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ABSTRACT
Escherichia coli has evolved in environments which may commonly be acidic and thus
developed adaptive mechanisms to minimise acid-induced damage. It has previously
been observed that adapted bacteria to moderately acidic conditions can grow in media
considerably below their optimum growth pH. To explain this phenomenon, a
hypothesis which suggested that diffusible molecules (alarmones) may serve as early
warning systems of acidic conditions was proposed. Alarmones are thought to be
produced upon exposure to mildly-acidic conditions. They then diffuse in the
environment and elicit a protective response against acid in recipient cells. The
protective activity of those putative alarmones against lethal acid was investigated. The
main aim of this project is to determine the mode of action of those alarmones at the
molecular level. Preliminary experiments confirmed acid resistance conferred by
alarmones to populations of E. coli C600. The stability of those alarmones at different
temperatures and following proteinase K treatment was investigated. Moreover,
investigations into whether alarmones are autoinducer-2 (AI-2) molecules and whether
alarmones increase the percentage of persisters in an E. coli population were undertaken.
Subsequently, microarray analyses of both alarmone-induced and non-induced cultures
were performed to reveal E. coli genes induced by alarmones. Moreover, proteomic
studies using two-dimensional gel electrophoresis were conducted to reveal proteins
induced by alarmones. Supernatants from alarmone-induced cultures conferred
statistically significant protection (p<0.01) on recipient cultures against lethal acid
(pH3). Alarmones were inactivated by heat (60oC) and by proteinase K. The
autoinducer-2 (AI-2) assay revealed that alarmones are not AI-2 molecules. In addition,
alarmones did not increase the percentage of persisters. In order to elucidate potential
mechanisms for alarmone-mediated protection, the genomic expression and protein
induction of alarmone-induced cells using microarray analysis and two-dimensional gel
electrophoresis, respectively, were performed. Two-dimensional gel electrophoresis of
transduced cultures indicated that around 13 proteins were induced in the alarmoneprotected populations of E. coli C600. Mass-spectrometric analysis revealed that these
alarmone-inducible proteins include the acid stress chaperone HdeB and the DNAbinding transcriptional dual regulator, H-NS which plays an important role in stress
adaptation. Microarray analyses of transduced cultures indicated that 671 open reading
frames (ORFs) were significantly differentially expressed between alarmone-protected
and control populations (p<0.05). 508 ORFs were upregulated in the induced cells
including 10 genes related to acid-resistance and 36 different genes related to multidrug
efflux system proteins whereas 163 ORFs including the autoinducer-2 system were
downregulated. E. coli releases diffusible signalling compounds which mediate
adaptation to acid stress of recipient cells. Microarray and proteomic data show that two
acid fitness island genes (hdeB and hdeD) and three genes that encode the antiporters of
the three amino-acid-dependent acid resistance mechanisms (gadC, adiC and cadB)
were among the upregulated genes. This work confirms that there is communication
between bacterial cells in general and warning messages amongst E. coli C600 cells in
particular in the presence of stress.
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Chapter 1 General Introduction
1.1

Introduction

Bacteria face fluctuations in environmental factors that may have a direct effect on
microbial growth. Examples of such factors include temperature, pH, water, oxygen and
nutrient-availability. pH fluctuations in the environment are common. As well as acidic
products released during bacterial primary metabolism, bacteria may be exposed to acid
effluents from artificial sources such as sewage, acid rain and by products of agricultural
activities (Rowbury et al., 1989). Moreover, acidic environments are common in the
stomach, the large intestine and within the phagosomes (Lee and Gemmell, 1972, Jensen
and Bainton, 1973).
In addition to acidic conditions, bacteria often become exposed to alkaline pH
conditions. The latter may derive from entry into water courses of wastes from chemical
disposal, especially those containing ammonia or other alkaline materials (Rowbury et
al., 1989). Moreover, some foods such as egg white or exposure to certain stages of food
processing can present alkaline conditions for contaminating enterobacteria (Humphrey
et al., 1991). In addition, infecting microorganisms can be subjected to alkalinity in the
small intestine, the distal colon, and in the phagolysosome (Segal et al., 1981).
Temperature can also have direct effects on bacterial growth and survival. It is one of
the major stresses that all living organisms have to face. The heat-shock response in
bacteria, especially E. coli has been extensively studied, as have cold-shock responses
(Phadtare, 2004). Bacteria may face temperatures above their optimum for growth or
survival due to changes in weather conditions for example. Increased temperatures
(>35°C) and/or low temperatures (<10°C) are common in some parts of the world. In
addition, bacteria can face low/high temperatures when food is refrigerated or heated.
Thus, environments that surround microorganisms are continuously changing. These
changes may affect microbial growth and survival. Hence, microorganisms have evolved
mechanisms that can help them adapt to these environmental variations.
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1.2 Effects of environmental variables on microbial growth
Physical and chemical conditions of the environment can significantly affect activities
and growth of microorganisms. When faced with harsh conditions, bacterial growth
slows down and may stop. This is accompanied by cessation of several physiological
processes such as RNA translation and protein synthesis. Examples of environmental
factors that affect these processes include temperature, pH, water-availability and
oxygen.

1.2.1 Temperature
Each microorganism has minimum and maximum temperatures beyond which growth
cannot occur (Ratkowsky et al., 1982). An organism’s minimum growth temperature is
dictated principally by the fluid state of the cytoplasmic membrane (Hazel and Williams,
1990). The cytoplasmic membrane is a lipid bilayer that is composed of phospholipids,
glycolipids, fatty acids and various proteins. Low temperatures lead to increased rigidity
of an organism’s cytoplasmic membrane, decrease in saturated fatty acids and increase
in the unsaturated ones. Thus, cellular functions such as nutrient transport and
developing a proton motive force will be affected (Abbas and Card, 1980, Hazel and
Williams, 1990). As temperature increases, the rates of cellular chemical and enzymatic
reactions become faster with the growth being fastest at the optimum temperature.
However, above a certain temperature, some proteins may become reversibly and/or
irreversibly denatured. Hence, cell functions fall considerably to zero (Ratkowsky et al.,
1983, Denich et al., 2003).
With regard to temperature optima, microorganisms can be classified into three groups
(Figure 1.1). The first group consists of psychrophiles with low temperature optima
(Ingraham, 1958). This group of microorganisms are found in unusually cold
environments such as the fridge (Brenchley, 1996), polar regions, at high altitudes and in
the depths of the oceans (Baross and Morita, 1978, Herbert and Bhakoo, 1979, Price,
2000, Deming, 2002). Enzymes that are present in psychrophiles function optimally in
the cold and are generally inactivated at moderate temperatures (Greene and Jezeski,
1954, Baig and Hopton, 1969, Siddiqui and Cavicchioli, 2006). This type of enzymes
has greater amounts of α-helix secondary structures and lesser hydrophobic amino acids
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whereas β-sheet structures are less abundant, compared to non-psychrophilic enzymes.
α-helix structures generally allow more flexibility of proteins in the cold. In addition,
cold-active enzymes have decreased levels of weak bonds and minimal interactions
between their domains. These features also favour protein flexibility (Zavodszky et al.,
1998, Feller and Gerday, 2003).

Figure 1.1: Temperature range for several types of bacteria

The second bacterial group consists of mesophiles with mid-range temperature optima.
Mesophiles are generally present in warm-blooded animals, terrestrial and in aquatic
environments in moderate and tropical latitudes (Henriksen, 1976). Escherichia coli for
example, is a mesophile with an optimum growth temperature of 39°C, a maximum
growth temperature of 48°C and a minimum of 8°C (Ingraham, 1958, Mohr and
Krawiec, 1980).
The third group, termed thermophiles have high temperature optima and are found in hot
environments such as hot springs, geysers and deep-sea hydrothermal vents (Zeikus,
1979, Kristjánsson and Hreggvidsson, 1995). Thermophiles are capable of growing at
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macromolecules (Marguet and Forterre, 1994). The thermostable enzymes have
characteristic amino acid sequences that are different from that of heat-labile forms of
the enzymes that catalyse the same reactions in mesophiles (Argos et al., 1979, Cannio
et al., 1994). In addition, an increased number of ionic bonds between positive and
negative charges of the various amino acids of the thermostable enzymes contributes to
the thermostability of those enzymes (Singleton and Amelunxen, 1973). Moreover, the
interior of the proteins that are densely packed and highly hydrophobic helps the
enzymes resist unfolding in the aqueous cytoplasm (Fontana, 1988). The membranes of
thermophiles have lipids that are generally rich in saturated fatty acids thus creating a
stronger hydrophobic environment and making the membranes more stable at elevated
temperatures (Amelunxen and Murdock, 1978).

1.2.2 pH
pH is a measurement of acidity or alkalinity of a solution. It is a logarithmic function
where a change of 1 pH unit corresponds to a 10-fold change in hydrogen ion
concentration (McGlashan, 1979). Each microorganism has a well-defined pH optimum
and is, therefore, able to grow within a distinct pH range (Gale and Epps, 1942). Most
natural environments have pH values between 5 and 9 and most microorganisms have
optimal pH in this range. Rarely, organisms grow at pH lower than 2 and others at pH
higher than 9 (Langworthy, 1978). The former group are known as acidophiles such as
the acidophilic, thermophilic archaeon Picrophilus oshimae which can grow optimally at
pH 0.7 (Harrison, 1984, Schleper et al., 1995, Van de et al., 1998) whereas the latter are
known as alkalophiles which include the alkaliphilic bacterium Bacillus firmus that
grows optimally at pH 10.5 (Krulwich and Guffanti, 1989, Guffanti and Hicks, 1991).
Acidophiles are defined as microorganisms that have a pH optimum for growth at (or
below) pH 3.0 (Noris and Johnson, 1998). Extremely acidic environments can occur in
nature because they may result, for example, from microbial dissimilatory oxidation of
elemental sulphur, reduced sulphur compounds, and ferrous iron. These oxidative
processes generate protons (Razzell and Trusell, 1963, Gale and Beck, 1967,
Schnaitman et al., 1969). Acidic environments can also result from human activity such
as mining sites of metals and coal (Johnson, 1998). The main factor that contributes to a
microorganism’s ability to grow in acidic or basic environments is the stability of the
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cytoplasmic membrane (Krulwich and Guffanti, 1983). Acidophiles, for example, have
highly impermeable cell membranes and a high proportion of secondary transporters
(Baker-Austin and Dopson, 2007). Moreover, acidophiles may have stronger proton
pumps in their membranes, compared to neutrophiles or may have lower membrane
proton permeability (Schleper et al., 1995).

1.2.3 Water-availability
Water activity (aw) represents the ratio of the vapour pressure of the air in equilibrium
with a substance or solution to the vapour pressure of pure water. Values of aw vary
between 0, which is dryness and 1 which represents 100% humidity (Scott, 1957). When
bacterial cells are placed in an environment that has a low water activity, water flows out
of the cells resulting in either death or dehydration and dormancy (Mugnier and Jung,
1985). Most microorganisms can not cope with environments of low water activity.
There are, however, cells that can tolerate moderately-reduced aw of their environment.
These are known as halotolerant organisms such as Staphylococcus aureus and some
types of yeasts. There are other microorganisms that can live in habitats with high
concentrations of salts such as seawater (3% NaCl). These organisms are termed
halophiles. Examples of halophiles include Vibrio fischeri. Extreme halophiles such as
Halobacterium salinarum require 15-30% NaCl for optimum growth (Magrum et al.,
1978). Microorganisms that are able to grow in dry environments are known as
xerophiles and this group includes Xeromyces bisporus (Dallyn and Everton, 1969).
One of the best understood mechanisms by which organisms grow under conditions of
low water activity involves increasing the internal solute concentration to counteract the
external situation. This increase results in water influx to the cell and is achieved by
either pumping inorganic ions into the cell from the environment or concentrating or
even synthesising an organic solute. The solutes that help adjustment of water activity
must be water soluble (Brown, 1976). Examples of such solutes include glycine, betaine
and trehalose (Larsen et al., 1987).

1.2.4 Oxygen
Oxygen is an oxidant which commonly acts as the terminal electron acceptor in
respiration (Russell et al., 1962). Microbes can be classified as aerobes or anaerobes
26

depending on their requirements or sensitivity to molecular oxygen (Cowles and Rettger,
1931). Aerobes can grow in environments containing oxygen and respire oxygen in their
metabolism (Smith and Johnson, 1954) whereas anaerobes can not use oxygen as they
lack superoxide dismutase which detoxifies the toxic forms of oxygen (Decker et al.,
1970). Many aerobes are facultative i.e., can grow under either oxic or anoxic conditions
whereas others are obligate aerobes which are inhibited or even killed by the absence of
O2 such as Micrococcus luteus (Madigan and Martinko, 2006). Anaerobes can not
respire oxygen and are usually found in anoxic microbial habitats such as the deep
subsurface of earth, mud and intestinal tracts of animals (Moore et al., 1969). Anaerobes
can be divided into two types: aerotolerant anaerobes that can tolerate oxygen and grow
in its presence and obligate anaerobes which are inhibited or even killed by O2 (Hungate,
1950, Avakian et al., 1970). Aerobic death is reportedly caused by DNA lesions that are
known to have an important physiological impact on the cells (Imlay, 2002). It could
also be due to the presence of toxic forms of oxygen such as superoxide anions,
hydrogen peroxide and hydroxyl radicals. Enzymes that destroy those toxic forms of
oxygen have evolved to help cells survive. Examples of such enzymes include catalase
(Herbert and Pinsent, 1948), peroxidase and superoxide dismutase (Callow, 1926). The
latter counteract the detrimental effects of hydrogen peroxide against cells (Madigan and
Martinko, 2006).

1.2.5 Presence of toxic agents
Bacteria may commonly encounter cellular toxins that may be naturally occurring or
synthetic. Examples of such agents include antibiotics, digestive enzymes, biological
detergents and host-defence proteins. Several distinct transporters located in the inner
membrane allow cells to export such substances. These transporters were divided into
five families (Paulsen et al., 2001, Saier and Paulsen, 2001). i) the ATP-binding cassette
(ABC) transporters that use ATP as an energy source; ii) the major facilitator
superfamily (MFS); iii) the small multidrug resistance (SMR) family; iv) the resistance
nodulation cell division (RND) family and iv) the multidrug and toxin extrusion
(MATE) family. The latter four families use proton motive force as an energy source
(Brown et al., 1999, Paulsen et al., 2001).
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The effect of the physicochemical variables mentioned above on the growth of
microorganisms is of relevance to the food and drug industry. Water-activity,
temperature, pH and oxygen directly affect the shelf life of food and pharmaceutical
products. The prevention of food spoilage and contamination of pharmaceutical products
is achieved through several methods of preservation which include salting, canning,
refrigeration, freezing and the use of preservatives. Using these methods prolongs the
shelf-life of food and medicines by preventing the growth of bacteria.

1.3 Bacterial adaptation to changes in environmental factors
1.3.1 General stress response in Escherichia coli
As indicated above, microorganisms tolerate and constantly respond in a dynamic
manner to fluctuations in environmental factors that can affect their growth to different
extents depending on the particular species or strain. When the limits of those
environmental factors that can be tolerated are reached and exceeded, a response in the
microorganisms occurs. This response varies from loss or inactivation of surface
components, endocellular constituents and metabolic activities

to loss of viability

through programmed cell death (Strange, 1976).
It is not possible to have a general definition of stress as the perception of a stressful
situation is highly dependent on the individual cell (Strange, 1976). As a working
definition however, stress can be any deviation from optimal growth conditions which
results in a reduced growth rate (Storz and Hengge-Aronis, 2000).
Stress severity can be different levels namely minor, severe, extreme and lethal stress.
Under minor stress, growth of cells usually continues at nearly the same rate and cells
adapt to the new conditions. Under severe stress, the growth rate may become reduced
and cells can still adapt and proliferate. Under extreme stress, growth may stop and cells
adopt various survival strategies. Finally, under lethal stress, responses that result in the
sacrifice of many cells, but may increase the survival of the population, are activated
(Storz and Hengge-Aronis, 2000). One of these responses is the general stress response.
The latter helps bacteria survive fluctuations in the natural environment, persist in foods
and may contribute to their pathogenicity in humans. It is generally induced during
carbon starvation or entry into stationary phase (Eymann and Hecker, 2001).
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The general stress response in Escherichia coli involves changes in cellular physiology
and morphology (Hengge-Aronis, 1996b) which maximise survival of the cells by
increasing cellular stress resistance thus reducing further cellular damage. The general
stress response is triggered by various conditions such as nutrient limitation, acidic pH,
increased temperature, oxidative stress and osmotic stress (Hengge-Aronis, 1996b).
These environmental conditions cause accumulation of a sigma subunit of RNA
polymerase known as RpoS (σs). RpoS plays an important role in the regulation of the
stress response through controlling genes that confer stress tolerance and others that
bring about structural and morphological changes (Lange and Hengge-Aronis, 1991b,
Loewen and Hengge-Aronis, 1994). The regulation of RpoS has also been subject to
extensive research. Gene expression that induces σs and σs-dependent genes is brought
about by different stresses such as entry into stationary phase (Lange and HenggeAronis, 1991b, Weichart et al., 1993, Schellhorn et al., 1998), high osmolarity (HenggeAronis, 1993, Hengge-Aronis, 1996a, Muffler et al., 1996), non-optimal temperature
(Muffler et al., 1997) or acidic pH (Lee et al., 1995). These stresses act independently at
different stages.
Another important feature of the general stress response is cross-protection from one
strain to another or from one species to another (Hengge-Aronis, 1993, Hengge-Aronis,
2000). When cells enter stationary phase due to carbon starvation, they become
protected against oxidative stress and heat shock (Jenkins et al., 1988).

1.3.2 The sigma factor “RpoS (σs)” and σs-controlled-genes
RpoS is encoded by the rpoS gene which belongs to the nlpD-rpoS operon. It is barely
present in rapidly-growing, wild-type E. coli cells but abundantly present in stationary
phase or stressed cells (McCann et al., 1991, Lange and Hengge-Aronis, 1991b). rpoS
mutants are susceptible to multiple stresses, die quickly in stationary phase and cannot
accumulate glycogen and trehalose (Lange and Hengge-Aronis, 1991a, Lange and
Hengge-Aronis, 1991b, Hengge-Aronis et al., 1991, McCann et al., 1991). The general
stress response may render bacterial cells stress-resistant so that further damage is
prevented rather than existing damage being repaired. It has been reported that various
σs-controlled genes enhance stress tolerance (Figure 1.2). On the other hand, the number
of σs-controlled genes that play a role in the repair mechanism is limited. Thus, σs is
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essential for stress resistance, survival but also pathogenicity through controlling some
virulence genes and biofilm formation (Adams and MacLean, 1999).

Figure 1.2: The general stress response. Various stresses activate the general stress
response by affecting either transcription, translation or proteolysis of the master
regulator σs (Hengge-Aronis, 2000).

1.3.2.1 Role of rpoS in thermotolerance
The cellular level of the σ subunit of RNA polymerase is significantly elevated in
response to heat shock (Muffler et al., 1997). Researchers found that the classical heat
shock, i.e., a shift in growth temperature from 30 to 42°C, accelerates growth. Therefore,
a reduction in growth rate is not common to all σs-inducing stress situations and thus
cannot be a unifying signal for all of these conditions (Muffler et al., 1997). σs induction
in response to heat shock is accompanied by an induction of σs-dependent genes such as
osmY and otsA (Muffler et al., 1997).
Both the σs and the σ32 regulons include chaperone genes and both contribute to various
aspects of thermotolerance (Lange and Hengge-Aronis, 1991b, McCann et al., 1991,
Hengge-Aronis et al., 1993). However, the structural genes essential for thermotolerance
have not yet been identified (Muffler et al., 1997). The σ32-mediated heat shock response
is a rapid emergency response directed specifically against the kind of cellular damage
caused by high temperature. Thermal regulation of σs and σs-dependent genes suggests
that the σs regulon may have a secondary function in heat adaptation. However, rpoS
30

null mutants normally develop adaptive thermotolerance against a potentially lethal
temperature (Hengge-Aronis et al., 1991). Therefore, the physiological function of the
induction of σs and σs-dependent genes upon heat shock is not yet apparent. The role of
σs induction is probably linked to cross-protection against other potentially lethal stress
conditions that may be relevant under the natural growth conditions of the bacteria but
that have not been tested under the usual laboratory conditions (Muffler et al., 1997).

1.3.2.2 Role of rpoS in acid tolerance
The mechanism which underlies σs-dependent acid resistance is not fully understood,
partially because it interlinks with σs-independent mechanisms. The σs partiallydependent glutamate and arginine systems (Figure 1.3) confer extreme acid resistance
(pH 2.5) to E. coli cells (Lin et al., 1995). Both the σs-controlled gadA and the σscontrolled gadB genes encode glutamate decarboxylases. Either one of those two
decarboxylases can function jointly with the glutamate/γ-aminobutyric acid (GABA)
antiporter which is encoded by gadC gene (Castanie-Cornet et al., 1999). Glutamate
decarboxylase consumes protons and forms GABA resulting in intracellular
alkalinisation (Foster, 2000). Similarly, the arginine decarboxylase-dependent system is
partially controlled by rpoS. It converts intracellular arginine to agmatine, consuming a
proton in the process (Lin et al., 1995; Lin et al., 1996). Moreover, another important
operon was found to be involved in acid resistance. This operon contains hdeA, hdeB
and hdeD genes. Both hdeA and hdeB encode two small periplasmic proteins of
unknown function whereas hdeD encodes a putative membrane protein (Waterman and
Small, 1996). In addition, more σs-dependent genes were found to be linked to acid
resistance. These genes are known as the regulatory genes gadX (yhiX) (Tramonti et al.,
2002), gadW (yhiW) (Ma et al., 2002), and gadE (yhiE) (Ma et al., 2003). These
regulatory genes in addition to the gadA gene are part of what is known as the fitness
island for acid adaptation” in E. coli (Hommais et al., 2004). Under certain conditions,
the regulators GadX and GadW are thought to play a complex and conditional
modulatory role in the expression of gadA, gadBC, and the hde genes, whereas GadE is
thought to be an essential activator for these genes (Ma et al., 2002, Ma et al., 2003,
Masuda and Church, 2003, Tucker et al., 2003, Hommais et al., 2004). These genes
were strongly σs-dependent during entry into stationary phase. However, their σs31

dependence was described as minor under acid stress conditions as revealed by
microarrays and reporter gene fusion analysis (Weber et al., 2005).

Figure 1.3: Acid survival responses in enteric microorganisms. The figure
represents a cell containing all the identified components of inducible acid
tolerance and acid resistance. Several amino acid decarboxylases such as the
glutamate decarboxylase, GadC antiporter system are induced by decreased internal pH
due to proton leak. These systems consume a proton during decarboxylation and then
exchange the decarboxylation endproduct for new substrate via a membrane-bound
antiporter. Moreover, low pH will increase the accumulation of at least three important
regulators; σs (RpoS), PhoP and Fur. These three regulators control different sets of acid
shock proteins (ASPs). The function of the ASPs is thought to include the prevention
&/or repair of acid-induced damage to macromolecules (Bearson et al., 1997).
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1.3.2.3 Role of rpoS in oxidative stress
σs-controlled genes that are related to oxidative stress encompass xthA, dps, gor, sodC,
katG and katA. xthA encodes exonuclease III which is involved in DNA repair (Demple
and Halbrook, 1983, Demple et al., 1983, Sak et al., 1989). dps, on the other hand,
encodes a histone-like protein that forms large clusters with DNA (Almiron et al., 1992).
Dps has a ferritin-like structure which helps in the protection against hydroxyl radicals
as the ferritin-like structure allows Dps to bind iron and so preventing the formation of
hydroxyl radicals via the Fenton reaction around the DNA region (Grant et al., 1998).
The other three genes that were also found to be under σs control are gor which encodes
a glutathione reductase (Becker-Hapak and Eisenstark, 1995), katA and katG which
encode two different catalases (Ivanova et al., 1992, Loewen, 1992). sodC is another σscontrolled gene involved in H2O2 resistance. It encodes a periplasmic superoxide
dismutase which may play a role in the protection of E. coli inside the host macrophages
against oxidative stress (Gort et al., 1999).

1.3.2.4 Role of rpoS in ethanol tolerance
The only σs-dependent gene that was found to increase ethanol resistance in bacteria is
mediated by the product of the uspB gene. The latter encodes a transmembrane protein
that may counteract the damaging effects of ethanol on the bacterial membrane
(Farewell et al., 1998). The mechanism of action of UspB is, however, unclear.

1.3.2.5 Role of rpoS in tolerance to high osmolarity
Two main σs-controlled operons involved in osmoprotection in E. coli have been
identified. The otsBA operon encodes the enzymes involved in the production of a
disaccharide trehalose (Kaasen et al., 1992, Hengge-Aronis et al., 1991). The
disaccharide trehalose serves as an osmoprotectant in E. coli (Strom and Kaasen, 1993).
It is important for desiccation resistance (Welsh and Herbert, 1999) and plays a trivial
role in thermotolerance (Hengge-Aronis et al., 1991). The second operon is partially σsdependent. It is known as ecp-htrE operon and is involved in thermotolerance and
osmotic resistance (Raina et al., 1993).
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1.3.3 Specific stress responses in E. coli
1.3.3.1 E. coli stress response to heat
The heat shock response has been extensively studied in E. coli (Cowing et al., 1985,
Bukau, 1993, Chuang and Blattner, 1993). It is a cellular protective and homeostatic
response to environmental stress which helps cells to cope with stress-induced damage
to proteins. The heat shock response induces a number of proteins known as heat-shock
proteins whose expression increases when cells are exposed to elevated temperatures or
other types of stress such as pH, osmolarity changes, ethanol and antibiotics (Lindquist
and Craig, 1988, Bukau, 1993). Heat-shock proteins consist of molecular chaperones
(proteins that assist polypeptides or RNA to fold properly) such as DnaK and GroEL and
ATP-dependent proteases such as Lon and ClpAP. The same proteins are also induced
by other types of stress such as ethanol and heavy metals. Heat-shock proteins play a
vital role in protein folding, assembly, transport, repair and turnover. The presence of
such proteins will eventually ensure maximum growth and survival when bacterial cells
are exposed to heat or other stresses (Gross, 1996, Georgopoulos et al., 1994, Bukau,
1993, Yura et al., 1993).

1.3.3.2 E. coli stress response to cold-shock
The cold shock response has been equally extensively studied in E. coli and Bacillus
subtilis (Graumann and Marahiel, 1996, Jones and Inouye, 1994, Graumann et al.,
1996). Cold shock induces cold shock proteins in bacteria. These proteins help
microorganisms overcome the damaging effects of rapidly reduced temperatures on
transcription and translation (Graumann and Marahiel, 1998). In E. coli, the major cold
shock protein is CspA (Yamanaka et al., 1998) which is presumed to function as an
RNA chaperone preventing the formation of secondary structures in RNA molecules,
thereby facilitating translation at low temperature (Yamanaka et al., 1998). Cold-shock
response is sensed by the following cellular thermosensors: the cytoplasmic membrane
(Sinensky, 1974), nucleic acids (Wang and Syvanen, 1992) and ribosomes (VanBogelen
and Neidhardt, 1990). The cold-shock response essentially brings about changes in the
fluidity of the cytoplasmic membrane. The latter changes from a liquid crystalline state
into a gel-phase state as the proportion of unsaturated fatty acids in the membrane
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increases. Phospholipids containing unsaturated fatty acids have lower melting points
and so a better flexibility than those containing saturated fatty acids (Sinensky, 1974).

1.3.3.3 E. coli stress response to oxidative stress
Oxidative stress occurs in conditions that involve increased levels of reactive oxygen
species (superoxide anion, hydrogen peroxide, hydroxyl radicals) or depletion of
antioxidant molecules. Reactive oxygen species can result from the auto-oxidation of
components of the respiratory chain (Imlay and Fridovich, 1991, Gonzalez-Flecha and
Demple, 1995). In addition, they can also result from exposure to radiation, metals,
redox-active drugs and from defence mechanisms developed by plants, microorganisms
and animals against bacterial invasion. The presence of reactive oxygen species leads to
damage of cellular components including the membrane, proteins and DNA (Storz and
Zheng, 2000).

The adaptive stress response to the chemical oxidant hydrogen peroxide (H2O2) was first
identified in E. coli (Demple and Halbrook, 1983). It was found that if mid-log phase E.
coli were treated with low doses of H2O2, they develop tolerance to lethal doses of this
strong oxidiser (Farr et al., 1985). Two-dimensional gel analysis of E. coli proteome
revealed that exposure to H2O2 induces the synthesis of approximately 40 proteins that
are thought to be involved in the protection of E. coli against lethal doses of H2O2
(VanBogelen et al., 1987).

1.3.3.4 E. coli stress response to oxygen deprivation
When oxygen is limiting, facultatively anaerobic prokaryotes utilise alternative energygenerating mechanisms such as anaerobic respiration (Unden and Bongaerts, 1997),
fermentation (Becker et al., 1997) or anoxygenic photosynthesis (Zeilstra-Ryalls et al.,
1998). These mechanisms become essential since O2 is no longer available as the
terminal electron acceptor. Mechanisms of sensing oxygen involve mainly three
cofactors; heme, flavins and Fe-S clusters (Rodgers, 1999, Gong et al., 1998, Beinert
and Kiley, 1999) and different types of oxygen sensory proteins such as the Dos protein
that was found to be a direct oxygen sensor (Delgado-Nixon et al., 2000).
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E. coli is a facultative anaerobe. During oxidative phophorylation, ATP is synthesised
while oxygen serves as the electron acceptor. In the absence of oxygen, alternative
electron acceptors such as nitrate, nitrite, fumarate, dimethylsulfoxide play this role
(Unden and Bongaerts, 1997).
A relationship between pH and oxygen has been determined by Hayes and his
colleagues (2006). pH was found to play an important role when oxygen became
unavailable. Under oxygen limitation, pH regulates metabolism and transport so as to
maximize alternative catabolic options while minimizing acidification or alkalinization
of the cytoplasm. In addition to pH regulation of catabolism, it also regulates
hydrogenases, multidrug transporters, and envelope composition in E. coli K-12 when
oxygen is limited in the environment (Hayes et al., 2006).

1.3.3.5 E. coli stress response to osmotic stress
Water availability is another environmental variable that can have a significant effect on
the survival and growth of microorganisms (Potts, 1994). Changes in the osmotic
gradient could result in either swelling/bursting of the cells in hypotonic environments
or dehydration under hypertonic conditions. Cells have to cope with these changes in
their environment by using countermeasures to retain a suitable cytoplasmic water
activity. Microorganisms may adjust the pressure of the cell contents against the cell
wall which is known as turgor using physiological and molecular mechanisms in order
to actively modulate the pool of osmotically active solutes in their cytoplasm and hence
allow the water content to be adjusted by osmosis (Kempf and Bremer, 1998, Poolman
and Glaasker, 1998, Wood, 1999).

1.3.3.6 E. coli stress response to nutrient limitation
Bacteria commonly exist under conditions of starvation in the environment (Morita,
1993). Research has shown that entry into the stationary phase of growth results in E.
coli cells having significant morphological and physiological differentiation in response
to starvation (Hengge-Aronis, 1996b, Huisman et al., 1996). In addition to
characterization of cellular changes and investigations into molecular mechanisms
taking place in the stationary phase, studies on the population dynamics of cultures
under long-term incubation conditions were performed (Lange and Hengge-Aronis,
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1991b, Lange and Hengge-Aronis, 1991a, Lenski et al., 1998). Three different regimens
were used: constant or batch culture, continuous incubation in chemostats and serial
transfer protocols (Lenski et al., 1998). Studies of the survival kinetics of different
microorganisms that were conducted in the late 1930s revealed that significant numbers
of viable cells were present even after a year and in some cases 2 years of incubation in
nutrient broth without addition of nutrients (Steinhaus and Birkeland, 1939). The cells
that remained viable during starvation time were proposed to possess distinct
mechanisms that enabled them to grow when nutrients become unavailable. These cells
are known as viable but nonculturable cells (Pommepuy et al., 1996).
During studies of long-term survival of E. coli in batch culture, it was found that cells
derived from a 10-day old culture would out-compete cells derived from a 1-day old
culture of the same strain. These cells from aged cultures exhibit a significant advantage
and eventually take over the culture. This is known as the growth advantage in stationary
phase phenotype (Zambrano and Kolter, 1993, Zambrano et al., 1993).

1.3.3.7 E. coli stress response to acid stress
Bacteria may encounter considerable decline in the pH of their environment (pHex) such
as inside the phagosome and the stomach. As a result, they have evolved mechanisms of
adaptation to minimise acid-induced damage. Examples of such bacteria include E. coli
and Salmonella enterica that have a remarkable ability to adapt to acid stress. They grow
in a pH media range between pH 5 and 8.5. If these cells are grown in moderate acidic
conditions and then tested for their pH adaptation, they show tolerance to an even wider
pH range in the acidic region and can grow in media below their optimum growth pH.
This ability to survive in an acidic environment is important in pathogenic states where
pH varies considerably (Rathman et al., 1996).
Adaptation to acidic environments involves housekeeping pH homeostasis by keeping
the cytoplasmic pH (pHi) at a constant level (Booth, 1985). Mechanisms of maintaining
pH homeostasis are related to cation-dependent proton flux (Padan et al., 1981, Booth
and Kroll, 1983). The membranes of most bacteria contain proton pumps that move
protons out of the cytoplasm. This generates the proton motive force which is a
transmembrane electrochemical gradient of protons (Mitchell, 1973). The magnitude of
proton motive force is relatively independent of pHex (Kashket, 1985) while the
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membrane potential and the transmembrane pH gradient (∆pH) have to change
considerably to maintain pH homeostasis (Zilberstein et al., 1979). When pHex is
neutral, a small inwardly directed ∆pH and a fairly large inwardly directed membrane
potential result (Padan et al., 1976). When pHex is acidic, a large inwardly directed ∆pH
and a small or even reversed membrane potential occur (Krulwich and Guffanti, 1983,
Zychlinsky and Matin, 1983, Michels and Bakker, 1985) and finally when pHex is
alkaline, a reversed ∆pH and a large inwardly directed membrane potential take place
(Guffanti et al., 1980, Krulwich and Guffanti, 1983, McLaggan et al., 1984). Overall,
microbial responses to acid stress are complex and interconnecting. They involve
networks of regulators and metabolic processes which help survival in an acidifying
environment.
1.3.3.7.1 Control of cytoplasmic pH
Two main factors cause alterations in pHi. These factors are movement of protons across
the cytoplasmic membrane and production of acids and bases in the cytoplasm (Booth,
1985). The passive and/or active (chemiosmosis) entry of protons in response to the
proton motive force may disrupt the regulation of cytoplasmic pH. Acidification of
cytoplasmic pH has damaging effects on biochemical reactions and macromolecular
structures. However, due to the characteristic impermeability of the lipid bilayer of the
bacterial membrane, protons do not move freely into the cytoplasm. Moreover, there is a
very specific control of ion flux through the protein complexes such as ATPases that are
present in the membrane (Raven and Beardall, 1980).

1.3.3.7.2 pH homeostasis in Gram-negative bacteria
Cytoplasmic pH is kept at a relatively constant level (pH 7.6 to 7.8) by enteric Gramnegative organisms even when the external pH changes (Rimon et al., 1995, Bijlsma et
al., 1998). This is achieved by the presence of proton pumps that either move protons
into the cell when external pH is alkaline or out of the cell when external pH is acidic.
There are two types of proton pumps that play a role in generation of pH gradients:
potassium-proton antiporters (Kroll and Booth, 1983) and sodium-proton antiporters
(Beck and Rosen, 1979). Generally and as part of housekeeping pH homeostasis, pH
controls the activity of a given porter, not its synthesis (Zilberstein et al., 1982, Foster
and Hall, 1991).
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Acid-adapted E. coli maintain cytoplasmic pH nearer to neutrality when put in extreme
acid environments than do non-adapted E. coli. In fact, it was found that adapted cells do
not allow protons to flow into the cell as easily as non-adapted cells do (Jordan et al.,
1999). However, the mechanism behind the acid-induced changes in proton flux is
unknown. In their study (Jordan et al., 1999), 2-dimensional gel electrophoresis revealed
the importance of the outer membrane protein OmpA whereby the ompA-deficient strain
was found to be significantly more sensitive to acid, both in stationary phase and in the
mid-exponential phase of growth. Thus, it was suggested that OmpA plays a role in
maintaining the integrity of the cell envelope which in turn protects cells from acidic
conditions (Jordan et al., 1999).
1.3.3.7.3 pH homeostasis in Gram-positive bacteria
Gram-positive microorganisms employ a different system of regulating cytoplasmic pH
to Gram-negative bacteria. In acidic conditions, Gram-positives use a mechanism where
the cytoplasmic pH is allowed to decrease along with the pH of the surrounding
environment. However, they need to maintain a ∆pH of 0.5 to 1 unit and the cytoplasmic
pH was found to be higher than the external pH value (Kashket, 1987). In Enterococcus
faecalis, it was found that protons were extruded via an FoF1 proton-translocating
ATPase, rather than antiporters (Kobayashi et al., 1982). An increase in the amounts of
the complex FoF1 proton-translocating ATPase was caused by a decrease in cytoplasmic
pH and hence enhanced acid tolerance through proton extrusion (Kobayashi et al.,
1984). When cytoplasmic pH is acceptable, the complex remains inactive as the Fo and
F1 subunits are degraded and hence not assembled into an active membrane-associated
complex. On the other hand, when the cytoplasmic pH becomes acidic, subunit assembly
is stimulated into an active complex. Hence, the protons will be extruded out of the cell
via the FoF1 proton-translocating ATPase (Arikado et al., 1999). This mechanism allows
Gram-positive bacteria to survive in acidic environments.
1.3.3.7.4 Acid tolerance, acid resistance and acid habituation in Escherichia coli
E. coli has log-phase and stationary-phase acid survival mechanisms. These mechanisms
are different, mainly in their gene regulators. Three types of acid survival mechanisms
were identified by different research groups. These systems are acid tolerance response
(ATR), acid habituation and acid resistance. Different strategies and media were used to
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study the acid survival mechanisms employed by E. coli and hence the difficulty in
comparing those studies. The ATR, for example, protects log-phase cells for several
hours at pH 3 whereas acid habituation protects log-phase cells at pH 3 through
extracellular components. Foster, 2000 summarised the key features of E. coli acid
resistance and acid habituation systems in Tables 1.1 and 1.2 (Foster, 2000).
Table 1.1 pH 2 acid resistance mechanisms of E. colia. Adapted from Foster (2000).
System

Mechanism

Regulation

Regulators

SP

SP/Acid

LP/Acid

SP

RpoS, Crp

1

Unknown

++

++

-

2

Glutamine

+

++

++

+

++

-

RpoS, HNS

decarboxylation

3

Arginine

CysB, AdiY, HNS, IHF

decarboxylation

a

Acid resistance is tested using stationary-phase cells in minimal media, pH 2 to 2.5,
and survival is measured after 2 to 4 h. SP: stationary phase; LP: log phase; ?: unknown.
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Table 1.2 pH 3 acid habituation in E. colia. Adapted from Foster (2000).
Induction pH Inducing

Extracellular

Mechanism

or heat shock

Agentb

componentsc

Neutral pH

Glutamate

Yes

GAD-Dependent?

Aspartate

Yes

?

Proline

Yes

?

Glucose

Yes

?

Fe2+

Yes

?

Low phosphate

Yes

PhoE Porin

Cu2+

?

?

?

?

?

Acid pH

Heat Shock

Regulator

CysB

a

Acid habituation is usually tested in nutrient broth, pH 3 to 3.5 and survival is
measured after 7 min.
b
Inducing agents added to log-phase cells for 60 min.
c
Filtered, dialysed culture supernatants from adapted cells trigger acid habituation in
sensitive cells.
?: unknown.
It was shown that cyclopropane fatty acid formation in the membrane is vital for E. coli
to survive acid stress (Chang and Cronan, 1999, Brown et al., 1997). This post-synthetic
modification of the lipid bilayer is carried out by cetylated fatty acid (CFA) synthase.
The latter is encoded by cfa; a σs-dependent gene found to be induced in acidic
conditions. It was also found that mutants defective in cfa are acid sensitive. Induction
of the cfa gene may lead to decrease in proton permeability of bacterial membranes.
Another hypothesis suggests the interaction of CFA synthase with membrane proteins
and hence affecting proton traffic (Chang and Cronan, 1999).
Acid habituation studies in E. coli were generally performed in complex nutrient rich
media (i.e.: Nutrient or LB broth). According to the studies performed so far, it was
reported that acid habituation involves mechanisms that are different to the acid
tolerance response. However, there may be an association between the two (Foster,
2000). Rowbury and colleagues revealed an interesting finding whereby secreted
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proteins made during a pH 5 adaptation can induce acid habituation in log-phase cells
grown in neutral pH (Rowbury et al., 1998, Rowbury et al., 1999). The mechanism of
transferability of acid habituation is however unknown. This topic forms the basis of this
thesis whereby the transferability of acid habituation will be examined.
Acid resistance occurring in stationary-phase cells of E. coli is most effective compared
to log-phase acid tolerance response and acid habituation because stationary-phase cells
are less susceptible to inimical conditions (Small, 1998, Small and Waterman, 1998). It
protects cells at pH 2 for several hours (Small et al., 1994).
It was revealed that there are σs-dependent and independent genes involved in acid
resistance in stationary phase cells. Moreover, four different systems of acid resistance
were identified in E. coli. These systems are described below.
1.3.3.7.4.1 RpoS-dependent acid resistance system
The first system is known as acid resistance system 1 (AR1). It protects cells at pH 2.5
in minimal media. It is RpoS-dependent, cAMP receptor protein (CRP)-dependent
(Table 1.1) and glucose-repressed. One of the requirements of this system is activation
by a brief exposure to glutamate prior to acid challenge at pH 2.5 (Castanie-Cornet et
al., 1999). It was thus assumed that adequate intracellular glutamate levels have to be
maintained for this system to function at low pH. However, the mechanism of protection
by this system is unknown.
An unknown regulator other than σs plays an important role in acid pH control in
minimal media. During growth in LB broth, on the other hand, σs (Table 1.1) is
necessary for acid pH and stationary phase controls (Castanie-Cornet et al., 1999, De
Biase et al., 1999). It was suggested that σ70 might substitute for σs under certain
conditions with the involvement of additional regulators (Castanie-Cornet and Foster,
2001, De Biase et al., 1999).

1.3.3.7.4.2 Glutamate/glutamine-dependent acid resistance system
The second system of acid resistance in E. coli is known as acid resistance 2 (AR2). It
requires extracellular glutamate, glutamate decarboxylase and a glutamate/γ-amino
butyric acid (GABA) antiporter which is known as GadC when cells are challenged with
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acid (Lin et al., 1995, Lin et al., 1996). Glutamate decarboxylase converts intracellular
glutamate to GABA (Waterman and Small, 1996, Hersh et al., 1996, Small and
Waterman, 1998, Castanie-Cornet et al., 1999). An intracellular proton is consumed
during the decarboxylation of glutamate leading to gradual alkalinisation of the medium
(Foster, 2000). In effect, amino acid decarboxylation reactions consume intracellular
protons that leak inwards across the cell membrane when cells face extreme acid stress.
Glutamate decarboxylase, for example, consumes protons and forms GABA (Figure
1.4). To increase the rate of proton consumption, additional substrate needs to be
transported rapidly and the decarboxylation product which results from the reaction
needs to be removed out of the cell. This is achieved by specific substrate/product
antiporters. The glutamate system, for example, employs the GadC antiporter (Foster,
2000).
Two glutamate decarboxylase genes were identified in E. coli as important in acid
resistance. These genes named gadA and gadB were found to share 98% identity at the
nucleotide level (Smith et al., 1992). Both gadB and gadC genes form an operon
whereas gadA is monocistronic (Castanie-Cornet et al., 1999). In minimal media, when
cells are grown in acidic conditions to log-phase or when they enter the stationary-phase,
gadA and gadBC genes become induced (Yoshida et al., 1993b, Castanie-Cornet et al.,
1999). gadBC expression is mainly induced by stationary phase whereas gadA is
induced by acidic pH. Thus, GadA is important for the cells that anticipate, by sensing a
gradually acidifying environment, lethal acid stress (Foster, 2000). gadA and gadBC are
found to be regulated differently during growth in complex media such as Luria-Bertani
(LB) broth when compared to minimal media. In fact, gad genes are not induced by acid
during log-phase growth in LB as opposed to induction of these genes in log-phase
growth in minimal media. However, in stationary phase LB cultures, acid will stimulate
expression of the gad genes (Foster, 2000). It might be entering the stationary phase that
induces the gad genes in LB cultures and not the acid.
During anaerobic phosphate starvation and when glutamate is available, AR2 protects
the cells through prevention of damage from weak acids produced from carbohydrate
fermentation (Moreau, 2007).
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L-glutamine acts as a suitable substrate in the amino-acid-dependent acid resistance
system for Shigella flexneri, E. coli K-12 and O157:H7 grown in unbuffered LB broth.
This is not surprising as glutamine has structural homology to glutamate (Waterman and
Small, 2003). It was suggested that glutamine might be converted to glutamate
intracellularly and then to GABA via the GAD system (Castanie-Cornet et al., 1999).

Figure 1.4: Consumption of protons during decarboxylation of glutamate (a) and
arginine (b). Numbers in green indicate pKa values of ionizable groups. Numbers in
parentheses represents the charge of the compounds during the process. Red circles mark
location of proton addition. GABA: γ-amino butyric acid (Foster, 2004).
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1.3.3.7.4.3 Arginine-dependent acid resistance system
The third system of acid resistance in E. coli is known as acid resistance system 3 (AR
3). It requires arginine when cells are challenged with acid at pH 2 (Lin et al., 1995).
The system involved is known as the arginine decarboxylase (adiA)-dependent system,
the arginine/agmatine antiporter of which is termed AdiC (Gong et al., 2003). The
system couples the transport activity of AdiC, with arginine decarboxylase, AdiA. AdiC
functions by exchanging external arginine for internal agmatine. While intracellular
arginine is decarboxylated into agmatine (Figure 1.4), a proton is consumed in the
process. Low pH and anaerobic conditions induce optimum expression of the gene adiA.
Both adiA expression and arginine-dependent acid resistance require the positive
regulator CysB (Table 1.1). The latter is, however,

probably not the component

involved in sensing pH (Lin et al., 1996, Shi and Bennett, 1994). adiY which is located
downstream of adiA was found to play a role in regulating positively adiA expression
(Stim-Herndon et al., 1996). This role remains, however, unknown.

1.3.3.7.4.4 Lysine-dependent acid resistance system
A

much

less

efficient

system

that

relies

on

lysine

and

its

associated

decarboxylases/antiporters (Figure 1.3) was also reported (Iyer et al., 2003). This system
is known as acid resistance system 4 (AR4). It couples the transport activity of a
lysine/cadaverine antiporter, CadB, with lysine decarboxylase, CadA. CadB functions by
exchanging external lysine for internal cadaverine. Lysine is imported into the cell
through CadB. Within the cell, lysine is decarboxylated by CadA to cadaverine,
releasing CO2 and replacing it with a proton. Cadaverine is then exported through CadB.
This effectively consumes protons within the cytoplasm and leads to a rise in cytoplamic
pH (Richard and Foster, 2003, Foster, 2004).
An additional effect of the acid resistance systems that may be more important for
survival is a reversal of the membrane potential such that a build-up of positive charges
within the cell due to influx of protons and increased GABA, agmatine and/or
cadaverine concentrations will counteract proton influx beyond a certain limit. In
addition, chloride channels provide a control mechanism to help maintain appropriate
membrane potential by mediating chloride import coupled to proton export (Richard and
Foster, 2003; Foster, 2004).
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1.3.3.7.5 Acid resistance in the virulent strain E. coli O157:H7
E. coli O157:H7 is an enterohaemorrhagic strain that causes various diseases such as
haemorrhagic colitis, haemolytic uremic syndrome and thrombocytopenic purpura
(Remis et al., 1984, Byrnes and Moake, 1986, Cleary, 1988, Machin, 1984). Diseases
caused by E. coli O157:H7 have been associated with the organism’s presence in acidic
foods. Thus, it was suggested that the strain has a remarkable acid resistance mechanism
(Abdul-Raouf et al., 1993, Benjamin and Datta, 1995, Griffin and Tauxe, 1991, Miller
and Kaspar, 1994). A comparison of the arginine-dependent acid resistance mechanism
in commensal strains of E. coli and O157:H7 clinical isolates revealed that the system is
more robust in the O157 strains (Lin et al., 1996).
So far, it is suggested that the three stationary-phase acid resistance mechanisms
contribute in the defence of E. coli against lethal acid by sustaining a less acidic internal
pH (Foster, 2000). This hypothesis was not proven though. The fact that E. coli O157 is
capable of surviving harsh acidic treatments better than the commensal strains led to the
proposal that the E. coli O157 strain maintains a smaller ∆pH than the other E. coli
strains in an acidifying environment. Essentially, the internal pH of the E. coli O157 will
be considerably lower than that of the commensal strains and hence it will protect the
pathogen from acid stress as weak acids will not deprotonate to the same degree and
hence no accumulation of those acids occurs inside the cells. This model of protection
has not been confirmed and is certainly not the only mechanism of protection as the
three stationary-phase acid resistance mechanisms described earlier were tested in media
lacking any weak organic acids (Castanie-Cornet et al., 1999).
Moreover, it was suggested that bacterial cells, whether adapted to acid or not, will have
loss of viability, even though at different rates. All cultures, however, have a
subpopulation of cells (persisters) that can survive acid treatments (pH 3) for long
periods. This subpopulation of cells have an acid resistance mechanism that is thought to
be independent of σs (Jordan et al., 1999, Booth, 2002).
Glutamate and arginine decarboxylase/antiporter systems were found to play an
important role in acid resistance (Foster, 2000). However, a paradox arises as the
consumption of protons via decarboxylation seems like an ineffective proton cycle.
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When glutamate enters the cell, a proton should be released. Then, decarboxylation
which takes place inside the cell consumes one proton. Thus, there is a net loss of 0
protons. It was suggested that net consumption of protons might be possible if the pH of
the GadC conduit is less acidic than the extracellular media (Foster, 2000). This allows a
proton from the g-carboxyl group to be released from glutamate into the periplasm
before the amino acid crosses into the cell (Figure 1.4). This is not favoured
energetically as a negatively charged glutamate would exchange for a neutral GABA.
Therefore, accessory proteins are necessary for glutamate- and arginine-dependent acid
resistance in E. coli (Foster, 2000).

1.4 Alarmones
Alarmones are diffusible signals which, it has been hypothesized, help cells living in
biofilm communities to overcome various stresses. Biofilms have been defined in terms
of their structure, phenotype and metabolism as “functional consortia of microbial cells
bound within extracellular polymer matrices and growing at interfaces” (Costerton et al.,
1987, Allison and Gilbert, 1992). Biofilms are extremely difficult to eradicate due to
various factors such as restricted penetration of antimicrobials into biofilms, decreased
growth rate and expression of possible resistance genes (Gilbert et al., 1997, Costerton
et al., 1999, Maira-Litran et al., 2000). In addition, biofilms are responsible for many
chronic infections (Costerton et al., 1999) as they shed away planktonic cells whose
symptoms are reversed by antibiotic therapy. However, the latter fails to kill/eradicate
the biofilm. Hence, recurrent symptoms are common with biofilm infections, after
cycles of antibiotic therapy, unless the sessile population is surgically removed from the
body (Costerton et al., 1999). Tolerance to antibiotics is another characteristic of
biofilms. Antibiotics can often be tolerated at high concentrations by mature biofilms.
These concentrations are 10-1000 times higher than those required to kill planktonic
bacteria (Donlan and Costerton, 2002). Resistance to phagocytosis is another
characteristic of biofilms. This characteristic makes them very difficult to eradicate from
living hosts (Costerton et al., 1999).
There have been suggestions that a relationship exists between biofilm resistance and
alarmones (Gilbert et al., 2001). Essentially, alarmones are signals that are thought to be
released when bacterial cells are subjected to inimical stress. These signals are capable
of warning the rest of the community of an approaching danger (Bochner et al., 1984;
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Gilbert et al., 2001; Rowbury, 2001a&b). In the case of acid tolerance induction, for
example, it was shown that E. coli cells, when exposed to mild acidic conditions, release
components into the extracellular medium. These components have the capability of
protecting recipient E. coli cells against lethal acid (Rowbury, 1997, Rowbury and
Goodson, 1998, Rowbury, 1999, Rowbury and Goodson, 1999a, Rowbury and Goodson,
1999b). Moreover, a number of thought-provoking reviews have addressed the topic of
alarmones in order to explain their mechanism of action (Rowbury, 2000, Rowbury,
2001b, Rowbury, 2001a).
In the following sections, the biological role and properties of alarmones will be
described. More specifically, findings related to habituation in acid will be outlined.
Moreover, a possible mechanism of action of alarmones will be explained. Stress crosstolerance and inhibition of the synthesis of alarmones will also be described.

1.4.1 The biological role of alarmones
Alarmones are believed to be chemical signals produced by cells subjected to some form
of stress. These signals serve as early warning systems. One of these chemical signals is
the extracellular sensing component (ESC). Interestingly, this component is secreted at
either neutral or acidic pH and becomes activated in mildly acidic environments. The
activation of this ESC leads to an increase in the amounts of another component, known
as the extracellular induction component (EIC). Remarkably, activation of ESC can
occur in either the presence or absence of microorganisms (Rowbury and Goodson,
1999b). The chemical nature of alarmones is not known.
Rowbury and Goodson (1998) carried out studies to determine the activity/inactivity of
these alarmones. They observed that filtrates from pH 5.0 grown E. coli 1829 ColV
contained alarmones that conferred tolerance-inducing activity. Heating the filtrates at
100oC inactivated the alarmones completely whereas activity was retained after heating
at 75oC. Moreover, protease treatment eliminated the activity. Thus, the researchers
concluded that alarmones were heat-stable protein/proteins (Rowbury and Goodson,
1998; Rowbury and Hussain, 1998).
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1.4.2 Findings related to habituation in acidic pH
Raja and colleagues performed experiments where cells were first habituated in a mildly
acidic medium (test) and other cells were grown in a neutral medium (control) (Raja et
al., 1991a). Both cultures were then subjected to a lethal concentration of acid.
Habituated organisms had a 62.9% survival rate after acid treatment (pH 3.0 for 7 min)
while that of non-habituated organisms was 0.9%. The researchers noticed that on the
introduction of chloramphenicol (inhibitor of protein synthesis) to the habituating
medium, the percentage of cells surviving exposure to lethal acid dropped considerably.
Thus, chloramphenicol inhibited habituation. This led the researchers to perform SDSpolyacrylamide gel electrophoresis to determine whether existing proteins had increased
in amount or whether new proteins were being synthesised by cells grown at pH 5.0.
Approximately 10 proteins were synthesised in increased amounts at pH 5.0. The
molecular weights of those proteins varied from 16 kDa to 95kDa. Moreover, a protein
of the molecular weight 63 kDa seemed to be synthesised at pH 5.0 only (not at pH 7)
whereas another protein of the molecular weight 35 kDa was repressed at this pH (Raja
et al., 1991a). It was proposed that some of these proteins produced at pH 5.0 may play
an important role in the protection of cells from damage caused by acid or may be
involved in DNA repair. It was also suggested that the protein with the molecular weight
of 95kDa might be the Lon protein. The Lon protein is a heat shock protease that
destroys abnormal/damaged proteins affected by heat (Goff and Goldberg, 1985). The
protease is thought to play a similar role in destroying acid-damaged proteins (Raja et
al., 1991a).
With regard to plasmids, Raja and colleagues found that habituated cells have the ability
to transfer plasmids at lower pH whereas non-habituated cells are defective in this
property. Thus, habituated recipient cells might receive and repair plasmid DNA from
acid-damaged donors (Raja et al., 1991b).
In a later study, Raja and colleagues (1999b) found that there were high amounts of a
protein with the molecular weight of about 63kDa in acid habituated cells. This protein
could be the GroEL protein (Mol. weight 62 883Da) that is usually synthesised when E.
coli is subjected to heat (Raja et al., 1991b). The GroEL protein is thought to prevent
DNA damage or play a role in the repair of already damaged DNA (Pellon and Gomez,
1981).
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Moreover, their experiments showed that rifampicin (an inhibitor of RNA synthesis)
inhibited habituation. Nalidixic acid (an inhibitor of DNA synthesis), on the other hand,
only had a slight effect. This is not surprising since there is no growth (no DNA
replication) in acidic pH. Therefore, DNA replication and supercoiling are not necessary
for acid resistance (Raja et al., 1991a). For resistance to some other stresses however,
induction of tolerance required alterations in DNA supercoiling and the process is
inhibited by DNA gyrase inhibitors (Bhriain et al., 1989).
Several mechanisms were suggested to explain how habituated cells are protected from
acid. It was found that habituated cells exhibit less DNA damage when subjected to pH
3.0 compared to non-habituated cells (Raja et al., 1991b). One suggested mechanism
relates to the maintenance of intracellular pH (pHi) at a more favourable (less acidic)
level by habituated cells when external pH (pHex) is significantly acidic. However, this
mechanism was invalidated by the finding that acetate (a weak acid, 7.5mmol/l), which
diminishes ∆pH (Salmond et al., 1984), did not make pH 5.0 grown cells susceptible to
dying at pH 3.0 (Rowbury et al., 1992). The PhoE porin is found to play a role in the
movement of protons across the outer membrane into the cell which leads to increased
acid sensitivity (Rowbury and Goodson, 1993). Thus, it was suggested that this porin is
repressed, unstable or modified in structure and properties at pH 5.0. This leads to
reduced entry of the outer membrane by protons (Rowbury et al., 1992). More studies
need to be conducted in order to reveal the mechanism of protection of habituated cells
against acid.

1.4.3 Properties of extracellular sensing components and extracellular
inducing components
Extracellular sensing components (ESC) are secreted at either neutral or acidic pH and
become activated in mildly acidic environments. The activation of ESCs leads to an
increase in the amounts of other components, known as the extracellular induction
components (EICs). Remarkably, activation of ESCs can occur in either the presence or
absence of microorganisms (Rowbury and Goodson, 1999b).
One of the important characteristics of ESCs and EICs is that high stress levels do not
render them inactive (Rowbury and Goodson, 1999a). Thus, killed cultures may contain
ESCs and EICs and induce tolerance. This statement is proved by killed E. coli cultures
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that have made living organisms, grown at pH 7.0, tolerant to acid (Rowbury, 2000). In
fact, 99% of exponential-phase organisms, grown at pH 7.0 were killed in 7 min(s) at pH
3.0. If, however, the organisms were pre-incubated with killed cultures, subsequently
activated at pH 5.0, they became acid-tolerant. In the latter case, the percentage of
surviving cells rose to about 40%. The assumption was that killed cultures contained
ESCs and EICs that conferred acid tolerance to the recipient culture (Rowbury, 2000).
Some of the properties of EICs and ESCs were determined by protease treatment and
dialysis. Protease treatment of killed cultures inhibited acid tolerance-inducing
properties in the recipient cultures. Thus, protease treatment inactivates EICs and ESCs
(Rowbury, 1999; Rowbury and Goodson, 1999a; Rowbury and Goodson, 1999b).
Dialysis, on the other hand, did not affect the ability of killed cultures to induce acid
tolerance. Hence, ESC and EIC are large non-dialyzable molecules (Rowbury, 2000).
The molecular weights of the EIC and ESC for acid tolerance have been estimated to be
less than 30000 MW but greater than 10000 MW (Rowbury, 2001).
Possible explanations of the above phenomenon are as follows: first, killed cultures may
induce acid-tolerance through the action of alarmones; second, killed cultures might be
decreasing the growth rates of pH 7-grown cultures (Rowbury, 2000). Generally, slowly
dividing cells are more acid-tolerant than rapidly growing ones (Foster, 2000). The third
explanation relates to the pH of the medium. Killed cultures change the pH of cultures
during incubation. However, throughout the incubation period, the pH remained at
7.0±0.1 (Rowbury, 2000).
It has been claimed that less than 0.1% of microorganisms survived the killing
treatments (heat, alkali, acid, copper (Cu2+) or novobiocin). Therefore, organisms that
were acid-tolerant could not have been survivors from killed cultures (Rowbury, 2000).
To prove this, two tests were performed. First, killed cultures were incubated with fresh
broth. This did not allow microorganisms to recover and form colonies. The slight
increase in the number of colonies that was observed was attributed to the division of the
few live organisms. Second, to prove conclusively the above, a streptomycin-resistant
culture was grown at pH 5.0 then neutralised. It was then alkali-killed and used to induce
tolerance in streptomycin-sensitive cultures: all survivors were streptomycin-sensitive
(Rowbury, 2000).
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All of the above leads to the conclusion that killed cultures of microorganisms contain
components that confer stress tolerance on the surviving microorganisms (Rowbury,
1999). Many studies have tried to identify the characteristics and the location of those
components that confer protection to microorganisms. It was found that the stimulus
sensors are present in the growth medium, not the membrane, the surface or inside the
cell i.e.: sensors are external to the organism, they are present in the external medium
(Rowbury, 2005). An important feature is that the external sensors must cross back into
the cell to induce, for example, a thermal response. Thus, the inducer re-enters the
organism and switches-on an appropriate response. Therefore, these signals serve as an
early warning mechanism and hence survival responses are switched-on (Rowbury,
2005). However, the signal might be the response activator. It might also interact with
another molecule which becomes the response activator (Neidhardt et al., 1990).
The sensor must have three important properties when they sense a stressing condition.
The first property is the immediate change in the sensor structure. This allows
immediate response that can protect stressed organisms from the stressor (Rowbury,
2001 a&b). Moreover, the structural changes that are induced by the stimulus should
occur in a gradual manner i.e.: low levels of stimulus produce slight activation/or
activation of some sensor molecules whereas high levels of stimulus produce greater
activation/or more molecules get activated. Finally, the sensor should possess reversible
and temporary activation properties i.e.: ability to be activated/inactivated rapidly
(Rowbury, 2005).

1.4.4 Suggested mechanism of action for alarmones
A cellular response to intracellular accumulation of chemicals is achieved via
intracellular alarmones (Bochner et al., 1984). When enterobacteria are grown at neutral
pH then transferred to mildly acidic external pH, acid tolerance develops rapidly
(Castanie-Cornet et al., 1999, Rowbury and Goodson, 1999a).
It was suggested that protons must cross the outer membrane to bind to a sensor in the
periplasmic space and cause habituation. The detection of external acidity activates the
intracellular sensor and hence triggers a sequence of intracellular reactions (CastanieCornet et al., 1999). Thus, it appeared that cation pores would help these protons pass
through the membrane and enhance habituation. OmpF and OmpC are examples of
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cation pores. ompF mutants showed normal habituation i.e.: the habituation was
expected to diminish but with this particular mutant, no effect on habituation was
observed. Even when more knock-outs e.g.: mutations in ompC, lamB, tsx; are made to
decrease the number of cation pores, normal habituation occurred. Thus, the theory of
protons binding to a sensor in the periplasmic space is unlikely (Rowbury et al., 1992).
Rowbury and colleagues (1992) reported that phoE mutants failed to habituate
considerably during the period that is normally sufficient for the non-mutants. If,
however, that period of habituation is extended then habituation will eventually occur.
This suggests that the absence of the PhoE protein simply delays habituation (Rowbury
et al., 1992). The PhoE pore is mainly specific for anions (Overbeeke and Lugtenberg,
1982, Bauer et al., 1989). Paradoxically though, numerous experiments suggest that the
PhoE pore is involved in the entry of hydrogen ions. Two explanations have been
suggested. The first one relates to the possibility of competition between protons and
anions at the PhoE pore. The second suggests that protons, at acidic pH, associate with
organic anions/polyanions from the medium and then pass through the PhoE pore. Once
in the periplasm where the pH is relatively higher, those protonated anions/polyanions
start to dissociate and release hydrogen ions (Rowbury et al., 1992).
Other studies suggested a relationship between tolerance of E. coli to extreme external
acidity and secretion of an extracellular induction component (EIC) into the environment
(Rowbury and Goodson, 1999a). Mild acidity leads to activation of the extracellular
sensing components (ESCs) which in turn activates the EICs (Figure 1.5) (Rowbury and
Goodson, 1999a). These ESCs are constitutively produced by bacteria and can be
converted into extracellular inducers by specific types of stress. They are, however,
unlike the intracellular components, small readily diffusible molecules that can reach the
unstressed bacteria. This leads to the expression of tolerance by the unexposed bacteria
even before the stress agent has reached them (Gilbert et al., 2002).

53

Figure 1.5 Hypothetical diagram representing the inducible stress response
involving extracellular components (ESCs and EICs). A regulator gene is
constitutively activated. This regulator interacts with an ESC operon leading to secretion
of extracellular sensing components (ESCs) into the medium. In the presence of
extracellular stresses (chemical or biological), ESCs become activated and transformed
into extracellular induction components (EICs) which are diffused into the medium.
EICs enter into bacteria and induce synthesis of intracellular proteins resulting in a
response such as a chain of reactions that lead to protection against stress (Rowbury,
2001a).
It was observed that numerous enzymes are formed at acidic pH. Examples of such
enzymes include many amino acid decarboxylases and the degradative enzyme, formic
hydrogenlyase (Gale and Epps, 1942, Stephenson, 1949). Those enzymes can counteract
external acidity by either affecting acidic compounds or generating basic metabolites.
Thus, they might play an important role in acid resistance (Rowbury and Goodson,
1993).

1.4.5 Difference between extracellular sensing components and
extracellular inducing components
Extracellular sensing components (ESCs) are in general small proteins. They are formed
by microorganisms under non-stressing conditions. For example, during growth at
neutral pH, the acid tolerance ESC protein is produced (Rowbury and Goodson, 2001).
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Extracellular sensing components (EICs) only increase in their amount upon exposure of
the microorganisms to stress. The formation of EIC does not require the presence of
bacteria. EICs levels arise as a result of activation of ESCs in the medium by stress
(Rowbury, 2001a&b; Rowbury and Goodson, 1999b). It has been suggested that ESCs
can be reformed from EICs under certain conditions. Thus, these two components may
only be different in conformational form (Rowbury, 2003a).
Rowbury concluded that some bacterial strains that did not survive stress were defective
in making ESCs and EICs (Rowbury, 1999). Furthermore, other studies found that
adaptation to acid and induction of acid tolerance response is not universal amongst
strains of the same bacterium. While the toxigenic strain of E. coli H10407 exhibited
marked log-phase acid shock adaptation (at pH 4.3), E. coli MC4100 and E. coli CU4
adapted poorly (Lin et al., 1995, Lin et al., 1996).

1.4.6 Biological basis of protection conferred by alarmones
Using the strain of E. coli 1829 ColV, Rowbury and Goodson found that acid challenge
at pH 3.0 for 5 min(s) resulted in 0.86±0.08% survival. Considerable acid tolerance
(27.5±2.5% survival) in pH 7.0-grown organisms resulted from incubation of the culture
with medium filtrates prepared from log-phase pH 5.0-grown cells. The latter were
grown in pH 5.0 for at least 90 min(s) (Rowbury and Goodson, 1998). Moreover, in
order to have acid tolerance, the mixture had to be at least one part of filtrate mixed with
every three parts of culture. Increased filtrate’s amount leads to a higher percentage of
survival. The ratio (filtrate:pH 7.0-grown cells) 1:6 provided 9% survival following acid
challenge (pH 3.0 for 5 min(s) whereas the ratio 1:3 provided 23.3% survival (Rowbury
and Goodson, 1998). It has been suggested that the protection of organisms from stresses
is conferred by extracellular components that are secreted into the growth medium. The
protection is probably accomplished through interference of the extracellular
components with the entry/action of the stress agent (Nikolaev Iu, 1997a, Nikolaev Iu,
1997b). However, in Rowbury and Goodson’s study, the microorganisms were washed
before applying acid challenge. Thus, the extracellular components were absent during
the acid challenge. Acid tolerance must therefore have occurred when the culture was
incubated with the filtrate from pH 5.0-grown organisms (pre-challenge incubation)
(Rowbury and Goodson, 1998).
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Some chemical elements were found to induce acid tolerance in E. coli. Copper (Cu2+),
for example, when added to E. coli culture and incubated for 60 min(s) in pH 5.5 broth,
raised acid tolerance in those organisms compared to those that did not have copper
(Rowbury, 1997). Weak acids such as butyric or propionic acids can also increase
tolerance when added to cultures at pH 6.5. It is thought that this process is related to
decarboxylation of amino acids (Guilfoyle and Hirshfield, 1996). When E. coli is grown
at pH 6.5 with no organic acids, no effect on tolerance is observed (Raja et al., 1991a).
Acid tolerance can also be induced at neutral pH when certain metabolites are added to
the growth medium. Examples of such metabolites are L-glutamate and L-aspartate. E.
coli 1829 ColV grown in pH 7 broth as a control displayed 0.83±0.05% survival
following acid challenge for 7 min(s) at pH 3 while, when the same organisms were
grown in pH 7 broth supplemented with L-glutamate (250mg/l) then challenged with
acid (pH 3 for 7 min(s)), the percentage went up to 23.5±1.3%. Thus, the researchers
concluded that L-glutamate significantly enhanced the acid tolerance of that strain
(Rowbury et al., 1999). The researchers also found that L-glutamate-induced acid
tolerance can be inhibited or reduced by a number of metabolites such as cyclic AMP,
NaCl, sucrose, sodium dodecyl sulphate (SDS), sodium deoxycholate and phosphate
(Rowbury et al., 1999). The L-glutamate-induced acid tolerance requires the presence of
the L-glutamate decarboxylase which is encoded by gadA (Rowbury et al., 1999). It is
reported that this type of response induced by L-glutamate and L-aspartate involves
extracellular components and sensors. These components are likely to be proteins as
protease treatment reduced tolerance induction. The mechanism of L-glutamate-induced
acid tolerance is not fully understood. However, it certainly does not involve DNA
supercoiling as treatment with nalidixic acid had no effect on the outcome (Rowbury et
al., 1999).

1.4.7 Stress cross-tolerance
Salmonella enteritidis PT4 was subjected to pH 9.2 for 30 min(s), and another culture of
the same strain subjected to pH 7.0 for 30 min(s). Both cultures were then challenged at
55oC. It was found that the heat resistance of the former culture was significantly
enhanced (p<0.001) (Humphrey et al., 1991). Thus, previous exposure to alkaline
conditions made the cells more tolerant to heat. This is known as cross-tolerance.
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The appearance of a more resistant subpopulation is unlikely to be responsible for the
increased heat resistance observed in the culture previously subjected to alkaline
conditions. This is because during the incubation time of 30 min(s), little or no growth
occurs. It is suggested that another phenotype of the bacterium is responsible for the
observed protection as microorganisms subjected to as little as 5 min(s) became more
heat resistant too (Humphrey et al., 1991).
Three explanations were suggested for the observed phenomenon: Induction of SOS
proteins, induction of RecA-independent DNA repair process or effect on composition
and fluidity of the outer membrane (Humphrey et al., 1991). It was found that E. coli
grown at pH 9 induces SOS proteins (Schuldiner et al., 1986). Hence, Humphrey and
co-workers suggested that heat shock proteins together with SOS proteins are
responsible for the enhanced heat resistance (Humphrey et al., 1991). However, another
study proposed the involvement of RecA-independent DNA repair process following
exposure to alkali (Rowbury and Goodson, 1990).
Moreover, elevated/low temperatures change the composition and fluidity of the outer
membrane of microorganisms. The composition and fluidity of the outer membrane is
also related to heat resistance of Gram-negative bacteria (Katsui et al., 1982). As preexposure to alkaline conditions increases heat resistance, it is suggested that alkali
habituation affects bacterial membrane properties (Humphrey et al., 1991). The
hypothesis needs to be confirmed by further studies.
Another type of cross-tolerance is observed when organisms are transferred from 25oC
to 44oC. These organisms quickly develop acid tolerance that requires protein synthesis
(Rowbury, 1997). Cross-tolerance was also detected when bacterial cells were exposed
to low doses of ultraviolet (UV) irradiation then acid challenged (pH 3) (Rowbury,
2003b, Rowbury and Goodson, 1999b).

1.4.8 Inhibition of the synthesis of alarmones
The synthesis of ESC has been found to be completely inhibited by certain small
metabolites such as phosphate (Nojoumi et al., 1995), bicarbonate (HCO3) and cyclic
adenosine 3’:5’-monophosphate (cAMP). It is suggested that EICs interact with specific
receptors in the outer membrane of the bacterial cell. Bicarbonate and cAMP prevent
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tolerance by perhaps interfering with the binding of EIC to the receptor. Strong evidence
suggests that both inhibitors act by increasing extracellular proteins/extracellular
inhibitory components (Rowbury and Goodson, 1998). Phosphate ions, on the other
hand, may act by interfering with outer membrane movement of protons (Rowbury et
al., 1992). It was found that addition of phosphate (2mmol/l) at any stage during the
habituation period was inhibitory. No effect was observed when 0.5mmol/l was used.
Moreover, the lower the habituating pH, the higher the concentration of phosphate
needed to inhibit habituation (Rowbury et al., 1992).
Rowbury and colleagues (1992) suggested several mechanisms to explain phosphate
inhibition of habituation. The first mechanism relates to the interference of phosphate
with the activation by protons of an outer membrane sensor that detects acidity. The
second mechanism proposes that phosphate goes through the periplasm and either acts
as a buffer in the compartment or obstructs the activation of a periplasmic sensor by
protons (Rowbury et al., 1992). These mechanisms, however, are contradicted by the
finding that phosphate does not inhibit habituation in the ompA mutant. If phosphate
interfered with activation of an outer membrane (mechanism 1) or a periplasmic sensor
(mechanism 2) or generated a buffering effect (mechanism 3), then it would have
prevented habituation in the ompA mutant (Rowbury et al., 1992). The important aspect
of this finding does not relate to the absence of the OmpA protein but to the fact that in
the ompA mutant, phosphate entry is possible via the PhoE porin yet it is not inhibiting
habituation in that strain hence the above suggested mechanisms (1, 2 & 3) are unlikely.
Therefore, the only possible theory is that phosphate prevents habituation by interfering
with protons’ passage across the outer membrane.
Although many articles in relation to alarmones (extracellular components, protectants)
have been published, to date no studies looking at how alarmones affect the protein
profile changes and/or gene expression of recipient cells have been performed.

1.5 Aims and objectives
As outlined above, bacteria frequently face rapidly changing conditions which may
include changes in pH, nutrient availability, temperature, oxidative stress and osmolarity
and have therefore developed various mechanisms to sense environmental changes and
evolved a variety of highly integrated stress response mechanisms that allow them to
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ultimately overcome stress conditions and eventually survive. Examples of such
mechanisms include two-component phosphorelays, regulators which are allosterically
regulated by small molecules, regulatory RNAs or redox reactions, sigma factors and
anti-sigma factors (Storz and Hengge-Aronis, 2000).

The hypothesis of alarmones was recently introduced as a mechanism that helps cells
overcome stress conditions whereby signalling molecules released with bacterial lysates
would warn neighbouring cells of an approaching stress. Isolation and characterization
of alarmones have not yet been performed. In addition, the effect of alarmones on the
protein profile changes and/or gene expression of recipient cells have not been carried
out.
The aims of this thesis are to look at the potential role of alarmones in protecting E. coli
C600 from acid and heat stress; to isolate, identify/characterise alarmones and determine
their role and the extent of protection they provide to populations of E. coli C600.
Moreover, stability studies of those alarmones will be addressed. Investigation of
whether these alarmones are autoinducer-2 molecules will be performed.
The potential role of alarmones in protecting other strains of E. coli will be investigated.
Moreover, cross-tolerance between E. coli and Staphylococcus epidermidis will be
explored. In addition, the effect of alarmones produced by E. coli C600 at the molecular
level will be examined. This involves looking at the difference in gene expression
patterns and protein profile changes between alarmone-protected and non-protected cells
using microarray analysis and two-dimensional gel electrophoresis, respectively.
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Chapter 2 Materials and Methods

2.1 Bacterial strains
The bacterial strains used throughout this study are listed in Table 2.1.

Table 2.1: Bacterial strains
Bacterial Strains
Genotype

Source

E. coli C600

F, thi-1, thr-1, leuB6, lacY1, tonA21, Laboratory strain
supE44, λ

E. coli DH5α

luxS supE44 ∆lacU169 (80dlacZ∆M15)
hsdR17 recA1 endA1 gyrA96 thi-1 relA1

Laboratory strain

E. coli

wild-type

Clinical isolate

P. aeruginosa PAO1

HSL wild-type

Laboratory strain

Staphylococcus
epidermidis

wild-type (DSM-No: 20044)

DSM strain

Vibrio harveyi

ATCC-BAA-1117

ATCC strain

2.2 Growth of bacteria
Bacterial cultures were maintained on nutrient agar and cultivated in nutrient broth
(Oxoid, U.K) and incubated aerobically at 37oC. All strains were archived using the
ProtectTM long-term bacterial preservation system (Technical Service Consultants LTD,
Lancashire, U.K), comprising of porous beads immersed in a cryopreservative fluid,
sterilised by irradiation.
Stock cultures were cryopreserved by harvesting colonies of the microorganism from a
nutrient agar culture into the ProtectTM vials. The vials were then kept in the freezer at 80oC.
Fresh cultures were prepared from frozen stocks every two weeks. This was achieved by
taking a cryopreserved bead from one of the vials and inoculating a fresh nutrient agar
plate. The plate was then incubated at 37oC for approximately 17 hours. A single colony
60

was inoculated into fresh nutrient broth whose pH was adjusted to 7.2 to run an
experiment.

2.3 Chemicals
All bacterial growth media were obtained from Oxoid Ltd, Basingstoke, U.K.
Hydrochloric acid, acetone, glycine, methanol isopropanol and glacial acetic acid were
obtained from Fisher Scientific, Loughborough, U.K. Proteinase K, RNA protect reagent
and RNeasy Mini Kit were obtained from Qiagen®, Germany. (S)-4, 5-Dihydroxy-2, 3pentandione (DPD) was obtained from OMM Scientific, Texas, USA. Mineral oil,
overlay agarose, proteomic grade water were obtained from Bio-Rad, Hertfordshire, UK.
Nuclease-free water was obtained from Ambion. Sodium hydroxide (NaOH),
ammonium acetate, 2-mercaptoethanol, lysozyme, Biolyte ampholytes and ethanol for
molecular biology were obtained from Sigma-Aldrich Company Ltd Poole, U.K. All
other reagents were obtained from Sigma-Aldrich Company Ltd Poole, U.K.
Dichloromethane, anhydrous magnesium sulphate, potassium phosphate, glycerol were
obtained from VWR (Chicago, USA). Vitamin-free casamino acids were obtained from
Difco (Sparks, USA).

2.4 Spectrophotometric assessment of bacterial growth
Single colonies of E. coli, P. aeruginosa or S. epidermidis grown overnight on nutrient
agar for c.18 hrs in the incubator (Heraeus instruments-Kelvitron®), were inoculated into
nutrient broth (100ml) in 250ml Erlenmeyer flasks. The liquid cultures were then
incubated in an orbital shaker set at 37°C, 100 rpm (New Brunswick Scientific Co.,
Edison, New Jersey, USA). The optical density (OD) of the cultures was measured using
plastic, disposable cuvettes (1cm path length) at 470 nm with a Heλios
spectrophotometer (Unicam UV-Visible Spectrophotometers, Cambridge, U.K.).

2.5 Determination of viable counts
Optical density can give an estimate of the number of bacteria in a particular suspension.
This works by measuring the turbidity of the culture. Essentially, a turbid culture scatters
light when the refractive index of the suspension of microorganisms differs from that of
the medium. The degree of light scattering is directly proportional to the cell
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concentration up to a certain critical level (Lawrence and Maier, 1977). Moreover, the
degree and direction of light scattering also depends on the size and shape of bacteria,
the wavelength of the light and the difference between the refractive index of the
bacteria and that of the medium (Pirt, 1975). Optical density measurements proved to be
a useful tool to estimate bacterial density.
In order to estimate the number of bacteria in a bacterial suspension, a mid-log phase E.
coli C600 or S. epidermidis culture (100ml) was washed at 10,000 rpm, 4°C for 20
min(s). The supernatant was then discarded and the pellet re-suspended in physiological
saline (4ml). Doubling dilutions were made to the suspension. Then, serial dilutions to
every single dilution were made to determine the number of cfu/ml by plating out the
samples in triplicate on nutrient agar plates. These were incubated at 37°C for c.18 hrs.
Plates with 30-300 colony forming units were counted. The optical density for every
doubling dilution was measured at 470nm. The data allowed generation of a calibration
curve of the viable cell count versus optical density (Figures 2.1 and 2.2).
This calibration curve was then used in later experiments as a guide to cell number.
9

8

Viable count (cfu/mlx10 )

8
7
6
5
4
3
2
1
0
-1

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Optical Density (470nm)
Figure 2.1 Viable counts against optical density for E. coli C600
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Figure 2.2 Viable counts against optical density for S. epidermidis
Figures 2.1 and 2.2 show an increase in viable cell count of E. coli C600 and S.
epidermidis, respectively as the optical density increases at 470 nm increases.

2.6 Measured versus calculated optical densities
Optical density provides a convenient method to estimate bacterial density. The
relationship between optical density and the concentration of cells follows the BeerLambert Law of light absorption.
Optical Density O.D. = a.x.l.
Where:
•

a is the absorption coefficient

•

x is the concentration of the microorganisms

•

l is the length of the light path (usually 1cm)

At low cell concentrations, optical density is directly proportional to cell concentration,
following Beer-Lambert’s Law. However, there are limitations to the method as above a
critical cell concentration (Lawrence and Maier, 1977), the light scattered by some cells
is reduced by shadowing from neighbouring cells. This causes deviation from linearity.
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E. coli C600 was grown in nutrient broth (100 ml) for c.18 hrs in a New Brunswick G24
shaking incubator (New Brunswick Scientific Co., Edison, New Jersey, USA) at 37°C at
100 rpm. A washed cell suspension of E. coli C600 was prepared using sterile saline
(0.9%w/v) by centrifuging it for 10 minutes at 10,000 rpm using the Beckman J2-21
refrigerated centrifuge (Beckman-RIIC Ltd, Scotland, U.K.). The culture was resuspended in sterile saline (10 ml) and doubling dilutions were performed. The optical
density of each dilution was measured using a spectrophotometer (Unicam UV-Visible
Spectrometers, Cambridge, U.K.) at 470nm in 1cm disposable plastic cuvettes. The
expected optical densities were calculated using the mean of the measured optical
densities. Measured optical densities were subsequently plotted against calculated
optical densities (Figure 2.3). Therefore, only optical densities below 0.6 were
subsequently used.
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Figure 2.3 Deviation from linearity for E. coli C600 at 470nm. (●) calculated optical
density, (■) deviation from linearity.

2.7 Growth curves of bacteria at different pH values
An overnight culture of a specified microorganism (2ml) was placed in different flasks
each containing nutrient broth (100 ml). The pH values of the media ranged from 1 to 8.
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The optical densities of the cultures were measured at 470 nm using a spectrophotometer
every hour for 8 hours.

2.8 Effect of acidic pH on bacterial growth and viability
The specified microorganism was grown overnight in pH 7 nutrient broth, diluted 100fold into fresh nutrient broth and left to grow in the shaking incubator at 37°C, 100 rpm
until reaching mid-log phase. The culture (2ml) was then placed in media with different
pH: 4, 4.5 and 5 and growth monitored by measuring the optical densities of the cultures
every 30 min(s) for 3 hrs. Then, the cultures were neutralised by adding appropriate
amounts of 1 molar NaOH. The optical densities were measured after the neutralisation.

2.9 Production of bacterial alarmones
Two different stress agents were used in this study as these agents can be easily
neutralised. Those two agents were acid and heat.

2.9.1 Production of bacterial alarmones by acid stress
2.9.1.1 Production of bacterial alarmones by acid stress (pH 5)
The specified microorganism was grown in pH 7 nutrient broth in an orbital shaker at
37°C until mid-log phase (OD470nm= 0.5-0.6). They were then diluted 200-fold in pH 5
broth and left in the shaking incubator at 37°C for 90 min(s). The pH 5 culture (100ml)
was neutralised by addition of 1 molar NaOH (230µl) and filtered through a 0.22µm
disposable syringe filters (Millipore, Durham, UK).
2.9.1.2 Production of bacterial alarmones by acid stress (pH 4)
The specified microorganisms were grown at pH 7 until mid-log phase (OD470nm= 0.50.6) and on one occasion overnight until stationary phase (OD470nm= 1.7). They were
then diluted 200-fold in fresh pH 4 nutrient broth. This was followed by incubation in
the shaking incubator (100 rpm) at 37°C for 2 hours and on one occasion overnight. The
pH 4 culture was neutralised by addition of 1 molar NaOH (600µl). Filtrate, which was
thought to contain bacterial alarmones, from this medium was prepared by filtering the
culture through 0.22µm pore size Acrodisc® disposable syringe filters. The filtrate was
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either used immediately or kept in the fridge (-4°C) for a maximum of 7 days until
required.

2.9.2 Production of bacterial alarmones by heat stress
E. coli C600 was grown in nutrient broth at 37oC in the shaking incubator until mid-log
phase (3 to 5 hours). The optical density at 470 nm was about 0.6 which was decreased
to 0.3 by the addition of physiological saline (0.9%w/v). The suspension was then
heated at 55° for 1 hour, whereas the control was mixed with saline and left at room
temperature. The suspension was then centrifuged at 10,000 rpm, 4oC for 20 minutes
using a Beckmann J2-21 refrigerated centrifuge (Beckmann-RIIC Ltd, Scotland, U.K.)
and the supernatant solution (10ml) passed through a 0.2µm polyethersulfone filter. The
obtained solution which contained alarmones was stored in a universal bottle for a
maximum of 15 minutes at room temperature and used in the experiment. To make sure
the alarmones-suspension did not contain any cells, 100µl of the suspension was plated
out on nutrient agar. Twenty-four hours later, no growth was detected. The same
procedures were followed to obtain the control supernatant.

2.10 Measurement of potential protection conferred by
alarmones
2.10.1 Protection of bacterial alarmones produced by acid stress
2.10.1.1 Method involving serial dilutions
Growth medium filtrates were mixed with mid-log phase recipient bacteria in the ratio
1:2 (15ml: 30ml). The mixtures were incubated further at 37°C for 30 min (s). The
cultures were then centrifuged at 10,000 rpm, 4°C for 15 min(s) to form a tight pellet
which was then challenged with pH 3 nutrient broth for 2 hours. Viable counts were
performed using phosphate buffered saline (PBS) at 0, 1hr, and 2hrs.
Washing the cells at 4°C might induce cold-shock response. Thus, the above experiment
was performed at the ratio 1:1 (20ml:20ml). The incubation period was increased to
90min (s) and the cells were centrifuged at 10,000 rpm, 20°C for 15 min(s). Then, the
pellet was mixed with pH 3 broth and samples taken at 0, 60 min (s).
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2.10.1.2 Method involving plating out of the samples directly
Sterile medium filtrates were mixed with mid-log phase culture of the same or different
bacterial species in the ratio of 1:1 (10ml: 10ml). The mixtures were incubated further at
37°C, 100 rpm for 30 min (s). Aliquots of each of the incubated cultures (20µl) were
placed in pH 3 nutrient broth (100ml). The measured pH did not vary more than 0.05
units during the course of acid challenge. Samples (50µl) were plated out directly into
nutrient agar plates, in triplicate, at different time points (0, 30, 60, 90 and 120 min(s)).
The procedure of plating out directly onto nutrient agar plates minimised the need for
serial dilutions and hence minimised errors and increased precision of the counts.
Colonies were counted after 18 to 24 h. Percent survival was calculated as follows:
[(CFU/ml at time X)/ (CFU/ml at time zero)] × 100. The results presented are averages
of triplicate experiments and include the standard error of the mean. Since time zero
values are, by definition, all 100%, error bars were not applied to that time point.

2.10.2 Protection of bacterial alarmones produced by heat stress
A mid-log phase bacterial culture was mixed with equal volume preparation of the
alarmone containing-solution. This mixture was placed in the shaking incubator at 37°C
for 30 minutes. Then, 500µl of each mixture was placed in a pre-heated sterile tube
which was placed in the DNA thermal cycler at 55°C. Samples were taken at 0, 5, 10
and 15 minutes, diluted into 0.9% sterile saline and plated out on nutrient agar plates in
triplicate. The plates were placed in the incubator set at 37°C. Twenty-four hours later,
the colonies were counted and the surviving fraction determined. The same procedures
were followed for the control experiment.
The same experiment was repeated (replicate) but without serially diluting the samples
i.e.: the culture was diluted first, heated, then samples plated out straight away. This
avoided the need for serial dilutions, minimised errors and increased precision of the
counts.
The same experiment was repeated but centrifuging the alarmone and the control
suspensions was done at 20oC, 10,000 rpm for 20 minutes instead of centrifuging at 4oC.
Thus, the cold-shock response will not be induced. In an alternative experiment, the
centrifuging step was omitted.
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2.11 Stability studies
Potential alarmones harvested through acid stress were studied in terms of their stability.
A range of different temperatures (4oC, 20oC, 40oC and 60oC), proteinase K treatment
were applied prior to incubation with the recipient culture and acid challenge. Stability
studies were performed to characterize the nature of the stress-induced bacterial
alarmones.

2.11.1 Temperature
4oC: Medium filtrate from a mid-log phase pH 4.00 culture was prepared and placed in
two sterile universals. One universal was put in the fridge set at 4oC overnight and the
other one was left there for a week. Next day, the filtrate was mixed in the ratio 1:1
(10ml: 10ml) with mid-log phase E. coli C600. The culture was incubated for 30 min, at
37oC, 100 rpm. Aliquots (20µl) of the incubated culture were placed in pH 3 nutrient
broth (100ml). Then, samples (50µl) were plated directly into nutrient agar plates to
minimise errors. A week later, the same procedures were followed to test the alarmones
kept in the fridge for 7 days.
20oC (room temperature): Medium filtrate from a mid-log phase pH 4.00 culture was
prepared and placed in a sterile universal. The universal was left at room temperature on
the bench, overnight. The next day, the filtrate was mixed in the ratio 1:1 (10ml: 10ml)
with mid-log phase E. coli C600. The culture was incubated for 30 min, at 37oC, 100
rpm. Aliquots (20µl) of the incubated culture were placed in pH 3 nutrient broth
(100ml). Then, samples (50µl) were plated directly into nutrient agar plates to minimise
errors.
40oC: Medium filtrate from a mid-log phase pH 4.00 culture was prepared and placed in
a sterile universal. The universal was put in a pre-heated water bath set at 40oC for 30
min (s). The filtrate was then allowed to cool, and then mixed in the ratio 1:1 (10ml:
10ml) with mid-log phase E. coli C600. The culture was incubated for 30 min, at 37oC,
100 rpm. Aliquots (20µl) of the incubated culture were placed in pH 3 nutrient broth
(100ml). Then, samples (50µl) were plated directly into nutrient agar plates to minimise
errors.
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60oC: Medium filtrate from a mid-log phase pH 4.00 culture was prepared and placed in
a sterile universal. The universal was put in a pre-heated water bath set at 60oC for 30
min (s). The filtrate was then allowed to cool, and then mixed in the ratio 1:1 (10ml:
10ml) with mid-log phase E. coli C600. The culture was incubated for 30 min, at 37oC,
100 rpm. Aliquots (20µl) of the incubated culture were placed in pH 3 nutrient broth
(100ml). Then, samples (50µl) were plated directly into nutrient agar plates to minimise
errors.

2.11.2 Proteinase K treatment
Medium filtrate from mid-log phase pH 4.00 culture was prepared and placed in a sterile
universal. Proteinase K (Qiagen) (1ml) was added to the medium filtrate (10ml). The
filtrate was then mixed in the ratio 1:1 (10ml: 10ml) with mid-log phase E. coli C600.
The culture was incubated for 30 min, at 37oC, 100 rpm. Aliquots (20µl) of the
incubated culture were placed in pH 3 nutrient broth (100ml). Then, samples (50µl)
were plated directly into nutrient agar plates to minimise errors.

2.12 Extraction of alarmones into organic and aqueous phases
Large amounts (200ml) of medium filtrates were prepared from a pH 4 culture then
neutralised. They were filtered using cellulose acetate membrane filters (0.2 µm,
47mmø) and the Millipore Filtration Glassware Equipment.
The resultant medium filtrate (10ml) was placed in a separating funnel.
Dichloromethane (10ml) was added to the filtrate. The mixture was shaken for 5 min (s)
and left for 1 min for layer separation. This extraction procedure was repeated 3 times.
The organic layer (30ml) was collected and dehydrated from traces of the aqueous layer
by adding solid anhydrous magnesium sulphate and stirring well for 5 min(s). Then,
dichloromethane was filtered through using cellulose acetate membrane filters (0.2 µm,
47mm) and the Millipore Filtration Glassware Equipment. The organic solvent was then
evaporated under vacuum using a rotary evaporator (40°C) and the solid organic residue
dissolved in dimethylsulphoxide (0.1ml), further reconstituted in sterile distilled water
(0.9ml) then filter-sterilised. The aqueous phase was also filter-sterilised. The protective
activity was then determined for both the organic and aqueous layers by mixing the
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medium filtrates with mid-log phase E. coli C600 whose optical density was decreased
to 0.08 at 470 nm.

2.13 Autoinducer-2 assay
The bioluminescence assay (Greenberg et al., 1979, Surette and Bassler, 1998) was
performed on neutralised medium filtrates from pH 4 and pH 7 E. coli cultures. Vibrio
harveyi BB170 ATCC number BAA-1117 was grown at 30°C for 16 h with aeration in
autoinducer bioassay (AB) medium. AB medium contained 0.3 M NaC1, 0.05 M
MgSO4, and 0.2% vitamin-free casamino acids (Difco). After adjusting the pH to 7.5
with NaOH, the medium was sterilized by autoclaving and then allowed to cool to room
temperature. Finally, 1 ml of sterile 1 M potassium phosphate (pH 7.0), 1ml of 0.1 M Larginine (free-base) and 2ml of 50% glycerol were added per 100 ml of AB medium
(Greenberg et al., 1979). V. harveyi culture was then diluted 1:5000 in fresh AB
medium. Aliquots (180µl) of the culture were placed in a 96 well microtitre plate.
Neutralised supernatants from pH 4 and pH 7-grown cultures (20µl) were added to the
aliquots of inoculated AB medium. Light production was measured using a
luminescence reader (Tecan Infinite 200 microplate reader) every 30min at 30°C.
Luminescence generally started to increase after 2 h. Commercial (S)-DPD (OMM
Scientific) was used as the positive control. As DPD was dissolved in water, sterile
water served as a negative control. The fold bioluminescence induction is calculated
using the minimal relative light output (RLO) of the blank sample.

2.14 Investigation of potential link between alarmones and
persisters
E. coli C600 cells were grown to mid-exponential phase (OD470nm= 0.5-0.6). 0.05% w/v
ampicillin (10ml) was added to the diluted mid-log phase culture (90ml) to give a final
concentration of 50 µg/ml. Samples were taken at different time points and plated out to
determine live cells by colony count.
To investigate whether alarmones increase the percentage of persisters, medium filtrates
from neutralised pH 4 E. coli culture were prepared and mixed in the ratio of 1:1 with
mid-log phase E. coli C600. The mixed culture was incubated at 37°C, 100 rpm for 30
min (s). 0.05% w/v ampicillin (10ml) was added to the mixed culture (90ml). Samples
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were taken at 0, 180 min (s) to determine the percentage of persisters. A control using
medium filtrates from unconditioned medium (pH 7 cultures) was run along the test.

2.15 Growth rate effect of alarmones
Mid-log phase recipient E. coli C600 was mixed with medium filtrates prepared from
neutralised pH 4 culture (test) and pH 7 culture (control) in the ratio of 1:1. The cultures
were put in the shaking incubator set at 37°C, 100 rpm for 1 hr. Optical densities were
measured every 5 min(s) for both cultures during 1hr.

2.16 Proteomic analyses of alarmone-induced and noninduced Escherichia coli protein extracts
2.16.1 Protein extraction
Suspensions of alarmone-induced and non-induced E. coli were harvested by
centrifugation for 15 min at 10,000 x g, 4°C using a Beckmann J2-21 refrigerated
centrifuge (Beckmann-RIIC Ltd, Scotland, U.K.). The resultant pellets were washed
twice in cold 0.9% w/v saline. Each pellet was resuspended in TE buffer (1ml)
consisting of c 10mM Tris-HCl, 1mM ethylene diamine tetraacetic acid (EDTA),
adjusted to pH 8.0. Both phenylmethyl sulphonyl fluoride (0.3mg/ml) and protease
inhibitor cocktail (0.02ml) were first dissolved in dimethylsulphoxide and added to TE
buffer immediately before use. Samples were incubated on ice and sonicated in a
Soniprep 150 Sonicator (MSE, London, UK) for 10 sec, for 6 cycles (amplitude 2 m)
alternating with pauses of 10 sec. This was followed by centrifugation for 5 min at
13.000 rpm at 4°C. The supernatant was then cleaned using Biorad Ready-PrepTM 2-D
Cleanup Kit and then processed for the first dimension i.e.: isoelectric focusing.

2.16.2 Protein extraction: an alternative method
Suspensions of alarmone-induced and non-induced E. coli were harvested by
centrifugation for 15 min at 10.000 x g, 4°C using a Beckmann J2-21 refrigerated
centrifuge (Beckmann-RIIC Ltd, Scotland, UK). The resultant pellets were washed three
times in PBS; resuspended each time. Samples were incubated on ice and sonicated in a
Soniprep 150 Sonicator for 10 sec, for 6 cycles (amplitude 2 m) alternating with pauses
of 10 sec. Proteins were precipitated using pre-chilled acetone and trichloroacetic acid in
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the ratio (8:1:1; acetone: trichloroacetic acid: sample). The mixture was incubated on ice
for 1 hr followed by centrifugation for 10 min at 13,000 rpm at 4°C. Each pellet was
washed twice in acetone (1ml). The pellets were air-dried and resolubilised in
rehydration buffer (1ml) comprising: 9 M Urea, 4% (w/v) 3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 50 mM dithiothreitol (DTT), 2%
(w/v) Biolyte ampholyte pH 3-10, 0.01% bromophenol blue in 1.1 ml proteomic grade
water.

2.16.3 Quantification of extracted proteins
Total protein concentrations in the samples were determined using the Bradford protein
assay protocol (Bradford, 1976) against bovine serum albumin standard (Figure 2.4).
The Bradford assay is a colorimetric assay, based on the binding of Coomassie Brilliant
Blue G-250 which is an acidic dye present in the Bradford reagent, to amino acids,
causing a shift in absorbance of the dye. Samples were diluted in 0.15 M NaCl to a final
volume of 100 µl. NaOH (100 µl of 1 M solution) was added to reaction mixtures,
followed by Bradford reagent (1.8 ml). The mixtures were then vortexed for 20s and
incubated at room temperature in the dark for 5 min before measuring the optical density
(OD) at 595 nm using disposable UV cuvettes and a UV-Helios Spectrophotometer
(Unicam, West Yorkshire, UK).
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Figure 2.4: Bradford calibration curve for protein estimation of protein
concentration. The lozenges represent readings of the absorbance of different bovine
serum albumin concentrations. The equation obtained from the regression line
(y=0.0456x) was later used as a guide to protein concentration. Above the value of 25 µg
albumin, light scattering is reduced by shadowing which causes deviation from linearity.

2.16.4 Isoelectric focusing: the first dimension of two-dimensional gel
electrophoresis
Isoelectric focusing (IEF) was performed on precast immobilised pH gradient (IPG)
strips (11 cm; Bio-Rad, Hertfordshire, UK) with linearly increasing focusing ranges (pH
3-10; pH 3-6; pH 5-8; pH 7-10).

2.16.4.1 Sample application and IPG strips rehydration
Extracted protein samples were adjusted to 200 µl volumes containing the stated amount
of protein. The IPG strips were laid with the gel side down in the channel, avoiding any
bubbles. The strip was then overlaid with mineral oil and the tray was placed in the
Protean IEF focusing cell (Bio-Rad, Hertfordshire, UK) for active rehydration according
to manufacturers' protocol (ReadyStripTM IPG strip instruction manual, catalogue 1632099, Bio-Rad, Hertfordshire, UK) for 12 hrs.
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2.16.4.2 Focusing of the IPG strips
Following rehydration, two damp paper wicks saturated with proteomic grade water (5
µl) were placed on each electrode, underneath the strip. This was followed by focusing
the IPG strips under the following conditions: 250 V for 15 min (stage 1), 8000 V for 2.5
hr (stage 2) and 35000 Vhrs for S3. The gels were held at 500 V after the focusing had
finished. The IPG strips were removed from the focusing tray and mineral oil, adherent
to the strip was drained off. The strips were then either equilibrated and used
immediately for the 2nd dimension or stored at -80°C for future use.

2.16.4.3 Equilibration of the IPG strips
Following IEF focusing, the IPG strips were equilibrated by placing them in a
disposable equilibration tray and immersed in equilibration buffer I [6 M, urea; 0.375 M,
Tris-HCl; 2%, SDS; 20%, glycerol; 2% (w/v), DTT; pH 8.8] followed by equilibration
in buffer II [6 M, urea; 0.375 M, Tris-HCl; 2%, SDS; 20%, glycerol; 2.5% (w/v),
iodoacetamide; pH 8.8] for 10 min each at room temperature in an orbital shaker.

2.16.5 SDS-PAGE electrophoresis: the second dimension of twodimensional gel electrophoresis
2.16.5.1 Casting of gels
SDS-PAGE gels (16cm x 16cm x 2mm) were cast using the Bio-Rad PROTEAN® II xi
Cell and PROTEAN II xi 2-D Cell Instruction Manual (Protean II, Bio-Rad
Laboratories, Watford, UK) and two solutions that consisted of a 5% stacking gel and
13% resolving gel solution for discontinuous/gradient gels. The resolving gel [40%
acrylamide (25ml); 10% sodium dedecyl sulphate (1.8ml); 1.5 M Tris-HCl buffer (pH
8.8, 22.2ml); distilled water (24.7ml)] was polymerised by addition of 0.28 ml of 10%
(w/v) ammonium persulphate (APS) solution and 0.24 ml tetramethylethylenediamine
(TEMED) followed by addition of 2 ml isopropanol (for a uniform surface). Once
polymerised, the isopropanol was poured off and the stacking gel solution added [30%
acrylamide (1.5ml); 10% sodium dedecyl sulphate (90µl); 0.5 M Tris-HCl buffer (pH
6.8, 2.25ml); distilled water (4.8ml)] which was polymerised by addition of 35 µl of
10% (w/v) APS and 30 µl TEMED.
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2.16.5.2 Electrophoresis
Once equilibrated, the IPG strip was inserted between the glass plates ensuring uniform
contact with the stacking gel surface. Overlay agarose (0.5% agarose in 1 x Tris Glycine
SDS Buffer) containing 0.003% bromophenol blue (Bio-Rad, UK) was melted at 750 W
for 45 seconds in a microwave oven and pipetted over the IPG strip in order to encase
the strip. Once the agarose gels had set, the stack was electrophoresed in 1 x running
buffer containing (g/L in 5 x stock): 15, Tris base; 72, Glycine; and 5, SDS) overnight at
50 V.

2.16.5.3 Visualisation of gels
Proteins were visualised by staining in Coomassie brilliant blue, containing (per 1 litre):
Coomassie brilliant blue (1g); methanol (500ml); and glacial acetic acid (100ml) for 12
hrs. The destaining solution which was prepared as per the stain solution minus the dye
(Coomassie) was used to eliminate the background stain until optimum differentiation of
protein spots was obtained. The gel image was archived and recorded using a Canon
EOS 5, digital SLR camera (Canon, Surrey, UK).

2.17 Microarray Analysis
2.17.1 Preparation of cells for RNA extraction
Alarmone-protected and non-protected populations were incubated for 4h. RNA
extraction was then performed using the Qiagen RNeasy Mini Kit.

2.17.2 Isolation of total RNA
Total RNA isolation was performed according to the procedures described in Qiagen
RNAprotect® Bacteria Reagent Handbook, Protocols 4 and 7 (December 2005). One
volume of each bacterial culture (300 µl) was mixed with 2 volumes of RNAprotect
Bacteria Reagent (600 µl). The mixtures were centrifuged for 10 min(s) at 5,000 x g.
The supernatants were then decanted and any residual supernatants were removed by
gently dabbing the inverted tubes once onto a paper towel. Qiagen Proteinase K (80 µl)
was added to TE buffer containing lysozyme (100µl). The mixtures were added to the
pellets. The latter were carefully re-suspended by pipetting the suspension up and down
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several times. This was followed by vortexing the tubes for 10 s. The suspensions were
then incubated in a shaker-incubator at room temperature for 2 hrs.
2-mercaptoethanol (14 µl) was added to Buffer RLT (1.4ml). Buffer RLT (350 µl) was
then added to the suspension. This was followed by vortexing vigorously. Biological
grade ethanol (250µl) was then added and the suspensions mixed by pipetting. Each of
the suspensions (700µl) was transferred to an RNeasy Mini spin column placed in a 2ml
collection tube. The lid was closed gently and centrifugation performed at 13,000 x g for
15s. The flow-through was discarded. Buffer RW1 (700µl) was added to the RNeasy
Mini spin column, the lid closed gently and centrifugation performed at 13,000 x g for
15s to wash the spin column membrane. The flow-through and the collection tube were
discarded. The RNeasy Mini spin column was placed in a new 2ml collection tube.
Biological grade ethanol was added to Buffer RPE before adding it (500µl) to the
RNeasy Mini spin column. The lid was closed gently and centrifugation performed at
13,000 x g for 15s to wash the spin column membrane. The flow-through was discarded.
The same step was repeated but with centrifugation performed for 2 min(s) to ensure no
ethanol is carried over during the following step (elution) as residual ethanol my
interfere with downstream reactions.
The spin column was placed in a new 2ml collection tube and centrifugation performed
at full speed for 1 min. The RNeasy Mini spin column was placed in a new 1.5 ml
collection tube. RNase-free water (40µl) was added directly to the spin column
membrane. The lid was closed gently and centrifugation performed at 13,000 x g for
1min to elute the RNA. The quantity and quality of the eluted RNA was then assessed.

2.17.3 Determination of RNA quantity and quality
Both the quantity and the quality of the RNA samples were tested. The amount of RNA
that is required for a successful DNA microarray is 4-10µg. The microarray suite of The
University of Manchester used Agilent 2100 Bioanalyser (Agilent Technologies, US) to
check the RNA integrity and a NanoDrop ND-1000 Spectrophotometer (Thermo
Scientific, US) to determine the RNA concentration. This was done according to the
following procedures described in the Agilent RNA 6000 Nano Kit Guide (2006). The
gel-dye mix (9 µl) was prepared and pipetted into the well marked G in the RNA Nano
chip. RNA 6000 Nano Marker (5 µl) was pipetted into the well marked with the ladder
76

symbol and each of the 12 sample wells. The ladder was thawed and kept on ice. The
RNA samples (1.5µl) were heat denatured at 70 oC for 2 min(s) to minimise secondary
structure. Each RNA sample (1 µl) was pipetted into the sample wells. The ladder (1 µl)
was pipetted into the well marked with the ladder symbol. The RNA Nano chip was then
placed horizontally in the adapter of the vortex mixer and vortexed for 1 min. The chip
was then inserted in the Agilent 2100 Bioanalyser for analysis of the quality of the RNA
samples (Figure 2.5).
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Figure 2.5: Agilent 2100 bioanalyser assay of total RNA duplicate samples
extracted from E. coli C600 (1-2): alarmone-protected cultures; (3-4) control
cultures; L: Ladder.

2.17.4 Ethanol precipitation of RNA
Ethanol precipitation of RNA was performed to increase the concentration of the RNA
but also to improve the 260/230 ratio. 7.5 M Ammonium acetate (0.5 volumes) and ice
cold 100% ethanol (Analar) (2.5 volumes) were added to the RNA samples. The
mixtures were mixed thoroughly by vortexing. They were then precipitated at -20oC
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overnight. The samples were then centrifuged at 13,000 rpm, 4oC for 30 min to form
tight pellets. The latter were then washed twice with ice cold 80% ethanol (0.5ml) by
spinning at 4oC for 10 min each time. The pellets were air-dried for approximately 5 min
and re-suspended in nuclease-free water (20µl).

2.17.5 Microarray procedure
Affymetrix GeneChip® E. coli 2.0 Genome Array was carried out by the microarray
facility of The University of Manchester. In the procedure, reverse transcriptase and
random hexamers for cDNA synthesis were used. The cDNA products were fragmented
by DNase I and labelled with terminal transferase in the presence of biotin-ddUTP to
biotinylate cDNA at the 3’ termini. The biotin-labelled cDNA was then hybridised with
the array cartridge, for 16h in the hybridisation oven at 45oC. The array cartridge was
then washed, stained and finally scanned using the GeneArray® scanner (Table 2.2). The
scanned probe array image (.DAT) files were then analysed by Dr Jamie MacPherson, a
bioinformatician at The University of Manchester.
Table 2.2: GeneChip® E. coli 2.0 genome array process.
Experiment Time
Procedure
7 hours

RNA isolation

3 hours

cDNA synthesis with random primers

30 min(s)

RNA degradation with NaOH

30 min(s)

cDNA column purification

20 min(s)

cDNA fragmentation with DNase I

20-60 min(s)

Terminal labelling with Biotin-ddUTP

16 hours

Hybridisation

4 hours

Washing, staining and scanning
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2.17.5.1 cDNA preparation
2.17.5.1.1 Reagents and materials required
The following reagents and materials were required and used by the microarray facility
to produce cDNA from the isolated RNA; 100mM of dATP, dCTP, dGTP, dTTP
(Amersham Pharmacia Biotech), 3µg µl-1 Random Primers (Invitrogen Life
Technologies), 200U µl of Superscript II Reverse Transcriptase (Invitrogen Life
Technologies), 20 µl of SUPERase in nuclease-free water (Ambion), NaOH, 1N solution
(VWR Scientific Products), HCl 1N solution (VWR Scientific Products), QIAquick
PCR Purification Kit (QIAGEN), 10X One-Phor-All Buffer (Amersham Pharmacia
Biotech), Deoxyribonuclease I (DNase I) (Amersham Pharmacia Biotech), Enzo
BioArrayTM Terminal labelling Kit with Biotin ddUTP (Affymetrix) and EDTA, pH 8,
0.5M (Invitrogen Life Technologies).

2.17.5.1.2 Reagent preparation
dATP (100mM, 100µl), dCTP (100mM, 100µl), dGTP (100mM, 100µl), dTTP
(100mM, 100µl) and nuclease-free water (600µl) were mixed and stored at -20oC.
Random primers (75ng.µl-1, 1ml) were also required. This solution contained 3µg.µl-1
(25 µl) random primers and nuclease-free water (957µl). It was also stored at -20oC.

2.17.5.1.3 Random priming cDNA synthesis
Samples were incubated in a thermocycler. The integrity of total RNA was essential for
the success of the assay. Due to the sensitivity of the assay, removal of the DNA
contamination from the RNA preparation was crucial to prevent false-positives from
occurring. The following mixture was prepared for primer annealing (Table 2.3). The
RNA/Primer mix was then incubated at the following temperatures: 70oC for 10 mins,
25oC for 10 mins, then chilled to 4oC.
The reaction mix for cDNA synthesis was prepared. The reaction tube was briefly
centrifuged, to collect the sample at the bottom and the cDNA synthesis mix (Table 2.4)
was added to the RNA/primer hybridisation mix.
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Table 2.3 : Primer hybridisation mix
Components
Total RNA
Random primers (75µg.µl-1)
Spike-in control transcripts
Nuclease-free water
Total volume

Volume or Amount
10µg
10µl
2µl
Up to 30µl
30µl

Table 2.4 : cDNA synthesis components
Components
Volume or Amount
RNA/primer hybridisation
(from previous step)
5X 1st strand buffer
100mM DTT
10mM dNTPs
SUPERase•In (20U/µL)
SuperScript II (200U/µL)
Total volume

Final Concentrations
0.33µg.µl-1
25ng.µl-1
8pM

Final
Concentrations

mix 30µl
12µl
6µl
3µl
1.5µl
7.5µl
60µl

1x
10mM
0.5mM
0.5U µl-1
25U µl-1

The reaction mixture was incubated at the following temperatures and for the stated
times: 25oC for 10mins, 37oC for 60mins, 42oC for 60mins and 70oC for 10mins then
chilled to 4oC.
2.17.5.2 RNA degradation
The next stage of the procedure involved removal of the initial RNA from the sample
now that the cDNA has been synthesised. NaOH (1N, 20µl) was added to the sample,
which was incubated at 65oC for 30mins, then HCl (1N, 20µl) was added to achieve
neutralisation.

2.17.5.3 Purification and quantification of cDNA synthesis products
The amount of cDNA synthesised was analysed using a nanodrop machine, a minimum
of 1.5 µg was recommended for subsequent procedures to obtain sufficient signal when
hybridised to the array.

2.17.5.4 cDNA fragmentation
In order to fragment cDNA, the following reaction mix was prepared (Table 2.5). The
reaction was then incubated at 37oC for 10mins. The DNase I was inactivated at 98oC
for 10mins.
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Table 2.5: Fragmentation reaction
Components
10xOne-Phor-All buffer
cDNA
DNase I
Nuclease-free water
Total volume

Volume or Amount
5µl
40µl
Xµl
Up to 50µl
50µl

Final Concentrations
1x
3-7µg
0.6U µg-1 of cDNA

The fragmented cDNA was then added to the terminal labelling reaction.
2.17.5.5 Terminal labelling
Once the cDNA has been fragmented, the Enzo® BioArrayTM Terminal Labelling Kit
with Biotin-ddUTP (Affymetrix) was used to label the 3’ termini of the fragmentation
products. The reaction mix was prepared as follows (Table 2.6).
Table 2.6: Terminal labelling reaction
Components
5xReaction buffer
10xCOCL2
100xBiotin-ddUTP
50x
terminal
deoxynucleotide
transferase
Fragmentation product
Total volume

Volume or Amount
12µl
6µl
1µl
2µl

Final Concentrations
1x
1x
1x
1x

39µl
60µl

1.5-6µg

The reaction was then incubated at 37oC for 10 mins and then stopped by the addition of
2µl of 0.5M EDTA. The sample was then ready for hybridisation onto probe arrays.

2.17.5.6 E. coli target hybridisation
The hybridisation mix and hybridisation of the target mix to a GeneChip® E. coli 2.0
genome array were performed. The hybridised probe array was then ready for washing,
staining and scanning.

2.17.5.6.1 Reagents and materials
The following reagents and materials were required for E. coli target hybridisation;
water, molecular biology grade (BioWhittaker), acetylated bovine serum albumin (BSA)
solution (50mg ml-1) (Invitrogen Life Technologies), Herring Sperm DNA (Promega
Corporation), Micropure Separator (Millipore), 3nM of Control Oligo B2 (Affymetrix),
5M of RNase-free & DNase-free NaCl (Ambion), MES free acid monohydrate (Sigma
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Ultra, Sigma-Aldrich), MES sodium salt (Sigma-Aldrich), 0.5M solution of EDTA
disodium salt (Sigma-Aldrich).

2.17.5.6.2 Miscellaneous reagents
Label DotsTM and Tough SpotsTM (USA Scientific) were also required along with
Surfact-Amps X-100 (Tween-20) 10% (Pierce Chemical).

2.17.5.6.3 Miscellaneous supplies
Hybridisation of the samples was performed in a GeneChip® Hybridisation oven 640
(Affymetrix).

2.17.5.6.4 Reagent preparation
The following reagents were required for washing, scanning and staining. One litre of a
12X MES stock (1.22 M MES, 0.89 M [Na+]) was prepared with; 70.4g of MES-free
acid monohydrate, 193.3g of MES sodium salt and molecular biology grade water
(800ml). The solution was mixed and the volume adjusted to 1L. The pH should have
been between 6.5 and 6.7. The solution was then filtered through 0.2 µm filter as it must
not be autoclaved. The solution was stored at 2-8oC and discarded if it became yellow.
50 ml of a 2xHybridisation Buffer (final 1X concentration is 100mM MES, 1M [Na+],
20mM EDTA, 0.01% Tween-20) was prepared using the following materials: 12X MES
stock (8.3ml), 5M NaCl (17.7ml), 0.5M EDTA (4ml), 10% Tween-20 (0.1ml) and water
(19.9 ml). The solution was stored at 2-8oC and kept away from light with aluminium
foil.
2.17.5.6.5 Hybridisation procedure
Following determination of the labelling of the fragmented cDNA with biotin, the
hybridisation solution mix was prepared (Table 2.7).

83

Table 2.7. Hybridisation solution mix
Components
Volume or Amount
2xMES hybridisation buffer
50µl
3nM control oligo B2
1.6µl
10mg/ml herring sperm DNA 1µl
59mg/ml BSA
1µl
Fragmented labelled cDNA
39.4µl
DMSO
7µl
Final volume
100µl

Final Concentrations
1x
50pM
0.1mg.ml-1
0.5mg.ml-1
1.5-6µl

The hybridisation solution mix (200µl) was added to the probe array. The array was then
incubated in the hybridisation oven at 45oC, 60 rpm for 16h.
2.17.5.7 Washing, staining and scanning of the array slide
The washing, staining and scanning of the GeneChip® E. coli 2.0 genome array was
performed automatically by the GeneChip® Fluidics station. The scanned probe array
image was then ready for analysis.

2.17.5.8 Analysis of microarray data
The array data produced was analysed by the most widely used and up to date software
which

is

known

as

the

Bioconductor

Software

(http://www.bioconductor.org/help/workflows/oligo-arrays/). The scanned probe array
images (.DAT) files were analysed by Dr Jamie MacPherson, a bioinformatician from
Michael Smith Building at the Faculty of Life Sciences at The University of Manchester.
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Chapter 3: Bacterial Response to
Unfavourable Heat and Acid Conditions
3.1 Introduction
Bacterial cells have complex regulatory mechanisms that help them alleviate the
detrimental consequences of exposure to stresses in harsh conditions. Many of these
mechanisms have been analysed at the level of gene expression and protein induction
(VanBogelen et al., 1987). In this chapter, two stresses were looked at: acid and heat.
The main reason why these stresses were selected is the ease of neutralisation.

3.2 Acid and heat as stress agents
3.2.1 Acid
Many bacterial species have to endure and survive extremely low pH values outside the
range suitable for growth. In the body, infecting microorganisms frequently face acidity
e.g.: in the stomach, the phagolysosomes (Jensen and Bainton, 1973) and the oral cavity
or due to the presence of fermentation products from anaerobic bacteria. In addition,
exposure to acid pH values in natural waters is common. Acidity can derive from the
entry of bacterial cells into water courses of wastes from chemical plants. Bacteria can
also face acidity in some types of food such as citrus fruits and canned food or from
exposure to some stages of food processing.
Alterations in external pH (pHext) can result in subsequent alterations in primary
physiological parameters such as internal pH (pHi); ∆pH (difference between pHext and
pHi); ∆Ψ (membrane potential); pmf (proton motive force) and concentration of other
ions e.g.: K+ and Na+. Changes in these parameters can then affect other mechanisms
such as solute and ion transport and motility, energy coupling and phage adsorption.
Interestingly, it was observed that adaptation to different variations in intra or
extracellular pH values following a shift to acid or alkaline pH requires induction of a
range of proteins that include some heat-shock ones (Heyde and Portalier, 1990).

85

3.2.2 Heat
Exposure of bacteria or other microorganisms to temperatures higher than the optimum
may induce the synthesis of a number of proteins. These induced proteins play important
roles in assisting folding, assembly, degradation and translocation of proteins under
stress conditions but also during normal cellular growth (Georgopoulos and Welch,
1993). The heat shock response has been extensively studied in many microorganisms
such as E. coli, Bacillus subtilis, Salmonella enterica Serovar Typhimurium and
Pseudomonas aeruginosa.

3.3 Alarmones/extracellular signals
Microorganisms may become more resistant to stress if they are initially exposed to a
lower dose of the same or a different stress. This may occur after exposure to stresses
such as alkylating agents, hydrogen peroxide, acid or heat (Samson and Cairns, 1977,
Demple and Halbrook, 1983, Mackey and Derrick, 1986, Raja et al., 1991b). It has been
postulated that one of the mechanisms by which these microorganisms become less
susceptible to stress involves extracellular signals that serve as early warning systems.
These extracellular signals have been termed alarmones (Rowbury, 2001a, Rowbury,
2001b). Very little is known about the alarmones and the effects they bring about
especially at the molecular level. Thus, this PhD work aims to shed more light on this
area of research.

3.4 Methods
3.4.1 Growth curves of different bacterial strains
An overnight culture of a specified microorganism (2ml) was placed in different flasks
each containing nutrient broth (100 ml). The pH values of the media ranged from 1 to 8.
The optical densities of the cultures were measured at 470 nm using a spectrophotometer
every hour for 8 hours.

3.4.2 Determination of bacterial susceptibility towards acid and heat
stress
The potential protective effects of alarmones was evaluated by first exposing bacteria to
acid and heat stress and noting the degree of kill caused in a certain amount of time.
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3.4.2.1 Death kinetics of E. coli C600 exposed to acidic pH
E. coli C600 was grown in nutrient broth (100 ml) for c. 3hrs. The culture (10 ml) was
placed in three different universals. Their pH was rapidly decreased using 10%
hydrochloric acid (HCl) to 4.1 & 3.0, respectively. Viable counts were performed to the
original culture (considered as 0 min). Then, viable counts were made to each culture at
15, 30 and 60 min(s) to produce kill curves (Figure 3.1).

3.4.2.2 Death kinetics of E. coli DH5α exposed to acidic pH
A mid-log phase Escherichia coli DH5α was centrifuged once in the Beckman
centrifuge at 10,000 rpm, 20°C for 15 minutes. The supernatant was removed; the pellet
washed and re-suspended in pH 3 nutrient broth. Viable counts were performed at 0, 30,
60, 90 and 120 min(s) (Figure 3.2).

3.4.2.3 Death kinetics of E. coli wild type exposed to acidic pH
A mid-log phase Escherichia coli (w/t) was centrifuged in the Beckman centrifuge at
10,000rpm, 4°C for 15 minutes. The supernatant was removed and the pellet resuspended in pH 3 nutrient broth. Viable counts were performed at 0, 30, 60 and 120
min(s) (Figure 3.3).
Instead of centrifuging E. coli (w/t) at 4°C as has previously been the case, they were
centrifuged at 20°C to avoid any cold-shock response-related effects. Again, the
supernatant was removed and the pellet re-suspended in pH 3 nutrient broth. Viable
count was performed at 0, 30 and 60 min(s) (Figure 3.3).
3.4.2.4 Death kinetics of Staphylococcus epidermidis exposed to acidic pH
A mid-log phase S. epidermidis was centrifuged in the Beckman centrifuge at 10,000
rpm, for 15 minutes. The supernatant was removed and the pellet was washed and resuspended in pH 3 nutrient broth for 20 min(s). Viable counts were performed at 0, 5,
10, 15 and 20 min(s) (Figure 3.4).

3.4.2.5 Death kinetics of E. coli C600 exposed to heat
Heat was applied to a small amount (~100µl) of overnight E. coli C600 cultures
(~1.56x109 cfu/ml) placed in pre-heated sterile tubes using DNA thermal cycler (Perkin
Elmer, Cambridge, UK).
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A series of temperatures were applied to the E. coli C600 culture (40, 45, 50, 55, 60,
65oC) for 30 minutes. After the specified time, serial dilutions were made for each
heated culture using sterile saline (0.9% w/v). Next, 100µl of each dilution for each
temperature was placed on nutrient agar plates and spread with a pre-sterilised spreader.
The plates were then incubated overnight at 37oC. Colonies were counted to determine
the number of surviving cells (Table 3.1). Log of the D-value was then plotted against
temperature (Figure 3.5).
However, methods that involve serial dilutions are associated with errors. To minimise
the errors, bacterial cultures were first diluted so that their optical densities were in the
range of 0.03 to 0.1 at 470nm. Then, samples of 300µl were heated in the DNA thermal
cycler (Perkin Elmer, Cambridge, UK) at (55, 60oC) for 15 minutes. Samples were then
taken at 0, 5, 10 and 15 minutes and plated out straight away into nutrient agar plates
i.e.: without serially diluting them (volumes as small as 30µl were used). Twenty-four
hours later, the number of colonies was determined. This helped estimation of the
surviving fraction (Figure 3.6). D-value determination was based on plot equations.

3.4.3 Effect of acidic pH on bacterial growth and viability
Two different stress agents were used in this study as these agents can be easily
neutralised. Those two agents were acid and heat. For detailed methods, please see
Section 2.8.

3.4.4 Production of bacterial alarmones by acid stress
For detailed methods about the production of bacterial alarmones by acid stress at pH 5
and at pH 4, please see Sections 2.9.1.1 and 2.9.1.2, respectively.

3.4.5 Production of bacterial alarmones by heat stress
For detailed methods about the production of bacterial alarmones by heat stress, please
see Section 2.9.2.

3.4.6 Measurement of potential protection conferred by alarmones
3.4.6.1 Protection conferred by bacterial alarmones produced by acid stress: serial
dilution method
For detailed methods, please see Section 2.10.1.1.
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3.4.6.2 Protection conferred by bacterial alarmones produced by acid stress:
method involving plating out of the samples directly
For detailed methods, please see Section 2.10.1.2.
3.4.6.3 Protection conferred by bacterial alarmones produced by heat stress
For detailed methods, please see Section 2.10.2.

3.4.7 Stability studies of potential alarmones
For detailed methods about the stability of potential alarmones, please see Section 2.11.

3.4.8 Extraction of alarmones into organic and aqueous phases
For detailed methods, please see Section 2.12.

3.4.9 Growth rate effect of alarmones
Mid-log phase recipient E. coli C600 was mixed with medium filtrates prepared from
neutralised pH 4 culture (test) and pH 7 culture (control) in the ratio of 1:1.The cultures
were put in the shaking incubator set at 37°C, 100 rpm for 1 hr. Optical densities were
measured every 5 min(s) for both cultures during 1hr.

3.4.10 Autoinducer-2 assay
For detailed methods, please see Section 2.13.

3.4.11 Investigations of any link between alarmones and persisters
For detailed methods, please see Section 2.14.

3.5 Results
3.5.1 Kill curves of different bacterial strains
Kill curves for E. coli C600, E. coli DH5α, E. coli (w/t) and Staphylococcus epidermidis
are presented in Figures 3.1-3.4. As can be seen, Figure 3.1 demonstrates that pH 4.1
resulted in almost no kill of E. coli C600 cells. Eighteen min(s) was the time required to
decrease E. coli C600 population by one log when pH 3 was applied. Figure 3.2, on the
other hand, demonstrates that the time required to decrease E. coli DH5α population by
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one log is 90 min(s) when pH 3 is applied. Thus, E. coli DH5α is less susceptible to pH
3 than E. coli C600. Figure 3.3 shows that the time required to decrease E. coli (w/t)
population by one log is 80 min(s) when pH 3 is applied. Thus, E. coli (w/t) is also less
susceptible to pH 3 than E. coli C600. When centrifuging was performed at 20°C instead
of 4°C, the time required to decrease E. coli (w/t) population by one log is almost the
same i.e.: 80 min(s). Figure 3.4 represents a kill curve of S. epidermidis against pH 3. In
20 min(s), 90% of the cells were killed.
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Figure 3.1: Kill curves for E. coli C600 exposed to pH 3 and pH 4.1 as a function of
time (n=3). Mid-log phase E. coli C600 was washed once, exposed to pH 3/pH 4.1 for 1
hr. Samples were taken at 0, 15, 30 and 60 min and viable counts performed. (●) pH 4.1;
(■) pH 3.0.
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Figure 3.2: Kill curve for E. coli DH5α exposed to pH 3 as a function of time. Midlog phase E. coli DH5α was centrifuged then pellet washed and re-suspended in pH 3 for
2 hrs. Samples were taken at 0, 30, 60, 90 and 120 min and viable counts performed.
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Figure 3.3: Kill curve for E. coli (w/t) exposed to pH 3 as a function of time. Mid-log
phase E. coli (w/t) was centrifuged at different temperatures ((■): at 4°C, (●): at 20°C).
The supernatant was removed and the pellet was exposed to pH 3 for 2 hrs. Samples
were taken at 0, 30, 60 and 120 min and viable counts performed.
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Figure 3.4: Kill curve for Staphylococcus epidermidis against pH 3. Mid-log phase S.
epidermidis was centrifuged then pellet washed and re-suspended in pH 3 for 20 mins.
Samples were taken at 0, 5, 10, 15 and 20 min and viable counts performed.

3.5.2 D-value estimation for E. coli C600
The D-value was calculated using the following equation:
Log (N/N0) = -t/D-value
Where:
•

t is the time of exposure to heat

•

N0 is the initial number of bacteria

•

N is the number of bacteria at time of exposure t

•

D is the logarithmic rate constant or D-value in minutes or hours.

In essence, the D-value is defined as the time required to obtain one log or ten-fold
reduction in a bacterial population at a specific temperature (Jay, 1992). It is calculated
by linear regression analysis. Results were used as a guide to the rate of killing by
various temperatures for later experiments.

92

Table 3.1 The number of survivors and the D-values estimated after exposing E.
coli C600 to different temperatures for 30 minutes.
Temperature
Log Survivors (cfu/ml)
D-value (minutes)
45oC

9.03

193

50oC

8.80

77.53

55oC

6.06

9.58

60oC

2.80

4.7

Log of the D-value was then plotted against temperature (Figure 3.5). Figure 3.5 shows a
linear relationship between Log D-value for E. coli C600 and temperature.
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Figure 3.5 Log D-value against temperature for E. coli C600

The logarithm of the surviving fraction of E. coli C600 was plotted as a function of time
when E. coli C600 was exposed to the temperatures 55oC and 60oC (Figure 3.6). The
culture was, however, diluted first then heated.
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Figure 3.6 The surviving fraction of E. coli C600 exposed to heat (55 and 60°C)
versus time. Samples of diluted E. coli C600 culture (300µl) were heated at 55°C (■)
and 60°C (●) then plated out on nutrient agar plates after 5, 10 and 15 min exposure to
heat.
D-value was determined based on plot equations for both regression lines in Figure 3.6.
The D-value for E. coli C600 at 55oC is 6.45min(s) based on the plot equation: y= 0.155x +5.5233 whereas it is 3.98min(s) at 60oC based on the plot equation: y= -0.251x
+5.9183. The results will be used as a guide of the extent of kill when cells incubated
with alarmones are subjected to 55oC or 60oC.
The D-values found by the method where samples were heated, diluted then plated out
for viable count (method 1) differ slightly to those found by the alternative method
where samples were diluted first then heated (method 2). At 55oC for example, The Dvalue for E. coli C600 was found to be 9.58 min(s) by using method 1 whereas the Dvalue for E. coli C600 was found to be 6.45 min(s) by using method 2. Method 2 is
thought to be more precise as errors are minimised by avoiding serial dilutions following
heating the samples.
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3.5.3 Growth curves of different bacterial strains
Growth curves of different bacterial strains were generated in order to determine
optimum, mildly acidic and lethal acidic conditions. Mildly acidic conditions are thought
to be most suitable for yielding alarmones that serve as early warning systems.

3.5.3.1 Growth curves of E. coli C600 in different pHs
Figure 3.7 represents the growth curves of E. coli C600 in different pHs. E. coli C600
established normal growth in the pH range 6-8. The cells entered the log-phase at around
2 hours following inoculation and reached the stationary phase at around 8 hours. pH 5
allowed some growth although it is not optimum. The cells in pH 5 medium entered the
log phase at around 3 hours and did not reach the stationary phase by 8 hours following
inoculation. The pH range 1-4 can be considered lethal for the bacterium as no
significant differences in the OD are observed through the time course of 8 hours.
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Figure 3.7: Growth curves of E. coli C600 exposed to different pH as a function of
time. Overnight E. coli C600 (2ml) placed in nutrient broth with different pH values
ranging from 1.6 to 8. The optical densities were measured at 470nm every hour for
eight hours (♦: pH1, ■: pH2, ▲: pH3, ●: pH4, □: pH5, ○: pH6, ◊: pH7, ∆: pH8).
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3.5.3.2 Effect of acidic pH on E. coli C600 growth and viability
According to figure 3.8, E. coli C600 was growing poorly in pH 4.5 medium prior to
neutralisation of the acidic cultures. There was no evidence of net bacterial division in
pH 4 medium. pH 5 medium, on the other hand, allowed some growth. Once the cultures
were neutralised, the bacterium started growing in all the different media. Therefore, pH
4 and 4.5 can be considered as bacteriostatic and not bactericidal.
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Figure 3.8: Effect of acidic pH on E. coli C600 growth and viability. Overnight E.
coli C600 (1ml) placed in nutrient broth with different pH values ranging from 4 to 7.
The optical densities were measured at 470nm. Cultures were then neutralised and
growth further monitored (♦: pH4, ■: pH4.5, ▲: pH5, ●: pH7).
3.5.3.3 Growth curves of E. coli DH5α in different pHs
Figure 3.9 represents the growth curves of E. coli DH5α (does not produce AI-2) in
different pH media. E. coli DH5α grows quite well in the pH range 5-8. The cells
entered the log-phase at around 1 hour following inoculation and reached the stationary
phase at around 7 hours. pH 4.5 allowed some growth although it is not optimal. The
cells in pH 4.5 medium entered the log phase at around 3 hours and reached the
stationary phase by 7 hours following inoculation. The pH range 1-4 can be considered
lethal for the bacterium as no significant differences in the OD are observed through the
time course of 7 hours.
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Figure 3.9: Growth curves of E. coli DH5α exposed to different pH as a function of
time. Overnight E. coli DH5α (1ml) placed in nutrient broth with different pH values
ranging from 1 to 8. The optical densities were measured at 470nm every hour for eight
hours (♦: pH1, ■: pH2, ▲: pH3, ●: pH4, □: pH4.5, ○: pH5, ◊: pH6, ∆: pH7, x: pH8).
3.5.3.4 Growth curves of E. coli w/t in different pHs
Figure 3.10 represents the growth curves of E. coli w/t in different pH media. E. coli w/t
grows quite well in the pH range 5-8. The cells entered the log-phase at around 1 hour
following inoculation and reached the stationary phase by 8 hours. pH 4 allowed some
growth although it is not optimal. The cells in pH 4 medium entered the log phase at
around 3 hours and reached the stationary phase by 8 hours following inoculation. The
pH range 1-3 can be considered lethal for the bacterium as no significant differences in
the OD is observed through the time course of 8 hours.
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Figure 3.10: Growth curves of E. coli w/t exposed to different pH as a function of
time. Overnight E. coli w/t (1ml) placed in nutrient broth with different pH values
ranging from 1 to 8. The optical densities were measured at 470nm every hour for eight
hours (♦: pH1, ■: pH2, ▲: pH3, ●: pH4, □: pH5, ○: pH6, ◊: pH7, ∆: pH8).
3.5.3.5 Growth curves of Staphylococcus epidermidis in different pHs
Figure 3.11 represents the growth curves of S. epidermidis in different pH media. S.
epidermidis grows quite well in the pH range 6-8. The cells entered the log-phase at
around 2 hours following inoculation and did not reach the stationary phase by 8 hours.
The pH range 1-5 can be considered lethal for the bacterium as no significant differences
in the OD is observed through the time course of 8 hours.
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Figure 3.11: Growth curves of S. epidermidis exposed to different pH as a function
of time. Overnight S. epidermidis (1ml) placed in nutrient broth with different pH values
ranging from 1 to 8. The optical densities were measured at 470nm every hour for eight
hours (♦: pH1, ■: pH2, ▲: pH3, ●: pH4, □: pH5, ○: pH6, ◊: pH7, ∆: pH8).
3.5.3.6 Effect of acidic pH on Staphylococcus epidermidis growth and viability
Figure 3.12 shows that before neutralisation of the acidic cultures, S. epidermidis was
growing poorly in pH 4.5 medium. There was no evidence of net bacterial division in pH
4 or pH 3 medium. pH 5 medium, on the other hand, allowed some growth. Once the
cultures were neutralised, the bacterium started growing in all the different media except
pH 3 medium. Therefore, pH 4 and 4.5 can be considered as bacteriostatic and not
bactericidal.
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Figure 3.12: Effect of acidic pH on Staphylococcus epidermidis growth and viability.
Overnight S. epidermidis (1ml) placed in nutrient broth with different pH values ranging
from 3 to 7. The optical densities were measured at 470nm. Cultures were then
neutralised and growth further monitored (♦: pH3, ■: pH4, ▲: pH4.5, ●: pH5, ∆: pH5.5,
○: pH6, □: pH7).

3.5.4 Protective effect of alarmones
3.5.4.1 Acid tolerance induction in E. coli C600 and E. coli (w/t) by medium filtrates
from pH 5 culture
Induction of acid tolerance by medium filtrates from E. coli C600 grown at pH 5 was
examined (Table 3.2). No statistically significant differences were observed between the
two sets of data. The same experiment was repeated with a wild type strain of E. coli.
The results obtained were almost similar. No significant difference was observed in the
percentage of the surviving population between the E. coli w/t incubated with
neutralised medium filtrates from pH 5 culture and the control (Table 3.3). The
microorganisms were washed at 4°C. This might have induced cold-shock response and
affected the results. Therefore, the experiment was repeated but cells were washed at
20°C instead of 4°C. However, the percentages of survival were not statistically
different (Table 3.3: 112.57%±14.23% as opposed to 103.16%± 4.67%, p=0.46).
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Table 3.2: Effects of medium filtrates from log-phase E. coli C600 on the acid
tolerance of pH 7-grown cells.
Source of Filtrate
Ratio
% survival after
% survival after
filtrate/pH 7- acid challenge for
acid challenge
grown cells
1 hr
for 2 hrs
Log-phase pH 7-grown
1:2
122.32±17.41
51.32±9.18
cells
Log-phase pH 5-grown
1:2
89.00±18.33
74.78±21.11
cells
E. coli C600 was grown in nutrient broth to exponential phase at either pH 7 or 5. The
cultures were neutralised if necessary, then filtered through 0.22µm disposable syringe
filters. Exponential-phase cultures of E. coli C600 were incubated with medium filtrates
in the ratio 1:2, for 45 min (s) at pH 7. The cultures were then washed once at 10,000
rpm, 4°C for 15 min(s) and re-suspended in pH 3 nutrient broth. Samples taken at 0, 60
and 120 min(s) were plated on nutrient agar with incubation at 37° C. Results are
expressed as percentage survival± standard deviation after acid challenge for three
replicates.
Table 3.3: Effects of medium filtrates from log-phase E. coli (w/t) on the acid
tolerance of pH 7-grown cells.
Source of Filtrate
Ratio filtrate/pH 7-grown
% survival after acid
cells
challenge for 1 hr
Log-phase pH 7-grown cells
1:1
79.71±7.37
Log-phase pH 5-grown cells
1:1
77.40±7.72
(Washing step at 4°C)
Log-phase pH 7-grown cells
1:1
112.57±14.23
Log-phase pH 5-grown cells
1:1
103.16± 4.67
(Washing step at 20°C)
E. coli (w/t) was grown in nutrient broth to exponential phase at either pH 7 or 5. The
cultures were neutralised if necessary, then filtered through 0.22µm disposable syringe
filters. Exponential-phase cultures of E. coli (w/t) were incubated with medium filtrates
in the ratio 1:1, for 45 min (s) at pH 7. The cultures were then washed once at 10,000
rpm, 4°C or 20°C for 15 min(s) and re-suspended in pH 3 nutrient broth. Samples taken
at 0 and 60 min(s) were plated on nutrient agar with incubation at 37° C. Results are
expressed as percentage survival± standard deviation after acid challenge for three
replicates.

As no differences were observed when using medium filtrates from pH 5-grown E. coli
cultures, an attempt was made to grow E. coli at pH 4, prepare the medium filtrates from
those pH 4-grown E. coli cultures and investigate whether these filtrates conferred
protection to recipient E. coli or other bacteria against lethal pH (pH 3).
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3.5.4.2 Acid tolerance induction in E. coli C600 by medium filtrates from pH 4
culture
The potential protective effect of alarmones that are thought to be present in the
neutralised medium filtrates of an E. coli C600 culture grown at pH4 was examined.
Medium filtrates of an E. coli C600 culture grown at pH4 were incubated with recipient
E. coli C600 and exposed to lethal acidic conditions (pH 3). Percentage survival of cells
challenged with acid was determined by dividing the viable count at n min into viable
count at 0 min x 100. This led to the generation of Figure 3.13.
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Figure 3.13: Acid tolerance induction in E. coli C600. E. coli C600 was grown to
exponential phase at either pH 7 or 4. Neutralised medium filtrates were prepared and
incubated with exponential-phase cultures of E. coli C600, for 30 min. Aliquots of each
of the incubated cultures (20µl) were placed in pH 3 nutrient broth (100ml). Samples
(50µl) were plated out directly into nutrient agar plates, in triplicate, at different time
points (0, 30, 60 and 90 min) (♦: medium filtrates from pH4 culture, ■: medium filtrates
from pH7 culture), n=3, error bars represent the standard deviation.
Figure 3.13 shows that there were significant differences between the two sets of data
(unpaired t-test). At 30 mins, 93.94%±0.22% of the cells pre-incubated with neutralised
medium filtrates prepared from pH 4 culture survived the pH 3 challenge as opposed to
44.07%±3.81% of the cells pre-incubated with neutralised medium filtrates prepared
from pH 7 culture (p < 0.01). At 60 (mins), 88.14%±2.59% of the cells pre-incubated
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with neutralised medium filtrates prepared from pH 4 culture survived the pH 3
challenge as opposed to 37.12%±4.19% of the cells pre-incubated with neutralised
medium filtrates prepared from pH 7 culture (p < 0.01). At 90 (mins), 51.68%±3.3% of
the cells pre-incubated with neutralised medium filtrates prepared from pH 4 culture
survived the pH 3 challenge as opposed to 25.63%±2.87% of the cells pre-incubated
with neutralised medium filtrates prepared from pH 7 culture (p ≤ 0.01).
3.5.4.2.1 Stability of putative alarmones
To investigate what might be present in cell-free medium, the stability of medium
filtrates from pH 4 cultures was examined.

Figure 3.14: Stability of alarmones at various temperatures and following
proteinase K treatment. Medium filtrates from mid-log phase pH 4.00 culture were
prepared and placed in sterile universals. The universals were put at different
temperatures (4, 20, 60oC) or filtrates were treated with proteinase K. The filtrates were
tested for their protective activity against pH 3 (♦: medium filtrates from pH4 culture, ■:
medium filtrates from pH4 culture placed at 4°C, ▲: medium filtrates from pH4 culture
placed at 20°C, □: medium filtrates from pH4 culture placed at 60°C, ●: medium
filtrates from pH4 culture treated with proteinase K), n=3, error bars represent the
standard deviation.
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Figure 3.14 shows that alarmones are relatively stable when stored at 4°C overnight. No
statistically significant differences were observed in terms of the protection effect of
freshly-made alarmones and that of alarmones stored at 4°C (p=0.06 at 60 min, p=0.67
at 90 min). The same figure shows that alarmones are also stable when stored at 20°C
overnight. No statistically significant differences are observed in terms of the protection
effect of freshly-made alarmones and that of alarmones stored at 20°C (p=0.83 at 30
min, p=0.55 at 90 min). Figure 3.14 also shows that alarmones are not stable when
subjected to 60°C or following proteinase K treatment. Statistically significant
differences are observed in terms of the protection effect of freshly-made alarmones and
that of alarmones put at 60°C or treated with proteinase K (p ≤ 0.01 at 30 min, p ≤ 0.01
at 60 min).
3.5.4.2.2 Extraction of alarmones into hydrophilic and hydrophobic layers
An attempt was made to isolate alarmones and determine their nature. Neutralised
medium filtrates from pH 4 culture were extracted into hydrophilic and hydrophobic
layers. Then, the potential protective effect of each layer was examined. This led to the
generation of Figure 3.15.
Figure 3.15 shows statistically significant differences between the two sets of data (p <
0.01 at 30 min (s), 60 min (s), and 90 min (s)). Essentially, alarmones extracted into
aqueous layer protected the mid-log phase culture against lethal acid whereas those
extracted into organic layer failed to protect the cells. Therefore, alarmones
preferentially partition into the aqueous layer rather than the organic layer. Hence, the
alarmones are likely to be hydrophilic polypeptides.
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Figure 3.15: Biological activity of organic and aqueous phase extracts of
neutralised medium filtrates from pH 4 and pH7-grown cells. Neutralised medium
filtrates (10ml) prepared from pH 4 culture were placed in a separating funnel.
Extraction into organic and aqueous layers was performed as described in Section 2.12.
The protective activity was then determined for both the organic and aqueous layers by
mixing the medium filtrates with mid-log phase E. coli C600 followed by incubation for
30 min(s) and acid challenge (pH 3). (●: alarmones extracted into aqueous layer, ▲:
alarmones extracted into organic layer, ♦: alarmones in neutralised medium filtrates
from pH 4 culture, non-extracted).

3.5.4.2.3 Growth rate of alarmone-induced and control populations of E. coli C600
To investigate whether alarmones reduce the growth rate of recipient E. coli C600
leading to more tolerance to acid, the growth rates of alarmone-incubated and control
populations of E. coli C600 were monitored (Figure 3.16).

Figure 3.16 shows the growth rates of both the alarmone-protected populations and the
control populations of E. coli C600. There was no difference between the optical
densities of the two sets of data. Hence, the alarmones are unlikely to alter or have an
effect on the growth rate of recipient cells.
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Figure 3.16: Growth rate of alarmone-induced and control populations of E. coli
C600 over 60 min(s). E. coli C600 was grown in nutrient broth to exponential phase at
either pH 7 or 4. The cultures were neutralised if necessary. Medium filtrates prepared
and incubated with exponential-phase cultures of E. coli C600 in the ratio 1:1, for 60
min. Optical density was measured at 470nm every 5 min (□: control population, ■:
alarmone-induced population).

3.5.4.2.4 Acid tolerance induction in E. coli DH5α
The potential protective effect of alarmones that are thought to be present in the
neutralised medium filtrates of an E. coli DH5α culture grown at pH 4 was examined.
Medium filtrates of an E. coli DH5α culture grown at pH 4 were incubated with
recipient E. coli DH5α and exposed to lethal acidic conditions (pH 3). Percentage
survival of cells challenged with acid was determined by dividing the viable count at n
min into viable count at 0 min x 100. This led to the generation of Figure 3.17.
Figure 3.17 shows that there are significant differences between the two sets of data for
E. coli DH5α. At 30 (mins), 84.67%±6.6% of the cells pre-incubated with neutralised
medium filtrates prepared from pH 4 culture survived the pH 3 challenge as opposed to
34.07%±4.02% of the cells pre-incubated with neutralised medium filtrates prepared
from pH 7 culture (p˂0.01). At 60 (mins), 73.6%±19.46% of the cells pre-incubated
with neutralised medium filtrates prepared from pH 4 culture survived the pH 3
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challenge as opposed to 29.2%±7.2% of the cells pre-incubated with neutralised medium
filtrates prepared from pH 7 culture (p˂0.05).
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Figure 3.17: Acid tolerance induction for E. coli DH5α. E. coli DH5α was grown to
exponential phase at either pH 7 or 4. Neutralised medium filtrates were prepared and
incubated with exponential-phase cultures of E. coli DH5α for 30 min. Aliquots (20µl)
were placed in pH 3 nutrient broth (100ml). Samples (50µl) were plated out directly into
nutrient agar plates, in triplicate, at different time points (0, 30, 60 and 120 min) and
viable counts performed (♦: medium filtrate from pH4 culture, ■: medium filtrate from
pH7 culture).

At 90 (mins), 70.78%±7.14% of the cells pre-incubated with neutralised medium
filtrates prepared from pH 4 culture survived the pH 3 challenge as opposed to
26.61%±4.27% of the cells pre-incubated with neutralised medium filtrates prepared
from pH 7 culture (p≤0.01).
E. coli DH5α is an autoinducer-2 (AI-2) mutant (does not produce AI-2). Therefore, the
signalling molecule involved in acid tolerance cannot be AI-2. To confirm the above,
bacterial supernatants from both pH 4 and pH 7 E. coli cultures were prepared. An AI-2
bioluminescence assay was performed on those filtrates.
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3.5.4.2.5 Are alarmones produced by Staphylococcus epidermidis?
To investigate whether alarmones are produced by the Gram positive bacterium S.
epidermidis, the same experiment as described in section 3.5.4.2 was conducted. This
led to the generation of Figure 3.18 which indicates that there are no significant
differences between the three sets of data. Hence, medium filtrates from either pH 4 or
pH 5 S. epidermidis cultures failed to protect cells against pH 3. Therefore, the Grampositive bacterium does not produce alarmones as a response to acid resistance and may
employ a different mechanism which is beyond the scope of this project.
120

Percentage of survival

100
80
60
40
20
0
0

10

Time (mins)

20

30

Figure 3.18: Effect of incubation of medium filtrates from pH 4 S. epidermidis
culture and pH 5 S. epidermidis culture on protection of S. epidermidis against pH 3.
S. epidermidis was grown to exponential phase at pH 7, pH 4 and pH 5. Neutralised
medium filtrates prepared and incubated with exponential-phase cultures of S.
epidermidis in the ratio 1:1, for 30 min. Aliquots (20µl) were placed in pH 3 nutrient
broth (100ml). Samples (50µl) were plated out directly into nutrient agar plates, in
triplicate, at different time points (0, 10, 20 and 30 min). (■: medium filtrates from pH7
culture, ●: medium filtrates from pH5 culture, ♦: medium filtrate from pH4 culture)
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3.5.4.2.6 Effect of E. coli C600 alarmones on Staphylococcus epidermidis
Potential alarmones produced by E. coli C600 protect recipient E. coli C600 as
concluded from Figure 3.13. To investigate whether alarmones produced by E. coli
C600 protect recipient S. epidermidis, the same experiment as described in Section
3.5.4.2 was conducted. This led to the generation of Figure 3.19. The latter shows that
there are no statistically significant differences between the two sets of data. Neutralised
medium filtrates produced by pH 4-grown E. coli C600 culture did not protect S.
epidermidis cells against pH 3. Therefore, there is no cross tolerance between E. coli
C600 and S. epidermidis through the alarmones produced in mildly acidic media.
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Figure 3.19: The effect of E. coli C600 alarmones on S. epidermidis. E. coli C600 was
grown to exponential phase at pH 7 and pH 4. Neutralised medium filtrates were
prepared and incubated with exponential-phase cultures of S. epidermidis in the ratio
1:1, for 30 min. Aliquots of each of the incubated cultures (20µl) were placed in pH 3
nutrient broth (100ml). Samples (50µl) were plated out directly into nutrient agar plates,
in triplicate, at different time points (0, 20 and 30 min). (♦: medium filtrate from pH4
culture, ■: medium filtrate from pH7 culture).
3.5.4.2.7 Are alarmones autoinducer-2?
Autoinducer-2 (AI-2) serves as a universal signal for interspecies communication. The
marine bacterium, Vibrio harveyi responds to the presence of AI-2 by producing
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bioluminescence via a phosphorylation cascade (Bassler, 1999). The bioluminescence
assay was performed on neutralised medium filtrates from pH 4 and pH 7 E. coli
cultures in addition to the positive control sample which contained DPD (Greenberg et
al., 1979, Surette and Bassler, 1998) to investigate whether alarmones are autoinducer-2
molecules (Figure 3.20).
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Figure 3.20: Induction of bioluminescence in Vibrio harveyi BB170 by medium
filtrates from E. coli C600 grown at pH4, pH 7 and commercial (S)-DPD (OMM
Scientific). Fold light induction was calculated at the time point that the blank sample
gave a minimal light output (t = 3h) (white bar: medium filtrate from E. coli grown at
pH 4, grey bar: medium filtrate from E. coli grown at pH 7, black bar: commercial
DPD).
Figure 3.20 represents the fold change in light output of medium filtrates (test and
control) and commercial DPD, assayed for bioluminescence-inducing activity in V.
harveyi BB170, a bioreporter for detection of AI-2 activity (Bassler et al., 1997). The
figure shows that medium filtrates from E. coli C600 grown at pH 7 produced
autoinducer-2 molecules (fold change: 10±1.8) at nearly the same level as the
commercial DPD (fold change: 12 ±0.1). Medium filtrates from pH 4-grown E. coli
C600 produced minimal amounts of AI-2 molecules (fold change: 1.8 ±0.2). This could
be related to the number of bacterial cells being far less in pH 4 culture than in pH 7
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culture. Thus, medium filtrates from pH 4 culture will contain less AI-2 molecules than
those from pH 7 culture hence the observed difference in fold changes between the test
and the control. However, these results clearly exclude the involvement of AI-2 in the
protection observed in Figure 3.13 against acid stress.
3.5.4.2.8 Investigation of any link between alarmones and persisters
To investigate whether alarmones increase the number of persisters in E. coli C600
culture, a persister assay was performed on cells pre-incubated with alarmones. Samples
were taken at different time points and plated to determine live cells by colony count.
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The results are shown in Table 3.4.
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Figure 3.21: Log cfu/ml versus time for an E. coli C600 culture exposed to
0.05%w/v ampicillin. E. coli C600 cells were grown to mid-exponential phase. 0.05%
w/v ampicillin (10ml) was added to the diluted mid-log phase culture (90ml) making the
final concentration of the antibiotic 50 µg/ml. Samples were taken at different time
points and plated to determine live cells by colony count.
Table 3.4 indicates that there are no statistically significant differences between the two
sets of data. A persister assay performed on cells pre-incubated with potential alarmones
indicated that only 0.09%±0.03% of persisters survived the ampicillin treatment as
opposed to the control where 0.06%±0.05% survived the same treatment. Alarmones
when incubated with mid-log phase E. coli C600 did not increase the percentage of
persisters (p=0.55).
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Table 3.4: Investigation of any link between alarmones and persisters
Culture+alarmones
Culture+control
% Persisters (1st experiment)
11.7x10-2%
9.4x10-2%
nd
-2
% Persisters (2 experiment)
6.3x10 %
2.34x10-2%
% Persisters (average±standard
0.09%±0.03%
0.06%±0.05%
deviation)
Alarmone-induced and non-induced E. coli C600 cells were grown to mid-exponential
phase. 0.05% w/v ampicillin (10ml) was added to the diluted mid-log phase culture
(90ml) making the final concentration of the antibiotic 50 µg/ml. Samples were taken at
different time points and plated to determine live cells by colony count.
3.5.4.3 Possible heat tolerance induction in E. coli C600 through E. coli C600
culture exposed to 55°C.
An attempt was made to investigate whether alarmones are produced when cells are
exposed to elevated temperatures (Section 3.4.5). The protection of those alarmones was
tested as described in Section 3.4.6.3. This yielded Figure 3.22. To increase the precision
of the counts, cultures were diluted first, then exposed to elevated temperatures (Figure
3.23).
According to figure 3.22, no statistically significant differences exist between the two
sets of data. The same conclusion is drawn from figure 3.23. Exposure of E. coli C600
cells to heat (55°C) failed to produce alarmones and hence no subsequent protection is
observed. E. coli cells, when exposed to high temperatures may not produce
extracellular signals and are likely to employ a different mechanism of action (Heatshock response). Thus, focus was made on the potential alarmones obtained through
acid.
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Figure 3.22: Possible heat tolerance induction in E. coli C600 through E. coli C600
culture exposed to 55°C. Mid-log phase E. coli C600 was mixed with equal volume
preparation of the control or alarmone containing-solution. The mixtures were placed in
the shaking incubator at 37°C for 30 minutes. Then, each mixture (500µl) was placed in
pre-heated sterile tubes which were placed at 55°C. Samples were taken at 0, 5, 10 and
15 minutes and diluted for viable counts (♦: alarmone-induced E. coli; ■: control).
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Figure 3.23: Possible heat tolerance induction in E. coli C600 through E. coli C600
culture exposed to 55°C (an alternative method). Mid-log phase E. coli C600 was
mixed with equal volume preparation of the control or alarmone containing-solution.
The mixtures were placed in the shaking incubator at 37°C for 30 minutes. Then, each
mixture (500µl) was diluted and placed in pre-heated sterile tubes which were placed at
55°C. Samples were plated out directly at 0, 5, 10 and 15 minutes for viable counts (♦:
alarmone-induced E. coli; ■: control).
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3.6 Discussion
Microorganisms may become more resistant to stress if they are initially exposed to a
lower dose of the same or a different stress. This may occur after exposure to stresses
such as alkylating agents, hydrogen peroxide, acid or heat (Samson and Cairns, 1977,
Demple and Halbrook, 1983, Mackey and Derrick, 1986, Raja et al., 1991b). It was
postulated that one of the mechanisms by which these microorganisms become less
susceptible to stress involves extracellular signals that serve as early warning systems.
These extracellular signals have been termed alarmones (Rowbury, 2001a, Rowbury,
2001b). Very little is known about alarmones and the effects they bring about especially
at the molecular level. Thus, this PhD project aims to shed more light on this area of
research.
This project started with exploring whether there is any protection of mid-log phase E.
coli C600 cells pre-incubated with medium filtrates prepared from cultures exposed to
heat (50°C), against elevated temperatures (55°C) (Section 3.4.6.3). No protection was
conferred by those medium filtrates (Section 3.5.4.3), although this phenomenon was
previously observed by a previous PhD student in our laboratory. Thus, an attempt was
made to use mild acid as a stress agent instead of heat.
Initially, growth curves of different strains of E. coli and S. epidermidis were generated
in order to obtain an idea about the growth/doubling times of E. coli and S. epidermidis
in nutrient broth and hence help in designing the subsequent experiments. Death kinetics
of different strains of E. coli were also determined in order to obtain a general idea about
the extent of kill caused by acid and heat.
What is mildly acidic for one bacterium may not be for another. Different bacteria show
different growth and death kinetics when exposed to a certain type of stress. Since
alarmones are thought to be produced in mildly acidic conditions, it was necessary to
determine mildly acidic and lethal acidic conditions for the different bacterial strains.
This was done by growing the different bacterial strains in different pHs (Figures 3.7,
3.9, 3.10, 3.11). Moreover, the effect of acidic pH on E. coli C600 and S. epidermidis
growth and viability was examined (Figures 3.8, 3.12). For E. coli C600, E. coli DH5α
and S. epidermidis, pH 4 was considered to be mildly acidic since bacteria resumed
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growth once the cultures were neutralised. pH 5 broth was used in a different research
laboratory as a mildly acidic medium which gave protection to the recipient cells against
lethal pH (pH 3) (Rowbury and Goodson, 1999). However, Rowbury and colleagues
used a different strain named E. coli K-12 1829 ColV. The plasmid ColV was
transferred by conjugation into strain 1829 (Raja et al., 1991a). The addition of this
plasmid might render cells acid-sensitive. Attempts were made to obtain the strain from
Rowbury’s laboratory. These attempts were, however, unfruitful. Experimental attempts
were made to reproduce Rowbury’s experimental results by growing E. coli C600 and E.
coli w/t in pH 5 conditions and testing the neutralised medium filtrates for their
protective effects. Results showed that neutralised medium filtrates from pH 5 cultures
did not protect the recipient cells from lethal acidic conditions for E. coli C600 (Table
3.2) and E. coli w/t (Table 3.3). E. coli C600 and E. coli w/t are considered to be less
acid-sensitive than E. coli 1829 ColV and hence they both require more acidic
conditions (pH4) to produce the protective effect of alarmones than E. coli 1829 ColV
for which pH 5 conditions were acidic enough to see the protective effects.
Since pH 5 proved to be ineffective in producing potential alarmones in E. coli C600,
cells were grown in pH 4 nutrient broth for 2h and neutralised medium filtrates from
those pH4-grown cells were prepared (Section 2.9.1.2). The filtrates were then tested for
their protective activity against pH 3 (Section 2.10.1.2). Results (Section 3.5.4.2)
showed that cells pre-incubated with neutralised medium filtrates prepared from pH 4
culture were less susceptible to pH 3 than those pre-incubated with neutralised medium
filtrates prepared from pH 7 culture (Figure 3.13). Therefore, filtrates from pH 4-grown
culture induced acid tolerance in recipient E. coli C600 cells whereas those from pH 7grown culture did not. These filtrates could, therefore, contain signalling molecules that
render recipient cells less susceptible to lethal acid. These molecules have been termed
extracellular inducing components (EICs) by Rowbury (Rowbury, 2004). The properties
of EICs must allow them to diffuse to regions not yet facing acid stress, and there give
early warning and induce acid tolerance in sensitive organisms (Rowbury, 2004). These
EICs have also been termed alarmones and will be referred to as “alarmones” in this
thesis.
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After confirming Rowbury’s findings, later experiments focused on studying the
stability of the potential alarmones at different temperatures and following proteinase K
treatment. Potential alarmones were found to be stable at 4, 20 and 40°C but not at 60°C
or following proteinase K treatment (Figure 3.14). Therefore, alarmones might be
proteins or polypeptides. Rowbury and Goodson (1998) found that neutralised medium
filtrates obtained from E. coli grown in mildly acidic medium which contained potential
protective extracellular agents were inactivated by protease and fully inactivated by heat
treatment at 100°C whereas some activity remained after heating at 75°C. Hence, the
researchers suggested that the extracellular agents are heat-stable proteins (Rowbury and
Goodson, 1998). This is different to what is found in the current PhD project as
alarmones were not heat-stable. However, when taking a closer look at Rowbury and
Goodson’s results, it can be seen that medium filtrates that were heat-treated at 75°C led
to survival of only 4.5% of the population following acid challenge with pH 3 for 7
min(s) in comparison to survival of 31% of the population; subjected to the same
challenge; pre-incubated with medium filtrates that were not subjected to any treatment
(Rowbury and Goodson, 1998). Thus, the extracellular components are partially heatstable which is similar to what is found in the current PhD study.
Stability studies were also used as a guide for storage purposes. In most experiments,
medium filtrates prepared from neutralised E. coli C600 cultures grown at pH 4 and pH
7 were stored at 4°C overnight.
Attempts were made to look at the chemical nature of alarmones. Neutralised medium
filtrates from pH 4-grown E. coli C600 culture were extracted into aqueous and organic
layers (Section 2.12). The potential protective effect of each layer was examined.
Results (Section 3.5.4.2.2) showed that alarmones extracted into aqueous layer protected
the mid-log phase culture against lethal acid whereas those extracted into organic layer
failed to protect the cells (Figure 3.15). For example, at 30 min(s), 78.7%±4.6% of the
cells pre-incubated with filtrates extracted into the aqueous layer survived the lethal acid
treatment as opposed to 46.2%±2.2% of the cells pre-incubated with filtrates extracted
into the organic layer. Thus, alarmones preferentially partition into the aqueous layer
rather than the organic layer. Since proteinase K treatment of alarmones (Section
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3.5.4.2.1) resulted in loss of their activity, it is concluded that alarmones are likely to be
hydrophilic polypeptides.
To investigate whether alarmones reduce the growth rate of recipient E. coli C600
leading to more tolerance to acid, the growth rates of alarmone-incubated and control
populations of E. coli C600 were monitored (Section 3.5.4.2.3). Results showed that
there was no difference between the optical densities of the alarmone-protected
populations and the control populations of E. coli C600 (Figure 3.16). Hence, the
alarmones are unlikely to alter or have an effect on the growth rate of recipient cells.
Thus, the acid tolerance observed in Figure 3.13 is unlikely to be related to the effect of
growth rate.
Later experiments looked at whether alarmones are produced by the Gram positive
bacterium S. epidermidis (Section 3.5.4.2.5). Attempts were made to test medium
filtrates from pH 4 and pH 5-grown S. epidermidis. Figure 3.18 shows that there are no
significant differences between the three sets of data. Hence, medium filtrates from
either pH 4 or pH 5-grown S. epidermidis cultures failed to protect recipient S.
epidermidis cells against pH 3. Therefore, the Gram-positive bacterium does not produce
alarmones as a response to acid resistance and may employ a different mechanism which
is beyond the scope of this project. Cross-tolerance between E. coli C600 and S.
epidermidis was also investigated i.e.: whether alarmones produced by E. coli C600 can
protect recipient S. epidermidis against lethal acid (Section 3.5.4.2.6). Figure 3.19 shows
that there are no statistically significant differences between the two sets of data.
Neutralised medium filtrates produced by pH 4-grown E. coli C600 culture did not
protect S. epidermidis cells against pH 3. Therefore, there is no cross tolerance between
E. coli C600 and S. epidermidis through the alarmones produced in mildly acidic media.
Later studies looked at whether the potential alarmones were autoinducer-2. The latter
serves as a universal signal for interspecies communication. The marine bacterium,
Vibrio harveyi responds to the presence of AI-2 by producing bioluminescence via a
phosphorylation cascade (Bassler, 1999). The bioluminescence assay was performed on
neutralised medium filtrates from pH 4 and pH 7 E. coli C600 cultures in addition to the
positive control sample which contained DPD (Greenberg et al., 1979; Surette and
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Bassler, 1998). There was very minimal light production with the neutralised medium
filtrates from pH 4 cultures (Figure 3.20). The minimal light production observed could
be related to the number of bacterial cells being far less in pH 4 than in pH 7 cultures
and hence medium filtrates from pH 4 culture will contain less AI-2 molecules than
those from pH 7 culture. However, these results clearly exclude the involvement of AI-2
in the protection observed in figure 3.13 against acid stress i.e.: alarmones are unlikely
to be AI-2 molecules.
Moreover, filtrates from pH 4-grown E. coli DH5α culture induced acid tolerance in
recipient E. coli DH5α cells whereas those from pH7-grown culture did not (Figure
3.17). E. coli DH5α does not produce autoinducer-2 (Surette and Bassler, 1998). This
further confirms that the signalling molecule involved in acid tolerance is not AI-2.
Bacterial cells, whether adapted to acid or not, will have loss of viability, even though at
different rates. All cultures, however, have a subpopulation of cells (persisters) that can
survive acid treatments (pH 3) for long periods (Jordan et al., 1999; Booth, 2002). To
investigate whether alarmones increase the number of persisters in E. coli C600 culture,
a persister assay was performed on cells pre-incubated with alarmones (Section 3.4.11).
A persister assay performed on cells pre-incubated with potential alarmones indicated
that only 0.09%±0.03% of persisters survived the ampicillin treatment as opposed to the
control where 0.06%±0.05% survived the same treatment (Table 3.4). Thus, alarmones
when incubated with mid-log phase E. coli C600 did not increase the percentage of
persisters (p=0.55).
An attempt was made to investigate whether alarmones are produced when cells are
exposed to elevated temperatures (Section 3.4.5). The protection of those alarmones was
tested as described in section 3.4.6.3. Figures 3.22 and 3.23 show that there are no
statistically significant differences between each pair of the sets of data. Exposure of E.
coli C600 cells to heat (55°C) failed to produce alarmones and hence no subsequent
protection is observed. E. coli cells, when exposed to high temperatures may not
produce extracellular signals and are likely to employ a different mechanism of action
(Heat-shock response). Thus, focus was made on the potential alarmones obtained
through acid challenge at pH 4.
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3.7 Conclusion
The study proved that neutralised medium filtrates obtained from pH 4-grown E. coli
C600 cells can protect recipient E. coli C600 against lethal acid (pH 3). This is thought
to be mediated through “alarmones” (Section 3.5.4.2). Alarmones were found to be
stable at 4, 20 and 40°C but not at 60°C or following proteinase K treatment (Section
3.5.4.2.1). Therefore, alarmones might be proteins or polypeptides. In addition,
following extraction of alarmones into aqueous and organic layers, it was found that
alarmones are highly concentrated in the aqueous phase since the aqueous layer
protected the mid-log phase culture against lethal acid whereas the organic layer failed
to protect the cells (Section 3.5.4.2.2). Since proteinase K treatment of alarmones
(Section 3.5.4.2.1) resulted in loss of their activity, it is concluded that alarmones are
likely to be hydrophilic polypeptides. Moreover, further investigations revealed that
alarmones are not AI-2 molecules (Section 3.5.4.2.7). In addition, alarmones do not
increase the percentage of persisters in an E. coli population (Section 3.5.4.2.8).
To sum up, alarmones secreted into the growth medium of E. coli grown in mildly acidic
conditions can protect recipient E. coli cells from acid stress possibly by interfering with
the entry or action of the stress agent i.e: excess protons. The proteins that are induced
following interaction of alarmones with recipient E. coli are currently unknown. Hence,
in this study, the next step was to look at the protein profile changes in alarmoneinduced and non-induced E. coli C600 cells to gain more understanding of how
alarmones work at the molecular level.
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Chapter 4: Proteomic Analyses of
Alarmone-induced and Non-induced
Escherichia coli C600
4.1

Introduction

Results in Chapter 3 revealed that, following exposure to mildly acidic conditions (pH
4), E. coli C600 cells were able to produce diffusible chemical signals that were able to
protect recipient populations of E. coli C600 against lethal acidic conditions (pH 3).
These signals were termed “alarmones”. Alarmones are thought to interact with recipient
E. coli C600 cells and bring about physiological changes that ultimately protect the cells
against lethal acid. The effects of alarmones at the molecular level are currently
unknown. Hence, an investigation into the protein profile changes in E. coli C600
population in response to the presence of alarmones was made using two-dimensional
gel electrophoresis (2-DE). This will help determine any induced proteins following
incubation of alarmones with E. coli C600 cells. 2-DE combined with isoelectric
focusing and protein identification by mass spectrometry (MS) enables the separation of
complex mixtures of proteins (can routinely separate 3000 spots per gel) according to
isoelectric point (pI: amino-carboxylic groups charge equilibrium), molecular mass (Mr),
solubility and relative abundance (Gorg et al., 1988, Gorg et al., 2000, Aebersold and
Mann, 2003). Depending on the staining technique used to view proteins, 2-DE can
detect ˂1ng of protein per spot and hence it enables the analysis of many hundreds of
spots.
The advantages of 2-DE coupled with MS include: obtaining a global view of protein
expression, the ability to find signalling cascades, direct correlation of protein
expression to changes in environmental conditions, quantitative analysis of protein
regulation. Moreover, 2-DE-MS provides information on protein post-translational
modifications and/or changes in their expression levels.
Two-dimensional gel electrophoresis encounters a number of limitations. One of the
major limitations relates to difficulties encountered during protein extraction and
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solubility especially with poorly water-soluble proteins such as membrane and nuclear
proteins (Rabilloud, 2002). However, the problems of solubility can, in some cases, be
overcome by the use of efficient non-ionic detergents such as octyl glucoside (Taylor
and Pfeiffer, 2003), which help obtain better resolution.
Limitations of 2-DE include unsuitability to analyse low abundance proteins
(Shevchenko et al., 1996). This is problematic as meaningful information about cellular
and regulatory processes will be missing because regulatory proteins are typically of low
abundance (Gygi et al., 2000). This, however, can be overcome by using large starting
amounts of proteins and narrow pH range IPG gels (Gygi et al., 2000, Tonella et al.,
2001). The use of narrow-range pH gradients (pH 4 to 5, 4.5 to 5.5, 5 to 6, 5.5 to 6.7, 6
to 9, and 6 to 11) was shown to potentially exhibit proteins existing at low levels
resulting in the discrimination of >70% of the entire E. coli proteome due to higher
spatial resolution (Tonella et al., 2001). As a result, prefractionation of those large
amounts of protein samples before 2-DE becomes necessary in order to visualise
milligram amounts of protein samples (Gygi et al., 2000). Examples of prefractionation
methods include sequential extractions with increasingly stronger solubilisation
solutions, selective removal of the most abundant protein components, preparative
isoelectric focusing (IEF) separations, and chromatographic fractionation of sample
mixtures (Han and Lee, 2006).
Co-migration of proteins and differential migration are two other weak points of 2-DE.
Products expressed from a single gene can migrate to multiple spots on 2-D gels for
various reasons such as differential protein processing and posttranslational or artifactual
modifications. Moreover, protein products from multiple genes can also run to the same
coordinates and form one spot on a gel. These proteins are known as comigrating
proteins. Differential migration and comigration of proteins render quantitative protein
expression comparison and database matching more complicated (Gygi et al., 2000). To
overcome this problem, narrow pH range gels that increase resolution can be used
(Hoving et al., 2000).
In conclusion, the 2-DE method has proved to be an appropriate tool to study protein
expression in general and to identify stress response proteins in particular. In this study,
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2-DE will be used to identify differentially-expressed proteins of alarmone-induced and
non-induced E. coli C600. These differentially-expressed proteins might play a role in
the increased tolerance to lethal acid of the alarmone-induced cells.

4.2 Methods
The main steps of the 2-DE-MS workflow include: (1) protein extraction and
solubilisation; (2) protein separation by 2-DE; (3) protein detection; (4) Data Analysis
(Dunn, 1993).

4.2.1 Protein extraction and solubilisation
Total protein extracts were prepared as described in sections 2.16.1 and 2.16.2. Bacterial
pellets were obtained from suspensions of alarmone-induced and non-induced E. coli
C600. Protein extracts were obtained by lysing cells on ice using sonication. Two
different methods were used to clean the protein extracts. The first one involved the use
of BioradTM 2-D Cleanup Kit. The second one involved using pre-chilled acetone and
trichloroacetic acid. The second method proved to be more efficient. The pellets were
then resolubilised in rehydration buffer (Section 2.16.2). The total protein concentration
was determined by the Bradford protein assay against a BSA standard (Section 2.16.3).

4.2.2 Protein separation by two-dimensional gel electrophoresis
Isoelectric focusing of samples was performed as described in section 2.16.4. Then,
SDS-PAGE electrophoresis was carried out as described in section 2.16.5. The gels were
then stained in Coomassie Brilliant Blue (Section 2.16.5.3). Next, they were destained to
eliminate the background stain until optimum differentiation of protein spots was
obtained.

4.2.3 Protein detection
Identification of protein spots was performed within the Protein Mass Spectrometry
Core Facility, School of Life Sciences, Michael Smith Building, The University of
Manchester. Spots of interest were excised from the gel and dehydrated using
acetonitrile followed by vacuum centrifugation. Dried gel pieces were reduced with
10mM dithiothreitol and alkylated with 55mM iodoacetamide. Gel pieces were then
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washed alternately with 25 mM ammonium bicarbonate followed by acetonitrile. This
was repeated, and the gel pieces dried by vacuum centrifugation. Samples were digested
with trypsin overnight at 37°C. The samples were extracted in one wash of 20mM
ammonium bicarbonate, and two of 50% acetonitrile, 5% formic acid. The extract was
then dried by vacuum centrifuge to 20µl. Digested samples were analysed by Liquid
Chromatography-Mass Spectrometry/Mass Spectrometry (LC-MS/MS) using an
Ultimate 3000 (LC-Packings, Dionex, Amsterdam, The Netherlands) coupled to a High
Capacity Trap Ultra ion mass spectrometer (Bruker Daltonics, Bremen, Germany).
Peptides were concentrated on a pre-column (5 mm x 300 µm, LC-Packings). The
peptides were then separated using a gradient from 98% A (0.1% FA in water) and 1% B
(0.1% FA in acetonitrile) to 50 % B, in 40 min at 200 nL min-1, using a C18 PepMap
column (150 mm x 75 µm i.d, LC-Packings).

4.2.4 Data analysis
Data produced was searched using Mascot (Matrix Science, UK), against the
SWISSPROT database and the UNIPROT database with taxonomy of E. coli selected.
Data were validated using Scaffold (Proteome Software, Portland, OR).

4.3 Results
E. coli C600 was grown in pH 4 medium for c. 2h. The culture was then filter-sterilised
and filtrates which were confirmed to provide protection to E. coli C600 against lethal
acid (pH 3) were incubated with recipient mid-log phase E. coli C600 for c. 4h. Protein
extracts were obtained from alarmone-protected and non-protected mid-log phase E. coli
C600 as described in Section 2.16.2. Their quantities were determined as described in
section 2.16.3. The protein samples were then analysed by two-dimensional gel
electrophoresis. The latter revealed the protein profile changes upon incubation of E.
coli C600 cells with culture filtrates prepared from neutralised pH 4-grown E. coli C600
cells. Standard 2D gels with an isoelectric focusing range of pH 3-10 and a protein load
of 330 µg led to the generation of Figures 4.1 and 4.2. Combination of analysis of the
gels and mass spectrometry (LC-MS/MS) revealed that 3 different proteins were
strongly induced in the alarmone-protected populations of E. coli C600 (Table 4.1). A
large number of the protein spots are found in a 2-D gel of the E. coli proteome cluster at
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an isoelectric point of 4 to 7 (Vanbogelen et al., 1996). Therefore, narrower pH ranges
were subsequently used. By narrowing the pH range and increasing the protein load to
460 µg, more spots were visualised (Figures 4.3, 4.4, 4.6 and 4.7) and hence more
differentially-expressed proteins were discovered (Tables 4.2 and 4.3). The role of the
differentially-expressed proteins and the reasons why they were induced in the
alarmone-protected populations are explained in Sections 4.3.1 to 4.3.3.
Ideally, as there is an overlap between the isoelectric focusing pH ranges i.e.: pH range
3-6 and pH 5-8, proteins that were differentially expressed should have been found in
both gels in the pH 5-6 region. This was not the case, however, and it could be attributed
to the limitations of 2-DE discussed in Section 4.1.
Differentially-expressed proteins were searched against the E. coli database and
validated. Those that showed a match of 4 peptides or more against the reference amino
acid map were considered as almost certain identifications.

4.3.1 Differentially-expressed proteins identified using the isoelectric
focusing pH range of 3-10
Figures 4.1 and 4.2 represent the proteomes of E. coli C600 incubated with medium
filtrates from pH 7 cultures and those incubated with neutralised medium filtrates from
pH 4 culture, respectively. The Figures show that the highly acidic (less than 3) and the
highly alkali (more than 8) isoelectric focusing pH ranges revealed almost no protein
spots. Hence, narrower isoelectric focusing pH ranges were subsequently used to
enhance the separation of proteins and obtain better resolution. Nevertheless, 3 different
proteins were identified as differentially-expressed proteins in E. coli C600 preincubated with neutralised medium filtrates from pH 4 culture, using the isoelectric
focusing pH range of 3-10. These proteins are presented in Table 4.1.
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Figure 4.1: 2-DE image of protein extract of E. coli C600 populations incubated
with medium filtrates from pH 7 culture i.e.: control. The protein extract ( ̴ 330µg)
was extracted and separated on IPG strips (pH 3 to 10) followed by SDS- 13%
polyacrylamide gel. The gel was stained with Coomassie Brilliant Blue.
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Figure 4.2: 2-DE image of protein extract of E. coli C600 populations incubated
with medium filtrates from pH 4 culture i.e.: test. The protein extract ( ̴ 330µg) was
extracted and separated on IPG strips (pH 3 to 10) followed by SDS- 13%
polyacrylamide gel. The gel was stained with Coomassie Brilliant Blue. a1, a2 and a3
represent the protein spots that were differentially expressed in E. coli C600 populations
incubated with medium filtrates from pH 4 culture.
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Table 4.1: Identification of differentially-expressed 2-D gel proteins between the
alarmone-protected populations of E. coli C600 and the control populations of the
same strain (Isoelectric focusing pH range of 3-10).
Molecular
Spot Protein Name
Protein Function
Weight
GlnH: Glutamine ABC transporter 27kDa
a1
Glutamine transport
periplasmic-binding protein
a2

a3

ModA:
Molybdate
ABC 27kDa
transporter, periplasmic molybdatebinding protein
23 kDa
SodA: Superoxide dismutase (Mn)
Rrf: Ribosome releasing factor

19 kDa

AhpC:
Alkyl
hydroperoxide 21 kDa
reductase, C22 subunit

Molybdate transport
Reduces iron toxicity
Recycles the ribosome
Reduces hydroperoxide

GlnH is a periplasmic glutamine-binding protein. The protein belongs to the GlnHPQ
high-affinity glutamine transport system which is a member of the ABC superfamily of
transporters (Wu and Mandrand-Berthelot, 1995). It plays a role in glutamine transport
and its utilisation as a carbon source (Nohno et al., 1986). Induction of GlnH in
alarmone-protected cells could contribute in protecting the cells against other types of
stress such as nutrient limitation as in such conditions glutamine inside the cells can be
used as a carbon source.

ModA is the periplasmic binding component of the molybdate ABC transporter (Yu et
al., 2006). Under anaerobic conditions, E. coli uses molybdate for the production of
several molybdoenzymes (Wu and Mandrand-Berthelot, 1995). ModA specifically binds
molybdate and tungstate but not sulfate (Dudev and Lim, 2004). The reason why ModA
is induced in the alarmone-protected populations of E. coli C600 is currently unknown.
Superoxide dismutases protect the cells from environmental changes that lead to the
generation of superoxide radicals (Hopkin et al., 1992). Moreover, they contribute to
reducing iron toxicity (Touati et al., 1995). SodA, or MnSOD is one of three superoxide
dismutases in E. coli (Britton and Fridovich, 1977). It was found to be among the
strongly induced proteins in the alarmone-induced cells of E. coli C600. It is effective in
preventing damage to DNA (Hopkin et al., 1992). In addition, mutations in the sodA
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gene increased the toxicity of lactic acid at pH 3.5 in E. coli. This suggests that SodA
plays an important role in bacterial resistance against organic acids (Bruno-Barcena et
al., 2010). Induction of SodA in alarmone-protected populations might allow these cells
to acquire cross-protection against toxic levels of iron, superoxide radicals and organic
acids in the environment. This needs to be investigated further by looking at crosstolerance in alarmone-induced E. coli C600.
Rrf recycles the ribosome upon translation termination. Rrf is essential for viability
(Janosi et al., 1994, Janosi et al., 1998). It interacts with 50S ribosomal subunits, and
shows weaker interaction with 70S ribosomes and 30S ribosomal subunits (Ishino et al.,
2000, Todorova and Saihara, 2003). Induction of Rrf in the alarmone-protected
populations could reflect increased protein synthesis taking place in the alarmoneinduced cells.
AhpC is an alkylhydroperoxide reductase that converts the hydroperoxide substrate
(Bieger and Essen, 2000) to its corresponding alcohol (Storz et al., 1989). In addition,
AhpC abundance has previously been reported to be increased by sulphate starvation
(Quadroni et al., 1996). Therefore, induction of AhpC in the alarmone-protected
populations might protect these cells against hydroperoxides including hydrogen
peroxide in the environment. This needs to be investigated further by looking at crosstolerance in E. coli C600. Sulphate is unlikely to have become limiting since the cells in
both the control and the test populations were grown in the same medium. However, this
cannot be ruled out and further tests need to be performed to check sulphate levels post
incubation of cells with alarmones.

4.3.2 Differentially-expressed proteins identified using the isoelectric
focusing pH range of 3-6
An isoelectric focusing pH range of 3-6 was used to separate E. coli C600 proteins
incubated with neutralised medium filtrates from pH 4 and pH 7 cultures to identify
which proteins are induced following incubation of the cells with potential alarmones.
This narrow isoelectric focusing pH range facilitates the separation of proteins and gives
better resolution than the isoelectric focusing pH range 3-10. This led to the generation
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of Figures 4.3 and 4.4. Table 4.2 that follows represents the differentially-expressed
proteins in E. coli C600 incubated with neutralised medium filtrates from pH 4 cultures.

Figure 4.3: 2-DE image of protein extract of E. coli C600 populations incubated
with medium filtrates from pH 7 culture i.e.: control. The protein extract ( ̴ 460µg)
was extracted and separated on IPG strips (pH 3 to 6) followed by SDS- 13%
polyacrylamide gel. The gel was stained with Coomassie Brilliant Blue.
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Figure 4.4: 2-DE image of protein extract of E. coli C600 populations incubated
with medium filtrates from pH 4 culture i.e.: test. The protein extract ( ̴ 460µg) was
extracted and separated on IPG strips (pH 3 to 6) followed by SDS- 13% polyacrylamide
gel. The gel was stained with Coomassie Brilliant Blue. b1 to b7 represent the protein
spots that were differentially expressed in E. coli C600 populations incubated with
medium filtrates from pH 4 culture.
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Table 4.2: Identification of differentially-expressed 2-D gel proteins between the
alarmone-protected populations of E. coli C600 and the control populations of the
same strain (Isoelectric focusing pH range of 3-6).
Spot
Protein Name
Molecular
Protein Function
Weight
b1

UshA: UDP-sugar hydrolase

b2

CpdB:
2':3'-cyclic-nucleotide
phosphodiesterase

b3

YdeN: Putative sulfatase

63 kDa

Not yet known

TreA: Alpha-trehalase

64 kDa

Trehalase

b4

61 kDa
2'- 71 kDa

Sugar hydrolase
Phosphodiesterase/
Nucleotidase

MalE:
Maltose/maltodextrin-binding 43 kDa
periplasmic protein

Component of the
maltose
ABC
transporter

GlpQ:
Glycerophosphoryl diester 40.84 kDa
phosphodiesterase

Hydrolyzes
deacylated
phospholipids to an
alcohol
plus
Glycerol-3-P

b5

OmpW: Outer membrane protein W

23 kDa

Colicin S4 receptor

b6

EcoKI: restriction-modification enzyme

21 kDa

Restricts
unmethylated
foreign DNA

b7

HdeB: Putative acid resistance protein

13 kDa

Acid
chaperone

stress

UshA is a bifunctional polypeptide. It can act as a 5'-nucleotidase or a uridine
diphosphate (UDP)-sugar hydrolase. The UDP-sugar hydrolase is localized in the
periplasm. Therefore, it can catalyze the degradation of external UDP-glucose to uridine,
glucose-1-phosphate and inorganic phosphate. The latter is then utilized by the cell
(Glaser et al., 1967, Burns and Beacham, 1986, Knofel and Strater, 1999). CpdB, on the
other hand, is a bifunctional enzyme which catalyzes two sequential reactions during
ribonucleic acid degradation. These reactions yield a ribonucleotide and phosphate (Liu
et al., 1986). Phosphate may play a role in the cellular processes that may take place
following entry of alarmones into the cell. Poly phosphate (poly P) accumulation was,
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fact, proven to play an important role in the protection of cells against several types of
stress (Brown and Kornberg, 2008).
Trehalose that is synthesised endogenously is a stress protectant in E. coli (Strom and
Kaasan, 1993). Proteomics carried out in the current study reveals that TreA is among
the inducible proteins. TreA is an osmotically inducible periplasmic trehalase in E. coli. It
catalyzes the hydrolysis of trehalose into two molecules of D-glucose. Expression of
periplasmic trehalase is increased under conditions of high osmolarity (Scholle et al.,
1987, Wassarman et al., 2001) and during the transition to stationary phase (HenggeAronis et al., 1991). The induction of TreA in the alarmone-incubated E. coli C600 may
suggest that alarmones serve as early warning systems of stress. These alarmones may
induce responses similar to bacterial stress responses and protect cells not only against
lethal acid but also against other types of stress such as high osmolarity.
MalE is the periplasmic substrate-binding component of the maltose ABC transporter.
The latter couples maltose translocation across the cytoplasmic membrane to ATP
hydrolysis (Ehrmann et al., 1998). MalE with bound substrate is able to bind to the
chemoreceptor Tar to induce chemotaxis toward maltose (Harayama et al., 1983, Zhang
et al., 1992). This suggests that alarmones may provide cross-tolerance against other
types of stress such as nutrient limitation.
GlpQ is a periplasmic glycerophosphoryl diester phosphodiesterase (GDP) which is
part of an uptake system known as the Glp system. GlpQ hydrolyzes deacylated
phospholipids to an alcohol and glycerol-3-phosphate. The latter is then transported
into the cell. The reason why the Glp system is induced might relate to the involvement
of phosphate in the cellular processes that might take place following entry or
interaction of alarmones into/with the bacterial cells. As stated previously, poly
phosphate (poly P) accumulation was proven to play an important role in the protection
of cells against several types of stress (Brown and Kornberg, 2008).
OmpW is a receptor for Colicin S4 (Pilsl et al., 1999). Its structure suggests that it
functions in transport of small, hydrophobic molecules across the outer membrane
(Hong et al., 2006). In the current study, OmpW may play a role in transport of
alarmones across the outer membrane. It was found that expression of OmpW is
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upregulated in response to tetracycline and ampicillin (Chen et al., 2006). Thus, it may
also play a role in bacterial resistance against these two antibiotics. These suggestions
need to be confirmed by further studies.
EcoKI is the type IA restriction-modification enzyme complex responsible for
identifying and restricting unmethylated, foreign DNA. It is also responsible for
modifying native, hemimethylated DNA by methylation for self-identification (Peekhaus
et al., 1997, Loenen, 2003). Thus, induction of EcoKI in alarmone-protected cells will
help these cells ensure removal and destruction of unwanted DNA.
HdeB is a periplasmic acid stress chaperone. Both HdeB and HdeA are required for
optimal protection against acid stress in vivo (Kern et al., 2007). HdeA was proposed to
have a chaperone-like function preventing the aggregation of periplasmic proteins under
extremely acidic conditions (Gajiwala and Burley, 2000). HdeB is thought to encode a
structural homologue of HdeA and to form heterodimers with HdeA (Gajiwala and
Burley, 2000). HdeB belongs to the acid fitness island (Figure 4.5) which is a cluster of
12 genes involved in acid resistance (Mates et al., 2007). As HdeB belongs to the acid
fitness island and, as it is induced in the alarmone-protected cells, it will play a role in
the confirmed survival of those cells against lethal acid (pH3).

Figure 4.5: E. coli acid fitness island (Mates et al., 2007)
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4.3.3 Differentially-expressed proteins identified using the isoelectric
focusing pH range of 5-8
An isoelectric focusing pH range of 5-8 was used to separate E. coli C600 proteins
incubated with neutralised medium filtrates from pH 4 and pH 7 cultures to identify
which proteins are induced following incubation of the cells with potential alarmones.
This narrow isoelectric focusing pH range facilitates the separation of proteins and gives
better resolution than the isoelectric pH range 3-10. This led to the generation of Figures
4.6 and 4.7. Table 4.3 that follows represents the differentially-expressed proteins in E.
coli C600 incubated with neutralised medium filtrates from pH 4 cultures.

Figure 4.6: 2-DE image of protein extract of E. coli C600 populations incubated
with medium filtrates from pH 7 culture i.e.: control. The protein extract ( ̴ 480µg)
was extracted and separated on IPG strips (pH 5 to 8) followed by SDS- 13%
polyacrylamide gel. The gel was stained with Coomassie Brilliant Blue.
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Figure 4.7: 2-DE image of protein extract of E. coli C600 populations incubated
with medium filtrates from pH 4 culture i.e.: control. The protein extract ( ̴ 480µg)
was extracted and separated on IPG strips (pH 5 to 8) followed by SDS- 13%
polyacrylamide gel. The gels were stained with Coomassie Brilliant Blue. c1 to c6
represent the protein spots that were differentially expressed in E. coli C600 populations
incubated with medium filtrates from pH 4 culture.
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Table 4.3: Identification of differentially-expressed 2-D gel proteins between the
alarmone-protected populations of E. coli C600 and the control populations of the
same strain (Isoelectric focusing pH range of 5-8).
Spot Protein Name
Molecular Protein Function
Weight
c1
OmpA: Outer membrane protein A
37 kDa
Diffusion channel
FrdA : Fumarate reductase flavoprotein 66 kDa

Electron acceptor

subunit
DnaK: Chaperone protein

c2

GlpA:

Anaerobic

69 kDa

glycerol-3-phosphate 59 kDa

Chaperone

Membrane anchor

dehydrogenase subunit, A

c3

c4

YcdW: Putative dehydrogenase

37 kDa

Catalyzes
the
reduction
of
hydroxypyruvate

OmpC: Outer membrane porin protein C

40 kDa

Diffusion porin

OmpA: Outer membrane protein A

37 kDa

Diffusion channel

KdsA:

3-deoxy-8-phosphooctulonate 31 kDa

synthase

c5

OmpA: Outer membrane protein A
KdsA:

37 kDa

KdsA:

Involved
in
lipopolysaccharide
biosynthesis

3-deoxy-8-phosphooctulonate 31 kDa

Involved
in
lipopolysaccharide
biosynthesis

synthase
H-NS

Diffusion channel

3-deoxy-8-phosphooctulonate 31 kDa

synthase

c6

Involved
in
lipopolysaccharide
biosynthesis

16 kDa

Multifunctional
protein

OmpA is one of the most abundant proteins in the outer membrane of E. coli (Sugawara
and Nikaido, 1994). OmpA was found as a dimer in the outer membrane (Stenberg et al.,
2005). This may explain why it is found in more than one location in the gel (spots c1,
c3 and c5). OmpA is a member of the OmpA-OmpF Porin family. It is thought to be a
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nonspecific diffusion channel that permits various small solutes to cross the outer
membrane (Sugawara and Nikaido, 1992). It is also believed to serve several other
functions including as a phage receptor (Datta et al., 1977). Proteomic analysis and
immunoassays have shown that OmpA is overexpressed in the formation of biofilms
(Orme et al., 2006) and downregulated when exposed to visible radiation (Muela et al.,
2008). Incubation of cells with alarmones resulted in induction of OmpA. As OmpA is a
diffusion channel, it may permit alarmones to cross the outer membrane of the cell.
Then, alarmones may bring about cellular changes that render the cells protected against
lethal acid.
FrdA constitutes one subunit in the four subunit enzyme “fumarate reductase” (Cecchini
et al., 2002). Under anaerobic conditions, E. coli uses fumarate reductase to catalyse the
reaction that allows fumarate to serve as a terminal electron acceptor. This leads to the
generation of two protons which remain in the cytoplasm and so do not contribute to the
proton gradient (Iverson et al., 1999). The reason of induction of this protein is unclear
as decreased pH in the cytoplasm will not favour the alarmone-protected cells to survive
lethal acid (pH3).
The DnaK system of E. coli is a chaperone system. It helps in a number of cytoplasmic
cellular processes such as polypeptide chain translocation through membranes, assembly
and disassembly of protein complexes and rescue of misfolded proteins. The chaperone
action of DnaK is assisted by partner chaperones DnaJ and GrpE (Bukau and Horwich,
1998). DnaK (c1) is induced in the alarmone-protected cells. It may play a role in the
protection of the cells against lethal acid by possibly rescuing misfolded proteins in
addition to the above cellular processes.
GlpA belongs to the GlpABC enzyme which is an anaerobic dehydrogenase that
converts glycerol-3-phosphate to dihydroxyacetone phosphate. GlpABC is regulated by
glycerol and catabolite repression (Kuritzkes et al., 1984). Expression of glpABC, along
with other members of the glp regulon (Lin, 1976) is repressed by GlpR and induced by
glycerol-3-phosphate. Optimal intracellular levels of glycerol-3-phosphate are
maintained for biosynthesis of phospholipids (Lin, 1976). The glpTQ operon, which
encodes

glycerophosphoryl

diester

phosphodiesterase

(GDP)

that

hydrolyses
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phospholipids to glycerol-3-phosphate and alcohols, is adjacent to glpABC (Yang et al.,
1997). Both GlpA (spot c2) and GlpQ (spot b4) are induced in the alarmone-protected
populations of E. coli C600. The reason why the Glp system is induced might relate to
the involvement of phosphate in the cellular processes that might take place following
entry or interaction of alarmones into/with the bacterial cells. Poly phosphate (poly P)
accumulation was proven to play an important role in the protection of cells against
several types of stress (Brown and Kornberg, 2008).
YcdW is a glyoxylate reductase. It utilises NADPH as the electron donor and also
catalyzes reduction of hydroxypyruvate (Nunez et al., 2001). Expression of ycdW is
slightly increased by growth on medium containing hydroxypyruvate (Nunez et al.,
2001) . Thus, alarmones might have made the medium richer in hydroxypyruvate by an
unknown mechanism. It was found that expression of ycdW increases under different
stress conditions such as sodium chloride, ethanol, glycerol, hydrochloric and acetic
acid, sodium hydroxide, heat (46°C), and cold (15°C), as well as ethidium bromide
(Moen et al., 2009). This may suggest that alarmones may induce responses similar to
bacterial stress responses and could serve as early warning systems of other types of
stress.
OmpC forms a trimeric porin that allows ions and other hydrophilic solutes to cross the
outer membrane (Ingraham and Marr, 1996). Expression of OmpC is increased in the
presence of nalidixic acid and tetracycline suggesting that this complex is involved in
resistance to these antibiotics (Lin et al., 2008, Zhang et al., 2008). Thus, alarmoneprotected cells may acquire cross-tolerance to nalidixic acid and tetracycline.
Interestingly, OmpW (spot b5) was also induced following incubation of E. coli C600
cells with alarmones. OmpW, as mentioned before, was found to be upregulated in
response to tetracycline and ampicillin (Chen et al., 2006). This further supports the
suggestion that alarmones may render bacterial cells antibiotic-resistant.
With regard to the presence/absence of outer membrane (OM) proteins and antibiotic
resistance, it is generally known that the decrease of OM permeability prevents the
influx of antibiotics leading to increased antibiotic resistance. It was reported that the
loss of the OM protein OmpC in E. coli results in increased resistance to the β-lactam
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antibiotic imipenem (Poirel et al., 2004), cephalothin and cefoxitin (Mortimer and
Piddock, 1993). Moreover, it was found that expression of the OmpC porin in E. coli
clinical isolates lowers the MIC of cefotaxime leading to decreased resistance to this
drug (Lou et al., 2011). Upregulation of OmpC was however found in nalidixic acidresistant and tetracycline-resistant strains of E. coli (Lin et al., 2008; Zhang et al., 2008).
This suggests that the mechanism of resistance of both nalidixic acid and tetracycline is
different from resistance to the other antibiotics. It is possible that this difference is
related to the hydrophobicity of nalidixic acid and tetracycline as opposed to the
hydrophilicity of the rest of the antibiotics i.e.: imipenem, cefotaxime, cephalothin and
cefoxitin.
KdsA is an enzyme that appears to have a trimeric form (Ray, 1980). The trimeric form
might explain the splitting of the enzyme into three different spots (c4, c5 and c6). It is a
key enzyme in lipopolysaccharide biosynthesis. It catalyzes the condensation of
arabinose-5-phosphate and phosphoenolpyruvate (Baasov et al., 1993, Dotson et al.,
1995). kdsA expression is highest in early log phase and decreases to a low level in late
log and stationary phase (Strohmaier et al., 1995). The reason why KdsA is induced in
alarmone-protected populations of E. coli C600 is currently unknown.
H-NS protein for "Histone-like Nucleoid Structuring protein," is an autoregulatory
nucleic acid multifunctional protein that is capable of condensing and supercoiling DNA
(Tupper et al., 1994, Dame et al., 2000, McLeod and Johnson, 2001, Dame, 2005,
Zimmerman, 2006). It is involved in the regulation of many genes related to
environmental changes and adaptation to stress (Falconi et al., 1993, Falconi et al.,
1996) such as biogenesis of flagella (Bertin et al., 1994, Soutourina et al., 1999, Landini
and Zehnder, 2002), acid resistance (Shin et al., 2005), the functional glutamic aciddependent system (De Biase et al., 1999), osmotically-inducible genes (Bouvier et al.,
1998), the glutamate decarboxylase-dependent acid resistance system (Hommais et al.,
2001, Ma et al., 2002, Tramonti et al., 2002, Giangrossi et al., 2005), osmotic control
(Lucht et al., 1994, Rajkumari and Gowrishankar, 2001). These findings suggest that
alarmones induce the H-NS protein in E. coli C600. The involvement of H-NS in acid
resistance, glutamic acid-dependent system and the glutamate decarboxylase-dependent
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acid resistance system explains how cells incubated with alarmones survive lethal acid
(Section 3.5.4.2).

4.4 Discussion
Several studies have shown that mRNA abundances correlate poorly with protein
abundance in the cell (Anderson and Seilhamer, 1997, Gygi et al., 1999). Most proteins
within the cell undergo some form of post-translational modification. Thus, monitoring
gene expression at the protein level is of paramount importance in understanding
molecular processes (Ong and Pandey, 2001). Therefore, in this project, twodimensional gel electrophoresis was carried out in order to examine the protein
expression profile changes following incubation of E. coli C600 with alarmones. This
will shed some light on how alarmones protect E. coli C600 cells against lethal acid.
Using this technique, at least 13 proteins were found to be strongly induced in E. coli
C600 cells that were pre-incubated with alarmones (Tables 4.1 to 4.3). Out of these 13
proteins, HdeB, H-NS and SodA are classified as proteins that play a direct/indirect role
in acid resistance. HdeB belongs to the acid fitness island (Figure 4.5) which is a cluster
of 12 genes involved in acid resistance (Mates et al., 2007). This acid stress chaperone is
required for optimal protection of the bacterial periplasm against acid stress by
preventing periplasmic protein aggregation at acidic pH (Kern et al., 2007). H-NS, on
the other hand, is a multifunctional protein (Section 4.3.3). It regulates transcription of
many genes some of which are involved in acid resistance e.g.: hdeB (Shin et al., 2005)
and in the glutamate-dependent acid resistance system (Hommais et al., 2001; Ma et al.,
2002; Tramonti et al., 2002; Giangrossi et al., 2005). Interestingly, Rowbury and
Hussain (1998) found that strains with lesions in hns produced filtrates that were unable
to protect recipient E. coli strains against lethal acid. They suggested that H-NS is
involved in the synthesis of the induction components (Rowbury and Hussain, 1998) i.e.:
alarmones. Proteomics data in this project indicate that alarmones induce H-NS. Thus, it
is possible that H-NS plays a dual role: a role in the producing E. coli cells where H-NS
promotes synthesis of alarmones and another one in the recipient E. coli cells where it
protects cells by regulation of genes involved in acid resistance and hence protection of
the recipient cells against lethal acid as H-NS is involved in the regulation of several
pathways such as acid resistance pathway (Shin et al., 2005) and glutamate-dependent
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acid resistance pathway (Hommais et al., 2001, Ma et al., 2002, Tramonti et al., 2002,
Giangrossi et al., 2005).
Alarmones could affect an outer membrane sensor molecule that generates a signal
which produces a response via transducing molecules. Alternatively, alarmones might
need to penetrate the outer membrane in order to interact with a cytoplasmic or a
periplasmic membrane sensor molecule and produce a response via transducing
molecules. Last but not least, alarmones might cross the outer, periplasmic and
cytoplasmic membranes to activate a cytoplasmic component (Rowbury et al., 1992).
These changes inside the cell involve induction of H-NS which in turn regulates HdeB.
Thus, alarmones are likely to play a role in the protection of E. coli C600 via the acid
resistance and the glutamate-dependent acid resistance pathways.
SodA is a superoxide dismutase which plays an important role in bacterial resistance
against organic acids (Bruno-Barcena et al., 2010). Induction of SodA in E. coli C600
cells pre-incubated with alarmones (Section 4.3.1) will contribute to the increased
tolerance of those cells against lethal pH (pH 3) via an unknown mechanism.
The remainder of the induced proteins in E. coli C600 cells pre-incubated with
alarmones consists of 3 outer membrane proteins (OmpA, OmpC and OmpW); 3 ABC
transporters (MalE, GlnH and ModA); a ribosome releasing factor (RrF), an alkyl
hydroperoxide reductase (AhpC), the UDP-sugar hydrolase (UshA); a protein that
catalyses ribonucleic acid degradation (CpdB); a periplasmic trehalase (TreA); a protein
involved in lipopolysaccharide biosynthesis (KdsA); an anaerobic protein (GlpA); a
periplasmic glycerophosphoryl diester phosphodiesterase (GlpQ); a DNA methylation
protein (EcoKI); a fumarate reductase (FrdA); a chaperone heat shock protein (DnaK); a
hydroxypyruvate reductase (YcdW) and the YdeN protein with an unknown function.
As mentioned above, alarmones could affect an outer membrane sensor molecule that
generates a signal. Then, the signal produces a response via transducing molecules. If
this is true, then once alarmones interact with an outer membrane sensor, the induction
of membrane porins such as OmpA, OmpC (Section 4.3.3) and OmpW (Section 4.3.2)
takes place. This could help the efflux of protons from the cytoplasmic membrane to the
extracellular medium even prior to the cells being challenged with lethal acid. This will
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increase the intracellular pH and render cells more acid-tolerant. These outer
membranes, however, need to be blocked once the pH of the extracelluar medium
decreases in order to avoid the influx of the protons back into the intracellular medium.
The induction of OM porins and the resultant efflux of protons have also other
implications. It will render cells base-sensitive. In an interesting study, E. coli cells
transferred from external pH 7.0 to external pH 5.5 or 6.0 became alkali-sensitive
(Rowbury and Hussain, 1996). In a different study, the researchers found that neutralised
medium filtrates that are thought to contain extracellular agents produced by E. coli cells
grown at acidic pH induced alkali sensitivity (Rowbury and Hussain, 1998). They
suggested that these extracelluar agents that induced alkali sensitivity are different from
those that induce acid tolerance. This is because alkali sensitisation at acidic pH requires
a low molecular weight heat-resistant dialyzable component whereas acid tolerance
induction does not (Rowbury and Hussain, 1998). The researchers found that alkali
sensitivity of those E. coli cells was significantly reduced by hns and ompC lesions
(Rowbury and Hussain, 1996).
Interestingly, acid external pH was found to induce the ompC gene when E. coli cells
had accomplished several generations at pH 6 (Thomas and Booth, 1992). The
researchers suggested that the effects of acid (acetate and benzoate) on ompC expression
could be explained through a pH-dependent change in the activity of EnvZ phosphatase
leading to accumulation of OmpR-P and hence induction of OmpC. However, OmpC
induction is unlikely to be pH-dependent as OmpC was found to be induced upon
incubation of neutralised medium filtrates from pH 4 E. coli culture with mid-log phase
E. coli cells in the current PhD project. Therefore, OmpC induction could be explained
by the fact that the first generations grown at pH 6 attempt to adapt to acidic medium
and produce alarmones which induce the porin OmpC in the subsequent generations.
OmpC might play a role in the efflux of protons from the cytoplasmic membrane as
mentioned before.
High cAMP levels were found to supress OmpC porin synthesis and vice versa (Thomas
and Booth, 1992). Rowbury found that cAMP inhibits both synthesis of the extracellular
protectant components and induction of acid tolerance (Rowbury and Goodson, 1998).
Inhibition of induction of acid tolerance by cAMP could be explained by the fact that
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these nucleotides suppress OmpC porins in E. coli and hence interfere with the
mechanism by which OmpC protects E. coli cells against lethal acid. Inhibition of the
synthesis of the extracellular components by cAMP is, however, currently unknown.
An ompA-deficient strain was found to be significantly more sensitive to acid, both in
stationary phase and in the mid-exponential phase of growth. Thus, it was suggested that
OmpA plays a role in maintaining the integrity of the cell envelope which in turn
protects cells from acidic conditions (Jordan et al., 1999). A strong correlation exists
between acid tolerance and decreased permeability of the cell envelope to protons.
Hence, the acid sensitivity of the ompA-mutant strain is not completely understood
(Jordan et al., 1999). The permeability of the outer membrane of the ompA-deficient
strains to hydrogen ions should be lower than that of the wild-type parent. Hence, the
ompA-deficient strains should not allow accumulation of protons inside the bacterial
cytoplasm which in effect would render cells more acid resistant. However, porins such
as OmpA, OmpC and OmpW might protect E. coli cells against acid by a mechanism
that possibly involves alarmones whereby the latter diffuse readily and interact with
sensor molecules present on the periplasmic and/or cytoplasmic membrane or interact
with a cytoplasmic component. This interaction in turn brings about physiological
changes that increase tolerance of the cells to acid.
Three ABC transporters were strongly induced in the alarmone-protected populations of
E. coli C600. They are known as GlnH, ModA (Section 4.3.1) and MalE (Section 4.3.2).
GlnH is a periplasmic glutamine-binding protein. It belongs to the GlnHPQ high-affinity
glutamine transport system which is a member of the ABC superfamily of transporters
(Wu and Mandrand-Berthelot, 1995). Induction of GlnH in the alarmone-protected
population of E. coli C600 is important for the confirmed increased acid resistance of
those cells as glutamate/glutamine-dependent acid resistance mechanism protects the
cells by decarboxylation of the amino acid that consumes protons (Section 1.3.3.7.4.2).
MalE is a component of the maltose ABC transporter (Ehrmann et al., 1998). This
suggests that alarmones may serve as early warning systems of other types of stress such
as nutrient limitation. In addition to the possible role of this ABC transporter in cross-
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protection against nutrient stress, it may provide the alarmone-induced E. coli C600 cells
with cross-protection against antimicrobials.
ModA is the periplasmic binding component of the molybdate ABC transporter (Yu et
al., 2006). It is currently unknown how molybdate contributes to the protection of E. coli
C600 cells against acid but it may play a role in the possible cross-protection against
antimicrobials.
The alkyl hydroperoxide reductase (AhpC, Section 4.3.1) may provide the alarmoneinduced cells with cross-tolerance against hydroperoxides whereas the periplasmic
trehalase (TreA, Section 4.3.2) may cross-protect the cells against high osmolarity.
These findings need to be confirmed by further experiments. The chaperone system
(DnaK, Section 4.3.3) plays a role in the protection of the alarmone-induced cells
against lethal acid by possibly assisting in folding of nascent polypeptide chains and in
polypeptide chain translocation through membranes, assembly and disassembly of
protein complexes and rescuing misfolded proteins.
GlpQ (Section 4.3.2) hydrolyses deacylated phospholipids to glycerol-3-phosphate
whereas the GlpABC (Section 4.3.3) converts glycerol-3-phosphate to dihydroxyacetone
phosphate which can then enter glycolysis I pathway. The reason why GlpQ and GlpA
are induced in the alarmone-incubated cells of E. coli C600 is unknown.
The UDP-sugar hydrolase (UshA) and the protein that catalyses ribonucleic acid
degradation (CpdB) were both induced in E. coli C600 cells pre-incubated with
alarmones (Section 4.3.2). Both these proteins are involved in reactions that yield
phosphate. Inorganic phosphate is an essential component in cellular functions since
phosphorylation of nucleic acids, lipids, sugars, and proteins is important for gene
regulation and signalling. In addition, poly phosphate (poly P) accumulation was proven
to play an important role in the protection of cells against several types of stress (Brown
and Kornberg, 2008). Hence, induction of these proteins is important for survival of
alarmone-induced E. coli C600 in lethal acidic conditions.
It is thought that, according to the proteomics results of this study, alarmones activate
the DNA-binding transcriptional dual regulator, FNR. The latter regulates the
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transcription of many genes involved in various functions such as anaerobic metabolism,
acid resistance, chemotaxis and cell structure (Salmon et al., 2003, Kang et al., 2005). It
was reported that induction of proteins involved in sn-glycerol-3-phosphate transport
and degradation such as GlpA (Section 4.3.3) and GlpQ (Section 4.3.2) is enhanced by
FNR (Kuritzkes et al., 1984, Iuchi et al., 1990). Activation of FNR leads to the induction
of OmpW (Section 4.3.2) and FrdA (Section 4.3.3) which were induced in the alarmoneprotected populations of E. coli C600. These results provide strong evidence that
alarmones interact with/activate the dual regulator, FNR, leading to the induction of
those proteins in the alarmone-induced cells of E. coli C600.
The role of the rest of the strongly induced proteins remains unclear. Some or all of them
could be experimental artifacts.
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4.5 Conclusion
To sum up, alarmones could affect an outer membrane sensor molecule that generates a
signal which could produce a response via transducing molecules. Alternatively,
alarmones might need to penetrate the outer membrane in order to interact with a
cytoplasmic or a periplasmic membrane sensor molecule and produce a response via
transducing molecules. Last but not least, alarmones might cross the outer, periplasmic
and cytoplasmic membranes to activate a cytoplasmic component (Rowbury et al.,
1992). In addition, alarmones might consist of products with two different chemical
structures. One of them attaches to the outer membrane and induces OM porins. The
other penetrates the OM through those porins.
Proteomics results have proved useful in shedding some light on how alarmones might
protect cells against acid through revealing the induction of a number of major OM
porins, H-NS and HdeB. H-NS and HdeB are important proteins in the acid resistance
system. Hence, alarmones are likely to protect recipient E. coli cells through induction
of the acid resistance pathway. Cross-tolerance against heat, hydroperoxides and
antimicrobials which is thought to be provided by DnaK, AhpC and the ABC
transporters mentioned above could also be provided by alarmones.
This work could have been followed by confirmation of the cross-tolerance findings
mentioned above. Moreover, validating the proteomics data through standard techniques
such as western blotting could have been performed.

The next step in this study was to look at DNA microarrays in order to identify
differentially-expressed genes when E. coli C600 cells are incubated with alarmones.
This should outline how alarmone-induced cells are protected against lethal acid.
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Chapter 5: DNA Microarrays of
alarmone-induced and non-induced
populations of Escherichia coli C600
5.1 Introduction
Escherichia coli has evolved mechanisms that allow responses to changes in
environmental pH. In the previous chapters, neutralised medium filtrates obtained from
E. coli cells grown in mildly acidic conditions were shown to contain potential
protectants against acid, that we have termed “alarmones”. In addition, two-dimensional
gel electrophoresis (2-DE) has revealed that alarmones may induce the expression of a
number of proteins with a direct or indirect role in protection against acid, namely the
DNA-binding transcriptional dual regulator (H-NS), the acid stress chaperone (HdeB)
and the outer membrane porins (OmpA, OmpC and OmpW). In this chapter, the
measurement of gene expression at the level of mRNA upon incubation of E. coli cells
with alarmones will be examined in order to determine which genes in the E. coli
genome are induced by alarmones which will hopefully provide us with novel insights
into the mode of action of alarmones at the molecular level. This will eventually shed
some light on how alarmone-induced cells have a better tolerance towards acid as shown
in Figure 3.13. For this purpose, various nucleic acid-based methods can be used.
Examples of such methods include serial analysis of gene expression (Velculescu et al.,
1995), spotted arrays containing PCR products prepared from cDNAs (Lyons, 2003),
spotting prefabricated arrays (Gabig and Wegrzyn, 2001) and oligonucleotide cDNA
microarrays (Bertucci et al., 2001) such as Affymetrix GeneChip® arrays (Lockhart et
al., 1996). Oligonucleotide cDNA microarrays (Affymetrix GeneChip® arrays) were
selected and used in this study for various reasons. First, the potential for crosshybridization between genes with considerable levels of sequence similarity is very low
in Affymetrix microarrays whereas in spotted microarrays, it is very high (Harrington et
al., 2000). Second, the high-density oligonucleotide array permits flexibility in sample
comparisons and provides an estimate of the levels of gene transcripts in individual
samples (Irizarry et al., 2003b). Third, Affymetrix chips are less expensive and easier to
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control and so the variation between chips is smaller than the other techniques
(Knudsen, 2002). Therefore, Affymetrix GeneChip® arrays were used in this study to
identify differentially-expressed genes and/or broad patterns of gene expression when E.
coli C600 cells are incubated with alarmones. This will eventually help in understanding
the mechanisms by which alarmone-induced E. coli C600 cells tolerate lethal acid
compared to the control populations.

5.2 Affymetrix GeneChip® Arrays technology
This method employs a large number of oligonucleotides, up to 25 nucleotides long,
immobilised on the surface of a chip. For expression analysis, up to 40 oligonucleotides
are used for the detection of each gene. Affymetrix has selected a region for each gene
that has at least similarity to other genes. From this region, 11-20 oligonucleotides are
selected as perfect matches (PM) (Naef et al., 2003). Moreover, they have generated 1120 mismatch (MM) oligonucleotides, which are identical to the PM oligonucleotides
except for a single base in the central position 13, where one nucleotide has been
changed to its complementary nucleotide. Hence, the MM oligonucleotides will help
estimate and subtract cross-hybridization and local background from the PM signal
(Lipshutz et al., 1999). The target mRNA needs to be converted to cDNA and labelled
with a fluorochrome. This is followed by hybridisation of the oligonucleotides with the
immobilised ones.

5.3 Data collection and normalisation
Following hybridisation of the cDNA samples with the immobilised oligonucleotides
that were present on the surface of the Affymetrix GeneChipTM, microarray slides were
scanned with a GeneChip Scanner 3000. Independent images of the control and test
samples were taken using fluorescent confocal laser. Processing of the images followed
whereby the images were analysed to identify the arrayed spots and to measure the
relative fluorescence intensities for each element. Normalisation was then necessary to
adjust for differences in labeling and detection efficiencies for the fluorescent labels and
for the differences in the quantity of initial RNA from the two samples being compared.
In addition, normalisation allowed distinguishing real biological changes from random
noise or non-specific experimental variations (Claverie, 1999). Various factors such as
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hybridization conditions and staining can affect random noise and/or non-specific
experimental variations (Hill et al., 2001). Normalisation can be performed using
various normalisation algorithm techniques. Examples include “Robust Multichip
Average” (RMA) method which is used in the current study. RMA is an algorithm used
to create an expression matrix from Affymetrix data (Irizarry et al., 2003a).

5.4 Determination of differentially-expressed genes
Following normalisation, the differentiation of significantly and differentially-expressed
genes was performed (p<0.05) (Dopazo et al., 2001). Analyses such as t-test, ANOVA,
Principal Component Analysis, Cluster Analysis and other tests provide useful tools to
determine the differentially-expressed genes (Kerr et al., 2000). The data for each gene
was reported as the expression ratio or the logarithm of the expression ratio. The
expression ratio is the normalised value of the expression level for a particular gene in
the test sample divided by its normalised value for the control. A cut-off value of twofold increase or decrease is used widely. Genes that are upregulated by a factor of 2 have
an expression ratio of 2 whereas genes that are downregulated by 2 have an expression
ratio of 0.5. The values of the expression ratios of the downregulated genes are between
0 and 1.
The data was then analyzed by examining common patterns of gene expression of
different phenotypes, various conditions and cellular responses to environmental
variables. For this purpose, various statistical methods referred to as “cluster analysis”
such as hierarchical clustering of genes (Weinstein et al., 1997, Eisen et al., 1998,
Michaels et al., 1998, Wen et al., 1998) and self-organising maps of genes (Kohonen,
1995, Tamayo et al., 1999) were used for the analysis of gene-expression data. Most
cluster analysis techniques are hierarchical. Hierarchical clustering of genes (Figure 5.1)
is simple with easy to visualize results (Eisen and Brown, 1999, Cummings, 2001).
Figure 5.1 shows a hierarchical clustering heatmap of the microarray data obtained in
this study. The rows N1 and N2 represent the non-induced cells whereas the rows I1 and
I2 represent the alarmone-induced cells.
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Figure 5.1: Hierarchical clustering heatmap of microarray data. N1, N2: noninduced cells (replicates); I1, I2: alarmone-induced cells (replicates). Genes that are
downregulated appear in red, and those that are upregulated appear in green, with
the relative log2 (ratio) reflected by the intensity of the colour.
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5.4.1 Supervised methods
If previous information about which genes are expected to cluster together is available,
supervised methods such as support vector machine can be used (Brown et al., 2000). As
no such information was available for the current PhD work, none of the supervised
methods were utilized.

5.4.2 Data filtering
Subsequently, data diminution was carried out by filtering out non-informative genes
that are differentially-expressed but below a user defined threshold (e.g.: false discovery
rate). Moreover, genes that do not change in their expression level during the course of
the experiment can also be filtered (Harrington et al., 2000). For example, in this study a
p-value cut-off of ˂0.05 was used. Hence, the data were filtered and only strongly
differentially-expressed genes were presented and discussed. Then, it is important to find
patterns in gene expression to understand and assign biological meaning to the data.

5.5 Resources for meta-analysis
The public databases provided by the National Centre for Biotechnology Information
(http://www.ncbi.nlm.nih.gov) such as GeneBank, Colibri, Entrez, ECOCYC, BLAST,
PubMed, EchoBASE, KEGG (Kyoto Encyclopedia of Genes and Genomes), The
Database

for

Annotation,

Visualization

and

Integrated

Discovery

(DAVID)

Bioinformatics Resource 6.7 provided valuable, integrated and comprehensive
information about gene function, gene ontology and biological pathways.

5.6 DNA microarray experimental methods
Neutralised medium filtrates from E. coli C600 grown at pH 4 and pH 7 cultures were
prepared. The filtrates were then incubated with mid-log phase E. coli C600 cells in the
ratio 1:1 and further growth was allowed for c. 3h. RNA extraction from replicate
cultures of alarmone-protected and control populations of E. coli C600 was performed
using Qiagen®RNAeasy mini kit. DNA microarrays were performed using the anti-sense
Affymetrix® gene chip of E. coli K12-C600 as described in Section 2.17.5.
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5.7 DNA microarray results
It was previously shown that neutralised medium filtrates obtained from E. coli cells
grown in mildly acidic conditions protect recipient E. coli against lethal acid (Chapter
3). Hence, these medium filtrates were thought to contain potential protectants termed
“alarmones”, against acid. In order to understand the mechanism of action of those
alarmones at the gene level and to know which genes, if any, are induced in the presence
of alarmones, DNA microarrays were used. Essentially, RNA samples from alarmoneinduced and non-induced cells were isolated and DNA microarrays performed. Data
analysis was then carried out to determine differentially-expressed genes and broad
patterns of gene expression when E. coli C600 cells are incubated with alarmones.
Linear Models for Microarray Data (LIMMA) is a software package that uses linear
models for the analysis of designed experiments and the assessment of differential
expression (Wettenhall and Smyth, 2004, Smyth, 2005). Using LIMMA on probesets
that are called present or marginal on two or more arrays (6130 probesets in total) and
with an adjusted p- value cut-off of <0.05, 671 open reading frames (ORFs) were found
to be significantly and differentially expressed between alarmone-protected and control
populations. 508 of these ORFs were upregulated in the induced cells whereas 163 were
downregulated (Appendices 1-22).

Out of these differentially-expressed 671 ORFs, 179 ORFs were non-annotated (very
little information other than the nucleotide sequence is known), 237 ORFs were
transcribed into hypothetical proteins and no information about some genes was found
by a literature search for 93 ORFs. Due to little information if none being available
about the biological roles of those ORFs, those genes were not presented in the results.
The remainders (162 ORFs) were presented in Appendices 1 to 22. 108 ORFs were
upregulated in the alarmone-protected populations whereas 54

ORFs were

downregulated.

The biological meaning and the different pathways of the microarray data were revealed
using the Database for Annotation, Visualization and Integrated Discovery (DAVID)
Bioinformatics Resource 6.7. Using this software, it was found that genes relating to cell
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wall, cell envelope, cellular membrane and inner membrane in addition to transport
activity were overall significantly upregulated. Moreover, genes relating to ABC
transporters, organic acid and carboxylic acid transport pathways were also significantly
upregulated. These pathways and functions are listed in Table 5.1 with the
corresponding enrichment score which is a score system that helps guide the exploratory
procedure. High enrichment scores correspond to significant biological processes. A
score of 3.75 was used as a cut-off value. The same software was used to determine the
pathways that were downregulated in the alarmone-induced cells of E. coli C600 (Table
5.2). For this group of genes, the cut-off value for the enrichment score had to be
decreased to 3.00. It was found that genes relating to tryptophanase leader peptide,
transcriptional attenuation by ribosome, regulation of transcription termination and
regulation of protein complex disassembly were significantly downregulated. These
pathways and functions will be further discussed in section 5.8.

Table 5.1: Pathways and functions of genes upregulated in the alarmone-protected
populations of E. coli C600 and grouped according to DAVID 6.7 Bioinformatics
Resource.
Enrichment Score
Pathways/Functions/Location
58.13

Cell wall
Cell Envelope
Transmembrane/Cell inner membrane
Transport

8.83

Binding protein-dependent transport systems
ABC transporters

8.25

Amino-acid transport and metabolism
Antiport/Antiporter activity
Organic acid transport
Carboxylic acid transport
Amine transport
Amino-acid/polyamine transport

6.11

Cation transport
Ion transport
Sodium ion transport
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Monovalent inorganic cation transport
Metal ion transport
3.89

Generation of precursor metabolites and energy
Anaerobic respiration
Electron transport chain
Cellular respiration
Energy derivation by oxidation of organic compounds
Sodium ion transport

Table 5.2: Pathways and functions of genes downregulated in the alarmone-protected
populations of E. coli C600 and grouped according to DAVID 6.7 Bioinformatics
Resource.
Enrichment Score
Pathways/Functions/Location
3.21

Tryptophanase leader peptide
Transcriptional attenuation by ribosome
Regulation of transcription termination
Regulation of protein complex disassembly

3.15

Cell surface antigen activity
Cellular polysaccharide biosynthetic process
Lipopolysaccharide biosynthesis

3.1

Periplasm
Periplasmic space
Signal

An ORF is a nucleotide sequence that can be translated into a protein or a polypeptide.
Appendices 1 to 12 list all the ORFs that were significantly upregulated in the alarmoneinduced populations of E. coli C600, along with the functions of the ORFs’ products and
the logarithm of the fold change whereas appendices 13 to 22 list all the ORFs that were
significantly downregulated in those cells. The open reading frames up or
downregulated in the alarmone-protected population of E. coli C600 were grouped
according to the functions of their products and discussed below.
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5.7.1 ORFs relating to acid resistance
Seven genes related to acid resistance were strongly upregulated in the alarmoneinduced populations of E. coli C600. These genes are presented in appendix 1. One of
these genes, named hdeD, belongs to the acid fitness island which was defined as a
cluster of 12 genes that contribute to acid tolerance in E. coli cells (Figure 4.5). In
addition, three genes, named gadC, adiC and cadB that encode the antiporters of the
three amino-acid-dependent acid resistance systems were also upregulated. Moreover,
three genes which play a role in protecting the alarmone-induced cells of E. coli C600
against weak acids were also upregulated.

hdeD is an hns-dependent gene (Yoshida et al., 1993a) which encodes an acid resistance
protein (Masuda and Church, 2003). High cell density-grown hdeD mutants had reduced
viability at pH 2.1 compared to wild-type (Mates et al., 2007). Interestingly, they were
able to transiently protect wild-type low cell density-grown cells through the cell
density-dependent acid resistance mechanism (Mates et al., 2007).

gadC encodes a glutamate/γ-aminobutyric acid (GABA) antiporter (Section 1.3.3.7.4.2)
which is part of the glutamate-dependent acid resistance system 2 (AR2) that confers
resistance to extreme acidic conditions (Hersh et al., 1996). GadC mediates export of
GABA in exchange for glutamate. During this exchange, protons are consumed and
hence cytoplasmic pH increased (Figure 1.4). Insertional inactivation of gadC resulted in
sensitivity to extreme acidic conditions (pH 2-3) and eliminated glutamate enhancement
of acid resistance (Hersh et al., 1996).
adiC is an arginine-related upregulated gene. It encodes AdiC which is part of the
arginine-dependent acid resistance system 3 (AR3) (Gong et al., 2003). AdiC is the
arginine/agmatine antiporter that exchanges extracellular arginine for the intracellular
by-product of decarboxylation, agmatine (Section 1.3.3.7.4.3, Figure 1.4). The proton
consuming decarboxylase reaction counteracts acidification in a strongly acidic
environment (Gong et al., 2003).
cadB encodes a lysine/cadaverine antiporter, bringing in lysine and excreting cadaverine
(Meng and Bennett, 1992). CadB is part of the lysine-dependent acid resistance system 4
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(Section 1.3.3.7.4.4, Figure 1.3). The latter confers resistance to weak acids produced
during carbohydrate fermentation under conditions of anaerobiosis and phosphate
starvation (Soksawatmaekhin et al., 2004, Soksawatmaekhin et al., 2006).
Both wcaD and wcaJ genes encode proteins that are involved in colanic acid (CA)
synthesis (Mao et al., 2001, Dumon et al., 2001). The wzxC gene is located in a gene
cluster responsible for production of extracellular CA (Stevenson et al., 1996).

5.7.2 ORFs relating to hydrogenase activity
Four hydrogenases are synthesized in E. coli in response to different physiological
conditions (Sawers, 1994). The enzymes catalyze the reversible chemical reaction: 2H+
+ 2e- ↔ H2 (Vignais and Billoud, 2007). Hydrogenases are thought to play a role in
hydrogen metabolism that involves proton consumption (Ballantine and Boxer, 1985,
Laurinavichene and Tsygankov, 2001). Six genes relating to hydrogenase activity were
upregulated in the alarmone-induced populations of E. coli C600. These genes are
presented in appendix 2.
hyaC encodes the b-type cytochrome subunit of hydrogenase 1 which mediates
hydrogen uptake in the presence of high-potential acceptors such as ferricyanide
(Laurinavichene and Tsygankov, 2001). hybE encodes a protein that plays a role in
coordinating assembly and export of the hydrogenase 2 subunits HybO and HybC
(Dubini and Sargent, 2003, Chan et al., 2009). A hybE deletion strain has very low
hydrogenase 2 activity (Jack et al., 2004). Both hydrogenases 1 and 2 mediate nitratedependent H2 consumption (Laurinavichene and Tsygankov, 2001). hyfA, hyfB, hyfC
and hyfF, on the other hand, encode subunits of hydrogenase 4 that interacts with
formate dehydrogenase (Andrews et al., 1997).

5.7.3 ORFs relating to multidrug efflux pump proteins
Genes that were upregulated in the alarmone-protected populations of E. coli C600 and
that encode multidrug efflux pump proteins are listed in appendix 3.
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5.7.3.1 ORFs relating to the ATP-binding cassette (ABC) transporters
A significant number of genes encoding ABC transporters were upregulated in the
alarmone-induced cells of E. coli C600 (Appendix 3). Other ABC transporters-related
genes were downregulated (Appendix 19) in those cells.

yhdY which produces a nitrogen-regulated protein belongs to the ntr family gene. The
latter consists of genes/operons whose products minimise the slow growth under
nitrogen-limiting conditions. YhdY is a membrane component of a characterised ABC
transporter (Zimmer et al., 2000). thiP, on the other hand, is part of the thiBPQ operon
which is involved in the translocation of thiamine and its phosphoesters across the inner
membrane of E. coli (Webb et al., 1998). yphD encodes a putative inner membrane
component of an ABC sugar transporter (Chen et al., 2006, Saurin et al., 1999,
Moussatova et al., 2008) whereas the ydcU and ydcV genes encode putative membrane
spanning components of an ABC putrescine transporter (Saurin et al., 1999). Both ynjC
and ynjD encode an ATP-dependent metabolite uptake ABC transporter (Saurin et al.,
1999).

yehX and yehW encode the putative ATP binding component and the membrane
component of an ABC osmoprotection transporter, respectively (Saurin et al., 1999).
Research into the yehZYXW operon has shown that transcription of this operon is
induced by osmotic shock and entry into stationary phase (Checroun and Gutierrez,
2004).

modF encodes the putative ATP-binding component of a molybdenum ABC transporter
(Saurin et al., 1999). brnQ, on the other hand, encodes a branched chain amino acid
transporter. BrnQ probably functions as a sodium/branched chain amino acid (leucine,
isoleucine and valine) symporter (Anderson and Oxender, 1978).
The expression of malG which encodes an integral membrane component of the maltose
ABC transporter (Francoz and Dassa, 1988) is enhanced by the maltose regulator
(MalT). The malT gene which encodes a transcription factor that activates numerous
genes and operons involved in maltose catabolism and transport (Chapon, 1982, Tapio et
al., 1991, Schneider et al., 1992, Danot and Raibaud, 1994, Boos and Bohm, 2000) is,
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however, downregulated in the alarmone-induced cells of E. coli C600. sfsA, which was
downregulated in the alarmone-induced cells of E. coli C600, is another maltose-related
gene. It may encode a transcription factor that is involved in the regulation of maltose
metabolism (Kawamukai et al., 1991, Takeda et al., 2001).
yjfF encodes a putative membrane component of a galactose ABC transporter (Saurin et
al., 1999) whereas gsiD encodes a putative inner membrane component of a glutathione
ABC transporter (Saurin et al., 1999). mglC, on the other hand, encodes the integral
membrane component of a β-methylgalactoside ABC transporter (Harayama et al., 1983,
Wu and Mandrand-Berthelot, 1995).
cysW encodes the membrane component of a sulfate ABC transporter (Sirko et al., 1990,
Sirko et al., 1995, Wu and Mandrand-Berthelot, 1995) whereas potF encodes the
periplasmic binding component of an ATP-dependent putrescine transporter. The latter
is a member of the ABC superfamily of transporters (Wu and Mandrand-Berthelot,
1995). The ycjN gene encodes a putative periplasmic binding protein of an ATPdependent sugar transporter (Saurin et al., 1999).

5.7.3.2 ORFs relating to the major facilitator superfamily (MFS)
Both mdtL and mdtD (yegB) were upregulated in the E. coli C600 culture protected by
alarmones (Appendix 3). mdtL was also found to be upregulated when E. coli K-12
strain W3110 was grown in acidic conditions (Hayes et al., 2006). It was revealed that
E. coli possessing mdtL are resistant to chloramphenicol (Nishino and Yamaguchi,
2001). The overexpression of the yegMNOB increases E. coli resistance to norfloxacin,
deoxycholate, nalidixic acid and sodium dodecyl sulphate (SDS) (Nishino and
Yamaguchi, 2001).

emrY encodes an MFS transporter (Kato et al., 2000). The MIC of sodium deoxycholate
which is a bile-acid detergent was higher in E. coli cells in which the transcription of the
emrKY promoter was induced (Kato et al., 2000). Moreover, EmrKY is a candidate
contributor to multidrug resistance in E. coli. In addition, EvgA overexpression induced
the emrKY operon and conferred acid resistance to exponential phase E. coli cells
(Masuda and Church, 2002).
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The ydiM, ydiN, ydjK, yegT and ydeE genes encode uncharacterised members of the
MFS transporters (Pao et al., 1998). YdiM, YdiN, YdjK may function as proton-driven
metabolite uptake systems (Daley et al., 2005). YegT may function as a proton-driven
nucleoside uptake system whereas YdeE as a proton-driven drug efflux system (Pao et
al., 1998).

yhjX encodes an uncharacterised member of another MFS transporter (Pao et al.,
1998).YhjX may function as an exchange system for carboxylates, possibly for formate
and oxalate (Daley et al., 2005). Expression of yhjX is highly induced by cytoplasmic
stress induced by benzoate (Kannan et al., 2008).
ygaY appears to be a segment of a gene encoding an uncharacterised permease of the
MFS transporters (Pao et al., 1998). ygaY was shown to be induced by osmotic upshift
(Weber and Jung, 2002) whereas fsr encodes a putative fosmidomycin efflux protein.
Fsr is a distant member of the MFS, suggesting that it may function as a protondependent fosmidomycin efflux system (Fujisaki et al., 1996).
xapB encodes a probable xanthosine transporter. It is located in a xanthosine-inducible
operon with xapA, encoding xanthosine phosphorylase (Seeger et al., 1995). XapB is a
member of the MFS transporters (Pao et al., 1998) which helps growth on xanthosine.
XapA cleaves imported xanthosine to yield xanthine which can be used as a nitrogen
source, and ribose-1-phosphate which can be used as a carbon source (Seeger et al.,
1995). xanQ encodes a specific proton motive force-dependent xanthine transporter
(Karatza and Frillingos, 2005).

The role of the MFS proteins encoded by the rest of the genes listed in appendix 3 in the
protection of E. coli C600 against acid stress is currently unknown.

5.7.3.3 ORFs relating to membrane fusion protein family
yjcQ is thought to encode a membrane fusion protein (MFP). The protein acts as a
putative efflux transporter which plays a role in sulphur drug resistance (Harley and
Saier, 2000, Shimada et al., 2009) whereas both aaeA and aaeB are members of the
aaeXAB operon (Van Dyk et al., 2004). The aaeXAB operon is upregulated by growth in
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p-hydroxybenzoic acid (pHBA). Both AaeA and AaeB are membrane fusion proteins
that serve together as efflux systems for hydroxylated, aromatic carboxylic acids (Van
Dyk et al., 2004).

5.7.3.4 ORFs relating to the resistance nodulation cell division family
acrF encodes a resistance nodulation cell division (RND) protein (Klein et al., 1991).
The acrEF operon encodes a multiple drug efflux pump that plays a significant role in
indole efflux (Kawamura-Sato et al., 1999).

5.7.4 ORFs relating to biofilm formation
A number of genes relating to biofilm formation were upregulated in the alarmoneinduced populations of E. coli C600. These genes are presented in appendix 4. Both yfjR
and bioF encode proteins that appear to be involved in biofilm formation (Herzberg et
al., 2006). Moreover, ycbS which belongs to the ycb operon was also upregulated in the
alarmone-induced populations of E. coli C600. The ycb operon enhances biofilm
formation in minimal media on a variety of abiotic surfaces (Korea et al., 2010).

5.7.5 ORFs relating to outer and inner membrane proteins
Genes relating to outer and inner membrane proteins that were upregulated in the
alarmone-induced populations of E. coli C600 are presented in appendices 5 and 6.
The ymcC, hofQ and ycbS genes encode outer membrane (OM) porins which may
facilitate entry of alarmones into the alarmone-protected populations of E. coli C600.
The ygbN, yjhF, gntU, yjdL and ybbU genes encode inner membrane uptake systems
which may help the entry of alarmones or a different signal induced in the periplasm by
alarmones into the cytosol.
In addition to those five inner membrane genes, purP which encodes another inner
membrane protein was also upregulated in the alarmone-protected populations of E. coli
C600. PurP functions in energized adenine uptake in Escherichia coli. The process
requires the metabolic removal of transported adenine, which prevents the accumulation
of adenine inside the cell (Burton, 1977, Burton, 1994).
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Two genes relating to outer membrane proteins were downregulated in the alarmoneinduced populations of E. coli C600. These genes are ompC and btuB (Appendix 18).
The ompC gene encodes a trimeric porin that allows ions and other hydrophilic solutes
to cross the outer membrane (Ingraham and Marr, 1996) whereas btuB encodes an outer
membrane porin that mediates both binding and active transport of vitamin B12 across
the outer membrane (Bradbeer et al., 1978, Roth et al., 1996). Both OmpC and BtuB
production decreased in response to exogenous polyamines which are known to provide
resistance to colicin E7 (Pan et al., 2006).

5.7.6 ORFs relating to DNA replication and cell division
A number of genes relating to DNA replication and cell division were up or
downregulated in the alarmone-protected population (Appendices 7 and 17,
respectively).
Alarmones have resulted in the upregulation of two genes relating to DNA repair. Those
genes are polB and bglJ. polB encodes DNA polymerase II (Pol II). Pol II is a combined
polymerase and exonuclease (Kornberg and Gefter, 1971, Ishino et al., 1992). It is
regulated by the SOS response (Iwasaki et al., 1990, Oh et al., 1999b) and is involved in
rapid restart of DNA replication following UV exposure (Rangarajan et al., 1999,
Rangarajan et al., 2002) and nucleotide excision repair (Berardini et al., 1999). Pol II
also helps avoid the mutagenic effects of agents such as peroxide (Escarceller et al.,
1994, Sedliakova et al., 2001). bglJ, on the other hand, encodes a positive DNA-binding
transcriptional regulator of transport and utilization of the aromatic β-glucosides arbutin
and salicin (Giel et al., 1996, Madhusudan et al., 2005).
Ssb, caiF, araC, kdgR and uidR were among the downregulated DNA-related genes.
Ssb encodes a single-stranded DNA binding protein that is involved in replication,
recombination, repair and protection of DNA in Escherichia coli (Meyer and Laine,
1990). caiF and araC, on the other hand, encode proteins that activate genes involved in
carnithine metabolism (Eichler et al., 1996) and arabinose catabolism and transport
(Miyada et al., 1984), respectively. The kdgR gene encodes a DNA-binding transcription
factor that represses transcription of genes involved in transport and catabolism of 2keto-3-deoxy gluconate (Pouyssegur and Stoeber, 1972, Pouyssegur and Lagarde, 1973,
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Pouyssegur and Stoeber, 1974, Murray and Conway, 2005). The uidR gene encodes a βd-glucuronides repressor. UidR negatively regulates its own synthesis and represses
transcription of the uid operon which is involved in transport and degradation of βglucosides. This regulator is subject to catabolic repression in the presence of glucose
and at low levels of cyclic AMP (Novel and Novel, 1976, Blanco et al., 1982,
Ritzenthaler et al., 1983, Blanco et al., 1985, Blanco et al., 1986).

5.7.7 ORFs relating to phosphate metabolism and transport
A number of genes relating to phosphate metabolism were up or downregulated in the
alarmone-induced populations of E. coli C600. These genes are presented in appendices
8 and 22, respectively.
The following phosphate-related genes were upregulated in the alarmone-induced
populations of E. coli C600. pitB encodes a putative inorganic phosphate transporter
(Van Veen et al., 1994). Transcription of psiE is activated during conditions of
starvation for phosphate, carbon, or nitrogen (Wanner, 1983). pstA and pstC are the first
and third genes of the pstABCS operon, respectively (Wu and Mandrand-Berthelot,
1995). PstABCS is responsible for inorganic phosphate (Pi) uptake under Pi starvation
conditions (Torriani, 1990). ugpA is the first gene of the ugpABCE operon. The
UgpABCE glycerol-3-phosphate uptake system is a member of the ABC superfamily
(Wu and Mandrand-Berthelot, 1995). Glycerol-3-phosphate can be used as both a
phosphate source and a carbon source (Schweizer et al., 1982, Yang et al., 2009). The
Ugp system is geared for scavenging phosphate-containing compounds (Boos, 1998).
The phnCDE operon is a member of the pho regulon and is induced many hundred-fold
during phosphate limitation (Yakovleva et al., 1998). phnC encodes an ATP-binding
component of alkylphosphonate ABC transporter (Saurin and Dassa, 1994). The phnE
gene, on the other hand, encodes the integral membrane component of the same
transporter. Phosphonates are used as phosphorous sources in E. coli (Metcalf and
Wanner, 1991). phnH encodes a carbon-phosphorous lyase enzyme (Metcalf and
Wanner, 1993) which is part of a phosphate starvation-inducible operon (Yakovleva et
al., 1998, Metcalf and Wanner, 1991, Chen et al., 1990). Both uhpB and uhpC encode
proteins that belong to the phosphorelay system UhpB-UhpC-UhpA (Weston and
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Kadner, 1988, Island and Kadner, 1993, Wright and Kadner, 2001). UhpB is involved in
the regulation of hexose phosphates’ uptake (Wright and Kadner, 2001) whereas UhpC
is a membrane-bound protein that can sense extracellular glucose-6-phosphate (Wright
et al., 2000, Verhamme et al., 2001, Verhamme et al., 2002). UhpB functions as a
membrane-associated protein kinase that phosphorylates UhpA in response to
environmental signals (Wright and Kadner, 2001).
prsA encodes a phosphoribosyl pyrophosphate synthetase which synthesises
phosphoribosyl pyrophosphate (PRPP) from ribose 5-phosphate (Hove-Jensen et al.,
2003). nrdF, on the other hand, belongs to the nrdHIEF operon. It encodes the β subunit
dimer of ribonucleoside-diphosphate reductase II in E. coli (Jordan et al., 1996).
Expression of the nrdHIEF operon is increased by hydroxyurea (Jordan et al., 1996) and
oxidative stress (Monje-Casas et al., 2001). Expression of nrdHIEF is highest in
minimal medium and in early log phase growth in complex medium (Monje-Casas et al.,
2001). arnC encodes an undecaprenyl transferase which is involved in polymyxin
resistance (Breazeale et al., 2002) whereas yfdR encodes a deoxyribonucleoside 5’monophosphate phosphatase (Zimmerman et al., 2008).
yihX, agp and mgsA represent the phosphate-related genes that were downregulated in
the alarmone-induced populations of E. coli C600. Both yihX and agp encode
phosphatases (Cottrill et al., 2002, Kuznetsova et al., 2006) whereas mgsA encodes a
methylglyoxal synthase. The enzyme is strongly inhibited by inorganic phosphate
(Hopper and Cooper, 1972).

5.7.8 ORFs relating to nitrate and/or nitrite metabolism and transport
A number of genes relating to nitrate and/or nitrite metabolism were upregulated in the
alarmone-induced populations of E. coli C600. These genes are presented in appendix 9.
Both narU and narK encode nitrate/nitrite antiporters (Clegg et al., 2002, Jia and Cole,
2005). narW, on the other hand, encodes a product that may act as a private chaperone
during the incorporation of the molybdenum cofactor into nitrate reductase Z enzyme
(Blasco et al., 1992). Both narI and narJ play a role in nitrate reductase activity
(Sodergren et al., 1988, Blasco et al., 1992, Dubourdieu and DeMoss, 1992).
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Both nrfE and nrfF belong to the nrfAEFG operon. NrfE is important for formatedependent nitrite reduction to ammonia whereas the role of NrfF is unknown (Grovc et
al., 1996, Eaves et al., 1998). nirC, on the other hand, encodes a nitrite transporter
which is a member of the formate-nitrite transporter family (Saier et al., 1999).

5.7.9 ORFs relating to amino-acids
5.7.9.1 Arginine
Interestingly, most of the genes involved in the arginine degradation II pathway (Ast
pathway) were upregulated in the alarmone-induced cells of E. coli C600. These genes
are astA, astB, astC, astD and astE. Moreover, genes involved in arginine transport
were also upregulated in the alarmone-induced cells of E. coli C600. Examples of these
genes include artQ which encodes an integral membrane component that is involved in
the transport of L-arginine across the inner membrane (Linton and Higgins, 1998) and
ydgI which encodes an uncharacterized member of the amino acid/polyamine/choline
(APC) family of amino acid transporters (Herzberg et al., 2006). carB which is involved
in arginine biosynthesis was also upregulated in the alarmone-induced cells of E. coli
C600 (Rubino et al., 1987).
5.7.9.2 Alanine and glycine
alaS encodes a component of an alanyl-tRNA synthetase (AlaRS). glyQ and glyS encode
the α and β subunits of glycyl-tRNA synthetase (GlyRS), respectively whereas pheT
encodes the β-subunit of the phenylalanyl-tRNA synthetase (PheRS). AlaRS, GlyRS and
PheRS are members of the aminoacyl-tRNA synthetases family. The latter interprets the
genetic code by covalently linking amino acids to their specific tRNA molecules (Eriani
et al., 1990, Cusack et al., 1991).
5.7.9.3 Cysteine
cbl which encodes a DNA-binding protein that is involved in the expression of genes
required for aliphatic sulfonate utilization and homeostatic response to sulfate starvation
(Iwanicka-Nowicka and Hryniewicz, 1995, Kertesz, 2000, Bykowski et al., 2002).
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5.7.9.4 Histidine
hisM encodes a component involved in histidine transport (Wu and Mandrand-Berthelot,
1995).

5.7.9.5 Methionine
mmuP encodes a putative S-methylmethionine transporter (Thanbichler et al., 1999).
msrB, on the other hand, encodes a protein which converts methionine into methionineR-sulfoxide (Grimaud et al., 2001).

5.7.9.6 Proline
The proP gene encodes an osmoprotectant/proton symporter. ProP can transport proline
and glycine betaine. In addition, it can assist cells in their adaption to increases in
osmotic pressure (Griffith et al., 1992).

5.7.9.7 Serine
serC

encodes

phosphoserine/phosphohydroxythreonine

aminotransferase

which

functions in the biosynthesis of both serine and pyridoxine (Lam and Winkler, 1990).
serC is essential for growth on glycerol minimal medium (Joyce et al., 2006).

5.7.9.8 Threonine
rhtA encodes a threonine/homoserine exporter. RhtA may also export other amino acids
such as proline, serine, cysteine, and histidine (Livshits et al., 2003).
The tdcABC operon is involved in transport and metabolism of threonine and serine
(Ganduri et al., 1993; Hagewood et al., 1994). The three genes that form this operon
were downregulated in the alarmone-protected populations of E. coli C600. These genes
are tdcA, tdcB and tdcC (Hagewood et al., 1994). tdcABC is induced under anaerobiosis
and repressed by glucose (Sawers, 2001).
5.7.9.9 Tryptophan
Both trpD and trpE code for the enzyme anthranilate synthase (Yanofsky and Ito, 1966).
TrpDE catalyzes the first step in tryptophan biosynthesis pathway. It is subject to
feedback regulation and is therefore responsive to changes in the free L-tryptophan
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concentration (Pabst et al., 1973). TrpDE catalyzes the reaction that adds an amine
group from glutamine to chorismate resulting in anthranilate and glutamate (Baker and
Crawford, 1966, Ito et al., 1969).
The tnaC gene encodes a leader peptide which is required for the regulation of the
tnaCAB operon (Stewart and Yanofsky, 1985). The tryptophanase (TnaA) catalyses the
conversion of L-tryptophan into indole, pyruvate, ammonia and protons (Watanabe and
Snell, 1972).
5.7.9.10 Leucine/isoleucine/valine
livG and livH are the second and third genes in both livFGHMJ and livFGHMK
operons. Both LivFGHMJ and LivFGHMK are two ATP-dependent branched-chain
amino acid transport systems in E. coli and are members of the ABC superfamily of
transporters (Igarashi and Kashiwagi, 1999). LivFGHMK is specific for the transport of
leucine, while LivFGHMJ is a transporter for leucine, isoleucine, and valine (Nazos et
al., 1985).

5.7.10 ORFs relating to cytochrome oxidase enzymes
A number of genes relating to cytochrome oxidase enzymes have been upregulated in
the alarmone-induced populations of E. coli C600. These genes are presented in
appendix 11.
The E. coli K-12 genome contains gene clusters for 3 cytochrome oxidase enzymes: 1)
cytochrome bo oxidase (CyoABCD) whose genes are not upregulated in the alarmoneinduced populations of E. coli C600, 2) cytochrome bd-I oxidase (CydAB) and 3)
cytochrome bd-II oxidase (AppCB). The three enzymes function as the major terminal
oxidases in the aerobic respiratory chain of E. coli.
The cyoABCD operon which encodes cytochrome bo oxidase is expressed when oxygen
levels are high while the cydAB operon which encodes cytochrome bd-I oxidase is
expressed under oxygen-limited conditions. Cytochrome bd-II which is active under
glucose-limited aerobic conditions, functions as a quinol:oxygen oxidoreductase (Sturr
et al., 1996, Bekker et al., 2009). The two subunits of cytochrome bd-II are encoded by
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appC and appB (Dassa et al., 1991). The appCB-appA operon is induced upon entry into
the stationary phase, as well as starvation for carbon and phosphate (Atlung et al., 1997).

5.7.11 ORFs relating to autoinducer-2 (AI-2)
A number of genes relating to AI-2 were downregulated in the alarmone-induced
populations of E. coli C600. These genes are presented in appendix 13. The lsrA, lsrC,
lsrD and lsrB genes are probably located in a single operon. The LsrACDB ABC
transporter is predicted to transport the quorum sensing autoinducer (AI-2) molecule
(Xavier and Bassler, 2005).

5.7.12 ORFs relating to non-coding RNA (ncRNA)
A number of genes relating to ncRNA were downregulated in the alarmone-induced
populations of E. coli C600. These genes are presented in appendix 14. Both rybA and
ryfA encode small ncRNAs (Wassarman et al., 2001). Their functions remain, however,
unknown (Wassarman et al., 2001, Hershberg et al., 2003). The rdlD gene encodes an
antisense regulatory RNA which together with the LdrD peptide act as a toxin-antitoxin
pair (Kawano et al., 2002).

5.7.13 ORFs relating to lipopolysaccharide biosynthesis
A number of genes relating to lipopolysaccharide biosynthesis were downregulated in
the alarmone-induced populations of E. coli C600. These genes are presented in
appendix 16.
The chromosomal waa region contains the major core oligosaccharide assembly operons
in E. coli (Raetz and Whitfield, 2002, Raetz et al., 2007). Four genes belonging to this
region were downregulated in the alarmone-protected populations of E. coli C600. These
genes are waaU, waaY, waaS and wbbK.
waaU encodes a protein that is responsible for the attachment of HepIV to the GlcIII
residue of the outer core (Heinrichs et al., 1998). It is also suggested that WaaU may
attach GlcNAc to an inner core heptose (Klena et al., 1992). waaY, on the other hand,
encodes a kinase that phosphorylates the heptose II residue in the inner core of
lipopolysaccharide (LPS) (Yethon et al., 1998, Heinrichs et al., 1998) whereas waaS
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encodes a protein necessary for the attachment of Rha to the LPS core by a linkage to
the KDOII residue (Schnaitman and Klena, 1993). No information is available about the
wbbK gene.

5.7.14 ORFs relating to ribose transport
Three genes relating to ribose transport were downregulated in the alarmone-induced
populations of E. coli C600. These genes are presented in appendix 20.

rbsA encodes the ATP-binding constituent of the RbsABC ATP-dependent ribose
transporter. The latter is a member of the ABC family of transporters (Park and Park,
1999). The downregulation of the rbsA gene means that ribose transport activity by
RbsABC is reduced. The rbsD gene, on the other hand, encodes a ribose pyranase (Ryu
et al., 2004). Efficient utilization of ribose requires RbsD (Oh et al., 1999a). alsR
encodes an allose utilization regulator which negatively controls the expression of genes
involved in transport and catabolism of D-allose and D-ribose (Sorensen and HoveJensen, 1996, Kim et al., 1997).

5.7.15 ORFs relating to NADH dehydrogenase I
Three genes relating to NAD/NADH were downregulated in the alarmone-induced
populations of E. coli C600 (Appendix 21). The nuoF and nuoG genes encode proteins
that are part of the soluble fragment of NADH dehydrogenase I (NDH-I). This soluble
fragment catalyses the oxidation of NADH (Leif et al., 1995, Braun et al., 1998). The
electrogenic proton pump, NDH-I, may have secondary Na+/H+ antiport activity that
pumps protons out of the cells (Stolpe and Friedrich, 2004).

5.7.16 Miscellaneous ORFs
The rest of the genes that were up or downregulated in the alarmone-induced
populations of E. coli C600 are presented in appendices 12 and 22, respectively.
The kefB gene encodes an efflux system which probably functions via potassium/proton
antiport (Booth et al., 1985, Bakker et al., 1987). Potassium efflux mediated by KefB is
coupled to proton influx. This eventually results in acidification of the cytoplasm, which
protects the cell from electrophile toxicity (Ferguson et al., 1995, Ferguson et al., 1997).
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The yjaE gene encodes a protein that has been proposed to function as an anti-σ factor.
It binds specifically to the major σ factor σ70 (Jishage and Ishihama, 1998). YjaE is
thought to function by biasing the competition between σ70 and σ38 for available RNA
polymerase (RNAP) through sequestering σ70 and displacing the RNAP core enzyme,
which in turn becomes accessible for σ38 (Jishage and Ishihama, 1998, Mitchell et al.,
2007). The role of YjaE may be to favour the expression of σ38-dependent genes that are
needed for E. coli to respond to lower-pH conditions (Foster, 2004, Weber et al., 2005).
kbaY catalyses the conversion of tagatose-1,6-bisphosphate to dihydroxyacetone
phosphate and D-glyceraldehyde-3-phosphate (Brinkkotter et al., 2000) whereas fbaA
encodes fructose-1,6-bisphosphate aldolase. It is thought that this enzyme is involved in
glycolysis (Scamuffa and Caprioli, 1980).
pspG encodes an inner membrane protein (Lloyd et al., 2004). Expression of pspG is
upregulated by the filamentous phage secretin-pIV (Lloyd et al., 2004) whereas sieB is
thought to play a role in preventing phage superinfection (Faubladier and Bouche,
1994).
The fadK gene encodes an acyl-CoA synthetase that is primarily active on short chain
fatty acids (Morgan-Kiss and Cronan, 2004). FadK is not expressed under aerobic
conditions, and the level of expression under anaerobic conditions varies depending on
the terminal electron acceptor (Morgan-Kiss and Cronan, 2004).
Galactitol is transported into the cell by a specific phosphoenolpyruvate (PEP)dependent phosphotransferase system (PTS) enzyme II whose domains are encoded by
agaC, agaD and agaV (Reizer et al., 1996). The gatD gene then enables strains of E.
coli K-12 to use galactitol as the sole carbon source (Reizer et al., 1996).
cyaA encodes an adenylate cyclase which catalyzes the synthesis of cyclic AMP
(cAMP) (Pastan and Perlman, 1970) whereas yiaN encodes a small membrane-spanning
component of the YiaMNO transporter in Escherichia coli (Kelly and Thomas, 2001).
The driving force of this transporter is provided by either proton-(pmf) and/or sodium
ion motive force (smf) (Kelly and Thomas, 2001). The YiaMNO transporter is
responsible for the uptake of L-gulonate (Deutsch, 1997, Deutsch, 1998).
170

E. coli is capable of using aromatic acids as carbon and energy sources. mhpB encodes
3-(2,3-dihydroxyphenyl) propionate dioxygenase which catalyzes a reaction of the
aromatic acid degradation pathway whereas mhpC has been identified with a hydrolase
activity for the degradation of phenylpropionate (Burlingame and Chapman, 1983,
Bugg, 1993). mhpF encodes an acetaldehyde dehydrogenase in E. coli. This
dehydrogenase catalyzes the terminal reaction in the 3-(3-hydroxyphenyl)-propionate
catabolic pathway (Ferrandez et al., 1997).
yfcP and yfcQ are the second and third genes in the yfcOPQRSTUV operon. The yfc
operon is thought to promote adhesion to eukaryotic epithelial cells (Korea et al., 2010).
The F1 complex of ATP synthase consists of five subunits, each of which is required for
activity (Futai et al., 1989). The α and δ subunits of this complex are encoded by atpA
and atpH, respectively. These two genes were upregulated in the alarmone-protected
populations of E. coli C600. The α-subunit is involved in the catalytic mechanism of the
enzyme and in the binding and coupling between the F1 and F0 complexes (Rao et al.,
1988) whereas the δ-subunit is required for binding the F1 complex to the F0 complex
(Xiao and Penefsky, 1994).
The reasons why the rest of the genes that are listed in appendix 12, were upregulated in
the alarmone-induced populations of E. coli C600 are currently unknown.
The rest of the genes that were downregulated in the alarmone-induced populations of E.
coli C600 are presented in appendix 22.

The ucpA gene encodes a protein which has been predicted to be an NAD(P)-binding
oxidoreductase (Serres et al., 2001) whereas the pspE gene encodes a phage shock
protein (Brissette et al., 1991). The psp operon shows induction upon phage infection,
temperature increase, exposure to ethanol, osmotic shock (Brissette et al., 1991), and
organic solvents (Kobayashi et al., 1998).
The glgS gene encodes a protein which is involved in glycogen biosynthesis (HenggeAronis and Fischer, 1992). Expression of glgS is dependent on RpoS and induced in
stationary phase (Hengge-Aronis and Fischer, 1992, Hengge-Aronis et al., 1993).
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pmrD ecodes a protein which is produced under conditions of low Mg2+ concentration in
a PhoP-dependent manner (Winfield and Groisman, 2004).
gutE belongs to the gutABE operon. GutABE is the glucitol-PTS permease. The PTS
transports and simultaneously phosphorylates its sugar substrates (Postma et al., 1993).
When E. coli cells face amino-acid starvation, they produce pppGpp which is quickly
converted to the more stable form ppGpp. ppGpp is then hydrolysed to GDP (Weyer et
al., 1976, Kari et al., 1977). Kinases were thought to convert GDP back to GTP (Kari et
al., 1977, Heinemeyer and Richter, 1978). The alarmone-induced cells of E. coli C600
downregulated the ndk gene which encodes a nucleoside diphosphate kinase (Roisin and
Kepes, 1978). However, no direct evidence for a unique effect of Ndk on (p)ppGpp
levels in E. coli was reported (Cashel et al., 1996).
cysQ encodes an adenosine-3’,5’-bisphosphate nucleotidase which recycles adenosine3’,5’-bisphosphate that is generated during sulfate assimilation. CysQ is inhibited by
lithium (Mechold et al., 2006).
The Glp system plays a role in the uptake of sn-glycerol-3-phosphate in E. coli K12
(Yang et al., 1997). The glpQ gene which belongs the Glp system, encodes a
periplasmic glycerophosphoryl diester phosphodiesterase (Yang et al., 1997).
The mglB gene is the second gene in the mglABC operon. mglB encodes the galactosebinding component of the ABC transporter, MglABC which is a beta-methylgalactoside
transport system that is a member of the ABC superfamily of transporters (Harayama et
al., 1983, Wu and Mandrand-Berthelot, 1995)
The hepA gene encodes a protein that causes increased recycling of RNA polymerase
(Sukhodolets et al., 2001). Moreover, HepA provides cells with the ability to grow under
high salt conditions (Sukhodolets et al., 2001). In addition, it plays a role in resistance to
UV irradiation (Muzzin et al., 1998) and in making biofilms more tolerant to penicillin
G (Lynch et al., 2007).
The rseB gene encodes a negative regulator of sigma E activity (Missiakas et al., 1997).
RseB stimulates binding of RseA to sigma E (Collinet et al., 2000). Upon
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extracytoplasmic stress, proteolytic cleavage of RseA is catalysed. This relieves
repression of sigma E leading to activation of the sigma E-mediated stress response
(Kanehara et al., 2002, Alba et al., 2002). The sigma E system is also involved in the
response to hyperosmotic shock (Bianchi and Baneyx, 1999) and in release of nutrients
from dead cells during long periods of stationary phase (Nitta et al., 2000).
The reasons why the rest of the genes that are listed in appendix 22 were downregulated
in the alarmone-induced cells of E. coli C600 are currently unknown.

5.8 Discussion
Microarray expression analysis has been increasingly used in the last decade as it
provides large-scale data for the biological interpretation of genes and their functions.
Currently, however, careful handling and exact interpretation of microarray data is
difficult to achieve due to various factors such as choice of clustering algorithms to
classify the data, choice of techniques to normalise those data across experiments and
measurement of similarity. These factors can all have a considerable effect on the
outcome of any analysis and may result in eliminating significant relationships between
the data. Any analysis, however, that provides an insight into the data which is
consistent with our understanding in the biological context, is more likely to be valid.
Finally, microarray data can provide hypotheses that can be tested in the laboratory
using standard biological and biochemical methods such as real-time polymerase chain
reaction (RT-PCR).
Analysis of recently sequenced microbial genomes has revealed a close relationship
between the lifestyle of an organism and the size and nature of its genome (Stover et al.,
2000). E. coli, for example, which is known to withstand a multitude of environments in
its life cycle, has a genome size of 4289 ORFs of which nearly 250 are putative
regulators (5.8%) (Stover et al., 2000). The use of microarray technology gives the
opportunity to analyse globally the effect of stress on bacterial species. This technique
was used in the current PhD work to study the effect of alarmones on mid-log phase E.
coli C600 in order to understand the regulatory mechanisms that govern E. coli C600
response to alarmones at the genetic level. This should shed some light on how the
alarmone-induced cells tolerate lethal acid (pH 3). Based on a cut-off p-value of 0.05,
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671 ORFs were found to be significantly and differentially expressed between the
alarmone-protected and non-protected cells. 508 of these ORFs were upregulated in the
alarmone-induced cells whereas 163 ORFs were downregulated. Of these ORFs, 179
were found to be intergenic regions; 237 were hypothetical proteins and no information
about some genes was found by a literature search for 93 ORFs. Due to little information
if none being available about the biological roles of those ORFs, those genes were not
presented in the results. The remainders (ORFs) are presented in appendices 1 to 22.
While the function of many upregulated genes in the alarmone-induced populations of E.
coli C600 is currently unknown, a considerable number of the upregulated genes are
found to play a direct/indirect role in acid tolerance and antimicrobial resistance.
Interestingly, among the upregulated genes in the alarmone-induced cells of E. coli
C600, ten genes are related to acid resistance (Section 5.7.1). These genes are adiC,
gadC, cadB, hdeD, wcaD, wcaJ, wzxC, yhjX, aaeA and aaeB.
Three amino-acid-dependent acid resistance mechanisms exist in E. coli. These
mechanisms are: glutamate-, arginine- and lysine-dependent acid resistance mechanisms
(Sections 1.3.3.7.4.2, 1.3.3.7.4.3 and 1.3.3.7.4.4). Each of these mechanisms is regulated
by an operon. In each of these operons there is a specific gene which encodes an
antiporter. gadC encodes the antiporter for the glutamate/glutamine-dependent acid
resistance mechanism, adiC encodes the antiporter for the arginine-dependent acid
resistance mechanism whereas cadB encodes the antiporter for the lysine-dependent acid
resistance mechanism. These antiporters contribute to the proton consuming
decarboxylase reactions that counteract acidification in a strongly acidic environment
(Sections 1.3.3.7.4.2, 1.3.3.7.4.3 and 1.3.3.7.4.4). Thus, the alarmone-induced cells
upregulated the first line defence mechanisms which consist of genes that encode the
three antiporters of the three amino-acid-dependent acid resistance mechanisms i.e.:
GadC, AdiC and CadB to counteract acidification. This renders alarmone-induced cells
more tolerant to lethal acid compared to the control populations as the survival rate
against acid following incubation of those cells with alarmones was higher (Figure 3.13,
Section 3.5.4.2). It is possible that the decarboxylases of the three amino-acid-dependent
acid resistance mechanisms will become upregulated once the alarmone-induced cells
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face lethal acid which will effectively maintain pH homeostasis and contribute to the
confirmed increased acid tolerance of those cells.
The hdeD gene is among the upregulated genes in the alarmone-induced cells of E. coli
C600. hdeD belongs to the acid fitness island which was defined as a cluster of 12 genes
that contribute to acid tolerance in E. coli cells (Figure 4.5). It is thought to encode a
product which is involved in receiving a protective signal that renders cells acid-resistant
(Mates et al., 2007). It was shown that high-density wild-type cells were able to protect
low-density cells against acid (pH 2.1) (Mates et al., 2007). High-density wild-type
cells, however, could not protect either yhiD or hdeD mutant cultures comixed at low
cell density against acid. The researchers argued that based on these results both gene
products must be present to carry out high cell density-dependent acid resistance.
Moreover, they concluded that YhiD and HdeD are either needed to receive the survival
signal from the high-density cells or to implement survival once the signal is received.
To confirm the latter finding, high cell density hdeD mutants were mixed with lowdensity wild-type cells and challenged with acid. The low-density wild-type culture
survived at a significantly higher level when mixed with the hdeD mutants than when
tested alone. Thus, the researchers concluded that the high cell density hdeD mutants
could at least temporarily send a survival signal to low-density wild-type cells as long as
the mutants retained some viability. However, the wild-type cells still died soon after the
majority of the higher density hdeD mutant cells lost viability. The data suggest that
HdeD is not involved in sending the protective signal, only in receiving or implementing
it. The results also indicate that the simple presence of a high number of dead cells
cannot protect lower-density cells. Hence, there must be some communication between
live cells (Mates et al., 2007).
The protective signal mentioned in Mates and colleagues’ study (2007) could be the
alarmones. However, HdeD in their study had a protective effect only when there was
high cell density (>108 cfu per ml) whereas in the current PhD work, mid-log phase cells
were used where the cell density was about 105 cfu/ml i.e.: low cell density. Moreover,
the presence of live cells was necessary for the protection of the lower-density cells
whereas in the current PhD work, neutralised medium filtrates from pH 4 cultures could
protect the recipient culture i.e.: the presence of live cells was not necessary. However,
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figure 3.13 indicates that the rate of survival of alarmone-induced cells decreased
considerably between 60 and 90 mins compared to the rate of survival between 0 and 60
mins. This might indicate that the presence of live cells is actually necessary for the
continuous production of alarmones to ensure that recipient cells survive lethal acid.
Monitoring the survival rates of alarmone-induced cells subjected to lethal acid for
longer periods of time (longer than 120 mins for example) could rule out whether this is
the case or not.
wcaD, wcaJ and wzxC are acid-resistance related-genes that were strongly upregulated
in the alarmone-induced populations of E. coli C600 (Section 5.7.1). wcaD and wcaJ are
involved in colanic acid (CA) biosynthesis whereas wzxC is involved in CA export. CA
expression on bacterial cell surfaces acts as a physical barrier to protect bacteria from
hostile conditions by, for example, affecting heat conductivity (Allen et al., 1987, Ophir
and Gutnick, 1994, Lopez-Torres and Stout, 1996, Sledjeski and Gottesman, 1996).
Mutants that were defective in CA biosynthesis were more sensitive to acid compared to
wild-type cells. Hence, CA is thought to protect cells againt the detrimental effects of
acidic conditions (Mao et al., 2001). Mao and his colleagues (Mao et al., 2001)
suggested that CA confers a strong negative charge to the cell surface which may serve
as a buffer by neutralizing protons at the cell surface, whereby preventing positively
charged chemical groups from accumulating on the cell envelope and from entering the
cells. They further hypothesized that the amount of CA on cell surfaces determines the
buffering capacity of cells. When cells lose their ability to produce CA, cell surfaces
become less negatively charged and thereby have reduced buffering capacity. When
negatively charged cell surfaces are neutralized, protons will accumulate and enter cells
freely. Such a change in intracellular pH will impair cell metabolism, causing cell death
(Mao et al., 2001). Several heat shock proteins including DnaK were found to affect CA
biosynthesis (Kelley and Georgopoulos, 1997). DnaK is among the proteins that were
strongly induced in the alarmone-induced populations of E. coli C600 (spot c1; section
4.3.3). It may play an important role in inducing colanic acid biosynthesis and hence
protecting the cells against lethal acid.

In addition, genes that confer resistance to weak acids were also upregulated in the
alarmone-protected cells of E. coli C600. Examples of those genes are yhjX (Section
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5.7.3.2) which confers resistance to benzoate, aaeA and aaeB (Section 5.7.3.3) which
confer resistance to p-hydroxybenzoic acid and cadB (Section 5.7.1) which confers
resistance to weak acids produced during carbohydrate fermentation. Therefore,
alarmones protect E. coli cells not only against strong acids such as HCl, but also against
weak acids.
Interestingly, alarmones have induced the upregulation of six genes relating to
hydrogenases (Section 5.7.2). Four hydrogenases are synthesized in E. coli in response
to different physiological conditions (Sawers, 1994). The enzymes catalyze the
reversible chemical reaction: 2H+ + 2e- ↔ H2 (Vignais and Billoud, 2007). The six
genes upregulated in the alarmone-induced cells of E. coli C600 are hyaC, hybE, hyfA,
hyfB, hyfC and hyfF. Hydrogenases are thought to play a role in hydrogen metabolism
that involves consumption of protons (Ballantine and Boxer, 1985, Laurinavichene and
Tsygankov, 2001). Thus, the upregulation of hyaC, hybE, hyfA, hyfB, hyfC and hyfF is
important in maintaining pH homeostasis in the alarmone-induced cells of E. coli C600
as increased hydrogenase activity may help the efflux of protons from the cellular
cytoplasm to the extracellular medium which ensures increased pH inside the cytoplasm.
It is thought that the alarmone-induced cells of E. coli C600 downregulated a number of
genes to minimise detrimental effects of protons and maximise protection against acid.
Examples of such genes include the kefB gene which is thought to function via a
potassium/proton antiport. kefB was downregulated in the alarmone-induced populations
of E. coli C600 (Section 5.7.16). The downregulation of this gene is important as
potassium efflux by KefB is coupled with proton influx which leads to acidification of
the cytoplasm. Thus, the alarmone-induced cells downregulated this gene which will
prevent the cytoplasm from being acidified and hence the cells will have enhanced acid
tolerance. In addition, the possible indirect reduction in (p)ppGpp levels in E. coli by
Ndk is unfavourable for the alarmone-protected cells of E. coli C600 as (p)ppGpp is
known to be involved in the stringent response and stress survival (Brown and
Kornberg, 2008). Hence, the alarmone-induced cells also downregulated the ndk gene.
Additionally, the downregulation of btuB which encodes an outer membrane porin in the
alarmone-protected populations of E. coli C600 could be useful in blocking the passage
of protons from the extracellular medium to the cellular cytoplasm. Furthermore, the
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tnaC gene encodes a leader peptide which is required for the regulation of the tnaCAB
operon (Stewart and Yanofsky, 1985). The tryptophanase (TnaA) catalyses the
conversion of L-tryptophan and H2O into indole, pyruvate, ammonia and protons. The
downregulation of tnaC gene might be necessary to avoid accumulation of protons
inside the cytoplasm of the alarmone-protected populations of E. coli C600.
The downregulation of the yjaE gene, however, in the alarmone-protected populations of
E. coli C600 (Section 5.7.16) does not favour their survival in acidic conditions since the
role of YjaE is thought to favour the expression of σ38-dependent genes that are needed
for E. coli to respond to low pH conditions (Foster, 2004, Weber et al., 2005).
Moreover, it was found that E. coli cells subjected to alkali challenge upregulate the
terminal cytochrome bd oxidase cyd to minimize proton export at high external pH
(Maurer et al., 2005). Therefore, the upregulation of cydA, cydB, appC and appB genes
in the alarmone-induced cells of E. coli C600 cells (Section 5.7.10) does not favour their
protection against acid stress as proton export will be minimised. The down-regulation
of yjaE and the upregulation of cydA, cydB, appC and appB genes could be due to
experimental artifacts.
In addition to the acid resistance genes, thirty-six efflux pump multidrug resistance
genes (Section 5.7.3) were upregulated in the alarmone-protected populations of E. coli
C600 as second line defence systems. The drug transporter genes are classified into the
ABC (ATP-binding cassette) family (16 genes), MFS (major facilitator superfamily) (16
genes), RND (resistance nodulation cell division) family (1 gene) and membrane fusion
protein (3 genes). The alarmone-induced cells upregulated second line defence
mechanisms which involve ABC-transporters. ABC transporters may play a role in the
efflux of weak acids to the extracellular environment resulting in reduced intracellular
concentration of those weak acids (Nakano et al., 2006). This may explain why the
alarmone-induced cells have a better tolerance to acidic conditions than the control
populations. This can be confirmed by testing empirically the tolerance of those cells
against weak acids. In addition, the alarmone-induced cells may have a better tolerance
to high osmolarity which is conferred by the ABC transporters YehW and YehX. They
may have a better tolerance to molybdenum which is conferred by ModF. Other ABCtransporters play a role in galactose (yjfF), galactoside (mglC), glutathione (gsiD)
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transport, sodium/amino acid symport (brnQ) and phosphonate transport (phnC, phnE
and phnH), sulphate transport (cysW), leucine, isoleucine, and valine transport (livH and
livG), histidine transport (hisM) and arginine transport (artQ). Their role in increasing
the acid-tolerance of the alarmone-induced cells of E. coli C600 is currently unknown.
It is suggested that alarmones provide recipient E. coli C600 cells with the ability to
tolerate antimicrobials as various genes (Section 5.7.3.2) found to provide resistance to
antibiotics were upregulated in the alarmone-induced populations of E. coli C600.
Examples of such genes include mdtL which provides cells with tolerance against
chloramphenicol, fsr which can protect the alarmone-induced

cells against

fosmidomycin, arnC which provides the cells with tolerance against polymixin and
emrY which is discussed in the following section.
Interestingly, the MIC of sodium deoxycholate which is a bile-acid detergent was higher
in E. coli cells in which the transcription of the emrKY promoter was induced (Kato et
al., 2000). Moreover, EmrKY is a candidate contributor to multidrug resistance in E.
coli. In addition, EvgA overexpression induced the emrKY operon and conferred acid
resistance to exponential phase E. coli cells (Masuda and Church, 2002). The current
microarray data do not show the evgA gene being upregulated. It could be that the
emrKY operon works on certain occasions independently of the EvgA response
regulator. Thus, the emrY that was found to be upregulated in the alarmone-protected
populations is likely to play a role in the possible multidrug and confirmed acid
resistance of those cells.
The hypothesised increased tolerance of alarmone-induced populations of E. coli C600
to antimicrobials needs to be confirmed by further experiments which would consist of
testing the minimum inhibitory concentrations (MICs) of the different antimicrobials
and observe whether there are any differences between the alarmone-induced and noninduced cells.
The alarmone-induced cells of E. coli C600 upregulated third line defence systems
against other types of stress such as osmotic pressure and nutrient limitation. Examples
of genes that provide osmotolerance include ygaY (Section 5.7.3.2), yehW, yehX
(Section 5.7.3.1) and proP (Section 5.7.9.6). Moreover, rseB (Section 5.7.16) which
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represses sigmaE-mediated stress response was downregulated. Hence, the activity of
sigmaE will not be repressed and protection against potential high osmolarity will take
place. However, the pspE gene was among the downregulated genes in the alarmoneinduced cells of E. coli C600 (Section 5.7.16). The psp operon shows induction upon
phage infection, temperature increase, exposure to ethanol and osmotic shock (Brissette
et al., 1991). Thus, the downregulation of pspE in the alarmone-protected populations of
E. coli C600 is unexpected as it will not favour survival of those cells when exposed to
other types of stress such as high osmolarity.
Examples of genes that provide the alarmone-protected populations of E. coli C600 the
advantage of surviving nutrient-limitation include gatD (Section 5.7.16), mhpB, mhpC
and mhpF (Section 5.7.16). Maltose, galactose, galactitol, glutathione, galactoside and
gulonate can be used as carbon sources when the alarmone-protected populations of E.
coli C600 face nutrient limitation. Hence, alarmones can protect the recipient cells not
only against acid stress but also against other types of stress such as nutrient limitation.
Three genes involved in ribose transport were downregulated in the alarmone-induced
cells of E. coli C600. These genes are rbsA, rbsD and alsR (Section 5.7.14). This
suggests that ribose might interfere with acid resistance in the alarmone-induced
populations of E. coli C600 by an unknown mechanism.
Moreover, the alarmone-protected populations of E. coli C600 might have a better
capability of forming biofilms than the control populations through the upregulation of
yfjR, ycbS and bioF (Section 5.7.4). This needs to be confirmed by further experiments
which test the ability of those cells to form and grow in biofilm communities.
It is suggested that phosphate in the extracellular medium of the alarmone-protected
cells became limiting as several phosphate-related genes such as phnC, phnE, phnH,
pitB, psiE, pstA and pstC, which are generally induced during phosphate starvation,
became upregulated in those cells (Section 5.7.7). Starvation of phosphate might be the
result of influx of this molecule into the cells. This can be confirmed by NMR imaging,
for example, in order to measure the amount of phosphate inside and outside the
alarmone-protected cells. The ugpA gene was also upregulated in the alarmone-protected
cells of E. coli C600. The ugp system was found to increase intracellular phosphate
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concentration. Moreover, the yfdR gene which encodes

a deoxyribonucleoside 5'-

monophosphate phosphatase (Zimmerman et al., 2008) was also upregulated in the
alarmone-protected E. coli C600 cells. This phosphatase removes phosphate groups
from its substrate. Thus, increased activity of YfdR will result in the increased phosphate
concentration inside the recipient E. coli C600 cells.
Moreover, mgsA which was downregulated in the alarmone-induced cells of E. coli
C600 encodes methylglyoxal synthase. The enzyme is strongly inhibited by inorganic
phosphate (Hopper and Cooper, 1972). This further supports the suggestion that
phosphate concentration is increased inside the cytoplasm of alarmone-induced cells of
E. coli C600 leading to the downregulation of mgsA.
Inorganic phosphate (Figure 5.2) is an essential component in cellular functions since
phosphorylation of nucleic acids, lipids, sugars, and proteins is important for gene
regulation and signalling. In addition, polyphosphate (poly P) accumulation was proven
to play an important role in the protection of cells against several types of stress (Brown
and Kornberg, 2008). It was found that the membrane channel that is necessary for
competence

and

acquisition

of

new

genes

in

bacteria

is

composed

of

polyhydroxybutyrate, calcium and poly P (Reusch and Sadoff, 1988), and has cation
selectivity (Das et al., 1997). The complex can also form larger, weakly selective pores
with high conductance (Pavlov et al., 2005). These pores with cation selectivity may
help the alarmone-induced cells excrete protons to the extracellular medium resulting in
an increase in the intracellular pH. This explains how these cells might better tolerate
lethal pH compared to the control population of E. coli C600.

Figure 5.2: Inorganic, polyanionic polyphosphate (poly P) (Brown and Kornberg,
2008).
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In addition, poly P is necessary for regulating the expression of SOS genes, especially
recA which encodes a DNA-dependent ATPase that is heavily involved in DNA repair.
Lack of poly P results in reduced induction of SOS genes and high sensitivity to
mitomycin C &/or UV (Tsutsumi et al., 2000). However, the alarmone-protected
populations of E. coli C600 downregulated two genes encoding phosphatases. These
genes are yihX and agp (Section 5.7.7). The downregulation of these genes does not
favour the protection of alarmone-induced cells conferred by phosphate against stress as
mentioned above.
psiE, pstAC and many other phosphate-related genes are regulated by the transcriptional
dual regulator CRP, "cAMP receptor protein. Expression of crp is positively and
negatively autoregulated (Aiba, 1983, Hanamura and Aiba, 1992). Alarmones may
reduce cAMP-CRP levels which results in the upregulation of psiE and pstAC and the
downregulation of agp and glpQ. Reduced cAMP-CRP levels, however, leads to the
downregulation of ugpA which was in fact upregulated in the alarmone-induced cells of
E. coli C600. In addition, reduced cAMP-CRP levels results in the downregulation of
uidR (Section 5.7.6) and gutE (Section 5.7.16). The synthesis of cyclic AMP (cAMP) is
catalysed by the adenylate cyclase which is encoded by cyaA (Section 5.7.16). cAMP is
an important signaling molecule which plays a vital role in regulating the production of
metabolic enzymes. It participates in the regulation of transcription of many genes by
binding to the CRP protein (Pastan and Perlman, 1970). The upregulation of cyaA is
unexpected as: 1) It was found that cAMP inhibits both synthesis of the extracellular
protectant components and induction of acid tolerance (Rowbury and Goodson, 1998).
2) Moreover, alarmones are suggested to inhibit the activity of cAMP-cAMP receptor
protein (cAMP-CRP) (Section 5.8). 3) Furthermore, high cAMP levels were found to
supress OmpC porin synthesis (Thomas and Booth, 1992) which was in fact induced as
revealed by the proteomic data (Section 4.3.3) and downregulated as revealed in the
microarrays analysis (Section 5.7.5). Standard methods such as qPCR can be used to
determine whether cyaA is actually up or downregulated.
It is noticeable that the alarmone-induced cells have upregulated genes that lead to the
generation of dihydroxyacetone phosphate (DHAP) and downregulated the ones whose
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expression leads to the consumption of this molecule. GlpQ hydrolyses deacylated
phospholipids to glycerol-3-phosphate (Section 4.3.2) whereas the GlpABC (Section
4.3.3) converts glycerol-3-phosphate to DHAP which can then enter glycolysis I
pathway. DHAP can be converted to methylglyoxal and phosphate which is catalysed by
methylglyoxal synthase. The latter is encoded by mgsA. mgsA is, in fact, downregulated
in the alarmone-induced cells of E. coli C600 (Section 5.7.7). Methylglyoxal synthase is
strongly inhibited by inorganic phosphate (Hopper and Cooper, 1972). This further
supports the suggestion that phosphate concentration is increased inside the cytoplasm of
alarmone-induced cells of E. coli C600 (Section 5.8). Furthermore, fbaA was
upregulated in the alarmone-induced cells. The latter encodes fructose-1,6-bisphosphate
aldolase which catalyses sedoheptulose bisphosphate bypass that produces D-erythrose4-phosphate and DHAP. kbaY is another DHAP-related gene which was upregulated in
the alarmone-induced cells of E. coli C600. It catalyses the conversion of tagatose-1,6bisphosphate to dihydroxyacetone phosphate and D-glyceraldehyde-3-phosphate. The
importance of DHAP in rendering the alarmone-induced cells more tolerant to acid is
currently unknown.
Regarding DNA replication and cell division, LexA represses the transcription of several
genes involved in cellular response to DNA damage or inhibition of DNA replication
(d'Ari, 1985, Fernandez De Henestrosa et al., 2000). LexA inhibits the induction of polB
and ssb genes which were upregulated in the alarmone-induced cells of E. coli C600.
lexA is however, not induced by alarmones. Thus, it is possible that those two genes
have a different regulator.

caiF was found to be among the downregulated DNA-related genes. The expression of
caiF is inhibited by H-NS and enhanced by cAMP-CRP. Alarmones may reduce cAMPCRP levels which results in the downregulation of caiF. Moreover, proteomics results
indicated that H-NS was induced by alarmones (Section 4.3.3; Spot c6) leading to the
downregulation of caiF.
araC, which was among the downregulated DNA-related genes, is enhanced by cAMPCRP levels. As mentioned earlier, alarmones may reduce cAMP-CRP levels which
results in the downregulation of araC. araC encodes an arabinose regulator (Miyada et
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al., 1984). The downregulation of araC suggests the absence of arabinose from the
extracellular medium of the alarmone-induced populations of E. coli C600 for unknown
reasons.
The downregulation of kdgR gene (Section 5.7.6) leads to less repression of the genes
that are involved in gluconate transport. Interestingly, genes involved in gluconate
transport such as ygbN, yjhF and gntU were found to be upregulated in the alarmoneinduced populations of E. coli C600 (Section 5.7.5). Thus, gluconate might be important
for the alarmone-induced populations and could be used as a carbon source.
The upregulation of pspG and sieB (Section 5.7.16) gives the alarmone-protected
populations of E. coli C600 the advantage of phage infection prevention.
Glycogen biosynthesis is an energy-consuming reaction. Thus, the downregulation of
the glgS gene (Section 5.7.16) in the alarmone-induced should save energy for repairing
damage rather than contributing to cell growth and multiplication.
Among the upregulated genes that are related to amino-acids, those that are associated
with arginine, glutamine and glutamate are of paramount importance. This is because
these molecules have proven to play important roles in the amino-acid dependent acid
resistance mechanisms (Sections 1.3.3.7.4.2, 1.3.3.7.4.3 and 1.3.3.7.4.4). Those genes
are artQ, arcD, astD and carB which contribute in the production of arginine and trpD
and trpE which contribute in yielding glutamate.
There were conflicting results for the glpQ and ompC genes as they were upregulated as
found by the proteomic data (Sections 4.3.2, spot b4; & 4.3.3, spot c3) and
downregulated as found by the microarray analysis (Sections 5.7.5 & 5.7.16). There was
also, however, the possibility that spot b4 is MalE and that spot c3 is YcdW. Standard
methods such as real time PCR (RT-PCR) can be used to determine whether these genes
are actually up or downregulated. The fact that acid external pH was found to induce the
ompC gene when E. coli cells had accomplished several generations at pH 6 (Thomas
and Booth, 1992) may suggest that the upregulation of this gene is more likely.
However, the downregulation of the slightly cation-selective porin OmpC also favours
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the survival of alarmone-induced cells in acidic conditions as it hinders the passage of
protons from the extracellular to the intracellular medium.
cyaA (Section 5.7.16) was found to be strongly upregulated in the alarmone-protected
populations of E. coli C600. This gene was also found in a different research study to be
induced by polyamines (Yoshida et al., 2001). Moreover, three genes that have a link
with polyamines transport were also found to be strongly upregulated in the alarmoneprotected populations of E. coli C600. These three genes are ydcU, ydcV (Section
5.7.3.1) and cadB (Section 5.7.1). YdcU and YdcV are components of a
spermidine/putrescine transporter (Saurin et al., 1999) whereas CadB is a
lysine/cadaverine antiporter (Meng and Bennett, 1992). In addition, both ompC and btuB
which were strongly downregulated in the alarmone-protected populations of E. coli
C600 (Sections 5.7.5) were found to be downregulated in response to exogenous
polyamines in a different research study (Pan et al., 2006). This suggests that the
extracellular medium of the alarmone-protected populations of E. coli C600 might be
rich in polyamines. It could also mean that alarmones are in fact polyamines.
Polyamines are naturally occurring polycationic molecules produced through complex
pathways that involve the decarboxylations of ornithine, arginine or lysine (Tabor and
Tabor, 1984, Tabor and Tabor, 1985). The most abundant polyamines in E. coli are
spermidine, agmatine, cadaverine and putrescine (Tabor and Tabor, 1985). Polyamines
are thought to accumulate in the periplasmic space between the outer and cytoplasmic
membranes during their sythesis and transport (Buch and Boyle, 1985, Neely and Olson,
1996, Kashiwagi et al., 1996). They are also thought to be associated with the outer
membrane of E. coli, possibly through their interactions with the lipopolysaccharides
(Koski and Vaara, 1991). Polyamine concentration in the cell envelope changes in
response to environmental conditions. Excretion of cellular cadaverine, for example, is
induced by a decrease in external pH (Neely and Olson, 1996). Cadaverine plays a role
in cell survival at acidic pH, possibly through the inhibition of porins (Samartzidou et
al., 2003) and hence decrease proton membrane permeability (Samartzidou and Delcour,
1999).
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A number of genes that were up or downregulated by alarmones were also found to be
induced or suppressed by the presence of polyamines in different research studies. In
addition, a number of genes involved in polyamine transport were upregulated by
alarmones. Therefore, the extracellular medium of the alarmone-protected populations of
E. coli C600 might be rich in polyamines. There are two possible mechanisms that
involve polyamines: 1) Alarmones could have induced the production of polyamines.
Production of polyamines can protect cells in acidic conditions by neutralising acidity
through amines (weak bases) that take up protons within the cytoplasm and hence
maintain pH homeostasis (Meng and Bennett, 1992). Production of polyamines can also
protect the cells through the protection of cellular DNA and RNA from the effect of
internal acidification that is conferred by polyamines during extreme acid exposure
(Yohannes et al., 2005). 2) Alarmones could in fact be polyamines. However, as
mentioned before, polyamines are thought to interact with the lipopolysaccharides
(Koski and Vaara, 1991). The downregulation of the genes involved in
lipopolysaccharide biosynthesis in response to alarmones (Section 5.7.13) does not
support the suggestion that alarmones are polyamines. Moreover, the potF gene which
encodes a putrescine transporter was in fact downregulated in response to alarmones.
Yohannes and colleagues (2005) found that the polyamine spermine enhances bacterial
survival in extreme acid (Yohannes et al., 2005). However, this polyamine is not
produced by E. coli (Tabor and Tabor, 1985). Moreover, it was found that polyamines
induce base stress proteins and repress acid stress proteins at pH 7 or 8.5 (Yohannes et
al., 2005). If this is the case, alarmones are unlikely to be polyamines since alarmones in
the current PhD study induced many genes with significant relevance to acid resistance
(Section 5.7.1).
Analytical methods such as thin-layer chromatography and high-performance liquid
chromatography (Hammond and Herbst, 1968, Inoue et al., 2005) can be used to
determine whether the neutralised medium filtrates obtained from pH 4-grown E. coli
C600 culture contain polyamines.
In the current study, alarmone-protected populations of E. coli C600 exhibited a
downregulation of autoinducer 2 (AI-2) related genes (Section 5.7.11). AI-2 serves as a
universal signal for interspecies communication (Bassler, 1999). E. coli quorum
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signalling was tracked in response to intracellular stress and/or environmental
deficiencies (DeLisa et al., 2001). Various stimuli such as heat shock, ethanol, H2O2,
serine hydroxamate, sodium acetate and oxygen not only caused a decrease in AI-2
activity but also increased degradation (DeLisa et al., 2001). The researchers suggested
that stress decreases the metabolic and growth rates of cells and hence the observed
decrease in AI-2 activity (DeLisa et al., 2001).
However, other stresses such as exposure to DTT resulted in an induction of AI-2
activity (DeLisa et al., 2001). This suggests an independence of the AI-2 activity from
population density and growth rate changes. Thus, there might be other mechanisms that
explain the effect of various stress agents on the activity of AI-2. In the current study,
alarmone-protected populations also exhibited a downregulation of AI-2 related genes.
This correlates with previous results presented in this thesis (Section 3.5.4.2.7) where
AI-2 assay was performed on neutralised medium filtrates from pH 4 culture and those
from pH 7 culture. The results indicated that neutralised medium filtrates from pH 4
culture had a significant decrease of AI-2 amounts compared to the control filtrates and
the positive control (DPD). These results suggest that alarmones are unlikely to be AI-2
molecules. The reasons why AI-2 activity is decreased in alarmone-protected
populations are currently unknown.
According to the microarray results of this study, it is thought that alarmones activate the
DNA-binding transcriptional dual regulator, FNR. The latter regulates the transcription
of many genes involved in various functions such as anaerobic metabolism, acid
resistance, chemotaxis and cell structure (Salmon et al., 2003, Kang et al., 2005). It was
reported that transcription of acid resistance genes such as hdeD (Section 5.7.1) and
gadC (Section 5.7.1) is enhanced by FNR (Kang et al., 2005). Activation of FNR leads
to the upregulation of nitrate as well as nitrite-related genes such as narK, narW, narI,
narJ, nrfE, nrfF and nirC which were upregulated in the alarmone-protected populations
of E. coli C600 (Section 5.7.8). Moreover, activation of FNR leads to the upregulation of
phosphate-related genes such as pstA and pstC (Section 5.7.7) and the downregulation of
nuoF and nuoG which were downregulated in the alarmone-protected populations of E.
coli C600 (Section 5.7.15). These results provide strong evidence that alarmones interact
with/activate the dual regulator, FNR leading to the changes observed in gene expression
of alarmone-induced cells of E. coli C600.
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The nuoF and nuoG genes mentioned earlier, encode proteins that are part of the soluble
fragment of NADH dehydrogenase I (NDH-I). This soluble fragment catalyses the
oxidation of NADH (Leif et al., 1995, Braun et al., 1998). The electrogenic proton
pump, NDH-I, may have secondary Na+/H+ antiport activity that pumps protons out of
the cells (Stolpe and Friedrich, 2004). Therefore, the downregulation of nuoF and nuoG
is unexpected as it will not favour the survival of alarmone-induced cells in acidic
conditions.
In addition, alarmones are thought to activate the dual transcription regulator PhoB.
Transfer of a phosphate group to PhoB results in activation of PhoB (Makino et al.,
1989). Activation of PhoB results in the upregulation of the phosphate-related genes
psiE, pstAC, phnC, phnE and phnH (Section 5.7.7). It also leads to the downregulation
of pitB and ugpA (Section 5.7.7) which were in fact upregulated in the alarmone-induced
cells of E. coli C600.
Furthermore, alarmones are thought to inhibit the activity of cAMP-CRP. This results in
the upregulation of psiE and pstAC (Section 5.7.7) and the downregulation of caiF, araC
(Section 5.7.6), agp (Section 5.7.7), glpQ (Section 5.7.16), lsrA, lsrC and lsrD (Section
5.7.11). Reduced cAMP-CRP levels, however, lead to the downregulation of ugpA
(Section 5.7.7) which was in fact upregulated in the alarmone-induced cells of E. coli
C600.
Proteomics data revealed that the DNA binding transcriptional dual regulator, H-NS, is
induced (Section 4.3.3, Spot c6) upon incubation of E. coli C600 cells with alarmones.
Therefore, alarmones induce H-NS. Many genes under the control of this regulator were
significantly upregulated as found by microarrays. Examples of such genes include ycbS
(Section 5.7.5), yfcP and yfcQ (Section 5.7.16) whose expression is possibly enhanced
by H-NS. H-NS inhibits the expression of caiF (Section 5.7.6) leading to the
downregulation of this gene in the alarmone-induced cells of E. coli C600. bglJ (Section
5.7.6), cysW (Section 5.7.3.1), acrF (Section 5.7.3.4) whose expression is inhibited by
H-NS were, in fact, upregulated in the alarmone-induced cells of E. coli C600. Thus, the
upregulation of bglJ, cysW, acrF is unexpected.
Additional unexpected results found in this study are discussed below.
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Contradictory findings were observed for genes that belong to the mgl operon as mglC
was found among the upregulated genes in the alarmone-induced cells (Section 5.7.3.1)
whereas mglB was downregulated (Section 5.7.16). The reason why mglB was
downregulated in the alarmone-protected populations of E. coli C600 is unknown.
Lipopolysaccharide is negatively charged and hence would hinder the passage of protons
from the extracellular medium to the cytoplasm. Thus, the downregulation of genes
related to lipopolysaccharide biosynthesis (Section 5.7.13) in the alarmone-induced
populations of E. coli C600 is unexpected and might be due to experimental artifacts.
The upregulation of fadK (Section 5.7.16) which encodes a protein that is not expressed
under aerobic conditions in the alarmone-protected populations of E. coli C600 is
unexpected as those cells were present in aerobic conditions.
The expression of ATP synthase that brings protons into the cell decreases during acid
challenge (Slonczewski et al., 2009). The upregulation of atpA and atpH (Section
5.7.16) in the alarmone-induced cells of E. coli C600 is thus unexpected as expression of
ATP synthase that brings protons into the cell during ATP synthesis should decrease.
Moreover, the downregulation of hepA (Section 5.7.16) in the alarmone-protected
populations of E. coli C600 is unexpected as it will not favour survival of those cells
when exposed to other types of stress such as UV irradiation and high salt conditions.
The expression of malG which is upregulated in the alarmone-induced cells of E. coli
C600 (Section 5.7.3.1) and MalE which is induced in those cells (Section 4.3.2) is
enhanced by the maltose regulator (MalT). The malT gene which encodes this maltose
regulator is, however, downregulated in the alarmone-induced cells of E. coli C600
(Section 5.7.3.1). Thus, the expression of malG and malE must be enhanced in the
alarmone-induced cells by a different regulator which is likely to be the small DNAbinding protein, Fis. sfsA is another maltose-related gene. Overexpression of SfsA
results in an increase in maltose-binding protein (MalE) levels (Kawamukai et al., 1991,
Takeda et al., 2001). sfsA was downregulated in the alarmone-induced cells of E. coli
C600. This suggests that MalE induction as found by proteomics is regulated by a
different regulator which is likely to be Fis.
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5.9 Conclusion
To sum up, microarray data obtained from studying the transcriptomics of alarmoneinduced and non-induced E. coli C600 cells revealed that catabolism and proton
transport in the alarmone-induced E. coli C600 is regulated so as to minimise
acidification of the cytoplasm. This is achieved by several mechanisms such as the
synchronised upregulation of genes encoding amino-acid antiporters of the three acid
resistance systems known in E. coli (gadC, adiC and cadB). Moreover, in addition to the
acid fitness island protein (HdeB) found to be induced in the alarmone-incubated cells of
E. coli C600 (Section 4.3.2), hdeD which is an acid fitness island gene was also
upregulated (Section 5.7.1). The role of HdeD is not fully understood. However, it is
believed to play a role in receiving or implementing a protective signal i.e.: alarmones.
Furthermore, wcaD, wcaJ and wzxC which are located in a gene cluster involved in
colanic acid (CA) synthesis were also upregulated in the alarmone-incubated cells of E.
coli C600. CA was found to confer on E. coli O157:H7 a protective effect from the
environmental stresses of acid and heat (Mao et al., 2001). Hence, CA genes could play
a role in the increased tolerance of the alarmone-induced cells of E. coli C600 against
acid. Furthermore, another mechanism employed by the alarmone-incubated cells of E.
coli C600 involves the upregulation of hydrogenases which are thought to pump out
protons out of the the cellular cytoplasm (Section 5.7.2). Hence, the upregulation of
these acid resistance related-genes is important for the alarmone-protected populations
of E. coli C600 in rendering them more tolerant to acid.
Overall, the current microarray results add a significant molecular dimension to previous
work that looked at the role of neutralised medium filtrates from mildly acidic cultures
which contain potential alarmones in the protection of recipient E. coli C600 cells
against lethal acid.
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Chapter 6: General discussion and
suggestions for future work
6.1 General discussion
Bacteria often face environmental stress conditions such as increased temperature,
osmotic pressure and entry of cells into the stationary phase. This can trigger the general
stress response which has been extensively studied (Lange and Hengge-Aronis, 1991b,
Hengge-Aronis, 1993, Weichart et al., 1993, Lee et al., 1995, Hengge-Aronis, 1996a,
Muffler et al., 1996, Muffler et al., 1997, Schellhorn et al., 1998). The general stress
response helps prevent further cellular damage rather than repair existing damage. RpoS
which is a sigma subunit of the RNA polymerase, plays an important role in the
regulation of the general stress response through controlling the expression of genes that
confer stress tolerance (σs-dependent genes).
In addition to the general stress response, there are also specific stress responses such as
the bacterial stress response to acid. Bacteria often encounter acidic conditions in
environments such as inside the stomach and the phagosome, due to chemical waste or
due to the production of short-chain organic acids as a result of bacterial metabolism.
Therefore, bacterial cells need to maintain pH homeostasis in order to maximise their
survival. Gram-negative bacteria maintain pH homeostasis by keeping cytoplasmic pH
near to neutrality whereas generally, Gram-positive organisms keep a constant ∆pH (the
difference in pH across the bacterial membrane).
Escherichia coli is a commonly studied bacterium that is widely distributed in the
intestine of humans and warm-blooded animals. It is both a commensal and a potential
pathogen of its hosts. Hence, E. coli represents a model organism to study how
environment influences microbial genome and its function.
Many mechanisms were suggested to account for the survival of E. coli in mildly-acidic
conditions. One of these mechanisms is thought to be the transferability of acid
protection. The hypothesis proposes that sub-lethal acidic exposure confers protection to
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bacteria against (normally) lethal acid stress through the production of small signalling
molecules (Rowbury, 1999), termed alarmones. Alarmones are extracellular induction
components that may be released into the environment to protect bacteria from stresses.
They are also defined as diffusible signals released by bacteria when they are exposed to
stress. These signals may serve as warning systems to neighbouring cells. Alarmones
have also been termed exometabolites (Nikolaev, 1997a) and protectants (Nikolaev,
1997b).
The first part of this PhD considered whether E. coli C600 cells grown in mildly acidic
conditions could protect recipient E. coli cells against lethal acid (pH 3) in order to
verify whether cells send warning signals/messages of an approaching stress. A
significant increase was observed in the survival rate of E. coli C600 cells previously
incubated with neutralised medium filtrates from pH 4 cultures (Section 3.5.4.2). It was
concluded that these medium filtrates may contain protective signals “alarmones” that
led to the protection of recipient E. coli C600 cells and hence the observed higher rate of
survival of recipient cells pre-incubated with neutralised medium filtrates from pH 4grown E. coli C600 cells. These results confirm previous findings where neutralised
medium filtrates from E. coli 1829 ColV, grown in mildly acidic conditions protected
recipient E. coli 1829 ColV against lethal acid (pH 3) (Rowbury and Goodson, 1998).
The main difference between the two studies was the pH of the mildly acidic conditions
which was pH 4 in the current investigation whereas pH 5 was used in Rowbury’s study
(Rowbury and Goodson, 1998). This could be attributed to the fact that E. coli 1829
ColV is more sensitive to acid than E. coli C600. Hence, pH 5 was acidic enough for E.
coli 1829 ColV. Medium filtrates from pH 4 cultures of E. coli C600 contained putative
extracellular components which conferred increased acid tolerance to the recipient E.
coli C600 cells. Little information was available concerning the mechanism of action of
alarmones. Therefore, in the second part of this PhD project, molecular studies were
conducted to shed some light on the effect of those alarmones on populations of E. coli
C600 at the protein and gene levels in order to understand how alarmone-induced cells
are protected against lethal acid.
After confirming the increased acid tolerance to E. coli cells provided by neutralised
medium filtrates from pH 4-grown E. coli cells (Section 3.5.4.2), later experiments
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focused on determining the chemical composition of alarmones by studying the stability
of the potential alarmones at different temperatures and following proteinase K
treatment. Potential alarmones were found to be stable at 4, 20 and 40°C but not at 60°C
or following proteinase K treatment (Section 3.5.4.2.1). Therefore, these temperatures
were used as a guide for storage purposes.
Later studies looked at whether the potential alarmones were autoinducer-2 (Section
3.4.10). Autoinducer-2 acts as a universal signal for interspecies communication. The
marine bacterium, Vibrio harveyi responds to AI-2 by expressing bioluminescence via a
phosphorylation cascade (Bassler, 1999). A bioluminescence assay (Greenberg et al.,
1979, Surette and Bassler, 1998) revealed that there was very minimal light production
with the neutralised medium filtrates from pH 4 cultures (Section 3.5.4.2.7). This
suggested that the involvement of AI-2 in the protection of E. coli C600 against acid
which was observed in Figure 3.13 is unlikely. Moreover, alarmones preferentially
partition into the hydrophilic layer (Section 3.5.4.2.2) which suggests that they are
hydrophilic molecules. Alarmones, however, still remain to be identified.
The second part of this PhD project looked at the effect of alarmones on E. coli C600 at
the molecular level using DNA-microarrays and two-dimensional gel electrophoresis in
order to understand how alarmones protect E. coli C600 cells against lethal acid.
Two-dimensional polyacrylamide gel electrophoresis was carried out in this study in
order to examine the protein expression profile changes of the alarmone-induced
population of E. coli C600 and hence identify which proteins are induced by alarmones
in E. coli C600. This should clarify which proteins are important for the protection of
alarmones against acid stress. Using this technique, at least 13 proteins were
significantly induced in E. coli C600 cells pre-incubated with alarmones. Proteomics
data showed no obvious pattern of protein induction. However, the results reveal that
alarmones have significantly upregulated three acid resistance proteins that play a role in
the protection of the recipient cells against lethal acid (pH3). These proteins are HdeB,
H-NS and SodA. The ABC transporters are thought to play a role in rendering those
cells resistant to antimicrobials. These findings need to be confirmed by further
experiments. The outer membrane proteins may facilitate entry of alarmones into the
cells. This entry may induce a number of physiological changes inside the cells. The
193

chaperone heat shock protein (DnaK) might give the alarmone-protected cells crossprotection against heat. The role of the rest of the strongly induced proteins remains
unclear.
The use of microarray technology gives the opportunity to globally analyse the effect of
stress on bacterial species. This technique was used to study the effect of alarmones on
mid-log phase E. coli and to better understand the regulatory mechanisms that govern
the response of E. coli to alarmones at the genetic level. DNA transcript microarrays
were performed using the anti-sense Affymetrix® gene chip of E. coli K12 (Section 5.2).
Based on a cut-off p-value of 0.05, 671 ORFs were significantly and differentially
expressed between the alarmone-protected and non-protected cells. 508 of these ORFs
were upregulated in the induced cells, whereas 163 ORFs were downregulated (Section
5.7).
Microarrays are not only important in revealing gene expression of cells but also
practical as the technique avoids the difficulties of size, solubility, composition and
abundance often encountered with protein sample preparation for two-dimensional gel
electrophoresis. However, determining protein expression profile remains of paramount
importance as proteins, not mRNA are the functional products of gene expression. Those
proteins act as signallers, carriers, regulators and metabolic catalysts.
The discovery of posttranscriptional mechanisms that control the synthesis rate and halflife of proteins (Varshavsky, 1996) and the resultant correlation between mRNA and
protein levels expressed by a particular gene (Futcher et al., 1999, Gygi et al., 1999)
indicate that direct measurement of protein expression is also important for the analysis
of biological processes and systems (Gygi et al., 2000). Therefore, the following part of
the project investigated proteomics in order to examine the protein expression profile
changes of the alarmone-induced population of E. coli C600. Two-dimensional
polyacrylamide gel electrophoresis is a frequently used technique that separates proteins
based on their isoelectric point and their molecular weight. The differentially-expressed
proteins can be identified using mass spectrometric analysis.
The Database for Annotation, Visualization and Integrated Discovery (DAVID)
Bioinformatics Resource 6.7 provided valuable, integrated and comprehensive
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information about gene function, gene ontology and biological pathways. Using DAVID
6.7 software (Huang et al., 2009 a&b), it was found that genes relating to cell wall, cell
envelope, cellular membrane and inner membrane in addition to transport activity were
overall significantly upregulated (Section 5.7, table 5.1). Moreover, genes relating to
ABC transporters, organic acid and carboxylic acid transport pathways were also
significantly upregulated. These results might shed some light on the location of action
of alarmones. Essentially, alarmones might consist of different components. Some of
these components may attach to the cell membrane and upregulate outer membrane
(OM) porins (Section 5.7.5) whereas the other components may utilise these OM porins
to enter the cells and then attach to the cellular inner membrane and upregulate inner
membrane porins. The latter can facilitate entry of alarmone or a different signal induced
in the periplasm by alarmones into the cytosol. This might bring about intracellular
changes that enhance proton, organic acid and carboxylic acid efflux which eventually
lead to increased pH inside the cytoplasm and hence cells become more acid-tolerant.
The downregulated pathways (Table 5.2) do not show any particular pattern or present
any link with the mechanism by which alarmones increase acid tolerance in the
alarmone-induced cells of E. coli C600 and hence the reasons why tryptophanase leader
peptide, transcriptional attenuation by ribosome, regulation of transcription termination
and regulation of protein complex disassembly are downregulated are currently
unknown.
Based on microarrays results, alarmone-induced cells upregulated first line defence
mechanisms to become more tolerant to lethal acid compared to the control populations
as the survival rate against acid following incubation of those cells with alarmones was
higher (Figure 3.13, Section 3.5.4.2). These first line defence mechanisms consist of 10
upregulated genes related to acid resistance (Sections 5.7.1 and 5.7.3.2). This is further
supported by the induction of two proteins (HdeB and H-NS) with a direct effect on acid
resistance as revealed proteomic analysis (Sections 4.3.2 and 4.3.3). In addition, six
genes encoding hydrogenases were upregulated (Section 5.7.2). Hydrogenases are
thought to play a role in hydrogen metabolism that involves proton consumption
(Ballantine and Boxer, 1985, Laurinavichene and Tsygankov, 2001). Thus, increased
hydrogenase activity helps the efflux of protons from the cellular cytoplasm to the
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extracellular medium which ensures increased pH inside the cytoplasm of the alarmoneinduced cells of E. coli C600.
Alarmones have led to the downregulation of genes that are thought to be unfavourable
for counteracting acidification. Examples of such genes include kefB gene to prevent
acidification of the cytoplasm. A less acidic cytoplasm will essentially help the cells
survive exposure to acidic conditions.
The alarmone-induced cells upregulated second line defence mechanisms which involve
thirty-six efflux pump multidrug resistance genes (Section 5.7.3). The export of drugs is
mediated through several transporters in the inner membrane. The main role of these
transporters is to protect cells against a wide variety of environmental toxins. The
bacterial transporters can be divided into five families. The first one is known as the
ATP-binding cassette (ABC) transporters that use ATP as an energy source. The other
families are known as the major facilitator superfamily (MFS), the small multidrug
resistance (SMR) family, the resistance nodulation cell division (RND) family and
finally the multidrug and toxin extrusion (MATE) family. Those four families use proton
motive force as an energy source and act as proton antiporters (Brown et al., 1999,
Paulsen et al., 2001).
The drug transporter genes are classified into the ABC (ATP-binding cassette) family
(16 genes), MFS (major facilitator superfamily) (16 genes), RND (resistance nodulation
cell division) family (1 gene) and membrane fusion protein (3 genes). The ABC
transporters may play a role in the efflux of weak acids to the extracellular environment
resulting in reduced intracellular concentration of those weak acids (Nakano et al.,
2006). Hence, the alarmone-induced cells may have a better tolerance to weak acids than
the control populations. This can be confirmed by testing the tolerance of those cells
against weak acids.
It was noticeable that the membrane components of the ABC transporters became
upregulated following incubation of E. coli C600 with alarmones (neutral conditions).
The other components of those ABC transporters might become upregulated once the
pH of the extracellular medium decreases i.e.: when cells are challenged with acidic
conditions.
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Several toxic stresses have common target structures that can be protected and repaired
by similar mechanisms. For example, the detrimental effects of many conditions can be
minimised in severity by the same modification of the cell envelope (Neidhardt, 2002).
Hence, the alarmone-induced cells may have upregulated MFS genes, a MFP gene and a
RND gene (Sections 5.7.3.2, 5.7.3.3 and 5.7.3.4). These genes are involved in the efflux
of antimicrobials. The same genes may also protect the alarmone-induced cells against
the detrimental effects of acid. The mechanism of action of protection remains unknown
but could be related to the efflux of protons and weak acids to the extracellular medium.
This can be confirmed by testing the tolerance of those cells against various
antimicrobials such as chloramphenicol (MdtL), norfloxacin, deoxycholate, nalidixic
acid and sodium dodecyl sulphate (YegB), the bile-acid detergent sodium deoxycholate
(EmrY) and tetracycline (AcrF).
The alarmone-induced cells of E. coli C600 have upregulated third line defence systems
against other types of stress such as osmotic pressure which is provided by TreA
(Section 4.3.2), ygaY (Section 5.7.3.2) and nutrient limitation as many genes which
encode transporters of molecules that can be used as carbon sources were upregulated.
Examples of such genes include yjfF (a galactose transporter), gsiD (a glutathione
transporter), mglC (a β-methylgalactoside ABC transporter) and yiaN (L-gulonate).
The upregulation of the phosphate-related genes (Section 5.7.7) in the alarmoneprotected populations of E. coli C600 indicates that phosphate in the extracellular
medium of those cells might have become limiting as these genes are generally induced
during phosphate starvation. Starvation of phosphate might be the result of influx of this
molecule into the cells. Inorganic phosphate (Figure 5.2) is an essential component in
cellular functions since phosphorylation of nucleic acids, lipids, sugars, and proteins is
important for gene regulation and signalling. In addition, poly phosphate (poly P)
accumulation was proven to play an important role in the protection of cells against
several types of stress (Brown and Kornberg, 2008). This may explain why alarmones
upregulated phosphate-related genes.
Phosphate may act as a buffer inside the cell, which will help increase the pH inside the
cytoplasm. This eventually renders alarmone-induced cells acid-resistant. However,
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accumulation of polyP was not observed when E. coli cells were subjected to acid stress
(Ault-Riche et al., 1998). This could be due to the limitations of the method used which
cannot detect polyP residues that are less than 60 residues (Ault-Riche et al., 1998).
Among the upregulated genes that are related to amino-acids, those that are associated
with arginine, glutamate and lysine are of paramount importance. This is because these
molecules were proven to play important roles in the amino-acid dependent acid
resistance mechanisms (Section 1.3.3.7.4.2, Section 1.3.3.7.4.3, Section 1.3.3.7.4.4).
These genes are gadC, adiC and cadB (Section 5.7.1) which encode the antiporters of
the amino-acid dependent acid resistance mechanisms known in E. coli. These aminoacid dependent acid resistance systems involve consumption of protons when glutamate,
arginine and lysine are decarboxylated. This eventullay leads to an increase in
cytoplasmic pH which reanders the alarmone-induced cells more acid-tolerant.
Data generated during the course of this PhD included some unexpected results as
discussed in Section 5.8. The contradictory findings could be the result of experimental
artifacts and can be verified using standard techniques such as RT-PCR.
Ideally, results from the proteomic analysis of alarmone-induced cells of E. coli C600
should have matched at least partially microarray results. This is, however, not the case.
This could be attributed to a number of factors. First, one-fifth of E. coli proteins are
integral hydrophobic membrane proteins. Hence, their solubilisation in rehydration
buffers is made difficult. Consequently, they precipitate from aqueous solutions and do
not appear on the two-dimensional polyacrylamide gels. In addition, many of the ORFs
revealed in the E. coli genome encode small polypeptides which can be lost during
sample handling and preparation for two-dimensional gel electrophoresis. Third, many
of the proteins in E. coli are basic with pI values above the range for which ampholytes
can maintain a stable pH gradient. Finally, the range of abundance of cellular proteins
extends over many orders of magnitude. This makes detection of E. coli proteome
difficult as it requires multiple gels with narrower pH ranges e.g.: pH 3.9-4.9.
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6.2 Conclusion
Data generated during the course of this project confirm that alarmones are produced by
E. coli C600 when exposed to mild acid stress. Alarmones then diffuse into the
extracellular medium and serve as warning systems against lethal stress. The latter could
be exposure to lethal acid, antibiotics and other types of stress.
The proteomics and microarray results obtained in this study highlight the versatility
with which E. coli can protect itself from extreme acid stress. The results suggest that
alarmones might consist of products of two different chemical structures. One of them
attaches to the outer membrane and induces OM porins. The other penetrates OM
through those porins. The entry of alarmones into the cells results in changes in gene
expression. Of note, the antiporters of the three amino-acid resistance systems (Sections
1.3.3.7.4.2, 1.3.3.7.4.3 and 1.3.3.7.4.4) known in E. coli C600 are found to be
significantly upregulated by alarmones. Further experiments that examine DNA
microarrays of alarmone-induced and non-induced cells following exposure to lethal
acid should reveal the rest of the genes that are part of those amino-acid resistance
systems. These results indicate that alarmones protect recipient E. coli C600 through
those robust amino-acid resistance mechanisms which have been proven to protect cells
against lethal acid.
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6.3 Suggested future work
The current study reveals that alarmones may interact with major regulators such as
FNR and H-NS to elicit protection against acid stress in the alarmone-recipient E. coli
C600 cells. Standard methods such as real time (RT-PCR) and western blotting could
be used to validate microarray and proteomics data. In addition, RNA extraction can be
carried out at different time intervals such as following exposure of alarmone-induced
and non-induced cells to acid to obtain the whole picture and understand the mechanism
of action of alarmones following exposure of E. coli C600 cells to lethal acid. Since
some ORFs proved to be very important for the increased tolerance of alarmoneinduced cells against acid (Sections 5.7.1), mutant studies of genetically modified
strains with gene deletion or complementation (knock out and over-expressed strains of
such ORFs) can be carried out to confirm the role of those genes in alarmone-induced
acid tolerance. In addition, experiments verifying the tolerance of alarmone-induced E.
coli C600 cells to antibiotics can be performed by measuring the minimum inhibitory
concentration of those antibiotics and examining any differences between the alarmoneinduced and non-induced cells. The current study used rich media when confirming the
protective role of alarmones. Similar studies could be performed using minimal media
to see whether the addition of certain molecules such as glutamate and arginine will
enhance the protection conferred by alarmones to the recipient E. coli C600 against
acid. Furthermore, the control circuitry of the response network to alarmones can be
determined i.e.: to discover the regulatory elements and their functions. This task
involves mutants’ studies to investigate whether the upregulated genes and the stronglyinduced proteins are involved in sending or receiving the alarmones (the biochemical
follow-up). The chemical nature of alarmones could be examined and hence antialarmones molecules could be developed as new antimicrobials. Last but not least, the
role of alarmones in bacterial biofilms could be investigated and alarmones-related gene
expression could be screened using DNA transcriptional array analysis and qPCR
technology.
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Appendices
Appendix 1: Open reading frames relating to acid resistance proteins, upregulated in the
alarmone-protected populations
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. hdeD
acid-resistance membrane protein
0.936
2. gadC/xasA
3. adiC/ yjdE

acid sensitivity protein::predicted glutamate:gamma- 0.899
aminobutyric acid antiporter
Arginine/agmatin antiporter
0.938

4. cadB

predicted lysine/cadaverine antiporter

1.124

5. wcaD

putative colanic acid biosynthesis protein

1.128

6. wcaJ

putative UDP-glucose lipid carrier transferase

1.544

7. wzxC

colanic acid exporter

1.166

Appendix 2: Open reading frames relating to hydrogenase activity, upregulated in the
alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. hyaC
Hydrogenase 1 b-type cytochrome subunit
0.638
2. hybE

hydrogenase 2-specific chaperone

0.831

3. hyfA

hydrogenase 4 Component A

1.117

4. hyfB

hydrogenase 4 Component B

1.0711

5. hyfC

hydrogenase 4 Component C

1.690

6. hyfF

hydrogenase 4 Component F

1.141

201

Appendix 3: Open reading frames relating to multidrug efflux system proteins,
upregulated in the alarmone-protected populations
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. yhdY
amino-acid ABC transporter permease protein
1.1106
1. thiP
3. yphD

fused thiamin transporter subunits of
superfamily
membrane component of ABC Superfamily

4. ydcU

predicted putrescine transporter subunit

0.859

5. ydcV

predicted spermidine/putrescine transporter subunit

0.9008

6. yehW

ABC transporter permease

1.168

7. yehX

ABC transporter

1.131

8. ynjC

fused transporter subunits of ABC superfamily

1.5209

9. ynjD

putative ATP-binding component of a transport 1.073
system
fused molybdate transporter subunits of ABC 1.328
superfamily

10. modF

ABC 1.448
1.003

11. yjfF

inner membrane ABC transporter permease protein

2.258

12. gsiD/ yliD

membrane component of ABC superfamily

0.728

13. brnQ

branched chain amino acid ABC transporter carrier 0.676
protein
beta-methylgalactoside transporter inner membrane 0.852
component

14. mglC
15. cysW

sulfate/thiosulfate transporter subunit

0.991

16. mdtL/yidY

multidrug efflux system protein

1.411

17. emrY

multidrug resistance protein Y

1.523

18. mdtO/ yjcQ

multidrug efflux system protein

1.39

19. mdtD/ yegB multidrug efflux system protein

1.81

20. acrF
21. ydiM

multidrug efflux system protein involved with 0.908
acridine resistance
putative transport system permease protein
0.954
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22. ydiN

putative amino acid/amine transport protein

1.249

23. dgoT

D-galactonate transporter

1.597

24. xapA

purine nucleoside phosphorylase II

0.943

25. xapB

xanthosine transporter

1.7099

26. xanQ/ygfO

putative purine permease transporter

1.139

27. yegT

putative nucleoside permease transporter

1.0284

28. ydeF

putative MFS-type transporter

1.0396

29. ydjK

predicted metabolite transporter

0.905

30. yhjX

putative resistance protein::predicted transporter

1.0402

31. ygaY

putative transport protein

1.126

32. aaeA/yhcQ

p-hydroxybenzoic acid efflux system component

0.852

33. aaeB/yhcP

p-hydroxybenzoic acid efflux system component

0.742

34. malG

maltose transporter permease

0.962

35. fsr

predicted fosmidomycin efflux system

0.781

36. ampG

peptide transporter

1.0059

Appendix 4: Open reading frames relating to biofilm formation, upregulated in the
alarmone-protected populations
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. bioF
8-amino-7-oxononanoate synthase
1.529
2. yfjR

CP4-57 prophage

1.617

3. ycbS

predicted outer membrane usher protein

1.169
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Appendix 5: Open reading frames relating to inner membrane proteins, upregulated in
the alarmone-protected populations
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. ygbN
inner membrane permease
0.7505
2. yjhF

predicted transporter

1.0168

3. gntU

gluconate transporter

1.525

4. purP/yieG

putative transporter

0.924

5. yjdL

putative peptide transporter

0.976

6. ybbY

predicted uracil/xanthine transporter

1.882

Appendix 6: Open reading frames relating to outer membrane proteins, upregulated in
the alarmone-protected populations
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
4. gfcB/ymcC
putative regulator::outer membrane lipoprotein
0.974
5. ycbS

predicted outer membrane usher protein

1.169

6. hofQ

predicted fimbrial transporter

0.992

Appendix 7: Open reading frames relating to DNA replication and cell division,
upregulated in the alarmone-protected populations
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. bglJ
DNA-binding transcriptional activator
1.0309
2. polB

DNA polymerase II

0.719
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Appendix 8: Open reading frames relating to phosphate metabolism and transport,
upregulated in the alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. pitB
inorganic phosphate transporter
0.89
2. psiE/ yjbA

phosphate-starvation inducible protein

1.318

3. prs/prsA

ribose-phosphate pyrophosphokinase

0.9608

4. ugpA

glycerol-3-phosphate transporter permease

1.366

5. nrdF

ribonucleoside-diphosphate reductase 2

1.00123

6. arnC
7. pstC

undecaprenyl phosphate 4-deoxy-4-formamido-L- 0.798
arabinose transferase
phosphate transporter permease subunit
0.707

8. pstA

phosphate transporter permease subunit

9. uhpB
10. uhpC

sensory histidine kinase in two-component regulatory 1.399
sytem with UhpA
membrane protein that regulates uhpT expression
1.791

11. yfdR

deoxyribonucleoside 5'-monophosphate phosphatase

12. phnC

phosphonate/organophosphate
ester
transporter 1.792
subunit
membrane channel protein component of Pn 2.408
transporter
carbon-phosphorus lyase complex subunit
2.003

13. phnE
14. phnH

0.696

0.873

Appendix 9: Open reading frames relating to nitrate and/or nitrite metabolism and
transport, upregulated in the alarmone-protected populations
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. narU
nitrate/nitrite transporter
2.377
2. narK

nitrate/nitrite transporter

1.179

3. narW

cryptic nitrate reductase 2 delta subunit

1.173

4. narJ

nitrate reductase 1 delta subunit

0.788

5. narI

nitrate reductase 1 gamma subunit

0.991

6. nrfE

heme lyase

0.842
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7. nrfF

formate-dependent nitrite reductase complex

0.888

8. nirC

nitrite transporter

0.9806

Appendix 10: Open reading frames relating to amino-acids, upregulated in the
alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. alaS
alanyl-tRNA synthetase
1.0618
2. artQ

arginine transporter permease subunit

1.326

3. arcD/ ydgI

Putative arginine/ornithine antiporter

0.974

4. astD

succinylglutamic semialdehyde dehydrogenase

2.455

5. carB

carbamoyl phosphate synthase large subunit

0.706

6. cbl

8. trpE

DNA-binding transcriptional activator of cysteine 0.729
biosynthesis
bifunctional glutamine amidotransferase (component 0.924
II) /anthranilate phosphoribosyl transferase
component I of anthranilate synthase
0.927

9. glyQ

glycyl-tRNA synthetase, alpha subunit

0.699

10. glyS

glycyl-tRNA synthetase, beta subunit

0.806

11. proP

proline/glycine betaine transporter

0.961

12. hisM

histidine/lysine/arginine/ornithine transporter subunit

0.714

13. livH

branched-chain amino acid transporter permease 1.257
subunit
leucine/isoleucine/valine transporter ATP-binding 1.787
subunit
phenylalanyl-tRNA synthetase subunit beta
0.831

7. trpD

14. livG
15. pheT
16. serC
17. rhtA/ ybiF

phosphoserineaminotransferase/phosphohydroxythre
onine aminotransferase
threonine and homoserine efflux system

0.614
0.772

18. mmuP

predicted S-methylmethionine transporter

0.904
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Appendix 11: Open reading frames relating to cytochrome oxidase enzymes,
upregulated in the alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. cydA
Cytochrome bd-I terminal oxidase, subunit I
0.9308
2. cydB

Cytochrome bd-I terminal oxidase, subunit II

0.939

3. appC

Cytochrome bd-II oxidase subunit I

0.893

4. appB

Cytochrome bd-II oxidase subunit II

1.0589

Appendix 12: Miscellaneous open reading frames upregulated in the alarmoneprotected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. ybbW
predicted allantoin transporter
1.181
2. bcsA

cellulose synthase catalytic subunit

1.592

3. purT

phosphoribosylglycinamide formyltransferase 2

1.177

4. fadK/ydiD

short chain acyl-CoA synthetase

1.621

5. gatD

galactitol-1-phosphate dehydrogenase

1.251

6. agaC

1.524

9. cysH

N-acetylgalactosamine-specific
PTS
system
transporter subunit IIC
N-acetylgalactosamine-specific
PTS
system
transporter subunit IID
N-acetylgalactosamine-specific
PTS
system
transporter subunit IIB
phosphoadenosine phosphosulfate reductase

1.309

10. cysD

sulfate adenylyltransferase subunit 2

1.1452

11. cyaA

adenylate cyclase

0.766

12. yihO

predicted permease transporter

1.0070066

13. yicJ

predicted transporter

0.869

14. torC

trimethylamine N-oxide reductase cytochrome c- 0.936
type subunit
putative transporter
0.903

7. agaD
8. agaV

15. yfdV

1.00538
0.888
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16. yiaN

predicted transporter

1.388

17. mhpB

3-(2,3-dihydroxyphenyl) propionate dioxygenase

1.613

18. mhpC

2-hydroxy-6-ketonona-2,4-dienedioic
hydrolase

19. mhpF

acetaldehyde dehydrogenase

20. abgT
21. guaA

predicted
cryptic
aminobenzoyl-glutamate 0.882
transporter
GMP synthetase (glutamine aminotransferase)
0.7902

22. guaB

IMP dehydrogenase

1.211

23. yidK

putative symporter

1.352

24. pncB

nicotinate phosphoribosyltransferase

0.821

25. paaA
26. paaI

predicted multicomponent
subunit
predicted thioesterase

1.262

27. arsB

arsenite/antimonite transporter

1.0619

28. yfcP

predicted fimbrial-like adhesin protein

0.858

29. yfcQ

predicted fimbrial-like adhesin protein

0.868

30. atpA

F0F1 ATP synthase subunit alpha

0.948

31. atpH

F0F1 ATP synthase subunit delta

0.7088

32. gabP

gamma-aminobutyrate transporter

1.376

33. wecF/wzyE

putative polymerase

0.775

34. sieB

phage superinfection exclusion protein

0.7609

35. pspG

phage shock protein G

1.662

36. fbaA

class II fructose bisphosphate aldolase

0.677

37. kbaY

tagatose bisphosphate aldolase

1.143

acid 0.958

1.0572

oxygenase/reductase 1.0691
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Appendix 13: Open reading frames relating to autoinducer-2, downregulated in the
alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. lsrC/ydeY
putative transport system permease protein::AI2 -0.955
transporter
2. lsrD/ydeZ
putative transport system permease protein::AI2 -0.984
transporter
3. lsrA
fused AI2 transporter subunits of ABC superfamily -0.680

Appendix 14: Open reading frames relating to ncRNA, downregulated in the alarmoneprotected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. rybA
ncRNA
-1.178
2. ryfA
ncRNA
-0.731
3. rdlD
ncRNA
-0.775
Appendix 15: Open reading frames relating to amino-acids, downregulated in the
alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. tnaC/tnaL
tryptophanase leader peptide
-2.9244
2. tdcA

DNA-binding transcriptional activator

-1.0768

3. tdcB

threonine dehydratase

-1.589

4. tdcC

threonine/serine transporter

-0.903

5. msrB/yeaA

methionine sulfoxide reductase B

-0.943

Appendix 16: Open reading frames relating to lipopolysaccharide, downregulated in the
alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. waaU/waaK/rfaK

Lipopolysaccharide core biosynthesis

-0.80086

2. waaY/rfaY

Lipopolysaccharide core biosynthesis protein

-0.723

3. waaS/rfaS

Lipopolysaccharide core biosynthesis protein

-0.667

4. wbbK

Lipopolysaccharide core biosynthesis protein

-0.6409
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Appendix 17: Open reading frames relating to DNA replication and cell division,
downregulated in the alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. caiF
DNA-binding transcriptional activator
-1.139
2. kdgR
3. ssb

predicted
DNA-binding
transcriptional -0.848
regulator
single-stranded DNA-binding protein
-0.8072

4. araC

DNA-binding transcriptional dual regulator

-0.857

5. uidR

DNA-binding transcriptional repressor

-0.7404

Appendix 18: Open reading frames relating to outer membrane proteins, downregulated
in the alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. ompC
outer membrane porin protein C
-0.852
2. btuB

vitamin B12/cobalamin
transporter

outer

membrane -0.736

Appendix 19: Open reading frames relating to ABC transporters, downregulated in the
alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. potF
putrescine transporter subunit::component of -1.294
ABC superfamily
2. ycjN
ABC transporter periplasmic-binding protein
-0.9902
3. malT

maltotriose-ATP-binding protein

4. sfsA

predicted
regulator

DNA-binding

-1.129
transcriptional -0.974
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Appendix 20: Open reading frames relating to ribose, downregulated in the alarmoneprotected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. rbsA
D-ribose transporter ATP binding protein
-0.6908
2. rbsD
3. rpiR/alsR

D-ribose
pyranase::predicted
cytoplasmic -1.0956
sugar-binding protein
DNA-binding transcriptional repressor
-0.786

Appendix 21: Open reading frames relating to NADH dehydrogenase I, downregulated
in the alarmone-protected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. nuoG
NADH
dehydrogenase
subunit -0.668
G::NADH:ubiquinone oxidoreductase
2. nuoF
NADH dehydrogenase I subunit F
-1.16

Appendix 22: Miscellaneous open reading frames downregulated in the alarmoneprotected populations of E. coli C600
Gene Symbol
Gene Name/Gene Title
Log Fold
Change
1. ybiA
conserved protein
-1.269
2. kefB

4. pspE

glutathione-regulated potassium-efflux system -1.177
protein ::potassium:proton antiporter
anti-RNA polymerase sigma 70 factor::stationary -1.0722
phase protein
thiosulfate:cyanide sulfurtransferase:: rhodanese
-1.176

5. glgS

predicted glycogen synthesis protein

-0.957

6. pmrD

polymyxin resistance protein B

-0.971

7. yihX

phosphatase::predicted hydrolase

-0.9023

8. agp

glucose-1-phosphatase/inositol phosphatase

-1.217

9. gutE/srlE
10. ndk

glucitol/sorbitol-specific enzyme/ IIBC component -0.834
of PTS system
multifunctional nucleoside diphosphate kinase
-0.8602

11. cysQ

adenosine-3'(2'),5'-bisphosphate nucleotidase

12. glpQ

periplasmic
phosphodiesterase

3. rsd/yjaE

-0.90049

glycerophosphodiester -1.126
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13. chpS

antitoxin of the ChpB-ChpS toxin-antitoxin system

-0.879

14. mglB

galactose-binding transport protein

-0.9026

15. hepA

ATP-dependent helicase

-1.332

16. hemA

glutamyl-tRNA reductase

-0.747

17. rseB

periplasmic negative regulator of sigmaE

-0.761

18. rihA

ribonucleoside hydrolase 1

-0.721

19. sohA/prlF

putative regulator

-0.721

20. yefM

antitoxin
system

21. glf

UDP-galactopyranose mutase

-0.745

22. ucpA

short chain dehydrogenase

-0.949

23. mgsA

methylglycoxal synthase

-0.652

of

the YoeB-YefM

toxin-antitoxin -0.808
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