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This thesis discusses experiments on acid sensitivity and thermal stress in some 

Gram-negative bacteria.

Microorganisms can be exposed to a wide variety of unfavourable environmental 

conditions including acid pH (e.g. in nature: rivers, estuaries; in foods: preservatives and 

in the human body: gastric juice) and heat. Therefore they may possess adaptive systems 

to overcome the damaging effects of these stresses.

In this study it was shown that all the strains involved, were killed by lethal acid 

pHs in nutrient broth (NB) but they tended to habituate when they were grown at sub- 

lethal pH (e.g. pH 5) acquiring resistance which allowed them to survive when exposed 

to acid, whereas the non-habituated cells which were grown at the optimal pH (7.0) were 

considerably more sensitive to acidity. It was also found that prolongation of exposure 

time leads to higher resistance as compared to non-habituated cells. The process of 

habituation took place in river water (both for stationary and exponential cultures) as 

well as broth and resulted in more acid resistance in habituated cells. Unlike NB in which 

habituation occurs rather quickly, this takes slightly longer to happen in water.

Pathogenic species would not normally resist acid foods (owing to presence of 

low pH and organic acids) but it has been proposed that prior to entry into food they 

become habituated during the food processing treatment, therefore they may survive the 

normally lethal acidity in the final product. In addition to NB and water, slight acid 

resistance was shown to occur in six Gram-negative strains used when treated with four 

acid foods (i.e. vinegar, yogurt, mayonnaise and salad cream).

Growth of neutrophilic bacteria including E.coli K12 is poorer and slower at pH

5.0 than pH 7.0. Growth of Salmonella enteritidis was stimulated at pH 5.0 (adjusted 

with HCl) when 10 mM potassium phosphate was added to the culture; whereas its 

addition to pH 7.0 grown cells had no stimulatory effect. Such a stimulatory effect of 

phosphate on growth at pH 5.0 was also observed for Acinetobacter calcoaceticus, 

Proteus mirabilis, Vibrio parahaemolyticus, Citrobacter koseri, Citrobacter freundii, 

Klebsiella aero genes,, Enterobacter gergoviae, Enterobacter cloacae, Serratia 

marcescens, and Salmonella typhimurium but not for Aeromonas formicans and



Klebsiella edwardsii.

The strain E.coli KIO (that lacks PIT system) was subjected to six organic acids 

(i.e. acetic, benzoic, sorbic, citric, propionic and transcinnamic acids) and found to be 

inhibited by the weak acids. When phosphate was added to the cultures it failed to 

stimulate the bacterial growth resulting in full inhibition in higher concentrations of 

organic acids. The basis for the different effects of phosphate in the presence and absence 

of organic acids was discussed.

Following an induction by heat a rapid, transient response resulting in the 

synthesis of heat shock proteins occurs in E.coli. Induction of these proteins that may 

bring about thermotolerance might also lead to acid resistance. Temperature upshift 

conferred resistance to acid in E.coli 1829 ColV, I-K94 (which is more sensitive to acid 

than its ColV-free isogenic strain). In another experiment the effect of acid on heat- 

induced E.coli K12 strain (NM81) which is mutant in nhaA gene was tested and it was 

found to be less resistant to acid than its wild type strain .

The strains of E.coli 1829 ColV, I-K94, 1829 himA, 1829 hns, 1829/hr, 1829 

relA and 1829 nhaA grown at 25°C were shifted to 44°C and then challenged with acid 

to study the effect of regulatory components on heat induced cells. As a result, it was 

shown that H-NS protein is involved in resistance to acid in heat induced cells, since the 

1829 hns cells were the most sensitive ones at 44°C.

Sensitivity of heat induced cells of 1829 ColV, I-K94 to acid when treated with 

various inhibitors during induction were studied. Accordingly, addition of Nalidixic acid 

appeared to reduce induction of the resistance to acid in heat induced cells.
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RNA ribonucleic acid

LPS lipopolysaccharide
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Miscellaneous
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ca approximately
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1.1) Plasmids and their specific properties:

Plasmids are extrachromosomal genetic elements that are found in many bacteria 

and in a few eucaryotic cells. Plasmids are covalently closed circles (ccc) of double

stranded DNA which can be stably inherited ranging in size from one to 200 kilobases.

Plasmid replication is either under stringent or relaxed control. When plasmid 

replication is synchronized with that of the chromosome (i.e. the chromosome:plasmid 

ratio remains relatively constant e.g. ca 1:1) replication is said to be under stringent 

controlled, and 1-2 plasmid copies exist per cell. Plasmids like ColV which are large and 

self-transferable, replicate under stringent replication and require cell to cell contact in 

order to transfer the genetic material from donor to the recipient organism.

Under relaxed control the replication of plasmids exceeds that of the chromosome, 

sometimes resulting in 30 or more plasmids per cell and the replication of the plasmid is 

carried out independent of the control on chromosomal DNA replication; however host 

components are used for the plasmid copying.

Under conditions of stringent control two identical plasmids or closely-similar 

plasmids can not normally coexist stably in the same cell; such plasmids are said to be 

incompatible and the phenomenon is referred to as superinfection immunity. Incompatibil

ity is a basis for classification of plasmids and is believed to result from inhibition of 

plasmid replication. It has been suggested that incompatibility may be the result of 

competition between plasmids for a particular site on the host chromosome, attachment 

to which is necessary for replication or they may produce the same repressor that inhibits 

the initiation of replication. Conjugative plasmids are those which have ability to transfer 

copies of themselves from one bacterial host to another. They may also transfer small 

pieces of host chromosomal DNA therefore they are known as sex factors.
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1.2) The properties of the ColV plasmids:

ColV plasmids confer on certain members of the Enterobacteriaceae the ability to 

synthesize a colicin. Colicins are the widely studied bacteriocins reported from E. coli and 

S. sonnei. However Gram-positive organisms can produce certain substances which are 

analogous to bacteriocins such as those produced by Staphylococcus and Streptococcus 

(Hardy, 1975).

The majority of the Col factors are transmissible; most transmissible Col factors 

are F-like while some are I-like. Col factors may be co-transferred with superinfecting sex 

factor (e.g. an F factor or the Col I factor).

In a population of colicinogenic bacteria only a small proportion of the cells 

produce colicin; the remaining cells are immune.

The best recognized ColV plasmid is ColV, I-K94 which was first identified in 

Salmonella paratyphi B (Fredricq & Joiris, 1950). ColV, I-K94 which has 94 Md 

molecular weight encodes colicin V and la and their immunity components (Clowes, 

1972). Its transfer properties are under derepressed control and are coded for by the tra 

region. The ColV, I-K94 is a self-transmissible, conjugative plasmid with stringent 

replication control and confers 1-2 copies per chromosome (Hardy, 1975).

1.2.1) Colicin V synthesis:

For the first time in 1925 following the isolation of E. coli V strain from a rabbit 

infection. Gratia (1932) identified the colicin V which is able to kill the sensitive cells of 

closely related species and is of small molecular weight and dialysable. Colicin V invades 

the cytoplasmic membrane and it is thought that the gene product CirC in target cells 

mediates the invasion by acting as the receptor (Hancock & Braun, 1976; Yang & 

Koninsky, 1984).

ColV plasmids codes for a 6500 d (Frick et al. 1981) polypeptide which is able 

to protect the cell from the lethal activity of its own colicin and some other type V colicins 

and repressed by a high concentration of colicin (Davies et al. 1981).

1.2.2) Surface exclusion:
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Surface exclusion is a mechanism by which plasmid-containing strains prevent 

mating with cells bearing the same or closely related plasmids. Surface exclusion is 

associated with the traS and traT genes products {Kennedy et al. 1977) and mutation in 

either gene abolishes surface exclusion.

1.2.3) Plasmid incompatibility:

Two closely related plasmids can not coexist stably in a bacterial host. This 

phenomenon is termed incompatibility through which daughter cells contain only one of 

the plasmid kinds after a few generations. Incompatibility may be due to competition for 

the attachment sites (that are important for the start of replication or essential for plasmid 

segregation at the time of cell division) at the host membrane. Plasmids can be classified 

into groups according to their incompatibility with another member of the same group. 

Enterobacterial plasmids have been classified into about 25 incompatibility groups.

1.2.4) Sex pill:

Electron microscopy has shown that on the surface of F ,̂ Hfr and some other p  ̂

strains of Gram-negative bacteria such as E. coli, Salmonella and Shigella, there are 

elongated and filamentous structures essential for conjugation that are called sex pili 

(Brinton, 1965). Sex pili reach to their maximum level during late exponential phase. 

Cultures deprived of amino acids or in stationary phase have no sex pili (Tomoeda et al. 

1975). Sex pili often belong to either class F or Col I {Lawn et al. 1967), although there 

are other classes also. The length of F pili are variable as they can retract but it does not 

exceed 20 nm, they are hollow tubes of approximately 8 nm with a central hole of 2 nm 

diameter {Novotny &Fives-Taylor, 1974). F-like sex pili have a tube like structure made 

up of pilin arranged in the form of helices (Folkhard et al. 1979).

1.2.5) Plasmid-specified conjugation:

Due to extensive homology between F factor and ColV in the controlling region 

of conjugal transfer, the events occurring in the transfer of DNA plasmid for one may also 

apply for the other one (Sharp et al. 1973). The tra region is a ca 30 kb region which



(Bn  ̂ (Introduction) 27

codes for essential functions required in transfer of plasmid DNA. The tra operon of 

ColV, like F is expressed constitutively.
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1.3) Components and properties of cell envelope in Gram-negative bacteria:

Cell envelope of Gram-negative bacteria is a term used to refer to cytoplasmic 

membrane (or cell membrane) together with all structures external to it including cell wall 

(consisting of peptidoglycan and outer membrane) and periplasmic space. The envelope 

gives structural integrity and offers a protective barrier against antibiotics and hydrolysing 

enzymes. In the following sections of this chapter, these components are discussed.

1.3.1) Cell wall:

The structure of the bacterial cell wall provides rigid mechanical support 

preventing turgor pressure from bursting the cell (osmotic lysis). But the Gram-negative 

wall of E. coli contributes in other ways to the cell's ability to grow rapidly and to survive 

inhospitable environments (Dirienzo et al. 1978; Osbom & Wu, 1980). Because of its 

outer membrane layer, there is a barrier to hydrophobic and amphipathic ( meaning 

having polar and nonpolar regions) molecules (including many antibiotics, detergents and 

other toxic molecules), and outer membrane protects the inner layer of the envelope, 

especially its own peptidoglycan, from exposure to hydrolytic enzymes such as lysozyme 

and lipases. Many studies have been made on the bacterial cell wall and much of this has 

been concentrated on the Enterobacteriaceae and on Escherichia coli in particular.

The high rate of metabolism of E. coli requires that substrates enter the cell 

rapidly. In fact the wall not only is freely permeable to small hydrophilic molecules ( up 

to 800-900 molecular weight) but it also contains specific mechanisms that aid in the entry 

of selected large molecules. In addition, the wall confers on these cells some resistance to 

engulfment by phagocytes of an animal host and is important for social interactions 

between cells including the exchange of genetic material.

The molecular architecture of the Gram-negative wall is summarized in Figures

1.1 and 1 .2 .

Clinically the cell wall is important because it contributes to the abiUty of some 

species to cause disease and is the site of action of some antibiotics. In addition, the 

chemical composition of the cell wall is used to differentiate major types of bacteria.
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1.3.1.1) Peptidoglycans:

The bacterial cell wall is composed of a molecular network called peptidoglycan 

(murein) which is present either alone or in combination with other substances. 

Peptidoglycan is a mucopolysaccharide consisting of the repeated units of N-acety- 

Imuramic acid tetra peptide and N-acetyl glucosamine linked with p-1,4 bonds as 

illustrated in Figure 1.3. This layer represents the backbone of the bacterial cell 

maintaining the integrity and shape of the cell. In Gram-negative bacteria, chains of 

polysaccharide are cross linked by direct peptide bonds between tetra peptides. Adjacent 

rows are linked by polypeptides (the peptide portion of peptidoglycan) to form a lattice 

that surrounds and protects the entire cell.

In most Gram-positive bacteria, the cell wall consists of many layers of 

peptidoglycan forming a thick rigid structure. By contrast. Gram-negative cell walls 

contain only a thin layer of peptidoglycan. Because the cell walls of Gram-negative 

bacteria contain only a small amount of peptidoglycan they are more susceptible to 

mechanical breakage. In addition, the cell wall of Gram-positive bacteria contains teichoic 

acids which consists primarily of an alcohol and phosphate. Teichoic acids which do not 

occur in Gram-negative bacteria, regulate the activity of autolysins, thus preventing 

extensive wall break down and possible cell lysis. Teichoic acids provide much of the 

wall's antigenic specificity and thus make it possible to identify bacteria by serological 

means.

The cell walls of Gram-negative bacteria consist of one or a very few layers of 

peptidoglycan and an outer membrane. The peptidoglycan is bonded to lipoproteins in the 

outer membrane and is embedded in a soft material, the periplasmic gel, which contains 

a high concentration of degradative enzymes and transport proteins.

1.3.1.2) Outer membrane:

In Gram-negative bacteria the monolayer or at most bilayer of the murein sacculus 

is surrounded by an outer cell wall layer, or envelope. In thin section this appears similar 

to the cytoplasmic membrane and is therefore called the outer membrane. The outer
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membrane has a complex conposition of proteins, phospholipids and lipopolysaccharides. 

The Figure 1.2 illustrated this structure. The outer membrane has several specialized 

functions. Its strong negative charge is an important factor for evading phagocytosis and 

the action of complement, two components of the defences of the host.

The outer membrane also provides a barrier to certain antibiotics and functions as 

a molecular sieve, limiting the passage of some penicillins, lysozyme (an enzyme that can 

break down the cell walls of Gram-positive bacteria, but of only a few Gram-negative 

bacteria), detergents, heavy metals, bile salts, digestive enzymes and certain dyes; it has 

defined exclusion limits for hydrophilic substrates (Benz, 1985). Some conditions 

permeabilize the outer membrane to these components (Russell, 1982). The outer 

membrane of Gram-negative bacteria has important physiological as well as mechanical 

functions.

As mentioned earlier the outer membrane consist of three main types of 

components proteins, phospholipids and lipopolysaccharides.

1.3.1.2.1) Proteins:

Approximately half of the outer membrane consists of major proteins including 

porins, murein lipoprotein, and OmpA protein. Unlike the cytoplasmic membrane, only 

a few enzymes are located in the outer membrane such as proteases and phospholipase 

Ai (Salton, 1987).

1.3.1.2.1.1) Porins:

The lipid bilayer is composed of the lipid A component (of the lipopolys

accharides) and of phospholipids and has proteins incorporated into it, which penetrate 

the whole of its thickness. These transmembrane proteins are thought to constitute water- 

filled channels or hydrophilic pores in the lipophilic membrane and are called porins. There 

are several different kinds of porins. They allow low molecular weight substances (up to 

a relative particle mass of about 600) to enter the cell. Porins like OmpF and OmpC from 

E. coli K-12 pass solutes up to a certain molecular weight and exhibit little specificity for 

solutes. They can be characterized as general diffusion channels (Benz, 1985), although
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they show certain selectivity for cations (On^F/C) or for anions (PhoE). Other porins like 

LamB and Tsx of E. coli K-12 have binding sites for sugars and nucleosides (Mater et al. 

1988), respectively. They can be considered as specific channels acting as facilitated 

pathways.

The ompF, ompC and phoE genes code for porin proteins which constitute major 

outer membrane proteins with ca 10"̂  copies/cell (PhoE is only induced with low 

phosphate levels). There is deep homology between the primary sequences of the OmpF, 

OmpC and PhoE porins. In the predicted primary structures, approximately 60% of their 

amino acids residues are identical (Mizuno et al. 1983). Therefore it seems likely that 

these genes have been derived from a common ancestral gene and that those sequences 

that are involved in the export of the proteins and their incorporation into the outer 

membrane have been conserved. In E. coli the expression of the porins OmpF and OmpC 

is regulated by many environmental stimuli including osmotic pressure, temperature and 

pH (Thomas & Booth, 1992). There is some evidence that indicates the pores of Salm. 

typhimurium generally have a larger cross-section than the E. coli porin pores (Benz et 

al. 1980). Porin channels play a significant part in excluding large, negatively charged 

detergent compounds like bile salts (Nikaido & Vaara, 1987).

Some bacterial strains in situations which mimic the internal condition of the 

animal body switch from larger OmpF channel to narrow OmpC channels and lose 50% 

or more of the permeability toward small nutrients with molecular weight of 100  to 600, 

while permeability towards hydrophobic and larger negatively charged compounds is 

dramatically lowered due to restrictive properties of the OmpC channel (Nikaido & Vaara,

1985). The OmpF porin is probably beneficial while bacteria are out of the animal body.

Diffusion of small solutes crossing the outer membrane through porins depends 

largely on physiochemical properties of these solutes. Their size, electron charge and 

hydrophobicity are the main three factors influencing the penetration of these molecules 

(Nikaido & Vaara, 1987). The process of random collisions is greatly affected by the size 

of solute molecules to appropriately enter the channel. The rate of diffusion of 

disaccharides through OmpF and OmpC is nearly two orders of magnitude lower than the 

rate of diffusion of pentose. Studies based on the antibiotic, imipenem-resistant
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Enterobacter aerogenes suggested that 44, 42 and 40 kD outer membrane proteins 

(OMPs) of this genus correspond to OmpC, OmpD, and OmpF and the 36 kDa OMP to 

OmpA (Chow & Shlaes, 1991).

Hydrophobicity of the solutes in E. coli also affects negatively the process of 

permeation through OmpF channels. Because OmpC and OmpF favour cations and 

uncharged molecules, diffusion of uncharged sugars has been found to be much faster than 

their counterpart negatively charged sugar acids.

When E. coli K-12 is grown under phosphate limitation, the synthesis of another 

pore protein, called PhoE is induced (Overbeeke & Lugtenberg, 1980). Phosphate- 

regulated outer membrane protein (i.e. PhoE) is found in many Enterobacterial cells 

including E. coli K-12; PhoE protein favours anions while OmpF and OmpC favour 

neutral and cationic compounds. The expression of PhoE-analogous proteins has been 

demonstrated for several other Enterobacteriaceae genera including E. coli K-12 

(Overbeeke & Lugtenberg, 1980), Salm. typhimurium (Bauer et al. 1985), Enterobacter 

cloacae (Verhoef et al. 1984), Klebsiella aerogenes (Poole & Hancock, 1986) etc. They 

are all more efficient for negatively charged compounds including phosphate and 

polyphosphates in contrast to the cation-selective general defusion pores. Nevertheless, 

no special binding site for phosphate or polyphosphates is present in PhoE (Bauer et al. 

1988). Instead a "hot spot" of positive charges in or at the mouth of the PhoE channel was 

concluded to be responsible for the special behaviour of PhoE in the uptake of phosphate, 

polyphosphates and other anions. This special behaviour is characterized by the ability of 

polyphosphates in the presence of Mĝ "̂  to block the single channels and by the anion 

selectivity of PhoE, which can be converted into cation selectivity in a dose-dependent 

fashion by the addition of polyphosphate or other polyanions in the absence of Mĝ '̂  

(Bauer et al. 1988). The properties of PhoE seem to be the following: 1) PhoE has a 3- 

fold preference for anions 2) The PhoE can be clogged by polyphosphate and other 

polyanions in the presence of Mg^  ̂3) The anion selectivity of PhoE can be converted into 

cation selectivity in a dose-dependent fashion by adding molecules with multiple nagative 

charges including polyphosphates (Bauer et al. 1988).

Unlike porins which are nonspecific, permeability of the outer membrane is also
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affected by specific channel proteins which permit the passage of specific substances only 

(for example vitamin iron, nucleotides and maltose). Porins and other outer membrane 

proteins can also make bacteria vulnerable to attack by providing attachment sites for 

viruses and bacteriocins (proteins produced by some bacteria that inhibit or kill closely 

related species). For example the gene product of lamB is associated with the passage of 

maltose and maltodextrins through the outer membrane. This protein is similar to a porin 

in the sense it makes associated trimers which are tight and stable in SDS. It is also rich 

in B-sheet structure and is associated with murein and acts as a receptor for lambda phage 

(Nikaido & Vaara, 1987). It has also been used for the expression of an antigenic epitope 

of the VPl coat protein of poliovirus, at the E. coli cell surface (Charbit et al. 1986). 

Another report (Agterberg et al. 1987) showed that outer membrane PhoE protein can 

be used for the transport of a foreign antigenic determinant to the E. coli cell surface.

The gene product of tsx which is involved in nucleosides diffusion is the receptor 

of T6 . These properties are independent of the TonB product unlike successful functions 

of other proteins which require TonB product (Postle & Good, 1983). Although the 

precise role of TonB is not known it is thought to be involved in "energy coupling".

1.3.1.2.1.2) Murein lipoprotein:

There are almost 7 x 10̂  copies of this small protein, approximately two thirds of 

them are free whereas the rest are covalently linked with the peptidoglycan layer through 

the NH2 group of its C-terminal lysine. The murein layer has lipoproteins attached to its 

diaminopimelic acids by covalent bonds. These lipoproteins have their lipophilic ends 

orientated away from the murein and embedded in a lipophilic double layer. This double 

layer contains the phospholipids and the hydrophobic ends of the lipopolysaccharides; the 

hydrophilic ends of the latter are orientated toward the outside of the cell.

1.3.1.2.1.3) OmpA proteins:

These proteins with molecular weight of ca 35 kDa and 10̂  copies per cell make 

up a major constituent of the outer membrane. OmpA can be cross-linked chemically to 

underlying peptidoglycan. These proteins are thought to span the thickness of the
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membrane. They are modified with heat.

The OmpA proteins play three major roles: (1) Together with LPS they act as 

receptors (Lugtenberg & Van Alphen, 1983). (2) They maintain shape of the cell and the 

stability of the outer membrane (Reithmeir & Bragg, 1977). (3) they are now known to 

form pores (Nikaido, 1992).

1.3.1.2.2) Phospholipids:

The phospholipids of the outer membrane are very similar to their corresponding 

molecules in the cytoplasmic membrane, with the difference that cytoplasmic membrane 

is enriched in phosphatidylglycerol and diphosphatidylglycerol whereas the outer 

membrane is rich of phosphatidylethanolamine.

1.3.1.2.3) Lipopolysaccharides:

LPS are the endotoxins of Gram-negative bacteria. Different strains of Salm. 

typhimurium. Shigella dysenteriae and other causative organisms of intestinal infection 

are differentiated by their "O specific" side chains of lipopolysaccharides which constitute 

the outermost layer of the cell. Very slight differences in the composition of this layer can 

be recognised by immunological methods. Many bacterial strains freshly isolated from 

nature or from a patient grow on agar medium as smooth shiny colonies (S-forms). Their 

O-specific LPS molecules in the cell surface apparently retain water. These S-forms may 

mutate spontaneously to R-forms which show flat, rough colonies.

In the animal host, the S-forms bacteria are very resistant to phagocytosis and 

hence virulent. Only the formation of antibodies by the host and the combination of these 

antibodies with the polysaccharide chains render the bacteria susceptible to attack. The 

great diversity of O-specific polysaccharides in pathogenic bacteria could be the result of 

continuous selection of O antigenic types (mutants); these would have a selective 

advantage because the host can hardly be equipped with antibodies against hundreds of 

different antigens at the same time. The lipopolysaccharides also belong to the most 

effective endotoxins of bacteria causing fever and diarrhoea.

The LPS types of Salm. typhimurium and other enterobacteria have been examined
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in great detail. There are three main constituents: Lipid A, a core and the O-specific 

polysaccharides ( Figure 1.4). Lipid A consists of a glucosamine disaccharide whose 

hydroxyl groups are esterified with C12, C14 and fatty acids. The inner core consists 

of a 2-keto-3-deoxyoctanoic acid (KDO) tiisaccharide combined with phosphoethanolamine, 

two heptose molecules, and the outer core layer. The latter consists of a branched chain 

of glucose, galactose and N-acetylglucosamine. This basic structure is found in all 

Salmonella species and is apparently uniform The O-specific chains (polysaccharides) are 

attached to the core. They consist of long chains of repeating oligosaccharides, their 

sequence and composition being strain-specific.They may contain galactose, mannose, 

rhamnose, abequose, fucose, colitose and other sugars.The C-1 reducing ends of the sugars 

point inwards.These outer heteropolysaccharide chains which are strain specific, represent 

the somatic O antigens and allow identification of a strain by immunological methods. In 

rough mutants, the KDO-trisaccharide constitutes the outer boundary of the cell.

The properties of mutants synthesising incomplete LPS molecules reflect the 

biological functions of LPS in the outer membrane. Lack of O antigen will lead to loss of 

virulence.The avirulent E. coli K12 has no O antigen and B strain lacks in addition the more 

distal part of the core. The loss of further proximal parts of the core result in "deep rough 

mutants" which are sensitive to hydrophobic agents.

LPS subunits are synthesized in the cell membrane in two parallel processes. One 

process produces the repeating polysaccharide side chain built upon the lipid carrier 

undecaprenol phosphate and the other process produces the core polysaccharide built up 

on lipid A (which functions both as primer and carrier). The subunits are made at the inner 

surface of the cell membrane, then translocated by their respective carriers to the outer 

surface, presumably through Bayer's junctions. Translocation is thought to be driven by 

the proton motive force operating across the cell membrane. At the outer surface a transfer 

enzyme attaches the completed side chain to the core polysaccharide on lipid A. The 

individual LPS molecules condense by mutual attraction into the two-dimensional array 

of the outer leaflet of the outer membrane. General structure of bacterial LPS is illustrated 

in Egure 1.4.
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1.3.2) Periplasmic space:

The space immediately contiguous to the cell wall is called the periplasmic space, 

a term used by Hobot et al (1984) and is apparently of gel-type consistency. The periplasmic 

space contains a considerable number of enzymes. These include for example, enzymes 

which break down substrates like ethanol and glucose, or those which release inorganic 

ions like S04'2 and NO^, etc. Some of these enzymes are anchored in the cytoplasmic 

membrane, whilst others exist freely in solution.

In addition, depolymerases for proteins, polysaccharides, nucleic acids and other 

biopolymers occur in the periplasm, as well as binding proteins which may act as receptors 

for chemotactic stimuli or function in the transport of various substrates.

Proteins in the periplasmic space are involved in translocation of some proteins 

including alkaline phosphatase, and binding proteins for maltose, arabinose, and leucine 

(Macnab, 1987).

1.3.3) Cytoplasmic membrane:

The cytoplasmic membrane of prokaryotes consists primarily of phospholipids, 

which are the most abundant components and proteins.

Cytoplasmic membrane in Gram-negative bacteria looks like a two-layered structure; 

There are two dark lines with a light space between the lines. The phospholipid molecules 

are arranged in two parallel rows called a phospholipid bilayer. Each phospholipid molecule 

contains a polar head composed of a phosphate group and glycerol that is hydrophilic and 

soluble in water and nonpolar tails composed of fatty acids that are hydrophobic and are 

insoluble in water. The polar heads are on the two surfaces of the phospholipid bilayer and 

the nonpolar tails are in the interior of the bilayer.

Studies have demonstrated that the phospholipid and protein molecules in membranes 

are not static but move quite freely within the membrane surface. The movement is most 

probably associated with the many functions performed by the cytoplasmic membrane.

The most important function of the cytoplasmic membrane is to serve as a selective 

barrier through which materials enter and exit the cell. In this function, cytoplasmic 

membranes are selectively permeable indicating that certain molecules and ions pass through



©ne (Introduction)

the membrane. Large molecules (such as proteins) cannot pass through. But smaller 

molecules such as water, oxygen, carbon dioxide and some simple sugars usually pass 

through easily. Also numerous molecules are passed through the cytoplasmic membrane 

using the processes described later (sections 1.3.3.1-1.3.3.5).

Cytoplasmic membranes are also irrçortant to the breakdown of nutrients and the 

production of energy. The membranes of bacteria contain enzymes capable of catalyzing 

the chemical reactions that break down nutrients and produce ATP.

The electron transport system is also associated with the cytoplasmic membrane. 

In this exchange, pairs of electrons from different donors are transferred to NADH or a 

flavoprotein passing from various carriers until they are delivered to the ultimate electron 

acceptor (O2) and result in generation of ATP and free energy. Transfer of a pair of electrons 

from NADH to O2 results in production of 3 ATP molecules from ADP and Pj.

The cytoplasmic membrane is involved in bacterial division during which the 

cytoplasmic membrane at the equatorial zone starts growing inward until the bacteria are 

divided into two equal daughter cells.

1.3.3.1) Transport across the cytoplasmic membrane:

Materials move across cytoplasmic membranes of both prokaryotic and eucaryotic 

cells by two kinds of processes, passive and active. In passive systems particles cross the 

membrane from higher concentration area to lower concentration without any expenditure 

of energy by the cell. Examples of passive transport system are simple diffusion, osmosis 

and facilitated diffusion. In active transport system the cell spends energy to move substances 

from areas of low concentration to areas of high concentration. Exanples of active processes 

are active transport and group translocation.

1.3.3.2) Simple diffusion:

Single diffusion is the overall movement of molecules or ions from an area of high 

concentration to an area of low concentration until the molecules or ions become evenly 

distributed. This point is called equilibrium Cells use this method to transport certain small 

molecules such as oxygen and carbon dioxide across their cell membrane.
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1.3.3.3) Facilitated diffusion:

Transmembrane proteins, carriers which are sometimes called permeases, that allow 

a specific conpound to difhise through the membrane are said to participate in facilitated 

diffusion. Although common among the transport systems of eukaryotes facilitated diffiision 

is rarely encountered in prokaryotes. In E. coli only glycerol is known to enter by facilitated 

diffusion. Interestingly glycerol also enters a number of other bacteria, including Salm. 

typhimurium and species of Pseudomonas, Klebsiella, Shigella, Bacillus and Nocardia 

by facilitated diffusion. Indeed in almost every bacterium, glycerol has been found to enter 

by facilitated diffusion. In carrier mediated transport, the passage of substances take place 

through the carrier proteins without any expenditure of energy, therefore it is called 

facilitated or passive transport or facilitated diffusion. It is different fundamentally from 

simple difiusion because the substrate enters only at the sites in the membrane where specific 

carrier proteins are located. Because the number of specific carrier sites is limited, the rate 

of substrate entry exhibits saturation kinetics typical of enzyme-catalyzed chemical reactions. 

One proposed mechanism for facilitated diffusion is that the carrier protein remains in place 

in the membrane but undergoes changes in shape that transport substances from one side 

of the membrane to the other.

In some cases, molecules that bacteria need are too large to be transported into 

the cells by the methods just described. Most bacteria, however, produce enzymes that break 

down large molecules into simple ones. Such enzymes are periplasmic enzymes. Once the 

enzymes degrade the large molecules, the subunits are transported by permeases into the 

cell.

1.3.3.4) Active transport:

In this method the cell uses energy in the form of ATP to move substances across 

the plasma membrane. Many biological processes are coupled to ATP hydrolysis. Some 

ATP-binding proteins in different species are closely related, amongst which are those 

associated with membrane transport, cell division, nodulation in Rhizobium and haemolysin 

export (Higgins et a l 1986). The extensive nature of this homology, together with the 

findings achieved by Higgins et al (1986) that equally closely related ATP-binding subunits
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are associated with functions apparently unrelated to periplasmic transport systems, implies

that these subunits had a common evolutionary origin which may well be distinct from that
s

of the other transport components. The movement of substanc^in active transport is usually 

from outside to inside even though the concentration might be much higher inside the cells. 

Like facilitated diffusion, active transport depends on carrier proteins in the plasma 

membrane. There appears to be a different carrier for each transported substance or group 

of closely related transport substances. It seems that binding-protein-dependent transport 

systems are distinct from other transport systems in that they are probably energized by 

the direct hydrolysis of ATP or a closely related nucleotide rather than by the electrochemical 

proton gradient. Therefore, it is very likely that each of these proteins will bind and hydrolyse 

ATP or a related nucleotide (Higgins et al. 1986).

1.3.3.5) Group translocation:

The mechanism by which a substrate is chemically altered to an impermeable 

derivative as it crosses the cell membrane is termed group translocation. In this kind of 

transport the solutes undergo chemical modification exenplified by the phosphotransferase 

system of glucose and mannose in E. coli. One example of group translocation is the 

transport of the sugar glucose, which is often used in growth media for bacteria. During 

the transport of the glucose molecule across the membrane by a specific carrier protein, 

a phosphate group is added to the sugar. The phosphorylated form of sugar which cannot 

be transported out can then be used in the cell's metabolic pathways. When a bacterial cell 

is in an environment in which nutrients are in low concentration, the cell must utilize active 

transport and group translocation to accumulate the needed substances.
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1.4) Gram-negative, facultatively anaerobic bacteria and their significance especially

in public health:

These chemoheterotrophic bacteria amongst which lie many important human 

pathogens are broadly distributed in nature and according to their properties, particularly 

their morphological and biochemical features, classified into two families; Enterobacteriaceae 

and Vibrionaceae.

The Enterobacteriaceae family or the enteric bacteria usually infect the intestine 

of human or/and animals, although some genera are isolated from aquatic or soil 

environments. The family includes some important pathogens such as Salm. typhi (agent 

of typhoid) and Shigella dysenteriae (bacterial dysentery). In addition to gastrointestinal 

disease, they can cause other problems like urinary tract infections, septicaemia, wound 

infections, pneumonia and meningitis.

The Vibrionaceae family contains some inç>ortant human pathogens such as Vibrio 

cholerae the causal agent of cholera which can lead to wide fatality. Vibrio 

parahaemolyticus responsible for food poisoning due to consumption of contaminated 

shellfish and also Aeromonas which may be isolated from blood, urine and spinal fluids 

of humans and can infect human tissue (Cano & Colome, 1988).

1.4.1) Enterobacteriaceae and their significance in public health:

A family of Gram-negative, facultatively anaerobic, asporogenous, peritrichously 

flagellate or non-motile, rod-shaped bacteria; species are widespread as parasites or 

pathogens of man, other animals and plants and as saprophytes in soil and water.The 

organisms are chemoorganotrophs which can express the respiratory (oxidative) and/or 

fermentative type of metabolism according to conditions; they possess a respiratory electron 

transport system that enables them to grow aerobically at the expense of a rich variety of 

oxidizable organic compounds. Organic acids, amino acids and carbohydrates may be utilized 

by all members of the family. All species are oxidative-negative, catalase-positive (except 

Shigella dysenteriae serotype 1 ) and most of them reduce nitrate to nitrite. Genera and 

species are distinguished biochemically and serologically and by phage typing and colicin 

typing, etc.
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Enteric bacteria like most bacteria produce proteins called bacteriocins that cause 

the inhibition of closely related species of bacteria. Bacteriocins produced by enteric bacteria 

might help maintain the ecological balance of various enteric bacteria in the intestine.

The close genetic relationship between species of Enterobactericeae increases the 

chromosomal and plasmid exchange. R plasmids which code for drug resistance together 

with virulence factor plasmids are very inportant to the pathogenesis of the enteric bacteria. 

Constituent genera are: Citrobacter, Edwardsiella, Enterobacter, Erwinia, Escherichia, 

Hafnia, Klebsiella, Proteus, Salmonella, Serratia, Shigella and Yersinia.

Coliform is the term representing the facultative Gram-negative rods that can be 

inhibitants of intestinal tract without causing disease. Among the important coliforms are 

E. coli, Serratia, Klebsiella and Enterobacter. These genera which are grouped as 

opportunistic bacteria cause human disease under special circumstances (Ketchum, 1984).

Most genera of Enterobacteriaceae can be subdivided into serotypes by antibody 

raised against their antigenic surface components.The O, K and H antigens are the 

fundamental serotyping antigens because of the great variety of their chemical composition 

and their antigenic stability. As certain serotypes have special pathogenic properties, 

antigenic analysis may also be important diagnostically.

1.4.1.1) O antigens:

The O antigens are the polysaccharide side chains of the LPS. LPS (as mentioned 

in 1.3.1.2.3) consists of three regions (Luderitz et a l 1977); 1) Lipid A which is buried 

in the outer membrane of the cell wall is responsible for many of the biological properties 

of LPS. 2)The LPS core which is linked to lipid A and expresses R (rough) specificity is 

partly hidden in S (smooth) forms by the attachment to the core of O antigens. 3) The O- 

specific polysaccharides of the bacterial S forms are the chemical basis for the serological 

classification of Enterobacteriaceae into hundreds of complex O antigen groups (Orskov 

et a l 1977).

1.4.1.2) K antigens:

K antigens are polysaccharides that usually contain acidic groups. K antigens are
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determined by the capsular swelling technique (Orskov & Orskov, 1978).

1.4.1.3) H antigens:

Flagella are protein organelles that determine the H antigen specificity of motile 

members of the family. Many Salmonella strains show phase variation, i.e. the H antigens 

of a single strain may occur in either one or both of two serologically different phases called 

phase 1 and phase 2 .

1.4.1.4) Fimbriae or pili antigens:

Most Enterobacteriaceae may develop fimbriae (or pili). These will usually be the 

so-called type 1 fimbriae. The K88  and K99 antigens of E. coli are fimbrial, proteinaceous 

antigens that are important colonization factors of strains associated with diarrhoea in young 

pigs and calves. Serotype schemes such as the Kauffman-White Scheme are based on the 

systematic examination of the antigenic specicifities and cross-reactions between the surface 

antigens. Complete analysis may require numerous cross-reaction tests.

Those genera which have been used in this project will be discussed briefly with 

more emphasis on E. coli as the most extensively studied Gram-negative bacteria.

1.4.1.5) Escherichia coli:

Escherichia coli, the only member of its genus, is the predominant facultative 

anaerobe in the human lower intestine, so it is used as an indicator of human faecal 

contamination of water (Ketchum, 1984).

Escherichia coli causes a wide variety of clinical infections. It is a leading cause 

of urinary tract infection, bacteraemia and neonatal meningitis. In addition it appears to 

be responsible for a large number of cases of travellers' diarrhoea, etc.

Soon after birth, E. coli colonizes and becomes a member of the normal flora of 

man, however it is only a small proportion of the total microbial population in the bowel 

(Bettelheim et al. 1974). There is evidence that persistence of E. coli carrying R factors 

depends on their O serogroup (Hartley & Richmond, 1975).

E. coli cells may cause diarrhoeal diseases such as enterotoxigenic (ETBC),
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enteropathogenic (EPEC), enteroinvasive (EXEC), enteroadherent (EAEC) and 

enterohaemorrhagic types (Levine, 1987).

ETEC or enterotoxigenic strains are usually associated with travellers' diarrhoea 

(Nye, 1979). After ingesting contaminated food or water, bacteria adhere to the host cells 

and colonize the proximal small intestine. It is thought that enterotoxin production alone 

is not sufficient to make an ETEC bacterium pathogenic and presence of fimbrial 

colonization factor (CFA/1) (Evans et al. 1975) or fimbrial factor (CFA/ II) may enhance 

the pathogenicity (Evans & Evans, 1978). These factors may allow ETEC to adhere to 

the ileal mucosa where the enterotoxins are then transferred to their target epithelial cells.

An ETEC bacterium has a heat-labile toxin, a heat-stable toxin and surface factors 

known as fimbriae (Turnberg, 7979j.The heat-labile toxin (MW 86,500) consists of one 

A fragment and five B fragments and activates adenylate cyclase resulting in the formation 

of cAMP which is a messenger molecule stimulating the human intestinal mucosa to excrete 

Cl and bicarbonate. The electrolyte balance across the intestinal mucosa becomes 

unbalanced, resulting in the outpouring of water into the bowel that leads to diarrhoea which 

is similar to cholera in mechanism and symptoms.

The heat-stable toxin activates guanylate cyclase leading to an increase in the 

concentration of cGMP. The last factor is the presence of surface fimbriae, helping the 

microorganism to colonize the small intestine. All these 3 factors are coded for by plasmids. 

ETEC E. coli causes severe infantile diarrhoea, a choleralike syndrome and is one cause 

of travellers' diarrhoea. Strains of E. coli may produce haemolysin which is thought to be 

an accessory virulence factor (Sussman et al. 1974; Welch et al. 1981). Enterotoxin 

production and adhesiveness can be carried by plasmids (Elwell & Shipley, 1980) but the 

presence of plasmids is not always required for virulence (Smith & Linggood, 1971).

EPEC, Enteropathogenic E. coli is often isolated from diarrhoeal disease in children 

(Rowe, 1979). When EPEC strains without LT, ST and invasiveness were injected into 

volunteers they caused diarrhoea (Levine et al. 1978). The lesions caused by EPEC (that 

does not happen with ETEC strain) involve destmction of microvilli without any further 

destruction of host cells (Polotsky et al. 1977).

EIEC or enteroinvasive E. coli invades the epithelium of the large intestine. It causes
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a Shigella-like syndrome characterized by diarrhoea and the presence of blood and 

pus in the stools.

Certain EIEC serogroups are antigenically related to Shigella (Edwards & Ewing, 

1972; Orskov et a l 1977). The EIEC pathogenicity is associated with a plasmid encoded 

outer membrane protein (Sonsonetti et a l 1982; Silver et a l 1982).

EAEC, Enteroadherent strains cause diarrhoea but do not produce LT, ST or 

Shigella-like toxin or invade epithelial cells and are identified by attachment to Hep-2 cells 

(Mathewson et al. 1985).

Furthermore, E. coli is also a common cause of urinary tract infection (UTI) that 

occurs often in infants wearing diapers and in women. When the number of bacterial cells 

in urine is more than 100 per ml it is indicative of an infection. Bacteria in the urethra can 

infect the urinary bladder to cause cystitis; sometimes the bacteria infect the kidneys. 

Nosocomial urinary tract infections can result from catheterization and other urethral 

instrumentation. These infections are difficult to cure because antibiotics do not readily 

penetrate the urinary tract via blood. Several properties have been suggested to be involved 

in pathogenesis including capsular (K) antigens, somatic (O) antigens, haemolysin production 

and adherence (Reid & Sobel, 1987; Sussman, 1985). Unfortunately as is true with other 

polysaccharide antigens the antibody response to the K antigen is quite weak.

Infants in their first 4 weeks of life have an increased susceptibility to bacterial 

meningitis and about 80% of the strains responsible carry the K antigen (McCracken et 

al. 1974). There has been shown to be structural homology of antisera raised against K 

antigens of N. meningitidis and E. coli isolated fi'om cerebrospinal fluid of a newborn baby 

with meningitis (Grados & Ewing, 1970; Liu et al. 1971).

E. coli has ability to cause diseases in animals including systematic colibacillosis 

(Smith, 1974) and bovine mastitis (Linton & Hinton, 1988).

1.4.1.6) Virulence of CoiV^ in E. coli strains:

1.4.1.6.1) Colicin production:

Production of colicin V encoded by E. coli harbouring ColV, I-K94 was first
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recognized by Smith (1974) and is a common property of strains causing bacteraemia in 

man and animals.

In addition to colicin V, E. coli ColV, I-K94 codes for the production of colicin 

la and for immunity factors which gives immunity to the host bacterium against their own 

action. The colicin V is not released from the bacterial cells by means of cell lysis (the 

common method for most colicins) but rather seems to be exported (Gilson et al. 1987). 

Gilson and co workers showed that four plasmid genes are required for colicin V synthesis, 

export and immunity and these have been defined to be within a 4.2 Kb region of DNA 

cloned from pColV-K30. According to these findings, the genes responsible for immunity, 

colicin V export and synthesis of colicin V were cvi, cva A & cva B and cva C, respectively 

(Gilson et al. 1987). Colicin V production has been studied in vivo (Ozanne et al. 1977; 

Smith & Higgins, 1977). It was therefore considered that the colicin molecule itself might 

play a part in the pathogenicity of the ColV^ organism (Ozaw/ie et al. 1977). Quackenbush 

& Falkow, (1979) using transposon Tnl mutagenesis showed that bacteria harbouring a 

ColV plasmid with a mutated colicin V structural gene (cvaC) were more lethal to mice 

compared to Col' strains when introduced intraperitonially suggesting that colicin V is not 

essential for increased virulence. Colicins differ in their mode of action (Luria & Suit, 1987). 

Action of colicin V starts when it adsorbs to particular receptors on the surface of sensitive 

bacteria allowing the colicin to overcome the barrier properties of the outer membrane. 

Yang & Konishky, (1984) demonstrated that partially purified colicin V did not inhibit the 

active transport across the membrane of colicin V resistant cells but it did in colicin V 

sensitive cells. This inhibition of active transport was not due to general leakiness of the 

cytoplasmic membrane but a result of collapsing the membrane potential of the treated.

1.4.1.6.2) Production of VmpA proteins:

Rowbury et al. (1985) showed that most C of strains produce the major outer 

membrane protein, VmpA. Moores & Rowbury (1982) also demonstrated that ColV^ 

plasmids lead to changes in the cell envelope due to production of this plasmid-specified 

protein. The protein shares homology immunologically with OmpA protein (Deeney et al.

1986) but they differ in certain ways for exanple Vn^A can not replace OnpA as receptor
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for phages K3 and Tull‘S and as a component in colicin L sensitivity but nevertheless it 

weakly replaces OmpA protein in stabilisation of conjugal aggregates (Moores & Rowbury, 

1982). VmpA is produced when a ColV^ strain is cultured at 3TC with shaking rather than 

statically.

1.4.1.6.3) Enhanced adhesion to epithelial surfaces:

ColV^ organisms can attach to epithelia, then penetrate into the subepithelial surface, 

followed by travel via the blood or lymphatics to the internal organs which results in causing 

disseminated lesions (Clancy & Savage, 1981).

Tewari confirmed these findings by demonstrating that ColV^ cells adhered in greater 

numbers than a strain lacking the ColV plasmid. The hydrophobicity was studied and it 

was found that the surface of ColV strain was much less hydrophobic than the isogenic 

ColV^ cells. It was also shown that the ColV plasmid-encoded sex pili increased 

hydrophobicity. Tewari et al. (1985) also demonstrated that derivatives of ColV, I-K94 

and ColV-K30 strains grown at 37°C were more hydrophobic than their counterpart ColV 

strains. They also showed that if the strains were grown at 2TC rather than at 37°C or if 

the sex pili were removed by mechanical shearing, the hydrophobicity is decreased indicating 

that sex pili have some role in hydrophobicity (Tewari et al. 1985).

1.4.1.6.4) Motility inhibition and autoagglutination:

Plasmids ColV, I-K94 or ColV-30 can produce a number of changes in the cell 

envelope. If ColV, I-K94 and ColV-30 plasmids are introduced into E. coli strains they 

produce derivatives with a motility lesion if cells are grown at 37°C without shaking (Tewari 

et al. 1986). 80-90% of free unclumped organisms from unshaken cultures were flagellate 

but non-motile, however most ColV^ organisms from shaken cultures were motile. This 

effect depends upon temperature. ColV^ organisms grown at 30°C or below were 

predominantly motile. Rowbury et al. (1985) recognizing the related phenomenon of 

autoagglutination (clumping), showed that in a static culture at 37°C, autoagglutination 

is induced by ColV plasmid presence. Motility inhibition and autoagglutination may be 

potential virulence factors. When a suitable attachment site in the intestine is being sought,
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motility and chemotaxis would aid virulent ColV^ cells. As the organisms reach the site 

of invasion in the epithelium they must overcome the prestaltic action by colonization and 

also penetrate inhibitory mucus. In this stage, hydrophobicity and motility are advantageous. 

As they reach the blood stream, the motility becomes disadvantageous for a pathogenic 

Gram-negative bacterium (Tomita eta l 1981 ). It is thought that in this static situation ColV^ 

organisms lose motility and autoagglutination (clunking) and therefore their pathogenicity 

is reduced. It seems that motility inhibition and autoagglutination are controlled by the same 

factors. Organisms gained their motility on incubation with buffered detergent solutions 

suggesting that changes in the envelope may be responsible for the altered motility. Both 

transfer and colicin factors are required for the motility inhibition to take place (Tewari 

et al. 1986). Autoagglutination depends upon transfer factors existing in the outer 

membrane, since growth at 25°C or the presence of fin plasmids abolish the phenotype 

(Rowbury et al. 1985). Presence of detergents like SDS would also inhibit the clumping.

1.4.1.6.5) Iron uptake:

In order to cause infection, microorganisms must be able to obtain iron for their 

metabolism which has been correlated with virulence for a variety of pathogenic bacteria 

(Bullen etal. 1974; Neilands, 1981; Weinberg, 1978). In nature, free iron is available in 

a very low amount because it may occur as insoluble forms. In the animal body, iron exists 

in a bound complex with the red blood corpuscles or in the form of different high affinity 

iron-binding proteins or chelators like transferrin in serum and lactoferrin in secretions and 

it is not free to be utilized by the pathogenic microorganisms (Weinberg, 1978). In response 

to infection, a body reacts in a variety of ways to lower the level of free iron still further 

(Bullen etal. 1974; Weinberg, 1978). Therefore, those bacterial strains which are capable 

of synthesising a high affinity chelator in order to conpete successfiiUy with the host's iron- 

binding proteins are more capable of proliferating rapidly after infection eliciting severe 

disease symptoms. Availability of iron strongly affects the ability of the invading organism 

to multiply in host tissue. Enterochelin (or enterobactin) produced by some Enterobacteria

ceae (e.g. E. coli) is a low molecular weight siderophore (or ironphore) and able to compete 

with host iron binding proteins for iron. Enterochelin is believed to be released intracellularly
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and secreted into the medium where it binds iron and returns it into the bacterial cell through 

specific receptors on the outer membrane. When the level of available iron is high, it enters 

into bacterial cells by passive non specific methods (Frost & Rosenberg, 1973) but if the 

concentration of iron is very low, synthesis and excretion of enterochelin is induced (O'Brien 

& Gibson, 1970) and the ferric enterochelin complex that forms in the medium is actively 

transported into the cell (Hancock et al. 1976). E. coli cells can also take up the iron in 

the form of complexes with citrate or ferrichrome.

Smith (1974) demonstrated that the ColV^ E. coli cells are more virulent than ColV 

strains in experimental infections; therefore, it was thought that the presence of the ColV 

plasmid results in a selective advantage for growth in animal bodies (Smith & Higgins, 

1976). Williams (1979) demonstrated that some ColV plasmids encode an iron-sequestering 

system which has an in^ortant role in survival of the bacteria under iron-limited conditions. 

This mechanism was encoded by pColV-K30 and all tested ColV plasmids from bacteraemic 

strains but not by ColV, I-K94 plasmid. He also reported that some colicin V producing 

cells (but not ColV, I-K94^ ones) grew normally despite addition of the serum iron-binding 

protein transferrin to media, whereas cells lacking the ColV plasmid had a significantly 

decreased growth due to conversion of the free iron to an unavailable form. This inhibitory 

effect could be reversed by addition of excess iron.

Interestingly enough, the plasmid ColV, I-K94 is believed to have serum resistance 

determinants but does not specify an iron uptake system.

1.4.1.6.6) Fur (ferric iron uptake regulator):

Microorganisms must have a proper system to acquire the important biological 

element iron, under limiting conditions. The regulatory protein, termed Fur (Ferric iron- 

uptake regulator), that mediates the regulation of iron availability in E. coli and S. 

typhimurium is thought to bind Fe^  ̂resulting in repression of the expression of the many 

iron acquisition genes. Although the basis is not clear, it has been shown that strains of 

S. typhimurium harboring/«r mutations fail to mount an effective ATR (acid tolerance 

response) and as a result are extremely acid sensitive (Foster & Hall, 1992).

The E. coli fur  gene encodes a 148 amino acid 17 kDa protein rich in histidine. The
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binding site for the Fur repressor is thought to be a 19-bp consensus sequence.

When the internal iron (II) concentration reaches a critical level, it associates with 

Fur, which then binds to a particular sequence (the “iron box”) in the promoter of iron- 

regulated genes, thereby inhibiting transcription. A drop in the intracellular iron 

concentration due to environmental iron limitation leads to Fur inactivation and induction 

of all genes of the iron transport systems.

The Fur mutation leads to a permanent influx of iron which overwhelms the iron 

storage capacity of the cells, leading to an intracellular overload of iron and the genes 

involved in iron uptake and metabolism are constitutively expressed.

It was expected that Fur might sense acid indirectly in terms of iron availability, 

but Hall & Foster (1996) demonstrated that the role of Fur in acid regulation can be 

seperated genetically from its role in iron regulation in Salm. typhimurium.

1.4.1.6.7) Serum resistance:

Many Gram-negative bacteria of either smooth or rough types are inhibited by serum 

antimicrobial activity (Taylor & Kroll, 1985). In order to gain access into blood, the 

pathogenic bacteria must overcome defensive obstacles of the host's body such as the 

bacteriostatic and bactericidal activities of serum (e.g. complement), immunoglobulins and 

non specific factors like lysosomes (Feingold et al. 1968). Complement reacts by either 

the classical pathway (Inoue et al. 1969) or the alternative pathway (Traub & Kleber, 1976; 

Frank et al. 1973) which may lead to phagocytosis and/or killing (Waters & Crosa, 1991). 

The E. coli membranes both inner and outer may be affected by complement reactions and 

the damage to the cytoplasmic membrane might lead to bacterial killing (Wright & Levine, 

1981).

Resisting antimicrobial activities of serum is a complex process involving various 

bacterial surface conponents including LPS, capsular and surface proteins (Waters & Crosa, 

1991). Certain plasmids also enhance the resistance of E. coli to serum activities (Reynard 

&Beck, 1976; Binns et al. 1979; Reynard et al. 1978; Fietta et al. 1977; Taylor & Hughes,

Smith (1974) showed that strains carrying ColV plasmids survive better than their
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isogenic ColV' cells in animal serum. Other studies have indicated two plasmid genes 

conferring serum resistance {Ogata et al 1982; Moll et al 1980; Binns et a l 1979; Binns 

et a l 1982), the iss genes of the plasmid ColV, I-K94 and the traT gene of the R6-S plasmid 

which is associated with surface exclusion (Achtman et a l 1977). Binns et al(1979) 

demonstrated 100-fold increase in E. coli virulence after injection of cells carrying a cloned 

ft-agment containing the iss gene into chicks. Genes for colicin V and immunity to colicin 

V had no effect on pathogenicity of E. coli for chicks.

The rmT locus lies in a large operon encoding the conjugation functions and along 

with the traS gene product, mediates surface exclusion (Achtman et a l 1977).

The iss gene does not hybridize with the traT gene and maps well outside the tra 

operon so the two genes are very distinct {Binns et al. 1979). The two genes are also 

different in antigenic reactions {Binns et al. 1982). The nature of iss gene product is not 

known but it is thought to be an envelope protein {Binns et al 1982) whereas the traT gene 

product is known to be a 25 kDa outer membrane protein.

It is possible that traT and iss function in the same way although the mechanism 

is not fully known. It has been suggested that the action of the terminal complement conplex 

on the bacterial surface is abolished in the presence of iss and traT genes {Binns et a l 

79^2).

1.4.1.6.8) Regulatory components:

1.4.1.6.8.1) Integration host factor (IHF):

There are no histones in bacteria and the DNA of E. coli is not folded around nucleosomes. 

In order to fit a 1 mm E. coli chromosome into a cell of only a few microns, the bacterial 

DNA must be compacted greatly. The role of DNA condensation in bacteria is played by 

several histone-like proteins including IHF (integration host factor) and H-NS (histone-like 

nucleoid structure protein). The bacterial DNA-binding protein IHF was first shown to 

play a role in the integration of bacteriophage lambda into the chromosome of E. coli and 

hence termed integration host factor or IHF.

Integration host factor proteins are small, relatively abundant and able to bend or
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wrap the DNA. The number of IHF dimers per cell in an exponentially growing culture 

has been estimated as about 8500 to 17000 {Ditto et a l 1994). As the amount of IHF during 

exponential growth should be enough for full occupancy of the specific IHF-binding sites, 

increased numbers of IHF formed during late-stationary phase would not change the IHF- 

activated promoters. Thus, transcription from an IHF-repressible promoter does not alter 

with growth phase {Ditto et a l 1994).

IHF (mM 21.8 kDa) is conçosed of two unlinked and nonidentical subunits, a and 

p, encoded by the himA (min 37) and hip or HimD (min 20) genes, respectively. The 

subunits, 99 amino acids HimA (a) and 94 amino acids HimD (p) share 25% amino acid 

identity. IHF binds to a consensus sequence which are usually found in A/T-rich regions. 

In contrast to H-NS which binds to DNA non-specifically, IHF is a site-specific binding 

protein which interacts with its respective recognition site resulting in induction of a 

significant bend in the DNA with an estimated angle of 140°. For IHF, the binding of only 

one dimer to its recognition site is sufficient to induce a strong curvature. It was proposed 

that the IHF arms contact DNA through the minor groove and that the C-terminal regions 

participate in the bending of the DNA {Yang & Nash, 1989).

IHF affects the expression of a large number of probably unrelated genes and opérons 

in E. coli. The effect IHF exerts on the expression of a gene when bound to its control region 

may either be positive or negative and a number of different mechanisms appear to be 

involved. Transcription initiation, transcription elongation and translation initiation can 

be affected by IHF. IHF binding sites can be located in very different places, ranging from 

far upstream to downstream, with respect to the promoter on which they exert their effect.

It is now known that by induction of conformational changes in the DNA, histone- 

like proteins function as helper proteins in a range of processes including DNA replication, 

site-specific recombination and transcription that result in facilitating the formation of 

nucleo-protein structure. A single IHF molecule protects a DNA region of about 40 bp 

against Dnase I digestion.

Deletion of each of the histone-like proteins results in only minor effect on cell 

growth at 37°C, showing that each individual protein is not essential for the cell. This could 

be due to a partial overlap in function, as depletion of multiple histone-like proteins causes



(Bne (Introduction) 54

more severe effects.

Lambda is a temperatv(/e bacteriophage that infects E. coli. IHF was initially found 

to be required for the site-specific recombination of phage A with the chromosome. Its 

function in this process is to organise DNA and the Integrase protein into an ordered nucleo- 

protein complex. It has also been reported that IHF functions as stimulator of some 

promoters in several bacterial strains (Claverie-Martin & Magasanik, 1991). In those cases 

in which IHF acts as an architectural element in transcription regulation it is probably not 

the IHF protein itself which tunes the expression of an operon, but the regulator protein 

(e.g. activator protein of the ô "̂ ) that is supported in its function by IHF.

Another area which has been thought to be associated with IHF in E. coli is 

inhibition of transcription either directly or indirectly. In some cases IHF is shown to act 

directly as a classical repressor by overlapping with the -10 and/or -35 region of the 

promoter (Ditto et al. 1994) or indirectly through modulation of a regulator protein (Ramani 

etal. 1992).

According to recent findings (Rowbury & Hussain, 1996), exposure to acidic pH 

results in induction of alkali sensitivity which in turn, involves binding of IHF (him- 

dependent).

1.4.1.6.8.2) H-NS protein:

The whole E. coli cell is almost 1 pm whereas the length of extended chromosome 

is 1 mm. Therefore bacterial cell is required to accommodate the large DNA molecules 

in its own cell and in the same time allowing the DNA to be biologically active.

For many years it has been known that fiinctionally similar to eukaryotic nucleosomes 

there are several abundant chromatin-like DNA-binding proteins which are believed to play 

a role in organising chromosomal DNA into a discrete structure within the cells, the 

nucleoid.One of these proteins which are frequently referred to as histone-like proteins 

(analogous to eukaryotic histones) and identified in the early 1970s is H-NS (histone-like 

nucleoid structure protein).

The hns gene is located at 27 minutes on the E. coli chromosome and is transcribed 

independently of any other gene and is not part of a cluster of functionally related genes.
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H-NS is an abundant, heat stable protein with a molecular weight of 15.6 kDa. It is thought 

that there are about 20,000 molecules of H-NS per cell, equivalent to about one molecule 

per 400 bp of chromosomal DNA.

According to some studies H-NS interacts specifically with bacteriophage T7 gene 

5.5 leading to impairment of H-NS function and emphasising that H-NS action can be 

modulated by specific interaction with another protein {Lin & Richardson, 1991).

H-NS binds equally well and in a non-specific fashion to supercoiled and linear DNA 

with high affinity for double-stranded and low affinity for single stranded DNA and RNA. 

At high concentrations, H-NS will bind to any double-stranded DNA molecule tested so 

far, irrespective of its sequence, and can cover the DNA molecule from end-to-end. The 

binding of H-NS to DNA appears to be influenced by structure as it binds more preferentially 

(compared to many DNA-binding proteins such as HU and RNA polymerase) to sequences 

which can adopt an intrinsic curve {Tupper et a i 1994). H-NS was found to bind 

preferentially to a curved DNA sequence upstream of the hns gene in E. coli and furthermore 

this curved region was shown to be necessary for autoregulation of H-NS. H-NS might 

wrap the DNA in a manner similar to that of eukaryotic histones but with less stability. In 

addition to binding preferentially to curved DNA, H-NS might introduce a further bend 

into the DNA helix; the introduction of multiple bends could account for the observation 

that H-NS constrains supercoils. It has been suggested that transcriptional changes caused 

by H-NS protein could be responsible for supercoiling differences rather than the other 

way round {McGovern et al. 1994).

The real nature and function of H-NS-DNA is not yet understood but some 

observations have so far been made including that H-NS increases the thermal stability of 

DNA slightly {Cukier-Kahn et al. 1972). It has been reported that an hns mutation can 

be suppressed by a mutation in an Hsp70-like protein. Although it is not known whether 

this is a direct interaction or whether the Hsp70-like protein interacts with wild-type H-NS. 

It has also been found that H-NS binds to 30S ribosomal subunit, although whether this 

is physiologically important is not known {Kawala & Lelivelt, 1994). H-NS is also part 

of the cold shock regulation of E. coli.

The effect of H-NS is mediated through the initiation of transcription. Two general
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mechanisms by which H-NS might influence transcription have been suggested; direct 

occlusion of the RNA polymerase binding site as the H-NS binding site appears to overlap 

the RNA polymerase sites, or via changes in DNA topology which indirectly influence the 

function of the transcriptional apparatus. Evidence in support of either of theses models 

is based on studies of a limited number of promoters {Kawala & Lelivelt, 1994).

The limited number of genes which have been studied in detail are derepressed in 

hns mutants, which has led to H-NS being called a silencer or repressor of transcription. 

However, the level of some proteins is decreased in hns mutants implying that H-NS 

functions as an activator at these promoters. Although it has not yet been demonstrated 

that activation is due to a direct effect of H-NS on transcription, the simplest interpretation 

is that H-NS can function as a repressor at some promoters and activator at others. The 

/zMj-sensitive genes are extremely diverse in function and are scattered around the 

chromosome. Furthermore, they are regulated in response to very different environmental 

signals including osmolarity, temperature, pH, stringent control genes and oxygen 

availability. The environmental changes could be mediated, at least in part, by changes in 

the interaction of H-NS with cellular DNA.

Mutations in the hns gene can change the topology of DNA within the cell. The 

alterations in DNA topology observed in hns mutants in vivo could be a direct result of 

the interaction of H-NS with DNA, or could simply be an indirect result of the fact that 

H-NS changes gene expression which itself can affect DNA supercoiling.

According to recent reports StpA in E. coli is analogous to H-NS with 58% amino 

acid identity, therefore StpA can apparently function as a molecular backup for H-NS. The 

similarities include many structural, functional and mechanistic parallels, such as the 

inhibition of transcription from promoters containing curved DNA and the ability to 

constrain DNA supercoils {Williams et al. 1996). The H-NS protein also plays a role in 

the cellular response of bacteria to environmental stresses such as modification of osmolarity 

and temperature. Under physiological conditions the level of H-NS has to be properly 

regulated as overproduction of H-NS has a harmful effect on cells.

1.4.1.6.8.3) Stringent response and RelA:
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When bacteria find themselves in such poor growth conditions that they lack a 

sufficient supply of amino acids to sustain protein synthesis, they shut down a wide range 

of activities. This is called the stringent response whereby the bacterium exploits its 

resources by engaging in only the minimum of activities until nutrient conditions improve, 

when it reverses the response and again engages in its full range of metabolic activities.

Deprivation of any one amino acid, or mutation to inactivate any aminoacyl-tRNA 

synthetase, is sufficient to initiate the stringent response. When cells are starved for amino 

acids, they accumulate two unusual nucleotides, namely ppGpp (guanosine tetraphosphate 

with diphosphates attached to both 5' and 3' positions) and pppGpp (guanosine 

pentaphosphate with a 5' triphosphate group and a 3' diphosphate). Studies of E. coli and 

closely related organisms have established that (p)ppGpp (abbreviation for both ppGpp 

and pppGpp) is a major not invariant regulatory signal during the stringent response to amino 

acid starvation and other nutritional stress conditions. In all strains of E, coli, the stringent 

response is accompanied by the accumulation of ppGpp; the pppGpp may or may not be 

produced. These nucleotides are typical smaU-molecule effectors whose activity is mediated 

by the ability to bind to protein/s to alter the conformation or to DNA to alter transcription.

The components that are involved in producing ppGpp and pppGpp have been 

identified by mutations that eliminate the stringent response. These produce relaxed mutants, 

in which starvation for amino acids does not cause any reduction in stable RNA synthesis 

or in any of the other reactions comprising the stringent response.

The most common site of mutation lies in the gene relA, which codes for a protein 

called the stringent factor. This factor is associated with the ribosomes. Ribosomes obtained 

from stringent bacteria can synthesize ppGpp and pppGpp in vitro, provided that the A 

site is occupied by an uncharged tRNA specifically responding to the codon. The RelA locus 

is at 60 min on the E. coli chromosome. The RelA gene was cloned over 10 years ago in 

bacteriophage X and subsequently subcloned in plasmid vectors {Friesen et al, 1978) .

The stringent response and (p)ppGpp formation have been extensively studied in 

E. co/f. These polyphosphorylated nucleotides are synthesized by at least two possible routes. 

The main one is attributed to the (p)ppGpp synthetase I activity, which is encoded by the 

RelA gene and operates on ribosomes under amino deprivation when codon-specified
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uncharged tRNAs are bound to the ribosomal acceptor site. The reaction involves a 

pyrophosphoryl transfer from ATP to GTP or GDP. The second route for (p)ppGpp 

synthesis in E. coli, mediated by a ribosome-independent enzyme, (p)ppGpp synthetase 

n  activity {spoT gene product), is deduced to occur. In E. coli, the spoT gene plays a central 

role in the reüA-independent response to carbon starvation, growth rate regulation and the 

stringent response {Cashel & Rudd, 1987).

1.4.1.6.8.4) Leucine-response regulatory protein (Lrp) and Leucine:

Lrp is a small basic protein composed of two identical subunits of 18.8 kDa. The 

mature protein has 163 residues including all natural amino acids except tryptophan. Lrp 

is a DNA-binding protein. A typical cell contains some 3000 molecules. Such considerable 

numbers suggest that Lrp functions together with other E. coli DNA-binding proteins, such 

as H-NS, HU, and IHF to establish the structure and conformation of the DNA of the cell. 

The large number of Lrp molecules in the cell, and the capacity of the Lrp molecule to bend 

DNA and to organize multimolecular promoter structures, led to the suggestion that it also 

functions as a chromosome organizer {Newman et al, 1992).

The Lrp molecule consists of three domains: a DNA-binding domain in the N- 

terminal 40% of the protein; a transcription activation domain in the next 40%; and, 

overlapping this region, a leucine-response domain in the C-terminal third {Platko & Calvo, 

1993).

Lrp is a transcriptional global regulator (activator or repressor) of many opérons. 

It acts generally to stimulate expression of opérons that function in biosynthetic pathways 

and to repress expression of those that function in catabolic pathways. In addition, the 

expression of many Lrp-related opérons is affected by L-leucine. It integrates the many 

effects of exogenous leucine, as the sole carbon and energy source, on gene expression 

in E. coli. Generally, leucine binding reduces the efficiency of Lrp action, leading to weaker 

activation or repression. The many physiological effects of leucine on E. coli metabolism 

seem to be mediated by its interaction with Lrp. In the absence of Lrp (i.e. in the lrp mutant) 

the only operon known to be affected by exogenous leucine is biosynthetic leuABCD operon, 

presumably through its attenuator. However, even this operon is regulated by Lrp {Tchetina
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& Newman, 1995). This suggests that leucine (or a leucine derivative) is an effector of Lrp.

Some promoters would response to free Lrp, others to effector-bound Lrp. Some 

might respond to either. As a result, transcription can decrease or increase, perhaps 

depending on the gene structure. Leucine synthesis seems to be limiting in lrp mutant, 

because adding leucine to the medium increases the growth rate. As mentioned earlier, the 

leuABCD operon also possesses an attenuator that results in higher expression when leucine 

is limiting.

Lrp also affects transcription at several promoters that are not affected by leucine 

(e.g. glycine cleavage and glutamate dehydrogenase). If the level of Lrp in the cell does 

not vary, it can not regulate those promoters that do not respond to leucine. As Lrp itself 

is autogenously regulated it is one of the factors controlling its own transcription.

One of the problems cells faced in evolution is the provision of a system for 

packaging the huge DNA molecule. In eukaryotes, packaging involves histones. In bacteria 

as weU, packaging probably involves basic DNA-binding proteins. As mentioned above, 

Lrp also functions as a chromosome organizer. Because of its small, basic, DNA-binding 

nature and the large number of these molecules per cell (approx. 3000), Lrp must be one 

of the determinants of chromosome structure. Accordingly, since this protein also strongly 

affects expression of several opérons, the strength of this effect may depend on where Lrp 

binds in relation to the gene. Thus, Lrp would be important in the general setting of global 

gene expression.

E. coli possesses multiple transport systems for leucine. Two of these high affinity 

for leucine, involve periplasmic binding proteins of different specifications and are regulated 

by Lrp. The LivJ gene product binds leucine, isoleucine and valine, whereas the livK gene 

product binds leucine. These two systems share a set of membrane components, products 

of the livHMGF gene. The two opérons, adjacent on the genetic map, are both repressed 

by high leucine concentrations, and this repression require Lrp.

It has been postulated that Lrp modulates metabolic pathways in E. coli in response 

to the availability of nutrients in the medium. In another report it has been suggested that 

synthesis of OnpC is repressed by Lrp, whereas that of OmpF is stimulated {Emsting et 

a/., 7992).
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1.4.1.7) Salmonella:

Salmonella are motile, H2S producing, facultative Gram-negative rods that do not 

ferment lactose. About 2 0 0 0  serotypes have so far been designated based on their antigenic 

analysis. The Kaufifinann-White scheme systematically assigns numbers and letters to the 

different O, H, and (virulence) antigens to create the groups of Salmonella (Singleton,

1992). Almost all members of this genus are potentially pathogenic. They are common 

inhibitants of the intestinal tracts of many animals specially poultry and cattle. Under 

insanitary conditions they can contaminate food.

Salm. typhimurium can be carried by turtles, domestic fowls (chickens and turkeys 

are prominent carriers) and other animals. On infection of man, the incubation period is 

between 6  and 48 hours after the person ingests contaminated food or water. The symptoms 

include a sudden onset of headaches, chills and abdominal pains followed by nausea, 

vomiting, diarrhoea and a fever that lasts 1 to 4 days. Salm. typhimurium can encounter 

a wide variety of environments during its life cycle. One component of the environment 

which will fluctuate widely is pH. During the life cycle of the normally neutrophilic Salm. 

typhimurium, exposures to acidic environments are common. These encounters can include 

pond water, stomach acid, and colon contents. But perhaps the most clinically relevant acid 

exposure occurs after invasion of the intestinal mucosa. During pathogenesis, Salm. 

typhimurium invades the intestinal epithelial cells, entering phagosomes in which it can 

continue to grow. Penetration of the epithelial cells by these bacteria appears to be a 

receptor-mediated process, therefore the phagosome internal pH is consequently lowered 

to 5-6 by vacuolar ATPase. Following the exit from epithelial cells Salmonella cells are 

phagocytozed by macrophages where upon the Salmonella cell-containing phagosome will 

fiise with the lysosome to form a phagolysosome. The metabolic burst in the phagolysosome 

results in the formation of H2O2 and superoxide and probably acid produced by other various 

antimicrobial processes lowering the pH of the fused phagolysosome to 3-4. This pH is 

normally bactericidal to Salmonella in vitro. The fact that Salm. typhimurium can enter 

and survive the distinctly acid environment of the phagolysosome suggest an important 

role for the acidification tolerance system in the pathogenesis of this organism (Foster, 

1991).
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Sa/m. enteritidis is the major cause of foodbome salmonella gastroenteritis (food 

poisoning).

Salm. typhi is found only in humans and causes typhoid fever. This organism differ 

from other species by lack of ornithine decarboxylase and production of low level of HjS 

from Triple-Sugar agar (TSI). Apart from Salm. typhi, Salm. paratyphi A, B and C can 

also cause enteric fever. The clinical symptoms include malaise, headache and loss of appetite 

followed by a prolonged fever. These symptoms are accompanied by abdominal pain and 

a rash that appears as "rose spots" on the trunk. The disease reaches its peak during the 

third week and then subsides. The recovery stage can be accompanied by intestinal 

haemorrhages that can lead to peritonitis. Salm. typhi infects the blood from the intestinal 

tract within the first week. The cells are then found in the faeces and in the urine. Salm. 

typhi colonizes the biliary tract and from here infects the small intestine. Chloramphenicol 

and ampicillin are used to treat typhoid fever, however antibiotic sensitivity testing is 

important because resistant strains are known. Typhoid fever can be controlled in a society 

by (1) proper sewage disposal (2) pasteurization of milk (3) maintenance of unpolluted 

water supplies (4) identification and treatment of infected individuals and (5) the monitoring 

of food-handlers to detect carriers.

1.4.1.8) Proteus:

Cells 0 Ï Proteus genus are swarmers and typically H2S and urease positive. Growth 

requires nicotinic acid and Proteus is found for example in soil, mammalian intestine and 

polluted waters. Bacteria of this genus have been involved in the spoilage of meat, seafood 

and eggs. The presence of these bacteria in large numbers in unrefrigerated foods has been 

suspected as a cause of food poisoning. Proteus can cause human infections and is a major 

cause of UTI.

1.4.1.9) Acinetobacter:

Members of the genus Acinetobacter are chemoorganotrophic, asporogenous, non 

motile and found in soil and water as saprophytes and may be isolated from various animals 

including man and can be pathogenic.Their optimal temperature is 33-35°C. The cells are
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rod-shaped (m 2  x 1.5 microns) during exponential growth but tend to be coccoid in the 

stationary phase. Strains o f A. calcoaceticus which do not form acid include those formerly 

known as A. hvoffii.

1.4.1.10) Serratia:

There are three recognized species S. marcescens, S. liquefaciens (formerly 

Enterobacter liquefaciens) and S. rubidaea.

Serratia species are found in air, water and soil. They are opportunistic pathogens 

and can cause diseases in susceptible patients. Among the three known species, S. 

marcescens is a common environmental microorganism of considerable historical interest 

(Doyle & Lee, 1986) which has been increasingly implicated as a primary pathogen in 

numerous human infections (Sleigh, 1983). For many years, its role in causing disease was 

unclear but now it is obvious that species of Serratia cause nosocomial infections. Some 

species specially when grown at room temperature produce a brick-red pigment 

(prodigiosin). Non pigmented strains are associated predominantly with respiratory diseases.
Ok

urinary tract infections, surgical wounds and septiœmia of patients with intravenous 

catheters. Serratia has been reported to be an important pathogen among cancer patients 

specially those with gynaecologic or haematologic malignancies. Klebsiella, Enterobacter 

and Serratia are the predominant organisms causing sepsis due to contaminated fluids. These 

organisms have the ability to grow rapidly in commercial parenteral fluids containing glucose 

at room temperature. Cultures of S. marcescens are unable to synthesize prodigiosin when 

the incubation temperature is 37°C or higher. It has been demonstrated that prodigiosin 

production is external pH-dependent at values ranging from 5.5 to 9.5 with the optimum 

pH of 8 .0-8.5 {Sole' et al. 1994).

Cell surface hydrophobicity in Serratia spp. enables them to concentrate at the water 

surface. They adhere avidly to a variety of surfaces such as air/water and oil/water interfaces 

(Kefford et al. 1982). Previous investigations have reported correlations between 

hydrophobicity in Serratia and production of the pigment prodigiosin (Kefford et al. 1982). 

In recent years, a role for cell surface hydrophobicity in initial adhesion and host colonization 

by clinical S. marcescens strains was proposed, based on the observation that all 14 clinical
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isolates examined exhibited hydrophobic surface properties (Rosenberg, 1984). As a general 

rule, the most drug resistant isolates of Serratia are found among the non pigmented groups. 

Therefore S.marcescens is a micro-organism of both ecological and medical importance 

(Sleigh, 1983).

1.4.1.11) Enterobacter:

The genus Enterobacter currently includes three species; Ent. aerogenes, Ent. 

cloacae and Ent. glomerans. The three species are distinguished by their different 

decarboxylase reactions. A proposal has been made to classify as Ent. gergoviae, strains 

o f Entaerogenes, which differ with respect to their KCN, urease, sorbitol and gelatinase 

reactions. Enterobacter exists in sewage, water, soil, dairy products and in the human 

intestine. As an opportunistic pathogen, unlike Klebsiella, it can cause infections in urinary 

tract and in surgical wounds and is often isolated from infections as a secondary pathogen 

(Ketchum, 1984).Thoy are often isolated in pure or mixed culture from the sputum, urine 

or wound drainage of hospitalized patients. In recent years, Enterobacter species have 

emerged as significant pathogens involved in nosocomial infections. Due to increased usage, 

the genus has become resistant to an increasing number of antibiotics (Chow & Shlaes,

1991).

Some of the organisms previously designated as Aerobacter aerogenes are now 

designated Ent. aerogenes.

1.4.1.12) Citrobacter:

In many parts of the world, aquaculture is a growing industry. Accordingly, there 

have been extensive studies associated with aquaculture problems including ecological and 

public health effects. For instance, with the environmental deterioration of streams and 

oceans, bacteria of zoonotic significance can infect fish. One potential bacterial pathogen 

of humans that has been isolated fi'om fish is the genus Citrobacter (Toranzo & Barja, 1993). 

Citrobacter freundii species is usually isolated fi'om sewage, soil, and food as well as from 

various organs of diseased and healthy animals, including mammals, reptiles, amphibians 

and birds. Recently the number of reports associating C. fieundii with fish disease outbreaks
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has increased (Karunasagar & Pai, 1992). This species is considered to be an opportunistic 

or secondary pathogen. The organisms give a positive Citrate Test and grow on 

deoxycholate-potassium cyanide. Citrobacter species share O antigens with other members 

of the Enterobacteriaceae including Salmonella spp. Certain strains have a VI antigen.

The taxonomy of Citrobacter has been a subject of controversy and several other 

names have been used in the past. These include Livinea, Padlewskia, C. intermedius and 

C  koseri. Citrobacter cells are usually recovered as commensals or as secondary pathogens 

from patients with altered host defenses. The most commonly involved sites are the urinary 

and respiratory tracts. Like E. coli, Citrobacter has a predilection for the central nervous 

system of neonates. Citrobacter has also been reported to cause cerebral abscess, 

endocarditis and sepsis secondary to intrinsically contaminated intravenous fluid.

1.4.1.13) Klebsiella:

The cells of genus Klebsiella appear in single or pair form and as short chains. Cells 

are capsulated and non motile. They are found in soil and water and live in man and animals 

as parasites or pathogens {Singleton, 1992). The genus is characterized by a rich variety 

of K antigens but a small number of different O antigens. Thus, antigenic analysis of 

Klebsiella strains is based on testing the organism against about 80 antisera to different 

K types.

1.4.2) Vihrionaceae:

The second family of Gram-negative, facultative anaerobic bacteria is the 

Vihrionaceae. They obtain energy for metabolism by respiring and fermenting organic 

substrates. Cells are oxidase positive, chemoorganotrophic and live in marine or fresh water 

environments {Colwell, 1987). The organisms are straight or curved rods which are usually 

polarly flagellate.

The genera are Vibrio, Aeromonas, Plesiomonas, Photobacterium, Allomonas and 

Halomonas (Austin & Priest, 1986). In the following section only Vibrio and Aeromonas 

species, which were used in this research, will be discussed briefly.



1.4.2.1) Vibrio:

Members of the genus Vibrio are rods, curved or straight and motile with typically 

sheathed flagella. Species of Vibrio are oxidase positive. They are usually very sensitive 

to acidity but can tolerate high pH (9-10). Growth occurs on ordinary nutrient media ( 

e.g.nutrient agar) at temperatures ranging from about 20-40 C. They are found in different 

aquatic environments (e.g. freshwater, estuarine and marine) and in man, fish and shellfish 

as pathogen.

The genus Vibrio is closely related to the genus Photobacterium which would be 

expected due to their phenotypic similarities but it is more distantly related to the genus 

Aeromonas and to the family Enterobacteriaceae {Fox et a l 1980).

The main two species are:

V. cholerae {V comma): Certain biotypes are the causal agents of classical or asiatic 

cholera {Barua & Burrows, 1974; Finkelstein, 1973). Pathogenic strains form a 

neuraminidase and a potent enterotoxin. Isolation from clinical specimens (e.g. faeces) may 

be carried out e.g. on Monsur Agar. Today, it is accepted that there are two groups of V. 

cholerae strains, i.e. serogroup 01 and non 01. V cholerae 01 is the serogroup isolated 

from cholera cases in which it produces severe and watery diarrhoae through the action 

of cholera toxin. V. cholerae non 01 can cause a choleralike illness but also causes a much 

wider spectrum of disease including extraintestinal infections (Morris et a l 1981; Hughes 

e ta l  1978).

In severe cholera, there is massive diarrhoea with large volumes of rice-water stools 

passed painlessly. The amount of fluid passed can be 1 liter per hour. In 4 to 6  days this 

fluid would amount to over twice the body weight; if the patient is untreated there will be 

symptoms of severe dehydration, painfiil muscle cramps, watery eyes, loss of skin elasticity 

and absence of urine excretion. Death can occur very quickly after the onset of symptoms 

because of the severe dehydration.

Milder forms of diarrhoea due to V. cholerae 01 are more difficult to distinguish 

from other mild diarrhoeas. These cases can last from 1 to 5 days with several liquid stools 

per day. Cramping and vomiting can also occur with the El Tor biogroup of V. cholerae 

01; this milder disease is seven times more common than severe cholera. The pathogenesis
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of diarrhoea due to V, cholerae 01 is well understood. The organism is ingested and some 

cells survive the acid pH of the stomach and pass into the small intestine. The organism 

colonizes the small intestine and begins to grow and produce cholera toxin. Cholera toxin 

is composed of an Al subunit, an A2 subunit and five B subunits. The B subunit of intact 

cholera toxin attaches to a specific receptor, ganglioside G 1 on the cell membrane of the 

host's tissue. The Al subunit of cholera toxin then activates the enzyme adenylate cyclase 

in the host cell, which then increases the level of cyclic AMP and the hypersecretion of salt 

and water. The net results are the massive outpouring of liquid stool and this results in the 

dehydration which is typical of cholera.

V. parahaenwlyticus: The cells are halophilic and exist in a variety of marine and 

estuarine habitats. They are similar to V. cholerae and may cause gastroenteritis and other 

diseases (Fajino e ta l  1974; Miwatani & Takeda, 1976).

Outbreaks of gastroenteritis due to V. parahaemolyticus occurs worldwide. In Japan, 

V. parahaemolyticus is an extremely important diarrhoeal agent and causes 50 to 70% of 

the cases of food borne enteritis (Fajino et al. 1974). All of the outbreaks are associated 

directly or indirectly with seafood. Direct infection comes from the ingestion of raw fish 

or shellfish which are contaminated with V. parahaemolyticus. There is confusion about 

the role of Vparahaemolyticus in infection outside the intestinal tract. Many authors refer 

to rapidly fatal septicemia or to wound infections due to this organism whereas other species 

may rarely be involved.

Strains give a negative cholera red test and are not agglutinated by the serogroup 

1 antiserum.

1.4.2.2) Aeromonas:

Cells of the genus Aeromonas are found as singles, pairs and chains. The 

psychrophilic species are usually non motile while the rest are motile. Motile aeromonads 

are considered by most experts to cause diarrhoea in humans. They are a ubiquitous group 

of organisms, whose primary habitats include water and sewage. The Aeromonas species 

use sugars and organic acids as carbon source. Aeromonas species exist in fresh waters 

and the sea. It is thought that their optimum temperature for growth is 2 2  to 28°C {Frazier



& Westhoff, 1988\ nevertheless, Statner et a l (1988) have suggested that the optimal 

growth temperature of motile Aeromonas species is not necessarily 28°C and that better 

growth, manifested by a shorter lag phase, a higher rate of log-phase growth, or both can 

occur at 37°C. The significance of temperature-dependent alteration in growth kinetics and 

protein profiles in relation to enteropathogenicity is uncertain. The opportunity for such 

temperature-related events to occur during the process of enteric infection seems likely.
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1.5) Organic acids influence the growth of Enterobacteriaceae:

The growth and survival of microorganisms are influenced by various factors 

amongst which is pH. It is clear that for all microorganisms there are minimum, optimum 

and maximum pH values for their growth. While yeast and moulds usually tolerate low 

pH (approximately 3.5) bacteria prefer a pH near neutrality (pH 6.5-V.5) but can also tolerate 

(with respect to survival) a range of pH 4-9. The level of tolerance shown by organisms 

will determine whether they are able to predominate in altered food products. For example, 

foods like meat, poultry and seafood which are proteinaceous and have a pH range of 5.5-6.5 

are initially spoiled by bacteria whereas vegetables and fruits with lower pH values and little 

buffering capacity are usually attacked by yeasts and moulds.

By changing the pH values of foods and therefore changing the environment to 

unsuitable conditions, growth is limited. This might be achieved by adding an acidulant 

to the food or increasing natural fermentation to generate acidity.

Reduction in number of microorganisms may depend on one or more factors 

including existing conditions of the food, species of microorganisms, the kind and 

concentration of the acid, the buffering capacity of the food and time of exposure.

A food with an inherently low pH would therefore tend to be more stable 

microbiologically than a neutral food. The good keeping quality of the following foods is 

related to their restrictive pH: fruits, soft drinks, fermented milks, sauerkraut and pickles. 

Some foods have a low pH because of inherent acidity; others e.g. the fermented products, 

have a low pH because of developed acidity from the accumulation of lactic acid during 

fermentation. Still others have acid added to them.

A food additive is a substance or mixture of substances other than the basic food 

stuff which is present in food as a result of any aspect of production, processing storage 

or packaging. Those food additives which are specially added to prevent the deteriorations 

or decomposition of food have been referred to as chemical preservatives. These 

deteriorations may be caused by microorganisms, by food enzymes or by purely chemical 

reactions.

Additives can generally be classified as serving one of five functions in a food 

product. The five primary functions are improvement of nutritional values, preservation.



addition of colour, addition of flavour and improvement of texture. Of these five functions, 

inçrovement of nutritional value and preservation are probably the most easily justified. 

The inhibition of the growth and activity of microorganisms is one of the main purposes 

of the use of the chemical preservatives.

New ways of food preparation have also increased the need for preservatives. 

Convenience foods, snack foods, low-calory food, food substitutes and exotic foods which 

contribute to the over 10 ,000  food items available in most supermarkets often require new 

and different means of food preservation.

Preservatives may inhibit microorganisms by interfering with their cell membranes, 

their enzyme activity or their genetic mechanisms. Other preservatives may be used as 

antioxidants to hinder the oxidation of unsaturated fats, as neutralizers of acidity, as 

stabilizers to prevent physical changes, as firming agents and coatings or wrappers, to keep 

out microorganisms, prevent loss of water or hinder undesirable microbial, enzymatic and 

chemical reactions.

Suitable chemical preservatives are the ones which inhibit microbial activity but 

are readily broken down by the body with no side effects. Therefore, their special conditions 

have limited their types. They must:

(1) be economical

(2 ) be safe at required levels

(3) prolong the storage life of the food stuff

(4) be easily analyzed in labs

(5) prove to be effective as antimicrobial chemicals at food pH

(6 ) be easily dissolved

(7) not deteriorate the quality of the food

(8 ) be well distributed in the food concerned

(9) be ineffective on digestive enzymes (Alcamo, 1991).

Various approaches have been used to study the efficiency of antimicrobial effects 

on cells. The effects of pH, concentration, chain length, branching and type of acid have 

been measured with numerous microorganisms. Because experiments have used a range 

of concentration measures such as percent, normality or molarity to achieve final pH, it
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is fairly difficult to con^are acids or make broad statements concerning the choice of one 

acid over another for a particular category of foods.

Currently there are almost 30 different compounds which can be used as 

antimicrobials in food products (Fulton, 1981). Antimicrobial preservatives can be 

nevertheless categorized into four classes:

(1) Added preservatives which are indeed natural organic acids like lactic, citric and their 

salts, vinegar (acetic) sugar, spices, etc.

(2) Preservatives generally recognized as safe (GRAS) to add to foods e.g. propionic acid.

(3) Food additives including all those not listed above.

(4) Substances approved to be safe.

A major group of chemical preservatives are the organic acids such as sorbic, 

benzoic, propionic, acetic, lactic and transcinnamic acids. Most of these preservatives inhibit 

bacterial functions usually without affecting health and safety of the human (Freese et al.

Efficiency of organic acids at pH 3.5 was examined by Sinha (1986). He tested 

stationary phase grown cells of E. coli wild type as well as four repair-deficient strains 

(uvrA6, uvrB5, recA56 and polA). The sensitivity shown by the polA strain was much larger 

than its isogenic poP derivatives.

Weak acids can be added to foods to lower the pH value which can eliminate the 

growth of certain microbial populations. However it is difficult, if not impossible, to lower 

the pH value of foods to levels that could eliminate growth of all microorganisms without 

having objectionable organoleptic consequences. Thus, acids are used in conjunction with 

other methods of food preservation such as pasteurization. It is noteworthy to say that acids 

are most effective as the hydrogen ion concentration of the environment approaches the 

pKa value of the particular acid. It is generally believed that it is the undissociated form 

of the acid which is the active species. Therefore the range of pH values at which an acid 

will be effective in controlling the microbial growth in foods is indicated by the pKa value 

of the acid. The weak acid in the undissociated form travels across the cytoplasmic 

membrane and liberates a proton in the cytoplasm and therefore become dissociated. The 

higher the pH the larger the amount of acid dissociating in the cytoplasm. Therefore, an
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increase can be shown in the potential effect of the weak acid accumulation in internal pH 

when pHo is reduced (Salmond et al. 1984).

It has been shown that weak acids can inhibit growth and oxygen uptake of cells 

(Sheu & Freese, 1972). In general at low pH, weak acids have certain effects on 

Enterobacterial cells including inhibition of bacterial growth due to failed transport systems, 

damage to outer membranes causing the cells to become sensitive to a range of agents which 

fail to cross the outer membrane of undamaged cells, finally damage to DNA (Sinha, 1986; 

Raja etal. 1991a; Freese etal. 1973; Roth & Keenan, 1971; Przybylski & Witter, 1979).

The weak acids used in this study were as follows: (1) Sorbic acid, (2) Benzoic 

acid, (3) Citric acid, (4) Acetic acid, (5) Propionic acid, (6 ) Lactic acid, (7) Transcinnamic 

acid.

1.5.1) Sorbic acid:

During the late 1940s and 1950s sorbic acid became available on a commercial scale 

and its testing as a preservative agent increased. These developments resulted in the 

extensive use of sorbic acid and its salts as preservatives of foods and other materials 

throughout the World (Luck, 1980; Sofas et al. 197^; Sofas & Busta, 1981).

After a short while, the first patent on the preservative properties of sorbic acid 

was awarded in 1945. The confound was tested and used in a very wide range of products 

in most parts of the world. It was estimated by Luck that in a period of less than 30 years 

the research publications on sorbates reached numbers in excess of 3000 in more than 20 

languages (Luck, 1976).

Sorbic acid and its salts are some of the most widely used food preservatives in 

the World. The most commonly used forms include sorbic acid and the potassium salt. The 

compounds find application in human foods of all types, animal feed, pharmaceuticals, 

cosmetic products and packaging materials. Major groups of foods that may be preserved 

with sorbates include dairy products, bakery items, fruit and vegetable products, edible 

fat emulsion products, certain meat and fish products and sugar and confectionery items. 

Pharmaceutical items including gums, mucilages and syrups can be protected with this acid 

(Hugo & Russell, 1992)- Inhibition of microbial cells by sorbates is generally static in nature
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and rarely results in killing of the cells (Robach & Sofas, 1982). It has also been postulated 

that sorbates exert their activity by inhibiting various microbial enzyme systems (Sofas & 

Busta, 1981).

In addition to acting on enzymes, sorbates might also act on microorganisms in a 

manner similar to other fatty acids. A chain length of up to six carbon atoms in lipophilic 

acid preservatives results in inhibition of both Gram-positives and Gram-negatives (Sofas 

& Busta, 1981). Sorbic acid can exert its effectiveness by raising the concentration of 

hydrogen ions in foods (Frazier, 1958). This may serve to indicate the extensive testing 

and applications of sorbate preservatives throughout the World.

Sorbic acid at the appropriate pH is known to retard botulinal growth and toxin 

formation (Ivey et al. 1978; Robach et al. 1978; Sofas et al. 1979). Sorbate has been shown 

to delay growth of Salmonella (Tompkin et al. 1974).

Potassium sorbate (used in this research) is also manufactured in the form of powder 

or granules and on an equivalent weight basis with the acid it has an antimicrobial potency 

of 74% . The solubility of sorbic acid in water at room temperature is only 0.16 g/100 ml 

and it increases with temperature and an increase in the pH of the solution. Potassium 

sorbate may find more applications in foods owing to its greater solubility in water. The 

primary inhibitory action of sorbates is against yeasts and moulds while the activity against 

bacteria is not as comprehensive and appears to be selective. The selective inhibition of 

microorganisms by sorbates is advantageous in the preservation of food manufactured by 

a fermentation process. There are numerous reports documenting the antibacterial activity 

of sorbates in many foods and against a variety of important bacteria, including Salm. 

typhimurium, E. coli. Vibrio parahaemolyticus and so on (Vaughn & Emard, 1951; Emard 

& Vaughn, 1952).

The antimicrobial action of sorbates is pH dependent and increases as the pH of 

the substrate decreases. Similar to other lipophilic acid preservatives containing 1-14 carbon 

atoms, the antimicrobial activity of sorbates has been associated with the undissociated 

form of the compound, while the acid anion is less effective (Luck, 1976, 1980). Although 

activity is greatest at low pH values, sorbates have the advantages of being effective at pH 

values as high as 6.0-6.5 (Sofas & Busta, 1980, 1981). In contrast, the maximum pH for
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antimicrobial activity for other common food preservatives is lower for example 5.0-5.5 

and 4.0-4.5 for propionate and benzoate, respectively (Sofos & Busta, 1981).

1.5.2) Benzoic acid:

Benzoic acid and its derivatives are most commonly used in foods as antimycotic 

agents. Benzoic acid occurs naturally in some foods such as cranberries, prunes, greengage 

plums, cinnamon and ripe cloves. Benzoic acid is poorly soluble in water and therefore the 

salts are frequently utilized. The pKa value of benzoic acid is 4.2 hence it is only useful 

in high-acid foods, such as fruit drinks, apple cider and tomato catsup (ketchup). On the 

other hand, esters of parabenzoic acid (methyl, ethyl, propyl, butyl and heptyl parabens) 

have a pKa value of approximately 8.47 and thus are more effective than benzoic acid in 

low-acid and neutral foods (Von Schelhom, 1953). In addition, parabens are also more 

effective than benzoate against bacteria (Sinskey, 1979). As food preservatives, their main 

advantages include low price, ease of incorporation into products and lack of colour. 

However the narrow pH range in which they are effective, the off-flavour they may impart 

to the foods they are to preserve, and their toxicological properties compared to some other 

preservatives have all contributed to recent efforts by food processors to replace benzoic 

acid and sodium benzoate with other preservatives having better characteristics.

With regard to its action, it is known that the undissociated molecule of benzoic 

acid is responsible for antimicrobial activity. One hypothesis is that they inhibit or kill 

microorganisms by interfering with the permeability of the microbial cell membrane causing 

uncoupling of both substrate transport and oxidative phosphorylation from the electron 

transport system (Freese et al. 1973). It has been suggested that the undissociated form 

of benzoic acid may diffuse freely through the cell membrane and then ionize in the cell 

to yield protons that acidify the alkaline interior of the cell (Corlett & Brown, 1980). Benzoic 

acid or sodium benzoate can also inhibit specific enzyme systems within cells (Webb, 1966).

No preservative is completely effective against all microorganisms present in a given 

foodstuff. Therefore it is recommended, in theory, synergistic acids are combined in order 

to compensate for this deficiency. For example combinations of sorbic acid and benzoic 

acid inhibit several bacterial strains better than either sorbic acid or benzoic acid alone



(R ushing & Senn, 1963).

1.5.3) Citric acid:

Citric acid is a tricarboxylic acid having a pleasant sour taste and is found in a variety 

of natural foods. It is highly water soluble and enhances the flavour of citrus-based foods. 

It is approved for use in ice cream, beverages, fruit preserves and jams and jellies and it 

is used as an acidulant in canned vegetables and dairy products. Citric acid is used in tomato 

juice to control spoilage by spore-forming microorganisms (Nickerson & Sinsky, 1972). 

Little bacteriostatic activity was noted at pH 5.0 but with lowering of pH level, the inhibition 

increased.

1.5.4) Acetic acid:

Acetic acid has been recommended as a preservative. Acetic acid itself is used in 

pickles, pigs feet and mayonnaise. This agent is more effective against yeasts and bacteria 

than against moulds and its effectiveness increases with a decrease in pH which would favour 

the presence of the undissociated acid. Acetic acid has been used in cheese spreads and 

malt syrups and as treatment for wrappers used on butter.

1.5.5) Propionic acid:

Propionic acid together with its salts can be added to bakery products and some 

cheese, initially as antimycotic agents. They are also active against Bacillus species and 

can prevent ropiness in bread. The pKa value of propionates is 4.87 and it is more effective 

at low pH values. Propionic acid is also a product of Propionibacterium shermanii in Swiss 

cheese (Sinskey, 1979).

Experimentally or on a limited scale, propionic acid or its salts have been used in 

butter, jams, jellies, figs, apple slices and malt extract. Propionic acid is a short-chain fatty 

acid (CHgCH^OOH) and like some other fatty acids perhaps affects cell membrane 

permeability. Propionic acid and its derivatives are commonly used as mould and rope 

inhibitors in bread. Most moulds are destroyed when bread is baked but surface 

recontamination can occur under the wrapper during the storage of bread. This additive
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is also used as a mould inhibitor in cheese foods and spreads,

1.5.6) Lactic acid:

Lactic acid is good inhibitor against Mycobacterium species. It was an excellent 

inhibitor of spore-forming bacteria at pH 5.0 but is totally ineffective against yeasts and 

moulds (Woolford, 1975). Cold pack cheese normally containing lactic acid was, therefore, 

formulated with acetic acid. Lactic acid has been shown to be almost four times more 

effective than citric, propionic and acetic acids in limiting growth of some Bacillus species 

in tomato juice (Rice & Pederson, 1954).

Lactic acid is a hygroscopic, syrupy liquid having a moderately strong acid taste. 

It is one of the most widely distributed acids in nature. Lactic acid is one of the primary 

acids formed during the natural fermentation process and is found in sauerkraut, pickles, 

green olives, fermented milks, cheese, certain sausages and in other fermented foods of 

plant origin. The inhibitory capacity of this acid lies in its reduction of pH to a level below 

that at which the growth of many bacteria can occur. In fermentated foods, the inhibitory 

action of lactic acid may be coupled with other antigrowth factors excreted by lactic acid 

microorganisms. Lactic acid is used in manufacture of jams, jellies and beverages. It is used 

to adjust acidity in brines for pickles and olives.

1.5.7) Transcinnamic acid:

Various plants are able to produce phenolic compounds and their derivatives 

including cinnamic acid, coumarine and coumaric acid and their close compounds (Leopold, 

1964). Other phenolic acid compounds including derivatives of hydroxycinnamic acid 

(caffeic, ferulic and sinapic acids) have also been detected in plants and foods (Mega, 1978; 

Harbome & simmonds, 1964). The main microbial inhibitors in cloves, cinnamon and cassia 

have been shown to be eugenol and cinnamic aldehyde.

In éUîother investigation, of the four tested weak acids (cinnamic, propionic, benzoic 

and sorbic acids) cinnamic has been detected as the most effective antimicrobial acid 

(Salmond et al. 1984). Having considered the data obtained by Salmond et al. (1984), it 

was proposed that growth inhibition has two parts: specific inhibition of an unidentified
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metabolic ftinction by the undissociated acid (HA) and acidification of the cytoplasm which 

leads to inhibition. Of these two con^onents, undissociated acid function has been shown 

to be more potent. It is important to know that pH, is lowered to a greater extent by food 

preservatives than weak acids with similar pK indicating that inhibition due to HA has a 

synergestic effect with accumulation of the acid on pH,, and growth inhibition is strongly 

related to the concentration of HA. Therefore reduction of pĤ  is probably not the primary 

reason for growth inhibition (Salmond et a l 1984).
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1.6) Bacterial response to unfavourable conditions:

Bacterial cells possess elegant regulatory mechanisms to alleviate stresses in harsh 

conditions and to take advantage of favourable environments. Many responses have been 

analyzed at the level of gene expression, and the hierarchy of universal regulation has been 

established in many instances (Neidhardt & Van Bogelen, 1987).

1.6.1) Heat shock response:

When cells of bacteria or other organisms are exposed to higher temperatures, 

synthesis of a number of proteins is induced. These proteins are evolutionarily well 

conserved, reflecting their important role in cellular metabolism and many of them play 

important roles in assisting folding, assembly, degradation and translocation of proteins 

not only under stress conditions but also during normal cell growth (Georgopoulos & Welch,

1993). They might also be vital for cell physiology as is the case for Mycoplasma {Dascher 

et al. 1990).

The heat shock response has been extensively studied in many living organisms 

including microorganisms (e.g. E. coli, Bacillus subtilis, Salm. typhimurium, Pseudomonas 

aeruginosa), animals (like chicken, hamster and Drosophila melanogaster) and human 

beings, etc. Biologists studying plants, animals and microbes have realized that the heat- 

shock response provides a new perspective on some inportant aspects of molecular biology 

and cell function.

There are about 20 or so heat shock proteins (Hsp) or high temperature production 

(Htp) proteins identified in E. coli and mutants altered in these genes exhibit a variety of 

phenotypes, many reviewed by Neidhardt & Van Bogelen (1987). Some Htp genes are 

essential for viability under all growth conditions, whereas others are dispensable at lower 

growth temperatures. In the transient response, which inducibly takes place where sudden 

environmental stresses like temperature upshift occur, a small set of proteins are quickly 

(within a few minutes) synthesised {Yamamori et al. 1978).

Members of the Htp90/HtpG, Htp70/DnaK and Htp60/GroEL families, collectively 

termed molecular chaperons, mediate the correct assembly of other polypeptides. These 

components are reviewed by Gething & Sambrook, (1992). Members of Htp70 family



maintain proteins in unfolded states, cause the dissociation of protein complexes and have 

been reported to mediate the reactivation of an oligomeric enzyme (Gething & Sambrook,

1992). Given their capacity to assist protein folding, it is not surprising that Htp70 

chaperones have multiple roles in the metabolism of unstressed as well as of stressed cells. 

Members of the Htp60 family promote the correct folding of proteins imported into cell 

organelles as well as the association of oligomeric proteins (Gething & Sambrook, 1992). 

Htp70 and Htp60 bind fully or partially to unfolded polypeptides and maintain them in 

loosely folded conformation, thereby preventing non-productive folding reactions. The 

release of substrates from these chaperones usually requires ATP hydrolysis.

1.6.1.1) Induction of the heat-shock system:

Induction of these proteins takes place within seconds to a level much more than 

their preshift level and the higher rate of synthesis lasts about 2 0  minutes except at very 

high temperature (Neidhardt et al. 1984). At least nine genes have been recognized to 

control the heat-shock response by influencing the synthesis of proteins being known to 

be members of the high tenperature production regulon. Promoters of the heat shock gene 

region show consensus in some of their nucleotide sequences. The nine recognized heat 

shock genes are scattered around the oriC proximal half of the E. coli chromosome, apart 

from the two bicistronic opérons (i.e. dnaKJ and groESL) The other five genes are separated 

from each other and rpoD lies between those for ribosomal proteins S21 (rpsU) and DNA 

primase (dnaG).

The locus rpoH (htpR) which is involved in controlling active transcription of a 

set of heat inducible opérons (Yamamori & Yura, 1982) and located at 76 min on the E. 

coli genetic map, regulates positively the heat-shock response by encoding a sigma factor, 

the effector sigma-32 or HtpR protein that is very similar to the rpoD gene product (sigma- 

70) and induces the transcription of many heat-shock genes (Yamamori & Yura, 1982). 

Sigma-32 is required for both the induction of heat shock gene expression by stress and 

the basal levels of expression in unstressed cells. The htpR gene and its product determine 

the rate and extent of heat-shock response in a direct proportion (Yamamori & Yura, 1982).

The sigma-32 factor, (or HtpR) shares a certain level of homology in amino acid
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corrposition with the rpoD gene product (i.e. sigma 70). It is believed that the gene product 

of htpR (sigma-32) recognizes the promoters of heat-shock genes and the gene for its own 

synthesis {rpoH). Reduction in the concentration of sigma-70 would cause the induction 

of sigma-32 and the heat shock response; therefore it is believed that there is a competitive 

interaction at some level between the two sigma factors. In another report it has been 

suggested that the heat shock response in E. coli is positively adjusted by sigma-32 and 

negatively controlled by DnaK, DnaJ and GrpE through complex regulatory mechanisms 

(Kanemori et al 1994). The increased sigma-32 level depends on both increased synthesis 

and stabilization of sigma-32 (Straus et a l 1989).

Sigma-32 is usually a very unstable protein, with a half-life of about 1 minute (Tilly 

et al. 1989) but is rapidly and transiently stabilized by an unknown mechanism. In parallel 

with stabilization, sigma-32 synthesis is induced transiently at the translational level (Straus 

et al 1989)', this is presumably mediated by rpoH mRNA secondary structure (Uzawa et 

al 1993). After the induction reaches the maximum at about 5 minutes, synthesis of heat 

shock proteins is rapidly shut off because of the decreased sigma-32 level brought about 

mostly by decreased synthesis and destabilization (Straus et a l 1989).

Many agents including heat and alkaline and acidic shifts can induce the synthesis 

of heat shock or stress related proteins. In E. coli, the Htp system can be activated by 

temperature shiftup, ethanol, UV radiation, nalidixic acid, and viral infection. Induction 

by these varies with respect to the kinetics, level of induction, and the specific subset of 

Htps induced. It is believed that heat is a better inducer than UV of the heat-shock response, 

while the converse is true for the SOS response. It is very likely that heat and ethanol on 

the one hand, and gyrase inhibition and UV on the other hand act on separate targets, each 

of which then activates HtpR through some common signal or family of signals. In addition 

to inducing heat shock proteins including GroEL, DnaK, etc. in a htpR dependent manner, 

UV light and nalidixic acid can switch on the SOS response which is controlled by two 

regulatory proteins, the LexA and RecA proteins. It has been shown that single and double

strand breaks occur in DNA, in vivo, at ten^ratures higher than 50°C and seem to be the 

reason for loss of viability at this temperature. Another potentially lethal event that occurs 

at high temperature is protein dénaturation which would be important during extended
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exposure to 60°C. Membrane damage may also occur at high temperatures. Ethanol and 

UV radiation induce many Htp proteins but proteins induced by ethanol behave very similarly 

in many respects to those induced by heat. Nalidixic acid which is able to induce the SOS 

response is stronger than UV in inducing the Htp proteins.

Microorganisms become more resistant to higher levels of stress if they are initially 

exposed to a lower dose of the same stress. This occurs after exposure to alkylating agents, 

hydrogen peroxide or heat {Samson & Caims, 1977; Demple & Halbrook, 1983; Mackey 

& Derrick, 1986; Mackey & Derrick, 1987). For example, cells of many strains in steady- 

state growth at 45°C-46°C, have an increased thermal resistance compared to those grown 

at 30“C (Yamamori & Yura 1982). Yamamori & Yura (1982) demonstrated that the 

acquisition of heat resistance is associated with protein synthesis, and addition of 

chloramphenicol to the culture before the temperature shift inhibits conpletely the resistance. 

Contradictory to what Yamamori & Yura (1982) reported, namely that induced 

thermoresistance in E. coli lasted for only 60 min, it has been demonstrated that 

thermotolerance in Salm. typhimurium remains at its maximum level for at least 10 hours; 

it is likely that growth media or phase of growth before exposure were different in these 

experiments.

1.6.1.1.1) Induction by heat upshift:

During temperature upshift a set of proteins are induced. The synthesis of heat-shock 

proteins regulated by the HtpR gene seems to be necessary for E. coli cellular growth at 

high temperature; the amount of htpR gene product and heat-shock proteins that are required 

for growth seems to increase with increasing temperature. Induction of Htp proteins takes 

place after a shift from low temperature to the 35-43°C range and it is an increase in the 

absolute rate of synthesis of the Htp proteins, not just an increase relative to non-Htp 

proteins. Growth rate will be restricted when cells are shifted to 43-47°C resulting in more 

induction of Htp proteins and a diminished synthesis of general cellular proteins; for exan^le, 

the amount of heat-shock proteins produced at 45°C has been shown to be 10-fold that 

produced at 30°C (Yamamori & Yura, 1982). If cells are exposed to a further temperature 

up shift where balanced growth is not allowed (i.e. 47°C and above) it will bring about an
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almost exclusive synthesis of Htp proteins and this synthesis seems to continue as long as 

the cells can make proteins (Neidhardt et al. 1984).

So far, heat is regarded as the fastest and the most effective stimulus for Htps 

synthesis and also it is the only one that induces the Htp response upon a shift of the cells 

from sub-optimal to optimal growth conditions (i.e. a shift from 28°C to 3TC), so it is 

understandable to focus on heat when considering the nature of the activation of HtpR 

(the single positive effector, sigma-32).

The molecular weight of Htp proteins is diverse ranging from 10,000 to 94,000 

with some already very abundant proteins being induced whereas others remain undetected 

until heat induced. Pseudomonas aeruginosa produces 17 proteins at 45°C among which 

two major heat shock proteins with approximately 76 and 61 kDa molecular weight have 

been detected which cross react with products of the E. coli bicistronic opérons, DnaK 

and GroEL (Allan et ah 1988).

Some of the heat-shock proteins induced in E. coli are very important as the dnaK 

null mutant which fails to synthesise DnaK protein, can not survive two-hour incubation 

at 42 C, grows more slowly than the wild type at low temperature and produces filaments

upon shift to 42°C (Pack & Walker, 1987).
S h o w n

It has also been detected-that the presence of colicin plasmid markedly increases 

the heat sensitivity of E. coli K12 but had no effect on a wild E. coli isolate. This may result 

from ColV-encoded transfer and colicin components possibly due to their effect on 

membrane properties (Abu Ghazaleh et al. 1989). This has significant applications because 

for example, in food related diseases, plasmids may be responsible for increasing the 

virulence of pathogenic bacteria; moreover, complications after treatment of infections may 

occur due to antibiotic resistance conferred by the presence of plasmids.

1.6.1.1.2) Induction by alkaline and acidic shifts:

Microorganisms like many organisms must cope with a large number of 

environmental stresses including: heat, pH, DNA damage, aerobiosis, anaerobiosis, 

phosphate limitation and change in osmolarity. Recently, there has been a real concern over 

the increasing problems created by various bacteria able to resist antimicrobial factors
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including heat, acid and alkaline pHs in processes like the food industry (where they may 

resist heat and/or pH extremes in food production, processing and cooking).

Changes in external pH (pH^) can result in subsequent changes in primary 

physiological parameters including pHj (internal pH), ApH (difference between pH^ and 

pHj), AY(membrane potential), Ap (proton-motive force) and concentration of other ions 

(e.g. K ,̂ Na"̂ ). Alterations in these parameters can then alfect other mechanisms like energy 

coupling, phage adsorption, solute and ion transport and motility. For example, it has been 

observed that in order to adapt to different variations in intra or extracellular pHs following 

shift to acid or alkaline pH, a range of proteins (including some heat-shock ones) are induced 

(Heyde &Portalier, 1990). Hickey & Hirshfield, (1990) detected 1.5-14 fold increase in 

32 stress-related proteins synthesised during acid shift to pH 5.0 in E. coli and Salm. 

typhimurium whereas in E. coli 1 polypeptides are synthesised only at low pH. In another 

investigatior^/ZeyJe & Porialier (1990) found that following an acid shock for 30-45 min 

at pH 4.3 in E. coli, 20 stress related proteins are synthesised including 9 polypeptides which 

they named acid shock proteins (ASP) and concomitantly 4 well known proteins, GroEL, 

DnaK, HtpG and HtpM (heat shock proteins). In another experiment Taglicht et al. (1991 ) 

showed that acid shock proteins are not induced if cells are shifted from pH 8.0 to 6.0 

whereas alkaline shift within 5-10 minutes results in six fold increase in synthesis of dnaK 

and groE products which are also htp dependent. Alkalinization of intracellular pH causes 

an increase in UV resistance in E. coli (Schuldiner et al. 1986).

1.6.1.2) Biochemical properties of stress-related systems:

Microorganisms may be exposed to various stresses such as starvation, pH changes, 

viral infection and UV light. Thus many stress-related proteins are produced under different 

conditions. These proteins may share similarities with heat shock proteins in terms of 

function or immunological reaction. In some cases, one set of proteins is induced by two 

different stresses. For exarr^le, various heat shock proteins in E. coli are also synthesized 

when cells are exposed to H2O2 (Van Bogelen et al. 1987) and starvation (Jenkins et al. 

1988). Therefore, extensive studies have been carried out to map and locate the heat shock 

proteins resulting in recognition of heat shock proteins in E. coli amongst which the
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following proteins are the most important ones.

1.6.1.2.1) Properties of GroE proteins:

The groE gene (located at 94 min) consisting of groEL and groES genes codes for 

proteins of ca. 63 and 11-15 kDa polypeptides, respectively (Yamamori & Yura, 1982; 

Hemmingsen et a l 1988; Lindler, 1994). GroEL and GroES are both essential for bacterial 

growth at all temperatures. Mutation in both of these genes leads to a similar result on 

bacterial growth at non permissive temperatures and phage assembly (Wada & Itikawa, 

1984; Tilly et al 1981). Yamamori & Yura, (1982) showed that the amount of GroE and 

other heat-shock proteins in htpR^ cells under steady-state growth increase proportionally 

with increasing temperature. Following a stimulus there is an increased synthesis of groE 

mRNA in a cell which is accompanied by an increased synthesis of groE protein; synthesis 

of both can be inhibited by rifampicin (Yamamori & Yura, 1982).

The function of GroEL and GroES is thought to be associated with growth because 

some mutants altered in these genes, selected for an inability to support phage growth also 

possess a temperature-sensitive growth phenotype. These phenotypes might be associated 

indirectly to GroE function. The GroE proteins are also necessary for the morphogenesis 

of many coliphages. It has been shown that the groE genes are normally needed for at least 

half the SOS repair of UV-induced lesions in phage S13 (Liu & Tessman, 1990). The GroEL 

protein of E. coli is a member of the universally conserved Htp60 (heat shock production) 

family of chaperone proteins (Hartl et a l 1994). The active form of this essential, highly 

abundant protein is a tetradecamer formed by two seven membered rings. The E. coli GroEL 

subunit is a 547-amino acid peptide with a sequence that is unremarkable except that the 

C-terminal portion of the protein consists mainly of hydrophobic amino acids, most often 

glycine and methionine residues (Hemminggsen et a l 1988).

1.6.1.2.2) Properties of DnaK proteins:

The members of the Htp/70 family of E. coli are essential constituents of the cellular 

machinery for folding, repair and degradation of proteins. The dnaK gene encodes the 70 

kDa heat-shock protein called DnaK which acts as a molecular chaperone. DnaK is the
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most abundant heat-shock protein. After temperature upshift and other environmental 

stresses, the protein comprises upto 4.3% of total cellular proteins.. The function of DnaK, 

DnaJ and GrpE in repair of heat-induced protein damage is likely to play a key role in a 

homeostatic mechanism that controls the expression of heat shock genes in response to 

environmental stress {Straus et al 1990). DnaK appears to be sufficient in vitro to protect 

RNA polymerase from thermal inactivation and to reactivate thermally inactivated RNA 

polymerase, though these activities require a large excess of DnaK (Skowyra et a l 1990). 

The gene dnaK and its protein are probably the most conserved elements in biology. DnaK 

is a modulator of the heat-shock response. DnaK mutants of E. coli have been previously 

shown to fail to turn off the heat shock response, even at the permissive temperature {Tilly 

et a l 1983). The htpR gene product (sigma-32) controls the synthesis of DnaK proteins 

(Paek & Walker, 1987). Interactions of Htp70 proteins with substrates are controlled by 

Mg^7ATP which stimulate substrate dissociation. This control by Mg^VATP is essential 

for virtually all chaperone functions of Htp70 {Gething & Sambrook, 1992). In addition, 

the ATPase activity of Htp70 proteins is itself stimulated by binding of substrates. Thus, 

a coupling of ATPase activity with substrate binding is central to the chaperone function 

of Htp70 {Blond-Elguindi et al 1993). In E. colifthe DnaJ and GrpE Htps cooperate with 

DnaK (all are Htp70) to stimulate the ATPase activity and hence the recycling of DnaK 

{Liberek et a l 1991). E. coli dnaK and dnaJ are contained in an operon and grpE maps 

elsewhere on the chromosome. The DnaJ protein can play an important role in mediating 

the specificity of DnaK.

Furthermore, DnaJ is also believed to target other proteins for action by DnaK 

{Wickner et a l 1991). Because of its cooperation with DnaK, DnaJ also plays a role in 

protein folding and in the facilitation of export of homologous and hybrid protein {Philips 

& Silhavy, 1990). DnaJ binds to the phage PI RepA protein prior to being bound by DnaK 

in a sequence that results in the release of initiation-competent RepA protein. GrpE also 

binds DnaK and is thought to facilitate the interconversion of DnaK from inactive to active 

forms {Liberek et al. 1991). DnaK proteins are required for in vitro DNA replication of 

Ml 3 and mutation in genes for any of these three proteins blocks growth of phage lambda 

and phage PI (both in vivo and in vitro), indicating a role for each of them in phage
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multiplication (Sell et al. 1990; Wickner, 1990).

1.6.1.2.3) Properties of Lon protein:

The Ion gene which is regulated by htpR (rpoH) gene product encodes a stress 

related, intracellular protein known as serine protease La and is called Lon protein (94 kDa). 

As stated above, the rpoH gene encoded factor recognises heat shock gene promoters 

allowing transcription by RNA polymerase. The Lon protease is a tetramer composed of 

four identical subunits and is a serine protease which possesses ATPase activity (Chin et 

al. 1988; Ito et al. 1992). In E. coli, the Lon protein having ATP-dependent activity 

degrades aberrant proteins and controls capsular polysaccharide synthesis by turnover of 

the RcsA protein. Strains which lack Lon protease can not remove certain normally short

lived regulatory proteins from the cell, and this results in the Ion phenotypes of UV 

sensitivity and excess capsular polysaccharide synthesis. Lon also controls the separation 

prior to cell division by the degradation of SulA (induced by SOS signals) {Goldberg, 1992). 

Wild type cells hydrolyse anomolous proteins 2-3 times faster than the Ion mutant cells. 

Lon's degradation of two specific proteins, SulA and RcsA, helps to set the level of response 

of two different pathways by limiting the amounts of these proteins normally available in 

the cell. SulA, an inhibitor of cell division, is induced by DNA damage as part of the SOS 

response and is normally degraded rapidly by Lon (half-life of less than 2 min). RcsA is 

an unstable positive regulator of the genes necessary for synthesis of the capsular 

polysaccharide, colanic acid. In lon^ cells, the RcsA half-life is less than 5 min, the amount 

of RcsA is limiting, and relatively little capsule is made. In Ion mutant cells, the half-life 

of RcsA is 20 min or more, RcsA accumulates and capsular polysaccharide is overproduced 

(Stout & Gottesman, 1991).

Lon mutation in E. coli can result in pleiotropic phenotypes such as abnormal cell 

division (filament formation), mucoid colony formation, defective lysogeny of phage lambda 

and PI, increased sensitivity to UV irradiation and SOS-inducing agents, and reduced 

degradation of various abnormal proteins and certain normal proteins. The htpR mutants 

demonstrate less ATP-dependent protease activity leading to decreased capacity for 

hydrolysis and cleaving of abnormal proteins and also have low rate of Ion transcription
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at permissive temperature {Phillips et a l 1984).

The genes of E. coli (Chin et al. 1988) and Bacillus brevis (Ito et a l 1992) 

have been cloned and characterized. Lon protease has also been purified from Salm. 

typhimurium and this enzyme resembles E. coli Lon protease in both structure and function 

(Downs et al 1986). In another report it has been shown that Lon protease and its in vivo 

substrate, RcsA, are present in organisms other than E. coli (Dierksen et al. 1994).

In summary, it seems that Htp proteins are associated with inportant macromolecular 

processes of the cell. For example DnaK and J (DNA replication), sigma factor (RNA 

synthesis), LysU (protein synthesis), GroES and GroEL (protein processing and assembly) 

and Lon (protein degradation).

1.6.1.3) DNA repair:

Owing to the special role of DNA as a repository of information gained throughout 

evolutionary history, a variety of cellular processes have developed to preserve its integrity. 

Although DNA, as compared with RNA or protein is a remarkably stable macromolecule, 

chemical damage to it occurs at a significant rate in most environments. A base may be 

altered chemically by hydroxylation, alkylation, or deamination; the two strands may be 

chemically cross-linked, large molecules may be attached to one of the strands; dimerization 

may occur between adjacent pyrimidines, etc. In order to reduce the level of spontaneous 

and induced mutation to its minimum level, DNA repair can be induced. DNA repair is a 

corrective system in aU living organisms; thus cells lacking repair mechanisms may undergo 

mutation or die when lesions occur in their DNA.

The occurrence of mutations can be promoted by various chemical or physical agents 

(mutagens). Among chemical agents are base analogues, alkylating agents, hydroxylamine, 

nitrous acids and among main physical agents are ionizing radiations (e.g. X-rays, gamma 

rays) and non-ionizing radiations (e.g. UV radiation). Most spontaneous mutations are 

believed to occur through error reading during DNA replication and repair; however some 

may be due to factors such as UV radiation in sunlight, or the mutagenic activity of certain 

metabolic intermediates (e.g. peroxides).

During mutation, a single, heritable change in the nucleotide sequence of a genetic
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nucleic acid (DNA or in RNA viruses RNA) occurs. A mutation often results in a change 

in the phenotype of the organism due to the alteration of the information content of the 

genetic material. However, some mutations do not alter the phenotype of the cell ( e.g. 

a mutation may not significantly affect the activity of the product of the gene in which it 

occurs).

Some repair processes are enhanced by visible light (i.e. during photoreactivation 

which is enzymatic) others are independent of light (e.g. excision repair or dark repair). 

Excision repair involves the participation of at least five proteins: DNA ligase, DNA 

polymerase I, and those proteins encoded by the genes uvrA, uvrB and uvrC. E. coli and 

probably other bacteria as well, also evolved a mechanism termed the SOS system which 

comes into play mainly following large doses of UV light. Induction of it leads to activation 

then to cleavage and only then to derepression of the SOS regulon (Little, 1983). The SOS 

(or error-prone) response leads to an increased capacity for DNA repair, cessation of 

respiration, DNA degradation, induction of stable DNA replication and induction of 

prophage (Kushner, 1987).

In normal environments, E. coli cells contain only small quantities of the products 

of the Mvr gene (ca 5-10 molecules). Following large doses of UV, the excision repair system 

becomes saturated, large numbers of pyrimidine dimers remain, and following replication 

large numbers of single-stranded regions are produced in the chromosome. The SOS 

regulatory network is controlled by the involvement of RecA and LexA proteins. The RecA 

protein binds to these single-stranded regions and in so doing is activated to cleave another 

protein, the LexA protein, which is a repressor of the several opérons and unlinked genes 

including lexA and recA (that constitute the SOS system) and binds with the operator regions 

of each gene. Although cleavage of LexA protein is the earliest event yet detected in the 

induction pathway, it does not begin for about a minute after the inducing treatment is given 

(Little, 1983). Following the induction of the SOS system, RecA protein (which has 

reversibly been activated) proteolytically cleaves LexA protein and repressors of 

bacteriophages and other repressors, (at an Ala-Gly dipeptide sequence in the middle of 

the polypeptide chain) thus increasing the transcription of some genes such as uvrA, uvrB, 

uvrD, recA, lexA, ssb, ruv, recN, umuC, umuD, and probably uvrC (Kushner, 1987). It
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is thought that, after interaction of activated RecA with LexA, the LexA protein is 

conformed to such a way which enhances the hability of -Ala-Gly- bond either to 

autodigestion or to hydrolysis. When the cell begins its recovery from effect of the DNA 

damaging agents, the concentration of RecA molecules starts decreasing, resulting in 

increasing of the LexA transcription and therefore in stopping the SOS system and the cell 

returns to the repressed state in an uninduced condition. Therefore, it is widely thought 

that RecA protease is responsible both for the slow degradation of LexA protein during 

normal growth and for the more rapid degradation seen after an inducing treatment (Little,

Some SOS inducers (e.g. UV and nalidixic acid) can cause induction of some heat 

shock genes (e.g. groEL and dnaK). These systems are positively controlled by their own 

regulators. The SOS regulatory system appears to be exquisitely sensitive to even small 

amounts of DNA damage. It is likely that only a few non-coding lesions will serve to activate 

the response. Once activated, the system responds very rapidly. This remarkable 

amplification of a relatively small signal into a global cellular response underscores the 

importance of ensuring genetic continuity.

1.6.2) Bacterial response to acidic pH:

1.6.2.1) Sensitivity to acid:

Maintenance of a favourable intracellular pH is vitally important for bacterial cell 

function. Bacterial survival depends largely on what range of pHs in the environment it 

is able to tolerate. Ingested pathogenic enterobacteria face a number of factors which 

influence their ability to reach an appropriate initial site.

Acid gastric secretion of approximately pH 2 is the first limiting factor to bacterial 

entry into the intestine. The upper intestinal tract is generally mildly acidic and this in 

association with fatty acids can kill enterobacteria (Lee & Gemmel, 1972). Any organism 

which subsequently invades the tissues and blood stream from the intestine will then be 

subject to phagocytic attack, and in the phagolysosomes, pH is known to be 3.5-4.5 (Jenson 

& Bainton, 1973). Potentially pathogenic bacteria should finally be able to withstand acidity
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in the vagina of pH 5.0 due to the presence of commensal Lactobacilli. Urine has almost 

the same pH.

In the environment, bacteria are subjected to a number of acidic conditions including 

acid lake and river water brought about by acid rain and acid mine water (Double & 

Bissonette, 1980). Acidification is also caused by acid-generating fertilizers and acidic 

agricultural wastes in sewage plants. Bacteria can be exposed to acid pH in naturally 

occurring acid foods (Minor & Marth, 1972) or during food processing treatment (Eklund, 

1980; Freese et al. 1973).

Cooper & Rowbury (1986) have reported that some ColV^ plasmid bearing strains 

were more sensitive to acid pHs of 2.5-3.5 than their isogenic ColV cells. The plasmid- 

encoded transfer conponents were shown to cause the ColV^ strains to be more sensitive 

by destabilizing the LPS of the outer membrane leading to increased penetration of H^ ions. 

Therefore ColV'strains may be more resistant to gastric acid and to the phagocytic acidity 

than their ColV^ counterparts.

1.6.2.2) Sensitivity to weak acids:

Chemical food preservatives including cinnamate, acetate, lactate, benzoate, sorbate, 

propionate and citrate have been widely added to foodstuffs for many years. Normal 

fermentation in foods also leads to production of sufficient weak acid to stop further 

microbial activity (e.g. in yogurt which results in formation of lactic acid).

Salmond et al. (1984) have studied the mode of action of organic acids against 

unwanted microorganisms whereby the acid traverses the membrane in the undissociated 

form and dissociates according to level of intracellular pH resulting in the liberation of 

protons in the cytoplasm, therefore the potential effect of the weak acid accumulation on 

intracellular pH increases as pH  ̂is lowered. Membrane permeable weak acids in their neutral 

form can diffuse into the cell, but once dissociated are unable to diffuse out, resulting in 

an alteration in pHj.

Recently, the ability of bacteria to adapt to acidic pH has been stressed as a potential 

problem in the design of food preservation regimes. The effect of organic acids has been 

considered in the last section (1.5).
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1.6.2.3) Enterobacterial response to unfavourable conditions in natural waters:

When enteric bacteria enter the aquatic environment they are subjected to 

heterogenous conditions and to changes in the levels of nutrients with conditions sometimes 

involving surfeit, sub optimal amounts and sometimes starvation. It is vitally important that 

they can survive during starvation and recover when the supply of nutrients improves. Aside 

from changes in nutrients when bacteria enter natural waters, enteric bacteria living at 

temperatures around 37®C in their host may be exposed to cold-shock when they are expelled 

in the faecal material of man and other animal hosts. If their host is man they might suffer 

cold-shock (depending on time of year) when they enter sewage water or when they continue 

their way into sea or river water.

Enteric bacteria can be routinely isolated from natural waters; although it is not 

clear how microorganisms which are not naturally aquatic can persist in dilute condition. 

Their ability to tolerate chemical, physical and biological conditions in an environment to 

which the incoming cells are not adapted and indigenous designates the level of survival 

in different stressfiil conditions.

Bacteria may travel from a favourable environment like a host body to a famine 

one in natural environments such as open oceans where starvation is the norm. Bacteria 

may overcome this kind of starvation by synthesising some peptidases which increase their 

resistance to starvation. Loss of the peptidases required for starvation stress tolerance 

renders the bacteria involved susceptible to death when starved (Groat et a l 1986; Reeve 

e ta l  1984).

Enteric bacteria can change physiologically and morphologically during starvation 

in seawater and rapidly evolve toward a viable but non-cultural position; such organisms 

in some cases can produce pathological effects when introduced into test animals (Tamplin 

& Colwell, 1986). McFeters et a l (1982) showed that E. coli exposed to aquatic 

environments suffered from sub-lethal stress within one week therefore the idea of "die-off' 

has recently been challenged because there are reports showing the presence of sub-lethal 

stress in coliforms exposed to unfavourable conditions such as those found in marine 

environments (Bernard et a l 1988; Dawe & Penrose, 1978).

In most of the marine studies, osmotic stress is proposed as a major factor in the



mortality of coliforms (Munro et a l 1989). High temperature, sedimentation and the 

bactericidal effect of UV light may also play a role in enhancing mortality of cells (Fujioka 

et a l 1981; Fujioka & Narikawa, 1982). In addition to factors mentioned, bacteriophages, 

Bdellovibrios and Protozoans can also control the microbiological populations in seawater 

{Vasconcelos & Schwartz, 1976).

In estuarine environments due to decreased effect of UV light, bacterial cells can 

survive for longer time. In fresh water, ten^rature has been shown to be the major factor 

in the disappearance of faecal bacteria (Mancini, 1978). Flint (1987) showed survival time 

in autoclaved river water of up to 260 days at temperatures from 4°C to 25°C with no loss 

of viability. Survival times in untreated water were less, suggesting that predation by or 

competition with the natural microbial flora of the water was the primary factor in the 

disappearance of the introduced bacteria.

There are reports that factors including low pH values, low temperatures and ions 

like Mĝ "̂ , Câ "̂  and Fê  ̂might extend bacterial survival (Postgate & Hunter, 1962; Granai 

& Sjogren, 1981).

1.6.3) pH regulation in bacteria:

In nature, pH levels may vary from extreme acid (e.g. pH 1-2 in acidic sulphur 

springs) to extreme alkaline (e.g. pH 11 in soda lakes). Microorganisms may exist in all 

these conditions; as a result they are termed acidophilic, alkalophilic or neutrophilic. They 

all possess a poorly known system whereby extremes of external pH are tolerated and pHj 

or internal pH remains favourable. Ingraham (1987), showed that acidophiles maintain their 

internal pH at 6.5-7.0, neutrophiles at 7.5-8.0 and alkalophiles at 8.4-9.0 .

Maintenance of pHj is vitally important for growth of E. coli as a neutrophilic cell. 

When pHj due to external stresses drops to pH 7.2, growth rate is halved and on further 

reduction of pH, level, growth stops completely (Booth, 1985).

Olson, (1993) has divided the mechanisms whereby the cell can sense the external 

pH into three categories:

(1) The environmental pH has direct effect on the structure or activity of a particular cellular 

corrponent. For instance, the activity of a protein is highly affected by pH directly when
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the charged state of its amino-acyl residue is changed.

(2) the cell is able to respond to only one particular ionization state of a small molecule. 

For example, some weak acids penetrate the membrane only in their neutral form.

(3) The cell can change some of its properties following a change in external pH. An exanple 

for this class is the requirement for sufficient membrane potential for the uptake of 

aminoglycoside antibiotics. The proteins located in membrane are well suited to sensing 

the pH signals of the three mechanisms.

The physiological role of pH maintenance is perhaps to keep cytoplasmic enzymes 

optimally active. It is generally believed that regulation of cytoplasmic pH which remains 

stable and unperturbed is achieved by controlling the ion transport systems and therefore 

proton entry (Padan et al. 1976).

Passive movement of protons in response to the proton motive force and the 

production of acids and bases in the cytoplasm seem to be causes of perturbation of pHj. 

Thus, the major sources of cytoplasmic pH perturbation are 1) the acidic or basic end 

products of metabolism and growth 2) the value of pH^ 3) the selective utilization by the 

cell of cation or anion components of the salt in the medium {Ingraham, 1987).

1.6.4) Mechanism of pH homeostasis:

The homeostasis system should naturally be able to both raise bacterial internal pH 

(in acidic cases) or lower pHj (in alkaline cases) in a controlled fashion.

A number of factors are responsible for adjusting the pH, including the electroneutral 

antiport system, transport of protons associated with respiration or hydrolysis of ATP and 

buffering capacity of the cell.

1.6.4.1) Antiport system:

Appropriate functioning of intracellular reactions (apart from other factors) is also 

associated with proper intracellular level of ions like and Na' ,̂ therefore proton-driven 

antiporters are important for controlling the concentration of these ions in both prokaryotic 

and eukaryotic cells {Booth, 1985). Two major systems have been recognized which account 

for the generation of a pH gradient in E. coli and similar organisms. These are the sodium-
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proton and potassium-proton antiports.

AU growing ceUs extrude sodium ions actively and maintain a sodium concentration 

gradient directed inward (Rosen, 1985). Maintenance of a low intracellular concentration 

of N a\ carried out by a multicomponent system (Pinner et al. 1992) seems necessary in 

aU living ceUs because of the inhibitory effect of high Na^ on essential enzymes. In addition 

to maintaining low intraceUular Na"̂  concentration in bacteria, Na^ efflux provides the energy 

for Na^-coupled transport systems and also for the flagellar motor in some organisms.

A sodium-proton antiport which is energized by the proton electrochemical gradient, 

was first identified in E. coli and has subsequently been found to be ubiquitous in bacteria 

{West & Mitchell, 1974) and in right-side-out vesicles and to be dependent on the proton 

electrochemical gradient maintained across the membrane.

An electroneutral Na^/H  ̂antiporter will be driven by the ApH (ApH= pH, - pH^) 

primarUy produced by the proton pumps: Na"̂  will be exchanged with and returns 

to the ceU. The increase in an antiporter activity with raised pH results in decrease in the 

pH (Padan et al. 1976; Rahav-Manor et al. 1992).

A gene (nhaA) coding a Na /̂H  ̂antiporter in E. coli has been cloned and sequenced 

(Karpel et al. 1988). The gene, nhaA (regulated positively by nhaR), located at 0.3 min 

in the chromosome, encodes a membrane protein of 41 kDa (Taglicht et al. 1991). When 

in high copy number the wild type nhaA increases the Nâ /H"̂  antiporter activity and confers 

to cells L r  resistance. It has been found that nhaA is necessary for adaptation to high 

salinity, aUcaline pH and detoxication of LT. Padan et al. (1989) have found that nhaA (ant) 

is not an essential gene since growth of the strain E. coli NM81 (which lacks ant gene) 

is normal in most growth media.
VC

Studies on nhaA strain (NM81) ha  ̂inplied that in addition to nhaA and the K^/H^ 

antiporter an alternative sodium extrusion system(s) exists, designated nhaB (Padan et al. 

1989); this has been cloned (Pinner et al. 1992). The nucleotide sequence of nhaR and 

its flanking regions have been characterized, and the gene, coding for 504-amino acid long 

protein in the membrane, has been found to be at 25.5 min in the E. coli chromosome 

(Pinner et al. 1992). A  mutant devoid of both nhaA and nhdQ is extremely sensitive to 

Na^ at all pH values and membranes prepared from the strain show no Na' /̂H'̂  activity
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{Pinner et a l 1993).

It has been suggested that at low pH the antiporter is electroneutral but at high pH 

it changes stoichiometry with protons and becomes electrogenic (West & Mitchell 1974). 

Mutation of one of eight histidine residues in NhaA changed the pH profile of its Nâ /H"  ̂

antiporter activity, suggesting that this site, predicted to be in a cytoplasmic loop, is involved 

in pH sensing (Gerchman et a l 1993).

It has become clear recently that E. coli possess at least three Na^/H^ antiporter 

genes, nhaA, nhaB and chaA and all of them are driven by the proton motive force (Pinner 

et a l 1993). NhaA has been proposed to function at an alkaline pH {Taglicht et al. 1991), 

whereas NhaB seems to perform at wide range of medium pH, from 6.5 to 8.5 (Pinner 

et al 1993; Padan et al 1989); and ChaA functions in both sodium and calcium circulation 

at an alkaline pH {Ohyama et a l 1994). In the absence of nhaB, nhaA alone can confer 

the entire tolerance to Na"̂ , Li^ and pH {Pinner et a l 1993). The affinity of NhaB to Na+ 

ions is higher than that of NhaA. Under conditions in which nhaA is not expected to be 

expressed and/or activated (at low pH and low Na  ̂concentrations) a requirement for nhaB 

becomes apparent. At a wide range of conditions namely at Na^ concentration of up to 0.7 

M at low pH and up to 0.1 M at higher pH values presence of NhaB aids the growth of 

E. coli strains deleted for nhaA. This does not imply that NhaB is not active in the presence 

of NhaA.

It seems that NhaA antiporter function is controlled in two ways: (1) Increase in 

NaCl and pH (above pH 8.0) would result in expression of nhaA and hence NhaA. (2) its 

activity is regulated at the protein level, using purified NhaA reconstituted into 

proteoliposomes it was found that NhaA activity was stimulated 2000-fold by high pĤ  

(Taglicht et a l 1991).

The present data suggest that fluxes play a significant role in pH homeostasis 

in E. coli {Beck & Rosen 1979; Kroll & Booth. 1981). The major potassium system in 

E. coli is encoded by trkA. Booth, (1985) indicated that at least three separate systems are 

associated with potassium exit in E. coli, two of which are trkB and trkC encoded systems. 

The K /̂H  ̂antiport (KHA) seems electroneutral over pH 7-9 and is less specific than the 

Na'^/H^ antiporter because it antiports K ,̂ Na"̂ , Li ,̂ etc. It has been proposed that the



(Introduction) 95

pronounced alkaline pH optimum (pH 8) of KHA will adjust its function according to the 

external pH {Booth, 1985).

1.6.4.2) Buffering capacity of cell:

Cytoplasmic buffer can offset a limited amount of alkalinization or acidification. 

The amino acid side chains of proteins are the major conçonents of the cytoplasmic buffer 

(Sanders & Slayman, 1982). The buffering capacity of the bacterial cell can be divided into 

two groups: operative on the surface of the intact cell in suspension and B; that is the

internal buffering, being the derivative value namely the difference between total buffering 

capacity (BJ of permeabilized cells and B  ̂{Ingraham, 1987).

1.6.4.3) Active transport of or OH :

The controlled transport of H  ̂was considered to be the dominant mechanism to 

control cytoplasmic pH, although it has been suggested that primary proton pun^s evolved 

with regulatable properties that would enable them to fulfil a role in pH homeostasis (Raven 

& Smith, 1976). It must be clearly recognized that their activity is constrained by the 

generation of proton motive force, especially its membrane potential component {Mitchell, 

7973).

1.6.5) Habituation:

Microorganisms may acquire stress resistance phenotypically and thus can resist 

lethal levels of the stress if they are exposed initially to a sub-lethal dose of the same stress. 

The phenomenon known as habituation has been identified in many cases including oxidative 

stress {Demple & Halbrook, 1983), heat stress (Mackey & Derrick, 1987; Yamamori & 

Yuri, 1982), alkylating agents stress {Jeggo, 1979), starvation and ethanol and ion stress 

(Michel & Starka, 1986). In some cases exposure to one stress can afford protection against 

another often unrelated, hostile environment; for example, prior exposure to alkahne 

conditions resulted in heat resistance (Humphrey et al. 1991; Farber & Fagotto, 1992) 

or starvation has been shown to protect cells of E. coli against subsequent challenge with 

heat or H2O2 (Jenkins et al. 1988).
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Habituation to acid was first recognized in E. coli (Goodson & Rowbury, 1989a) 

and it was then found in Salm. typhimurium (Foster & Hall, 1990). The response in Salm. 

typhimurium has also been called "acid tolerance response" (ATR) (Foster & Hall, 1990). 

Acidic conditions may be present in many natural environments as well as in man-made 

situations like foods (Minor & Marth, 1972). In the natural environment, exposure to acidity 

from agricultural or industrial sources often occurs and may exist in soil or water (Rowbury 

etal. 1989). Acidification and alkalinization of natural waters usually occurs in a periodic 

manner due to, for example, periodic discharge of effluent or waste at particular sites. Upon 

diffusion from these points, pH gradually changes toward highest (alkalinization) or lowest 

(acidification) level of pH and then there is a gradual return to neutrality (owing to dilution 

and neutralisation).

If the above exposure is to non-lethal acidity (or alkalinity), it will lead to induced 

acid resistance (or alkali resistance) and the cell becomes habituated, therefore it survives 

subsequent exposures which are lethal to non habituated cells (Rowbury et al. 1989). Initial 

exposure to an adaptive dose in soil or water might allow the cells to survive lethal acidity 

in foods or in animal body. It has been shown that acid habituated organisms are also 

resistant to lethal acid pH plus organic acid (Goodson & Rowbury, 1989b). This has applied 

significance since many egg-derived Salmonella infections are caused by ingestion of acid 

foods. Salmonella species would not normally tolerate acid foods due to the presence of 

acid pH and natural acids (e.g. acetic or lactic acids) or food preservatives (such as benzoate, 

cinnamate, propionate, sorbate, etc.); but their survival indicates that prior to entry into 

food they become habituated during the food processing treatment. Therefore they can 

survive the normally lethal acidity in the final product.

Habituation in F. coli which occurs after exposure to sub-lethal acidity and results 

in acid resistance after a few minutes (Goodson & Rowbury, 1989a) involves phenotypic 

changes. Raja et al. (1991a) demonstrated that induction of acid resistance depends on 

protein synthesis and at least 14 proteins are induced at pH 5.0. Habituation seems to be 

associated with chemical or physical stimuli which lead to a responsive signal generated 

by sensor molecules (Neidhardt et al. 1990).

Exanples of bacterial membrane-associated proteins that have been implicated in
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mediating a response to changes in pH include the E. coli PhoE porin (Rowbury et a l 1992), 

E. coZf NhaA protein ( GgrcAman gf a/. 1993), Vibrio choleraeToi^^voicm(DiRita, 1992), 

A. tumefaciens VirA protein (Winans, 1992), Salm. typhimurium Ear A protein {Foster 

ScAliabadi, 1989) and E. coli CadC protein (Dell et al 1994). NhaA is a Nâ /H"̂  antiporter, 

PhoE is involved in phosphate transport, CadC protein activates transcription of the cad 

operon (consisting of cadA and cadB genes) as a function of external pH, and the rest are 

regulatory proteins which affect the transcription of particular genes.

It is generally thought that the agent causing the stimulus must penetrate into the 

periplasm and molecules located on the outer face of the cytoplasmic membrane would 

sense the altered environmental conditions (Igo et a l 1989; Stock et a l 1989; Aiba & 

Mizuno, 1990) but in some cases the stimulating agent is required to cross the cytoplasmic 

membrane in order to activate a sensor in the cytoplasm {Repaske & Adler, 1981 ). The 

habituation process results from hydrogen ions using PhoE for penetration across the outer 

membrane in order to alter a molecule which has a sensory region free in the periplasm. 

Involvement of acidification of the cytoplasm as a stage in acid habituation has been ruled 

out (Raja et al 1991a). Rowbury et a l (1992) showed that in E. coli K12 absence of the 

outer membrane proteins involved in uptake of vitamin B12 and iron does not affect 

habituation and it occurs normally in strains with defective outer membrane proteins 

including OmpC, OmpA, LamB, Tsx, TonA, OnpF, Ort^R, etc. Absence of PhoE however 

means that cells only slowly develop habituation. It is not fully understood how habituated 

cells are protected from acid, although habituated cells show less DNA damage and more 

efficiently repair DNA damaged by acid than non-habituated cells when exposed to lethal 

acid pH (Raja et a l 1991a).

Foster & Hall, (1990) have reported that using 2-D gel analysis, during acid shift 

from pHq 7.6 to 5.8 the synthesis of at least 18 proteins is altered. In another report, Foster 

(1993) indicated that the acid tolerance response (ATR) in Salm. typhimurium (that is 

equivalent to habituation in E. coli), seems to involve two stages: a pre-acid shock stage 

is induced at pH 5.8 and a post-acid shock stage is induced at or below pH 4.5. An ATR- 

specific pH homeostasis system is induced in pre-shock stage in which internal pH is 

maintained when external pH drops below 4. During post-shock phase, 43 acid shock
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proteins (ASPs) are induced which are thought to be involved in protection or repair of 

acid damage to macromolecules. Foster showed that ATR can be triggered by short term 

acid shock but to obtain the most acid tolerant conditions after encountering challenging 

(lethal) acid, both pre-acid shock adaptation and post-acid shock protein synthesis are 

required. It is thought that Salm. typhimurium mounts a successful ATR by induction of 

some key acid-shock proteins. The data obtained by Foster (1993) confirmed that transient 

key acid-shock proteins are induced following a pH transition from pH 7.7 to 4.3, most 

of which reached maximum levels by 20 minutes and remained expressed without change 

even after 60 min. Although pre-shock adaptation is not an absolute requirement for ATR, 

it is associated with the magnitude of protection and the ATR-specific pH homeostasis 

system induced by pre-shock adaptation enables the organism to synthesize ASPs while 

suspended at an external pH (e.g. pH 3.3) that compromises protein synthesis capability.

Due to direct effects on energy state and on ribosomes, the translational machinery 

is very sensitive to internal pHs below 6, therefore it seems very unhkely that protein 

synthesis takes place in unadapted cells at pH^ 3.3 because pH; has been measured to be 

4.5 to 5.0. For this reason pre-shock adapted cells resist better than unadapted cells the 

challenging acid (e.g. pH 3.3) because they manage to induce the protective ASPs 

successfully during exposure to lethal pH, hence the adapted cells can maintain a pHj near 

6 and minimize acid damage. Foster (1993) found that, of the 43 acid shock proteins (ASPs) 

tested, 13 responded to a pH^ below 4.5, 22 were induced by pH; and the rest remained 

unknown. Internal pH required for acid protection would not be needed unless the internal 

pH begins to approach levels that could cause damage.

In another report, Foster & Hall (1992) studying the Fur (ferric iron uptake regulator 

protein) confirmed that the acid sensitive Atr (acid tolerance response) phenotype o f ^ r  

mutants is likely to be influenced by production of several pH-regulated gene products. 

They also showed that strains of Salm. typhimurium harbouring/«r mutations fail to mount 

an effective ATR and as a result are extremely acid sensitive. Therefore, he suggested that 

most of these low-pH and fur-controlled proteins may be of significance to the ATR. 

Strikingly, the acid habituation response of E. coli does not involve induction of enhanced 

pH homeostasis and the /h r  gene product is not needed for habituation (Rowbury et al.
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1992).

In summary, three trends have emerged from all the reports on habituation:

(1) exposures to low pH result in the induction of proteins known to be induced by other 

stresses. For instance, if E. coli cells are shifted from pH 6.9 to 4.3, some heat shock 

proteins including DnaK, GroEL, etc. are induced (Heyde & Portalier, 1990), but shifting 

from pH 7.0 to 5.0 did not bring about the same result (Hickey & Hirshfield, 1990). 

Another example is Salm. typhimurium in which DnaK, GroEL, GroES are induced 

following exposure to acid (Foster, 1991).

(2) Expression of certain membrane proteins is influenced upon acid exposure. These 

proteins are expected to be exposed to extracellular pH and probably are involved in proton 

movement processes.

(3) Habituated organisms are less damaged by acid and show a greater repair of acid damage 

than non-habituated ones (Raja et al. 1991b).
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1.7) Phosphate uptake and its effects on habituation to acid:

Eutrophification has been a matter of attention in recent years for the role inorganic 

materials like phosphate and nitrogen have had in enrichment of lakes, bays and other natural 

waters. Human wastes, industrial processes, detergents and run-offs from fertilized land 

are still the major sources of phosphates (Rowbury et al. 1992). One example for urgency 

of investigation of phosphate metabolism is accumulation of polyphosphate in cyanobacteria. 

Inland water bodies normally contain low concentrations of phosphorus. On the other hand, 

effluents from industries, particularly those making detergents contain sodium 

tripolyphosphate. When substantial quantities of tripolyphosphate are dumped into the 

aquatic environment in waste waters, the environment suffers a massive bloom of 

cyanobacteria; therefore after a long phosphorus starvation, microbes which find themselves 

in a phosphorus-rich medium may start to grow and reproduce very intensively. Under such 

conditions, cyanobacteria and other microorganisms accumulate large amounts of 

polyphosphates essentially localized in polyphosphate granules.

Since phosphate is associated with acid pollution, it may also influence the reaction 

of polluting enterobacteria to acid pH (Rowbury et al. 1992). Phosphate and proteins 

associated in its transport have been implicated in the ability of E. call to sense changes 

in pHo to habituate and to resist killing by acid (Rowbury et al. 1992).

Phosphorus, like nitrogen, is an essential constituent in living organisms. As 

phosphate exists mainly in the form of insoluble salts in nature and is regarded as a limiting 

factor for microorganisms, bacteria including E. coli have managed to cope with its uptake 

efficiently by utilizing organic as well as inorganic phosphates.

For exanple, in phosphate-limited condition, alkaline phosphatase is derepressed 

up to 1000-fold and as much as 6% of the cell protein is this enzyme. The enzyme is located 

in the periplasm of the cell envelope allowing it to hydrolyse even those compounds which 

can not penetrate further into the cell. Nonspecific alkaline phosphatases are widely 

distributed in nature and catalyze the hydrolysis of phosphate monoesters. Alkaline 

phosphatase has been isolated from a great variety of mammalian tissues as well as 

prokaryotic sources.

1.7.1) Polyphosphates:
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Inorganic polyphosphates (poly p) are ubiquitous in nature and are widely distributed 

among microorganisms. There is a possibility that phosphate can be removed from polluted 

waters by biological conversion to polyphosphates. Phosphates present in natural waters 

if present in low concentrations are taken up by the high affinity system (Pst). At high 

concentrations, phosphate can be taken up by the low affinity (Pit) system and may be 

converted to polyphosphates by the cell. Inorganic or organic phosphates can be cleaved 

by cellular or periplasmic enzymes and also converted to polyphosphates. The number of 

phosphate residues in polyphosphates as identified in living organisms, may vary noticeably, 

from two in the simplest compound of this type, pyrophosphate, to several hundreds and 

thousands in high molecular-weight polyphosphates. Metabolism of polyphosphate seems 

to be rather conplex, therefore it has been a subject of research in many microorganisms 

'mcludmg Acetobacter aerogenes (Harold, 1966), Corynebacterium xerosis (Muhammed, 

1961), Mycobacterium phlei (Szymona & Ostrowski, 1964), Aspergillus niger (Kulaev,

1979) and the genus Saccharomyces (Weimberg, 1975).

Although the physiological functions of polyP are not fully known it is thought that

polyP:

1) owing to its readiness for conversion to ATP, is an energy source.

2) is regarded as a substitute for ATP in kinase reactions.

3) can be a phosphate reservoir with osmotic advantages.

4) can enable the entry of DNA during the genetic transformation of several bacterial species 

(Ahn & Komberg, 1990).

Several enzymes have been implicated in microbial synthesis and degradation of 

polyP. Polyphosphatases catalyse the hydrolysis of the linear high molecular weight 

polyphosphates to lower molecular weight polyphosphates and eventually to inorganic 

phosphate. The enzymes involved in the synthesis are polyP kinase, (encoded by ppk gene 

and present in numerous microorganisms), ATP-polyphosphate kinase (Kulaev & Vagabov, 

1983), and 1,3-diphosphoglycerate-polyphosphate transferase. The utilization and 

degradation of polyP is catalyzed by exopolyphosphatase, endopolyphosphatase and specific 

kinases including polyP glucokinase and polyP fructokinase.

It has been found that ppk gene is located at 53.4 min on the E. coli linkage map
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which encodes a protein of 688 amino acids (Akiyama et al. 1992).

There are reports that strains of Enterobacter aerogenes grown at exponential phase 

have low levels of polyphosphate kinase, polyphosphatase and alkaline phosphatase, but 

when they are starved for phosphate, the levels of the three enzymes increase. If organic 

phosphate is added to medium after phosphate starvation, there is a tremendous increase 

in the polyphosphate level (polyphosphate overplus phenomenon) because of the high level 

of polyphosphate kinase. After accumulation, phosphate level decreases in a few hours, 

reflecting the high level of polyphosphatase {Harold & Harold, 1965).

In E. coli, the regulation of polyphosphate seems to be different from that observed 

in Ent. aerogenes {Nesmeyanova et al. 1976). It was shown that the highest level of 

polyphosphatese occurred just before exponential phase. During exponential phase, the 

level of polyphosphatese decreased about 5- to 10-fold.

During growth, the enzymes involved in polyphosphate synthesis (ATP- 

polyphosphate kinase and 1,3-diphosphoglycerate-polyphosphate transferase), polyphosphate 

utilization, (polyphosphatase and tripolyphosphatase) and also alkaline phosphatase exhibited 

their maximum activities when the levels of polyphosphate synthetic enzymes were about 

equal, suggesting that both made similar contributions to polyphosphate synthesis. The 

high level of hydrolytic enzymes (alkaline phosphatase, polyphosphatase and tri

polyphosphatase) would explain the decrease in polyphosphate levels at the onset of active 

growth {Nesmeyanova et al. 1976). Phosphate added to cultures led to about a two-fold 

increase in the synthetic enzyme activities, which coincide with or precedes polyphosphate 

accumulation; the behaviour of the kinase activity is thus different from that observed for 

Ent. aerogenes.

All these results strongly suggest that the major role of polyphosphate in E. coli 

is management of the phosphate level in the cell. Coordination of its regulation with 

phosphate transport and alkaline phosphatase levels is consistent with that view, as is the 

observation that the E. coli polyphosphatase, like its alkaline phosphatase is located in the 

periplasmic space {Severin et al. 1975).

In many bacteria, the excessive inorganic phosphate can be accumulated in the form 

of polyphosphate (polyP). Since, the chemical treatment methods for phosphate removal
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are expensive, this has led to the development of biological Pj (inorganic phosphate) removal 

which provides an alternative to chemical treatment methods. The accumulation of excessive 

inorganic phosphate in the form of polyphosphate can be used for biological phosphorus 

removal from wastewater.

Studies carried out by Hardoyo et a l (1994) showed that a mobile, soluble pool 

of poly? exists on the surface of E. coli recombinants which accounts for approximately 

15 to 20% of total cellular phosphorus. They suggested that industrial poly? may be obtained 

by this method in vivo, since poly? synthesized in E. coli transformants might be recovered 

from the media without cell disruption.

Under ordinary operating conditions, wastewater treatment can be done by activated 

sludge processes which are good organic pollutant removers, although they remove Pj 

relatively poorly (almost 20 to 40% of the inorganic phosphate concentrations normally 

found in municipal wastewater). Genetically engineered E. coli strains,which consume less 

glucose than does the wild type, may be used to improve the carbon/phosphorus ratio in 

wastewater to allow sludge bacteria to completely remove Pj. In industrial processes, 

inexpensive ATP regeneration systems may be provided by coupling of polyP and 

overproduced polyP kinase.

It has also been found that some bacteria take up polyphosphate far in excess of 

their requirements for growth after being subjected to inorganic phosphate starvation. This 

phenomenon known as polyP overplus is thought to be caused by elevated levels of polyP 

kinase. A laboratory strain of Acinetobacter calcoaceticus has been found to be an example 

of polyP overplus with approximately 5.3% of its dry weight as phosphorus (16% as 

phosphate). The use of these bacteria as extractors of phosphate from waste waters 

discharged into inland waters in industrialized countries has also been considered {Kulaev 

& Vagabov, 1983).

The extent of Pj accumulation depends on growth rate, carbon and energy source, 

limiting nutrients and temperature (Ohtake et a l 1985; Van Veen et a l 1993). Some sludge 

bacteria, isolated from enhanced biological Pj removal processes, were observed to 

accumulate as much as 10% of the biomass dry weight as phosphorus under certain 

conditions (Van Groenestijn et al. 1989). Although the polyP kinase is active in E. coli.
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it does not accumulate high amount of polyP, particularly high-molecular weight types.

1.7.2) Phosphate transport systems:

There are two major systems for phosphate uptake in E. coli K12. The low affinity 

system (known as Pit or phosphate inorganic transport) and the high affinity system 

(designated Pst or phosphate specific transport). In the first system (Pit) which has 

constitutive nature, the gene pit has been studied {Rosenberg et al. 1977).

For phosphate to enter the periplasm, it passes through the PhoE porin which favours 

anions; phosphate is then bound to the PhoS gene product which is periplasmic. Formation 

of spheroplasts which leads to loss of this phosphate-binding protein (PBP) results in 

substantial reduction of phosphate uptake rate {Rosenberg et al. 1977), therefore the 

presence of phosphate-binding protein is essential for the maximal uptake rate in the Pst 

system. Phosphate is bound to PhoS then associates with a cytoplasmic membrane complex 

of pst A, B and C gene products. ATP is used to transport phosphate across the cytoplasmic 

membrane.

Thus the high affinity uptake system consists of components that include PhoE porin, 

PhoS and Pst components. Also alkaline phosphatase (the PhoA gene product) and the 

Ugp transporter for glycerol-3-phosphate are encoded by this system.

It is thought that five genes (i.e. pstA, pstB, pstC, pstS and phoU) which are 

transcribed in a counterclockwise direction and located at about 83 min on the E. coli 

chromosome, are amongst those involved in encoding the Pst con^onents and also involved 

in regulating the genes. However, the phoB and R components are the main regulatory 

elements.

It has been shown that the Pit and Pst systems are energized differently and both 

have access to one common pool of intracellular phosphate (Rosenberg et al. 1977). 

Furthermore, it is thought that Pj triggers the repression of the phoA promoter from outside 

the cytoplasmic membrane of E. coli cells (Rao et al. 1993).

In Acinetobacter strains, the Pj uptake system seems to be similar to the two major 

phosphate transport systems in E. coli {Van Veen et al. 1993).

Growth of wild-type cells under conditions of phosphate limitation results in
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induction of PhoE protein (Tommassen & Lugtenberg, 1981; Overbeeke & Lugtenberg,

1980) and expression is controlled as part of the p/io-regulon. The functional unit of the 

protein is a trimer and in this conformation the protein forms transmembrane channels 

through which small hydrophilic solutes can pass.

Limitation in phosphate also induces the phosphate regulon of V. parahaemo- lyticus 

that leads to production of a major outer membrane protein (OmpP), haemolysin, 

phosphatase and phospholipase C activities (McCarter & Silverman, 1987). OmpP is a 

major outer membrane protein of 33.9 kDa and its properties resemble those of the pore- 

forming proteins in E. coli (McCarter & Silverman, 1987; Nikaido & Vaara, 1985). 

McCarter & Silverman (1987) showed that expression of the V. parahaemolyticus ompP 

gene responds to phosphate limitation in E. coli. Phosphate-regulated proteins working 

together to scavenge phosphate could result in enhanced survival of the bacterium in the 

marine environment as well as affecting virulence.

In another report, it has been suggested that although the molecular mechanism 

of the signal transduction are largely unknown, Klebsiella may have a similar genetic system 

for the assimilation of phosphate when it is scarce (Lee et al. 1989).

In E. coli, a model for the folding of PhoE protein in the outer membrane has been 

proposed, according to which the polypeptide traverses the outer membrane 16 times in 

a p-sheet structure exposing eight regions at the cell surface (Van der Lay & Tommassen, 

1987).

The expression of PhoE-analogous proteins has been demonstrated for several other 

Enterobacteriaceae (Poole & Hancock, 1986). These proteins form pores that structurally 

and functionally are very conserved (Bauer et al. 1988). They are more efficient for 

negatively charged compounds including phosphate and polyphosphates in contrast to the 

cation-selective general diffusion pores. Bauer et al. (1988) concluded that in order to form 

the PhoE-specific behaviour of the pore (namely "hot spot") the presence of lysine at 

position 125 is significant. The finding confirms the idea of a strategically located positive 

charge point as an explanation of the advantage of PhoE in phosphate uptake.

The synthesis of PhoE protein is co-regulated with that of alkaline phosphatase, 

the product of the phoA gene, the pst gene products, PhoS and a glycerol 3 phosphate
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binding protein (Argast & Boos, 1980), Phosphate can penetrate effectively across the outer 

membrane of E. coli with the aid of PhoE porin (and is concentrated in the periplasm by 

a phosphate-binding protein, the product of phoS) and less effectively via the non-specific 

pores including On^F and OnpC. When the concentration of phosphate is low, crossing 

through the periplasm is carried out with the help of phoS gene product, the phosphate 

binding protein; presence of the Pst conponents including the PhoT protein and PstB and 

PstC aid the transport of phosphate across the cytoplasmic membrane (Rowbury et a l 1992).

Even at high concentrations of phosphate, small amounts of the pho components 

are synthesized but on phosphate starvation, phoB and phoR proteins control their induction 

(Wanner & Chang, 1987; Makino et al. 1989). The phoB gene product is a direct 

transcriptional activator for the genes in the pho regulon as well as phoB itself, and the 

phoR gene product converts PhoB protein into an active form by phosphorylation when 

the cell is starved for phosphate. In the absence of the phoR function, the PhoB protein 

is converted into an active form by cross talk with the phoM  gene (which is not phosphate 

regulated) product, irrespective of the phosphate levels in the medium. It has been shown 

that there is no cross talk between PhoM and PhoB, and PhoR appears to play a dominant 

role in the regulation of the pho regulon (Amemura et al. 1990).

The low affinity system which is dependent on the PhoE and other porins and uses 

the Pit system for penetrating across the cytoplasmic membrane is operated when the 

phosphate concentration is high (Elvin et al. 1987),

It is generally believed that PhoE pore is specific to anions (Overbeeke & 

Lugtenberg, 1982) but it is thought that hydrogen ions use the PhoE porin as the major 

outer membrane penetration route (Rowbury et al. 1992).

Phosphate is able to prevent habituation when external pH is acidic by competing 

with hydrogen ions at the PhoE pore by deterring their access to habituation sensor on the 

cytoplasmic membrane or in the periplasm. Anions such as phosphate and polyphosphate 

are efficient inhibitors of habituation, polyphosphate being the most effective one (Rowbury 

et al. 1992); they strongly inhibit the passage of other confounds like hydrogen ions through 

the PhoE pore. In another report it has been found that of 52 proteins induced in Salm. 

typhimurium by phosphate starvation, 11 were also induced by external acidification
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(Abshire, 1991).

Although the PhoE porin is the major route for penetration, the other routes 

can occur; thus, if OmpA is absent, phosphate can not inhibit habituation of the E. coli ompA 

mutant and fails to stop stress protein synthesis in this strain; presumably H"" penetrates 

by another route in this OmpA mutant. This also rules out the likelihood of phosphate acting 

directly on the sensor (Rowbury et at. 1992). Phosphate added at any stage of habituation 

is effective in preventing penetration through the outer membrane since periplasmic pH 

must be maintained acidic throughout the process.

AIMS

The aims of the present study can be listed as follows:

1) To study acid habituation in a wide range of Gram-negative bacteria.

2) To study survival of habituated and non-habituated cells of various Gram-negative

genera on incubation in acidified natural waters.

3) To study the survival of habituated and non-habituated cells at acidic foods.

4) To study effects of acidic pH, phosphate and weak acids in the growth of several Gram-

negative bacteria.

5) To study inducible tolerance to acid at high temperature and the conditions required

for this.
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2.1) Bacterial strains:

The bacterial strains used throughout this study and their sources are shown in 

Table 2.1 (a and b). The cells were kept at 4°C on nutrient agar (NA) and subcultured 

every two weeks.

2.2) Media:

In all the experiments Oxoid Nutrient Broth No. 2 was used at 25 gram per litre 

as a rich growth medium. It was adjusted to the required pH by either HCl (acidic) or 

NaOH (alkaline). Addition of Difco Bitek agar (2% w/v) made this into solid medium 

(NA).

River water (collected from River Thames) was used as a natural medium to 

study the survival of habituated (see below) cells compared to non-habituated ones in 

water.

Vinegar (pH 2.7), natural yogurt (pH 3.6), salad cream (pH 3.5) and mayonnaise 

(pH 4.5) obtained from a Tesco Supermarket were used to test survival of cells in acid 

foods.

2.3) Growth conditions:

A culture of bacterial cells grown overnight at 37 °C in nutrient broth under 

shaking conditions was used to start the experiments. Stationary phase cultures were 

produced by growing inoculated cells overnight in appropriate media with shaking at the 

required temperature. To obtain exponential phase growth, overnight cultures were 

diluted into fresh nutrient broth and shaken for 2-3 hours at required pH and temperature.

2.4) Determination of optical density:

A Hilger photoelectric colorimeter using a 520 nm filter was used to determine 

the optical density of the culture in nutrient broth. A reading of 0.1 represented ca. 100 

pg dry weight organisms/ml.

2.5) Measurement of cell number using viable count.

The viable cell number was measured by spread plating 0.1 ml of culture.
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Table 2.1) Genotypes of strains used.

a) Laboratory strains (E.coli K12):

Strain Genotype Source

1829 trp Finnegan & Willets (1971)

1829

ColV, I-K94

1829 ColV This laboratory

1829 himA A himA This laboratory

1829fur A fur This laboratory

1829 relA A relA This laboratory

1829 hns A hns This laboratory

1829 nhaA A nhaA This laboratory

1157 thr, leu, proAl, his 

thi, argE, lacY, 

galK, xyl, rpsL

Bachmann

C600 thrl, leu6, tonA21, 

katF

Hayes

KIO tonA22, garBlO, ompF627, 

fadLlOl, relAl, pitIO, 

spoTI, rmB2,mcrBl, phoM510

Bachmann

TA15 melBLid rpsL AlacZY Schuldiner
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NM81 TA15 AnhaAl Kan'  ̂ Schuldiner

3/904 UCH
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Table 2.1) ...continued.

b) Wild type strains:

Genera Strain Source

Vibrio parahaemolyticus 10903 EBlOl NCTC

Vibrio parahaemolyticus 10441-3053-63 NCTC

Acinetobacter Iwoffii 5866 Iwoffi NCTC

Acinetobacter calcoaceticus 7844 (Biol 1) NCTC

Aeromonas formicans 10362 BPB18 NCTC

Aeromonas formicans 10852R4514 NCTC

Klebsiella aerogenes 418-240 NCTC

Klebsiella edwardsii 9496 4610-53 NCTC

Citrobacter freundii 6267 5396/38 NCTC

Citrobacter koseri 10786 14804 NCTC

Enterobacter gergoviae 11434 6504 77 NCTC

Enterobacter cloacae 6027 11391 NCTC

Salmonella enteritidis 25603 ATCC

Salmonella typhimurium LT2 23564 ATCC

Serratia marcescens JF246 Foulds

Proteus mirabilis P406UP UCH

Proteus mirabilis G12UP+ UCH

NCTC = National Collection of Type Cultures (London) 

ATCC = American Type Cultures Collection 

UCH = University College Hospital (London)
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previously serially diluted in saline (7.5 g/1 NaCl) onto nutrient agar. Colonies formed 

were counted after 24-48 hours incubation at 37°C.

Viable counting was used to determine the percentage survival of cells treated 

with the inhibitory agents. This was done by dividing the viable count of an untreated 

control population into the viable count of a treated population xlOO.

2.6) Response of strains to acid pH (Habituation):

Several strains were grown overnight in nutrient broth at pHs 7 and 5 followed 

by being diluted into fresh nutrient broth of the same pH for a period of 2-3 hours (in 

rare cases a longer time was needed, depending on the strain) at 37 °C under shaking 

conditions until their OD in exponential growth reached between 0.2 - 0.4.

If the mild acid pH led to proportionate resistance (habituated to acid), these cells 

(grown in specific pHs lower than 7) were referred to as habituated and pH 7.0 grown 

cells (control populations) as non-habituated. These cells were then utilized for different 

experiments to assess the various aspects of this phenomenon.

2.7) Sensitivity of alkaline-induced cells to acid:

The same procedure was used (see 2.6) but cells were initially rediluted and 

grown at pH 7 and 9 (or higher pHs where stated) followed by being treated to sub-lethal 

acid (pH 5).

2.8) Survival of habituated and non-habituated cells in acidified river water:

Gram-negative cells were grown overnight at pH 7 and 5 then rediluted in fresh 

nutrient broth with the same pH until logarithmic growth reached 0.2 - 0.4. Cells were 

then inoculated into acidified (different pHs) and unacidified river water. The water was 

supplemented with tryptophan (20 pg/ml, BDH) and humic acid (20 pg/ml, BDH). The 

cells were left shaking at room temperature for two hours and then serially diluted in 

saline solutions (7.5 g/1 NaCl) and finally plated onto nutrient agar and incubated at 

37°C for 24 hours. The viable count was used to estimate the percentage survival of 

acid-treated populations compared to their untreated controls.
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2.9) Survival of habituated and non-habituated cells in acid foods:

The strains of Salmonella enteritidis, Salm. typhimurium, Serratia marcescens, 

E. coli 1829, E. coli 1829 ColV, 1-K94, and Proteus mirabilis were subjected to the acid 

foods vinegar, natural yogurt, mayonnaise and salad cream. The Gram-negative cells 

were grown overnight at pHs 7 and 5 (or 5.5 where applicable). They were subsequently 

rediluted in nutrient broth with the same pH until their optical density reached 0.2-0.4. 

Foods were first diluted with sterilized distilled water (50% in three of them and more 

in vinegar) and adjusted to the original pH, followed by introduction of cells into these 

foods and plating subsequently onto nutrient agar at different intervals to study the 

percentage survival of acid treated cells to their controls.

2.10) Resistance to weak acids:

Growth of strain, E. coli KIO (previously grown at pH 7.0 up to exponential 

phase) was tested at pHs 7, 6  and 5.5 with and without various molarities of weak acids 

in nutrient broth for three hours at 37°C with shaking. Growth of each of the samples 

was measured every 30 minutes using optical density. The weak acids were as follows:

(1) DL Lactic acid (MW 90.08, CHgHgOg, BDH).

(2) Transcinnamic acid (MW 148.2, C9H8O2, Sigma)

(3) Citric acid (MW 210.14, C0 0 HCH2C(0 H)C0 0 H-CH2C0 0 H.H2 0 , BDH).

(4) Propionic acid (MW 74.08, CH3CH2 COOH, BDH).

(5) Sorbic acid, monopotassium salt (MW 150.2, C6H7 O2K, Sigma).

(6 ) Acetic acid, trisodium salt (MW 136.08, CH3 0 0 Na3H2 0 , Sigma).

(7) Benzoic acid, monosodium salt (MW 144.1, C7HS02Na, Sigma).

2.11) Stimulation of growth by the addition of phosphate:

Growth of 16 strains of bacteria was studied in the presence and absence of 10 

mM potassium phosphate to assess if it is able to stimulate the bacterial growth and 

shorten the lag phase. Cultures were first grown overnight at pH 7.0 followed by dilution 

in fresh nutrient broth the next morning and incubation until mid exponential phase was 

reached. The cells were subsequently rediluted into nutrient broth pHs 7.0 and 5.0 with 

and without potassium phosphate and left in shaking condition for at least 3 hours. 

Optical densities were read every 30 minutes.
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Potassium phosphate buffer was made using K2HPO4, (186.8 g/l) and KH2PO4, 

(24 g/l) and was adjusted to pH 7.4. Both chemicals were obtained from BDH.

2.11.1) Effect of phosphate on the growth of weak acid-exposed cells of KIO:

Growth of strain E. coli KIO at pHs 7, 6 , and 5.5 with molarities of weak acids 

which just fully inhibit their growth in the presence and absence of 10 mM potassium 

phosphate (prepared as mentioned in section 2 .11) was studied.

2.11.2) Effect of phosphate on growth of cells treated with sub-lethal acid pHs:

To test growth of Salm. enteritidis against various sub-optimal pHs, cells were 

first cultured at pH 7.0 then in the presence and absence of 10 mM potassium phosphate 

they were shifted to pHs 5.0, 4.8, 4.6, 4.4, 4.2, and 4.0.

2.11.3) Effect of sodium phosphate and sodium pentaphosphate on growth of cells:

Different molarities of sodium phosphate (Na2HP0 4 , MW 141.96, BDH) and 

sodium pentaphosphate (NayPgO^^Hg, MW 577, BDH) were added to the cells of Salm. 

enteritidis previously grown at pH 7.0 then transferred to pH 7.0 and 5.0 to study if these 

two substances are able to stimulate the cell growth.

2.11.4) Effect of AMP, ADP and ATP on growth of cells:

AMP (MW 347.2), ADP (MW 427.2) and ATP (MW 507.2) (all obtained from 

Sigma) were first sterilized using Millipore filters (Millex-HA) and disposable syringes 

(Everett). Salm. enteritidis was initially cultured at pH 7.0 then in the absence and 

presence of AMP, ADP and ATP at pHs 7.0 and 5.0 to test if growth is affected.

2.12) Sensitivity of heat-induced cells to acid pH:

2.12.1) Sensitivity of heat-induced cells to pH 3.0:

Strain 1829 ColV, 1-K94 was initially grown at pH 7.0 at 37°C under shaking 

conditions followed by redilution in fresh nutrient broth until exponential phase at 

temperatures of 37°C and 44°C. Cells were subsequently treated with acid pH 3.0 for 

5,7, 10, 15, 30 and 60 minutes. In some experiments, with the 15 minute treatment, 200
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|ig/ml chloramphenicol (Sigma) was added to the medium to stop protein synthesis.

In four separate experiments, strain 1829 ColV, 1-K94 was grown overnight then 

rediluted in fresh nutrient broth at pH 7.0 and left growing at various temperatures 

followed by acid treatment. In the first stage the cells were grown at 25 °C (room 

temperature) and 44 °C until the exponential phase was reached then were treated with 

acid. In the second stage, cells of 1829, ColV I-K94, TA 15 and NM81 were left growing 

for 60 minutes and samples were taken at 15, 30 and 60 minute intervals and were 

exposed to acid pH. In the third stage cells were first grown at 25°C then shifted to 48°C 

and 50°C for 15 minutes followed by treatment with acid pH. In the fourth stage cells 

were initially cultured at 44°C then shifted to 25°C and after incubation for up to four 

hours, they were subsequently treated with acid. In all the experiments cells were grown 

on nutrient agar to assess the viable count.

In another experiment E.coli strain 1829 ColV, 1-K94 was cultured at pH 5.0 at 

25°C and 44°C and treated with pH 3.0. The samples were taken at 15, 30 and 60 minute 

intervals. In the final experiment the same procedure was used but cells were cultured 

at pH 9.0, instead of pH 5.0.

2.12.2) Effect of regulatory components or inhibitors on the ability of heat-induced

cells to resist pH 3.5:

In order to study which regulatory components are required for the increase in 

acid resistance in heat-induced cells, derivatives of E.coli 1829 (i.e. 1829 ColV, I-K94, 

1829 himA, 1829 hns, 1829/wr, 1829 relA and 1829 nhaA) were grown to exponential 

phase in broth at 25°C and then shifted to 25°C and 44°C for 60 min. The cells were 

subsequently challenged at pH 3.5 for 5 min and their viability was tested on NA against 

untreated ones.

In another experiment, the exponential culture of E.coli strain 1829 ColV, I-K94 

was transferred to 25°C and 44°C for 60 min in the presence and absence of inhibitors. 

Nalidixic acid (20 pg/ml. Sigma), D-Glucose (1%, BDH), phosphate (10 mM, see section 

2.11, BDH), amiloride (ImM, BDH), Ferric chloride (ImM, BDH) and L-Leucine (50 

pg/ml, BDH) and then was treated with acid pH 3.5 for 5 min. Viability of inhibitor- 

exposed cells, compared to unexposed cells, were then tested on NA.
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3.1) Comparison of acid sensitivity between habituated and non-habituated Gram-

negative bacteria:

3.1.1) Sensitivity of non-habituated and habituated Enterobacteriaceae strains to

various acid pHs:

Acid environments exist in nature such as acid rain, acid snow melts, acid mine 

water, acidic industrial wastes, acid sewage, etc. (Double & Bissonnette, 1980), in the 

animal body (e.g. gastric juice, the urinary tract, etc.), (Lee & Gemmell, 1972) and in 

foods (Orkend et a l 1986; Roth & Keenan, 1971; Freese et a l 1973; Eklund, 1980; 

Minor &Marth, 1972). The presence of acid pH will inhibit growth or reduce survival of 

enterobacteria and, therefore, even if such foods have suffered contamination, if they are 

acidic, they should normally be free of putative pathogens. Thus, if Gram-negative 

bacteria are exposed to doses of inorganic acid (HCl), they are killed within a few minutes 

at pH 3.0 or 3.5 (Sheu & Freese, 1972). Previous studies in this laboratory demonstrated 

that certain strains of E. coli (especially those harbouring ColV plasmids) were very 

sensitive to acid pH and their survival level decreased dramatically (Cooper & Rowbury, 

1986) when challenged at low pH values.

By contrast, when such bacteria were exposed to sublethal levels of acid pH prior 

to treatment with a killing dose of acid, they habituated and became resistant to lethal acid 

pH. Such sub-lethal exposures could occur in natural waters. Acidity in these usually 

involves the periodic release of waste or slurries. The gradual increase in acidity can allow 

induced acid resistance (habituation) to occur which permits habituated organisms to 

survive subsequent exposures which are lethal to non-habituated cells {Rowbury et a l 

1989). Thus, preexposure to mild acidity in water or soil may allow organisms to 

subsequently survive in acid foods or in the animal body. Habituation has also been 

identified in cells induced by other stresses including oxidative and heat stresses (Mackey 

& Derrick, 1987,, Demple & Halbrook, 1983); these allowing them to resist the same 

stress and sometimes others. Habituation which can lead to resistance of pathogenic cells 

to acid pH is also medically very important, since the habituated bacteria may resist the 

acid pH which has evolved to stop the bacteria multiplying in the human body. The first 

barrier is gastric acid secretion (down to pH 2.0). The second limiting factor to bacterial
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survival into the intestine is upper intestinal tract acidity (plus the presence of fatty acids). 

Microorganisms which survive, these may then penetrate to the tissues and blood stream 

followed by being exposed to pH 3.5-4.5 in phagolysosomes. The last major acidic pH 

factor is in the vagina and urine of pH 5.0 which is not believed to fully inhibit potential 

pathogens.

To study the extent and implications of habituation in other Gram-negative 

bacteria, the following experiments were carried out. It is eventually of interest to assess 

and analyze all the changes (including genetic and physiological ones) occurring in each 

individual strain used in this project. The strains used (listed as follows) were treated after 

habituation with different levels of low acid pH of HCl (between 1.8-3.5) for various 

periods of time exposure (ranging between 2-14 minutes). The habituation pH was 5.0.

3.1.1.a) Sensitivity of Gram-negative cells to acid pHs after growth initially at pH

7.0 and 5.0:

The results shown in Figures 3.1 to 3.19 demonstrate the sensitivity of 19 strains 

to various acid pHs and their habituation by exposure to sub-lethal acid pH that resulted 

in subsequent resistance to challenge at acid pHs to which they were potentially sensitive. 

Although different strains did not respond exactly similarly, all the cells grown at pH 7.0 

in NB were sensitive to the acid pHs used (ranging from 1.8 to 3.5) showing, as expected, 

more sensitivity to lower pH values.

A comparative study was performed to check the sensitivity of habituated versus 

non- habituated organisms to various acid pHs.The results clearly demonstrated that the 

organisms grown initially in nutrient broth at pH 7.0 then at pH 5.0 (adaptive pH) 

acquired more resistance to challenging acid exposure than those grown only at pH 7.0. 

Thus, the pH 5.0 grown cells became habituated to acid pH then resisted damage or 

killing by lethal pH, as confirmed by other observations in this laboratory (Raja, 1991). 

In some cases the ratio of survival values after acid exposure for habituated versus non- 

habituated was remarkably high. The results were as follows;

3.1.1.a.l) E. coli strains:

InE. coli strain C600 (Figure 3.1) the habituated cells exposed to acid pH 2.2 for
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5 and 8 min showed a 54.8- and 203-fold greater viability compared with non-habituated 

cells, respectively; likewise, after exposure to pH 3.0 for 3, 5, 8, 10 and 14 min there was 

2.3-, 5.5-, 6.5-, 4.6- and 19.1-fold increase in the survival of habituated cells in 

comparison to the non-habituated ones, respectively.

The habituated cells ofE. coli strain 1829, ColV, I-K94 (Fig. 3.2) showed a 40- 

fold greater survival compared to non-habituated ones when exposed to acid pH 2.5 for 

10 min; at acid pH 3.0 for 7, 10 and 14 min intervals, these survival differences were 13.7- 

, 300- and 550-fold for the habituated cells versus the non-habituated ones.

In E. coli 1829 strain (Figure 3.3) the ratios for survival of habituated cells (of 

non-habituated) treated with pH 2.5 for 5, 8 and 10 min intervals, were 17.5-, 86.2- and 

366-fold increased viability, respectively; and when subjected to pH 3.0 for 7, 10 and 14 

min the ratios were 4.57-, 13.33- and 10-fold increased for habituated cells, respectively.

The treatment of habituated cells oïE. coli 1157 strain (Figure 3.4) with pH 1.8 

for 7, 10 and 15 min intervals, resulted in 15-, 15.8- and 29-fold higher viability 

percentage compared with the non-habituated cells; when habituated cells were treated 

with acid pH 2.5 for the periods of 7 and 10 min, the relative survival numbers were 14.8- 

and 16-fold greater, respectively; similarly, exposure of habituated cells to pH 3.0 for 5, 

7, 10 and 15 min, led to 9.8-, 16.2-, 18- and 20-fold greater survival over non-habituated 

ones, respectively.

The clinical strain, E. coli 3/904 (Figure 3.5) showed higher resistance compared 

to other E. coli strains, but the extent of habituation appeared to be less. Exposure of 

habituated cells oïE. coli 3/904 to acid pH 2.2 for 5 and 8 min intervals, yielded 5.62- and

8.2-fold greater survival when compared with non-habituated ones, respectively; treatment 

with pH 2.5 for 2, 5, 8 and 12 min, resulted in 1.3-, 1.3-, 1.4- and 2.8-fold greater survival 

for habituated cells.

3.1.1.a.2) Salmonella:

Similar to the data mentioned above, the habituated cells of the Salm. enteritidis 

strain (Figure 3.6) exhibited 38- and 111-fold greater viability over non-habituated ones 

after exposure to pH 2.6 for 3.5 and 7 min, respectively; this increase was 3.5-, 9.6- and

8.3-fold at pH 3.0 for 5, 7 and 8 min, respectively.
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Likewise, in the Salm. typhimurium strain (Figure 3.7) treatment with acid pH 3.0 

for 5, 7, 8 and 14 min led to 7.2-, 6.6-, 17.6- and 21.6-fold less killing for habituated than 

for non-habituated cells, respectively.

3.1.1.a.3) Proteus mirabilis:

The pH 5.0 grown cells of P. mirabilis P406UP' strain (Figure 3.8) exhibited 

26.61-, 166-, and 450-fold, greater percentage survival than that of pH 7.0 grown ones, 

when exposed to acid pH 2.5 for 3, 7 and 14 min, respectively; at pH 3.0 for 5, 8, 10 and 

14 min the differences between pH 5.0 and pH 7.0 cells were 2.6-, 2.42-, 5.4- and 19.1- 

fold, respectively.

Similar to the results obtained above, the habituated cells of P. mirabilis G12UP^ 

strain (Figure 3.9) exhibited 92.2- and 3000-fold greater percentage viability following the 

treatment with acid pH 1.9 for 3.5 and 7 min, than did the pH 7.0 cells; the survival ratio 

of habituated compared to non-habituated cells was 2.3- and 2.7- after exposure to pH 

2.8 for 7 and 14 min, respectively; treatment with pH 3.0 for 5 and 8 min, resulted in 1.27- 

and 1.3-fold difference, respectively for the two cell types.

3.1.1.a.4) Serratia marcescens:

Upon exposure to acid pH 2.5 for 2.5 and 5 min, the pH 5.0 grown cells of the 

S. marcescens strain (Figure 3.10) yielded a 5-fold greater viability (over non-habituated 

cells); and at pH 3.0 for 5 and 8 min 2.0 and 2.4 times as many pH 5.0 cells survived 

compared to pH 7.0 ones, respectively; similarly, treatment with pH 3.2 for 5 and 8 min, 

brought about 1.54- and 1.6-fold increased viability, respectively; if they were exposed 

to acid pH 3.5 for 5 and 8 min the difference between habituated and non-habituated cells 

was 1.18- and 1.2-fold better resistance in favour of habituated ones, respectively.

3.1.1.a.5) Enterobacter:

The pH 5.0 grown cells of the Ent. gergoviae strain (Figure 3.11) again indicated 

that they possess a mechanism by which they resist acid exposure of pH 2.5 for 2 and 5 

min, because the ratio of survival percentage for habituated ones compared to non- 

habituated was 6.8- and 50-fold better, respectively; at pH 3.0 for 5 and 8 min these ratios
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were 26.7- and 175, respectively.

In another experiment, when cells of the Ent. cloacae strain (Figure 3.12) were 

subjected to pH 2.5 and 3.0 for 5 and 8 min, the habituated cells were able to show better 

survival as their viability was 11.7-, 14.2-, 22- and 60-fold greater, compared to the non- 

habituated ones.

3.1.1.a.6) Klebsiella:

The ratios of survival percentage of habituated cells treated with pHs 2.5 and 3.0 

for 5 and 8 min compared to non-habituated ones of K. aerogenes strain (Figure 3.13) 

were 130-, 337.5-, 34.1- and 76-, respectively.

As expected, the pH 5.0 grown cells of the K. edwardsii strain (Figure 3.14) 

exposed to pHs 2.5 and 3.0 for 5 and 8 min managed to survive much better as 12.5-, 10-, 

260- and 375-fold greater survival of habituated cells was obtained, respectively.

3.1.1.a.7) Citrobacter:

In C  koseri strain (Figure 3.15) the comparative survival ratio for pH 5.0 versus 

pH 7.0 grown cells was striking when both were subjected to pHs 2.5 and 3.0 for 5 and 

8 min. These exposure led to 331-, 441-, 300- and 60-fold survival ratios in favour of pH

5.0 grown organisms.

Another example of better resistance for habituated cells (in comparison to non- 

habituated ones) to acid pH was achieved when cells of the C. freundii strain (Figure 

3.16) were exposed to pH 2.5 for 2, 5 and 8 min, these exposures resulted in 28.4-, 400- 

and 541-fold better survival for the habituated cells.

3.1.1.a.8) Vibrio parahaemolyticus:

In the next experiment, the habituated and non-habituated cells of V. 

parahaemolyticus strain 10441 (Figure 3.17) were treated with pHs 2.5 and 3.0 for 5 and 

8 min and the data obtained demonstrated better resistance for pH 5.0 grown cells with 

50-, 500-, 2.8- and 14-fold ratios for survival being yielded, respectively.

3.1.1.a.9) Acinetobacter calcoaceticus:
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Cells of the/i. calcoaceticus strain (Figure 3.18) presented another example for 

higher resistance of habituated cells (compared to non-habituated ones); after exposure 

to acid pH 2.5 for 2 and 5 min, the ratios obtained showed 2.4- and 16-fold better 

viability, respectively.

3.1.1.a.l0) Aeromonas formicans:

When pH 5.0 and 7.0 grown cells of A. formicans strain (Figure 3.19) were 

treated with pHs 2.5 and 3.0 for 5 and 8 min, there were 80-, 500-, 4.5- and 36.6-fold 

greater survival percentages for habituated cells. It was shown that all the strains used 

could resist acid lethality if they initially become habituated or adapted to sub-optimal pH.

3.1.1.b) Overall comparisons:

Although sensitivity of strains to acid is strain-dependent and dependent on their 

growth phase during the treatment and on pH and the exposure time, the results 

mentioned above suggested that the acid pHs used were all strong enough to rapidly 

reduce the number of living cells (grown initially at pH 7.0) even in a matter of a few 

minutes.

Taking all the results mentioned above into consideration, it seems that amongst 

all the strains cultured at pH 7.0 prior to treatment with, for example, acid pH 3.0 for 5, 

8 or 14 minutes, P. mirabilis (Figures 3.8 and 3.9) and E. coli 1157 strains (Figure 3.4) 

exhibited the highest resistance. The same results were also obtained for the habituated 

cells of both strains P. mirabilis (Figures 3.8 and 3.9) and E. coli 1157 (Figure 3.4) as 

they resisted higher values of acid pH (i.e. 1.8 and/or 1.9), while other strains failed to 

survive in these strong killing pHs values, whose results are not presented.The reason for 

the resistance to acid pH might not be the same in these two species, although the E. coli 

1157 strain in whichphoE gene (encoding PhoE protein that acts as a H^ pore) is missing 

can not offer the proper penetration route for hydrogen ions to cross the outer membrane 

and this will reduce killing.

TheE. coli strain 1829 ColV, I-K94 (Figure 3.2) was more sensitive to lethal pH 

than its corresponding plasmid-fi'ee counterpart; this may be associated with the presence 

of transfer components of the plasmid involved in the outer membrane, which may allow
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penetration.

The results indicated that habituated cells of Salmonella species had slightly better 

resistance to low acid pH in NB compared to habituated cells of most E. coli species. For 

example, the percentage survival of cells habituated initially at pH 5.0 in NB then treated 

to with acid pH 3.0 for 7 min is 44 (Figure 3.4), 21 (Figure 3.1), 32 (Figure 3.3), 40 

(Figure 3.2), 48 (Figure 3.6) and 50 (Figure 3.7) fbrE. coli 1157, E. coli C600, E. coli 

1829, E. coli 1829 ColV, I-K94, Salm. enteritidis dXiA Salm. typhimurium, respectively. 

The reason may be related to synthesis in Salmonella of more polypeptides thought to 

be involved in acid resistance during adaptation at pH 5.0 (Hickey & Hirshfield, 1990).

It appears that as the challenge pH value is raised the extent of survival ratio for 

habituated cells is reduced for P. mirabilis G12UP^ (Figure 3.9); for example, the mean 

percentage survival of habituated cells as compared with non-habituated ones treated with 

acid pHs 1.8, 2.5 and 3.0 for 7 min are 3000-, 2.3- and 1.3-fold increase, respectively. 

Similar results were obtained for P. mirabilis 406UP’ (Figure 3.8); when they were 

exposed to pHs 1.9, 2.5 and 3.0 for 3, and 5 min the ratios showed 50-, 26.61- and 2.6- 

fold increased viability for the habituated cells compared to non-habituated ones, 

respectively. It is of interest to study further the actual cause for the resistance of P. 

mirabilis species to high levels of acid pHs.

Having compared the resistance of habituated and non-habituated cells to both 

acid pHs 3.0 and 2.5, it seems that Klebsiella (Figures 3.13 and 3.14), Citrobacter 

(Figures 3.15 and 3.16), Aeromonas (Figure 3.19) and Enterobacter (Figures 3.11 and

3.12) species had the highest habituation ratio, while these species are characterized by 

high sensitivity to low acid pH (see the mentioned Figures). More studies are required to 

establish the basis for this.

In comparison of mean percentage survival of cells grown first at pHs 7.0 and 5.0, 

it is indicated that the highest survival ratio between habituated and non-habituated cells 

is not the same and varies widely strain to strain. It was also found that the highest lethal 

acid pH below which all the viable cells rapidly disappear in NB seems to vary and is 

specific to each strain but as far as the used strains are concerned, pH 1.7 tended to be the 

lowest acid value that can kill all the strains involved in this study.

The results provided another point to note, that is the ratio of survival percentages
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Figure 3.1) Effect of acid pHs for time periods (seen in parenthesis) on habituated and 
non-habituated cells oîE,coli C600, initially grown at pHs 7.0 and 5.0

O  pH 5.0
■  pH 7.02 5 -

2 0 -

I

2 .2(8 ) I  3.0(3) I  3.0(8) 
3.0(5)

Add pH exposed for Sme periods (min)

30(14)
2.2(5) 3.0(10)

Figure 3.2) Effect of acid pHs for time periods (in parenthesis) on habituated and non
habituated cells of Kcoli 1829 ColV, I-K94 initially grown at pHs 7.0 and 5.0

□  pH 5.0 
■  pH 7.040 -

3 5 -

3 0 -

625
2 0 -
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Figure 3.3) Effect of acid pHs for time periods (seen in parenthesis) on habituated and 
non-habituated cells of E.coH 1829, initially grown at pHs 7.0 and 5.0

E  pH 5.0

3 5 -

3 0 -

Z  2 0 -
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>  1 0 -

2,5(8) 3.0(10)
2.5(5) 2.5(10) 3.0(7)

Acid pH exposed for time periods (min)
3.0(14)

Figure 3.4) Effect of acid pHs for time periods (in parenthesis) on habituated and non- 
habituated cells of Kcoli 1157 initially grown at pHs 7.0 and 5.0
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Figure 3.5) Effect of acid pHs for time periods (seen in parenthesis) on habituated and 
non-habituated cells of E. coli 3/904, initially grown at pHs 7.0 and 5.0

□  pH 5.0

2.5(12)
Acid pH exposed for time penods (min)

Figure 3.6) Effect of acid pHs for time periods (in parenthesis) on habituated and non- 
habituated cells oïSalm, enteritidis 125663 initially grown at pHs 7.0 and 5.0
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Figure 3.7) Effect of acid pH for time periods (seen in parenthesis) on habituated and 
non-habituated cells o ïSaint typhinuirium LT2, initially grown at pHs 7.0 & 5.0
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Acid pH exposed for time periods (min)

3(14)
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Figure 3.8) Effect of acid pHs for time periods (in parenthesis) on habituated and non- 
habituated cells of P. mirabilis F406UP' initially grown at pHs 7.0 and 5.0
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Figure 3.9) Effect of acid pHs for time periods (seen in parenthesis) on habituated and 
non-habituated cells of P. mirabilis G12UP\ initially grown at pHs 7.0 & 5.0

y pH 5.0
■ pH 7.0

I  1.9(7) I  2.8(7)
19(3.5) 2.8(14)

Acid pH exposed for time periods (min)

Figure 3.10) Effect of acid pHs for time periods (in parenthesis) on habituated and non- 
habituated cells of Serratia marcescens, initially grown at pHs 7.0 and 5.0
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Figure 3.11) Effect of acid pHs for time periods (seen in parenthesis) on habituated and 
non-habituated cells of Enterobactergergoviae, initially grown at pHs 7.0 and 5.0

□  pH 5.0
■  pH 7.02 5 -

2 0 -

4  1 0 -

2.5(5) 3(5)
2.5(2) 3(8)

Acid pH exposed for time periods (min)

Figure 3.12) Effect of acid pHs for time periods (in parenthesis) on habituated and non- 
habituated cells of Enterobacter cloacae, initially grown at pHs 7.0 and 5.0
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Figure 3.13) Effect of acid pHs for time periods (seen in parenthesis) on habituated and 
non-habituated cells oï Klebsiella aerogenes, initially grown at pHs 7.0 and 5.0

H  pH 5.0
■  pH 7.02 5 -

2 0 -

| 1 0 -

3(5)2.5(8)
2.5(4) 3(8)

Acid pH exposed for time periods (min)

Figure 3.14) Effect of acid pHs for time periods (in parenthesis) on habituated and non- 
habituated cells of Klebsiella edwardsii, initially grown at pHs 7.0 and 5.0

□  pH 5.0
■  pH 7.0

2.5(8)
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Figure 3.15) Effect of acid pHs for time periods (seen in parenthesis) on habituated and 
non-habituated cells of Citrobacter koseri, initially grown at pHs 7.0 and 5.0
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Figure 3.16) Effect of acid pHs for time periods (in parenthesis) on habituated and non- 
habituated cells of Citrobacterfreundii, initially grown at pHs 7.0 and 5.0
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Figure 3.17) Effect of acid pHs for time periods (seen in parenthesis) on habituated and 
non-habituated cells of V. parahaemolyticus 10441 initially grown at pHs 7 & 5

□  pH 5.0
■  pH 7.0

2.5(8) 3(5)
2.5(5) 3(8)

Acid pH exposed for time periods (min)

Figure 3.18) Effect of acid pH for time periods (in parenthesis) on habituated and non- 
habituated cells 0 ÏAcinetobacter calcoaceticus, initially grown at pHs 7.0 & 5.0
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Figure 3.19) Effect of acid pHs for time periods (seen in parenthesis) on habituated and 
non-habituated cells oïAerontonas formicans, initially grown at pHs 7.0 and 5.0
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between habituated and non-habituated organisms increased in most cases as the exposure 

time was raised. For example:

The ratio of survival percentage for habituated cells of E. coli C600 strain compared to 

non-habituated ones (Figure 3.1) treated with pH 2.2 for 5 and 8 min was 54.8- and 203; 

this ratio for pH 3.0 with exposure periods of 3, 5, 8, 10 and 14 min was 2.3-, 5.5-, 6.5-, 

4.6- and 19.1-fold with increased viability for habituated cells.

Likewise, whenÆ coli 1829 ColV, I-K94 strain (Figure 3.2) was exposed to pH

3.0 for 7, 10 and 14 min, the survival ratio for habituated cells as compared to non- 

habituated ones was 13.7-, 300- and 550-fold increase, respectively.

Consistent with the above data, the prolongation of exposure time resulted in 

higher ratio if survival rate of habituated cells is compared with the non-habituated cells 

of E. coli 1829 strain (Figure 3.3); treatment with pH 2.5 for 5, 8 and 10 min brought 

about 17.5-, 86.2- and 366-fold increase, respectively.

Similarly, the survival ratio oïE. coli 1157 strain (Figure 3.4) exposed to pH 3.0 

for 5, 7, 10 and 14 min was 9.8-, 16.2-, 18- and 20- with increased viability for habituated 

cells.

The ratios for survival percentages in habituated cells of E. coli 3/904 strain 

(Figure 3.5) as compared with non-habituated one, treated with pH 2.5 for 2, 5, 8 and 12 

min were 1.3, 1.3-, 1.4- and 2.8-, respectively, although the differences here may not be 

significant.

Similar to what was demonstrated with E. coli strains, the strain Salm. enteritidis 

(Figure 3.6) exposed to pH 2.6 for 3.5 and 7 min showed that the longer the exposure 

time the higher was the ratio of resistance of habituated cells in comparison with non- 

habituated ones. Thus, the ratios were 38- and 111-, respectively.

In another experiment, the survival ratios of Salm. typhimurium strain (Figure

3.7) treated with pH 3.0 for 5, 7, 8 and 14 min, were 7.2-, 6.6-, 17.6- and 21.6-fold 

increase in favour of habituated organisms, respectively.

The same applied to P. mirabilis P406UP-, where there was an increased survival 

ratio for habituated cells in comparison to non-habituated ones as the exposure period was 

increased from pH 2.5 for 3, 7 and 14 min, the ratios obtained were 26.61-, 166- and 450- 

fold, respectively.



Similarly, the ratio of the percentage survivals of P. mirabilis G12UP^ strain 

(Figure 3.9) treated with pH 1.9 for 3.5 and 7 min were 92.2- and 3000-fold, respectively.

3.1.1.C) Prior growth at alkaline pH:

The strain ofE. coli 1829 ColV, I-K94 (Figure 3.20) was grown at three different 

sub-lethal alkaline pH values (i.e 9.0, 9.5 and 10) for 30 minutes then the cultures were 

transferred to pH 7.0 and 5.0 and growth shaken at 37°C was followed by optical density 

changes for three hours. The results indicated that the higher the sub-lethal alkaline pH 

the weaker the subsequent growth was in either pHs of 7.0 and 5.0. The difference 

between growth at pH 7.0 and 5.0 if cells were grown first at alkaline pH is striking; the 

mean optical density increase of the strain grown at pH 7.0 and then shifted to pH 7.0 and

5.0 for three hours was 0.88 and 0.63, respectively; whereas when the cells were grown 

initially at pH 9.5 or 10.0 for 30 min then shifted to pH 7.0, their optical densities were 

reduced to 0.51 and 0.17, respectively. These amounts were 0.28 and 0.01 for pH 5.0 

grown cells when they were first grown at pH 9.5 or 10.0, respectively. Therefore it seems 

that, initial growth at alkaline pH has made the cells susceptible to killing or growth 

inhibition at pH 5.0. The results shown on Figures 3.20 and 3.21 indicated that, growth 

at pHs above 9 would lead to sensitivity to growth at sub-lethal acid pH. If the proteins 

synthesized during incubation at sub-lethal alkaline pHs were inhibited by 200 //g/ml 

chloramphenicol (Figure 3.21), poor growth still occurred at pH 5.0 .

3.1.2) Resistance of Gram-negative bacteria to acid pH in natural medium:

It has previously been demonstrated that when bacteria are exposed to a sub-lethal 

dose of certain stresses they may acquire a phenotypic resistance, i.e. they will become 

habituated and will subsequently resist damage or killing by a higher dose which is lethal 

to non-habituated organisms (Mackey & Derrick, 1987; Demple & Halbrook, 1983). 

Acidification affects normal aquatic bacteria and extreme pHs may also affect the survival 

of pollutant organisms such as E. coli.

3.1.2.1) Survival in acidified river water of organisms grown to stationary phase at

pH 5.0 and 7.0:
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Figure 3.20) Sensitivity of E.coli 1829 ColV, I-K94 cells to pHs 7&5, grown initially 
at alkaline pH and were measured in 30 min intervals by their optical density at 
37"C
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Figure 3.21) Sensitivity of Kcoli 1829 ColV, I-K94 to pHs 7&5, grown initially at 
alkaline pH ± 200 pg chloramphenicol (CAP) and then were measured V2 hourly 
at 37T.
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Organisms ofE. coli 1829, E. coli 1829 ColV, 1-K94, Salm. typhimurium LT2, 

Salm. enteritidis 125663, S. marcescens & P. mirabilis P406UP strains were grown in 

nutrient broth at pH 5.0 and 7.0 to stationary phase. They were then diluted into river 

water acidified (to various pHs) and incubated at 20°C shaken and their survival was 

investigated. The results of this investigation are illustrated in Figures 3.22 to 3.27, 

survival being tested by plating on nutrient agar after exposure to river water for 30, 60, 

and 120 minutes. The results obtained, indicated that, for most strains, organisms grown 

at pH 5.0 were slightly more resistant to acidified river water than were those grown at 

pH 7.0. The pH 5.0 grown organisms of the two E. coli strains, however, showed much 

greater survival in acidified water than the pH 7.0 grown ones (Figures 3.22 & 3.23).

3.1.2.2) Survival in acidified river water of organisms grown to exponential phase

at pH 5.0 and 7.0:

The same procedure was carried out as explained in the last section (3 .1.2.1) with 

four strains (i.e. Salm. enteritidis, Salm. typhimurium, P. mirabilis and E. coli ColV, I- 

K94) with one difference namely that the overnight cultures were rediluted into fresh 

nutrient broth at pH 5.0 or 7.0 and samples of cells were taken at mid-exponential phase 

and diluted into acidified river water. The results illustrated in Figures 3.28 to 3.31 

demonstrated in general, that the cells grown in sub-lethal pH 5.0 showed increased 

resistance to lethal pHs compared with those that were not first habituated in sub-lethal 

pH although the ratio was not very high.

3.1.2.3) Comparison of cells grown at stationary and exponential phases:

Comparison of cells taken from stationary and exponential phases indicated that 

the resistance to acid shown by stationary phase cells (Figures 3.22 to 3.27) is slightly 

more than that of the exponentially grown counterparts (Figures 3.28 to 3.31), although 

the rate of habituation and adaptation is higher in cells tested in the exponential phase.

3.1.3) Survival in four acid foods of Gram-negative bacteria grown at pH 7 and 5:

Contaminated environments for example contaminated water, vegetables or fruits 

can contain pathogenic enterobacteria which result in problems in public health. Bacterial
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Figure 3.22) Mean percentage survival in acidified river water of habituated and non- 
habituated ceils of E. coli 1829 initially grown to stationary phase at pH 7 & 5

Growth pH 

S  pH 5.0 
pH 7.0

3.5(30)
3.5(60)

Exposure pH for time periods (min)
3.5(120)

Figure 3.23) Mean percentage survival in acidified river water of habituated and non- 
habituated cells of E.coli 1829 ColV, I-K94 initially grown to stationary phase 
at pH 7.0 & 5
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Figure 3.24) Mean percentage survival in acidified river water of habituated and non- 
habituated cells of Salm, typhimurium LT2 initially grown to stationary phase 
at pHs 7.0 and 5.0
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Figure 3.25) Mean percentage survival in acidified river water of habituated and non- 
habituated cells of Salm, enteritidis initially grown to stationary phase at pHs
7.0 and 5.0
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Figure 3.26) Mean percentage survival in acidified river water of habituated and non- 
habituated cells of.& marcescens initially grown to stationary phase at pHs 7.0 
and 5.0

Growth pH 
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2.5(60) I  I 3.0(60) I  I  3.5(60) I I 4.0(60) I

2.5(30) 2.5(120) 3.0(30) 3.0(120) 3.5(30) 3.5(120) 4.0(30) 4.0(120)
Exposure pH for time periods (min)

Figure 3.27) Mean percentage survival in acidified river water of habituated and non- 
habituated cells of P. mirabilis P406UP' initially grown to stationary phase at 
pHs 7.0 and 5.0

Grovi^h pH 

H  pH 5.0 
pH 7.0

o  60

2.7(60) I  I  3.0(60) I  I  3.5(60) I
2.7(30) 2.7(120) 3.0(30) 3.0(120) 3.5(30) 3.5(120)

Exposure pH for time periods (min)



(Results) 142

Figure 3.28) Mean percentage survival in acidified river water of habituated and non- 
habituated cells 0 Ï Kcoli 1829 ColV, I-K94 initially grown to exponential phase 
at pHs 7.0 and 5.0
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Figure 3.29) Mean percentage survival in acidified river water of habituated and non- 
habituated cells of Salm, typhimurium initially grown to exponential phase at 
pHs 7.0 and 5.0
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Figure 3.30) Mean percentage survival in acidified river water of habituated and non- 
habituated cells of Salm. enteritidis initially grown to exponential phase at pHs 
7.0 and 5.0
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Figure 3.31) Mean percentage survival in acidified river water of habituated and non- 
habituated cells of P. mirabilis P406UP' initially grown to exponential phase 
at pHs 7.0 and 5.0
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pathogenicity and plasmid carriage will influence the significance of food contamination 

(Smith, 1974). Acid pH if accompanied by organic acids can effectively inhibit growth or 

survival of enterobacteria and accordingly naturally acid foods or acidulated ones should 

not contain putative pathogens. Salmonella species, for example, would not usually resist 

acid foods due to the presence of low acid pH and natural acids (e.g. acetic or lactic acids) 

or acid pH and added preservatives acids (such as benzoic, cinnamic, propionic or sorbic 

acids), therefore low pH in some acid foods might make them unsuitable or lethal 

environments for bacteria, but it has been suggested that prior to entry into foods such 

organisms might become habituated during the food processing treatment resulting in their 

being able to survive in the normally lethal acidity of the final product; if the 

microorganisms used become first adapted and habituated to levels of acidity, this may 

render them resistant to acids to which they would normally be sensitive. This has 

significant applied importance because many of, for example, the egg-derived Salmonella 

infections are caused by ingestion of acid foods. Recently, the ability of bacteria to adapt 

to acidic pH has been stressed as a potential problem in the design of food preservation 

regimes(i^ifu»r»;o>»rej e t

It has also been reported that habituation might have taken place in Salm. 

enteritidis exposed to home-made mayonnaise that usually has a pH value of around 4.0. 

Therefore the acquired resistance in this species may not only allow survival in the acid 

food but also allow increased outbreaks of human infections by enhancing the survival of 

the bacterial cells in the stomach or in the phagocytic vacuole ingestion (Humphrey et a l 

1993).

In order to evaluate the effect and extent of habituation that leads to resistance 

of Gram-negative cells to weak acids (which lower the internal pH in comparison to 

inorganic acids which affect mainly the external pH) in foods at room temperature (similar 

to the temperature in shops and stores) six Gram-negative strains {E. coli 1829, E. coli 

ColV, I-K94, Salm. enteritidis, Salm. typhimurium, P. mirabilis, S. marcescens) were 

first cultured overnight in fresh nutrient broth at pH 7.0 and 5.0 then recultured in fresh 

nutrient broth with the same pH the next morning until OD 0.1-0.3 was achieved. Cells 

were then added to acid foods and mixed well, followed by being shaken at room 

temperature. Samples (after dilution) were subsequently plated onto nutrient agar for
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viable counts at once and were tested at various time periods. Unexposed cells were used 

as controls. The results for bacterial sensitivity to four acid foods are reflected in Figures 

3.32 to 3.35.

3.1.3.1) Vinegar:

In all cases of white wine vinegar at pH 2.7, 100 //I of cells (i.e. E. coli 1829, E. 

coli ColV, I-K94, Salm. enteritidis, Salm. typhimurium, P. mirabilis, S. marcescens) were 

directly taken into 10 ml of the acid food, which was initially diluted with distilled water 

with the original pH upto 25, 10, 5 and 1% (whose data not shown due to very low 

survival rate in higher concentrations) and 0.05% percent. The results of later experiment 

are illustrated in Figure 3.32. The results showed that amongst the foods used, acetic acid 

(in the form of vinegar) had the strongest antimicrobial activity and almost all the cells 

were killed in concentrations above 1 percent.

All the strains were more resistant to acid in vinegar when habituated. For 

example, the viability ratio of habituated cells against that of non-habituated ones in 

various strains exposed to 0.05% vinegar for 30 min was as follows:

InE. coli 1829 strain 6.6-fold increase, inE  coli 1829 ColV, I-K94 strain 22-fold, 

mSalm. enteritidis 7-fold, mSalm. typhimurium 2-fold, in P. mirabilis 8.2-fold, and lastly 

in S. marcescens 4-fold.

The difference between habituated and non-habituated cells in terms of resisting 

organic acids demonstrated that,unlike the high level of resistance to inorganic acid pHs 

described earlier, the extent of resistance and habituation to organic acids is not so high. 

Nevertheless, most probably due to increased sensitivity of the non-habituated cells due 

to presence of plasmid transfer components, the pH 5.0 grown cells of E. coli 1829 ColV, 

I-K94 strain seem to become relatively more habituated than the other strains (that is 22- 

fold). Also in P. mirabilis the ratio of surviving habituated cells in comparison to 

surviving non-habituated cells upon treatment with acetic acid for 3, 7, 15 and 30 min 

seems to remain high that is 14-, 60-, 15.8- and 8.2-fold increase, respectively.

3.1.3.2) Yogurt:

As far as yogurt (pH 3.6) is concerned, 10 ml of cells were introduced into yogurt
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Figures 3.32) Survival of habituated and non-habituated cells of various microorganisms 
in acid foods (0.5% vinegar)
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...Figures 3.32) Survival of habituated and non-habituated cells of various 
microorganisms in acid foods (0.5% vinegar)
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Figures 3.33) Survival of habituated and non-habituated cells of various microorganisms 
in acid foods (yogurt)
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.. Figures 3.33) Survival of habituated and non-habituated cells of various 
microorganisms in acid foods (yogurt)
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already diluted down to 50% with water of the same pH. In this experiment, cells used 

were E  coli 1829, E. coli ColV, I-K94, P. mirabilis, Salm. enteritidis and Salm. 

typhimurium. The results (illustrated in Figure 3.33) demonstrated that cells grown at pH

7.0 were all sensitive to yogurt even after as short a time as 6 min. For instance:

The mean percentage survival of cells grown at pH 7.0 was 0.03 (for E. coli 

1829), 0.08 (for P.mirabilis), 0.12 (fox Salm. typhimurium), 0.1 (fox Salm. enteritidis), 

and 0.96 (E. coli 1829 ColV, I-K94).

All the strains gained resistance to the organic acids in yogurt when they were 

habituated at sub-lethal pH (i.e. 5.0) prior to exposure. For example:

The habituated cells of E. coli 1829, E. coli 1829 ColV I-K94, Salm. 

typhimurium, S. entritidis and P. mirabilis strains exposed to yogurt (pH 3.6) for one 

hour showed 15-, 30-, 13.3-, 20- and 2.8-fold increase in survival compared with non

habituated ones (as the control), respectively.

Similar to results obtained with vinegar, the highest habituation ratio was obtained 

mE. coli 1829 ColV, I-K94 (30-fold increase) in comparison to E. coli 1829 (15-fold).

3.1.3.3) Mayonnaise:

With regards to mayonnaise, (pH 4.4), 10 ml of cells (i.e. E. coli 1829, E. coli 

ColV, I-K94, Salm. typhimurium, Salm. enteritidis, P. mirabilis and Serratia marcescens) 

were added to the foods and were left in shaking condition at room temperature for 1 

hour. Figure 3.35 exhibits the results.

According to the data obtained, the pH 7.0 grown strains were all killed upon 

treatment with mayonnaise for as short a time as 6 min. The mean percentage survival was 

0.21 (S. marcescens), 0.22 (E. coli 1829), 0.24 (Salm. enteritidis), 0.26 (Salm. 

typhimurium), 0.22 (P. mirabilis) and 0.21 (E. coli 1829 ColV, I-K94).

As expected, when these cells were first grown at pH 5.0 they exerted higher 

resistance to acid foods to which they were previously very sensitive. For example:

After one hour treatment with mayonnaise there was 1.5-, 1.6-, 1.25-, 1.3-, 3.8- 

and 3.5-fold increased survival for habituated cells (as compared with non-habituated 

ones) of P. mirabilis, E. coli ColV, I-K94, Salm. enteritidis, Salm. typhimurium, S. 

marcescens andE. coli 1829 strains, respectively.
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The strains involved, were generally more resistant to mayonnaise, that is due to 

its milder pH (i.e. 4.4) which is less acid than other acid foods used. For instance, the 

mean percentage survival of pH 7.0 grown cells exposed to yogurt, salad cream and 

mayonnaise, respectively for 6 min was 0.03, 0.05 and 0.22 (for E. coli 1829); 0.96, 0.01, 

and 0.21 (E. coli 1829 ColV, I-K94); 0.1, 0.014, and 0.24 {îox Salm. enteritidis); 0.12, 

0.002, and 0.26 (Salm. typhimurium); 0.08, 0.3, and 0.22 (P. mirabilis), and finally, 

(yogurt was tested) 0.067, and 0.21 (for S. marcescens), respectively.

If the same strains were exposed to mayonnaise for three hours after being grown 

first at pH 5.0, they yielded the following survival percentages for yogurt, salad cream and 

mayonnaise, respectively; 0.06, 0.21, 0.24 (for E. coli 1829), 0.96, 0.08, 0.33, (E. coli 

1829 ColV, I-K94), 0.3, 0.17, 0.27, (for Salm. enteritidis), 0.22, 0.014, 0.28, (for Salm. 

typhimurium), 0.13, 0.53, and 0.35 (for P. mirabilis), and lastly, (yogurt was tested) 1.54, 

and 0.7 (for S. marcescens), respectively.

3.1.3.4) Salad cream:

The fourth experiment was with salad cream (Figure 3.34). Although salad cream 

showed stronger antimicrobial action (compared to yogurt and mayonnaise), almost all 

the strains in the four experiments became more tolerant (although in some cases to a very 

low extent) after being subjected to sub-lethal dose of the same acid food, compared with 

unsubjected cells. For example:

After 6 min exposure of cells to the food, the mean percentage survival obtained 

for the cells grown at pHs 7.0 and 5.0, respectively, was as follows:

4.2-fold increase for E. coli 1829, 8-fold increase for E. coli 1829 ColV, I-K94, 12.1-fold 

increase for Salm. enteritidis, 7-fold increase for Salm. typhimurium, 1.4-fold increase for 

P. mirabilis, and finally 22.2-fold increase for S. marcescens, respectively.

Almost similar results to the results obtained with yogurt and vinegar, was 

achieved for P. mirabilis strain as it had higher ratio of habituation. It seems that even 

with habituated cells one-hour exposure greatly reduces the number of viable cells, 

therefore the time lengths less than one hour seem to be not enough to inhibit the full 

activity of the bacteria involved.
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Figures 3.34) Survival of habituated and non-habituated cells of various microorganisms 
in acid foods (salad cream)
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.. Figures 3.34) Survival o f  habituated and non-habituated cells o f  various 
microorganisms in acid foods (salad cream)
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Figures 3.35) Survival of habituated and non-habituated cells of various microorganisms 
in acid foods (mayonnaise)
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... Figures 3.35) Survival of habituated and non-habituated cells of various micro
organisms in acid foods (mayonnaise)
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3.1.3.5) The overall results:

The relative figures for four acid foods clearly indicated that pH 5.0 grown 

organisms acquired phenotypically some resistance against the antimicrobial activity of 

weak organic acids in contrast with the pH 7.0 grown organisms, the non-habituated cells.

It also demonstrated that the Gram-negative bacteria used, are very sensitive to 

organic acids compared to inorganic acids involved, and the habituation ratio obtained is 

appreciably lower in organic acids.

3.2) Effect of phosphate presence on growth of enterobacterial

In recent years there has been a concern over the role inorganic materials such as

phosphate have had in enrichment of natural waters (eutrophication). Industrial processes,

detergent pollutions, run-offs from fertilized lands and human wastes seem to be the main

sources of phosphate. It is thought that phosphate is involved in acid pollution, therefore

it may influence the reaction of polluting enterobacteria to acid pH {Rowbury et al. 1992).

The significance of the roles phosphate may play in enhancing the growth of 
td

bacterial cells expose(^sublethal pH (e.g. 5.0) which would be expected to cause poorer 

growth rate, make it an important substance to study. In the following section the effect 

of phosphate on the bacterial resistance to acid has been examined.

3.2.1) Effect of phosphate salts on growth of 16 Enterobacteria:

A wide range of pH levels exist in nature, as low as pH 1.0 in acidic sulphur 

springs to pH 11.0 in soda lakes. According to their optimum pH, bacteria can be divided 

into acidophilic, alkalophilic and neutrophilic. In this study, the effect of phosphate on 

neutrophilic bacteria has been considered.

3.2.1.1) Potassium phosphate:

In the following experiments, the neutrophilic strains of enterobacteria were used 

to see the effect of the presence of potassium phosphate on the growth of cells at pH 5.0. 

Cells were grown overnight at pH 7.0 and recultured in fresh NB pH 7.0 until mid 

exponential phase was reached. Cells were subsequently rediluted in fresh nutrient broth 

pHs 7.0 and 5.0 with and without 10 mM potassium phosphate to see the stimulatory



effect of phosphate on shortening the lag phase or increasing growth rate of cells growing 

at pH 5.0.

The results demonstrated in Figures 3.36 to 3.50 indicated that all the strains grow 

poorly at pH 5.0 compared with pH 7.0 and this is in accord with the previous work done 

with E. coli (Rowbury et a l 1992). Although potassium phosphate in the concentration 

of 10 mM had no effect on pH 7.0 grown cells, it greatly enhanced the growth rate at pH

5.0 in 13 out of 15 strains used. The high ratio of growth rate of pH 5.0 grown cells with 

10 mM potassium phosphate to those growing without potassium phosphate shows an 

effect of this salt. For example: the OD of pH 5.0 grown cells in the three strains of A. 

calcoaceticus, Ent. cloacae and S. entritidis (unlike in those grown at pH 7.0) reached 

to 0.13, 0.07 and 0.11, respectively, whereas upon addition of 10 mM potassium 

phosphate, the growth rate was increased from the start and reached to 0.74, 0.58 and 

0.53, after three hours, which are 5.7-, 8.2- and 4.8-fold increase, over those grown 

without potassium phosphate, respectively.

The ratios (extent of growth after three hours at pH 5.0 with potassium phosphate 

versus growth at pH 5.0 without potassium phosphate) were:

A. calcoaceticus 5.7, P. mirabilis PG12UP^ 1.8, P. mirabilis P406UP” 3.0, V. 

parahaemolyticus (10441) 1.4, V. parahaemolyticus (10903) 3.9, C  koseri 7.5, Ent. 

cloacae 8.2, Salm. enteritidis 4.8, Salm. typhimurium 5.4 K. aerogenes 1.58, K. 

edwardsii 1.1, A.formicans (10852) 1.1, 6". marcescens 1.75 and C.freundii 4.6.

Some of the above showed little effect of phosphate at pH 5.0 but there were also 

exceptions to the above effect of phosphate,i.e. Acinetobacter Iwoffii and Aeromonas 

formicans (10852) which are very sensitive to acid pH 5.0 (which is in accord with the 

findings of Khardori & Fainstein, 1988) and cannot withstand its lethality.

In order to ensure that the bacterial cells have sufficient time to respond to the 

presence of phosphate or to overcome difficulties in growing at pH 5.0 in the absence of 

phosphate they were allowed to grow at least three hours in shaking condition. Having 

considered the growth rate in all the bacteria, it seems that it takes at least two hours 

(approximately) to pass the lag phase for pH 5 grown cells in the absence of phosphate, 

whereas this time, with phosphate, was reduced to one or half an hour to reach the 

exponential phase. For example, in the absence of potassium phosphate it took at least
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two hours for the OD of pH 5.0 grown cells of/4, calcoaceticus, Ent. cloacae and S. 

enteritidis to reach from 0.07 to 0.1, whereas this period was shortened to less than one 

hour for the same pH 5.0 grown cells when they were added potassium phosphate.

The results reflected in Figure 3.51 showed that 10 mM potassium phosphate also 

enhanced the growth of Salm. enteritidis cells grown at even lower sub-lethal pHs (i.e.

4.8 and 4.6). Growth below pH 4.5 seems to be stopped as cells, either with or without 

phosphate, failed to grow further. As the Figure 3.51 indicates lowering medium pH (5.0,

4.8 & 4.6) results in decrease in OD even in the presence of potassium phosphate, 

implying that hydrogen ions can in addition to PhoE use other pores to enter the cell.. 

While the OD of pH 5.0 grown cells of Salm. enteritidis after three hours is 0.51, these 

values for the same cells grown at pH 4.8 and 4.6 were 0.24 and 0.12, respectively. 

Interestingly enough, the OD of the cells was almost doubled as the medium pH was 

slightly raised. The ODs for pHs 4.6,4.8 and 5.0 grown cells after three hours were 0.09, 

0.16 and 0.33 (in the absence of potassium phosphate) and 0.12, 0.24 and 0.51 (in the 

presence of potassium phosphate), respectively.

3.2.1.2) Sodium phosphate:

In Figure 3.52 the presence of 0, 0.5, 1, 2, 5 and 10 mM sodium phosphate on 

growth of Salm. enteritidis was tested and found not be as effective as potassium 

phosphate, since it failed (in all molarities) to stimulate growth of the cells, involved. The 

presence of various molarities of sodium phosphate not only had almost no enhancing 

effect on growth of both pHs 7 and 5 grown cells, but also the increase in concentration 

of sodium phosphate would reduce further the optical density of cells, and concentrations 

below 10 mM, unlike the potassium phosphate, seem to inhibit the bacterial growth.

3.2.1.3) Sodium pentaphosphate:

In another experiment, probable growth stimulatory effect of 0, 0.1, 0.25, 0.5, 1, 

and 2 mM sodium pentaphosphate on Salm. enteritidis was tested (Figure 3.53) and again 

was found to have similar effect to sodium phosphate but with milder inhibitory effect. 

Although, at 0.1 and 0.25 mM (Figure 3.53) there was a slight growth enhancing effect 

at pH 5.0, the addition of sodium pentaphosphate (in all other concentrations, used)
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Figure 3.36) Effect of 10 mM potassium phosphate (Kp) on growth of the strain
Acinetobacter calcoaceticus (measured in 30 min intervals by optical density) at 
pHs 7&5 at 37T
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Figure 3.37) Effect of 10 mM potassium phosphate (Kp) on growth of Proteus mirabilis
PG12UP  ̂(measured in 30 min intervals by optical density) at pHs 7 and 5 at 37°C
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Figure 3.38) Effect of 10 mM potassium phosphate (Kp) on growth of the strain V. 
parahaemolyticus 10903 (measured in 30 min intervals by optical density) at pHs 
7 and 5 at 2>TC
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Figure 3.39) Effect of 10 mM potassium phosphate (Kp) on growth of Proteus mirabilis 
P406UF (measured in 30 min intervals by optical density) at pHs 7 and 5 at 37°C
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Figure 3.40) Effect of 10 mM potassium phosphate (Kp) on the growth of Serratia 
marcescens (measured in 30 min intervals by optical density) at pHs 7 and 
5 at 37T
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Figure 3.41) Effect of 10 mM potassium phosphate (Kp) on growth of the strain
Citrobacter freundii (measured in 30 min intervals by optical density) at pHs 7
and 5 at 2>TC
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Figure 3.42) Effect of 10 mM potassium phosphate (Kp) on growth of the strain
Citrobacter koseri (measured in 30 min intervals by optical density) at pHs 7 and 
5 at 2TC
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Figure 3.43) Effect of 10 mM potassium phosphate (Kp) on growth of the strain
Enterobacter cloacae (measured in 30 min intervals by optical density) at pHs 
7 and 5 at 37T
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Figure 3.44) Effect of 10 mM potassium phosphate (Kp) on growth of the strain
Salmonella enteritidis (measured in 30 min intervals by optical density) at pHs 
7 and 5 at 37T
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Figure 3.45) Effect of 10 mM potassium phosphate (Kp) on growth of the strain
Salmonella typhimurium (measured in 30 min intervals by optical density) at pHs
7 and 5 at 37T
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Figure 3.46) Effect of 10 mM potassium phosphate (Kp) on growth of the strain V. 
parahaemolyticus 10441 (measured in 30 min intervals by optical density) at pHs 
7 and 5 at 3>TC
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Figure 3.47) Effect of 10 mM potassium phosphate (Kp) on growth of the strain
Klebsiella edwardsii (measured in 30 min intervals by optical density) at pHs 7
and 5 at 37T
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Figure 3.48) Effect of 10 mM potassium phosphate (Kp) on growth of the strain
Klebsiella aerogenes (measured in 30 min intervals by optical density) at pHs 7 
and 5 at 37T
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Figure 3.49) Effect of 10 mM potassium phosphate (Kp) on growth of Aeromonas 
formicans 10852 (measured in 30 min intervals by optical density) at pHs 7 and 
5 at 37T
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Figure 3.50) Effect of 10 mM potassium phosphate (Kp) on growth of the strain
Acinetobacter Iwoffi (measured in 30 min intervals by optical density) at pHs 7 
and 5 at 37°C
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Figure 3.51) Effect of 10 mM potassium phosphate (Kp) on the growth oïSalm,
enteritidis initially grown at pH 7.0 then shifted to various pHs and measured in 
30 min intervals by their optical density at 37°C
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...Figure 3.51) Effect of 10 mM potassium phosphate (Kp) on the growth oï Salnu 
enteritidis initially grown at pH 7.0 then shifted to various pHs and measured in 
30 min intervals by optical density at 37°C
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Figure 3.52) Effect of various mM Sodium phosphate (Nap) on growth of Salm,
enteritidis (measured in 30 min intervals by optical density) at pHs 7&5 at 37°C 
with aeration
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Figure 3.53) Efifect of various mM Sodium pentaphosphate (Napp) on growth of Sa/m, 
enteritidis (measured in 30 min intervals by optical density) at pHs 7&5 at 37°C 
with aeration
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Figure 3.54) Effect of various mM of ATP, AD? and AMP on the growth of Salm, 
enteritidis in NB at 37°C with aeration at pHs 7 and 5.
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reduced the growth rate of cells involved in both 7 and 5. For instance, the optical density 

of pH 7.0 grown cells after three hours with 0, 0.5, 1 and 2 mM sodium pentaphosphate 

was 0.44, 0.44, 0.25 and 0.16, respectively. Similarly, the optical density of pH 5.0 grown 

cells for three hours with 0, 0.5,1 and 2 mM was 0.30, 0.22, 0.20 and 0.15, respectively, 

suggesting that the more the concentration of sodium pentaphosphate the less the optical 

density of the cells, involved will be.

3.2.1.4) Adenosine phosphate:

Figure 3.54 showed that the addition of adenosine phosphates (i.e. AMP, ADP, 

ATP) also failed to increase the growth of Salm. enteritidis both at pHs 7.0 and 5.0 within 

three hours. Growth of the strain at both pHs 7 and 5 remained unchanged with and 

without 2.5 mM ATP in terms of optical density. Addition of ADP or AMP not only did 

not aid the bacterial growth but also had a slightly inhibitory influence on growth. For 

example, the optical density of cells grown at pH 7.0 for three hours with 0, 1, 2.5, 5 mM 

ADP and AMP was 0.44, 0.44, 0.41, 0.40 and 0.46, 0.46, 0.46, 0.45, respectively. These 

amounts for cells grown at pH 5.0 for three hours with 0, 1, 2.5 and 4 mM ADP and AMP 

were 0.31, 0.30, 0.29, 0.26 and 0.33, 0.30, 0.29, 0.23, respectively.

Therefore, it looks as though that, among chemicals used (i.e. potassium 

phosphate, sodium phosphate, sodium pentaphosphate, ATP, ADP and AMP) only 

potassium phosphate (and sodium pentaphosphate at very low levels) managed to enhance 

the growth rate of Salm. enteritidis and the rest remained ineffective or inhibitory 

chemicals rather than stimulatory to growth of Salm. enteritidis.

3.2.2) Growth of E, coli KIO strain treated with weak acids in the absence of

phosphate:

Various factors (including pH) affect growth and survival of microorganisms. 

Neutrophilic bacteria prefer a pH near neutrality. If the pH values of foods are changed 

to unfavourable values, it may result in growth inhibition. Therefore, a food with low pH 

tends to stop bacterial activity more than a food with a neutral pH. Weak acids in the 

undissociated form travel across the cellular membrane and liberate a proton in the 

cytoplasm according to internal pH and therefore becomes dissociated resulting in an
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alteration in bacterial internal pH.

A major group of chemical preservatives are organic acids such as sorbic, benzoic, 

citric, propionic, acetic, lactic and transcinnamic acids. These preservatives as free acids 

or salts tend to inhibit bacterial activities mainly without affecting health and safety of 

humans (Freese et al. 1973); many of course, occur naturally in foodstuffs.

In the following experiment, E. coli KIO strain was exposed to various molarities 

o f six different organic acids or their salts (i.e. sorbic, benzoic, transcinnamic, citric, 

acetic, and propionic acids) at pHs 7, 6 , and 5.5 (Figures 3.55 to 3.60) to assess the 

inhibitory effect of the organic acids involved at different acid pHs on a strain possessing 

only one system (PST) for phosphate uptake.

The results obtained showed that organic acids used at all three pHs (i.e. 7.0, 6.0, 

and 5.5) could inhibit the growth of KIO strain. The results also indicated that the higher 

the concentration of the organic acids and the lower the pH of the media the more 

effective the acid would be, thus decreased bacterial growth was reflected in lower optical 

density. For example:

The optical density of KIO strain after three hours exposure to 0, 10, 30 and 60 

mM citric acid was found to be 0.55, 0.46, 0.28, 0.18 (at pH 7.0); 0.56, 0.31, 0.29, 0.25 

(at pH 6.0); and 0.42, 0.14, 0.10, 0.10 (at pH 5.5), respectively.

With regard to exposure to 0, 10, 30 and 100 mM propionic acid, the optical 

densities obtained after 3 hr, were 0.52, 0.40, 0.27, 0.20 (at pH 7.0), 0.54, 0.29, 0.28, 

0.04 (at pH 6.0) and 0.27, 0.06, 0.05, 0.07 (for pH 5.5), respectively.

As far as benzoic acid is concerned, KIO cells treated with 0, 5, 10, and 30 mM 

of the organic acid yielded these optical densities at 3 hr: 0.49, 0.38, 0.23, 0.07 (for pH

7.0), 0.42, 0.06, 0.04, 0.03 (for pH 6.0) and 0.31, 0.05, 0.03, 0.03 (at pH 5.5), 

respectively.

Regarding sorbic acid the concentrations used were 0, 5, 10 and 30 mM and the 

corresponding optical densities obtained after 3 hr were 0.51, 0.37, 0.23, 0.06 (at pH 7.0), 

0.48, 0.06, 0.06, 0.06 (at pH 6.0) and 0.42, 0.05, 0.05, 0.06 (at pH 5.5), respectively.

The concentrations used for transcinnamic acid were 0, 1, 5 and 15 mM and the 

relative optical densities were 0.60, 0.56, 0.50, 0.27 (at pH 7.0), 0.59, 0.46, 0.25, 0.07 

(at pH 6.0) and 0.40, 0.21, 0.07, 0.06 (at pH 5.5), respectively.



174

Figure 3.55) Optical density of the strain KcoH KIO treated with various milli molar 
Citric acid in NB at 37T with aeration at pHs 7, 6  and 5.5.
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Figure 3.56) Optical density of the strain Kcoli KIO treated with various milli molar 
Propionic acid in NB at 37°C with aeration at pHs 7, 6 and 5.5.
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Figure 3.57) Optical density of the strain E.coli KIO treated with various milli molar
Benzoic acid in NB at 37°C with aeration at pHs 7, 6 and 5.5.
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Figure 3.58) Optical density of the strain E.coli KIO treated with various milli molar
Sorbic acid in NB at 37°C with aeration at pHs 7, 6 and 5.5.
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Figure 3.59) Optical density of the strain Kcoli KIO treated with various milli molar 
Transcinnamic acid in NB at 37°C with aeration at pHs 7, 6  and 5.5.
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Figure 3.60) Optical density of the strain E.coli KIO treated with various milli molar 
Acetic acid in NB at 37°C with aeration at pHs 7, 6  and 5.5.
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The optical densities obtained upon exposure to 0, 5, 30 and 100 mM acetatic acid 

were as follows: 0.50, 0.42, 0.22, 0.14 (for pH 7.0), 0.39, 0.12, 0.03, 0.02 (for pH 6.0) 

and 0.20, 0.06, 0.0, 0.0 (for pH 5.5), respectively.

The concentrations (mM) of the acids that just inhibited the growth of KIO cells 

within three hours at pHs 7.0, 6.0 and 5.5, were 120, 120, 60 (for citric acid); 400, 100, 

10 (for propionic acid); 30, 5, 2.5 (for benzoic acid); 30, 5, 2.5 (for sorbic acid); 25, 10, 

5 (for transcinnamic acid); 100, 30,5 (for acetic acid), respectively.

The results also indicated that the bacterial cells are under dual unfavourable 

circumstances (due to external and internal change of pH) when the concentration of 

organic acid is high and the medium pH is low. Furthermore, the comparisons made above 

would also indicate that transcinnamic, benzoic and sorbic acids are the most potent ones 

at all the three pHs of 7.0, 6 .0  and 5.5 and the propionic and citric acids have the weakest 

effect of the organic acids involved.

3.2.3) Growth of E, coli KIO strain treated with weak acids in the presence of 

phosphate:

It has been shown that the antimicrobial activity of organic acids (specially higher 

concentrations) can inhibit growth or survival of bacteria, particularly when they are used 

at low acid pHs. Phosphate which was shown (section 3.2.1.1) to be able to enhance 

bacterial growth, probably by competing with hydrogen ions for passage across the outer 

membrane seems to fail to reduce the antibacterial activity of organic acids in E. coli KIO. 

Although, the exposure pH was higher than 5.0 as adjusted for other strains treated with 

inorganic acids (section 3.2.1.1).

In the following experiment, the effect of phosphate on KIO strain exposed to 

various concentrations of organic acids was studied. In a number of experiments (Figures 

3.61 to 3.67) the cells ofE. coli KIO strain were treated with various weak acids plus 10 

mM potassium phosphate at pHs which just inhibit their growth in order to study the 

interaction between phosphate transport through the cell and inhibitory effect of weak 

acids involved. Unlike the results demonstrated in Figures 3.36 to 3.51, potassium 

phosphate not only did not stimulate their growth but did not exhibit any effect on 

bacterial growth in all the acids at pHs 7, 6 , and 5.5 suggesting that the stimulatory effect
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Figure 3.61) Optical density of R  coli KIO exposed to various mM Transcinnamic acid
in NB at 37°C and at pHs 7, 6 and 5.5 in the presence of potassium phosphate 
(Kp).
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Figure 3.62) Optical density of Kcoli KIO exposed to various mM Benzoic acid in 
NB at 3TC and at pHs 7, 6 and 5.5 in the presence of potassium phosphate (Kp).
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Figure 3.63) Optical density of Æ coli KIO exposed to various mM Lactic acid in NB
at 37°C and at pHs 7, 6 and 5.5 in the presence of potassium phosphate (Kp).
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Figure 3.64) Optical density of E. coli KIO exposed to various mM Citric acid in NB 
at 37°C and at pHs 7, 6 and 5.5 in the presence of potassium phosphate (Kp).
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Figure 3.65) Optical density of E. coli KIO exposed to various mM Sorbic acid in NB
at 37°C and at pHs 7, 6 and 5.5 in the presence of potassium phosphate (Kp).
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Figure 3.66) Optical density of E.coli KIO exposed to various mM Propionic acid in NB
at 37°C and at pHs 7, 6 and 5.5 in the presence of potassium phosphate (Kp).
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Figure 3.67) Optical density of E. coli KIO exposed to various mM Acetic acid in NB 
at 37°C and at pHs 7, 6 and 5.5 in the presence of potassium phosphate (Kp).
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of phosphate on growth of other strains which resulted from competition between 

hydrogen and phosphate ions for outer membrane passage may not occur with organic 

acids whose action differs from inorganic acids (i.e. they act by reducing internally). 

Furthermore, lack of one phosphate transport system (PIT) in KIO may contribute to this 

failure, however the missing system is mainly associated with transport of inorganic 

phosphate.

3.3) Acid resistance induced by temperature upshift:

The effect of the heat shock response on food safety may be important because 

certain foods are thermally processed to ensure safety. Mackey & Derrick (1986) 

pioneered relevant studies with Salmonella spp. in broth, liquid whole egg, and 

reconstituted dried milk and concluded that marginal heat treatments may not be adequate 

in certain instances. This may be because microorganisms including E. coli may possess 

inducible systems to counteract the effect of a wide number of external stresses including 

heat and pH variations. Heat can be regarded as the best recognized stress system in a 

large number of cells. Therefore it is important to know how bacteria respond to heat 

upshift conditions.

Following an induction by heat, a rapid and transient response resulting in 

synthesis of 17 proteins referred to as heat shock proteins (HSP) or high temperature 

production proteins (HTP) (Neidhardt et a l 1984)) occurs in E. coli (see table 1.6.1). In 

nature, bacterial cells may be exposed to sub-lethal pHs (e.g. pH 5.0) prior to treatment 

with high temperature or conversely they might be heat treated before they become 

exposed to acid; therefore it would be interesting to study the effect of temperature 

upshift on acid resistance. It has been reported that the amount of heat shock proteins 

induced at 45°C are 10-fold of those produced at 30°C (Neidhardt et a l 1984). Yamamori 

& Yura (1982) demonstrated that, the acquisition of heat resistance is perhaps associated 

with protein synthesis; therefore addition of chloramphenicol to the culture before the 

temperature shift may inhibit the resistance.

It has already been reported that presence of the ColV, I-K94 markedly increases 

the sensitivity of E. coli K12 to heat but had no effect on a wild E. coli isolate (Abu 

Ghazaleh et a l 1989). Therefore 1829 ColV, I-K94 strain was mainly used to study the



acid resistance induced by heat shiftup (Figures 3.68 to 3.74). All the results in Figures 

3.68 to 3.74 implied that cells ofE. coli strain 1829 ColV, I-K94 gained acid resistance 

if they were grown initially at 44°C. The Figures 3.68, 3.69 and 3.72 indicated that, 

induction of acid resistance is time-dependent and the time for sufficient induction to 

occur is probably one hour; since the mean percentage survival values of the cells grown 

initially at 44°C for one hour then treated with acid pH 3.0 for 10 min seems very similar 

to those exposed to 44°C for longer periods.

Figures 3.68, 3.69 and 3.70 if compared to Figures 3.71, 3.72 and 3.73 

demonstrated that, inÆ coli even at 37°C, a response (in terms of acid resistance) due to 

the higher growth temperature can be seen since they are more resistant to acid pH than 

those grown at 25°C. Figure 3.69 also indicated that longer growth in both 37°C and 44°C 

(i.e. 30 and 60 min) results in increased acid resistance. It has previously been reported 

that, some of the HTP proteins demonstrate a measurable transient induction upon a shift 

fi’om 28°C to 33°C {Neidhardt et a l 1984). Therefore, the results of Figures of 3.71 and 

3.72 are in accord with the previous works.

The results of Figure 3.74 showed that if cells are grown first at 44°C to cause 

induction of acid resistance then transferred to a medium with the same conditions but at 

25°C for 4 hours, they gradually lose their resistance to acid, suggesting that cells can 

possibly keep the HTP proteins active for a period. The Figure 3.73 showed that, the 

growth of cells at 48°C rendered them somewhat resistant to acid pH (i.e. pH 3.0) if 

compared with those grown at 25°C but this high temperature made the conditions 

unfavourable for full resistance to acid pH. At 50®C virtually no acid resistance was 

gained.

The results of Figure 3.75 indicated again that heat induction may lead to 

resistance against acid pH. The cells of E. coli strain 1829 ColV, I-K94 were grown 

primarily in 25°C at pHs 5.0 and 9.0, they were then transferred to either pH 5.0 and 9.0 

at 44°C for one hour and subsequently were treated with acid pH 3.0 for 10 minutes. 

Therefore those cells which were habituated initially to sub-lethal acid pH (grown at pH

5.0) and grown at 44°C for 60 min exhibited the highest acid resistance possibly by 

synergistic systems of acid habituation and heat induction (against pH 3.0 for 10 min) in 

terms of mean percentage survival, compared to those grown in pH 9.0 at 25°C (i.e. 20
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Figure 3.68) Effect of growth temperature (37®C and 44‘’C) on sensitivity of E.coli 1829 
ColV, I-K94 cells to acid pH 3.0 in NB with aeration.
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Figure 3.69) Effect of growth temperature on sensitivity of Kcoli 1829 ColV, I-K94 
cells to pH 3.0; initial growth was at 37°C and 44“C for 30 and 60 min after prior 
growth at 37°C

Growth temp, for time periods (min)

 - .....  37-0(30')
" " 37-0(80')
. . . . .  44.C (30)
-  — 44-0(60)

100

80 -

20 -

Tim# (m ln)



191

Figure 3.70) Effect of growth temperature (37°C and 44®C) on sensitivity of E.coli 1829 
ColV, I-K94 cells to pH 3.0 after temperature induction in NB with and without 
chloramphenicol (CAP)
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Figure 3.71) Effect of growth temperature on sensitivity of Kcoli 1829 ColV, I-K94 
cells to acid, initially grown at 25T and 44°C to exponential phase followed by 
treatment with pH 3.0 for the stated times.
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Figure 3.72) Effect of growth temperature on sensitivity of E.coli 1829 ColV, I-K94 
cells to acid; cells were initially grown at 25°C to exponential phase then shifted 
to 44°C for 15, 30 and 60 minutes followed by treatment with acid pH 3.0 for the 
stated times.
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Figure 3.73) Effect of growth temperature on sensitivity of E.coU 1829 ColV, I-K94 
cells to acid; cells were initially grown at 25°C to exponential phase then shifted 
to 48°C and 50°C for 15 minutes followed by treatment with acid pH 3.0 for the 
stated times.
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Figure 3.74) Effect of growth temperature on sensitivity of E. coli 1829 ColV, I-K94 
cells to acid; cells were grown initially at 44°C to exponential phase then shifted 
to 25°C for 1, 2 and 4 hours followed by treatment with acid pH 3.0
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Figure 3.75) Effect of growth temperature on sensitivity of E.coli 1829 ColV, I-K94 
cells to acid; cells were initially grown in pH 5.0 or 9.0 NB at 25°C then shifted 
to pH 9.0 or 5.0 at 44°C for 15, 30 and 60 minutes followed by treatment with 
acid pH 3.0 for the stated times.
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Figure 3.76) Effect of growth temperature on sensitivity of Kcoli TA 15 and NM81 cells 
to acid; cells were initially grown at 25”C to exponential phase then shifted to 
44°C for 15, 30 and 60 minutes followed by treatment with acid pH 3 .0.
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and 0.004). The sensitivity of cells grown in pH 9 and at 25°C (compared to those grown 

at pH 5 and 25°C) to acid confirms the suggestion that exposure to pH^ 8.4-9 results in 

acid sensitivity induction (ASI). Interestingly enough, as the Figure 3.75 indicates transfer 

of pH 9 gown cells from 25°C to 44°C results in increased acid resistance. The results also 

showed that, those left growing at 44°C for longer periods (i.e. 15, 30 and 60 min) gained 

better resistance to acid, for example, mean percentage survival of cells reached 9.3, 11 

and 20 (for those grown first at pH 5.0) and 0.02, 0.11 and 3 (for those grown firstly at 

pH 9.0), respectively.

Figure 3.75 also showed that, pH 5.0 grown cells (i.e. habituated) resist very 

much better acid pH compared to pH 9.0 at 25°C.

Heat-induced acid resistance was also tested in two E. coli K12 strains, namely 

TA15 and NM81. These two strains were used to study the Na"" antiporters {Rowbury et 

al 1994\ Rahav-Manor et al 1992). The results of Figure 3.76 again confirmed that acid 

resistance is induced by heat shift up (i.e. 44°C). While the percentage survival of the 

strain TA15 exposed to acid pH 3.0 for 10 min at 25°C is 0.03, this amount for cells 

exposed first to 44°C for 15, 30 and 60 min was 60, 204 and 404-fold increase, 

respectively. The values were 0.12 (for NM81 cells grown first at 25°C then treated with 

acid pH 3.0) and 57, 76 and 145-fold (for cells preheated to 44°C prior to acid exposure), 

respectively.

The results also showed that TA15 acquired slightly more acid resistance, 

compared to NM81 which is mutant in nhaA\ the mean percentage survival of NM81 cells 

grown first at 44°C then exposed to acid was 145-fold increase, whereas this amount was 

404-fold greater increase for TA15.

3.4) Effect of inhibitors and regulatory components on the ability of heat-induced

cells to resist acid pH:

3.4.1) Inhibitors: As discussed in Materials and Methods (section 2.12.2) cells oïE.coli 

strain 1829 ColV, I-K94, were initially grown at 25°C and 44°C in the presence of certain 

inhibitors followed by being treated with acid pH 3.5 for 5 min to assess the result of 

inhibition of components suspected to involve in the acid resistance induction. The 

inhibitors involved and their most likely targets were as follows:



Nalidixic acid: Acid resistance in heat-induced cells may accompany DNA bending 

in the promoter region and may be dependent on DNA gyrase or other components (eg. 

H-NS and IHF). Nalidixic acid stops DNA gyrase activity. The level selected (20 pg/ml) 

can stop gyrase activity but does not affect the cell growth.

Amiloride: Extrusion of Na^ is almost exclusively by NhaA and NhaB, may also 

use these antiporters to cross the cytoplasmic membrane into the cell. In this experiment, 

the diuretic drug amiloride, which acts specifically to inhibit NhaB (by uncoupling activity) 

was used {Pinner et a l 1995) to study the role of NhaB in heat-induced cells.

Glucose: Bacteria possess a system of shutting down a wide range of activities 

when facing poor growth conditions. This is called the stringent response and is associated 

with the gene relA which codes for a protein called the stringent factor. Addition of 

glucose results in changes in cAMP; the latter affects RelA.

L-Leucine: Leucine is suggested to be an effector of Lrp and the latter is a 

transcriptional regulator of many opérons including pH-regulated ones both as a repressor 

and stimulator. Thus, the expression of many Lrp-related opérons is affected by L- 

Leucine.

Phosphate: Protons cross the outer membrane using PhoE to induce a response 

and phosphate inhibits passage through PhoE by competitively preventing protons 

crossing the outer membrane and reaching the periplasmic sensor or killing sites.

Ferric chloride (FeClj): pH is known to infiuence levels of the important biological 

element, free iron. Thus, iron regulator Fur may or may not be involved in induction of 

acid resistance in heat-induced cells. FeClj was used to allow presence of an excess of iron 

in the fu r  mutant cells.

As indicated in Chapter three (section 3.3), heat induces acid resistance in some 

E. coli strains. In this section (Figure 3.77) the same result was obtained when cells of E. 

coli 1829 ColV, I-K94 were grown at 44°C and subsequently treated with acid pH 3.5 

compared with those grown at 25°C. After acid treatment, 44°C grown cells showed 0.61 

percent survival whereas this percentage for the 25°C grown cells was 0.07 (almost 9-fold 

increase).

The aim here was to determine which component/s is essential for this induction, 

by applying the corresponding inhibitor against it. Figure 3.77 indicates that the inhibitors
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involved, with the exception of nalidixic acid, did not abolish acid resistance.

L-Leucine was shown not to induce repression of acid resistance in 44°C grown 

cells of 1829 ColV, I-K94. The ratios of survival value were 14.6- and 1.6-fold in 

comparison with 25®C and 44°C grown cells, respectively, when not accompanied with 

Leucine. Thus, L-Leucine is unlikely to target the actual acid resistance component.

Phosphate prevents passage of protons through PhoE. In this study the acid 

resistance in heat-induced cells was slightly affected by phosphate. The ratio of mean 

percentage survival for phosphate-treated cells compared to cells without phosphate at 

25°C and 44 C was 2 - and 20-fold greater in favour of phosphate-exposed cells, 

respectively.

Addition of glucose (Figure 3.77) did not abolish the acid tolerance in 44°C grown 

cells. On the contrary glucose-exposed cells yielded more resistance when initially were 

grown at 44°C. The survival value of glucose-treated cells was 28- and 3-fold greater 

than that of 25°C and 44°C grown cells, respectively.

Similarly, addition of amiloride not only did not stop the induction of acid 

resistance, but it brought also more tolerance to 44°C grown cells. The survival value for 

amiloride-treated, 44°C grown cells was much greater than non-amiloride cells grown first 

at 44°C (5-fold) and 25T  (46-fold).

Similar to the results obtained for amiloride and glucose, presence of FeClj did not 

block acid resistance. In contrast, it caused greater resistance to acid in 44°C grown cells 

compared to all other cells in this series of experiments. The ratio of survival values of 

FeClg-exposed, 44°C grown cells compared to non-exposed cells at 44°C and 25°C were 

6  and 51 orders in magnitude, respectively, in favour of the FeCl^-treated cells.

Unlike the other inhibitors, presence of nalidixic acid in heat-induced cells made 

them more sensitive to acid exposure than their normal heat-induced counterparts (0.5- 

fold decrease) suggesting that DNA bending and DNA gyrase activity might occur during 

tolerance induction and nalidixic acid prevents it.

3.4.2) Regulatory components: In the second part of these experiments, the possibility 

of induction of acid resistance in E. coli 1829 derivatives when shifted to higher 

temperature was examined. The aim here was to ascertain which regulators are needed
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for the increase in acid resistance which occurs at 44°C. The procedure was mentioned 

in Chapter two (section 2.12.2).

It has been known for sometime that heat-induced cells are more able to resist acid 

pH than those grown at lower temperatures. The same finding was also obtained here 

(Figure 3.78a) when 44°C grown cells tolerated pH^ 3.5 better than those grown at 25°C. 

The ratio was 28 orders in magnitude in favour of 44°C grown cells.

Deletion of nhaA in E. coli 1829 nhoA did mot change the survival value of the 

cells at 44°C, although they resisted acid pH much better than those grown at 25°C (25- 

fold greater) (Fig. 3.78f).

As Figure 3.78b shows himA which together with himD encode EHF is unlikely 

to play a role in acid resistance induction here, as the cells oîE. coli 1829 himA did not 

lose their capability to resist acid at 44°C, rather they tolerated acid slightly better than 

normal 44°C grown cells (The ratio was twice).

Absence offur gene encoding for Ferric uptake regulator protein did not obviously 

cause acid sensitivity in heat induced cell of 1829 fu r  (Figure 3.78d)./wr mutant cells 

grown at 44°C did indeed yield three times greater survival ratio when are compared with 

fur^ cells.

The last regulatory component which was found not to be required in inducing 

acid resistance is relA. The heat-induced cells depleted of relA not only were not sensitive 

to acid challenge but they did also tolerate acid pH four times better as compared with 

normal cells. The survival ratio of 1829 relA cells when grown at 44°C was 130-fold 

greater than that of normal 25°C grown cells.

Unlike other regulatory components, it is very likely that hns plays a kind of role 

in the induction system of acid tolerance, since notable resistance to acid pH (as seen in 

relation to other components) did not occur in heat-induced cells of 1829 hns. The ratio 

of hns mutant cells was 0.9 when compared with 44°C grown control cells. Most 

interestingly, those cells which were initially grown at 25°C were found to be increasingly 

tolerant to pH^ acid than their 44°C grown counterparts. The survival ratio was greater 

than all other values obtained; namely 238-, 8.5- and 9.5-fold greater in comparison with 

25°C and 44°C grown cells in normal cells and also with 44°C grown hns-deprived cells, 

respectively.
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Figure 3.77) Sensitivity of heat-induced cells of E.coli 1829 ColV, I-K94 +/- inhibitors 
to acid pH 3.5 for 5 min.
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Figure 3.78) Resistance of heat-induced cells ofE. coli 1829 derivatives to pH 3.5 for 5 
min as viable count percentage
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Figure 3.78) Resistance of heat-induced cells ofÆ coli 1829 derivatives to pH 3.5 for 
5 min as viable count percentage
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4.1) Habituation to acids in various enterobacterial strains:

4.1.1) Sensitivity of habituated and non-habituated cells to acids:

Acid environments exist in nature such as acid rain, acid snow melts, acid sewage, 

acid mine water, acidic industrial waste or chemical processes that produce a range of acid 

effluents (Double & Bissomette, 1980), in the animal body such as in gastric juice, urinary 

tract and there is also mild acid pH along with weak acids in the upper intestine (Lee & 

Gemmell, 1972) and also in some foods (Orkend et a l 1986; Freese et a l 1973). 

Microorganisms may also be exposed to some weak organic acids in aquatic 

environments. The presence of acid pH may inhibit growth or kill enterobacteria, thus 

acidic environments such as acid foods would be expected to be naturally free of putative 

pathogens. In fact, pathogens are often found in acidic foods and this may be because they 

have become tolerant (habituated ). This, for example, could occur in water, where 

acidification and alkalinization usually occur in a periodic manner due to, for example, 

periodic discharge of effluent or waste at particular sites. Upon diffusion from these points 

pH gradually changes toward highest (alkalinization) or lowest (acidification) level of pH 

leading to a gradual return to neutrality (owing to dilution and neutralisation). This can 

permit habituation.

Microorganisms may acquire resistance phenotypically and therefore be able to 

resist lethal levels of the stress if they are initially exposed to a sub-lethal dose of the same 

stress. With respect to acidity, the phenomenon termed habituation, which first was 

recognized in E. coli (Goodson & Rowbury, 1989) then in Salm. typhimurium (Foster & 

Hall, 1990). It is now known that habituation to acid also occurs in Salm. enteritidis 

(Humphrey et a l 1993), in Streptococcus spp (Belli & Marquis, 1991), in Listeria spp 

(Kroll & Patchett, 1992) and 'mAeromonas spp (Karem et a l 1994). It has also been 

identified in many cases such as oxidative stress (Demple & Halbrook, 1983) heat stress, 

(Mackey & Derrick, 1987) alkylating agents stress (Jeggo, 1979), ethanol (Michel & 

Starka, 1986) and metal ion stress (Khazaeli & Mitra, 1981). There can also be cross 

reactions between apparently very different stresses of E. coli (Jenkins et a l 1988). For 

example, exposure to alkali renders Salm. enteritidis significantly more heat-resistant 

(Humphrey et a l 1991).



Initial exposure to an adaptive dose of acidity in soil or water might allow the cells 

to survive in lethal acids in foods or in animal body. It has already been known that 

habituation in E. coli occurs after a few minutes exposure to a sub-lethal dose (Goodson 

& Rowbury, 1989) and involves synthesis of at least 14 proteins (Raja, 1993). It has 

previously been shown that E. coli strains are very sensitive to low acid pH (Raja, 1993). 

The results presented as mean percentage survival values in figures 3.1 .to 3.19 indicated 

that almost all the non-habituated strains belonging to various genera, similarly failed to 

resist when exposed to different levels of challenge pHs, but when they were adapted with 

a sub-lethal dose of acid, they acquired resistance; therefore the habituation mechanism 

in general, might be similar in all the strains involved. There are many possible mechanisms 

for such tolerance but one may involve induction of enzymes which act to neutralise the 

pH e.g. amino acid decarboxylases (Gale & Epps, 1942).

It is known that the presence of some plasmids increases sensitivity to acid, hence 

the killing or damage may be greater in these cells (Raja, 1993). The same results were 

obtained (figures 3.2 and 3.3) when strains ofE. coli 1829 and 1829 ColV, I-K94 were 

treated with pH 3.0 and their mean survival measured at 7, 10, and 14 minutes. The mean 

percentage survival values oïE. coli 1829 in 7, 10 and 14 min at pH 3.0 were 7.0, 1.5, 0.8 

respectively whereas the corresponding values for 1829 ColV, I-K94 strains were 2.9, 

0.07 and 0.02, respectively. The reason for the greater sensitivity of the ColV^ strain may 

be related to the presence of transfer components which allow hydrogen ions to cross the 

outer membrane more easily and quickly. These transfer components, which are plasmid 

encoded, may be incorporated into the outer membrane and destabilize the LPS-LPS 

bonding of the outer membrane as the strains of E. coli carrying a mutant form of ColV, 

I-K94 with failure to encode transfer components was more resistant to acid than its 

unmutated counterpart (Cooper & Rowbury, 1986)\ Although it is more sensitive than the 

ColV strain, the ColV^ one can habituate to acid. Rowbury et a l (1989) found that when 

ColV, I-K94 strain oïE. coli was grown at pH 4.6 or 5.0, it would resist much longer 

exposure to pH 3.0 than its non-habituated isogenic strain.

The considerable resistance obtained in some of the habituated strains compared 

to their non-habituated counterparts presented in figures 3.1 to 3.19 leaves almost no 

doubt that, the habituation phenomenon which involves phenotypical changes takes place
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in many of Enterobacteriaceae strains.

The results also indicated that, in the media used here, habituated cells of 

Salmonella species were slightly more resistant to low acid pH compared to habituated 

cells ofE. coli species. For instance, the percentage survival values of cells habituated at 

pH 5.0 then treated with acid pH 3.0 for 7 min were 21 (figure 3.1), 32 (figure 3.3), 40 

(figure 3.2), 48 (figure 3.6) and 50 (figure 3.7) for E. coli C600, E. coli 1829, E. coli 

1829 ColV, I-K94, Salm. enteritidis and Salm. typhimurium, respectively. This might be 

due to the fact that when both E. coli and Salm. typhimurium are exposed to the pH 7.0 

to 5.0 shift in supplemented minimal medium, more polypeptides are found in elevated 

amounts in Salm. typhimurium and also that the relative increases in the amounts of the 

polypeptides are higher in this organism (Hickey & Hirshfield, 1990). They found that 23 

and 17 polypeptides are induced upon shift from pH 7.0 to 5.0, respectively; therefore 

they suggested that Salm. typhimurium responds qualitatively and quantitively more 

decisively to the pH shift than does E. coli. Although occurrence of enhanced acid 

tolerance due to exposure to mild acid has been studied extensively in Salm. typhimurium 

(Foster, 1991; Foster & Hall, 1992) and in less detail in Salm. enteritidis (Humphrey et 

al. 1993), it has not been possible to fully identify the cellular mechanisms responsible for 

enhanced acid tolerance in these organisms. Nevertheless, it has been suggested that the 

reason for the more substantial adaptation of Salm. typhimurium to lower acid pH may 

be due to the fact that Salm. typhimurium, and probably other species of Salmonella can 

induce a pH-homeostatic mechanism, too (Foster & Hall, 1992). The studies carried out 

by Humphrey et al. (1993) suggested that Salm. enteritidis appears to be inherently more 

acid tolerant than Salm. typhimurium.

In order to explain the protection mechanism utilised by tolerant cells of Salm. 

typhimurium, Foster (1993) studied its acid tolerance response (ATR). The existence of 

ATR system has broad implications concerning the ability of Salm. typhimurium to sense, 

habituate to and survive in a variety of environments not the least of which include the 

phagosome and phagolysosomes. It has been suggested that three possible mechanisms, 

which individually or collectively may participate in the development of acid tolerance, can 

be considered as potential contributors toward acid resistance. These are increased proton 

extrusion, decreased membrane conductivity to H  ̂or an increased buffering capacity of
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excess by cellular constituents (Foster & Hall, 1990).

Foster (199S) showed that ATR in Salm. typhimurium consists of two stages, 

namely pre-acid shock (induced at pH 5,8) and post-acid shock (induced at or below pH 

4.5). Induction of one stage alone seems to be insufficient to lead to maximum protection 

against low acid pH and the combination of pre-shock adaptation and short-term acid 

shock is necessary for maximal acid tolerance. As the external pH reaches below 4 the 

pre-shock stage helps maintain the internal pH by inducing an ATR-specific pH 

homeostasis system. The translational apparatus is very sensitive to internal pHs below 

6 due to a direct effect either on ribosomes or on energy state and since the measured pĤ  

of unadapted cells at pH  ̂for example, 3.3 is 4.5 to 5, little protein synthesis is likely. Pre

shock habituated cells shifted to the range of pH  ̂3 are better than non-habituated cells 

at maintaining the internal pH near 6. In order for Salm. typhimurium to mount a 

successful ATR, the organism must synthesize a set of key acid shock proteins (ASP). 

Thus the pre-shocked organism can successfully make the protective acid shock proteins 

(ASPs) during severe acid exposure. The fact that the pH of the habituated cell is higher 

than that of the non-habituated cell also contributed to survival by minimizing acid 

damage. Induction of 43 ATPs which are thought to involve in the prevention or repair 

o f acid damage to macromolecules, takes place in post-shock stage. Internal proteins 

required for acid protection would not be needed unless the internal pH begins to 

approach levels that could cause damage. Furthermore, there are at least two different 

classes of ASP genes (amongst which inaA is an intriguing candidate for an acid shock 

gene) and regulators (at least one regulator, sigma-32, must remain or become active 

during acid shock) based upon a response to internal or external pH. One or more of these 

acid shock proteins are essential for acid tolerance development (Foster, 1993). As a 

result, the pre-shocked cells can successfully make the protective acid shock protein 

(ASP) during severe acid exposure. The fact that the pHj of the adapted cell is higher than 

that of the unadapted cell also contributes to survival by minimizing acid damage. 

Potential mechanisms of acid tolerance include enhanced pH homeostasis, repair or 

prevention of acid damage to macromolecules and replacement of acid-resistant 

homologs.

Maintenance of pH is very significant for growth of bacterial cells (Booth, 1982).
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The physiological role of pH maintenance is perhaps to keep cytoplasmic enzymes 

optimally active. The homeostasis system should normally be able to both raise bacterial 

internal pH in acidic conditions or lower pH in alkaline cases in a controlled fashion. In 

E. coli internal acidity is not required for induction of acid tolerance (Rowbury, 1995) and 

collapsing ApH during challenge shows that there is no enhanced pH-homeostasis in 

habituated cells.

In all enterobacteria (including E. coli) components entering or exiting the cell 

must cross outer membrane, periplasm and cytoplasmic membrane. Non-specific water- 

filled pores (e.g. OmpF and OmpE in E. coli) are usually utilized by most nutrients. In 

order to induce the process, cells must firstly respond to the inducing acidity (the 

stimulus) by switching on the response/s involved. The reason could be an outer 

membrane protein or a periplasmic component or a cytoplasmic component that detects 

the stress stimulus and transmit it to the site where the response occurs. It is thought that 

for habituation to acid, H  ̂interacts with a periplasmic components (Rowbury 1993/1994). 

Protons cross the outer membrane using PhoE (the 40 kDa MW protein which is used for 

outer membrane penetration) (Rowbury et a l 1992) to activate the sensor and phosphate 

reverses the habituation. It is likely that, the habituation process thus results from 

interaction between hydrogen ions and a molecule which has a sensory region free in the 

periplasm; therefore acidification of a the cytoplasm as a stage in induction of tolerance 

has been ruled out (Raja et a l 1991) and it is very likely that habituation detects 

periplasmic pH rather than pH and habituation is switched on by signals given as a result 

of changes in external pH that in turn, affects conformation of a cytoplasmic membrane 

component. Thus aphoE lesion is known to lead to acid resistance (as is the case with E. 

coli 1157), because protons seem to favour it for penetration of the outer membrane, 

although it is usually used for anion passage (Rowbury, 1993/1994). Unlike Salm. 

typhimurium, tolerance to acid is fiiUy mounted at pH  5.0 or 5.5 with no further apparent 

tolerance at lower pH (Rowbury & Goodson, 1993). Therefore, the system is similar to 

Salm. typhimurium pre-shock.

In E. coli the damage caused by acid is not confined initially to membrane, but it 

seems that damage to DNA (which is a critical event), and enzymes occurs at slightly the 

same H  concentrations. The process of induction and the mechanism they use to survive
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are quite distinct. Firstly, unlike in Sa/m. typhimurium, habituated cells of E. coli do not 

have better homeostasis; Further, inE. coli at pH^ 5.0 or 5.5 tolerance is fully mounted. 

Secondly, It has been demonstrated that habituated cells can maintain their internal pH at 

near neutrality much better and resist damage better and show less DNA damage by acid; 

thus intact DNA of habituated cells after exposures (which can kill DNA of non- 

habituated ones) can be isolated immediately after acid challenge. Thirdly they possibly 

possess better mechanisms to repair their damages more efficiently (Raja et a l 1991). 

Thus prevention of habituation by chloramphenicol results in more acid-killing of non- 

habituated cells compared to habituated ones (Rowbury & Goodson, 1993). The 

habituation mechanism which takes ca 10 minutes, seems to work independent of the 

normal uvrA, recA and polA gene products. Raja et a l (1991) concluded that the cells 

may be protected from acid damage or their DNA might be repaired better due to 

induction of some proteins synthesized at pH 5.0; therefore this protein may be Lon 

protein which is a heat shock protease that destroys abnormal or damaged proteins 

including those damaged by acid; thus one expects that the cells grown at 44°C and pH

7.0 should be more resistant than those grown at 37°C and pH 7.0.

As stated above,the PhoE pore is likely to offer the best penetration route to 

hydrogen ions to cross the outer membrane in order to interact with a sensor in the 

periplasm space. This may explain the reason why the strain E. coli 1157 which isphoE  

mutant is more resistant to acid pH than the other E. coli strains used (figures 3.4 ), for 

example exposure to acid pH 3.0 for 10 and 14 minutes in strains 1157, 1829, 1829 

ColV,I-K94 and C600 grown initially at pH 7.0 gave mean percentage survival values of 

2.1, 1.3; 1.5, 0.8; 0.07, 0.02, 4.7 and 0.72, respectively. Furthermore, the strain 1157 

unlike the other E. coli strains is able to resist lower values of acid pH that is 1.8 (figure 

3.4) and this is in accord with the results previously obtained in this laboratory. Therefore 

loss of proteins such as OmpF and OmpC do not seem to affect acid resistance or 

habituation, but loss of PhoE does {Rowbury et a l 1992).

The ratio of mean percentage survival demonstrated in figures 3.1 to 3.19 

indicated that by prolonging the exposure time the habituated cells tend to survive better 

in comparison to non-habituated ones, for example in the strain 1829 ColV, I-K94 the 

ratio of mean survival of habituated cells exposed to pH 3.0 for 7,10 and 14 minutes is
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13.7, 300 and 550-fold compared with non-habituated cells, respectively. This may 

suggest that habituation mechanism involves some stages which are time-dependent and 

may lead to triggering of some cellular functions and changes which may not appear 

instantly after introduction to stressful conditions. The strains P. mirabilis P406UP^ and 

G12UP' (figures 3.8 and 3.9) were exposed to pH acid 3.0 for 5 and 8 minutes and the 

mean percentage survival for the cells grown initially at 7.0 was 49.1 and 43.9 for G12UP^ 

(harbouring a plasmid) and 20 and 15 for P406UP', respectively, suggesting that unlike 

E. coli 1829 strains whose ColV plasmids increased sensitivity to acid pH (Raja et a l 

1992) the presence of the plasmid involved, did not cause further sensitivity to acid and 

that may be due to their failure to derepress transfer properties.

It has already been shown that E. coli can)not grow at pH above 10.5 (Whiting, 

1990). The results reported in figures 3.20 and 3.21 interestingly demonstrated that strains 

OÏE. coli 1829 ColV, I-K94 grown initially at sub-lethal alkaline pH (preferably between 

pH 9.0 and 10.0) grow even less well at pH 5.0 than do cells grown initially at pH 7.0 

suggesting that pH 5.0 is somehow more stressful for these strains after growth at alkaline 

pH. For example, while the optical density of cells grown first at pH 9.0 then left shaken 

at pH 7.0 and 5.0 for three hours reaches 0.76 and 0.66 respectively, the corresponding 

optical densities for cells grown first at pH 9.5 are 0.82 and 0.29, respectively. These 

values are even less after prior growth at pH 10.0 (figure 3.20) namely 0.25 at pH 7.0 and 

0.02 (unable to grow) at pH 5.0 ( which is not lethal pH for this strain). Thus, at sub-lethal 

alkaline pH, some proteins (which are probably different from proteins synthesized in acid 

habituated cells) are synthesized to resist higher doses of the same stress and some 

phenotypical changes occur but the results obtained in this experiment suggest that the 

proteins synthesized to resist alkalinity might sensitize to acid.

4.1.2) Sensitivity of habituated and non-habituated cells to acid in river water:

When bacteria reach the aquatic conditions they face number of heterogenous 

circumstances. Enteric bacteria living at temperature around 37°C in their host may be 

exposed to cold-shock when they are expelled in the faecal material of man and other 

animal hosts. If their host is man they may suffer cold-shock (depending on time of year) 

when they enter sewage water or when they continue their way into sea or water. In most
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of the marine studies apart from high temperature, sedimentation and the bactericidal 

effect of U. V. light, bacteriophages, Bdellovibrios and Protozoans, osmotic stress is 

proposed as a major factor in the mortality of coliforms (Fujioka et al. 1981; Vasconcelos 

& Schwartz, 1976). In fresh water, temperature seems to play a major role in the 

disappearance of faecal bacteria (Mancini, 1978). Flint (1987) showed that survival time 

in autoclaved river water of up to 260 days at temperature from 4°C to 25°C with no loss 

of viability. Survival time in untreated water was less, suggesting that competition with 

the natural microbial flora of the water was the primary factor in the disappearance of the 

introduced bacteria. There are reports that factors including low pH values, low 

temperature and ions like Mg^ ,̂ and may extend bacterial survival (Granai & 

Sjogren, 1981).

In recent years water pollution has been a big problem and waters of rivers, 

streams and estuaries have either been acidified or alkalinized by many pollutants. Spacial 

attention has been paid to acidification processes because they are so common resulting 

from various polluting conditions like acid rain, acid mine and chemical wastes, acid 

sewage, run-ofls fi*om acid-fertilized fields, and acid agricultural wastes. Weak acids may 

also be present in the natural waters. These may arise naturally from sediments or from 

agricultural source. Thus, the influx of acid agricultural wastes will mean that propionic, 

acetic and butyric acids may occur in acidified waters. Acidification has been suggested 

to affect E. coli but extreme pHs might affect with abundance of a whole range of 

autochthonous and allochthonous bacteria as well.

Induction of habituation in aquatic conditions may take place at mild acid pH as 

a result of nitrogenous material in sewage or nutrients fi’om e.g. river sediments (Rowbury 

et al. 1989). It was shown that the strains of E. coli were habituated during incubation at 

pH 5.0 in river water, distilled water, sewage and in media fortified with glucose and 

amino acids at 37°C and 20°C; therefore habituation to acid probably takes place in nature, 

provided sufficient nutrients are present (Whiting, 1990). In aquatic environment, the 

habituated organism may have evolved to retain the habituated phenotype in order to 

overcome another probable potentially lethal challenge with acid pH. The presence of 

amino acids is an advantage for induction of habituation since the strains lacking 

tryptophan failed to habituate to acid within 60 minutes.
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In this series of experiments, habituation took place in N.B. whereas the acidified 

river water was used to test survival of the cells involved, in acid. The sensitivity of 

stationary and exponential cultures of organisms of six genera (grown initially at sub- 

optimal pH) to various acid pHs (ranging from 2.5 to 4.0) was assessed in sterile river 

water using a viable count technique. The results are illustrated in figures 3.22 to 3.31. 

Although the differences are not remarkably high, it seems that organisms grown 

previously at sub-lethal pH from both stationary and exponential cultures of all the strains 

involved showed greater survival in the acidified water. For example, the ratio of mean 

percentage survival o fE. coli 1829 cells exposed to acidified river water at pH 3.5 for 2 

hours was 34.8 in the favour of previously adapted cells (figure 3.23).

There are some other points to notice including: unlike in nutrient broth, longer 

time is required to see resistance to challenge pH in river water (data not shown); while 

less than 20 minutes is needed for cells grown at sub-optimal pH to show tolerance to acid 

pH in nutrient broth, more than 30 minutes is required for cells grown at sub-optimal pH 

to display resistance to acid pH in water and this is consistent with previous results 

obtained by others (Whiting, 1990). Further, although the difference between the 

exponential and stationary cultures of habituated and non-habituated strains seems to be 

very similar on resisting the acid in early stage of exposure (i.e. 30 minutes), in some 

strains this difference increases with the passage of time of challenge if the exponential 

culture is used. For example, ratio of the mean percentage survival of P. mirabilis 

P406UP' strains, treated with pH 2.7 for 120 minutes is 5.4 folds for stationary (figure 

3.27) and 32.5 folds for exponential cultures (figure 3.31).

As is the case with many stresses, all the stationary cultures exposed to acid also 

showed greater survival (although to lesser extent) than did those from the exponential 

phase. One probable explanation for the slightly greater resistance in nutrient broth is 

partly due to completion of chromosomes in stationary-phase cells, because the number 

of replicating DNA is significant; thus more thorough studies are required to establish a 

convincing explanation for acid resistance in water. As all the strains used were facultative 

anaerobes this may imply that, some sort of survival in acidified water is very likely to 

occur in anaerobic cells as well. The strains of E. coli 1829 survived almost better than 

the other genera in water (figure 3.22), that may be because although E. coli is a
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facultative species, its natural environment is anaerobic; in addition to this, intestinal tract 

which is populated principally by strict anaerobes is the natural habitat ofÆ coli.

The results obtained for resistance to acid pH in nutrient broth and survival in 

acidified water may propose that cells can resist acid pH much better when incubated in 

nutrient broth compared with water, the reason may be due to the abundance of nutrients 

and their better access. For instance, the ratio of habituated and non-habituated strains of 

Salm. enteritidis treated with acid pH 3.0 for 8 minutes in N.B. is 8.3 (figure 3.6), this 

amount for 2 hours in water is 1.6 (figure 3.25) for stationary culture and 4.2 (figure 3.31) 

for exponential culture; these values are 19.1 (figure 3.8) and 1.9 (figure 3.28) for P. 

mirabilis P406UP*; the most marked difference is in E. coli 1829 ColV, I-K94 in which 

550 folds (figure 3.2) is for N.B. and 1.68 (exponential culture) for water (figure 3.29).

4.1.3) Sensitivity of habituated and non-habituated cells to acid foods:

It has been shown that acid habituated microorganisms are also resistant to lethal 

acid pH together with organic acid. This has significant applied importance because many 

of, for example, egg-derived Salmonella infections are caused by ingestion of acid foods. 

Salmonella species would not usually resist acid foods due to the presence of low acid pH 

and natural acids (e.g. acetic or lactic acids) or acid pH and added preservative acids (such 

as benzoic, cinnamic, propionic, or sorbic acids) but it has been suggested that prior to 

entry into food they may become habituated during the food processing treatment; 

therefore they can survive the normally lethal acidity in the final product. Accordingly, it 

has been observed that weak acids which are able to collapse ApH can not stop 

habituation suggesting that polluting enterobacteria for example in acid foods could 

habituate even when those foods contain weak acids.

In this section (figures 3.32 to 3.35) six Gram-negative organisms were first 

cultured overnight in fresh nutrient broth at pH 7.0 and 5.0 then rediluted in fresh nutrient 

broth with the same pH in the next morning until OD reached ca 0.2. Cells were 

subsequently added to four acid foods (i.e. vinegar, yogurt, salad cream, mayonnaise) and 

mixed well followed by being left shaken in room temperature for various time periods . 

The samples (with and without acid food) taken were plated for viable count at once. The
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results achieved suggest that, as seen in other acids, cells were all sensitive to acid foods 

used but some survival occurred in all if they had become initially adapted to sub-lethal 

acid pH. Having considered the results, it seems that E. coli (specially those carrying 

ColV plasmids and capable of derepression the transfer components) habituated better in 

adaptive dose and gained more resistance, for example when treated with 0.5% vinegar 

(Out of four different concentrations of vinegar, more than 0.5% was found to have very 

damaging effect), the survival ratio for those grown at 5.0 compared with those grown 

at 7.0 after 30 min was 2, 4, 6.6, 7, 8.2 and 22 folds for Salm. typhimurium, S. 

marcescens, E. coli 1829, Salm. enteritidis, P. mirabilis andE. coli 1829 ColV, I-K94 

respectively (figures 3.32).

Additionally, similar to what we saw in other experiments with weak acids, as the 

concentration of vinegar (which contains naturally occurring acetic acid) increases, the 

anti-bacterial effect of acid also increases. It seems that vinegar is more effective against 

bacterial cells than the other foods therefore they were exposed to shorter times; this may 

be due to the fact that in addition to its mode of action, pH of diluted vinegar used was 

adjusted to four different concentrations with HCl and this would enhance the anti

bacterial effect of the acid as been confirmed by others (Raja, 1993).

Lactic acid in natural yogurt pH 3.6 was also able to kill (pH 7.0 grown) bacterial 

cells (figures 3.33). Lactic acid being carboxylic acid is more polar than the lipophilic acids 

and it is generally used in foods for secondary effects rather than for its ability to inhibit 

microbial growth. Lactic acid is one of the most widely distributed acids in nature and its 

inhibitory capacity lies in its reduction of pH to levels below the growth of many bacteria 

or in collapsing ApH. In fermented foods the inhibitory action of lactic acid may be 

coupled with other antigrowth factors excreted by lactic acid microorganisms. Like other 

experiments, cells were grown first at a sub-lethal pH, thus they resisted higher levels of 

the same stress. The mode of action is very likely to be similar to those treated with acid 

in NB The inhibition of bacterial cells was enhanced because yogurt was diluted down to 

50 percent with water in the same pH using HCl. Similar to results obtained for vinegar 

(Figures 3.32) strains of E. coli 1829 ColV, I-K94 showed a higher ratio between 

habituated and non habituated cells (Figures 3.33). The reason may lie in the derepression 

of transfer components in this strain.
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Home-made mayonnaise might be an important vehicle in outbreaks of human 

infection. This raw egg-based product which contains citric (lemon juice) or acetic 

(vinegar) acid and can have a pH value of around 4.0, may be contaminated with Salm. 

enteritidis phage type 4 (PT4). It has been suggested that exposure to this product results 

in habituation that may lead to enhanced survival of Salm. enteritidis (PT4) in the stomach 

and therefore facilitates infection {Humphrey et al. 199S). Furthermore, the phagocytes- 

ingested habituated organisms can resist vacuole acidification better than non-habituated 

ones. As far as mayonnaise is concerned (figures 3.35) non of the pH 7.0 grown cells 

could withstand the weak acids (e.g. acetic acid) present in this food and were inhibited 

by the activity of antimicrobial agents added or occurred naturally in this food whereas the 

pH itself of the food (i.e. 4.6) is probably not low enough to kill all the cells and the 

reason might be due to the presence of more than one weak acid which probably act 

synergistically against bacteria. Vinegar added to mayonnaise contains acetic acid which 

is a relatively nonpolar compound and added to foods for its antimicrobial properties and 

taste. Its antimicrobial action, which seems to be more effective against bacteria than many 

of the other weak acids, is most likely due to the collapsing of ApH below the optimum 

levels for growth. Acetic acid exerted the most action but had the lowest dissociation 

constant, confirming that inhibitory effect must be due to the undissociated molecule. 

Tartaric acid which is also capable of inhibiting bacteria (although less effective than acetic 

acid) has a strong tart taste and is the most soluble of solid acidulants.

Salad cream owing to having lower pH (3.0-3.5) compared to mayonnaise and 

containing acetic & tartaric acids, parabens and spices was shown (figures 3.34) to have 

more antimicrobial activity; therefore as the pH level decreases its effectiveness increases 

which would favour the presence of the undissociated acid.

Accordingly, although the strains used were all inhibited by the antimicrobial 

agents existing naturally or added industrially to the four foods within designated time 

periods but interestingly enough, it was shown that almost all the six strains can increase 

their resistance against the normally lethal acid pH at room temperature if they initially 

become adapted to lower acid pH and this fact might imply important health implications.

4.2) Effect of potassium phosphate and weak acids on growth :



215

Natural waters may contain a range of pollutants capable of bringing about 

physiological responses in Enterobacteriaceae including acid wastes (which was discussed 

earlier) and phosphate pollutants. Since low phosphate or phosphate-free products have 

not hilly substituted, detergents with high amount of phosphate derivatives are still widely 

used. It has been shown that growth ofE. coli is poorer and slower at pH 5.0 than pH 7.0 

even if organisms have been habituated by previous growth at pH 5.0 and this has been 

demonstrated in figures 3.36 to 3.50. Of 15 strains tested (in figures 3.36 to 3.50) growth 

o f 13 strains were (some even largely) stimulated upon addition of 10 mM potassium 

phosphate at pH 5.0; whereas addition of 10 mM potassium phosphate to cells growing 

at pH 7.0 had obviously no stimulatory effect and this is in accord with phosphate 

preventing normal hydrogen ion passage across the outer membrane as was reported by 

Rowbury et a l  (1992) experimenting in E. coli K-12. The ratio of growth rate, after at 

least 3 hours, between pH 5.0 grown cells with and without 10 mM potassium phosphate, 

using optical density technique, was as follows:

A. calcaceticus P. mirabilis (PG12UP^) T6, P. mirabilis (P406UP ) 3^ , C. koseri

7.5. V. parahaemolyticus (10441) T4, Ent cloacae Salm. enteritidis 4^ , Salm. 

typhimurium SA., E. aerogenes i ^ ,  K. edwardsii 1.1. A. formicans (10852) 1.1. S. 

marsescens 1.75 and C. freundii 4^. The exceptions were A. formicans and A. hvoffii in 

which phosphate did not stimulate their growth and this might be due to either their high 

sensitivity to acid or/and possession of different outer membrane penetration pathway for 

proteins; although the real reason was not known.

It is very likely that phosphate acted similarly on all the strains used. It has already 

been discussed that PhoE porin is more efficiently used for phosphate crossing through 

the outer membrane than the non-specific OmpF and OmpC pores {Rowbury et a l 1992). 

At low phosphate concentration PhoS gene product (phosphate-binding protein) facilitates 

penetration into the periplasm. In the next stage the presence of Pst components 

consisting of Pst B and C gene products and the PhoT protein aid the transport across the 

cytoplasmic membrane. The Pst components, PhoE porin and the PhoS protein together 

with the PhoA gene product, alkaline phosphatase, the PhoU gene product, and the Ugp 

transporter for glycerol-3-phosphate are all constituents of the high affinity phosphate 

(Pho) uptake system. Mutation in PhoS and PhoT as well as lesions in PhoR derepress the
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Pho system. If concentration of phosphate is high the second entry system (PIT system) 

for passage across the cytoplasmic membrane is used; it is dependent on the PhoE porin 

and to lesser extent on other porins (Elvin et a l 1987). It appears that ions are very 

likely to cross the outer membrane largely through the PhoE pore and possibly associated 

with a polyanion such as a polyphosphate. But in fact mutants altered in phoS  and phoT  

show normal habituation (Rowbury et a l 1992). The PhoE pore seems to be specific to 

anions nevertheless it is very likely that hydrogen ions use the PhoE porin as the main 

route toward cytoplasmic membrane or periplasm and because such anions strongly inhibit 

the passage of other compounds through the PhoE pore (Overheeke & Lugtenberg, 1982) 

therefore the presence of phosphate turns this competition balance in favour of the anion 

and this may be the cause of growth stimulation imposed by the presence of the 

phosphate.

It is very likely that the 15 strains used (figures 3.36 to 3.50) possess the second 

phosphate uptake system (i.e. PIT) as does E. coli K-12 and not the strain KID.

Similar results were obtained (figure 3.51) when Salm. enteritidis strains were 

grown at 6 different pHs (5, 4.8, 4.6, 4.4, 4.2, 4) in the presence and absence of 10 mM 

potassium phosphate. Potassium phosphate could stimulate their growth at pHs of 5, 4.8,

4.6, up to approximately 1.55 fold after three hours. At pHs of 4.4 and 4.2 this 

enhancement was 1.2. Finally at pH 4.0 (whose data not shown) due to lethality of low 

pH (Gale & Epps, 1982) phosphate had obviously no effect and the cell was unable to 

withstand its killing effect as it was previously indicated in figure 3.6.

Raja (1992) showed, using autoradiographic studies, that several proteins are 

produced inE. coli K-12 in almost higher amounts in the first few minutes after a shift to 

pH 4.3 compared with pH 7.0 before the shift. Many of these induced proteins are also 

synthesised at pH 4.3 plus 10 mM phosphate but to a lesser extent.

In another report Christman et al (1985) reported that about 30 different proteins 

are synthesised in Salm. typhimurium when they are introduced to sub-lethal dose of 

hydrogen peroxide; therefore it would be useful to examine the type and level of protein 

synthesis when cells are habituated to sublethal pH in other members of enterobacteria.

Unlike potassium phosphate which was a growth stimulator, the other anions used 

(i.e. disodium hydrogen phosphate, sodium polyphosphate, AMP, ADP and ATP)
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unexpectedly failed to enhance growth of Salm. enteritidis in NB after three hours (figures 

3.52, 3.53, 3.54) and this is not similar to the results obtained by Rowbury et al. (1992) 

testing some of these chemicals onE. coli K-12. In his study, sodium phosphate appeared 

to be an active inhibitor having a similar effect to that of the potassium phosphate and 

sodium polyphosphate being even more effective. All the results demonstrated in figures 

3.52-3.54 indicated that the cells grow poorer at pH 5.0 (with and without phosphate 

salts) than those do in pH 7.0. As the figure 3.52 show the ratio of the optical density of 

Salm. enteritidis at pH 5.0 with 0, 0.5, 1, 2, and 10 mM sodium phosphate compared with 

those grew at pH 7.0 were 0.9, 0.62, 0.64, 0.17 and 0.25, respectively. At pH 5.0 as the 

sodium phosphate concentration is increased the ratio of the survival rate is decreased (i.e. 

0.7, 0.7, 0.8, 0.22, 0.26). Presence of sodium phosphate had obviously no effect on 

growth rate of cells.

Cells of Salm. enteritidis showed similar results (figure 3.53) when their growth 

was tested in the presence of sodium polyphosphate. Similar to sodium phosphate and 

sodium polyphosphate, the three chemicals (i.e. AMP, ADP and ATP) did not enhance 

the bacterial growth rather they lowered the rate of survival after three hours. The results 

show ATP had the least inhibitory effect than the other two. All the results obtained in 

experiments with sodium phosphate, sodium polyphosphate, AMP, ADP and ATP were 

unexpected and the convincing reason for these three experiments (figures 3.52 to 3.54) 

is yet to be found.

4.2.1) Assessment of growth of E, coli KIO strains treated with various weak acids 

in the absence of phosphate:

As mentioned in the last section, bacterial phosphate transport is carried out by 

two components namely the low affinity PIT (phosphate inorganic transport) system and 

high afiSnity PST (phosphate specific transport) system. Since E. coli KIO strains lack the 

PIT system they were used in order to study one phosphate transport system (i.e. PST).

The results reflected in figures 3.55 to 3.60 clearly showed that all the six weak 

acids (mentioned in figure 2.2) were effective against bacterial growth but the 

concentration needed to stop growth must exceed 1.0 mM. As the results demonstrate, 

various concentrations of the six acids were tested in three pHs (7, 6, 5.5) and in all cases
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weak acids managed to inhibit growth of the bacteria and similar to previous findings 

(Sqfos & Busta, 1981) they are more effective at lower pHs.

In the case of citric acid, the concentrations needed to just inhibit the bacterial 

growth at pHs 7, 6, and 5.5 were found to be 120, 100 and 60 mM respectively. For 

propionic acid these amounts were 400, 100 and 10 mM respectively. As far as benzoic 

acid is concerned, these concentrations at pHs 7, 6, and 5.5 were 30, 5 and 2.5 mM, 

respectively. With regard to sorbic acid required concentrations were 30,5 and 2.5 at pHs 

7, 6 and 5.5 respectively. The concentrations of transcinnamic acid enough to just inhibit 

the bacterial growth at pHs 7, 6, and 5.5 were 25, 10 and 5, respectively. These amounts 

for sodium acetate were 120, 30 and 5 mM, respectively. Similar to results obtained by 

Salmond et a l (1984), comparison of acids showed that propionic acid is the weakest and 

transcinnamic, benzoic and sorbic acids are the most potent acids while sodium acetate 

and citric acid fall in between. It is not surprising that growth inhibition by weak acids is 

more potent at low pH.

The weak acid penetrates the membrane in an undissociated form and according 

to intracellular pH becomes dissociated resulting in the liberation of proton in the 

cytoplasm. Therefore when ApH is high, it will lead to larger acid dissociation in the 

cytoplasm. Consequently, the potential effect of the weak acid accumulation on 

intracellular pH increases as pH„ is lowered. In this model H^ is considered as the 

inhibitor. Eklund (1980), studying the effect of sorbic acid, suggested that the 

undissociated acid was some 10-600 time stronger as an inhibitor than the dissociated 

acid. Salmond et a l (1984) proposed that two components are involved in growth 

inhibition which are generalized inhibition caused by acidification of the cytoplasm and 

specific inhibition of an unidentified metabolic function by the undissociated acid (HA). 

It has been shown that although the former is effective in inhibiting bacterial growth, the 

latter is much more potent. It is important to know that pH is lowered to a greater extent 

by food preservatives than by weak acids of a similar pK suggesting that the inhibition 

action of HA has a synergistic effect with accumulation of the acid on pH; thus, lowering 

of the pH  does not seem to be the main cause of growth inhibition.

4.2.2) Assessment of growth of E. coli KIO strains treated with various weak acids
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in the presence of phosphate:

In another set of experiments (shown in figures 3.61 to 3.67) strains of E. coli KIO 

were treated with various weak acids, (as mentioned in section 4.2.1) but unlike the 

above, in the presence of 10 mM potassium phosphate. Having considered the previous 

results shown in figures 3.36 to 3.50, it was indicated that phosphate obviously managed 

to compete with hydrogen ions in crossing the cell membrane and therefore resulted in 

growth stimulation. Additionally, the results reflected in figures 3.55 to 3.60 suggested 

that all the weak acids used, had growth inhibitory effect. Thus it would be expected that 

phosphate might again stimulate the growth of KIO strains by competing with hydrogen 

ions, but all the results demonstrated in figures 3.61 to 3.67 clearly showed opposite as 

phosphate failed to enhance their growth (at pHs 7, 6, 5.5). As discussed earlier (in 

section 1.5.8.) weak acids are able to shuttle protons through the membrane until the 

proton motive force had been destroyed and transport, therefore eliminated. Phosphate 

can cross the outer membrane of E. coli effectively via the PhoE porin and much less 

efficiently through the non-specific OmpF and OmpC pores. Transport through the 

cytoplasmic membrane is then aided by the presence of Pst components (Rowbury et a l 

1992). Phosphate transport can not be carried out by PIT system which is missing in KIO 

but rather is dependent on the PhoE porin and to a lesser extent on the other porins. The 

failure of phosphate to reverse the effects of weak acids may be because is released by 

dissociation of HA and does not need to cross the outer membrane to cause its effects. 

Alternatively, HA may damage the phosphate penetration routes. It has been suggested 

that the weak acids interfere with the permeability of the microbial cell membrane, causing 

uncoupling of both substrate transport (amongst which is phosphate) and oxidative 

phosphorylation from the electron transport system (Freese et a l 1973). Inhibition of 

membrane transport, in turn, results from the destruction of the proton motive force 

caused by the continuous shuttle of the protons into cells by weak acids. Additionally, 

weak acids can inhibit cellular growth with reduction in concentration of ATP which is 

used by phosphate to cross the cell membrane. It is also believed that many of weak acids 

inhibit uptake of amino acids that can result in reduction in oxygen uptake (including those 

needed for synthesis of phosphate-binding proteins), phosphate, and other compounds.

Accordingly, although presence of phosphate may stimulate growth of bacteria by
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interfering with outer membrane passage of damaging hydrogen ions, it seems very 

unlikely that it enhances growth of KIO in the presence of organic acids.

4.3.) Acid sensitivity after temperature upshift:

Microorganisms including E. coli must overcome a wide number of external 

stresses. Therefore the genetic system of these cells provides a mechanism to respond and 

adapt to various stimuli including heat and pH change. The most well recognized stress 

system in a large number of cells is the heat shock response. The effect of heat shock 

response on food safety may be important because certain foods are thermally processed 

to ensure safety. Relevant studies were first carried out hy Mackey and Derrick (1986) 

on broth, whole egg, and reconstituted dried milk.

The increasing number of food-associated infectious diseases has been a matter 

of concern recently. Thus, there is an interest in realizing which factors causes the 

pathogenic bacteria to withstand the antimicrobial agents applied during food production, 

storage, preparation and cooking. As heat plays a significant role in food safety during 

food production, and cooking etc., it is important to know how bacteria respond to heat 

upshift conditions. For example, a variety of processed and cooked products have been 

associated with outbreaks of human salmonellosis (D’Aoust, 1989). Furthermore, there 

is a possibility that the environmental circumstances surrounding the exposure of 

organisms during either food processing or cooking may enhance their subsequent ability 

to cause infection (e.g. due to acid tolerance). Therefore the studies based on heat shock 

conditions may be worth broadening.

Following an induction by heat, a rapid, transient response resulting in synthesis 

of some proteins (referred to as heat shock proteins) occurs in E. coli (figure 1.6). It has 

been reported that the amount of heat shock proteins induced at 45°C are 10-fold of those 

produced at 30°C. Yamamori & Yura (1982) demonstrated that, the acquisition of heat 

resistance is perhaps associated with protein synthesis; therefore addition of 

chloramphenicol to the culture before the temperature shift inhibits the resistance (figure 

3.70). There are many inducers of heat shock response, amongst which are heat, viral 

infection, ethanol and nalidixic acid; but the fastest and the most potent one is heat. 

Induction by heat may bring about damage in DNA, RNA, ribosomes, outer membrane.
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cytoplasmic membrane, and proteins but since the presence of transfer components in the 

envelope of cells harbouring plasmid increases heat sensitivity, one can assume that outer 

membrane seems to be one major site affected by heat (Abu Ghazaleh et a l 1989).

It is thought that, culture temperature can affect acid sensitivity even when other 

challenge/cultural factors remain the same. Therefore, if E. coli and Salm. enteritidis are 

grown at 42-45°C they resist acid pH better than do those grown at 37°C; on the contrary, 

growth at 20-25°C reduces resistance to acid pH (Rowbury, 1995; Humphrey et a l 1993).

It has already been reported that presence of the ColV, I-K94 markedly increases 

the sensitivity of E. coli K12 compared to wild E. coli isolate (Abu Ghazaleh et a l 1989). 

This may result from ColV-encoded transfer and colicin components possibly due to their 

effect on membrane properties. When cells carrying ColV, I-K94 were exposed to higher 

heat temperature (i.e. shift from 34 to 50°C) they acquired thermotolerance, thus when 

they were subjected to 60°C they resisted killing (Abu Ghazaleh et a l 1989). The reason 

for this thermotolerance might be due to induction of heat shock proteins. Thus the p  ̂

strain as well as the p' one shows a heat shock response.

Bacterial proteins synthesized during exposures to different environmental or 

chemical stresses may be cross-induced, that is, exposure to one stress stimulon may 

afford protection against another, often unrelated hostile environment. For example, E. 

coli cells exposed to starvation (Van Bogelen et a l 1987) or H2O2 (Jenkins et a l 1988) 

may synthesize various heat shock proteins which are, in fact, also induced after induction 

with heat; in another example, exposure to alkali has increased heat resistance in Salm. 

enteritidis (Humphrey et a l 1991). Humphrey et a l (1993) investigating the impact of 

food processing and storage conditions on heat and acid tolerance in Salm. enteritidis, 

found that the transfer of cells of Salm. enteritidis phage type 4 from 20 to 37-46°C 

resulted in significant rise in heat and acid tolerance. Additionally, as mentioned earlier 

there are reports indicating that, an acid shift during growth of the organisms confers acid 

resistance in habituated cells (i.e. grown at sub-lethal pH prior to exposure) whose 

resistance can be resulted from induction of some stress related proteins (Rowbury et a l 

1989; Goodson & Rowbury, 1989). It has also been shown (Heyde &Portalier, 1990) 

that, following an acid shift from pH 6.9 to 4.3 for a period of 30-45 min in E. coli, 20 

stress-related proteins including 9 polypeptides are synthesized (i.e. acid shock proteins).
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four of which are well known heat shock proteins (i.e. GroEL, DnaK, HtpG and HtpM) 

whereas 7 were newly recognized and reported which had not been induced by any other 

stress except acid. According to extensive studies carried out on habituation and pH stress 

in this laboratory (Raja et al 1993) some heat shock proteins including Lon, GroEL, and 

DnaJ are able to increase the resistance of cells exposed to acid. For instance, the Lon 

protein (i.e. heat shock protease) can aid acid-damaged cells by destroying abnormal or 

damaged proteins caused by acid.

It is believed that thermotolerance is associated with the ability of cells to repair 

damage caused by heat. Therefore, this mechanism might also protect the cell from 

damaging or killing acid. Accordingly, the resistance gained (due to growth at 44°C) by 

the E. coli strain harbouring ColV, I-K94 might have also been the reason for its 

resistance against antibacterial activity of acid at neutral pH (figures 3.68, 3.69, 3.70).

The figures 3.68 and 3.69 indicate that, induction of heat shock proteins, which 

results in acid resistance too, is time-dependent and the time sufficient for their synthesis 

to an effective level is probably one hour; because the mean percentage survival of the 

cells grown initially at 44°C for one hour or longer then treated with acid pH 3.0 for 10 

min looks almost the same.

The results obtained in figures 3.69 and 3.72 clearly show that, induction of heat 

shock proteins (that may lead to acid resistance as well) in E. coli 1829 ColV, I-K94 by 

heat (i.e.44”C) should be longer than half an hour to see the maximum resistance as their 

acid resistance will be only half after incubation at 44°C for 30 min compared with those 

grown for one hour.

Comparison of acid resistance in results reflected in figures 3.68, 3.69 and 3.70 

with figures 3.71, 3.72 and 3.73 demonstrate that, the response in E. coli can also be seen 

at 37°C as they are more resistant to acid pH than those grown at 25°C. It has previously 

been reported that, some of the HTP (high temperature production) proteins demonstrate 

a measurable transient induction upon a shift from 28°C to 33°C {Neidhardt et a l 1984). 

Therefore, the results of figures of 3.71 and 3.72 are in accord with the previous works; 

but interestingly, if cells are grown first at 44°C to cause induction of HTP proteins then 

transferred to a medium with the same conditions but at 25°C (figure 3.74) they will 

gradually lose their resistance to acid, although they resisted the acid for 4 hours
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proteins active) or activate the acid resistance mechanism for a limited period of time. It 

has been shown that, shifts to high temperatures (i.e. 47°C and above) that do not allow 

the cell to have a balanced growth (even in very rich media) will result in a near exclusive 

synthesis of HTP proteins and this production seems to continue until the cells can make 

proteins. The result reflected in Figure 3.73 also suggests that HTPs alone are not enough 

to ensure acid resistance.

The results of figure 3 .7 5 ^1  further confirmation for involvement of some heat 

shock proteins in resisting against acid pH. The strain ofE. coli 1829 ColV, I-K94 was 

grown primarily in 25°C at pHs 5.0 and 9.0; they were then transferred to both pH 5.0 and

9.0 at 44°C for one hour and subsequently were treated with acid pH 3.0 for 10 minutes.

It has previously been reported {Raja et a l 1993) that during acid habituation at 

least 14 proteins are synthesized, some of which are believed to be heat shock proteins 

bringing about thermotolerance as well as acid resistance (Heyde & Portalier, 1990). 

Therefore those cells which were habituated at pH 5.0 and grown at 44°C exhibited the 

highest acid resistance (against pH 3.0 for 10 min) in terms of mean percentage survival, 

compared to those grown at pH 9.0 and 25°C (i.e. 20 and 0.004) respectively. 

Furthermore, it is thought that exposure to pH,, 8.4-9.0 results in acid sensitivity induction 

(ASl), which in turn causes increased acid damage to DNA, its repair and transfer as well 

as proteins (Rowbury, 1995). The results also showed that, those left growing at 44°C for 

longer period (i.e. one hour) had better resistance to acid (the mean percentage survival 

is almost twice in comparison to half an hour). The figure 3.75 also showed that, pH 5.0 

grown cells (i.e. habituated) resist better acid pH compared to pH 9.0 at 25®C; that is 

possibly because there are proteins synthesized and induced by acid other than HTP 

proteins that may result in phenotypical changes that lead to resistance to acid.

Heat-induced acid resistance was also tested in two E. coli K12 strains namely 

TA15 and its derivative, NM81. Bacterial cells possess Na^ extrusion systems and 

homeostasis mechanisms controlling the H^ and possibly also the Na^ circulation across 

the cytoplasmic membrane {Booth, 1985). Sodium proton antiporters have been suggested 

to play a major role in these homeostasis mechanisms both in eukaryotes and prokaryotes. 

Therefore these two strains (i.e. TA15 and NM81) have been used to study the Na^
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antiporters {Rcfwbury et al 1994\ Rahav-Manor et a l 1992). As compared to TA15 that 

is wild type and able to encode NhaA (the major sodium proton antiporter protein), NhaB 

(the minor sodium proton antiporter protein) and NhaR (i.e. positive regulator of nhaA), 

the strain NM81 lacks the gene nhaA\ encoding the Na^ antiporter protein NahAl 

(Rahav-Manor et a l 1992).

The results of figure 3.76 again confirmed that acid resistance is enlianced by heat 

shift up. While the percentage survival of TA15 grown at 25°C then exposed to acid pH

3.0 for 10 min is 0.03 this value for cells preheated with 44°C for 15, 30 and 60 min was 

increased 60, 204 and 404-fold, respectively. For the strain NM81 these values were 0.12 

(for those grown first at 25°C then treated with acid pH 3.0) and 57, 76 and 145-fold (for 

those preheated to 44°C prior to acid exposure) respectively. Thus the nhaA* strain is 

more acid sensitive; possibly because H  ̂crosses the cytoplasmic membrane partly using 

this antiporter. The results also showed that presence of nhaAl gene encoding NhaAl 

would aid to increase the level of acid resistance in E. coli, as TA15 strain that is normal 

in nhaKX gene acquired more acid resistance as compared to NM81 which is mutant in 

nha\ the mean percentage survival ofNM81 cells grown first in 44°C then exposed to acid 

is 145-fold whereas this amount is 404-fold for TA15 (more than twice) suggesting that 

presence of NhaAl protein probably aids activation of those heat shock proteins which 

are also associated with acid resistance. It will be of interest to carry out further 

experiments on Na^/H^ and also K^/H  ̂antiporters.

The heat shock proteins may be associated with the protection of sites damaged 

by heat or they might be involved in repairing damaged regions; and this will eventually 

result in enhancing the chance of survival in the cells exposed at the high temperature. It 

is believed that single or double-strand breaks occur in DNA in vivo at high temperature 

and this will continue until cell loses its viability. Some heat shock proteins (e.g. GrpE, 

GroES and DnaK) may be involved in DNA repair activities or polymerase activities at 

high temperature for heat induced DNA breaks. Several heat shock proteins are molecular 

chaperones which are thought to be capable of renaturing heat-inactivated proteins; this 

role might also be played following an acid exposure (Ellis & Saskia, 1991). Some heat 

shock proteins like GroEL may prevent heat induced unfolding of ribosomal subunits, thus 

protecting rRNA molecules from degradations, dénaturation or heat inactivation. The
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DnaJ protein, having large hydrophobic regions, and located in the cell envelope may be 

substituted for lipopolysaccharides released following the heat shiftup (and possibly acid 

exposure) and result in stabilization of the outer membrane structure and providing the 

exposed cell with hydrophobic bilayers which may in turn, prevent the entry of inhibitory 

substances and leads to reduction of sensitivity in the induced cell (Neidhardt & Van 

Bogelen, 1987; Zylicz et a l 1985).

4.3.1) Effect of inhibitors and regulatory components on the ability of heat-induced

cells to resist acid pH:

Enterobacteria like Escherichia coli are commonly exposed to acid pH. The 

exposure can occur in the environment, in some foods and in the animal body. Almost all 

the strains involved became tolerant to acid pH 3.5 when first were shifted to 44°C for one 

hour. Acid resistance was not stopped by levels of FeClj, glucose, amiloride, L-Leucine 

and phosphate.

Nalidixic acid is able to inhibit the activity of many DNA binding proteins 

including H-NS and IHF (encoded by himA/himD). The hns gene synthesises H-NS and 

IHF stabilizes negative supercoiling and leads to DNA bending. Nalidixic acid (Figure 

3.77) reduced slightly the acid tolerance but did not affect growth of 1829 ColV, I-K94. 

Gyrase inhibitor effects suggested that DNA conformation in the region governing acid 

resistance induction is critical, inhibition of negative supercoiling preventing transcription. 

H-NS dependence was tested as this DNA binding protein activates many gyrase 

dependent promoters. It is, therefore, likely that changes in DNA supercoiling or 

conformation precede induction of acid resistance. The 25°C grown, himA and hns mutant 

cells tolerated acid pH much better than their normal 25°C grown counterparts (the 

survival ratio was 14.5- and 240-fold greater in himA and hns mutant cells, respectively). 

This finding in strain 1829 may indicate that deletion of DNA-binding proteins (i.e. IHF 

and H-NS) and more importantly, low temperature (i.e. 25°C) favours the acid resistance 

in these two strains. Although the experiments were repeated at least 6 times with 

consistent results, more broader tests are required to establish the actual reason/s for this 

reaction.

The results (Fig. 3.77) showed that induction of acid tolerance is slightly aided by
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phosphate, the basis for this is not known.

The NhaA and B antiporters are also thought to function in the permeation 

across the CM, allowing induction of some responses and killing by acid. The noteworthy 

finding of the present study is that acid resistance can be induced increasingly if amiloride 

is present that is 5-fold increase over non-amiloride treated cells suggesting that NhaB 

could have been involved in killing. Another argument for involvement of NhaB (and not 

NhaA) in increased acid resistance is the finding that survival value is almost the same in 

normal and nhoA mutant cells implying that deletion of nhoA did not lead to prevention 

of îT  penetration through cells. It has previously been suggested that protons do not use 

NhaB to cross the CM but apparently penetrate through NhaA (Rowbury & Hussain, 

1996).

Many inducible processes depend upon RelA (pppGpp synthase). The studies here 

may indicate that relA suppresses formation of the acid tolerance induction component/s; 

since the relA deletion (Figure 3.78e ) caused high ratio of acid resistance in 1829 

compared to normal heat-induced cells.

Since pH is known to influence levels of free Fe^  ̂ions, the iron regulator (Fur 

repressor) might also be involved. It has already been shown that fu r  is not required in 

acid habituation in E. coli (Rowbury, 1995). It seems that the same applies here as acid 

exposure to the fu r  mutant cells of 1829 strain (Figure 3.78d) did not resulted in their 

sensitivity to acid. In a similar experiment the cells of strain 1829 ColV, I-K94, were 

supplied with ferric chloride as an iron source (Fig. 3.77). The chemical can inhibit the 

activity of Fur. The inhibition of iron regulation mechanism by FeClj did not lead to acid 

sensitivity, rather it caused high level of acid tolerance (compared to nonchemical-exposed 

cells).

In summary, almost all the organisms used were shown to be more resistant to 

lethal acid pH, in different environments (i.e. broth, water, acid foods and weak acids) if



(Discussion)

were habituated initially in sub-lethal pH; although the level of resistance to acid greatly 

varied.

It is very likely that different mechanisms, cellular sites and/or components are 

involved in the acid tolerance phenomenon in each genera.

Amongst various phosphate compounds, it is certain that potassium phosphate 

reverses the acid killing by competing with hydrogen ions passage into cell.

Induction b j  heat (e.g. 44°C) renders cells more resistant to acid pH. This 

interrelationship between temperature, acid and increased tolerance to these challenges 

are of practical significance. Induction of acid tolerance in heat-induced cells seems to be 

associated with DNA gyrase functioning.
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