludge is a core component of 

the wastewater treatment process (Mayhew 1999), and the microbes which make 

up the activated sludge are vulnerable to exposure to xenobiotics present within 

incoming wastewater. The chemolithotrophic nitrifying bacteria within the sludge 

are known to be particularly vulnerable to toxicants, and inhibition of these 

bacteria can take weeks to remedy (Gummaelius 1996). The temperature of the 

activated sludge process, and so the temperature at which nitrifiers within the 

activated sludge are exposed to toxicants, varies with seasonal changes in climate 

(Ray 1983). This means that an understanding of the influence of temperature on 

these cells could be useful for managing wastewater treatment plants. 

The chemolithotrophic nitrifying bacteria within the consortium were of most 

interest in these experiments, to allow comparisons between the responses of 

chemolithotrophs and E. coli in the different bioassays. The use of the consortium 

of cells in the assays was advantageous, however, because it was expected to 

provide a better reflection of the likely effects of temperature and toxicants on the 

nitrifying bacteria within activated sludge than an isolated strain of nitrifiers. The 

sensitivity to toxicants of cells within communities ofmicrobes, such as activated 

sludge, is known to differ from the sensitivity of isolated strains of the same cells 

(Evans et al. 1998, Chapman 1999). The consortium also had the advantage that 

it gave stable, reproducible responses when incorporated into Cellsense™ 

biosensors. 

The ASBC were tested in an inorganic media, intended to support only the 

activity of the chemolithotrophic bacteria within the consortium. Addition of 10 

mg I L allylthiourea, an inhibitor of nitrification caused about 50% inhibition of 

the signal, indicating that ammonia oxidising bacteria within the consortium were 

responsible for much of the signal. A similar approach has also been used to 

measure the activity of chemolithotrophs within raw activated sludge (Juliastutti 

et al. 2003). However, it is likely that the endogenous metabolism of the 

heterotrophic component of the consortium was not completely exhausted before 
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the assays were carried out, and so that some endogenous metabolism by 

heterotrophs continued during the assays. In addition some ofthe heterotrophs 

present in the consortium may have been able to utilise the waste products of 

nitrifier metabolism to support their own activity. Whilst this heterotrophic 

activity is likely to have contributed to the data obtained from the consortium, the 

results of bioassays with the ASBC will still predominantly have reflected the 

activity of the chemolithotrophs. 

2.2.3 BF-2/lucl cells 

The BF-2/lucl cell line allowed rapid and relatively sensitive testing of the effects 

of temperature on eukaryotic poikilothermic cells. The cell line was developed 

within the Luton Institute for Research in the Applied and Natural Sciences by 

transfecting BF-2 cells, derived from blugill sunfish, with the luc luciferase gene 

under the control of the eukaryotic cytomegalovirus (CMV) promoter and 

enhancer (Bentley et al. 2001). The BF-2/lucl cells constitutively express the luc 

gene the product of which, luciferase, catalyses the production oflight using 

luciferin, ATP and oxygen as substrates (De Wet et al. 1987). When luciferin and 

ATP are supplied to cells, the light reaction is dependent on the level ofluciferase 

production. This in turn is dependent on the activity of the CMV promoter. On 

exposure to toxic substances, the activity of the CMV promoter may be affected 

either directly (through toxicant interactions with the promoter itself), or 

indirectly, as a result of cell inhibition. Any disruption of cell energy production 

caused by toxicants will cause a decrease in CMV activity, and therefore in light 

production. The luminescence of the BF-2/lucl cells was found to decrease in a 

dose dependent manner on exposure to a range of toxicants (Bentley et al. 2001), 

suggesting that the decreased luminescence was a result oftoxicant induced 

disruption ofcell energy production. 

The temperature at which fish are exposed to xeno biotics varies with seasonal 

changes in climate, and with the geographical location of their habitat. These 

variations are expected to influence the sensitivity of fish to any toxic compounds 
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they encounter. An understanding of the influence of temperature on the 

sensitivity of fish to toxicants could therefore be useful for the development of 

appropriately protective environmental regulations. Cultured fish cell lines, such 

as the BF-2/lucl cells, can be considered as direct surrogates for live fish in 

toxicity tests (Castano et al. 2003), since the hannful effects of chemicals on 

organisms are ultimately thought to be exerted at the level of individual cells 

(Kristen 1996). In addition, it was interesting to compare the effects of 

temperature on the metabolic activity and sensitivity to toxicants of prokaryotic 

and eukaryotic cells. 

The bioassays with the BF-2/luc1 cells were carried out using two different 

incubation periods: 30 min and 6 h. This was done for two main reasons, the first 

ofwhich was that fish cells are known to respond to changes in the temperature of 

their environment within a matter of hours by methods such as synthesis of heat 

shock proteins. The presence ofheat shock proteins can influence the sensitivity 

of cells to stressors such as toxicants (Moller et al. 1994). Secondly, changes in 

the level ofexpression of reporter genes, such as luciferase, often exhibit a lag 

phase, before increasing over time (Belkin et al. 1996, 1997). Increasing the 

assay length from 3 0 min (Bentley et al. 2001) to 6 h was therefore likely to 

increase its sensitivity to changes in the level of luc gene expression by the 

BF-2/lucl cells. Comparison of the responses ofBF-2/lucl cells to temperature 

change and toxicant exposure after 30 min and 6h incubation at each test 

temperature allowed the importance of both the above factors to the responses of 

the cells to be assessed. 

2.3 Selection of bioassays 

A range ofbioassays were used in this research, with the aim of assessing the 

influence of temperature on different aspects of the activity ofthe cells. The use 

of the Cellsense ™assay to investigate the influence of temperature on the redox 

activity of the prokaryotic cells was one of the original intentions of this work, 

and the BF-2/lucl cells were designed to be used in bioluminescence assays. 
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Additional bioassays were chosen to complement these two methods, or to 

investigate the effects of temperature and toxicants on the cells in more detail. 

2.3.1 The Cellsense™ assay 

This assay uses mediated amperometry to measure redox events within the 

bacteria incorporated into the biosensors, and thus provides a measure of the 

metabolic activity, and in particular, the respiratory chain activity of the cells. 

Assays can be carried out rapidly, and since the signal from the biosensors is 

displayed by the associated computer software, toxicant effects can be detected in 

real time. 

The Cellsense TM instrument (Euroclone, Wetherby, UK) consists of four modules 

each of which can hold eight biosensors. The base of the modules contains eight 

wells designed to hold flat bottomed glass vials, with magnetic stirrers positioned 

beneath them. The vials hold the substrates solutions for the biosensors, and by 

placing a stirrer bar in each vial constant aeration and mixing of the solutions is 

ensured. The biosensors are held by connectors in the hinged lids of the modules, 

which hold the electrodes suspended in the substrates solution, and poised at a 

constant potential of+ 550 mV against a silver-silver chloride reference. A port 

above each vial in the lid of the modules allows mediators and toxicants to be 

added to the substrates solution, whilst assays are running. The Cellsense™ 

instrument is shown in Plate 2.1 and examples of Cellsense™ biosensors are 

shown in Plate 2.2. 

The instrument can be connected to a computer and the data collected from the 

biosensors is displayed by purpose written software. The same software can be 

used to analyse the data, allowing the calculation of the percentage inhibition of 

cell activity caused by toxicants and of effective concentration (EC) values. 
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Plate 2.1: The CellsenseTM Instrument 
The picture shows the four Cellsense TM modules within the instrument casing. The lid of one 
module is raised, showing the wells in the module, and the biosensor connectors built into the lid. 

Plate 2.2: Cellsense™ biosensors. 

Left: The carbon working electrode and silver-silver chloride combined reference and counter 
electrode 
Right: An example of a biosensor with microbial cells immobilised onto the working electrode. 

2.3.2 Growth assays 

To complement the biosensor assay, which measured the short term response of 

the cells to changes in temperature, the effects of temperature on the growth rate 

ofE. coli were investigated. Cell growth and reproduction is considered to be a 

more integrated measure of changes in cellular activity, and the assay allowed the 

effects of temperature on all aspects of cell metabolic activity to be assessed 
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(Gellert 2000). Efforts were made to develop an equivalent growth assay for the 

ASBC but these were not successful. The cells within the consortium appeared to 

require a solid medium to support their growth. Since solid media supported the 

growth of the heterotrophs within the consortium as well as the chemolithotrophs, 

and the heterotrophs were not of interest in these assays, it was decided not to 

continue with the work towards a growth assay for these cells. 

2.3.3 Bioluminescence assays 

The BF-2/lucl cells were developed with the intention ofusing bioluminescence 

as a marker for the metabolic activity of the cells. Bio luminescence based assays 

allow sensitive testing of the effects of temperature and toxicants on these cells 

(Steinberg et al. 1995, Iizumi et al. 1998). 

2.3.4 Trypan blue assay 

Trypan blue stains cells with damaged cell membranes blue, but is only able to 

cross intact cell membranes very slowly. Cells which stain blue within a few 

minutes of dye addition are considered non-viable, and the inhibitory effects of 

toxicants are measured by calculating the proportion of non-viable cells in 

exposed samples. The assay was used to complement the bioluminescence assay 

by providing information about the physical effects of the different test toxicants 

on the cell membrane. 

2.3.5 Methylene blue assay 

This assay, based on the colorimetric measurement of the ability of bacterial 

metabolic activity to reduce and decolourise the redox dye methylene blue, was 

used in some of the toxicity testing with E. coli. The protocol used allowed the 

effects oftoxicants on both the redox activity of cells and cell growth rate to be 

determined using the same samples of E. coli. This allowed direct comparison of 
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the effects of toxicants on the metabolic activity (as reflected by redox activity) 

and growth rate of the same cells. 

2.3.6 Dielectric impedance spectroscopy 

Impedance spectroscopy has been quite widely used to study the properties of cell 

membranes (Ferris et al. 1990), and the effects of stresses including heat 

(Angersbach et al. 1999, 2002), freezing (Ishikawa et al. 1997a), and toxic 

compounds (Stoicheva et al. 1989, Salter and Kell 1992, Davey et al. 1993) on the 

membrane. This technique was chosen because it had the potential to provide 

information about the combined effects of temperature and toxicants on the 

cytoplasmic membrane of cells, which could not be obtained from the 

Cellsense™, growth or methylene blue assays. Although the effect of increasing 

temperature alone on the membrane ofE. coli has been investigated using this 

technique (Ferris et al. 1990), it has not previously been used to investigate the 

combined effects of temperature and toxicants on the membrane integrity of this 

bacteria. 

2.4 Temperature selection 

All the temperatures used in this study were intended to range between the 

minimum temperature for a given cellular activity, and a temperature just above 

the optimum for the same activity, although in some cases the assay protocol 

determined the minimum temperature that could be used. In the growth assay 

(2.3.2) the lowest temperature at which measurable E.coli growth occurred within 

the 6 h incubation time was l 5°C, although cell growth occurs at temperatures as 

low as 8°C (Neidhardt et al. 1990). It would have been interesting to carry out 

Cellsense™ toxicity testing with E. coli at 10°C (section 2.3.1) but the signal to 

noise ratio at this temperature was poor, preventing reliable analysis of the 

toxicant effects. 
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In the experiments investigating temperature effects on cell metabolic activity and 

growth the activity of cells was determined at multiple temperatures within the 

test range. Temperatures between which there were pronounced differences in the 

activity of the cells were then selected for use in the toxicity tests. Three 

temperatures were used in most toxicity testing with E. coli and BF-2/lucl cells, 

as the temperature related changes in the activity of these cells were quite 

pronounced. The redox activity of the ASBC increased quite evenly with 

increasing temperature, without any particularly pronounced changes in the 

activity of cells, and so it was difficult to pick out temperatures for use in toxicity 

tests. Instead, toxicity tests with these cells were carried out at the same 

temperatures between 5 and 25°C as had been used in the studies on the effects of 

temperature on the normal activity of the ASBC. This allowed the influence of 

even small changes in the activity of the ASBC on the sensitivity of the cells to 

the toxicants to be determined. 

2.5 T oxi.cant selection 

Initially the effects oftemperature on the sensitivity of the cells to three toxicants, 

all of which had different modes ofaction, were investigated. The toxicants 

tested were mercury(II) chloride, formaldehyde and 3,5-dichlorophenol (3,5-

DCP). One of the most interesting results from these experiments was the 

observation that the sensitivity of E. coli to 3,5-DCP decreased with increasing 

temperature. This contrasted with the trend seen with E. coli and both 

mercury(II) chloride and fom1aldehyde, and the trends with temperature found for 

all three toxicants with the ASBC and the BF-2/lucl cells. It was hypothesised 

that this unexpected result was related to the reversible nature of 3,5-DCP 

toxicity. To investigate this further the effects of temperature on the sensitivity 

ofE. coli to 3,5- DCP and five other reversibly toxic phenolic compounds were 

examined in more detail. These compounds included a mixture of narcotics and 

uncouplers of oxidative respiration. 
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2.5.1 Mercury(II) chloride 

Mercury(II) chloride is a pro-oxidant (Lenartova et al. 1998, Westwater et al. 

2002, Kim et al. 2003) which acts against a wide range of biochemical targets, by 

reacting with sulphydryl, thiol and phosphate groups, all of which are common in 

cytoplasmic and membrane proteins and nucleic acids. It inhibits the activity of 

many enzymes including those involved in the sugar transport and respiratory 

pathways, and reacts with NADH, DNA and RNA (Vallee and Ulmer 1972, 

Rouch 1995). In eukaryotes it is thought to disrupt the actin cytoskeleton ofthe 

cells (Elliget et al. 1991 ). This compound is thought to cross the cell membrane 

by facilitated diffusion (Golding et al. 2002, Kelly et al. 2003) and the rate at 

which it enters the cells increases with increasing temperature (Foulkes 2000). 

2.5.2 Formaldehyde 

Formaldehyde is extremely reactive and destructive to cells, and its reactivity can 

lead to the production of reactive oxygen species and so oxidative stress and lipid 

peroxidation (Poverenny et al. 1975, Temchaeon and Thilly 1983, Rossmoore and 

Sondossi, 1998, Teng et al. 2001). Formaldehyde is thought to cause cross 

linking of the plasma membrane as it enters cells (Heck et al. 1990, Rossmoore 

and Sondossi 1998). In eukaryotes mitochondria are thought to be a particular 

target (Teng et al. 2001). The main effect of increasing temperature on the 

toxicity of this compound was expected to be an increase in the rate at which it 

reacted with the cells. 

2.5.3 Narcotic compounds 

Four of the phenolic compounds used in this research, phenol, 3-chlorophenol (3-

CP), 3,5-DCP and 2,4,5-trichlorophenol (2,4,5-TCP), are generally considered to 

act by narcosis, a non-specific and reversible form of toxicity (Fent and Hunn 

1996, Cronin et al. 2000, Aptula et al. 2002), although both 3,5-DCP and 2,4,5-

TCP have been classified as uncouplers ofoxidative phosphorylation by some 
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researchers (Penttinen and Kukkenon 1998, Escher and Schwarzenbach 2002). 

The exact mechanism by which narcotics disrupt the activity of cells is not fully 

understood but it is thought to be related to the interaction between the compound 

and the cell membrane (Van Wezel 1996, Penttinen and Kukkenon 1998, Beaton 

1999, Choi and Gu 2001). The effects of narcotics on the plasma membrane of 

microbial cells have been suggested to include the disruption ofmembrane energy 

gradients (Sikkema et al. 1992) and protein function (Sandermann 1993), changes 

to the phase transition temperatures of membrane lipids (Van Wezel et al. 1996) 

and damage to the membrane integrity (Choi and Gu 2001). As microbial energy 

metabolism, and in particular the process of oxidative phosphorylation, is closely 

associated with the cell membrane (Neidhardt et al. 1990), such interference with 

the plasma membrane is likely to be strongly inhibitory to microbial metabolic 

activity and energy production. The vulnerability of poikilothermic cells to 

compounds such as narcotics, which disrupt energy production is expected to 

increase with increasing temperature, because as temperature increases the 

energetic demands on the cells also increase (Heinenon et al. 2003). 

2.5.4 Uncouplen of oxidative phosphorylation 

Pentachlorophenol (PCP) and 2,4-dinitrophenol (2,4-DNP) are both thought to act 

as uncouplers of oxidative phosphorylation (Schultz and Cronin 1997). These 

compounds are thought to disrupt the chemiosmotic formation of ATP via a 

shuttle mechanism whereby the charged phenoxide species of the uncoupler takes 

up protons from the outside of the cell and the resulting neutral phenol species 

diffuses through the membrane to release the proton into the aqueous phase inside 

the cell (Escher et al. 1997, Escher and Schwarzenbach 2002). This 

protonophoric shuttle bypasses the ATPase which drives the production of ATP 

(Neidhardt et al. 1990), and so blocks the formation of ATP. The pH of the cells' 

environment has a strong influence on the toxicity ofphenolic uncouplers as both 

the dissociated and the undissociated form of the compounds are involved in the 

protonophoric shuttle (Escher et al. 1997). Like narcotics, the toxicity of 

uncouplers ofoxidative phosphorylation is thought to be potentiated by increasing 
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temperature due to the increased energetic demands on cells at higher 

temperatures (Heinenon et al. 2003). 
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CHAPTER 3: MATERIALS AND METHODS. 

3.1 Introduction 

In this study the effects of temperature on the metabolic activity and sensitivity to 

toxicants ofprokaryotic and eukaryotic poikilothermic cells were investigated 

using a mixture of 3 0 min and 6 h assays. The effects of temperature on the 

growth and metabolic activity ofE. coli and on the metabolic activity of a 

consortium isolated from activated sludge (ASBC) were assessed using a 

combination ofbiosensor and growth assays, and temperature effects on the 

metabolic activity ofBF-2/lucl cells were measured using a bioluminescence 

assay. The same assays were used to investigate the sensitivity of the cells to 

three toxicants with differing modes of action at a range of temperatures. 

Subsequently, the effects of temperature on the sensitivity of E. coli to six 

phenolic compounds were investigated using biosensor assays, and a dye based 

redox and growth assay. The use of dielectric spectroscopy analysis to investigate 

interactions between temperature, toxicants and E. coli was also investigated. All 

the work in this study was carried out at the Luton Institute for Research in the 

Applied Natural Sciences at the University of Luton. 

3.2 Chemicals 

Methylene blue, 2,6 Dimethylbenzoquinone and all toxicants were obtained from 

Aldrich (Gillingham, U.K.). The toxicants were at least 97% pure, except 

formaldehyde which was supplied as a 37% (w /v) formalin solution. 

Microbial growth media were obtained from Oxoid (Basingstoke, U.K.) and Lab 

M (Bury, U.K.). Nutrient Agar and Agar Bacteriological (agar no. 1) were 

obtained from Oxoid and Nutrient Broth no 2 was supplied by Lab M. Phosphate 
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buffered saline was supplied by Fluka (Gillingham, U.K.) and 7.5 % (w/v) 

NaHCO3 was obtained from Gibco (Paisley, U.K.). 

Bright-Glo™ luciferase reagent was obtained from Promega (Madison, WI, 

USA). 

All other chemicals were obtained from Sigma (Gillingham, U.K.). 

3.3 Test Organisms 

3.3.1 Growth and maintenance of Escherichia coli. 

Escherichia coli (NCIMB 8277) was obtained as a freeze dried culture from the 

NCIMB (Aberdeen U.K.) and resuscitated in nutrient broth. The resulting cell 

suspension was used to inoculate sterile flasks of nutrient broth which were then 

incubated at 37°C and 200 rpm. These were subcultured daily by transfer of 500 

~tl of culture to 20 ml of fresh sterile nutrient broth. 

After three days E. coli from the submerged cultures were transferred to nutrient 

agar slopes for storage at 5°C and mixed with 80 % (v/v) glycerol for storage at -

l 8°C. Three agar slopes, labelled red, yellow and green, were streaked with E. 

coli and incubated at 37°C for 48 h before being transferred to 5°C. The agar 

slopes labelled green were subcultured weekly and used as working stocks. The 

yellow slopes were subcultured monthly to a further three agar slopes, and the red 

slopes were stored as reference stocks. To store E. coli at - 18°C, equal volumes 

of stationary phase E. coli culture and sterile 80% (v/v) glycerol were mixed in 

sterile Eppendorfs, and placed into a freezer. The majority of the work in this 

investigation used cells grown from glycerol stocks. 

Working cultures were prepared by inoculating sterile Nutrient broth No 2 with 50 

µl of frozen stock, or a loop of cells from an agar slope, and incubating at 37°C 

and 200rpm. The incubation time varied with the experimental protocol. To 

subculture the cells a 5% (v/v) inoculum of overnight culture was added to a fresh 
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flask ofnutrient broth. Submerged cultures were never subcultured more than 

once as this was found to influence the response of the cells in the biosensor 

assays. 

3.3.2 Growth and maintenance of the Activated Sludge Bacterial 

Consortium 

The activated sludge bacterial consortium (ASBC) was isolated from a Milton 

Keynes wastewater treatment plant, treating predominantly domestic sewage, by 

streaking activated sludge onto agar plates. The medium used was prepared by 

adding 1 g / L K2HPO4, 0.2 g / L MgSO4.7H2O, 0.05 g / L FeSO4.7H2O, 0.02 g I 

L CaCh.2H20, 0.002 g / L MnCh.4H2O, 0.001 g / L Na2MoO4.2H2O, 1.5 g / L 

NH4Cl, 5 g / L CaCO3, and 15 g I L Bacteriological agar to deionised water (Ford 

1988). The plates were incubated at 30°C and initially subcultured once a lawn of 

bacterial growth could be seen on the agar surface (Grunditz 1999). Once the 

consortium was established, subculturing was carried out every two to three days. 

The culture medium was selected with the aim of isolating nitrifying bacteria from 

the activated sludge, but it was apparent that the consortium was largely 

heterotrophic. However there was experimental evidence for the presence of 

nitrifying cells within the consortium: it could be inhibited by allylthiourea, a 

nitrification specific toxicant, and the cells were able to remove ammonia from 

solution at low levels. An ammonium based mineral medium was used as a 

substrate in all the bioassays with these cells, to try to ensure that only the activity 

of the ammonia oxidising cells was measured, rather than that of the entire 

consortium. 

The ASBC were subcultured by gently scraping the cells from the surface of the 

agar into a bathing solution containing 252 mg / L sodium bicarbonate and 264 

mg I L ammonium sulphate in distilled water. The cells were centrifuged at 

10,000 rpm for 2 min, resuspended in fresh bathing solution and used to inoculate 

new plates. One fully grown plate of ASBC could be used to inoculate three 

others. 
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3.3.3 Growth and maintenance of BF-2/lucl cells 

Cryopreserved stocks of the BF-2/lucl cells were stored in liquid nitrogen (Zhang 

and Rawson 2002) and the working stocks were grown in 6 ml GMEM in 25 cm2 

vented tissue culture flasks (IW AKI, Japan) at 25°C. Once the cells were 

confluent they were transferred to a l 5°C incubator until ready for use. GMEM 

medium contained 100 ml /1 Minimal Essential Medium Eagle, 1Oml / 1 2 mM 

glutarnine, 11.4 ml /1 7.5 % (w/v) NaHCO3, 0.1 ml/ l MEM Non Essential Amino 

Acid solution, 11 ml/ 1100 mM sodium pyruvate, 100 ml/ 1 FBS, and 5 ml /1 

combined penicillin and streptomycin in deionised water. The medium was 

prepared by aseptically adding the sterile medium components to autoclaved 

deionised water. Cells were subcultured every 7 to 10 d and harvested for 

bioassays 10 to 14 d after subculturing. 

All subculturing and harvesting of the cells was carried out at room temperature in 

a Class I Flow Cabinet. Before subculturing the cells and all solutions used were 

allowed to warm to room temperature. The cells were then washed twice with 

phosphate buffered saline (PBS), and detached from the surface of the culture 

flask by addition of 0.5ml trypsin-EDT A and gentle agitation of the flask for 1 to 

2 min. The cells were resuspended in fresh medium and an equal volume ofthe 

suspension was added to each new culture flask. The volume of medium in the 

flasks was made up to 6 ml, and 60 µl of genetic in ( G 148 sulphate) was added to 

maintain the selection pressure for transfected cells. The flasks were incubated at 

25°C for 48 h, until they were confluent, and then transferred to a 15°C incubator. 

3.4 Harvesting of prokaryotic cells and biosensor preparation 

3.4.1 E. coli 

E. coli was harvested from subcultures incubated at 37°C for 6 h. The OD430 of a 

1/5 dilution of the culture was adjusted to between 1.5 and 1.6 using sterile 

nutrient broth to ensure that a standardised number of cells were immobilised onto 
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each biosensor. This ensured that the results from different batches ofbiosensors 

were reproducible. Cells were harvested by centrifuging 1 ml aliquots of culture 

at 10,000 rpm for 2 min and removing the supernatant. The resulting cell pellets 

were washed twice in 0.85% (w/v) saline, and then resuspended in 150µ1 saline. 

Biosensors were loaded by pipetting 3 µl aliquots of cell suspension onto the 

centre of pieces of a 0.2 µM polycarbonate membrane (Whatrnan, UK), and, once 

this was dry, fixing the membrane pieces to the adhesive region of the Cellsense™ 

electrodes. Biosensors were either used immediately after preparation, or freeze 

dried to allow storage for up to 6 months. 

3.4.1.1 Freeze drying E. coli biosensors 

Cells were harvested in the same manner as for preparation of fresh E. coli 

biosensors, but after washing in saline the cell pellet was resuspended in 75µ1 of a 

cryoprotectant solution made up of 5% (w/v) inositol in Nutrient Broth No. 2. 

Biosensors were loaded with 6µ1 of cell suspension and allowed to stand in the 

cryoprotectant solution for 15 min. Excess moisture was blotted off the 

biosensors and they were transferred to freeze drying vials, with four biosensors 

per vial. Lids were placed loosely into the neck of each vial, allowing air to leave 

the vials, and the biosensors were frozen in a Kryo 10, Series II controlled rate 

cooler (Planer Products Ltd. Sunbury-on-Thames, UK) using a freezing program 

of2°C/min from 20 to 0°C, then 1 °C/min from Oto -40°C, and 20°C /min from -

40 to -120°C. After freezing the vials were transferred to vacuum drying 

chambers overnight to sublimate the remaining water from the biosensors. The 

vials were sealed whilst still under the vacuum, and then stored at 5°C until 

needed. 

3.4.2 Activated Sludge Bacterial Consortium 

The protocol for incorporating the ASBC into Cellsense™ biosensors was 

developed at the Luton Institute for Research in the Applied Natural Sciences in 

conjunction with Radhika Bhatia. The cells were harvested at 48h old by gently 
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scraping the cells from a spread plate into the bathing solution used for 

subculturing the plates. The cell suspension was centrifuged and the cell pellet 

washed twice before being resuspended in 60µ1 of bathing solution. Biosensors 

were loaded with 5µl of cell suspension in the manner described for E. coli 

(Section 3 .4.1). 

3.5 The effect of temperature on cellular activity 

3.5.1 Biosensor assays 

These used a custom made Cellsense™ module (supplied by Euroclone), with 

temperature control to within± 0.2°C. The module had heaters fitted into the 

base, the temperature of which could be adjusted using a thermostat. The 

temperature control did not allow the module to be held below ambient 

temperature, and so to monitor the biosensors at low temperatures the module was 

placed inside a chiller cabinet. 

3.5.1.1 Cellsense ™ assay protocol 

The Cellsense™ software was used to select the biosensors to be monitored in the 

experiment and to start the assay. Initially the biosensors were monitored at the 

lowest temperature in the test range, in the presence of 10 ml of a substrate 

solution only. After 1 to 2 min, a mediator appropriate to the cell type was added 

through the port above the biosensors, and the signals were allowed to stabilise for 

10 to 15 min. The cells were monitored at the starting temperature for 15 min after 

a stable biosensor signal had been obtained. The Cellsense™ block was then 

heated by 5°C and the biosensors were held at the new temperature for another 15 

minutes before being heated by a further 5°C. The process was repeated until the 

cells had been held at the highest temperature in the test range for 15 min. The 

average signal from each biosensor over the 15 min at each temperature was 

calculated and taken as representing the metabolic activity of the cells at each 

temperature. 
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3.5.1.2 E. coli 

The effect of temperatures between 10 and 35°C on E. coli metabolic activity was 

investigated in three different solutions of substrates in 0.85% (w/v) saline; a 

glucose solution (10 mM), a succinate solution (10 mM), and a mixed substrate 

solution containing glucose, succinate and lactate ( all 5 mM). The experiments 

were mediated with 100µ1 potassium hexacyanoferrate(III) (1.24g in 5ml 0.85% 

(w/v) saline) per 10ml sample volume. 

As these experiments were quite lengthy the temperature range was split in two so 

that the temperatures from 10 to 25°C and 20 to 35°C were covered in separate 

experiments. The change in the signal from the biosensors over the temperature 

range 20 to 25°C, which was covered at the end of the first temperature range and 

the start of the second range, was compared to ensure that the length of the 

experiment did not influence temperature effects on cellular activity. Each 

experiment was repeated four times with eight replicates in each experiment. 

3.5.1.3 Activated sludge bacterial consortium 

The ammonia oxidisers were monitored over the temperature range 5°C to 35°C 

in the manner described for E. coli, using bathing solution as the substrate. 

Experiments with the ASBC were mediated with 20µ12,6-dimethylbenzoquinone 

solution (13.6 mg in 0.5ml acetone and 4.5ml distilled water). As with the E.coli 

the test temperature range was divided into two shorter ranges, 5 to 25°C and 20 

to 35°C. 

3.5.2 Growth assays 

3.5.2.1 E. coli 

An overnight E. coli culture was used to prepare a cell suspension in nutrient 

broth, with an OD430 of 0.6. This culture density was selected after initial 
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experiments showed that it resulted in measurable cell growth within 6 h at all of 

the test temperatures used. The wells of a sterile plastic microtitre plate (Bibby 

Sterilin, Stone, U.K.) were loaded with 150µ1 of cell suspension and 150µ1 of 

0.85% (w/v) saline and the contents of the wells were mixed together. The 0D450 

of each well was immediately measured using a multiscan multisoft plate reader 

(Labsystems, Basingstoke, U.K.). The microtitre plate was then covered with 

another plate, and incubated at 15, 20, 25, 30, 35, 40 or 45°C for 6 h. The optical 

density of each well was measured again, at the end of the incubation and the 

change in optical density between the two measurements was calculated by 

subtracting the start OD430 of each well from the OD430 measured after 6 h. The 

experiment was repeated at least twice at each test temperature. 

3.5.3 Bioluminescence assays 

BF-2/lucl cells were harvested from the culture flasks by washing the cells twice 

in PBS and then trypsinising using 0.5ml trypsin EDTA. The trypsin was 

neutralised by addition of2.5 ml of 10% (v/v) Foetal Bovine Serum (FBS) and the 

resulting cell suspension was centrifuged at 10,000 rpm for 2 min. The cell pellet 

was washed once in PBS, and then resuspended in 900µ1 ofPBS, giving a 

concentration of2 - 3 x I 06 cells per ml. 

To determine the effect of temperature on the metabolic status of the cells they 

were incubated at 15, 20, 25, 30 or 35°C for a fixed period of time, and the 

luminescence of the cells incubated at each temperature compared. The 

experiment was repeated three times with an incubation period of 30 min and 

three times with an incubation period of 6 h. Each tissue culture plate could be 

used to prepare twenty microfuge tubes containing 40 µl of cell suspension and 40 

µl of PBS, allowing four replicates to be incubated at each test temperature. After 

incubation the bioluminescence of each sample was assayed at room temperature 

using Bright-Glo™ reagent (Promega, Madison, WI, USA) which lyses the cells, 

and provides ATP and the substrate luciferin for the luciferase enzyme. A 

luminometer (TD 20/20 Turner, Smmyvale, CA, USA) was used to measure the 
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bioluminescence of the cell suspensions after the addition of 17µ1 ofBright-Glo™ 

to each sample. 

3.5.4 Data Analysis 

Data analysis was carried out using the statistics program SPSS 10.0 for 

Windows. The data from the biosensor assays were analysed using repeated 

measures ANOV A, and the Tukey HSD test to determine whether the increasing 

temperature had a significant effect on the metabolic activity of the cells. One 

way ANOVAs were used to test for differences between the three substrates used 

with E. coli. The data from the growth and luminescence assays were analysed 

using one way ANOVAs to determine whether increasing temperature had a 

significant effect on either the rate of cell growth, or the light output of the 

luminescent cells. Q10 values for each bioassay were calculated using the formula 

Q10 = signal at temperature t +10 

signal at temperature t 

3.6 The effect of temperature on the sensitivity of three cell types to 

selected toxicants 

3.6.1 Toxicants 

Stock solutions of 3,5 dichlorophenol, mercury(II) chloride and formaldehyde 

were prepared in either distilled water (biosensor assays), 0.85% (w/v) saline 

(growth assay) or PBS (BF-2/lucl assays). Solutions of2000mg / L 3,5-

dichlorophenol were prepared daily, by dissolving 0.0lg in 0.5ml acetone and 

then making up to 5ml with the appropriate diluent. Stock solutions of 500 mg / L 

mercury(II) chloride were stored at 5°C. Stock solutions of 1.85% (w/v) 

formaldehyde were prepared weekly by a twenty times dilution of37% (w/v) 

formalin in a suitable diluent and also stored at 5°C. 
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3.6.2 Cellsense™assays 

3.6.2.1 CellsenseTM assay protocol 

The required test temperatures (±1 °C) were maintained by placing CellsenseTM 

modules in either a chilled temperature controlled cabinet or an incubator. All 

equipment and solutions were held at the required temperature overnight before 

experiments were carried out. 

The assays were started using the Cellsense TM software in the manner described in 

section 3.5.1.1. Once stable signals had been achieved toxicity tests were started 

by adding known concentrations of the test compound to each test vial through the 

ports in the lids of the Cellsense™ blocks. Controls were treated with either 

deionised water, or for 3,5-DCP, with 10% (v/v) acetone in deionised water. The 

biosensors were monitored for a further 3 0 min, and the Cellsense TM software was 

used to calculate the inhibition of the test biosensor activity relative to control 

biosensors which had not been exposed to the toxicant. 

3.6.2.2 E. coli 

Toxicity tests were carried out at 15, 25, and 35°C in both the glucose substrate 

solution and the mixed substrate solution. Initial range-finding experiments to 

select the toxicant doses to be used were carried out at 25°C in the glucose 

substrate solution. Three doses of each toxicant were chosen so that the dose 

range included one concentration causing relatively little (<30%) inhibition, one 

causing approximately 50 % inhibition and one causing a fairly high degree of 

inhibition (>60%). In each experiment sixteen biosensors were exposed to a 

toxicant, and eight were used as controls. Overall thirty two E. coli biosensors 

tested in the glucose substrate solution were exposed to each dose of toxicant at 

each temperature. Fewer replicate measurements were made in the tests with the 

E. coli in the mixed substrate solution; twelve biosensors were exposed to each 
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toxicant dose at each temperature. The test doses selected for use with E. coli are 

listed in Table 3.1. 

Table 3.1: Toxicant doses used with E. coli biosensors in 30 min assays 

Compound Doses (mg/ L) 

Mixed substrate solution Glucose substrate solution 

Mercury(II) chloride 0.5, 1 and 1.5 0.25, 0.5 and 1 

Formaldehyde 18.5, 46 and 92.5 18.5, 46 and 92.5 

3,5 Dichlorophenol 5, 10 and 20 0.5, 5 and 10 

3.6.2.3 Activated sludge bacterial consortium 

Range-finding experiments to determine the doses ofeach toxicant to be used 

with the ASBC were carried out at 25°C. The toxicity tests were carried out at 

five temperatures, 5, 10, 15, 20 and 25°C, in the same manner as with the E.coli, 

using the ammonium based bathing solution as a substrate. At each temperature 

thirty two biosensors were exposed to each dose of each toxicant. Test doses of 

toxicants are listed in Table 3.2. 

Table 3.2: Toxicant doses used with ASBC biosensors in 30 min assays 

Compound Doses (mg/ L) 

Mercury(II) chloride 1, 3 and 4 

Formaldehyde 185,246 and 370 

3,5 Dichlorophenol 5, 10 and 15 

3.6.3 E. coli growth assay 

This method was based on one described by Rogerson (1997), and was carried out 

in a similar manner to the growth assay described in section 3.5.2.1. Four 

temperatures were tested: 15, 20, 25 and 35°C. Each well of a microtitre plate 
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was loaded with 150µ1 of a suspension ofE. coli in nutrient broth with a starting 

OD430 of 0.6 and 150µ1 of either 0.85% (w/v) saline ( controls) or a solution of 

toxicant in saline. The toxicant doses were the same as those used in the E. coli 

biosensor assays to allow comparisons between the two assay endpoints. Each 

plate contained thirty six control wells loaded in rows, and fifteen replicates of 

each of four doses of toxicants loaded in columns, allowing any effects of toxicant 

volatilisation on control well growth to be detected. The layout of the plates is 

shown in Fig. 3.1 and the test doses are listed in Table 3.3. 

1 2 3 4 5 6 7 8 9 10 11 12 

A C 0 N T R 0 L w E L L 

Ba a a b b b C C C d d d 

Ca a a b b b C C C d d d 

DC 0 N T R 0 L w E L L 

Ea a a b b b C C C d d d 

F a a a b b b C C C d d d 

G C 0 N T R 0 L w E L L 

H a a a b b b C C C d d d 

a= dosel 

b= dose2 

c= dose3 

d=dose4 

Fig. 3.1: The layout ofthe microtitre plates used in growth assays 

The plates were covered to protect the wells from external contamination and to 

reduce any loss of 3,5-DCP through volatilisation (Gellert and Stammel 1999). 

The OD450 of each well was measured immediately after mixing ofthe plates, and 

then after 6 h incubation at the test temperature using the plate reader. The 

inhibition caused by the toxicants in the growth assay was calculated from the 

means of the changes in the optical density of the control and test wells after 6h 

growth, as: 

( (s;hange in mean test OD4so ) \ 

100- ~~hange in mean control well OD,so x I°Y 
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Table 3.3: Toxicant doses used with E. coli in a 6 h growth assay 

Compound Test doses (mg/ L) 

Mercury(II) chloride 0.25, 0.5, 1 and 5 

Formaldehyde 18.5, 37, 49 and 74 

3,5-DCP 0.5, 5, 10 and 20 

3.6.4 BF-2/lucl based assays 

3.6.4.1 Bioluminescence based assays 

BF-2/luc1 fish cells were harvested for the toxicity tests by trypsinisation and 

resuspension in PBS in the same manner as described in section 3.5.3. Toxicity 

tests were carried out in Eppendorfs at 15, 25 and 35°C. Range-finding 

experiments were carried out at 25°C to select the doses of each toxicant. It was 

subsequently found that the sensitivity of the fish cells to the toxicants increased 

considerably between 25 and 35°C, and so lower dose ranges were used at 35°C. 

At least one dose that was used at 15 and 25°C was also used at 35°C to allow 

statistical analysis of the effects of the three temperatures on the sensitivity of the 

cells to the toxicants. 

Four doses oftoxicant were examined in each experiment, with four replicates of 

each dose. To prepare the samples, 40 µl of cell suspension, the required volume 

oftoxicant, and enough PBS to make the total sample volume up to 80 µl were 

mixed together. The toxicant was the last substance added to the cells before they 

were incubated. Control samples were made up to 80 µl with PBS. The samples 

were incubated at the test temperature for 30 min, and then assayed by addition of 

17.5 µl ofBright-Glo™ reagent and measurement ofluminescence in the 

luminometer. The test doses for each compound are listed in Table 3.4. 
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The effect of the toxicants over 6 h exposure was measured in the same way, but 

using lower doses of the toxicants, as the longer incubation period resulted in 

much higher sensitivity of the cells (Table 3.4). 

Table 3.4: Toxicant doses used with fish cells in 30 min luminescence and trypan blue assays 

Compound Concentrations (mg/ L) 

30 min 6 h bioluminescence 3 0 min trypan 

bioluminescence blue 

Mercury(ID chloride 

15°C 2.5, 3.75, 5, 6.25 0.5, 0.75, 1, 1.25 2.5, 3.75, 5, 6.25 

25°C 2.5, 3.75, 5, 6.25 1.25, 1.875, 2.5, 3.125 2.5, 3.75, 5, 6.25 

35°C 1.25, 1.875, 2.5, 3.125 0.5, 0.75, 1, 1.25 2.5, 3.75, 5, 6.25 

Formaldehyde 

15 and 25°C 46, 92.5, 123, 185 4.6, 9.25, 13, 18.5 46, 92.5, 123, 185 

35°C 11.5, 23, 34.5, 46 0.925, 1.85, 2.78, 3.7 46, 92.5, 123, 185 

3,5-DCP 

15 and 25°C 100,150,200,250 10,20, 100,200 50, 75, 100, 125 

35°c 50, 75, 100, 125 10,20, 100,200 50, 75, 100, 125 

3.6.4.2 Trypan blue assay 

This was carried out using samples prepared and treated in exactly the same way 

as described for the luminescence assay (Section 3.6.4.1) except only two 

replicates per toxicant dose were used in each experiment. The toxicant doses 

used are listed in Table 3.4 above. After 30 min incubation 80µ1 of the vital dye 

trypan blue, which stains non viable cells blue was added to each sample. The 

mixture was allowed to stand for 2 to 3 min, and then two samples from each 

replicate were counted in a haemocytometer. For each sample the number of 

viable cells and the total number ofcells were counted. The mean percentage of 

viable cells present at each dose was calculated. 
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3.6.5 Data analysis 

In all the assays described above the effect of the toxicants was calculated as the 

percentage inhibition of the cells relative to the untreated controls. EC50 values 

were calculated in each assay using a Microsoft Excel™ based least squares 

regression method. The data were analysed using either one way or factorial 

ANOVA and differences between means were identified using the Tukey test. All 

statistical analysis was carried out using SPSS version 10.0 for windows. The 

effect of the incubation period on BF-2/lucl cells was also analysed. 

3.7 The effect of temperature on the sensitivity of E. coli to a range of 

phenolic compounds 

3.7.1 Toxicants 

E. coli was exposed to six test compounds: phenol, 3-chlorophenol (3-CP), 3,5-

dichlorophenol (3,5-DCP), 2,4,5-trichlorophenol (2,4,5-TCP), pentachlorophenol 

(PCP) and 2,4-dinitrophenol (2,4-DNP). Phenol was prepared in distilled water, 

and PCP in ethanol. The other three chlorophenols were initially dissolved in 0.5 

ml of ethanol before the volume was made up to 5 ml with distilled water. 2,4-

DNP was initially dissolved in 0.5 ml acetone and then made up to 5 ml with 

distilled water. All stock solutions were prepared daily. 

3.7.2 Toxicity tests with freeze dried biosensors 

These were resuscitated by standing in the glucose substrate solution for 15 min, 

and then tested in glucose substrate solution at 15, 25 and 35°C, against phenol 

and the four chlorophenols using the method described in section 3 .6.2.1. A total 

of twelve biosensors were exposed to one concentration of each compound at each 

temperature (Table 3.5). The concentrations of each toxicant used in the assays 

were chosen after range-finding experiments at 25°C. Control wells were treated 
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with a volume of ethanol equivalent to that added with the toxicants. These 

biosensors were not tested with 2,4-DNP. 

3.7.3 Toxicity tests with freshly prepared biosensors 

These were tested against all six toxicants at 15, 25 and 35°C, in the same manner 

as the freeze dried biosensors. The biosensors were tested in both the glucose 

substrate solution and the mixed substrate solution. To check that the differences 

in the results obtained from biosensors in the two different substrates solutions 

were not simply due to the higher sugar content of the mixed substrate solution 

(total sugar content 15 mM compared with 10 mM in the glucose solution) three 

of the toxicants (3-CP, 2,4,5-TCP and PCP) were also tested in a 15 mM glucose 

solution. The concentrations ofeach toxicant used are shown in Table 3 .5. 

Table 3.5: Toxicant doses used with E. coli in the biosensor assays 

Stock Dose (mg/ L) 

Compound Solution Freeze dried biosensors Fresh biosensors 

Phenol 50000 mg/ 1000 1000 

L 

3 chlorophenol 5000mg/L 100 100 

3,5 dichlorophenol 1000 mg/ L 10 5 

2,4,5 trichlorophenol 1000 mg/ L 5 2.5 

Pentachlorophenol 500 mg I L 1 la 

2,4 dinitrophenol 50 mg/L 1 

aA dose of2 mg/ L was used in the tests using 15 mM glucose substrate solution as the 

substrates. 
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3.7.4 Methylene blue reduction Assay 

This method used in this assay was similar to that ofLiu et al ( 1982) and assessed 

the effect of the toxicants on cell activity by measuring the rate of reduction of the 

redox dye methylene blue. Methylene blue is reduced and decolourised by the 

reducing activity of the cellular metabolism and so changes in the colour oftest 

solutions directly reflect cellular metabolic activity. 

3.7.4.l Toxicants 

Toxicant doses were initially based on those used in the biosensor assays 

described above (section 3.7.3). After preliminary experiments at 25°C the doses 

were then adjusted as necessary to cause a wide range of inhibitory effects. The 

toxicants were prepared in the mixed substrate solution, in the same manner as for 

the biosensor assays, and the doses ofeach compound used are listed below 

(Table 3.6). Tests were carried out to ensure that none of the toxicants were able 

to reduce methylene blue. Solutions containing the highest test concentration of 

each compound were prepared in sterile mixed substrate solution, and incubated 

with methylene blue for 2 h. The OD66o ofthe solutions was measured every 20 

min. None of the toxicants reacted with the dye. 

Table 3.6: Toxicant doses used with E. co/i in the methylene blue reduction assay 

Compound Test doses (mg I L) Compound Test doses (mg/ L) 

Phenol 500, 1000, 1500,2000 2,4,5-TCP 2.5, 5, 10, 20 

3-CP 25,100,200,300 PCP 0.5, 1, 1.5, 2 

3,5-DCP 10,20,50, 70 2,4-DNP 0.5, 1, 2, 3 

3.7.4.2 Assay protocol 

The assay was carried out by incubating suspensions ofE. coli and toxicants, 

prepared in mixed substrate solution, at the test temperature for either 30 minor 6 

h and then adding methylene blue and measuring the rate at which the bacteria 
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decolourised the dye. The effects of each toxicant on the growth of the cells were 

also determined. As in the biosensor assays, toxicity tests were carried out at 15, 

25 and 35°C. 

E. coli cell suspensions were prepared from 13 to 14 h cultures in 1 ml semi micro 

cuvettes. The initial cell numbers in the experiments were standardised by 

determining the amount ofE. coli culture required to prepare the cell suspensions 

spectrophotometrically. The volume of culture required to adjust the OD430 of 1 

ml ofNutrient Broth No. 2 to 0.6 was added to each cuvette, and the volume was 

made up to 850 µl using the mixed substrate and toxicant solutions. 

In each experiment six control samples containing only E. coli in mixed substrate 

solution, and then four replicates of each toxicant dose to be tested were prepared. 

The cells were incubated at the test temperature, and after 3 0 min three control 

samples and two replicates of each toxicant dose were removed for testing with 

methylene blue. The remaining samples were incubated for a further 5.5 h before 

being tested. 

After incubation the cell suspensions were mixed well with a pipette and the 

OD43oofeach one was measured in a spectrophotometer against a blank of mixed 

substrate solution to determine the cell density. 150 µl of a 0.005% (w/v) 

solution ofmethylene blue (in distilled water) was then added to two ofthe 

controls and all the test samples and the OD660 of the samples was measured, 

using the control without methylene blue as a blank. The OD660 of the samples 

was measured every 10 min for 40 min. Before each measurement the samples 

were very gently mixed with a pipette tip to disperse any clumps of dye in the 

samples. The mixing was kept as gentle, and as similar as possible as it will have 

introduced small amounts of additional oxygen into the solution, altering the 

redox state of the dye. 
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3.7.5 Data analysis 

The data was analysed using SPSS version 10.0 for Windows. Percentage 

inhibition values for the biosensor assays were calculated by the Cellsense™ 

software. The data was analysed by factorial ANOV A to determine the effect of 

temperature and substrate on the cells and post hoe significance testing was by the 

Tukey test. 

The effect of the phenolic compounds on the ability ofE. coli cells to reduce 

methylene blue after both 30 min and 6 h incubation was calculated as the 

percentage of control dye reduction. The percentage decrease in the OD660 of all 

the samples 10 min after addition ofthe dye was calculated as 1OO-((OD66010 min / 

OD660timeo) x 100). The redox activity of the test cells compared to the controls 

was then calculated for each dose as (test dye reduction/ control dye reduction) x 

100. The effects of the toxicants on cell growth were calculated as the percentage 

inhibition of growth caused by each compound compared to the controls. The 

increase in the mean OD430 of the cells exposed to each concentration of toxicant 

between 30 min and 6 h was calculated and used to calculate the percentage 

inhibition of growth in the manner described in section 3.6.3. 

(change in mean test OD430 between 30 min and 6 h ) 

100 - ~hange in mean control well OD43o between 30 min and 6 ~ 
( x!OO) 

The data was then analysed using the Kruskal Wallis test. Significance testing 

was done using the Dunn Sidek test (Zar 1999). 

3.8 Dielectric Spectroscopic analysis of the interaction between E. coli and 

3, 5 DCP at three temperatures 

Impedance analysis was carried out using a Solartron 1260 impedance analyser 

(Solartron Instruments, Farnborough, UK) with both instrument control and data 
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recording carried out by Novocontrol (Novocontrol, Hundsangen, Germany) 

software. Measurements were made using 2 plate electrodes, and only one sample 

was measured at any one time. 

3.8.1 Electrode optimisation 

3.8.1.1 Tested electrode designs 

The standard Solartron electrode ( disc electrode) consisted of a pair of brass discs 

(Plate 3.1 ). The sample was sandwiched between the discs, and the working area 

could be adjusted by covering areas of the electrode not in use with an inert 

polymer. 

An alternative two plate electrode was designed by Dr. Y. Wang. The electrodes 

were two pieces of brass ribbon, 10 mm2, which were soldered onto copper wire, 

allowing them to be dipped into test solutions (Plate 3.1 ). The wires were fixed 

into a plastic lid, allowing a set distance between the electrodes to be maintained. 

Plate 3.1: The two electrodes tested for use in impedance measurements. 

An O ring was attached to the outer area of one of the disc electrodes in several of the experiments 

to hold the electrodes apart, and to ensure that sufficient oxygen reached the cells as shown in the 

left hand picture. 

The two plate electrode was placed onto the top of test vessels as shown in the picture on the right, 

holding the electrodes suspended in the test solution. It was attached to the impedance analyser 

via the connector on the top . 
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3.8.1.2 Preliminary measurements 

Both electrodes were used to measure the conductivity ofa series ofKCl solutions 

with concentrations ranging from 0.001 to 0.1 M KCl. The results of these 

measurements were compared with measurements made by a standard 

conductivity probe, and subsequently used for quality control purposes. 

Additionally impedance measurements ofdeionised water, 10 mM glucose in 

deionised water, and a suspension ofE. coli in the 10 mM glucose in water 

(prepared by centrifuging the culture, washing once, and then resuspending 2 ml 

ofculture into 1 ml ofglucose solution) were made by single sweeps of a 

frequency range between 1 x 102 and 1 x 106 Hz using both electrodes. 

3.8.1.3 Preliminary cell work with the disc electrode. 

Cell suspensions were prepared by centrifuging 6 h cultures ofE. coli, and 

washing and then resuspending the cell pellet from 1 ml ofculture in 2 ml of 10 

mM glucose in deionised water. Three approaches to making measurements with 

the disc electrodes were used, the first ofwhich was to load 9 µl ofcell 

suspension directly onto the electrodes using a working area with a diameter of5 

mm. In the second approach an O ring was used to separate the electrodes during 

measurements with the aim of improving sample aeration, and a volume of70µ1 

was used. The final method tested involved resuspending the cells in 2 % (w/v) 

alginate and dropping the suspension into a 0.2 M solution of calcium chloride to 

fonn beads. This was intended to improve the reproducibility ofthe contact 

between the cells and the electrodes. 

Impedance measurements were made over a 45 min period, measuring every 90 s 

over the frequency range given above (Section 3.8.1.2). The ability ofthe 

electrode to detect the effect oftoxicant addition was tested by addition of20mg I 

L 3,5-DCP (prepared as a 2000 mg/ L stock in acetone and 10 mM glucose). 
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3.8.1.4 Further work with the two plate electrode. 

Cell suspensions were prepared in a similar manner to that described in section 

3.8.1.2 except that the cell suspensions were prepared so that the cells from 5 ml 

of culture was resuspended in 7 ml of 10 mM glucose in deionised water. 

Impedance measurements were made in the same manner as with the disc 

electrode, and in addition the effect of the distance between the electrode faces on 

the sensitivity of the impedance measurements was examined. A series of single 

sweep measurements was made on cell suspensions with and without 3,5-DCP, 

with the electrodes held 3 mm and 10 mm apart. Toxicity assays using 20 mg/ L 

3,5-DCP were also carried out using this electrode. 

3.8.2 Measuring the growth of an E. coli culture 

An overnight culture ofE. coli was subcultured into fresh nutrient broth, and the 

growth of the culture was followed by measuring the impedance, the optical 

density and the cell numbers in the culture at hourly intervals. Optical density 

measurements were made in triplicate by adding 200 µl of the culture to 800 µl of 

nutrient broth and then measuring the density of the samples at 430 nm against a 

nutrient broth blank. Cell counts were made by making 104 , l 0-5, and 1 o-6 

dilutions of the E. coli culture in nutrient broth and inoculating duplicate nutrient 

agar plates with 100 µl of the three dilutions. The plates were incubated at 3 7°C 

for 24 h and the number of colony forming units on the plates was counted. Only 

plates containing between thirty and three hundred colonies were counted. 

Samples for impedance measurements were prepared by centrifuging 6 ml of 

culture at 10 000 rpm for 2 min in Eppendorftubes. The cell pellets were 

resuspended in 6 ml of 10 mM glucose in deionised water in a 10 ml glass beaker. 

Three impedance measurements ofeach sample were then made over the 

frequency range 1 x 102 to 1 x 106• The results of the three types of measurement 

71 



were then compared to determine how well the impedance results agreed with 

other measures of cell growth. 

3.8.3 Establishing a suitable bathing solution 

The choice of the medium for preparation of the cell suspensions of E. coli in this 

work was important. The medium needed to have as low a conductivity as 

possible, as the conductivity of the medium is the most important contributor to 

electrode polarisation effects, which distort the results of measurements at low 

frequencies (Davey and Kell 1998, Yardley et al 2000). It also needed to have an 

osmolarity suitable for use with E. coli so that cells could be suspended in the 

medium for prolonged periods without suffering osmotic damage. In addition 

media which supported cell growth and metabolism were not suitable, as the 

products of metabolism have different electrical properties to the parent medium, 

and therefore could obscure changes in electrical properties due to toxicant 

effects. This effect was noted in the electrode optimisation work using 10 mM 

glucose. 

KH2P04 was identified as a potential suspending medium, and the osmolarity of a 

range of concentrations of this solution were compared with the osmolarity of 

0.85% (w/v) saline, the mixed substrate in saline and nutrient broth. All of these 

solutions had been used previously with E. coli in this study, and were known not 

to cause osmotic stress to the cells. The osmolarity of three replicates of each of 

the test solutions were measured against an RO water blank using an osmometer 

(Roehling, Berlin, Germany). The conductivity and capacitance ofthree 

concentrations of KH2P04 (20, 30 and 40 mM) was measured by carrying out a 

single frequency sweep from 1 x 104 to 1 x 107 Hz on three replicates using the 

impedance instrument. The electrical properties of cell suspensions in each 

solution were measured over periods of at least 3 0 min using the frequency range 

above, to test the stability of the cells in the different media. The cell suspensions 

were prepared by centrifuging an overnight E. coli culture, washing the cells in 
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the solution being tested and then resuspending the cell pellet in ten times the 

original volume of culture with the test solution. 

3.8.4 Impedance measurement protocols for toxicity tests 

Measurements were made at three temperatures: 15, 25 and 35°C, and sample 

temperature control was achieved using a circulating water bath. All solutions 

were held at the test temperature for at least 1 h before use. 

The electrodes were cleaned approximately 3 h before each experiment. The 

surfaces of the electrodes were lightly polished with sandpaper to remove any 

build up, and the electrodes were then rinsed in water and dried. They were then 

dipped into ethanol for 1 to 2 min, allowed to dry and stored in sterile 40 mM 

KH2P04. 

In each experiment impedance measurements at twenty nine frequencies between 

1 x 105 and 1.55 x 107 Hz were made every 2 min for 36 min. A range of 

electrical properties were measured, including the conductivity ( cr), capacitance, 

impedance, admitance and permitivity ofthe samples, allowing the selection of 

the most appropriate parameter to describe the results. The conductivity of the 

samples was used in almost all the data analysis. 

3.8.5 Preparation ofE. coli for toxicity tests 

All test vessels and solutions were sterilised by autoclaving. E. coli were grown 

in cultures of 50 ml, and harvested after 22 to 23h of incubation when the OD430 

of a 1/5 dilution of the culture was between 1.5 and 1.6. Between 100 and 150 

ml of culture were harvested for each experiment. The culture was transferred to 

sterile 25 ml universal tubes and centrifuged for 30 min at 3500 rpm. After 

removal of the supematent the cell pellets were washed twice by resuspension in 

sterile 40 m.M KH2P04 and centrifugation. During the course of the washing 

process the cells were combined into one universal tube, and the final cell pellet 
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was resuspended in either 10 or 15 ml of 40 mM K.H2PO4, to give a final cell 

solution ten times more concentrated than the original culture. Samples for 

measurements were prepared by mixing 1 ml of the cell suspension with 7 ml of 

40 mM K.H2PO4 buffer in a sterile 10 ml glass beaker. 

3.8.6 The effect of temperature on the conductivity of E. coli cell 

suspensions 

At each temperature three replicate E. coli cell suspensions were measured in the 

way described in section 3.8.4. As a control the same measurements were made 

with three replicates of 40 mM K.H2PO4at the same temperatures. 

3.8.7 The effect of 3,5-DCP on the conductivity ofE. coli cell suspensions 

The effect of 3,5-DCP on the conductivity of the E.coli cell suspension was 

investigated by adding the toxicant to E. coli cell suspensions being measured in 

the manner described in section 3 .8.4 immediately before the measurement at 8 

min. The 3,5-DCP was prepared as a 2000 mg/ L solution of 3,5-DCP in 0.5 ml 

acetone and 4.5 ml sterile K.H2PO4. At each temperature three concentrations of 

the toxicant were tested (20, 50 and 100 mg I L) against three replicate E. coli cell 

suspensions. The cell suspensions were mixed with a Pasteur pipette after 

addition of the 3,5-DCP. 

The effect of the acetone present in the 3,5-DCP solution on the conductivity of 

the cell suspensions was also investigated. Testing the three doses of3,5-DCP 

listed above resulted in the addition of the equivalent of 80, 200 and 400 µl of a 

10% (v/v) acetone solution to the cells. To determine the effect of the acetone 

alone on the cell suspension a 10% (v/v) acetone solution was prepared in sterile 

KH2PO4, and doses of 80, 200 and 400 µl were added to cell suspensions at each 

temperature. Three replicates were tested with each dose at each temperature. 
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3.8.8 Data analysis 

The conductivity ofboth 40 mM KH2PO4 and E. coli were found to remain stable 

over the 36 min measurement period and so for the purpose of analysing the data 

from cell suspensions treated with acetone the results obtained in the experiments 

described in section 3.8.6 were treated as controls. The acetone treated cells were 

used as controls for the experiments involving addition of 3,5-DCP to E. coli. 

Addition of the test compounds to the suspensions resulted in changes in the 

measured conductivity over the course of the experiment. The effects of the 

compounds were quantified as the percentage change in the conductivity of the 

solutions compared to that seen in the controls. 

The conductivity ( cr) value measured at six min was taken as the initial reading for 

all samples. The percentage change in the conductivity of the cells at each 

measurement after this time was calculated as 

cr at measurement time x 100 

cr at initial time 

This was calculated for both control samples and for test samples. The percentage 

change in the conductivity of the control cells over the course ofthe experiment 

was then subtracted from the percentage change in the conductivity of the test 

cells. This difference indicated the degree of difference between the control and 

test cells, and reflected the effect of the test solution on the electrical properties of 

the cells. All statistical analysis was carried out using SPSS version 10.0 for 

Windows. Significance testing was carried out using ANOV A and the Tukey test. 
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CHAPTER 4: THE EFFECT OF TEMPERATURE ON CELLULAR 

ACTIVITY 

4.1 Introduction 

Temperature induced changes in the metabolic activity of poikilothermic cells 

may influence multiple aspects of cellular interactions with toxicants and are 

known to have an important influence on the sensitivity of organisms to toxicants. 

The rate at which cells take up toxicants, their ability to metabolise or excrete the 

compounds, and the final product of any toxicant metabolism may all be 

influenced by changes in the temperature of the cells' environment (Cairns et al. 

1975, Smolarek et al. 1988, Wu et al. 1996). However, very little work relating 

the measured metabolic activity, exposure temperature, and sensitivity to 

toxicants ofpoikilotherms has been carried out. Whilst a small number of studies 

using respirometry or calorimetry have been carried out with invertebrates and 

fish (Barbieri et al. 2002, Heinenon et al. 2003), there have been no studies in 

which the effects of temperature on the overall metabolic activity of microbial or 

fish cells and their sensitivity to toxicants have been compared. 

This part of the study aimed to determine the effect of increasing temperature on 

the metabolic activity of the cells which were to be used in the toxicity testing. 

This data could then be compared with toxicity data at the same temperatures to 

determine whether metabolic activity could be correlated with any changes in cell 

sensitivity to xenobiotics. In addition to measuring the effect of temperature on 

the actual metabolic rate of the bacteria and fish cells, Q10 values were calculated 

for each data set. This provided a measure of the temperature dependence of the 

process being measured. Q10 values were calculated as: 

Rate at temperature t I rate at temperature t-10°C 
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In general biological Q10 values are expected to be approximately two (Kirchman 

et al. 1997). Values close to one indicate that temperature has little influence on a 

process, whilst higher values mean that processes are strongly temperature 

dependant. Q10 values as high as thirteen have been reported in studies 

investigating microbial metabolic rates (Yager and Deming 1999). 

The effects of temperature on the metabolic activity of the cells were assessed by 

measuring different indicators of cellular activity at a range of temperatures. 

Biosensor assays were used to investigate the effect of temperatures between 10 

and 35°C on the respiration ofE. coli, and of temperatures between 5 and 35°C on 

the activity of chemolithotrophic organisms in a consortium isolated from 

activated sludge. The growth rate ofE. coli at seven temperatures between 15 and 

45°C was determined to assess the effect of changes in temperature on this aspect 

of cellular activity. The effects of temperature on the ASBC were only measured 

in the biosensor assays as attempts to develop a growth assay for use with these 

cells proved unsuccessful. Finally the effect of temperatures between 15 and 

35°C on the metabolic activity of the transfected fish cell line BF-2/lucl was 

examined. 

4.2 The effect of temperature on cellular activity 

4.2.1 E. coli biosensor assays 

Temperature had a pronounced effect on the metabolic activity of E.coli 

biosensors in all three of the substrate solutions tested. In each substrate solution 

Q10 values were greatest over the temperature range 10 to 20°C and decreased as 

the test temperature was increased so that overall Q1oc10-20yQ1oc1s-2syQ1oc20-

30)>Q10c25.35). However closer analysis of the data showed that the effects of 

temperature on the activity ofE. coli differed between the substrate solutions (Fig. 

4.1). 
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4.2.1.1 Mixed substrate solution 

Cell metabolic activity in mixed substrates increased rapidly over the temperature 

range 10 to 20°C, with each 5°C increase in temperature causing a statistically 

significant increase in metabolic rate (repeated measures ANOV A p<0.05). The 

metabolic rate ofthe cells then increased more gradually until beginning to 

decrease at temperatures above 30°C indicating that the optimum temperature for 

E. coli utilisation ofthis substrate was close to 30°C. The significantly higher 

(p<0.05) biosensor signals from cells utilising the mixed substrate solution, 

compared with cells in the two other substrate solutions suggest that E. coli was 

able to maintain a higher level of metabolic activity using this mixture of sugars 

than when using the substrate solutions based on single sugars. 

The Q10 values calculated for the cells in the mixed substrate solution were 

markedly lower than those calculated for E. coli utilising either the glucose or the 

succinate substrate solutions, and only one (Q10 (10- 20)) had a value greater than 

two (Fig. 4.2). The lower Q1ovalues indicate that the temperature dependence of 

E. coli metabolism in the mixed substrate solution was reduced compared to that 

of the cells in the other substrate solutions. Each decrease in the Q10 value as 

temperature increased was statistically significant in this substrate, demonstrating 

that as temperature increased the degree to which the activity of cells using this 

mixed substrate solution was dependant on temperature decreased markedly. 

78 



12 

10 

j 
8ii 

C 
01·; 
'0 6 
GI 
.!! 
ii 
E 4 
0 z 

2 

0 
0 5 10 15 20 25 30 35 40 

Temperature (°C) 

Fig. 4.1: The effect of increasing temperature on the biosensor signal from E. coli utilising three 

different substrates. 

The graph shows a comparison of the trends in E. coli metabolic activity as the test temperature 

increased in the mixed ( ♦), glucose (II), and succinate (J.) substrates solutions. The data was 

normalised to one at 10°C, to allow better comparison of the three substrates, and so does not 

show the absolute biosensor signals in each substrate. Data points represent the normalised mean 

signals (n = 24) ± the standard error at each temperature. 
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Temperature range (°C) 

Fig. 4.2: The mean Q10 values obtained for E. coli utilising the three different test substrates. 

The graph shows the mean Q10 values in the glucose (D), succinate ~ and mixed CB) substrate 

solutions± the standard error (n =24). Q10 values were calculated for each individual biosensor 

and then averaged. 
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4.2.1.2 Glucose 

The metabolic activity of cells monitored in glucose had the highest temperature 

dependence of the three substrates, and appeared to have the highest optimum 

temperature. Cellular metabolic rate increased steadily over the entire 

temperature range tested, and the change in activity with each 5°C temperature 

increase up to 35°C was significant at the p<0.05 level. 

The Q1ovalues obtained with this sugar were higher than those obtained with 

either of the other two substrates, and were significantly higher than those 

obtained with the mixed substrates over the entire temperature range tested 

(p<0.05). In particular the glucose Q1o(lO. 2o), at more than five, was very high 

compared to the other values obtained in the work with E. coli. This suggests that 

the rate of E. coli glucose metabolism is very dependent on temperature over this 

range (Fig. 4.2.). The influence of temperature on the metabolic activity of these 

cells did not decrease with increasing temperature in the manner seen with the 

mixed substrate solution (section 4.2.1.1 ); whilst the Q10 (10-20) was significantly 

higher (p<0.05) than the other Q10 values in this substrate solution, the Q1ovalues 

for the temperature ranges 15 - 25°C, 20 - 30°C and 25 - 35°C were not 

significantly different from each other and were all greater than two. 

4.2.1.3 Succinate 

The trend in metabolic activity with increasing temperature in this substrate was 

similar to the trend seen with the mixed substrates; there was a fairly rapid 

increase in metabolic rate up to 20°C (Q10 (lo to 2o) of3), and each 5°C increase in 

temperature in this range resulted in a significant increase in metabolic rate 

(p<0.05). Further increases in temperature did not result in any additional 

significant changes in metabolic activity. However, cells utilising succinate were 

more sensitive to high temperature than those utilising either of the other two 

substrates, and the metabolic rate of the cells began to gradually decrease at 25°C. 
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The Q10 values obtained with this substrate were significantly lower than the 

values obtained with glucose (p<O.O5), except for the Q10 <15 _ 25) which did not 

differ significantly between these two substrate solutions (Figure 4.2). There 

were no significant differences between the Q10 values obtained with the mixed 

substrate solution and those obtained with succinate solution. However, succinate 

was the only substrate for which a Q10 value ofless than 1, indicating that 

temperature had very little effect on cellular activity, was calculated for the 

temperature range 20 to 3O°C. As was seen with glucose, the Q10 (10-20) was 

significantly higher than any of the other Q10 values (p<O.O5), and the Q10 values 

for the temperature ranges between 15 and 35°C were not significantly different. 

4.2.2 Activated sludge bacterial consortium biosensor assays 

The trend in the Q10 values ofthe ASBC was broadly similar to that seen with E. 

coli, with Q10s decreasing in the order Q1o(s - 15)>Q1oc10-2o)=Q10c15.25)>Q1oc20-

30~Q10c25.35), although the metabolic rate of the ASBC was less strongly 

influenced by temperature than that ofE. coli. The results from the two 

temperature ranges used in the experiments with the ASBC (5 to 25°C and 20 to 

35°C) are shown as two data sets (Fig. 4.3) as the biosensor signals from one 20 to 

35°C experiment were much higher than any other measured signals with the 

cells. This is likely to have reflected natural variations between batches of 

biosensors. However, the increase in metabolic rate between 20 and 25°C was 

similar in all the replicate experiments carried out with these cells indicating that 

the trend in the metabolic activity of the cells with temperature was unaffected by 

the higher signals. 

Increasing temperature caused a steady but gradual increase in the biosensor 

signal from the consortium between 5 and 3O°C, at which point the metabolic 

activity ofthe cells stabilised, and then began to decrease slightly. Between 5 and 

2O°C each 5°C temperature increase caused a statistically significant increase in 
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metabolic activity (p< 0.05) (Fig. 4.3), but further increases in temperature up to 

35°C had no additional significant effect on the biosensor signal. 

The Q10 values obtained with the consortium were between one and two over the 

whole temperature range tested, and the differences between the Q10 values 

calculated over each temperature range were fairly small (Fig. 4.4 ). The Q10 (S- lS) 

was significantly higher than the other Q10 values calculated for these cells, 

indicating that the influence of temperature on the activity of the cells was greatest 

over this temperature range, and that the temperature dependence of the cells over 

the rest of the test range remained quite stable. 
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Fig. 4.3: The effect of increasing temperature on the biosensor signal from the ASBC. 

Each data point represents the mean biosensor signal ± the standard error (n ranged from 20 to 40). 
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Fig. 4.4: The mean Q10 values calculated for the ASBC in the ammonia based bathing solution. 

The graph shows the mean 0 10 values obtained with the ASBC ± the standard error (n ranged from 

20 - 40). 0 10 values were calculated for individual biosensors and then averaged to calculate the 

mean Q10. 

4.2.3 E. coli growth assay 

The growth rate of E. coli increased rapidly as the incubation temperature was 

increased from 15 to 35°C, and each 5°C increase in temperature over this range 

was associated with a statistically significant increase in growth rate (p< 0.05). 

The growth rate of the cells remained stable between 35 and 40°C, and then 

decreased at higher temperatures. The growth rate of cells incubated at 45°C was 

significantly lower than that ofcells at 40°C (Fig. 4.5). As was seen with E. coli 

metabolic activity the Q10 values for E. coli growth decreased with increasing 

temperature so that Q10 (15 - 25) > Q10 c20 - 30) > Q10 (25- 35) > Q10 (30-40) > Q10 (35 -45). 

The Q10 <15_25), at four, was particularly high compared to the values calculated 

over the other temperature ranges which were all below two (Fig. 4.6). This 

indicates that the effects of temperature on growth were most pronounced over 

this lower part of the test temperature range, reflecting the increase in temperature 

from one close to the minimum for cellular growth to a temperature supportive of 

growth. 
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Fig. 4.5: The effect of increasing temperature on the growth rate ofE. coli in nutrient broth no. 2. 

Each data point represents the mean growth ofthe cells over 6 h. OD450 6 h - OD450 0 h was 

calculated for each well in the microtitre plates and then averaged. Values were the mean ofat 

least 45 replicates Error bars representing the standard error of the mean are present but are too 

small to be seen. 
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Fig. 4.6: The mean Q10 values calculated for E. coli growth rate in nutrient broth no. 2. 

The Q10 values shown on the graph were calculated from the mean growth rates at each incubation 

temperature. 
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4.2.4 Bioluminescence assay using BF-2//ucl fish cells 

After a 30 min incubation period the luminescence of the fish cells was found to 

increase gradually as the incubation temperature was increased from 15 to 30°C, 

and then decrease sharply when the temperature was increased to 35°C. However, 

there were no statistically significant differences in the light output of the cells 

incubated at the different test temperatures. 

After 6 h incubation the bioluminescence of cells incubated at 15 and 20°C was 

much lower than it was after 30 min incubation, and the luminescence increased 

steeply between the cells incubated at 20°C and the cells incubated at 30°C (Fig. 

4.7). In the 6 h assay there was a significant increase in the light output of the 

cells when the incubation temperature was increased from 20 to 25°C (p<0.05), 

but no significant differences between the luminescence of cells at 15 and 20°C, 

or between cells at 25, 30 and 35°C. 

The length of time for which the BF-2/lucl cells were incubated influenced the 

temperature dependence of their metabolic activity. The low Q10 values 

calculated for the fish cells after 30 min incubation at the test temperatures 

indicated that luc gene expression by these cells was not strongly affected by 

incubation temperature over short periods of time. The much higher Q10 values 

calculated after 6 h incubation indicated that after the longer incubation period 

temperature had a strong influence on BF-2/lucl cell activity. After both the 30 

min and the 6 h incubation periods there was a decrease in the light production of 

the cells incubated at 35°C indicating that this temperature was inhibitory to the 

activity of the cells, but this was far less pronounced after 6 h incubation. (Fig. 

4.8) 
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Fig. 4.7: The effect of increasing incubation temperature on the luminescence ofBF-2/lucl cells. 

The data points represent the mean luminescence at each incubation temperature after 30 min (♦) 

and 6 h (II) incubation± the standard error (30 min: n = 12, 6 h: n = 16). 
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Fig. 4.8: The mean Q10 values calculated for the BF-2/lucl cells. 

The Q10 values over each temperature range after 30 min (□) and 6 h (111) were calculated from the 

mean light outputs of the cells (30 min: n = 12, 6 h: n = 16). 
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4.3 Discussion 

Overall the effects of temperature on the growth rate and metabolic activity of the 

cells examined in this study were similar in all three cell types. Increasing 

temperature had the greatest effects on the activity of the cells when the initial 

temperature and the activity of the cells were very low. At such low temperatures 

many aspects of cellular activity are greatly reduced compared to their activity at 

optimum temperatures, including the affinity of cells for metabolic substrates 

(Nedwell 1999), and the activity of the enzymes involved in the uptake and 

metabolism of substrates. In addition, the activation energies (EA) of the reactions 

involved in metabolism and biosynthesis acts as an energetic barrier to cell growth 

at low temperatures (Gounot 1991 ). As temperature increases the affinity ofcells 

for substrates and the activity of cellular enzymes increases rapidly, whilst the 

energetic barrier to cellular activity decreases, resulting in a rapid increase in 

cellular activity. At temperatures approaching the optimum for the cellular 

activity being measured the response of the cells to temperature increases was less 

marked. 

4.3.1 Temperature adaptation of the cells 

Although the same general trends were found with all three cell types, the degree 

to which the activity of the cells was influenced by temperature, and the optimum 

temperatures, varied between the cells. The differences in the responses of the 

cells to changes in temperature reflect their adaptation to the temperatures of their 

natural environments. E. coli are adapted to the fairly narrow and high 

temperature range found in the intestinal tract of endothermic organisms 

(Neidhardt 1990), and the high Q10 values obtained with E. coli over the lowest 

temperature ranges used in the growth and Cellsense ™ assays are in agreement 

with this, demonstrating that the activity of these cells was very limited at 

temperatures outside a fairly narrow range. 
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It is somewhat surprising that the optimal temperatures noted in the Cellsense ™ 

assay with the E. coli, particularly those for the cells utilising the succinate or 

mixed substrate solutions, were lower than the optimum temperature noted in the 

growth assay with the same cells. The reasons for the upper temperature limits of 

cellular activity are not fully understood but are thought to be related to increasing 

levels of temperature induced damage to cellular components (Gounot 1991, 

Teixera et al. 1997, Gur et al. 2002). The upper temperature limit for cell growth 

is expected to be lower than the upper limit for metabolic activity because the 

effects of increasing temperature on growth are a balance between the increasing 

energy production by the cells and their increasing maintenance energy 

requirements. Maintenance energy is the energy required by the cells to maintain 

cellular parameters such as the membrane potential and internal pH, as well as for 

the repair of temperature induced cellular damage, and in E. coli it has been 

shown to increase over the temperature range 10 to 30°C (Marr et al. 1963). At 

temperatures above the optimum for growth the increase in energy required to 

repair temperature induced damage is greater than the increase in the energy 

production of the cells and so the growth rate is reduced (Kusnetsov 1996, Stark 

1996). In this case the differences between the results of the biosensor and 

growth assays are likely to be due to the fact that the E. coli biosensors were 

supplied with sugar based substrates solutions whilst the growth assays were 

carried out in nutrient broth. Nutrient broth provides microbes with nitrogen as 

well as carbon, in a mixture designed to support good cell growth even from small 

inocula (Oxoid manual 1995), whilst the substrate solutions in the biosensor assay 

provided only a carbon source. 

The activity of the ASBC was much less strongly affected by temperature than 

that ofE. coli, as evidenced by the lower Q10 values obtained with this 

consortium. The similar scale of the Q1ovalues over the temperature range 10 to 

35°C indicates that the ASBC were able to maintain a stable level of activity over 

this temperature range (Thamdrup and Fleisher 1998). The ability of these cells 

to maintain their metabolic activity over this broad temperature range will have 

been advantageous within the activated sludge from which the consortium was 
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isolated. The sludge was maintained outdoors at environmental temperature. 

This will have resulted in a temperature that was relatively low most of the time, 

but which will have varied with seasonal changes in climate. 

The optimum temperature for the metabolic activity of the ASBC was close to 

30°C, which is similar to the optimal temperatures for nitrifying bacteria that have 

previously been reported (Stark 1996, Juliastutti et al. 2003). However it is 

almost certainly higher than the peak temperatures experienced by the activated 

sludge source. This initially appears surprising as cellular activity might be 

expected to be greatest at the highest temperatures experienced in the environment 

the cells are adapted to. Similar differences in the optimal temperatures for 

nitrification activity, and the peak temperatures of the natural environment of the 

cells have previously been reported (Stark 1996). The most likely explanation is 

that this reflects differences in the temperature optima for cellular metabolic 

activity, and for cell growth and reproduction. The biosensor assay measured 

only the metabolic activity of the ASBC, which is known to continue at 

temperatures above those at which cells can actually grow and reproduce 

(Kusnetsov 1996, Stark 1996). The growth rate of the cells might therefore be a 

more useful measure of the adaptation of the ASBC to the upper temperature 

limits of their environment. It is disappointing that it was not possible to examine 

the effect of temperature on the growth of the ASBC, to determine whether the 

optimum temperature for growth was lower than the optimum for metabolism. 

The temperature ranges over which cultured fish cells are able to grow and 

reproduce are closely linked to the living temperatures of the fish the cells are 

derived from (Babich and Borenfreund 1991, Bois et al. 1992). Although the Q10 

values for the BF-2/lucl cells after the 30 min incubation were all quite low, after 

6 h incubation the Q10 values for temperature ranges between 15 and 30°C were 

relatively high, suggesting that the optimum temperature for the metabolic activity 

ofthese cells was 30°C. Although this was higher than the optimum temperature 

for the growth ofBF-2/lucl cells (25°C), it corresponded well with the results of 

previous temperature studies with BF-2 cells which found that the activity of 

certain metabolic enzymes was higher at 35°C than at 25°C (Smoralek et al. 1988, 
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Babich and Borenfreund 1991). The slightly lower optimum temperature for the 

BF-2/lucl cells may be an effect of the genetic modification of these cells. The 

highest temperature to which Bluegill sunfish can adapt has also been found to be 

30°C (Reynolds and Casterlin 1979), although their optimum temperature for 

metabolic activity was found to be lower than this. 

4.3.2 The influence of substrate composition on the responses ofE. coli 

metabolic activity to temperature change 

The sugar substrates available to E. coli in the Cellsense™ biosensor assays had a 

pronounced influence on how changing temperature affected the metabolic 

activity of the cells. The differences between the responses of cells utilising the 

different substrate solutions are likely to be related to the ways the cells talce up 

and metabolise the three sugars in the solutions. Whilst all of the sugars used in 

the substrate solutions are taken up by active transport, the mechanisms involved 

in their transport differ. Glucose is talcen up by the phoshoenolpyruvate 

phosphotransferase system (Dawes 1986, Neidhardt et al 1996), whilst succinate 

and lactate are talcen up by secondary active transport systems, both of which are 

driven by the electrochemical proton gradient (Neidhardt et al. 1996, Davies et al. 

1999). 

Glucose is considered to be an optimum substrate for E. coli, and, when utilised 

by cells as the sole carbon substrate, its metabolism by glycolysis results in a 

much higher net ATP yield than the metabolism ofmost other carbon sources 

(Dawes 1986). The glucose substrate solution was the only one in which the 

metabolic activity of the cells was found to increase with increasing temperature 

up to 35°C, suggesting that in this respect it was an optimal substrate for the cells 

in these experiments. However it was also the substrate in which E. coli 

metabolic rate was most strongly influenced by temperature change. In particular, 

the Q10 (lo- 20) for E. coli utilising the glucose substrate solution was significantly 

higher than the equivalent Q10 values for cells in the succinate or mixed substrate 

solutions. This greater temperature dependence of E. coli metabolism of glucose 
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may be related to its uptake by the phosphoenolpyruvate phosphotransferase 

system. This involves five enzyme mediated reactions (Neidhardt et al 1996), 

potentially making uptake of glucose particularly temperature sensitive, as the 

activity of one or more of the enzymes is likely to be considerably reduced at low 

temperatures. The secondary active transport systems involved in uptake of 

lactate and succinate, are driven by proton gradients, rather than enzymes and so 

would be unlikely to be as strongly affected by low temperature (Neidhardt et al. 

1996, Davies et al. 1999). 

At all but the lowest test temperatures the level ofE. coli activity supported by the 

succinate substrate solution was much lower than that supported by either the 

glucose or mixed substrate solutions. Succinate is considered to be a far less ideal 

substrate for heterotrophic metabolism than glucose since cells utilising succinate 

as the sole carbon source must synthesise hexose sugars, for use in glycolysis, 

through the gluconeogenesis pathway. As this process uses ATP it reduces the net 

energy gain from the substrate (Dawes 1986). The very limited effects of 

increasing temperature above 20°C on the activity of the cells utilising this 

substrate were unexpected however, as the affinity ofE.coli for succinate has 

been shown to increase with increasing temperature up to 37°C (Lo et al. 1974), 

and this would be expected to contribute to an increase in the rate at which the 

cells were able to utilise the substrate. The reasons for the absence of significant 

temperature effects above 20°C are not clear. 

The mixed substrate solution is the standard substrate for use with E. coli in 

Cellsense™ biosensors and was additionally of interest as mixtures of substrates 

have previously been found to increase the metabolic activity of microbial cells: 

as was found with E. coli in this assay. Microbial cells are able to utilise mixtures 

of sugars simultaneously, particularly at low substrate concentrations, and this is 

thought to allow more efficient use of the substrates within the cell (Babel et al. 

1993, Lendenmann et al. 1996, Kovarova-Kovar and Egli 1998), and to increase 

the rate ofprocesses such as detoxification (Babel 1993). The mixed substrate 

solution had a higher total sugar content (15 mM) than either the glucose or 
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succinate substrate solutions which both contained 10 mM sugar. This higher 

sugar content might explain the higher metabolic rate of E. coli utilising the mixed 

substrate solution compared to the metabolic activity of cells utilising the glucose 

and succinate substrate solutions. However, E. coli using the mixed substrate 

solution also demonstrated a significantly lower temperature dependence (lower 

Q10 values) than cells using either glucose or succinate as the sole substrate. This 

suggests that the availability of a combination of sugars was also important, and 

allowed the cells metabolising the mixture of sugar substrates to maintain their 

metabolic activity even at temperatures where one ofthe individual sugar 

components was effectively unavailable because of reduced enzyme activity or 

substrate affinity. 

The fact that the metabolic rate of the E. coli in the mixed substrate solution was 

higher than the rate of cells using glucose alone also indicates that the cells were 

likely to have been utilising more than one of the sugars in the substrate at the 

same time. At high concentrations glucose is able to inhibit the utilisation of 

other, less favoured, substrates (Dawes 1986, Neidardt et al 1996). The glucose 

concentration in the mixed substrate solution (5 mM) was half the concentration 

present (10 mM) in the glucose solution used as an alternative substrate. Had the 

presence of glucose caused catabolic inhibition of the utilisation of the succinate 

and lactate in the mixed substrate solution, the biosensor signal in this substrate 

should have been lower than the signal measured in the presence of 10 mM 

glucose. 

4.3.3 Adaptation ofBF-2//ucl cells to temperature change 

The response ofBF-2/lucl cell metabolic activity to changes in temperature did 

change over time. No statistically significant differences in the light production 

of the cells incubated at the different temperatures were detected after the 3 0 min 

incubation period but after 6 h incubation at the test temperatures statistically 

significant effects of temperature on cell metabolic activity were detected. This is 

likely to indicate that changes in the expression of the luc gene caused by the 
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incubation of the cells at different temperatures took place over a period of hours 

rather than minutes. The temperature induced changes in light production will 

have reflected changes in the metabolic activity of the BF-2/lucl cells, as the 

activity of the CMV promoter is energy dependent. 

The statistically significant difference detected between cells incubated for 6 h at 

temperatures above and below 20°C suggest that, whilst the cells had begun to 

adapt to the new temperatures, they had not completely adjusted their activity in 

response to the changes in temperature. Fish, and the cells derived from them, are 

able to maintain their metabolic activity at a near constant level over a wide range 

of temperatures via mechanisms such as the synthesis ofheat shock proteins and 

alterations in the concentrations of metabolic enzymes within cells (Bols et al. 

1992). However this level of acclimation requires very long incubation periods. 

4.4 Summary 

Changing temperature was found to have statistically significant e:ffects on the 

metabolic activity ofE. coli, the ASBC and the BF-2/luc1 cells, and on the growth 

rate ofE. coli. The changes in the activity ofall three types of cell with 

temperature were found to follow a similar pattern, with cellular activity being 

most strongly influenced by temperature increases from low to moderate levels. 

The results from all the cells corresponded well with the known temperatures of 

their source environments. The E. coli were most active over a narrow 

temperature range around 37°C, close to mammalian body temperature, and their 

activity was strongly reduced at temperatures outside this range. The ASBC were 

clearly able to maintain similar levels ofactivity over a wide temperature range, 

as would be expected from cells isolated from a source maintained at ambient 

temperature. The effects of temperature on BF-2/lucl cells were slower to take 

place, but agreed well with the temperature ranges previously reported to be 

optimal for the activity of these cells, and were within the range at which the 

Bluegill sunfish is known to live and reproduce (17 - 31 °C). 
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The sugar composition of the substrates solution was found to significantly 

influence the manner in which E. coli metabolic rate was influenced by changing 

temperature. Cells utilising glucose, the sugar considered to be an optimal 

metabolite for this bacteria, were able to continue to increase their metabolic rate 

at higher temperatures than cells using either of the other two substrates. 

However, the utilisation of glucose was also more strongly temperature dependent 

than the utilisation of either the succinate or mixed substrate solutions. The mixed 

substrate solution supported the highest rate of E. coli metabolic activity at all 

temperatures, which may simply have reflected the fact that it had a higher sugar 

content than either of the other two substrate solutions. The utilisation of the 

mixed substrate solution was also the least strongly influenced by temperature, 

indicating that the availability of a mixture of sugars was beneficial to the cells, 

allowing them to maintain a similar, but relatively high, level of metabolic activity 

over a wider temperature range than the cells utilising either of the single 

substrate solutions. 

An incubation period of 30 min appeared to be too short for any statistically 

significant changes in the metabolic rate of the BF-2/lucl cells to have taken 

place, but statistically significant temperature effects were detected after a 6 h 

incubation period. This is most likely to reflect the time taken for temperature 

induced changes in cell metabolic activity to influence the activity of the CMV 

promoter controlling the luminescence of these cells. 

The overall trend with both the microbial and fish cells was for metabolic activity 

or growth to increase with increasing temperature up to an optimum temperature, 

above which the activity being measured was inhibited. The investigations in the 

next chapter are intended to link these trends to changes in the sensitivity of cell 

growth and metabolic activity to three well understood toxicants. 
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CHAPTER 5: THE EFFECT OF TEMPERATURE ON THE 

SENSITIVITY OF THREE CELL TYPES TO SELECTED TOXICANTS 

5.1 Introduction 

The effect of temperature on the sensitivity of poikilothermic organisms to 

toxicants is not well understood, despite being widely studied. Although the 

sensitivity of such organisms to toxicants is generally expected to increase with 

increasing temperature (Cairns et al. 1975, Moller et al. 1994), studies with a 

range oftest species have shown that temperature related variations in sensitivity 

to toxicants are both species and compound specific (Babich and Stotzky 1982, 

1983, Brecken-Folse et al 1994). Temperature induced variations in the 

sensitivity of organisms to toxicants have been linked to the effects of temperature 

on the biological state of the cells (Babich and Stotzky 1982, 1983, Hsu et al 

1992, Abee et al 1994, Moller et al. 1994, Karatzas et al. 2001), and on changes to 

the speciation and bioavailability ofthe toxicants (Collins and Stotzky 1989, 

Rathore and Khangarot 2000, Heugens et al. 2001 ). However, few cytotoxicity 

studies have actually investigated the effects oftemperature on both the biological 

state of isolated cells and their response to toxicants. A small number of studies 

have investigated the effect of temperature on the membrane physiology of 

microbial cells and compared these effects with changes in the sensitivity of the 

cells to a toxicant (Abee et al. 1994, Abu-Shkara et al. 1998, Ultee et al. 1998, 

Luxo et al. 2000), but no reports of studies comparing the effects of temperature 

on cell metabolic activity and the sensitivity of the same cells to toxicants have 

been found in the literature. 

The aim of this part of the study was to investigate the effects of temperature on 

the sensitivity ofE. coli, ASBC and BF-2/lucl cells to toxicants, using the same 

assays that were used to determine the effects of temperature on cellular activity 

95 



(Chapter 4). This allowed a direct comparison between the effects of temperature 

on, for example, cell growth rate and the effects of temperature on the sensitivity 

of cell growth rate to toxicants. Three toxicants with different modes of action 

were selected for use in the toxicity tests (Section 2.5), to determine whether the 

different toxic mechanisms affected the way in which temperature influenced cell 

sensitivity to the compounds. Mercury(II) chloride and formaldehyde are both 

pro-oxidants (Teng et al. 2001, Westwater et al. 2002, Kim et al. 2003) that react 

irreversibly with cellular components, but they have different targets within the 

cells. Mercury(II) chloride reacts with sulphydryl, thiol and phosphate groups, 

allowing it to interact with a wide range of biochemical targets including many 

proteins (Rouch 1995). Formaldehyde is extremely reactive and destructive to 

cells, and its toxic effects include cross linking of the plasma membrane 

(Rossmoore and Sondossi 1998) and, in eukaryotes, the mitochondria (Teng et al. 

2001). The third toxicant was a narcotic, 3,5-dichlorophenol, which acts by 

reversibly inhibiting cellular activity. The exact mechanism by which this 

toxicant inhibits the cells is not fully understood, but it is thought to be related to 

the interaction between the compound and the cell membrane 0/an Wezel 1996, 

Penttinen and Kukkenon 1998, Beaton 1999, Choi and Gu 2001). 

Cellsense™biosensor, growth and bioluminescence assays were used to study the 

effects of a minimum of three temperatures between 5 and 35°C on the sensitivity 

of the cells to the test toxicants. The effects of the toxicants on E. coli metabolic 

activity at 15, 25 and 35°C were investigated using Cellsense™ biosensor assays, 

and their effects on E. coli growth were investigated at 15, 20, 25 and 30°C. The 

biosensors assays were carried out in both the glucose substrate solution and the 

mixed substrate solution. The activated sludge bacterial consortium (ASBC) was 

tested at 5, 10, 15, 20 and 25°C using biosensor assays. The sensitivity of 

BF-2//ucl cell luminescence to the toxicants after 30 min and 6 h exposure was 

investigated at 15, 25 and 35°C and additionally cell viability after 30 min was 

assessed using trypan blue at the same temperatures. In all the assays three 

concentrations ofeach toxicant were tested, and the percentage inhibition data 

from the assays was used to calculate EC5ovalues. The EC50 values were used to 
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identify the overall trends in the sensitivity of the cells to these toxicants at 

different temperatures. The percentage inhibition data was also used to compare 

the effects of temperature on the sensitivity of the cells to individual 

concentrations oftoxicants, or on the dose response curves for particular 

compounds. Statistical analysis was carried out on both the EC50 data and the 

percentage inhibition data. All statistical significance was at the p < 0.05 level. 

5.2 Microbial assays 

Overall the sensitivity of both E. coli and the ASBC to toxicants was increased at 

higher temperatures (Table 5.1). This is consistent with the results ofprevious 

studies on the effects of temperature on the sensitivity of microbial cells or spores 

to mercury (Bulich 1979, Hsu et al. 1992), fom1aldehyde (Boucher et al. 1975, 

Sagripanti and Bonifacio 1996), and narcotic poisons similar to 3,5-DCP 

(Willows 1994, Heinenon et al. 2003). However in the assays with E. coli several 

exceptions to this overall trend were found, particularly when the cells were tested 

against 3,5-DCP. Statistically significant interactive effects of temperature and 

toxicant dose on the sensitivity of the cells were also detected for almost every 

combination of bioassays and toxicants, indicating that changes in temperature 

influenced the responses of the cells to changes intoxicant doses. 
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Table 5.1: The EC50 values for E. coli and ASBC exposed to mercury(II) chloride, formaldehyde 

and 3,5-DCP at different temperatures. 

Bioassay Temp I °C HgCb Formaldehyde 3,5-DCP 
E. coli biosensor 
(glucose) 15 0.91 ± 0.01 A 35.8± 0.6 A 9.79 ± 0.12 A 

25 0.73 ± 0.02 B 26.3 ± 1.9 B 16.3 ± 0.3 B 

35 0.37 ± 0.02 C 26.9 ± 2.8 B 21.6 ± 0.5 C 

E. coli biosensor 
(mixed substrate) 15 • 1.11 ± 0.18 A 88.7 ± 0.5 A 17.5 ± 1.9 A 

• A25 0.99 ± 0.13 135. ± 0.9 B 23.3 ± 0.3 B 
* 35 0.84 ± 0.14 B 74.3 ± 1.0 A 39.5 ± 10.6 C 

E. coli growth 
15 2.51 ± 0.10 A 30.l ± 2.5 A 5.29 ± 1.16 A 

20 5.03 ± 0.35 B 33.5 ± 3.3 A 5.54 ± 0.58 A 
* A25 3.51 ± 0.07 37.5 ± 1.7 A 6.59 ± 1.34 A 

35 2.70 ± 0.06 A 47.4 ± 1.4 B 7.84 ± 0.43 A 

ASBC 
5 3.35 ± 0.72 BA 1170 ± 26A 17.2± 0.5 B 

10 4.60 ± 0.41 A 461 ± 16 B 23.9 ± 0.8 A 
15 3.15 ± 0.41 A 483 ± 12 B 19.4 ± 0.7 B 

20 2.49 ± 0.10 B 335 ± 14 C 14.2 ± 0.6 B 

25 3.64 ± 0.18 A 14.6 ± 0.2 B 

The table shows the mean EC50 values in mg/ L ± the standard error ofthe mean at each 

temperature. 

Biosensor EC50 values for E. coli (glucose) and the ASBC were calculated for each Cellsense™ 

block of eight biosensors and these were used to calculate mean EC50 values (n =6) for each 

temperature. 

Biosensor EC50 values for E. coli (mixed substrates) were calculated from experiments in which 

three toxicant concentrations were tested simultaneously and used to calculate mean EC50 values 

(n =2) for each temperature. 

Growth assay EC50 values were calculated for each microtitre plate and used to calculate mean 

EC50 values (n = 3) for each temperature. 

•Only two replicates were done and so the mean± the standard deviation is shown 

Values with the same letters are not significantly different within each bioassay / toxicant 

combination 

In assays with the ASBC the trend for increased sensitivity at higher temperatures 

was seen with all three toxicants at temperatures up to 20°C. However, it is 

notable that the ASBC tested at 25°C were no more sensitive to either mercury(II) 

chloride or 3,5-DCP than cells tested at 20°C (Fig. 5.1 a and b). In fact the 

sensitivity of cells exposed to mercury(II) chloride at 25°C was actually 
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significantly lower than that of cells tested at 20°C. The sensitivity of cells from 

this consortium to two of the toxicants was also enhanced at the lowest test 

temperature; the ECso values for both mercury(II) chloride and 3,5-DCP were 

significantly lower at 5°C than at 10°C (Fig 5.1 a and b). In contrast the EC50 

value for the ASBC and formaldehyde at 5°C was almost 3 times greater than the 

EC50 at 10°C, indicating that the sensitivity of the cells to this compound was very 

much reduced at the lowest test temperature (Fig. 5 .1 c). This demonstrated that 

the influence ofcold induced changes in cellular activity or physiology on the 

sensitivity of these cells to toxicants varied with the mode of action ofthe 

compounds. 
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Fig 5.1: The mean percentage inhibition ofASBC activity caused by increasing concentrations of 

a) mercury(II) chloride, b) 3,5-DCP and c) formaldehyde at 5 (D), 10 (Ll), 15 (Iii), 20 ( Im and 

25°C ([[]).Graphs show mean percentage inhibition± the standard error of the mean (n =32). 

The metabolic activity of E. coli, as measured in the biosensor assays, appeared to 

have an important influence on its responses to temperature change and toxicants. 

E. coli were less sensitive to all three toxicants when they were utilising the mixed 

substrate solution rather than the glucose substrate solution, and a significant 
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interactive effect of temperature and substrate solution on the sensitivity of the 

cells to all three toxicants was also detected. This indicated that the substrate 

solution available to E. coli influenced the way in which changing temperature 

affected its sensitivity to toxicants. The composition of the substrate solutions 

was previously found to have a significant influence on both the metabolic rate of 

the cells utilising the solution, and the temperature dependence of metabolic 

activity (Section 4.2.1 ). Therefore the influence of substrate composition on E. 

coli sensitivity to toxicants is almost certainly being exerted through changes in 

the metabolic activity of the cells. These changes might be related to the different 

mechanisms involved in the uptake of the sugars present in the two solutions, or 

the effect of the availability of the mixture of sugars in the mixed substrate 

solution on the efficacy ofE. coli metabolism. Simultaneous utilisation of 

mixtures of sugars by microbial cells is thought to allow more efficient use of 

substrates within the cell (Babel et al. 1993). 

Although a significant interactive effect of temperature and substrate on cell 

sensitivity was found for all three toxicants, the influence of substrate solution 

composition on the vulnerability of the cells to toxicant effects was not obvious 

when E. coli were tested against mercury(II) chloride. In both substrate solutions 

the cells were most sensitive to this toxicant at the highest test temperature, 

although the scale of the changes in cell sensitivity was smaller for cells tested in 

the mixed substrate solution (Fig 5 .2 a and b ). A similar trend in E. coli 

sensitivity to mercury(II) chloride was also found in the growth assay. This assay 

was considerably less sensitive to the toxicant than the biosensor assays, as can be 

seen by the limited effect of concentrations of less than 5 mg / L mercury(II) 

chloride on the activity of the cells (Fig. 5.2 c). This lower sensitivity may be 

related to the used of nutrient broth as the growth medium, as it is known that 

compounds such as mercury(II) chloride can complex with the broth masking 

toxicity (Gellert 1999). Interestingly, although the sensitivity of E. coli growth to 

mercury(II) chloride was increased at higher temperatures it was also significantly 

greater at 15°C than at 20 or 25°C. A similar increased sensitivity to this 

compound at low temperatures was seen with the ASBC, suggesting that the 
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toxicity of mercury(II) chloride to microbial cells may be enhanced at 

temperatures close to the minimum for their activity. 

0.5 1.5 0,25 o.s 
[Mercury (II) chlortd•J (mg/ L) a [Mercury (II) chloride] (mg / L) b 

0.25 0.5 5 

[Mercury (II) chloride] (mg /L) 

C 

110 

C: 80 
.2 
"'.0;; 
.E 50 
'#, 
C: 

m 
::15 20 

-10 

Fig 5.2: The mean percentage inhibition of a) E. coli biosensors in the mixed substrate solution (n 

= 12), b) E. coli biosensors in the glucose substrate solution (n = 32) c) E. coli growth ( n = 45) 

caused by increasing concentrations ofmercury(II) chloride at 15 (0), 20 ( !iID, 25 (6!), and 35°C 

(II). Graphs show mean percentage inhibition± the standard error of the mean. 

The influence of cellular metabolic activity on the sensitivity of E. coli to 

formaldehyde and 3,5-DCP was more apparent, and the results of the toxicity tests 

using E. coli and these two compounds provided the main exceptions to the 

overall trend of increased sensitivity at higher temperatures. The toxicity of 

formaldehyde is expected to increase with increasing temperature, largely because 

the rate at which it can react with the cells increases (Boucher et al. 197 5), and 

such a trend was found with the ASBC. However, the effect of temperature on 

the sensitivity of E. coli growth to formaldehyde was in complete contrast to the 

predicted trend. This was most apparent at the lower toxicant concentrations (Fig 

5.3c). The sensitivity of the cells to this compound in the biosensor assays did not 

increase in a straightforward manner in either substrate solution, and there were 
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pronounced differences between the trends seen in the two substrate solutions 

(Fig. 5.3a and b). The sensitivity of the cells to formaldehyde was actually lower 

at 25°C than at 15°C when the cells were tested in the mixed substrate solution, 

and although E. coli sensitivity was increased at 35°C it was not significantly 

higher than that of cells at 15°C. In the glucose substrate solution, E. coli 

sensitivity to formaldehyde was no higher at 35°C than at 25°C. 
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Fig 5.3: The mean percentage inhibition of a) E. colt biosensors in the mixed substrate solution (n 

= 12), b) E. coli biosensors in the glucose substrate solution (n = 32) c) E.coli growth (n = 45) 

caused by increasing concentrations offonnaldehyde at 15 (□), 20 (lssl), 25 (□), and 35°C (ill). 

Graphs show mean percentage inhibition± the standard error of the mean. 

In all of the E. coli assays with 3,5-DCP the sensitivity of the cells to the toxicant 

was decreased at the higher temperatures (Fig. 5.4). These results were 

particularly interesting as this was the only compound with which such a 

consistent deviation was found from the expected trend in cell sensitivity as 

temperature increased. The trend was also surprising because 3,5-DCP acts by 

disrupting energy production, and the toxic effects of compounds with this mode 

102 



of action are expected to be enhanced at higher temperatures (Heinenon et al. 

2003). 
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Fig 5.4: The mean percentage inhibition of a) E. coli biosensors in the mixed substrate solution (n 

= 12), b) E. coli biosensors in the glucose substrate solution (n =32) c) E. coli growth (n = 45) 

caused by increasing concentrations of 3,5-DCP at 15 (D), 20 (I§!!), 25 cm), and 35°C (Iii) . Graphs 

show mean percentage inhibition± the standard error ofthe mean. 

The decreased cell sensitivity to 3,5-DCP at higher temperatures appeared to be 

closely related to the metabolic activity ofthe cells. E. coli tested in the mixed 

substrate solution were less inhibited by the compound than E. coli tested in the 

glucose solution, and the decreases in the sensitivity of the cells over the test 

temperature ranges were also more marked in the mixed substrate solution. The 

effects of 0.5 mg/ L of 3,5-DCP on E. coli in the biosensor assay in glucose (Fig 

5.4 b) and in the growth assay (Fig. 5.4 c) were particularly interesting as this 

concentration of toxicant was associated with increases in the activity of the 

exposed cells to above that of the controls. This data is shown in more detail in 

Fig 5.5 and 5.6. The time taken for 0.5 mg/ L 3,5-DCP to cause a statistically 

significant change in the activity of the cells utilising the glucose solution 

increased with increasing temperature (Fig. 5.5), suggesting that the cells exposed 
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at the higher temperatures were able to withstand the effects of this toxicant for 

longer periods of time than the cells tested at lower temperatures. As the 

increased membrane fluidity induced by higher temperatures would be expected 

to increase the concentration of toxicant able to interact with the cells (Ultee et al. 

1998), it is most likely that temperature induced changes in the metabolic activity 

of the cells are responsible for this effect. However, it is also possible that the 

decreasing effect of the toxicant as temperature increased was related to the 

volatility of 3,5-DCP, and that some of the toxicant was being lost from the test 

solutions at 35°C, resulting in cells at this temperature effectively being exposed 

to a lower concentration oftoxicant. The increased biosensor activity and growth 

associated with 0.5 mg/ L of 3,5-DCP indicated that the cells altered their 

metabolic rate in the presence of the toxicant. The size of the change in activity 

varied with temperature, and the temperature related trends were opposite in the 

growth and biosensor assays (Fig. 5.6), with the greatest increase in redox activity 

taking place at l 5°C, and the biggest increase in growth rate at 35°C. 
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5.3 BF-2//ucl cell based assays 

As was seen in the bioassays with the microbial cells, the overall trend with 

temperature found in bioluminescence assays with the BF-2/lucl cells was one of 

increased sensitivity to toxicants at higher temperatures (Fig 5_7, 5.8 & 5.9). The 

trends in the trypan blue assays were broadly similar although this assay was 

considerably less sensitive to the toxicants than the bioluminescence assays, and 

the trend in sensitivity to the individual toxicants with temperature differed 

between the trypan blue and bioluminescence assays (Table 5.2). The differing 

effects of temperature on the sensitivity of the BF-2/lucl cells in the 

bioluminescence and trypan blue assays were particularly noticeable in the assays 

with formaldehyde (Fig 5.7). The trend in cell sensitivity seen with mercury(II) 

chloride in these assays is in agreement with previous reports that the sensitivity 

of cells isolated from salmon to mercury(II) chloride is higher at increased 

temperatures (Vickrey and McCann 1978). There have been no studies of the 
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influence of temperature on the sensitivity of cultured fish cells to either 

formaldehyde or 3,5-DCP to compare with the data from this study. 

Table 5.2: The EC5o values for BF-2/lucl cells exposed to mercury(II) chloride, formaldehyde and 

3,5-DCP at different temperatures 

Bioassay Temp/ HgCh Formaldehyde 3,5-DCP 
oc 

30min 
lwninescence 15 2.90 ± 0.83 A 137 ± llA 125 ± 4A 

25 2.59 ± 0.45 A 61.5 ± 4.4 B 71.2 ± 3.1 B 

35 0.90± 0.45 B 4.50± 0.58 C 53.9 ± 1.3 C 

6h 
luminescence 15 1.37 ± 0.40 A 67.3 ± 14.4 A 101± 16A 

25 1.84 ± 0.73 A 17.3 ± 3.0 B 9.52 ± 3.79 B 
35 1.34 ± 0.05 A 1.83 ± 0.78 B 6.36 ± 1.82 B 

Trypan blue 
15 17.9 ± 8.3A t 91.5 ± 4.9 A 
25 11.5 ± 1.4A 91 ± 12 A 
35 5.46 ± 0.36B 69.5 ± 2.9 B 

The table shows the mean EC50 values± the standard error of the mean (biolurninescence) or 

standard deviation (trypan blue) at each test temperature. 

Bioluminescence EC50 values were calculated for each experimental repeat, and used to calculate 

the mean EC50 values (n = 3) for each temperature. Mean trypan blue EC5I) values (n = 2) were 

calculated in the same way. 

Values marked with the same letter are not significantly different within each bioassay / toxicant 

combination. 

t The trypan blue formaldehyde data is not shown, as the data obtained in this assay was 

extremely variable (standard errors == to mean EC50 values). This suggests that the trypan blue 

assay was not a suitable method for use with formaldehyde. 
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Fig 5.7: The mean percentage inhibition of a) BF-2/lucl luminescence after 30 min exposure b) 

BF-2/lucl luminescence after 6 h exposure and c) BF-2/lucl membrane integrity (trypan blue 

assay) caused by increasing concentrations of formaldehyde at 15 (□), 25 (□), and 35°C (§1). 

Graphs show mean percentage inhibition± the standard error of the mean (all values are the mean 

ofat least 12 measurements). 

In addition to the increased sensitivity of the cells to the toxicants at the higher 

test temperatures, in general the BF- 2/luc1 cells were also significantly more 

sensitive to the test compounds after 6 h exposure than after 30 min. The only 

notable exception to either of these trends was found with mercury(II) chloride 

(Fig. 5.8). After 6 h incubation the sensitivity of BF-2/lucl cells to this toxicant 

was lower at 25°C than at 35°C, and there was no significant difference between 

the EC5ovalues calculated for the cells at 15 and 3 5°C. Additionally, increasing 

exposure time did not have a significant effect on the sensitivity of cells tested at 

25°C to mercury(II) chloride, whilst the cells tested at 35°C were less sensitive to 

this toxicant after 6h than after 30 min. Mercury(II) chloride was the only 

toxicant with which a significant interactive effect of temperature and exposure 

time on the sensitivity of the BF-2/lucl cells was detected, although this 

interactive effect is likely to reflect mainly the stimulatory effects of toxicant 

concentrations between 0.5 and 1.25 mg/Lon the bioluminescence of the cells at 
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25°C. The level of light emission from cells exposed to these toxicant 

concentrations were up to 400 times greater than that of the controls (Fig. 5.8b). 

Such stimulation ofbioluminescence was not seen in any other assays using the 

BF- 21 luc cells, including the 6 h assays with mercury(II) chloride at 15 and 

35°C, and the reasons for the increased bioluminescence ofthe cells at this 

particular combination of exposure time and temperature are not clear. 
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Fig 5.8: The mean percentage inhibition ofa) BF-2//uclluminescence after 30 min exposure b) 

BF-2/luclluminescence after 6 h exposure and c) BF-2/lucl membrane integrity caused by 

increasing concentrations ofmercury(II) chloride at 15 (D), 25 (El), and 35°C (It). Graphs show 

mean percentage inhibition± the standard error of the mean (all values are the mean ofat least 12 

measurements). 
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Fig 5.9: The mean percentage inhibition ofa) BF-2//uclluminescence after 30 min exposure b) 

BF-2/luclluminescence after 6 h exposure and c) BF-2/lucl membrane integrity caused by 

increasing concentrations of3,5-DCP at 15 (0), 25 (tjl), and 35°C (ii). Graphs show mean 

percentage inhibition± the standard error of the mean (All values are the mean ofat least 12 

measurements). 

5.4 Comparison of Q10 and toxicity data 

Comparison of the temperature induced changes in the sensitivity of the cells to 

the three toxicants used in these assays with the Q10 values obtained over the same 

temperature ranges indicated that, for the most part, the scale of the changes in 

cell sensitivity to the compounds were not related to the scale ofthe changes in 

cellular activity (Table 5.3 and 5.4). In general the sensitivity of cells to the 

toxicants changed most over the high temperature ranges used in the assays, 

whilst the change in the activity of the cells was greatest over the lowest 

temperature range tested. The main exceptions to this were found with 3,5-DCP, 

both in the glucose based biosensor assays, and, more surprisingly, the 

bioluminescence assays. In these assays the changes in the sensitivity of the cells 

to 3,5-DCP, like the Q10 values found for the same assays, were smaller over the 

temperature range 25 to 35°C than over the range 15 to 25°C. However, whilst in 
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the E. coli assay the sensitivity of the cells decreased as metabolic activity 

increased, in the biolurninescence assay the opposite trend was seen. 

Table 5.3: Comparison of the Q10 values for the microbial cells over the temperature ranges used 

in each assay with the percentage increase in their sensitivity to the toxicants 

Percentage increase in sensitivity 
Assay Temperature Q10 Mercury(II) F om1aldehyde 3,5-DCP 

range (°C) values chloride 

Glucose 15 - 25 2.82 24.7 36.2 -39.8 
biosensor 25 - 35 1.73 97.3 -2.27 -24.6 

Mixed sub. 15 - 25 1.76 12.1 -34.4 -25.0 
biosensor 25 - 35 0.87 17.9 82.0 -40.1 

Growth 15 - 25 4.12 -28.0 -19.0 -12.9 
25 - 35 1.29 30.0 -21.7 -15.9 

ASBC 5-15 1.74 6.35 141 -11.4 
biosensor 10 -20 1.47 84.7 37.7 68.3 

15 - 25 1.47 -13.5 32.6 

Percentage increase in sensitivity to each toxicant calculated as 

((Inhibition at the higher temperature/ inhibition at the lower temperature)* 100)-100 

Table 5.4: Comparison of the Q10 values for the BF- 2 / luc cells over the temperature ranges used 

in each assay with the percentage changes in their sensitivity to the toxicants 

Percentage increase in 
sensitivity 

Assay Temperature Q10 Mercury(II) Formaldehyde 3,5-
range (°C) values chloride DCP 

Luminescence 15-25 1.55 12.0 124 76.6 
30 min 25 - 35 0.73 187 1270 32.2 

Luminescence 15-25 4.26 -25.5 289 1060 
6h 25 - 35 1.26 37.3 843 46.7 

Trypan blue 15-25 N /a 55.7 7.29 0.94 
25 - 35 N /a 110 -20.1 30.5 

Percentage increases in sensitivity calculated as in Table 5.3 
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5.5 Discussion 

Increases in temperature are generally expected to increase the sensitivity of 

poikilotherms to toxicants (Cairns et al. 1975, Heugens et al. 2001) and the overall 

trend of increased sensitivity to toxicants at higher temperatures found in these 

assays is consistent with this expectation. However, the exceptions to this trend, 

particularly those seen with E. coli, reflect the importance of the test organism as 

well as the toxicant in the interaction between temperature and toxicity. Several 

previous studies have found that the influence of temperature on the sensitivity of 

poikilotherms to a particular toxicant differs between test organisms (Babich and 

Stotzky 1982, 1983, Paz et al. 1993, Tuncan 1993, and Sisti et al. 1998). 

The changes in the sensitivity of the ASBC and the BF-2/lucl cells to all three 

toxicants as temperature increased did not appear to be related to the changes in 

the metabolic activity of the cells caused by temperature. In every assay with 

these cells (except the BF-2/lucl cells exposed to mercury(II) chloride for 6h) the 

overall trend was for the sensitivity of the cells to increase with increasing 

temperature, and in the majority of the assays the scale of the increases in 

inhibition between the test temperatures did not correlate with the effects of 

temperature on the metabolic activity of the cells. In particular, in the BF-2/lucl 

assays with mercury(II) chloride and formaldehyde the increase in the sensitivity 

of the was greatest between 25 and 35°C, whilst the Q10 value for this temperature 

range was lower than that for the range 15 to 25°C (Table 5.3 and 5.4). Instead, 

the effects of increasing temperature on the rate at which the toxicants were able 

to enter the cells and react with cellular components appeared to be more 

important in influencing the sensitivity of these cells to the test compounds. 

Temperature is known to have a pronounced influence on the physical interactions 

between toxicants and cells. Increasing temperature promotes the interaction of 

both mercury(II) chloride and 3,5-DCP with cells. The rate at which mercury 

compounds enter cells has been shown to be faster at warm temperatures than at 

colder ones (Foulkes 2000), and the concentration ofnarcotic compounds, such as 
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3,5-DCP, which can accumulate in the cytoplasmic membrane increases as the 

membrane becomes more fluid at higher temperatures (Ultee et al. 1998). As the 

harmful effects ofnarcotics on cells are directly related to the concentration of the 

compound in the cell, this would increase the inhibitory effect of3,5-DCP on the 

cells. Reaction rates also increase with increasing temperature and so the rate at 

which both mercury(II) chloride and formaldehyde cause damage to the cells will 

also have been faster at the higher test temperatures. Both compounds are known 

to react with a range ofcellular components, including enzymes and DNA 

(Poverenny et al. 1975, Temchaeon and Thilly 1983, Rouch 1995, Rossmoore and 

Sondossi 1998, Teng et al. 2001). The oxidative stress caused by these 

compounds is also likely to have been more problematic to cells at higher 

temperatures, particularly those higher than optimal for the cells. Increasing 

temperature causes the production of reactive oxygen species (ROS) within the 

cells. At temperatures within the normal temperature range for growth ROS are 

removed by antioxidant enzymes but at supraoptimal temperatures they cause 

oxidative stress within cells (Guerzoni et al. 2001, Smirnova et al. 2001). At 

higher temperatures within the normal range for growth the presence of additional 

ROS due to the effects of toxicants may overwhelm antioxidant defence systems 

(Babich et al. 1993). At temperatures above the optimum for growth the cells are 

unlikely to be able to cope with the additional oxidative stress. The greater 

energy demands on cells at higher temperatures are also expected to potentiate the 

toxicity ofthe disruptive effects of narcotics on cellular energy generation 

(Heinenon et al 2003). 

Whilst the main trend seen with the ASBC was for increased sensitivity to 

toxicants at higher temperatures, their high sensitivity to mercury(II) chloride and 

3,5-DCP at 5°C demonstrated that low temperatures were also associated with 

higher sensitivity of these cells to certain toxicants. A tendency for the sensitivity 

of microbial cells to heavy metals to be increased by both high and low 

temperatures has been noted previously (Abdel-Lateif et al. 1998), and a similar 

pattern in sensitivity to mercury(II) chloride was also seen in the E. coli growth 

assay. The increased sensitivity of the ASBC to the two toxicants at 5°C could 
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indicate that this temperature was stressful to the cells, and so they were unable to 

cope with the additional stress of the presence of a toxicant. The influence of 

temperature on ASBC cell status appeared to increase their vulnerability to some 

compounds, whilst reducing cell sensitivity to compounds with other modes of 

action. Although the sensitivity of the ASBC to mercury(II) chloride and 3,5-

DCP was increased at 5°C, ASBC sensitivity to formaldehyde at this temperature 

was considerably lower than their sensitivity to formaldehyde at any of the higher 

test temperatures. 

It may be that the reduced metabolic activity of the ASBC at 5°C, as reflected by 

the high Q10 value obtained over the temperature range 5 to 15°C in the biosensor 

assays (Section 4.2.2), was a factor in the increased sensitivity of the cells to the 

toxic effects of 3,5-DCP and mercury(II) chloride. In particular the reduced 

enzyme activity of cells at low temperatures may have been a factor in their 

increased sensitivity to mercury(II) chloride, as antioxidant enzymes have been 

shown to be protective against mercury(II) chloride induced production of 

reactive oxygen species (Lenartova et al. 1998, Westwater et al. 2002). Mercury 

has been shown to increase the activity ofthe antioxidant enzymes glutathione 

reductase and glutatbione peroxidase in rumen bacteria (Lenartova et al. 1998), 

and to regulate the expression of the gene coding for glutathione in yeast 

(Westwater et al. 2002). In addition oxidative stress caused by hydrogen peroxide 

was found to protect yeast cells from mercury exposure, suggesting that the 

mechanisms involved in resisting the effects of mercury are similar to those 

involved in resisting the oxidative stress induced by hydrogen peroxide 

(Westwater et al. 2002). 

The exceptions to the general trend of increasing cell sensitivity with increasing 

temperature found in assays with E. coli, all appeared to be related to the effects 

of temperature on the metabolic activity of these cells. Unlike the ASBC and BF-

2/luc1 cells, E. coli appeared to be able to control or reduce the toxic effects of 

formaldehyde and 3,5-DCP at the test temperatures closest to the optimum for its 

activity. The fact that substrate solution composition had a significant influence 
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on the sensitivity of the cells to all three toxicants supports the hypothesis that E. 

coli metabolic status had an important role in detem1ining its sensitivity to the 

toxicants. Substrate composition was the only factor varied between the biosensor 

assays, and therefore the differences in the responses of the cells tested in the 

glucose and mixed substrate solutions are almost certainly related to the influence 

of substrate composition on the cells. Both the metabolic rate ofE. coli (as 

measured by biosensor assays) and the influence oftemperature on metabolic rate 

were shown to differ between cells utilising the glucose and mixed substrate 

solutions in Chapter 4. 

The consistently lower sensitivity of cells utilising the mixed substrate solution to 

all the toxicants, compared with that ofcells using the glucose solution, may have 

been related to several factors. The mixed substrate solution supported a 

significantly higher rate of E. coli metabolic activity than the glucose substrate 

solution at all the temperatures tested (Section 4.2.1) and the greater activity of 

the cells may have had a protective effect. Cells utilising mixtures of substrates 

are thought to be able to make more efficient use of the energy available to them, 

and it has been suggested that this includes more efficient responses to, or 

detoxification of, toxic compounds (Babel et al. 1993, Lendenmann et al. 1996, 

Kovara-Kovar and Egli 1998). Additionally the availability ofa mixture of sugars 

in the substrate solution, all ofwhich are taken up by different transport proteins, 

may have allowed the cells to compensate for some inhibition of the uptake of any 

of the individual sugar components. The cellular targets ofmercury(II) chloride, 

in particular, are likely to include proteins involved in the uptake of sugars (Lo et 

al. 1972). 

The differences between the effects of temperature on the sensitivity ofE. coli to 

the test compounds in the two substrate solutions are likely to be related to both 

the combined effects of temperature and substrate on the metabolic activity of the 

cells and the higher metabolic rate of cells using the mixed substrate solution. As 

mentioned above, the higher metabolic rate of the cells tested in the mixed 

substrate solution appeared to have a generally protective effect on the cells. In 
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the assays with 3,5-DCP E. coli sensitivity to this compound decreased more 

between 25 and 35°C when the cells were tested in the mixed substrate solution 

than when they were tested in the glucose solution despite the fact that the 

substrate that supported the greatest increase in metabolic activity over this 

temperature range was glucose. Similarly, the increase in the sensitivity of E. coli 

to mercury(II) chloride over the same temperature range was smaller in the mixed 

substrate solution. 

The interactive effects of temperature and substrate choice on the metabolic rate 

ofE. coli appeared to have a greater influence on the response of the cells to 

formaldehyde. In both substrate solutions the trend in E. coli sensitivity to this 

toxicant as temperature increased implied that the cells were able to control the 

effects of formaldehyde at the temperatures closest to the optimum for their 

activity. E. coli is known to be able to metabolise formaldehyde, or detoxify it 

using a glutathione dependent formaldehyde dehydrogenase (Hunter et al. 1985, 

Kaulfers et al. 1991, Gutheil et al. 1997). As the metabolic rate of the cells 

changes the rate at which the bacteria metabolise formaldehyde is also likely to 

alter. The temperature induced changes in E. coli sensitivity to formaldehyde in 

the biosensor assays appear to reflect a balance between the increase in the rate at 

which formaldehyde damages the cells, and increases in the rate of formaldehyde 

detoxification. Cells tested in the mixed substrate solution were least sensitive to 

formaldehyde at 25°C, the temperature optimal for their metabolic rate in this 

substrate (Section 4.2.1 ), whilst the trend in the sensitivity of E. coli tested in 

glucose appeared to reflect a balance between the increasing rate of reactions 

between formaldehyde and cellular components and the increasing metabolic 

activity ofthe bacteria. The data from the ASBC and BF-2/lucl cells indicated 

that the toxicity of formaldehyde can be expected to be higher at 35°C than at 

25°C, largely due to the increased rate of reactions between the toxicant and 

cellular components. However the sensitivity of E. coli to this compound at 35°C 

was not significantly different from its sensitivity at 25°C, suggesting that the 

cells at 35°C were able to control the level of damage being caused by the 

toxicant. 
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The data from the 6 h BF-2/lucl bioluminescence assays with mercury(II) 

chloride provided the most surprising exception to the overall trend of increased 

sensitivity at higher temperatures, with cells incubated at 25°C less sensitive to 

the toxicant than those incubated at 15 or 35°C. The reasons for the reduced 

sensitivity of cells at this temperature to the toxicant and, in particular, for their 

increased bioluminescence in the presence of low doses of mercury(II) chloride 

are not clear. Previous studies have found evidence for both hormetic increases in 

bioluminescence and for direct activation ofbioluminescence by low doses of 

toxicants (lsmailov et al. 1999), which in some cases were only detected after 

exposure periods of several hours (Froehner et al. 2002). It has also been 

suggested that a hormetic response to low doses of mercury(II) chloride is likely 

to be found in all organisms (Gerber et al. 1999). Hormesis is a general response 

to the disruption ofhomeostasis, in which low concentrations oftoxicants appear 

to have a stimulatory effect on cellular activity. It is thought to represent an 

attempt by cells to maintain homeostasis in the presence of a toxic stress, which at 

low concentrations of some compounds results in stimulation ofactivity 

(Chapman 1995, Stebbing 1998, 2000). However the increases in the 

bioluminescence of the cells were much greater than those normally defined as 

hormetic (Calabrese and Baldwin 1998, Stebbing 2000), with doses between 0.75 

and 1.25 mg I L resulting in between 200 and 400% more biolun1inescence than 

was seen in the controls. The highest sustainable level of cellular metabolic 

activity has been suggested to be two to three times higher than an organism's 

basal rate (Penttinen et al. 1996) which would suggest that if these increases in 

luminescence did reflect cellular metabolic activity, then they are unsustainable. 

One possibility is that the mercury(II) chloride was interacting with the CMV 

promoter controlling the luc gene expression in these cells. If this were the case, 

then the increased light production may be a result of the toxicant effect on the 

promoter, rather than the toxicant effect on the activity of the cells. However, it is 

difficult to explain why this very reproducible increase in bioluminescence was 

found only at 25°C and not at 15 or 35°C. 
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5.5.1 The effect of temperature on the interaction between E. coli and 3,5-

DCP 

The relationship between temperature and E. coli sensitivity to 3,5-DCP was 

particularly interesting, as the data from the assays using the lowest concentration 

of the toxicant suggested that the bacteria might be actively changing their 

metabolic activity in response to the toxicant. The effect of0.5 mg/ L 3,5-DCP 

on the activity of E. coli in both the growth and glucose based biosensor assays 

provided additional support for the hypothesis that the increased metabolic 

activity ofE. coli at higher temperatures protected the cells from the inhibitory 

effects of 3,5-DCP. The increasing time required for 0.5 mg/ L 3,5-DCP to cause 

a statistically significant change in the redox activity ofE. coli utilising the 

glucose solution as test temperature increased suggests that the cells were able to 

resist, or compensate for the effects of low concentrations of the compound, and 

that as temperature increased the cells were able to maintain this resistance for 

greater lengths of time. Cellular responses to toxicant exposure such as 

detoxification of compounds, compensation for toxicant effects and repair of cell 

damage are energetically costly (Willows, 1994, Penttinen and Kukkenon 1998, 

Browne and Dowds 2001 ), and so require optimal levels of energy generation 

within the cells. The increasing metabolic activity ofE. coli as temperature 

increased may have increased the energy available for cell defence activity, 

allowing the cells tested at the higher temperatures to control the effects of 3,5-

DCP more effectively and for a longer period than the cells at 15°C. 

The stimulation of both E. coli growth and metabolic activity (in glucose 

substrate solution) associated with exposure to 0.5 mg/ L 3,5-DCP indicates that 

the cells increase their rate of metabolic activity in response to the presence of low 

doses of this toxicant, and could be indicative of the type ofdefence activity 

mentioned above. Such stimulatory effects ofnarcotics have also been reported 

by other researchers (Penttinen and Kukkenon 1998) and could also indicate 

hormesis, or even a limited ability of the cells to metabolise 3,5-DCP. Although 

hormesis is an increase in one aspect of cellular activity in response to the 
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presence of a low concentration of a toxicant, such increases are thought to take 

place at the expense of other aspects of cellular activity (Gerber 1999). In this 

light it is interesting to note the contrasting effects of increased temperature on the 

scale of the increases in E.coli redox activity and growth caused by 0.5 mg I L 

3,5-DCP (Fig 5.2). Although neither type of cellular activity appears to be taking 

place at the expense of the other, since 0.5 mg/ L was not actually significantly 

inhibitory to either E. coli redox activity or growth, the data does suggests that 

when only growth or redox activity is increased then the scale ofthe increase is 

greater than ifboth are increased at the same time. 

The high sensitivity ofE. coli growth to 3,5-DCP may simply reflect the fact that 

the exposure period used in the growth assay was longer than that used in the 

biosensor assay. Alternatively the potential energetic costs to E. coli of 

responding to the presence of 3,5-DCP may be the reason that the growth ofthese 

cells was more sensitive to the toxicant than their metabolic activity. This 

fmding was unexpected as short term metabolic assays are generally found to be 

more sensitive to toxicants than growth assays (Gellert 1999), and the sensitivity 

of the growth assay to both formaldehyde and mercury(II) chloride was similar to, 

or lower than, the sensitivity of the biosensor assays. The increased proportion of 

the cells' energy production required to protect the cells from the effects of3,5-

DCP is likely to be balanced by a decrease in the proportion of energy available 

for growth and reproduction (Willows 1994), which means that cell growth could 

be inhibited by the toxicant at concentrations much lower than those inhibitory to 

cellular energy production. 

5.5.2 Comparison of different endpoints in the bioassays 

Comparison of the sensitivity of different endpoints to the same test compound 

can have advantages in terms of determining the effects of compounds on cells, 

and variations in the sensitivity of different endpoints can reflect different aspects 

of the toxicity ofthe compound (Pill et al. 1991, Schuurmann et al. 1997). The 

differences between the sensitivity of the E. coli growth and biosensor assays are 
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likely to have reflected a combination of factors, including the different media 

used in the assays and the considerably longer incubation time used in the growth 

assay. As well as allowing the toxicant to act against the cells for more time, the 

longer incubation period may also have allowed inducible cellular responses to 

the test compounds to take place. For example, production of the glutathione 

dependent formaldehyde dehydrogenase can be induced by the presence of 

formaldehyde in the growth medium of the cells (Gutheil 1997); this could 

potentially have allowed the cells in the growth assay to produce higher 

concentrations of the enzyme and so detoxify the compound more effectively than 

the E. coli tested over 30 min in the biosensor assays. It might also be the reason 

for the different trends in the sensitivity ofE. coli growth and redox activity to 

this compound as the test temperatures were increased. Additionally, since cell 

growth is the result of a range of cellular processes it is a more holistic measure of 

cellular activity than the biosensor assay which measures only the redox activity 

of the cells. As discussed above (Section 5.5.1) the high sensitivity of the E. coli 

growth assay to 3,5-DCP compared to that of the biosensor assays is likely to be 

related to the more holistic nature ofthe growth assay. Toxicant induced changes 

in the proportion of energy available to cells for growth and reproduction may not 

have been detected by the biosensor assay, as this assay is a measure of the rate of 

cellular energy production rather than of energy utilisation. However changes in 

the proportion of energy available to the cells for growth would have influenced 

the results of the growth assay. 

The differences in the sensitivity ofthe trypan blue and 30 min bioluminescence 

assays with the BF-2/luc1 cells are simply related to the endpoint measured by the 

assay, as there was no difference in test medium or exposure period between the 

two. The lower sensitivity of the trypan blue assay to mercury(II) chloride and 

3,5-DCP reflects the mode of action of these compounds, neither ofwhich acts 

directly against membrane integrity. The membrane damage caused by 

mercury(II) chloride is thought to be a secondary effect of this compound, which 

occurs as a result of lipid peroxidation caused by mercury induced oxidative stress 

(Kim et al. 2003). Although the toxicity of3,5-DCP is related to its ability to 
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interact with the plasma membrane, it has been demonstrated, using the rainbow 

trout derived cell line RTG-2, that the changes in membrane structure caused by 

this compound do not lead to a loss of membrane integrity (Bieberstein et al. 

1998). The low sensitivity of the trypan blue assay to formaldehyde was more 

surprising, as this compound is thought to interact directly with the cell 

membrane, reacting with lipopolysaccharide and membrane proteins and causing 

changes in the external surface of the cells (Heck et al. 1990, Rossmoore and 

Sondossi 1998). Such interactions might be expected to cause significant 

disruption to membrane integrity, but the trypan blue assay suggests that, like 

mercury(II) chloride and 3,5-DCP, formaldehyde is toxic to cellular metabolic 

activity at concentrations far lower than those required to cause the loss of 

membrane integrity. The absence of any significant temperature induced change 

in the sensitivity of this assay to formaldehyde is also curious, and the reasons for 

this are unclear. 

5.5.3 Comparison of the effects of temperature on the sensitivity of the 

three test cells to toxicants 

The differing effects of temperature on the sensitivity of E. coli and the ASBC to 

the three toxicants are likely to be related to the different metabolic strategies of 

these cells. Chemolithotrophic metabolism is less efficient than heterotrophic 

metabolism and ammonia oxidation results in a much lower energy yield than the 

yield from heterotrophic sugar metabolism (Dawes 1986, Prosser 1989). As the 

processes involved in responding to the presence of toxicants are energetically 

costly, the lower metabolic yield of the ASBC is likely to have limited their 

ability to protect themselves from the toxicants. The lower energy yield from 

ammonia oxidation is also likely to have increased the vulnerability of these cells 

to toxicants which disrupt energy metabolism, an effect that would have been 

compounded by the increased energetic demands on the cells at higher 

temperatures. In both substrate solutions the metabolic rate of the E. coli 

increased markedly with increasing temperature (Sections 4.2.1. l and 4.2.1.2), 

potentially providing the energy for the cells to resist, adapt to, or compensate for 
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the effects of the toxicants. The changes in the metabolic rate of the ASBC in 

response to temperature change were limited (Section 4.2.2) and so the effects of 

increasing temperature on toxicant uptake and reactivity were not balanced by 

higher levels of cellular activity in the manner seen with the E. coli. 

Physiological differences between the E. coli and ASBC are also likely to have 

contributed to differences in the responses of these cells. All nitrifier energy 

production is membrane associated (Dawes 1986, Hunter et al. 1999), and in 

many ammonia oxidising bacteria the presence ofcomplex membrane 

invaginations is thought to allow an increased rate of ammonia oxidation by 

increasing the membrane surface available to the cells (Prosser 1989). This has 

been suggested to increase the sensitivity of these cells to membrane acting 

toxicants such as narcotics (Hunter et al. 1999). 

One surprising result from these experiments was the consistently lower 

sensitivity ofthe ASBC to toxicants than that ofE. coli. Pure cultures of 

nitrifying bacteria, such as those within the ASBC, are generally expected to be 

more sensitive to toxicants than heterotrophic cells (Iizumi et al. 1998, Juliastutu 

et al. 2003). The low sensitivity of the cells in the biosensor assays reflects the 

methods used in the culture and testing of the cells. The sensitivity of a microbial 

species to toxicants is known to be higher when cells are tested in pure cultures 

than when cells are tested as part ofa community such as activated sludge (Evans 

et al. 1998, Chapman 2000). The use of a consortium from activated sludge will 

therefore have resulted in a lower sensitivity to toxicants than would be expected 

with pure cultures of nitrifying bacteria. 

Overall the changes in the sensitivity of the eukaryotic BF-2/lucl cells as 

temperature increased were similar to those seen with the ASBC. The main 

differences between the prokaryotic cells and the eukaryotic BF-2/lucl cells are 

likely to have been the cellular targets of the toxicants, and the potential adaptive 

response of the BF-2/lucl cells to temperature change. All of the compounds 

tested are thought to react with eukaryotic cellular structures which are not present 
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in prokaryotes. Formaldehyde is thought to interact with the mitochondria of 

eukaryotic cells (Teng et al. 2001), and both mercury(II) chloride and 3,5-DCP 

are thought to interact with the actin cytoskeleton (Elliget et al. 1991, Bieberstein 

et al. 1998). The stability of the cytoskeleton is thought to decrease at higher 

temperatures (Bois et al. 1992) and this may have increased the vulnerability of 

the BF-2/lucl cells to both compounds. As the cytoskeleton plays a vital role in a 

range of processes including membrane stability, cell adhesion and cell signalling 

(Fais et al 2000) it is also possible that the inhibitory effects of cytoskeleton 

disruption were exacerbated by the higher test temperatures. 

There was little evidence that any adaptation to temperature change by the cells 

over the 6 h incubation period (Section 4.3.3) had an effect on the way in which 

temperature influenced the sensitivity of the cells to formaldehyde or 3,5-DCP. 

Exposure of cultured fish cell lines to temperatures above their optimum is known 

to induce the synthesis of stress proteins known as heat shock proteins (Hightower 

and Renfro 1988, Bols et al. 1992). These stress response proteins are known to 

have a cross-protective effect against other stressors including toxicants (Moller et 

al. 1998) and their expression is actually induced by exposure of cells to some 

heavy metals (Hightower and Renfro 1988, Iwama 1998). Heat shock proteins are 

synthesised over a period ofhours, and as 35°C is a supraoptimal temperature for 

the BF-2/lucl cells it is possible that after 6 h incubation at 35°C the cells may 

have synthesised these proteins. Had these proteins been present, any cross 

protective effect might have been expected to reduce the sensitivity to the 

toxicants of the cells tested at 35°C for 6 h. However, the sensitivity of the cells 

to both formaldehyde and 3,5-DCP after 6 h incubation was still increased at 

higher temperatures. The sensitivity of the cells exposed to mercury(Il) chloride 

at 35°C was lower after 6 h than after 30 min, however, and this might indicate 

cross protection by heat shock proteins. Mercury(II) chloride was the only heavy 

metal salt tested in these assays, and heavy metals ions are known to be capable of 

inducing synthesis of heat shock proteins (Hightower and Renfro 1988, Iwama 

1998). A previous study that found heat shock proteins had a cross-protective 

effect against toxicant exposure also used a heavy metal, cadmium, which acts 
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against cells in a similar manner to mercury(II) chloride (Moller et al. 1998, 

Westwater et al. 2002), and it may be that any protective effects ofheat shock 

proteins are limited to compounds with particular modes of action. 

5.6 Summary 

In general, increases in the test temperature were associated with increases in the 

sensitivity of the cells to toxicants although there were notable exceptions to this 

trend. The sensitivity of the ASBC and BF-2/lucl cells to all the toxicants was 

increased at higher temperatures, and the changes in their sensitivity with 

temperature appeared to be related more to the effects of temperature change on 

toxicant uptake and reactivity than to temperature induced changes in the 

metabolic activity or growth of the cells. In the majority of the assays with these 

cells the scale of the changes in their sensitivity to toxicants between the test 

temperatures did not appear to be related to the effects of the same temperature 

changes on the metabolic rate of the cells. 

All the exceptions to the general trend of increasing cell sensitivity to toxicants 

with increasing temperature were found with E. coli. These cells appeared to be 

able to control, and even reduce, the inhibitory effects of formaldehyde at the 

temperatures optimal for their activity in the biosensor assays, and in the growth 

assay their sensitivity to this toxicant decreased with increasing incubation 

temperature. E. coli sensitivity to 3,5-DCP decreased with increasing temperature 

in both the biosensor and the growth assays. The changes in the sensitivity of the 

cells suggested that the increased metabolic activity of the cells at higher 

temperatures enabled them to compensate for, or resist, the effects of the toxicant. 

Substrate solution composition had a significant influence on the sensitivity ofE. 

coli to the toxicants, and on the way in which changing temperature influenced 

cell sensitivity to these compounds. Cells utilising the mixed substrate solution 

were consistently less sensitive to toxicants than cells utilising the glucose 

solution, probably as a result ofthe higher metabolic rate supported by the mixed 

123 



substrate solution. However the different optimal temperatures for E. coli 

metabolic activity in the two substrate solutions also influenced the way in which 

cell sensitivity to toxicants changed with temperature, particularly in the case of 

formaldehyde. 

The differences between the changes in the sensitivity of the E. coli and ASBC to 

toxicants with changing temperature are likely to be related to the different 

metabolic strategies of these cells. Chemolithotrophic metabolism is inefficient, 

with a low energy yield, and the changes in the metabolic rate ofthe ASBC as 

temperature changed were limited. In contrast the heterotrophic E. coli was tested 

in substrates which supported high levels of activity and which the cells could 

metabolise efficiently to give a high energy yield. The marked increases in the 

metabolic rate of these cells as temperature increased appeared to support cell 

defence activity. 

There was little evidence for any cross protection from toxicants by heat shock 

proteins in the 6 h assays with the BF-2/lucl cells, although it is possible that the 

decrease in the sensitivity of the cells to mercury(II) chloride at 35°C between 30 

min and 6 h was a result ofthis effect. In the bioluminescence assays with 3,5-

DCP and formaldehyde the sensitivity of the cells to the toxicants was greater 

after the longer incubation time, and the trend in the sensitivity of the cells with 

increasing temperature was similar in both the 30 min and 6 h assays. 

The data from the assays with 3,5-DCP and E. coli were particularly interesting as 

this was the only toxicant for which the sensitivity of the cells decreased with 

increasing temperature in all the assays in a manner which appeared to be strongly 

related to changes in the metabolic activity of the cells. 3,5-DCP was the only 

one of the three toxicants to have a reversible effect on the cells, and to directly 

act against cell energy metabolism, and it is probable that these aspects of narcotic 

toxicity were factors in the apparent ability ofE. coli to resist this toxicant for 

increasing lengths oftime at higher temperatures. The assays in the next chapter 
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are intended to investigate the interaction between E. coli and narcotic toxicants in 

more detail. 
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CHAPTER 6: THE EFFECT OF TEMPERATURE ON THE SENSITIVITY OF 

E. COLi TO A RANGE OF PHENOLIC COMPOUNDS 

6.1 Introduction 

The sensitivity ofpoikilotherms to compounds that disrupt energy metabolism is 

expected to be enhanced by high temperature (Heinenon et al. 2003). The decreased 

sensitivity of E. coli to 3,5-DCP at higher temperatures in the bioassays in Chapter 5 

was therefore unexpected. The data from these bioassays suggested that the increased 

metabolic activity ofE. coli at the higher test temperatures protected the cells from the 

inhibitory effects of 3,5-DCP, possibly be enabling the cells to compensate for the 

inhibitory effects of the toxicant (Section 5.2). The interaction between temperature, 

the metabolic activity of cells, and their sensitivity to toxicants is known to be 

extremely complex, with temperature induced changes in cell metabolic activity having 

the potential to increase or decrease the vulnerability of cells to toxicants. The 

increased metabolic rate of poikilotherms at higher temperatures increases the energy 

available for defence activities, such as the metabolism or excretion oftoxicants, and 

the rate at which such processes take place (Cairns et al. 1975, Howe et al. 1994, 

Rathore and Khangorot 2002). Such increases in cell defence activity can result in a 

decrease in the sensitivity ofpoikilothermic cells to toxicants (Babich and Stotzky 

1982), and may explain the decreased sensitivity ofE. coli to 3,5-DCP at higher 

temperatures. 

E. coli was tested against three toxicants in the bioassays in Chapter 5, but a consistent 

protective effect of increased metabolic rate in both biosensor and growth assays was 

found only with 3 ,5-DCP. It was suggested that the apparent protective effect of 

increased metabolic rate against this toxicant was related to the mechanism by which 

3,5-DCP disrupted E. coli activity. To investigate this further, the effects of 

temperature on the sensitivity ofE. coli to a range ofphenolic compounds, all of which 
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act by disrupting cellular energy metabolism, were examined using a mixture of short 

term and long term assays. The compounds tested included narcotics which, as 

discussed in Section 2.5.3, interact with the cytoplasmic membrane causing non

specific disruption of cellular activity (Choi and Gu 2001) and uncouplers of oxidative 

phosphorylation. These latter compounds are thought to disrupt the chemiosmotic 

formation of ATP by transporting protons across the plasma membrane into the 

cytoplasm of the cell (Section 2.5.4). This bypasses the ATPase enzyme which drives 

the production of ATP (Neidhardt et al. 1990). 

The effects of temperature on E. coli sensitivity to the phenolic compounds were 

investigated by exposing E. coli biosensors to a fixed concentration of each ofthe 

compounds at 15, 25 and 35°C for a period of30 min. The toxicant concentrations 

used in the assays were doses which caused close to 50% inhibition ofE. coli in range 

finding assays at 25°C. The pronounced influence of sugar substrate composition on 

E. coli sensitivity to the combined effects of temperature and toxicants that was noted 

in Chapter 5 was also investigated further. Three substrate solutions were used in these 

assays: 10 mM glucose solution, mixed substrate solution (which contained 15 mM 

sugar), and a 15 mM glucose solution. This allowed the influence of the quantitative 

and qualitative differences in substrate solution composition on the responses of E. coli 

to toxicants and temperature change to be assessed. The toxicity tests were also 

repeated using freeze dried E. coli biosensors so that the temperature induced changes 

in the sensitivity of freeze dried cells to the phenolic compounds could be compared 

with the changes seen in freshly harvested cells. In addition the effect of the toxicants 

on the rate at which the E. coli reduced the dye methylene blue after 30 min or 6 h 

incubation at 15, 25 and 35°C was determined as an additional measure of the 

influence of the toxicants on cell redox activity. The methylene blue assay protocol 

allowed cell growth rate to be measured in addition to dye reduction activity, allowing 

a direct comparison of the effects of the toxicants on cellular respiratory chain activity 

and on cell growth. 
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6.2 The effects of temperature on the sensitivity ofE. coli to phenolic toxicants 

measured in biosensor assays 

6.2.1 E. coli utilising 10 mM glucose substrate solution 

Temperature had a significant influence on the sensitivity ofE. coli utilising the 10 

mM glucose solution to 3,5-DCP, PCP and 2,4-DNP but did not influence the 

sensitivity of the cells to the remaining three test compounds (Table 6.1). The 

significant decrease in the sensitivity of E. coli to 3,5-DCP between 15 and 35°C is 

consistent with the results obtained with this toxicant in Chapter 5. Temperature 

effects on cell sensitivity varied with the mode ofaction of the compounds. The 

significantly increased sensitivity of the cells to PCP and 2,4-DNP at higher test 

temperatures was consistent with the expected trend of increased temperature 

enhancing the sensitivity of cells to the phenolic compounds (Pentinenn and Kukkenon 

1998). Both PCP and 2,4-DNP are thought to act as uncouplers of oxidative 

phosphorylation (Fent and Hunn 1996). 

Phenol, 3-CP, 3,5-DCP and 2,4,5-TCP are generally classified as narcotics (Fent and 

Hunn 1996). E. coli sensitivity to these compounds was either unaffected by 

temperature or decreased at higher temperatures, in contrast to the temperature induced 

trends seen with the uncouplers. The decreased sensitivity ofE. coli to 3,5-DCP at 

35°C was consistent with the suggestion that the increased metabolic rate ofE. coli at 

higher temperatures allowed it to resist this toxicant. The absence of the expected 

increases in cell sensitivity to phenol, 3-CP and 2,4,5-TCP at the higher temperatures 

suggests that E. coli were also able to protect themselves from these toxicants at higher 

temperatures. 
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Table 6.1: The effect of temperature on the sensitivity ofE. coli tested in 10 mM glucose substrate 

solution to six phenolic toxicants. 

Toxicant Concentration Percentage inhibition ofbiosensor signal 
(mg /L) 

l5°C 25°C 35°C 

Phenol 1000 46.4 ± 3.2 A 35.6 ± 3.4 A 41.5 ± 7.2 A 

3-CP 1000 41.6 ± 5.3 A 40.4 ± 3.3 A 43.5 ± 6.1 A 
3,5-DCP 5 38.0 ± 3.0 A 21.8 ± 3.2 B 13.2 ± 2.1 C 

2,4,5-TCP 2.5 40.1 ± 2.3 A 32.3 ± 3.6 A 37.2 ± 5.2 A 
PCP 1 26.0 ± 1.8 A 26.6± 5.QA 78.7 ± 7.5 B 

2,4-DNP 1 20.0 ± 3.3 A 45.9 ± 5.9 B 45.2 ± 4.3 B 

The table shows the mean percentage inhibition ofE. coli activity caused by 30 min exposure to a fixed 

dose of each compound± the standard error ofthe mean (n = 12) 

Values with the same letter are not significantly different within each temperature / toxicant 

combination. 

Temperature also had a significant influence on the rate at which the toxicants 

inhibited the activity ofE. coli tested with the 10 mM glucose substrate solution. 

Significant interactive effects of temperature and exposure time (5 or 30 rnin) on the 

sensitivity of the cells were found for every compound except 3-CP. However there 

was no obvious relationship between the effect of temperature on the rate at which the 

toxicants inhibited the cells, and its effect on the sensitivity of E. coli to the same 

compounds after 30 rnin exposure (Table 6.2). 
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Table 6.2: The effect oftemperature on the rate at which the toxicants inhibited the activity ofE. coli 

utilising 10 mM glucose substrate solution. 

Toxicant Temp/ % Increase in inhibition Mean inhibition at 30 
oc between 5 and 30 min mm 

Phenol 
(1000 mg /L) 

15 
25 
35 

377 ± 33 
151 ± 8 
138 ± 19 

46.4 ± 3.2 A 

35.6 ± 3.4 A 

41.5 ± 7.2 A 

3-CP 
(100 mg/ L) 

15 
25 
35 

111 ± 6 
125 ± 14 
103 ± 23 

41.6 ± 5.3 A 

40.4 ± 3.3 A 

43.5 ± 6.1 A 

3,5-DCP 
(5mg/L) 

15 
25 
35 

177 ± 34 
91 ± 19 
146 ± 68 

38.0 ± 3.0 A 

21.8 ± 3.2 B 

13.2 ± 2.1 C 

2,4,5-TCP 
(2.5 mg I L) 

15 
25 
35 

227 ± 11 
126 ± 33 
477 ± 57 

40.1 ± 2.3 A 

32.3 ± 3.6 A 

37.2± 5.2 A 

PCP 
(1 mg /L) 

15 
25 
35 

2430 ± 1280 
575 ± 123 
597 ± 50 

26.0 ± 1.8 A 

26.6 ± 5.0 A 

78.7 ± 7.5 B 

2,4-DNP 
(1 mg/L) 

15 
25 
35 

-185 ± 392 
170 ± 23 
75 ± 18 

20.0 ± 3.3 A 

45.9± 5.9 B 

45.2± 4.3 B 

The table shows the mean increase in the :inhibition ofE. coli using the 10 mM glucose substrate 

solution between 5 and 30 min of exposure to each ofthe toxicants. 

The mean increase in inhibition at each temperature was calculated as the average of: 

(percentage inhibition after 30 min / percentage inhibition after 5 min) x 100 

for each biosensor tested. The values shown are the means± the standard error ofthe means (n = 12). 

Values labelled with the same letter are not significantly different within each temperature/ toxicant 

combination. 

The mean percentage inhibition (n = 12) ofE. coli activity (in 10 mM glucose substrate solution) at each 

temperature after 30 min exposure to each of the toxicants is shown for comparison. 

6.2.2 E. coli utilising the mixed substrates solution 

Temperature had a pronounced influence on the sensitivity ofE. coli utilising the 

mixed substrate solution (Table 6.3). E. coli sensitivity to the inhibitory effects of the 

narcotics phenol, 3-CP and 3,5-DCP was significantly reduced at the higher test 
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temperatures. The sensitivity of the cells to the fourth narcotic compound tested, 2,4,5-

TCP, was also decreased at higher temperatures, but this change was not statistically 

significant. Temperature had differing effects on the sensitivity of E. coli to the two 

uncouplers of oxidative phosphorylation tested in these assays. This contrasted with 

the results obtained from E. coli biosensors utilising the 10 mM glucose substrate 

solution (Section 6.2.1). A significant interactive effect of exposure time and 

temperature on E. coli sensitivity to these toxicants was found only for PCP. 

Table 6.3: The effect of temperature on the sensitivity ofE. co/i tested in the mixed substrate solution to 

six phenolic toxicants. 

Toxicant Concentration Percentage inhibition ofbiosensor signal 
(mg/L) 

1s0 c 25°C 35°c 

Phenol 
3-CP 
3,5-DCP 
2,4,5-TCP 
PCP 
2,4-DNP 

1000 
1000 

5 
2.5 
1 
1 

45.6 ± 5.2 A 

58.1 ± 7.2 A 

23.7 ± 3.0 A 

28.3 ± 5.8 A 

36.3 ± 7.0 A 

39.5 ± 3.3 A 

18.7 ± 2.6 B 

41.9± 2.4B 
9.0±1.2B 

30.1 ± 3.5 A 

85.2 ± 2.4 B 

14.8 ± 1.4 B 

31.0 ± 4.1 C 

32.8 ± 3.0 B 

10.0 ± 2.2 B 

19.0 ± 4.3 A 

55.8 ± 13.8 A 

27.0 ± 5.0 C 

The table shows the mean percentage inhibition of E. coli activity caused by 30 min exposure to a fixed 

dose of each compound± the standard error of the mean (n = 12) 

Values with the same letter are not significantly different within each temperature/ toxicant 

combination. 

6.2.3 E. coli utilising the 15 mM glucose solution 

A comparison of the results of the biosensor assays using the IOmM and mixed 

substrate solutions (Sections 6.2.1 and 6.2.2) indicates that substrate solution 

composition had a strong influence on the sensitivity ofE. coli to the phenolic 

compounds. Statistically significant interactive effects of temperature and substrate 

solution on cell sensitivity to these toxicants, reflecting the differing temperature 

induced trends in cell sensitivity in the two substrate solutions, were found with every 

compound tested except 2,4,5-TCP. Overall, E. coli utilising the mixed substrate 

130 

https://9.0�1.2B


solution were better able to control the toxic effects of the narcotic compounds at 

higher temperatures (Table 6.1 & Table 6.2), and were also significantly less sensitive 

to the phenolic compounds than cells utilising the 10 mM glucose. 

The 10 mM glucose and mixed substrate solutions differed both qualitatively and 

quantitatively. In addition to containing three different sugars (glucose, succinate and 

lactate), the mixed substrate solution had a total sugar content of 15 mM, making it 

more concentrated than the single sugar 10 mM glucose solution. To investigate the 

relative importance of these differences between the substrate solutions a 15 mM 

glucose solution was prepared, and the effect of temperature on the sensitivity ofE. 

coli using this solution to a subset of the toxicants was investigated. The 15 mM 

glucose solution differed from the mixed substrate solution only in terms of the 

number of sugars it contained, allowing any differences in the sensitivity ofE. coli 

using these two solutions to be related to this qualitative difference in sugar content. 

E. coli using the 15 mM glucose solution were less sensitive to 3-CP, PCP and 2,4-

DNP than cells utilising the 10 mM glucose solution. This indicated that the 

concentration of sugar in the substrate solution did influence the sensitivity of E. coli to 

these compounds (Table 6.4). Interestingly, at l5°C E. coli using 15 mM glucose 

substrate solution was also less sensitive to the three toxicants than cells tested with the 

mixed substrate solution. 
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Table 6.4: The effect oftemperature and substrate solution on the sensitivity ofE. coli to selected 

phenolic toxicants 

Substrate solution Temp/ °C Percentage inhibition ofbiosensor signal 
100 mg / L 1 mg / L 1 mg / L 

3-CP PCP 2,4-DNP 

10 mM glucose 
substrate 

15 
25 
35 

41.6 ± 5.3 A 

40.4 ± 3.3 A 

43.5 ± 6.1 A 

26.0 ± 1.8 A 

26.6 ± 5.0 A 

78.7 ± 7.5 B 

20.0 ± 3.3 A 

45.9± 5.9 B 

45.2± 4.3 B 

15 rnM glucose 
substrate 

15 
25 
35 

36.7 ± 4.4 A 

33.6 ± 3.2 AB 

30.9 ± 8.4 B 

22.1 ± 1.9 A 

16.7 ± 4.4 A 

51.7 ± 8.3 B 

12.6 ± 2.7 A 

9.7 ± 4.3 A 

40.6 ± 9.3 B 

Mixed substrate 15 
25 
35 

58.l ± 7.2 A 

41.9 ± 2.4 B 

32.8 ± 3.0 B 

36.3 ± 7.0 A 

85.2 ± 2.4 B 

55.8 ± 13.8 A 

39.5 ± 3.3 A 

14.8 ± 1.4 B 

27.0 ± 5.0 C 

The table shows the mean percentage inhibition ofE. coli activity caused by 30 min exposure to a fixed 

dose ofeach compound± the standard error ofthe mean (n = 12) 

Values with the same letter are not significantly different within each temperature / toxicant 

combination. 

The interactive effects of temperature and substrate solution on the sensitivity ofE. 

coli to the three phenolic compounds appeared to be related to both the qualitative and 

quantitative differences between the glucose and mixed substrate solutions. In general 

the responses of the cells tested with the 15 mM glucose were more like those of cells 

tested in 10 mM glucose than those of cells using the mixed substrate solution. The 

temperature induced changes in E. coli sensitivity to 3-CP and PCP did not differ 

significantly between cells using the 10 and 15 mM glucose. Additionally significant 

interactive effects of temperature and exposure time were found for all three of the 

toxicants when E. coli were tested with the 15 rnM glucose solution. Similar 

interactive effects were found with the majority oftoxicants for cells using the 10 mM 

glucose solution, but only for one toxicant when the cells were tested with the mixed 

substrate solutions. 
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However, there was a significant difference between the temperature induced trends in 

the sensitivity ofE. coli using the 10 mM and 15 mM glucose substrate solutions to 

2,4-DNP. This indicates that the higher sugar content of the 15 mM glucose solution 

could influence the responses of E. coli to the combined effects of temperature and 

toxicants. The temperature associated changes in E. coli sensitivity to both PCP and 

2,4-DNP differed significantly between cells tested in the 15 mM glucose solution and 

cells tested in the mixed substrate solution. This demonstrated that the qualitative 

differences between these two substrate solutions also had an important influence on 

the responses ofE. coli to toxicant exposure and changing temperature. 

6.2.4 Freeze dried E. coli utilising 10 mM glucose substrate solution 

The influence of temperature on the sensitivity of the freeze dried cells to the phenolic 

compounds was quite limited. In general the sensitivity of these cells to the toxicants 

was increased at higher test temperatures, although this trend was only statistically 

significant for cells tested against phenol and PCP (Table 6.5). Temperature did not 

have a significant influence on the rate at which any ofthe toxicants inhibited the 

freeze dried cells. 

Table 6.5: The effect of temperature on the sensitivity of freeze dried E. coli utilising 10 mM glucose 
substrate solution to five phenolic compounds 

Toxicant Concentration Percentage inhibition of biosensor signal 
mg/L 

15°C 25°C 35°c 

Phenol 1000 mg I L 19.0 ± 2.3 A 36.4 ± 3.2 B 29.2± 7.1 AB 

3-CP 100 mg I L 27.1 ± 5.0 A 31.5±6.1 A 28.4 ± 6.0 A 

3,5-DCP 10 mg/ L 20.5 ± 5.8 A 31.2 ± 6.2 A 28.7 ± 3.8 A 

2,4,5-TCP 5 mg/L 43.0± 4.4 A 46.8 ± 5.6 A 51.6 ± 8.5 A 

PCP 1 mg/L 22.9± 9.0 A 32.4 ± 6.3 AB 50.8 ± 8.0 B 

The table shows the mean percentage inhibition of the freeze dried E. coli after 30 ruin exposure to each 

toxicant ± the standard error ofthe mean ( n = 12). 

Values with the same letter are not significantly different within each temperature/ toxicant 

combination. 
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Freeze dried E. coli biosensors were markedly less sensitive to the majority of the 

phenolic toxicants than the freshly harvested E. coli tested with the same substrate 

solution. Only phenol caused similar levels of inhibition in both fresh and freeze dried 

cells. The concentrations of3,5,-DCP, 2,4,5-TCP and PCP used with the freeze dried 

cells were twice as high as the concentrations required to cause similar levels of 

inhibition in the fresh cells. 

The effects of temperature change on the sensitivity of the frozen cells to the toxicants 

also differed from the effects seen with the freshly harvested cells (Table 6.1 and 6.3). 

The only compound for which the trends in fresh and freeze dried cell sensitivity with 

changing temperature were very similar was PCP, and even then the effect of increased 

temperature on the sensitivity of the freeze dried cells was less pronounced than the 

effect seen with the fresh cells. Otherwise the only statistically significant effects of 

temperature on freeze dried E. coli sensitivity to the phenolics were seen with phenol 

and 3,5-DCP. In both cases the sensitivity of the freeze dried cells was increased at 

higher temperatures, in contrast to the trends seen when fresh cells were tested in the 

same substrate solution. The temperature associated trends in fresh and freeze dried E. 

coli sensitivity to 3,5-DCP were significantly different. 

6.3 Methylene blue reduction assays 

6.3.1 The effect of temperature on the methylene blue reduction rate ofE. coli 

exposed to phenolic toxicants. 

All the phenolic compounds tested affected the rate at which E. coli reduced methylene 

blue to the colourless form in a dose dependent manner. Low doses of the toxicants 

were associated with increases in the rate at which the E. coli reduced methylene blue, 

compared to control cells, whilst higher doses of the majority of the compounds caused 

decreases in dye reduction rate. This overall trend was found whether the cells were 

exposed to toxicants for 30 minor 6 h (Table 6.6 & 6.7). Methylene blue reduction 

rate reflects the redox activity of the cells and so, like the biosensor assay, can be 

considered a measure of the metabolic status of cells. 
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6.3.1.1 Narcotic toxicants 

Temperature had a statistically significant effect on the sensitivity ofE. coli dye 

reduction to all of the narcotic compounds tested, although statistically significant 

effects were not found for every toxicant dose tested (Table 6.6). Significant effects 

are indicated by the shading in Table 6.6 and it can be seen that a significant influence 

of temperature on E. coli sensitivity to the toxicants was detected for a wider range of 

toxicant doses after 6 h exposure than after the 3 0 min exposure period. 

In general the changes in the methylene blue reduction rate of cells exposed to the 

narcotic compounds relative to the activity of unexposed controls were more 

pronounced at 15°C than at 35°C (Table 6.6). This temperature difference was most 

apparent in the 30 min data. Both the increases in dye reduction rate caused by low 

doses oftoxicant, and the decreases caused by high doses oftoxicant were larger at 

15°C than at 35°C. This suggests that, as was seen in the biosensor assay, the more 

metabolically active cells at 35°C were less sensitive to the presence of the toxicants 

than the cells tested at 15 and 25°C 
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103 A 

93.9 A 

Table 6.6: The effect of temperature on the sensitivity ofE. coli methylene blue reduction activity to 

narcotics. 

Percentage of control cell dye reduction rate 
Toxicant Dose 30 min 6 h 

mg/L 15°C 25°C 35°C 15°C 25°C 3s 0 c 
94.8 A 

97.1 A 

104 A 

3,5-DCP 10 
20 
50 
70 

2,4,5- 2.5 
TCP 5 

10 
20 

The table shows the mean methylene blue reduction activity ofE. coli exposed to each toxicant 

concentration as the percentage of the dye reduction activity of unexposed control cells. Values are the 

mean ofat least six replicate measurements. 

Values labelled with the same letter are not significantly different, within each dose / temperature 

combination 

* indicates that there was a significant difference between the dye reduction activity of the cells exposed 

to this toxicant dose for 30 min and for 6 h. 

There was a general trend for the dye reduction rate of cells exposed to the higher 

concentrations of the narcotics to be significantly lower after 6 h exposure to the 

compounds than after 30 min exposure, particularly at 35°C. Conversely the increase 

Phenol 

3-CP 

250 
500 
750 
1000 
1500 
2000 

25 
100 
200 
300 
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in the activity of E. coli exposed to the lower doses of the narcotic compounds, 

particularly at 15 and 25°C, was greater after 6 h exposure than after 30 min exposure. 

Many of these increases were statistically significant (Yalues marked* in Table 6.6). 

These changes in the activity of cells indicate that the E. coli continued to adjust their 

metabolic activity in response to the presence of the toxicants over the longer 

incubation period. 

The effect of increasing exposure time on the sensitivity of E. coli dye reduction 

activity to 3,5-DCP and 2,4,5-TCP at 35°C, illustrated in Fig. 6.1, was particularly 

interesting. Over the course of 5.5 h the activity ofE. coli exposed to 50 mg I L 3,5-

DCP and 20 mg/ L 2,4,5-TCP for 30 min decreased from close to 100 % that of the 

controls to less than 15 % of control activity. The low sensitivity of the cells tested at 

35°C to 30 min exposure to these toxicants suggests that in the short term their high 

metabolic activity enabled them to resist the inhibitory effects of the compounds. 

However, the pronounced inhibition of the cells after 6 h indicates that in the presence 

of high toxicant doses the protective effect ofhigh metabolic activity could not be 

sustained over a longer period. The length of time for which E. coli dye reduction 

activity was sustainable at 35°C was dose dependent. Not only did the lowest toxicant 

doses not cause any inhibition of the cells, an intermediate dose of 2,4,5-TCP (10 mg/ 

L) did cause a reduction in E. coli dye reduction activity after 6 h but it was 

considerably smaller than the decrease in activity associated with 20 mg/ L ofthe 

san1e toxicant. 
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Fig 6.1: The effect of exposure to (A) 3,5-DCP and (B) 2,4,5-TCP at 35°C for(□) 30 min and (Ii) 6 h 

on the methylene blue dye reduction activity of E. coli. 

The graph shows the mean methylene blue reduction activity ofE. coli exposed to each toxicant 

concentration as a percentage of the dye reduction activity ofunexposed control cells± the standard 

error of the mean. Values are the mean of at least six replicates. 

6.3 .1.2 Uncouplers of oxidative phosphorylation 

The influence of temperature on the sensitivity of E. coli dye reduction activity to the 

uncouplers of oxidative phosphorylation was surprisingly limited. No significant 

effects of temperature on the sensitivity of E. coli methylene blue reduction to either 

PCP or 2,4-DNP were detected after the 30 min exposure period (Table 6.7). After 6 h 

exposure the effect of temperature on E. coli sensitivity to PCP was similar to that 

described for the narcotics: the toxicant effects were greater at 15°C than at 35°C. 

However, whilst statistically significant temperature effects on E. coli sensitivity to 

2,4-DNP were detected after the 6 h exposure period, there were no consistent trends 

associated with changing temperature and cell sensitivity to this toxicant. This is 

partly due to the low sensitivity ofthe methylene blue assay to 2,4-DNP; the small size 

of the changes in the dye reduction activity makes it difficult to identify any 

temperature related trends in cell sensitivity to this compound. 

138 



Table 6.7: The effect of temperature on the sensitivity ofE. coli methylene blue reduction activity to 

uncouplers of oxidative phosphorylation. 

Toxicant Dose 
mg/L 15°C 

Percenta
30 min 
25°C 

ge of control cell dye reduction rate 
6 h 

35°C 

PCP 0.5 
1 

1.5 
2 

116 A 
111 A 
118A 
122 A 

92.0A 
96.9 A 
127 A 
126 A 

105 A 
110A 
113 A 
114 A 

2,4-DNP 0.5 
1 
2 
3 

106 A 
111 A 
98.6A 
99.7 A 

110A 
107 A 
104 A 
108 A 

109 A 
106A 
109 A 
104A 

15°C 25°C 35°C 

The table shows the mean methylene blue reduction activity of E. coli exposed to each toxicant 

concentration as the percentage of the dye reduction activity of unexposed control cells. Values are the 

mean of at least six replicate measurements. Values labelled with the same letter are not significantly 

different, within each dose / temperature combination 

* indicates that there was a significant difference between the dye reduction activity ofthe cells exposed 

to this toxicant dose for 30 min and for 6 h. 

6.3.2 Comparison of the dye reduction and growth assays 

The growth of cells exposed to all of the phenolic toxicants was considerably more 

strongly inhibited by the toxicants than the rate at which they reduced methylene blue. 

The majority of the test toxicants were inhibitory to cell growth at concentrations 

which were associated with increases in the methylene blue reduction rate of the cells 

(Table 6.8). This indicates that such increases in E. coli dye reduction were not a 

stimulatory effect of the phenolic compounds, as this would be associated with an 

increase in the growth rate ofthe cells. Instead the increases in the dye reduction rate 

of the cells are likely to reflect an active response of the cells to the inhibitory effects 

ofthese compounds. The differences in the sensitivity of cell growth and dye 

reduction were particularly pronounced in cells exposed to 3,5-DCP and 2,4,5-TCP. 

At l 5°C all four test doses ofboth compounds caused 100% inhibition ofE. coli 

growth. However, dose dependent changes in the methylene blue reduction rate of the 
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same cells were measured, with the lower toxicant doses associated with markedly 

higher dye reduction activity than was seen in the control cells. As the effects of the 

compounds on growth and dye reduction were measured using the same samples of 

cells, this indicates that complete inhibition of cell growth by the phenolic toxicants 

was not indicative of cell death. 

There was a general trend for the growth of cells exposed to all but the highest doses of 

the four narcotics to be more strongly inhibited at 15°C than at 35°C. This is 

consistent with the trend noted in the dye reduction assays, for the greatest change in 

the dye reduction activity of the cells, relative to the control cell activity, to take place 

at l 5°C. It suggests that the increases in dye reduction rate were at the expense of cell 

growth, as the greatest increases in dye reduction activity and decreases in growth rate 

associated with each toxicant were generally seen at the same temperature (Table 6.8). 

The ability ofE. coli to maintain high levels of metabolic activity despite complete 

inhibition of their growth, noted above, could also be consistent with a shift in cellular 

energy resources away from growth towards overcoming, or compensating for, the 

inhibitory effects of toxicants. 
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Table 6.8: Comparing the effects of the phenolic toxicants on the dye reduction activity and the growth 

ofE. coli after 6 h exposure at three temperatures 

Percentage of control cell activity 
Toxicant Dose Dye reduction Growth 

mg/L 15°C 2s 0 c 35°c 1s 0 c 25°C 35°c 

Phenol 250 
500 
750 
1000 
1500 
2000 

107 A 
106A 
112 A 
117 A 
13QA 
126A 

84.3 A 
97.8 AB 

107 AB 
108 AB 
104AB 
llQAB 

94.8 A 
94.0B 
94.7B 
86.0 B 
78.2 B 

68.8 B 

113A 
102 A 

82.1 AB 

86.2 A 
74.8 A 
45.2 A 

63.6 B 
61.0 B 
71.9 A 
73.6 A 
70.5 A 
61.4 A 

105 AB 

103 A 
107 B 

98.2 A 
107 A 
76.6 A 

3-CP 25 
100 
200 
300 

99.3 A 
143 A 
144 A 
80.2 A 

90.6 AB 

130AB 
105 B 

79.1 AB 

86.8 B 

102 B 

124 AB 

142 B 

101 A 
61.5 A 
18.3 A 
-43.7 A 

71.8A 
70.1 A 

38.6 AB 
-2.5 A 

84.5 A 
74.8 A 
71.78 

43.7 B 

3,5-DCP 10 
20 
50 
70 

129 A 
163 A 
11.5 A 
13.4 A 

113 AB 

167 AB 
22.5 A 
12.9 A 

84.0 8 

119 B 

13.3 A 
14.8 A 

12.1 A 
-6.9 A 

-29.9 A 
-16.7 A 

26.1 A 
5.6A 
10.6 A 
-2.1 A 

59.4 B 

56.2 B 

14.6 A 
-4.3 A 

2,4,5-TCP 2.5 
5 
10 
20 

198 A 
199 A 
143 A 
37.5 A 

170AB 
174 AB 
115A 
11.8 A 

124 B 

140 B 

75.2 A 
7.3 A 

-21.0 A 
-21.3 A 
-18.3 A 
-1.6 A 

0.5 A 
12.6 AB 

2.1 AB 

-5.0 A 

40.9 8 

12.3 B 

11.7 B 

-6.1 A 

PCP 0.5 133 A 101 B 112 AB 65.1 A 89.0A 92.3 A 

139 A 115 AB 69.9 8 33.3 A 62.6 A 81.4 A 

1.5 168 A 132 A 94.6 8 18.6 A 55.9 AB 77.7 B 

2 185 A 141 A 93.7 B 29.9 A 65.9 AB 85.9B 

2,4-DNP 0.5 104A 110A 100A 106 A 84.0 B 88.2 B 

1 103 AB 109 A 95.3 B 90.4 A 76.2 A 87.1 A 
2 89.6 A 109 B 99.2 AB 98.0A 70.4 A 72.3 A 
3 94.8 A 110 8 111 B 105 A 36.9 B 60.9 AB 

The mean methylene blue reduction activity of E. coli exposed to each toxicant concentration is shown 

as the percentage of the dye reduction activity of unexposed control cells. 

The mean growth of the cells exposed to each toxicant concentration for 6 his shown as the percentage 

of the growth of the control cells over the same period of time. Cell growth was measured as the change 

in the 0D430 of the cells between 30 min and 6 h after the addition of the toxicants. 

In both cases values are the mean of at least six replicate measurements. 
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6.4 Discussion 

In general the activity of E. coli was most sensitive to 30 min exposure to the phenolic 

compounds at 15°C and least sensitive at 35°C in both the biosensor and the methylene 

blue assays. Although significant effects oftemperature on cell sensitivity were not 

found with all of the toxicants, the only major exceptions to the general trend were 

found with the two uncouplers of oxidative phosphorylation, PCP and 2,4-DNP. This 

overall trend is consistent with the results from the assays with E. coli and 3,5-DCP in 

the previous chapter (Section 5.4), and the data from these assays supports the 

hypothesis that the higher metabolic activity of E. coli at higher temperatures has a 

protective effect against narcotic compounds. However, the increased metabolic rate 

of the cells did not have a consistently protective effect against uncouplers of oxidative 

phosphorylation. 

It is difficult to explain why the effect of temperature change on the sensitivity of E. 

coli to the phenolic toxicants differed with the mode of action of the compounds. Both 

narcotics and uncouplers of oxidative phosphorylation are respiratory poisons, and the 

effects of increased temperature on the sensitivity of cells to compounds with these 

modes of action are thought to be broadly similar. The increased energetic demands on 

cells at higher temperatures are thought to increase their sensitivity to the disruption of 

cellular energy generation caused by narcotics and uncouplers (Heinenon et al. 2003). 

Additionally, the increased fluidity of the cytoplasmic membrane lipids at higher 

temperatures is thought to enable higher concentrations of the toxicants to accumulate 

within the cell membrane (Ultee et al. 1998), increasing their inhibitory effects on the 

cells. However, it may be that increased E. coli metabolic activity allows the cells to 

compensate for the non specific depression of cellular activity caused by narcotics, but 

not for the disruption of ATP production caused by uncouplers ofoxidative 

phosphorylation. Increased metabolic rate at higher temperatures could therefore 

protect E. coli from the potentiating effects of higher temperature on the toxicity of the 

narcotics but not the uncouplers ofoxidative phosphorylation. 
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6.4.1 The effect of temperature on E. coli sensitivity to phenolic toxicants 

The use of a combination of assays and different exposure periods in this study 

allowed greater insight into the combined effects of temperature and the phenolic 

toxicants on the cells than was possible using one assay alone. Using more than one 

endpoint to assess the affects of a toxicant on test cells also has considerable 

advantages in terms of determining the specific effects of compounds upon cells (Pill 

et al. 1991, Schuurmann et al. 1997) and the methylene blue assay was particularly 

interesting from this perspective as it allowed the effects oftoxicant on the growth and 

metabolic activity of the same cell population to be compared. Measuring the 

inhibitory effects of the toxicants over different periods oftime, as was done in both 

the biosensor and the methylene blue dye reduction assays, allows a more detailed 

understanding of the nature of the interaction between the cells and the compounds to 

be developed (Froehner et al. 2002). 

The results from both the biosensor and the methylene blue assays demonstrated the 

important influence of E. coli metabolic activity on cell sensitivity to the phenolic 

toxicants. In the biosensor assays the significant effects of substrate solution 

composition on the sensitivity ofE. coli to the phenolic compounds demonstrated the 

essential role of cell metabolic activity in determining the ability of the cells to resist 

the effects of these toxicants. The differences in the sensitivity ofE. coli methylene 

blue reduction activity and growth rate provided further evidence ofthe importance of 

metabolic activity to the responses ofE. coli to the phenolic toxicants. A comparison 

of the effects of the toxicants on the growth and methylene blue reduction activity of 

the cells suggests that the cells maintained their respiratory activity at the expense of 

growth. 

The interactive effect of temperature and substrate solution composition on E. coli 

biosensor sensitivity to phenolic toxicants was found to be due to qualitative 

differences in the composition of the substrates. The availability of a range of sugars 

in the mixed substrate solution allowed the cells using this substrate solution to 

respond more effectively to the combined effects of temperature and toxicant exposure 
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than cells using glucose only substrate solutions. This more effective response to 

toxicants may be related to a range of factors. Cells utilising mixtures of sugars are 

thought to be able to make more efficient use of the energy available to them than cells 

using single sugar substrates (Babel et al. 1993, Lendenmann et al. 1996, Kovara

Kovar and Egli 1998), and also to detoxify xenobiotics more efficiently (Babel et al. 

1993). As cellular responses to toxicants are energetically costly (Willows 1994, 

Browne and Dowds 2001), an increase in metabolic efficiency could conceivably have 

a protective effect against the combined effects of temperature and toxicity by 

increasing the net cell energy production per unit of substrate. 

The presence of a mixture of sugars in the substrate solution may also have allowed E. 

coli greater metabolic flexibility. The three sugars in this solution are all taken up by 

different nutrient transport systems and are incorporated into glycolysis or the 

tricarboxylic acid cycle at different points (Neidhardt et al. 1996, Davies et al. 1999). If 

any one of the sugars in the mixed substrate solution was made unavailable as a result 

of toxicant exposure, the E. coli would have been able to maintain their metabolic 

activity by using the other sugars in the solution. This is similar to the explanation 

suggested in Section 4.3 .2 for the low temperature dependence ofE. coli metabolic rate 

when cells were supplied with the mixed substrate solution. As the rate at which 

toxicants reacted with proteins such as enzymes would be expected to increase with 

increasing temperature (Boucher et al. 1975), the advantage of such metabolic 

flexibility would be greater at higher temperatures. 

Whilst there is more than one possible explanation for the increased dye reduction rate 

of E. coli in response to low concentrations of the phenolic toxicants, it is most likely 

to have been a hormetic response to the compounds. The consistent association of 

increases in dye reduction activity with inhibition ofcell growth indicate that the 

increased dye reduction activity of the cells did not represent a stimulatory effect of 

these toxicants. Low doses of uncouplers of oxidative phosphorylation would be 

expected to cause an increase in cell metabolic activity whilst inhibiting cell growth, 

but as only PCP and 2,4-DNP ofthe six test compounds are considered to act as 

uncouplers (Fent and Hunn 1996), it seems unlikely that this can explain the ability of 
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phenol, 3-CP, 3,5-DCP and 2,4,5-TCP to exert such an effect. Hormetic increases in 

the activity of cells have been suggested to represent an attempt by cells to compensate 

for the inhibitory effects oflow concentrations oftoxicants (Stebbing 1998, 2000). 

Such responses to the presence oftoxicants are energetically costly (Willows 1994, 

Penttinen and Kukk:enon 1998, Browne and Dowds 2001) and so the increases in the 

dye reduction rate of the cells might reflect the increased energetic demands on the 

cells as they respond to the presence of the toxicants. The greatest increases in E. coli 

dye reduction activity were seen at 15°C, suggesting that the cells at this temperature 

were most in need of additional energy to respond to the presence of the toxicants. 

The general trend in the methylene blue assays for the biggest increases in the dye 

reduction rate to take place at the same temperature as the greatest inhibition of cell 

growth, suggests that the increased metabolic activity seen in the assays was at the 

expense of growth. This is consistent with the suggestion that the responses ofthe 

cells to low concentrations of the phenolic toxicants were a result ofhormesis as 

hormetic increases in one aspect of cellular activity are thought to often take place at 

the expense of other aspects of the cell's activity (Gerber et al. 1999). The reduced 

growth rate is likely to have represented the diversion of cellular energy resources 

away from growth to support the metabolic response to the presence of the toxicant. 

The energetic costs of compensating for toxicant effects are known to reduce the 

energy available to the cells for growth (Willows 1994, Stark 1996) and a previous 

study has shown that respiratory toxicants can cause a shift in the utilisation of sugar 

substrates so that respiration rather than growth is maintained (Ullrich et al. 1996). In 

addition the presence of stressors, such as toxicants, can induce an increase in the 

concentration of glycolytic enzymes produced by E. coli, a change which would also 

support an increase in metabolic activity (Browne and Dowds 2001). Increased 

respiratory activity may provide the energy required by the cells to protect themselves 

from narcotics. 

The diversion of cellular resources from growth to respiratory activity may also 

represent a strategy allowing cells to survive exposure to low doses ofthe toxicants for 

short periods of time and resume cell growth if the toxic stress is removed. Microbial 
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cells are known to be able to recover from complete inhibition of growth by low 

concentrations ofuncouplers (Lewis et al. 1994), and it has been suggested that the 

cessation of growth in the presence of low concentrations of these compounds reflects 

an adaptive response to the reduction in energy availability caused by the toxicants. 

The fact that the same concentration ranges of3,5-DCP and 2,4,5-TCP caused dose 

dependant changes in the sensitivity of E. coli metabolic activity but 100% inhibition 

of cell growth demonstrates that even complete inhibition of cell growth was not 

necessarily indicative of cell death in these assays. This suggests that the changes in E. 

coli activity seen in the methylene blue assays may represent a similar adaptive 

response to the phenolic compounds. It would have been interesting to be able to 

continue this study to test whether cell growth was able to recover from 6 h exposure 

to any of the toxicant concentrations used in these assays, and whether temperature had 

an influence on any recovery of the cells. 

6.4.2 Comparison of the biosensor and methylene blue reduction assays 

The biosensor and methylene blue assays both provided measures ofE. coli redox 

activity and, despite the differences between the assay protocols overall the effects of 

temperature on the sensitivity ofE. coli to 30 min exposure to the phenolic toxicants 

were similar in both assays. The main exceptions were seen with PCP and 2,4-DNP 

and the reasons for the differing effects of temperature on the sensitivity ofE. coli to 

these toxicants in the biosensors and methylene blue assays are not immediately 

apparent. However they are possibly related to the differences in the age and 

condition of the E. coli used in the two assays. 

The absence of any significant temperature effect on the sensitivity of E. coli 

methylene blue reduction to either PCP or 2,4-DNP is likely to be largely a result of 

the lower sensitivity of this assay to the phenolic toxicants. The methylene blue assay 

was less sensitive to these toxicants than the biosensors assay because it was based on 

the use of suspensions of cells in stationary phase rather than the immobilised 

exponential phase cells used in the biosensor assays. Cells in stationary phase are 

known to be less sensitive to toxic compounds than actively growing cells (Browne 
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and Dowds 2001 ), and the differences in cell number between the two assays may also 

have contributed to differences in their sensitivity. Additionally the use of plastic 

cuvettes rather than glass vials as test vessels may have reduced the concentrations of 

the test compounds available to the cells in methylene blue assay, as chlorophenols are 

lipophillic and so may bind to plastic (Gellert and Stommel 1999). The importance of 

such lipophillic interactions is questionable however. The microtitre plates used for 

the growth assays in Chapter 5 were plastic and E. coli were more sensitive to 3,5-DCP 

in the growth assay than in the biosensor assay which was carried out in glass vials. 

Other researchers have also found that the use ofplastic materials has not reduced the 

sensitivity of their assays to these toxicants (Froehner 2002). 

6.4.3 The effect of freeze drying E. coli on their responses to temperature and 

toxicants 

Freeze dried biosensors have the advantage that a large number ofbiosensors can be 

prepared from one bacterial culture and then stored for several months. This makes 

them more convenient to use, as sensors can simply be resuscitated as needed, and 

reduces any experimental error due to differences between individual bacterial 

cultures. However, the data from the assay with the phenolic toxicants suggest that the 

responses of freeze dried cells to toxicants at different temperatures will not 

necessarily reflect the responses of non-frozen cells to the same conditions. 

It is not possible to be confident about the reasons for the differences in the influence 

of temperature on the sensitivity of fresh and freeze dried E. coli to the phenolic 

toxicants, as the effects of freeze drying on E. coli are not fully known. The freeze 

drying process evidently causes some damage to E. coli, as it causes a reduction in the 

magnitude of the signal from E. coli biosensors (Rogerson 1997). The reduced effect of 

temperature on the sensitivity of the freeze dried cells to the toxicants could be a result 

of this damage. As the effects of temperature on the sensitivity of the freshly harvested 

cells were hypothesised to be a result of the influence of temperature on cell metabolic 

activity, the much more limited changes in the sensitivity of the freeze dried cells to 
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the toxicants may reflect a change in the temperature dependence of the metabolic 

activity of the freeze dried cells. 

6.5 Summary 

The results from the biosensor and methylene blue assays support the suggestion that 

the metabolic rate of E. coli has an important influence on the sensitivity of the cells to 

narcotic toxicants. In general, the sensitivity of the cells to the phenolic toxicants was 

lower at the higher test temperatures, or did not change with temperature. The only 

exceptions to these trends were seen with the uncouplers of oxidative phosphorylation. 

As the toxic effects of all the phenolic compounds are expected to be increased at 

higher temperatures, the general trend for decreased sensitivity at higher temperatures 

suggests the cells tested at 35°C were better able to respond to the presence of the 

narcotic compounds than cells tested at 15°C. 

Three key findings in this part of the research relate to the methylene blue assay. The 

data from this assay indicated that low doses ofphenolic toxicants induced a hormetic 

response by E. coli, with the respiratory activity of the cells increasing in response to 

the compounds. E. coli were also found to maintain their respiratory activity at the 

expense of growth; the greatest increases in dye reduction rate tended to be associated 

with the greatest inhibition ofcell growth. Additionally both the increases in dye 

reduction rate and decreases in growth rate caused by the toxicants were more 

pronounced at 15°C than at 35°C, suggesting that the impact of toxicant exposure on E. 

coli respiratory activity was greater at the lower temperature. 

The significant influence of substrate solution composition on both the sensitivity of 

the E. coli to the toxicants, and the impact of changing test temperature on the 

responses of the cells to the phenolic compounds demonstrated the importance of E. 

coli metabolic activity in their responses to temperature and toxicants. The influence 

of substrate solution on the sensitivity ofE. coli to the phenolic compounds was related 

to the total sugar content ofthe solutions being utilised by the cells. The interactive 

effect of temperature and substrate solution composition on E. coli sensitivity to the 
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phenolic compounds was related to the qualitative differences in the composition of the 

substrate solutions. 
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CHAPTER 7: ANALYSIS OF THE INTERACTION BETWEEN E. COLi 

AND 3,5-DCP USING IMPEDANCE SPECTROSCOPY 

7.1 Introduction 

Temperature has a pronounced influence on the physiology ofpoikilothermic cells 

as well as influencing their metabolic activity. The flexibility and permeability of 

the cell plasma membrane are particularly strongly influenced by changes in 

temperature (Gounot 1991, Berry and Foegedding 1997), and these changes can 

affect the sensitivity of cells to toxic compounds (Hsu et al. 1992, Ultee et al. 

1998, Luxo et al. 2000). In particular, temperature induced increases in the 

fluidity and disorder ofmicrobial cell membranes are thought to potentiate the 

e:ff ects ofcompounds which act by disrupting membrane organisation, and to 

increase the amount of toxicant that can accumulate in the membrane (Ultee et al. 

1998, Luxo et al. 2000). 

Phenolic toxicants are known to exert their toxic effects primarily through 

interactions with the cell membrane, and there is evidence that in the dissociated 

form they cause low levels of membrane damage (Choi and Gu 2001). It is 

therefore probable that temperature induced changes in the physiology of the cell 

membrane of the E. coli used in toxicity tests with chlorophenols (Chapter 6) 

contributed to the observed temperature related changes in cell sensitivity to these 

compounds. However as the assays previously used with E. coli did not allow 

the effects of the toxicants on the cell membrane to be separated from their overall 

inhibitory effects on cellular activity, the relative importance of changes in the 

physiology and the metabolic activity of the cells could not be assessed. The aim 

of this part of the study was to investigate whether it was possible to detect 

changes in the membrane integrity of E.coli caused by the toxicant 3,5-DCP 

using a new approach - impedance spectroscopy. Additionally, if any changes 
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were detected, the investigation aimed to determine whether the temperature at 

which the measurements were made had a significant influence on the scale of 

these changes in membrane integrity. 

Dielectric impedance spectroscopy is based on the fact that changes in the 

capacitance or conductance of cells suspensions within the low radio frequency 

range are proportional to the biomass of the cell suspension, whilst at higher radio 

frequencies they are independent of biomass (Davey et al. 1993, Angersbach et al. 

1999). The capacitance of microbial cell suspensions demonstrates a high 

capacitance plateau at frequencies of less than 5 x 105 Hz, and a low capacitance 

plateau at frequencies greater than 1 x 107 Hz. The conductivity of cell 

suspensions exhibits the opposite trend, going from a low conductivity plateau to 

a high conductivity plateau as frequency increases (Davey and Kell 1998a). This 

phenomenon (known as the 13 dispersion) is almost entirely dependent on the 

capacitance of intact cell membranes, which have a very low conductivity. The 

effects of stresses on membrane integrity can therefore be measured by measuring 

changes in the low frequency capacitance or conductivity ofcell suspensions over 

time. Two main approaches for these measurements have been used. The first is 

to make measurements at a low frequency which is well within the range over 

which the conductivity and capacity ofthe cells is stable. Any change in the 

electrical properties of the cells can be considered to reflect changes in the 

proportion ofcells with intact cell membranes (Stoicheva et al. 1989, Davey et al. 

1993, Ishikawa 1997a). The second method is to make measurements at a high 

and a low frequency and then calculate the difference in the conductivity (L\cr) or 

capacitance (6C). Any change in either 6cr or 6C will also reflect changes in the 

proportion of cells with intact membranes (Davey et al. 1993, Angersbach et al. 

1999, 2002). Measurements made using the two different approaches have been 

found to give similar results with yeast, and to agree with the results of alternative 

toxicity tests such as the methylene blue assay (Davey et al. 1993). Whilst the 

effect oftemperature on the size of the 13 dispersion in untreated cell suspensions 

(Ferris et al. 1990), and on the water permeability of cell membranes (Ishikawa et 
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al. 1997b) has been studied, the effects of temperature on the sensitivity of cells to 

toxicants have not previously been investigated using this method. 

Initial work in this part of the study focused on optimisation of two possible 

electrode configurations and then the choice of the suspending medium for use in 

the toxicity testing. Subsequently suspensions of E. coli were acclimatised to 15, 

25 or 35°C before their conductivity was measured over a 36 min period (in the 

toxicity tests 3,5-dichlorophenol was added at 6 min to give a 30 min toxicity 

assay) at the same temperatures. The effects of three concentrations of 3,5-DCP 

on the conductivity of the cell suspensions were then determined at each 

temperature. 

7.2 Electrode optimisation 

7.2.1 Preliminary measurements 

Initial measurements demonstrated that it was possible to distinguish between the 

measured conductivity of deionised water, 10 mM glucose in deionised water, and 

a suspension of E. co/i in the glucose solution, using both the disc and two plate 

electrodes (see Plate 3.1). This indicated that both electrode types were 

potentially suitable for use in experiments investigating the effect of 3,5-DCP on 

E. coli. In addition, good correlations were obtained between the results of 

measurements of the conductivity of solutions containing between 0.001 and 0.1 

M potassium chloride using the disc and two plate electrodes and a standard 

conductivity electrode. 
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7.2.2 Preliminary experiments with E. coli cell suspensions 

7.2.2.1 Preliminary work with the disc electrode 

The simplest approach to using the disc electrode, using PTFE to cover all but a 

small working region in the centre of the disc electrodes, was found to be 

inappropriate for use in measurements with E. coli. The test solutions placed onto 

the working region of the electrode were found to be seeping under the PTFE, 

altering the size and potentially the composition of the samples and resulting in 

very variable data. In addition there were concerns that in longer toxicity tests the 

cells tested this way would become oxygen limited. 

Using an O ring, cut into three pieces, to hold the two electrodes apart was found 

to overcome the limitations describe above. The O ring was fixed to the disc with 

double sided tape, and positioned close to the edge of the disc to ensure that the 

test samples did not come into contact with the adhesive. Presenting the sample 

as a drop of cell suspension was most effective with this electrode design. A 

pronounced increase in the conductivity of the cell suspension was measured after 

the cells were exposed to 20 mg/ L 3,5-DCP for 45 min using this approach (Fig. 

7.1). Immobilisation of E.coli in 2% alginate beads was intended to improve the 

reproducibility of the contact between the cells and the electrode surface, but the 

alginate was found to mask the electrical properties of the cells. The conductivity 

of the alginate beads over the frequency range 1 x 102 to I x I O 7 Hz changed very 

little, whereas in the absence of alginate the conductivity of the cells changed a 

great deal over this frequency range. In addition when cells were immobilised in 

alginate no effects of 3,5-DCP on the conductivity of the solutions was detected 

(Fig 7.1). 
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7.2.2.2 Preliminary work with the two plate electrode 

The two plate electrode was also successfully used to measure a change in the 

conductivity of a suspension of E. coli after addition of 20 mg/ L 3,5-DCP, and 

the change in conductivity measured by this electrode was greater than that 

measured by the disc electrode (Fig. 7.1). The sensitivity of the electrode was 

found to be improved by increasing the distance between the electrode faces from 

3 mm to 10 mm, and this effect was most pronounced for the more dilute cells 

suspensions; as the number of cells in the suspension, and therefore the 

impedance of the solution, decreased the effect of increasing the distance between 

the two electrode faces also decreased. In all further work the electrode was used 

with the electrode faces 10 mm apart. 
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Fig. 7.1: The effect of45 min exposure to 20 mg/ L 3,5-DCP on the conductivity of E. coli cell 

suspensions over a range of frequencies as measured using three different approaches. 

The graph shows the percentage increase in the conductivity of E. coli caused by the presence of 

the toxicant as measured in 7 ml of cell suspension using the two plate electrode (II), in a drop of 

cell suspension using the disc electrode (•) or in alginate beads using the disc electrode (♦). 

The percentage increase in conductivity at each frequency was calculated as ((cr at 45 min /cr at 0 

min) * 100) - 100. The conductivity of untreated cell suspensions was very stable over this period. 
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On the basis of the apparently higher sensitivity of the two plate electrode to the 

effects of 3 ,5-DCP on E. coli and the fact that it had the advantage of being better 

suited to use in temperature controlled experiments the two plate electrode was 

selected for use in future experiments. From the perspective of temperature 

control the advantage of the two plate electrode was that the connectors for the 

electrode were positioned so they were held above the beakers containing the 

samples. This allowed sample temperature to be controlled by placing the beakers 

into a water bath. The connectors for the disc electrode were at the sides of the 

electrode and so it could not have been used in this manner. 

7.3 Measuring the growth of an E. coli culture 

The ability of the two plate electrode to measure changes in E. coli cell numbers 

was confirmed in a growth assay. The growth of the cells could be followed 

electrically by measurements of impedance, admittance and conductivity, and the 

data from the different measures of E. coli growth agreed well, indicating that 

impedance measurement was sensitive to changes in E. coli biomass. The change 

in the impedance of the cell samples correlated well with the results of both the 

optical density and plate count measurements and R2 values of 0.96 and 0.92 

respectively were obtained. Changes in E. coli cell number were reflected by 

changes in the impedance, admittance and conductivity of the cell suspensions at 

all frequencies between 1 x 102 Hz and 1x 105 Hz. Fig. 7.2 shows a comparison 

of the conductivity and the 0D430 of the cells over the course of the experiment. 
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Fig. 7.2: Comparison of the OD430 (♦ and solid line) and conductivity at 3.74 x 104 Hz (ill and 

broken line) of samples from a growing culture ofE. coli over a period of 8 h. The graph shows 

the mean conductivity and OD430 after each hour of growth± the standard errors (n = 3). Error 

bars for both sets ofdata are too small to be seen. 

7.4 Establishing a suitable medium for preparation of the cell suspensions 

It was noted during the preliminary work described above that the ability of E. 

coli to metabolise, and even grow in, the glucose solution resulted in the electrical 

properties of the cell suspension changing over the course of the experiments. In 

particular, the conductivity of the test samples increased rapidly during 

measurements, probably as a result of the metabolism of the fairly non conductive 

glucose solution to more conductive products such as lactic acid (Firstenberg

Eden and Eden 1984). As the focus of this part of the study was on changes in the 

membrane physiology of the cells rather than changes in their metabolic activity, 

an alternative suspending medium was sought. To try and minimise the 

possibility of changes in E. coli metabolic activity clouding the interpretation of 

the results of these experiments it was decided to use an inorganic suspending 

medium. 
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The conductivity of the medium used to resuspend cells can have an important 

influence on the results of impedance measurements of cells, and in particular on 

the results of capacitance measurements. As the conductivity of test solutions 

increases the polarisation of the electrode surfaces (particularly in two plate 

electrode systems) also increases and can distort the measured capacitance at low 

frequencies (Davey et al. 1990, Davey and Kell 1998a, 1998b). To retain the 

option of using capacitance measurements in the data analysis the solution used as 

the suspending medium needed to have as low a conductivity as possible without 

being so dilute that the E. coli were placed under osmotic stress. 

7.4.1 Selection of a suitable suspending medium 

An investigation of the conductivity and osmotic properties of a range of 

concentrations of a KH2P04 solution which is known to be suitable for use with E. 

coli in measurements of the~ dispersion (Ferris et al. 1990) was carried out. 

Comparison of the osmolality of four concentrations of KH2P04 solution with the 

osmolality of 0.85% saline solution, and two nutrient solutions demonstrated that 

concentrations of 20 mM or above were likely to be most suitable for use with the 

E. coli (Table 7.1), as the osmolality of the lower concentrations of the solution 

was so low as to be likely to osmotically stress the bacteria. The conductivity and 

capacitance of 20, 30 and 40 mM KH2P04 were then measured to test the effect of 

increasing the buffer concentration. The results of single sweep measurements of 

the solutions showed that although the conductivity increased as the buffer 

concentration increased, these increases had very little effect on the capacitance 

measured at low frequencies. Changes in the capacitance of the solutions could 

not be correlated with changes in their conductivity. The conductivity of cell 

suspensions prepared in the 40 mM KH2P04 solution was very stable over time, 

and this solution was used as the suspending mediun1 in all further work. 
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Table 7.1: The osmolality of the test solutions 

Solution Osmolality (mOsm) 
0.85% saline 35.3 ± 0.4 

Mixed substrates in saline 259±4 

Nutrient broth 260±6 

4mMKI-1iPO4 6.3 ± 2.3 

10 mMKH2PO4 15 ± 1.9 

20 mMKH2PO4 29.6± 1.5 

40mMKH2PO4 64.3 ± 2.9 

The table shows the mean osmolality ± the standard error (n = 3), as measured using a freezing 

point osmometer (Roehling, Berlin, Germany). 

7.4.2 Selection of the test frequency 

As shown in Fig. 7.3, frequencies below 1 x 106 Hz appeared to be well within the 

low frequency biomass dependent plateau, as the measured conductivity ofE. coli 

suspended in 40 mM KH2PO4 within this frequency range was very stable. The 

frequencies used to measure E. coli growth (Section 7.3) were within this 

frequency range. This indicated that changes in conductivity within this 

frequency range could be linked to changes in E. coli cell density. However, it 

did not appear to be possible to make measurements in the high frequency plateau 

range using the frequency range available with the Solartron analyser. All 

subsequent data analysis followed changes in the electrical properties of the cell 

suspensions at a frequency of 3.3 x 105 Hz, which was well within the low 

frequency plateau range, and such changes were considered to be representative of 

changes in biomass. 
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Fig. 7.3: The frequency dependent conductivity of a suspension of E. coli over the :frequency 

range 1 x 105 to 1.1 x 107 Hz. 

7.5 The effect of temperature on the conductivity ofE. coli suspensions 

Statistically significant differences between the conductivity ofE. coli suspended 

in 40 mM KH2P04 and measured at 15, 25 and 35°C were found (Fig. 7.4). 

Temperature is known to alter the electrical properties of solutions, and it is 

thought that the conductivity of solutions increases by between 1.5 and 2 % for 

every 1 °C increase in temperature (Firstenberg-Eden and Zindulis 1984). The 

conductivity of both the KH2P04 solution, and E. coli suspensions did increase as 

their temperature increased, but the results with the E. colt did not conform to the 

predicted effect of temperature. The differences between the conductivity of the 

KH2P04 at 15 and 25°C, and at 25 and 35°C were very similar, as would be 

expected on the basis of the relationship between temperature and conductivity 

described above. However, the increase in the conductivity of the E. coli cell 

suspensions between 25 and 35°C was significantly higher (p<0.05) than the 

change in the conductivity of the cells between 15 and 25°C 
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Fig. 7.4: The effect of test temperature on the mean (n =54) conductivity ofa suspension of E. 

co/i in 40 mM KH2P04 (□) and ofneat 40 mM KH2P04 (II) at a :frequency of3.37 x 105 Hz. 

Error bars show the standard error. 

The percentage increases in the conductivity of the KH2P04 solution and the E. 

coli suspension in 40 mM KH2P04 over the temperature range 15 to 25°C were 

not significantly different. However, the percentage increase in the conductivity 

of the E. coli over the temperature range 25 to 35°C was significantly higher than 

the increase in the conductivity ofthe KH2P04 over the same temperature range 

(Fig. 7.5). This difference indicates that temperature induced changes in the E. 

coli cells were causing an increase in the conductivity of the cell suspension in 

addition to the increase in solution conductivity caused by the higher temperature. 
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Fig. 7.5: The percentage increase in the mean conductivity of the cells ( D) and ofneat 40 mM 

KH2PO4 (ill ) over two 10°C temperature ranges. 

7.6 The effect of3,5-DCP on the conductivity ofE. coli cell suspensions at 

three temperatures 

7.6.1 The effect of acetone on the conductivity of suspensions ofE. coli 

Addition of concentrations ofacetone equivalent to those added with the 3,5-DCP 

to 8 ml samples of E. coli cell suspensions caused significant decreases in the 

conductivity of the cell suspensions. The size of these decreases increased with 

increasing test temperature (Fig. 7 .6), although this was not statistically 

significant. Interestingly, at all but the highest volume of acetone tested (200 µl), 

the effect of this solvent on the conductivity of the membrane was more 

pronounced at 25°C than at 35°C. The acetone treated cells were subsequently 

treated as controls in the assays with E. coli and 3,5-DCP. 

161 



2 

€ 0:p 
u 
:,,, 
C 
0 
u 
.5 -2 
a, 

= 2! 
u 
.5 -4 
~ 

-6 

80 µI 100 µI 200 µI 

Volume of acetone (pi) 

Fig. 7.6: The effect of increasing volumes ofacetone on the conductivity of suspensions ofE. coli 

at 15 (□), 25 (~) and 35°C (l'I). 

The graph shows the mean percentage increase in the conductivity ofthe cell suspensions 30 min 

after addition of 80, 100 and 200 µl of acetone± the standard deviation (n =2). 

Percentage change in conductivity data from the untreated controls was used to correct for changes 

in the conductivity of the test cell suspensions unrelated to the presence of acetone. 

7.6.2 The effect of 3,5-DCP on the conductivity of suspensions of E. coli 

The addition of 3,5-DCP to suspensions ofE. coli resulted in statistically 

significant increases in the conductivity of the cells (Fig. 7.7). Significant 

increases in conductivity were measured after addition of 50 and 100 mg / L of 

toxicant to the cell suspensions. The effect of 50 mg/ L 3,5-DCP on the E. coli 

was significantly greater than the effect of 20 mg I L 3,5-DCP on the cells. 

Temperature appeared to have some influence on the size of the changes in 

conductivity caused by 3,5-DCP, for example the difference in the effect of 20 mg 

/Lat 15 and 35°C; Fig. 7.7. However, no statistically significant effects of 

temperature on the sensitivity ofE. coli to the 3,5-DCP were detected in these 

measurements. 
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Fig. 7.7: The percentage increase in the conductivity of suspensions ofE. coli caused by addition 

of increasing concentrations of 3 .5-DCP at three temperatures. 

The graph shows the mean percentage change in conductivity caused by 20, 50 and 100 mg/ L of 

toxicant ± the standard error of the mean (n =3) at 15 (0), 25 (Ill), and 35°C (Ill). The data are 

normalised to the acetone controls. 

7.7 Discussion 

The two plate electrode developed at Luton was successfully used to measure 

changes in the conductivity of E. coli cell suspensions caused by both cell growth 

and cell damage. The technique of impedance spectroscopy had several 

advantages for this work. It is a non invasive method which does not require the 

addition of any chemical indicators, meaning that the possibility of measurement 

artefacts due to the addition of such chemicals is reduced (Stoicheva et al. 1989). 

It is also quite specific to the cell membrane, particularly if it is used to follow 

changes in the~ dispersion (Davey et al. 1993). This allowed the effects of 3,5-

DCP on the membrane of E. coli to be assessed and to be compared with the 

whole cell effects measured in Chapters 4 and 5. In this study statistically 

significant changes in the electrical properties ofthe cells caused by increased 

temperature or by the presence of 3,5-DCP were measured, indicating that both 

had an impact on the membrane physiology ofE. coli. 
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7.7.1 The effect of temperature on the conductivity of the cell suspensions 

Temperature related increases in the conductivity of cell suspensions, beyond the 

1.5 to 2 % expected for each 1°C increase in temperature (Firstenberg Eden and 

Eden 1984), have been attributed to increases in the permeability of the cell 

membrane (Angersbach et al. 1999, 2002) and to increased lateral movements of 

proteins within the cell membrane at higher temperatures (Ferris et al. 1990). 

This would be a plausible explanation for the increased conductivity of E. coli 

measured at 35°C (Section 7.5) as the fluidity and permeability of cell membrane 

ofthe E. coli used in these experiments is likely to have been highest at this assay 

temperature (Ultee et al. 1998). The fact that a significant temperature effect was 

detected over the temperature range 25 to 35°C but not over the range 15 to 25°C 

may be related to a membrane lipid phase transition. In bacterial cells lipid phase 

transitions have been found to take place at temperatures just below the optimum 

for growth of bacteria, which in the case of the E. coli used in these assays was 

between 35 and 40°C (Section 4.2.3), and to result in a pronounced change in the 

fluidity of the membrane (Ivanov 2002). If such a transition had occurred at a 

temperature between 25 and 35°C this might explain the significant effect of 

temperature measured over this temperature range. 

In the assays described in this chapter there is also the possibility that the 

increased conductivity of the E. coli suspension at 35°C was related to changes in 

the rate of the endogenous metabolism of the cells. Endogenous metabolism is 

known to cause an increase in the conductivity of cell suspensions of E. coli in 40 

mM KH2P04 (Ferris et al. 1990), as conductive metabolites are released into the 

suspending medium. The endogenous metabolic activity of the cells over the one 

hour period for which the cell suspensions were incubated at the test temperature 

before use is likely to have contributed to the conductivity of the suspensions, and 

will have been higher at 35°C than at 15 or 25°C. Very slight increases measured 

in the conductivity ofthe cell suspensions over the course of the 36 min assay at 

all three temperatures are also likely to have been due to cell metabolic activity. 
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7.7.2 Impedance spectroscopy based toxicity tests 

Both acetone and 3,5-DCP influenced the conductivity ofE. coli cell suspensions, 

over the course of the 30 min assays, although the two substances had contrasting 

effects on cell conductivity. The small decreases in the conductivity of the cell 

suspensions caused by acetone are likely to have been a result of interactions 

between the cell membrane and acetone. Sublethal concentrations of solvents are 

thought to increase the thickness of the cell membrane as they partition into it, and 

this change in thickness is causes a decrease in the conductivity of cell 

suspensions (Stoicheva et al. 1989, Salter and Kell 1992). It is possible that the 

change in the conductivity of the E. coli suspensions caused by acetone were due 

to a similar mechanism. As the acetone did have an influence on the conductivity 

of the cell suspensions, acetone treated cell suspensions were subsequently used 

as controls for the experiments with 3,5-DCP. This was intended to ensure that 

these experiments assessed only the influence of the 3,5-DCP on the cells and not 

any effects of the acetone. It also made the protocol used in the impedance assay 

more consistent with the protocols used in all the previous assays with the 

chlorophenols, in which the controls were treated with the solvent used to dissolve 

the compounds. 

The increased conductivity ofE. coli cell suspensions after exposure to 50 or I00 

mg I L 3,5-DCP indicated that the compound was causing changes in the structure 

or permeability of the plasma membrane of the cells. Narcotics such as 3,5-DCP 

are thought to have a range of effects on the plasma membrane including causing 

low levels ofmembrane damage (Choi and Gu 2001) and disruption ofmembrane 

pH and osmotic gradients leading to the loss of the ability of the cells to maintain 

ion gradients between the cytoplasm and the external environment (Sikkema et al. 

1992). Both effects could be factors in the changes in conductivity caused by 3,5-

DCP in these experiments. It is the undissociated form of chlorophenols which is 

able to partition through, and damage, the plasma membrane (Choi and Gu 2001). 

As the pH of the KH2SO4 solution at 5.7 was considerably lower than the 

dissociation constant of 3,5-DCP (8.63 - Aptuala et al. 2002), the toxicant is 
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likely to have been present predominantly in the undissociated form in these 

experiments, and so may well have caused low level membrane damage. The 

disruption of membrane ion gradients can lead to the loss of ions from the 

cytoplasm to the medium, and such a loss of ions from E. coli exposed to 3 ,5-DCP 

could also have been a cause of the increased conductivity seen after the cells 

were exposed to this toxicant. 

The changes in the conductivity of the E. coli caused by 3,5-DCP were all small, 

and compared with the assays based on growth and cell metabolic activity 

discussed in the previous chapters dielectric impedance spectroscopy appeared 

quite insensitive to this toxicant. For the most part this is likely to be related to 

the fact that impedance analysis based on the ~ dispersion measures mainly the 

loss ofmembrane integrity via lysis or rupture of the cells (Davey et al. 1993), 

and so large changes in conductivity or capacitance will only talce place if the 

toxicant tested causes serious membrane damage. Whilst 3,5-DCP may cause low 

level membrane damage (Choi and Gu 2001) it is not thought to cause lysis of the 

plasma membrane (Van W ezel et al. 1990, Sikkema et al. 1992, Sandennann 

1993, Bieberstein et al. 1998). It is possible that further modification of the 

electrode used in this work so that it had a four pin configuration would improve 

the sensitivity ofthe measurements (Davey and Kell 1998a, 1998b ). However the 

design of a four pin electrode for use with the Solartron analyser did not prove 

feasible. 

The absence of a significant temperature effect on the sensitivity of the cells to the 

3,5-DCP was surprising. The data from Chapter 5 and 6 demonstrated that 

temperature had a pronounced influence on the sensitivity ofE. coli growth and 

metabolic activity to 3,5-DCP, making it surprising that an equivalent effect was 

not found in this assay. Significant effects of temperature on the conductivity of 

E. coli cell suspensions in the absence of toxicant were also found, and, as 

discussed above, are likely to reflect changes in the fluidity of the plasma 

membrane of the cells. Increases in the fluidity of the plasma membrane of 

bacteria have been found to lead to an increase in the concentration of lipophillic 
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toxicants which can accumulate within the membrane, and therefore the level of 

inhibition caused by such compounds (Ultee et al. 1998). One interpretation of 

the data might be that the absence of a significant temperature effect on the 

interaction between E.coli and 3,5-DCP in the impedance assay supports the 

hypothesis that the temperature dependence ofE. coli sensitivity to this toxicant is 

due to the effects of temperature on the metabolic activity of the cells, rather than 

any temperature effects on the interaction between the toxicant and the plasma 

membrane. 

7.8 Summary 

The two plate electrode system developed at the University of Luton was 

successfully used to measure changes in the impedance, conductivity and capacity 

of suspensions ofE. coli in an inorganic suspending medium. A comparison of 

three methods ofmonitoring the growth ofE. coli demonstrated that impedance 

measurements of cell density correlated well with measurements of the optical 

density of the cell suspension and calculations of the number of cells in the culture 

from the results ofplate counts. This indicated that this method was capable of 

detecting changes in cell number. 

Temperature was found to have a statistically significant effect on the status of the 

cells as measured by conductivity. The difference between the conductivity of 

cell suspensions at 25 and 35°C was greater than the difference in the conductivity 

of the suspending medium alone over this temperature range indicating that a 

change in the cells was occurring between 25 and 35°C. This change is most 

likely to have been related to the permeability and fluidity ofthe membrane lipids, 

but may also have reflected the effect of temperature on the rate ofthe 

endogenous metabolic activity of the cells. 

The impedance technique was successfully used to detect toxic effects of 3,5-DCP 

and although the changes in the conductivity of the cell suspensions were small at 

all three temperatures, concentrations of 50 and 100 mg / L did have statistically 
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significant effects. The measured changes in conductivity might reflect the effects 

of disruption to membrane ion and proton gradients caused by the toxicant, or low 

levels of damage caused by 3,5-DCP partitioning through the membrane. As this 

compound is not thought to cause serious membrane damage or cell lysis the 

small scale of the changes in conductivity is not surprising. 

The lack of any statistically significant temperature effects on the degree of 

membrane damage caused by the toxicants was unexpected, particularly as 

temperature was shown to influence the fluidity ofE. coli cell membranes. It can 

be interpreted as supporting the hypothesis that the temperature dependence of E. 

coli sensitivity to this compound is due to the influence of temperature on the 

metabolic state ofthe cells, and not to changes in the membrane physiology of the 

cells. 

Despite the limitations discussed above the impedance assay has promise as a 

method of following temperature effects on the interaction between toxicants and 

microbial cells. The absence of significant effects of temperature on the 

interaction between E. coli and 3,5-DCP in the work described here is likely to be 

related to the limited damage caused to the cytoplasmic membrane by narcotics 

such as 3,5-DCP. The assay was sensitive to the effects of temperature on the 

conductivity of untreated cell suspensions, suggesting that it could be used to 

follow the interactive effects of temperature and membrane acting toxicants on 

bacteria such as E. coli. Further improvements in the sensitivity of the assay 

might be achieved by refinement of the electrode design, possibly to a four pin 

configuration. The ability to use a higher frequency range than was available with 

the Solartron analyser in the assays, allowing parameters such as tJ.cr and tJ.C to be 

calculated, and then used as a measure of changes in the integrity of cell 

membranes might also improve the sensitivity of the assay. 
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CHAPTER 8: CONCLUSIONS 

8.1 Reiteration of aims 

The aim ofthis research project was to investigate the effects of temperature on 

the sensitivity of poikilothermic cells to toxicants. The relationship between 

temperature induced changes in cellular activity and temperature induced changes 

in cell sensitivity was ofparticular interest; no previous studies have directly 

compared the influence of temperature on both the overall metabolic activity and 

the sensitivity to toxicants of poikilothermic cells. The objectives of the study 

were to collect data on the effects of temperature on i) the metabolic activity and 

ii) the sensitivity to toxicants of three different poikilothermic cells. This data 

could then be used to determine whether changes in cell sensitivity to toxicants 

with temperature could be linked to temperature induced alterations in cell 

metabolic activity. Additionally, the responses of the three cell types, which were 

of different metabolic types, and included a natural consortium of bacteria, to the 

combined effects of temperature change and toxicant exposure were to be 

compared. Additional research focussed on the influence oftemperature on E. 

coli sensitivity to six phenolic respiratory toxicants, with the objective of gaining 

a more detailed understanding of the interaction between temperature change and 

E. coli metabolic activity and sensitivity to these toxicants. The use of an 

impedance assay to investigate the importance of changes in membrane 

physiology, rather than metabolic activity, to the responses ofE. coli to the 

combined effects of toxicant exposure and temperature change was also 

examined. 
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8.2 Review of the main findings 

8.2.1 The influence of temperature on the metabolic activity of three 

poikilothermic cell types 

The effects of temperature on the activity ofE. coli, the ASBC, and BF-2/lucl 

cells were basically similar. The redox and growth rates ofthe cells increased 

with temperature up to an optimum temperature and then began to decrease. This 

is the expected response ofpoikilotherm activity to temperature change 

(Hochachka and Somero 2002). For each of the cells studied the lower, upper, 

and optimum temperatures for activity corresponded well with the temperatures 

found in the natural environment of that cell type. 

Changing assay parameters, such as the respiratory substrate supplied to the cells, 

or the time of incubation at each test temperature, influenced the responses of the 

test cells to temperature change. Substrate solution composition had a significant 

influence on the temperature dependence ofE. coli, presumably reflecting 

differences in the sensitivity to temperature change ofthe enzymes involved in the 

uptake and metabolism ofthe three sugars provided by the solutions. 

Cells isolated from fish are known to respond to temperature change over a period 

of hours (Bols et al. 1992), and so it was of interest to compare the effects of 

incubation at each test temperature for a short period (30 min), and a longer 

incubation period (6 h) on the BF-2/lucl cells. Incubating the BF-2 !lucl cells at 

each test temperature for 6 h resulted in more pronounced changes in the activity 

of the cells than incubation for 30 min. In fact, significant effects of temperature 

on BF-2/lucl cell activity were only detected in cells which had been maintained 

at the test temperatures for 6 h. 
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8.2.2 The effect of temperature on the sensitivity of three cell types to 

selected toxicants 

Increased test temperatures were generally associated with increases in the 

sensitivity ofE. coli, the ASBC, and BF-2/lucl cells to mercury(Il) chloride, 

formaldehyde, and 3,5-DCP, although there were notable exceptions to this trend. 

In the majority ofthe assays with the ASBC and the BF-2/lucl cells the changes 

in cell sensitivity appeared to be a result of temperature induced changes in 

toxicant uptake and reactivity rather than changes in cell metabolic activity. 

In contrast, the increased metabolic rate ofE. coli at higher temperatures was 

found to enable these cells to compensate for, or resist, the inhibitory effects of 

formaldehyde and 3,5-DCP. This is the first time that temperature related changes 

in the sensitivity of bacterial cells to toxicants have been directly linked to 

changes in their overall metabolic activity. The protective effect of increased 

activity was most pronounced with 3,5-DCP; the sensitivity ofE.coli to this 

toxicant was reduced at higher test temperatures in both the biosensor and growth 

assay. Substrate solution composition (10 mM glucose or the mixed substrate 

solution) and temperature were found to have a significant interactive effect on E. 

coli sensitivity to 3,5-DCP and formaldehyde. 

The sensitivity of the E. coli biosensor and growth assays to the three toxicants 

differed; as did the sensitivity of the bioluminescence and trypan blue assays used 

with the BF-2/lucl cells. More interestingly, the effect of temperature on the 

sensitivity ofE. coli and the BF-2/lucl cells to formaldehyde differed depending 

on the bioassay being used. This indicates that the toxic effects of formaldehyde 

on some aspects ofcellular activity were affected by temperature change in a 

different way to the toxic effects of the compound on other aspects ofcellular 

activity. 
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8.2.3 The effect of temperature on E. coli sensitivity to phenolic toxicants 

This work built on the data from the previous section, which indicated that 

increases in E. coli metabolic activity had a protective effect against 3,5-DCP, by 

investigating whether similar effects were seen with other phenolic respiratory 

toxicants. The data gathered in this part ofthe study showed that E. coli 

metabolic status had a pronounced influence on its sensitivity to the phenolic 

compounds tested in these assays. However the effect of increasing temperature 

on E. coli sensitivity to the phenolic compounds varied with the mode of action of 

the toxicants. E. coli sensitivity to narcotics was reduced at increased 

temperatures, whilst its sensitivity to uncouplers of oxidative phosphorylation was 

generally increased at higher temperatures. 

The methylene blue assay demonstrated that E. coli increased its redox activity in 

response to the presence of low concentrations of toxicants, in a hormetic 

response that appeared to take place at the expense of cell growth. Both the 

increases in methylene blue reduction rate and decreases in growth rate were more 

pronounced at 15°C than 35°C, suggesting that E. coli at lower temperatures 

needed to make greater changes in their activity to withstand the effects ofthe 

toxicants than E. coli at 35°C. Overall the changes in the redox activity and 

growth rate of the cells appeared to represent an adaptive response to the presence 

ofthe toxicants, with cells diverting energy away from growth towards protecting 

themselves from toxicants. 

Both quantitative and qualitative differences in the substrate solutions supplied to 

E.coli were found to have an effect on the responses of the cells to the phenolic 

toxicants, via their influence on E. coli metabolic activity. The lower sensitivity 

ofE. coli to 3-CP, PCP and 2,4-DNP when cells were supplied with 15 mM rather 

than 10 mM glucose substrate solution, indicated that substrate solution 

concentration influenced E. coli sensitivity to phenolics. The interactive effect of 

temperature and substrate solution composition on E. coli sensitivity to the 

phenolics was found to be related to qualitative differences in the composition of 
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the 10 mM glucose and mixed substrate solutions. An interactive effect of 

temperature and exposure time on E. coli sensitivity to these toxicants was also 

found when the cells were supplied with the 10 mM glucose solution. The 

influence ofqualitative differences in substrate solution composition on cell 

metabolic rate is likely to be a result of the advantages to cells of utilising 

mixtures of sugars. Simultaneous utilisation ofmultiple sugars is thought to allow 

cells to make more efficient use of the energy available to them (Babel et al. 

1993), allowing them to respond more effectively to toxicant exposure. Both 

increased temperature and improved substrate solution composition were 

associated with increases in the metabolic rate of E. coli, and decreases in the 

sensitivity of this bacterium to toxicants. This suggests that the reduced 

sensitivity of the cells was related to the influence of temperature and substrate 

solution composition on the metabolic activity ofE. coli. 

Freeze drying ofE. coli on biosensors was found to reduce its sensitivity to the 

phenolic compounds, and also to change the way in which temperature inf1.uenced 

its vulnerability to the toxicants. Freeze dried microbial cells are widely used in 

toxicity testing (Richarson et al. 1991, Evans et al. 1998, Schmitz et al. 1999, 

Radix et al. 2000, Dewhurst et al. 2002) as they are very convenient to use; cells 

can be stored for several months and then simply resuscitated before being used. 

However, the data from this study demonstrates that the effects of changes in 

environmental conditions, such as temperature, on the sensitivity of freeze dried 

cells to toxicants will not necessarily reflect the responses of non frozen cells to 

the same changes in environmental conditions. 

8.2.4 Analysis of the interaction between E. coli and 3,5-DCP using 

impedance spectroscopy 

Both temperature change, and exposure to 3,5-DCP are known to influence 

bacterial membrane physiology, and so it was of interest to investigate the 

combined effects of temperature and DCP on.the status of the membrane. 

Impedance spectroscopy specifically measures changes in the plasma membrane 
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ofcells, and in particular changes to plasma membrane integrity. This method, 

which has not previously been used in investigations of temperature/ toxicity 

interactions in microbial cells, was successfully used to measure the effects of3,5-

DCP on suspensions ofE. coli .. 

A small but significant effect of 3,5-DCP on the conductivity of suspensions of E. 

coli was detected using the impedance assay. Temperature also had a statistically 

significant effect on the conductivity of cell suspensions. However, no significant 

effect of temperature on the interaction between 3,5-DCP and E. coli was 

detected. The absence of a significant effect of temperature on E. coli sensitivity 

to 3,5-DCP in this assay was unexpected, as E. coli sensitivity to this toxicant in 

the biosensor and methylene blue assays was affected by temperature. This could 

be interpreted as indicating that it is the influence oftemperature on the metabolic 

status ofthe cells, rather than any temperature effects on cell membrane 

physiology, that is responsible for the temperature dependence ofE. coli 

sensitivity to 3,5-DCP. 

8.3 Conclusions 

This research has provided new information on two aspects of the interaction 

between temperature, toxicants, and bacterial cells. Firstly, temperature induced 

changes in the sensitivity ofE. coli to toxicants have been directly linked to 

temperature induced changes in their metabolic activity for the first time. 

Additionally, it has been shown that the responses ofE. coli to narcotic toxicants 

are energetically costly to the cells, requiring energy to be diverted from cell 

growth towards the maintenance of cell respiratory activity. The energetic costs 

of bacterial responses to sub lethal toxicant doses have not previously been 

investigated in any detail. 

By comparing the effects of temperature and toxicants on the metabolic activity of 

bacterial cells it was possible to link temperature induced changes in E. coli 

metabolic rate to changes in its sensitivity to toxicants. No previous studies of 
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temperature / toxicant effects on bacterial cells have been based on assays 

measuring the overall metabolic activity ofbacteria. E. coli biosensor assays 

demonstrated that the effect of temperature on E. coli sensitivity to formaldehyde 

and four narcotic toxicants could be related to the effects of temperature on E. coli 

metabolic activity (Section 5.2 and 6.2). 

The biosensor experiments comparing cells utilising different substrate solutions 

provided further evidence for the importance of E. coli metabolic activity in 

determining i) its sensitivity to toxicants; ii) the effect of temperature change on 

its sensitivity to toxicants. The lower sensitivity ofE. coli to all the toxicants 

when supplied with substrate solutions that supported a higher metabolic rate 

demonstrated the first of the above points. The statistically significant 

interactions between substrate solution composition and temperature on E. coli 

sensitivity to toxicants provided evidence of the second. This approach of 

comparing E. coli that had been cultured and harvested under the same conditions, 

and, except for the differences in substrate solution, treated identically during the 

assays was particularly useful. Any differences in the behaviour of the cells could 

be linked to the differences in the composition of the substrate solutions supplied 

to them. As substrate solution composition had a significant influence on the 

metabolic activity ofE. coli (Section 4.2.1 ), differences in the sensitivity to 

toxicants of cells utilising the different substrates could be linked to their 

metabolic activity. 

The influence ofE. coli metabolic activity on its sensitivity to toxicants is likely 

to be related to the energetic costs imposed on cells by toxicant exposure. These 

costs can result from cellular attempts to compensate for the damaging effects of 

toxicants, such as repairing sublethal damage (Sokolova 2004), or from defence 

activity such as compound detoxification (Willows 1996, Bains and Kennedy 

2004). Whilst energy dependent responses to toxicants in eukaryotes have been 

investigated in some detail (Smolders et al. 2003,), they have not been 

investigated in prokaryotes. In eukaryotes, sublethal toxicant exposure has been 

shown to be associated with increases in the respiratory rate ofthe cells (Bains 
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and Kennedy 2004, Sokolova 2004) indicating that cells and organisms must 

increase their energy production to sustain their activity in the presence of 

toxicants. Only indirect evidence that bacterial cells increase their respiratory 

capability in response to toxicant exposure has previously been reported. 

Exposure to stressors including toxicants has been shown to induce an increase in 

the production of glycolytic enzymes by E. coli (Browne and Dowds 2001 ), and 

bacteria exposed to the respiratory toxicant 5-cyano-2,3-ditolyl tetrazolium 

chloride have been reported to shift their glucose utilisation towards respiration 

rather than growth (Ullrich et al. 1996). 

The methylene blue assay data clearly showed that exposure to sublethal 

concentrations of the narcotic toxicants resulted in a dose dependent increase in 

the redox activity ofE. coli, reflecting an increase in the respiration rate of the 

cells. This is consistent with the increases in respiration rate reported in eukaryote 

cells (Bains and Kennedy 2004). Furthermore, it was shown that increases in the 

redox activity of the cells were associated with decreases in cell growth rate, with 

the greatest increases in redox activity generally associated with the biggest 

decreases in cell growth. This strongly suggests that the increased levels of cell 

respiratory activity were sustained at the expense of cell growth. This agrees with 

the report ofUllrich et al. (1996) that E. coli shifts its energetic resources towards 

respiration when exposed to respiratory toxicants. Overall the data indicates that 

exposure to narcotics imposes an energetic cost on E. coli which is met by 

increasing cell respiratory activity at the cost of cell growth. 

The combined data from biosensor and methylene blue assays indicates that the 

increased metabolic activity ofE. coli at 35°C (compared to 15 or 25°C) enabled 

these cells to sustain their activity despite exposure to narcotic toxicants. The data 

from the methylene blue assay showed that the changes in both the redox and 

growth rate ofE. coli in response to toxicant exposure were significant smaller at 

35°C than at 15°C. This suggests that the cells tested at 35°C were better able to 

cope with the energetic costs imposed by toxicant exposure than cells tested at 
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15°C, most probably reflecting the higher metabolic rate, and therefore greater 

energy production, ofE. coli at this higher temperature. 

It is important to remember that in the interactions between temperature, toxicants 

and bacterial cells, temperature will affect both the cells and the toxicants. This is 

likely to be the reason that the increased metabolic rate ofE. coli at higher 

temperatures only reduced its sensitivity to some of the toxicants used in this 

study, whereas the increased metabolic rate of the cells due to differences in 

substrate solution composition decreased their sensitivity to all of the toxicants. 

As temperature increases, the rate at which toxicants enter the cells and react with 

cellular components (Boucher 1975, Foulkes et al. 2000), and poikilotherm 

vulnerability to particular forms of damage, such as oxidative stress (Smimova et 

al. 2001) also increase. The effect of increasing temperature on cell sensitivity to 

a given toxicant is therefore likely to reflect a balance between any increase in the 

ability of cells at higher temperatures to cope with the energetic costs of toxicant 

exposure, and the increase in the ( energetically expensive) damage caused by the 

toxicant. A protective effect of increased metabolic activity will only be seen if 

the former is greater than the latter. 

8.3.1 Further points for discussion 

This research also demonstrated the value of using more than one endpoint to 

investigate the effects of temperature on poikilotherm sensitivity to toxicants. No 

previous studies investigating the temperature toxicity interaction have used more 

than one assay endpoint (Section 1.2.5). The importance ofusing a range of 

endpoints is demonstrated by the fact that in both the E. coli based assays and 

those using the BF-2/lucl cells, the effect of temperature on the sensitivity of the 

cells to at least one ofthe toxicants tested varied between the different assay 

endpoints. The methylene blue assay is a particularly good example of the 

usefulness ofcomparing the effects of toxicants ( and temperature) on more than 

one aspect of cellular activity. An interpretation of either the results from the dye 

reduction assays, or the growth assay, in isolation would not have yielded the 
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same conclusions as the comparison of the two. In particular, analysis based 

solely on the grm,vth assay would have overestimated the toxicity of all the 

phenolic compounds. 

The impedance technique also showed promise as a method of following the 

effects of toxicants and temperature on microbial cells. This technique, which 

was applied to investigations of temperature effects on cell sensitivity to toxicants 

for the first time in this study, has several advantages. It is a rapid and non 

invasive method ofmeasuringtoxicant effects on the membrane, and has the 

additional advantage ofnot requiring the addition ofany chemicals such as 

mediators or dyes. Further work is needed to develop the technique. 

In general, this work supports the recommendation of Pill et al. (1991) that to 

attempt to understand the interaction between toxicants and cells it is necessary to 

measure the effects of toxicants on more than one aspect of cellular activity. This 

may be particularly important in studies examining the effects oftemperature on 

cell sensitivity to toxicants. Differences between the temperature associated 

trends in the sensitivity ofdifferent endpoints might aid interpretation of the 

interaction between the toxicant and cells. 

It was hoped that the data from the first part of this study would allow a 

comparison between the responses of cells of different metabolic types to the 

combined effects oftemperature and toxicants. However, temperature induced 

changes in metabolic activity were only found to influence cell sensitivity to 

toxicants in the assays with E. coli. The absence of any clear effects ofmetabolic 

rate on the sensitivity of the ASBC or BF-2/lucl cells to toxicant exposure at 

different temperatures means it is difficult to make comparisons between the three 

types of cells. The data from E. coli, discussed above, suggests that for metabolic 

rate to have an influence on cell sensitivity to toxicants it must: 

i) be providing the cells with sufficient energy to allow them to 

compensate for the harmful effects of toxicant exposure 
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ii) increase sufficiently with increasing temperature to compensate for the 

potentiating effects oftemperature on toxicants. 

Given these requirements, it is possible to speculate that the reasons the metabolic 

activity of the ASBC did not appear to influence the sensitivity ofthese cells to 

toxicants are related to the nature of their metabolism. Chemolithotrophic 

metabolism is less efficient than heterotrophic metabolisms, and has a lower 

energy yield (Prosser 1989). Additionally the effects of increasing test 

temperature on the ASBC metabolic rate were extremely limited (Section 4.2.2). 

8.4 Future work 

This investigation raises a range of areas for further research. Firstly, the role of 

bacterial metabolic activity in determining their sensitivity to toxicants at different 

temperatures needs to be investigated further. This study demonstrated that the 

sensitivity of the heterotrophic species E. coli to the combined effects of 

temperature and toxicant exposure was influenced by changes in its metabolic 

rate. A similar effect was not found for the chemolithotrophic cells assayed 

within the ASBC. It would be very interesting to determine whether the effects of 

temperature on the metabolic activity of other heterotrophic bacteria influenced 

their sensitivity to toxicants in a manner similar to that seen with E. coli. 

It would also be interesting to repeat this work using bacteria which are important 

in environmental processes such as nutrient cycling, or the degradation of waste. 

Whilst E. coli proved a very useful model organism in this research, its use does 

have disadvantages. It is not an environmentally relevant species, and in its 

natural habitat of the mammalian intestinal tract (Neidhardt et al. 1990), it is 

unlikely to be exposed to toxicant concentrations of the kind used in this study. 

From an environmental perspective it would be useful to know how temperature 

affects the sensitivity of environmentally relevant organisms, supplied with 

environmentally realistic levels ofnutrients. 
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The suggestion that E. coli is capable of an adaptive response to short-term 

toxicant exposure and that temperature influences the efficacy of this response 

(Section 8.2.3) would be particularly interesting to investigate fw.ther. Such a 

response would be beneficial to microbial cells in natural environments, as 

toxicant exposure in such environments is often intermittent (Chapman 2000). 

Cells which were able to withstand toxicants for short periods would be in a 

position to recover rapidly once the toxic stress was gone. It would be 

particularly interesting to test whether E. coli were able to recover from 6 h 

exposure to toxicant doses that inhibited its growth, but not its respiratory activity, 

and what effect temperature had on any such recovery. In particular, temperature 

might be expected to influence the ability of the cells to resume growth once the 

toxic stress was removed, as stressed cells are unlikely to grow at sub- or 

supraoptimum temperatures. An additional area for study would be the effect of 

temperature on the length of time for which E. coli were able to withstand 

toxicant exposure, and still recover once the toxic stress was removed. 

The observation that freeze dried E. coli biosensors respond differently to the 

combined effects of temperature change and toxicants than freshly cultured E. coli 

raises interesting questions about the effects of freeze drying on the cells, 

something about which relatively little is known. As many bacterial toxicity 

assays are based on freeze dried cultures of cells it is important to understand how 

freeze drying influences the way such cells respond to environmental stressors 

such as toxicants. Achieving this understanding requires further study to 

determine how the freeze drying process affects the responses ofmicrobial cells to 

changes in their environment, toxicant exposure, and the combined effects of 

these factors. At the minimum this would require an understanding ofthe 

influence of freeze drying on cell physiology and on cellular processes such as 

respiration. For longer assays, such as those based on growth, an understanding 

of the effects of freeze drying on processes such as protein synthesis and DNA 

replication could also be necessary. 

180 



Finally, further development ofthe impedance spectroscopy assay, with the aim 

of improving its sensitivity, and also working with compounds which act against 

the membrane, would be useful. 
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