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ABSTRACT

Several thermophilic microorganisms capable of degrading phenol as the sole 

carbon source were isolated from sewage effluent collected from Crossness sewage 

treatment site. The isolates were aerobic, rod-shaped bacteria characterised as Bacillus 

species with a growth temperature optimum of 50-60°C. The enzyme catalysing the second 

step in the phenol degradation meta-cleavage pathway, catechol 2,3-dioxygenase, was 

detected in all isolates grown in the presence of phenol.

Three isolates were selected and their ability to grow in the presence of a range of 

phenolic compounds was investigated. In addition, their induction and substrate 

specificities were determined. Bacillus strain Cro3.2 was capable of degrading phenol, o-, 

m-, and p-cresol via the meta-pathway. This strain was selected for further studies on the 

basis of its relative substrate versatility.

Bacillus strain Cro3.2 exhibited a high level of phenol tolerance, as shown by the 

ability of this strain to degrade phenol at concentrations up to 0.1% (w/v) without any 

detectable growth inhibition. Phenol degradation by Bacillus strain Cro3.2 did not appear 

to be coupled to growth, as demonstrated by the induction of at least the first two steps of 

the meta-pathway in mid-stationary phase.

Resting cell biodégradation experiments were carried out with phenol as the sole 

carbon source. The effect of oxygen concentration, temperature, pH and buffer molarity on 

the rate of phenol degradation was investigated. Optimum rates of phenol degradation were 

achieved at pure oxygen concentrations of 0.6-1.0 v/v/min, at temperatures of 45-60°C and 

at a pH of 62-1.2. However, the enzymes catalysing the second and third steps in the 

phenol degradative pathway appeared to be unstable at high oxygen concentrations and 

temperatures. This instability was marked by large losses in catechol 2,3-dioxygenase 

activity and an extracelluar accumulation of pathway intermediates; catechol and 2- 

hydroxymuconic semialdehyde.
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Whole cells of Bacillus strain Cro3.2 were immobilised in (i) calcium-alginate, (ii) 

polyacrylamide gel and (iii) agarose gel in an attempt to stabilise the phenol-degrading 

pathway. The initial rate of phenol degradation determined from experiments with whole 

cells immobilised in calcium-alginate, polyacrylamide gel and agarose gel were 6.01,0.10 

and 1.37 jimoles phenol / min / gram of immobilised cells, respectively.
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CHAPTER ONE 

Introduction

Microorganisms capable of optimal growth above 100°C have only been isolated 

within the last decade (Fiala and Stetter, 1986; Huber et al., 1987, 1989; Zillig et al., 

1987). These microorganisms are usually representatives of the Archaea and have been 

isolated from geothermal habitats such as hot springs, deep sea hydrothermal vents and 

solfataric fields. There is much interest in the properties of intra- and extracellular enzymes 

of thermophilic (growth temperature 40-60°C), extremely thermophilic (growth 

temperature 65-85°C) and hyperthermophilic (growth temperature 85-110°C) 

microorganisms (Leuschner and Antranikian, 1995). For example, Koch et al., (1991) 

isolated an enzyme that was active at a temperature as high as 130°C.

There is difficulty in distinguishing between the Archaea and bacteria on the basis 

of the whole-cell phenotype. However, at the molecular level there are striking differences 

between the two domains. Archaeal, bacterial and eukaryal ribosomal RNA sequences 

correspond to three very distinct rRNA types dividing the living world into three domains 

(Woese, 1987). Comparisons of ribosomal proteins, translation factors, and RNA 

polymerases also supports the division into three distinct classes (Woese, 1993). 

Archaebacteria have been shown to be considerably older than Eubacteria, through 

comparisons of rRNA sequences and the subsequent study of bacterial evolution (Woese, 

1987). Woese suggested from this evidence together with reports of the widespread 

occurrence of thermophiles amongst archaebacteria, that ancestral archaebacteria were most 

probably anaerobic and grew at temperatures close to 1(X)°C.



1.1 Properties of thermophiles

There has been increasing interest in the maximum temperature capable of 

supporting bacterial growth, and as a consequence research has been centred on 

thermophilic cellular components and their mechanisms of thermostability.

1.1.1 Proteins

Singleton and Ameluxen (1973) suggested three possible mechanisms by which 

proteins could be maintained at higher temperatures.

1. The stability of thermophilic proteins are similar to that of mesophilic proteins, 

but an accelerated turnover compensates for losses at higher temperatures providing a 

constant supply.

2. The thermophilic proteins are inherently more stable.

3. The thermophilic proteins and macromolecules are stabilised as a result of the 

influence of an additional factor.

Thermophilic femedoxins were reported to have been stabilised by the formation of 

extra salt bridges between external polar groups and additional hydrogen bonds, and not 

by more polar contacts (Perutz and Raidt, 1975). It has been suggested by Sundaram 

(1986) that the presence of one or more intracellular components, which may include other 

proteins, may be responsible for the enhancement of the thermal stability of proteins in 

vivo.

A comparison of the crystal structures of thermophilic Pyrococcus furiosus and 

mesophilic rubredoxins demonstrated that hyperthermostability was associated with 

relatively minor differences in the surface residues (Adams, 1993). The most striking 

difference was in the N-terminal region. The P. furiosus lacks an N-terminal methionine 

and a glutamyl residue at position 15, which is proline in the mesophilic proteins. The N- 

terminus of the thermophilic protein forms part of the hydrogen-bonding network of a 

three-stranded p-sheet. This is not the case in mesophilic proteins in which the N-terminal 

residues are highly disordered and not incorporated in the P-sheet. The enhanced



thermostability of the P. furiosus rubredoxin is most probably due to a reduction in the 

lability of its N-terminus, which is probably the first part of the protein to unzip at high 

temperatures (Adams, 1993).

Research on Escherichia coli mutants in the subunit of tryptophan synthetase, with 

different temperature stabilities, suggested that a single amino acid substitution would 

result in the formation of more heat stable proteins (Yutani et al., 1977). This was evident 

in mutant trp A33 produced by substituting methionine for glutamic acid, resulting in an 

increase in hydrophobicity, which was all that was required to increase protein stability.

A protease from Bacillus stearothermophilus was cloned and expressed in Bacillus 

subtilis (Kubo and Imanaka, 1988). This enzyme was reported to have a higher heat 

resistance and specific activity than Thermolysin from Bacillus thermoproteolyticus. The 

protease structure differed from Thermolysin by a substitution of Asp-37 by asparagine 

and Glu-119 by glutamine. In both cases an uncharged polar amino acid substituted in 

one domain of the enzyme, consequently the three-dimensional structure may not have 

been altered. As a result of the substitution the hydrogen bonding and electrostatic 

interactions may have increased (Kubo and Imanaka, 1988). Argos et al. (1979) also 

suggested that the Asp->Asn substitution should improve thermostability.

Zulli et al. (1987) cloned and sequenced the lactate dehydrogenases from Bacillus 

stearothermophilus and Bacillus caldolyticus. A comparison of the amino acid sequences 

showed a difference of 10 amino acids. The restriction enzyme sites between the two genes 

were conserved permitting the construction of hybrid enzymes in Escherichia coli. The 

thermostability of the hybrid enzymes and their activation by fructose 1,6-diphosphate was 

investigated. Detailed analysis was carried out using site-directed mutagenesis (Zulli et al., 

1990). The transfer of three amino acids in the central segment of the enzymes was shown 

to be responsible for the differences in the thermostability of the two lactate 

dehydrogenases. Enhanced thermostability was affiliated with hydrophobic amino acids 

substituting identically positioned polar amino acids in mesophiles.



The stability of glyceraIdehyde-3-phosphate dehydrogenase and lactate 

dehydrogenase, at high temperatures, was reported to have been caused by a number of 

small adjustments at many points within the molecules (Argos et al., 1979). The most 

significant improvements were an increase in the internal hydrophobicity and the helix 

forming ability of residues in helices. To a lesser degree there was an increase in the sheet 

forming ability of residues in sheets, and of internal residues to increase in bulk to improve 

the packing organisation. This is supported by the evidence provided by a number of 

protein engineering studies where diverse point mutations have either increased or reduced 

protein thermostability (Jaenicke and Zavodszky, 1990; Biro et al., 1990; Nosoh and 

Sekiguchi, 1990; Ganter and Pluckthun, 1990).

The sequence and the molecular structure of the glutamate dehydrogenases from the 

thermophiles Thermococcus litoralis and P furiosus and the mesophile Clostridium 

symbiosum have been compared in detail (Britton et al., 1995). The homology-based 

modelling showed relatively few amino acid substitutions between the two thermophilic 

enzyme sequences. The majority of the amino acid substitutions (valine to isoleucine) 

involved an increase in the hydrophobicity and side chain branching in the more stable 

pyrococcal enzyme. It was also suggested from sequence differences that enhanced 

packing within the buried core of these two thermophilic enzymes, as a result of an 

increased level of side chain branching, was associated with thermostability (Britton et al., 

1995).

1.1.2 Lipids

The lipid bilayer component of an organism is critically important when 

considering the thermal stability, especially since a single hole in the membrane could 

result in cell death.

The thermostability of lipid bilayers in thermophiles permits growth at higher 

temperatures. As the growth temperature of the thermophile rises the average fatty acid 

chain length and the amount of methyl fatty acids also increases, and there is an observed



reduction in the amount of unsaturated fatty acids, resulting in an increase in the average 

melting point of fatty acids in the cell (Ljungdahl, 1979, Langworthy and Pond, 1986). 

For example, 64% of the total acids in Bacillus stearothermophilus are 15 and 17 carbon 

iso-branched chains, and significant quantities of 15-17 carbon anteiso-chains are present. 

Significant quantities of methylated fatty acid chains have also been reported in the 

caldoactive bacilli, where 15-17 carbon iso-branched chains constitute 80% of the total 

acids (Ljungdahl, 1979, Langworthy and Pond, 1986).

The unique structure of archaeal glycerolipids are characterised by the absence of 

the 'classical' ester linkages between the glycerol backbone and fatty acyl moiety, which is 

present in Bacteria and Eukarya. A more stable ether bond substitutes for the ester linkage, 

between the backbone and an isoprenoid alcohol. This change is most probably the result 

of an advantageous evolutionary modification to prevent the chemical degeneration of the 

membrane structures, as a result of high temperatures and low pH (Langworthy, 1985). 

However, ether linked lipids are present in both thermophilic and mesophilic groups of the 

Archaea, this would suggest that Archaea originated from extremely thermophilic 

primordial microorganisms (Kates, 1993). The presence of tetritol and nonitol variants of 

the glycerol backbone has also been reported in Archaea. Tetritol is present as a small 

percentage, whereas nonitol frequently substitutes in place of one glycerol unit (De Rosa et 

al., 1980a).

Glycerolipids containing isoprenoid diethers and tetraethers is another structural 

characteristic of extremely thermophilic Archaea (Langworthy, 1985). The presence of 

increased proportions of tetraether lipids in membranes is believed to confer chemical and 

physical stability (De Rosa and Gambacorta, 1989). The bipolar structure restricts the 

degrees of freedom, reducing the mobility of lipid components. In thermophilic Archaea 

the free hydroxyl groups of the polar tetraether lipids are known to be both phosphorylated 

and glycosylated (Langworthy, 1985). Membrane lipid variation in thermophiles and 

halophiles appears to occur in the sugar residues of glycolipids (Koga et al., 1993). In 

methanogens and sulphur-dependent thermophiles a high percentage of glycosylated lipids



are present, this has been suggested to stabilise the membrane structure by interglycosyi 

head group hydrogen bonding (Kates, 1992). In extremely thermophilic Archaea various 

non-polar lipids have been reported to constitute 7-20% of the total lipid (Langworthy, 

1985).

In some thermophiles the number of cyclopentane rings present in lipids is related 

to the growth temperature (De Rosa et al., 1980b, 1991), and also exerts some control 

over the degree of membrane fluidity (Gliozzi et al., 1983). As the number of cyclopentane 

rings increases according to the growth temperature, the membrane structure becomes 

more rigid and the lipid components are packed more efficiently. This is suggested to be a 

result of enhanced hydrophobic interactions (Gliozzi et al., 1983). Computer simulation 

studies revealed that at physiological temperatures for Sulfolobus solfataricus the lipids in 

the monolayer are fully stretched and organised (Gambacorta et al., 1995). At 100°C, a 

higher non-physiological temperature, the lipid molecules were arranged in a bent 

configuration causing the collapse of the monolayer membrane organisation. Simulated 

molecular dynamics of polar lipids with cyclopentane rings present indicated that the 

cyclopentane rings control chain motion and increase the breakdown temperature of the 

membrane structure (Gambacorta et al., 1995).

1.1.3 Intracellular components

Oshima (1979) reported the presence of thermophiles capable of producing unique 

polyamines that stabilised some macromolecules and the protein synthesis apparatus. In 

mesophilic organisms only diamine putrescine and triamine spermidine are known to be 

present.

Moderate thermophiles such as Bacillus stearothermophilus and Bacillus 

acidocaldarius produce tetramine spermine in addition to putrescine and spermidine. 

Twelve polyamines are produced by the extreme thermophile Thermus thermophilus such 

as tetramines (thermine and thermospermine) and hexamines (caldohexamine and 

homocaldohexamine (Oshima, 1986).



It has been suggested that thermophilic archaeal DNA may be protected from 

thermal dénaturation and degradation by histone-like proteins (Ciaramella et al., 1995). 

Since, exposure to temperatures near or above 100°C would result in deamination of 

cytosine, depurination, and breakage of phosphodiester bonds in the DNA molecules. In 

addition, the presence of intracellular cations could protect DNA against 

thermodegradation. Forterre et al. (1992) demonstrated that monovalent (KCl) and divalent 

(MgCl2) salts protect DNA against thermal degradation in vitro.

1.2 Industrial aspects of thermophilic microorganisms

There has been a great deal of interest in the favourable characteristics of 

thermophiles and their industrial application, (ZLeikus 1979, Hartley and Payton 1983, 

Sonnleitner 1983), which include

1. The higher metabolic rates of thermophiles would enable faster fermentations.

2. Thermophiles tend to have a broad temperature optima which would allow less 

stringent temperature controls.

3. Thermophilic enzymes are usually more stable than mesophilic enzymes.

4. At room temperature thermophilic enzymes and cells have low activity but are 

highly stable, reducing the need for refrigeration during storage or processing.

5. The physical advantages of working at higher temperatures include increased 

solubility of most organic compounds (including aromatics) and a reduction in the 

viscosity of the broth. At higher temperatures, efficient cooling would only require water at 

room temperature.

6 . Oshima (1986) reported that thermophilic enzymes could be purified quickly by 

cloning thermophilic genes into mesophiles, enabling isolation of the enzyme by a simple 

heat treatment step. As demonstrated when a gene encoding a puUulanase from the 

hyperthermophilic archaeon Pyrococcus woesei was cloned and expressed in Escherichia 

coli (Rudiger et al., 1995). The enzyme was purified to homogeneity after heat treatment 

followed by only two more steps.



The DNA polymerase from P. furiosus has been purified and the gene encoding 

this enzyme cloned. The enzyme apparently has exonuclease activity which gives less than 

10% of the mutations produced by the Taq polymerase (Leuschner and Antranikian, 

1995). In addition, the application of thermostable DNA ligases would permit repeated 

amplification cycles without having to add more ligase (Barany, 1991).

1.3 Aromatic-utilising bacteria

Benzene and related compounds are characterised by their possession of a large 

negative resonance energy, resulting in thermodynamic stability (Smith, 1990). Next to 

glucosyl residues, the benzene ring is the most widely distributed unit of chemical structure 

in nature, and so many micro-organisms have evolved the capability of degrading aromatic 

compounds. In addition to the natural source of aromatic compounds such as plants there 

has been the more recent introduction of man made aromatic compounds into the 

environment; for example insecticides, detergents and industrial waste.

Stormer (1908) first observed the ability of bacteria to utilise aromatic 

hydrocarbons. He isolated Bacillus hexacarbovorum which was capable of growing on 

toluene and xylene. Gray and Thornton demonstrated that 146 out of 245 soil samples 

contained bacteria capable of metabolising naphthalene, phenol or cresol (Gibson and 

Subramanian, 1984), illustrating the wide distribution of aromatic-utilising soil bacteria.

A lot of work on aromatic-utilising bacteria was performed with Pseudomonas 

species (Omston, 1971) known to be nutritionally versatile. For example, a Pseudomonas 

strain has been reported to utilise pentachlorophenol (PCP) as a sole source of carbon and 

energy. Several gram-positive and gram-negative aerobic bacteria have been reported 

capable of degrading this hazardous pollutant (Resnick and Chapman, 1994).

Lechner and Straube (1988) isolated anArthrobacter species capable of utilising 3- 

aminophenol as a sole carbon, nitrogen and energy source, this species has also been 

reported to degrade pentachlorophenol (Stanlake & Finn, 1982; Edgehill & Finn, 1983). In



general there is a limited number of reports on gram-positive, aerobic bacteria which 

degrade aromatic compounds.

The degradation of certain aromatic acids by Escherichia coli has been studied, and 

the metabolic pathways for 4-hydroxy-phenylacetate (Cooper and Skinner, 1980) and 3- 

pheny 1-propionate (Burlinghame and Chapman, 1983) have been established to be identical 

to those described earlier for various soil bacteria. However, the range of aromatic 

compounds degraded by E. coli is quite narrow (Parrott et al., 1987), and so attention has 

been drawn to the aromatic degradative ability of other enteric bacteria. For example 

Klebsiella pneumoniae grows on various aromatic compounds including certain 

hydroxybenzoates, and the pathway for the metabolism of 3-hydroxybenzoate has been 

established (Jones and Cooper, 1990).

The degradation of aromatic compounds by several different bacterial genera of 

anaerobes has been extensively investigated, but will not be covered in great detail here. 

There have been reports on several strains of denitrifying bacteria capable of anaerobic 

growth on phenol (Khoury et al., 1992a) and p-cresol (Khoury et al., 1992b) in the 

presence of nitrate.

Recently, purple nonsulfur bacteria identified as Rhodopseudomonas blastica and 

Rhodospirillum rubrum have been reported to degrade aromatic compounds 

phototrophicaUy. Substrates include benzoate, benzyl alcohol, 4-hydroxy-3,5- 

dimethoxybenzoate (syringate) and 4-hydroxy-3-methoxybenzoate (vanillate) (Shoreit and 

Shabeb, 1994).

The yeast Candida tropicalis is capable of utilizing phenol compounds as sole 

carbon and energy sources by an inducible enzyme system (Krug and Straube, 1986). 

Reports by Xun and Orser (1991) show the presence of a strain of the Flavobacterium sp. 

which can degrade pentachlorophenol, triiodophenol and tribromophenol. Rhodococcus 

sp., Streptomyces setonii, and the soil yeast Trichosporon cutaneum are all known to 

utilize phenol as a sole carbon source.



A number of thermophilic bacilli are able to utilize aromatic compounds as carbon 

and energy sources. For example thermophilic bacilli have been reported to grow on 

benzoate, p-hydroxybenzoate, phenylacetate, p-hydroxyphenylacetate, L-phenylalanine 

and phenol (Adams and Ribbons, 1988a).

In summary, it appears that the ability to utilize aromatic compounds as the sole 

carbon and energy source is present in a number of different bacterial genera obtained from 

soil and water samples. A relatively large number of studies have been performed on the 

Pseudomonas sp. as a result of its nutritional versatility which is not found in commensal 

and parasitic bacteria, such as the gram negative E. coli and K. pneumoniae.

In these aromatic-degrading microorganisms only a few pathways exist that 

degrade the benzene nucleus into tricarboxylic acid cycle intermediates.

1.3.1 General pathways of aromatic-metabolism

1.3.2 Activation of the benzene nucleus

Activation of the benzene nucleus is required in the preparation of the aromatic ring 

for aerobic fission. This is achieved by hydroxylation of the benzene nucleus at two points 

positioned ortho or para to one another (Dagley, 1971). As a result, catechol or 

protocatechuate are common intermediates in a number of aromatic degradative pathways. 

The few exceptions include Bacillus brevis (Crawford et al., 1979) by which the cleavage 

of an aromatic ring carrying one hydroxyl was catalysed by chlorosalicylate 1, 2- 

dioxygenase.

Activation of the aromatic compound by hydroxylation can be achieved by two 

mechanisms. A dioxygenase can catalyse a dihydroxylation, using molecular oxygen, 

giving cis-dihydrodiol products (Fig. 1.1) (Gibson et al., 1968; Wiseman & King, 1981).
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Fig. 1.1 Dihydroxylation of benzene (Gibson et al., 1968; Wiseman & King, 1981)

NADH2 
+ 02 NAD

Benzene

Dioxygenase Dehydrogenase
OH

cis-Benzene dihydrodiol Catechol

Alternatively, usually in the metabolism of phenolics, flavoprotein 

monooxygenases catalyse a monohydroxylation, using one atom of molecular oxygen, 

giving the products catechol and water (Fig. 1.2). The reducing agent is usually 

NAD(P)H2 , f a d ,  or dihydrobiopterin (Dagley, 1971).

Fig. 1.2 Monohydroxylation of phenol (Dagley, 1971).

Phenol

XH, H.O
+ 0. + X

Monooxygenase

Catechol

(Üatechol (Fig. 1.3) is also the common intermediate for many single or di (1,2)- 

subsituted aromatic rings, whereas protocatechuate (Fig. 1.4) is the intermediate for many 

multiple and di (1,3 or l,4)-substituted rings.
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Fig. 1.3 Degradative pathways of aromatic compounds leading to catechol
(Gibson and Subramanian, 1984).
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OH
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Fig. 1.4 Degradative pathways of aromatic compounds leading to protocatechuate
(Gibson and Subramanian, 1984).
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1.3.3 Activation of aromatic compounds possessing sidechains

The substituent groups on the benzene nucleus are often, but not always removed 

before ring cleavage. Aliphatic side chains may be shortened or remain intact. Toluene is 

biodegraded by both ring attack and methyl-group hydroxylation. The alternative pathways 

are shown in (Fig. 1.5) (Smith, 1990).

A Pseudomonas sp. was reported to grow on a range of n-alkyl benzenes (C2-C7) 

and on several branched species within this chain size (Smith and Ratledge, 1989), but in 

all cases the alkylbenzenes were catabolised via ring attack rather than side chain attack. 

However, when the alkyl chain length exceeded Cl attack on the alkyl chain appeared to be 

the favoured route (Smith, 1990).

Bacteria may metabolise inorganic substituents by different mechanisms. In one 

Pseudomonas sp. toluene-p-sulphonate was oxidised by a monooxygenase releasing the 

sulphonate group as sulphite, while in another species the sulphonic acid substituent was 

removed as sulphate In experiments using radiolabelled sulphate the following pathway 

was outlined (Fig. 1.6) (Focht and Williams, 1970).

Fig. 1.6 Dihydroxylation of toluene-p-sulphonate with the elimination of sulphonate 

(Focht and Williams, 1970).

SO3H
Toluene
p-sulpbonate

CH.CH.

OHlOH

OH OH

2.3-dihydro-
2.3-dihydroxy- 
4-sulphotoluene

2,3-dihydroxy-
4-sulphotoluene

CH.

OH

OH

3 -methylcatecbol
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Fig. 1.5 The biodégradation routes of toluene (Smith, 1990)
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In most cases dehalogenation of halogenated aromatic compounds occurs after the 

ring system is cleaved. However there are three known mechanisms in which there is 

direct dehalogenation of aromatic compounds without loss of aromaticity:-

1. Oxidative dehalogenation under aerobic conditions. During oxygenation of the ring the 

halogen is removed, (Fig. 1.7) (Commandeur and Parsons, 1990).

Fig. 1.7 Oxidative dehalogenation of haloaromatic compounds 
eg. R = COOH, H, NHj. X = F, Cl, Br, I.

2(H)
+ Oj

Dioxygenase

2. Hydrolytic dehalogenation can occur under both aerobic and denitrifying conditions. 

The halogen is replaced by a hydroxyl group. The oxygen atom in the hydroxyl group is 

derived from water (Fig. 1.8) (Commandeur and Parsons, 1990).

Fig. 1.8 Hydrolytic dehalogenation of haloaromatic compounds 
eg. R = COOH, OH, NHj. X = F, Cl, Br, 1.

HnO X

hydroxylase
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3. Reductive dehalogenation can occur under sulfogenic and methanogenic conditions. The 

halogen is replaced by a hydrogen. It has been demonstrated that this process of 

dehalogenation is coupled to ATP formation and growth, and so linked to respiration. 

There have been suggestions that the halogenated aromatic compound behaves as a 

terminal electron acceptor (Fig. 1.9) (Commandeur and Parsons, 1990).

Fig. 1.9 Reductive dehalogenation of haloaromatic compounds 
eg. R = COOH, H, OH, NHj, C^Hg. X = F, Cl, Br, I.

R
(H)

dehalogenase

1.3.4 Cleavage of the benzene ring

The step following the initial activation of the benzene nucleus is a ring cleavage 

reaction, catalysed by a dioxygenase and involving the incorporation of molecular oxygen. 

The fission may occur between or adjacent to the two hydroxyl groups. These reactions are 

called ortho- and meta- cleavage, respectively.

Ortho-fission or intradiol cleavage between two neighbouring hydroxylated carbon 

atoms produces dicarboxylic acids which are then metabolised by the p-ketoadipate 

pathway (Fig. 1.12). For example, ortho-cleavage of catechol by catechol 1,2-oxygenase 

produces cis,cis-muconic acid.
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Fig. 1.10 Ortho-cleavage of catechol (Omston & Stanier, 1966) 

.OH

Catechol

ortho-cleavage

Catechol 1,2-oxygenase

COOH 

COOH

CIS, c is -m u c o n ic  ac id

Meta-fission or extradiol cleavage between a hydroxylated and a neighbouring non- 

hydroxylated carbon atom gives rise to 2-hydroxymuconic semialdehydes. For example, 

meta-cleavage of catechol by catechol 2,3-dioxygenase produces 2-hydroxymuconic 

semialdehyde.

Fig. 1.11 :- Meta-cleavage of catechol (Omston & Stanier, 1966) 

,OH

meta-cleavage

Catechol 2,3-dioxygenase

Catechol

OH

COOH
CHO

2-Hydroxymuconic
semialdehyde

Protocatechuate (Figs. 1.12 and 1.13) can be degraded by three different routes; 

one ortho- and two meta-cleavage pathways. The existence of three different enzymic ring 

cleavage mechanisms for protocatechuate demonstrates that the chemical nature or position 

of substituents does not influence ring-fission. The ring-fission products are then 

converted into intermediates that can enter normal cellular metabolism. Summarised
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Fig. 1.12 Ortho Fission Pathways (Omston and Stanier, 1966).

.OHR

OH

COO*

COO*

R = H, Catechol 
R = COO, Protocatechuate

CO? if R = COO
R

COO* COO*

CO
B

D
COO*

COO*

SUCCINATE
+

ACETYL CoA

Chemical and enzyme names are shown for the metaboUsm of catechol only. Numerals indicate 
enzymes as follows 1. catechol 1,2-oxygenase

2. muconate cycloisomerase
3. muconolactone isomerase
4. P-ketoadipate-enol-lactone hydrolase
5. p-ketoadipate CoA transferase and P-ketoadipate thiolase 

Letters indicate chemicals as follows A. cis,cis-muconate
B. ( ± )-muconolactone
C. P-ketoadipate enol lactone
D. P-ketoadipate
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Fig. 1.13 Meta Fission Pathways (Dagley and Stopher, 1959).

Ri=H, R2=H, Catediol 
R,=CH3, R2=H, 3-Melhylcatechol 
R,=H, R2=CH3, 4-Methylcatechol 
Ri=H, R2=COO , Protocatechuate 
R,=H, R2=CH2COO, Homoprotocatechuate

COO-

NAD* NADH

CO,

&

OH
B

COO"coo-

R,

. f rJL coo- 
, • " ^ 0 0 0 -

H,0

L coo-
PYRUVATE

+
RjCHjCGO

Chemical and enzyme names are shown for the metabolism of catechol only. Numerals 
indicate enzymes as follows:- 1. catechol 2,3-dioxygenase; 2 . 2-hydroxymuconic 
semialdehyde dehydrogenase; 3. 4-oxalocrotonate tautomerase; 4. 4-oxalocrotonate 
decarboxylase; 5. 2-hydroxy-6-oxohepta-2,4-dienoate hydrolase; 6 . 2-oxopent-4- 
enoate hydratase; 7. 4-hydroxy-2-oxovalerate aldolase. Letters indicate chemicals as 
follows :- A. 2-hydroxymuconic semialdehyde, B. 4-oxalocrotonate (enol), C. 4- 
oxalocrotonate (keto), D. 2-oxopent-4-enoate, E. 4-hydroxy-2-oxovalerate.
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versions of common pathways for simple monocyclic intermediates are shown in Figures 

1.12 and 1.13.

1.3.5 Ortho- or meta- fission

Omston and Stanier (1966) reported the presence of the ortho-fission pathway 

(Fig. 1.12) in Pseudomonas putida and Moraxella Iwoffii with both catechol and 

protocatechuate. The pathways for both substrates overlap on the intermediate p- 

ketoadipate, and although it is apparent that there are chemical similarities, the enzymes 

catalysing the reactions are different and highly specific for their substrates.

The meta cleavage pathway (Fig. 1.13) of catechol is commonly reported to follow 

the hydrolytic route (Dagley and Stopher, 1959). In addition, the presence of an oxidative 

route for the degradation of 2-hydroxy muconic semialdehyde has been observed (Fig.

1.13). There have been reports demonstrating the presence of both oxidative and 

hydrolytic meta-cleavage pathways for phenol and cresol degradation in Pseudomonas

(Sala-Trepat et al., 1972) and Bacillus stearothermophilus (Buswell, 1974, Adams 

and Ribbons, 1988b). Both routes were also found to be present in benzoate-grown 

Azotobacter cells (Sala-Tiepat et al., 1971) and in a naphthalene-grown pseudomonad 

(Catterall et al., 1971), in both cases very low levels of hydrolase activity was detected 

suggesting that the hydrolytic route was not physiologically significant.

Meta-cleavage of protocatechuate has been reported to occur at positions 2,3 (Fig.

1.13) and 4,5, as observed in Bacillus species (Crawford et al., 1979a) and Pseudomonas 

species, respectively (Trippet et al., 1960). The presence of an oxidative route for the meta 

cleavage of protocatechuate has been detected in Acinetobacter, Pseudomonas putida 

(Spamins et al., 1974) and Escherichia coli (Cooper and Skinner, 1980).

In many bacteria either fission pathway can be used. Seidman et al. (1969) reported 

that in Pseudomonas fluorescens, aromatic substrates converted to catechol or 

protocatechuate would enter the meta- and ortho- cleavage pathways, respectively. The 

mechanisms available for enzyme induction and their substrate specificities controls which
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pathway occurs. For example, ortho-fission enzymes and the majority of the pathway 

enzymes are highly specific, apart from the non-specific enzymes which modify side 

chains prior to ring cleavage (Kennedy and Fewson, 1968). Catelani et al. (1971) 

demonstrated that ortho-fission enzyme catechol 1,2-oxygenase had a low affinity for 

methylcatechols or produced dead end lactone intermediates, with the methyl group 

obstructing delactonization. Consequently in many bacteria, methylated aromatic 

compounds are degraded by meta-cleavage pathway enzymes, which are relatively tolerant 

of substituents on the benzene nucleus. However, the ortho-pathway is the more common 

route for degrading halogenated aromatics. Dagley (1985) suggested that the meta-cleavage 

of chlorinated catechols would result in the production of acylchlorides, which could be 

attacked nucleophüicaUy by certain amino acid residues of the enzyme, which as a result 

would be degraded. Acylation does not occur in ortho-fission.

1.3.6 The metabolism of aromatic compounds by Bacillus species

There are a limited number of reports on the degradation of aromatic compounds by 

Bacillus species, partly due to the selective enrichment procedures utilized for screening 

aromatic metabolising organisms, favouring the pseudomonads which tend to grow faster. 

However, aerobic, spore-forming, rod-shaped bacteria of the genus Bacillus constitute a 

significant proportion of the microflora of most soil and water environments, and as a 

result are potential agents of aromatic degradation. Crawford (1975) demonstrated that 

aerobic sporeformers represented 10% of all soil microorganisms, of which 1% was 

capable of metabolising 3-hydroxybenzoate as the sole carbon source. Buswell and Clark 

(1976) reported the metabolism of 4-hydroxybenzoate via the gentisate pathway by a 

thermophilic strain of Bacillus. This 4-hydroxybenzoate-grown Bacillus was capable of 

degrading benzoate and gentisate but not catechol or protocatechuic acid.

A Bacillus species was shown to metabolise alkylbenzenesulphonate detergents via 

an initial desulphonation step, releasing sulphite (Willetts & Cain, 1972; Wületts, 1974). 

The alkyl sidechain was then shortened by two carbon subunits via beta oxidation, to an
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even or odd numbered sidechain resulting in p-hydroxyphenylacetic acid or p- 

hydroxybenzoate, respectively. In both cases the intermediate underwent hydroxylation 

yielding homoprotocatechuate in the former case, which entered the ortho-cleavage 

pathway, and protocatechuate, in the latter case, which passed through to the meta

cleavage pathway.

Crawford (1976) isolated three Bacillus strains that degraded p-hydroxybenzoate 

by three different pathways. B. brevis and B. circulons possessed the ortho- and meta- 

(oxidative or hydrolytic) cleavage pathways, respectively, for degrading protocatechuate. 

The gentisate route was detected in B. laterosporus for p-hydroxybenzoate metabolism. 

This illustrates the versatility of the Bacillus genus.

Simpson et al. (1987) reported the ability of a thermotolerant Bacillus sp. to 

metabolise toluene via cis-toluene dihydrodiol, 3-methylcatechol and the meta-cleavage 

pathway. A B. brevis strain capable of degrading 5-chlorosalicylate and other 5- 

halogenated salicylate compounds, but not catechol, protocatechuate or gentisate, was 

found to possess a novel 5-chlorosalicylate 1,2-dioxygenase (Crawford et al., 1979b). 

Crawford and Perkins-Olsen (1978) reported that a Bacillus species was capable of 

degrading vanillate, a lignin related compound, and the suggested route of degradation was 

via guaiacol and catechol intermediates.

Buswell and Twomey (1975) isolated a thermophilic strain of Bacillus 

stearothermophilus PH24 capable of phenol degradation which utilized an NADH- 

dependent phenol hydroxylase. This strain was capable of oxidizing catechol and several 

catechol derivatives via the meta-cleavage route. Another thermophilic Bacillus 

stearothermophilus BR219 strain was shown to metabolise phenol via the plasmid encoded 

meta-pathway. Cured BR219 could grow on benzoate and catechol but not phenol, 

demonstrating that like certain Pseudomonas strains (Nakazawa and Yokota, 1973) BR219 

has a plasmid encoded catechol meta-pathway and a chromosomal catechol ortho-pathway 

(Gurujeyalakshmi and Oriel, 1989b; Worden et al., 1991).
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The presence of a nicotinic acid degradation pathway in a Bacillus species was 

shown to pass through the intermediate 2,3,6 trihydroxypyridine to fumarate and maieamic 

acid (Ensign and Rittenburg, 1964).

The Bacillus species has therefore proved to be versatile and of ecological 

importance, and would be suited to the applied treatment of industrial wastes that contain 

recalcitrant aromatic compounds.

1.4 The genetics and regulation of the degradation of aromatic 

compounds

The substrate versatility of the Pseudomonas sp. is often dictated by plasmids 

carrying genes and gene clusters encoding the metabolic enzymes of the degradative 

pathways. There has been extensive genetical studies on the TOL and NAR plasmid 

encoded systems, of this species, which degrade toluates and naphthalene respectively.

In the Pseudomonas sp., the TOL plasmid genes have been localized in a 56 kb 

transposon (Tsuda and lino, 1987) and are organised in two opérons (Nakazawa et al., 

1980; Franklin et al., 1981). The xyl CMABN upper operon encodes the upper catabolic 

pathway from xylenes and toluene to aromatic carboxylic acids (m-toluate and benzoate). 

The xyl XYZTEGFJQKIH meta-operon encodes the lower catabolic pathway from the 

aromatic carboxylic acids to their tricarboxylic acid cycle intermediates (Harayama et al., 

1986a; 1986b; De Lorenzo et al., 1993)

The xyl R and xyl S genes are positioned close together downstream of the meta- 

operon (Franklin et al., 1983). The genes of the upper and lower opérons are positively 

regulated by the genes xy/ R and xyl S (Inouye et al., 1981, 1983; Franklin et al., 1981, 

1983). The xyl R gene product (Xyl R) is a transcriptional activator in the presence of m- 

xylene or m-methylbenzyl alcohol, Xyl R activates the expression of both xyl CMABN 

and xyl S. NtrA RNA polymerase is required for the activation of these genes at the 

transcriptional level. In the process, the amplification of the xyl S product (Xyl S) then 

activates the meta-operon (Inouye et al., 1987b). At a non-induced level the xyl S gene
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product, Xyl S, activates the meta-operon in the presence of m-toluate. The xyl R gene is 

different to the other xyl genes in that it is constitutively expressed and repressed by its 

own product Xyl R (Inouye et al., 1987a; De Lorenzo et al., 1993).

The majority of studies on the Pseudomonas sp. have shown that the genes 

involved in naphthalene degradation are plasmid encoded. However, Zuniga et al. (1981) 

gave indirect evidence for partial chromosomal location. There have been numerous reports 

on naphthalene degradation plasmids but only a few have been characterised at a molecular 

level to any great extent (Yen and Serdar, 1989), the best of which is the NAH7 plasmid 

(Dunn and Gunsalus, 1973).

The NAH7 plasmid is 83 kb in size and the genes which enable the host to 

metabolise naphthalene are again organised in two opérons (Yen and Gunsalus, 1982). 

The nah operon encodes the upper metabolic pathway, the metabolism of naphthalene to 

salicylate. The sal operon encodes the lower metabolic pathway, the conversion of 

salicylate to pyruvate and acetaldehyde. The nah R regulatory gene is positioned between 

the two opérons (Yen and Gunsalus, 1982).

Schell (1985) reported a 20-fold increase in the transcription of both the nah and sal 

opérons in the presence of the inducer salicylate. The nah R gene has been shown to 

regulate the naphthalene pathway in a positive manner. The salicylate-induced high level 

expression of both the nah and sal opérons in Escherichia coli (Schell, 1983) and in 

Pseudomonas putida (Grund and Gunsalus, 1983) is dependant on the presence of the nah 

R locus.

Different regulatory systems appeared to have evolved to control the expression of 

the xyl genes carried by the TOL plasmid pWWO as compared with that used by the 

NAH7 plasmid (Nakazawa et al., 1985; Inouye et al., 1987a). However, DNA and protein 

analysis of enzymes that catalyse similar steps in degradative pathways show a great deal 

of homology even though the substrates are structurally diverse (De Lorenzo, 1994; Hofer 

et al., 1993). For example, the catechol 2,3-dioxygenases of the meta-TOL, lower NAH, 

bph (biphenyl) and dmp (dimethylphenol) pathways from Pseudomonas sp. are very
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similar. These homologies and the occurrence of plasmids carrying degradative genes in 

dual opérons are probably due to a common evolutionary origin.

Some systems have not been analysed at a molecular level to the extent of the above 

examples. In a Pseudomonas sp. strain CF600 all 15 genes {dmp 

KLMNOPQBCDEFGHI) encoding the phenol/3,4-dmp (dimethylphenol) degradative 

pathway were positioned on a single operon (Shingler et al., 1992). The first six genes 

were found to be responsible for the conversion of phenol to catechol via an uncommon 

multi-component phenol hydroxylase as opposed to the single component flavoproteins. 

This multi-component phenol hydroxylase system appeared to have unusual organisational 

homology and low level sequence identity with components of oxygenases for unactivated 

compounds, such as methane monoxygenase and toluene-4-monoxygenase (Nordlund et 

al., 1993). The remaining genes encoded the metabolic enzymes of the meta-pathway 

(Shingler et al., 1992). The localisation of all the genes on a single operon was in contrast 

with other reports of phenol-degrading systems in pseudomonads. In both Pseudomonas 

putida U (Bayly and Barbour, 1984; Bayly et al., 1977) and Pseudomonas pickettii PKOl 

(Kukor and Olsen, 1991) the genes encoding phenol hydroxylase were positioned apart 

from the operon encoding the meta-pathway.

There are very limited undetailed genetical studies on the systems encoding the 

phenol degradation pathway in thermophiles. Dong et al. (1992) cloned a 6.4 kb fragment 

of plasmid DNA, from a phenol-degrading Bacillus stearothermophilus^ carrying the meta

pathway genes phe A and phe B encoding phenol hydroxylase and catechol 2,3- 

dioxygenase, respectively. However, there was insufficient evidence to suggest whether 

these genes were localized in a single operon. The phe B gene encoding catechol 2,3- 

dioxygenase was shown to have limited homology with the xyl E gene in Pseudomonas 

putidoy encoding a functionally identical enzyme. A comparison of the thermostability of 

both enzymes demonstrated that the catechol 2,3-dioxygenase from the thermophile was 

much more thermostable than the enzyme from the mesophile (Dong et al., 1992).
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The presence of a chromosomally located meta-pathway encoding the degradation 

of benzene, toluene and phenol has been reported in a Bacillus stearothermophilus strain 

(Natarajan et al., 1994). A 32 kb fragment containing the degradative genes was cloned 

into Escherichia coli, preliminary studies indicated homology between a 4 kb section of 

this fragment and the 1.6 kb xyl X gene from the TOL plasmid pWW53 (Natarajan et al., 

1994).

The bulk of reported genetical studies have been carried out on plasmids. This is 

most probably due to their more simple and numerous systems for genetic manipulation 

and analysis.

1.5 Xenobiotic compounds and the environment

Many of the chemicals cited in Chemical Abstracts are synthetic and are not present 

in significant amounts in nature. These chemicals are classed as 'xenobiotic', derived from 

the Greek term meaning 'stranger to life' (Hutzinger and Verkamp, 1981). These chemical 

compounds contaminate the biosphere via a number of routes resulting from human 

activity. Until recently, waste disposal has dominated waste-management philosophy. This 

is most probably due to disposal options appearing more favourable than the relative costs 

of waste treatment technologies. The dumping of chemical wastes into marine 

environments, on the assumption that the possibilities for dilution are unlimited, has until 

recently been uncontested (Hamer, 1993). The accumulation of these recalcitrant 

compounds in the environment is a result of their exclusion from the global carbon, 

nitrogen or sulphur cycles. Many of these chemicals are believed to be toxic to life, and out 

of approximately 45,000 substances traded worldwide less than 1000 has been researched 

to derive ecotoxicological data (Ghisalba, 1983).

Due to public concern in the USA, the Environmental Protection Agency (USEPA) 

made a priority list of 129 pollutants classed as mutagenic, carcinogenic or toxic. The 

USEPA is a regulatory agency that promotes US environmental legislation and then 

administers environmental programs once the laws become final (Day, 1993). For
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example, the Toxic Substances Control Act (TSCA) of 1976 reviews the effects of new 

chemicals as well as commercially available chemicals, on health and the environment 

USEPA can regulate or ban chemicals with unacceptable risks of manufacture, processing, 

distribution or disposal (Day, 1993). The European Economic Community (EEC, 1982) 

has similarly made a 'Black List' of chemicals classed as toxic, persistant and 

accumulative. For these reasons, in the last two decades a lot of research has centred on 

bioremediation.

1.6 Toxic xenobiotic compounds in industrial wastes

The most common route by which xenobiotic compounds contaminate the 

environment is via industrial chemical waste effluents. 150 Million tons of organic 

chemicals are produced in the world per year (Hutzinger and Verkamp, 1981). Significant 

quantities of chemical waste is generated as a result of the commercial production of dyes, 

drugs agrochemicals etc., as well as, effluent generated from pulp mills and coal 

conversion. The size of the environmental problem can be appreciated by the observation 

that wastes produced by the chemical industry constitutes 50-60% of the raw materials 

utilized (Bretscher, 1981).

Department of the Environment (DOE) waste management bulletins (DOE, 1976, 

1978,1980) list categories of compounds which require treatment prior to disposal in the 

domestic sewage system. For example, the halogenated organic compounds category is 

subdivided. Type 5 hydrophobic aromatic compounds are slightly water soluble with a low 

volatility and are slowly degradable; chlorinated benzenes, toluenes, xylenes and 

naphthalenes. Type 6 aromatic compounds are frequently water soluble, non-volatile, 

resistant to degradation and possibly toxic to microorganisms; chlorinated phenols, 

cresols, xylenols and anilines (DOE, 1978). The need to develop technologies efficient in 

removing and degrading these hazardous chemicals is therefore evident
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1.7 Industrial application of bioremediation

Conventional methods of industrial waste treatment include incineration, 

volatilization or immobilization of the pollutant. These methods have proved to be cost 

effective and environmentally unsound. In most cases conventional methods lead to 

pollution transference, for example the creation of incineration residues and as a result the 

problem persists (Heitzer and Sayler, 1993). The advantages of bioremediation technology 

include the detoxification and mineralization of the hazardous waste via a sequence of 

metabolic steps. Commercial bioremediation processes employ naturally occurring aerobic 

bacteria to convert pollutants to carbon dioxide and water, with the concurrent increase in 

biomass (Leahy and Brown, 1994).

Examples of biological treatment technologies for hazardous wastes include land 

treatment, bioventing and bioreactor. The first two methods can be used for in-situ or ex- 

situ treatment depending upon the contaminant and soil type, both methods generate little 

or no residual waste streams. The more recent application of the bioreactor method is 

reported to be more efficient in the separation of contaminants from soil and their 

subsequent degradation. Comparatively, the bioreactor method is also reported to have the 

faster treatment time (Jespersen et al., 1993).

A number of generalizations have been made apparent from studies on the various 

bioremediation processes (Blackburn and Hafker, 1993). Bioremediation and the 

behaviour and outcome of the pollutants are site-specific, as a result different cases may 

not be comparable. The age and complexity of the hydrocarbon mixture of pollutants may 

effect the rate and degree of treatment. In addition, demonstrations of the biodegradability 

of pollutants in small-scale laboratory studies show significant differences to large-scale 

industrial studies (Blackburn and Hafker, 1993).

The application of a specialized microbial strain to wastewater treatment, for the 

purpose of degrading specific chenticals, removes the need of naturally occurring 

microorganisms present in the sludge to acclimatize to the chemical prior to degradation. 

Although commercial specialized microorganisms are available there have been few
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industrial applications (Finn, 1983). This can be explained by the observation that in 

typical chemical plants the waste effluents from various processing areas are pooled before 

treatment (Finn, 1983). Consequently, the chemicals in the resulting wastewater stream 

have been diluted and contain a variety of additional nutrient sources. The addition of a 

specialized microbial strain to this wastewater stream is unlikely to be any competition 

against the naturally existing broad spectrum population present in most activated sludges. 

A specialized strain might prefer to metabolise other nutrient sources as opposed to low 

concentrations of the specific chemical, or it may be unable to compete for basic nutrients 

and be wiped out as a result (Finn, 1983).

Alternatively, the growth of a specialized culture on effluent near the source of 

production and before it enters the general wastestream would be feasible. At this stage the 

effluent would be well defined in its composition (Finn, 1983; Wagner and Hempel, 

1988). In addition, if the target chemical is the only available source of carbon any 

microorganisms incapable of its metabolism will be excluded. This method was 

successfully applied by Hogrefe et al. (1986) in the degradation of s-triazine containing 

effluents which would pass undegraded through standard activated sludge systems. A 

specialized bacterial strain was used which required s-triazine as a sole nitrogen source. 

However, the overall efficiency of this approach requires stricter control over the reactor 

conditions than would normally be required in activated sludge systems.

In conclusion, the bioremediation sector of environmental management is growing 

at an accelerated rate, at present it constitutes only a small fraction of the hazardous waste 

treatment market (Caplan, 1993). In the USA the movement towards commercialization of 

the bioremediation industry extends beyond that of other countries (Caplan, 1993). The 

main reasons being that almost all bioremediation research and development has been 

carried out in the USA, and the capacity and enforcement of US environmental law goes 

beyond that of other nations. In addition, the public acceptance of bioremediation in the 

USA has been stimulated by the application of bioremediation technology in the well- 

documented Exxon Valdex oil spill (Caplan, 1993).
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1.8 Project objectives

The initial aim of this project was to isolate thermophilic microorganisms which 

were capable of degrading phenolic compounds. The projected use of thermophiles for this 

purpose is based on the assumption that enzymes from thermophiles are more resistant to 

chemical dénaturation than their mesophilic counterparts (Berquist et al., 1987; Worden et 

al., 1991).

Microorganisms which exhibit substrate versatility and tolerate potentially toxic 

concentrations of phenolic compounds would offer great potential for wastewater 

treatment Accordingly, the inhibitory effects of a wide range of phenolic compounds on 

the growth of selected Bacillus strains were investigated. In addition, the induction and 

substrate specificities of the first two steps in the phenol-degrading pathway were outlined.

Bacillus strain Cro3.2 was selected for further studies. The phenol tolerance level 

of this strain and the ability to induce the phenol-degrading pathway at different points in 

the growth curve were investigated. The purpose of this study was to determine whether 

phenol degradation was coupled to growth. This would be an important consideration 

since industrial waste effluents generally have low nutrient levels.

The optimum parameters for the biodégradation of phenol by static cultures, in a 

stirred tank reactor, were determined. The aim was to improve the rate of phenol 

degradation and stabilise the phenol-degradative pathway. Whole-cells of Bacillus strain 

Cro3.2 were immobilised by different methods of gel-entrapment, and the efficiency of 

immobilised whole-cell systems and free cells were compared. The application of 

immobilised systems to bioremediation of industrial waste effluent would have a number 

of advantages; the biomass would be reusable, the toxicity of organic solvents and high 

substrate concentrations would be minimized, and the immobilised system would simplify 

product extraction to minimize feedback inhibition.
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CHAPTER TWO 

Materials and methods 

2.1 Isolation and growth of bacteria

2.1.1 M edia

A basic mineral salts medium (MS medium) was used for the isolation and maintenance 

of the organisms. Cells were grown at pH 7.0 on a medium containing (g.L‘1) : (NH4)2S0 4  ,

1.3 ; MgS0 4 .7H2 0  , 0.25 ; KH2PO4 ,0.25 ; CaCl2 , 0.07. Solid media was prepared by the 

addition of 20 g.L‘1 Oxoid Purified Agar to the medium before autoclaving.

An increase in biomass was achieved by growing the isolates on Oxoid Nutrient Agar 

(NA) and Oxoid Nutrient Broth (NB) supplemented with Yeast Extract, 5 g.L"^.

Phenolic compounds were used at 0.05% (w/v) concentrations, unless indicated 

otherwise, as the sole carbon source in the MS medium and to induce the meta-cleavage 

pathway in the nutrient rich media.

2.1.2 Isolation of bacteria

Phenol-utilizing bacteria were isolated from sewage effluent from a waste treatment 

plant A small volume of the effluent (100 |iL) was used to inoculate 250 mL flasks containing 

50 mL MS medium. Phenol was added to the medium to give a final concentration of 0.05% 

(w/v) and the flasks were closed with foam bungs and covered with foil. The flasks were 

incubated with shaking at 50°C. After 24 hours 100 fiL samples were spread onto MS-agar 

plates (supplemented with phenol) and incubated at the same temperature. When small colonies 

had developed, loopfuls of the different colony types were streaked onto MS-agar plates and 

incubated again. The resulting colonies were used to inoculate NA-plates (supplemented with 

phenol) and the cycle described above was repeated at least three times to ensure that the
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resulting colonies were pure. Culture purity was checked by examining the samples under the 

light microscope and ensuring that they gave rise to uniform colonies when spread onto agar 

plates.

2.1.3 Maintenance and growth

Organisms were stored in 50 mM KH2PO4 : K2HPO4 buffer (pH 7.2) containing 20% 

(vol/vol) glycerol at both -20°C and -70°C. Freeze-dried vials of each isolate were also prepared 

and stored at 4°C. In a majority of the genetical studies reported, the genes responsible for the 

degradation of aromatic compounds are plasmid encoded (see chapter one). In order to prevent 

the possibility of plasmid loss, cultures were maintained by sub-culturing every two weeks on 

MS-agar plates. The plates were incubated in plastic bags to reduce evaporation.

Liquid cultures were incubated in a shaking incubator, rotating at 180 rpm. Media, in 

quantities of 50 mL, 100 mL and 1 L were used in 250 mL, 250 mL and 2.5 L baffled conical 

flasks respectively.

All isolates were grown at 50°C, unless otherwise indicated.

2.1.4 Growth measurements

Growth was monitored by measuring the absorbance of the culture at 660 nm.

2.1.5 Identification tests

2.1.5.1 Gram stain

Gram stains were performed on cultures before the end of logarithmic growth, to avoid 

gram variability. The method used was given by Wensink and Boeve (1957):-

a) Growing cells were smeared in a thin and even layer on a glass slide and then heat-fixed.

b) Cells were stained with 1% crystal violet (aq) for one minute.
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c) The slide was washed with tap water.

d) Cells were stained with 0.7% iodine for one minute.

e) The slide was washed with tap water.

f) Stained cells were decolourised with industrial methylated spirit (ethanol) for approximately 

15 seconds, until the washings were clear.

g) The slide was washed with tap water.

h) Cells were counter-stained with 0.5% safranin for 30 seconds.

i) The slide was washed with tap water.

j) The slide was blotted carefully and then left to dry in air before being examined under the 

microscope at lOOx magnification. Cells that appeared mauve or pink were gram stained 

positive or negative, respectively.

Since there are difficulties in determining the gram stain result, controls were stained 

simultaneously on the same slide, Bacillus sp. and Escherichia coli were used as the gram 

positive and negative controls, respectively.

2.1.5.2 Spore stain

A modified version of the Schaeffer-Fulton spore stain was used (Cowan, 1974):-

a) Growing cells were smeared in a thin and even layer on a glass slide and then heat-fixed.

b) The heat-fixed smear was flooded with 5% malachite green (aq).

c) The slide was placed across the comer of a tripod stand and heated with a small bunsen 

flame. It was left to produce steam for 2 minutes and 30 seconds, with the addition of more 

stain when the slide tended to dry up.

d) The slide was washed with tap water.

e) Cells were stained with 0.5% safranin for 1 minute and 30 seconds.

f) The slide was washed with tap water.
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g) The slide was blotted and then left to dry in air before being examined under the microscope 

at lOOx magnification. The spores and vegetative cells were stained green and pink, 

respectively.

2.1.5.3 Catalase test

A single colony was picked off a plate using a sterile platinum loop and placed on a 

clean glass slide. A drop of 30% hydrogen peroxide solution was placed on the colony. The 

immediate production of bubbles indicates a positive result (presence of catalase).

2.1.5.4 Test for motility

Growing cells suspended in a few drops of water were placed on a glass slide with a 

coverslip. The slide was heated gently on a low flame for a few seconds, then examined 

immediately under the microscope for signs of cell motility.

2.2 Tests of growth, induction and substrate specificity

Baffled conical flasks (2.5 L) containing 1 L quantities of NB media (supplemented 

with Yeast Extract, 5 g.L'l) were prepared and cooled in water, prior to the addition of a 

quantity of phenolic substrate to give a final concentration of 0.05% (w/v), unless otherwise 

indicated. The flasks were equilibrated at 50°C in a shaking incubator, rotating at 180 rpm. At 

time zero, the flasks were inoculated with a cell suspension of known cell density.

At regular time intervals, 11 mL samples of the growing culture were asceptically 

pipetted from the flasks into centrifuge tubes and placed on ice. The growth of the cell 

suspension was monitored by measuring the O.D (660nm) at room temperature on a Beckman 

DU^ 7500 spectrophotometer. 1 mL of the cell suspension was placed in a plastic cuvette (1 

mL) and mixed by inversion prior to taking an absorbance reading (at 660nm), against distilled 

water as the reference blank. The remainder of the cell suspension (10 mL) was centrifuged at
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5,000 g for 10 minutes. A quantity (1 mL) of the decanted supernatant was placed in an 

eppendorf tube (1.5 mL) and stored at -70°C. This sample of supernatant was kept for later 

analysis of the extracellular concentration of the phenolic compound using isocratic reversed- 

phase HPLC (see section 2.6.1). The cell pellet was washed in 50mM KH2PO4 : K2HPO4 

buffer (pH 7.2) and resuspended in 1 mL of the washing buffer. The washed cell suspension 

(1 mL) was treated with toluene and acetone (see section 2.3) prior to assaying for catechol

2,3-dioxygenase activity (see section 2.5.2).

Cultures were sampled for up to 30 hours or until there was no observed change in the 

O.D at 660nm.

2.3 Preparation of cell suspensions and cell extracts

Cells were harvested at the late exponential phase. The suspension was centrifuged in 

500 mL centrifuge pots at 7,500g for 15 minutes, afterwhich the cell pellet was washed and 

resuspended in 50mM KH2PO4 : K2HPO4 buffer (pH 7.2). The washed cell suspension of 

known concentration (g.L’ )̂ was stored at 4°C, and used in experiments within 3 hours. A 

suitable dilution of the cell suspension was equilibrated at 40°C, unless otherwise indicated, 

and added to the bioreactor vessel for the whole cell phenol degradation experiments (see 

section 2.7).

For enzyme assays, cell suspensions were treated with tolueneiacetone (1:1); 0.01 mL / 

0.1 mL of the cell suspension. After vortexing the cell extract was left for 10 minutes before 

commencing with the assays.

2.4 Measurement of protein concentrations

Protein concentrations were measured by the Bradford (1976) method using Bio-Rad 

protein assay reagent. Bovine serum albumin (Sigma, fraction V) was used as a standard.
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2.5 Assays for enzyme activities

All enzyme assays were routinely performed at 55°C, unless otherwise stated. A 

Beckman DU^ 7500 spectrophotometer with integral chart recorder and temperature control 

was used. 1 cm light path cuvettes were used throughout. All enzyme rates shown are the 

average of at least two determinations.

2.5.1 Phenol hydroxylase

The method of Buswell (1975) was used for the phenol hydroxylase assay. The ceU 

extract was treated with H2O2 (5 |iL / 100 pL of cell extract) to inhibit the ring-fission enzyme. 

After vortexing the cell extract was left for 5 minutes before commencing with the assays. 

Reaction mixtures (3 mL) in 50mM KH2PO4 : K2HPO4 buffer (pH 7.2) containing 1.0 pmol 

NADH and 100 nmol phenol were equilibrated at 55°C before the addition of the cell extract 

(100 pL). The contents of the reaction mixture were mixed by inverting the cuvette three times, 

before measuring the decrease in absorbance at 340nm caused by the oxidation of NADH, The 

assay was repeated in the absence of phenol and the true rate was determined by subtracting the 

latter rate from the former. One unit of enzyme activity was defined as that amount which 

catalysed the conversion of 1 pmol of phenol per minute at 55°C. Specific activity was defined 

as units per milligram of protein (see section 2.4).

2.5.2 Catechol 2,3-dioxygenase

Reaction mixtures (3 mL) in 50mM KH2PO4 : K2HPO4 buffer (pH 7.2) containing 1 

pmol catechol were equilibrated at 55°C, before adding the cell extract (100 pL). The contents 

of the reaction mixture were mixed by inverting the cuvette three times and the increase in 

absorbance at 375nm caused by the formation of the reaction product 2-hydroxymuconic 

semialdehyde was determined (Dagley and Stopher, 1959; Kojima et al., 1961). One unit of
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enzyme activity was defined as that amount which catalysed the conversion of 1 jimol of 

catechol per minute at 55°C.

2.5.3 Catechol 1,2-oxygenase

Reaction conditions were identical to those of catechol 2,3-dioxygenase, except the rate 

of formation of cis, cis-muconic acid was followed at 260nm in quartz cuvettes (Hayaishi et 

al., 1957). One unit of enzyme activity was defined as that amount which catalysed the 

formation of 1 |imol of cis, cis-muconic acid per minute at 55°C.

2.5.4 2-Hydroxy-6-oxohepta-2,4-dienoate hydrolase

Reaction mixtures (3 mL) in 50mM KH2PO4 : K2HPO4 buffer (pH 7.2) containing 1 

pmol 2-hydroxymuconic semialdehyde were equilibrated at 55°C, before adding the cell 

extract 2-Hydroxymuconic semialdehyde was generated in situ by the action of a catechol

2,3-dioxygenase present in Bacillus strain Cro 3.2 upon catechol (see section 2.5.2). The 

contents of the reaction mixture were mixed by inverting the cuvette three times, before 

measuring the decrease in absorbance at 375nm caused by the disappearance of 2- 

hydroxymuconic semialdehyde (Adams and Ribbons, 1988b). One unit of enzyme activity was 

defined as that amount which catalysed the conversion of 1 pmol of 2-hydroxymuconic 

semialdehyde per minute at 55°C.

2.5.5 2-Hydroxymuconic semialdehyde dehydrogenase

The reaction conditions were identical to those of 2-hydroxy-6-oxohepta-2,4-dienoate 

hydrolase, except that ImM NAD was added to the reaction mixture. The rate of reaction in the 

absence of NAD (see 2.5.4) was subtracted from the value obtained (Adams and Ribbons, 

1988b). The definition of activity is stated in section 2.5.4.
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2.6 Assays for chemical compounds

2.6.1 HPLC analysis

The presence and concentration of a range of phenolic compounds was determined by 

isocratic reversed-phase high performance liquid chromatography (HPLC) at room temperature 

(18-22°C). Assays were performed on a Cecil CE 1100 pump, UV-1 Pharmacia detector and 

Drew Scientific computing integrator.

All chromatographic separations were carried out on a Nucleosil 5C18 column. A guard 

column was used to remove any traces of strongly adsorbed molecules and thus prevented 

fouling of the column head.

The mobile phase consisted of methanol (50%) ; water (50%) ; KNO3 (2 g.L'l) and 

sulphuric acid (0.5ImM). All materials used in the mobile phase were of the highest purity 

commercially available, and the solvents and water were HPLC grade. Prior to their use all 

chromatographic buffers were degassed using helium.

The flow rate was set to 0.7 mL/min, and all phenolic compounds were monitored at a 

wavelength of 280nm. The retention times of various phenolic compounds under these 

conditions are shown in Table 2.1.

2.6.2 Determination of intracellular phenolic concentration

The cell pellet was resuspended in a small volume of methanol and sonicated for a total 

of 3 minutes, with intermittant cooling. The cell extract was microfuged for 10 minutes (at 

13,400g) and the supernatant, filtered through an acrodisc (0.2 pm), was analysed for phenolic 

content by isocratic reversed-phase HPLC.

A control consisting entirely of NB medium (supplemented with Yeast Extract, 5 g.L'l) 

was analysed by isocratic reversed-phase HPLC. There was a baseline separation between the 

peaks on the control and sample chromatograms.
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Table 2.1 The retention times for a number of phenolic compounds.

PHENOLIC
COMPOUND

RETENTION 
TIME (mins)

Phenol 10.9

o-Cresol 16.5

m-Cresol 15.8

p-Cresol 16.0

2-Bromophenol 17.2

3-Bromophenol 26.4

4-Bromophenol 22.8

2-Nitrophenol 18.1

3-Nitrophenol 13.6

Orcinol 6.9

Catechol 8.2
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An identical control was used for the analysis of extracellular phenolic concentrations, 

where samples were taken from growth, induction and substrate specificity experiments (see 

section 2 .2).

2.6.3 2-Hydroxymuconic semialdehyde (HMS)

The extracellular accumulation of HMS was measured spectrophotometrically in cell- 

free samples at 375nm. Authentic HMS was found to have a molar extinction coefficient of 4.4 

X 1()4.

2.7 Stirred-tank reactor experiments

Free and immobilised-cell degradation experiments were carried out in a bioreactor, 

stirred at 120 rpm, as illustrated in Fig. 2.1.

The temperature was controlled by circulating heated water through the waterjacket of 

the bioreactor. The free and immobilised-cell degradation experiments were carried out at 40°C, 

unless indicated otherwise. The air or oxygen flow rate into the bioreactor was monitored on a 

flowmeter and controlled using the pressure valve on the cylinders. The air or oxygen/liquid 

volume ratio in the stirred bioreactor was 1 v/v/min, unless indicated otherwise.

The oxygen concentration (mg/L) in the bioreactor was monitored using a Clark-type 

polarographic oxygen electrode probe and a Jenway model 9070 oxygen meter. The electrode 

was calibrated to zero oxygen content by placing the probe in a 2% sodium sulphite (w/v) 

solution, and adjusted to 100% by placing the probe in air saturated with water.

Unless otherwise stated, all degradation experiments were performed in a total reaction 

volume of 1(X) mL, with the addition of a few drops of antifoam reagent.
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Fig. 2.1 A stirred-tank bioreactor
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2.7.1 Sampling procedure

2.7.1.1 Whole cell degradation experiments

Whole cell suspensions were prepared as described in section 2.3 and placed in the 

heated bioreactor with a known concentration of the phenolic substrate.

At regular time intervals, 1 mL samples were removed from the bioreactor and placed 

on ice, a small volume of this sample (200 |iL) was used to assay for catechol 2,3-dioxygenase 

activity (see section 2.5.2). The remainder of the sample was microfuged for 10 minutes at 

13,400g, and the pellet retained at 4°C for determination of the intracellular concentration of the 

phenolic substrate (see section 2.6.2). The supernatant, filtered through an acrodisc (0.2 pm), 

was analysed by isocratic reversed-phase HPLC to determine the extracellular concentration of 

the phenolic substrate (see section 2 .6.1).

The extracellular concentration of HMS present in the supernatant was also determined 

(see section 2.6.3).

2.7.1.2 Immobilised-cell degradation experiments

Immobilised-cell particles were suspended in 50mM KH2PO4 : K2HPO4 buffer (pH

7.2) unless otherwise indicated, with a known concentration of phenol.

At regular time intervals a known mass of the immobilised-cell particles were removed 

from the bioreactor and used to assay for catechol 2,3-dioxygenase activity.

A small volume (1 mL) of the buffer was also removed and analysed in the same 

manner as described above for the supernatant.

2.8 Immobilisation of cells in calcium alginate gel

The procedure outlined by Kierstan and Bucke (1977) was used for the immobilisation 

of whole cells in calcium alginate beads. A 4% solution of sodium alginate (w/v) was prepared
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by the gradual addition of this dry hygroscopic powder to 20mM Tris-buffer (pH 7.2) heated 

to 60°C, whilst stirring continuously. The solution was stirred for a further hour at this elevated 

temperature to completely dissolve the sodium alginate. The sodium alginate solution was then 

left to stand for about 30 minutes to allow air bubbles to escape. The removal of air bubbles 

was essential to prevent air from being trapped in the beads which would cause them to float

At room temperature, equal volumes of 4% sodium alginate (w/v) solution and cell 

slurry (~10 g wet wt. of cells / 100 mL of 20mM Tris-buffer, pH 7.2) were mixed gently. The 

mixture was extruded drop wise via a 10 mL syringe fitted with a wide bore needle (1mm 

diameter) from a height of about 20 cm into a solution of 0.2M calcium chloride. The beads of 

calcium alginate entrapped cells were left to harden in the calcium chloride solution for about 20 

minutes. The calcium chloride solution was then decanted, the beads were washed with 20mM 

Tris-buffer (pH 7.2) and stored in the same buffer supplemented with lOmM calcium chloride. 

All beads were used for degradation experiments within 3 hours of hardening (see section

2.7.1.2). In experiments involving calcium alginate systems, lOmM calcium chloride was 

always present in the surrounding buffer. 20mM Tris-buffer (pH 7.2) was used in preference 

to 50mM KH2PO4 : K2HPO4 buffer (pH 7.2) to avoid disruption of the gel structure by 

calcium chelation.

2.8.1 Measurement of bead size

The mean diameter of the beads was determined by measuring the volume (v) of water 

displaced by 100 beads. The average diameter of one bead, d, was then calculated from the 

equation: r= 3v/4p where d=2r.

2.8.2 Assay of enzyme activity in calcium alginate gel beads

For each assay, 4 beads of known weight were ground in a mortar and pestle with 1 

mL of 50mM KH2PO4 : K2HPO4 buffer (pH 7.2). A small volume (200 |xL) of this cell
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suspension was then treated with tolueneiacetone (1:1); 0.01 mL / 0.2 mL of the cell 

suspension. After vortexing, the cell extract was left for 10 minutes before commencing with 

the catechol 2,3-dioxygenase assay (see section 2.5.2)

2.9 Immobilisation of cells in polyacrylamide gel

The procedure outlined by Freeman and Aharonowitz (1981) was used for the 

immobilisation of whole cells in polyacrylamide gel. A volume (10 mL) of 0.2M KH2PO4 : 

K2HPO4 buffer (pH 7.0) was chilled on ice before the addition of the following acrylamide, 

2.85 g; N,N'-methylene-bis-acrylamide (bisacrylamide), 0.15 g; ammonium persulphate, 10 

mg. After dissolution, a 15 |iL aliquot of TEMED (tetramethylethylenediamine) was added. 

The chilled buffer solution was immediately mixed with an equal volume of chilled cell 

suspension (~ 5 g wet wt. of cells / 10 mL of chilled distilled water) which was then poured 

into 3 glass petri dishes and covered. Polymerisation was allowed to proceed for 1 hour, after 

which the gel was then passed through a coarse sieve and the immobilised cell particles were 

suspended in 1(X) mL of 0.2M KH2PO4 : K2HPO4 buffer (pH 7.0). Once settled, the 

immobilised cell particles were stored in 50mM KH2PO4 : K2HPO4 buffer (pH 7.2) and were 

used for degradation experiments within 3 hours (see section 2.7.1.2).

2.9.1 Assay of enzyme activity in polyacrylamide or agarose gel particles

For each assay, immobilised cell particles of known weight were ground in a mortar 

and pestle with 500 pL of 50mM KH2PO4 : K2HPO4 buffer (pH 7.2). A 200 pL aliquot of 

this was then treated with tolueneiacetone (lil) (see section 2 .8.2) and subsequently assayed 

for catechol 2,3-dioxygenase activity (see section 2.5.2).
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2.10 Immobilisation of cells in agarose gel

A 4% (w/v) agarose (Type V: High gelling temperature) solution was prepared in 

50mM KH2PO4 : K2HPO4 buffer (pH 7.2). Equal volumes of 4% agarose solution (w/v) and 

cell slurry (~ 5 g wet wL of cells / 10 mL of 50mM KH2PO4 : K2HPO4 buffer (pH 7.2)) were 

separately equilibrated at 60°C, and then mixed gently. The resulting 2% agarose (w/v) cell 

suspension was immediately poured into glass petri dishes to solidify at room temperature. 

After 20 minutes the gel was passed through a coarse sieve, the immobilised cell particles were 

stored in 50mM KH2PO4 : K2HPO4 buffer (pH 7.2) and were used for degradation 

experiments within 3 hours (see section 2.7.1.2).

2.11 Chemicals

Most chemicals were obtained from the following manufacturers: Sigma (London) 

Chemical Co. Ltd., Poole, Dorset, UK; Aldrich Chemical Co. Ltd., Gillingham, Dorset, UK; 

BDH Chemicals Ltd., Poole, Dorset, UK; Difco laboratories. West Moseley, Surrey, UK; 

Janssen Chimica, Tumhoutseweg, Beerse, Belgium; Oxoid, Unipath Ltd., Basingstoke, 

Hampshire, UK; Beta-lab, Island Farm Avenue, East Moseley, Surrey, UK.

All HPLC grade solvents and water were obtained from BDH Chemicals Ltd.
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CHAPTER THREE

Isolation and identification of phenol-utilizing bacteria 

Introduction

Microorganisms that degrade aromatic compounds are ubiquitous in soil and water 

samples, particularly in areas polluted with chemical waste such as a chemical waste treatment 

plant (Dagley & Patel, 1957; Buswell & Twomey, 1975; Hinteregger et al., 1992; Radehaus & 

Schmidt, 1992; Resnick & Chapman, 1994).

The initial aim of the project was to isolate new strains of bacteria which were capable 

of degrading phenol. The isolation of thermophilic organisms in particular, for application in 

biological processes, would offer several advantages over their mesophilic counterparts 

(Sonnleitner, 1983; Sonnleitner and Fiechter, 1983). In addition to the increased rate of 

diffusion that occurs at higher temperatures, it is theorized that thermostable enzymes often 

have increased resistance to chemical dénaturation (Berquist et al., 1987; Worden et al., 1991). 

As a result, thermophiles may be capable of biodegrading phenolic compounds at 

concentrations generally toxic to mesophiles (Worden et al., 1991).

Results

3.1 Isolation of phenol-utilizing thermophilic microorganisms and their 

identification

All phenol-utilizing thermophiles were isolated from sewage effluent collected from 

Crossness sewage treatment site, situated off the Thames in South London, with the exception 

of strain Row 2A12 which was provided by Dr D. A. Cowan.
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Selective screening of thermophilic microorganisms capable of growing on phenol 

necessitated the use of media on which the organisms would not grow unless the phenol 

carbon source was present. To this end, growth on minerals salts media (see Chapter Two, 

section 2.1.1.) supplemented with phenol was assessed. Using the procedure described in 

Chapter Two, section 2.1.2, pure colonies were isolated. These were streaked onto Nutrient 

Agar plates (in the absence of phenol) in an effort to obtain isolates possessing the 

chromosomally encoded ortho-pathway. The biomass was removed from the plate by 

resuspending the cells in a 1 mL aliquot of K2HPO4 : KH2PO4 buffer (pH 7.2; 50 mM) and 

assayed for the presence of catechol 1,2-oxygenase, the second enzyme in the phenol- 

degrading ortho-pathway (see Chapter Two, section 2.5.3.). The ortho-pathway was not 

believed to be present in any of the isolates, due to the inability to detect the presence of 

catechol 1,2-oxygenase.

Pure colonies isolated from minerals salts media were also streaked onto Nutrient Agar 

plates (supplemented with phenol) to increase biomass and induce the phenol degrading 

pathway. Positive isolates were selected by spraying the plates with a dilute catechol solution 

(0.01 M) and incubating them at 50°C for 10 minutes. Colonies that turned yellow due to the 

formation of 2-hydroxymuconic semialdehyde were classed as positive isolates, degrading 

phenol via the meta-pathway. However, selection by this method would most probably result 

in the attainment of isolates characterized by low levels of the third enzyme in the phenol 

degrading (meta-) pathway; catalysing the conversion of 2-hydroxymuconic semialdehyde.

Several aerobic rod-shaped bacteria, which grew at 50-60°C, were isolated. These 

isolates were assigned the following strain references; Cro 1.2, Cro 3.2, Cro 1.3, Row 2A12 

and Cro 1.12. Table 3.1 displays the results of a number of identification tests (see Chapter 

Two, section 2.1.5) performed on the isolates and controls where necessary. The controls used 

in the Gram staining (see Chapter Two, section 2.1.5.1) were provided by Dr J. M. Ward.

4 8



Table 3.1 The results of the identification tests performed on the isolates.

4̂
VO

ISOLATE GRAM STAIN SPORE STAIN CATALASE
TEST

MOTILITY
TEST

Cro 1.2 + + + -

Cro 3.2 + + + -

Cro 1.3 + + + -

Cro 1.12 + + + -

Row 2A12 + + + -

Bacillus sp. 
(positive control)

+ ND ND ND

Escherichia coli 
(negative control)

- ND ND ND

+ = gram positive / spores present / catalase positive / motile 
- = gram negative / spores absent / catalase negative / non-motile 
ND = not done



The characteristics suggested that they were thermophiles belonging to the Bacillus 

species, according to the criteria of Bergey's Manual of Derminative Bacteriology (Gibson and 

Gordon, 1974). None of the isolates formed irregularly-shaped, branched cells at any phase of 

growth, excluding them from the genera Mycobacterium, Corynebacterium or Actinomyces.

3.2 Selection of strains for further studies

Several phenol-degrading Bacillus isolates were obtained. However, all isolates were 

found to grow weakly on liquid MS-medium (supplemented with phenol, 0.05% w/v), making 

it difficult to study growth and the induction of the phenol-degrading pathway. In order to 

increase biomass the isolates were routinely grown on liquid NB-medium (supplemented with 

Yeast Extract, 5 g/L and phenol, 0.05% w/v) in flasks incubated at 50°C. The medium was 

inoculated with 1% (v/v) pre-induced cells of the Bacillus isolate. Growth in the presence of 

0.05% phenol (w/v) was measured by monitoring the O.D at 660 nm, at time intervals (see 

Chapter Two, section 2.2). The induction of the phenol-degrading pathway in each strain was 

assessed by sampling cultures for intracellular catechol 2,3-dioxygenase activity, the second 

enzyme in the meta-pathway.

Many similarities were observed between the different isolates. In all cases, catechol

2,3-dioxygenase activity was first detected in the exponential phase. The lower limit of 

detection of the catechol 2,3-dioxygenase assay was found to be 0.01 pmol/min/mg of protein. 

In Bacillus strains Cro 1.2 and Cro 3.2 catechol 2,3-dioxygenase activity (pmol/min/mg of 

protein) peaked in the stationary phase (Figs. 3.1 and 3.2) and then declined rapidly. 

However, in all other cases catechol 2,3-dioxygenase activity increased exponentially with the 

O.D (at 660 nm), and after peaking in the late exponential phase declined rapidly (Figs. 3.3,

3.4 and 3.5).

Attempts were made to assay for phenol hydroxylase, the enzyme catalysing the first 

step in the phenol-degrading (meta-) pathway. However, as a result of the use of crude cell
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Fig. 3.1 Bacillus strain Cro 1.2; growth
and intracellular catechol 2,3-dioxygenase
activity
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Fig. 3.3 Bacillus strain Cro 1.3; growth
and intracellular catechol 2,3-dioxygenase
activity
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Fig. 3.5 Bacillus strain Cro 1.12; growth
and intracellular catechol 2,3-dioxygenase
activity
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preparations the phenol hydroxylase assay (see Chapter Two, section 2.5.1) failed to work on 

account of the interference from other NADH oxidases present.

Bacillus strains Cro 1.3, Cro 1.2 and Cro 3.2 were selected for further studies on the 

basis of maintaining high levels of catechol 2,3-dioxygenase activity for long periods of time 

during the growth curves. These would be important considerations if any of these strains were 

to be employed in the bioremediation of industrial wastestreams.

Discussion

The inoculation of medium with soil or sewage samples, containing a number of 

microbial populations, will result in the competitive proliferation of those organisms best suited 

to the growth parameters.

The sewage waste samples were found to contain a number of thermophilic, aromatic- 

degrading bacteria. The isolates selected for further studies were thermophilic, aerobic, gram- 

positive rods which were classed as belonging to the genus Bacillus sp..

A number of aromatic-metabolising microorganisms have been isolated from 

contaminated soil and water samples. A p-cresol degrading Pseudomonas sp. was reported to 

have been isolated from liquid that had circulated through an experimental plant for the 

treatment of gas-works effluent (Dagley and Patel, 1957). There have been reports of the 

isolation of pentachlorophenol (PCP) - utilizing Pseudomonas spp. from heavily contaminated 

soil from lumber treatment waste sites (Resnick and Chapman, 1994; Radehaus and Schmidt, 

1992). A strain of Pseudomonas putida isolated from soil samples was shown to be capable of 

degrading high concentrations of phenol (Hinteregger et al., 1992). Mesophilic bacteria capable 

of metabolising phenol have been isolated from landfill waste and characterised as 

Acinetobacter, Arthrobactery Micrococcus and Nocardia spp. (Tibbies and Baecker, 1989). 

Buswell and Twomey (1975) isolated a strain of Bacillus stearothermophilus from industrial
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sediment that was capable of utilizing phenol and the isomeric cresols. A phenol-degrading 

Bacillus stearothermophilus has also been isolated from river sediment (Gurujeyalakshmi and 

Oriel, 1989a).

Most of the literature on phenol-utilizing bacteria concerns pseudomonads. However, 

there have been a number of references to thermophilic bacilli capable of growth on phenolic 

compounds, benzoates, alkyl benzene sulphonate detergents and even halogenated aromatic 

compounds (see chapter one). Evidently, thermophilic and thermotolerant Bacillus species are 

ubiquitous in both soil and water samples.
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CHAPTER FOUR

Studies on the growth of Bacillus isolates in the presence of phenolic 

compounds and their induction and substrate specificities

Aim

A microorganism which exhibits substrate versatility and is capable of growing 

uninhibited in the presence of a range of phenolic compounds, at potentially toxic 

concentrations, offers great potential for wastewater treatment. The aim of this study was to 

investigate the inhibitory effects of a wide range of phenolic compounds on the growth of 

Bacillus strains Cro 1.2, Cro 1.3 and Cro 3.2 in liquid NB medium (supplemented with Yeast 

Extract, 5 g/L). In addition, the aim was to provide data on the induction and substrate 

specificity of the first two steps in the phenol-degradative pathway.

The phenolic compounds were selected on the basis of their differing side groups; their 

relative position on the aromatic ring, size and charge.

Results

Flasks of liquid NB (supplemented with Yeast Extract, 5 g/L) containing 0.05% (w/v) 

of the phenolic compound were incubated at 50 °C. The medium was inoculated with 1% (v/v) 

pre-induced cells of the Bacillus isolate. The effect of the phenolic substrate on growth was 

measured by monitoring the O.D at 660 nm, at time intervals. The induction specificity of the 

phenol-degrading meta-pathway, in each strain, was assessed by sampling cultures for 

intracellular catechol 2,3-dioxygenase activity, the second enzyme in the meta-pathway. This 

was assuming that the genes encoding the meta-pathway were located on a single operon and
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expressed together (Bartilson et al., 1990). To determine the substrate specificity of the

pathway (see Chapter Two, section 2.2) the extracellular phenolic concentration was

monitored, at intervals, by isocratic reversed-phase HPLC analysis.

Catechol and its mono-methyl substituted derivatives were all chemically unstable at 

50°C and were not used in the above experiments.

4.1 The effect of phenolic compounds on growth

Table 4.1 summarises a comparison of the growth profiles of each strain, in the

presence and absence of the phenolic compound at 50°C. Growth was observed in both cases 

and compared, where growth inhibition was not observed cultures of Bacillus strains Cro 1.2, 

Cro 1.3 and Cro 3.2 entered late-exponential phase after 11-12, 9-11 and 11-12 hours, 

respectively.

3-Bromophenol, 4-bromophenol and 3-nitrophenol appeared to have an inhibitory 

effect on the growth of all of the Bacillus strains. In duplicate experiments Bacillus strain Cro

3.2 showed a 30-42%, 76-82% and 58-67% reduction in the maximum absorbance (at 660 

nm) when grown in the presence of 4-bromophenol, 3-bromophenol and 3-nitrophenol, 

respectively, as compared with the control (minus the phenolic compound). Bacillus strain Cro

1.3 showed a 52-57%, 41-53% and 56-61% reduction, and with strain Cro 1.2 there was an 

observed 59-68%, 66-74% and 54-59% decrease in the maximum absorbance (at 660 nm) of 

cultures supplemented with 4-bromophenol, 3-bromophenol and 3-nitrophenol respectively.

As expected, the addition of any of these potentially toxic phenolic compounds (0.05% 

w/v) to cultures did not in most cases significantly improve the growth profiles above that of 

the control (minus phenolic compound). However, cultures of Bacillus strain Cro 3.2 

supplemented with phenol or orcinol (0.05%) achieved maximum absorbances (at 660 nm) 

significantly greater than that of the control.
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Table 4.1 The inhibitory effect of phenolic compounds (0.05 % w/v) on the 
growth of Bacillus strains in rich media

PHENOLIC
COMPOUND

GROWTH INHIBITION

STRAIN Cro 1.2 STRAIN Cro 1.3 STRAIN Cro 3.2

Phenol - - -

o-Cresol - - -

m-Cresol - - -

p-Cresol - - -

2-Bromophenol - - -

3-Bromophenol + + +

4-Bromophenol + + +

2-Nitrophenol - - -

3-Nitrophenol + + +

Orcinol - - -

Control * - - -

* Minus phenolic compond

+ = Growth inhibition; defined as a reduction in the maximum O.D (at 660nm)
^  30%, as compared with the control.

- = No growth inhibition; defined as a reduction in the maximum O.D (at 660nm) 
^  25 %, as compared with the control.
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Table 4.2 The induction specificity of catechol 2,3-dioxygenase, the enzyme
catalysing the second step in the phenol degrading meta-pathway.

PHENOLIC
COMPOUND

INDUCTION SPECIFICITY

STRAIN Cro 1.2 STRAIN Cro 1.3 STRAIN Cro 3.2

Phenol 4- + +

o-Cresol - + +

ra-Cresol + + 4-

p-Cresol + + 4-

2-Bromophenol - - -

3-Bromophenol - - -

4-Bromophenol - - -

2-Nitrophenol - -

3-Nitrophenol - - -

Orcinol - - 4-

Control * - - -

* Minus phenolic compond

+ = The induction of catechol 2,3-dioxygenase activity was observed.
- = The induction of catechol 2,3-dioxygenase activity was not observed.
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Table 4.3 The substrate specificity of the enzymes catalysing the first two steps in
the phenol degrading meta-pathway.

PHENOLIC
COMPOUND

SUBSTRATE SPECIFICITY

STRAIN Cro 1.2 STRAIN Cro 1.3 STRAIN Cro 3.2

Phenol + PA 4-

o-Cresol - + 4-

ra-Cresol - 4- 4-

p-Cresol - 4- 4-

2-Bromophenol - - -

3-Bromophenol - - -

4-Bromophenol - - -

2-Nitrophenol - - -

3-Nitrophenol - - -

Orcinol - - -

Control * - - -

* Minus phenolic compond

4- = Total biodégradation of the phenolic compound (0.05%, w/v) was observed. 
- = Biodégradation of the phenolic compound was not observed.

PA = Partial biodégradation of the phenolic compound (0.05%, w/v) was 
observed.
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4.2 Induction and substrate specificity of the first two steps in the 

phenol-degradative pathway

Differences were observed in the induction and substrate specificity characteristics for 

the three Bacillus strains, summarised in Tables 4.2 and 4.3. Experiments on the induction 

specificity for Bacillus strain Cro 3.2 indicated that phenol, orcinol and o-, m-, p-cresol (Figs.

4.1, 4.3, 4.5, 4.7 and 4.9) were able to induce catechol 2,3-dioxygenase activity (Table 4.2). 

However, the substrate specificity data (Table 4.3) indicate that the strain is capable of 

cometabolizing only phenol and the isomers of cresol (Figs. 4.2, 4.4, 4.6 and 4.8). In the 

cases where there was no observed biodégradation of the phenolic compounds (Table 4.3), a 

reduction in the concentration of the phenolic compound was observed similar to that of the 

control (in which dead cells were incubated with 0.05% of the phenolic compound (w/v) under 

identical conditions). The decrease in the phenolic concentration during the course of the 

experiment was therefore attributed to non-specific cellular uptake and the volatile nature of the 

phenolic compound at high temperatures. In the cases where biodégradation of the phenolic 

compound was observed, all of the phenolic substrate (0.05%, w/v) was degraded in the 

stationary phase, with the exception of the degradation of phenol by Bacillus strain Cro 1.3.

In duplicate experiments with Bacillus strain Cro 3.2 the production of catechol 2,3- 

dioxygenase was first observed in the late-exponential phase when induced by phenol, the 

isomers of cresol and orcinol (Figs. 4.1, 4.3, 4.5, 4.7 and 4.9). In all cases, catechol 2,3- 

dioxygenase activity peaked in the early-stationary phase. The peak in catechol 2,3- 

dioxygenase activity induced by phenol, o- and m-cresol, coincided with the decline in the 

extracellular concentration of the phenolic substrate (Figs. 4.2, 4.4 and 4.6). In Bacillus sp. 

Cro 3.2 cultures supplemented with p-cresol, an increase in catechol 2,3-dioxygenase activity 

was observed during the decline in extracellular p-cresol concentration (Figs. 4.7 and 4.8). 

However, the maximum point of the peak in catechol 2,3-dioxygenase activity occurred when 

the p-cresol concentration was zero (Fig. 4.8). This could be a result of the rapid rate of p-
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Fig. 4.3 Bacillus Cro 3.2; growth in the 
presence of 0.05% o-cresol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 4.5 Bacillus Cro 3.2; growth in the 
presence of 0.05% m-cresol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 4.7 Bacillus Cro 3.2; growth in the 
presence of 0.05% p-cresol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 4.9 Bacillus Cro 3.2; growth in the 
presence of 0.05% orcinol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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cresol degradation, which could possibly have led to an accumulation of the methylated 

catechol resulting in a delayed peak in catechol 2,3-dioxygenase activity. The maximum 

specific activity (|imol/min/mg of protein) for catechol 2,3-dioxygenase induced by orcinol, 

phenol, 0-, m- and p-cresol, was found to have a ratio of 1:2.6: 9.0: 12.6:71.8, respectively.

While Bacillus sp. Cro 1.2 was capable of degrading phenol only (Table 4.3), m- and 

p-cresol were also able to induce the phenol-degrading pathway (Table 4.2). Catechol 2,3- 

dioxygenase activity in Bacillus sp. Cro 1.2 was first detected in the late-exponential phase, 

when induced by phenol, m- and p-cresol (Figs. 4.10, 4.12 and 4.13), and peaked in the 

early-stationary phase. Once again, the peak in catechol 2,3-dioxygenase activity coincided 

with the fall in the extracellular concentration of phenol (Fig. 4.11). The ratio of maximum 

specific activity (pmol/min/mg) for catechol 2,3-dioxygenase activity induced by phenol, m- 

and p-cresol was 2: 1: 2 .8 , respectively.

The phenol degradative pathway was induced in Bacillus sp. Cro 1.3 by phenol and the 

isomers of cresol (Table 4.2), but only total degradation of the cresols was observed (Table 

4.3). The isomeric cresols were totally degraded in ^  21 hours (Figs. 4.17, 4.19 and 4.21), 

although only 18% of the phenol substrate was biodegraded in this time (Fig. 4.15). Catechol

2 ,3-dioxygenase activity was first detected in the late-exponential phase when induced by 

phenol, 0-, m- and p-cresol (Figs. 4.14, 4.16, 4.18 and 4.20). In each case, catechol 2,3- 

dioxygenase activity peaked in the early-stationary phase, with the exception of the induction 

with o-cresol, in which case the activity peaked in mid-stationary phase. In experiments with 

phenol, 0-, m- and p-cresol the peak in catechol 2,3-dioxygenase activity coincided with the 

decline in the extracellular concentration of the phenolic substrate (Figs. 4.15, 4.17, 4.19 and 

4.21). In the experiments with the isomeric cresols. Bacillus sp. Cro 1.3 totally degraded the 

phenolic substrate (Figs. 4.17, 4.19 and 4.21) prior to a complete loss of catechol 2,3- 

dioxygenase activity (Figs. 4.16, 4.18 and 4.20). However, in the experiment with phenol 

virtually all of the catechol 2,3-dioxygenase activity had been lost in mid-stationary phase (Fig.
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Fig. 4.10 Bacillus Cro 1.2; growth in the 
presence of 0.05% phenol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 4.11 Biodégradation of 0.05% 
phenol (w/v) by Bacillus Cro 1.2
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Fig. 4.12 Bacillus Cro 1.2; growth in the 
presence of 0.05% m-cresol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 4.13 :- Bacillus Cro 1.2; growth in the 
presence of 0.05% p-cresol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 4.14 Bacillus Cro 1.3; growth in the 
presence of 0.05% phenol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 4.16 Bacillus Cro 1.3; growth in the 
presence of 0.05% o-cresol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 4.17 :- Biodégradation of 0.05% 
o-cresol (w/v) by Bacillus Cro 1.3
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Fig. 4.18 Bacillus Cro 1.3; growth in the 
presence of 0.05% m-cresol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 4.19 :- Biodégradation of 0.05% 
m-cresol (w/v) by Bacillus Cro 1.3
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Fig. 4.20 Bacillus Cro 1.3; growth in the 
presence of 0.05% p-cresol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 4.21 Biodégradation of 0.05% 
p-cresol (w/v) by Bacillus Cro 1.3
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4.14) even though 74% of the initial concentration of extracellular phenol had remained 

undegraded (Fig. 4.15). The ratio of maximum specific activity (|xmol/min/mg) for catechol

2,3-dioxygenase in strain Cro 1.3 showed a similar trend to strain Cro 3.2. Bacillus sp. Cro 

1.3 cultures induced by phenol, o-, m- and p-cresol was found to have a ratio of 1: 1.4: 4.9:

8.1, respectively. In all three strains the phenolic compound which induced the highest level of 

catechol 2,3-dioxygenase activity was p-cresol.

D iscussion

Buswell and Twomey (1975) studied the ability of B. stearothermophilus strain PH24 

to utilize a wide range of aromatic compounds. As observed in the control in Table 4.2 they 

found evidence demonstrating the inducible nature of the enzymes involved; they reported that 

cell suspensions harvested from gluconate media did not metabolize the phenolic compounds 

even after a period of 3 hours. Hinteregger et al. (1992) demonstrated this when comparing the 

results for acetate- and phenol-pregrown cells of P.putida strain EKII. He suggested that the 

phenol hydroxylase as well as the ring-cleaving enzymes have to be induced by the aromatic 

substrate.

Growth of the Bacillus strains was sustained on Nutrient broth media (containing lab- 

lemco powder, peptone and sodium chloride) supplemented with Yeast Extract (5g/L) and the 

phenolic compound (0.05% w/v). The nutrients present in this media were suggested by 

Amartey et al. (1991) to be sufficient to satisfy the vitamin and amino acid requirements of 

thermophilic bacilli. It is generally assumed that one of the substrates in the medium will 

eventually limit the growth of the microorganism (McNeil and Harvey, 1990). It can therefore 

be derived that the growth rate is related to the concentration of the limiting substrate. In our 

studies the metabolism of either phenol and/or the isomeric cresols by all of the Bacillus strains 

was first observed in the early stationary phase. Although there is insufficient evidence this
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could possibly be a result of nutrient limiting conditions. The degradation of o-cresol by 

Bacillus strain Cro 1.3 was first observed later in mid-stationary phase (Figs. 4.16 and 4.17).

Similar to our results Buswell and Twomey (1975) reported that only phenol and the 

isomeric cresols were metabolised as growth substrates. Buswell and Twomey (1975) 

demonstrated that phenol-grown washed cell suspensions metabolized phenol and o-, m- and 

p-cresol without a lag, but oxidation of the isomeric nitrophenols, fluorophenols, 

chlorophenols, hydroxybenzoic acids and benzoate was not observed. This was consistant 

with our results, in that the Bacillus strains could grow uninhibited in the presence of 

potentially toxic concentrations of 2-bromophenol and 2-nitrophenol (Table 4.1), but could not 

metabolise these phenolic compounds (Table 4.3). A possible explanation of the preference for 

a methyl substituent on the phenolic substrate, as opposed to a nitro or bromine substituent, is 

that the methyl group activates the benzene ring making it electron rich and more likely to 

undergo an electrophilic attack (Morrison and Boyd, 1987). The nitro or bromine groups 

deactivate the benzene ring, making it less reactive.

The degradation of phenol and the isomers of cresol by mesophiles and yeast has been 

widely reported, especially studies on the species of Pseudomonas. Dagley and Patel (1957) 

reported that a non fluorescent pseudomonad metabolized p-cresol by an initial oxidative attack 

on the methyl group, whereas P. putida U degraded phenol and cresols by direct 

hydroxylation into catechol and methylcatechols, respectively. Ribbons (1966) reported that P. 

aeruginosa T1 metabolized o-cresol via 3-methylcatechol, and Nakagawa and Takeda (1962) 

provided similar evidence of the metabolism of o-cresol by a strain Brevibacterium fuscum. 

This strain was also capable of degrading m- and p-cresol via 4-methylcatechol. These results 

and others conform with observations described by Buswell (1975), who found that Gram- 

negative bacteria degrade o- and m-cresol via 3-methylcatechol, while 4- methylcatechol is a 

metabolite in m- and p-cresol degradation by Gram-positive bacteria and by yeasts. These 

distinctions were based on the results reported for P. putida NCIB 10015 (Sala-Trepat et al..
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1972), P. putida U (Bayly and Wigmore, 1973), Candida tropicalis (Hashimoto, 1973) and 

B. stearothermophilus (Buswell, 1975). Similarly Hinteregger et al. (1992) reported that 

during the transformation of cresols and chlorophenols by P. putida EKU: ortho- and meta

substituted phenols were degraded via 3-substituted catechols, while degradation of para- 

substituted phenols proceeded via 4-substituted catechols.

An alternative route for the metabolism of ring fission products in the thermophile is an 

NAD-mediated dehydrogenation, which may be present as well as the hydrolytic route. When 

dehydrogenase activity is absent, 2-hydroxymuconic semialdehyde and its methyl-substituted 

analogues can be metabolized hydrolytically (Bayly and Dagley, 1969). However, 2- 

hydroxymuconic semialdehyde dehydrogenase will only metabolize 2-hydroxymuconic 

semialdehyde and 2-hydroxy-5-methylmuconic semialdehyde. Consequently, organisms such 

as Azotobacter vinelandiU that only possesses low non-inducible levels of the hydrolase, is 

unable to grow on compounds such as o-cresol that yield 2-hydroxy-6-oxohepta-2,4-dienoate 

(Sala-Trepat and Evans, 1971). The induction specificity data (Table 4.2) for Bacillus sp. Cro

1.2 would similarly suggest the presence of the oxidative route only, since catechol 2,3- 

dioxygenase was only induced in cultures supplemented with either phenol, m- or p-cresol 

(0.05%, w/v). However, demonstration of the presence of enzyme activities in induced whole 

bacteria and cell-extracts cannot be regarded as strong evidence for a metabolic route, unless 

the induced enzymes involved in the catabolism of these compounds show high specificity for 

substrate and inducer (Stanier, 1950).

In the case of Bacillus sp. Cro 3.2, the specificity of enzymes formed in response to 

any of the cresols or phenol shows that the hydroxylase does not discriminate between these 

four substrates and does not metabolize orcinol (Table 4.3). The low specificity suggested for 

the enzymes metabolizing these four substrates and the products derived from them is also 

exhibited by the induction pathway (Table 4.2). However, with the other Bacillus strains.
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especially in the case of Cro 1.2, the low specificity of the induction pathway was not exhibited 

by the enzymes metabolizing the phenolic substrates (Table 4.2 and 4.3).

The results indicate that low specificity multi-enzyme systems are induced in response 

to a variety of structures. Ribbons (1966) suggested that the presence of such inducible non

specific multi-enzyme systems would provide an efficient method of information storage and 

retrieval, as well as of protein synthesis. Gunsalus et al. (1965) concluded from their studies 

on bicyclic mono-terpenoid catabolism by pseudomonads, that enzymes catalysing reaction 

sequences to common intermediates are non-specific to both substrate and inducer.

Hughes et al. (1984) reported that Alcaligenes eutrophus strain 345 metabolized 

phenol, p-cresol, and m- and p-toluate via separate catechol meta-cleavage pathways. They 

reported that strain 345 showed differences in the ratio of the catechol 2,3-oxygenase activities 

when grown in the presence of either m-toluate, phenol, or p-cresol and suggested the presence 

of three catechol 2,3-oxygenase enzymes. The synthesis of two hydroxymuconic semialdehyde 

hydrolase enzymes was similarly reported. This suggestion was further supported by the 

isolation of a number of mutant derivatives of the wildtype strain 345. For example, mutant 

strains RA1(X)7 and RA 1(X)9 were isolated when grown on phenol and found to be defective 

in catechol 2,3-oxygenase I (C230 I) and 2-hydroxymuconic semialdehyde hydrolase I 

(HMSH I), respectively. The presence of C230 II and HMSH II isofunctional enzymes were 

detected in mutant strains RA 1007 and RA 1009, respectively, when grown on m-toluate. The 

ratio of specific activities of C2301 and C230 H against catechol, 3- and 4-methylcatechol were 

significantly different, as was the ratio for HMSH I and HMSH II against 2-hydroxy-6- 

ketohepta-2,4-dienoate, 2-hydroxymuconic semialdehyde and 2-hydroxy-5-methylmuconic 

semialdehyde. Similar induction studies on wild type strain 345, its mutant and cured 

derivatives under different growth substrate conditions, provided evidence for the presence of 

two 2-hydroxymuconic semialdehyde dehydrogenases, two 4-oxalocrotonate isomerases and 

decarboxylases, and three 2-ketopent-4-enoate hydratases. Each of these activities was induced
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when wildtype strain 345 was grown with m-toluate, but not phenol or p-cresol. However in 

strains cured of plasmid pRAlOOO, growth with phenol or p-cresol but not m-toluate induced 

these enzymes. They reported that the hydroxylation of phenol and p-cresol by the wild type 

and cured strains was mediated by the same enzyme (Hughes et al., 1984). The existence of 

isofunctional enzymes for the metabolism of the same or structurally related compounds is not 

infrequent in aromatic degradative pathways (Chapman, 1972; Poh and Bayly, 1980; Williams 

and Murray, 1974).

However, there is insufficient evidence to suggest that the differences observed in the 

ratio of the catechol 2,3-dioxygenase activities, when Bacillus strains Cro 1.2, Cro 1.3 and 

Cro 3.2 were grown in the presence of phenol and the isomers of cresol, indicate the possible 

presence of isofunctional enzymes. The ratio of catechol 2,3-dioxygenase activities could 

possibly be explained by differences in expression control by the different phenolic inducers.

In conclusion. Bacillus strain Cro 3.2 was selected for further studies on the basis of its 

relative substrate versatility.

7 8



CHAPTER FIVE

The effect of phenol concentration and delayed induction on the growth and 

degradative ability of Bacillus strain Cro3.2

Aim

The aim of this study was to investigate the phenol tolerance level of Bacillus strain 

Cro3.2, and the ability to induce the phenol-degrading pathway at different points in the 

growth curve. For example, if the phenol-degrading pathway could be induced in the stationary 

phase under nutrient limiting conditions, this may have positive implications for the 

bioremediation of waste effluents which have low nutrient levels which could not support 

sufficient growth of the microorganism.

Results

In the phenol tolerance experiment, flasks of liquid NB (supplemented with Yeast 

Extract, 5 g/L) containing a known concentration of phenol were incubated at 50 °C. In the 

delayed induction experiments the cultures were induced with phenol at different intervals from 

the point of inoculation (2,6 ,10 and 14 hours). The final phenol concentration in the delayed 

induction experiment was 0.05% (w/v) and the incubation temperature was 50 °C.

In both experiments the medium was inoculated with 2% (v/v) pre-induced cells of 

Bacillus strain Cro3.2. The effect of different phenol concentrations and delayed induction on 

growth was measured by monitoring the O.D at 660 nm, at specified time intervals. The 

induction of intracellular catechol 2,3-dioxygenase activity was also monitored by sampling 

cultures at regular time intervals throughout the experiment The extracellular phenol 

concentration (see Chapter Two, section 2.2.1) was also assessed throughout the experiment
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5.1 The effect of phenol concentration on growth, induction and 

biodégradation

At all the phenol concentrations where growth inhibition of Bacillus strain Cro3.2 was 

not observed (Figs. 5.1, 5.2 and 5.4) the cultures reached late-exponential phase after 7-10 

hours from inoculation. The Bacillus strain Cro3.2 was capable of growing without detectable 

inhibition in the presence of phenol concentrations up to 0.1% (w/v) (Fig. 5.4). No growth 

was observed in the presence of 0.3% phenol (w/v) (Fig. 5.6). Inhibited growth was observed 

in the presence of 0.2% (w/v) phenol (Fig. 5.6). In duplicate experiments at this phenol 

concentration, a 33-38% reduction in the maximum absorbance (O.D at 660 nm) was 

observed, as compared with that obtained in the presence of 0.05% phenol (Fig. 5.2). This 

was possibly due to cell lysis. In the presence of 0.2% phenol (Fig. 5.6) the rapid decline in 

absorbance (at 660 nm) could have been due to an increase in the intracellular concentration of 

phenol to a level that was toxic to the cells. Catechol 2,3-dioxygenase activity was not detected 

at any point during the experiment and there was no reduction in the extracellular phenol 

concentration over time, as compared with the control (in which dead cells were incubated with 

0 .2% phenol (w/v) under identical conditions).

In Bacillus strain Cro3.2 grown in the presence of 0.0025% to 0.1% (w/v) phenol, the 

production of catechol 2,3-dioxygenase was first observed in late-exponential phase (Figs.

5.1,5.2 and 5.4) and the activity peaked in the early-stationary phase. The maximum catechol

2,3-dioxygenase activity (p.mol/min/mg of protein) observed in the presence of 0.1% phenol 

(w/v) (Fig. 5.4) was approximately 35-43% lower than that observed in the presence of 

0.0025% and 0.05% phenol (w/v) (Figs. 5.1 and 5.2). However, there was no significant 

difference in the width of the catechol 2,3-dioxygenase activity peak. The duration of time over 

which the catechol 2,3-dioxygenase activity was above 0.5 (^mol/min/mg) in the experiments 

with 0.(X)25%, 0.05% and 0.1% phenol, was found to be 570,570 and 500 mins, respectively 

(Figs. 5.1,5.2 and 5.4). In experiments with 0.05% and 0.1% phenol (w/v), the catechol 2,3-
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Fig. 5.1 Growth of Bacillus Cro 3.2 in the 
presence of 0.0025% phenol (w/v) and the 
induction of catechol 2,3-dioxygenase 
activity
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Fig. 5.2 Growth of Bacillus Cro 3.2 in the 
presence of 0.05% phenol (w/v) and the 
induction of catechol 2,3-dioxygenase
activity
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Fig. 5.3 Biodégradation of 0.05% 
phenol (w/v) by Bacillus Cro 3.2
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Fig. 5.4 Growth of Bacillus Cro 3.2 in 
the presence of 0 .1% phenol (w/v) and 
the induction of catechol 2,3-dioxygenase 
activity
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Fig. 5.5 Biodégradation of 0.1% 
phenol (w/v) by Bacillus Cro 3.2
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Fig. 5.6 Growth of Bacillus Cro 3.2 in the 
presence of 0.2% and 0.3% phenol (w/v)
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dioxygenase activity peak coincided with the initial fall in the extracellular phenol 

concentration, and as the experiment progressed the catechol 2,3-dioxygenase activity declined 

together with the phenol concentration (Figs. 5.2, 5.3, 5.4 and 5.5). Bacillus strain Cro3.2 

was capable of degrading phenol up to concentrations of 0.1% (w/v). However, in 

experiments with 0.0025% phenol the concentration was too low to be detected via isocratic 

reversed-phase HPLC analysis.

The phenol concentration (0.0025% to 0.1% (w/v)) did not appear to significantly 

effect the width and position of the catechol 2,3-dioxygenase activity peak, or the point at 

which the induction of catechol 2,3-dioxygenase activity was first detected.

5.2 The effect of delayed induction on growth and biodégradation

In experiments where Bacillus strain Cro3.2 was induced 2 and 6  hours after 

inoculation (time zero) by the addition of phenol (0.05% w/v), growth was observed to be 

uneffected (Figs. 5.7 and 5.9). However, after a 10 hour delay (Fig. 5.11) a transient dip in 

the absorbance (at 660 nm) was observed immediately after induction with phenol (0.05%). 

The addition of phenol (0.05%) to the culture, 14 hours after inoculation, was shown to have a 

significant effect on the O.D (at 660 nm), where a large depression in the stationary phase of 

the growth profile spanning over 17 hours was observed (Fig. 5.13). This could possibly be 

explained by the weaker state of early- and mid-stationary phase cells, as compared with cells 

in mid-exponential phase. During the exponential phase an increase in biomass is representative 

of a comparable increase of all other cellular components; eg. protein, RNA, DNA and 

intracellular water (Stanier et al., 1986). As a result, cultures in a state of balanced growth 

sustain a constant chemical compositon. In the stationary phase the growth rate of bacterial 

cultures declines as a result of nutrient limitations or toxic levels of metabolic products. The 

shift from the exponential to the stationary phase is accompanied by a period of unbalanced 

growth, where cellular components are produced at varying rates. Stationary phase cells
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Fig. 5.7 Growth of Bacillus Cro 3.2 in 
the presence of 0.05% phenol (w/v) and 
catechol 2,3-dioxygenase activity, after 
an induction delay of 2 hours
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Fig. 5.8 Biodégradation of 0.05% phenol 
(w/v) by Bacillus Cro 3.2, after an induction 
delay of 2 hours
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Fig. 5.9 Growth of Bacillus Cro 3.2 in 
the presence of 0.05% phenol (w/v) and 
catechol 2,3-dioxygenase activity, after 
an induction delay of 6 hours
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Fig. 5.10 Biodégradation of 0.05% phenol 
(w/v) by Bacillus Cro 3.2, after an induction 
delay of 6 hours
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Fig. 5.11 Growth of Bacillus Cro 3.2 in 
the presence of 0.05% phenol (w/v) and 
catechol 2,3-dioxygenase activity, after 
an induction delay of 10 hours
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Fig. 5.12 Biodégradation of 0.05% phenol 
(w/v) by Bacillus Cro 3.2, after an induction 
delay of 10 hours
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Fig. 5.13 Growth of Bacillus Cro 3.2 in 
the presence of 0.05% phenol (w/v) and 
catechol 2,3-dioxygenase activity, after 
an induction delay of 14 hours
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Fig. 5.14 :- Biodégradation of 0.05% phenol 
(w/v) by Bacillus Cro 3.2, after an induction 
delay of 14 hours
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therefore have a different chemical compositon, as compared with cells from the exponential 

phase. In general, stationary phase cells are smaller, since cell division continues after increase 

in mass has stopped. Consequently, exponential phase cells are more resistant to adverse 

physical and chemical agents then stationary phase cells (Stanier et al., 1986). Although there 

is insufficient evidence, this could possibly explain the observation that a longer induction 

delay (Figs. 5.11 and 5.13) was accompanied by a longer duration for the O.D (at 660 nm) to 

recover.

In all cases. Bacillus strain Cro3.2 cultures reached early-stationary phase 7-10 hours 

after inoculation (Figs. 5.7, 5.9, 5.11 and 5.13). In duplicate experiments, catechol 2,3- 

dioxygenase activity was observed to peak 7-8.5,7.5-10,13.5-15 and 17-18.5 hours after the 

induction with phenol at 2 ,6 , 10 and 14 hours, respectively (Figs. 5.7, 5.9, 5.11 and 5.13). 

In duplicate experiments, with the induction of the pathway at time zero (Fig. 5.2), a catechol

2.3-dioxygenase peak occurred 13-15 hours after induction. This indicates that by allowing 

growth to proceed to mid-exponential phase and then inducing with phenol, the induction of 

catechol 2,3-dioxygenase activity, at detectable levels, would occur earlier. However, this 

could just be the result of a higher concentration of cells. In all of the experiments the catechol

2.3-dioxygenase activity peak coincided with the decline in the extracellular phenol 

concentration (Figs. 5.7-5.14).

The length of the induction delay appeared to have no effect on the ability of Bacillus 

strain Cro3.2 to totally degrade phenol (0.05% w/v). Similarly, the maximum levels of 

catechol 2,3-dioxygenase activity did not vary significantly in each experiment (Figs. 5.7, 5.9, 

5.11 and 5.13).
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Discussion

There have been many reports on the ability of mesophilic microorganisms to degrade 

low concentrations of phenol; Pseudomonas spp. (Bayly and Wigmore, 1973), Alcaligenes 

spp. (Hughes and Bayly, 1983), Streptomyces setonii (Antai and Crawford, 1983) and the 

yeasts Trichosporon cutaneum and Candida tropicalis (Neujahr and Gaal, 1973; Neujahr et 

al., 1974). Bacillus strain Cro3.2 was capable of degrading concentrations of phenol as high as 

10.6 mM (0.1% w/v), without any growth inhibition (Figs. 5.4 and 5.5). Bacillus 

stearothermophilus has been shown to degrade concentrations of phenol as high as 15 mM 

(Gurujeyalakshmi and Oriel, 1989a). K Bacillus stearothermophilus strain BR219 has been 

reported to grow uninhibited in the presence of 9.5 mM phenol (Worden et al., 1991). They 

suggested that this extreme phenol tolerance was consistent with the theory that thermostable 

enzymes have increased resistance to chemical dénaturation (Worden et al., 1991). However, 

Hinteregger et al. (1992) also reported the ability of a Pseudomonas strain to degrade phenol at 

concentrations up to 10.6 mM, higher concentrations of phenol caused cell death.

Growth inhibition was also observed in Bacillus strain Cro3.2 in the presence of 21.2 

mM phenol (0.2% w/v) concentrations and above (Fig. 5.6). In the presence of 0.0025% to 

0.1% phenol (w/v) the phenol-degrading pathway in Bacillus strain Cro3.2 was induced in the 

late-exponential phase, and phenol degradation was first observed in the early-stationary phase 

(Figs. 5.1, 5.2 and 5.4). Comparatively, in experiments with 0.2% phenol (w/v) the culture 

did not maintain the phase of growth at which induction or phenol degradation occurs, possibly 

as a result of cell lysis (Fig. 5.6) marked by a decrease in absorbance (at 660 nm). An inability 

to detect the induction of the phenol-degrading meta-pathway, in Bacillus strain Cro3.2 

cultures supplemented with 0 .2% phenol (w/v), may possibly be due to the presence of 

inappreciable levels of phenol hydroxylase and catechol 2,3-dioxygenase activity. 

Consequently, cell lysis could have occurred in response to toxic levels of intracellular phenol.
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Alternatively, at ^  0.2% phenol (w/v) concentrations bacteriostasis may occur preventing 

bacterial proliferation. This is the action of preservatives which stunt growth but do not 

necessarily result in cell death, though this may occur with prolonged exposure (Hugo and 

Russell, 1983). Phenol is recommended for use as a bacteriostat at concentrations 1% phenol 

(w/v) against Gram-negative and Gram-positive bacteria, and acts slowly on spores and some 

viruses (Martindale, 1993). Phenol preservative agents function by deactivating cellular 

transport processes and the proton motive force (Hugo and Russell, 1983). The cytoplasmic 

membrane is another major target which is disrupted by the phenol preservative causing 

leakage of cytoplasmic constituents; K+, 260 nm material and ribose. The presence of high 

concentrations of the phenol preservative would also result in the coagulation of intracellular 

proteins (Hugo and Russell, 1983). The concentration of the phenolic preservative is reported 

to have a drastic effect on the preservative activity. The dilution of phenolic/cresol preservatives 

to one-half of the original concentration results in a 64-fold decrease in the preservatives 

activity, and vice versa. A temperature increase of 10°C reduces the preservative activity 3-5 

fold, most probably as a result of the increased growth rate of the contaminants.

The meta-pathway could be induced in Bacillus strain Cro3.2 with phenol 

concentrations as low as 0.25 mM (0.0025% w/v) (Fig. 5.1). This has important 

bioremediation implications, especially in the treatment of very low concentrations of phenolic 

compounds in waste effluents and in the environment in general. Boethling and Alexander 

(1979) proposed that in natural waters the maximum biodégradation rates for different organic 

chemicals was proportional to their initial concentration over a wide concentration range. In a 

Pseudomonas putida strain, Janke (1987) demonstrated that at least the first three steps in the 

phenol meta-pathway would not be induced by concentrations of salicylate (a potent non- 

metabolizable inducer) lower than 0.2 mg/L. This inducer "threshold" for phenol degradation 

has also been reported in another Pseudomonas putida strain (Sokol and Howell, 1981). 

There has been many reports suggesting, at least in cases where eutrophic bacteria are
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involved, that the retarded biodégradation of pollutants at very low concentrations in natural 

habitats may be due to the failure to synthesise the relevant metabolic enzymes in the 

microorganisms.

The delayed induction experiment demonstrated that phenol degradation was not 

coupled to growth (Figs. 5.7-5.14) and it was possible to detect the induction of the first two 

steps in the meta-pathway in mid-stationary phase, under potentially nutrient limiting 

conditions. The nutrient media consisted of nutrient broth (containing lab-lemco powder, 

peptone and sodium chloride) and yeast extract (5g/L) to satisfy the vitamin and amino acid 

requirements of the thermophilic Bacillus strain Cro3.2 (Amartey et al., 1991). This would be 

useful in field applications, where nutrients are present in low concentrations in waste effluents 

and contaminated sites. From a comparison of the growth profiles (Figs. 5.7, 5.9, 5.11 and 

5.13) the toxicity of phenol induction (0.05% w/v) appeared to increase with ceU age together 

with the time required for cell recovery. Likewise, Kong and Johnstone (1994) reported that 

Acinetobacter calcoaceticus cells exhibited increased sensitivity to toluene and o-xylene as the 

cells aged.
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CHAPTER SIX

Determining the optimum parameters for the biodégradation of phenol by 

resting cells

Introduction

A biotransformation is defined as the exploitation of biological catalysts to convert one 

chemical into another. There has been a great deal of interest in the manipulation of specialized 

and distinctive characteristics of biocatalysts for industrial application (Woodley and Lilly, 

1988). The industrial application of cell-free biocatalysts to bioremediation has been reported to 

have a number of disadvantages; the cost of enzyme purification and immobilisation, the need 

for multiple enzymes for complete degradation, the possible need for an independent cofactor 

recycling system, and the probable reduction in the life of the cell-free biocatalyst. However, 

there are a number of advantages for using whole-cell systems in the degradation of toxic 

compounds, including enhanced biocatalyst stability in the presence of organic solvents, 

automatic cofactor recycling, and the complete degradation of toxic compounds is possible. For 

these reasons, whole cells would be best suited to industrial applications, especially in the 

bioremediation of high volume low concentration effluents.

The objectives of the work described in this chapter were to optimise the conditions of 

phenol degradation with respect to pH, temperature, oxygen concentration and the ionic 

strength of the K2HPO4 : KH2PO4 buffer (pH 7.2). The aim was to improve the rate of phenol 

degradation and stabilise the phenol-degradative pathway in resting cells of Bacillus Cro3.2.
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Results

6.1 The effect of oxygen cone, on the biodégradation of phenol

Pre-induced whole cell suspensions of Bacillus strain Cro 3.2 in K2HPO4 : KH2PO4 

buffer (pH 7.2 ; 50 mM) were placed in a stirred bioreactor at 40°C with 0.05% phenol (w/v). 

The bioreactor was sparged with 1 v/v/min air or oxygen at different flowrates (mlVmin). The 

effect of oxygen concentration on the degradation of phenol and the general stability of the 

enzymes catalysing the first three steps in the pathway was studied. The concentration of 

phenol and dissolved oxygen were monitored at intervals, together with the catechol 2,3- 

dioxygenase activity in the cells and the extracellular concentration of 2-hydroxymuconic 

semialdehyde (see section 2.7.1.1). The rate of phenol degradation was calculated in units of 

|imoles/min/g cells and pmoles /U of catechol 2,3-dioxygenase activity at time zero /hr. The 

latter was preferred as a means of comparison between the different experiments, especially in 

cases were the levels of catechol 2,3-dioxygenase activity per gram of cells varied at the 

beginning of the experiment. It was assumed that the genes coding for the inducible meta

cleavage pathway were located on a single regulated operon and expressed together (Bartilson 

et al., 1990).

The initial rates of phenol degradation calculated from Figures 6.1, 6.3, 6.5, 6.7 and 

6.9 were found to increase with the oxygen concentration (Table 6.1). The exception was the 

experiment with 1.0 v/v/min oxygen concentration (Fig. 6.7), in which a 34% reduction in the 

initial rate of phenol degradation (pmoles/U/hr) was observed by increasing the oxygen 

concentration from 0.6 to 1.0 v/v/min (Table 6.1). From Table 6.1 it would appear that the 

optimum oxygen concentration was 0.6 v/v/min, but a reduction in the rate of phenol 

degradation was observed after the first 10 minutes (Fig. 6.5) and the time taken to degrade all 

of the phenol did not differ from the experiment with 1.0 v/v/min oxygen concentration (Figs. 

6.5 and 6.7). In both cases the initial levels of catechol 2,3-dioxygenase activity/g of cells was
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Table 6.1 The effect of oxygen concentration on the initial rate
of phenol degradation.

OXYGEN
FLOWRATE

(mL/min)
V/V

INITIAL RATE OF PHENOL 
DEGRADATION

(|xmoles/min/g) (pmoles/U/hr)*

30 0.3 0.9 ±  0.2 0.7 ±0.1

40 0.4 1.1 ±0.3 0.9 ±  0.2

60 0.6 3.6 ±  0.5 3.2 ±  0.4

100 1.0 2.4 ±  0.2 2.1 ± 0 .3

AIR
FLOWRATE

(mL/min)

100 1.0 (i) 0.4 ± 0.0
(ii) 0.4 ±0.0

0.3 ±0.1 
0.3 ±0.1

* (imoles of phenol degraded / Units of initial catechol 2,3-dioxygenase 
activity / hour.
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Fig. 6.1 Biodégradation of phenol
(0.05%) by resting cells supplied with
0.3 v/v oxygen
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Fig. 6.2 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semi aldehyde (HMS) production
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Fig. 6.3 Biodégradation of phenol
(0.05%) by resting ceils supplied with
0.4 v/v oxygen
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Fig. 6.4 Catechol 2,3-dioxygenase 
activity and 2 -hydroxymuconic 
semialdehyde (HMS) production
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Fig. 6.5 Biodégradation of phenol
(0.05%) by resting cells supplied with
0.6 v/v oxygen
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Fig. 6 .6  :- Catechol 2,3-dioxygenase 
activity and 2 -hydroxymuconic 
semialdehyde (HMS) production
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Fig. 6.7 Biodégradation of phenol
(0.05%) by resting cells supplied with
1.0 v/v oxygen
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Fig. 6.8 :- Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semialdehyde (HMS) production
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Fig. 6.9 Biodégradation of phenol 
(0.05%) by resting cells supplied with 
1 v/v air, with readdition of the phenol 
substrate at 60 mins
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Fig. 6.10 (i) Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semialdehyde (HMS) production
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Fig. 6.10 (ii) Stability of catechol 2,3-
dioxygenase in resting cells supplied
with 1 v/v air, in the absence of phenol
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the same. The rate of phenol degradation after this initial burst (in the first 10 minutes) was 

relatively constant. The reduction in the rate of phenol degradation could be due to the 

instability of phenol hydroxylase at high oxygen concentrations. Alternatively, the reduction 

could be a result of feedback inhibition, possibly by catechol, a mechanism by which the flow 

of metabolites through the pathway could be regulated.

The Figures 6.2, 6.4, 6.6 and 6.8 demonstrated that at oxygen concentrations of 0.3, 

0.4, 0.6 and 1.0 v/v/min there was a 31%, 54%, 60% and 100% reduction in catechol 2,3- 

dioxygenase activity, respectively, within the first 20 minutes of the experiment.

At oxygen concentrations of 0.6 and 1.0 v/v/min the rate of phenol degradation was 

relatively high. As a result of this and the unstable nature of catechol 2,3-dioxygenase activity 

at high oxygen concentrations, a catechol peak was detected on the HPLC trace which 

increased with time. In both cases, extracellular catechol accumulation was first observed at the 

point when none of the catechol 2,3-dioxygenase activity remained.

In all of these cases (Figs. 6.2, 6.4, 6.6 and 6.8), the decline in catechol 2,3- 

dioxygenase activity coincided with an increase in the extracellular 2-hydroxymuconic 

semialdehyde concentration, which eventually stabilised after a total loss in catechol 2,3- 

dioxygenase activity. It was demonstrated in Fig. 6.8 that given time the level of 2- 

hydroxymuconic semialdehyde also declined.

However, the biodégradation experiment with air (1.0 v/v/min) did not follow this 

general trend (Fig. 6.9 and 6.10(i)). Under oxygen limiting conditions a reduction in catechol

2,3-dioxygenase activity was not observed, but instead found to be relatively stable. The 

enzyme catalysing the third step in the phenol degrading pathway (the conversion of 2- 

hydroxymuconic semialdehyde) also appeared to be stable under oxygen limiting conditions, as 

demonstrated by the comparatively low extracellular concentration of 2-hydroxymuconic 

semialdehyde (Fig. 6.10(i)). The stability of the phenol degradative pathway was apparent on
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the addition of more phenol, after which the phenol degradation rate was unaltered (Table. 6.1) 

and an increase in catechol 2,3-dioxygenase activity (11%) was observed.

Under identical conditions, in the absence of phenol (negative control), a 72% loss in 

catechol 2,3-dioxygenase activity was observed within the first 90 minutes (Fig. 6 . lO(ii)). This 

could be due to the oxidative inactivation of catechol 2,3-dioxygenase. Alternatively this could 

indicate the presence of a positive regulatory protein, in Bacillus strain Cro3.2, acting as a 

repressor (of the phenol-degrading pathway) in the absence of the inducer. An identical 

mechanism was suggested to be present in a phenol-degrading Pseudomonas putida strain 

(Wigmore et al., 1977).

A common trend was observed in Figures 6.1, 6.3, 6.5 and 6.7, at the point when all 

of the phenol had been utilized there was a significant increase in dissolved oxygen 

concentration to a level assumed to be required for cell respiration.

The chemical controls conducted at 55°C and sparged with air or oxygen (1.0 v/v/min) 

showed a negligible decrease in phenol concentration, suggesting that loss via volatilisation 

was not significant and that no corrections to the experimental data were necessary.

Analysis of the intracellular phenol content throughout the biodégradation experiments 

(see section 2 .6 .2) did show negligible amounts of phenol at time zero, reflecting an initial 

burst in the uptake of phenol, but at all other time points none could be detected. This 

demonstrates that changes in the extracellular phenol concentration was due to enzymic 

degradation alone.
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6.2 The effect of temperature on the biodégradation of phenol

Pre-induced whole cells suspended in K2HPO4 : KH2PO4 buffer (pH 7.2 ; 50 mM) 

were placed in a stirred bioreactor, incubated at a known temperature with 0.05% phenol 

(w/v). The bioreactor was sparged with 1.0 v/v/min oxygen, at a flowrate of 1(X) mL/min. The 

effect of temperature on the degradation of phenol and the general stability of the enzymes 

catalysing the first three steps in the pathway was assessed (see section 2.7.1.1).

From Table 6.2 it is apparent that the initial rate of phenol degradation (calculated from 

Figs. 6.7, 6.11, 6.13, 6.15, 6.17, 6.19 and 6.21) increased with temperature. However, at 

60°C the rate of phenol degradation had reduced after the first 5 minutes (Fig. 6.21), as was the 

case at 5 5 ^  (Fig. 6.19). The time taken to degrade all of the phenol did not vary much 

between 45 and 60°C (Figs. 6.17, 6.19 and 6.21). The initial levels of catechol 2,3- 

dioxygenase activity/g of cells was approximately the same in all cases.

With the rise in temperature, there was an increase in the rate of loss of catechol 2,3- 

dioxygenase activity. At temperatures of 60, 55 and 40-45°C there was a 67%, 42% and 40% 

reduction in catechol 2,3-dioxygenase activity, respectively, within the first 5 minutes of the 

experiment (Figs. 6 .8 , 6.18, 6.20 and 6.22). At the lower temperatures of 22 and 30-35°C 

there was a 6% and 44% reduction in catechol 2,3-dioxygenase activity, respectively, after 20 

minutes (Figs. 6.12, 6.14 and 6.16). As a result of the destabilising effect of higher 

temperatures (40-60°C) on catechol 2,3-dioxygenase activity coupled with the higher rates of 

phenol degradation, an accumulation of catechol was observed as an increasing peak on the 

HPLC trace. At all temperatures the decline in catechol 2,3-dioxygenase activity coincided with 

an increase in the extracellular 2-hydroxymuconic semialdehyde concentration (Figs. 6 .8 , 

6.12, 6.14, 6.16, 6.18, 6.20 and 6.22).
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Table 6.2 The effect of temperature on the initial rate of
phenol degradation.

TEMPERATURE
TO

INITIAL RATE OF PHENOL 
DEGRADATION

([imoles/min/g) (|imoles/U/hr)*

22 0.6 ±  0.0 0.2 ±  0.0

30 0.5 ±  0.0 0.2 ±  0.0

35 2.4 ± 0.2 1.1 ± 0.1

40 2.4 ±  0.2 2.1 ±0.3

45 5.5 ±  0.7 3.9 ±  0.2

55 8.7 ± 3.7 4.2 ±0.1

60 9.7 ± 0.6 4.6 ± 0.2

* ^imoles of phenol degraded / Units of initial catechol 2,3-dioxygenase 
activity / hour.
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Fi g. 6.11 Biodégradation of phenol
(0.05%) at 22°C by resting cells supplied
with 1 v/v oxygen
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Fig. 6.12 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semi aldehyde (HMS) production
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Fig. 6.13 Biodégradation of phenol
(0.05%) at 30°C by resting cells supplied
with 1 v/v oxygen
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Fig. 6.14 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semialdehyde (HMS) production
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F:g. 6.15 Biodégradation of phenol
(0.05%) at 35°C by resting cells supplied
with 1 v/v oxygen
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Fig. 6.16 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semialdehyde (HMS) production
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Fig. 6.17 Biodégradation of phenol
(0.05%) at 45°C by resting cells
supplied with 1 v/v oxygen
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Fig. 6.18 Catechol 2,3-dioxygenase 
activity and 2 -hydroxymuconic 
semialdehyde (HMS) production
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Fig. 6.19 Biodégradation of phenol
(0.05%) at 55°C by resting cells
supplied with 1 v/v oxygen, at pH 7.2
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Fig. 6.20 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semialdehyde (HMS) production
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Fig. 6.21 Biodégradation of phenol
(0.05%) at 60°C by resting cells
supplied with 1 v/v oxygen
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Fig. 6.22 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semialdehyde (HMS) production
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6.3 The effect of pH on the biodégradation of phenol

The effect of the extracellular pH on the phenol degrading pathway was studied in 

resting cells under bioreactor conditions similar to those in section 6 .2 , except that the 

temperature of the biodégradation experiment was 55°C.

The initial rate of phenol degradation (|xmoles/U/hr) was found to be significantly lower 

under alkaline conditions (Table. 6.3). The initial burst of phenol degradation at pH 8.2 (Fig. 

6.25) had decreased after the first 10 minutes, as was the case at pH 6.2 and 7.2 (Figs. 6.23 

and 6.19) after 5 minutes. The optimum extracellular pH for phenol hydroxylase activity in 

whole cells appeared to be between pH 6.2-T.2, however, catechol 2,3-dioxygenase activity 

was significantly more unstable in this pH range then at pH 8.2. At pH 6.2 and 7.2 there was a 

44% and 42% loss in catechol 2,3-dioxygenase activity, respectively, within the first 5 minutes 

of the experiment (Figs. 6.24 and 6.20). Catechol 2,3-dioxygenase activity in whole cells was 

relatively stable at an external pH of 8.2 (Fig. 6.26), but when all the phenol had been utilized 

a gradual decline in activity was observed. At pH 6.2 and 7.2, the decline in catechol 2,3- 

dioxygenase activity coincided with an increase in the extracellular 2-hydroxymuconic 

semialdehyde concentration (Figs. 6.24 and 6.20), which eventually stabilised when levels of 

catechol 2,3-dioxygenase activity were low. However, comparatively low levels of 2- 

hydroxymuconic semialdehyde were detected at pH 8.2 (Fig. 6.26). At this external alkaline 

pH the concentration of 2-hydroxymuconic semialdehyde peaked at 10 minutes and then 

declined. This suggests that the enzyme catalysing the third step in the pathway (the conversion 

of 2-hydroxymuconic semialdehyde) was much more stable at an extracellular pH of 8.2.

As a result of the unstable nature of catechol 2,3-dioxygenase at an external pH of 6.2 

and 7.2 together with the higher rates of phenol degradation, an increasing catechol peak was 

observed on the HPLC trace at the point when virtually all catechol 2,3-dioxygenase activity 

had been lost.
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Table 6.3 The effect of pH on the initial rate of phenol degradation.

pH

INITIAL RATE OF PHENOL 
DEGRADATION

(|imoles/min/g) (pmoles/U/hr)*

6.2 4.2 ± 0.3 4.1 ±0.1

7.2 8.7 ± 3.7 4.2 ±0.1

8.2 4.0 ± 0.5 2.0 ± 0.2

* iimoles of phenol degraded / Units of initial catechol 2,3-dioxygenase 
activity / hour.
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Fig. 6.23 Biodégradation of phenol
(0.05%) at pH 6.2 by resting cells
supplied with 1 v/v oxygen
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Fig. 6.24 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semialdehyde (HMS) production
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Fig. 6.25 Biodégradation of phenol
(0.05%) at pH 8.2 by resting cells supplied
with 1 v/v oxygen
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Fig. 6.26 :- Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
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6.4 The effect of ionic strength on the biodégradation of phenol

The biodégradation capabilities of resting cells suspended in K2HPO4 : KH2PO4 buffer 

(pH 7.2) at different ionic strengths was assessed. The bioreactor conditions were similar to 

those in section 6.1. The cell suspension was sparged with 1 v/v/min air.

In Table 6.4 the rate of phenol degradation Qimoles/U/hr) was the same for different 

extracellular molarities (Figs. 6.27,6.29 and 6.31). However, with an extracellular molarity of 

25 mM and 75 mM there was a 29% and 9% loss in catechol 2,3-dioxygenase activity, 

respectively, within the first 90 minutes of the experiment (Figs. 6.28 and 6.32). Catechol 2,3- 

dioxygenase activity was stable at 50 mM for most of the experiment, a decline in activity was 

observed when the phenol concentration was low (Fig. 6.30). At an external molarity of 25 

mM and 50 mM the decline in catechol 2,3-dioxygenase activity coincided with an increase in 

low levels of 2-hydroxymuconic semialdehyde (Figs. 6.28 and 6.30), whereas at 75 mM the 

negligible concentration of 2-hydroxymuconic semialdehyde was stable throughout the 

experiment (Fig. 6.32).

Due to the stability of catechol 2,3-dioxygenase in 50 mM K2HPO4 : KH2PO4 buffer, 

this was assumed to be the optimum extracellular molarity for the biodégradation of phenol. If 

this strain were to be employed in the industrial biological synthesis of commercially important 

compounds such as catechol and its derivatives, this would be an important consideration.

Discussion

The optimisation of environmental conditions is fundamentally important so that 

biodégradation may occur at optimal rates. If environmental conditions such as pH, 

temperature and aeration are not adequate the stability of the phenol-degrading microbial system 

may be adversely affected.
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Table 6.4 The effect of the ionic strenth of the buffer on the
initial rate of phenol degradation.

MOLARITY
(mM)

INITIAL RATE OF PHENOL 
DEGRADATION

(pmoles/min/g) (pmoles/U/hr)*

25 0.6 ± 0.1 0.2 ±  0.0

50 0.4 ± 0.0 0.2 ± 0.1

75 0.4 ±0.1 0.2 ± 0.0

* limoles of phenol degraded / Units of initial catechol 2,3-dioxygenase 
activity /hour.
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Fig. 6.27 Biodégradation of phenol 
(0.05%) by resting cells suspended in 
25 mM potassium phosphate buffer 
(pH 7.2) and supplied with 1 v/v air
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Fig. 6.28 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semi aldehyde (HMS) production
5.-1 rO.06

0.05

E
c

-0.04I
o
E

-0.03
>H
>
H*O<

- 0.02

- 0.01

0.00
0 100 2 0 0

sa.

Ozoo
(As
Z

ACTIVITY 
HMS CONC.

TIME ( m i n s )

119



s

6zoo
_loz
LUXa.

Fig. 6.29 Biodégradation of phenol 
(0.05%) by resting cells suspended in 
50 mM potassium phosphate buffer 
(pH 7.2) and supplied with 1 v/v air
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Fig. 6.30 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semialdehyde (HMS) production
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Fig. 6.31 Biodégradation of phenol 
(0.05%) by resting cells suspended in 
75 mM potassium phosphate buffer 
(pH 7.2) and supplied with 1 v/v air
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Fig. 6.32 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semi aldehyde (HMS) production
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Oxygen is used by organisms not only as the terminal electron acceptor in aerobic 

respiration, but also as a substrate in oxygenase-catalyzed biodegradative reactions. This 

includes hydroxylation and ring cleavage of cyclic aromatic compounds. Aeration to a 

sufficient level was therefore essential if aerobic catabolic reactions were to occur.

Air-saturated water at room temperature has an oxygen content of 8-10 mg/L and the 

use of pure oxygen can increase this to 40-50 mg/L. From our results the use of 0.6-1.0 

v/v/min (Figs. 6.5 and 6.7) pure oxygen was more than adequate to exceed the high initial 

oxygen demands of degrading 0.05% phenol (w/v) via an aerobic biodégradation process. 

With respect to the minimum time taken to degrade all of the phenol, the optimum oxygen flow 

rate was found to be between 60 and 100 mL/min (0.6 and 1.0 v/v/min, respectively).

Phenol hydroxylase activity appeared to be relatively stable at all oxygen 

concentrations. Although experiments with higher dissolved oxygen concentrations provided 

more favourable rates of phenol degradation (Table. 6.1), catechol 2,3-dioxygenase and the 

enzyme catalysing the conversion of 2-hydroxymuconic semialdehyde appeared to be 

significantly more unstable in comparison with experiments with 1.0 v/v/min air (Figs. 6.9 and 

6 .10(i)). This instability was demonstrated by large losses in catechol 2,3-dioxygenase activity 

(Figs. 6.2, 6.4, 6.6 and 6 .8), and the extracellular accumulation of pathway intermediates; 

catechol and 2-hydroxymuconic semialdehyde. Catechol 2,3-dioxygenase is reportedly easily 

inactivated by various oxidizing agents, such as air, oxygen or H2O2 (Kojima et al., 1961; 

Nozaki et al., 1963). The mechanism of inactivation appears to be due to the oxidation of the 

ferrous ion, in the active site, to the ferric form (Taniuchi et al., 1962; Nozaki et al., 1968).

It is possible that at higher dissolved oxygen concentrations the more competitive rates 

of phenol degradation could have caused problems in cofactor recycling. In earlier reports it 

was shown that cell extracts of a Pseudomonas species metabolized 2-hydroxymuconic 

semialdehyde by a NAD+ dependent aldehyde dehydrogenase to 4-oxalocrotonate which was 

decarboxylated to 4-hydroxy-2-ketovalerate. Feist and Hegeman (1969) reported that addition
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of NAD+ to cell extracts of phenol-induced Pseudomonas putida U resulted in an increase in 

the rate of disappearance of 2-hydroxymuconic semialdehyde. The co-existence of NAD+- 

dependent and non-NAD+-dependent pathways in B. stearothermophilus strain IC3 has been 

reported and it was concluded that the former pathway is the one of physiological importance, 

the latter being used for the metabolism of compounds which yield 2-hydroxy-6-oxohepta-2,4- 

dienoate and analogous ketones, while the oxidative route is used for the metabolism of 

compounds which give aldehyde intermediates (Adams and Ribbons, 1988b).

At higher dissolved oxygen concentrations, an increase in 2-hydroxymuconic 

semialdehyde concentration coincided with a decline in catechol 2,3-dioxygenase activity (Figs. 

6.2, 6.4, 6.6 and 6 .8), possibly the result of feedback inhibition of catalysis by the product. 

Similarly, Hinteregger et al. (1992) demonstrated the inhibition of catechol 2,3-dioxygenase 

activity by 2-hydroxymuconic semialdehyde, which was measured photometrically (in oxygen 

uptake experiments) in a phenol-degrading Pseudomonas putida EKII strain. This was further 

reinforced by the results from the biodégradation experiment conducted at pH 8.2, in which 

catechol 2,3-dioxygenase activity was found to be relatively stable and the concentration of 2- 

hydroxymuconic semialdehyde was significantly lower (Fig. 6.26). This suggests that the 

enzyme catalyzing the next step in the pathway, the NAD+-dependent dehydrogenase or the 

non-NAD+-dependent hydrolase, is significantly more stable under extracellular alkaline 

conditions. Despite the more favourable rates of phenol degradation obtained at an external pH 

of 6.2 and 7.2 (Table. 6.3), catechol 2,3-dioxygenase and the enzyme catalysing the 

conversion of 2-hydroxymuconic semialdehyde were found to be significantly more stable at 

an extracellular pH of 8.2. As a consequence, extracellular accumulation of catechol was not 

observed. The batch degradation of phenol (8.5mM) by Pseudomonas putida EKH was 

reported to be optimal between pH 5.5 and 8.0, with respect to the growth and degradation rate 

(Hinteregger et al., 1992). A crude extract of phenol hydroxylase isolated from Rhodococcus
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sp. PI was also reported to have a pH optimum of 7.9 (Straube, 1987). In contrast, the growth 

of immobilised Pseudomonas putida PS cells on phenol was shown to be effected by 

increasing the pH, which resulted in an increase in the lag period (Bettman and Rehm, 1984).

The instability of the phenol-degrading pathway at high oxygen concentrations was 

unaltered by changes in temperature. Phenol hydroxylase activity appeared to be relatively 

stable at all temperatures (Figs. 6.11, 6.13, 6.15, 6.17, 6.19 and 6.21), as compared with 

catechol 2,3-dioxygenase activity (Figs. 6.12, 6.14, 6.16, 6.18, 6.20 and 6.22). The rate of 

both phenol degradation (Table. 6.2) and the loss of catechol 2,3-dioxygenase activity was 

significantly reduced at lower temperatures. Similarly, Kotturi et al. (1991) reported that the 

phenol degradation rate of the psychrotrophic Pseudomonas putida Q5 at 10°C was one-third 

to one-fifth of the reported rates for mesophilic pseudomonads at 30°C. The increasing 

instability of catechol 2,3-dioxygenase at higher temperatures has been previously noted in B. 

stearothermophilus strain IC3 (Adams, 1987). Similarly, Adams reported that the phenol 

hydroxylase from strain IC3 showed maximum activity over a temperature range of 50-62°C. 

On either side of this range the activity was reported to have dropped sharply, and contrary to 

our results none was observed below 35°C. The partial characterization of phenol hydroxylase 

in crude extracts of B. stearothermophilus BR219 demonstrated a temperature optimum of 

55°C (Gurujeyalakshmi and Oriel, 1989a). In contrast, the phenol hydroxylase present in 

Rhodococcus sp. PI was shown to have a temperature optimum of 20°C, and a growth 

temperature optimum of 40°C (Straube, 1987).

In the event of an industrial application, the problem of feedback inhibition could be 

resolved by adopting a two phase aqueous : organic continuous flow biodégradation system, in 

which the product can be back-extracted into the organic phase (Woodley and Lilly, 1988). 

However, biocatalysts may be inactivated by the presence of the organic liquid (Hailing et al., 

1987), this could be prevented by entrapping the cells in a protective gel matrix. Immobilised 

systems offer a number of advantages, including reusable biomass, precise control of the
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feedstream to maximize substrate conversion, minimize toxicity of organic solvents and high 

substrate concentrations, and product extraction to minimize feedback inhibition. The search 

for a suitable method of immobilisation is discussed in Chapter Seven.
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CHAPTER SEVEN 

Biodégradation of phenol by gel-entrapped cells 

Introduction

Immobilised cells are entrapped within or associated with an insoluble matrix. Some of 

the methods available for whole cell immobilisation include covalent coupling, adsorption, 

biospecific affinity, entrapment in a three-dimensional polymer network, confinement in a 

liquid-liquid emulsion, and entrapment within a semipermeable membrane (O'Reilly and 

Crawford, 1989). The use of immobilised cells as an alternative to free cells or immobilised 

enzymes can be advantageous under many conditions. Immobilisation can prevent washout, 

and provides a method of maintaining a high quantity of biomass in a bioreactor at any flowrate 

(O'Reilly and Crawford, 1989). By immobilising microorganisms, catalytic stability can be 

achieved, and in some cases immobilised cells can tolerate higher concentrations of toxic 

compounds than free cells (Lakhwala et al., 1992). Immobilisation simplifies the recovery and 

reuse of biomass, and provides the opportunity to experiment with different reactor opperating 

modes. Overall, it can lead to increased efficiency at a lower cost (Lakhwala et al., 1992).

Resistance of substrates and products to diffusion across immobilisation matrices may 

be encountered. The high local cell density and the low solubility of oxygen in water tends to 

make oxygen transfer the rate-limiting factor in the performance of aerobic immobilised cell 

systems. In such cases, aeration techniques become very important in bioreactor design. 

Commonly, cell immobilisation is used in microbial processes for the synthesis of speciality 

chemicals (Woodward, 1985).

Matrix entrapment of viable cells in alginate beads provides a quick and effective 

method of immobilising cells and is well known to enhance stability. Alginate is composed of 

P-D-mannopyranosyl uronate and a-L-gulopyranosyl uronate in regular (1-4) linked
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sequences. Alginate is the major structural polysaccharide of marine brown algae 

(Phaeophyceae) and can be commercially derived from Macrocystis , Laminaria and 

Ascophylum species (Rees et al., 1982). Most alginates are sold as the sodium salt, in this 

study sodium alginate from Laminaria hyperborea was used.

The alginate gel has a tendancy to disintegrate in the presence of phosphate or citrate 

buffers, as they remove the calcium from the alginate. As a result. Tris buffers are generally 

used (Woodward, 1985). Alginate beads are soft and under gentle pressure can lose their 

shape. This can be avoided by drying the beads at normal pressure and a higher temperature. 

The resulting shrunken beads do not swell or soften when in use (Klein and Wagner, 1978).

Synthetic polyacrylamide gels have also been widely used for the immobilisation of 

cells, whether viable or not. Polyacrylamide gels are produced by the polymerisation of 

acrylamide in the presence of N,N'-methylene bisacrylamide, a cross-linking agent. The 

polymerisation reaction is carried out in the presence of a catalyst (e.g. TEMED) and in the 

absence of oxygen. The polyacrylamide gel matrix produced is hydrophilic and chemically 

stable. The large size of cells reduces the need for a high degree of cross-linking. Since losses 

in viability during the entrapment procedure can be critical, techniques have been developed 

which use cross-linked and pre-polymerised linear polyacrylamides for the immobilisation of 

cells with a good retention of viability (Freeman and Aharonowitz, 1981). One such technique 

was used in this study.

Agarose gel has been used for the immobilisation of cells in the form of spherical 

beads, blocks and membranes. Agarose is a polysaccharide obtained by purifying agar, a 

component of seaweed. Agarose consists of polymeric chains of the disaccharide agarobiose 

(D-galactose and 3,6-anhydro-l-galactose). The matrix is highly porous and hydrophilic, and 

as a result should not be left to dry out since irreversible changes in structure are undergone 

once the structural water is lost (Harris and Angal, 1989). The entrapment procedure involves 

heating the immobilising medium to a temperature sufficient to liquify the agarose. The cells are
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then added and are immobilised in the gel which forms on cooling. Since this study deals with 

thermophiles, the cells are capable of withstanding the relatively high temperature required.

The aims of the work described in this chapter were

(i) To immobilise whole cells of Bacillus strain Cro3.2 by gel entrapment

(ii) To assess the capacity of the immobilised cells to degrade phenol.

(iii) To assess the stability of the phenol degrading pathway in entrapped cells during the 

biodégradation experiment.

(iv) To compare phenol degradation rates achieved by the entrapped cells with the non

immobilised counterparts as described in Chapter Six.

Results

7.1 Immobilisation of whole cells in calcium alginate gel

Whole cells of the Bacillus strain Cro 3.2 were entrapped in calcium alginate gel beads 

with an average diameter of 2mm. In a comparison of the catechol 2,3-dioxygenase activity 

present in the cells immediately before and after immobilisation a very large initial loss (51%) 

was observed on entrapment (Table 7.1). Catechol 2,3-dioxygenase activity was measured in 

freshly hardened calcium alginate beads by simply dissolving the beads in an aliquot of 50 mM 

K2HPO4 : KH2PO4 buffer (pH 7.2) (see section 2.8.2). The observed losses in catechol 2,3- 

dioxygenase activity was therefore not a result of mass transfer limitation. Nonetheless, the 

activity obtained and the possibility of catechol 2,3-dioxygenase being more stable than in the 

free cells warranted a further study of the phenol biodégradation capabilities of the immobilised 

counterparts (see section 2.7.1.2).

The hardened calcium alginate beads were suspended in Tris buffer and placed in a 

stirred bioreactor at 40°C with 0.05% phenol (w/v). The bioreactor was sparged with 1 v/v/min 

oxygen. The concentrations of phenol and oxygen were monitored at intervals, together with
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Table 7.1 Observed losses in catechol 2,3-dioxygenase activity on the gel entrapment of whole cells.

METHOD OF 
IMMOBIUSATION

TOTAL INITIAL 
ACTIVITY (U)

ENTRAPPED 
ACTIVITY (U/g)

TOTAL 
ENTRAPPED 

ACTIVITY (U)

LOSS OF 
ACTIVITY (%)

Calcium-alginate
gel

650 14.0 322 51±7

Polyacylamide
gel

1113 9.1 546 51± 4

Agarose
gel

364 18.6 298 18±6
to



the catechol 2,3-dioxygenase activity in the beads and the concentration of 2-hydroxymuconic 

semialdehyde present in the buffer. The results (Figs. 7.1 and 7.2) show a rapid reduction 

(72%) in catechol 2,3-dioxygenase activity within the first 15 minutes, coinciding with a fall 

(67%) in the rate of phenol degradation (Table 7.2) and an accumulation of extracellular 2- 

hydroxymuconic semialdehyde. The concentration of 2-hydroxymuconic semialdehyde in the 

buffer stabilised after the initial drop in catechol 2,3-dioxygenase activity. The instability of 

catechol 2,3-dioxygenase and the enzyme catalysing the conversion of 2-hydroxymuconic 

semialdehyde was also observed in free cell experiments at high oxygen concentrations (see 

Chapter Six, section 6.1). As shown in Figure 7.1 the high dissolved oxygen concentration 

was relatively constant throughout the experiment.

It was thought that some phenol may be sequestered from the buffer by diffusion into 

the alginate beads. Accordingly, a chemical/biological control was conducted under identical 

experimental conditions with immobilised dead cells. The isocradc reversed-phase HPLC data 

obtained showed no significant change in the extracellular phenol concentration with time. As a 

result it was concluded that there was no need to correct the experimental data presented since 

beads containing dead cells did not absorb significant amounts of phenol.

7.1.1 Stability of enzyme activity in calcium alginate gel beads

The stability of catechol 2,3-dioxygenase activity in cells immobilised in calcium 

alginate beads appeared to be effected by temperature. The beads incubated at 22°C lost 80% of 

their initial catechol 2,3-dioxygenase activity over a period of 26 hours, whereas beads 

incubated at 4°C exhibited a 45% reduction in activity (Figs. 7.3 and 7.4).
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Fig. 7.1 Biodégradation of phenol 
(0.05%) by cells immobilised in 
calcium alginate beads
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Table 7.2 A comparison of the rates of phenol biodégradation by the immobilised cells.

w
to

METHOD OF 
IMMOBIUSATION

INITIAL RATE SECONDARY RATE

Iimoles/min/g Iimoles/U/hr * pmoles/min/g |imoles/U/hr *

Calcium-alginate
gel

6.0 ±  0.7 1.7 ±  0.3 2.0 ±  0.4 0.6 ± 0.1

Polyacylamide
gel

0.1 ± 0.0 0.1 ± 0.0 0.0 ±  0.0 0.0 ±  0.0

Agarose gel 
(1 v/v oxygen)

1.4 ±0.3 0.8 ± 0.1 0.7 ±0.1 0.4 ±0.1

Agarose gel 
(1 v/v air)

0.3 ±  0.0 0.3 ±  0.0 0.2 ±  0.0 0.2 ±  0.0

p.moles of phenol degraded / Units of initial catechol 2,3-dioxygenase activity / hour.
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7.1.2 Stability of enzymic activity in various cell incubations

Further experiments were carried out to investigate the mechanism of instability of 

catechol 2,3-dioxygenase activity in cells immobilised in calcium alginate gel beads. Cells 

suspended in 20 mM Tris-buffer pH 7.2 were incubated at 4°C with one of the following:-

(i) Calcium chloride at various concentrations ranging from 0.01-0.2 M

(ii) Sodium alginate 2 % (w/v)

(iii) Calcium carbonate 0.2 M

(iv) Calcium acetate 0.2 M

(v) Calcium hydrogen orthophosphate 0.2 M

(vi) Calcium nitrate 0.2 M

Each of the cell incubations were buffered to pH 7.2. A range of calcium chloride 

concentrations were used to determine whether the concentration was proportional to the rate of 

loss of catechol 2,3-dioxygenase activity. Cells were incubated with sodium alginate at a 

concentration required for the immobilisation procedure, to determine whether this component 

was responsible for losses in catechol 2,3-dioxygenase activity. The various calcium salts (iii) 

to (vi) were selected on the basis of being relatively neutral, with the aim of investigating the 

effect of the calcium ion on catechol 2,3-dioxygenase activity.

Catechol 2,3-dioxygenase activity was monitored, at intervals, over a period of 21 

hours and was found to be significantly more unstable in cells incubated in the presence of 

different calcium salts (0.2 M) and calcium chloride (0.01-0.2 M) as compared to incubations 

with sodium alginate (2% w/v) or the positive control (cells only). Cell incubations with the 

various 0.2 M calcium salts (Fig. 7.5) only retained ^  33% of their initial activity after 21 

hours, whereas the sodium alginate incubation and the positive control (cells only) retained 

83% of their initial activity. Cell incubations with calcium chloride (0.01-0.2 M) also resulted 

in a loss of ̂  66% of the initial activity, even at low calcium chloride concentrations (Fig. 7.6).
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Fig. 7.6 Stability of catechol 2,3-
dioxygenase in cells incubated with
calcium chloride and stored at 4°C
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This indicated that calcium was the component of the immobilisation procedure most probably 

responsible for the observed reductions in catechol 2,3-dioxygenase activity.

7.2 Immobilisation of whole cells in polyacrylamide gel

Since the immobilisation of whole cells in calcium alginate gel was found to be 

unsuccessful in stabilising the first two steps in the phenol degradative pathway, a more 

efficient means of immobilisation was required. Whole cells immobilised in polyacrylamide gel 

particles (2mm x 2mm) also lost 51% of their initial catechol 2,3-dioxygenase activity, 

immediately after hardening (Table 7.1). Further studies on the phenol biodégradation 

capabilities of these immobilised cell particles were carried out.

The hardened particles of polyacrylamide gel were suspended in K2HPO4 : KH2PO4 

buffer and placed in a stirred bioreactor under conditions identical to those specified in section 

7.1. Figure 7.8 shows a significant drop (67%) in catechol 2,3-dioxygenase activity within the 

first 10 minutes of the experiment A very low initial rate of phenol degradation (Table 7.2) 

was recorded, which dropped to zero after an hour (Fig. 7.7). No change in the oxygen 

concentration was observed when the phenol substrate was added. The oxygen concentration 

was constant throughout the experiment together with the 2-hydroxymuconic semialdehyde, 

which remained at zero. This indicated that phenol hydroxylase was unstable under these 

conditions of immobilisation. Catechol 2,3-dioxygenase activity was also unstable, but 

whether this was partly attributed to the high oxygen concentrations or the immobilisation 

conditions needed to be investigated.
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Fig. 7.7 Biodégradation of phenol 
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polyacrylamide gel
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7.2.1 Stability of enzyme activity in various cell incubations

Further experiments were carried out to determine the cause of instability of catechol 

2,3-dioxygenase activity in cells immobilised in polyacrylamide gel particles. Cells suspended 

in 50 mM potassium phosphate buffer (pH 7.2) were incubated at 4 ^  with one of the 

following components of the polyacrylamide gel

(i) Acrylamide 11 % (w/v)

(ii) Acrylamide 1 % (w/v)

(iii) Bisacrylamide 0.6 % (w/v)

(iv) Ammonium persulphate 0.04 % (w/v)

(v) TEMED 0.06 % (v/v)

Each of the above, with the exception of (ii), were made up to the concentrations that 

would normally be found in the polyacrylamide gel. Catechol 2,3-dioxygenase activity was 

monitored, at intervals, over a period of 20 hours and was found to be significantly more 

unstable in the presence of 11% acrylamide (w/v) as compared to incubations with the other 

components of the polyacrylamide gel (Fig. 7.9). Cell incubations with 11% acrylamide 

resulted in a 55% loss of the initial catechol 2,3-dioxygenase activity after 20 hours. However, 

cell incubations with other components of the gel appeared to lose only ^  17% of their original 

catechol 2,3-dioxygenase activity. Surprisingly, low concentrations of acrylamide (1% w/v) 

were found to stabilise catechol 2,3-dioxygenase activity, with no loss in activity over 20 

hours. However, acrylamide at the concentration required to prepare polyacrylamide gel 

appeared to be responsible for the observed reductions in catechol 2,3-dioxygenase activity. 

This could possibly be a result of the intracellular accumulation of the monomer, prior to the 

solidification of the gel, to a level that was detrimental to cell function and/or viability.
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7.2.2 Stability of enzyme activity in polyacrylamide gel particles

Polyacrylamide gel particles were prepared in the manner described in section 2.5 but 

with the addition of different concentrations of Bovine Serum Albumin (BSA). The different 

types of polyacrylamide gel particles, listed below, were suspended in 50 mM K2HPO4 : 

KH2PO4 buffer (pH 7.2) and incubated at 22°C

(i) Polyacrylamide gel minus BSA

(ii) Polyacrylamide gel minus BSA and TEMED

(iii) Polyacrylamide gel supplemented with BSA (20 mg/mL)

(iv) Polyacrylamide gel supplemented with BSA (80 mg/mL)

Catechol 2,3-dioxygenase activity in the polyacrylamide gel particles was monitored, at 

intervals, over a period of 4 hours. The polyacrylamide gel was supplemented with BSA in the 

hope of stabilising catechol 2,3-dioxygenase activity. In our laboratory the addition of BSA to 

the preparation of glutaraldehyde immobilised esterases was shown to increase the stability of 

the enzyme. Figure 7.10 shows that higher BSA concentrations appear to reduce the rate of 

catechol 2,3-dioxygenase activity loss but failed to stabilise it. Cells immobilised in 

polyacrylamide gel supplemented with 80 mg/mL BSA retained only 14% of their original 

activity after 4 hours. Gels prepared in the absence of BSA and TEMED also reduced the rate 

of activity loss which did appear to stabilise after 64% of the initial activity was lost. Since 

TEMED functions as a catalyst for crosslinking it appears that, apart from the toxic effect of 

acrylamide, the acceleration of the polymerisation reaction with the addition of TEMED 

destabilises catechol 2,3-dioxygenase activity (Fig. 7.10).

7.3 Immobilisation of whole cells in agarose gel

Due to the lack of success with immobilising whole cells in polyacrylamide gel, 

attempts were made to stabilise enzyme activity in the initial steps of phenol degradative 

pathway by immobilising cells in 2% agarose (w/v).
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Whole cells immobilised in agarose gel particles (2mm x 2mm) retained 82% of their 

initial catechol 2,3-dioxygenase activity immediately after hardening (Table 7.1). The phenol 

biodégradation capabilities of these immobilised cell particles were assessed. The hardened 

particles of agarose were suspended in K2HPO4 : KH2PO4 buffer and placed in a stirred 

bioreactor under conditions identical to those in section 7.1.

Figure 7.12 shows a large reduction (61%) in catechol 2,3-dioxygenase activity within 

the first 15 minutes of the experiment which coincided with a sharp increase in 2- 

hydroxymuconic semialdehyde concentration. To determine whether this drop in catechol 2,3- 

dioxygenase activity was reversible the immobilised cell particles were washed and 

resuspended in fresh buffer supplemented with phenol. However, the general trend continued, 

indicating an irreversible loss in activity. The initial rate of phenol degradation (Fig. 7.11) 

dropped by 51% after changing the buffer (Table 7.2). In addition, the immobilised cell 

particles were stained yellow with the accumulation of 2-hydroxymuconic semialdehyde 

indicating possible product diffusional problems across the matrix. The system did appear to be 

oxygen demanding, the dissolved oxygen concentration was observed to be constant at a level 

lower then that assumed to be required for cell respiration, as demonstrated by the increase in 

oxygen uptake after the addition of the phenol substrate.

In order to confirm that the initial drop in catechol 2,3-dioxygenase activity was due to 

end-product inhibition, as a result of an increase in 2-hydroxymuconic semialdehyde 

concentration, the bioreactor experiment was repeated (as in section 7.1) but the system was 

sparged with 1 v/v/min air instead of oxygen. Under these oxygen limiting conditions the 

concentration of 2-hydroxymuconic semialdehyde tends to be low in experiments with free 

cells (see Chapter Six, section 6.1), and this is known to stabilise catechol 2,3-dioxygenase 

activity (Hinteregger et al., 1992). Figure 7.14 shows that with the immobilised cells there was 

a 51% loss in catechol 2,3-dioxygenase activity within the Arst 120 minutes after which the 

activity stabilised together with the low concentration of 2-hydroxymuconic semialdehyde.

143



s
&

yoo
o
3
Z
(L

Fig. 7.11 Biodégradation of phenol 
(0.05%) by cells Immobilised In agarose 
(2%), after 15 mlns the cells were 
resuspended In fresh buffer supplemented 
with phenol
4 p 2 5

- 2 4

3

- 2 3

<►22
2

-21

1 20
20 6 00 4 0 8 0

I

8
UJ

I

PHENOL OONC. 
OXYGB^OONa

TIME (mint)

Fig. 7.12 Catechol 2,3-dioxygenase 
activity and 2-hydroxymuconic 
semialdehyde (HMS) production

r 0 . 1 2

- 0.10

f
- 0 . 0 8

o
En

10 - - 0 . 0 6

>
5
<

-  0 . 0 4

- 0.02

0.00
20 4 0 60 800

ACTIVITY
HMSCONC.

Ozoo
</>s

TIME ( m i n t )

144



Fig. 7.13 Biodégradation of phenol
(0.05%) by cells immobilised in agarose
(2%) and supplied with air (1 v/v)
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This indicates that the fall in catechol 2,3-dioxygenase activity in Fig. 7.12 was not only due to 

inhibiting concentrations of 2-hydroxymuconic semialdehyde but, as in Fig. 7.14, a result of 

the instability caused by the immobilisation of cells in agarose. The initial rate of phenol 

degradation (Fig. 7.13) dropped by 35% after the first 60 minutes (Table 7.2). The oxygen 

concentration remained constant at 2 mg/L, which was a little higher than expected for 

supposedly oxygen limiting conditions. This suggests possible diffusional problems across the 

matrix of the agarose particles.

D iscussion

Microorganisms can be immobilised in a number of ways, some of the most popular 

methods involving entrapment within a gel or polymer matrix that is permeable to oxygen, 

substrates and nutrients. Another method is by surface attachment of inert supports like glass 

beads, polymeric membranes and sand (Mattiasson, 1983). The advantage of using cell 

entrapment is that the external matrix can serve as a protective barrier against inhibitory 

concentrations of organic compounds. However, at low substrate concentrations the reaction 

rates can decrease due to mass transfer resistance across the matrix.

Microorganisms immobilised by surface attachment to a support are unsuitable for 

treating high concentrations of an inhibitory compound. In such cases, the microorganisms are 

directly exposed to the bulk stream concentration unless they develop a protective capsule or 

slime layer composed of organic polymers.

Lakhwala et al. (1992) found that in a comparative study microorganisms immobilised 

by attachment to an external support (polymeric microporous sheeting, MPS), in the form of a 

membrane, was more suited to treating low concentrations of phenol. Reaction rates on the 

membrane bioreactor increased ten fold in comparison with the calcium alginate bead 

bioreactor, at concentrations below 100 ppm phenol. Above 250 ppm phenol, they found the
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rates of phenol degradation for the alginate system were significantly greater. The rates for the 

membrane bioreactor, at phenol concentrations above 100 ppm, were found to decrease. This 

confirms suggestions that gel entrapment of cells, in this case in calcium alginate, is a more 

efficient system at higher concentrations of toxic substrates. Hu et al. (1994) reported that 

calcium alginate immobilised Flavobacterium ceUs could degrade pentachlorophenol at higher 

concentrations than free cells, possibly because of the protection provided by the gel matrix.

Koshcheyenko and Sukhodolskaya (Woodward, 1985) studied the transformation of 

hydrocortisone under batch conditions, by Arthrohacter globiformis cells immobilised by 

various methods. In a comparison of free cells to cells entrapped in polyacrylamide gel, 

calcium alginate (fibres) and agar gel, the dehydrogenase activity in the immobilised 

Arthrobacter globiformis cells was in each case preserved with no detrimental effects on the 

cell viability. Arthrobacter globiformis cells immobilised in polyacrylamide gel and calcium 

alginate were capable of 200 and 30 repeated transformations, respectively. In the former and 

latter cases 44 and 53% of the initial activity was retained after 6 months and 30 days, 

respectively.

Entrapment in calcium alginate was not an effective method of immobilisation, and 

resulted in large losses of the observed catechol 2,3-dioxygenase activity. The isocratic 

reversed-phase HPLC data (Fig. 7.1 and 7.2) demonstrated that phenol degradation continued 

at a much reduced rate even though catechol 2,3-dioxygenase activity had fallen to zero. This 

implies that either the uptake of phenol was uneffected, or phenol hydroxylase is more resistant 

to the effects of entrapment in calcium alginate then catechol 2,3-dioxygenase.

The oxygen concentration was relatively constant throughout the biodégradation 

experiment (Fig. 7.1) at a dissolved oxygen concentration of approximately 30 mg/L. An 

increase in the level of oxygen was not detected when catechol 2,3-dioxygenase activity had 

dropped to zero and the rate of phenol degradation had fallen, which was observed in 

biodégradation experiments with free cells. This can be explained by the comparatively low

147



levels of biomass (grams) that were entrapped in calcium alginate for the phenol biodégradation 

experiment. Approximately one third of the biomass used in free cell experiments were used in 

the calcium alginate immobilised cell experiments, thereby reducing the oxygen demand. A 

comparison of the initial rates of phenol degradation (pmoles/min/g) show a 60% increase 

using the alginate over the free cells, under identical experimental conditions. This confirms the 

report of Lakhwala et al. (1992) that at higher dissolved oxygen levels the rates of phenol 

degradation in calcium alginate immobilised cells increase significantly. O'Reilly and Crawford 

(1989) found that on supplying calcium alginate immobilised Pseudomonas sp. with pure 

oxygen the degradation rates fdr both p-cresol and p-hydroxybenzoate increased.

Despite this favourable increase in the initial rate of phenol degradation using the 

calcium alginate system, this method of immobilisation was found to be inefficient. Catechol 

2,3-dioxygenase instability was attributed in part to the presence of calcium ions, with large 

losses in catechol 2,3-dioxygenase activity observed in incubations with calcium chloride at 

concentrations as low as 0.01 M, and with a range of calcium salts (0.2 M). Studies on the 

stability of catechol 2,3-dioxygenase activity in calcium alginate beads, incubated at 4°C and 

22°C, showed that an increase in temperature resulted in a decrease in catechol 2,3-dioxygenase 

stability. At 4°C enzymic and microbiological activity is minimized and as a result possibly the 

uptake of calcium ions by cells is slower in comparison with higher temperatures.

For these reasons, it was necessary to try another method of immobilisation. The 

entrapment of cells in polyacrylamide gel was also found to cause large losses in catechol 2,3- 

dioxygenase activity. The negligible initial rate of phenol degradation (Fig. 7.7) was most 

probably due to the uptake of phenol by the comparatively large amount of biomass that was 

immobilised. Approximately six times the quantity of biomass used in the calcium alginate 

system was immobilised in polyacrylamide gel, 46% more biomass then that used in free cell 

biodégradation experiments. During the biodégradation experiment involving polyacrylamide 

gel systems, a catechol peak was not detected on the HPLC trace nor was there an observed
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accumulation of 2-hydroxymuconic semialdehyde in the buffer (Fig. 7.8). The absence of 

these intermediates also implied that none of the phenol had been degraded as supported by the 

isocratic reversed-phase HPLC data. Catechol 2,3-dioxygenase activity dropped to zero after 

20 minutes (Fig. 7.8), and the inability to detect any phenol hydroxylase activity could explain 

why the system appeared not to be oxygen demanding.

Losses in cell viability can be encountered in polyacrylamide gel systems due to the 

toxic effect of its monomers acrylamide and bisacrylamide together with the heat of the 

polymerisation reaction (Woodward, 1985). Acrylamide was found to be the component of the 

gel responsible for the instability of catechol 2,3-dioxygenase activity. Attempts were made to 

minimise this effect by supplementing the polyacrylamide gel with BSA. As a result, the 

addition of BSA decreased the rate of catechol 2,3-dioxygenase activity loss but failed to 

stabilise the activity. A similar trend was also observed by omitting TEMED from the gel 

preparation, although in this case the rapid loss of catechol 2,3-dioxygenase activity was 

impeded. This implied that the polymerisation reaction was also responsible for the loss in 

catechol 2,3-dioxygenase activity. In conclusion, this method of immobilisation was found to 

be highly inefficient in stabilising the first two steps in the phenol degrading pathway. 

Koshcheyenko et al. (1981) reported that changes in the polyacrylamide gel whole cell 

immobilisation conditions, such as an increase in the temperature, polyacrylamide 

concentration or the time required for gelling, had a negative effect on the enzyme activity. As 

demonstrated by the incubation of Arthrobacter globiformis cells with the polymerisation 

reagents for 20 mins at 4°C, only 6.4% of the cells were viable under these conditions as 

compared with cells left for l-2mins at 4°C. Cells incubated at 26°C for a duration of 20 mins 

resulted in a further reduction in the number of viable cells down to 0.5%. The dehydrogenase 

activity in Arthrobacter globiformis was shown to be dependant on the viability of the 

immobilised cells, which in turn was determined by the immobilisation conditions 

(Koshcheyenko et al., 1981).
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The immobilisation of cells in agarose gel appeared to be more efficient, with only an 

18% loss in catechol 2,3-dioxygenase activity recorded on hardening of the immobilised cell 

particles (Table 7.1). Despite this good retention of activity, large losses in catechol 2,3- 

dioxygenase activity were observed in biodégradation experiments with oxygen, which 

coincided with an increase in the concentration of 2-hydroxymuconic semialdehyde in the 

buffer (Fig. 7.12). The initial reduction in catechol 2,3-dioxygenase activity appeared to be 

irreversible on removal of 2-hydroxymuconic semialdehyde, as demonstrated by the further 

decline in catechol 2,3-dioxygenase activity after changing the buffer (Fig. 7.12). However, a 

significant reduction in catechol 2,3-dioxygenase activity was also observed in biodégradation 

experiments sparged with 1.0 v/v/min air, in the presence of negligible concentrations of 2- 

hydroxymuconic semialdehyde (Fig. 7.14). In conclusion, the immobilisation of cells in 

agarose was also responsible for the reduction in catechol 2,3-dioxygenase activity.

In experiments sparged with 1.0 v/v/min oxygen (Fig. 7.11) and air (Fig. 7.13) the 

initial rate of phenol degradation was reduced significantly, implying that the entrapment 

procedure may also have effected the phenol hydroxylase activity (Table 7.2). Under both 

experimental conditions the dissolved oxygen concentration was constant at levels lower than 

that required for cell respiration, as demonstrated by the increase in oxygen uptake after the 

addition of the phenol substrate. The system appeared to be oxygen demanding despite 

reductions in catechol 2,3-dioxygenase activity and the rate of phenol degradation. In the 

experiment sparged with 1.0 v/v/min air the immobilised cell particles did appear to show some 

resistance to the diffusion of oxygen across the matrix (Fig. 7.13). Product diffusional 

problems were also apparent from the observation that under high oxygen concentrations the 

immobilised cell particles become stained yellow due to the accumulation of 2-hydroxymuconic 

semialdehyde. These problems could be resolved by using a lower concentration of agarose, 

which would increase the pore size and improve diffusion. Unfortunately, by using a lower
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concentration ^ 1% agarose (w/v) the integrity of the particle was effected and observed to be 

too soft for use in the bioreactor.

Approximately equal amounts of biomass (g) to that used in free cell biodégradation 

experiments were immobilised in agarose gel, which is approximately three times the biomass 

(g) used in the calcium alginate system. Under identical experimental conditions, the initial rate 

of phenol degradation (pmoles/min/g) for the agarose particles showed a 77% and 43% 

reduction in comparison with rates for the calcium alginate and free cell systems, respectively.

In conclusion, this method of immobilisation was also found to be inefficient due to the 

poor rates obtained for phenol degradation, problems in product diffusion across the matrix, 

and the instability of the initial steps in the phenol degradative pathway in cells immobilised in 

agarose.
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CHAPTER EIGHT 

Conclusions

Several thermophilic bacilli were isolated which were capable of degrading phenol as 

the sole carbon and energy source. The meta-cleavage pathway was present in all of these 

isolates, as demonstrated by their growth on minimal media (supplemented with 0.05% (w/v) 

phenol) and the detection of catechol 2,3-dioxygenase activity. The high optimum growth 

temperatures (50-60°C) demonstrated that these isolates would be more suitable for an 

industrial process on the basis of the intrinsic thermostability of thermophilic proteins and 

enzymes over their mesophilic counterparts (Herbert and Sharp, 1992).

Bacillus strain Cro3.2 was selected on the basis of its relative substrate versatility. This 

strain was capable of degrading phenol, o-, m- and p-cresol. The moderate thermophilic nature 

of the enzymes of Bacillus strain Cro3.2 could be related to the greater phenol tolerance which 

was observed, as suggested by Worden et al. (1991). Bacillus strain Cro3.2 was capable of 

degrading phenol at concentrations as high as 10.6 mM.

Industrial application

Apart from the application of Bacillus sp. Cro3.2 in bioremediation, this strain's ability 

to degrade high concentrations of phenol would make it suitable for the synthesis of some 

commercial chemicals. Phenol-degrading microorganisms may be of direct industrial use, as 

some of the intermediates they produce may have commercial importance, and these 

intermediates are both difficult and expensive to produce chemically. For example, 2- 

hydroxymuconic semialdehyde may be converted to pyridines, 4-oxalocrotonate to pyrones, 

and keto-acids of the meta-cleavage pathway to amino acids. Catechol is currently produced 

from o-chlorophenol, a relatively expensive raw material. An alternative biological process 

using a Bacillus stearothermophilus strain has been patented (Oriel and Gurujeyalakshmi,
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1989) which produces catechol from inexpensive phenol (Worden et al., 1991). This strain 

was shown to metabolise phenol via a plasmid encoded meta cleavage pathway. Low levels of 

tetracycline were found to inhibit catechol 2,3-dioxygenase resulting in the accumulation of 

catechol (Gurujeyalakshmi and Oriel, 1989b). A mutant strain of Pseudomonas sp. which was 

capable of accumulating catechol, was investigated for its possible application into an industrial 

process as free and immobilised cells (Shirai, 1987). Catechol and its derivatives are utilized 

primarily for the production of synthetic flavours such as vanillin (Smith, 1990).

Genetic modification

The meta-pathway for phenol degradation is typically described as being plasmid 

encoded, potentially making it amenable to genetic manipulation. A plasmid was present in 

Bacillus strain Cro3.2 but whether it encoded for the meta-pathway was not studied. However, 

if this were the case it would simplify the creation of genetically engineered microorganisms 

(OEMs) which could be designed to grow fast with high degradation activity in order to 

enhance the rate of degradation of phenolic compounds. Bacillus strain Cro3.2 was capable of 

degrading phenol over a broad temperature range (22-60°C). The enzymes responsible for 

phenol degradation are relatively stable at mesophilic temperatures, although, by lowering the 

temperature from 55 to 40°C (see Chapter Six, Table 6.2) there was an approximate 50% 

reduction in the initial rate of phenol degradation (}imoles/U/hr). The plasmid present in 

Bacillus strain Cro3.2 could be isolated and purified using the procedures described by Sen 

and Oriel (1989), and mapped using agarose gel electrophoresis following digestion with 

restriction enzymes. The function of the plasmid could be determined by curing Bacillus strain 

Cro3.2 by repeated growth cycles in LB broth (supplemented with 10 pg/mL novobiocin) at 

55°C (Gurujeyalakshmi and Oriel, 1989b). Colonies unable to utilize phenol via the meta

pathway would be isolated by selecting the colonies that would not turn yellow (indicating an 

accumulation of 2-hydroxymuconic semialdehyde) on the addition of a few drops of dilute
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catechol solution (see Chapter Three). These colonies would then be examined for the presence 

of the plasmid using the miniprep procedures of Bimboim and Doly (1979). If as expected the 

plasmid contains the genes encoding the meta-pathway the plasmid could be introduced into a 

mesophile to create a GEM. The plasmid isolated from Bacillus strain Cro3.2 could be used to 

transform competent Escherichia coli cells as described by Maniatis et al. (1982). The 

recombinant would combine the advantages of both the thermostable properties of the 

thermophilic enzymes from the meta-pathway with the competitive growth rates of mesophiles. 

The potential for extending the catabolic range of the host and increasing the degradation rates 

in mixed substrates culture would have positive implications for the use of OEMs in 

wastewater treatment (Fujita et al., 1991). However, problems may arise from differences in 

transcriptional control systems (De Lorenzo, 1994). An understanding of the controls which 

regulate expression is critical if strains are to be manipulated to overexpress heterologous 

genes. Difficulties have been reported in the expression of Pseudomonas aromatic pathways in 

Escherichia coli (Zylstra and Gibson, 1991). Natarajan et al. (1994) demonstrated the first 

cloning of a functioning toluene/benzene pathway from Bacillus stearothermophilus into 

Escherichia coli. Increased levels of catechol 2,3-oxygenase were detected in the transformant 

when grown in the presence of aromatic compounds, this suggested that the regulatory control 

systems from Bacillus stearothermophilus were also encoded (Natarajan et al., 1994).

Fujita et al. (1991) demonstrated that by introducing a reccjmbinant plasmid pHF400 

(containing the nah G gene) into P. putida PpG1064 they created a GEM capable of degrading 

salicylate in addition to benzoate and phenol. The latter two substrates were also degraded via 

the ortho-cleavage pathway coded on the chromosome of the host strain. The wild strain of P. 

putida PpG1064 also contained the naturally occurring plasmid NAH (carrying the nah G 

gene) which also codes the meta-cleavage pathway. Fujita et al. (1991) reported that a 

comparison of the degradation rates of both strains showed that the rates of the GEM were 

higher than those of the wild strain. For example, the salicylate degradation rate of the GEM
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was 2.3 times higher than that of the wild strain. These differences were attributed to 

differences in the transcriptional and translational controls of the metabolic pathways. It was 

also suggested that the differences were determined by the copy number of the nah G gene; 

which was coded on low copy number on the NAH wildtype plasmid or medium copy number 

on the recombinant plasmid pHF400.

The degradation rates could be further improved by amplifying gene expression by 

genetic engineering. The degradation rate of phenolic compounds could be enhanced by 

creating a GEM carrying the recombinant plasmid constructed by a high-copy-number or high 

expression vector, such as pUC19. Fujita et al. (1991) reported that the wild strain P. putida 

BH carrying the phe B gene only showed catechol 2,3-oxygenase activity when induced by 

phenol. However, GEMs carrying plasmids pBHlOO or pBH500 did not require the presence 

of an inducer, and expressed the phe B gene constitutively. Plasmids pBHlOO and pBH500 

carried ÛiQphe B gene in a high copy number (pUC19) and medium copy number (pKT230) 

expression vector, respectively. As a consequence, the gene amplification of the recombinant 

plasmids removed the need for the presence of an inducer. A similar genetic modification in 

which the phenol-degrading pathway in Bacillus strain Cro3.2 could be constitutively 

expressed would be equally advantageous in future studies.

Immobilisation of cells

A large majority of the reports on biodégradation involve the breakdown of single 

compounds as the sole carbon source in a chemically defined synthetic mixture. During the 

course of this project the ability of Bacillus strain Cro3.2 to degrade phenolic compounds in a 

less defined chemical wastewater were not investigated. Time restrictions also hindered the 

development of a more efficient whole cell immobilisation technique which would stabilise the 

initial steps of the phenol degrading pathway in the immobilised cells. There are many reports 

demonstrating the degradative abilities of immobilised cells on a wide range of environmentally
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toxic chemicals (Table 8.1 (i)-(iii)), but again only limited reports investigating the degradation 

of these chemicals in wastewaters flowing from chemical manufacturing industries (Table 8.1 

(i)-(iii)). The field application of these specialized isolates in the treatment of chemical wastes 

should be investigated to demonstrate the industrial application of bioremediation. In addition, 

the development of a pilot scale facility for biodegrading toxic chemicals would be useful to 

show that specialized microbial cultures can be exploited in upscaled experiments.
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Table 8.1 (i) Applications of immobilised cells to toxic waste degradation.

REFERENCE COMPOUND WASTE REACTOR
TYPE

SUPPORT
MATRIX

Bettman & 
Rehm (1985)

Phenols Synthetic FBR PAAH

Erhardt & Rehm 
(1985)

Phenol Synthetic FBR AC

Westmeier & 
Rehm (1985)

4-Chlorophenol Synthetic STR & PER Ca-Alginate

Wong & Tien 
(1985)

Phenol Synthetic FBR Coal

Hogrefe et al. 
(1986)

s-Triazines Actual FBR Sand

Portier & 
Fujisaki (1986)

Chlorinated
Phenols

Synthetic PER Chitin

Donaldson et al. 
(1987)

Phenols Actual FBR Anthracite

Fan et al. (1987) Phenol Synthetic FBR AC

Galli (1987) Dichloromethane Synthetic FBR Charcoal & 
Sand

Tang & Fan 
(1987)

Phenol Synthetic FBR AC

AC = Activated carbon

PAAH = Poly-acryl-amide-hydrazide

STR = Stirred tank reactor

PER = Packed bed reactor 

FBR = Fluidized bed reactor
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Table 8.1 (ii) Applications of immobilised cells to toxic waste degradation.

REFERENCE COMPOUND WASTE REACTOR
TYPE

SUPPORT
MATRIX

Tang et al. 
(1987)

Phenol Synthetic FBR AC

Westmeier & 
Rehm (1987)

4-Chlorophenol Actual PER Expanded Clay

Worden & 
Donaldson 

(1987)

Phenol Synthetic FBR Coal

Beunik & Rehm 
(1988)

DDT Synthetic PER Ca-Alginate

Wagner & 
Hempel (1988)

Napthalene-2
-sulphonate

Synthetic FBR Sand

Erhardt & Rehm 
(1989)

Phenol Synthetic PER AC

Zache & Rehm 
(1989)

Phenol Synthetic STR Ca-Alginate 
or Chitosan- 

Alginate

O'Reilly & 
Crawford 

(1989)

p-Cresol Synthetic STR Ca-Alginate & 
Polyurethane 

Foam

Arvin et al. 
(1991)

Phenols Synthetic FFR Plexiglas

Livingston
(1991)

3,4-
dichloroaniline

Synthetic FBR & PER Celite

AC = Activated carbon 

STR = Stirred tank reactor 

PER = Packed bed reactor

FBR = Fluidized bed reactor 

FFR = Fixed-film reactor
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Table 8.1 (iii) Applications of immobilised cells to toxic waste degradation.

REFERENCE COMPOUND WASTE REACTOR
TYPE

SUPPORT
MATRIX

Hendriksen et 
al. (1991)

Phenols Synthetic FFR Ceramic

Lakhwala et al. 
(1992)

Phenol Synthetic STR Ca-Alginate & 
Polymeric 
Membrane

Makinen et al. 
(1993)

Chlorophenols Synthetic FBR Silica

Hu et al. 
(1994)

PCP Synthetic STR & DBR Polyurethane 
Foam & Ca- 

Alginate

STR = Stirred tank reactor 

DBR = Dynamic bed reactor 

FBR = Fluidized bed reactor 

FFR = Fixed-film reactor
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