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Abstract

Ten bacterial strains capable of utilising salicylate as a sole source of carbon
and energy were enriched from environmental samples supplemented with high
concentrations of sodium salicylate. They were characterised by phylogenetic,
genetic, and physiological means, and analysis of the 168 ribosomal RNA suggested
that the isolates were from the genus Pseudomonas. The isolates failed to hybridise
with two gene probes specific for salicylate degradation, indicating that none of
them carried a sald- or 'classical' nahG-like gene. Several isolates that showed the
fastest rate of salicylate degradation when cultured in various liquid media were
studied further, and it was found that these isolates exhibited increased catabolic
activity when inoculated into '/20-strength TSB, compared with cells cultured in %-
strength TSB.

A modified ANR promoter was used to drive the sal4 gene, which codes for
the catabolic enzyme salicylate hydroxylase. ANR is a transcriptional regulator that
is sensitive to environmental oxygen levels. Therefore, replacement of the native
promoter with a redox sensitive promoter would modify gene control from
metabolic to physical. The ANR-driven sald gene cassette was constructed and
successfully cloned into P. putida KT2440, and it was found that the recombinant
strain was capable of degrading salicylate under various conditions. Moreover, there
was a threshold cell concentration for the degradation of sodium salicylate (1.15 x
10® cells mI™ to 2.18 x 10°® cells mI™), indicating that the sal4 gene was expressed
under oxygen-limiting conditions (i.e. high cell density). These findings thereby
provide evidence for ANR control of the catabolic gene cassette.

Recombinant P. putida KT2440 was inoculated into environmental water

samples taken from the River Mersey, as well as from lakes at Coniston, Grasmere,



and Windermere, and results showed that this strain was able to survive in a mixed
ecosystem under various conditions. It was demonstrated that the inoculation of high
concentrations of the recombinant strain (approximately 10° cells ml™) into the
environmental water samples enhanced the degradation of sodium salicylate, despite
the fact that the samples contained an active indigenous salicylate-degrading
population capable of utilising up to 10g I"' sodium salicylate. Augmentation with
ammonium nitrate significantly enhanced salicylate degradation, suggesting that the
environmental water samples contained an indigenous denitrifying population
capable of catabolising sodium salicylate. This method may, therefore, hold the
greatest potential for the detoxification of water systems contaminated with

salicylate.
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CHAPTER 1

INTRODUCTION



1.1 Polycyclic aromatic compounds (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds that are
composed of two or more fused benzene rings, and are used widely in paints,
pesticides, and many other industrial products. This has led to wide-spread release
into the environment and caused concern with regard to their potential toxic and
hazardous effects (Caldini et al., 1995; Heitkamp and Cerniglia, 1988; Keith and
Telliard, 1979). PAH-contaminated sediments are a major concern to human health
because fish and shellfish bioaccumulate PAHs to concentrations that are several
orders of magnitude greater than their aqueous solubility (Agency for Toxic
Substances and Disease Registry, 1990). The effects of PAH exposure to human
health are well documented and range from skin and lung irritation to cyanosis. The
exposure to some PAHs has also been implicated as carcinogenic and tumorigenic to

humans and wildlife (Agency for Toxic Substances and Disease Registry, 1990).

1.2 Toxicity of naphthalene and salicylic acid

Naphthalene is one of the most extensively studied PAHs, because, with its
methylated derivatives, it is among the most toxic compounds found in the water
soluble fraction of petroleum (Hedlund et al., 1999; Heitkamp et al., 1987). It has
many industrial uses and is a major component of coal tar products, such as creosote
(Mueller ef al., 1989). Coal tar creosote has been extensively used as a wood
preservative for over 150 years, and accidental spillage and inappropriate disposal of
creosote at production plants and at wood-preserving facilities has resulted in
contamination of soil, surface water, and groundwater aquifers. Similar reports have

also indicated that naphthalene is present as a contaminant in soils, groundwater and
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sediments (Clark, 1989; Zedeck, 1980). It was classified as a priority pollutant by
the US Environmental Protection Agency in 1992.

Salicylic acid is a phenol compound formed both aerobically and
anaerobically by bacteria and fungi from other aromatic compounds, and is a major

intermediate in the catabolism of naphthalene.

1.3 Analysis of the 16S ribosomal RNA gene for phylogenetic analysis

Genes coding for the small subunit ribosomal RNA are characterised by
regions of highly conserved DNA sequences combined with semiconserved and
nonconserved regions (Dams et al., 1988; Gray et al., 1984; Woese, 1987). The
analysis of nucleic acid sequences coding for 16S ribosomal RNA (16S rRNA) is a
useful method for the measurement of bacterial phylogenetic relationships (Lane et
al., 1985), since the variable regions of the 16S rRNA molecule exhibit significant
sequence diversity between closely related strains (Woese, 1987). The secondary
structure of the 16S rRNA molecule is shown in fig 1.1.

Edwards ef al. (1989) designed primers pA and pH' that flank the 16S rRNA
gene, thereby permitting the PCR amplification of the entire gene (1500bp).
Additional primers were constructed that anneal at different conserved regions on

the 16S rRNA gene, which facilitates subsequent sequencing and analysis (fig 1.2).

1.4 The use of 16S rRNA sequence analysis for the rapid identification of
unknown sequences

The rRNA approach allows the rapid identification and characterisation of
microorganisms without cultivation, by generating information on the identity or

relatedness of new sequences in comparison with the available databases. An
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Fig 1.1 Secondary structure of the eubacterial (E. coli) 16S rRNA molecule (Gutell

et al., 1994).
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Fig 1.2 Physical map of the primers used with respect to their target sites in the 16S
rRNA gene. Primers directing sequence extension in 3' to 5' direction are
characterised by a dot . Primers used for PCR amplification are characterised by an
open box, and the direction of the extension is indicated by an arrow. A closed box
represents primers used for sequencing, and the direction of sequence extension is

indicated by an arrow (Edwards e al., 1989).



average bacterial 16S rRNA molecule has a length of 1500 nucleotides, and
therefore contains sufficient information for reliable phylogenetic analyses (Amann
et al., 1995).

Daane et al. (2001), for example, reported the isolation of PAH-degrading
bacteria from contaminated sediment and salt marsh rhizosphere by enrichment
using naphthalene, phenanthrene, or biphenyl as the sole source of carbon and
energy. Several of the isolates were characterised by sequence analysis of the 16S
ribosomal DNA (rDNA), whereby the partial 16S rRNA sequences of each

were analysed to find the most closely matched species (Daane et al., 2001).

1.5 Biodegradation of naphthalene and salicylic acid

Microbial degradation of naphthalene has been well-documented under
aerobic conditions and evidence has shown that both the biochemistry and genetics
of the naphthalene degradation pathway differs in Gram-positive and Gram-negative
bacteria (Fuenmayor et al., 1998). Naphthalene degradation in denitrifying and
sulphate-reducing conditions has been less well documented, although recently pure
cultures of novel bacteria which degrade naphthalene anaerobically have been

isolated (Galushko et al., 1999; Rockne et al., 2000; Rockne and Strand, 2000).

1.5.1 Aerobic species capable of naphthalene and salicylic acid biodegradation
Bacteria that metabolise naphthalene and salicylate under aerobic

conditions are widely distributed. Many bacterial strains have been isolated and

characterised that can efficiently utilise naphthalene and salicylic acid as a sole

carbon and energy source. Common naphthalene-degrading microorganisms include



Pseudomonas spp., Marinobacter spp., and Sphingomonas spp. (Berardesco er al.,
1998; Baldwin et al., 2000).

Pseudomonas putida PpG7 (ATCC 17485) was initially isolated by Dunn
and Gunsalus in 1973 and is one of the best-studied naphthalene and salicylic acid
degraders. Dunn and Gunsalus (1973) showed that genes encoding for naphthalene
and salicylic acid metabolising enzymes were located on plasmid NAH. Subsequent
studies on this plasmid in derivatives of P. putida strain G1 (ATCC 17453) resulted
in it being renamed NAH7 (Farrell et al., 1980).

Many other bacteria that can metabolise naphthalene via salicylate have been
isolated and include P. putida strain PpG63 (ATCC 17484) (Dunn and Gunsalus,
1973), P. stutzeri strain AN10 (Bosch et al,, 1999a, b), Pseudomonas sp. strain U2
(Fuenmayor et al., 1998), Pseudomonas sp. strain C18 (Denome et al., 1993), P.
putida BS202-P1 (Balashova et al., 2001), P. aeruginosa strain 2NR (Civilini et al.,
1999), and Marinobacter strain NCE312 (Hedlund ef al., 2001).

P. putida strain PpG63 is able to grow on naphthalene, and Dunn and
Gunsalus (1973) determined that the genes encoding for the naphthalene and
salicylate catabolic pathways were chromosomal rather than plasmid-borne. P.
Stutzeri strain AN10 was isolated from polluted marine sediments and is capable of
utilising naphthalene, 2-methyl-naphthalene and salicylate as sole carbon sources
(Rossello-Mora et al., 1994). The genes encoding for the entire naphthalene
catabolism pathway of P. stutzeri AN10 are also chromosomal, and have recently
been cloned and sequenced (Bosch ef al., 1999b). Similarly, Marinobacter strain
NCE312 was isolated from creosote-contaminated marine sediment, based on its
ability to degrade naphthalene as a sole source of carbon (Hedlund et al., 2001). Its

catabolic genes coding for enzymes involved in the naphthalene degradation



pathway are similar to those from Pseudomonas spp. (discussed in more detail in
section 1.8). Pseudomonas sp. strain U2 was isolated from oil-contaminated soil in
Venezuela, by enrichment on naphthalene as a sole source of carbon. Studies
determined that salicylate was metabolised via gentisate, rather than the catechol
meta-cleavage pathway (Fuenmayor ef al., 1998). Pseudomonas sp. strain C18 is a
soil isolate capable of degrading dibenzothiophene (DBT), naphthalene, and
phenanthrene (Denome et al., 1993). P. aeruginosa strain 2NR was isolated from
compost and growth on naphthalene produced ortho catechol pathway intermediates
and gentisate (Civilini ez al., 1999).

Other microorganisms degrade salicylate, but not naphthalene. Examples
include P. putida strain R1 (Chakrabarty, 1972), P. putida strain UUC-1 (Banat et
al., 1994), and Moraxella sp. strain VG45 (Rani et al., 1996). P. putida strain R1
was isolated by its ability to grow on salicylate as a sole source of carbon, and
Chakrabarty (1972) determined that the entire salicylate degradation pathway was
located on a plasmid termed SAL. P. putida strain UUC-1 was isolated from garden
soil samples, and has the unusual capability to grow at toxic levels of salicylate up to
10g I'' (Banat er al. 1994; Banat et al., 1992). Moraxella sp. strain VG45 was
isolated from oil-field soil samples by its ability to utilise salicylate and O-phthalate
as sole sources of carbon and energy. It contains a large (approximately 60kb)
plasmid that is involved in the degradation of salicylate and O-phthalate, and
catabolises salicylate via gentisate (Rani ef al., 1996).

Gram positive bacteria that can degrade naphthalene and salicylate include
Rhodococcus sp. strain NCIB 12038 (Larkin and Day, 1986), which was isolated on
the active ingredient of the insecticide Sevin (carbaryl) as a sole carbon and nitrogen

source. Carbaryl is metabolised to 1-naphthol and methylamine via salicylate and



gentisate. Larkin (1988) determined that this bacterium could grow on naphthalene
as a sole carbon and energy source. Rhodococcus sp. strain B4, Rhodococcus opacus
strain R7, and R. opacus strain M213 were isolated from soil samples contaminated
with PAHs by their abilities to utilise naphthalene as a sole source of carbon (Grund
et al, 1992; Gennaro et al., 2001; Uz et al., 2000). Unusually, however, R. opacus
strain M213 was unable to grow on salicylate, suggesting an alternative pathway of
naphthalene degradation that does not contain salicylate as an intermediate.

Other studies have reported the successful isolation of Bacillus spp. from a
variety of PAH-contaminated environments. Thermophilic B. thermoleovorans
strain Hamburg 2 (Annweiler ef al., 2000) and thermophilic Bacillus strain JF8
(Shimura et al., 1999) were isolated from compost using naphthalene as a sole
carbon source at 60°C, and B, naphthovorans sp. nov. was isolated from oil-
contaminated tropical marine sediments (Zhuang et al., 2002). Bacteria belonging to
the genus Paenibacillus were isolated by enrichment from petroleum-hydrocarbon-
contaminated sediment and salt marsh rhizospere using naphthalene as a sole source

of carbon, and were classified as P. naphthalenovorans (Daane et al., 2002).

1.5.2 Biodegradation of naphthalene and salicylate under anaerobic conditions
Anaerobic bioremediation has several advantages over aerobic
bioremediation. Since oxygen need not be added, it is more economical, causes less
disturbance to the environment, and it more readily applied in sifu. Moreover, this
method produces less biomass, thereby reducing biofouling. Anaerobic subsurface
environments are also of a greater scale than aerobic environments, making

anaerobic processes very important (Genthner ef al., 1997).



1.5.3 Biodegradation of naphthalene and salicylic acid under sulphate-reducing
conditions

PAHs had typically been thought to be recalcitrant to biodegradation in the
absence of oxygen (Evans and Fuchs, 1988; Genthner ef al., 1997). However, Coates
et al. (1996) reported that sulphate-reducing bacteria were able to degrade a variety
of PAHs, suggesting that the persistence of PAHs in anaerobic environments might
be less than previously thought. They determined that ['*C] naphthalene was
oxidised to '*CO, under strict anoxic conditions in sediments from San Diego Bay,
San Diego, California, and concluded that sulphate was necessary for naphthalene
degradation. It was speculated, however, that long-term exposure to PAHs might be
necessary before a PAH-degrading community could be established under sulphate-
reducing conditions (Coates et al., 1996).

Sulphate-reducing bacteria have been enriched from marine sediment that
can grow on naphthalene and phenanthrene (Zhang and Young, 1997), and
Meckenstock ef al. (2000) reported on a sulphate-reducing naphthalene-degrading
freshwater culture enriched from a contaminated aquifer. However, a study by
Galushko et al. (1999) was the first to report the isolation and phylogenetic analysis
of a novel marine bacterium capable of degrading naphthalene under sulphate-
reducing conditions. The bacterium, NaphS2, was isolated from marine sediments in
Germany and 16S rRNA gene sequence analogy showed affiliation with the 8-
subclass of Proteobacteria. This was the first study to demonstrate the anaerobic
metabolism of naphthalene by a pure culture of sulphate-reducing bacteria
(Galushko et al., 1999). Microorganisms closely related to NaphS2 were specifically

enriched in marine sediments from San Diego Bay, suggesting that similar





















































































































































































































































































































































































































































































































































































































































































































































































































