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ABSTRACT

THE CHARACTERIZATION OF PSEUDO M O NAS SPECIES FROM A COMMERCIAL 
BIOAUGMENTATION PRODUCT

Geraldine Mulcahv,
School of Biological Science, Dublin City University

The P se u d o m o n a s spp. from a commercial bioaugmentation 
product were characterized so that they might be monitored in 
a waste treatment system. The product CX 80 was chosen 
because of its use in the biodégradation of aromatic 
compounds. Four P se u d o m o n a s spp. were selected - three P. 
p u t id a  spp., IGA 7.16, IGA 7.24 and IGA 0.92, and one P .  
f lu o r e s c e n s  sp., IGA 13.42. The organisms were
morphologically identical and were not readily 
distinguishable using biochemical tests. They had similar 
growth properties when grown on benzoate, naphthalene, phenol 
and m-toluate. IGA 7.16 alone was capable of growth on 
toluene and p-chlorophenol. A large plasmid band (85-120kb) 
was detected in IGA 7,16, IGA 7.24 and IGA 0.92. Southern 
hybridization to a 32P-labelled probe and dot blot 
hybridization to a non-radioactively labelled probe confirmed 
the presence of a NAH plasmid in IGA 7.24 and a TOL plasmid 
in IGA 7.16.
P .  p u t id a  IGA 7.24 was added to an activated sludge system in 
order to note the effect of bioaugmentation and to monitor 
the survival of the organism in the system. The response of 
the activated sludge to naphthalene with and without the 
addition of IGA 7.24 was similar. The systems adapted 
rapidly to naphthalene. Colony hybridization using a non- 
radioactively labelled NAH probe was more sensitive than 
vapour plates in the early detection of the emerging 
naphthalene degrading population.
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1 INTRODUCTION

1:1 PSEÜDOMONADS

The ubiquity of pseudomonads in natural habitats 
and their remarkable nutritional versatility has 
led to their being the subjects of extensive 
research. The biodégradation of various organic 
compounds including aromatics has been studied at 
the biochemical and genetic level with a view to 
understanding and improving the degradation of 
these compounds in the environment. The
application of selected and adapted P se u d o m o n a s  

species to polluted soils or water may improve the 
removal of pollutants from the environment and 
their addition to waste treatment systems may 
improve the efficacy of treatment before effluents 
are discharged to the environment.

The term pseudomonad is commonly used to describe 
rod-shaped, Gram-negative, non-sporulated, polarly 
flagellated bacteria. Pseudomonads form a vast and 
heterogeneous group of organisms. The genus 
P se u d o m o n a s , which was created by Migula in 1894, 
is the most important of the many genera of 
bacteria possessing the above characteristics 
(Palleroni, 1986). Members of the genus

P se u d o m o n a s occupy a dominant position in the 
biosphere in terms of variety of habitat and the 
number of species in a given habitat. P se u d o m o n a s  

species are found in large numbers in all major 
natural environments, terrestrial, freshwater and 
marine, and in many different associations with 
plants and animals (Clarke, and Slater, 1986).

Members of this genus are described in Bergey's 
Manual of Systematic Bacteriology (1984) as being 
straight or slightly curved rods, 0.5 - lptm in
diameter and 1.5 - 5fim in length. Species are

1



motile by polar flagella, rarely non-motile 
although non-motile strains of various species are 
occasionally isolated from nature. P se u d o m o n a s  

species are strictly aerobic and 
chemoorganotrophic. The optimum growth temperature 
for most strains is 2 8°C but many are capable of 
growth at temperatures in the range of 4 - 43°C.

Pigments of various chemical types are produced by 
many P se u d o m o n a s species. They can be soluble in 
water and freely diffusible into culture media or 
they can remain associated with the cells. The 
best known of the soluble pigments are the 
fluorescent pigments of some members of RNA group 
1. The fluorescent pseudomonads include P .  

a e r u g in o s a ,  P .  f lu o r e s c e n s  and P. p u t id a . These 
pigments act as siderophores, strong iron 
chelators, and allow growth in media having a low 
iron content. Another important soluble pigment is 
pyocyanin, a phenazine derivative characteristic of 
P .  a e r u g in o s a . Among the water-insoluble pigments 
that remain closely associated with cellular 
structures or diffuse only to a limited extent, 
several carotenoids and phenazine compounds have 
been identified.

P se u d o m o n a s species are subdivided on the basis of 
RNA homology. There are five RNA groups. The best 
known species of the genus are included in group 1 . 
P .  a e ru g in o s a  is by far the best known especially 
in relation to medical microbiology. P.
f lu o r e s c e n s  and P .  p u t id a  are other well known 
members of RNA group 1. Both are complex species 
and can be subdivided into a number of biovars or 
biotypes (Palleroni, 1986).

One of the most striking properties of members of

2



this genus is their remarkable nutritional 
versatility. Organic compounds readily used by 
P se u d o m o n a s species include alcohols, aliphatic 
acids, amides, amines, amino acids, aromatic 
compounds, carbohydrates and hydrocarbons. In 
contrast to many other bacterial groups, many 
pseudomonads do not excel in the utilization of 
sugars. This ability to utilize a wide range of 
compounds makes P se u d o m o n a s species an important 
component of activated sludge particularly that 
treating wastewater derived from the chemical 
industry. Of the various substrates used as sole 
carbon and energy source aromatic compounds are 
particularly interesting due to the biochemical 
intricacies of the various pathways by which they 
are metabolized (Palleroni, 1986) .

Pseudomonads are readily isolated that can use 
aromatic compounds as their major sources of energy 
for growth since these compounds are widely 
distributed in natural environments. Many of the 
aromatic compounds found in the environment are 
derived from oil and coal, and the combustion of 
these and other organic materials (Dagley, 1986) .

1:2 AROMATIC HYDROCARBONS IN THE ENVIRONMENT

1:2:1 REMOVAL OF AROMATIC COMPOUNDS FROM THE ENVIRONMENT

Organic compounds can be removed from the 
environment by a variety of mechanisms including 
biodégradation, auto-oxidation, adsorption, 
sedimentation, hydrolysis and photo-degradation. 
Biological processes are generally accepted to play 
the major role in nature (Painter, and King, 1985) . 
The large scale production and use of organic 
compounds necessitates the treatment and safe

3



disposal of the hazardous wastes arising.

Little data are available on the aromatic wastes 
produced in Ireland and their disposal. Figures 
for the waste arising from the production of some 
hazardous organic compounds in Ireland for the 
years 1984 and 1985 were collated by An Foras
Forbatha (Dec. 1986). These data are summarised in 
Table 1. The hazardous waste categories are
defined by the EC (Toxic and Dangerous Waste)
Regulations, 1982. As the chemical and
pharmaceutical industry has grown considerably in 
the last decade these figures must be considered an 
underestimate of the situation today. The fate of 
much of this waste is unknown but traditionally 
there has been a reliance on landfill and
incineration.

Table 1. Toxic and dangerous waste arising in 
Ireland (1984/85)

Waste Category Quantities 
(tonnes/annum)

Organic Solvents 
Biocides and 
phyto-pharmaceutical substances 
Chlorinated Solvents 
Phenols
Organic-halogen compounds 
(excluding other substances referred 
to in this listing)

26,940

7, 680 
6 , 368 

600

17 .4

There is considerable concern among the general 
public and environmentalists about traditional 
methods used to dispose of toxic wastes such as
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incineration and landfill. As a result there is 
growing interest in the biological treatment of 
hazardous wastes. Many producers have biological 
treatment plants for the treatment of their less 
hazardous waste. The microorganisms in these 
systems can be inhibited or poisoned by the 
presence of more toxic compounds in the influent. 
Particularly attractive to these producers, is the 
possibility of bioaugmentation, adding microbes 
with the ability to degrade the toxic components of 
the waste. The development of improved biological 
systems for the treatment of hazardous waste 
requires detailed knowledge of the biochemical and 
genetic processes involved in microbial 
degradation.

1:2:2 BIODEGRADATION

Biodégradation can be defined as the breakdown of 
a compound by a living organism, for example 
bacteria or fungi. Ultimate biodégradation is the 
complete breakdown of a compound to fully oxidized 
simple molecules eg. C02, H20, N03', NH4+ with the 
formation of new cells (Painter and King, 19 85) . 
The extent of biodégradation of a compound in the 
environment can vary. The susceptibility of a 
compound to biodégradation is a function of a 
number of parameters. These include the chemical 
structure, the potential of the compound to 
associate with other organic and inorganic material 
in the environment and many physico-chemical 
factors such as pH, temperature, oxygen tension and 
salinity (Neilson et a l , 1985).

A wide range of microorganisms have been found to 
possess biochemical pathways for the partial or 
complete degradation of a number of synthetic and
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naturally-occurring aromatic hydrocarbons. Among 
the most widely studied catabolic pathways are 
those found in the genus P se u d o m o n a s. Pseudomonads 
appear to have a remarkable potential to evolve 
entire catabolic sequences for xenobiotic 
compounds. This evolutionary flexibility may 
reflect the diversity of enzymes and pathways that 
have evolved to degrade naturally occurring organic 
compounds and may also involve genetic 
rearrangements within and between strains (Clarke 
and Slater, 1986).

1:2:3 CATABOLIC PLASMIDS

Many of the degradative pathways studied have been 
located on plasmids. Catabolic plasmids have been 
found in pseudomonads and a range of other 
bacteria. Degradative plasmids tend to be large, 
up to approximately 200kb (kilobase pairs) for the 
CAM plasmid (encoding a camphor degradative 
pathway). The degradative genes constitute only a 
small portion of the plasmid, for example a 40kb 
region of the TOL (toluene degradation) plasmid 
encodes the entire degradative pathway. The genes 
controlling transfer have also been located on some 
of these large plasmids but little is known about 
the function of the rest of the plasmid.

Catabolic plasmids can be either transmissible or 
non-transmissible. Plasmids found to be
transmissible among P se u d o m o n a s spp. have not been 
shown to be transferred to other genera. Most 
catabolic plasmids seem to be compatible with each 
other, that is they belong to different 
incompatibility groups, with the exceptions of CAM 
and OCT (n-alkane degradation), and NAH/SAL 
(naphthalene/salicylate degradation) and TOL. This
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compatibility means that a single bacterial strain 
can carry a number of catabolic plasmids thus 
giving it a broader substrate range (Chakrabarty, 
1976) .

Many catabolic plasmids have been shown to share 
homologous regions. Most of these regions encode 
the degradation of catechol via the m e ta-cleavage 
pathway (section 1:3:2).

In a number of studies, a high degree of homology 
has been demonstrated between the m e ta-cleavage 
operons of the TOL, NAH and SAL plasmids (Lehrbach 
et a l , 1983; Cane and Williams, 1986; Bayley et
al, 1979) . Further studies strongly indicated the 
same gene order on the m e ta operons of the TOL and 
NAH plasmids (Assinder and Williams, 1988).

A large body of evidence supports the theory that 
many different catabolic plasmids share a common 
ancestry. The organization of catabolic genes in 
distinct units (operons) may facilitate the 
assembly of new degradative plasmids and pathways. 
Genetic instability may promote rearrangement of 
DNA to form new pathways which are preserved by 
selective pressures (Yen and Serdar, 1988). Very 
many pathways have been described in P se u d o m o n a s  

species for the degradation of a variety of 
aromatic compounds. The critical step in these 
pathways is the cleavage of the aromatic ring. The 
initial catabolic steps involve the insertion of 
two hydroxyl groups on the aromatic nucleus. 
Subsequent ring fission proceeds via o r t h o  or m e ta  

cleavage of the hydroxylated aromatic.
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1:3 BIODEGRADATIVE PATHWAYS IN PSEUDOMONAS SPECIES

Many different biodegradative pathways converge on 
a common intermediate - catechol. Catechol 
undergoes subsequent degradation by one of two 
pathways : the ortho-cleavage pathway or the meta- 
cleavage pathway. The m e ta pathway predominates in 
nature as the majority of aromatic compounds, 
especially methyl-substituted aromatics are 
degraded via the m e ta pathway while benzoate and 
chlorinated aromatics are metabolized via the o r t h o  

pathway (Williams and Murray, 1974). Due to 
differences in regulation, the o r t h o  pathway is not 
normally expressed in cells containing the plasmid- 
encoded m e ta pathway (Williams and Worsey, 1976) .

The initial product of ortho-fission of catechol 
(c i s , c i s - muconate) induces the enzymes of the 
o r t h o  pathway. However, the enzymes of the m e ta  

pathway are induced by the primary substrates such 
as toluene or phenol. The activity of the m e t a 

enzymes prevents the accumulation of catechol and 
therefore the formation of c i s ,  c i s -muconate (Feist 
and Hegeman, 19 69).

1:3:1 O R TH O -CLEAVAGE PATHWAY

The ortho-cleavage or /3-ketoadipate pathway 
degrades catechol via 0 -ketoadipate to succinate 
and acetyl Co A (Figure 1) . The structural genes 
for the enzymes involved are designated c a t ABC and 
pea D and are shown in Figure 1. Initial cleavage 
of the aromatic ring of catechol is catalyzed by 
catechol 1,2-dioxygenase. This reaction is induced 
by the product, c i s ,  c i s -muconate and is also quite 
sensitive to catabolite repression (Wu et a l . 

1972). Catechol 1,2-dioxygenase consists of two

8



r ^ r r 0HCatechol I

c i s , cis-Muconat e

| Catechol 1,2-dioxygenase 

COOH ( c a t A)

Muconolactone

|3-ketoadipate 
enol-lactone S ' “

(3-ketoadipate COOH

Transferase

V s3-ketoadipyl Co A I

(cat B)

k^/COOH
cis,cis-Muconate 
lactonizing 
enzyme

8 “ "

Muconolactone ( c a t  C) 
isomerase

COOH 

O

Enol-1actone 
hydrolase

COOH

COSCoA

COOH

Acetyl Co A
0
II

CH, —  C — S  C oA

( pe a D)

Succinate CH2COOH

I
CH2 COOH

Figure 1. The ortho-cleavage pathway in pseudomonads
(Wu e t  a l . ,  1972; Wheelis and Ornston, 1972)
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non-identical subunits with a single active site. 
The ferric form of iron is the sole co-factor 
(Nozaki, 1979).

c i s ,  c i s - Muconate lactonizing enzyme (4-carboxy 
methyl-4-hydroxyisocrotonolactone lyase) is a 
decyclizing enzyme catalyzing the conversion of 
c i s ,  c i s - muconate to muconolactone and is induced 
by c i s ,  cis-muconate (Hegeman, 1966) . 
Muconolactone isomerase, also induced by c i s ,  c i s -  

muconate, converts muconolactone to enol-lactone 
which is further metabolized to 0 -ketoadipate by 
enol-lactone hydrolase. A transferase enzyme 
catalyzes the conversion of /?-ketoadipate to ¡3- 
ketoadipyl Co A which is then converted to 
succinate and acetyl Co A which feed directly into 
the TCA cycle. Enol-lactone hydrolase and 
transferase are induced by /3-ketoadipate or /3- 
ketoadipyl Co A (Wheelis and Ornston, 1972).

The o r t h o -cleavage pathway is chromosomally 
encoded. The structural genes for muconate- 
lactonizing enzyme (cat B) and muconolactone 
isomerase (cat C) have been shown to lie in close 
proximity on the chromosome. These enzymes share 
a common inducer ( c i s ,  cis-muconate) and their 
synthesis is co-ordinately controlled. Catechol
1 ,2-dioxygenase, though also induced by c i s ,  c i s -  

m u c o n a te , and its structural gene ( c a t A) are 
subject to independent control (Wu e t  a l . 1972).

A regulatory gene, cat R has been located to the 
left of cat B on the P se u d o m o n a s p u t id a  chromosome. 
Mutation studies of cat R suggest that it exerts 
positive control on the expression of cat B and C. 
Mutations in cat R do not affect the induction of 
catechol 1,2-dioxygenase. As well as being induced
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in the presence of c i s ,  cis-muconate, c a t A is also 
subject to independent regulation by catabolite 
repression. This may be due to the role catechol
1 .2-dioxygenase plays in the formation of c i s ,  cis- 
muconate which acts as inducer for the subsequent 
enzyme reactions (Wu et a l . 1972) .

1:3:2 M E T A -CLEAVAGE PATHWAY

Catechol is metabolized via the meta-cleavage 
pathway to pyruvate and acetaldehyde (Figure 2) . 
The genes encoding the enzymes of the m e ta pathway 
are designated x y l E-K and are shown in Figure 2. 
As with the o r t h o  pathway the initial reaction 
involves fission of the aromatic nucleus of 
catechol. This is achieved by the action of 
catechol 2 ,3-dioxygenase to produce 2-hydroxy- 
muconic semialdehyde. The active form of catechol
2 .3-dioxygenase contains ferrous iron as a 
prosthetic group (Harayama and Rekik, 1990) . 2- 
Hydroxymuconic semialdehyde can be metabolized via 
either the hydrolytic or dehydrogenative pathway, 
depending on the substrates.

2-Hydroxymuconic semialdehyde is degraded by the 
NAD+-dependent dehydrogenase to 4-oxalocrotonate. 
The ring fission product of 4-methylcatechol, 2-
hydroxy-5-methyl-6-oxohexa-2, 4-dienoate (Figure 3) 
is also metabolized via the dehydrogenative 
pathway.

The product of 3-methylcatechol cleavage, 2- 
hydroxy-6-oxohepta-2,4-dienoate (Figure 4), is 
metabolized by the hydrolase to 2 -oxopent-4-enoate 
and formate.
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Figure 2. The meta cleavage pathway in pseudomonads 
(Bayly and Barbour, 1984 ; Wigmore et a l ,  
1974 ; Harayama et a l , 1989)
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The dehydrogenase is inactive against 2-hydroxy-6- 
oxohepta-2 ,4-dienoate as it lacks an oxidizable 
aldehyde group (Harayama et a l., 1989) .

The product of the 2-hydroxymuconic semialdehyde 
dehydrogenase reaction is the enol form of 4- 
oxalocrotonate (2 -hydroxyhexa-2 ,4-diene-1,6 - 
dionate). This is converted to the keto form (2- 
oxohex-4-ene-1,6-dienoate) by 4-oxalocrotonate 
tautomerase. The keto form is the substrate for 4- 
oxalocrotonate decarboxylase resulting in the 
formation of 2-oxopent-4 enoate with the release of 
C02. Mg2+ is required for decarboxylase activity 
(Harayama and Rekik, 1990 ; Bayly and Barbour,
1984) .

At this point the hydrolytic and dehydrogenative 
pathways reconverge. 2-oxopent-4-enoate hydratase
acts on 2 -oxopent-4-enoate to form 4-hydroxy-2- 
oxovalerate. Harayama et a l . (19 89) found that the 
product of the decarboxylase was the enol compound 
2-hydroxypent-2 ,4-dienoate and that this was 
spontaneously and reversibly transformed into 2 - 
oxopent-4-enoate, the keto form. They found the 
enol form to be the substrate for the hydratase.

Their work also suggested that the hydratase and 
decarboxylase form a physical complex i n  v iv o  which 
may ensure the efficient transformation of the 
unstable intermediate 2-hydroxypent-2 ,4-dienoate. 
Finally, 4-hydroxy-2-oxovalerate aldolase catalyzes 
the conversion of 4-hydroxy-2-oxovalerate to the 
TCA intermediates, pyruvate and acetaldehyde.
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The genes for the m e t a -cleavage pathway are 
organized into an operon, carried on a number of 
catabolic plasmids. As outlined previously there 
is a high degree of homology between the m e ta ­

c le a v a g e operons of different plasmids. One of the 
best studied is that carried on the TOL plasmid, 
pWWO. The m e ta operon of pWWO comprises thirteen 
genes : x y l E, F, O, H, I, J, K which code for the
structural genes of the enzymes responsible for the 
degradation of catechol to pyruvate and 
acetaldehyde as detailed in Figure 2 ; x y l X,Y,Z 
which encodes the 3 subunits of toluate 1,2- 
dioxygenase and x y l L which encodes 1,2-dihydroxy- 
3, 5-cyclohexadiene-l-carboxylate dehydrogenase
(these two enzymes catalyze the conversion of 
toluate or benzoate to catechol); also contained on 
the pWWO m e ta operon are two genes, x y l T and x y l  

Q, the functions of which are as yet unknown. The 
order of these genes within the operon is as 
follows: x y l X, Y, Z, x y l L, x y l T, x y l E, x y l G, x y l  

F, x y l J, x y l Q, x y l K, x y l I, x y l M (Harayama and 
Rekik, 1990).

A promoter is located upstream of x y l X and the 
regulatory gene x y l S is located downstream of x y l  

H. As with many degradative pathways studied, the 
m e ta cleavage pathway is under positive regulation. 
Toluate and benzoate act as inducers of the pathway 
in the presence of the x y l  S 
gene product. The m e ta pathway can also be induced 
by the substrates for the TOL upper pathway eg. 
toluene, benzyl alcohol, when the products of both 
x y l S and x y l  R (regulatory gene for upper pathway) 
are present (Worsey et al., 1978).

Overproduction of the x y l S gene product leads to 
constitutive expression of the m e ta pathway in the
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absence of inducers, indicating the existence of 
both an active and inactive form of the x y l  S  

protein, with activation occurring in the presence 
of the inducing compounds. Mutation studies 
involving x y l S have revealed the possible 
existence of a third regulatory gene. A mutation 
in x y l S prevents induction of the m e ta pathway by 
m-toluate but not by unsubstituted compounds such 
as benzoate. Benzoate interacts with the 0P2, 
operator-promoter region of pWWO to induce the 
meta-pathway in the absence of known plasmid 
regulatory genes. Benzoate-induction of 0P2 has 
only been demonstrated in P se u d o m o n a s s p p .  

suggesting the involvement of a chromosomal gene, 
possibly a regulatory gene for the chromosomally- 
encoded benzoate dioxygenase (Cuskey and Sprenkle, 
1988) .

The entire meta cleavage operon of pWWO is lOkb in 
size, making it one of the largest operons known in 
bacteria. Its size could pose a problem with 
regard to both transcription and stability of the 
mRNA for the operon. It has been suggested that 
the m e ta operon was formed by the fusion of two DNA 
modules each possessing its own promoter. The 
first comprising the genes for the conversion of 
toluate/benzoate to catechol, x y l X,Y,Z,L,(T) and 
the second encoding the degradation of catechol, 
x y l (T),E,G,F,J,Q,K,I,H (Harayama and Rekik, 1990).

1:4 BENZOATE DEGRADATION BY PSEUDOMONAS SPECIES

In most pseudomonads benzoate is degraded via the 
chromosomally-encoded o r t h o  cleavage pathway. 
Benzoate is initially acted upon by benzoate-1, 2- 
dioxygenase to form 2-hydro-l,2-dihydroxybenzoic 
acid (Figure 5).
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Benzoate dioxygenase is a multicomponent enzyme 
consisting of an NADH-cytochrome c reductase 
component and a terminal oxygenase component. The 
reductase is an iron-sulphur flavoprotein 
containing one FAD (Flavin Adenine Dinucleotide) 
and one iron-sulphur centre of plant ferredoxin 
type with two iron and two labile sulphur atoms 
(Yamaguchi and Fujisawa, 1978). The oxygenase 
component is also an iron-sulphur protein. It 
contains two subunits, the larger polypeptide 
containing the iron-sulphur cluster. Benzoate 
dioxygenase also seems to contain three iron atoms 
as prosthetic groups in addition to the three iron- 
sulphur clusters (Yamaguchi and Fujisawa, 19 82) .

1,2-Dihydro-1,2-dihydroxybenzoic acid (3,5- 
cyclohexadiene-1 ,2-diol-l-carboxylic acid) is 
metabolized to catechol by the single component 
enzyme, DHB dehydrogenase (3,5-cyclohexadiene-l,2- 
diol-l-lcarboxylic acid oxidoreductase). This 
enzyme requires NAD+ for its action which involves 
a dehydrogenation and decarboxylation reaction. 
Two alternative schemes for the formation of 
catechol from dihydrodihydroxybenzoic acid are 
shown in Figure 6 .

In scheme 1 dehydrogenation occurs first, yielding 
an unstable a-keto acid intermediate which 
undergoes spontaneous decarboxylation to catechol.

Decarboxylation of DHB occurs first in scheme 2 
yielding 3,5-cyclohexa-diene-l,2-diol, followed by 
dehydrogenation to catechol. Experimental results 
obtained by Reiner (1972) favour the first route. 
Catechol is metabolized to acetyl Co A and 
succinate via the ortho-cleavage pathway.
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The enzymes f o r  b e n z o a t e  d e g r a d a t i o n  a r e  
ch ro m o so m a l ly  en coded  and a r e  u b i q u i t o u s  i n  
Pseudomonas s p p .  B e n z o a t e  can  a l s o  b e  a t t a c k e d  by 
t h e  TOL p l a s m i d - e n c o d e d  enzym es ,  t o l u a t e  1 , 2 -  
d i o x y g e n a s e  and 1 , 2 - d i h y d r o x y - 3 , 5 - c y c l o h e x a d i e n e - l -  
c a r b o x y l a t e  d e h y d r o g e n a s e .  T o l u a t e  d i o x y g e n a s e  h a s  
a  b r o a d - s u b s t r a t e  s p e c i f i c i t y  w h i l e  b e n z o a t e  
d i o x y g e n a s e  h a s  a  much n a r r o w e r  s u b s t r a t e  r a n g e .  
However, b o th  enzymes have  a  s i m i l a r  s t r u c t u r e  w i t h  
an NADH-cytochrome c  r e d u c t a s e  component and an 
o x y g e n a s e  component composed o f  two p o l y p e p t i d e s .  
The t h r e e  s u b - u n i t  p r o t e i n s  have  s i m i l a r  m o l e c u l a r  
w e i g h t s  i n  b o t h  enzymes s u g g e s t i n g  t h e y  a r e  c l o s e l y  
r e l a t e d  (Harayama and R e k ik ,  1990) .

B e n z o a t e  h a s  b ee n  found t o  in d u c e  t h e  0P2 o p e r a t o r -  
p r o m o t e r  o f  t h e  TOL p l a s m i d  pWWO and a  
c h r o m o s o m a l ly - e n c o d e d  r e g u l a t o r y  g e n e  f o r  b e n z o a t e -  
d i o x y g e n a s e  i s  t h o u g h t  t o  be  i n v o l v e d  (Cuskey  and 
S p r e n k l e ,  1 9 8 8 ) .  L i t t l e  i s  known o f  t h e  r e g u l a t i o n  
o f  b e n z o a t e  d i o x y g e n a s e  and DHB d e h y d r o g e n a s e .  DHB 
d e h y d r o g e n a s e  a p p e a r s  o n ly  t o  be  i n d u c e d  d u r i n g  
grow th  on b e n z o a t e .  DHB c a n n o t  s u p p o r t  t h e  g row th  
o f  many s t r a i n s  m ost  l i k e l y  due t o  t h e  p o l a r i t y  o f  
DHB which would make t r a n s p o r t  a c r o s s  t h e  c e l l  
membrane d i f f i c u l t  ( R e n i e r ,  1971) .

1:5 PHENOL DEGRADATION BY PSEUDOMONAS SPECIES

The p l a s m i d - e n c o d e d ,  m u l t ico m p on en t  enzyme, p h e n o l  
h y d r o x y l a s e  c a t a l y z e s  t h e  f o r m a t i o n  o f  c a t e c h o l  by 
t h e  h y d r o x y l a t i o n  o f  th e  a r o m a t i c  n u c l e u s  o f  p h e n o l  
a s  shown i n  F i g u r e  7 ( S h i n g l e r  e t  a l . , 1 9 8 9 ) .
C a t e c h o l  i s  f u r t h e r  m e t a b o l i z e d  v i a  t h e  m eta-  
c l e a v a g e  pathway  a s  d e s c r i b e d  p r e v i o u s l y .  The 
s y n t h e s i s  o f  p h e n o l  h y d r o x y l a s e  and t h e  enzymes o f
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Figure 7. The hydroxylation of phenol in 
pseudomonads

t h e  m e t a  p a t h w a y  a r e  i n d u c e d  i n  t h e  p r e s e n c e  o f  

p h e n o l  ( F e i s t  and  Hegeman,  1 9 6 9 ) .

M e t a - c l e a v a g e  o f  c a t e c h o l  r e s u l t s  i n  t h e  f o r m a t i o n  

o f  2 - h y d r o x y m u c o n i c  s e m i a l d e h y d e  w h i c h  c a n  b e  

m e t a b o l i z e d  by  e i t h e r  t h e  NAD+- d e p e n d e n t  
d e h y d r o g e n a s e  o r  a n  h y d r o l a s e .  I n  t h e  c a s e  o f  
p h e n o l  d e g r a d a t i o n  t h e  p r e f e r r e d  r o u t e  s e e m s  t o  be  

v i a  t h e  d e h y d r o g e n a s e  a c t i v i t y .  H o w e v e r ,  when 2 -  

h y d r o x y m u c o n i c  s e m i a l d e h y d e  a c c u m u l a t e s  i n  t h e  

c e l l s  t h i s  s eems  t o  " d r i v e "  i t  down t h e  h y d r o l y t i c  

p a t h w a y  (Wigmore  e t  a l . ,  1 9 7 4 ) .

Some p s e u d o m o n a d s  w i t h  t h e  a b i l i t y  t o  m e t a b o l i z e  

p h e n o l  c a r r y  TOL, NAH, SAL o r  r e l a t e d  p l a s m i d s  
(Wong e t  a l ,  1978 ; C an e  a n d  W i l l i a m s ,  1 9 8 2 ) .  A
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n a t u r a l  m u l t i p l a s m i d  s y s t e m  e n c o d i n g  p h e n o l ,  m- 
t o l u a t e  and s a l i c y l a t e  m e t a b o l i s m  was i s o l a t e d  from  
P. p u t i d a  EST1001 ( K i v i s a a r  e t  a l . ,  1 9 8 9 ) .

1:6 CHLOROPHENOL DEGRADATION BY PSEUDOMONAS SPECIES

Most h a l o g e n a t e d  o r g a n i c s  foun d  i n  t h e  en v iro n m en t  
a r e  man-made.  C h l o r i n a t e d  h y d r o c a r b o n s  a r e  w i d e l y  
u s e d  a s  i n d u s t r i a l  s o l v e n t s  b u t  t h e i r  c h i e f  u s e  i s  
p r o b a b l y  a s  h e r b i c i d e s  and i n s e c t i c i d e s .  The f i r s t  
w e e d - k i l l e r s  p ro d u c e d  i n  1945 were  c h l o r o p h e n o l  
d e r i v a t i v e s . Many c h l o r i n a t e d  h y d r o c a r b o n s  a r e  n o t  
r e a d i l y  d e g r a d e d  i n  t h e  en v iro n m en t  and can  
t h e r e f o r e  a c c u m u l a t e .  The d a n g e r  t o  man and 
a n i m a l s  i s  t h a t  many c h l o r i n a t e d  and n o n ­
c h l o r i n a t e d  h y d r o c a r b o n s  a r e  s o l u b l e  i n  f a t  and can  
a c c u m u la t e  i n  body t i s s u e s  u n t i l  t h e y  e v e n t u a l l y  
p r o d u c e  t o x i c  e f f e c t s  ( C a g l i o t i ,  1 9 8 3 ) .

C h l o r o p h e n o l s  a r e  t o x i c  t o  a number o f  a e r o b i c  
m i c r o o r g a n i s m s  b e c a u s e  o f  t h e i r  a b i l i t y  t o  u n c o u p l e  
o x i d a t i v e  p h o s p h o r y l a t i o n .  Many o r g a n i s m s  h av e  
t h e r e f o r e  d e v e l o p e d  m echanism s  t o  d e t o x i f y  su c h  
compounds, u s u a l l y  by  s i m p l e  c h e m i c a l  a l t e r a t i o n s  
i n  t h e  s t r u c t u r e  e g .  a l k y l a t i o n ,  e s t e r i f i c a t i o n  o r  
n u c l e o p h i l i c  d i s p l a c e m e n t  o f  th e  h a l o g e n  
s u b s t i t u e n t .  However c o m p le te  b i o d é g r a d a t i o n  o f
a r o m a t i c  compounds i s  h i n d e r e d  by  t h e  p r e s e n c e  o f  
c h l o r i n e  o r  o t h e r  h a l o g e n  s u b s t i t u e n t s  on t h e  
a r o m a t i c  r i n g .  H a lo ge n  a tom s  d e a c t i v a t e  t h e  
b en z en e  n u c l e u s  t o  e l e c t r o p h i l i c  a t t a c k  by d i o x y g e n  
by w i t h d r a w in g  e l e c t r o n s  from  t h e  r i n g .  T h i s  
d e a c t i v a t i n g  e f f e c t  i n c r e a s e s  w i t h  t h e  number o f  
h a l o g e n  s u b s t i t u e n t s  ( N e i l s o n  e t  a l . ,  1 9 8 5 ) .

The c r u c i a l  s t e p  i n  t h e  b i o d é g r a d a t i o n  o f
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c h l o r o p h e n o l  and o t h e r  h a l o a r o m a t i c s  i s  t h e  re m o v a l  
o f  t h e  h a l o g e n  s u b s t i t u e n t .  T h i s  can  o c c u r  e a r l y  
i n  t h e  d e g r a d a t i v e  pa thw ay  w i t h  r e d u c t i v e ,  
h y d r o l y t i c  o r  o x y g e n o l y t i c  e l i m i n a t i o n  o f  t h e  
s u b s t i t u e n t  (R e in eke  and Knackmuss,  1988)  . 
D e h a l o g e n a t i o n  o f  h a l o a r o m a t i c s  by  h y d r o x y l a t i o n  
b e f o r e  r i n g  c l e a v a g e  h a s  b e e n  d e m o n s t r a t e d  f o r  
s e v e r a l  d i f f e r e n t  s u b s t r a t e s .  D e h a l o g e n a t i n g  
h y d r o x y l a s e s  have  b ee n  p r o p o s e d  t o  a c c o u n t  f o r  
m e t a b o l i s m  by  pseudom onads  o f  p a r a - s u b s t i t u t e d  
h a l o a r o m a t i c s  v i a  u n s u b s t i t u t e d  s u b s t r a t e s  f o r  
r i n g - c l e a v a g e  enzymes (Weightman, e t  a l . ,  1 9 8 4 ) .
I n i t i a l  d e h a l o g e n a t i o n  i s ,  however ,  q u i t e  r a r e  and 
t h e  m a j o r i t y  o f  h a l o a r o m a t i c s  a r e  d e g r a d e d  v i a  
h a l o c a t e c h o l s . The e l i m i n a t i o n  o f  t h e  h a l i d e  i o n  
i s  a  s p o n t a n e o u s  r e a c t i o n  f o l l o w i n g  
c y c l o i s o m e r i z a t i o n  o r  l i n k e d  t o  l a c t o n e  f o r m a t i o n  
d u r i n g  o r t h o - c l e a v a g e  o f  t h e  h a l o c a t e c h o l s  
(Knackmuss,  1981) .

F o r t u i t o u s  m e t a b o l i s m  o f  h a l o a r o m a t i c s  r e q u i r e s  
i n i t i a l  c a t a b o l i c  enzymes,  e s p e c i a l l y  o x y g e n a s e s ,  
which can  cope  w i th  b o t h  t h e  s t e r i c  and n e g a t i v e  
i n d u c t i v e  e f f e c t s  o f  s u b s t i t u e n t s .  P henol
h y d r o x y l a s e  i s  in d u c e d  i n  Pseudomonas s p .  B13 
d u r i n g  grow th  on 4 - c h l o r o p h e n o l  (Knackmuss  and 
H e l l w i g ,  1 9 7 8 ) .  The t o l u e n e  d i o x y g e n a s e  s y s t e m  
e x h i b i t s  v e r y  b r o a d  s u b s t r a t e  and i n d u c e r  
s p e c i f i c i t i e s  and can  c a t a l y z e  t h e  c o n v e r s i o n  o f  a  
number o f  c h l o r o p h e n o l s  t o  t h e i r  c o r r e s p o n d i n g  
c h l o r o c a t e c h o l s  ( S p a in  e t  a l . , 1 9 8 9 ) .  The u p p e r
pathw ay  enzymes o f  t h e  TOL p l a s m i d  pWWO h a v e  a l s o  
b een  shown t o  have  r e l a x e d  s u b s t r a t e  s p e c i f i c i t i e s .  
T o l u e n e  m o n o o x y g e n a s e ,  b e n z y l  a l c o h o l  
d e h y d r o g e n a s e ,  b e n z a ld e h y d e  d e h y d r o g e n a s e  and 
t o l u a t e  d i o x y g e n a s e  can  a l l  a c t  on c h l o r i n a t e d  
s u b s t r a t e s  ( A b r i l  e t  a l . ,  1989 ; Harayama e t  a l . ,

22



1986)

The a c t i o n  o f  th e  above  enzymes on c h l o r i n a t e d  
a r o m a t i c s  r e s u l t s  i n  t h e  f o r m a t i o n  o f  
c h l o r o c a t e c h o l s . C h l o r o c a t e c h o l s  i n t e r f e r e  w i t h  
o x y g e n - b i n d i n g  o f  c a t e c h o l  1 , 2 - d i o x y g e n a s e  due t o  
t h e  s t e r i c  and i n d u c t i v e  e f f e c t s  o f  t h e  c h l o r i d e  
atom r e s u l t i n g  i n  th e  a c c u m u l a t i o n  o f  t o x i c  
c h l o r o c a t e c h o l s  and t h e i r  b l a c k  a u t o o x i d a t i o n  
p r o d u c t s  i n  c u l t u r e  s u p e r n a t a n t s  ( B a r t e l s  e t  a l . ,  
1 9 8 4 ) .  The m e t a - c l e a v a g e  enzyme, c a t e c h o l  2 , 3 -  
d i o x y g e n a s e  r e a d i l y  c l e a v e s  4 - c h l o r o c a t e c h o l  
y i e l d i n g  5 - c h l o r o - 2 - h y d r o x y m u c o n i c  s e m i a l d e h y d e ,  a  
d e a d - e n d  p r o d u c t  which a c c u m u l a t e s  i n  t h e  c u l t u r e  
medium r e s u l t i n g  i n  an i n t e n s e  y e l l o w  c o l o u r  
( F i g u r e  8) (Knackmuss, 1981) .

3 - c h l o r o c a t e c h o l , formed from  t h e  o x i d a t i o n  o f  b o t h
2-  and 3 - c h l o r o p h e n o l , i s  a s u i c i d e  s u b s t r a t e  f o r  
c a t e c h o l  2 , 3 - d i o x y g e n a s e  r e s u l t i n g  i n  th e  
g e n e r a t i o n  o f  an a c y l c h l o r i d e ,  5 - c h l o r o f o r m y l - 2 -  
h y d r o x y p e n t a - 2 , 3 - d i e n o i c  a c i d  ( F i g u r e  9 ) .  T h i s  
p r o d u c t  i s  an a c y l a t i n g  a g e n t  which i r r e v e r s i b l y  
i n a c t i v a t e s  c a t e c h o l  2 , 3 - d i o x y g e n a s e ,  a g a i n  
r e s u l t i n g  i n  t h e  a c c u m u l a t i o n  o f  c h l o r o c a t e c h o l  and 
i t s  a u t o o x i d a t i o n  p r o d u c t s .  I n a c t i v a t i o n  m ig h t  
a l s o  p a r t l y  r e s u l t  from c h e l a t i n g  t h e  i r o n  from  th e  
a c t i v e  c e n t r e  o f  t h e  enzyme. The d e s t r u c t i o n  o f  
m e ta - c l e a v a g e  a c t i v i t y  by c h l o r o c a t e c h o l s  and t h e i r  
i n e f f i c i e n t  o x i d a t i o n  by o r t h o - c l e a v a g e  r e s u l t i n g  
i n  t h e  a c c u m u l a t i o n  o f  b l a c k  a u t o o x i d a t i o n  p r o d u c t s  
i s  a  common phenomenon and e x p l a i n s  t h e  i n s t a b i l i t y  
and d a r k  c o l o u r  o f  a c t i v a t e d  s l u d g e  s u d d e n ly  l o a d e d  
w i th  c h l o r o a r o m a t i c s  ( B a r t e l s  e t  a l . ,  1 9 8 4 ) .

R in g  c l e a v a g e ,  t h e r e f o r e ,  i s  a  c r u c i a l  r e a c t i o n  i n  
c h l o r o p h e n o l  d e g r a d a t i o n .  S t r a i n s  which
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Figure 8. The jneta-cleavage of 4-chlorocatechol
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Figure 9. The meta-cleavage of 3-chlorocatechol
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s u c c e s s f u l l y  u t i l i z e  c h l o r o a r o m a t i c s  a s  g row th  
s u b s t r a t e s  have  d e v e l o p e d  a  m o d i f i e d  o r t h o - c l e a v a g e  
mechanism ( F i g u r e  10) . The enzymes o f  t h e  m o d i f i e d  
pa thw ay have  r e l a x e d  s u b s t r a t e  s p e c i f i c i t i e s  and 
h i g h  a c t i v i t i e s  f o r  c h l o r o - s u b s t i t u t e d  s u b s t r a t e s .  
P y r o c a t e c h a s e  I I  and c y c l o i s o m e r a s e  I I  a r e
i so e n z y m e s  o f  t h e  c o r r e s p o n d i n g  u n m o d i f i e d  enzymes 
which e x h i b i t  some a c t i v i t y  w i th  c h l o r i n a t e d  
s u b s t r a t e s  s u g g e s t i n g  t h a t  t h e y  a r e  t h e  a n c e s t o r s  
o f  th e  m o d i f i e d  enzymes s e l e c t e d  d u r i n g  e n r ic h m e n t  
on c h l o r i n a t e d  s u b s t r a t e s .  H y d r o l a s e  I  and I I  a r e  
n o t  t r u e  i so e n z y m e s  a s  t h e r e  i s  n o t  c r o s s ­
r e a c t i v i t y  b etw een  t h e i r  two f u n c t i o n s .  H y d r o l a s e  
I I  i s  h i g h l y  s p e c i f i c  f o r  4 - c a r b o x y m e t h y l e n e - b u t - 2 -  
e n - 4 - o l i d e  b u t  e x h i b i t s  no a c t i v i t y  f o r  t h e
o r d i n a r y  4 - c a r b o x y m e t h y l - b u t - 3 - e n o l i d e  o f  t h e
u n m o d i f i e d  pa thw ay  (Knackmuss,  1 9 8 1 ) .

I n i t i a l  h y d r o x y l a t i o n  o f  c h l o r o p h e n o l  t o  
c h l o r o c a t e c h o l  can  be  c a t a l y z e d  by  a mono- o r
d i o x y g e n a s e .  The r e a c t i o n  r e q u i r e s  m o l e c u l a r  
oxygen  and u s u a l l y  NADH o r  NADPH. R in g  c l e a v a g e  o f  
3- o r  4 - c h l o r o c a t e c h o l , c a t a l y z e d  by  p y r o c a t e c h a s e  
I I  ( c h l o r o c a t e c h o l  1 , 2 - d i o x y g e n a s e ) ,  i s  a c h i e v e d  by  
t h e  i n s e r t i o n  o f  o xygen  betw een  c a r b o n s  one and two 
o f  th e  b en zen e  n u c l e u s .  L a c t o n i z a t i o n  o f  t h e  
r e s u l t i n g  c h lo r o m u c o n ic  a c i d  t o  u n s t a b l e  
i n t e r m e d i a t e s  by c y c l o i s o m e r a s e  I I  l e a d s  t o  t h e  
s p o n t a n e o u s  l o s s  o f  a  c h l o r i d e  i o n  and t h e  
f o r m a t i o n  o f  b u t e r o l i d e s .  H y d r o l a s e  I I  c a t a l y z e s  
l a c t o n e  c l e a v a g e  w i th  t h e  f o r m a t i o n  o f  
m a l e y l a c e t a t e  which i s  f u r t h e r  m e t a b o l i z e d  v i a  th e  
TCA c y c l e  ( S t e i e r t  and C raw fo rd ,  1985) .

C omplete  d e g r a d a t i o n  o f  c h l o r o p h e n o l  and many o t h e r  
h a l o a r o m a t i c s , t h e r e f o r e ,  r e q u i r e s  t h e  p r e s e n c e  o f  
b r o a d  s u b s t r a t e  s p e c i f i c  enzymes,  i n h i b i t i o n  o f
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u n p r o d u c t i v e  m eta  pa thw ay  enzymes and t h e  
d e v e lo p m en t  o f  a  m o d i f i e d  o r t h o - c l e a v a g e  p a th w a y .

A l th o u g h  p l a s m i d s  su c h  a s  t h e  TOL h av e  b e e n  
i m p l i c a t e d  i n  th e  i n i t i a l  m e t a b o l i s m  o f
c h l o r o a r o m a t i c s , few p l a s m i d s  a r e  known which a l l o w  
c o m p le te  d e g r a d a t i o n  o f  su c h  s u b s t r a t e s .  E x am p le s  
i n c l u d e  t h e  p l a s m i d s  pAC25 and pAC31 which en co de  
a  pa thw ay  f o r  t h e  c o m p le te  d e g r a d a t i o n  o f
c h l o r o b e n z o a t e s  and p JP 2  and p JP 4  which encode  f o r  
t h e  d e g r a d a t i o n  o f  2 , 4 - d i c h l o r o p h e n o x y a c e t i c  a c i d  
and 3 - c h l o r o b e n z o a t e . In  n a t u r e  s e v e r a l  p l a s m i d s  
and t h e i r  gene  p r o d u c t s  may i n t e r a c t  t o  a l l o w  
c o m p le te  d e g r a d a t i o n  o f  com plex  h a l o a r o m a t i c
com pounds . C hrom osom ally  en co ded  enzymes s u c h  a s  
t h o s e  f o r  t h e  m o d i f i e d  o r t h o - c l e a v a g e  pa thw ay  a l s o  
p l a y  a  v i t a l  r o l e  (K arns  e t  a l . ,  1984) .

1:7 TOLUENE DEGRADATION BY PSEUDOMONAS SPECIES

T o lu e n e  i s  one o f  t h e  many b y - p r o d u c t s  fo rm ed  
d u r i n g  o i l  r e f i n i n g  and coke  p r o d u c t i o n  from  c o a l .  
I t  i s  a l s o  u s e d  i n  p l a s t i c s  m a n u f a c t u r e  ( C a g l i o t i ,
1983) and i n  t h e  c h e m i c a l  i n d u s t r y .  A number o f  
p seudom onads  p o s s e s s  t h e  a b i l i t y  t o  u t i l i z e  t o l u e n e  
and r e l a t e d  compounds a s  t h e i r  s o l e  s o u r c e  o f  
c a r b o n  and e n e r g y .  In  many pseudom on ads  t h i s  
a b i l i t y  i s  c o n f e r r e d  by  t h e  p r e s e n c e  o f  a  TOL 
p l a s m i d .  In  some pseudom onads  a  c h r o m o so m a l ly  
e n co d e d  pathway i s  r e s p o n s i b l e  f o r  t o l u e n e  
m e t a b o l i s m .  T hese  p a th w a y s  a r e  o u t l i n e d  i n  F i g u r e  
11 and F i g u r e  12 .

A t h i r d  pathway f o r  t o l u e n e  d e g r a d a t i o n  h a s  b ee n  
d e s c r i b e d  i n  Pseudomonas m endocina,  shown i n  F i g u r e  
14 .
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1:7:1 DEGRADATIVE PATHWAY ENCODED BY THE TOL PLASMID

The t o l u e n e  d e g r a d a t i v e  pathw ay e n co d e d  by  t h e  TOL 
p l a s m i d  pWWO i s  p r e s e n t e d  i n  F i g u r e  11 .

The s t r u c t u r a l  g e n e s  f o r  t h e  enzymes i n v o l v e d  a r e  
d e s i g n a t e d  x y l  A, B,  C, D, L.  T o lu e n e  u n d e r g o e s  
i n i t i a l  o x i d a t i v e  a t t a c k  a t  t h e  m eth y l  s u b s t i t u e n t  
t o  form  b e n z y l  a l c o h o l .  The t o l u e n e  m o n o -ox y ge n ase  
s y s t e m  r e q u i r e s  NADH and FAD f o r  t h i s  r e a c t i o n  
(G ib so n  and S ubram an ian ,  1984) . B e n z y l  a l c o h o l  i s  
f u r t h e r  o x i d i z e d  t o  y i e l d  b e n z a ld e h y d e ,  b e n z o a t e  
and f i n a l l y  c a t e c h o l ,  which th e n  u n d e r g o e s  m eta -  
f i s s i o n  .

B e n z y l  a l c o h o l  d e h y d r o g e n a s e  c a t a l y z e s  th e  
r e v e r s i b l e  o x i d a t i o n  o f  b e n z y l  a l c o h o l  t o  
b e n z a ld e h y d e  w i th  t h e  c o n c o m it a n t  r e d u c t i o n  o f  
NAD+ . B e n z a ld e h y d e  d e h y d r o g e n a s e  t h e n  c a t a l y z e s  
t h e  i r r e v e r s i b l e  o x i d a t i o n  o f  b e n z a ld e h y d e  t o  
b e n z o a t e  w i t h  a  c o r r e s p o n d i n g  NAD+ r e d u c t i o n .  B o th  
t h e s e  enzymes a r e  d i m e r s  o f  i d e n t i c a l  s u b u n i t s  and 
n e i t h e r  c o n t a i n  a  p r o s t h e t i c  g r o u p  (Shaw and 
Harayama,  1990) .

T o lu e n e  o x y g e n a s e  h a s  q u i t e  a  b r o a d  s u b s t r a t e  
s p e c i f i c i t y ,  o x i d i z i n g  t o l u e n e ,  m- and p - x y l e n e ,  m- 
e t h y l t o l u e n e  and 1 , 3 , 4 - t r i m e t h y l b e n z e n e . I t  can  
a l s o  o x i d i z e  m- and p - c h l o r o t o l u e n e  a t  a  low r a t e .  
B e n z y l  a l c o h o l  d e h y d r o g e n a s e  and b e n z a ld e h y d e  have  
a  b r o a d e r  s p e c i f i c i t y ,  o x i d i z i n g  m- and p - m e t h y l - ,  
e t h y l -  and c h l o r o - s u b s t i t u t e d  b e n z y l  a l c o h o l s  and 
b e n z a l d e h y d e s , a s  w e l l  a s  t h e  u n s u b s t i t u t e d  
com poun ds .
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F ig u r e  11. T o lu e n e  d e g r a d a t iv e  pathw ay en co d ed  by 
th e  TOL p la sm id
( B u r la g e ,  H ooper and S a y le r ,  1989)
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T o lu e n e  o x y g e n a s e ,  t h e r e f o r e  i s  t h e  l i m i t i n g  s t e p  
i n  t h e  o x i d a t i o n  o f  c h l o r o - s u b s t i t u t e d  t o l u e n e s ,  
p r e v e n t i n g  th e  a c c u m u l a t i o n  o f  t o x i c  d e a d - e n d  
p r o d u c t s  p r o d u c e d  by  m e t a - c l e a v a g e  o f  
c h l o r o c a t e c h o l s  ( A b r i l  e t  a l . ,  1 9 8 9 ) .

pWWO, t h e  a r c h e t y p a l  TOL p l a s m i d ,  was f i r s t  
d e s c r i b e d  i n  Pseudomonas a r v i l l a  m t-2 ,  renamed 
Pseudomonas p u t i d a  mt-2 (W i l l i a m s  and M urray ,  
1974) . Many o t h e r  TOL p l a s m i d s  have  s i n c e  b e e n  
d e s c r i b e d ,  most  o f  which show s t r o n g  DNA homology 
t o  pWWO and encode  s i m i l a r  b i o c h e m i c a l  p a t h w a y s . 
pWWO i s  a  l a r g e  (117kb) , s e l f - t r a n s m i s s i b l e  p l a s m i d  
b e l o n g i n g  t o  th e  P-9 i n c o m p a t i b i l i t y  g r o u p .  The 
c a t a b o l i c  and r e g u l a t o r y  g e n e s  a r e  c a r r i e d  on 
a p p r o x i m a t e l y  40kb o f  t h e  p l a s m i d .  The c a t a b o l i c  
g e n e s  a r e  o r g a n i z e d  i n t o  two o p e r o n s ,  one e n c o d i n g  
enzymes f o r  t h e  u p p e r  pathw ay  (7kb) and t h e  o t h e r  
e n c o d i n g  t h e  m eta  pa thw ay enzymes ( l O k b ) . The two 
o p e r o n s  a r e  s e p a r a t e d  by  a  segm ent  a p p r o x i m a t e l y  
lOkb i n  l e n g t h  (Harayama e t  a l . ,  1 9 8 6 ) .  The g e n e s  
f o r  r e p l i c a t i o n  and c o n j u g a l  t r a n s f e r  h av e  b e e n  
l o c a t e d  o n l y  r o u g h l y .  The s t r u c t u r a l  g e n e s  f o r  t h e  
u p p e r  pathw ay  enzymes a r e  g i v e n  i n  F i g u r e  11 .  
Those  o f  th e  m eta  pa thw ay  enzymes a r e  shown i n  
F i g u r e  2.

A l th o u g h  c o n t r o l  o f  t h e  u p p e r  and lo w e r  (meta)  TOL 
p a th w a y s  i s  n o t  f u l l y  u n d e r s t o o d ,  two r e g u l a t o r y  
g e n e s  h av e  b ee n  l o c a t e d  on t h e  TOL p l a s m i d ,  x y l  R 
and x y l  S . S u b s t r a t e s  f o r  t h e  u p p e r  pa thw ay  
enzymes e g .  t o l u e n e ,  b e n z y l  a l c o h o l  a r e  i n d u c e r s  o f  
t h e  pathw ay when t h e  x y l  R p r o d u c t  i s  p r e s e n t .  The 
p r o d u c t  o f  x y l  S com bines  w i t h  t h e  c a r b o x y l  i c  
a c i d s ,  b e n z o a t e  o r  m - t o l u a t e  t o  in d u c e  t h e  m eta  
p a th w a y .  The s u b s t r a t e s  f o r  t h e  u p p e r  pa thw ay  can  
in d u c e  b o t h  lo w e r  and u p p e r  p a th w ays  when t h e
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p r o d u c t s  o f  b o t h  x y l  R and x y l  S a r e  p r e s e n t  
(Worsey e t  a l . , 1978) . T h i s  p r e v e n t s  t h e  b u i l d - u p  
o f  t o x i c  i n t e r m e d i a t e s  and p r e v e n t s  t h e  e s c a p e  o f  
m e t a b o l i t e  p o o l s  t h a t  m ig h t  a c t  a s  a  
c h e m o a t t r a c t a n t  f o r  c o m p e t in g  o r g a n i s m s  ( B u r l a g e ,  
e t  a l ,  1978)  . R e s e a r c h  i n d i c a t e s  t h a t  t h e  TOL 
d e g r a d a t i v e  g e n e s  a r e  u n d e r  p o s i t i v e  c o n t r o l  a t  t h e  
l e v e l  o f  t r a n s c r i p t i o n  i n i t i a t i o n  (Harayama e t  a l . ,  
198 6 .

The TOL p l a s m i d  h a s  b een  shown t o  b e  s t a b l y  
m a i n t a i n e d  i n  t h e  h o s t ,  even d u r i n g  g r o w th  on non- 
s e l e c t i v e  m e d ia .  Under c a r b o n  and e n e r g y - l i m i t i n g  
c o n d i t i o n s ,  t h e  p r e s e n c e  o f  t h e  TOL p l a s m i d  p l a c e s  
a  s t r a i n  on t h e  h o s t  r e s u l t i n g  i n  l o s s  o r  d e l e t i o n  
o f  t h e  p l a s m i d  (E u e tz  and v an  A n d e l ,  1991)  . The 
TOL p l a s m i d  can  be  l o s t  o r  u n d e rg o  l a r g e ,  p l a s m i d -  
s p e c i f i c  d e l e t i o n s  when grown on b e n z o a t e .  C e l l s  
c a r r y i n g  t h e  TOL p l a s m i d  m e t a b o l i z e  b e n z o a t e  v i a  
t h e  m e t a - c l e a v a g e  p a thw ay .  The o r t h o - c l e a v a g e  
pa thw ay i s  n o t  n o r m a l l y  e x p r e s s e d  i n  s u c h  c e l l s  due 
t o  d i f f e r e n c e s  i n  t h e  r e g u l a t i o n  o f  t h e  two 
p a t h w a y s .  The c h r o m o s o m a l ly -e n c o d e d  o r th o  pa thw ay  
a p p e a r s  t o  p e r m i t  f a s t e r  g row th  on b e n z o a t e .  
T h e r e f o r e ,  a  p o s i t i v e  s e l e c t i o n  e x i s t s  f o r  c e l l s  
t h a t  have  l o s t  t h e  p l a s m i d  (W i l l i a m s  and Worsey, 
1976) . B e n z o a t e  i s  a l s o  t h o u g h t  t o  s e l e c t i v e l y  
i n h i b i t  t h e  g row th  o f  c e l l s  c o n t a i n i n g  w i l d - t y p e  o r  
d e l e t e d  TOL p l a s m i d s  ( S te p h e n s  and D a l t o n ,  1988) .

The 40kb f r a g m e n t  which e n c o d e s  t h e  e n t i r e  
d e g r a d a t i v e  pa thw ay  on th e  TOL p l a s m i d  h a s  b ee n  
fo u n d  on t h e  chromosome o f  some s t r a i n s  t h a t  have  
l o s t  th e  TOL p l a s m i d  and t h e s e  s t r a i n s  a r e  s t i l l  
c a p a b l e  o f  t o l u e n e  and x y l e n e  d e g r a d a t i o n  (Broda  e t  
a l . ,  1 9 8 8 ) .  In  s t u d i e s  o f  c o n t i n u o u s  c u l t u r e s  by  
K e s h a v a r z  e t  a l . (1985) a p p r o x i m a t e l y  1% o f  t h e
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t o t a l  p o p u l a t i o n  r e t a i n e d  t h e  TOL p l a s m i d  a f t e r  
600h grow th  u n d e r  b e n z o a t e - l i m i t i n g  c o n d i t i o n s .  
However, th e  TOL+ p o p u l a t i o n  r e c o v e r e d  t o  100% when 
t h e  medium was r e t u r n e d  t o  m - t o l u a t e .  P l a s m i d  
s t a b i l i t y  was g r e a t e r  i n  T0L+ c e l l s  i s o l a t e d  from  
b e n z o a t e  c u l t u r e s .  The p l a s m i d  l o s s  may b e  due t o  
a  f a i l u r e  i n  t h e  c o n t r o l  o f  p a r t i t i o n i n g  d u r i n g  
c e l l  d i v i s i o n .  T h i s  f a i l u r e  i s  n o t  t o t a l  and a  
r e s i d u a l  low l e v e l  o f  p l a s m i d - c o n t a i n i n g  b a c t e r i a  
p e r s i s t  i n  th e  p o p u l a t i o n ,  which p r o l i f e r a t e  when 
t o l u e n e  i s  r e i n t r o d u c e d  t o  t h e  c u l t u r e .

1:7:2 CHROMOSOMAL TOLUENE DEGRADATIVE PATHWAY

An a l t e r n a t i v e  c h r o m o s o m a l ly -e n c o d e d  pa thw ay  f o r  
t o l u e n e  d e g r a d a t i o n  h a s  b een  d e s c r i b e d  i n  
Pseudomonas p u t i d a  F I  ( Z y l s t r a  and G ib s o n ,  1989) . 
T o lu e n e  i s  m e t a b o l i z e d  t o  3 - m e t h y l c a t e c h o l  v i a  c i s -  
t o l u e n e  d i h y d r o d i o l . 3 - m e t h y l c a t e c h o l  i s  f u r t h e r  
m e t a b o l i z e d  v i a  t h e  met a - c l e a v a g e  pa thw ay  ( s e c t i o n  
1 : 3 : 2 ) .  T o lu en e  d e g r a d a t i o n  by P. p u t i d a  F I  i s  
o u t l i n e d  i n  F i g u r e  12 ( Z y l s t r a  e t  a l . ,  1988) . The 
s t r u c t u r a l  g e n e s  f o r  t h i s  pa thw ay  a r e  d e s i g n a t e d  
to d  A-F .

T o lu e n e  d i o x y g e n a s e  c a t a l y z e s  t h e  i n i t i a l  r e a c t i o n  
b y  i n c o r p o r a t i n g  b o t h  a toms o f  m o l e c u l a r  o xy gen  
i n t o  t h e  a r o m a t i c  n u c l e u s  t o  form  c i s - t o l u e n e  
d i h y d r o d i o l  ( ( + ) - c i s - 1 ,  2 - d i h y d r o x y - 3  - 
m e t h y l c y c l o h e x a - 3 , 5 - d i e n e ) . T o lu e n e  d i o x y g e n a s e  i s  
a  m u l t ico m p o n en t ,  m e m b r a n e - a s s o c i a t e d  enzyme s y s t e m  
c o m p r i s i n g  f e r r e d o x i n  TOL r e d u c t a s e ,  f e r r e d o x i n  TOL 
and ISP  TOl  . F e r r e d o x i n  TOL r e d u c t a s e  i s  a  
f l a v o p r o t e i n  which a c c e p t s  e l e c t r o n s  f rom  NADH and 
t r a n s f e r s  them t o  a  s m a l l  i r o n - s u l p h u r  p r o t e i n ,  
f e r r e d o x i n  TOL. F e r r e d o x i n  TOL th e n  r e d u c e s  ISP  TOL,
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chrom osom al pathw ay o f  P. p u t i d a  F l
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Figure 13. Proposed electron transport scheme for toluene 
dioxygenase

NAD - Nicotinamide adenine dinucleotide 
FAD - Flavin adenine dinucleotide 
red - reduced 
ox - oxidized



t h e  t e r m i n a l  o x y g e n a s e  component,  which i s  a  l a r g e  
i r o n - s u l p h u r  p r o t e i n .  The r e d u c e d  o x y g e n a s e  
c a t a l y z e s  t h e  o x i d a t i o n  o f  t o l u e n e  t o  c i s - t o l u e n e  
d i h y d r o d i o l . The a c t i o n  o f  t o l u e n e  d i o x y g e n a s e  i s  
sum m arized  i n  F i g u r e  13 (G ib so n  and S u b ra m a n ia n ,  
1984) .

c i s - T o l u e n e  d i h y d r o d i o l  i s  f u r t h e r  o x i d i z e d  t o  3-  
m e t h y l c a t e c h o l  by an NAD+-d e p e n d e n t  d e h y d r o g e n a s e  
( F i g u r e  12) (R o g er s  and G ib s o n ,  1977) . M e t a ­
c l e a v a g e  o f  3 - m e t h y l c a t e c h o l  by  t h e  d i o x y g e n a s e  
y i e l d s  2 - h y d r o x y - 6 - o x o - 2 , 4 - h e p t a - d i e n o a t e ,  which  i s  
f u r t h e r  m e t a b o l i z e d  t o  2 - h y d r o x y p e n t a - 2 , 4 - d i e n o a t e  
and a c e t a t e  by a h y d r o l a s e .  A d e t a i l e d  d e s c r i p t i o n  
o f  t h e  m e ta - c l e a v a g e  o f  3 - m e t h y l c a t e c h o l  t o  t h e  TCA 
i n t e r m e d i a t e s ,  p y r u v a t e  and a c e t a l d e h y d e ,  i s  
d e s c r i b e d  i n  s e c t i o n  1 : 3 : 2 .

The s t r u c t u r a l  g e n e s  e n c o d i n g  t h e  a f o r e m e n t i o n e d  
enzymes have  b een  d e s i g n a t e d  t o d  A, B, Cu C2, D, E, 
F a s  shown i n  F i g u r e  12 .  T h e se  g e n e s  form  p a r t  o f  
t h e  t o d  o p e ro n  f o r  t o l u e n e  d e g r a d a t i o n  and a r e  
c a r r i e d  on t h e  chromosome o f  Pseudomonas p u t i d a  F I .  
A s e r i e s  o f  m u t a t i o n s  and c o m p le m e n ta t io n  a n a l y s e s  
p e r f o r m e d  by Z y l s t r a  e t  a l .  (1988) r e v e a l e d  t h e  
o r d e r  o f  t r a n s c r i p t i o n  o f  t h e  g e n e s  i n  t h e  t o d  
o p e ro n  t o  be  : to d  F,  t o d  Clf to d  C2, t o d  B, t o d  A, 
t o d  D, t o d  E. F u r t h e r  s t u d i e s  i n d i c a t e d  
t h a t  th e  to d  g e n e s  a r e  u n d e r  p o s i t i v e  c o n t r o l .

1 : 7 : 3  TOLUENE DEGRADATIVE PATHWAY IN PSEUDOMONAS 
MENDOCINA

A r o u t e  f o r  t o l u e n e  d e g r a d a t i o n  s p e c i f i c  t o  P. 
m endocina  h a s  b een  d e s c r i b e d  and i s  sum m arized  i n  
F i g u r e  14 .
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T o lu e n e  i s  o x i d i z e d  t o  p - c r e s o l  by  a  p l a s m i d  
e n co d e d  m onooxygenase  w i t h  t o l u e n e - 3 , 4 - o x i d e  a s  an 
i n t e r m e d i a t e .  The m onooxygenase  i s  a
m ul t ico m p o n en t  enzyme s y s t e m  w i t h  f l a v i n  and haem 
a s  p r o s t h e t i c  g r o u p s  (G ib so n ,  1 9 8 7 ) .  p - C r e s o l  i s  
f u r t h e r  o x i d i z e d  t o  p r o t o c a t e c h u t e  which s e r v e s  a s  
a  s u b s t r a t e  f o r  o r t h o - r i n g  f i s s i o n  ( F i n e t t e  e t  a l . ,
1984) .

1 : 8  NAPHTHALENE DEGRADATION BY PSEUDOMONAS SPECIES

N a p h t h a le n e  i s  form ed d u r i n g  t h e  p r o d u c t i o n  o f  coke  
from  c o a l  and i s  a  b y - p r o d u c t  o f  o i l  r e f i n i n g  
p r o c e d u r e s  ( C a g l i o t i ,  1 9 8 3 ) .

The b i o c h e m i s t r y  o f  n a p h t h a l e n e  d e g r a d a t i o n  by  
b a c t e r i a  was f i r s t  s t u d i e d  i n  1943 ( D a v i e s  and 
E v a n s ,  1 9 6 4 ) .  The f o l l o w i n g  pa th w ay  f o r
n a p h t h a l e n e  d e g r a d a t i o n  h a s  b e e n  d e m o n s t r a t e d  i n  
p seudom onads  ( F i g u r e  15) (Yen and S e r d a r ,  1 9 8 8 ) .  
The c a p i t a l  l e t t e r s  p r e f i x e d  by  nah r e p r e s e n t  t h e  
g e n e s  e n c o d i n g  t h e  c o r r e s p o n d i n g  e n z y m e s .

The i n i t i a l  r e a c t i o n  o f  t h e  pa thw ay  i s  c a t a l y z e d  by 
n a p h t h a l e n e  d i o x y g e n a s e ,  a  m u l t i - c o m p o n e n t ,  
m e m b r a n e - a s s o c i a t e d  enzyme s y s t e m  o f  s i m i l a r  
c o m p o s i t i o n  t o  t o l u e n e  d i o x y g e n a s e ,  d e s c r i b e d  
p r e v i o u s l y .  I t  c o n s i s t s  o f  a  t e r m i n a l  i r o n - s u l p h u r  
c o n t a i n i n g  o x y g e n a s e  ( ISP  NAP) ; r e d u c t a s e  NAP, an 
i r o n - s u l p h u r  f l a v o p r o t e i n  which i s  t h e  i n i t i a l  
e l e c t r o n  a c c e p t o r ,  s h u t t l i n g  e l e c t r o n s  from  NADH t o  
t h e  t e r m i n a l  o x y g e n a s e  and f e r r e d o x i n  NAP a l s o  an 
i r o n - s u l p h u r  p r o t e i n ,  which a c t s  a s  an i n t e r m e d i a t e  
e l e c t r o n  c a r r i e r .  The a c t i o n  o f  t h e s e  com ponents  
o f  n a p h t h a l e n e  d i o x y g e n a s e  i s  shown i n  F i g u r e  16 
( H a i g l e r  and G ib s o n ,  1 9 9 0 ) .
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The s e c o n d  s t e p  i n  th e  m e t a b o l i s m  o f  n a p h t h a l e n e  i s  
th e  o x i d a t i o n  o f  c i s - n a p h t h a l e n e  d i h y d r o d i o l  ( c i s - 
1 , 2 - d i h y d r o x y - 1 , 2 - d i h y d r o n a p t h a l e n e )  t o  1 , 2 -  
d i h y d r o x y n a p h t h a l e n e  by c i s - n a p h t h a l e n e  d i h y d r o d i o l  
d e h y d r o g e n a s e .  T h i s  enzyme r e q u i r e s  NAD a s  an 
e l e c t r o n  a c c e p t o r  (Yen and S e r d a r ,  1 9 8 8 ) .  1 , 2 -
d i h y d r o x y n a p h t h a l e n e  i s  c l e a v e d  by  a  d i o x y g e n a s e  t o  
y i e l d  2 - h y d r o x y c h r o m e n e - 2 - c a r b o x y l i c  a c i d ,  which i s  
s u b s e q u e n t l y  c o n v e r t e d  t o  c i s - 2 -  
h y d r o x y b e n z a l p y r u v a t e  by an i s o m e r a s e . c i s - 2-  
H y d r o x y b e n z a l p y r u v a t e  i s  c o n v e r t e d  t o  
s a l i c y l a l d e h y d e  and p y r u v a t e  i n  a r e a c t i o n  
c a t a l y z e d  by  an a l d o l a s e .  S a l i c y l a l d e h y d e  i s  
f u r t h e r  o x i d i z e d  t o  s a l i c y l a t e  b y  an NAD+ - d e p e n d e n t  
d e h y d r o g e n a s e .

In  most  c a s e  s a l i c y l a t e  i s  c o n v e r t e d  t o  c a t e c h o l  by 
s a l i c y l a t e  h y d r o x y l a s e  which i s  f u r t h e r  m e t a b o l i z e d  
v i a  t h e  o r th o -  o r  m e ta - c l e a v a g e  p a t h w a y s .  
S a l i c y l a t e  h y d r o x y l a s e  (monooxygenase)  r e q u i r e s  
NADH o r  NADPH a s  e l e c t r o n  d o n o r s  and FAD a s  a c o ­
f a c t o r  (N o zak i ,  1 9 7 9 ) .  The f o r m a t i o n  o f  g e n t i s a t e  
from  s a l i c y l a t e  h a s  b ee n  p r o p o s e d  d u r i n g  
n a p h t h a l e n e  m e t a b o l i s m  by  Pseudomonas f l u o r e s c e n s  
and Pseudomonas a l c a l i g e n e s  (Yen and S e r d a r ,  1988) .

A number o f  p l a s m i d s  c a r r y i n g  n a p h t h a l e n e  c a t a b o l i c  
g e n e s  have  b ee n  d e m o n s t r a t e d  i n  Pseudomonas  s p p .  
A l l  n a p h t h a l e n e  c a t a b o l i c  p l a s m i d s  b e l o n g  t o  t h e  
i n c o m p a t i b i l i t y  g r o u p s  P7 o r  P 9 . A l l  a r e  s e l f -  
t r a n s m i s s i b l e . To d a t e  a l l  n a p h t h a l e n e  p l a s m i d s  
s t u d i e d  encode  t h e  same u p p e r  pa thw ay  (n a p h t h a le n e  
th r o u g h  s a l i c y l a t e )  and m ost  c a r r y  t h e  same lo w e r  
pathway  f o r  s a l i c y l a t e  d e g r a d a t i o n  i n d i c a t i n g  a  
c l o s e  r e l a t i o n s h i p  betw een  a l l  n a p h t h a l e n e  
d e g r a d a t i v e  p l a s m i d s  (Yen and S e r d a r ,  1988)  .
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The b e s t - s t u d i e d  n a p h t h a l e n e  c a t a b o l i c  p l a s m i d  i s  
NAH 7, f i r s t  i d e n t i f i e d  i n  Pseudomonas p u t i d a  
s t r a i n  G 1 . NAH 7 i s  83kb i n  s i z e  and b e l o n g s  t o  
t h e  P9 i n c o m p a t i b i l i t y  g r o u p .  A l l  t h e
c h a r a c t e r i z e d  c a t a b o l i c  g e n e s  a r e  c o n t a i n e d  w i t h i n  
a 3 0kb r e g i o n  o f  NAH7. T h e se  g e n e s  a r e  a r r a n g e d  
i n t o  two nah o p e r o n s ,  s e p a r a t e d  b y  a  7kb f r a g m e n t  
(L e h rb ach  and Timmis ,  1 9 8 3 ) .  The f i r s t  o p e r o n  

e n c o d e s  d e g r a d a t i o n  o f  n a p h t h a l e n e  t o  s a l i c y l a t e  
(u p p er  p a t h w a y ) . T h i s  c o m p r i s e s  t h e  g e n e s  nah  

ABCDEF a s  shown i n  F i g u r e  15 .  The s e c o n d  o p e ro n  
c o m p r i s e s  nah G, c o d i n g  f o r  s a l i c y l a t e  h y d r o x y l a s e ,  
and t h e  g e n e s  nah HINLJK, c o d i n g  t h e  lo w e r  (meta-  
c l e a v a g e )  pathway enzymes which c o n v e r t  c a t e c h o l  t o  
a c e t a l d e h y d e  and p y r u v a t e . M u t a t io n  s t u d i e s  
r e v e a l e d  t h a t  t h e s e  two o p e r o n s  a r e  t r a n s c r i b e d  
from  nah  A t o  nah F and from nah  G t o  nah  K, 
r e s p e c t i v e l y .

A r e g u l a t o r y  g e n e ,  nah  R, i s  l o c a t e d  b e tw ee n  t h e  
two o p e r o n s  and i t s  p r o d u c t  i s  r e q u i r e d  f o r  th e  
e x p r e s s i o n  o f  b o t h  o p e r o n s .  Nah R a p p e a r s  t o  be  
t r a n s c r i b e d  c o n s t i t u t i v e l y  a s  t h e  l e v e l s  o f  nah  R- 
mRNA a r e  n o t  a l t e r e d  s i g n i f i c a n t l y  by  t h e  p r e s e n c e  
o r  a b s e n c e  o f  an  i n d u c e r .  The nah R p r o t e i n  may be  
p r e s e n t  i n  a c t i v e  and i n a c t i v e  f o r m s ,  w i t h  a s h i f t  
to w a r d s  t h e  p r o d u c t i o n  o f  a c t i v e  p r o t e i n  i n  th e  
p r e s e n c e  o f  an i n d u c e r .  N a p h t h a le n e  and i t s  
o x i d a t i o n  p r o d u c t s ,  n a p h t h a l e n e  d i h y d r o d i o l ,  
d i h y d r o x y n a p h t h a l e n e  and hydroxychromene c a r b o x y l  i c  
a c i d  do n o t  in d u c e  t h e  c a t a b o l i c  pa thw ay  e n co d e d  by  
t h e  NAH 7 p l a s m i d .  A l o w - l e v e l  c o n s t i t u t i v e  
p r o d u c t i o n  o f  t h e  u p p e r  pathway  enzymes p r o b a b l y  
c o n v e r t s  n a p h t h a l e n e  t o  s a l i c y l a t e ,  which th e n  
i n d u c e s  b o th  u p p e r  and lo w e r  p a t h w a y s .  I n c r e a s e d  
s y n t h e s i s  o f  mRNA f o r  t h e  two nah  o p e r o n s  which 
o c c u r s  i n  t h e  p r e s e n c e  o f  s a l i c y l a t e  i n d i c a t e s  t h a t
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i n d u c t i o n  i s  a t  th e  t r a n s c r i p t i o n a l  l e v e l  (Yen and 
S e r d a r ,  1 9 8 8 ) .

As i n d i c a t e d  i n  F i g u r e  15 c a t e c h o l  can  a l s o  be  
m e t a b o l i z e d  v i a  th e  c h r o m o s o m a l ly - e n c o d e d  o r t h o ­
c l e a v a g e  p a thw ay .  T h i s  c an  o c c u r  when m u t a t i o n s  i n  
t h e  m e ta - c l e a v a g e  pathw ay  a l l o w  c a t e c h o l  t o  
a c c u m u la t e  t h u s  i n d u c i n g  t h e  o r th o  pa thw ay  ( s e c t i o n  
1 : 3 : 1 ) .  In  some s t r a i n s  a l l  o r  p o r t i o n s  o f  t h e  
n a p h t h a l e n e  c a t a b o l i c  pa thw ay  a r e  e n co d e d  on t h e  
chromosome and t h e r e f o r e  c a t e c h o l  i s  m e t a b o l i z e d  
v i a  t h e  o r th o  pa thway  ( F r a n t z  and C h a k r a b a r t y ,
1 9 8 6 ) .  In  P. p u t i d a  NP t h e  u p p e r  pa thw ay  enzymes 
a r e  s p e c i f i e d  by  chromosomal  g e n e s  t h a t  can
i n t e g r a t e  i n t o  a  l a r g e  p l a s m i d ,  pDTGll  fo u n d  i n
t h i s  s t r a i n  (Yen and S e r d a r ,  1 9 8 8 ) .

1:9 ACTIVATED SLUDGE

The a c t i v a t e d  s l u d g e  p r o c e s s  was o r i g i n a l l y
d e v e l o p e d  by A rdern  and L o c k e t t  i n  1914 and s i n c e  
th e n  h a s  been  im proved  t h r o u g h  a number o f  
e n g i n e e r i n g  and o p e r a t i o n  d e v e l o p m e n t s .  A c t i v a t e d  
s l u d g e  p r o c e s s e s  a r e  c o n t i n u o u s  f lo w ,  d i s p e r s e d ,  
f l o c c u l a t e d  growth p r o c e s s e s  i n  which t h e  b a c t e r i a l  
f l o e s ,  d e s c r i b e d  a s  a c t i v a t e d  s l u d g e ,  a r e  s e p a r a t e d  
from  t h e  t r e a t e d  e f f l u e n t  by s e d i m e n t a t i o n  i n  a 
c l a r i f i e r  and r e c y c l e d  t o  t h e  a e r a t i o n  t a n k  where 
t h e y  a r e  r e c o n t a c t e d  w i t h  t h e  w a s t e w a t e r  u n d e r g o i n g  
t r e a t m e n t  (Hamer, 1 9 8 5 ) .  The a c t i v a t e d  s l u d g e  
p r o c e s s  i s  commonly u s e d  f o r  t h e  t r e a t m e n t  o f  b o t h  
d o m e s t i c  sewage  and i n d u s t r i a l  w a s t e w a t e r .  In  
I r e l a n d  m ost  c h e m ic a l  p l a n t s  t r e a t  t h e i r  e f f l u e n t  
i n  b i o l o g i c a l  t r e a t m e n t  s y s t e m s  ( O ' F l a h e r t y ,  1989)  . 
S u c c e s s f u l  o p e r a t i o n  i s  d e p e n d e n t  on t h e  c a p a b i l i t y  
o f  t h e  b io m a s s  ( s l u d g e )  t o  a s s i m i l a t e  t h e  w a s t e  and
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c o n v e r t  i t  i n t o  c e l l s  and s u s p e n d e d  s o l i d s ,  and t o  
form  a f l o e  p a r t i c l e  t h a t  w i l l  s e t t l e  (Chambers ,  
1982) .

B io m a s s  c o m p o s i t i o n  i s  d e t e r m i n e d  by b o t h  t h e  w a s t e  
c h a r a c t e r i s t i c s  and p r o c e s s  o p e r a t i o n  p a r a m e t e r s .  
The b i o l o g i c a l  t r e a t m e n t  o f  m ost  w a s t e  s t r e a m s  
d e p e n d s  on th e  ' u b i q u i t y  p r i n c i p l e '  which s t a t e s  
t h a t  b a c t e r i a  a r e  u b i q u i t o u s  and t h e  m ost  e f f e c t i v e  
s p e c i e s  o f  m ic r o o r g a n i s m s  f o r  a  g i v e n  en v iro n m en t  
w i l l  e v e n t u a l l y  e s t a b l i s h  t h e m s e l v e s  i n  t h a t  
e n v iro n m en t  ( Z a c h o p o u l i s  and Hung, 1 9 9 0 ) .  The 
b a c t e r i a l  p o p u l a t i o n  which a r i s e s  i n  a  b i o r e a c t o r  
a s  a  r e s u l t  o f  p h y s i o l o g i c a l  and g e n e t i c  a d a p t a t i o n  
i s  u n iq u e  from t h e  p o i n t  o f  s p e c i e s  d i v e r s i t y  
(Lange e t  a l ,  1 9 8 7 ) .  The p re d o m in a n t  m i c r o b e s  i n  

a c t i v a t e d  s l u d g e  p r o c e s s e s  a r e  c h e m o h e t e r o t r o p h i c  
b a c t e r i a .  The m i c r o b e s  b e s t  s u i t e d  a r e  t h o s e  w i t h  
t h e  a b i l i t y  t o  grow a s  e i t h e r  m i c r o b i a l  a g g r e g a t e s  
o r  t h o s e  a b l e  t o  become d i r e c t l y  a s s o c i a t e d  w i t h  
su c h  a g g r e g a t e s  s o  a s  t o  b e  r e c y c l e d .  As f a r  a s  
e f f e c t i v e  p o l l u t a n t  b i o d é g r a d a t i o n  i s  c o n c e r n e d  th e  
p r e d o m in a n t  m ic r o b e s  a r e  t h o s e  o f  t h e  f a m i l y  
Pseudom onadaceae  e s p e c i a l l y  t h e  g e n e r a  Pseudomonas 
and Z oog lea  and a l s o  members o f  t h e  g e n e r a  
F la v o b a c te r iu m  and A l c a l i g e n e s  (Hamer, 1985)  .

1 : 9 : 1  ACCLIMATION

A c c l i m a t i o n  i s  a  p e r i o d  o f  p h y s i o l o g i c a l ,  
m o r p h o l o g i c a l  and g e n e t i c  a d a p t a t i o n  o f  t h e  b io m a s s  
t o  a  new e n v i r o n m e n t . A d a p t a t i o n  can  be  e i t h e r  
p h e n o t y p i c  o r  g e n o t y p i c .  In  p h e n o t y p i c  a d a p t a t i o n  
t h e  g e n e t i c  i n f o r m a t i o n  o f  th e  c e l l  i s  un changed  
b u t  th e  d e g r e e  o f  e x p r e s s i o n  o f  c e r t a i n  g e n e s  i s  
a l t e r e d .  T h i s  may be  common d u r i n g  s h o r t  t erm  
f l u c t u a t i o n s  i n  t h e  e n v i r o n m e n t . G e n o t y p i c
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a d a p t a t i o n  i n v o l v e s  c h a n g e s  i n  t h e  g e n e t i c  
i n f o r m a t i o n  o f  t h e  c e l l  and t h e s e  c h a n g e s  a r e  
t r a n s m i t t e d  t o  d a u g h t e r  c e l l s .  T h e re  a r e  two b a s i c  
m ethods  o f  g e n e t i c  chan ge  : m u t a t i o n  and
r e c o m b i n a t i o n .  M u t a t io n  i s  a  change  i n  t h e  
n u c l e o t i d e  s e q u e n c e  o f  t h e  DNA o c c u r r i n g  w i t h i n  an 
i n d i v i d u a l  c e l l .  R e c o m b in a t io n  i s  any p r o c e s s  
whereby g e n e s  from  two s e p a r a t e  c e l l s  a r e  b r o u g h t  
t o g e t h e r  i n t o  th e  one c e l l ,  f o r  exa m p le ,  
t r a n s f o r m a t i o n ,  c o n j u g a t i o n ,  t r a n s d u c t i o n  and 
g e n e t i c  e n g i n e e r i n g .  G e n o t y p i c  a d a p t a t i o n  may be  
common d u r i n g  c h r o n i c  c h a n g e s  i n  t h e  e n v iro n m en t  
( S e n t h i l n a t h a n  and G a n c z a r z y k ,  1989)  .

The l e n g t h  o f  t im e  r e q u i r e d  f o r  a c c l i m a t i o n  t o  
v a r i o u s  p o l l u t a n t s  can r a n g e  from  a few d a y s  t o  
s e v e r a l  w e ek s .  As t h e r e  i s  l i t t l e  o r  no d e t e c t a b l e  
m i n e r a l i z a t i o n  d u r i n g  a c c l i m a t i o n  i t  i s  i m p o r t a n t  
t o  m in im iz e  t h e  t im e  r e q u i r e d .  The l e n g t h  o f  t h e  
a c c l i m a t i o n  p e r i o d  can be a f f e c t e d  by t h e  p r e s e n c e  
o f  a  s e c o n d a r y  c a r b o n  s o u r c e  o r  t h e  r a r i t y  o f  t h e  
m i c r o b e s  t h a t  can  d e g r a d e  c e r t a i n  c h e m i c a l s .  The 
p r e s e n c e  o f  i n h i b i t o r y  compounds o r  a  h i g h  enough 
c o n c e n t r a t i o n  o f  a  c h e m i c a l  t o  i n h i b i t  t h o s e  
m ic r o b e s  c a p a b l e  o f  m e t a b o l i z i n g  i t  w i l l  a l s o  
a f f e c t  th e  t im e  needed  f o r  a c c l i m a t i o n  (W iggins  and 
A l e x a n d e r ,  1 9 8 8 ) .  When a c c l i m a t e d  o r g a n i s m s  a r e  
s u b j e c t e d  t o  a  d i f f e r e n t  e n v iro n m en t  t h e y  t e n d  t o  
a d a p t  t o  t h e  new en v ironm en t  and a s  a  r e s u l t  may 
l o s e  t h e  a b i l i t y  t o  grow a t  t h e  e x p e n s e  o f  t h e  
o r i g i n a l  s u b s t r a t e .  P h e n o t y p ic  a d a p t a t i o n s  a r e  
t e m p o ra ry  and t h e r e f o r e  more r a p i d l y  l o s t  t h a n  
g e n o t y p i c  a d a p t a t i o n s .  T h i s  p r o c e s s  o f
d e a d a p t a t i o n  o f  a c c l i m a t e d  b i o m a s s  may i n f l u e n c e  
t h e  b i o d e g r a d a b i l i t y  o f  o r g a n i c  p o l l u t a n t s  which 
a r e  d i s c h a r g e d  i n t e r m i t t e n t l y  ( S e n t h i l n a t h a n  and 
G a n z a r c z y k ,  1989) . F o r  su c h  i n d u s t r i e s  which
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p r o d u c e  a  v a r i e t y  o f  p r o d u c t s  on s t a g g e r e d  
s c h e d u l e s  i t  h a s  b ee n  s u g g e s t e d  t h a t  a  b a c k g r o u n d  
l e v e l  o f  th e  p o l l u t a n t  i n  t h e  i n f l u e n t  would h e l p  
t o  m a i n t a i n  t h e  b a c t e r i a l  p o p u l a t i o n  r e s p o n s i b l e  
f o r  i t s  m i n e r a l i z a t i o n  ( E c k e n f e l d e r , 1989) .

1:9:2 PROBLEMS ENCOUNTERED

A lth o u g h  a  n a t u r a l l y  d e v e l o p e d  m i c r o f l o r a  can  
p r o v i d e  a d e q u a t e  t r e a t m e n t  f o r  many w a s t e  s t r e a m s ,  
t h e r e  a r e  s t i l l  some w a s t e  s t r e a m s  which p r e s e n t  
s p e c i f i c  p r o b l e m s .  The s h i f t  t o w a r d s  m a r k e t i n g  a  
more d i v e r s i f i e d  p r o d u c t  r a n g e  w i t h  s h o r t e r  
p r o d u c t i o n  c y c l e s  h a s  a f f e c t e d  t h e  p a t t e r n  and 
q u a l i t y  o f  e f f l u e n t  b e i n g  g e n e r a t e d  b y  c h e m i c a l  and 
p h a r m a c e u t i c a l  c o m p a n ie s .  One o f  t h e  p r o b le m s  
f r e q u e n t l y  e n c o u n t e r e d  i n  t r e a t m e n t  s y s t e m s  i s  
s p e c i f i c  p o l l u t a n t  rem ova l  ( O ' F l a h e r t y ,  1 9 8 9 ) .

R e c e n t  c h a n g e s  i n  l e g i s l a t i o n  i n  Europe  and i n  t h e  
U . S .  have  meant t h a t  more c o n s i d e r a t i o n  must  be  
g i v e n  t o  l e v e l s  o f  r e s i d u a l  t o x i c  o r  i n h i b i t o r y  
compounds r a t h e r  t h a n  j u s t  o v e r a l l  BOD o r  COD 
r e m o v a l .  T h ere  a r e  a  number o f  f a c t o r s  a f f e c t i n g  
t h e  b i o d é g r a d a t i o n  and a c h i e v a b l e  e f f l u e n t  
c o n c e n t r a t i o n s  o f  t o x i c  o r g a n i c s  i n  t h e  a c t i v a t e d  
s l u d g e  p r o c e s s .  T h e se  i n c l u d e  a c c l i m a t i o n ,
i n f l u e n t  c o n c e n t r a t i o n  o f  t h e  p o l l u t a n t ,  w a s t e w a t e r  
c h a r a c t e r i s t i c s  and s l u d g e  r e t e n t i o n  t i m e .

The n a t u r e  and c o n c e n t r a t i o n  o f  v a r i o u s  w a s t e w a t e r  
c o n s t i t u e n t s  can  a f f e c t  t h e  rem o v a l  o f  a s p e c i f i c  
p o l l u t a n t .  In  a  m u l t i s u b s t r a t e  s y s t e m  s u c h  e f f e c t s  
a s  c a t a b o l i t e  r e p r e s s i o n ,  n o n - c o m p e t i t i v e ,  
u n c o m p e t i t i v e  and c o m p e t i t i v e  i n h i b i t i o n  c an  o c c u r  
b etw een  t h e  v a r i o u s  compounds which a r e  p o t e n t i a l  
s u b s t r a t e s  f o r  t h e  b i o m a s s . The a c c u m u l a t i o n  o f

45



o x i d a t i o n  b y - p r o d u c t s  i n  t h e  a c t i v a t e d  s l u d g e  u n i t  
can  a l s o  c a u s e  m a jo r  p r o b le m s  a s  t h e s e  may b e  t o x i c  
o r  i n h i b i t o r y  b o th  t o  s l u d g e  b i o m a s s  and t h e  
a q u a t i c  e nv iron m en t  i f  t h e y  p a s s  t h r o u g h  t h e  
s y s t e m .  One o f  t h e  m a jo r  p r o b le m s  a t  p r e s e n t  i s  
t h a t  m ost  o f  t h e s e  b y - p r o d u c t s  a r e  u n i d e n t i f i a b l e  
( E c k e n f e l d e r , 1989) . O th e r  w a s t e w a t e r
c h a r a c t e r i s t i c s  which can  i n f l u e n c e  p o l l u t a n t  
b i o d é g r a d a t i o n  i n c l u d e  pH, t e m p e r a t u r e ,  d i s s o l v e d  
oxygen  and t h e  a v a i l a b i l i t y  o f  i n o r g a n i c  n u t r i e n t s  
and enzyme c o - f a c t o r s .

D e s p i t e  t h e  i n h e r e n t  a b i l i t y  o f  t h e  b a c t e r i a  w i t h i n  
a  w a s t e w a t e r  t r e a t m e n t  p l a n t  t o  a d j u s t  t o  v a r i o u s  
s e l e c t i v e  p r e s s u r e s  i n  t h e i r  e n v ir o n m e n t ,  many 
t r e a t m e n t  p l a n t s  can  n o t  r e s p o n d  r a p i d l y  enough t o  
p r e v e n t  them from f a i l i n g  t o  p r o d u c e  t h e  r e q u i r e d  
s t a n d a r d  o f  e f f l u e n t .  The r e l a t i o n s h i p  b e tw een  
s l u d g e  r e t e n t i o n  t im e  and t h e  r e s i d u a l  p o l l u t a n t  
c o n c e n t r a t i o n  f o r  a  g i v e n  p o l l u t a n t  i s  d e p e n d e n t  on 
t h e  p a r t i c u l a r  t r e a t m e n t  p l a n t  and t h e  b i o m a s s  
( S t e v e n s ,  1 9 8 9 ) .

In  s y s t e m s  t r e a t i n g  t o x i c  o r  i n h i b i t o r y  w a s t e ,  
b a c t e r i a l  d i v e r s i t y  i s  r e d u c e d  by  t h e  i n c r e a s e d  
s e l e c t i v e  p r e s s u r e  on t h e  p o p u l a t i o n  due t o  t h e  
p r e s e n c e  o f  i n h i b i t o r y  com pounds . R e d u c in g  t h e  
t y p e s  o f  b a c t e r i a  p r e s e n t  c an  d i m i n i s h  t h e  g e n e t i c  
p o o l  o f  t h e  p o p u l a t i o n  and c o n s e q u e n t l y  i t s  a b i l i t y  
t o  a d a p t  t o  c h a n g e s  i n  t h e  e n v iro n m en t  o r  w a s t e  
c o m p o s i t i o n .  As a  r e s u l t  h a z a r d o u s  w a s t e  t r e a t m e n t  
p r o c e s s e s  a r e  o f t e n  p l a g u e d  by  u p s e t s  and a r e  
u n a b l e  t o  d e g r a d e  new compounds e n t e r i n g  t h e  w a s t e  
s t r e a m  (Lange e t  a l . ,  1 9 8 7 ) .

T h e se  f a i l u r e s  may m a n i f e s t  t h e m s e l v e s  a s  p o o r
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BOD/COD o r  p o l l u t a n t  re m o v a l ,  t u r b i d i t y  i n  t h e  
f i n a l  e f f l u e n t ,  p o o r  s l u d g e  s e t t l e m e n t ,  fo a m in g ,  
odo ur  p r o b le m s ,  l o s s  o f  n i t r i f i c a t i o n  o r  o t h e r  
e f f e c t s .  In  su c h  c a s e s  t h e r e  a r e  f o u r  p o s s i b l e  
m e a s u r e s  open t o  p l a n t  o p e r a t o r s : -  t o  m o d i f y  
i n f l u e n t  c h a r a c t e r i s t i c s ,  t o  m o d i f y  mode o f  
o p e r a t i o n  (e g .  s l u d g e  r e t u r n  o r  w a s t a g e  r a t e s ,  
a e r a t i o n ,  e t c . ) , t o  change  p l a n t  d e s i g n  by  b u i l d i n g  
e x t r a  c a p a c i t y  o r  r e o r g a n i z i n g  t r e a t m e n t  u n i t s ,  o r  
t o  i n t r o d u c e  new components  t o  t h e  b i o m a s s  
community by a d d i n g  s l u d g e  from  a n o t h e r  works  o r  
th r o u g h  b i o a u g m e n t a t i o n  ( S t e v e n s ,  1989)  .

1:10 BIOAUGMENTATION OF ACTIVATED SLUDGE

B i o a u g m e n t a t i o n  o r  b io m a s s  enhancement  i s  t h e  
a d d i t i o n  o f  s e l e c t e d  o r g a n i s m s  t o  a t r e a t m e n t  
s y s t e m  i n  o r d e r  t o  improve  i t s  e f f i c i e n c y .  The
a b i l i t i e s  o f  t h e  s e l e c t e d  o r g a n i s m s  can  be  im proved  
by  m u t a t i o n  o r  g e n e t i c  e n g i n e e r i n g .  The a d d i t i o n  
o f  g e n e t i c a l l y  e n g i n e e r e d  m i c r o o r g a n i s m s  t o  a 
t r e a t m e n t  p l a n t  c o n s t i t u t e s  a  r e l e a s e  o f  s u c h
o r g a n i s m s  t o  t h e  e nv ironm en t  a s  m ost  p l a n t s  a r e  
open s y s t e m s  w i th  f i n a l  e f f l u e n t s  b e i n g  d i s c h a r g e d  
i n t o  l o c a l  w a te rw a y s  and b i o r e a c t o r s  t h a t  a r e  open 
t o  th e  a t m o s p h e r e .  There  i s  c o n s i d e r a b l e  p u b l i c  
and l e g i s l a t i v e  o p p o s i t i o n  t o  t h e  r e l e a s e  o f
e n g i n e e r e d  o r g a n i s m s ,  t h e r e f o r e  m ost  c om p an ie s  
p r o d u c i n g  b a c t e r i a l  s u p p le m e n t s  p r e f e r  t o  u s e  more 
t r a d i t i o n a l  t e c h n i q u e s  f o r  im p r o v in g  t h e i r  s t r a i n s  
(Z a c h o p o u lo s  and Hung, 1990) .

B i o a u g m e n t a t i o n  h a s  two main p u r p o s e s : t o  m in im iz e  
and i f  p o s s i b l e  e l i m i n a t e  t h e  l a g  p e r i o d  
( a c c l i m a t i o n  p e r i o d )  and t o  im prove  d e c o m p o s i t i o n  
o f  th e  w a s t e  (Golueke  and D i a z ,  1 9 8 9 ) .
B i o a u g m e n t a t i o n  can  i n c r e a s e  t h e  b i o l o g i c a l
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d i v e r s i t y  and a c t i v i t y  o f  a  p o p u l a t i o n  by  a d d i n g  
b a c t e r i a  w i th  e n z y m a t ic  s y s t e m s  which a l l o w  
d e g r a d a t i o n  o f  p r e v i o u s l y  n o n - b i o d e g r a d a b l e  
o r g a n i c s  o r  by a d d i n g  b a c t e r i a  which h av e  h i g h e r  
m e t a b o l i c  r a t e s  (Lange e t  a l . ,  1987)  . An i n c r e a s e  
i n  b a c t e r i a l  d i v e r s i t y  i n c r e a s e s  t h e  g e n e  p o o l  
a v a i l a b l e  t o  t h e  p o p u l a t i o n  i n  t i m e s  o f  s t r e s s .  
The a b i l i t y  o f  t h e  o r g a n i s m s  t o  t r a n s f e r  DNA t o  t h e  
i n d i g e n o u s  p o p u l a t i o n  may be  o f  e q u a l  o r  g r e a t e r  
im p o r t a n c e  th a n  t h e  s u r v i v a l  o f  t h e  o r g a n i s m  
i t s e l f .

The b e n e f i t s  o b t a i n e d  by t h e  u s e  o f  b i o a u g m e n t a t i o n  
c an  be  sum m arized  a s  f o l l o w s :

- im proved  f l o e  f o r m a t i o n  and s e t t l i n g
- i n c r e a s e d  r a t e s  o f  w a s t e  a s s i m i l a t i o n  and 

v e r s a t i l i t y  i n  s u b s t r a t e  u p t a k e
- d e c r e a s e d  s l u d g e  s o l i d  y i e l d s  due t o  a  more 

e f f i c i e n t  breakdown o f  t h e  c o l l o i d a l  m a t e r i a l
- r a p i d  e s t a b l i s h m e n t  o r  r e s t o r a t i o n  o f  t h e  

b i o l o g i c a l  a c t i v i t y  i n  t h e  w a s t e  t r e a t m e n t  
p r o c e s s  t h a t  h a s  e x p e r i e n c e d  a  s t a r t - u p ,  an 
u p s e t  o r  c h l o r i n a t i o n  o f  t h e  r e t u r n  s l u d g e

- i n c r e a s e d  s t a b i l i t y  and t o l e r a n c e  t o  
v a c i l l a t i n g  g row th  c o n d i t i o n s

- o do ur  c o n t r o l
- l o w e r  o p e r a t i n g  and e n e r g y  c o s t s  

(Chambers,  1982) .

1:10:1 REASONS FOR FAILURE OF BIOAUGMENTATION

A lth o u g h  t h e  u s e  o f  b i o a u g m e n t a t i o n  i n  w a s t e w a t e r  
t r e a t m e n t  h a s  p o t e n t i a l  i t  i s  n o t  a lw a y s  
s u c c e s s f u l .  The s u c c e s s  o f  a  b i o a u g m e n t a t i o n  
p r o d u c t  i s  b a s e d  on t h e  a b i l i t y  o f  t h e  i n t r o d u c e d  
b a c t e r i a  t o  a c t i v e l y  compete f o r  t h e  n u t r i e n t s
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a v a i l a b l e  and e v e n t u a l l y  t o  g a i n  p o p u l a t i o n  
dominance (Chambers,  1982) . However, a b i o t i c  
s t r e s s  i n  th e  n a t u r a l  e n v iro n m en t  i s  o f t e n  
d i f f e r e n t  from t h a t  i n  t h e  l a b o r a t o r y  and b e c a u s e  
t h e  i n t r o d u c e d  b a c t e r i a  may f a c e  i n t e n s e  
c o m p e t i t i o n ,  p r e d a t i o n  o r  p a r a s i t i s m  i n  n a t u r e ,  t h e  
i n o c u l a t e d  o r g a n i s m s  may f a i l  t o  b r i n g  a b o u t  th e  
d e s i r e d  l e v e l s  o f  b i o d é g r a d a t i o n  a f t e r  t h e i r  
a d d i t i o n  t o  t h e  a c t i v a t e d  s l u d g e  s y s t e m .

T h ere  a r e  s e v e r a l  p o s s i b l e  r e a s o n s  f o r  t h e  f a i l u r e  
o f  i n o c u l a t e d  o r g a n i s m s  t o  do i n  n a t u r e  what t h e y  
can  do i n  a x e n i c  (pure)  c u l t u r e .

1) The c o n c e n t r a t i o n  o f  t h e  compound i n  n a t u r e  may 
be  t o o  low t o  s u p p o r t  t h e  g row th  o f  th e  
i n o c u l a t e d  s p e c i e s .  A l th o u g h ,  s p e c i e s  g r o w in g  
on o r g a n i c  s u b s t r a t e s  o t h e r  th a n  t h e  compound 
o f  i n t e r e s t  o r  n o n -g ro w in g  c e l l s  may m i n e r a l i z e  
t h e  t e s t  compound, an o r g a n i s m  i n  s m a l l  numbers  
whose s o l e  s e l e c t i v e  a d v a n t a g e  i n  an
e nv ironm en t  i s  i t s  a b i l i t y  t o  m u l t i p l y  a t  t h e  
e x p e n s e  o f  a  p a r t i c u l a r  s u b s t r a t e ,  may n o t
p r o l i f e r a t e  i f  t h e  s u b s t r a t e  i s  be low  some 
t h r e s h o l d  l e v e l .

2) The n a t u r a l  e nv iron m en t  may c o n t a i n  s u b s t a n c e s  
t h a t  a r e  t o x i c  o r  i n h i b i t o r y  t o  t h e  g row th  and 
a c t i v i t y  o f  t h e  added  o r g a n i s m s .

3) The grow th  r a t e  o f  th e  o r g a n i s m s  on t h e  low 
a m bient  c o n c e n t r a t i o n  o f  t h e  c h e m i c a l  o f  
i n t e r e s t  may be  s l o w e r  th a n  t h e  r a t e  o f
p r e d a t i o n  f o r  exam ple  by p r o t o z o a ,  s o  t h a t  t h e
a c t i v i t y  o f  t h e  p r e d a t o r s  r e d u c e s  t h e  c e l l  
d e n s i t y  o f  th e  i n o c u l a t e d  s p e c i e s .
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4) The added  o r g a n i s m s  may u s e  o t h e r  o r g a n i c  
s u b s t r a t e s  i n  t h e  n a t u r a l  e n v iro n m e n t  r a t h e r  
th a n  th e  p o l l u t a n t  whose m i n e r a l i z a t i o n  i s  
d e s i r e d .

5) The o r g a n i s m s  may f a i l  t o  f l o c c u l a t e  and c a n  b e  
washed o u t  o f  t h e  s y s t e m  r e s u l t i n g  i n  i n c r e a s e d  
t u r b i d i t y  o f  t h e  e f f l u e n t .  N o n - f l o c c u l a t e d  
o r g a n i s m s  a r e  a l s o  more s u s c e p t i b l e  t o  g r a z i n g  
by p r o t o z o a .
( G o l d s t e i n  e t  a l . , 1 9 8 5 ) .

1:10:2 CHOOSING A BIOATJGMENTATION PRODUCT

F i r s t l y ,  i t  i s  i m p o r t a n t  t o  remember t h a t  t h e  u s e  
o f  b i o a u g m e n t a t i o n  d o e s  n o t  r e p l a c e  t h e  n e e d  f o r  
sound e n g i n e e r i n g  and p r o c e s s  d e s i g n  o r  f o r  p r o p e r  
p l a n t  management.  I t  s h o u l d  be  c o n s i d e r e d  a s  
a n o t h e r  c o s t - e f f e c t i v e  o p t i o n  open t o  p l a n t  
o p e r a t o r s  when e f f l u e n t  p r o b le m s  o c c u r  ( S t e v e n s ,
1989) . As d e t a i l e d  p r e v i o u s l y  s e l e c t i o n  o f  t h e  
c o r r e c t  b a c t e r i a  i s  v i t a l  t o  t h e  s u c c e s s  o f  
b i o a u g m e n t a t i o n ,  t h e r e f o r e  c o n s i d e r a b l e  t h o u g h t  
must be  g i v e n  t o  t h e  c h o o s i n g  o f  a  b i o a u g m e n t a t i o n  
p r o d u c t  t o  e n s u r e  t h a t  th e  r i g h t  p r o d u c t  i s  c h o se n  
f o r  a  g i v e n  t r e a t m e n t  s y s t e m .  The f o l l o w i n g  a r e  
some o f  t h e  q u e s t i o n s  t h a t  s h o u l d  be  a s k e d  when 
e v a l u a t i n g  a  p r o d u c t  :

1) Have t h e  t y p e s  o f  o r g a n i s m s  p r e s e n t  i n  t h e  
p r o d u c t  b l e n d  b een  d e m o n s t r a t e d  a s  b e i n g  t h e  
same a s  t h o s e  t h a t  a r e  a c t i v e  i n  t h e  
d e g r a d a t i v e  p r o c e s s ?

2) How were t h e  o r g a n i s m s  i s o l a t e d  and i d e n t i f i e d ?  
Can you be  a s s u r e d  t h a t  t h e  o r g a n i s m s  i n  t h e  
s t a r t e r  a r e  t h e  a c t i v e  ones  o r  s u b c u l t u r e s  o f
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the active organisms?

3) How h a s  t h e  c o n t i n u i t y  o f  t h e  c u l t u r e  b ee n  
a s s u r e d ?  C o n t i n u i t y  i s  an i n s u r a n c e  t h a t  t h e  
o r g a n i s m s  i n  t h e  p r e s e n t  p r o d u c t  a r e  t h e  same 
a s  t h o s e  o r i g i n a l l y  i s o l a t e d .

4) What p r o c e d u r e s  were  f o l l o w e d  f o r  m a i n t a i n i n g  
t h e  c u l t u r e s ?  M a in te n a n ce  p r o c e d u r e s  d e t e r m i n e  
t h e  " v i r i l i t y "  o f  t h e  o r g a n i s m s ,  t h e i r  a b i l i t y  
t o  f u n c t i o n  a s  e x p e c t e d  and t o  com pete  w i t h  
i n d i g e n o u s  p o p u l a t i o n s .

I t  i s  n e c e s s a r y  t o  be aware  o f  t h e  p o s s i b i l i t y  
o f  m u t a t i o n s ,  o f  l o s s  o f  o r g a n i s m s  and o f  
c o n t a m i n a t i o n .

5) I f  enzymes a r e  u s e d  i n  t h e  p r o d u c t ,  how were
t h e y  i d e n t i f i e d  a s  b e i n g  i m p o r t a n t  t o  t h e
p r o c e s s ?
(Golueke  and D i a z ,  1989) .

Once a  p r o d u c t  h a s  b ee n  c h o se n  t h e  d o s a g e  r a t e  and 
p o s s i b l e  n e ed  f o r  m a in te n a n c e  d o s e s  must  be  
e s t a b l i s h e d .  T h e se ,  o f  c o u r s e ,  a r e  d e p e n d e n t  on a  
g i v e n  t r e a t m e n t  s y s t e m  and th e  d e s i r e d  e f f l u e n t  
q u a l i t y .

1:10:3 BACTERIA USED IN BIOAUGMENTATION PRODUCTS

T here  a r e  a  number o f  c r i t e r i a  which a r e  i m p o r t a n t  
f o r  t h e  s u c c e s s  o f  a  b a c t e r i a l  su p p le m e n t

1) The v i a b i l i t y  o f  t h e  b a c t e r i a  s h o u l d  r e m a in
h i g h  when a d d ed  t o  t h e  i n d i g e n o u s  p o p u l a t i o n  
(Lange ,  e t  a 1 . ,  1 9 8 7 ) .
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2) The su p p lem e n t  s h o u l d  s u p p l y  an e s s e n t i a l  t y p e  
o f  m i c r o o r g a n i s m  n o t  a l r e a d y  p r e s e n t  i n  t h e  
s l u d g e ,  s h o u l d  augment a  l e s s  th a n  a d e q u a t e  
m i c r o b i a l  p o p u l a t i o n  o r  i n t r o d u c e  a  t y p e  o r  
t y p e s  o f  m ic r o o r g a n i s m  more e f f e c t i v e  t h a n  t h e  
i n d i g e n o u s  p o p u l a t i o n  (G o lueke  and D i a z ,  1989)  .

3) Once added ,  s u p p l e m e n t s  s h o u l d  i n i t i a t e  
b i o d é g r a d a t i o n  o f  t h e  t a r g e t  compounds r a p i d l y  
o r  d e g r a d e  compounds n o t  d e g r a d e d  by  t h e  
i n d i g e n o u s  p o p u l a t i o n  (Lange  e t  a l . ,  1 9 8 7 ) .

4) Added su p p le m e n t s  s h o u l d  h av e  th e  n e c e s s a r y  
c h a r a c t e r i s t i c s  t o  m a i n t a i n  t h e i r  p o p u l a t i o n  i n  
t h e  r e a c t o r  (Lange ,  e t  a l . ,  1 9 8 7 ) .

The c o r r e c t  s e l e c t i o n  o f  b a c t e r i a  f o r  a  g i v e n  w a s t e  
s t r e a m  i s  v i t a l  t o  th e  s u c c e s s  o f  b i o a u g m e n t a t i o n .  
Added o r g a n i s m s  must compete  e f f e c t i v e l y  w i t h  t h e  
i n d i g e n o u s  p o p u l a t i o n  i n  o r d e r  t o  e s t a b l i s h  
t h e m s e l v e s  i n  t h e  r e a c t o r .  F a c t o r s  which p r o v i d e  
a dd ed  b a c t e r i a  w i th  a  c o m p e t i t i v e  e dge  i n c l u d e  : an  
i n c r e a s e d  t o l e r a n c e  t o  t o x i c  m a t e r i a l s  and a  l o w e r  
l i m i t i n g  s u b s t r a t e  r e q u i r e m e n t  n e ed ed  t o  d r i v e  
e s s e n t i a l  m e t a b o l i c  r e a c t i o n s ,  a  s h o r t e r  g e n e r a t i o n  
t im e  and an  a b i l i t y  t o  r e s p o n d  r a p i d l y  t o  a  
f a v o u r a b l e  grow th  e n v ironm en t  (Chambers ,  1982)  .

A c t i v a t e d  s l u d g e  p o p u l a t i o n s  c an  e x i s t  i n  e i t h e r  a  
d i s p e r s e d  u n i c e l l u l a r  s t a t e  o r  i n  a  m u l t i c e l l u l a r  
f l o c c u l a t e d  s t a t e .  F l o c c u l e n t  c e l l s  a r e  s u b j e c t  t o  
l o n g e r  r e s i d e n c e  t i m e s  i n  a  s y s t e m  where b i o m a s s  i s  
r e c y c l e d ,  b u t  t h e y  e x h i b i t  lo w e r  s p e c i f i c  r a t e s  o f  
s u b s t r a t e  a s s i m i l a t i o n  due t o  i n t r a - f l o c  d i f f u s i o n  
l i m i t a t i o n s .  U n i c e l l u l a r  b a c t e r i a  s e t t l e  v e r y  
s l o w l y  and c o n s e q u e n t l y  a r e  r e a d i l y  l o s t  f rom  t h e  
s y s t e m  v i a  t h e  c l a r i f i e d  e f f l u e n t  r e s u l t i n g  i n
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i n c r e a s e d  t u r b i d i t y  o f  t h e  f i n a l  e f f l u e n t .  
However, t h e  d i s p e r s e d  b i o m a s s  d o e s  e x h i b i t  h i g h e r  
s p e c i f i c  r a t e s  o f  s u b s t r a t e  m i n e r a l i z a t i o n  s i n c e  
m ass  t r a n s f e r  r e s i s t a n c e s  a r e  n e g l i g i b l e .  Some 
v e n d o r s  o f  b i o a u g m e n t a t i o n  p r o d u c t s  h av e  c o n t e n d e d  
t h a t  d i s p e r s e d  c e l l s  a r e  t h e  p r i n c i p a l  a g e n t s  o f  
b i o d é g r a d a t i o n  o f  p o t e n t i a l l y  h a z a r d o u s  o r g a n i c s  i n  
s u s p e n d e d - g r o w t h  t r e a t m e n t  s y s t e m s  su c h  a s  
a c t i v a t e d  s l u d g e  and t h e r e f o r e  m a in t e n a n c e  d o s e s  o f  
t h e  p r o d u c t s  a r e  e s s e n t i a l  t o  r e p l e n i s h  d i s p e r s e d  
c e l l s  l o s t  i n  t h e  e f f l u e n t .  T h i s ,  o f  c o u r s e ,  
g r e a t l y  i n c r e a s e s  o p e r a t i n g  c o s t s  (H u l l  and 
K a p u s c i n s k i ,  1 9 8 7 ) .  A m odel ,  d e v e l o p e d  by  H u l l  and 
K a p u s c i n s k i  (1987) p r e d i c t e d  t h a t  b i o a u g m e n t a t i o n  
w i l l  o n l y  be  s u c c e s s f u l  i n  e n h a n c in g  t h e  s t e a d y -  
s t a t e  re m o v a l  o f  h a z a r d o u s  o r g a n i c s  i f  t h e  i n f l u x  
o f  v i a b l e  b io m a s s  i s  s u f f i c i e n t  t o  e f f e c t  th e  
a c c u m u l a t i o n  o f  f l o c c u l e n t ,  c a p a b l e  b i o m a s s  and 
c o n c o m i t a n t l y ,  th e  a c t u a l  mean c e l l  r e s i d e n c e  t im e  
o f  t h e  c a p a b l e  p o p u l a t i o n .  T h i s  model  a l s o  
p r e d i c t s  t h a t  b i o a u g m e n t a t i o n  i s  more l i k e l y  t o  be  
e f f e c t i v e  when th e  i n f l u e n t  c o n c e n t r a t i o n  o f  th e  
h a z a r d o u s  o r g a n i c  i s  low,  a s  i n  s u c h  c a s e s  t h e r e  
would be  a  lo w e r  c o n c e n t r a t i o n  o f  c a p a b l e  b i o m a s s .  
As a  r e s u l t  t h e r e  i s  a  g r e a t e r  p o t e n t i a l  im p a c t  o f  
a g i v e n  b io a u g m e n t i n g  d o s e  on t h e  mean c e l l  
r e s i d e n c e  t im e  and h e n c e ,  upon t h e  b i o l o g i c a l  
rem o v a l  o f  t h e  o r g a n i c  compound.

In  t e s t i n g  b a c t e r i a  f o r  t h e i r  s u i t a b i l i t y  f o r  
i n c l u s i o n  i n  s u p p le m e n t s  i t  i s  v i t a l  t o  remember 
t h a t  c o n d i t i o n s  i n  t h e  l a b o r a t o r y  and t o  a 
c o n s i d e r a b l e  e x t e n t  i n  p i l o t - s c a l e  o p e r a t i o n s  a r e  
m a i n t a i n e d  a t  optimum l e v e l s .  The r e a l i t y  i s  t h a t  
i n  c o n v e n t i o n a l  w a s t e  t r e a t m e n t  p r a c t i c e ,  
c o n d i t i o n s  a r e  r a r e l y  u n i f o r m l y  optimum. 
C o n s e q u e n t l y ,  th e  p o t e n t i a l  a b i l i t i e s  o f  th e
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p r o m i s i n g  m i c r o o r g a n i s m s  f a i l  t o  come t o  f r u i t i o n  
(Golueke  and D i a z ,  1 9 8 9 ) .

1:11 SURVIVAL OF ADDED ORGANISMS

A lth o u g h  t h e r e  have  been  a  number o f  s t u d i e s  on t h e  
e f f i c a c y  o f  b i o a u g m e n t a t i o n ,  r e l a t i v e l y  l i t t l e  work 
h a s  b ee n  done on th e  s u r v i v a l  o f  t h e  a d d ed  
o r g a n i s m s .  Much o f  t h e  work t h a t  h a s  b een  done i s  
i n  r e l a t i o n  t o  th e  r e l e a s e  o f  g e n e t i c a l l y -  
e n g i n e e r e d  m i c r o o r g a n i s m s .  Much e m p h a s i s  h a s  a l s o  
b ee n  p l a c e d  on th e  p o s s i b l e  d e t r i m e n t a l  e f f e c t s  o f  
g e n e t i c  t r a n s f e r  from e n g i n e e r e d  o r g a n i s m s  t o  
i n d i g e n o u s  p o p u l a t i o n s  and t h u s ,  t h e  n e c e s s i t y  o f  
m o n i t o r i n g  s u r v i v a l  o f  th e  g e n e s  and t h e i r  t r a n s f e r  
i n  n a t u r a l  e c o s y s t e m s .  In  t h e  w a s t e  t r e a t m e n t  
s i t u a t i o n  t h e  t r a n s f e r  o f  g e n e t i c  i n f o r m a t i o n  
r e g a r d i n g  p o l l u t a n t  c a t a b o l i s m  i s  o b v i o u s l y  
b e n e f i c i a l ,  p a r t i c u l a r l y  where t h a t  i n f o r m a t i o n  i s  
en co ded  on n a t u r a l l y  o c c u r r i n g  p l a s m i d s . 
T h e r e f o r e ,  t h e  s u c c e s s f u l  u s e  o f  b i o a u g m e n t a t i o n  i s  
dep e n d e n t  on s u r v i v a l  o f  th e  a dd ed  o r g a n i s m s  o r  on 
th e  s u r v i v a l  o f  th e  g e n e t i c  i n f o r m a t i o n  t h e y  
c o n t a i n .

T here  a r e  a  number o f  p o s s i b l e  f a t e s  f o r  i n o c u l a t e d  
o r g a n i s m s  f o l l o w i n g  i n t r o d u c t i o n  t o  t h e  
e n v iro n m en t  : -

1) O rgan ism  and gene  p e r s i s t
2) O rgan ism  and gene  p r o l i f e r a t e
3) O rgan ism  p e r s i s t s  and gene  d i e s  o u t
4) O rganism  p r o l i f e r a t e s  and g e n e  d i e s  o u t
5) O rgan ism  d i e s  o u t  and gene  p e r s i s t s
6) O rganism  d i e s  out  and gene  p r o l i f e r a t e s
7) O rgan ism  and gene  d i e  out

( J a i n  e t  a l . ,  1 9 8 8 ) .
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In  an a c t i v a t e d  s l u d g e  s y s t e m  one o f  t h e  m a j o r  
f a c t o r s  a f f e c t i n g  t h e  s u r v i v a l  o f  a d d ed  o r g a n i s m s  
i s  t h e i r  a b i l i t y  t o  f l o c c u l a t e  and t h e r e b y  become 
i n c o r p o r a t e d  i n t o  s l u d g e  f l o e s . T h i s  e n s u r e s  t h e i r  
m a in t e n a n c e  i n  s e t t l e d  s l u d g e  and a l s o  p r o t e c t s  
a g a i n s t  p r e d a t i o n .  Having  become e s t a b l i s h e d  a s  
p a r t  o f  t h e  s l u d g e  f l o e ,  t h e  a b i l i t y  o f  t h e  
o r g a n i s m s  t o  compete  e f f e c t i v e l y  w i t h  t h e  
i n d i g e n o u s  p o p u l a t i o n  g o v e r n s  t h e i r  p e r s i s t e n c e  and 
p r o l i f e r a t i o n  w i t h i n  t h e  s y s t e m .  O th e r  f a c t o r s  
i n f l u e n c i n g  t h e  s u r v i v a l  o f  a d d ed  o r g a n i s m s  i n c l u d e  
r e s i s t a n c e  t o  s t a r v a t i o n ,  m o t i l i t y ,  n u t r i e n t  
( s u b s t r a t e  and c o - f a c t o r )  c o n c e n t r a t i o n  and 
a v a i l a b i l i t y ,  p r e s e n c e  o f  g row th  i n h i b i t o r s  and 
p h y s i c a l  f a c t o r s  s u c h  a s  o xyg en  c o n c e n t r a t i o n ,  
t e m p e r a t u r e  and pH (McClure e t  a l . ,  1 9 9 1 ) .

Many s t r a i n s  d e v e l o p e d  i n  t h e  l a b o r a t o r y  a r e  grown 
a t  t e m p e r a t u r e s  o f  3 0°C and pH n e a r  n e u t r a l i t y .  
T h e se  s t r a i n s  may compete  l e s s  e f f e c t i v e l y  a t  t h e  
lo w e r  t e m p e r a t u r e s  and more v a r i a b l e  c o n d i t i o n s  
e x p e r i e n c e d  i n  n a t u r a l  e c o s y s t e m s .  Some s p e c i e s ,  
f o r  exam ple  p seudom on ads ,  a r e  more r e s i s t a n t  t o  
s t a r v a t i o n  t h a n  o t h e r s  and a r e  t h e r e f o r e  more 
l i k e l y  t o  s u r v i v e  p e r i o d s  o f  n u t r i e n t  d e f i c i e n c y  
( J a i n  e t  a l . ,  1 9 8 7 ) .

As t h e  c a t a b o l i c  pa th w ay s  f o r  many o r g a n i c  
compounds a r e  p l a s m i d - e n c o d e d  t h e  s t a b i l i t y  o f  
t h o s e  p l a s m i d s  i s  v i t a l . The m a in t e n a n c e  o f  
p l a s m i d s  h a s  b ee n  fo u n d  t o  be h o s t ,  p l a s m i d  and 
en v iro n m en t  d e p e n d e n t  (T r e v o r s  e t  a l . ,  1 9 8 9 ) .  The 
n o n - c o n j u g a t i v e  p l a s m i d  pBR322 was s t a b l y  
m a i n t a i n e d  i n  K l e b s i e l l a  a e ro g e n e s  i n  s t e r i l e  
a g r i c u l t u r a l  d r a i n a g e  w a t e r  u n d e r  b o t h  a e r o b i c  and 
a n a e r o b i c  c o n d i t i o n s .  A n o n - c o n j u g a t i v e  p l a s m i d ,  
pRK2501 was r e a d i l y  l o s t  f rom  Pseudomonas p u t i d a
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u n d e r  t h e  same c o n d i t i o n s . The m a in t e n a n c e  o f  
c o n j u g a t i v e  p l a s m i d ,  RP4, by Pseudomonas 
f l u o r e s c e n s  was m a r k e d ly  a f f e c t e d  by  t h e  a d d i t i o n  
o f  n u t r i e n t s  which c a u s e d  a  l o s s  o f  t h e  p l a s m i d  
from  c e l l s .  The K l e b s i e l l a  a e ro g e n e s  was more 
s u s c e p t i b l e  t o  s t a r v a t i o n  c o n d i t i o n s  t h a n  t h e  two 
Pseudomonas s p p .  The s u r v i v a l  o f  a l l  t h r e e  s t r a i n s  
was n e g a t i v e l y  a f f e c t e d  i n  n o n - s t e r i l e  a g r i c u l t u r a l  
d r a i n a g e  w a t e r ,  t h i s  may b e  a t t r i b u t e d  t o  
c o m p e t i t i o n ,  a n t a g o n i s m  o r  p r e d a t i o n .  The r e s u l t s  
o f  t h i s  s t u d y  d e m o n s t r a t e d  t h e  i n f l u e n c e  o f  
n u t r i e n t s ,  oxygen  and n a t i v e  m i c r o o r g a n i s m s  on th e  
s u r v i v a l  o f  i n t r o d u c e d  b a c t e r i a l  s t r a i n s  and 
p l a s m i d  s t a b i l i t y  ( T r e v o r s  e t  a l . ,  1 9 8 9 ) .  The
p r e s e n c e  o f  a s e l e c t i v e  p r e s s u r e  f o r  t h e  
m a in t e n a n c e  o f  a  p l a s m i d  i n c r e a s e s  t h e  p o t e n t i a l  
f o r  i t s  p e r s i s t e n c e  and t r a n s f e r  w i t h i n  an 
e c o s y s t e m .

The s t a b l e  m a in t e n a n c e  o f  p l a s m i d s  i n  b a c t e r i a  
p r o v i d e s  a  means by which ge n e  p o o l s  a r e  m a i n t a i n e d  
and d i s s e m i n a t e d  t h r o u g h o u t  m i c r o b i a l  p o p u l a t i o n s .  
The p o t e n t i a l  f o r  g e n e t i c  i n t e r a c t i o n  i n  t h e  
e n v iro n m en t  i s  h i g h  i f  t h e  o r g a n i s m s  can  s u r v i v e  
t h e  dynamic b i o l o g i c a l ,  c h e m ic a l  and p h y s i c a l  
f a c t o r s  t h a t  o c c u r .  O b v i o u s l y  b o t h  t h e  s u r v i v a l  
and g e n e t i c  s t a b i l i t y  o f  added  o r g a n i s m s  a r e  
i m p o r t a n t  p a r a m e t e r s  ( T r e v o r s  e t  a l . ,  1 9 8 9 ) .

A l t h o u g h  b a c t e r i a  i n t r o d u c e d  t o  a  com plex  
e c o s y s t e m ,  su ch  a s  a c t i v a t e d  s l u d g e ,  may r a p i d l y  
d e c l i n e  i n  number, enhanced  d e g r a d a t i o n  r a t e s  c an  
be  a c h i e v e d  by t r a n s f e r  o f  d e g r a d a t i v e  g e n e s  t o  th e  
n a t u r a l  m i c r o f l o r a  (McClure e t  a l . ,  1 9 8 9 ) .  The
n a t u r a l  m i c r o f l o r a  r e s i d e n t  i n  su ch  e c o s y s t e m s  a r e  
l i k e l y  t o  be  w e l l  a d a p t e d  t o  growth and s u r v i v a l .  
S e v e r a l  s t u d i e s  h av e  foun d  t h a t  i n d i g e n o u s
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a c t i v a t e d  s l u d g e  b a c t e r i a  which were  r e c i p i e n t s  o f  
c a t a b o l i c  g e n e s  o r  p l a s m i d s  c o u l d  d e g r a d e  t h e  
t a r g e t  p o l l u t a n t  more e f f i c i e n t l y  t h a n  t h e  
l a b o r a t o r y  s t r a i n s .  I f  t h e  a c q u i s i t i o n  o f  n o v e l  
d e g r a d a t i v e  a b i l i t i e s  by  i n d i g e n o u s  b a c t e r i a  i s  
a d v a n t a g e o u s  t h e n  growth and p r o l i f e r a t i o n  o f  t h e s e  
s t r a i n s  may r e s u l t  i n  t h e  e s t a b l i s h m e n t  o f  a  
m i c r o b i a l  community b e t t e r  a d a p t e d  t o  d e g r a d e  
p o t e n t i a l  e n v i r o n m e n t a l  p o l l u t a n t s  r a p i d l y  (McClure 
e t  a l . ,  1 9 9 0 ) .

A c t i v a t e d  s l u d g e  m ixed  l i q u o r s  c o n t a i n  h i g h  
c o n c e n t r a t i o n s  o f  c e l l s  ( t o t a l  numbers > 1 0 10

c e l l s / m l ,  v i a b l e  co u n t  > 10® c e l l s / m l )  m ost  i n
i n t i m a t e  c o n t a c t  w i t h i n  s l u d g e  f l o e s ,  t h i s  p r o v i d e s  
f a v o u r a b l e  c o n d i t i o n s  f o r  p l a s m i d  t r a n s f e r  (McClure 
e t  a l . , 1 9 9 0 ) .

1:12 GENE TRANSFER IN ACTIVATED SLUDGE

T here  a r e  t h r e e  p o s s i b l e  m echanism s  f o r  t h e  
t r a n s f e r  o f  p l a s m i d s  i n  a c t i v a t e d  s l u d g e  o r  o t h e r  
n a t u r a l  e n v i r o n m e n t s .  C o n j u g a t i o n  by  p l a s m i d s  
c a p a b l e  o f  m e d i a t i n g  t h e i r  own t r a n s f e r  and o f  
m o b i l i z i n g  o t h e r  r e p l i c o n s  i s  p r o b a b l y  t h e  m ost  
i m p o r t a n t  mechanism f o r  ge n e  t r a n s f e r  i n  n a t u r e .  
F o r  c o n j u g a t i o n  t o  o c c u r  c e l l s  m ust  come i n t o  c l o s e  
c o n t a c t ,  c e l l u l a r  i n t e r a c t i o n s  a r e  e s t a b l i s h e d  by  
th e  means o f  c o n j u g a t i v e  p i l i .  DNA t r a n s f e r  i s  
i n i t i a t e d  a t  t h e  o r i g i n  o f  t r a n s f e r .  A
com p lem en tary  DNA s t r a n d  i s  s y n t h e s i z e d  on t h e  
t r a n s f e r r e d  s t r a n d  and on t h e  s t r a n d  r e t a i n e d  i n  
t h e  do n o r  c e l l .  Thus,  c o n j u g a t i v e  DNA t r a n s f e r  i s  
a  r e p l i c a t i v e  p r o c e s s  t h a t  i n c r e a s e s  t h e  p o p u l a t i o n  
s i z e  o f  t h e  p l a s m i d  ( W ilk in s ,  1990) . The o t h e r  
m echanism s o f  gene  t r a n s f e r  a r e  t r a n s d u c t i o n  which 
i s  b a c t e r i o p h a g e  m e d ia t e d  and t r a n s f o r m a t i o n  which
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i s  t h e  u p t a k e  o f  n aked  DNA r e l e a s e d  fro m  c e l l s  
which l y s e  a f t e r  d e a t h .

F a c t o r s  which i n f l u e n c e  DNA t r a n s f e r  i n c l u d e :

r e p r e s s i o n  o f  t r a n s f e r  s y s t e m s  on c o n j u g a t i v e  
p l a s m i d s .
c e l l  s u r f a c e  p r o p e r t i e s .  L i p o p o l y s a c c h a r i d e  
s t r u c t u r e  i s  im p o r t a n t  i n  s t a b i l i z i n g  c o n t a c t s  
w i t h  p i l i .  B a c t e r i o p h a g e  r e q u i r e  s p e c i f i c  
s i t e s  f o r  r e c o g n i t i o n  and a t t a c h m e n t ,  
t e m p e r a t u r e ,  s p a t i a l  d i s t r i b u t i o n  and t h e  
p h y s i o l o g i c a l  s t a t e  o f  c e l l s  can  i n f l u e n c e  t h e  
e f f i c i e n c y  o f  t r a n s f e r .
s u r f a c e  e x c l u s i o n  i n h i b i t s  p i l u s - d i r e c t e d  
a g g r e g a t i o n  and r e d u c e s  DNA t r a n s f e r .
( W i lk in s ,  1 9 9 0 ) .

Once th e  DNA h a s  b ee n  s u c c e s s f u l l y  t r a n s f e r r e d  
o t h e r  f a c t o r s  a f f e c t  t h e  m a in t e n a n c e  and e x p r e s s i o n  
o f  p l a s m i d s .  I n c o m p a t i b i l i t y  e x p r e s s e d  b y  a  
r e s i d e n t  p l a s m i d  and t h e  a c t i v i t y  o f  r e s t r i c t i o n  
e n d o n u c l e a s e s  w i l l  a f f e c t  t h e  m a in t e n a n c e  s t a b i l i t y  
o f  an im m igran t  p l a s m i d .  The r e c i p i e n t  c e l l  must  
c o n t a i n  t h e  c o r r e c t  b i o c h e m i c a l  i n f r a s t r u c t u r e  f o r  
e x p r e s s i o n  t o  o c c u r  ( S a u n d e r s  e t  a l . ,  1 9 9 0 ) .

The e v o l u t i o n  o f  n o v e l  c a t a b o l i c  p a th w a y s  i n  
r e s p o n s e  t o  m a jo r  p e r t u r b a t i o n s  i n  t h e  b i o s p h e r e  
c a u s e d  by t h e  u s e  o f  x e n o b i o t i c  compounds p r o v i d e s  
good e v i d e n c e  t h a t  gene  t r a n s f e r  d o e s  o c c u r .  An 
exam ple  o f  t h i s  " n a t u r a l  g e n e t i c  e x c h a n g e "  i s  th e  
p l a s m i d - m e d i a t e d  t r a n s f e r  o f  t h e  c h ro m o so m a l ly -  
encoded  d e h a l o g e n a s e  I gen e  from  Pseudomonas p u t i d a  
PP3 t o  o t h e r  b a c t e r i a  which r e s u l t e d  i n  
t r a n s c o n j u g a n t s  w i t h  a  new a b i l i t y  t o  d e g r a d e  
h a l o g e n a t e d  compounds (Dwyer e t  a l . ,  1988) .

58



E v id e n c e  f o r  n a t u r a l l y - o c c u r r i n g  i n t e r g e n e r i c  gene  
t r a n s f e r  comes from  t h e  d i s c o v e r y  o f  a n t i b i o t i c  
r e s i s t a n c e  g e n e s ,  t r a n s p o s o n s ,  i n s e r t i o n  e l e m e n t s  
and p l a s m i d s  w i th  s i m i l a r  DNA s e q u e n c e s  i n  
u n r e l a t e d  b a c t e r i a l  i s o l a t e s  ( H i r s c h ,  1990)  .

G iv en  t h e  v a r i e t y  o f  b a r r i e r s  t o  g e n e t i c  e x c h a n g e  
and th e  v a r y i n g  n a t u r e  o f  DNA m o l e c u l e s  a s  t h e y  
p r e s e n t  t h e m s e l v e s  i n  p o t e n t i a l  r e c i p i e n t  c e l l s ,  i t  
c an  be  c o n c l u d e d  t h a t  i n  n a t u r a l  m i c r o b i a l  
com m un it ie s  th e  n e t  r a t e  o f  t r a n s f e r  o f  any g i v e n  
g en e  w i l l  be  low. Many o f  t h e  p o t e n t i a l  gen e  
t r a n s f e r  e v e n t s  t h a t  o c c u r ,  p a r t i c u l a r l y  s i m p l e  
p l a s m i d  t r a n s f e r  betw een  r e l a t e d  b a c t e r i a ,  w i l l  be  
u n p r o d u c t i v e  i n  th e  e v o l u t i o n a r y  s e n s e  o f  
g e n e r a t i n g  new g e n e t i c  c o m b i n a t i o n s .  One e f f e c t  o f  
b a r r i e r s  t o  g e n e t i c  e x ch an g e  i s  t o  p r o d u c e  damage 
t o  in co m in g  DNA, which,  w h i l s t  p r i m a r i l y  
d e s t r u c t i v e ,  may a c t u a l l y  be  c r e a t i v e  s i n c e  
r e c o m b i n a t i o n  e v e n t s  may be  s t i m u l a t e d  and n o v e l  
r e a r r a n g e m e n t s  o f  DNA p r o d u c e d  ( S a u n d e r s  e t  a l . ,
1990) . The m a in te n a n c e  o f  "new" g e n e t i c
i n f o r m a t i o n  by  th e  c e l l  i s  p o s i t i v e l y  a f f e c t e d  by 
t h e  p r e s e n c e  o f  a  s e l e c t i v e  p r e s s u r e  i n  t h e  
e n v iro n m e n t .  A p o s i t i v e  s e l e c t i v e  p r e s s u r e  a l s o  
p r o v i d e s  a  s t r o n g  im p e tu s  f o r  p l a s m i d  t r a n s f e r  i f  
t h a t  t r a n s f e r  i s  b e n e f i c i a l  t o  t h e  c e l l .  The 
t r a n s f e r  o f  d e g r a d a t i v e  g e n e s  from i n t r o d u c e d  
b a c t e r i a  i s  b e n e f i c i a l  t o  t h e  community a s  a  whole 
a s  i t  i n c r e a s e s  t h e  a b i l i t y  o f  t h e  e c o s y s t e m  t o  
cope  w i t h  t h e  p r e s e n c e  o f  t o x i c  p o l l u t a n t s  (Dwyer 
e t  a l . ,  1 9 8 8 ) .  Genes  a c q u i r e d  can  r e s u l t  i n  t h e  
a b i l i t y  t o  d e g r a d e  a  wide r a n g e  o f  s t r u c t u r a l l y  
r e l a t e d  compounds.

Many d e g r a d a t i v e  p l a s m i d s  have  a  v e r y  b r o a d  h o s t  
r a n g e  a s  t h e y  can  t r a n s f e r  and r e p l i c a t e  i n  a  r a n g e
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o f  u n r e l a t e d  Gram n e g a t i v e  b a c t e r i a .  The TOL 
p l a s m i d  pWWO i n  i t s  o r i g i n a l  h o s t  Pseudomonas 
p u t i d a  mt-2 i s  n a t u r a l l y  d e r e p r e s s e d  f o r  t r a n s f e r .  
T r a n s f e r  o f  TOL o c c u r s  a t  h i g h  f r e q u e n c y  t o  
pseudomonad  rRNA gr o u p  1 (P. f l u o r e s c e n s , P.
a e r u g in o s a ,  P. s t u t z e r i  e t c . )  and a l s o  t o  E. c o l i  
and E rw in ia  chrysan them  s p p .  The TOL r e g u l a t o r y  
c i r c u i t s  a r e  r a t h e r  com plex  and some s t r a i n s  may 
l a c k  some o f  t h e  r e q u i r e d  a c c e s s o r y  e l e m e n t s .  In  
s t u d i e s ,  no t r a n s f e r  o f  t h e  TOL p l a s m i d  was 
o b s e r v e d  i n  A c i n e t o b a c t e r , R h izobium  and 
A l c a l i g e n e s  s p p .  o r  i n  pseudom onads  b e l o n g i n g  t o  
rRNA g r o u p s  I I ,  I I I ,  IV (R am os-G onza lez  e t  a l . ,
1 9 9 1 ) .

Numerous s t u d i e s  h av e  shown g e n e t i c  e x c h a n g e  from  
a d d ed  o r g a n i s m s  t o  i n d i g e n o u s  p o p u l a t i o n s  i n  
n a t u r a l  e n v i r o n m e n t s .  Much work h a s  b e e n  done by 
McClure  e t  a l  (1989 ,  1990 ,  1991) on t h e  s u r v i v a l
and t r a n s f e r  o f  c l o n e d  and n a t u r a l l y - o c c u r r i n g  
c a t a b o l i c  g e n e s  i n  model a c t i v a t e d  s l u d g e  
m ic r o c o s m s .  The t e s t  o r g a n i s m  was Pseudomonas 
p u t i d a  UWCI which c a r r i e d  t h e  r e c o m b i n a n t  p l a s m i d  
pDIO c o d in g  f o r  3 - c h l o r o b e n z o a t e  d e g r a d a t i o n  and 
Kanamycin r e s i s t a n c e .  pDIO i s  n o n - s e l f
t r a n s m i s s i b l e  b u t  can  be  m o b i l i z e d  b y  c e r t a i n  
c o n j u g a l  p l a s m i d s  p r e s e n t  i n  t h e  same c e l l .  P. 
p u t i d a  UWCI p e r s i s t e d  i n  t h e  a c t i v a t e d  s l u d g e  u n i t  
f o r  more t h e n  8 w eeks ,  a l t h o u g h  t h e  p o p u l a t i o n  s i z e  
g r a d u a l l y  d e c l i n e d .  The p l a s m i d  pDIO was s t a b l y  
m a i n t a i n e d  i n  t h e  i n t r o d u c e d  o r g a n i s m  b u t  3-  
c h l o r o b e n z o a t e  d e g r a d a t i o n  was n o t  en h an ced .  
D e r i v a t i v e s  o f  P. p u t i d a  UWCI were  i s o l a t e d  from  
th e  a c t i v a t e d  s l u d g e  which were a b l e  t o  t r a n s f e r  
pDIO t o  a  r e c i p i e n t  s t r a i n ,  i n d i c a t i n g  t h e  in  s i t u  
t r a n s f e r  o f  m o b i l i z i n g  p l a s m i d s  from  t h e  i n d i g e n o u s  
s l u d g e  m i c r o f l o r a  t o  t h e  i n t r o d u c e d  s t r a i n  (McClure
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e t  a l . , 1989)

In  f u r t h e r  s t u d i e s ,  a  l a r g e  i n c r e a s e  i n  t h e  numbers  
o f  n a t u r a l  3 - c h l o r o b e n z o a t e  d e g r a d i n g  b a c t e r i a  was 
shown t o  be  due t o  t h e  a c q u i s i t i o n  o f  pDIO. T h e se  
t r a n s c o n j u g a n t s  may have  d e l e t e r i o u s l y  a f f e c t e d  t h e  
s u r v i v a l  o f  P. p u t i d a  UWCI a s  t h e y  would  be  b e t t e r  
a d a p t e d  t o  t h e  n a t u r a l  c o n d i t i o n s  i n  t h e  a c t i v a t e d  
s l u d g e  s y s t e m  (McClure e t  a l . ,  1991)  . C o n s i d e r a b l e  
work h a s  a l s o  b ee n  done w i th  Pseudomonas  s p .  s t r a i n  
B13 which h a s  th e  a b i l i t y  t o  d e g r a d e  
c h l o r o c a t e c h o l s  v i a  a  m o d i f i e d  o r th o  c l e a v a g e  
p a thw ay .  The a d d i t i o n  o f  t h i s  s t r a i n  t o  m ixed  
m i c r o b i a l  c u l t u r e s  l e d  t o  t h e  e m ergen ce  o f  a  new 
g e n o t y p e  c a p a b l e  o f  c o m p le te  h a l o a r o m a t i c  
d e g r a d a t i o n  when n e i t h e r  p a r e n t a l  s t r a i n  c a r r i e d  
t h e  c o m p le te  d e g r a d a t i v e  pa thw ay  (R e in ek e  and 
Knackmuss,  1 9 7 9 ) .  F u r t h e r  s t u d y  d e m o n s t r a t e d  t h e  
t r a n s f e r  o f  t h e  TOL p l a s m i d  t o  s t r a i n  B13, which 
a l l o w e d  f o r  t h e  d e g r a d a t i o n  o f  c h l o r o a r o m a t i c s  t o  
c h l o r o c a t e c h o l  which was th e n  m e t a b o l i z e d  v i a  t h e  
m o d i f i e d  o r th o  pa thw ay o f  s t r a i n  B13 (Knackmuss,  
1 9 8 1 ) .

The r e t e n t i o n  o f  i n o c u l a t e d  o r g a n i s m s  o r  t r a n s f e r  
o f  t h e i r  g e n e t i c  i n f o r m a t i o n  i s  i m p o r t a n t  i f  
b i o a u g m e n t a t i o n  i s  t o  enhance  d e g r a d a t i o n  o f  
p o l l u t a n t s  i n  w a s t e w a t e r .  I t  i s  a l s o  v e r y  
i m p o r t a n t  f o r  r e a s o n s  o f  p r o c e s s  e f f i c i e n c y  and 
c o s t ;  hence  t h e  r e c e n t  i n t e r e s t  i n  t h e  u s e  o f  
b i o f i l m s  and im m o b i l i z e d  enzyme s y s t e m s  f o r  
w a s t e w a t e r  t r e a t m e n t  (McClure, 1991) .

1:13 THE MONITORING OF ADDED ORGANISMS

Numerous m ethods  have  b ee n  d e v e l o p e d  t o  f o l l o w  t h e  
f a t e  o f  o r g a n i s m s  added  t o  e c o s y s t e m s  c o n t a i n i n g
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m ixed  m i c r o b i a l  p o p u l a t i o n s  ( J a i n  e t  a l . ,  1988)

C o n v e n t i o n a l  methods  f o r  t h e  d e t e c t i o n  o f  a  
s p e c i f i c  o r g a n i s m  i n c l u d e

s e l e c t i v e  p l a t i n g  and e n r ic h m e n t  t e c h n i q u e s  
e n u m e r a t io n  by  m o s t - p r o b a b l e - n u m b e r  (MPN) 
method
e p i f l u o r e s c e n c e  co u n t  t e c h n i q u e

D e v e l o p i n g  m ethods  i n c l u d e : -

u s e  o f  p l a s m i d  e p i d e m i o l o g y  and r e s t r i c t i o n
p r o f i l e s  (DNA f i n g e r p r i n t i n g )
u s e  o f  s e l e c t a b l e  g e n o t y p i c  m a r k e r s
u s e  o f  n u c l e i c  a c i d  s e q u e n c e  a n a l y s i s
n u c l e i c  a c i d  h y b r i d i z a t i o n  t e c h n i q u e s
p r o t e i n  and enzyme a n a l y s i s
g e n e t i c a l l y  e n g i n e e r e d  m a r k e r s

In  c h o o s i n g  a  t e c h n i q u e  f o r  m o n i t o r i n g  an o r g a n i s m  
o r  o r g a n i s m s  a number o f  i m p o r t a n t  c r i t e r i a  must  
f i r s t  b e  c o n s i d e r e d .

i t  s h o u l d  be  a p p l i c a b l e  u n d e r  a  wide  v a r i e t y  o f  
e n v i r o n m e n t a l  c o n d i t i o n s
i t  s h o u l d  be s u i t a b l e  f o r  t e c h n i c a l  a p p l i c a t i o n  
i n  te r m s  o f  i t s  s i m p l i c i t y
i t  s h o u l d  be  a b l e  t o  d e t e c t ,  i d e n t i f y  and 
en u m e ra te  t h e  a dd ed  o r g a n i s m
i t  s h o u l d  be  s e n s i t i v e  and s p e c i f i c  t o  d e t e c t  
a  s m a l l  p o p u l a t i o n
i t  s h o u l d  be  c a p a b l e  o f  d i f f e r e n t i a t i n g  t h e  
s p e c i f i c  o r g a n i s m  from  o t h e r  o r g a n i s m s  i n  t h e  
env iron m en t
i t  s h o u l d  be  a b l e  t o  d i s c r i m i n a t e  t h e  a dd ed  
o r g a n i s m  from o t h e r  s t r a i n s  o f  t h e  same s p e c i e s
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i t  s h o u l d  be  e f f i c i e n t ,  c o s t  e f f e c t i v e  and 
t im e - e c o n o m ic  ( J a i n  e t  a l . ,  1 9 8 8 ) .

One o f  t h e  most  p o w e r f u l  and r e l i a b l e  m eth ods  f o r  
m o n i t o r i n g  s p e c i f i c  o r g a n i s m s  i s  t h e  u s e  o f  DNA 
p r o b e s  e i t h e r  s p e c i e s - s p e c i f i c  p r o b e s  which d e t e c t  
t h e  p r e s e n c e  o f  a  com plem en tary  s e q u e n c e  u n iq u e  t o  
t h e  o r g a n i s m  t o  be  a d d ed  o r  f u n c t i o n - s p e c i f i c  
p r o b e s ,  su c h  a s  t h o s e  t h a t  i d e n t i f y  g e n e s  f o r  
p o l l u t a n t  d e g r a d a t i o n .  F u n c t i o n - s p e c i f i c  p r o b e s  
a r e  n o t  s p e c i f i c  t o  one ta x o n o m ic  g r o u p ,  b u t  r a t h e r  
m e a s u r e  t h e  p o t e n t i a l  o f  t h e  community a s  a  whole  
t o  p e r f o r m  a f u n c t i o n ,  though  n o t  t h e  a c t u a l  
a c t i v i t y  o f  th e  f u n c t i o n  (Ogram and S a y l e r ,  1988)  .

However, no s i n g l e  t e c h n o l o g y  i s  p e r f e c t  f o r  a l l  
m o n i t o r i n g  n e e d s  r a t h e r  a  m u l t i p l e  m e t h o d o l o g i c a l  
a p p r o a c h  s h o u l d  be  u s e d  t o  a c h i e v e  a c c u r a t e  and 
s e n s i t i v e  m o n i t o r i n g  o f  s p e c i f i c  b a c t e r i a  i n  
e n v i r o n m e n t a l  s a m p l e s . The s e l e c t i o n  o f  a 
t e c h n i q u e  must be  b a s e d  on a  c l e a r  d e f i n i t i o n  o f  
t h e  g o a l  o f  th e  d e t e c t i o n  and m o n i t o r i n g  s t r a t e g y  
( J a i n  e t  a l . ,  1 9 8 8 ) .
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2 MATERIALS & METHODS

2:1 MATERIALS 

2:1:1 BACTERIAL CULTURES 

Pseudom onas species

The Pseudomonas p u t i d a  s p p .  IGA 7 . 1 6 ,  IGA 7 . 2 4  IGA 
0 .9 2  and t h e  Pseudomonas f l u o r e s c e n s  s p .  IGA 1 3 . 4 2  
were o b t a i n e d  from  I n t e r B i o  L a b o r a t o r i e s  L t d . ,  
S a n d y f o r d  In d .  E s t . ,  D u b l in  18 ,  I r e l a n d .

Pseudomonas p u t i d a  NCIB 10432 c a r r y i n g  a  TOL 
p l a s m i d  and Pseudomonas p u t i d a  NCIB 12199 c a r r y i n g  
a  NAH P la s m id  were o b t a i n e d  from  t h e  N a t i o n a l  
C o l l e c t i o n  o f  I n d u s t r i a l  B a c t e r i a ,  A b erdeen ,  U .K.

A l l  t h e  Pseudomonas c u l t u r e s  were  s u p p l i e d  i n  
f r e e z e  d r i e d  form.

Biolvte CX 80

The b i o a u g m e n t a t i o n  p r o d u c t ,  B i o l y t e  CX 80 was 
o b t a i n e d  from I n t e r B i o  L a b o r a t o r i e s  L t d . ,  S a n d y f o r d  
In d .  E s t . ,  D u b l in  18, I r e l a n d .
B i o l y t e  CX 80 i s  a  s p e c i a l l y  f o r m u l a t e d  m i c r o b i a l  
p r o d u c t  d e s i g n e d  t o  d e g r a d e  a  wide  r a n g e  o f  
a l i p h a t i c  and a r o m a t i c  compounds i n  a e r o b i c  
b i o l o g i c a l  w a s t e w a t e r  t r e a t m e n t  s y s t e m s .  The CX 80 
f o r m u l a t i o n  c o n t a i n s  a  r a n g e  o f  13 m i c r o o r g a n i s m s ,  
i n c l u d i n g  members o f  t h e  g e n e r a  Aeromonas, 
B a c i l l u s , Pseudomonas and R h odococcu s , t o g e t h e r  
w i t h  s u r f a c t a n t s  c a r r i e d  on a  c e r e a l  b a s e .
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Recombinant E.Coli strains

E . c o l i  BHB 2600 (pDTG113) c a r r y i n g  t h e  g e n e s  f o r
t h e  d e g r a d a t i o n  o f  n a p h t h a l e n e  t o  s a l i c y l a t e  and 
E . c o l i  JM109 (pDTG602) c a r r y i n g  t o l u e n e  d i o x y g e n a s e  
and c i s - t o l u e n e  d i h y d r o d i o l  d e h y d r o g e n a s e  g e n e s  
were  k i n d l y  d o n a t e d  by  Dr.  D .T .  G ib s o n ,  D e p t ,  o f  
M i c r o b i o l o g y ,  U n i v e r s i t y  o f  Iowa, U . S . A .

E . c o l i  K12 (pGSH283 6) c a r r y i n g  t o l u e n e  
m onooxygenase  and b e n z y l  a l c o h o l  o x i d a s e  g e n e s  was 
k i n d l y  d o n a t e d  by Dr .  S .  Harayama,  D e p a r te m e n t  de  
B i o c h i m i e  M e d i c a l e ,  U n i v e r s i t y  o f  G eneva ,  
S w i t z e r l a n d .

The r e c o m b in a n t  E. c o l i  s t r a i n s  were  s u p p l i e d  
g r o w in g  on a g a r .

2:1:2 MEDIA

A l l  m e d ia  u n l e s s  o t h e r w i s e  s t a t e d  were o b t a i n e d  
from O xo id .
A l l  m ed ia  were  s t e r i l i z e d  by a u t o c l a v i n g  a t  121°C 

f o r  15 m i n u t e s .

Hugh and Leifsons1 Medium

The medium was p r e p a r e d  a s  o u t l i n e d  i n  H a r r i g a n  and 
Mc Cance (1976) .
A l l  t h e  i n g r e d i e n t s  e x c e p t  Bromothymol b l u e  were  
d i s s o l v e d  i n  d i s t i l l e d  w a t e r  and t h e  pH was 
a d j u s t e d  t o  7 . 1 .  The i n d i c a t o r  dye  was t h e n  a d d e d .  
The medium was d i s p e n s e d  i n t o  t e s t  t u b e s  i n  10ml 
a l i q u o t s .  F o l l o w i n g  s t e r i l i z a t i o n ,  t h e  t u b e s  were  
c o o l e d  r a p i d l y  i n  an i c e d  w a t e r  b a t h  and i n o c u l a t e d  
i m m e d i a t e l y .
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P ep to n e  2 .0
NaCl 5 .0
K2HP04 0 .3
G l u c o s e  1 0 . 0
A g a r  3 . 0
Bromothymol b l u e  3 . 0  ml

S /1

(1% (w/v) a q u e o u s  s o l u t i o n )  
pH 7 . 1

Gelatin Agar

G e l a t i n  was a dd ed  t o  n u t r i e n t  a g a r  b e f o r e  
s t e r i l i z a t i o n  t o  a  f i n a l  c o n c e n t r a t i o n  o f  0.4% 
(w/v) a s  o u t l i n e d  i n  H a r r i g a n  and Mc Cance  (1976) .

Luria-Bertani Medium & Luria Medium

L u r i a - B e r t a n i  (LB) B r o t h  and L u r i a  B r o t h  were 
p r e p a r e d  a c c o r d i n g  t o  t h e  method o f  M a n i a t i s  e t  a l . 
( 1 9 8 2 ) .  The i n g r e d i e n t s  were combined i n  d i s t i l l e d  

w a t e r .

LB B r o t h
cr/L

T ry p to n e  1 0 . 0
Y e a s t  E x t r a c t  5 . 0
Sodium C h l o r i d e  1 0 . 0

pH 7 .0

L u r i a  B r o t h
ct/L

T r y p t o n e  1 0 . 0
Y e a s t  E x t r a c t  5 . 0
Sodium C h l o r i d e  5 . 0  
G l u c o s e  1 . 0

pH 7 . 0

Milk Agar

Skim m i l k  powder (Oxoid) was added  t o  n u t r i e n t  a g a r  
b e f o r e  s t e r i l i z a t i o n  t o  a  f i n a l  c o n c e n t r a t i o n  o f  
10% (w/v) a s  o u t l i n e d  i n  H a r r i g a n  and Mc Cance (1976) .
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Pseudomonas Minimal Medium

The medium o f  G o u l d i n g  e t  a l  (1988) was p r e p a r e d  by- 
com b in in g  t h e  i n g r e d i e n t s  i n  d i s t i l l e d  w a t e r  and 
a d j u s t i n g  th e  pH t o  7 . 0  w i th  2M NaOH. The t r a c e  
s a l t s  s o l u t i o n  was p r e p a r e d  s e p a r a t e l y  i n  d i s t i l l e d  
w a t e r  and was s t o r e d  i n  a  d a r k  b o t t l e ,  w i t h o u t  
s t e r i l i z i n g ,  f o r  6-8  w eeks .

s/i
k2hpo4 4.36
NaH2P04 3 .45
NH4CL 1.0
MgS046H20 0 . 9 1
T r a c e  S a l t s S o l u t i o n 1 . 0  ml

pH 7 . 0

T r a c e  s a l t s s o l u t i o n
cr/100ml

CaCl2. 2H20 4 . 7 7

FeS04. 7H20 0 .37

CoC12 . öHjO 0 .37

MnCl2 0 .10

NaMo04 0 .02

Tween 80 Agar

The a g a r  was p r e p a r e d  a s  o u t l i n e d  i n  H a r r i g a n  and 
Mc Cance ( 1 9 7 6 ) .The i n g r e d i e n t s  were d i s s o l v e d  i n  
d i s t i l l e d  w a t e r  and t h e  pH a d j u s t e d  t o  w i t h i n  7 . 0  - 
7 . 4  i f  r e q u i r e d .

g / i
P eptone  1 0 . 0
CaCl2 H20 0 . 1
NaCl 5 .0
Tween 80 1 0 . 0
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Agar
pH 7.0 - 7.4

15 . 0

2:1:3 BUFFERS 

20 x SSC

A s t o c k  s o l u t i o n  o f  20XSSC c o m p r i s e d  sod ium  
c h l o r i d e  (3M) and sod ium  c i t r a t e  (0.3M) i n  
d i s t i l l e d  w a t e r .  The pH was a d j u s t e d  t o  7 . 0  w i t h  
sod ium  h y d r o x i d e .  T h i s  s o l u t i o n  was s t o r e d  a t  4°C 
and d i l u t e d  a s  r e q u i r e d .

5OX TAE

T r i s - a c e t a t e  b u f f e r  was p r e p a r e d  by  d i s s o l v i n g  T r i s  
(2M) and e t h y l e n e d i a m i n e t e t r a  a c e t i c  a c i d  (0.05M) 
i n  d i s t i l l e d  w a t e r  and a d j u s t i n g  t h e  pH t o  8 . 0  w i t h  
g l a c i a l  a c e t i c  a c i d .  The b u f f e r  was s t o r e d  a t  room 
t e m p e r a t u r e  and d i l u t e d  a s  r e q u i r e d .

TE Buffer

T r i s  EDTA b u f f e r  was p r e p a r e d  b y  d i s s o l v i n g  T r i s  
(lOmM) and EDTA (ImM) i n  d i s t i l l e d  w a t e r  and 
a d j u s t i n g  t o  pH 8 . 0  w i th  2M HC1.

P o t a s s i u m  P h o s p h a t e  B u f f e r  ( f o r  p h e n o l  a s s a y )

P o t a s s i u m  p h o s p h a t e  b u f f e r  was p r e p a r e d  a s  o u t l i n e d  
i n  S t a n d a r d  Methods f o r  t h e  E x a m i n a t io n  o f  Water 
and W a stew ate r  (1985) by  d i s s o l v i n g  K2HP04 ( 1 0 4 . 5g) 
and KH2P04 ( 7 2 . 3 g )  i n  d i s t i l l e d  w a t e r  (11) . The pH 
o f  t h e  r e s u l t i n g  s o l u t i o n  s h o u l d  be  6 . 8 .
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Sodium Phosphate Buffer

Sodium p h o s p h a t e  b u f f e r  (0.01M) was p r e p a r e d  by- 
d i s s o l v i n g  Na2HP04 (0.01M) and NaH2P04 (0.01M) i n  
d i s t i l l e d  w a t e r .  The pH o f  t h e  r e s u l t i n g  s o l u t i o n  
s h o u l d  be  7 . 0 .

Tris-HCl Buffer

T r i s - H C l  b u f f e r  (0.033M) was p r e p a r e d  by  d i s s o l v i n g  
t r i s  (0.033M) i n  d i s t i l l e d  w a t e r  and a d j u s t i n g  t h e  
pH t o  7 . 6  w i th  2M HC1.

2:1:4 SOURCE OF CHEMICALS

The c h e m i c a l s  u s e d  were  o b t a i n e d  from a  number o f  
s o u r c e s  i n c l u d i n g  R i e d e l - d e - H a e n ,  BDH, S ig m a ,  
A l d r i c h  and NBS B i o l o g i c a l s .

2:1:5 SOURCE OF GENETIC MATERIAL

R e s t r i c t i o n  enzymes were  s u p p l i e d  by  B e t h e s d a  
R e s e a r c h  L a b o r a t o r i e s ,  L i f e  S c i e n c e s  In c  . ,  M a ry lan d ,  
USA.

X DNA ( 0 . 25/xg//il)  was s u p p l i e d  b y  B o e h r i n g e r  
Mannheim, Germany.

ce-32P ATP was s u p p l i e d  by Du P on t ,  F r a n c e .

P r im e -a -G en e  l a b e l l i n g  s y s t e m  was s u p p l i e d  by  
Promega C o r p . ,  M adison ,  USA.

DIG DNA l a b e l l i n g  and d e t e c t i o n  s y s t e m  was s u p p l i e d  
by  B o e h r i n g e r  Mannheim, Germany.
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2:2 METHODS

A l l  t h e  Pseudomonas s t r a i n s  were  s u p p l i e d  f r e e z e -  
d r i e d  .

S t e r i l e  n u t r i e n t  b r o t h  (0 .2m l)  was a dd ed  t o  t h e  
f r e e z e - d r i e d  c u l t u r e s  and t h e  o r g a n i s m s  were  
r e s u s p e n d e d  w i th  a  s t e r i l e  i n o c u l a t i n g  l o o p .  A 
l o o p f u l  o f  c u l t u r e  was p l a t e d  o n to  n u t r i e n t  a g a r  
u s i n g  t h e  s t r e a k  p l a t e  t e c h n i q u e .  A l t e r n a t i v e l y ,  
a  l o o p f u l  o f  c u l t u r e  was u s e d  t o  i n o c u l a t e  n u t r i e n t  
b r o t h  f l a s k s .

The c u l t u r e s  were i n c u b a t e d  a t  3 0°C f o r  24 h o u r s ,  
w i t h  a g i t a t i o n  (200 rpm) f o r  l i q u i d  c u l t u r e s .

2:2:2 MAINTENANCE OF BACTERIAL CULTURES

Maintenance of Pseudomonas cultures on nutrient 
acrar

C u l t u r e s  were m a i n t a i n e d  on n u t r i e n t  a g a r  s l o p e s  a t  
4°C and were s u b c u l t u r e d  e v e r y  2-3  m onths .

Maintenance of Pseudomonas cultures on aromatic 
compounds

C u l t u r e s  were m a i n t a i n e d  on a r o m a t i c  s u b s t r a t e s  by 
p l a t i n g  on Pseudomonas m in im al  medium ( s e c t i o n  
2 : 1 : 2 )  i n c o r p o r a t i n g  Oxoid b a c t e r i o l o g i c a l  a g a r  
number 1 (1%, w/v) t o g e t h e r  w i t h  t h e  a p p r o p r i a t e
a r o m a t i c  compound.

Phenol  (5mM) and m - T o lu a te  (5mM) were a dd ed  t o  t h e

2:2:1 RESUSCITATION OF FREEZE-DRIED PSEUDOMONAS CULTURES
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medium p r i o r  t o  s t e r i l i z a t i o n .  B e n z o a t e  (5mM) was 
d i s s o l v e d  i n  e t h a n o l  ( l g / m l )  t o  e n s u r e  even
d i s t r i b u t i o n  i n  t h e  medium and was a d d e d  a f t e r
s t e r i l i z a t i o n .  p - C h l o r o p h e n o l  was a l s o  d i s s o l v e d  
i n  e t h a n o l  (200 mg/ml) and a d d ed  a f t e r  
s t e r i l i z a t i o n .

N a p h t h a le n e  c r y s t a l s  ( 0 . 1 5 - 0 . 2 5 g )  were  s c a t t e r e d  on 
t h e  l i d  o f  th e  i n v e r t e d  p e t r i  d i s h e s  and t h e  
o r g a n i s m s  were grown i n  t h e  v a p o u r .  T o lu e n e  p l a t e  
c u l t u r e s  were grown i n  a  d e s i c c a t o r  (260mm
d i a m e t e r )  and a  g l a s s  b e a k e r  w i t h  1 5 -20ml T o lu e n e
was p l a c e d  i n  t h e  b o t t o m  i . e  u n d e r  t h e  g r i d ,  t o  
p r o v i d e  a  t o l u e n e - s a t u r a t e d  a t m o s p h e r e .

A l l  t h e  p l a t e s  were i n c u b a t e d  a t  30°C f o r  4 8 -7 2  

h o u r s .

Maintenance of recombinant E .c o l i cultures

Recom binant  s t r a i n s  were grown i n  a c c o r d a n c e  w i t h  
t h e  i n s t r u c t i o n s  o b t a i n e d  from Dr.  D. T. G ib s o n  and 
D r . S . H arayam a.

E . c o l i  BHB 2600 (pDTG113) was grown o v e r n i g h t  i n  LB 
b r o t h  i n c o r p o r a t i n g  kanam ycin  (50 //g /m l)  .

E . c o l i  JM109 (pDTG 602) was grown o v e r n i g h t  i n  
L u r i a  b r o t h  i n c o r p o r a t i n g  a m p i c i l l i n  (100 /xg/ml) .

E . c o l i  K12 (pGSH 2836) was grown o v e r n i g h t  i n  LB 
b r o t h  i n c o r p o r a t i n g  a m p i c i l l i n  (50 /¿g/ml) .

The s t r a i n s  were s t o r e d  u s i n g  t h e  method o u t l i n e d  
by  M a n i a t i s  e t  a l  (1982) .
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The c u l t u r e  ( 0 .8 5  ml) was a d d e d  t o  g l y c e r o l  
(0 .1 5 m l)  i n  s t e r i l e  e p p e n d o r f  t u b e s .  The g l y c e r o l  

was s t e r i l i z e d  by a u t o c l a v i n g  t w i c e  a t  12l°C  f o r  15 
m i n u t e s . The c u l t u r e  and g l y c e r o l  were  m ix ed  w e l l  
b y  v o r t e x i n g  and t h e  t u b e s  were  s e a l e d  w i t h  
p a r a f i l m .  The c u l t u r e s  were s t o r e d  a t  -20°C.  
C u l t u r e s  s t o r e d  i n  t h i s  manner a r e  e x p e c t e d  t o  
re m a in  v i a b l e ,  w i t h o u t  l o s s  o f  p l a s m i d s ,  f o r  a  
number o f  y e a r s .

2:3:2 GROWTH OF PSEUDOMONAS CULTURES ON AROMATIC 
SUBTRATES

C e l l s  from  n u t r i e n t  a g a r  o r  a r o m a t i c  p l a t e s  were 
u s e d  t o  i n o c u l a t e  n u t r i e n t  b r o t h s  ( 1 0 m l ) . C u l t u r e s  
were i n c u b a t e d  o v e r n i g h t  a t  3 0°C and a g i t a t e d  a t  
200rpm.

The c e l l s  were h a r v e s t e d  i n  a  L a b o f u g e  6000 b en c h -  
t o p  c e n t r i f u g e  ( 5 ,0 0 0  rpm f o r  10 m i n u t e s ) .

The c u l t u r e s  were washed  i n  s t e r i l e  0.1M Sodium 
p h o s p h a t e  b u f f e r  (pH 7 .0 )  o r  0.033M T r i s - H C l  b u f f e r  
(pH 7 .6 )  ( s e c t i o n  2 : 1 : 3 )  and t h e  f i n a l  p e l l e t  
r e s u s p e n d e d  i n  t h e  same b u f f e r .

T h i s  c e l l  s u s p e n s i o n  was th en  u s e d  t o  i n o c u l a t e  
Pseudomonas m in im a l  medium, a t  a  c o n c e n t r a t i o n  o f
2% (v /v )  .

Phenol  and m - t o l u a t e  were  added  t o  t h e  medium, a t  
a  c o n c e n t r a t i o n  o f  5mM, b e f o r e  s t e r i l i z a t i o n .  
B e n z o a t e  and n a p h t h a l e n e  were a d d ed  a f t e r  
s t e r i l i z a t i o n  t o  g i v e  a  c o n c e n t r a t i o n  o f  5mM. p-  
C h lo ro p h e n o l  (2 00ppm) was d i s s o l v e d  i n  a  minimum

72



volume o f  e t h a n o l  and a dd ed  a f t e r  s t e r i l i z a t i o n .  
T o lu en e  (0.5%, v / v )  was s u p p l i e d  i n  t h e  v a p o u r  
p h a s e  by s u s p e n d i n g  a  s m a l l  t u b e ,  w i t h  t h e  
a p p r o p r i a t e  volume o f  t o l u e n e ,  i n s i d e  t h e  f l a s k .  
A v e r y  t i g h t  c o t t o n  wool bung was u s e d  t o  m in im iz e  
l o s s  o f  t o l u e n e  v a p o u r s  t o  th e  a t m o s p h e r e  and a 
l a r g e  h e a d s p a c e  was p r o v i d e d  t o  e n s u r e  a d e q u a t e  
a e r a t i o n .

A l l  c u l t u r e s  were  i n c u b a t e d  a  3 0°C and a g i t a t e d  a t  
150rpm f o r  48 h o u r s .

S p e c i f i c  grow th  r a t e s  were c a l c u l a t e d  u s i n g  t h e  
com puter  s o f t w a r e  p a c k a g e  S igma P l o t  ( V e r s i o n  4 . 0 )  , 
J a n d e l  C o r p o r a t i o n .  A m a t h e m a t i c a l  t r a n s f o r m  was 
u s e d  t o  d e t e r m in e

Ln (X/X0)

where X = a b s o r b a n c e  a t  t im e  t  
X0 = i n i t i a l  a b s o r b a n c e

A p l o t  o f  L n(X /X 0) v s  t  was c o n s t r u c t e d .
R e g r e s s i o n  a n a l y s i s  was p e r f o r m e d  on t h e  
e x p o n e n t i a l  p o r t i o n  o f  t h e  c u r v e .  The r e s u l t i n g  
s l o p e  b e i n g  e q u a l  t o  t h e  s p e c i f i c  g row th  r a t e  (/¿) .

2:2:4 TESTS USED IN THE CHARACTERIZATION OF PSEUDOMONAS 
SPECIES

Antibiotic Sensitivity

An o v e r n i g h t  n u t r i e n t  b r o t h  c u l t u r e  (0 .1 m l)  was 
s p r e a d  p l a t e d  o n to  Oxoid M u e l l e r - H i n t o n  a g a r .  
O xoid  A n t i b i o t i c  D i s c s  were p l a c e d  on t h e  s u r f a c e  
o f  t h e  a g a r  p l a t e s  which were  i n c u b a t e d  a t  30°C f o r  
24 h o u r s .  The f o l l o w i n g  a n t i b i o t i c s  were t e s t e d  :
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c h l o r a m p h e n i c o l  (50pig) , n o v o b i o c i n  (3 0/xg) , 
p e n i c i l l i n  G ( l O i u ) , p o ly m y x in  B ( 3 0 0 i u ) , 
s t r e p t o m y c i n  (25^g) and t e t r a c y c l i n e  (30/xg) . The 
p r e s e n c e  o f  c l e a r  z o n e s  a ro u n d  t h e  d i s c s  i n d i c a t e d  
s e n s i t i v i t y  t o  t h e  a n t i b i o t i c .

API  t e s t s

A number o f  API i d e n t i f i c a t i o n  s y s t e m s  were u s e d  
i n c l u d i n g  API 2 OB, f o r  h e t e r o t r o p h i c  ae ro b e s , -  API 
2 ONE, f o r  n o n - e n t e r i c  Gram n e g a t i v e  r o d s  and API 
50CH f o r  d e t e r m i n i n g  c a r b o h y d r a t e  a s s i m i l a t i o n .  
The i d e n t i f i c a t i o n  s y s t e m s  were u s e d  a c c o r d i n g  t o  
t h e  m a n u f a c t u r e r s '  i n s t r u c t i o n s  (B io  M e r ie u x ,  
F r a n c e ) . The i n o c u l a  were  p r e p a r e d  a s  f o l l o w s  : an 
o v e r n i g h t  n u t r i e n t  b r o t h  c u l t u r e  (10ml) was 
h a r v e s t e d  i n  a  L a b o fu g e  6000 b e n c h - t o p  c e n t r i f u g e  
( 5 ,0 0 0  rpm f o r  10 m in u te s )  and washed  once  w i t h  
s t e r i l e  0 .  1M sod ium  p h o s p h a t e  b u f f e r  (pH 7 . 0 )  
( s e c t i o n  2 : 1 : 3 )  . The p e l l e t  was r e s u s p e n d e d  i n  t h e  

medium s u p p l i e d  by  th e  m a n u f a c t u r e r  f o r  API 2 0B and 
API 50CH t e s t s .  In  t h e  c a s e  o f  API 20NE, t h e  
p e l l e t  was r e s u s p e n d e d  i n  0 . 8 5 % (w/v) NaCl (10ml) 
and u s e d  t o  i n o c u l a t e  a p o r t i o n  o f  t h e  t e s t s .  F o r  
t h e  API 20NE a s s i m i l a t i o n  t e s t s ,  200/xl o f  t h i s  
s u s p e n s i o n  was u s e d  t o  i n o c u l a t e  a u x i l i a r y  medium 
s u p p l i e d  by  t h e  m a n u f a c t u r e r .

The f o l l o w i n g  t e s t s  were p e r f o r m e d  a s  o u t l i n e d  by 
H a r r i g a n  and McCance (1976) u n l e s s  o t h e r w i s e  
s t a t e d .

C a s e i n  H y d r o l y s i s

M ilk  a g a r  p l a t e s  were i n o c u l a t e d  b y  s t r e a k i n g  once  
a c r o s s  t h e  s u r f a c e .  P l a t e s  were  i n c u b a t e d  a t  3 0°C 
f o r  2 -14  d a y s .  C l e a r  z o n e s  v i s i b l e  a f t e r
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i n c u b a t i o n  were p r e s u m p t i v e  e v i d e n c e  o f  c a s e i n  
h y d r o l y s i s .  T h i s  was c o n f i r m e d  by f l o o d i n g  t h e  
p l a t e s  w i th  1% (v /v )  h y d r o c h l o r i c  a c i d  which
p r e c i p i t a t e d  u n h y d r o ly z e d  p r o t e i n .

DNase Activity ( C o l l i n s  and Lyne,  1985)

The o r g a n i s m s  were s t r e a k e d  o n to  D i f c o  DNase a g a r  
and i n c u b a t e d  a t  3 0°C o v e r n i g h t .  The p l a t e s  were  
f l o o d e d  w i th  1M h y d r o c h l o r i c  a c i d ,  which 
p r e c i p i t a t e d  unchanged n u c l e i c  a c i d s .  C l e a r  z o n e s  
a ro u n d  t h e  inocu lu m  i n d i c a t e d  a  p o s i t i v e  r e a c t i o n .

Gelatin Hydrolysis

G e l a t i n  a g a r  was i n o c u l a t e d  by  s t r e a k i n g  t h e  t e s t  
o r g a n i s m  once  a c r o s s  t h e  s u r f a c e  o f  t h e  medium. 
P l a t e s  were  i n c u b a t e d  a t  3 0°C f o r  2 -1 4  d a y s .  P l a t e s  
were  f l o o d e d  w i th  8 -10ml o f  m e r c u r i c  c h l o r i d e  
s o l u t i o n  (15%(w/v) i n  20%( v /v )  h y d r o c h l o r i c  a c i d ) . 
U n h y d ro ly ze d  g e l a t i n  form ed a w h i t e  op aqu e  
p r e c i p i t a t e  t h u s  a  c l e a r  zone was r e c o r d e d  a s  a  
p o s i t i v e  r e s u l t .

Gram Reaction

The Gram s t a i n  was c a r r i e d  o u t  on 1 8 -2 4  h o u r  
c u l t u r e s  a c c o r d i n g  t o  t h e  Hucker method ( C o l l i n s  
and Lyne,  1 9 8 5 ) .

Lipase Activity

Tween 8 0 a g a r  was i n o c u l a t e d  by s t r e a k i n g  once 
a c r o s s  t h e  s u r f a c e .  P l a t e s  were i n c u b a t e d  a t  30°C 
f o r  1-7  d a y s .

Opaque z o n e s  s u r r o u n d i n g  t h e  in o cu lu m  c o n s i s t e d  o f
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c a l c i u m  s a l t s  o f  f r e e  f a t t y  a c i d s  and were  
i n d i c a t i v e  o f  l i p o l y t i c  a c t i v i t y .

Morphology

The c o l o n y  m o rpho logy  o f  t h e  Pseudomonas  s p p .  was 
exam ined  f o l l o w i n g  grow th  on n u t r i e n t  a g a r  a t  30°C 
f o r  24 h o u r s . The c e l l  m o rp h o lo g y  was exam ined  
f o l l o w i n g  grow th  i n  n u t r i e n t  b r o t h  f o r  24 h o u r s  a t  
30°C w i t h  a g i t a t i o n  a t  200rpm.

Oxidase Activity

a) F i l t e r  p a p e r  was i m p r e g n a te d  w i t h  a  l%(w/v)  
a q u e o u s  s o l u t i o n  o f  t e t r a m e t h y l - p - p h e n y l e n e -  
d ia m in e  (w ith  0.1% a s c o r b i c  a c i d  t o  p r e v e n t  
a u t o - o x i d a t i o n ) . B a c t e r i a l  c u l t u r e  was g e n t l y  
sm e a red  a c r o s s  th e  f i l t e r  p a p e r  w i t h  a  g l a s s  
r o d .  The f o r m a t i o n  o f  a  p u r p l e  c o l o u r  w i t h i n  5- 
10 s e c o n d s  i n d i c a t e d  o x i d a s e  p o s i t i v e  c u l t u r e s .

b) O xoid  o x i d a s e  i d e n t i f i c a t i o n  s t i c k s  were u s e d  t o  
t a k e  up some b a c t e r i a l  c u l t u r e .  A p o s i t i v e  
r e a c t i o n  was r e c o r d e d  when p u r p l e  c o l o r a t i o n  
form ed w i t h i n  3 0 s e c o n d s .

Oxidation - Fermentation. Test

Two t u b e s  o f  Hugh and L e i f s o n ' s  medium were s t a b  
i n o c u l a t e d  w i t h  t h e  t e s t  c u l t u r e .  One t u b e  was 
c o v e r e d  w i t h  s t e r i l e  m i n e r a l  o i l  and t h e  t u b e s  were  
i n c u b a t e d  a t  30°C f o r  up t o  14 d a y s .

A c id  p r o d u c t i o n  was shown by  a  chan ge  i n  t h e  c o l o u r  
o f  t h e  medium from  b l u e - g r e e n  t o  y e l l o w .  
F e r m e n t a t i v e  o r g a n i s m s  p r o d u c e d  a c i d  i n  b o th  t u b e s  
b u t  o x i d a t i v e  o r g a n i s m s  p r o d u c e d  a c i d  o n l y  i n  t h e
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open tu b e  and u s u a l l y  o n l y  a t  t h e  s u r f a c e .

Pigment Production

C u l t u r e s  were s t r e a k e d  o n to  D i f c o  Pseudomonas  a g a r  
F t o  d e t e c t  f l u o r e s c e i n  p r o d u c t i o n  and D i f c o  
Pseudomonas a g a r  P t o  d e t e c t  p y o c y a n in  p r o d u c t i o n .  
P l a t e s  were i n c u b a t e d  a t  30°C f o r  1-2  d a y s .

Spore Stain

A smear  o f  t h e  Pseudomonas s p p .  was p r e p a r e d  f ro m  
a  48 h o u r  n u t r i e n t  b r o t h  c u l t u r e  and h e a t  f i x e d .  
The sm ear  was s t a i n e d  w i t h  5% (w/v) a q u e o u s
m a l a c h i t e  g r e e n  and k e p t  s t e a m i n g  f o r  10 m in u t e s  
( renew in g  t h e  s t a i n  a s  i t  e v a p o r a t e d )  . I t  was th e n  

washed f o r  3 0 s e c o n d s  i n  t a p  w a t e r  and 
c o u n t e r s t a i n e d  w i th  0.25% (w/v) s a f f a r i n  f o r  1
m i n u t e .

Temperature Profiles

The o r g a n i s m s  were  grown on n u t r i e n t  a g a r  and 
i n c u b a t e d  a s  f o l l o w s :

4°C f o r  7-14  d a y s
2 0 and 25°C f o r  2 - 3  d a y s
3 0 and 37°C f o r  1- 2 d a y s

2:5 ASSAY FOR PHENOL COMPOUNDS

Colorimetric assay

Phenol  and m o n o - c h lo r o p h e n o l  c o n c e n t r a t i o n s  were  
d e t e r m i n e d  by a  m o d i f i c a t i o n  o f  t h e  method d e t a i l e d  
i n  S t a n d a r d  Methods f o r  t h e  E x a m i n a t io n  o f  Water
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and Wastewater (1985)

C e l l s  were removed from s a m p l e s  b y  c e n t r i f u g a t i o n  
(5 ,0 0 0  rpm f o r  10 m in u t e s )  and t h e  r e s u l t i n g  
s u p e r n a t a n t  was d i l u t e d  i f  n e c e s s a r y .  A r a n g e  o f  
s t a n d a r d s  were p r e p a r e d  c o n t a i n i n g  0 -0 .0 5 m g  o f  
p h e n o l  o r  c h l o r o p h e n o l  i n  10ml o f  d i s t i l l e d  w a t e r .  
The sam p le  o r  s t a n d a r d  (10ml) was p l a c e d  i n  a  t e s t  
t u b e  and 0 .5N  NH4OH (0 .25m l)  was a d d e d .  The pH was 
th en  a d j u s t e d  t o  7 . 9  ± 0 . 1  w i th  p o t a s s i u m  p h o s p h a t e  
b u f f e r  (pH 6 . 8 )  p r e p a r e d  a s  o u t l i n e d  i n  s e c t i o n  
2 : 1 : 3 .  2% (w/v) 4 - a m i n o a n t i p y r e n e  s o l u t i o n  (100/xl)
was a dd ed  and t h e  t u b e s  were m ix ed  w e l l .  F i n a l l y ,  
8% (w/v) p o t a s s i u m  f e r r i c y a n i d e  (100^1)  was a d d ed  
and t h e  t u b e s  m ix ed .  The t u b e s  were  a l l o w e d  t o  
s t a n d  a t  room t e m p e r a t u r e  f o r  15 m in u t e s  and t h e  
a b s o r b a n c e  was r e a d  a t  500nm.

Sample  s t a n d a r d  c u r v e s  f o r  p h e n o l  and p-  
c h l o r o p h e n o l  a r e  p r e s e n t e d  i n  F i g u r e  17 .

HPLC a s s a y

S am p le s  were c e n t r i f u g e d  ( 5 , 0 0 0  rpm f o r  10 m in u t e s )  
t o  remove c e l l s  and t h e  s u p e r n a t a n t  (5ml) was 
e x t r a c t e d  w i t h  e t h y l  a c e t a t e  (2ml) i n  t h r e e  
s u c c e s s i v e  e x t r a c t i o n s .  The r e s u l t i n g  o r g a n i c  
p h a s e  was a s s a y e d  i m m e d i a t e l y  o r  s t o r e d  a t  4°C f o r  
2-3  d a y s .  P r i o r  t o  a n a l y s i s  t h e  o r g a n i c  p h a s e  was 
f i l t e r e d  t h r o u g h  a  M i l l i p o r e  PTFE f i l t e r  ( 0 . 2  ptm) .

A sam p le  (100^1) was l o a d e d  o n to  a  r e a d y n e  
i n j e c t i o n  l o o p .  A Shimadzu LC-9A S o l v e n t  D e l i v e r y  

U n i t  a u t o m a t i c a l l y  i n j e c t e d  2 0/xl o f  s am p le  o n to  
t h e  Novapak C18 column (Waters,- 4/i p a r t i c l e  s i z e ,  

3.9mm x  150mm s t a i n l e s s  s t e e l  c o lu m n ) .  The m o b i l e
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P heno l  0  / p - C h lo r o p h e n o l  O  c o n c e n t r a t i o n  ( m g / lO m l )

Figure 17. Standard curve for phenol and p -ch lorop h en o l  
using a colourimetric assay

Glucose concentration (mg/1)

Figure 18. Standard curve for glucose using 
the GOD-PAP assay

Figure 19. Standard curve for protein using the Lowry assay
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p h a s e  u s e d  was a c e t i c  a c i d  ( 0 . 0 7 5 M ) / a c e t o n i t r i l e  
( 6 7 : 3 3 )  a t  a  f l o w r a t e  o f  0 .8 m l / m i n .  The Shimadzu 
SPD-6AV d e t e c t o r  was s e t  t o  270nm w i t h  an
a b s o r b a n c e  s e n s i t i v i t y  o f  0 . 0 1 .  An Axiomm 
ch r o m a to g r a p h y  com puter  p a c k a g e  was u s e d  t o  m o n i t o r  
and a n a l y z e  t h e  d a t a .  The r e t e n t i o n  t i m e  f o r  p-  
c h l o r o p h e n o l  was 6 . 0 - 6 . 1  m i n u t e s .

F o l l o w i n g  a n a l y s i s ,  t h e  column was washed w i t h  
u l t r a p u r e  w a t e r  ( 2 0 m l ) , t o  remove t h e  a c e t i c  a c i d ,  
and was th e n  s t o r e d  i n  a c e t o n i t r i l e  and w a t e r  
( 5 0 : 5 0 )  . The s y s t e m  was washed w i t h  m e t h a n o l .  A l l  
s o l u t i o n s  u s e d  were  HPLC g r a d e  and were  f i l t e r e d  
( M i l l i p o r e ,  0.45/xm PTFE f i l t e r s )  and d e g a s s e d  

b e f o r e  u s e .

2:2:6 GLUCOSE ASSAY

C e l l s  were removed from  s a m p l e s  by  c e n t r i f u g a t i o n
( 5 , 0 0 0  rpm f o r  10 m in u t e s )  . The g l u c o s e
c o n c e n t r a t i o n  i n  t h e  c u l t u r e  s u p e r n a t a n t  was
d e t e r m i n e d  u s i n g  a  B o e h r i n g e r  Mannheim GOD-PAP k i t  
i n  a c c o r d a n c e  w i t h  t h e  m a n u f a c t u r e r s '  i n s t r u c t i o n s .  
The method was s e n s i t i v e  i n  t h e  r a n g e  o f  0-5mM 
g l u c o s e .

A sam p le  s t a n d a r d  c u r v e  f o r  g l u c o s e  i s  p r e s e n t e d  i n  
F i g u r e  18 (p age  79) .

2:2:7 CATECHOL DIOXYGENASE ASSAYS

Preparation of cell-free extracts

C e l l s  were  grown on a r o m a t i c  s u b s t r a t e s  (200ml) a s  
d e s c r i b e d  p r e v i o u s l y  ( s e c t i o n  2 : 2 : 3 )  and h a r v e s t e d  
i n  a  S o r v a l l  RC-5B h i g h  s p e e d  c e n t r i f u g e  ( 5 , 0 0 0  rpm
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for 10 minutes). The resulting pellet was washed 
in 0.033M Tris HC1 buffer (pH 7.6) and the final 
pellet was resuspended in the same buffer (3ml).

The cells were disrupted by sonication for 3 
minutes (30 seconds on;30 seconds off) at 16 
amplitude microns in a MSE Soniprep 150. The cell 
suspension was kept on ice throughout sonication.

Whole cells and cell debris were removed by 
centrifugation at 20,000 rpm and 0-4°C for 20 
minutes in a Sorvall RC-5B centrifuge.

The cell-free extract was kept on ice and assayed 
as soon as possible for catechol dioxygenase 
activity (Feist and Hegeman, 1969).

Catechol 1 .2-dioxvgenase activity

The ortho-cleavage of catechol by catechol 1,2- 
dioxygenase was measured by following the formation 
of cis, c i s -muconic acid, the cleavage product.

The following reagents were added to a quartz 
cuvette:

2ml 50mM tris-HCl buffer (pH 8.0)
0.7ml distilled water
0.1ml lOOmM 2-mercaptoethanol
0 .1ml cell-free extract

The contents of the cuvette were mixed by inversion 
and 0.1ml of catechol (ImM) was then added and the 
contents mixed again. c i s , cis-Muconic acid
formation was followed by an increase in the 
absorbance at 260nm over a period of 5 minutes.
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Catechol 2,3-dioxyqenase activity

Catechol 2,3-dioxygenase activity was determined by 
following the formation of the m e ta-cleavage 
product, 2 -hydroxymuconic semialdehyde.

The following reagents were added to a plastic 
cuvette:

2 ml 50mM tris HC1 buffer (pH 7.5)
0 .6ml distilled water 
0 .2ml cell-free extract

The contents were mixed by inversion and 0.2ml of 
catechol (lOOmM) was added and mixed with the 
contents.

2-Hydroxymuconic semialdehyde production was
followed by an increase in absorbance at 3 75nm over 
a period of 5 minutes.

Calculation of enzyme activity

The enzyme activity was calculated using the 
following equation:

Activity (/¿moles product formed/min) = ExCxL x AOD
V min

where

E = Molar extinction co-efficient (1/mol/cm)
C = substrate concentration (moles)
L = path length (cm)
V = reaction volume (L)
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Catechol 1,2-dioxygenase : E260 = 16, 800 1/mol/cm

Activity = 16.800 x 10~7 x 1 X AOD
3 x 10'3 min

= 0.56 x AOD 
min

= ¿¿moles product formed/min

Catechol 2,3-dioxygenase : E375 = 14,700 mol/l/cm

Activity = 14.700 x 2 x 10~7 x 1 X AOD
3 x 10'3 min

= 0.98 x AOD 
min

= ¿¿moles product formed/min

The specific enzyme activity is expressed as 
/xmoles of product formed per minute per mg of 
protein and was calculated from :

Specific activity (//moles/min/mg) = Activity
Total Protein

Protein determination

The protein concentration in the cell-free extracts 
was determined by the method of Lowry et al.(1951) .

Reagent A was added to 0.5ml of suitably diluted 
sample or standard. The tubes were left for 10 
minutes in the dark at room temperature. Reagent 
B (0.125ml) was then added and the tubes were left 
for 25 minutes at room temperature in the dark. 
The tubes were then mixed by vortexing and left for 
a further 5 minutes. The absorbance was read at 
600nm. Standards were prepared with bovine serum
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albumin (0-1 mg/ml)

A sample standard curve is presented in Figure 19 
(page 79).

Reagent A : 50ml 0.2% Na2C03 in 0 . 1M NaOH 
0 . 5ml 1% CuS04 
0.5ml 2% Na K tartarate

Reagent B : 50%(v/v) Folins-Ciolcalteau Reagent in
water

2:2:8 ISOLATION OF PLASMID DNA FROM PSEUDO M O NAS SPECIES

A modified method of Hansen and Olsen (1978) was 
used for the isolation of large plasmids from 
P se u d o m o n a s spp. (Almond et a l., 1985).

An overnight culture in Luria broth (250ml) was 
harvested at 7,000 rpm for 10 minutes in a Sorvall 
RC-5B high speed centrifuge. The resulting cell 
pellet was resuspended in 6ml of 25% (w/v) sucrose 
in 0.05M Tris (pH 8.0) . From this point on, all 
further additions were mixed by gentle inversion of 
the tube. First, 1ml of lysozyme (5mg/ml in 0.25M 
Tris, pH 8.0) was added and the tubes were left on 
ice for 5 minutes. Then, 2.5ml of EDTA (0.25M, pH 
8 .0) was added and the tubes were left on ice for 
a further 5 minutes. Cell lysis was completed by 
the addition of 2.5ml of SDS (20% w/v in TE) , 
followed by a brief (1-2 minute) incubation at 55°C.

A freshly prepared 3M solution of NaOH (0.75ml) was 
added and the tubes were mixed by inversion for 3 
minutes at room temperature. Then, 6ml of Tris 
(2M, pH 7.0) was added and mixed thoroughly but
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gently. The addition of 3ml of SDS (20% w/v in TE) 
was immediately followed by the addition of 6ml of 
ice cold NaCl (5M) . The tubes were then mixed 
gently and left on ice for 5-6 hours or overnight 
at 4°C.

The precipitated chromosome - membrane complex was 
removed by centrifugation at 20,000rpm for 30 
minutes (4°C) in the Sorvall RC-5B centrifuge. The 
supernatant was removed to a fresh centrifuge tube 
and 1/3 volume (approximately 9.25ml) of PEG 6000 
(42% w/v in 0.01M Sodium phosphate buffer, pH 7.0) 
was added. The tubes were mixed by inversion and 
chilled overnight at 4°C.

The DNA was harvested by centrifugation at 7,000rpm 
for 6 minutes (4°C) in the Sorvall RC-5B and the 
resulting pellet was resuspended in 6ml of TE 
buffer (section 2:1:3) . The tubes were kept on ice 
and gently shaken from time to time to resuspend 
the DNA. The DNA was visualized using agarose gel 
electrophoresis or was purified for restriction 
analysis using a caesium chloride gradient.

2:2:9 SEPARATION OF PLASMID DNA BY AGAROSE GEL 
ELECTROPHORESIS

Plasmids were separated by horizontal 
electrophoresis through a 0.7% agarose gel using a 
Gallenkamp Maxicell submarine gel system. Tris 
acetate running buffer was used (section 2:1:3). 
Bromophenol blue solution (0.07% (w/v) in 40%
sucrose) was added to the DNA solution (1/5) and 
25ptl of sample was loaded per well. To separate 
large plasmids, the gel was run at 35mV overnight 
using a Gallenkamp Biomed E500 power pack.
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Following electrophoresis, the gel was stained in 
ethidium bromide (0.4/xg/ml in distilled water) for 
30-40 minutes, destained in distilled water for 15 
minutes and visualized on a UV transilluminator. 
Successful gels were photographed using Kodak Tri- 
X-pan, 35mm film. The negatives were developed 
with Kodak Universal Developer (1/8 (v/v) in
distilled water) and fixed with Kodafix (1/4 (v/v) 
in distilled water). The negatives were printed on 
Kodak F4 photographic paper using the above 
developing and fixing solutions.

2:2:10 CURING OF THE TOL PLASMID FROM PSEUDOMONAS PUTIDA 
NC1B 10432

Curing was performed using the method of Dunn and 
Gunsalus (1973) . The P se u d o m o n a s p u t id a  NC1B 10432 
was grown in L-broth with 5-20//g/ml of Mitomycin C 
(added after sterilization of the medium) and 
incubated at 30°C with agitation at 200rpm for 2 
days. Appropriate dilutions were spread - plated 
onto nutrient agar and grown overnight at 3 0°C. 
Colonies were replica plated onto P se u d o m o n a s  

mineral medium incorporating m-toluate (5mM) and 
incubated at 30°C for 2-4 days. Colonies which 
failed to grow on m-toluate were streaked from the 
nutrient agar plates onto fresh medium with m- 
toluate to verify the result.

The DNA was then isolated from presumptive TOL" 
cells using the modified Hansen and Olsen procedure 
(section 2 :2 :8) and visualized by agarose gel 
electrophoresis (section 2:2:9). One of the 
cultures which had lost the TOL plasmid was 
selected and maintained on nutrient agar for use as 
a chromosomal marker on agarose gels.
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2:2:11 ISOLATION OF PLASMID DNA FROM E.COLI

Plasmids were isolated using the method of Cannon 
et a l . (1974) .

An overnight culture in Luria broth (250ml) 
incorporating the appropriate antibiotic was 
harvested at I0,000rpm for 10 minutes in a Sorvall 
RC-5B centrifuge. The cells were resuspended in 
2ml of 25% (w/v) sucrose in 0.05M Tris (pH 8.0) and 
transferred to thick-walled Beckman Ultracentrifuge 
tubes. Firstly, 0.4ml of lysozyme (20mg/ml in 
0.25M Tris, pH 8.0) was added and the tubes were 
incubated at room temperature for 5 minutes.

Secondly, 0.8ml of EDTA (0.25M, pH 8.0) was added 
and the tubes were incubated at room temperature 
for a further 10 minutes. Finally, 3.2ml of Triton 
Lytic mix was added. The Triton Lytic mix 
comprised 1% (v/v) triton-X-100, 5% (v/v) Tris (1M, 
pH 8.0) and 25% EDTA (0.25M, pH 8.0) in distilled 
water. The tubes were incubated at room
temperature for 15 minutes.

Cell debris was removed by centrifugation at 
40,000rpm for 40 minutes (4°C) in a Beckman L8-80M 
ultracentrifuge. The plasmid-containing
supernatant was removed to a sterile universal and 
further purified using a caesium chloride gradient.

2:2:12 PURIFICATION OF PLASMID DNA

A modification of the method outlined by Maniatis 
et a l . (1982) was used to purify plasmid DNA for 
restriction analysis and probe preparation.

Caesium chloride (6.9g) was added to 6.5ml of DNA
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solution from E . c o l i or P se u d o m o n a s sp. and 
dissolved by mixing gently. This solution was 
transferred to Beckman Quickseal tubes using a 
pasteur pipette and 0.18ml of ethidium bromide 
(lOmg/ml in distilled water) was then added. The 
total weight of solution (excluding tube) was 
brought to 14. lg with Na2EDTA (lOmM) . The tubes 
were filled with mineral oil and balanced in pairs 
to within O.Olg. They were then heat-sealed and 
centrifuged at 50,000rpm and 18°C for 22 hours in a 
Beckman L8-70M ultracentrifuge.

The lower plasmid band was extracted with a syringe 
in the presence of UV light and transferred to a 
sterile plastic tube. This was extracted 4 times 
with equal volumes of isopropanol saturated with 
2 0XSSC (section 2:1:3) to remove the ethidium 
bromide. Dialysis tubing was boiled in Na2EDTA 
(lOmM) for 10 minutes and then boiled in distilled 
water for a further 10 minutes. The plasmid 
solution was dialysed against TE buffer (section 
2 :1 :3 ) twice (including one overnight) to remove 
the caesium chloride. The dialysed DNA solution 
was then stored at -2 0°C.

2:2:13 RESTRICTION OF PLASMID DNA

Restriction enzymes ( E c o RI, H in d  III, S a l  I ,  S s t  

I and X h o I) were supplied, together with the 
corresponding buffer by Bethesda Research 
Laboratories, Life Technologies Inc., Maryland, 
USA. The enzymes were stored at -20°C. The buffers 
were stored at 4°C.

The DNA solutions, purified by caesium chloride 
gradients, were cut with restriction endonucleases
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according to the suppliers' instructions. X DNA was 
cut separately with H in d  III and X h o I and the 
digests were combined to provide appropriate size 
markers in the range of 1-33.5kb (Gibco-BRL 
catalogue).

Restriction digests were set up as follows:

Plasmid Probe X

DNA DNA DNA

DNA solution (fj.1) 20.5 5.0 4.0
Buffer {¡ji, 1) 2.5 1.0 4.0
Sterile distilled
water (¿il) - 3.0 30.0

Enzyme - 10 iu/ml
( f i l )  2_1_0 1.0 2 .0

25.0 10.0 40.0

All samples were incubated at 3 7°C for 2 hours.

2:2:14 PREPARATION OF PROBE DNA

The recombinant plasmid pDTG113 was isolated and 
purified for use as the NAH probe. This plasmid 
was cut with E c o RI which resulted in two 
fragments, the vector and the insert. Due to its 
large size, the insert alone was used as the probe. 
A restriction map of pDTG113 is shown in Figure 20.

The recombinant plasmids pDTG602 and pGSH2836 were 
isolated and purified for use as the toluene- 
dioxygenase and toluene-monooxygenase probes, 
respectively. Both of these plasmids were 
linearized with E c o Rl, which occupied a single
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E X SB X H HX XHSH S X E Bs P XX» HB P E
II Jl  1-1 ..11 II 11.1 1 I___________ i i  L L L L U

Insert Vector(pKT230)
4-------  15kb  H -------  11. 9kb -----^

Figure 20. Restriction map of pDTG113 
(Serdar and Gibson, 1989)

E SmSSmP H N P BgSmPvPH He Pv Pv i Sp S HcE
yi.iL j.jj— i i 1111 i i l l - U U
SsPv (S.A.He)

Insert Vector (pKK223-3)
4------4.4kb-------- f  4------- 4 . 6kb---------- >

Figure 21. Restriction map of pDTG602 
(Zylstra and Gibson, 1989)

S M Bg X Sc H P E,S
I_!____ UU____I______ I_______ I

Insert Vector (pLV95)
4----2 . lkb------H ------2 . 9kb ------- ►

Figure 22. Restriction map of pGSH2836 
(Harayama e t  a l ., 1986)
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restriction site on the plasmid. A restriction map 
of pDTG602 is shown in Figure 21 and that of 
pGSH2836 is shown in Figure 22. The linearized DNA 
was labelled radioactively with 32P or non- 
radioactively with digoxigenin.

Preparation of the NAH probe

Four 20.5//1 aliquots of pDTG113 were cut with E c o  

R1 and the resulting two fragments were separated 
by electrophoresis through a 1% (w/v) agarose gel 
(section 2:2:9). Being the largest fragment, the 
insert was resolved closest to the wells. The 
insert was cut from the gel with a scalpel and 
weighed in a preweighed eppendorf. The insert DNA 
was separated from the agarose and purified using 
the "Gene-Clean" procedure of Bio 101 Inc., 
California, U.S.

Twice the volume (by weight) of sodium iodide was 
added and the tube was incubated at 45-55°C for 5 
minutes to dissolve the agarose. The tube was 
mixed occasionally. Glass milk was supplied by Dr. 
Thecla Ryan, D.C.U. The glass milk was vortexed 
well and 5/xl was added to the tube. The contents 
of the tube were mixed by inversion and left on ice 
for 5 minutes. The tube was then centrifuged in a 
microfuge at 12,000rpm for 5 seconds and the 
supernatant was discarded. The pellet was washed 
three times with New Wash. The tubes were 
centrifuged at 12,000rpm for 5 seconds after each 
wash and the pellet was resuspended using a 
micropipette. The insert DNA was eluted into 10/il 
of TE buffer(section 2:1:3) by incubating at 45-55°C 
for 3 minutes. The tube was centrifuged at 
12,000rpm for 30 seconds and the plasmid-containing 
supernatant was removed to a clean sterile
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eppendorf. The procedure was then repeated giving 
a final volume of 20/xl of DNA solution. The DNA 
was stored at -20°C until needed.

Sodium Iodide

A solution of 90.8% (w/v) of sodium iodide in water 
was stirred until as much as possible had dissolved 
and then was filtered through Whatman No. 1 filter 
paper. Sodium sulphite was added and the solution 
was stored at 4°C.

New Wash

50% Ethanol
lOmM Tris-HCl, pH 7.5
ImM EDTA

The reagent was stored at -20°C.

Determination of DNA concentration

Serial dilutions of linearized probe DNA were 
prepared on parafilm. First, 5/xl of TE was placed 
on the parafilm and 5/xl of DNA was added. The 
dilution was mixed in a micropipette. Then 5^1 of 
this solution was added to a second 5/xl of TE and 
so on. Each sample was mixed with 1/xl of 
bromophenol blue solution and 5/xl was loaded onto 
a 1% (w/v) agarose mini-gel. X standards of known 
concentration were also loaded onto the gel. The 
gel was run at 100V for 3 0 minutes and stained in 
ethidium bromide solution. The concentration of 
probe DNA was estimated by comparing the intensity 
of fluorescence of the samples with that of X DNA 
of known concentration.
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Labelling of NAH and TOL probe DNA with 32P

Linearized probe DNA was labelled by random primed 
incorporation of a-32P ATP (DuPont, France) using 
the Prime-a-Gene labelling System (Promega Corp., 
Madison, USA) based on the method developed by 
Feinburg and Vogelstein (1983) . The kit was 
stored at -2 0°C. Before use the components were 
allowed to thaw on ice except Klenow enzyme, which 
was kept at -20°C and returned to the freezer 
immediately after use. First 25ng of linearized 
DNA was added to a sterile eppendorf and the volume 
was brought to 30/xl with sterile distilled water. 
The DNA was denatured by heating to 95-100°C for 2 
minutes and was then cooled rapidly on ice. Then, 
1^1 of each of the non-labelled dNTP's (dCTP, dGTP, 
dTTP) was mixed to yield a 3/jlI  solution. The 
labelling reaction was set up by adding the 
following reagents to the denatured DNA solution, 
in their stated order:

lOfJil 5X labelling buffer
2[jl1 mixture of non-labelled dNTP's
2/il nuclease-free BSA
5jiil a32P-ATP (50/zCi, 3000Ci/mmole)
1/xl Klenow enzyme

The tube was centrifuged briefly to mix contents 
and was incubated at room temperature for at least 
1 hour. The reaction was stopped by heating at 95- 
100°C for 2 minutes and was subsequently chilled in 
an ice bath. EDTA was added to a concentration of 
20mM and the solution was then used directly for 
hybridization.
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Non-radioactive labelling of NAH and TOL probe DNA

Random primer labelling of linearized probe DNA 
with digoxigenin was carried out using the DIG DNA 
labelling kit in accordance with the
manufacturers' instructions (Boehringer Mannheim, 
Germany).

First, 5 f i l of linearized DNA was added to a sterile 
eppendorf along with lOptl of sterile distilled 
water and denatured by boiling for 10 minutes 
followed by chilling on ice. The kit reagents were 
then added to the denatured DNA solution in the 
following order:

2//1 hexanucleotide mixture
2/il dNTP labelling mixture
1/xl Klenow enzyme

The tube was centrifuged briefly to mix contents 
and was incubated in a 3 7°C waterbath for at least 
1 hour. The reaction was stopped by adding 2 ^ 1 of 
EDTA (0.2M, pH 8.0) and the labelled DNA was 
precipitated with 2.5ptl of lithium chloride (4M) 
and 75/xl of ethanol (at -20°C) . The tube was 
incubated at -20°C for 2 hours and then centrifuged 
at 12,000rpm for 10 minutes in a microfuge. The 
pellet was washed twice with cold ethanol (70% v/v) 
and then dried at 55°C for 15 minutes. The pellet 
was resuspended in 50/zl of TE buffer. The labelled 
DNA was then used directly for hybridization or 
stored at -20°C.

2:2:15 SOUTHERN HYBRIDIZATION

Southern transfer and hybridization (Southern,1975) 
were performed as detailed in the method of
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Transfer of DNA from agarose gels to nitrocellulose 
paper

Following electrophoresis one corner of the gel was 
cut away in order to mark its orientation on the 
nitrocellulose. The DNA was partially hydrolyzed 
by acid depurination. The gel was soaked twice for 
15 minutes in 0.25M HC1 at room temperature and 
then washed very well with water (4-5 times). The 
DNA was denatured by soaking the gel in several 
volumes of 1.5M NaCl and 0. 5M NaOH for 1 hour at 
room temperature with constant shaking. The gel 
was neutralized by soaking in several volumes of 1M 
Tris.HCl (pH 7.6) and 1.5M NaCl for 1 hour at room 
temperature with constant shaking.

Two pieces of nitrocellulose paper (BA85; 
Schleicher and Schuell, Germany) were cut about 1- 
2mm larger then the gel in both dimensions. Gloves 
were always used when handling nitrocellulose. The 
nitrocellulose filters were floated on the surface 
of 2XSSC until completely wet from beneath and then 
submerged for 2-3 minutes. Six pieces of Whatman 
3MM paper, cut to exactly the same size as the gel, 
were also soaked in 2XSSC. The wet nitrocellulose 
was placed on top of the gel and all air bubbles 
were removed by gently rolling a glass rod over the 
surface of the filter. Three sheets of Whatman 3MM 
paper were then placed on top of the filter and 
again all air bubbles were removed. A stack of 
paper towels (approx. 10cm) cut just smaller than 
the 3MM paper were then placed on the 3MM paper. 
Finally, a glass plate was placed on top and the 
whole thing inverted. The process was then 
repeated with the second nitrocellulose filter. A

Maniatis et al. (1982).
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500g weight was placed on the top glass plate and 
the bidirectional transfer of DNA was allowed to 
proceed overnight. During the first few hours of 
transfer the gel stack was inverted every 20 
minutes to ensure even transfer.

Transfer was allowed to proceed overnight. The 
filters were soaked in 6XSSC for 5 minutes at room 
temperature and then dried at room temperature. 
The dried filter was placed between two sheets of 
3MM paper and baked at 80°C for 2 hours.

Hybridization of Southern Filters

The baked filter was floated on the surface of 
6XSSC until wet from beneath and then immersed for 
2 minutes. The wet filter was placed in a heat- 
sealable bag. Prehybridization fluid (0.2ml/cm2 of 
filter) was warmed to 68°C and then added to the 
bag.

Prehvbridization fluid
6XSSC 
0.5% SDS
5X Denhardt1s solution
100pig/ml denatured calf thymus DNA

As much air as possible was squeezed from the bag 
before it was sealed. The bag was incubated for 2- 
4 hours at 68°C with occasional agitation. Following 
prehybridization the corner of the bag was cut with 
a scissors and the prehybridization solution 
removed. The hybridization solution (50^1/cm2 of 
filter) was added with the appropriate precautions 
for the handling of 32P.
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Hybridization solution
6XSSC
0.01M EDTA
32P - labelled denatured probe DNA 
5X Denhardt's solution 
0.5% SDS
100/xg/ml denatured calf thymus DNA

Air was removed from the bag and it was resealed. 
The filter was incubated at 68°C overnight with 
occasional agitation.

The following day the filter was removed from the 
bag and immediately submerged in a solution of 
2XSSC and 0.5% (w/v) SDS at room temperature.
After 5 minutes the filter was transferred to a 
solution of 2XSSC and 0.1% (w/v) SDS and incubated 
at room temperature for 15 minutes. The filter was 
then transferred to prewarmed solution of 0.1XSSC 
and 0.5% (w/v) SDS and incubated at 68°C for 2 hours 
with gentle agitation. The buffer was then changed 
and incubated for a further 3 0 minutes. The filter 
was then dried at room temperature on a sheet of 
3MM paper. The dry filter was placed in a heat- 
sealable bag and applied to x-ray film to obtain an 
autoradiographic image.

5OX Denhardt's Solution

1% (w/v) Ficoll
1% (w/v) Polyvinylpyrrolidone
1% (w/v) Bovine serum albumin

The above reagents were dissolved in distilled 
water and the solution was stored at -20°C.
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Denatured Calf Thymus DNA

Calf thymus DNA was dissolved in water (lOmg/ml). 
The DNA was sheared by passing it through a 
hypodermic needle several times and was then boiled 
for 10 minutes. The solution was stored at -20°C in 
lml aliquots. Just prior to use the DNA was heated 
to 95-100°C for 5 minutes and cooled immediately on 
ice.

Autoradiography

In the dark, a sheet of Kodak x-ray film was taped 
to an x-ray film holder (shiny-side down). The 
filter sealed in a bag was then placed on top of 
the film and taped securely in place. A second 
sheet of x-ray film was then taped on top of the 
film (shiny-side up). The x-ray holder was closed 
and placed in a black plastic bag. The film was 
exposed for several days at room temperature. When 
the desired exposure time had elapsed the films 
were removed, in the dark, and developed as 
follows:

The film was placed in Kodak DX-80 developer for 
4 minutes, washed in water for 3 0 seconds and 
then fixed in Kodak FX-40 fixer for about 5 
minutes and finally washed well under running 
water.

If necessary another film can be applied to the 
filter to obtain another autoradiograph.

98



2:2:16 DOT BLOT HYBRIDIZATION

Total DNA was prepared and hybridized using the 
method of Maniatis et a l . (1982). The sample and
the control DNA were denatured by boiling for 10 
minutes and chilling quickly on ice. The DNA was 
incubated with an equal volume of 1M NaOH for 2 0 
minutes at room temperature. The DNA was then 
neutralized with half the volume of a solution of 
1M NaCl, 0.3M sodium citrate, 1M HCL and 0. 5M 
Tris.HCL (pH 8.0) . The samples were mixed well and 
immediately chilled on ice.

A sheet of nitrocellulose was cut to the desired 
size and placed on a sheet of clingfilm. First, 
5/xl of the DNA solution was spotted onto the filter 
and allowed to absorb, then another spot of 5/xl was 
applied. The process was repeated until the 
desired volume of sample had been applied (30/̂ 1 for 
sample DNA, 10/xl for control or probe DNA) . The 
filter was allowed to dry at room temperature for 
1 hour and baked at 80°C for 2 hours. The filter 
was then used directly for hybridization or stored 
between two sheets of 3MM paper and wrapped in 
clingfilm. The dot blots were hybridized using 
non-radioactively labelled probe (section 2:2:17) .

2:2:17 COLONY HYBRIDIZATION

The filters were prepared for hybridization 
according to the method of Maniatis e t  a l. (1982)
and were hybridized using the Boehringer Mannheim 
DIG DNA labelling and detection kit according to 
the manufacturers' instructions.
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Preparation of filters for colony hybridization

Nitrocellulose was cut to size to fit in a 90mm 
petri dish. The filters were marked with a ball­
point pen, placed between sheets of Whatman 3MM 
paper and then wrapped in aluminium foil. The 
filters were autoclaved at 121°C for 15 minutes. 
Using a sterile forceps the filters were overlaid 
on plate count agar. Colonies were transferred to 
the nitrocellulose using sterile cocktail sticks 
and the plates were incubated at 30°C for 24-48 
hours.

Lvsis of colonies and binding of DNA to
nitrocellulose filters

Four pieces of Whatman 3MM paper were cut to the 
appropriate size to fit into four glass trays.
Each piece was saturated with one of the following 
solutions: 10% (w/v) SDS, denaturing solution (0.5M 
NaOH and 1.5M NaCl), neutralizing solution (1.5M 
NaCl and 0.5M Tris.HCl, pH 7.4) and 2XSSC. Any 
excess liquid was poured off. Using a blunt-ended 
forceps the nitrocellulose filters were peeled from 
their plates and placed colony side up on the SDS- 
impregnated 3MM paper. After 3 minutes exposure of 
the first filter it was transferred to the second 
sheet of 3MM paper soaked in denaturing solution. 
The remaining filters were transferred in the same 
order that they were removed from their agar 
plates. Each filter was exposed to the denaturing 
solution for 5 minutes. When transferring the 
filters excess liquid was removed by blotting 
briefly on dry 3MM paper. The filters were
transferred to the neutralizing solution for a 
further 5 minutes. Finally, the filters were
transferred to the 2XSSC-soaked paper for 5
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minutes. The filters were dried, colony side up, 
on a sheet of 3MM paper for 30 minutes at room 
temperature. The filters were then placed between 
two sheets of 3MM paper and baked at 80°C for 1-2 
hours. Filters not used immediately for
hybridization were wrapped in cling film and stored 
at room temperature.

Hybridization to diqoxigenin-labelled probe

Baked filters were floated on the surface of a 
solution of 2XSSC until wet from beneath and were 
then submerged for 5 minutes. The filters were 
then washed in several volumes of prewashing 
solutions at 50°C for 30 minutes with occasional 
agitation.

Prewashing solution
5XSSC
0.5% (w/v) SDS 
lmM EDTA (pH 8.0)

Bacterial debris was gently scraped from the 
filters using soft tissue soaked in prewashing 
solution. This reduced the background
hybridization without affecting the intensity or 
sharpness of positive signals.

The filters were prehybridized in heat-sealable 
plastic bags (2 filters/bag) with at least 20ml of 
hybridization solution per 100cm2 of filter.

Hybridization solution
5XSSC
2% (w/v) Blocking reagent
0.1% (w/v) N-laurylsarcosine, sodium salt 
0.02% (w/v) SDS
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5 0% (v/v) Formamide

The filters were incubated at 42°C for at least 1 
hour. The solution was distributed from time to 
time. The solution was then replaced with 2.5ml of 
hybridization solution, per 100cm2 of filter, 
containing freshly denatured labelled DNA (section 
2:2:14). The filters were incubated at 42°C 
overnight with the solution being redistributed 
occasionally.

Following incubation, the filters were removed from 
the plastic bags and washed twice in 2XSSC and 0.1% 
(w/v) SDS for 5 minutes at room temperature 
(501/100cm2 filter). The filters were washed twice 
more for 15 minutes at 68°C in 0.1XSSC and 0.1% 
(w/v) SDS (50ml/100cm2 filter) . The filters were 
then used directly for detection or stored air- 
dried for later detection.

Hybridization solutions could be stored at -20°C and 
reused several times. Immediately prior to use, 
the probe DNA was redenatured by heating the 
hybridization solution to 95°C for 10 minutes.

For dot blot hybridization the above protocol was 
followed except no prewashing of filters was 
required, the hybridization solution did not 
contain formamide and therefore only 1% blocking 
reagent was added and also prehybridization and 
hybridization were carried out at 68°C.

Immunological detection of hybridized DNA

All the following incubations were performed at 
room temperature. All the reactions were carried
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out with agitation except for the colour 
development. The volumes were calculated for 100cm2 
filter size.

The filters were washed briefly (1 minute) in 
several volumes of buffer 1 (lOOmM maleic acid, 
150mM NaCl; pH 7.5) and then incubated for 3 0 
minutes in 100ml of buffer 2 (1% (w/v) blocking
reagent in buffer 1) . The filters were then 
incubated for 3 0 minutes in 2 0ml of diluted 
antibody-conjugate solution (150mU/ml, 1/5000 in
buffer 2) . Unbound antibody was removed by washing 
twice for 15 minutes in 100ml of buffer 1. The 
filters were equilibrated for 2 minutes with buffer 
3 (lOOmM Tris.HCl, lOOmM NaCl, 50mM Mg Cl2; pH 9.5) 
and then incubated in 10ml of colour solution in 
the dark. The colour solution was prepared fresh 
with NBT-solution (4.5/xl/ml Buffer 3) and X- 
phosphate solution (3.5/xl/ml Buffer 3) . The colour 
was allowed to develop overnight without shaking or 
mixing. The reaction was stopped by washing the 
filters for 5 minutes with 50ml of TE buffer. The 
filters were stored in sealed plastic bags in TE 
buffer. The results were documented by
photography.

2:2:18 THE ACTIVATED SLUDGE SYSTEM

Operation of the activated sludge system

Activated sludge was obtained from a plant treating 
chemical wastewater. Duplicate systems (Figure 23) 
were set up in fermenter pots with a 1 litre 
working volume.
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Figure 23. The model activated sludge system.
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The systems were operated using the fill and draw 
technique at room temperature with agitation and 
aeration (1-2 v/v/min). The activated sludge was 
fed every 3-4 days. The solids were allowed to 
settle and the effluent was removed to the 500ml 
level mark. The volume was brought back to 1 litre 
with a synthetic effluent comprising P se u d o m o n a s  

minimal medium and naphthalene. Naphthalene (20mM) 
was supplied as the sole carbon and energy source.

Analysis of the activated sludge system 

Temperature, p H, dissolved oxygen

The temperature and dissolved oxygen of the systems 
were measured using a WTW Oxi 196 dissolved oxygen 
meter (WTW, Germany) in accordance with the 
manufacturers' instructions.

The pH of the systems was measured with a Corning 
pH meter.

Settled Sludge Volume (SSV)

Mixed liquor (100ml) was removed and allowed to 
settle in a graduated cylinder for 3 0 minutes. The 
settled sludge volume was recorded as ml/1 after 3 0 
minutes.

Mixed Liguor Suspended Solids (MLSS)

Whatman GF/C, glass fibre filter paper was predried 
at 103°C for 2-3 hours and then weighed. A sample 
of mixed liquor (10ml) was filtered through the 
dried paper which was then dried at 103°C for 24 
hours. The weight of the dried solids was then 
determined and the result recorded as g total
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solids/1.

Sludge Volume Index (SVI)

The sludge volume index was calculated as follows:

SVI (ml/g) = Settled sludge volume (ml/1) 
Suspended solids (g/1)

Chemical Oxygen Demand (COD)

The chemical oxygen demand of the effluent was 
determined using a modification of the method 
outlined in Standard Methods for the Examination of 
Water and Wastewater (1985) . The effluent was 
filtered through Whatman GF/C glass fibre filter 
paper and diluted if necessary.

COD tubes and caps were washed with 2 0% (v/v) H2S04. 
Suitably diluted sample or standard (2.5ml) was 
added to the tube. Digestion solution (1.5ml) was 
carefully added. Sulphuric acid reagent (3.5ml) 
was carefully added down the side of the tube. The 
caps were screwed on tightly and the tubes inverted 
with care to mix the contents.

The tubes were then placed in a pre-heated 
digestion block at 150°C for 2 hours. After the 
elapsed time, the tubes were removed and cooled. 
The entire contents of the tube were then 
transferred to a 100ml flask and Ferroin indicator 
(50^1) was added. The contents were titrated 
against the FAS reagent. The end-point was a sharp 
colour change from blue-green to a reddish brown.

The sensitivity of the assay was in the range of 0- 
5 0 Omg 02/1.
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The COD was calculated as follows

COD (mg 02/l) = (A-B) x M x 8 . 000
Sample volume

Where A = volume of FAS used for blank (ml)
B = volume of FAS used for sample (ml)
M = molarity of FAS

Molarity of FAS (M)
= Volume in digestion tube X 0.02
Volume of FAS used for blank

Reagents

Digestion Solution (Potassium Dichromate Solution)

K2Cr207 (4.913g), previously dried at 103°C for 2
hours was dissolved in distilled water. 
Concentrated H2S04 (167ml) and HgS04 (33.3g) were
added, dissolved and the solution allowed to cool. 
The reagent was then diluted to 1 litre.

Sulphuric acid reagent

AgS04 (5.5g) was added to H2S04 ( 5 4 5ml) and allowed 
to stand for 2-3 hours.

FAS reagent (Ferrous Ammonium Sulphate reagent)

Fe (NH4) 2 (S04) 2.6H20 (0.02M) was dissolved in
distilled water. Concentrated H2S04 (20ml) was
added and the solution allowed to cool. The 
reagent was then diluted to 0.02M.
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Potassium Hydrogen Phthalate Standard

Potassium hydrogen phthalate (425mg), previously 
dried at 103°C for 2 hours, was dissolved in 1 litre 
of distilled water.

This solution should give a COD of 500mg02/l.

Isolation of Bacteria from Activated Sludge

A modification of the method of Banks and Walker 
(1979) was used to isolate bacteria from activated 
sludge.

A well-mixed sample of sludge was diluted (1:10) 
with sterile tripolyphosphate solution (5mg/L) and 
sonicated for 1 minute at an amplitude of 4/x in a 
MSE Soniprep 150. Appropriate dilutions were then 
made with tripolyphosphate solution and spread- 
plated (0.1ml) on plate count agar and P se u d o m o n a s  

minimal medium incorporating naphthalene. All 
plates were incubated at room temperature for 6 
days.

The colonies formed were counted and colonies from 
plate count agar were used for the hybridization 
experiment (section 2:2:17). Colonies from the 
naphthalene plates were isolated as pure cultures 
and were identified using the API 20NE system.

2:2:19 BIOAUGMENTATION OF ACTIVATED SLUDGE. 

Bioaugmenation of activated sludge with Pseudom onas 
p u t id a  IGA 7.24

A 1 litre-scale bioaugmentation study was carried 
out on activated sludge treating naphthalene. The
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a c t i v a t e d  s l u d g e  s y s t e m  a s  d e s c r i b e d  i n  s e c t i o n  
2 : 2 : 1 8  was i n o c u l a t e d  w i t h  t h e  n a p h t h a l e n e -
d e g r a d i n g  Pseudomonas p u t i d a  s p .  IGA 7 . 2 4 .

The in o cu lu m  was p r e p a r e d  f rom  an o v e r n i g h t  
n u t r i e n t  b r o t h  c u l t u r e  (20ml) o f  P. p u t i d a  IGA
7 . 2 4 .  The c u l t u r e  was h a r v e s t e d  by  c e n t r i f u g a t i o n  
a t  5 ,0 0 0 rp m  f o r  10 m in u t e s  and washed w i t h  0.01M 
sod ium  p h o s p h a t e  b u f f e r  (pH 7 . 0 )  . The f i n a l  p e l l e t  
was r e s u s p e n d e d  i n  t h e  a b ov e  b u f f e r  t o  g i v e  an  OD 
a t  660nm o f  0 . 9 9 2 ,  t h i s  c o r r e s p o n d e d  t o
a p p r o x i m a t e l y  7 x  108 c e l l s / m l .

The in o cu lu m  was added  t o  t h e  s y s t e m  t o  g i v e  a 
c o n c e n t r a t i o n  o f  1% (v /v )  . A f t e r  a  p e r i o d ,  t h e
in o cu lu m  c o n c e n t r a t i o n  was r e d u c e d  t o  0.1% ( v / v ) .  
A n a l y s i s  was c a r r i e d  o u t  on t h e  s y s t e m  a s  o u t l i n e d  
i n  s e c t i o n  2 : 2 : 1 8 .

B i o a u g m e n t a t i o n  o f  a c t i v a t e d  s l u d g e  w i t h  B i o l v t e  

CX 80

A f l a s k - s c a l e  b i o a u g m e n t a t i o n  s t u d y  was c a r r i e d  o u t  
on a c t i v a t e d  s l u d g e  t r e a t i n g  p - c h l o r o p h e n o l .

The B i o l y t e  CX-80 was p r e p a r e d  a s  f o l l o w s :
The f r e e z e - d r i e d  b a c t e r i a  (lOg) were  r e s u s c i t a t e d  
by s h a k i n g  i n  d i l u t i o n  b u f f e r  (90ml) a t  30°C f o r  1 
h o u r .  The d i l u t i o n  b u f f e r  was p r e p a r e d  by  a d d i n g  
1 .2 5 m l  o f  s t o c k  b u f f e r  s o l u t i o n  (0.1M K2HP04, pH 
7 .2 )  and 1ml o f  10% (v /v )  t r i t o n - x - 1 0 0  s o l u t i o n  t o  
1 l i t r e  o f  d i s t i l l e d  w a t e r .  A f t e r  1 h o u r  a g i t a t i o n  
th e  c e r e a l - b a s e d  c a r r i e r  was a l l o w e d  t o  s e t t l e .

A c t i v a t e d  s l u d g e  was o b t a i n e d  from a p l a n t  t r e a t i n g  
c h e m i c a l  w a s t e w a t e r .  The s l u d g e  was a l l o w e d  t o  
s e t t l e ,  th e  c l a r i f i e d  e f f l u e n t  was removed and th e n
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r e p l a c e d  w i t h  Pseudomonas m in im a l  medium. The 
s l u d g e  was t h e n  d i s p e n s e d  i n t o  f l a s k s  i n  100ml 
a l i q u o t s .  p - C h l o r o p h e n o l , d i s s o l v e d  i n  e t h a n o l  
(2 0 0 m g /m l ) , was added  t o  e a c h  f l a s k  t o  g i v e  a  f i n a l  
c o n c e n t r a t i o n  o f  200ppm. F l a s k s  were i n o c u l a t e d  
w i t h  B i o l y t e  CX-80 (10% v / v )  and i n c u b a t e d  a t  30°C 
w i th  a g i t a t i o n  a t  150rpm.

The b a c t e r i a  c o n t a i n i n g  s u p e r n a t a n t  was u s e d  
d i r e c t l y  f o r  t h e  b i o a u g m e n t a t i o n  e x p e r i m e n t .  
S e c o n d a r y  s u g a r s  s u p p l i e d  by  t h e  c e r e a l  c a r r i e r  
were removed by  h a r v e s t i n g  t h e  b a c t e r i a  a t  5 ,0 0 0 r p m  
f o r  10 m in u t e s  and w a sh in g  w i t h  0.01M so d iu m  
p h o s p h a t e  b u f f e r  (pH 7 . 0 ) .  The f i n a l  p e l l e t  was 
r e s u s p e n d e d  i n  t h e  above  b u f f e r  and t h i s  s u s p e n s i o n  
was a l s o  u s e d  i n  t h e  b i o a u g m e n t a t i o n  e x p e r i m e n t .

The s y s t e m s  i n o c u l a t e d  w i t h  washed  o r  unwashed CX- 
80 and a c o n t r o l  s y s t e m  were m o n i t o r e d  f o r  p -  
c h l o r o p h e n o l  d e g r a d a t i o n  ( s e c t i o n  2 : 2 : 5 ) .
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3 RESULTS

F o ur  P se u d o m o n a s s p p .  f rom  a co m m erc ia l  
b i o a u g m e n t a t i o n  p r o d u c t  (CX80) were  c h a r a c t e r i z e d .  
T h e se  o r g a n i s m s  c o m p r i se d  t h r e e  P se u d o m o n a s p u t id a  

s p p . ,  d e s i g n a t e d  IGA 7 . 1 6 ,  IGA 7 . 2 4  and IGA 0 .9 2  
and one P se u d o m o n a s f lu o r e s c e n s , d e s i g n a t e d  IGA 
1 3 . 4 2 .  The c o lo n y  and c e l l  c h a r a c t e r i s t i c s  and t h e  
Gram r e a c t i o n  o f  e a c h  o r g a n i s m  were  n o t e d  t o g e t h e r  
w i t h  t h e i r  r e s p o n s e  t o  a  wide  r a n g e  o f  b i o c h e m i c a l  
t e s t s .  The r e s u l t s  a r e  o u t l i n e d  i n  T a b l e s  2 - 7 .  
The r e s p o n s e  o f  th e  s t r a i n s  i n  a l l  c a s e s  was q u i t e  
s i m i l a r .  As can  be s e e n  i n  T a b l e  2, t h e  c e l l  
c h a r a c t e r i s t i c s  o f  t h e  f o u r  o r g a n i s m s  were 
i d e n t i c a l .  A p a r t  from t h e  c o l o u r  o f  t h e  P. p u t id a  

IGA 7 . 1 6  c o l o n i e s ,  t h e  c o l o n y  c h a r a c t e r i s t i c s  o f  
t h e  f o u r  P se u d o m o n a s s p p .  were a l s o  i d e n t i c a l  
( T a b le  3 ) .

3:1 CHARACTERIZATION OF THE PSEUDOMONAS SPECIES

T a b l e  2 .  C e l l  c h a r a c t e r i s t i c s  o f  t h e  Pseudomonas 
s p e c i e s

P. p u t i d a  s p p . P.
f l u o r e s c e n s

7 . 1 6 7 . 2 4 0 . 9 2 13 .4 2

S h a p e r o d r o d r o d r o d

Gram
R e a c t i o n

- - - -

S p o r e
f o r m a t i o n

- - - -

M o t i l i t y + + + +
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Table 3. Colony characteristics of the Pseudomonas
species

P .  p u t i d a  s p p . P .
f l u o r e s c e n s

7 .16 7 . 2 4 0 . 9 2 1 3 . 4 2
C o l o u r w h ite cream cream cream

S h a p e round round round round

E d g e e n t i r e e n t i r e e n t i r e e n t i r e

E l e v a t i o n convex convex con v ex convex

D i f f u s i b l e

P i g m e n t s

+ + + +

F l u o r e s c e i n + + + +

P y o c y a n i n - - - -

The f o u r  o r g a n i s m s  had s i m i l a r  b i o c h e m i c a l  
p r o p e r t i e s  (T a b le  4 ) .  A l l  were o x i d a s e  and 
c a t a l a s e  p o s i t i v e .  P. p u t id a  IGA 0 . 9 2  had a
p o s i t i v e  r e s p o n s e  t o  t h e  n i t r a t e  r e d u c t a s e  t e s t .
P. p u t id a  IGA 7 . 1 6  and P. f l u o r e s c e n s  IGA 1 3 . 4 2  
p r o d u c e d  l i p a s e  and P. p u t id a  IGA 1 3 . 4 2  a l s o
p r o d u c e d  g e l a t i n a s e .  The r e s p o n s e  o f  t h e  o r g a n i s m s
t o  t h e  o t h e r  b i o c h e m i c a l  t e s t s  was n e g a t i v e .  The 
f o u r  P se u d o m o n a s s p p .  were c a p a b l e  o f  u s i n g  a  wide 
r a n g e  o f  c a r b o h y d r a t e s  a s  s o l e  c a r b o n  s o u r c e  (T a b le  
5) . Of t h e  f i f t y  s i x  c a r b o h y d r a t e s  t e s t e d ,  P. 
p u t id a  IGA 7 . 1 6  c o u l d  u s e  t h i r t y ,  P. p u t id a  IGA 
7 . 2 4  c o u l d  u s e  tw e n ty  s i x ,  P. p u t id a  IGA 0 . 9 2  c o u l d  
u s e  tw en ty  s e v e n  w h i l e  P. f lu o r e s c e n s  IGA 1 3 . 4 2  
u s e d  f o r t y  two s u b s t r a t e s .
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Table 4. Biochemical properties of the Pseudomonas
species

P. putida s p p . P.
fluorescens

7 . 1 6 7 .24 0 . 9 2 13 .42
Hugh a n d  
L e i f s o n  t e s t

Ox Ox Ox Ox

O x i d a s e + + + +

C a t a l a s e + + + +

/ J - G a l a c t o
- s i d a s e

- - - -

N i t r a t e

R e d u c t a s e

- + - -

L i p a s e + - - +

DNase - - - -

G e l a t i n a s e - - - +

C a s e i n

H y d r o l y s i s

- - - -

I n d o l e
F o r m ' n

- - - -

H2S F o r m ' n - - - -
U r e a s e - - - -
VP - - - -

+ p o s i t i v e  r e a c t i o n  Ox - o x i d a t i v e
- n e g a t i v e  r e a c t i o n  VP - Voges  P r o s k a u e r
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Table 5. Carbohydrate Utilization at 30°C by the 
Pseudomonas species

P. p u t i d a  spp. P.
f l u o r e s c e n s

7 .16 7 .24 0 . 9 2 13 .42
N-Acetylglu
-cosamine

- - - -

Adipate - - - -

Adonitol + + + +

Amygdalin + - - +
D-Arabinose - - - +
L-Arabinose + + + +

D-Arabitol + + + +

L-Arabitol + + + +

Arbutin + - - +

Arginine + + + +

Caprate + + + +
Cellobiose + - - +
Citrate + + + +
Dulcitol - - - +
Erythritol - + + +
Esculin - - - -

Fructose + + + +
D-Fucose + + + +
L-Fucose - - - -

Galactose + + + +

c o n t  ' d p .  1 1 5
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Table 5. cont'd.

7 .16 7 .24 0.92 13 .42
B-Gentibiose - - - +
Gluconate + + + +
Glucose + + + +
Glycerol + + + +
Glycogen - - - -

Inositol + + + +
Inulin - - - -

2-Ketoglucon 
-ate

- - - -

5-Ketoglucon 
-ate

- - - -

Lactose - - - +
D-Lyxose - - - +
Malate + + + +
Maltose - - - -
Mannitol + - + +
Mannose + + + +
Melezitose - - - +
Meliobiose + + + +

a-Methyl-D-
Glucoside

- - - -

a-Methyl-D-
Mannoside

- - - -

c o n t 1d p . 1 1 6
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Table 5. cont'd.

7 .16 7 .24 0 . 9 2 13 .42
B-Methyl-D-
Xyloside

+ - - +

Phenylacet
-ate

+ + + +

Raffinose - + - -

Rhamnose - - - +

Ribose + + + +

Saccharose + + + +

Salicin + - - +

Starch - - - -

Sorbitol + + + +

L-Sorbose - - + +

D-Tagatose - - - -

Trehalose + + + +

D-Turanose - - - +

Xylitol + + + +

D-Xylose + + + +

L-Xylose + - - +

+ positive reaction 
- negative reaction
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The ability of the organisms to grow on nutrient 
agar at a range of temperatures (4°C-37°C) was 
investigated (Table 6) . All the organisms were 
capable of growth at 20°C-30°C. P. p u t id a  IGA 7.16 
was unable to grow at 4°C. P. p u t id a  IGA 7.24 and 
P. f lu o r e s c e n s  IGA 13.42 were unable to grow at 
37°C.

Table 6 . Growth of the Pseudomonas species at 
Various Temperatures

P. p u t i d a  spp. P.
f l u o r e s c e n s

°c 7 .16 7 .24 0.92 13 .42
4 - + + +

2 0 + + + +
25 + + + +
30 + + + +
37 + - + -

+ growth 
- no growth

The four P se u d o m o n a s spp. were examined for their 
sensitivity to a number of antibiotics at 30°C 
(Table 7) . The four organisms were capable of 
growth in the presence of both novobiocin (3 0/xg) 
and penicillin G (lOiu) . They were sensitive to 
polymyxin B (3 00iu) , streptomycin (25/xg) and
tetracycline (30/xg) failing to grow in the presence 
of these antibiotics. P. p u t id a  IGA 7.16 was
capable of growth in the presence of
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chloramphenicol (50/xg) while the other three 
organisms were sensitive to this antibiotic.

Table 7. Growth of the Pseudomonas species 
at 3 0°C in the presence of 
antibiotics

P. p u t i d a  spp. P.
f l u o r e s c e n s

7 .16 7 .24 0.92 13 .42
Chloramphenicol 
- 50^g

+ - - -

Novobiocin 
- 3 O^g

+ + + +

Penicillin G 
- lOiu

+ + + +

Polymyxin B 
- 3 00iu

- - - -

S trep tomyc in
-  25fig

- - - -

Tetracycline 
- 30/jg

- - -

+ growth 
- no growth
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3:2 DEGRADATION OF AROMATIC COMPOUNDS BY THE
PSEUDOMONAS SPECIES

3:2:1 THE ABILITY OF THE PSEUDOMONAS SPECIES TO 
GROW ON BENZOATE. NAPHTHALENE. M-TOLUATE.
PHENOL, CHLOROPHENOL AND TOLUENE.

The ability of the four P se u d o m o n a s spp. to grow at 
the expense of a range of aromatic substrates was 
investigated. The organisms were grown in liquid 
culture on different concentrations of benzoate, 
naphthalene, m-toluate, phenol, chlorophenol and 
toluene in P se u d o m o n a s minimal medium at 3 0°C and 
agitated at 200rpm (section 2:2:3). The results 
are outlined in Tables 8 and 9.

Table 8 . The growth of the Pseudomonas
species on aromatic compounds at 3 0°C

Cone'n P. p u t i d a spp. P. f l u o r  
- e s c e n s

Substrate (mM) 7 .16 7 .24 0.92 13 .42
Benzoate 5 + + + +

10 + + + +
2 0 + - + +

Naphthalene 5 + + + +
10 + + + -

20 + + + -
m-Toluate 5 + + + +

10 + + + +
20 + + + +

Phenol 5 + + + +
1 0 - - + -

2 0 - - - -

+ growth - no growth

119



Table 9. The growth of the Pseudomonas species on
chlorophenol and toluene at 3 0°C

Cone1n P . p u t i d a spp. P . f l u o r  

- e s c e n s

Substrate (ppm) 7 .16 7 . 2 4 0.92 13 .42
o-Chlorophenol 200 - - - -

m-Chlorophenol 200 - - - -

p-Chlorophenol 200 + - - -

300 - - - -
400 - - - -
500 - - - -
600 - - - -

Toluene
(M1 / 
50ml)

100 +

250 + - - -

500 + - - -

+ growth - no growth

The four organisms grew well on benzoate and m- 
toluate. The three P .  p u t id a  spp. also grew well 
on naphthalene while the P. f lu o r e s c e n s  sp. grew 
only on 5mM naphthalene. All four organisms failed 
to grow at the higher concentrations of phenol. P. 
p u t id a  IGA 7.16 was capable of growth on toluene 
and on 200ppm p-chlorophenol but not on higher 
concentrations of p-chlorophenol or on o- or m- 
chlorophenol. The other three organisms, P. p u t id a  

IGA 7.24, IGA 0.92 and P. f lu o r e s c e n s  IGA 13.42, 
failed to grow on any of the chlorophenols or on 
toluene. The growth of P. p u t id a  IGA 7.16 on p-
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chlorophenol and toluene was the only feature which 
distinguished this strain from the others.

3:2:2 THE GROWTH OF THE PSEUDO M O NAS SPECIES ON 
BENZOATE, NAPHTHALENE AND M-TOLUATE

The four P se u d o m o n a s spp. grew well on benzoate, 
naphthalene and m-toluate. The extent of growth on 
these aromatic substrates was investigated by 
following the OD660nm of the cultures until growth at 
3 0°C reached stationary phase or decline. The pH 
during growth was also noted. The duration of the 
lag period and the maximum OD660nm attained were 
recorded and the specific growth rate was 
calculated (section 2:2:3) for each organism and 
substrate (Tables 10-13).

In all cases the pH decreased during growth from an 
initial pH of 7.0. This decrease was most marked 
in the naphthalene cultures. Where growth occured 
the biomass produced increased with increasing 
concentration of substrate as indicated by the 
maximum OD attained in each case. In most cases 
where growth occured there was a lag period. This 
generally extended for a minimum period of 6 hours. 
Where the lag period increased it did so with 
increasing substrate concentration. In general, 
the growth rate also increased with increasing 
substrate concentrations. P .  p u t id a  IGA 7.16 and 
IGA 0.92 achieved the fastest growth rates 
following growth on benzoate. P. p u t id a  IGA 7.24 
and P. f lu o r e s c e n s  IGA 13.42 achieved the fastest 
growth rates on m-toluate.
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Table 10. Growth rate, maximum OD660nil and lag period of 
P. p u t i d a  IGA 7.16 during growth on benzoate, 
naphthalene and m-toluate

Substrate Cone'n 
(mM)

Duration 
of Lag

( h )

Maximum
OD66011»

pH at
max.
OD

[A

(h-1)

Benzoate 5 6 0.750 6.94 0.0692
10 6 1.150 6.83 0.1049
2 0 6 1.582 6.70 0.1644

Naphthalene 5 24 1.601 6.76 0.0518
10 24 1.967 6.55 0.0757
2 0 24 2.071 6.42 0.0763

m-Toluate 5 6 0.677 6.90 0.0356
10 6 0.734 6.81 0.0787
2 0 24 1.146 6.60 0.1581

Table 11. Growth rate, maximum OD660nil and lag period of 
P. p u t i d a  IGA 7.24 during growth on benzoate, 
naphthalene and m-toluate

Substrate Conc'n
(mM)

Duration 
of Lag 
(h)

Maximum
Ô 660nil

pH at
max.
OD

|X
(h-1)

Benzoate 5 6 0.766 6.78 0.1026
10 24 1.331 6.69 0.1948
20 - 0 - 0

Naphthalene 5 6 1.307 6.70 0.0882
10 6 2.075 6.56 0.0968
2 0 6 2.737 6.41 0.0999

m-Toluate 5 6 0.460 7 .00 0.1650
10 6 0 . 8 8 8 6.96 0.1835
2 0 24 1.378 6 . 8 6 0.1781
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Table 12. Growth rate, maximum OD660nB and lag period of 
P. p u t i d a  IGA 0.92 during growth on benzoate, 
naphthalene and m-toluate

Substrate Cone'n 
(mM)

Duration 
of Lag
<h)

Maximum
OD660im

pH at
max.
OD

[*
(h-1)

Benzoate 5 0 0.600 6.79 0.3310
1 0 0 0.983 6.74 0.3008
2 0 6 1.559 6.57 0.1716

Naphthalene 5 6 1.225 6.81 0.1474
10 24 1.786 6.61 0.2072
2 0 24 1.975 6.50 0.2873

m-Toluate 5 24 0.627 6.83 0.0792
10 24 1.067 6 . 6 8 0.1156
20 24 1.640 6.61 0.1226

Table 13. Growth rate, maximum OD660nm and lag period of
P. p u t i d a  IGA 13.42 during growth on benzoate , 
naphthalene and m-toluate

Substrate Cone'n 
(mM)

Duration 
of Lag
<h)

Maximum
OD660na

pH at
max.
OD

n
(h-1)

Benzoate 5 6 0.440 7.00 0.1323
10 24 0.810 6.99 0.1217
20 54 1.196 6.92 0.1919

Naphthalene 5 30 0.991 6.87 0.0606
10 - 0 - 0
2 0 0 - 0

m-Toluate 5 6 0.559 6.98 0.1494
10 6 1 . 0 1 0 6 . 8 8 0.2511
2 0 24 1.455 6.70 0.2884
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3:2:3 THE GROWTH OF THE PSEUDOMONAS SPECIES ON
PHENOL.

The four P se u d o m o n a s spp. grew well on 5mM phenol. 
Cultures were set up in P se u d o m o n a s minimal medium 
incorporating phenol (5mM) as the sole carbon 
source. The cultures were incubated at 30°C with 
agitation at 200rpm until the phenol was degraded 
and the cultures reached stationary phase. The 
growth rate and the rate of phenol removal of the 
four organisms were compared. Cell growth was 
determined by monitoring the OD660nm and the cell 
number on plate count agar. This is represented in 
Figures 24-27 along with the phenol removal.

In the case of all the organisms except P .  p u t id a  

IGA 0.92 there was an initial period during which 
phenol was removed very slowly followed by a period 
of rapid phenol removal. Phenol removal occurred 
most rapidly in P .  p u t id a  IGA 0.92 cultures, with 
all the phenol degraded in 24 hours. This was 
reflected in a rapid growth rate. P .  p u t id a  IGA 
0.92 was also the only one of the four organisms 
capable of growth on lOmM. P. p u t id a  IGA 7.24 
demonstrated a high rate of phenol removal, with 
all the phenol degraded in 30 hours. This organism 
demonstrated a relatively slow growth rate, 
however, there was no lag phase during growth. P. 
p u t id a  IGA 7.16 and P. f lu o r e s c e n s  IGA 13.42 had 
low rates of phenol removal, with the phenol 
removed after 54 hours and 48 hours, respectively. 
Both of these organisms demonstrated lag periods of 
3 0 hours during growth. In all cases the maximum 
OD660nm and the maximum cell number were reached when 
the phenol was exhausted.
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Figure  25. Growth of P. pu tida  IGA 7.24 on pheno l  
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Figure 26. Growth of P. pu tida  IGA 0.92 on pheno l  

(¿¿=0.1331 h ” 1 ± 0.0018)
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Figure 27. Growth of P. pu tida  IGA 13.42 on pheno l  
( / i  =0.1255 h “ 1 ± 0.0015)
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3:2:4 GROWTH OF THE PSEUDOMONAS SPECIES ON
CHLOROPHENOL

The four P se u d o m o n a s spp. from CX 80 were examined 
for their ability to degrade o-, m- and p- 
chlorophenol. Chlorophenol (200ppm in 100/xl 
ethanol) was added to P se u d o m o n a s minimal medium. 
The cultures were incubated at 3 0°C and agitated at 
200rpm. The pH, OD660mn and chlorophenol
concentration were monitored until the cultures 
reached stationary phase. The pH of the cultures 
varied little and was always in the range of 6.85- 
7 .0 0 .

P .  p u t id a  IGA 7.16 was the only organism capable of 
complete degradation of any of the substrates. It 
degraded p-chlorophenol in 48 hours (Figure 28) 
attaining a maximum OD660nm of approximately 0.3. A 
yellow colour developed in the culture medium in 
the first 12 to 18 hours but then disappeared. 
Higher OD was attained on o- and m-chlorophenol but 
these substrates were not degraded. The increase 
in OD did not reflect growth and was attributed to 
the formation of black compounds in the medium. 
These black compounds formed in the medium 
following initial degradation of these 
chlorophenols.

These black compounds were also formed by P .  p u t id a  

IGA 7.24, IGA 0.92 and P .  f lu o r e s c e n s  IGA 13.42 on 
o- and m-chlorophenol (Figures 2 9-31). The growth 
of these three organisms on p-chlorophenol resulted 
in the formation of intensely yellow coloured 
compounds after 18-24 hours incubation and a very 
slight increase in OD. There was an initial 
degradation of p-chlorophenol but once the yellow 
product formed further degradation was inhibited.
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Figure 28. Growth of P. p u t id a  IGA 7.16 on ch lo ropheno i
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Figure  29. Growth of P. pu t ida  IGA 7.24 on ch lo ropheno i
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Figure 30. Growth of P. pu t ida  IGA 0.92 on ch lo ro ph en o l
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Figure 31. Growth of P. p u t id a  IGA 13.42 on c h lo ro ph en o l
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3:2:5 THE DEGRADATION OF P - CHLOROPHENOL BY MIXED
MICROBIAL CULTURES 

CX 80

The commercial bioaugmentation product, CX 80 was 
found to be unable to degrade o- and m- 
chlorophenol. Flask cultures were established with 
P se u d o m o n a s minimal medium incorporating p- 
chlorophenol (200ppm in 200/xl ethanol) . The freeze 
dried bacteria of CX 80 were resuscitated and 
separated from the cereal carrier (section 2:2:19). 
Both washed and unwashed product were added to the 
medium and incubated at 3 0°C with agitation at 
200rpm. p-Chlorophenol degradation was monitored 
(Figure 32).

The product rapidly degraded the p-chlorophenol, 
removing the substrate in 48 hours (Figure 32) . 
Washing the bacteria, which removed secondary 
carbon sources carried over from the cereal 
carrier, adversely affected the performance of the 
product with the washed product failing to degrade 
the p-chlorophenol when monitored for 144 hours.

CX 80 and activated sludge

A sample of activated sludge was obtained from a 
plant treating chemical wastewater and examined for 
its ability to degrade p-chlorophenol (200ppm). A 
flask-scale bioaugmentation study was set up with 
CX 80 as described in section 2:2:19. The ability 
of the washed and unwashed product to enhance p- 
chlorophenol was examined (Figure 33).
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Figure  32. p -C h lo ro p h en o l  d e g ra d a t io n  by CX 80
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Figure  33. p -C h lo ro p h en o l  d e g ra d a t io n  by a c t iv a ted  
sludge and  CX 80
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Although 200ppm p-chlorophenol was added to all the 
flasks, the initial concentration detected in the 
medium was only approximately lOOppm. This drop in 
the initial concentration of p-chlorophenol 
detected was attributed to adsorption on to the 
sludge floes. Bioaugmentation of the sludge with 
CX 80 resulted in rapid degradation of the p- 
chlorophenol, with all the substrate removed in 48 
hours. The activated sludge alone failed to degrade 
p-chlorophenol after 168 hours. The addition of 
the washed product resulted in no improvement of 
sludge performance. Following a period of 48 hours 
there was an apparent increase in the p- 
chlorophenol concentration in the flasks containing 
activated sludge only and activated sludge with 
washed product. The increase was greater in the 
case of the activated sludge alone. This increase 
was attributed to desorption or elution of the 
substrate from the sludge floes.

3:2:6 p-CHLOROPHENOL DEGRADATION BY PSEUDO M O NAS 

P U T ID A  IGA 7.16

Of the P se u d o m o n a s spp. examined only P. p u t id a  IGA 
7.16 was capable of p-chlorophenol degradation. 
This organism was therefore selected for further 
investigation. The effect of inoculum size on the 
degradation of chlorophenol was examined. The 
removal of secondary carbon sources by washing the 
product CX 80 adversely affected its ability to 
degrade p-chlorophenol. Therefore the effect of 
glucose on p-chlorophenol degradation by P. p u t id a  

IGA 7.16 was also investigated.
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Table 14. The effect of inoculum concentration on 
the rate of p-chlorophenol degradation 
by P. p u t i d a  IGA 7.16

Concentration
(ppm)

Inoculum Size 
(%)

Rate of Removal 
(ppm/h)

200 2 4.354 ± 0.198

200 5 9.323 ± 0.469

An increased inoculum size from 2% to 5% resulted 
in the faster removal of p-chlorophenol (Table 14) . 
The increase in the rate of p-chlorophenol removal 
was approximately proportional to the increase in 
inoculum size. The lag period before p-chlorophenol 
degradation was also reduced.

The presence of glucose resulted in a faster rate 
of p-chlorophenol removal, with the substrate 
removed after 24 hours compared with 3 0 hours in 
the culture without glucose (Figures 34-37). The 
presence of glucose also resulted in a slightly 
increased growth rate. In all cases glucose 
consumption preceded p-chlorophenol degradation. 
The glucose was consumed within 24 hours with the 
greatest proportion consumed in the first 6 hours. 
The presence of glucose resulted in a faster 
production of biomass. The maximum OD660ran was 
attained after 24 hours when glucose was present 
compared with 48 hours in cultures without glucose. 
However, the total biomass produced was 
approximately equal in all cultures with or without 
glucose. The faster production of biomass resulted 
in a faster utilization of p-chlorophenol. The 
concentration of glucose supplied did not appear to 
be critical as the rate of p-chlorophenol removal, 
the growth rate and the rate of biomass
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production were similar at all concentrations of 
glucose examined.

3:2:7 THE GROWTH OF PSEUDOMONAS PUTIDA IGA 7.16 ON 
TOLUENE

P .  p u t id a  IGA 7.16 was the only organism tested 
that was capable of growth in the presence of 
toluene. Toluene was supplied in the vapour phase 
by suspending a small tube containing toluene 
within the flask. The volumes of toluene tested 
were 100, 250 and 500/xl per 50ml of P se u d o m o n a s

minimal medium. The pH and OD660ranof the cultures 
were monitored.

In all cases the lag phase lasted 24 hours (Figure 
38). The pH remained at neutrality except in the 
culture grown in the presence of 500/xl toluene 
where the pH decreased from 7.0 to 6.5. The 
biomass produced increased with increasing 
concentrations of toluene. However, in the 
presence of 100/xl of toluene this increase was 
small. The growth rate of the organism in the 
presence of 250/xl and 500/xl toluene increased with 
increasing concentration of substrate.

3:3 CATECHOL DIOXYGENASE ACTIVITY

Catechol, the common intermediate in aromatic 
degradation can be metabolized via either the o r t h o  

o r the m e ta cleavage pathways. To determine the 
preferred cleavage route for each aromatic 
substrate in each organism, the activities of 
catechol 1 ,2-dioxygenase (ortho-cleaving enzyme) 
and catechol 2 ,3-dioxygenase (meta-cleaving enzyme) 
were determined.

136



In cu ba t ion  pe r io d  (h)

0 24 48 72 96 120 144

•  100 /zl
▼ 250 /zi (f i
■ 500 f i l  ( ¡ j l

0.1058 h l ) 
0.1177 h " 1)

Figure  38. Growth of P. pu t ida  IGA 7.16 in the  p r e s e n c e  of 

to luene

137



The enzyme activities were determined after 48 
hours growth on the aromatic compound (5mM). The 
compounds examined included benzoate, naphthalene, 
phenol, m-toluate, toluene and p-chlorophenol.

The activities of acclimated (maintained on 
aromatic compounds for 6 months) and non-acclimated 
(maintained on nutrient agar for a similar period) 
cultures were determined. Duplicate readings were 
obtained from triplicate flask cultures. The 
enzyme activity following growth on glucose was 
examined to establish constitutive levels.

The specific enzyme activities (Figures 39-42) 
clearly demonstrated the inducible nature of the 
catechol dioxygenase enzymes. P. p u t id a  IGA 7.24 
demonstrated high constitutive levels of catechol 
2,3-dioxygenase. The pattern of the results 
obtained was similar for both the acclimated and 
non-acclimated cultures. Growth on benzoate 
produced predominantly o r t h o  activity i.e. catechol 
1,2-dioxygenase. While growth on naphthalene, 
phenol and m-toluate induced predominantly m e ta  

activity i.e.catechol 2,3-dioxygenase. P .  p u t id a  

IGA 7.16 was the only organism capable of growth on 
toluene and p-chlorophenol. On both these 
substrates catechol 2 , 3-dioxygenase was the
predominant activity. Enzyme activity in cultures 
grown on p-chlorophenol was quite low compared with 
other substrates.

The strongest activity in P .  p u t id a  IGA 7.16 was 
determined following growth on m-toluate and 
toluene. In P. p u t id a  IGA 0.92 and P. f lu o r e s c e n s  

IGA 13.42 the highest specific activity was also 
determined following growth on m-toluate. The 
specific activity of P. p u t id a  IGA 7.24 was similar
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Figure 39. Specific enzyme activity of the catechol 

dioxygenase enzymes in P. p u t id a IGA 7.16
o
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o

Figure 40. Specific enzyme activity of the catechol 
dioxygenase enzymes in P. p u t id a IGA 7.24

Glc - glucose ||| catechol 1,2-dioxygenase
Ben - benzoateNap - naphthalene g  catechol 2,3-dioxygenase
Phe - phenol
m-T - m-toluate
Tol - toluene
p-C - p-chlorophenol
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Figure 41. Specific enzyme activity of the catechol 

dioxygenase enzymes in P. p u t id a IGA 0.92
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Figure 42. Specific enzyme activity of the catechol

dioxygenase enzymes of P. p u t id a IGA 13.42

Glc - glucose || catechol 1,2-dioxygenase
Ben - benzoateNap - naphthalene g  catechol 2,3-dioxygenase
Phe - phenol
m-T - m-toluate
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following growth on naphthalene, phenol and m- 
toluate.

3:4 PLASMID PROFILES OF THE PSEUDO M O NAS SPECIES

3:4:1 PLASMID PROFILES OF THE PSEUDO M O NAS SPECIES GROWN
ON LURIA BROTH

The four P se u d o m o n a s spp. expressed m e ta cleavage 
activity which is indicative of the presence of 
degradative plasmids. It was therefore of interest 
to examine the plasmid profiles of the organisms. 
Marker strains were used to establish the
approximate size of the plasmids (Figure 43). P.
p u t id a  NCIB 10432 (Lane 3) contained a
transmissible TOL plasmid (117kb) and P. p u t id a  

NCIB 12199 (Lane 4) contained the NAH plasmid 
pWW60-22 (85-86 kb) . A cured strain P. p u t id a  C- 
104 (Lane 1) was used as a chromosomal marker 
(section 2 :2 :10).

Plasmid DNA was isolated (section 2:2:8) and was 
separated by agarose gel electrophoresis (section 
2:2:9) . The plasmid profiles of P. p u t id a  IGA 7.16 
(Lane 5), IGA 7.24 (Lane 6), IGA 0.92 (Lane 7) and 
P. f lu o r e s c e n s  IGA 13.42 (Lane 8) were examined 
(Figure 43).

Although the TOL and NAH plasmids were not resolved 
due to their large size the result indicated that 
the large plasmids isolated from the P se u d o m o n a s  

p u t id a  spp. were in the range of 85 to 120 kb in 
size. A large plasmid band (85-120kb) was 
visualized in the two P. p u t id a  spp. IGA 7.16 (Lane 
5) and IGA 0.92 (Lane 7). Two large plasmid bands 
(85-120kb and 35-80kb) and at least three smaller 
plasmid bands (27, 23 and 8kb) were visualized in
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P. p u t i d a  IGA 7.24 (Lane 6 ). No plasmids were 
visualized in P. f l u o r e s c e n s IGA 13.42 (Lane 8 ). No 
further investigation or genetic profiling of this 
strain was carried out.

Figure 43. The plasmid profiles of the Pseudomonas  
species grown on luria broth

Lane 1 : P. p u t i d a  C-104
Lane 3 : P. p u t i d a  NCIB 10432 (T0L:117kb)
Lane 4 : P. p u t i d a  NCIB 12199 (NAH:85-86kb)
Lane 5 s P. p u t i d a  IGA 7.16
Lane 6 : P. p u t i d a  IGA 7.24
Lane 7 : P. p u t i d a  IGA 0.92
Lane 8 : P. f l u o r e s c e n s IGA 13.42
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3:4:2 PLASMID PROFILES OF THE PSEUDOMONAS PUTIDA SPECIES
FOLLOWING GROWTH ON AROMATIC COMPOUNDS

The P se u d o m o n a s p u t id a  species had been shown to 
carry large plasmids following growth on luria 
broth. It was of interest to determine if growth 
on aromatic compounds resulted in any alteration of 
the plasmid profile. The plasmid profiles of the 
three organisms were examined following growth on 
5mM concentrations of benzoate, phenol, naphthalene 
and m-toluate for 48 hours. The plasmid profile of 
P .  p u t id a  IGA 7.16 was also determined following 
growth on toluene (500pil) and p-chlorophenol 
(200ppm). The resulting plasmid profiles are shown 
in Figures 44-46.

The large plasmid band, previously sized to 
approximately 85-120kb, visualized in luria broth 
cultures of P. p u t id a  IGA 7.16 (lane 1, Figure 44) 
and P. p u t id a  IGA 7.24 (lane 1, Figure 45) was 
stably maintained following growth on all the 
aromatic compounds tested (Lanes 2-13, Figure 44 
and Lanes 2-9, Figure 45) . The large plasmid 
visualized in P. p u t id a  IGA 0.92 (85-120kb) luria
broth cultures (lane 1, Figure 46) was maintained 
only in acclimated benzoate (lane 3) and m-toluate 
(lane 9) cultures.

Two small plasmid bands not previously seen were 
visualized in P. p u t id a  IGA 7.16 following growth 
on naphthalene (lane 4, Figure 44) . These plasmids 
bands were sized to 8.5kb and 22kb using a number 
of marker plasmids of known size.
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LANE : 

kb

85-120 !

‘4—  Chromosomal
22 DNA

8.5

F ig u r e  4 4 . The p la sm id  p r o f i l e  o f  P. p u t i d a  IGA 
7 .1 6  f o l lo w in g  g ro w th  on a r o m a t ic  
compounds

Lane 1 L. broth
Lane 2 Benzoate
Lane 3 Benzoate (acclimated)
Lane 4 Naphthalene
Lane 5 Naphthalene (acclimated)
Lane 6 Phenol
Lane 7 Phenol (acclimated)
Lane 8 m-Toluate
Lane 9 m-Toluate (acclimated)
Lane 10 Toluene
Lane 11 Toluene (acclimated)
Lane 12 p-Chlorophenol
Lane 13 p-Chlorophenol (acclimated)
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LANE:  1 2 3  4 5 6 7 8 9

‘Chromosomal
DNA

F ig u r e  4 5 . The p la sm id  p r o f i l e  o f  P.  p u t l d a  IGA
7 .2 4  f o l lo w in g  g ro w th  on a r o m a t ic  
com pounds

Lane 1 L . broth
Lane 2 Benzoate
Lane 3 Benzoate (acclimated)
Lane 4 Naphthalene
Lane 5 Naphthalene (acclimated)
Lane 6 Phenol
Lane 7 Phenol (acclimated)
Lane 8 m-Toluate
Lane 9 m-Toluate (acclimated)

kb
8 5 -1 2 0
3 5 - 8 0
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LANE ¡ 1  2 3 4 5  6 7  8 9

85 — 120kb

Chromosomal
DNA

F ig u re  4 6 . The p la sm id  p r o f i l e  o f  P.  p u t i d a  IGA 
0 .9 2  f o l lo w in g  grow th  on a r o m a tic  
com pounds

Lane 1 L . broth
Lane 2 Benzoate
Lane 3 Benzoate (acclimated)
Lane 4 Naphthalene
Lane 5 Naphthalene (acclimated)
Lane 6 Phenol
Lane 7 Phenol (acclimated)
Lane 8 m-Toluate
Lane 9 m-Toluate (acclimated)
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The DNA isolated from P .  p u t id a  IGA 7.24 luria 
broth cultures was purified on a caesium chloride 
gradient. This resulted in less chromosomal debris 
and revealed an additional small plasmid of 2 8kb 
(lane 1, Figure 45) which was not previously- 
visualized. The growth of P .  p u t id a  IGA 7.24 on 
the aromatics resulted in the loss of some of its 
smaller plasmids (Figure 45) . A greater degree of 
loss was evident in the cultures grown on aromatics 
for an extended period of time. The other plasmid 
band, which was not accurately sized but which
would appear to be in the range of 35-80kb, was
maintained only in the non-acclimated benzoate 
(lane 2) and naphthalene (lane 4) cultures. Three 
of the small plasmid bands visualized in the luria 
broth cultures, previously sized to 27kb, 23kb and 
8kb, were also maintained in these cultures. The 
27kb plasmid band was maintained in acclimated
naphthalene cultures (lane 5) . These small plasmid 
bands were lost from all the other aromatic
cultures. The 28kb plasmid band was lost from all 
the cultures.

3:5 IDENTIFICATION OF PLASMIDS BY HYBRIDIZATION

The presence in P .  p u t id a  IGA 7.16 and IGA 7.24 of 
a large plasmid of similar size to the TOL and NAH 
plasmids together with the ability of these 
organisms to grow on naphthalene and of P .  p u t id a  

IGA 7.16 to grow on toluene prompted the 
investigation of these plasmids using TOL and NAH 
DNA probes. A NAH probe comprising the genes for 
the degradation of naphthalene to salicylate (upper 
pathway operon) was prepared from pDTG113 (section 
2:2:13). Two TOL probes were prepared - pDTG602 
comprising the toluene dioxygenase gene and 
pGSH2836 comprising the toluene monooxygenase gene.
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Due to the difficulty in transferring large DNA 
fragments to nitrocellulose the plasmid DNA from 
the two organisms was first cut with restriction 
endonucleases.

3:5:1 RESTRICTION PROFILE OF PLASMID DNA

Plasmid DNA was isolated from P. p u t id a  IGA 7.16 
and IGA 7.24 and purified by caesium chloride 
gradient (section 2:2:12) and cut with a range of 
restriction endonucleases. The enzymes used 
included E c o RI, H in d  111, S a l 1 and X h o 1, S s t  1 
was also used for plasmid DNA from IGA 7.16. 
Restricted DNA was visualized on a 1% agarose gel 
along with X size markers in the range of 2kb to 
33.5kb. NCIB 10432 (TOL) and NCIB 12199 (NAH) were 
also included as markers.

No restriction fragments were visualized for the 
plasmid DNA from P. p u t id a  IGA 7.16 with the 85- 
120kb plasmid remaining in tact (Lanes 5-9, Figure 
47) . This DNA failed to cut despite repeated 
attempts with freshly isolated and purified DNA 
samples and with new enzyme stocks.
The restriction profile of P. p u t id a  IGA 7.24 DNA 
is shown in Figure 47 (Lanes 11-14) . The large 
plasmids from this organism were cut successfully 
with all the enzymes tested. A number of DNA 
restriction fragments ranging in size from less 
than 2kb to approximately 33kb were visualized 
following incubation with the various 
endonucleases.
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A markers

LANE: 1 2 3 5 6 7 8 91011121314

F ig u r e  4 7 . R e s t r i c t i o n  p r o f i l e s  o f  P.  p u t i d a  IGA
7 .2 4  and IGA 7 .1 6

Lane 1 X markers
Lane 2 P. p u t i d a NCIB 10432 (TOL:117kb)
Lane 3 P. p u t i d a NCIB 12199 (NAH:85-86kb)
Lane 5 P. p u t i d a IGA 7.16 (uncut)
Lane 6 II II Eco RI
Lane 7 il ll Hind III
Lane 8 il II S a l  I
Lane 9 it II Xho I
Lane 10 P. p u t i d a IGA 7.24 (uncut)
Lane 11 il II Eco RI
Lane 12 ll II Hind III
Lane 13 il 1» S a l I
Lane 14 ti IV Xho I
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3:5:2 IDENTIFICATION OF A NAH PLASMID IN PSEUDOMONAS

PUTIDA IGA 7.16 AND IGA 7.24 

Southern hybridization

Whole DNA from P .  p u t id a  IGA 7.16 and IGA 7.24 and 
restricted DNA from P. p u t id a  IGA 7.24 was 
fractionated on a 0.7% agarose gel. The DNA was 
transferred to nitrocellulose filters so that 
Southern hybridization could be performed (section 
2:2:15). The NAH probe was labelled with 32P 
(section 2 : 2 :14) .

The resulting gel is presented in Figure 48a) . 
Lanes 1 to 14 were as described previously in 
Figure 47. Probe DNA (pDTG113) was visualized in 
lanes 17 to 21. The uncut probe DNA (lane 17) 
comprised covalently closed circular, open circular 
and linear forms of the plasmid DNA. Restriction 
of the probe DNA with ScoR I (lane 18) resulted in 
the formation of two fragments, the insert and the 
vector. A number of restriction fragments were 
formed following restriction with H in d  III (lane 
19) and X h o I (lane 21). S a l I (lane 20) failed to 
cut the probe DNA.

The NAH probe hybridized to the large plasmid band 
of P. p u t id a  IGA 7.24 (lane 10, Figure 48b) and to 
a number of restriction fragments (lanes 11-14) . 
The probe hybridized very strongly to the 15 kb E c o  

RI fragment of P. p u t id a  IGA 7.24 DNA (lane 11). 
This indicated the strong degree of homology 
between this fragment and the probe DNA. The NAH 
probe failed to hybridize to P. p u t id a  IGA 7.16 
DNA. pDTG113 DNA was included as a positive 
control. The probe DNA hybridized to this DNA 
quite weakly. There was also no hybridization to
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kb
8 5 -1 2 0

A m arkers— ► 33.5
23
15

9.9

6.6

4 .4

2 . 3
2 . 0

LANE

F ig u r e  4 8 . a )  R e s t r i c t e d  DNA from  P. p u t i d a  IGA
7 .1 6  and IGA 7 .2 4  f o r  h y b r id iz a t io n  
w ith  t h e  NAH p ro b e

Lane 1 ; 24 X markers
Lane 2 P. p u t i d a  NCIB 10432 (T0L:117kb)
Lane 3 P. p u t i d a  NCIB 12199 (NAH:85-86kb)
Lanes 5-9 P. p u t i d a  IGA 7.16
Lane 10 P. p u t i d a  IGA 7.24 (uncut)
Lane 11 Eco RI
Lane 12 Hind III
Lane 13 S a l I
Lane 14 Xho I
Lane 17 pDTGH3 (+ve control)
Lane 18 Eco RI
Lane 19 Hind III
Lane 2 0 S a l I
Lane 21 Xho I

: 1 2 3 5 6 7 8 91011121314 1718192021 24
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LANE 

8 5 —120 kb

15 kb

1011121314 17181920 21

• A markers

F ig u r e  4 8 .  b) A u to r a d io g r a p h  o f  DNA from  P .  p u t i d a
IGA 7 .1 6  and IGA 7 .2 4  h y b r id iz e d  
w ith  t h e  NAH p ro b e

Lanes : as in Figure 48 a)
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t h e  X DNA i n  Lane 1 and o n l y  weak h y b r i d i z a t i o n  t o  
X DNA i n  Lane  24 .  The weak h y b r i d i z a t i o n  on b o t h  
s i d e s  o f  t h e  g e l  may h av e  b e e n  due  t o  i n e f f i c i e n t
t r a n s f e r  o f  DNA from  su c h  a  l a r g e  g e l .

From t h e s e  r e s u l t s  i t  c o u l d  be  c o n c l u d e d  t h a t  t h e  
l a r g e  p l a s m i d  band  (85-120kb)  o f  P. p u t i d a  IGA 7 . 2 4  
was a  NAH p l a s m i d .

Dot blot hybridization

To c o n f i r m  t h e  p r e s e n c e  o f  a  NAH p l a s m i d  i n  P. 
p u t i d a  IGA 7 . 2 4  and t h e  a b s e n c e  o f  one i n  P. p u t i d a  
IGA 7 . 1 6  d o t  b l o t s  o f  t o t a l  DNA were p r e p a r e d
( s e c t i o n  2 : 2 : 1 5 ) .  DNA from  pDTG113 ( p o s i t i v e
c o n t r o l ) ,  P. p u t i d a  NCIB 10432 (TOL), IGA 7 . 2 4  and 
IGA 7 . 1 6  was b l o t t e d  o n to  n i t r o c e l l u l o s e ,  DNA from  
P. p u t i d a  IGA 0 .9 2  was a l s o  a d d e d  and a  
d i g o x i g e n i n - l a b e l l e d  NAH p r o b e  was u s e d .

The NAH p r o b e  h y b r i d i z e d  s t r o n g l y  t o  P. p u t i d a  IGA
7 . 2 4  DNA (No. 3, F i g u r e  49) and t o  t h e  p o s i t i v e  
c o n t r o l  (No. 1) b u t  f a i l e d  t o  h y b r i d i z e  t o  t h e  
o t h e r  DNA s a m p l e s ,  p r o v i n g  th e  p r e s e n c e  o f  t h e  NAH 
p l a s m i d  i n  P. p u t i d a  IGA 7 . 2 4  and t h e  a b s e n c e  o f  a 
NAH p l a s m i d  i n  P. p u t i d a  IGA 7 . 1 6  and IGA 0 . 9 2 .

3:5:3 IDENTIFICATION OF A TOL PLASMID IN PSEUDOMONAS 
PUTIDA IGA 7.16

Southern hybridization

The DNA from  P. p u t i d a  IGA 7 . 1 6  d i d  n o t  c u t  
s u c c e s s f u l l y  s o  whole DNA from  t h i s  o r g a n i s m  was 
run on an a g a r o s e  g e l  a l o n g  w i t h  P.  p u t i d a  IGA 7 . 2 4  
and p o s i t i v e  c o n t r o l s  (pDTG602 and pGSH2836) and
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I 2 3

If
J .
t

4 5 6

Figure 49. Dot blot hybridization to the NAH probe

1 : pDTG113 ( p o s i t i v e  c o n t r o l )
2 : P. p u t i d a  NCIB 10432
3 : P. p u t i d a  IGA 7 . 2 4
4 : P. p u t i d a  IGA 7 . 1 6
5 : P. p u t i d a  IGA 7 . 1 6  on t o l u e n e
6 : P. p u t i d a  IGA 0 .9 2
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n i t r o c e l l u l o s e  f i l t e r s  were p r e p a r e d .  The two TOL 
p r o b e s  were l a b e l l e d  w i t h  32P. The DNA from  b o t h  P. 
p u t i d a  IGA 7 . 1 6  and IGA 7 . 2 4  f a i l e d  t o  h y b r i d i z e  t o  
e i t h e r  p r o b e .  Both  p r o b e s  h y b r i d i z e d  t o  t h e i r  
r e s p e c t i v e  p o s i t i v e  c o n t r o l s .

Dot blot hybridization

The l a r g e  s i z e  o f  t h e  p l a s m i d  DNA may have  h i n d e r e d  
i t s  t r a n s f e r  t o  n i t r o c e l l u l o s e ,  t h e r e f o r e  t h e s e  
r e s u l t s  were  c o n f i r m e d  w i t h  d o t  b l o t  h y b r i d i z a t i o n  
u s i n g  d i g o x i g e n i n - l a b e l l e d  TOL p r o b e s .  P o s i t i v e  
c o n t r o l  DNA (pDTG602 o r  pGSH2836) , DNA from  P. 
p u t i d a  NCIB 10432 ,  IGA 7 . 2 4 ,  IGA 7 . 1 6  and IGA 0 . 9 2  
was b l o t t e d  o n to  n i t r o c e l l u l o s e .  H y b r i d i z a t i o n  o f  
t h e  DNA t o  b o th  th e  m onooxygenase  (pGSH2 83 6) and 
d i o x y g e n a s e  (pDTG602) p r o b e s  were exam in ed .

The t o l u e n e  monooxygenase  p r o b e  h y b r i d i z e d  s t r o n g l y  
t o  p o s i t i v e  c o n t r o l  DNA (No. 1, F i g u r e  50) and t o  
P. p u t i d a  IGA 7 . 1 6  DNA (No. 4) . T h i s  p r o b e  d i d  n o t  
h y b r i d i z e  t o  t h e  o t h e r  DNA s a m p l e s .

The t o l u e n e  d i o x y g e n a s e  p r o b e  f a i l e d  t o  h y b r i d i z e  
t o  th e  p o s i t i v e  c o n t r o l  DNA and h y b r i d i z e d  o n l y  
w e a k ly  t o  P.  p u t i d a  IGA 7 . 1 6  DNA ( F i g u r e  51) . T h i s  
p r o b e  d i d  n o t  h y b r i d i z e  t o  o t h e r  DNA s a m p l e s .

The t o l u e n e  m onooxygenase  gene  i s  e n co d e d  on t h e  
TOL p l a s m i d .  T h e r e f o r e ,  i t s  h y b r i d i z a t i o n  t o  DNA 
from  P. p u t i d a  IGA 7 . 1 6  i n d i c a t e d  t h e  p r e s e n c e  o f  
a  TOL p l a s m i d  i n  t h i s  o r g a n i s m .
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Figure 50. Dot blot hybridization to the toluene 
monooxygenase probe (pGSH283 6)

1 : pGSH2 83 6 ( p o s i t i v e  c o n t r o l )
2 : P. p u t i d a  NCIB 10432 (TOL)
3 : P. p u t i d a  IGA 7 . 2 4
4 : P.  p u t i d a  IGA 7 . 1 6
5 : P .  p u t i d a  IGA 7 . 1 6  on t o l u e n e
6 : P. p u t i d a  IGA 0 . 9 2
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Figure 51. Dot blot hybridization to thè toluene 
dioxygenase probe (pDTG113)

1 : pDTG602 ( p o s i t i v e  c o n t r o l )
2 : P. p u t i d a  NCIB 10432 (TOL)
3 : P. p u t i d a  IGA 7 . 2 4
4 : P.  p u t i d a  IGA 7 . 1 6
5 : P. p u t i d a  IGA 7 . 1 6  on t o l u e n e
6 : P. p u t i d a  IGA 0 . 9 2

157



3:5:4 HYBRIDIZATION OF DNA FROM PSEUDOMONAS PUTIDA IGA
7.24 FOLLOWING GROWTH ON AROMATIC SUBSTRATES

The s t a b l e  m a in te n a n c e  o f  t h e  l a r g e  p l a s m i d  i n  P. 
p u t i d a  IGA 7 . 2 4  f o l l o w i n g  g row th  on v a r i o u s  
a r o m a t i c  compounds was exam ined  u s i n g  S o u t h e r n  
h y b r i d i z a t i o n .  DNA was i s o l a t e d  from  a c c l i m a t e d  
and non a c c l i m a t e d  c u l t u r e s  o f  P. p u t i d a  IGA 7 . 2 4  
grown on 5mM c o n c e n t r a t i o n s  o f  b e n z o a t e ,  p h e n o l ,  
n a p h t h a l e n e  and m - t o l u a t e .  From t h i s
n i t r o c e l l u l o s e  f i l t e r s  w e r e  p r e p a r e d .  
H y b r i d i z a t i o n  o f  th e  l a r g e  p l a s m i d  band w i t h  t h e  
32P - l a b e l l e d  NAH p r o b e  was i n v e s t i g a t e d .  X m a r k e r s  
( 2 - 3 3 . 5kb) and p o s i t i v e  c o n t r o l  DNA (pDTG113) were  
a l s o  i n c l u d e d  on t h e  g e l .

L a n e s  8 -16  o f  th e  g e l  ( F i g u r e  52a)  a r e  a s  d e s c r i b e d  
p r e v i o u s l y  f o r  F i g u r e  45 .  The NAH p r o b e  h y b r i d i z e d  
t o  t h e  l a r g e  p l a s m i d  band from  l u r i a  b r o t h  c u l t u r e s  
( l a n e  7, F i g u r e  52b) and t o  t h e  15kb EcoR I 
f r a g m e n t  from  P. p u t i d a  IGA 7 . 2 4  DNA ( l a n e  8)
c o n f i r m i n g  th e  e a r l i e r  r e s u l t .  The p r o b e  a l s o  
h y b r i d i z e d  t o  th e  p o s i t i v e  c o n t r o l  DNA ( l a n e  3 ) .

The NAH p r o b e  h y b r i d i z e d  t o  t h e  l a r g e  p l a s m i d
v i s u a l i z e d  i n  n o n - a c c l i m a t e d  b e n z o a t e  ( l a n e  9) and 
p h e n o l  ( l a n e  13) c u l t u r e s  and a l s o  i n  b o t h
a c c l i m a t e d  and n o n - a c c l i m a t e d  n a p h t h a l e n e  c u l t u r e s  
( l a n e s  11 and 12) . T h i s  i n d i c a t e d  t h e  s t a b l e  

m a in t e n a n c e  o f  a  NAH p l a s m i d  i n  t h e s e  c u l t u r e s . 
However, t h e  p l a s m i d  v i s u a l i z e d  i n  a c c l i m a t e d
b e n z o a t e  ( l a n e  10) and p h e n o l  ( l a n e  14) c u l t u r e s  
and i n  b o t h  m - t o l u a t e  c u l t u r e s  ( l a n e s  15 and 16) 
f a i l e d  t o  h y b r i d i z e  t o  t h e  NAH p r o b e .  I t  a p p e a r e d  
t h e r e f o r e  t h a t  t h e  p l a s m i d  i n  t h e s e  c u l t u r e s  had  
l o s t  t h e  g e n e s  o f  t h e  n a p h t h a l e n e  u p p e r  pa thw ay  
which t h e  p ro b e  e n co d e d .
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The NAH probe again failed to hybridize to DNA from 
P. p u t i d a  IGA 7.16 (lane 18) confirming the earlier 
result.

LANE: 1 3

kb 
85— 120 A markers 

kb
33.5
23

15

9 .9

6.6

F ig u r e  5 2 . a ) P la sm id  p r o f i l e  o f  P.  p u t i d a  IGA
7 . 2 4  DNA from  c u l t u r e s  f o l lo w in g  
grow th  on a r o m a tic  s u b s t r a t e s

Lane If 19 X markers
Lane 3 PDTG113 (Eco RI)
Lane 7 P. p u t i d a IGA 7.24 ( Eco RI)
Lane 8 II II L . broth
Lane 9 II II Benzoate
Lane 10 H II (acci'd)
Lane 11 II II Naphthalene
Lane 12 il li (acci'd)
Lane 13 II II Phenol
Lane 14 It il (acci'd)
Lane 15 II If m-Toluate
Lane 16 II II (acci'd)
Lane 18 P. p u t i d a IGA 7.16
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I6A  7 . 2 4  a r o m a tic  c u l t u r e s  w it h  t h e  
NAH p ro b e
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3:6 MONITORING PSEUDOMONAS PUTIDA IGA 7.24 IN ACTIVATED
SLUDGE

P. p u t id a  IGA 7.24 was capable of growth on 
naphthalene and retained its NAH plasmid following 
prolonged exposure to this substrate. It was of 
interest to monitor this organism in a mixed 
microbial system and therefore it was decided to 
use the organism for the bioaugmentation of an 
activated sludge system.

A control and a test system were set up as 
described in section 2:2:18. The two systems were 
identical in all respects except for the addition 
of P. p u t id a  IGA 7.24 to the test system. Both 
systems were fed with a synthetic effluent 
comprising P se u d o m o n a s minimal medium incorporating 
naphthalene (2 0mM). The two systems were monitored 
daily for 3 0 days.

3:6:1 THE MICROBIOLOGY OF THE SYSTEM

Total bacterial numbers and the naphthalene 
degrading bacteria in the mixed liquor

The total number of viable bacteria and the 
naphthalene degrading bacteria were determined in 
the mixed liquor of both systems prior to feeding. 
The numbers in the test system were also monitored 
after feeding and the addition of P. p u t id a  IGA 
7.24.

The initial total population in both systems was 
approximately 108 cells/ml (Figures 53 and 54) . The 
naphthalene degrading population comprised 
approximately 106 cells/ml. This rose to 107
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Figure 53. Total & naphthalene degrading cells in the control 
activated sludge system

•  Total cell count in the m ixed liqour (plate count)
▼ Naphthalene cell count in the mixed liquor (plate cou n t’ 
■ Cell count in the supernatant (haem ocytom eter)

Experimental period (days)

Figure 54. Total &c naphthalene degrading cells in the test  
activated sludge system
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Figure 55. Percentage of naphthalene degrading to total cells  
in the control activated  sludge system

•  naphthalene plates 
T NAH probe

Experimental period (days)

Figure 56. Percentage of naphthalene degrading to total cell 

in the test activated  sludge system
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cells/ml in the test system following addition of 
P .  p u t id a  IGA 7.24. During the first week of 
operation the naphthalene population in the mixed 
liquor increased rapidly in both systems and then 
remained approximately constant at 108 cells/ml. 
The percentage of naphthalene degrading organisms 
in the total population was determined from the 
selective counts on naphthalene vapour plates. It 
was also determined using colony hybridization of 
the non-radioactively labelled NAH probe (section 
2:2:17) to PCA colonies. The results of these 
methods are compared in Figures 55 and 56. The 
naphthalene population increased rapidly over the 
first week and reached 90 to 100% of the total 
population. Colony hybridization was more
sensitive than the naphthalene vapour plates for 
the detection of low numbers of naphthalene 
degrading cells. Colony hybridization indicated a 
greater initial increase in the naphthalene 
degrading population of the test system during the 
first four days when compared with the control 
system. The percentage of naphthalene degrading 
cells in the total population of the test system 
was very erratic. The addition of P .  p u t id a  IGA
7.24 may have disturbed the system.

Free-swimming bacteria in the systems

The sludge in both systems was allowed to settle 
prior to feeding and a sample of supernatant was 
removed. A total count of free-swimming bacteria 
was determined using a haemocytometer. The number 
of free-swimming bacteria in the control system was 
initially high at around 107 cells/ml. This number 
decreased during the first ten days to 
approximately 105 cells/ml, rising only slightly 
thereafter. In the test system the number of free-
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swimming bacteria was initially slightly lower than 
the control system at approximately 5 x 106 
cells/ml. However the numbers remained at this 
value throughout the experiment, decreasing in the 
final week only when the maintenance dose of P .  

p u t id a  IGA 7.24 was reduced from 1% to 0.1%. This 
suggested that a proportion of the free-swimming 
bacteria comprised the added organism, P .  p u t id a  

IGA 7.24.

Other microbial populations in the systems

Filamentous growth and protozoan populations were 
monitored by microscopic examination of the mixed 
liquor in both the test and control systems (Table 
16 and 17) . Very little filamentous growth was 
observed in either system. The protozoan
population increased in both systems over the 
first week of the experiment and then remained 
approximately constant. However, in the control 
system there was a decrease in protozoan numbers on 
day 13. This corresponded to a sharp increase in 
the total bacterial numbers in that system. The 
increase in the bacterial population seems to have 
been due to a proliferation of organisms other than 
the naphthalene degraders as indicated by a sharp 
decline in the percentage of naphthalene degrading 
bacteria in the total population (Figure 53). The 
protozoan numbers increased again on day 14 and the 
bacterial numbers decreased over the following 
three days until they reached the level recorded 
prior to day 13. It was also noted that the 
numbers of attached and free-swimming protozoa were 
approximately equal.
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T a b le  1 5 . F ila m en to u s  g ro w th  and p r o to z o a n
p o p u la t io n s  i n  t h e  c o n t r o l  a c t i v a t e d  
s lu d g e  sy s te m

Day Filamentous
growth

Attached
protozoa

F ree-sw im m in g  
p r o to z o a

3 - ++ -
4 - ++ ++
5 + + ++
6 + + +++
7 + - +++

10 + +++ +++
11 + +++ +
12 + +++ +
13 + + + +
14 + ++++ +++
17 + ++++ +
18 + +++ ++
20 + + H* + +++
24 + + + + +++
25 + + + + + ++++
27 + + + + + ++++
28 + + + + + ++++

- none +++ many
+ very few ++++ very many
+ + few
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Table 16. Filamentous growth and protozoan
populations in the test activated sludge 
system

Day Filamentous
growth

Attached
protozoa

Free-swimming 
protozoa

3 - + + -
4 + + + -
5 + ++ -
6 + + + +++
7 + ++ +++

10 + ++ + +++
11 + +++ ++ +
12 + +++ +++
13 - + + + ++
14 + ++++ +++
17 - ++ + +++
18 + +++ + ++++
20 - +++ +++
24 - +++ ++ +
25 + +++ +++
27 + + + + +++
28 + +++ +++

- none 
+ very few 
++ few 
+++ many 
++++ very many
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Identification of naphthalene degrading bacteria
isolated from the activated sludge systems

The population in both the control and test systems 
quickly adapted to naphthalene, with a 
proliferation of naphthalene degrading bacteria in 
both systems.

It was therefore decided to identify the 
naphthalene degrading bacteria isolated from both 
systems. Colonies showing different colony 
characteristics were removed from naphthalene 
vapour plates carrying bacteria isolated on day 
10.

All the bacteria identified were Gram negative, 
non-spore forming, oxidase positive rods exhibiting 
oxidative metabolism of glucose and were found to 
belong to the genus P se u d o m o n a s . The majority of 
the isolates were identified as P se u d o m o n a s p u t id a  

spp. However, the species identified could be 
distinguished from P .  p u t id a  IGA 7.24. A non- 
motile P .  p u t id a  sp. with similar biochemical 
properties to those of P .  p u t id a  IGA 7.24 was 
isolated from both systems. P .  p u t id a  IGA 7.24 was 
isolated only from the test system.

3:6:2 OPERATING PARAMETERS OF THE SYSTEMS 

Chemical oxygen demand

The Chemical Oxygen Demand (COD) of both systems 
was determined in order to monitor their 
performance (Figures 57) . When the two systems 
were initially set up the COD was determined at a 
value of 300-350 mg/1. The COD of each system was
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Experimental period (days)

Figure 57. Chemical oxygen dem and of the test and control 
activated sludge sy s tem s

O control system 

#  test system
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subsequently determined before fresh feed was added 
to the system. The COD remained approximately 
constant for the first seven to ten days of 
operation. Decreasing COD values were then 
observed as the population adapted to the 
naphthalene. The performance of both systems in 
terms of COD removal was very similar.

Temperature, p H. dissolved oxygen and solids

The temperature, pH and dissolved oxygen of the two 
systems were monitored (Figures 58 and 59) . The 
systems were maintained at room temperature. The 
mean temperature in the control system was 2 0.6°C 
and in the test system was 19°C. The pH of both 
systems was initially at neutrality. The pH 
decreased slightly as the naphthalene was used up 
but was restored on addition of fresh medium. The 
pH range in the control system was 7.33 - 5.68 and 
in the test system was 7.25 - 5.89. The dissolved 
oxygen of the two systems was initially quite 
erratic and there was a sharp drop in dissolved 
oxygen in the control system on day 5 due to 
technical difficulties. The mean dissolved oxygen 
concentration in the control system was 7.6 mg/1 
and that in the test system was 8.0 mg/1.

The mixed liquor suspended solids (Figure 60) 
remained approximately constant with a mean 
concentration of 3.8 g/1 in both systems. The 
sludge volume index (Figure 61) was initially poor 
with a value of 220 ml/g in both systems. The SVI 
decreased to below 100 ml/g in both systems. This 
decrease occured more rapidly in the test system, 
showing considerable improvement after two weeks of 
operation compared with three weeks in the control 
system.
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Figure 60. Mixed liquor suspended solids of the contro l and  
te s t  activated  sludge system s

• MLSS control
T MLSS tes t

O SVI control  
V  SVI test
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Figure 61. Sludge volum e index of the control and te s t  
activated sludge system s
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4 DISCUSSION

The commercial bioaugmentation product, Biolyte CX 
80, produced by InterBio Laboratories Ltd., Ireland, 
was designed to provide a selection of organisms able 
to degrade a wide range of complex aromatic and 
aliphatic compounds in aerobic biological wastewater 
treatment systems. The formulation contained a range 
of thirteen microorganisms together with surfactants 
carried on a cereal base. The bacterial strains in 
the product included members of the genera B a c i l l u s , 

P se u d o m o n a s , A e ro m o n a s and R h o d o c o c c u s . These 
bacteria had been selected and adapted to give 
optimum performance in degrading a wide variety of 
organic chemicals including benzenes, phenols and 
naphthalenes. They were grown in pure culture, 
harvested and preserved by freeze-drying before being 
blended in the final formulation (manufacturer's 
literature).

Four P se u d o m o n a s spp., three P .  p u t id a  spp. (IGA 
7.16, IGA 7.24 and IGA 0.92) and one P .  f lu o r e s c e n s  

sp. (IGA 13.42), from CX 80 were selected for 
investigation. The ultimate goal was to monitor the 
survival of one or more of these organisms once added 
to an activated sludge system. To this end the four 
P se u d o m o n a s spp. were characterized in order to 
determine whether some unique feature or features 
would allow for simple differentiation between them 
and between these organisms and other P se u d o m o n a s  

spp.

The organisms were characterized based on the scheme 
outlined by Hendrie and Shewan (1979) for the 
identification of pseudomonads. The four organisms 
conformed to the traditional definition of aerobic

173



pseudomonads as outlined by Stanier et al. (1966),
being unicellular, straight rods, motile, Gram 
negative, non-spore forming, oxidase positive with 
oxidative metabolism of glucose. The four
P se u d o m o n a s spp. were almost identical in both their 
cell and colony morphology.

The four organisms were fluorescent pseudomonads 
characterized primarily by their ability to produce 
water-soluble, yellow-green , fluorescent pigments. 
They all produced diffusible fluorescein pigments 
when grown on a suitable medium. As with other 
fluorescent pseudomonads, these organisms were 
members of the RNA group I (Stanier et al., 1966).

The many biochemical properties of the four 
P se u d o m o n a s spp. examined were typical for their 
species as outlined in Bergey's Manual for Systematic 
Bacteriology (1984) . An important feature which 
distinguished the P. f lu o r e s c e n s  sp., IGA 13.42, from 
the P. p u t id a  spp. was its ability to liquefy 
gelatin. This is one of the main differences between 
these two species (Stanier et a l . ,  1966). 
P se u d o m o n a s spp. are well known for their metabolic 
versatility (Palleroni, 1986) and this was borne out 
by the ability of the four organisms to use a large 
number of the carbohydrates tested for growth. The 
P. f lu o r e s c e n s  sp., IGA 13.42, was by far the most 
nutritionally versatile using seventy-five percent of 
the carbohydrates tested. This species has been 
called the epitome of nutritional versatility among 
bacteria (Stanier et al., 1966).

The optimum growth temperature for most P se u d o m o n a s  

spp. is 2 8°C but many are capable of growth in the 
range of 4°C to 43°C. P. p u t id a  IGA 0.92 grew at all 
temperatures tested but P . p u t id a  IGA 7.16 failed to
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grow at 4°C and P. p u t id a  IGA 7.24 and P. f lu o r e s c e n s  

IGA 13.42 failed to grow at 37°C. The antibiotic 
sensitivity of the four organisms was similar. All 
were resistant to penicillin which is a typical 
feature among P se u d o m o n a s spp. (Bergey, 1984). 
Antibiotic resistance is frequently encoded on 
plasmids termed R-factors which are transmissible 
among organisms (Bergey, 1984), as such antibiotic 
resistance alone does not make a suitable choice as 
a selectable marker.

The ability of the four P se u d o m o n a s spp. to grow at 
the expense of a range of aromatic compounds was 
examined in the basal salts medium of Goulding et a l .

(1988), which provided a source of nitrogen, 
phosphate and trace salts, incorporating the aromatic 
compound as the sole source of carbon for energy and 
growth. The solubility of the aromatic compounds in 
the aqueous medium can be important for their 
metabolism. Phenol, benzoate and m-toluate dissolved 
readily in the medium. Naphthalene and p-chlorophenol 
did not dissolve completely. It was necessary to 
dissolve the p-chlorophenol in a minimum volume of 
ethanol. Toluene which has a solubility in water of
0.067% (w/w) at 23.5°C (Merck Index) was supplied as 
a vapour. A number of bacteria have been found to be 
capable of metabolizing aromatic compounds with low 
water solubilities. Various mechanisms have been 
suggested for this. Some bacteria may facilitate the 
uptake of poorly soluble compounds by producing 
emulsifiers or by the possession of a hydrophobic 
cell surface. It is also possible that the organisms 
grow only at the expense of the compound in solution 
and that the rate of dissolution of such compounds 
might govern the rate of biodégradation (Stucki and 
Alexander, 1987) .
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Benzoate has been shown to support the growth of a 
variety microorganisms (Reiner, 1971). The four 
P se u d o m o n a s spp. grew readily on benzoate. The 
enzymes for benzoate degradation are chromosome 
encoded and are ubiquitous in P se u d o m o n a s spp. 
(Harayama and Rekik, 1990). The pathway for benzoate 
metabolism is induced by benzoate itself (Cuskey and 
Sprenkle, 198 8) . The degree of growth of the four 
organisms was greater on higher concentrations of 
benzoate. In many cases the time taken to acclimate 
to the benzoate was also greater on the increased 
benzoate concentrations.

Catechol, an intermediate in benzoate metabolism, is 
usually degraded via the o r t h o  cleavage pathway 
(Williams and Murray, 1974). Both the o r t h o  and m e ta  

cleavage enzymes (catechol 1,2-dioxygenase and 
catechol 2,3-dioxygenase, respectively) were clearly 
induced by benzoate when compared with the activity 
levels determined following growth on glucose. 
However, o r t h o  cleavage activity was predominant 
following both initial and prolonged growth on 
benzoate.

As is typical of several P se u d o m o n a s spp. (Davies and 
Evans, 1964) the four organisms were capable of 
growth on naphthalene. Many of the compounds formed 
during naphthalene degradation are acidic (Yen and 
Serdar, 1988). A drop in the culture pH was observed 
as the naphthalene was metabolized. This drop was 
greater at the higher growth rates achieved on the 
increasing naphthalene concentrations. The lag 
period on naphthalene tended to be longer than for 
the other substrates. The naphthalene degradative 
pathway is induced by the intermediate, salicylate 
(Yen and Serdar, 1988) and therefore some initial 
degradation is required by the low levels of
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constitutive enzymes resulting in the formation of 
salicylate before the pathway enzymes are fully 
induced.

Growth on naphthalene, including prolonged growth 
induced predominantly m e ta cleavage activity. This 
was as expected as the majority of aromatics 
including naphthalene are cleaved via the m e ta  

pathway (Williams and Murray, 1974) .

The four P se u d o m o n a s spp. grew on phenol at the lower 
concentration of 5mM. However, the higher
concentrations were inhibitory for all the organisms 
except P .  p u t id a  IGA 0.92 which was capable of growth 
on lOmM but not 20mM. The enzymes for phenol 
degradation are induced by phenol (Feist and 
Hegeman, 1969). A short lag period was demonstrated 
in P .  p u t id a  IGA 0.92 and IGA 7.24, however, a longer 
period of acclimation was necessary for P. p u t id a  IGA
7.16 and P. f lu o r e s c e n s  IGA 13.42 before phenol 
degradation proceeded.

Phenol also induces catechol 2,3-dioxygenase and the 
other enzymes of the m e t a cleavage pathway (Feist and 
Hegeman, 1969). Catechol 2,3-dioxygenase activity 
was predominant in all the organisms following 
initial and prolonged growth on phenol.

m-Toluate is an intermediate in the degradation of m- 
xylene by the TOL plasmid encoded pathway (Davey and 
Gibson, 1974). All the organisms were capable of 
growth on m-toluate and as with previous substrates, 
the degree of growth as indicated by the specific 
growth rate and maximum OD attained increased on the 
higher m-toluate concentrations. It was thought that 
the ability to grow on m-toluate would also give some 
indication as to the ability to grow on toluene.
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However, this was found not to be the case as only P. 
p u t id a  IGA 7.16 was capable of growth on toluene and 
was subsequently shown to carry a TOL plasmid. This 
discrepancy may have been due to the fact that the 
genes for toluate dioxygenase form part of the lower 
pathway operon on the TOL plasmid and this operon is 
similar in many different catabolic plasmids 
(Harayama and Rekik, 1990) .

Methyl-substituted aromatic compounds induce the 
enzymes of the m e ta cleavage pathway. Growth on m- 
toluate by the four P se u d o m o n a s spp. for both short 
and prolonged periods induced predominantly catechol
2,3-dioxygenase activity.

P. p u t id a  IGA 7.16 was the only organism capable of 
growth in the presence of toluene. Toluene is a 
highly toxic solvent and can kill most microorganisms 
at very low concentrations (Inuoe e t  a l . ,  1991) . 
Toluene was provided as a vapour by suspending a 
small tube containing liquid toluene inside the 
flask. The degree of growth increased greatly at the 
higher concentrations of toluene suggesting a greater 
availability of substrate for metabolism.

There are two main pathways for the degradation of 
toluene in P se u d o m o n a s spp. , that encoded by the TOL 
plasmid (Burlage et al. , 1989) and a chromosome
encoded pathway found in P. p u t id a  FI (Zylstra et 
a l . ,  1988) . In both of these pathways catechol is an 
intermediate and is degraded via the m e ta cleavage 
pathway. Growth of P. p u t id a  IGA 7.16 on toluene 
induced chiefly catechol 2,3-dioxygenase activity in 
both acclimated and non-acclimated cultures.

P. p u t id a  IGA 7.16 was also the only organism capable
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of degrading p-chlorophenol. This ability may be 
linked to its ability to metabolize toluene as a 
number of studies have demonstrated the broad 
substrate specificity of the enzymes involved in 
toluene metabolism. The enzymes of the TOL plasmid 
encoded pathway, toluene monooxygenase, benzyl 
alcohol dehydrogenase and benzaldehyde dehydrogenase, 
have all been shown to act on chlorinated substrates 
(Abril et al., 1989). The chromosome encoded toluene 
dioxygenase of the P. p u t id a  FI toluene degradative 
pathway has also been shown to catalyze the 
conversion of several chlorophenols (Spain et a l . , 
1989) .

The growth of P. p u t id a  IGA 7.16 on p-chlorophenol 
induced catechol 2,3-dioxygenase activity and this 
activity was greater following prolonged exposure to 
the substrate. The m e ta cleavage pathway usually 
leads to the formation of dead-end products so ortho 
cleavage is the preferred route following growth on 
chlorinated substrates (Williams and Murray, 1974). 
Oxidation of p-chlorophenol results in the formation 
of 4-chlorocatechol which when cleaved by catechol
2,3-dioxygenase yields 5-chloro-2-hydroxymuconic 
semialdehyde, a dead-end product which accumulates in 
the medium resulting in an intense yellow colour 
(Knackmuss, 1981). A strong yellow colour,
indicating the accumulation of the dead-end product, 
formed in the culture medium of P. p u t id a  IGA 7.24 
and IGA 0.92 and P. f lu o r e s c e n s  IGA 13.42 which 
failed to metabolize p-chlorophenol. A faint yellow 
colour formed in P. p u t id a  IGA 7.16 cultures but 
disappeared as the p-chlorophenol was degraded 
indicating that an alternative route was used.

The four organisms were unable to degrade o- and m- 
chlorophenol. The presence of a small volume of
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ethanol in the medium may have contributed to the 
initial increase in OD. Control cultures set up with 
ethanol only increased slightly in OD after 24 hours 
and then declined rapidly. Controls with
chlorophenol but no organism showed no loss of 
chlorophenol due to volatilization over a period of 
144 hours. Black compounds formed in the medium 
following initial degradation of both o- and m- 
chlorophenol. These may also have contributed to the 
rise in OD observed. Chlorophenols can be
fortuitously metabolized by the catabolic enzymes of 
various pathways which have a broad substrate 
specificity (Knackmuss and Hellwig, 1978; Spain et 
al., 1989) . The oxidation of both o- and m- 
chlorophenol results in the formation of 3- 
chlorocatechol which is a suicide substrate for 
catechol 2,3-dioxygenase resulting in the formation 
of an acylchloride. This in an acylating agent which 
irreversibly inactivates catechol 2,3-dioxygenase 
resulting in the accumulation of chlorocatechol and 
its black autooxidation products (Bartels et a l . ,  

1984). Therefore, the formation of the black 
compounds in the medium of the four organisms 
indicated that their catechol 2,3-dioxygenase enzyme 
had been inactivated.

When bacteria are cultivated in a medium containing 
glucose and a less easily metabolized carbon source, 
the glucose is preferentially consumed (Bailey and 
Ollis, 1986). When P .  p u t id a  IGA 7.16 was grown on 
p-chlorophenol in the presence of glucose, the 
glucose was indeed consumed preferentially. The 
presence of glucose can also lead to the 'glucose 
effect'. This gives rise to catabolite repression 
blocking the induction of genes for the degradation 
of the second carbon source due to the low levels of 
cyclic AMP in cells growing rapidly on glucose
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(Bailey and Ollis, 1986)

This, however, was not found to be the case with p- 
chlorophenol and glucose where the presence of 
glucose resulted in the faster removal of p- 
chlorophenol. This seemed to have been due to a 
faster formation of biomass in the presence of 
glucose. The presence of increased concentrations of 
glucose had no additional effect on the biomass and 
the total biomass produced was approximately the same 
in all cases with and without glucose. Papanastasiou 
and Maier (1982) carried out a study on the 
degradation of 2,4-dichlorophenoxyacetate (2,4-D) in 
the presence of glucose. p-Chlorophenol is an 
intermediate breakdown product in 2,4-D metabolism. 
Glucose was found to improve 2,4-D metabolism due to 
a faster production of biomass. When the biomass 
concentration was increased by doubling the inoculum 
size a proportionate increase in p-chlorophenol 
removal by P. p u t id a  IGA 7.16 was observed.

The bioaugmentation product CX 8 0 which included the 
four P se u d o m o n a s spp. failed to degrade o- or m- 
chlorophenol but rapidly degraded p-chlorophenol. 
The beneficial effect of a secondary, easily 
assimilated carbon source was again observed. When 
the product was washed to remove alternative carbon 
sources provided by the cereal carrier, the cells 
failed to degrade p-chlorophenol. The secondary 
carbon sources may have boosted the numbers of 
degraders in the product mix thus enhancing p- 
chlorophenol degradation.

These results were borne out when the product was 
used to bioaugment a sample of activated sludge. 
Again only the addition of unwashed product resulted
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in complete p-chlorophenol degradation. The p- 
chlorophenol was added at a concentration of 2 00ppm, 
however, the initial concentration detected in the 
culture supernatant was only in the range of 90- 
llOppm. This may have been due to adsorption of some 
of the substrate by the activated sludge floes. The 
phenomenon of adsorption by activated sludge floes is 
widely recognised (Hamer, 1985). After 48 hours there 
was an increase in the concentration of p- 
chlorophenol detected in the supernatants of the 
culture containing activated sludge only and that 
containing activated sludge and washed product. This 
may have been due to some desorption of the 
substrate.

M e ta cleavage activity is plasmid encoded and is 
known to be carried on a number of different 
catabolic plasmids (Harayama and Rekik, 1990). The 
catechol 2,3-dioxygenase activity of the four 
P se u d o m o n a s spp. was therefore indicative of the 
presence of catabolic plasmids. A number of 
different DNA isolation techniques were examined to 
release plasmids from the organisms.

The rapid isolation procedures of Birnboim and Doly 
(1979) and Eckhardt (1978) for the extraction of 
large plasmids were examined but no plasmids were 
visualized. The triton lytic procedure of Crosa and 
Falkow (1981) for the isolation of plasmids from Gram 
negative organisms including P se u d o m o n a s spp. was 
also investigated without success. A rapid method 
for the isolation of large, stable and unstable 
plasmids involved in the degradation of aromatic 
compounds in P se u d o m o n a s spp. was also investigated 
(Wheatcroft and Williams, 1981). The main problem 
encountered with this technique was the handling of 
the highly viscous solution which resulted. No
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plasmids were visualized using this technique.

Degradative plasmids tend to be large in size and are 
closely associated with the chromosome, these factors 
make them difficult to isolate (Hansen and Olsen, 
1978). The procedure of Hansen and Olsen (1978) was 
designed for the isolation of large plasmids from 
P se u d o m o n a s spp. It involved cell lysis with 
lysozyme and SDS followed by alkaline dénaturation. 
This procedure was not successful initially with the 
main problem being a failure to reduce the pH 
following alkaline dénaturation. Alkaline
dénaturation is an important step in the isolation of 
plasmid DNA as it irreversibly denatures chromosomal 
DNA thus allowing plasmid DNA to be isolated. A 
number of modifications as outlined by Almond e t al. 
(1982) were incorporated. The chief modification was 
in the proportions of NaOH and Tris added during the 
alkaline dénaturation step. The volume of Tris used 
in the modified method was eight times the volume of 
NaOH used compared to twice the volume as used in the 
original method. This successfully reduced the pH of 
the DNA solution. The isolation procedure was also 
simplified by eliminating the washing step which 
removed residual medium at the beginning of the 
procedure. The heating step was also changed to 55°C 
for 2 minutes compared to eight cycles of heat pulse 
at 55°C and mixing. A number of other slight 
modifications to the volumes of reagents added were 
also incorporated. This modified method proved to be 
very reliable and reproducible for the isolation of 
large plasmids from P se u d o m o n a s spp.

The plasmid profiles of the four organisms grown on 
a non-selective medium, luria broth, revealed the 
presence of large plasmids in the three P. p u t id a  

spp., IGA 7.16, IGA 7.24 and IGA 0.92. A number of
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smaller plasmids were also visualized in P .  p u t id a  

IGA 7.24. No plasmids were visualized in P. 
f lu o r e s c e n s  IGA 13.42 using any of the methods 
examined, therefore further investigation of this 
organism was not undertaken. Due to the growth 
characteristics of the organisms it was thought they 
might carry a TOL or NAH type plasmid. To 
investigate this further strains carrying a TOL and 
NAH plasmid were obtained from the National 
Collection of Industrial Bacteria (NCIB), Aberdeen, 
UK, for comparison. NCIB 10432 was P se u d o m o n a s  

p u t id a  AL (mt-2, PaMl, PaWl), originally isolated 
from soil, carrying a transmissible TOL plasmid of 
approximately 117kb in size. NCIB 12199 was 
P se u d o m o n a s p u t id a  PaW73 6 containing a NAH plasmid, 
pWW60-22, 85-87kb in size. A chromosomal marker was 
obtained by curing P. p u t id a  NCIB 10432 of its TOL 
plasmid using mitomycin C (5-20/zg/ml) in a method 
developed for the curing of large degradative 
plasmids (Dunn and Gunsalus, 1973).

Due to their large size the TOL and NAH plasmids were 
resolved close to the wells of the gel and their 
similarity in size meant there was little resolution 
between them. Therefore the only conclusion that 
could be drawn at this stage with regard to the large 
plasmids visualized in the P. p u t id a  spp. was that 
they were of similar size range, approximately 85- 
12 0kb. In order to identify the large plasmids DNA 
probes to the NAH and TOL plasmids were obtained.

Most naturally occurring plasmids are stably 
maintained by the host, even during growth on non- 
selective media, that is in the absence of any 
selective pressure (Stephens and Dalton, 1988) . 
However reports in the literature have indicated that 
some large degradative plasmids undergo modification,
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such as excision of segments of DNA or even complete 
loss of the plasmid, when grown in the presence of 
certain aromatic compounds. Alterations in the 
plasmid profiles of organisms were encountered 
following growth on a range of compounds including 
benzoate, methylbenzoate, toluene and xylene 
(Stephens and Dalton, 1988; Carney and Leary, 1989) . 
The studies by Carney and Leary (1989) also found 
that prolonged growth on these substrates resulted in 
the maintenance of the altered plasmid profile or a 
greater degree of alteration.

The stability of degradative plasmids is of 
particular importance for organisms that form part of 
a bioaugmentation product for use in the treatment of 
wastes from the chemical industry where they may be 
exposed to a large number of compounds. The stable 
maintenance of catabolic plasmids provides a means by 
which gene pools are maintained and disseminated 
throughout the microbial population (Trevors et al., 
1989) . The large plasmid visualized in P. p u t id a  IGA
7.16 and IGA 7.24 cultures appeared to be stably 
maintained following both initial exposure and 
prolonged growth on the range of aromatics tested. 
However, subsequent investigation of the plasmid 
profiles of P. p u t id a  IGA 7.24 using Southern 
hybridization to the NAH probe showed that this was 
not actually the case. In many cases the genes for 
the naphthalene upper degradative pathway, of which 
the probe comprised, had been lost from the plasmids 
visualized. This was found in m-toluate cultures and 
in the phenol and benzoate cultures following 
prolonged growth only. As expected Southern 
hybridization confirmed the presence of the 
naphthalene pathway genes in both naphthalene 
cultures. These genes were also retained in the 
cultures following initial exposure to benzoate and
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phenol. However, the expression in all the cultures 
of catechol 2,3-dioxygenase activity, which is 
plasmid encoded, indicated that the genes for the 
m e ta pathway were retained. The large plasmid 
visualized in P .  p u t id a  IGA 0.92 was completely lost 
following growth on most of the aromatic substrates.

The identity of the large plasmid of P. p u t id a  IGA
7.16 and IGA 7.24 was investigated using Southern 
hybridization to the TOL and NAH probes. 
Difficulties can be encountered in transferring large 
DNA fragments to nitrocellulose (Maniatis et al. , 
1982). Therefore, the plasmid DNA was first cut with 
restriction endonucleases. Due to the high salt 
concentration and the presence of PEG in the DNA 
preparations from the Hansen and Olsen method (1978), 
samples were purified by caesium chloride gradient 
and dialysis. Difficulties were encountered cutting 
DNA from P. p u t id a  IGA 7.16 cultures. Particulate 
matter remained associated with the plasmid band 
visualized in the caesium chloride gradient which may 
have interfered with the action of the restriction 
enzymes. The DNA from P. p u t id a  IGA 7.24 was cut 
successfully with a number of the restriction 
enzymes.

Southern hybridization was used for the 
identification of the large plasmid carried by P. 
p u t id a  IGA 7.24. The NAH probe used comprised the 
genes of the naphthalene degradative upper pathway 
encoding the degradation of naphthalene through 
salicylate. Due to the large size of the recombinant 
plasmid obtained, the insert carrying the NAH genes 
was separated from the vector plasmid and used as the 
probe. This also prevented possible cross-reactivity 
between the vector and similar material that may be
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found in the sample for probing (Ogram and Sayler, 
1988) .

The large (85-120kb) plasmid carried by P. p u t id a  IGA
7.24 was identified as a NAH plasmid due to its 
hybridization to the NAH probe. The probe also 
hybridized to a number of restriction fragments from 
P. p u t id a  IGA 7.24 DNA. It hybridized particularly 
strongly to the 15kb E c o RI fragment. The 
naphthalene upper pathway, of which the probe 
comprised, was 15kb in length and was flanked by E c o  

RI restriction sites (Serdar and Gibson, 1989) . This 
indicated therefore that the 15kb fragment identified 
in P. p u t id a  IGA 7.24 was the naphthalene upper 
pathway operon.

The presence of a NAH plasmid was confirmed using a 
dot blot hybridization procedure with non- 
radioactively labelled probe DNA. The probe DNA was 
labelled by random primed incorporation of 
digoxigenin-labelled deoxyuridine-triphosphate. 
After hybridization to the target DNA the hybrids 
were detected by enzyme-linked immunoassay using an 
antibody-conjugate and subsequent enzyme-catalyzed 
colour reaction. The formation of a purple/blue 
precipitate was indicative of a positive 
hybridization. The labelling and detection systems 
were obtained in kit form (Boehinger Mannheim) 
allowing ease of operation. Compared with the 
radioactive system it gave faster results with safer 
handling. It was performed without the special 
precautions necessary when handling 32P. According to 
its manufacturer, the sensitivity and specificity of 
the digoxigenin system are comparable to those 
obtained with radioactive systems (manufacturer's 
literature). Non-radioactively labelled probes have 
been used successfully to detect bacterial cells in
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contaminated foodstuffs (Dovey and Towner, 1989) and 
to monitor the survival of bacteria in an aquatic 
environment (Amy and Hiatt, 1989) .

Probes were obtained which were homologous to the 
genes of the initial enzymes of the two major toluene 
degradative pathways in P .  p u t id a  spp. One comprised 
the toluene monooxygenase gene which encodes the 
enzyme responsible for the initial step in toluene 
degradation by cells carrying the TOL plasmid. The 
other probe comprised the toluene dioxygenase and 
c i s -toluene dihydrodiol dehydrogenase genes which 
encode the initial steps in the degradation of 
toluene in P se u d o m o n a s p u t id a  FI which carries a 
chromosome-encoded pathway. Southern hybridization 
with 32P-labelled TOL probes failed to identify the 
presence of a toluene monoxygenase or a toluene 
dioxygenase gene in P . p u t id a  IGA 7.16. This may have 
been due to the failure of DNA from P. p u t id a  IGA
7.16 to cut with the restriction endonucleases and 
the difficulties encountered in transferring large 
DNA fragments to nitrocellulose filters.

Therefore, the dot blot hybridization procedure, 
which does not necessitate restriction of the sample 
DNA was employed. Using this procedure the presence 
of a TOL plasmid was identified in P. p u t id a  IGA 7.16 
as the toluene monooxygenase probe hybridized 
strongly to DNA from this organism. The chromosome- 
encoded toluene dioxygenase probe hybridized only 
weakly to the DNA from P. p u t id a  IGA 7.16. This was 
perhaps due to some cross-reactivity between the two 
toluene probes owing to similarities between the two 
degradative enzymes.

DNA from luria broth cultures of P. p u t id a  IGA 0.92 
was included on the filters for dot blot
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hybridization but failed to hybridize to either of 
the TOL probes or to the NAH probe. The large
plasmid visualized in P .  p u t id a  IGA 0.92 therefore 
remained unidentified.

Of the four organisms, P. p u t id a  IGA 7.24 was the 
most extensively characterized on a genetic basis, 
positively identified as carrying a NAH plasmid. For 
this reason this organism was chosen for study in a 
bioaugmentation experiment. The P se u d o m o n a s p u t id a  

IGA 7.24 was added to an activated sludge system, to 
monitor its survival and also to investigate its 
effect on the system. Due to the stability of the 
NAH plasmid in P. p u t id a  IGA 7.24 when grown on 
naphthalene, the presence of a NAH plasmid in the 
sludge population was monitored as a means of 
monitoring this organism. The transmissible nature 
of the NAH plasmid meant that indigenous bacteria 
which either already had the plasmid or had acquired 
the plasmid were also detected. Monitoring the NAH 
plasmid or naphthalene degradative capability 
reflected the effect of P .  p u t id a  IGA 7.24 on the 
system.

Two identical activated sludge systems were set up in 
separate locations in order to prevent cross­
contamination between the control and test systems. 
That this was achieved was confirmed by the detection 
of P. p u t id a  IGA 7.24 in the test system only. An 
interesting feature of the systems was the isolation 
of a non-motile P. p u t id a  spp. from both systems. 
Although very rare, non-motile P se u d o m o n a s spp. have 
previously been isolated from environmental samples 
(Bergey, 1984). The systems were operated on a fill 
and draw basis. This was convenient to operate and 
has become increasingly widespread in industrial- 
scale wastewater treatment plants as it can provide

189



a good solution to denitrifying problems and to some 
bulking problems encountered in single stage 
completely mixed plants (O'Flaherty, 1991). The fill 
and draw system has also been used in previous 
studies on the effectiveness of bioaugmentation 
(Kennedy et al., 1990).

The test system was augmented with 106 cells/ml of P. 
p u t id a  IGA 7.24, a concentration of 1% of the total 
population. A variety of inocula sizes are cited in 
the literature concerning bioaugmentation. A rate of 
1% based on cell numbers was used by McClure et a l .

(1991) in their study of the survival of 3-
chlorobenzoate degrading organisms in an activated
sludge unit. Zachopoulos and Hung (1990) also chose 
a 1% ratio of cells when studying the effect of 
bioaugmentation on activated sludge kinetics.

There are a number of mechanisms by which specific 
pollutants are removed in the activated sludge
process, these include air stripping, sorption onto 
floes and biological oxidation (Eckenfelder, 1989). 
The naphthalene was not completely soluble in the 
aqueous medium used and microscopic examination 
revealed what appeared to be the naphthalene crystals 
entrapped within the floes. However, studies on 
naphthalene have shown that greater than 95% is 
biodegraded by activated sludge while less than 5% is 
air stripped (Eckenfelder, 1989). The COD of both 
systems showed an overall downward trend after a 
period of acclimation. The performance of both 
systems with regard to COD removal was similar.

The activated sludge was obtained from a plant 
treating chemical waste of a complex nature and was 
operated with a solids content of 3 to 4 g/1 at 
ambient temperature and neutral pH. A value for the
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sludge volume index (SVI) greater then 150 ml/g is 
considered to represent bulking sludge. The SVI of 
both systems was initially poor at greater than 200 
ml/g. Both systems fed with naphthalene showed an 
improvement in the settleability in time, with the 
SVI dropping to below 100 ml/g. The suspended solids 
of both systems was unchanged during the experiment
remaining at 3 to 4 g/1. This indicated that there
was no net growth of the biomass. The systems were 
operated at ambient temperature during the summer 
months and temperatures in both systems were 
approximately 20°C throughout.

The pH in the two systems decreased during the period 
between feeds indicating naphthalene metabolism. A 
similar pH effect had been observed when pure
cultures of P. p u t id a  IGA 7.24 and the other
P se u d o m o n a s spp. were grown on naphthalene.

The organisms in an activated sludge system can exist 
in either a flocculated or dispersed state. 
Flocculated organisms tend to have a longer residence 
time in the system. Dispersed organisms are more 
susceptible to grazing by protozoa and are readily 
lost from the system as they settle poorly. As the 
organisms in many bioaugmentation products exist in 
dispersed form, maintenance doses are required to 
maintain the population (Hull and Kapuscinski, 1987). 
The dispersed bacteria in the effluent of the control 
system decreased during the first week, most likely 
due to grazing by protozoa as the protozoan 
population increased during this period. Thereafter, 
the dispersed bacteria were maintained at 
approximately 103 cells/ml. Protozoa can rarely 
reduce bacterial numbers below this level (Wiggins 
and Alexander, 1988). The numbers of dispersed 
bacteria in the test system remained high throughout
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the experiment, decreasing only when the maintenance 
dose of P. p u t id a  IGA 7.24 was reduced. This 
suggested that P. p u t id a  IGA 7.24 failed to 
flocculate and constituted a good proportion of the 
dispersed bacteria detected in the test system. Due 
to this failure to flocculate, P. p u t id a  IGA 7.24 
would have been lost from the system had maintenance 
doses not been applied.

The initial low numbers of protozoa increased rapidly 
during the first week. The presence of protozoa has 
been shown to lengthen the acclimation period 
necessary for the mineralization of organic compounds 
due to their grazing on potential degrading 
populations (Wiggins and Alexander, 1988). The low 
initial levels of protozoa in both systems may have 
allowed the rapid increase in the naphthalene 
degrading population. Protozoa are regarded as an 
indicator of sludge quality. Their role involves the 
ability to feed on dispersed bacteria, which if not 
removed represent an unacceptable biochemical oxygen 
demand and suspended solids concentration in the 
treated effluent. Plants for the exclusive treatment 
of industrial wastewaters frequently experience 
problems with respect to maintaining appropriate 
populations of protozoa due to the presence of toxic 
or inhibitory compounds (Hamer, 1985) . The healthy 
protozoan populations rapidly established in both 
systems was therefore an indication of the success 
with which the bacterial population could metabolize 
the naphthalene.

The ingesting of bacteria by protozoa exemplifies the 
interactions of prey and predators (Pirt, 1975). The 
protozoan population in the control system decreased 
sharply on day 13 allowing a proliferation of the 
bacterial population. Bacterial numbers returned to
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their previous level once the protozoan population 
had reestablished itself.

The effect of bioaugmentation on the naphthalene 
degrading capability of the systems was investigated 
using selective plate counts on naphthalene vapour 
plates. Total viable counts were performed on plate 
count agar. A number of important factors affect the 
reliability of plate counts. Firstly, the presence 
of dormant, non-culturable bacteria in populations is 
likely to distort results (Saunders, 1990). Other 
factors include the temperature of incubation, the pH 
of the medium, possible toxic constituents in the 
medium and most importantly the release and 
dispersion of the cells from sludge floes. 
Sonication was used to disperse the floes and 
approximately 108 cells/ml were recovered on plate 
count agar. This is a typical recovery level on a 
non-selective medium following sonication (Banks and 
Walker, 1977).

Selective plate counts as a means of determining the 
naphthalene degrading capability take advantage of 
cellular growth to amplify low density populations. 
However, a number of factors besides those mentioned 
previously can affect the reliability of selective 
plate counts. The assumption that microorganisms 
capable of growth on a compound as a sole carbon 
source must be capable of catabolism of that 
substrate is flawed. Numbers may be under-estimated 
due to a number of problems including poor or slow 
growth of a population, requirements for auxotrophic 
nutrients, cross-feeding, lack of sensitivity for 
populations representing a small percentage of the 
total, no growth due to cometabolism and colony- 
colony inhibition (Jain et al. , 1988) . An additional 
problem was encountered using naphthalene as the
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carbon source due to insolubility in the medium. 
Naphthalene crystals were scattered on the lid of the 
petri dish and the organisms were grown in the 
vapour. A similar procedure was employed by 
Blackburn et a l . ,  (1987) in their study of 
naphthalene degrading populations in activated 
sludge. However, despite its drawbacks selective 
plating techniques are likely to remain a major 
preliminary tool for environmental monitoring.

A number of procedures which would allow the direct 
detection of P. p u t id a  IGA 7.24 were considered. The 
use of antibodies either monoclonal or polyclonal, 
could offer a sensitive and specific means for 
monitoring the introduced organism. The chief 
drawbacks encountered were the complicated and 
expensive production of antibodies. There can also 
be the problem of low sensitivity for the enumeration 
of small populations and the possibility of 
interference with antibody binding by other 
constituents in the sample (Jain e t  a l . , 1988) . The 
development of hybridization techniques allows for 
more specific and direct monitoring of specific DNA 
sequences in microbial populations.

Colony hybridization eliminates the need for 
selective cultivation. Media which result in higher 
recovery can be used. However, this procedure does 
still require cultivation of the cells and therefore 
does not yield a fully representative sample (Jain e t  

a l . ,  1988). A developing method does away with the 
need for cultivation. It involves the direct 
extraction of DNA from the environmental sample, the 
DNA sequence of interest must be amplified by PCR 
prior to hybridization to a specific probe (Ogram and 
Sayler, 1988). This technique is likely to become 
increasingly important in the study of specific
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populations in the environment.

A gene probe which is specific for complementary DNA 
sequences provides a reliable, powerful and specific 
detection and monitoring tool. The two types of gene 
probes used are species-specific probes, which 
require the presence of a complementary sequence 
unique to the test organism, and function-specific 
probes which identify genes for a given function such 
as pollutant degradation that are not specific to one 
taxonomic group. Function-specific probes such as 
the one used in this experiment measure the potential 
of a community to perform a function but does not 
measure the actual function (Ogram and Sayler, 1988) . 
The use of the NAH probe in this experiment therefore 
identified those cells with a naphthalene degrading 
genotype, that is the catabolic potential of the 
system, but was not necessarily an indication of 
expression of those genes. However, as naphthalene 
was provided as the sole source of carbon, the cells 
would be under considerable selective pressure to 
express the naphthalene degrading genes.

Colonies grown on plate count agar were transferred 
to nitrocellulose filters and were lysed to release 
the DNA which was heat-fixed to the filters. A 
number of lysis procedures were tried (Maniatis et 
a l ., 1982) and the one which resulted in the sharpest 
signal following hybridization was used. As the non- 
radioactively labelled probe had been used 
successfully previously this procedure was followed 
again. Colony hybridization has been used to monitor 
the presence of both TOL and NAH genotypes in 
environmental samples. Using colony hybridization, 
the number of naphthalene degrading organisms was up 
to ten times higher than when determined by 
traditional plate analysis using naphthalene as a
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sole carbon source (Blackburn et a l., 1987). The
rapid increase in the numbers of naphthalene 
degrading bacteria in both the test and control 
systems was more sensitively determined using colony 
hybridization to the NAH probe compared with the use 
of naphthalene vapour plates.

The naphthalene degrading bacteria that were 
identified in both systems were all P se u d o m o n a s spp. 
which is typical for activated sludge treating 
chemical wastewater (Hamer, 1985). The majority of 
isolates were identified as P. p u t id a  spp. but could 
be distinguished from P. p u t id a  IGA 7.24 on the basis 
of biochemical characteristics. The goal of this 
experiment had been to monitor P. p u t id a  IGA 7.24 in 
an activated sludge system. This organism was 
detected only in the system to which it was added. 
The presence of large numbers of P se u d o m o n a s spp. 
obviously contributed to the capability of the sludge 
to metabolize naphthalene. The addition of P. p u t id a  

IGA 7.24 therefore had little impact on the 
performance of the sludge. However, this experiment 
demonstrated the usefulness of colony hybridization 
for the detection of naphthalene degrading genotypes 
in activated sludge.

196



5. CONCLUSIONS

The goal of this research was to monitor one or more 
of the P se u d o m o n a s spp. from CX 8 0 in an activated 
sludge system. Therefore, the four organisms were 
extensively characterized. The response of the three 
P .  p u t id a  spp. IGA 7.16, IGA 7.24 and IGA 0.92 and 
the P. f lu o r e s c e n s  IGA 13.42 to a number of 
biochemical tests was typical for their species 
(Bergey, 1984). Further investigation of the ability 
of these organisms to grow on a range of aromatic 
compounds as sole carbon source revealed P. p u t id a  

IGA 7.16 to be the only organism capable of growth on 
toluene and p-chlorophenol. All four organisms could 
grow on benzoate, naphthalene, m-toluate and phenol.

An examination of catechol-dioxygenase activity 
demonstrated the presence of both o r t h o  and m e ta  

cleavage pathways. The m e ta cleavage activity was 
indicative of the presence of degradative plasmids 
(Harayama and Rekik, 1990). Large plasmids were 
detected in the three P. p u t id a  spp. only. The large 
plasmid in P. p u t id a  IGA 7.24 was identified as a NAH 
plasmid and that in P .  p u t id a  IGA 7.16 was identified 
as a TOL plasmid. The plasmid in P. p u t id a  IGA 0.92 
was not identified.

The presence of a NAH plasmid in P. p u t id a  IGA 7.24 
was selected as a means of monitoring this organism 
in an activated sludge system. The transmissible 
nature of this plasmid (Yen and Serdar, 1988) meant 
that indigenous organisms which acquired this plasmid 
were also detected. Plasmid transfer is a positive 
feature of bioaugmentation as it increases the 
catabolic potential of the system. However, the 
impact of P. p u t id a  IGA 7.24's addition was 
negligible due to the presence of cells carrying a 
NAH plasmid among the indigenous population of the 
activated sludge.
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