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ABSTRACT

The work described in this research report is an investigation into the microbial
degradation of environmen® -1 poliutants, specificzlly : (a} the decolorization of azo dyes,
(b) the desulfurization of dibenzothiophens and (¢) the degradaticn of nylon monomers.

A Gram negative organism, SQ4, provisionally identified as a Pseudomonas sp. capable
of using the nylon monomers caprolactam, diaminohexane, adipic acid and aminocaproic
acid as a sole carbon and energy source was isolated from the soil. A Bglll genomic
library of this organisms was constructed in the positive selection vector, pEcoR251, and
screened for genes involved in the degradation of the nylon monomers and aromatic
compounds, The gene complementing the lysA23 mutation of Escherichia coli strain
RK4904 was extracted from the BgliI library and was expressed from its own promoter.
A reswmiction map of the complementing DNA which codes for the enzyme
diaminopimelate decarboxylase [E.C. 4.1.1.20], was constructed. A second HindIII
library of SQ4 was also constructed,

An orangefred pigmented Gram positive organism was also isolated from the soil on its
ability to use dibenzothiophene as a sulfur source. Preliminary work indicated that DBT
was used as a sulfur source.

A mutant of Rhodococcus erythroplis ATCC 4277 unable to decolorize Amido Black
was isolated. This mutant, SQ3, was complemented by plasmid pGSH1 and not by
plasmid pGSH2. The Bglll fragment from pGSHI itself does not complement azo dye
decolorization in GHI1 and removal of this fragment results in a loss of decolorizing
activity, Therefore, the gene/s involved are situated about the BgIII sites of pGSHI1,
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1. INTRODUCTION

1.1 Environmental pollution

Increased industrialization in the last century has resulted in the escalating production
of synthetic chemicals and consequential increase in the number and amount of
environmental pollutants in the form of industrial chemicals, insecticides, noxious gases,
heavy metals and detergents. Many of these environmental pollutants have had a

detrimental effect not only on man but also the environment.

An often cited example is that of the organochloride imsecticide DDT (1,1-bis(p-
chlorophenyl)2,2,2-trichloroethane) which was indiscriminately used in vector control,
industry medicine and in the household shortly after the second World War
Subsequently it has been found that this compound accumulates in .he fatty tissue due
to its lipophilic structure and therefor: undergoes bioconcentration in the food chain.
Since then the industrial countries of North America, Europe and Asia have passed
legisiation prohibiting the use of this and other organochlorine insecticides like aldrin
and dieldrin (Munnecke, 1981). Polychlorinated biphenyls (PCBs) are another example
of a synthetic chemical with an enormous pollution potential. PCBs were first
manufactured in 1929 for use in transformer oils, capacitor dielectrics and heat
transformer fluids under trade names such as Aroclor, Clophen and Phenoclor (Leisinger
and Brunner, 1986). These compounds have since been identified in the wildlife samples
from many industrialized countries and reports regarding its toxicity to man and animal
have prompted a ban on the production of PCBs in most of these countries.

Another prime example is atmospheric pollution principaily as a result of the buming
of fossil fuels such as coal and oil. Carbon monoxide, sulfur dioxide, hydrogen sulfide,
hydrogen fluoride and nitrogen dioxide are a few examples of some of the gases that
are released from the combustion of fossil fuels that can cause serious pollution
problems. Not only is there a health risk associated with these gases but effects such as
acid rain, the greenhouse effect and the depletion of the ozone Iayer are also a source
of concern, '
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1.2 Microbial biodegradation of environmental pollutants

Henobiotics compounds are defined as man-made compounds with chemical structures
to which microorganisms have not been exposed to in the coursz of evolution
(Hutzinger and Veerkamp, 1981). With regards to environmeniol peilution the concern
is not so much whether a particular chemical has a xenobiotic structure but whether it
is readily biodegradable. Pollutants which are not biodegradable or slowly biodegradable
tend to persist in the environment and these so-called recalcitrant compounds are a
major source of concern. A generalization of a number of structural features which
determine a compounds recalcitrance in the environment have been suggested (Leisinger
and Brunner, 1986): (1) oligomerization as is the case with synthetic polymers increases
the recalcitrance of the compound. (2} Introduction of chlorine, nitro and sulfo groups
or of branched carbon chains into a molecule and (3) an increasing number of
substituents also enhance recalciirance. The microbial biodegradation of these
compounds is an aspect of biotechnology that is currently receiving wide interest (Slater
and Bull, 1982 Leisinger et al. 1981; Ghisalba, 1983; Bouwer, 1992).

Microorganisms play an important role in the degradative processes of many of the
naturally occurring organic compounds and they are an integral element of the carbon,
nitrogen and sulfur cycles. Microorganisms have in the course of evolution adapted 1o
use a wide variety of naturally occurring chemical compounds as carbon and energy
sources but the increasing number of xenobiotic compounds produced every year
prompts the question of how microorganisms have acquired novel metabolic functions
to deal with them (Mortiock, 1982; Boyle, 1992). By looking specifically at several well
characterized biodegradation pathways for aromatic compounds, van der Meer and
coworkers (1992) suggested that a number of molecular mechanisms aze responsible for
accelerating the evolution of new catabolic pathways including recombination,
transposition and gene transfer. '

A number of organic xenobiotic compounds which are slowly biodegradable or persist
in the environment have been identified and these include the halogenated aromatics,
halogenated aliphatics and several pesticides (Alexamder, 1981; Leahy and Colwell,
1990). Tke persistence of these compounds may be due to unfavourable physicochemical
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conditions such as temperature, pH and redox potential or may be a result of nutrient
availability or predation (Goldstein er al., 1985). On the other hand, it may simply be
that microorganism do not have the capability of dealing with compounds containing
foreign structures because they have not been exposed to these structures before and
allowed to adapt. This adaptive response to xenobiotic compounds have been
demonstrated for microorganisms under laboratory conditions (Aelion et al, 1987;
Madsen et al., 1991).

This project will focus on three different aspects in which microorganisms could
potentially be used for the biodegradation or * ioremedisation of environmental pollutants.
The first is the decolorization and degradation of sulfonated azo dyes. The second is tiic
degradation of nylon monomers and the third the desnlfurization of coal.

1.2.1 Degradation of sulfonated azo dyes

Azo dyes belong to the class of dyes containing an azo-group (-N=N-) linked to a
carbon atom and are commercially the most important class of dyes widely used in the
textile, leather, printing, paper and foed industries (Meyer, 1981), These groups are
bound mainly to an aromatic ring which in some cases may also carry sulfonic acid
groups ("0y’) and since both sulfo and azo groups are not naturally occurring, these
compounds are recalcitrant to oxidative biodegradation (Paszczynski et al., 1992).

There are currently at least 3000 azo dyes in use. A number are used in consumer goods
such as mouthwashes, drugs, cosmetics and pharmaceutical products. The textile
industry use a variety of azo dyes to color wool, cotton and polyester clothing (Anliker,
1979). Another big use user of azo dyes is the food industry and food colorants such
as Amaranth, Orange T and Poncean 3R have been certified in the United States since
1906 (Chung and Cernizlia, 1992). Three major azo dyes certified by the U.S. Food and
Drug Administration in 1987 were: Turtrazine, 685 000 kg; Sunset Yellow, 483 000 kg;
Allura Red, 946 000 kg (Prival er al. 1988). Because of the large amounts of azo dyes
consumed every year, a number of studies have been performed to determine the humr

health risk since epidemiological evidence suggests that there may be link between high
consumption and incidence of intestinal cancer (Fill, 1971). Some of the dyes have
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been shown to be carcinogenic and mutagenic to animals and man (Combes et al.,
1982), Although some of the dyes are not mutagenic per se they may become mutagenic
through intestinal microflora metabolism and/or mammalian azo reduction and chemical
reduction (Chung, 1983) and in many cases this may be due to the aromatic amines
which are formed by the euzymatic cleavage of the azo bond with the subsequent N-ring
hydroxylation and N-acetylation of the aromatic amine (Chung and Cerniglia, 1992). A
recent study by Chung and Cerniglia (1992} identified common structures such as p-
phenylenediamine and benzidine moieties of azo dyes that seem to be linked to their
mutagenicity. For the phenylenediamine moiety, methylation or substit-tion of nitro
group for an amino group did not decrease mutagenicity. However, sulfonation,
carboxylation, deamination or substitution of an ethyl alcohol or an acetyl group for the
hydrogen in the amino groups resulted in decreased mutagenicity. Methylation,
miethoxylation, halogenation or substitution of an acetyl alcohol or an acetyl group for
hydrogen in the amino group did not affect mutagenicity for the benzidine group.
Mutagenicity of azo dyes can therefore be predicted by this structure - activity
relationship.

A more practical problem associated with the manufacturing and processing industry of
azo dyes concerns the discharge of azo dye containing effluent. A dye concentration of
less than 1ppm, below that of other chemicals found in waste water, is visible in water
{Zollinger, 1987). The discharge of highly colored effluent from untreated waste water
of dyeing mills is an environmental eyesore and as a result a humber of methods for
decolorizing these dyes have been investigated including adsorption, precipitation,
chemical degradation, photodegradation and biodegradation (Zollinger, 1987).

Adsorption by activated charcoal, silica gel, peat, wood and ion-exchange resins is not
economically feasible (Zollinger, 1987). Viable chamical methods include oxidative
degradation by chlorine and ozone. Chlorine treatment werks well only with specific azo
dyes while ozone treatment is more effective but more expensive (Zollinger, 1987).

Complete mineralization of aze dyes to CO,, H,0, NO;, S0,%, Cl would be ideal but
because of the xenobiotic azo linkage these dyes are not readily degraded. However, a
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Table 1. Organisms capable of mineralizing or decolorizing azo dyes

Organism Azo dye Reference
Algas Liv and Liu (1692)
Phanerochaste Craryge ll, Tropeolin O, Congo Red, Ackl Glenn and Goid (1083),
chrysosperium Rad, Direct Blue, Chrysophenine, Biebith  Cripps ot al. {1980),

Scarlet, Tetrazine, Yellow 8, Basic Graen Paszczynski ot &, (1991),
4, crystal violat, briliant grean, cresol red, Paszexrynsk and Crawford

bromophenal blue (1991)
Bactarial consortium Mordant Yellow 3 Haug et &l. {1691)
Baclius subtiis p-aminoszobenzone Horitsu af &, (1877)
Clostricium spp. Rafil ot o, (1980}
Psoudomonas KF48 Oranga il Zimmermann of al. (1684)
Pseudomonas cepacia p-aminabenzena Idaka st al, {1987)
Strepiecoceus faacalis Asid Yellow Scheline et &, (1070)
Stroptomyces spp. sulfonated azc dyas Paszczyneki of af, (1992}
Proteus vuigaris azo food dyes Dubln st 2!, (1975)

number of organistns capable of decolorizing or mineralizing azo dyss have been
discovered including algae, fungi and bacteria (Table 1), Psendomonas species capable
of mineralizing selected menoazo dyes of the type Naphthalene Orange G have been
grown after selective pressure in a chemostat. The first step is a reductive cleavage of
the azo bond by the enzyme, Orange II azcrsductase (Meyer, 1981). This enzyme is,
however, very specific «n its ability to degrade azo compounds (Zimmermann et al.,
1982). Haug er aol, (1991) have shown that a bacterial consortium is capable of
mineralizing the suifonated azo dye Mordant Yellow 3. More recently, the lignin
degrading white-rot fungus Phanerochaete chrysosporium in addition to degrading a
aumber of pollutants including chloropolyphenols (Valli er al, 1991), nitrotolnenes
(Fernando et al,, 1990), polycyclic aromatiz hydrocarbons (Bumpus, 1989) and dioxin
(Bumpus et al.,, 1985), is capable of minerglizing the azo Jdyes Disperse Yellow 3,
Disperse Orange 3 and Sclvent Yellow 14 (Sparado ef al., 1992). This fungus is also
able to decolorize the azo dyes Orange II, Tropeclin O, Congo Red, Acid Red 114, Acid
Red 88, Biebrich Scarlet, Direct Blue 15, Chrysophenine, Tetrazine (Cripps ¢t al., 1990;
Paszezynski and Crawford, 1991; Paszczynski er al., 1991) and the triphunylmethane
dyes Basic Green 4, crystal violet, briltiant green, cresol red, bromophenot blue and
pararosa-anilines (Bumpus and Brock, 1988). An initial study implicated the fungal
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lignin degrading system since a crude lignin peroxidase was required for the initial step
of Orange 11 and Tropeolin O decolorization (Cripps ez al., 1990). Subsequent work has
shown that a Mn(Il) peroxidase was also responsible for azo dye decolorization
(Paszczynski and Crawford, 1991). In a study performed by Paszezynski ef al. (1992),
the ability of P. chrysosporium and Sireptomyces chromofuscus to mineralize several
sulfonated azo dyes ‘were examined. The relationship betwre “ve substitutions with
sulfo groups and biodegradation was also examined. They fuu.:d that P. chrysosporium
mineralized all the sulfonated azo dyes and that the substitution pattern did not
significantly influence the susceptibility of the dyes to biodegradation, On the oder
hand, $. chromefiscus was not able to mineralize dyss with a sulfo group or both sulfo
and azo groups. Pasti-Grigsby er al. (1992) implicated peroxidase in the initial azo dye
biodegradation by P. chrysosporium and §. chromafuscus. The manganese peroxidase
of P, chrysosporium and the extracellular peroxidase of Strepromyces spp. showed a
similar substrate specificity.

1.2.2 Degradation of rylon monomers

Nylons are poiyamide step-growth polymers. Nylon-6,6 was first made by WH
Carothers at the Du Pont company in 1933 and is so called because each of its
monomers, diaminohexane and adipic acid, consist of six carbon atoms (Hart, 1991).
Another type of nylon known as nylon-6 was first produced in Germany in 1940 and
is manufuctured by polymerizing caprolactam, a cyclic amide, in the presence of a
catalytic amount of water under the same conditions used in nylon-6,6 manufacture, The
water hydrolyzes the small amount of caprolactam tp e-aminocaproic acid and then a
combination of ring opening reactions involving amino groups and condensation
reactions between amino and carbonyl groups results in the formation of the polyamide
(Wiseman, 1986).The properties of nylon-6 is very similar to that of nylon-6,6 and the
two are virtually interchangeable in their applications.

All these xenobiotic compounds are found in the effluent from industrial manufacturing
plants and therefore constitute a pollution problem. For this reason, the microbiological
degradation of these monomeric compounds is of great interest since bioremediation
offers a potential solution in the treatment of these industrial xenobiotic peilutants,

6
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Limited research into organisms capable of degrading nylon monomers and oligomers
has been done. Flavobacterium sp. K172 and Pseudomonas sp. NK87 are able to grow
on 6-aminohexanoate cyclic dimer and the enzymes 6-aminohexanoate cyclic dimer
hydrolase encoded by the nylA gene and 6-aminohexanoate dimer hydrolase encoded by
nylB gene are respongsible for their breakdown (Kanagawa et al,, 1989; Kinoshita et al.,
1975). The genes for the enzymes are plasmid encoded in both of the straing (Negoro
et al., 1983). Okada et al. (1983) showed that a second 6-aminohexanoic acid linear
oligomer hydrolase enzyme, encoded by the ny/B’ gene, was present on the plasmid,
This enzyme was 88% identical to the enzyme encoded by the xylR gene and the
authors suggested that the second enzyme arose by gene duplication followed by
mutation under selective pressure, More recently a new nylon oligomer degradation
gene, nylC, has also been found on plasmid pOAD2 from this Flavobacterium strain
(Negoro et al., 1992). A number of organisms capable of degrading e-caprolactam have
been identified including Corynebacterium auraptiacwm (Fukumura and Teramura,
1982), Flavobacterium sp. (Negoro et al,, 1980) and Pseudomonas spp. (Boronin et al.,
1986). A number of wild-type natural sirains of Pseudomonas capable of degrading e-
caprolactamn via the -aminocaproate, adipic hemialdehyde, adipate, succinyl-CoA, CO,,
H,O pathway have been discovered (Boronin et al,, 1984), The degradation of this
compound has been shown to be under the control of large 300-MD plasmids that have
been well characterized (Naumova er al., 1988; Esikova er al., 1990).

1.2.3 Desulfurization of coal

Combustion of sulfur containing fossil fuels such as coal is primarily responsible for the
release of SO,, the cause of acid rain, into the atmosphere. Legislation in the United
Staics, therefore, requires the removal of about 30% of the sulfur in coal to meet the
Clean Air Act standards for sulfur emissions (Kilbane, 1990). The source of this
problem is the presence of both organic and inorganic forms of sulfur in coal, Pyrite,
the main inorganic sulfur containing compound in coal, is effectively removed from coal
by physical, chemical and microbiological means prior to combustion. Sulfur is currently
removed during or after combustion by processes such as fluidized-bed combustion or
flue gas desulfurization (Kilbane, 1991). These processes employ both physical and
chemical methods and require costly equipment that is expensive to maintain. There is

7

L



also a further problem with the disposal of sulfurous wastes generated by these
processes (Maka and Cork, 1989). The methods involved in microbial desulfurization:
(a) require low capital and operating costs, (b) are more energy efficient, and (c) caa
remove finely distributed pyrite without any loss of coal (Kargi and Robinson, 1982).
Therefore the microbial desulfurization of coal offers an attractive economically viable
alternative to the more conventional chemical and physicai desnlfurization methods.

Desulfurization of inorganic sulfur by organisms such as Thiobacillus ferrooxidans,
Thiobacillus thiooxidans and Sulfolobus acidocaldarius can remove 90% or more of the
inorganic sulfur within a few days (Kilbane, 1989). Inorganic sulfur, however, is not the
only form of suifur present in coal and a large amount is present in the organic form.
This form of sulfur is not as easily removed as the inorganic sulfur form because it
forms an integral part of the carbon matrix and desulfurization would therefore
specifically require cleavage of the carbon-sulfur bonds. In addition, the removal of
sulfur should not be coupled to the removal of carbon since this will result in a
reduction of the calorific value of the coal. The goal is, therefore, to find an organism
or group of organisms capable of removing both inorganic and organic sulfur from coal
without breaking down the carbon matrix and reducing the fuel value of the coal.

A number of different organic sulfur containing compounds are present in coal as thiol,
sulfide, disulfide and thiophene functional groups (Maka and Cork, 1989). It has
generally been accepted that thiophene is the main sulfur containing functional group
in coal (Nishioka ez al., 1986; Spiro er gl., 1984) and the compound dibenzothiophene
(DBT) is therefore regarded as a good model coinpound representative of the organic
sulfur forms found in coal (Kilbane, 1989). Efforts have recently focused on finding

microorganisms capable of desulfurizing DBT (Monticello and Finnerty, 1985; Krawiec,
1989; Kilbane, 1989).

An attempt to wmutagenize Escherichia coli to degrade thiophene succeeded in the
isolation of thyA mutants that expressed a novel enzyme with the capability of oxidizing
a variety of substrates containing the suifone moiety (Juhl and Clark, 1990). These
mutants were also more resistant than wild-type strains to aromatic sulfone antibiotics
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such as dapsone. Although DBT is often chosen as the model compound of the organic
sulfur forms found in coal, researchers have also examined the desulfurization of
alternative organic suifur containing compounds such as dibenzyldisulfide (Miller,
1992). In this report, a methanogenic mixed culture derived from a sewage digester was
able to desulfurize dibenzyldisulfide releasing toluene and benzyl mercaptan as
intermediates.

The majority of research has, however, focused on the compound DBT and a number
of organism capa'ble of using this compound as a sole carbon or sulfur source have been
reported (Table 2). It has previously been considered that DBT degradation generally
proceeds via two pathways. In the first pathway outlined in figure 1, first shown by
Kodama et at, (1970) in a Pseudomonas species, DBT is degraded by hydroxylating the
benzoid component of the compound to a dihydroxy-dihydro-derivative and after a
series of steps producing 3-hydroxy-2-formylbenzothiophene (Figuve 1a). This pathway

Table 2. Organisms capable of using dibenzothiophkene as sole C- or S-source
IR et N A sl

Organism Description Referenice/s

Mixed bacterial culfure desuifunzation of DBT, Kohler et 4, {1084)
benzothiophena, dibenzylsulfide
Bollerinckia sp. Laborde et al. (1977)
Bravibactarium sp. PO Mineralization of DBT via benzoate  van Allerden et &/, (1000}
Corynebacteriom sp. SY1 '45' pathway Omori st &, (1992)
FPseudomonas sp. Plasmid madiatad Monticslio ot al {1885)
Fortnagel 1 al, (1680)

Sulfolobuys acidocaldarius Kargl ot &, {1588)
Rhodococous rhodochrous IGTSE ‘45" pathway Kaysar st o, (1853)

has subsequently been established in a number of other genera including Acinetobacter,
Beiferinckia and Rhizobia (Krawiec, 1989). From figure 1 it can be seen that one of the
tenzene rings is degraded and that no actual desulfurization occurs since the final
product, 3-hydroxy-2-formylbenzothiophene, still contains the sulfur containing
thiophene group.
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Figure 1, Postulated dibenzothiophene desulfurization pativvay, (A) The so-calied Kodama pathway and
(B) the extended *45° pathway. :
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The second or so called '4S8* pathway in which DBT is degraded by progressive
oxidation of sulfur to sulfoxide/sulfone/sulfonate/sulfate has recently been shown
{(Isbister et al., 1985; Omori et al,, 1992; Kayser et al., 1992). In this pathway, sulfur
is released in the form of a sulfate ion with only a partial disruption of the carbon
skeleton (Figure 1). An extended *4S’ pathway has been proposed in which the end
product or intermediate metabolite may either be a monohydroxyphenyl or biphenyl
instead of the usual 2,2'-dihydroxybiphenyl (Krawiec, 1989). A number of organisms
including Corynebacterium sp. SY1 (Omori er al., 1992), Pseudomonas sp. (Isbister ef
al., 1985) and Rhodococcus rhodochrous (Kayser et al., 1992) seem to degrade DBT
via this pathway and the end product of DBT degradation by Corynebacterium sp. SY1
seems in fact to be monohydroxyphenyl. More recently slightly altered pathways for the
degradation of DBT have been proposed. van Afferden et al. (1990) proposed that
Brevibacterium sp. DO desulfurized DBT to DBT-5-oxide to DBT-5-dioxide and finally

to benzoate.

1.3 Nocardioform bacteria
Nocardioforms are aerobic Gram-positive, scil-dwelling, filamentous actinomycetes
characterized by a type-IV cell wall containing meso-diaminopimelic acid with arabinose

‘and galactose as the diagnostic sugars. Bergey’s Manual of Systematic Bacteriology

describes 9 pgenera including Nocardia, Rhodococcus, Micropolyspora,
Saccharopolyspora, Pseudonocardia, Oerskovia, Promicromonospora, Nocardioides and
Intrasporangium belonging to the nocardioforms which are closely allied to
Corynebacterium, Arthrobacter and Mycobacterium (Lechavalier, 1939).

Nocardioforms are a group of bacteria that are attracting increasingly more interest
because of their metabolic diversity (for review see Tdérnok, 1976; Raymond and
Jamison, 1977)., Recent work has shown that these organisms have great
biotechnological potential since they are capable of degrading a range of chemical
pollutants including aromatic compounds (Janke and Thn, 1989; Bruce and Cain, 1990),
polycyclic aromatic compounds (Walter ¢ al, 1991, Grond et al., 1992), substituted
aromatics (Dickel and Knackmuss, 1991; Lenke et al.,, 1992, Apajalahti et al., 1987;

11




Table 3. Metabolic diversity of Rhodococcus

Organism Characteristic Reference

R chiorophanolicus dechlarination of Apajalahi ef al. {1987)
tetrachlorohydroquinona

R. rubropertinctus teraphthalate degradation Naumova ot 2, {1987)

Rhodococcus GG-1, $G-2, CP-2 degradation and O-methylation of Haggbiom et &, {1586)
polychiorinated phancis

R. rubropertinctus NG57 fluorinated aromatic degradation Engesser at al. {1588)

Rhoaococcus AM 144 cometabolism of anlline, phenoland  Janke and it (1086)
their monochiorinatsd desivatives

R. rhodochrous n-alkanes degradation Sorkhoh at ai. {1980)

R. hodochrous CP-2 matabollsm of propane Woads and Murrsl! (1988)

R, mhodochroug quinate and shikimate degradation Bruce and Cain {1980)

R. srythropolls Y2 haloalkanes halidohydrolase Sallis &t af, {1580)

Rhodocaccus sp. OT-1 1,8-dinitrobenzene Dickal and Knavkmuss

(1991)

R. fodochraus GTM 2-methylaniline degradation Fuchs et al. {1981)

Rhodococclis strain dioxans, tetrahydrofuran and cycllc Berhardt and Dickmann
other degradation (1991)

Rhodococeus sp. UW pyrene degradation Walter ot i {1991)

R. equi methylperhydroindanedione Miclo and Germain (1980)
catabolism

Rhodococots G1 1,8-cineole catabolism Rogsr Williams et &f, (1080)

Rhodococous sp, B4 naphthalene dagradation Grund st &, {1592)

A, arythropolis HL 24-1, HL 24-2

2,4—drﬂ_trophanol, plerio acid
fsm

Lenke ot al. {1992), Lenke
and Knackmuss {1962)

Nocardia sp. DSM 1089 dagraciation of conifery] alcohol and  Eggeling and Sahm {1980)
cther lignin-related compounds

A. rhodochrous metabolism of lignin-related Andreeni st al, {(1961)
compounds

Rhodococous enantiomer selective amidase Mayaux st af, {1981)

R. rhodochrous J i nitrilase Kobayas!’ et &, (1588}

A. rhodochrous NCIB 11216 conversion of dinitries Bengti-Garber st al, {1589)

Rhodococcis H15-A biosurfactard production Vogt Singer and Finnerty

{1950)

Engeser et al., 1988), aliphatic compounds (Ashraf a » Lurrell, 1990; Bemhardt and
Dickmann, 1991; Sallis et al., 1990), lignin-related compounds (Eggeling and Sahm,
1980; Andreoni et al.,, 1991). In addition, they are also able to produce products of
. commercial importance such as biosurfactants (McDonald et al., 1981; Vogt Singer and
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Finnerty, 1990) and are capabie of performing bioconversions used in the production of
acrylamide (Watanabe, 1987; Nagasawa, 1988) and steroid compounds (Ferreira et al.,
1984),

1.3.1 Cloning in Rhodococcus

Due to the interest in this organism a number of cloning vectors have been developed.
Vogt Singer and Finnerty (1988) developed a Rhodococcus-E. coli shuttle vector by
joining a cryptic Rhodococcus plasmid to plI30, a pBR322 derivative containing an E.
coli origin of replication, an ampicillin resistance determinant and a thiostrepton
resistance determinant from Strepiomycetes. Hashimoto et al. (1992) developed an
Rhodococcus-E coli shuttle plasmid by joining cryptic plasmids from R. rhodochrous
to derivatives of the E., coli plasmid pUC19. Ampicillin and kenamycin were the
resistance determinants present on these plasmids. In this laboratory, a Rhodococcus-E.,
coli shuttle vector was constructed by joining the E. coli positive selection vecior,
pEcoR251, to 8 nocardioform arsenic resistance plasmid pDA30 (Dabbs et al, 1990).
This resulied in a vector, pDA37, which was fanctional in both E. coli and
Rhodococcus. An ampicillin resistance gene ensured maintenance in E. coli and an
arsenic resistance served the same function in Rhodococcus. In addition, the vector had
an EcoRI gene that could be used as a positive selection function in E. coli and this
allowed Rhodococcus libraries to be constructed with this vector. A number of genes
have since been successfully identified from libraries constructed with this vector
(Goldman, 1991; Heiss ¢t al., 1992; Andersen and Dabbs, 1991).

Because of problems with toxicity associated with the use of arsenate and arsenite in
the laboratory, second generation cloning vectors that use chloramphenicol rather than
arsenic resistance for maintenance have been developed (Quan and Dabbs, 1993), These
vectors employ the chloramphenicol resistance gene excis.d from the E. coli cloning
vector pACYC184, They have an advantage not only in that chloramphenicol is less
toxic than arsenate and arsenite, but that they are also smaller and selection in the
presence of chloramphenicol rather then arsenate and arsenite allows transformanss to
grow up twice as fast,
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1.4 Aims of this project
There are three essentially different aspects that this project will deal with all concered
with microbial removal of environmental pollution. The first part will be a continuation

NO,

Figure 2. Chemical structure of the sulfonated azo dyes Orange I (A) and Amido Black (B},

of the work done by a former student concermned with decolorization of azo dyes (Heiss,
1992). Many of the laboratory Rhodococcus strains have the ability to decolorize the azo
dyes Amido Black and Orange II (Figure 2). The gene/s involved in decolorization were
cloned by the complementation of non-decolorizing mutants of R. erythropolis ATCC
4277 and R. equi ATCC 14887 (Heiss et al. 1992). The DNA restoring decolorization
capacity in GHI1, the non-decolorizing mutant of R. erythropolis ATCC 4277, was
cloned onto an 6.4-kb fragment (Figure 3). A second 50-bp fragment restored
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Figure 3. Restriction map of 64-kb insert of pGSH1 from Bell library of ATCC 4277 restoring
decolorizing capacity in GH1.

decolorization in GH2, the non-decolorizing mutant of R. equi ATCC 14887. This part
of project will therefore involve subcloning the 6.4-kb fragment complementing GH1
with a view to sequencing the gene/s involved. Since the 50-bp fragment complementing
GH2 cannot code for an intact polypeptide, this part of the project will also attempt to
retrieve an intact gene from one of nocardioform libraries available using this small
fragment as a probe. More mutants of decolorizing strains of Rhodococcus will also be
made to see whether one or more genes is involved in the decolorization process.

The second part of this project will involve enriching and screening using a method
developed by Goldman (1991) soil samples for nocardioforms that can use either of the
nylon monomeric compounds caprolactam and diaminohexane as a sole carbon and
energy source. This method essentially employs three different selective steps. The first
selection involves incubation of the soil sample in a defined media in which the steroid
compounds sodium deoxycholate and sodium tavrocholate have been supplied as the
sole carbon source, Most of the laboratory strains of Rhodococcus can use these two
compounds as a sole carbon source .iJoldman, 1991). The second step is an antibiotic
selection with naladixic acid which inhibits DNA gyrase and seeras to be preferentially
active against Gram negative organisms, The final selection is for organisms that can
use the compounds of interest as the sole carbon source. Since there are laboratory
Rhodococcys strains that can vse the nylon monomers adipic acid and aminocaproic acid
as a sole carbon and energy source, genes involved in the degradation of caprolactam
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and disninohexane could be transferred to these strains so that a strain could be
developed that would be able to degrade polymeric nylon molecules.

The final part of this project will screen laboratory Rhodococzus strains for their ability
to use the model organic sulfur coni: .ing compound in coal, dibenzothiophene, as a
sole source of sulfur. Failing this, a soil enrichment and screening procedure for
nocardioforms, similar to the one used to screen for organisms capable of using
caprolactam and diaminchexane as a sole carbon and energy source, will be employed.
Once this organism has been found, the genes involved in dibenzothiophene metabolism
will be cloned and characterized.
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2. MATERIALS AND METHODS

2.1 Strains

The strains employed in this work are listed in table 4. Strains used routinely were made
rifampicin resistant by selecting for spontaneous rifampicin resistant mutations on LA
plates supplemented with . "pug/ml rifampicin.

2.2 Plasmids and phiages

Plasmids and phages used in this work are listed in table 5. Plasmids were stored in
either TE (10mM Tris.HCI, 10mM EDTA pH 8.0) or 2 4mM Tris.Hcl (Ph 8.0) buffer
at -20°C to prevent nicking of the DNA. Phage lysate was stored at 4°C.

2.3 Growth and maintenance of strains

For the growth of Escherichia coli, Rhodococcus and Bacillus subtilis strains, LB media
was used and when necessary this was supplemented with 1.5% agar when solid media
was required. Defined media was prepared from 10X stock solutions of either A-N
buffer for E. coli or stock 3 for Rhodococcus and supplemented with the necessary
amine acid or vitamin requirements, Strains SQ4 and SQS5 both grew well in LB and
stock 3 minimal media and did not require any nutritional supplerents although initially
SQ5 grew pootly in LB and seemed to require phosphate for good growth. This,
however, changed after several subcultures on LA piates.

E. coli, B, subtilis and SQ4 sirains were incubated at 37°C overnight while nocardioform
strains and SQ5 were incubated at 28°C for 3 days before growth was visible.

For short term storage, strains were kept on agar plates at -4°C, For long term storage
freshly grown straing were kept in 33% glycerol at -70°C.,

2.4 Media composition and buffers
A detailed description of the composition of the media, the buffers and the varicus
reagents used in this work is given in appendix A,
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Table 4. Strains used in this work

Strain Characteristics Source
E. coli
MM264-1 SUPEAY PR 7 enciAT pro thi Ti® E. Dabbs
GM161 SupEA4 hsdRt thr-| louB8 dam-4 thi-t facY! onA2t  E. Dabbe
A
DH1 supliad hscF17 recA1 andAt gyrAD6 thi-1 naiAl E. Dabbs
JM108 recAl supEad sndAl hsdf17 gyrABE raiA1 thi M. Kitakawa
Allac-proAB) FTirab38 proAB® lacF lacZAM15)
KL98-1 prototroph it E. Dabbs i
FK4804 proGa2 fpRo8 ysA23 melET0 argH 2i802:Ta10 E. Dabbs
rpoB208 thi-1 lac23s xyts mil rpsl105 cye-19 tsx-
67 supEdd ¥
fhodocaccus
ATCC 12674 Azo dye decolorizer E. Dabbs '
B, exythropolis
ATCG 4277 Azo dye decolorizer E. Dabbs
R. srythropolis
DSM 1069 Azo dys decolorizer E. Dabbe
R sythropolis .
ATCG 14887 Azo dye decolorizer £, Dabbs N
A. squ
ATCC 25688 E. Dabbs )
DSM 20131 E. Dabbs
R. lascians
s Highly traneformabla mutant of ATCC 4277-1 Quan (1991)
sQ2 Non-dacolorizing muitani of SQ1 This work .
S03 Mon-doce"arizing mutant of SOt This work
s08 Noit-decolstizing mutant of ATCC 1089 sm® Thie work
GHI Non-decolorizing mutant of ATCC 4277 Heles (1982} K
GH2 Non-dacolonizing mutant of ATCC 14887 Haiss {1992)
GH2-4 Rif' of GH2 This work o
B, sublilis
1A2 Prototroph Basch
Gther
S04 Pseudormonas sp. isolated from caprolactam This work
onrichment
S04-1 Ait? of SQ4 . This work
sQ5 Actinomycete isolated from dibenzothiophena This work
entichmant
SQ5-1 Rif" of 508 This work

~Bacilus Genstic Stock Gentre, Ohio University
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Fable 5. Plasmids and phages used in this work
" ]

Description Source/reference
Plasmids
pBRIZ: amp® tet™ E. Dabbs
pACYCi84 on® 1ot E. Dabbs
pUCB, pUCS®  amp" lacZ M. Kitakawa
pEcoH251 amp® Ecorll E. Dakbs
pEcoR2St- plasmid rom Bylli ibrary of SC4 complomenting  This work
HsAs lysA gy otrophy in AR4904
pEcoR2EY- phsmiid krom Bgltl library of SG4 complementing  This work
JvsA2 dysA auxotrophy in RK4004 .
pIGTS1 om? K. Kaysar
pDAS? asa" asi* amp" EcoRl E. Dabbs
paSH1 pDAZ7 contalinlag insert complemanting GH1 Helss {1902)
(Beli library)
pGSH2 PDAS7 contrining insert complameanting GH2 Heise {1902)
{BamHI library}
pGsH10 pRAST containing Bgll} fragment of pGSHI This work
pasSHI pDAZT containing Bglli fragment of pASHY This work
Bcl2 Defivative of pDA3?7, cm" E. Dabbe
22 Darivative of pDA37, cm® E. Dabbe
iS4 em® £. Dabbe
pDAS2 Bacilus-E. cok shuttie vector 8. Andorson
Phage
o4 plaquing on A. erythr.olis ATCC 12674 E Dabbs
o5 plaguing on R erytiropolis ATCC 12674, ATCC  E. Dable
4277, DSM 1069
c placuing on R erythropolis ATCC 4277 E. Dabhs
H

placuing on A enytivopalis ATCG 4277 E. Dabbe

2.5 DNA manipulations and cloning techniques

2.5.1 Phenol-chloroform extractions

About 80ul of TE-saturated phenol was usually added to about 200u1 of DNA sample.
This was mixed by inversion and then centrifuged at 4°C for 5 minutes to separate the
organic and aqueous phases. The upper aqueous layer was removed and if necessary a
further phenol step was performed until the there was no visible protein at the interface.
The aquecus layer was then mixed with 80ul of chloroform and the two layers were
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separated by centrifugation for 15 seconds at room temperaturs. The upper aqueous
phase was then removed into a sterile tube.

2.5.2 DNA precipitation

DNA was usually precipitated with 1/10 volume 1M NaCl and 2.5 volumes of 96%
ethanol by microfuging the sample for 20 minutes at 4°C. Dig-labelled DNA was
precipitated with 1/10 volume 4M LiCl and 2.5 volumes ethanol at -70°C for 30
minutes, DNA was recovered by centrifugation of the sample at 4°C for 10 minutes.

2.5.3 DNA preparation frovi: CsCl density gradients

Ethidium bromide (EtBr) was removed by extraction with 1/10 volume butanol. This
procedure was nsually performed about 3 times to remove ali traces of EtBr. The CsCl
was removed by adding 2 volumes of TE and 2.5 volumes of ethanol and precipitating
the DNA by centrifugation at room temperature for 20 minutes, The DNA samplec was
then dried and resuspended in the appropriate buffer.

2.5.4 Restriction enzymes
Enzymes were obtained from either Boeringer Mannheim or New England BioLabs and
used according to the manufacturer’s recommendations.

2.5.8 Ligation
T4 DNA ligase (Boeringer) was used for all ligation reactions. Ligation was generally
performed at 14°C for 18 hours in a minimal volume (10 - 201)).

2.5.6 Alkaline phosphatase

Calf intestinal alkaline phosphatase (Boeringer) was used. DNA was resuspended in
90l of a 10mM Tris,HCl (pH 8.0) buffer to which was added 10ul of 10x phosphatase
buffer. DNA with a 5-overhang was incubated at 37°C for 1 hour with 1 unit of
enzyme. Blunt or recessed ends wers first incubated at 37°C for 15 minutes and then
for a further 45 minutes at 55°C with another unit of phosphatase. Th2 enzyme was
inactivated by heating the sample at 75°C for 10 minutes in the presence of 5mM
EDTA foliowed by a phencl-chloroform extraction.
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2.5.7 Agarose gel electrophoresis

A stock solution of agarose (SeaKem HGT, FMC) was usually prepared in 0.5x TBE
buffer (0.089M Tris.HC), 0.089M boric acid, 2mM EDTA pH 8.5) and sterilized by
autoclaving, Gels were prepared by melting the agarose stock solution in a microwave
oven and then pouring the gel at 4°C, Ethidium bromide (1jtg/ml) was added to both
the gel and buffer and gels were allowed to polymerize for 2 hours, Samples were
loaded with bromophenol blue as the dye marker and the gel was generally run between
8 and 9 V cm! until the dye front reached the bottom of the gel.

Gels with an agarose concentration greater than 1,.2% were prepared immediately before
use and were autoclaved and then poured at room temiperature. Well-formers were
rernoved before the gel had completely set.

2.5.8 Low-gelling agarose

Low-gelling temperature agarose (SeaPlaque, FMC) was prepared in the same manner
as normal agarose. These gels were, however, run at 4°C at about 12 V cm” for 2
hours. The bands of interest were examined under long wavelength UV light (366nm)
to prevent nicking of the DNA and then removed with a scalpel blade and placed into
Eppendorf tubes. DNA was extracted by melting the gel at 65°C for 10 minutes and
then performing a phenol extraction at room temperature. A further 3 phenol extractions
were performed at 4°C followed by a chloroform extraction at room temperature. DNA
was precipitated with 1/10 volume NaCl and 2.5 volumes cthanol by centrifugation at
TO0m wmperature.

Alternatively, if the DNA did not require purification, digestion was performed in the
low-gelling agarose since it remains liquid at 37°C.

2.5.9 Electreelution

The DNA was run in low-gelling terperature agarose and bands of interest weic
excised. The gel was placed in dialysis tbing sealed at one end and filled with 0.5%
TBE so that no air bubbles remained in the tubing, The tubing was clipped at the other
end to retain the buffer and then placed in a submersible electrophoresis unit so that the
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current flowed along the length of the tubing. The unit was ron at 40V overnight at 4°C.,
The gel was then removed and viewed under UV light to ensure that the DNA was
eluted. The buffer was then transferred to Eppendorf tubes and the DNA purified by two
phenol and chloroform extractions,

2.5.10 Screening for pUCI18 recombinants

A chromogenic detection system was used to screen for pUC18 recombinants that had
lost the function of the lacZ gene in E. coli strain ]M109. This method made use of the
chromogenic substrate 5-bromo-4-chloro-3-indolyl-8-D-galactoside (X-gal) and a
nonmetabolizable inducer isopropylthio-8-D-galactoside (IPTG). Before the cells were
spread on the plates, 40ul X-gal (20mg/ml) and 10pul IPTG (100mM) was added to
100l water and spread on the plates, Plates were incubated overnight at 37°C before
formation of the blue precipitate became apparent.

2.6 Plasmid preparations

2.6.1 E. coli bulk plasmid preparation

Cultures were grown overnight in 100ml of LB with the appropriate selective agent to
maintain the plasmid. Cells were spun down in a JA-10 rotor at 6000rpm for 10
minutes, resuspended in Sml of solution 1 (S0mM glucose, 25mM Tris.HCl, 10mM
EDTA, pH 8.0) and then left for 20 minutes at room temperature, Afterwards, 10ml of
solution 2 (0.2M NaOH, 1% SDS) was added and the tube was mixed gently by
inversion and left at room temperature for 15 minutes. A further 7.5ml chilled solution
3 (5M KAc, pH 6.0) was then added and the tube shaken vigorously and left in an
ice/water slurry for 15 minutes. The cells were spun down in a chilled JA-20 rotor at
18000rpm for 15 minutes at 4°C, The supernatant was decanted into a clean Sorvall tube
and 0.6 volumes of isopropancl was added to precipitate the DNA. The tube was left
on the bench for 15 minutes and then centrifuged in a prewarmed rotor at 10000:pm for
15 minutes at 25°C, The supernatant was decanted and ethanol was added to relrydrate
the pellet. The ethanol was gently poured off and the pellet dried under vacuum for 20
minutes, The DNA was then resuspended in 4.2ml TE for 2 hours at 42°C whenzafter
400l EBr and 4.4g CsCl was added and the refractive index adjusted between [.389
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and 1,390, This was then lcaded into a Beckman Quick-seal tube and spun overnight
at 45000pm.

2.6.2 SQ4 total DNA preparation

A large volume of SQ4 (500ml) was necessary to provide a satisfactory yield of DNA.
The culture was incubated in a baffled flask on a rotary shaker to provide aeration since
the organism was an obligate acrobe, LB proved adequate as the culture media and
incubation was performed at 30°C for 2 days until the culture was turbid. To assist the
adherence of the pellet to the walls of the container, CaCl, was added to a 5mM
concentration. Cells were spun down at 8000rpm for 15 minutes in a Beckman JA-10
rotor. Tha supernatant was decanted and the cells resuspended in 4mi of TE containing
freshly added lysozyme (Smg/ml) and then incubated at 37°C for 30 minutes. A solution
of 0.4ml solution B (TE + 10% SDS) was addad to lyse the cells and the mixture was
incuhated at 55°C for a further 30 minutes. The cellular debris was removed by
centrifuging the solution in a 50Ti tube at 45000rpm for 2 hours. The supernatant was
transferred to a clean Sorvall tube and 4.4g CsCl was added. After dissolving the CsCl
by gentle inversion, the tube was spun at 18000rpm for 15 minutes. The liquid was
carefully removed from under the scum and transferred to a clean Sorvall tube.
Ethidium bromide (500p:1) was added and the refractive index was adjusted between
1.391 and 1.392, The CsCl gradient was generated in a Beckman VTi65.2 rotor at
45000rpm for 15 to 18 hours.

2.6.3 Rhodococcus total DNA preparation

A culture was grown to stationary phase in 600mi TYG on a shaker. Cells were
collected by centrifugadon in 2 Beckman JA-10 rotor at 6000rpm fo- 10 minutes. The
cells were resuspended in Smi oo colution A (50mM sucrose, 10mM Tris.HCI, pH 8.0)
with Smg/ml freshly added lysozyme and then transferred to a Sorvall tube and
incubated at 37°C for 30 minutes. Cells were then spun down at 8000rpm for 5 minutes
in a Beckman JA-20 rotor and resuspended in 4ml of TE to which a minute quantity of
proteinase-K had been added. One-tenth volume solution B (TE + 10% SDS) was added
and the tube was incubated at 37°C for 30 minutes. The viscous solution was transferred
to a 50T tube and spun at 40000rpm for 30 minutes in a Beckman 15-50
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ultracentrifuge. The supernatant was transferred to a clean Sorvall tube and 4.4g CsCl
was added. Thr solution was mixed thoroughly by inverting the tube several times and
then centrifuged at 15000rpm for 15 minutes. The liquid was decanted from under \he
scum. EtBr (400ul) was added and the refractive index adjusted between 1.391 and
1.392. The solution was transferred to a Beckman Quick-seal tube and spun in VTi65.2
vertical rotor in a Beckman L7-55 ultracentrifuge at 45000rpm overnight.

2.6.4 E. coli mini plasmid preparation

The mini-plasmid prep is based on the alkaline lysis method of Birnboim and Doly
(1979). Bacterial cultures were grown overnight in test tubes containing 2ml of LB and
incubated ar 37°C on a rotary wheel. Half of this culture was transferred to a sterile
Eppendorf tube and the cells were pelleted by microfuging for 1 minute at room
temperature. The supernatant was decanted and the pellet was resuspended in 100! of
solution 1 by vortexing and left to siand at room temperature for at least 5 minutes.
Solution 2 (200ul) was added and the tube was mixed gently by inversion and left to
stand for 15 minutes at room temperature, Solution 3 (1501) was added and the tube
was mixed vigorously by vortexing and placed on ice for 15 minutes. To remove the
precipitate, the tube was centrifuged for 2 minute at 4°C, The supernatant was removed
to a sterile Eppendorf tube, To precipitate the DNA, one-sixth volume isopropanol was
added and the tube mixed by inversion. The tabe was incubated at 42°C for 2 minutes
10 allow the contents to reach room temperature. The DNA was pelleted by centrifuging
the tube for 10 minutes at room temperature. The peliet was washed in 96% ethanol and
then dried in a speed vacuum for 20 minutes. The DNA was resuspended in 40pl of a
4mM Tris, HC! (pH 8.0) solution containing freshly boiled ribonuclease (10pg/ml) and
a small aliquot (10)1) was then analyzed on an agarose gel.

2.6.5 B, subtilis mini-plasmid preparation

Bacillus mini-plasmid preparations were performed using the E. coli mini-plasmid
preparation method outlined above. Cultures were, however, not incubated longer than
10 hours because this decreased the yield of plasmid, Plasmid screens were usually
performed on 1ml of culture and resuspended in 30l 4mM Tris.HCl (pH 8.0). An
aliquot of 151 run on a gel gave a clearly visible plasmid band.
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2.6.6 Rhodococcus mini-plasmid preparation

A culture was grown i1 a Bijou bottle in lmi TYG at 28°C with the appropriate
selective agent in a rotwy shaker overnight. A small aliquot of cells (200ul) was
transferred to a sterile Eppendorf tube and 800ul of solution A containing freshiy added
lysozyme (Smg/ml) was edded and incubated at 37°C with shaking for | hour. The
resulting protoplasts were pelieted by microfuging for 1 minute and then resuspended
in 280ul TE. Solution B (401) was added and the sample was mixed gently and lefi
at room temperature for 1C minutes. A furiher 40l of a chilled solution C (4.5M NaAc,
pH 6.0) was added and the: tube was mixed vigorously and placed in an ice/water slurry
for 30 minutes. The tub2 was then microfuged for 20 minutes and the supernata.
decanted into a sterile Erpendorf tube rnd further purified with a phenol and chloroform
extraction. The DNA was ethanol precipitated and dried under vacoum for 20 minutes.
The pellet was resuspended at 42°C for 2 hours in 204l of 8 4mM Tris. HCl (pH 8.0)
solution to which freshly boiled RNAse had been added (10pg/mi). A small aliquot
(10u1) was analyzed on a gel.

2.7 Transformations

2.7.1 E. eoli transformation (Adapted from Sambrook ef al., 1989)

Generally a 50ml culture of prewarmed LB in a side-arm flask was inoculated with
1/10th volume of an overnight E. coli cultire, The culture was incubated at 37°C on a
rotary shaker until the O.D. (600nm) was 0.2, The flask was then chilled in en ice-water
sturry for 1 minute and the cells spun down in a prechilled Beckman JA-20 rotor at
6000rpm for 10 minutes at 4°C. The supernatant was discarded and the cells
resuspended in half the original volume of ice-cold transformation bufier (50mM CaCl,
10mM Tris.HCl, pH 8.0). The cells were then placed on ice for 15 minutes and then
centrifuged at 6000rpm for 10 minutes. The supemnatant was discarded and the cells
resuspended in 1/15 of the original volume of transformation buffer. Aliquots of 0.2ml
were put into chilled Eppendorf tubes and stored at 4°C for 2 hrs, Plasmid DNA was
added to the Eppendorf tubes and the mixture was left for 30 minutes at 4°C. The
solution was mixed every 10 minutes by bubbling air through with a Gilson pipette. The
cells were then heat-shocked at 42°C for 90 seconds. Prewarmed LB (0.5ml) was added
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to each tube which were then incubated at 37°C for 1 hr to allow for phenotypic
expression of the resistance gene. The cells were aliquoted onto dried plates and spreac
with a sterile 1ml pipette and then incubated at 37°C overntight. Colonies were visible
the following day.

2.7.2 B. subtilis transformation

2.7.2.1 Competent cell method (Adapted from Anagnostopoulos and Spizizen, 1961)
Celis taken from a freshly streaked , ‘ate were inoculated into 2,.5ml prewarmed SPI
media in a 100ml flask at an O.D 600nm of between 0.2 and 0.3, Tk tlask was
incubatsd with shaking at 37°C for 4 hours. Cultire tubes for the second growth period
were prepared by adding ©.iml culture into 0.9m] prewarmed SPII media. DNA diluted
in MG was added to the tubes which were then incubated at 37°C for 90 minutes.
Aliquots of 20011 were spread onto selective plates which were incubated at 37°C for
48 hours,

2,7.2.2 Protoplast method (Adapted from Chang and Cohen, 1979)

A Bacillus starter culture was grown in 10ml LB ovemight with shaking. This culture
was used to inoculate (1/100) 50m! of prewarmed LB in a sidearm flask. This flask was
then incubated at 37°C until an O.D, 600nm of between 0.4 and 0.5 was reached, The
culture was then pelleted in Sorvall tubes at 6000rpm for 10 minutes, The supernatant
was removed and the petlet resuspended in 5ml SMMLB containing freshly added
lysozyme (2mg/ml), The cells were incubated at 37°C for 90 minutes with gentle
rocking and then pelleted by centrifugation at 5000rpm for 10 ~minutes at 4°C. The
supernatant was decaned and the cells gently resuspended in 2.5m] SMMP, Plasmid
DNA was mixed with 2x SMM. Generally, 0.5ml protoplasts and 1.5ml of a PEG
solution were then added. After 2 minutes, 5Sml SMMLB was added. The cells were
again pelleted at S000rpm for 10 minutes at 4°C and resuspended in Iml SMMLB. To
allow for phenotypic expression, cells were incubated at 37°C for 90 minutes with
gentle shaking, Aliquots of 0.1ml were plaied onto DM3 regeneration plates which were
then incubated at 37°C for about 48 hours before colonies became visible.
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2.7.3 Rhodococcus transformation

Recipient cells were grown to pre-stationary phase in LBSG medium and 1ml of the
cells was pelleted by microfuging for 15 seconds, The supernatant was decanted and the
cells were resuspended in Imi protoplast buffer co .- ning freshly added lysozyme
(5mg/ml). The cells were incubated in a 37°C waterbath for 1 hour and mixed
occasional by inverting the Eppendorf tube several times. During this time, a 50% PEG
4000 (Merck) solution was prepared by adding 0.5g PEG 4000 to 1ml protoplast buffer.
The PEG was dissolved by microwaving for a few seconds. The cells were pelleted for
10 seconds, washed in 1ml protoplast buffer and then resuspended in the required
volume of buffer. Generally 100ul of protoplasts was added to an Eppendorf tube
containing the DNA to be transformed. PEG was added to & final concentration of 25%
and the solution was ieft for at least 4 minutes at room temperature. The contents of the
tube wags spread onto a chilled regeneration plate with a sterile pipette and after allowing
enough time for phenotypic expression, the plate was underlayed with the appropriate
selective agent, With pDA37 and related plasmids this was usvally 0.5ml of a 3IM
arsenaie, 0.5M arsenite soluiion to give a final concentration of 6(mM arsenate and
10mM arsenite, Strain ATCC 14887, however, was underlayed with 60mM arsenate and
20mM arsenite, For the chloramphenicol resistance 1 - mids, plates were underlayed
with 0.25ml of a 4mg/ml stock to give a final chloramphenicol concentration of
40pg/ml. The underlay time for strain ATCC 12674 and derivative was 10 hours, for
ATCC 4277 and derivatives, 12 hours, and for AT'CC 14887, 14 hours. Regeneration
plates were incubated at 28°C until colonies were visible.

2.8 Nocardioform mutagenesis

2.8.1 NTG mutagenesis

A 1ml aliquot of a stationary phase culture grown in LB with 0.4% Tween-80 was
briefly spun down in a microfuge for 1 minute. The supernatant was removed and the
cells were resuspended in 0.9ml of a 10mM Tris.HCl (pH 8.2) solution. To this wag
added 0.1ml of a 2.5mg/ml NTG solution dissolved in 10mM Tris.HCI (pH 8.2). The
cells were dispersed by vortexing and then incubated at 37°C for 2 hours. After washing
the celis in 1ml of a 10mM Tris. HCI solution, the cells were onigrown in LB containing
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0.4% Tween-80 and 40ug/ml rifampicin. A suitable dilution giving about 150 colonies
single colonies per piate was spread on non-selective media and minants were then
screened by patching onto appropriate plates.

2.8.2 Plasmid curing with ethidium bromide

Plasmid curing was generally performed with ethidium bromide, Curi:.z of ATCC 4277
straing including GH1 and $Q1 was done by growing the strains in LB containing
20pg/ml ethidium bromide. The culture was then streaked to single colonies on non-
selective medium and individual colonies were patched onto appropriate plates to screen
for the loss of the plasmid encoded resistance function. With ATCC 14887 strains it was
necessary 1o use a 30pg/ml ethidium bromide concentration since this proved to be the
retardatory concentration. To verify that the plasmid was lost a mini-preparation was
done and compared with a plasmid containing sample.

2.9 Sequence analysis

2.9.1 DNA szquence information

DNA sequence information was obtained from the EMBL DNA sequence database in
Heidelberg, Germany via a WITS VMA e-mail request to the network file-server at the
following bitnet address: Netserv@EMBL-Heidelberg. DE, The command GET NYJC:x
was nsed to retrieve sequences from the database with the accession number substituted
for x. Sequences were obtained in mail notebook format and transferred from the WITS
mainframe to IBM-PC compatible format using the Shine-Link file transfer facility. MS-
DOS 5.0 EDIT facility was used to removed extraneous information and the search and
replace facility used to change the ASCH characters (e.g. F to [ and ¢ to ]) that had
been corrupted in the transfer of information, Decoding software was also obtained from
the EMBL library.

2.9.2 Sequence analysis

DNA sequences were analyzed for restriction sites using the SEQAID 1 ver. 3.81
package developed by .. Rhoads and D.J, Roufa of the University of Kansas and was
obtained &s a freeware package from the EMBL library.
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2,10 Phage work

2.10.1 Increasing phage titre

The phage of interest was obtained from a plaque by removing the top agar into a sterile
Sorvall rabe and centrifuging at 12000rpm for 10 minutes. Phage was propagated by
adding cells to the supernatant and allowing to stand for 30 minutes. Top agar (2mi)
was added and the tube was mixed by swirling between the hands. The mixture was
then poured onto plates and then incubated for several diays at room temperature. The
phage wis serially passaged a number of times till an adequate titre was reached. To
prevent propagation of lysogenic phage, strains with different resistances were used
alternately so that cells from the previous passage did not survive subsequent selections.
Phage lysate was sterilized by filtration through a 0.22pm filter (Millipore) and kept at
4°C,

2,102 Phage typing

Phage lysate was spotted onto a freshly poured lawn of the test organism in top agar
and incubated at room temperature for 2 to 3 days. A clearing of the lawn in the area
at which lysate was added indicated the ability of the phage to infect and lyse the
organism.

2.11 Nocardioform enrichment

2.11.1 Selective enrichment technique

A nocardioform selective enrichment technique based on the method developed by
Goldman (1991) was used. This technique was developed to isolate nocardioforms from
soil their natural habitat. Essentiaily this technique used three different selective steps.
The first step involves incubation of 1g of soil in about 5ml MM with either of the
steroid compounds, sodium taurocholate (0.02%) or sodium deoxycholate (0.02%) as the
sole carbon source, Incubation was performed oi. 2 rotary wheel at room temperature
for 2 weeks. Cycloheximide (200ug/ml) was also added to keep fungal contamination
to a minimum. The antibiotic nalidixic acid (10j4g/ml) which is preferentially effective
against Gram negative organisms was also added. The original method also used
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nystatin as an additional antifungal agent but cycloheximide was sufficient to prevent
most fungal contamination. Supematant from this culture was used to seed another
round of selection, In the final selection step, the supernatant from the second selection
round was used to inoculate MM containing the compound of interest as the only carbon
source. A loopful of this culture was then spread on a MM plate containing the
compound of interest as the sole carbon source. Single colonies were then selected and
spotted onto MM piates to confirm whether the compound was nsed ax s carbon source,
Alternatively this was also tested by using liquid culture experiments.

2.11.2 Direct selection

The direct sslsetion technique involved incubation of about 1g of soil in about 5ml of
a basal salts media. The compound of interest was added as the only carbon or sulfur
source with no antifungal agents. The test tubes were incubated at room temperature for
about 9 days and about 10u] of the supernatant used to inoculate a second round of test
tubes containing the same media. After incubation for another 9 days, a loopful of
culture was streaked to single colonies on an agar plate. Individual colonies were
removed and growth rates were compared by spot testing on plates with and without the

compound cf interest.

2.12 Characterization of unknown organisms

2.12.1 Gram stain

The test organism was taken from either a fresh broth culture or an agar plate and was
heat fixed onto a glass slide. The organism was first stained with crystal violet for 1
minute and then washed under running tap water. The stain was fixed by flooding the
slide with iodine for 1 minute. The stain was then washed off with running tap water.
The organism was decolorized with an iodine-acetone solution and then counterstained
with safranin for 30 seconds. The slide was again washed under running tap water and
blotted dry prior to viewing,
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2.12.2 Oxidation/Fermentation test

For the oxidation/fermentation test the media of Hugh and Leifson (1953) was used with
the one-tube adaptation of Porres and Stanyon (1974). Semi-solid basal media (10ml)
supplemented with a 10% glucose concentration was added to 16 X 125mm screwcap
tubes, The media was allowed to solidify at 4°C before inoculating with an inoculating
needle. The tubes were incubated at 37°C. Fermentaiion of the glucose resulted in a
colour change of the media from green to yellow extending throughout the tube,
QOxidation of the media, on the other hand, changed the colour from green to yellow in
the upper haif of the tube only.

2.12.3 Denitrification test

Serni-solid denitrification media (10ml) was added to 16 X 125mm screwtop tubes, To
ensure anaerobic conditions, 3ml of a 1% water agar solution was added to the semi-
solid medium. The media was allowed to solidify at 4°C. Tubes were inoculated with
an inoculating needle and incubated at 37°C for 2 days. The nitrate source used was
KNO, and comparison of growth in media in which the KNO, had been omitted served
as a negative control, Growth of the organism with KNQO,; as the trminal electron
acceptor and the evolution of bubbles in the media indicated the nitrate was being used
as the terminal electron acceptor and consequently reduced to N,

2,124 Acid from glucose
The oxidation/fermentation test media was used io test acid production from glucose.
Bromothymo! blue was used as the pH indicator and glucose was added to a 10%
concentration, Acidification of the media resulted in a colour change from green (pH
7.2) to yellow {pH < 6.0).

2.12.5 Utilization of carbon sources

Carbon sources were generally made up with distilled water and sterilized briefly by
autoclaving at 121°C for 1 minute. Organic acids were first nevtralized with 10M NaOH
before autoclaving. Testing for carbon source utilization was generally performed in a
minimal salts liquid media by comparing the growth in media with and without any
added carbon source. The ability to utilize a carbon source was scored as positive if the
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turbidity of the sample containing the added carbon source was greater than the sample
without any added carbon source, Compounds were generally tested at a concentration
of 0.05% except for compounds which were toxic at this concentration (e.g. catechol,
phenol, dilaminohexane).

2.12.6 Catalase test

An inoculating needle was used to pick the centre of a pure colony onto a clean glass
slide. A drop of 30% H,Q, was added over the organism with a Pasieur pipette.
Immediate bubbling indicated the release of O, and this was scored as & positive resuit,

2.12.7 Electron tmicroscopy

Copper grids (200 mesh) coated with Colloidin were used to sample the bacteria. The
grids were placed onto a drop of bacterial culture for 15 minutes to allow for bacterial
attachment. They were then rinsed with sterile distilled water and placed onto a droplet
of 2% neutratized phosphotungstic acid (pH 7.0) and stained for 30 minutes. After
rinsing in sterile distilled water, the grids were air dried overnight and then viewed with
a JEM-1008 transmission electron microscope at 80eV the following day.

2.13 Chromogenic detection of catechol and protocatechuate

This technigue was based on the method described by Parke (1992) and relies on the
compound p-toluidine for the chromogenic detection of protocatechuate and cawchol.
These two compounds are key intermediates in the breakdown of a large number of
aromatic compounds and a chromogenic detection system for either of these compounds
will facilitate the screening of a number of libraries for genes invoived in the
degradation of aromatic compounds such as phenol, p-hydroxybenzoate and many of the
lignirolyrs compounds. To screen for these enzymes p-toluidine (1005g/ml) was added
to MM with glucose as the carbon source (0.1%) and an aromatic compound of interest
(2.5mM). In an initial test as little as 2.5nmol of catechol applied directly to the plate
in & velume of 2.5)t1 could be detected. A similar concentration of protocatechuic acid
was not detected, FeCl, added to the media at a concentration of 1.5mM enhanced the
detection of catechol but not of protocatechuic acid.
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2.14 Southern hybridization

Hybridization was performed with the nonradioactive DNA labelling and detection kit
supplied by Boeringer Mannheim. DNA used as the probe was labelled by random
primed incorporation of digoxigenin-labelled deoxyuridine triphosphate, This lzbelled
sequence was then detected by immunological methods using an antibody-conjugate
(antidigoxigenin alkaline phosphatase conjugate). A enzyme catalysed colour reartion
with 5-bromo-4-chloro-3-indolyl phosphate (X-phosphate) and nitrob! re tetrazolium salt
(NBT) allowed visual detection of the probe.

2.14.1 Blotting

The blotting of DNA onto the nittocellulose membrane was performed as described by
Sambrook et al. (1989). After electrophoresis, the gel was soaked in 100ml of
denaturing solution (1.5M Na(l, 0.5N NaOH) for 45 minutes on & rotary platform. The
gel was rinsed briefly in sterile distilled water and then placed in 100ml neutralizing
solution (1M Tris.HCI pH 7.4, 1.5M NaCl) for 30 minutes with constant agitation. The
neutralizing solution was then replaced with a fresh solution and the gel was soaked for
a further 15 minutes. While the gel was soaking the transfer apparatus was prepared.
This consisted of a piece of Plexiglass, wider and longer than the gal, supported on &
plastic dish. A piece of Whatman 3MM paper folded over the Plexiglass served as the
wick, The dish was filled with transfer buffer (10x SSC) in which the ends of the
Whatman 3MM paper was suspended, Once the paper was thoroughly soaked, the 3MM
paper on top of the support was smoothed out with a pipette. A piece of nitrocellulose
filter (Amersham, Fybond-C) was cut to the size of the gel. The filier was then
transferred to a dish of sterile distilled water with a pair of forceps, taking care not to
touch the surface. The gel was removed from the neutralizing solution and placed on
the support in an inverted position so that its underside was uppermost. Air-bubbles
between the gel and the support were removed, The wet nitrocellulose filter was placed
on the gel and air bubbles were removed. Two pieces of 3MM paper cut to same size
a8 the gel and wet in 2x SSC were then piaced on the nitrocellulose filter. Air bubbies
were smoothed out with a glass pipeite. A stack of paper towels, cut slightly smaller
than the gel, were then placed on top of the wet 3MM papers. A Plexiglass plate was
put on the towels and a 300g weight was balanced on the plate, The DNA transfer was
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allowed to proceed overnight. The paper towels and the 3MM papers were removed and
the positions of the gel slots were marked on the filter with a ballpoint pen. The gel was
removed from the filter and then viewed under UV Light to ensure that all the DNA had
been transferred. The filter was soaked in 6x SSC for 5 minutes at room temperature
to remove any residual agarose and then dried on a paper towel for at least 30 minutes
at room femperature. Thereafter, it was sandwiched between two dry pieces of 3MM
paper and the DNA was fixed to the filier by baking at 80°C for 2 hours in a vacuum

oy

2.14.2 Probe labelling

DNA was linearized with an appropriate restriction endonuclease and purified with a
phenol/chloroform extractior and an ethanol precipitation, The DNA was denatured by
bheating in a water bath for 1{ minutes at 95°C and then quickly chilled in an ice/water
slurry, The hexanucleotic> mixture (2ii) and 2l of ANTP labelling mixture was added
to 1ug of freshly denatured DNA. The volume was made up to 19ul with sterile
distilled water and 1ul of Xienow enzyme was added. The mixture was incubated at
37°C overnight and the reaction was stcpped by adding 2pl of 0.2M EDTA (pH 8.0).
The labelled DNA was precipitated with 2.51t1 4M LiCl and 751 prechiiled ethanol at -
70°C for 30 minutes, dried under vacuum, and then resuspended in 50ul TE.

2.14.3 Hybridization

The filters were prehybridized in 20ml of hybridization solution at 68°C for 2 hours
distributing the sotution from time to time. Hybridization was performed overnight with
Sml of hybridization solution containing 2ug of labelled DNA. The hybridization
solution could be reused by freezing the solution and reboiling when it was needed
again.

2,144 Washing

Filters were washed twice with at least 50mi of washing solution 1 (2x §8C, 0.1% SDS)
for 5 minutes at room temperature and twice with washing solution 2 (0.1x $SSC, 0.1%
SDS) for 15 minutes- at 68°C.
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2.14.5 Immunological detection

The filters were washed for 1 minute in buffer 1 (100mM Tris.HCl, 150mM NaCl, pH
7.5). Antibody-conjugate was diluted to 150mU/ml in buffer 1 and the filter was
incubated in 10ml of the diluted antibody-conjugate solution. Unbound antibody-
conjugate was removed by washing the filter twice for 15 minutes with buffer 1. The
membrane was equilibrated for 2 minutes with 20ml of buffer 3 and then incubated in
the dark with 10ml of the colour solution seeled in a plastic container. Bands were
usually visible within a few hours and developed completely within a few days.
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3. RESULTS

3.1 Soil enrichment for nocardioforms with interesting metaholic potential

3.1.1 Nocardioform enrichment method

The nocardioform soil enrichment procedure was used on a sample of soil obtained from
a garden compost heap in Pretoria. After the selective and enrichment steps, samples
were spread onto MM plates containing the following compounds as sole carbon source:
Amido Black (0.05%), Orange It (0.05%), DBT (0.2%), indige (0.2%), caprolactam
(0.1%) and diaminohexane (0.1%). Individual colonies of interest were spotted on MM
plates with and without an added carbon source and their growth rates compared. By
this criterion it seemed that most of the colonies of interest were unable to utilize any
of these compounds as a sole carbon and energy source. Moreover, Gram-stain results
and replica spotting onto plates containing either fusidic acid (20j.g/ml), thiostrepton
{20ug/ml) or naladixic acid (301tg/ml) indicated that the majority of organismas isolated
were Gram negative (>75%). A number of strains, Cap2, Cap4 and Capl7 showing a
similar morphology were isolated from the caprolactam enrichment, These strains were
all Gram negative,

3.1.2 Direct selection method

A direct selection was also performed on mushroom compost soil obtained from a
garden in Pretoria for organisms capable of using caprolactam as a sole carbon source
and dibenzothiophene as a sole sulfur source. An organism was isolated that showed
better growth in MM containing caprolactam as carbon source than the negative control
with no added carbon. This organism was called SQ4 and was further characterized (see
below),

The DBT selection produced a pigmented colony that seemed to grow better on MM
plates supplemented with DBT, Spot tests and liquid culture experiments seem to
indicate that the organism grew better in the presence of DBT than without. This
organism was called SQS5 and was also characterized further (see below).
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3.2 Characterization of vnknown isolates

3.2.1 Characterization of SQ4

A number of physical and biochemical tests were performed on SQ4 to further
characterize this organism (Tabi &), Results indicated that the organism was & Gram-
negative rod and that it was motile by a single polar flagellum (see Fig. 4). The
organism was an obligate aerobe that produced acid from glucose by an oxidative rather
than a fermentative pathway. Under denitrifying conditions. it was also capable of
anaerobic growtb in the presence of KNO,.

Nutritional characterization indicaized that SQ4 used a variety of aromatic compounds
in addition t the nylon monomers, adipic acid (0.05%), diaminohexane (0.03%) and
aminocaproic acid (0.05%) as a sole carbon and energy source. SQ4 was also able to
use aminocaproic acid (0.03%), caprolactam (0.1%) and diaminohexane (0.01%) as a
sole nitrogen source, The growth curve in figure 5 indicates that adipic acid and p-
hydroxybenzoate were the quickest metabolized carbon sources while diaminohexane
was metabolized only after a lengthy incubation. This could be indicative of spontaneous
diaminohexane-utilizing mutants arising. To test this hypothesis, the growth rate of an
organism obtained from this culture was compared against a culture obtained from the
original inoculum. The growth of the organism obtained after incubation with
diaminohexane was much better than the original culture and it therefore seemed that
a mutant strain of 5Q4, capable of using diaminohexane better than the parntal strain,
arose after lengthy incubation in MM with diaminohexane as the sole carbon source.
SQ4 did not use the ligninolytic compounds veratric acid, ferulic acid, syringic acid,
vanillic acid and cinnamyl alcohol as a sole carbon source.

These resuits tentatively suggest that this organism belongs to the genus Pseudomonas.
It is well known that Pseudomonas species often have naturally occurring plasmids that
carry the information for the breakdown of xenobiotic compounds, for example the TOL
plasmid (Burlage ez al., 1989). A nocardioform mini-plasmid preparation was performed
on an SQ4 culture grown in LB overnight to see whether any plasmids were visible. No
plasmid bands were seen with this method.
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Figure 4. Transmission electron micrographs of $Q4 shuwing rod-shaped morphology and single polar
flagetlum 2t (A) 5000x and (B) 8000x magnification. Bar length indicates 1jam.
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Figure 5. Growth curve of SQ4 incubated at 37°C in MM with the following compounds as sols carbon
source; adipic acid (M, aminocaproic acid (+), caprolactam (%), disminobexane (5, glucose (), p-
hydroxybenzoate ().

3.2.2 Characterization of SQ5

SQ5 was an orange/red piginented Gram-positive filamentous acth ~ate, A number
of different organic compounds were tested to ses whether they cow. .« used as the
sole carbon source. Sodium benzoate appeared to be best carbon source although
glucose, phenol and cinnamyl alcohol were also used as a sole carbon source, None of
the nylon monomers, adipic acid, aminocaproic acid, caprolactam and dizminohexane
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Table 6. Physical and biochemica! characteristics of SQ4

Tast Characteristic

Gram stain -

Morphology rod

Motility +

Flagella singla, polar

Growth at 37°C +

Flourescent pigment -

o)/ Q-

Acid from glucose +

Danit:itication

Catalase

Utimzation as C-source '
Sodium berzoate (0.05%) +
m-Hydroxybenzoate (0.05%) + g
p-Hydroxybenzoate (0.05%) +
Protocatechuic acid (0.05%) +
Phenol (0.02%) + "j
Gatachol (0.02%) - o
Adipic acid (0.05%) +
Aminocaprole acid (0.05%) + on
Caprolactamn (0.05%) +
Diaminohexane (0.03%) -
Cinnamyl alcohot (0.05%) . 3
Ferulic acld (0.05%) .
Syringle acid (0.05%) -
Vanillic acid {0.05%) -
Veratiic acid (0.05%) -

nor the ligninolytic compounds, veratric acid, ferulic acid, syringic acid and vanillic acid i

were used as a sole carbon source. Additional physical and biochemical tests b
summarized in table 7 were performed to further characierize this organism. i




The generation time of this organism was similar to that of the Rhodococcus straing and
it was incubated at 28°C for 3 days before visible colonies appeared. A nocardioform
mini-plasmid preparation was performed on a culture grown in TYG to see whether it
harboured any naturally occurring plasmids. No plasmid bands were scen. An attempt
to transform this organism with pDA37, plasmid 22 and pIGTS]1 also failed although
it seerced that spontaneous mutants to 60mM arsenate and 10mM arsenite arose fairly
readily. Transformation of R. fascians DSM 2015, with pIGTSI was used as the
positive conirol since the plasmid was derived from a R, fascians sirain. Phage typing
of this orgacism vas performed with the nocardiophagss Q3 and a phage specific for
R. rubr-pertincrrs ATCC 25593. The ATCC 25593 specific phage infected both the
positive control, ATCC 25593, and the test organism, SQ5. Phage Q5, on the other
hand, infected only SQS5 suggesting that SQ5 is a Rhodococeus species or very closely
related organism,

3.3 Construction of chromosomal library of SQ4

3.3.1 Construction of Bglll chromosomal library of SQ4

SQ4 chromosomal DNA was digested with a number of enzymes to select a suitable
enzyme for library construction. A total of 10 enzymes were tested including Bamll,
Bell, Bglll, BstY1, HindilT, Hpall, Nhel, Pstl, Taql and Xbal. Of these, Hpall and Tagl
were not suitable since they had 4-bp recogaition sequences and therefore cut the DNA
too frequently producing small ixagments, The remaining enzymes digested the
chromosomal DNA. completely except for Bglil, Nhel and Xbal which appeared to have
only partially digested the DNA. BgllI was eventually selected because there was a
unique BgllI site in the vector and a partial digestion of chromosomal DNA would
hopedully increase the average insert size. A Bglll chromosomal library of SQ4 was
thersfore constructed in the positive selection vector pEcoR251. The library comprised
a total of 8118 transformants with an average insert frequency of 70% and an average
insert size of 5500-bp as determined from three plasmid screens performed at the
beginning, the middle and the end of Library construction (see Fig. 6), Assuming a
genome size of 6,3 X 10%bp, the probability that a particular sequence was represented
in this library was greater then 99%. With a geaome size of 1.1 x 10%bp, the
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'Table 7. Characteristics of SQ5

Characteristic Result
Gram stain +
Morphology fllamentous
Pigmentation red/iorange
Catalase +
Utilization as C-source
Sodium benzoate (0.05%)
mi-Hydroxyhienzoate (0.05%) -
p-Hydroxybenzoate (0.05%) -
Pintocatechuiz acid (0.05%) -
Caachol (0.02%)
Phanal (0.02%)
34-Dimethyibenzoate (0.05%) -
Adipic acid (0.05%) -
Aminocaproic acid (0.05%) -
Caprolactam (0.05%) -
Dlaminohexane {0.05%) -
Cinnamyl alcohol (0.05%) +
Ferulic acid (0.05%) -
Syringlc add (0.05%) -
Veratric ack! (0.05%) -
Vanillic acid (0.05%) -
Dikanzothiophens (0.05%)
Ethanol (0.2%) *
Tween-80 (0.3%) S

probability changes to 94%. The library was consiructed in RIM294-1 und puiiied
plasmid obtained from a # ~Cl gradient was transformed into the I. coli strain (.198-1,
This E. coli str.in was selected as the recipieny because it was prototropk and was mot
able to use any of the nylon sonomers or sromatic compounds as a sole carbon sewice.
The spoataneous m. v -1 of KL98-1 to Cap* was less than 2.6 x 107 cells/mt, 'I7:-
library was screened for genes enabling KI.9%-1 e use caprologtam, diaminchesa: -,

)
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Figure 6, Bglil digestions of plasmids from a Bgllf $Q4 genomic library construction. Lanes (1)
PEcoR251, (2)-(6) and (8)-(12) transfocmants (7) Al inolecular weight markers,

adipic acid, aminocaproic acid, benzoate, p-hydroxy. nzoate, m-hydroxybenzoate,
phenol, protocatechuic acid and catechol as & sole carbon source. In addition, the librasy
was also screened for genes allowing the growth of KL98-1 on MM plates with
ar ‘nocaproic acid, diaminohexane and caprolactam as the sole nitrogen source. No
positive clones were recovered in these selections.

3.32 Screening Bglil kibrary of SQ4 for gemes inveolved in phenol and p-
hydroxybenzoate degradation

The Bl library of SQ4 in MM294-1 was screened for genes involved in phenol and
p-hydroxybenzoate degradation. A dilution of the MM294-1 library was spread onto
MM chromogenic detection plates containing phenol (0.02%) so that there were a total
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of about 2000 colonies per plate. Five plates or a total of about 10 000 clones were
screened by looking for the characteristic brown color development associated with the
build-up of either protocatechuate or catechol in the medium surrounding the cells. No
such color development was seen after incubating the plates for 3 days and therefore it
was concluded that the complete gene sequences were not represented in the library.
After leaving the plates on the bench top for a few more days, one colony produced the
characteristic brown precipitate. However, after streaking this colony on plates
supplemented with either rifampicin or ampicillin it was concluded that this organism
was a contaminant, since it failed to grow on either of the selective piates. This
organism was not characterised further but it did show that these plates could be used
for the chromogenic detection of genes involved in the degradation of aromatic
compounds into either catechol or protocatechuate.

3.3.3 Testing of SQ4 BglH library

To test whether a comprehensive BgIII library of 5Q4 had been construcied, the library
was transformed into an auxotrophic E, colf sivain, RK4904, that required the amino
acids proline, lysine, tryptophan, methionine and arginine for growth (see table 4). Four
of the 5 markers were selected for screening of the library by complementation since
the fifth marker, #pE38, was a leaky mutation and would not be suitable. Of the 4
mutations tested, only the IysA23 mutation, was complemented, To confirm that
complementation had occurred, the plasmid from the complementing clone was
transformed back into RK4904 to see whether the lysine reguirsment was
complemented.

Since the insert was fairly large it could probably encode the information for raore than
one gene. The chromosomal map of E. coli K-12 (Bachmann, 1989) was used to select
a market closest to the IysA23 marker. An E, coli strain carrying this specific marker
was then transformed with pEcoR251-IysA1 to see whether it complementcd this marker.
The marker chosen, thyA, was not complemented by pEcoR251-lysAl,
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A plasmid screen of a number of transformants also revealed that the #aserts were of
similar size, One of these plasmids, pEcoR251-lvsAl, was used for subsequent
characterization. These results suggested that the Bgill library was not representative
since complementation occurred only in 25% of the selected auxotrophic markers.

3.3.4 Restriction map of DNA fragment complementing lys4 23 mutation in RK4904
A Bglll digestion of pEcoR251-IysA] revepled that the insert was about 8.4 kb in size.
Preliminary work involved purification of this fragment by low-gelling agarose, followed
by digestion with a number of restriction enzymes to deterimnine which enzymes were
suitable for mapping. Those enzymes that cut infrequently were initially mapped and

Table 8. Restriction sites of fragment from BglII library of SQ4

Enzyme No. of sites Enzyme No. of sites
1) Asp700 0 14) Nhel 0
2) Asp718 0 15) Nt 2
3) BamMi 0 18} Nsil 1
4) Bl 0 17) Pstl 4
5) Ball >5 18) Pwul ?
€) Bolli 0 19} Pwull 5
7) BstEMl 3 20) Sacl 0
8) Dral 0 21} Sall 4
9) Draill 4 22) Scal J
10) EcoRi 1 23} SnaBl 1
11) EcoRV 27 24) Stul 2
12} Hindilt ] 28) Xbal 0
13) Ncol 3 26) Xho! 1

these sites were then used as references points for triangulating sites produced by other
enzymes. Table 8 lists the enzymes that were screened together with the probahle
number of sites. Using this informav.on a restriction map of this fragment was produced

(Fig. 7).
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Figure 7. Restriction map of the DNA frapment from the Bgll genomic library of SQ4 complementing
the iysA23 mutation in E, colf REK4904.

3.3.5 Construction of pEcoR251-{ysA2

Expression of the gene on pEcoR251-lysAl in the E, coli auxotroph resulted in
complementation of the IysA23 mutation, To sez whether expression of the gene
occurred from its own promoter or as a result of read through from a promoter on
pEcoR251, the Bglll fragment was joined 1o pEcoR251 in the reverse orientation, If
read through from a plasmid promoter % *» occurring one would not expect expression
of the gene if it was joined in the reverse orientation. If expression of the gene occurred
from its owm promoter, then changing the orientation of the insert would not affect the
final result. The BglII fragment was inserted into pEcoR251 in the other orientation and
this was confirned by an EcoRI digestion of the plasmid. E. coli strain RK4904 was
then transformed with this construct, pEcoR251-fysA2, to see if it complemented the
lysA23 mutation, Spot tests on MM plates with and without lysine revealed that both
pEcoR251-lysAl and pEcoR251-lysA2 complemented the /ysA23 mutation of RK4904
and this, therefore, suggested that expression of this gene ocemrred from its own

promoter,

3.3.6 Consiruction of second chromosomat library of SQ4

Since the BglIl library was not a representative library of the entire SQ4 genom:= either
more clones could be constructed to make the library more comprehensive or a second
library could be built. The latter option was chosen and since there were unique Pstl,
Sful and HindHI sites in the EcoRI genc these enzymes were screened first, Pstl was
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chosen as the initial enzyme with which to build the second library since the positive
selection function of pEcoR251 seemed to work best with this enzyme and not as well
with HindIIf and Sful (S. Andersen, personal communization).

Initially, fractionation of partially digested chromosomal DNA greater than 4 kb in size
was done on low gelling agarose, An attempt was made to purify the DNA by the
electroelution technique. The recovery efficiency of this method, however, was very low
and therefore it was not used further although transformants were obtained from the
purified DNA,

An attempt was then made to construct the library with partially digested chromosomal
DNA without fractionation, This method however also proved to be problematic since
Pstl digestion seemed to produce a large number of very small fragments resulting in
a large number of transformants with very small insexts,

Tt was then decided to use Hindlll instead. Fortunately, HindIl sites were infrequent
and as a result large fragments were generated, The HindIIT library comprised 4 total
of 7638 transformants with an average insert size of 6.8-kb at an insert efficiency of
90%. Assuming a genorae size of 6.3 x 10%Lp, the probability of any particular
sequenced represented in this library is greater then 99.9%. The probebility of any
particular sequence being present in this lbrary assuming a genome size of 1.1 x 1¢"-bp
is greater then 98.5%.

3.4 Subcloning of azo-dye decolorizing gene from pGSHI

Using the restriction map of pGSH1 (see Fig. 3), an atiempt was made to subclone the
genefs involved in azo dye decolorization. The first and most obvious step was
subcloning of the Bglll fragment from p(GSH1 into pDA37 since it has previoasly been
shown that removal of this fragment resulted in a loss of decolorizing activity (Heiss,
1992). Purthermors, pDA37 was a convenient positive selection vector with a unique
Bglil site that conld be used, The Bglll fragment was inserted into pDA37 in both
orientations and this was confirmed with an Asp718-HindIII double digestion. These
constructs, pGSHI1Q and pGSHI1L, werz both tested to see whether they restored

47




Nt

decolorization activity in GHI. Neither of the plasmids was able to restore this ability
presumably because ore or both of the BgllI sites cut into an essential region of the
DNA.

The next logical step was subcloning oi the two Sful fragments since the Sful sites
conveniently brack ;ied both of the Bglll sites. This step proved to be more difficult
since pDA37 did not have a unique Sful site. A derivative of pDA37, plasmid 22, whick
ha¢ * unigue Clal site was obtained. Since Cial produces compatible cohesive termini
with Sful, this plasmid could be used to clone ihe Sful fragment. Unfortunately, the Clal
site was not situated within the antibiotic resistance gene nor the BEcoR1 gene of plasmid
22 and therefore no negative or positive selection function could be used. Alkaline
phosphatase was therefore used to reduce the background of religated plasmid without
much success,

Plasmid 22 has unique sites for Clal and Asp718 both of which could be used for

cloning. Since NixI produce the same compatible cohesive sites as Clal and Bziwl
e same as Asp718, these enzymes could also be used. Digestion with these enzymes
revealed that there were 2 Narl sites and 3 BsiWI sitcs in the insert, These sites have
not yet been mapped.

3.5 Ksolation and characterization of non-decolorizing Rhodococcus mutants

3.5.1 NTG mutagenesis

Non-decolorizing mutants of ATCC 4277 and ATCC 14887 had previously been
selected after mutagenesis with NTG {Heiss, 1992), These mutants were complemented
by pGSHI and pGSH2 respectively. To gain furtber insight into the inactivation
mechanism it was necessary to select additional non-decolorizing mutants to see whether
these were complemented by either of the plasmids. Strain JQ1 was therefore
mutagenized with NTG and non-jecolorizing mutants were selected by spreading a
suitable dilution (less than 300 colonics per plate) of the culture on plates supplemented
with Amido Black. Colonies characteristically were visible after about 3 days incubation
at 28°C, Initially colonies were dark in color but after 4 days incubation decolorization
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started and colonies changed from a blackish to & salmon color. Concomitant with this
change was a change in the ¢olor of the media surrounding the decolorizing colonies.
In contrast, non-gecolorizing mutants retained their dark blue appearance on media
supplied with Amido Black and were prominent against a background of salmon-colored
colonies. These black colonies occurred at a frequency of about 6 X 10% and were
subjected to a spot test to verify that they were non-decolorizers. The majority of
mutants showed some decolorization of AB while others decolorized the dye more
slowly than the SQI control. One of the slower decolorizing ntants, SQ2, was retained
together with a second non-decolorizing mutant, SQ3. Interestingly, SQ3 appeared to
be a phenotypically distinct from GHI whea grown in MM media supplemented with
Amido Black. Although both mutants did not decolorize Amido Black, GH1 appears not
to accumulate the Amido Black and retains a translucent appearance in its presence.
SQ3, on the hand, seemed to accumulate the Amido Black and therefore had a very dark
appearance on Amido Black piates. This would seem to suggest that different mutations
were respounsible for disabling the azo dye decolorization function.

A third non-decolorizing mutant of DSM 1069 was obtained by NTG mutagenesis
performed by B.R. Dabbs, This mutant, SQ6, was obtained at a frequency of 1 x 104
and, like SQ3, it had a black appearance on MM supplemeated with Amido Black
suggesting that Amido Black was accumulated.

To ensure that SQ2 and SQ3 were genvine mutants and not contaminants, phage typing
of these mutants was performed by E, Dabbs. Phages specific for ATCC 4277, C and
H, were tested with SQ1 as a positive control. Phage C appeared to infect SQ1i, SQ2
and SQ3J whereas phage H only infected SQI and SQS. From these results, it seemed
that SQ3 was a genuine mutant, Although, SQ2 did not give a clear result with phage
H it was infected by phage C,

Further confirmation was obtained by transforming both SQ2 and SQ3 with pDA37 and

comparing it to an SQ1 control transformation. Both these strains maintained the
plasmid verifying that they were both genuine mutants,
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3.5.2 Transformation of non-decolorizing mutants with pGSH1 and pGSH2

“Th see whether pGSHI or pGSH2 complemented these mutants, they were transformed
with both plasmids and transformants were spot tested on AB plates. Curiously, SQ2
or SQ3 transformed with pGSH2 appeared to grow more quickly on regeneration plates
than when transformed with pGSH1 suggesting that pGSH2 complemented some growth
function. SQ2 showed some a degree of azo dye decolorization was not tested further.
Spot tests revealed that pGSH1 complemented azo dye decolorization in SQ3. This was
not the case for pGSH2. The same experiment was repeated with SQ6.

3.5.3 Selection of decolorizing transformants directly on regeneration media

To see whether decolorizing transformants could be selected directly on regeneration
media, an experiment was conducted by ransforming GH1 and GH2 with plasmids
pGSHI and pGSH2 and selecting transformants on various media with Amido Black.
Variations of the standard regeneration media (RM) were tested including RM without
yeast extract and RM without yeast extract plus amido black, Yeast extract was selected
because decolorization in the presence of yeast extract was not visualized as easily due
1o the color of the yeast extract, Omission of the yeast extract resulied in transformants
growing up in twice the time taken to grow up in standard regeneration media.
Decolorization of the azo dyes was also observed with the negative controls (GHI and
GH2 transformed with pDA37). A spot test of non-decolorizing mutants on RM plus
Amido ;Jack without yeast extract revealed that these mutants wese decolorizing. This
method could therefore not be used to screen directly for decolorizing transformants on
RM.

3.6 Use of small pGSH2 fragment as a probe to obtain a full-length ~lone

The complementing fragment of the non-decolorizing mutant of ATCC 14887, GH2,
was obtained from a BamHI library of ATCC 14887, The inseried fragment was about
50-bp in size and since it is too small to code for an intact polypeptide, it was decided
to use this small fragment as a probe to puil out the intact gene. Chromosomal DNA
from strain ATCC 4277 was digested to completion with Asp718, BamHI, Bcll, Clal
and Sful. The plasmids pDA37 and pGSH2 were labelled with digoxigenin and used to
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probe the digested chromosomal DNA, Unfortunately, similar bands were detected in
both cases suggesting that complementary sequences from the vector were hybridizing
to the chromosomal DNA. |

As an alternative, a smaller fragment of DNA including the insert was used as a probe
gince it was more specific. Because the library had been constructed by joining BamIHI
digested chromosomal DNA to the unique BgllI site of pDA37, this result in a hybrid
site not recognized by any restriction enzyme, The inserted fragment could not simply
be removed with a single digestion, therefore, a two step procedure was required. The
first step involved the purification of the largest Pstl fragment which brackets the unique
Bgll site of pDA37. The second step involved digestion of this Pstl fragment with
HindIII to produce a fragment of about 450-bp in size including the insert. This
fragment was purified by low-gelling agarose and, after labelling, was then used to
probe digested chromosomal DNA. Unforiunately no bands of hybridization were
observed.

3.7 Insertion of small insert of pGSH2 into pUCI18

As preliminary work to sequencing experiments, it was decided to construct a plasmid
with a small insert that could easily be sequenced. The small fragment from pGSH2
proved ideal and it was decided to join this fragment to pUC18, Since DNA from a
BamHI digestion was joined to the Bgill site of pDA37, this small fragment could be
removed with a Sau3A digestion since the Sau3A recognition sequence is a subset of
both the BamHI and the BgllI recognition sites. A Sau3A digestion of the PstI-HindIl
fragment of pGSH2 was performed and the resulting fragments were ligated to the
Bamli site of pUC18, Transformants were recovered with inserts of three different size
<Ingses (Fig. 8), An examination of the sequence of the EcoRI gene in figure 9 revealed
there were a totel of 4 Sau3A site at positions 22, 193, 230 and 400 in the sequence
between the Pstl site and the HindIH site, Theoretically, digestion of the PstI-HindIII
fragment witt: Sau3A shounid produce fragments of 16-, 22-, 37-, 170- and 171-bp plus
the nsert of about 50-bp. Ouly the 37-, 170-, 171- and 50-bp insert can be ligated to
the Bam™ 11 site siace oaly these fragments have BamHI compatible sequences on either
end. This wonlt therefore predict inserts of three different size classes, since the 170-
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Figure 8. Plasmid screen of pUCIS transformants doubly digested with Pstl and Hind{Il and run
or n 1.26 agarose gel. Lane (1) pUCIS, (2)-(6) and (8)-(12) transformants, (7) All moicecular
weight markers,

and 171-bp fragmenis would be indistinguishable on an agarose gel, A BamHI digestion
of the plasmids was done since it was predicted that this site should be restored at the
point of irsertion of the fragment of interest since none of the other Sau3A fragments
had the correct flanking base pair to produce a recleavable BamHI site.

Resulis indicated that only plasmids with inserts of an intermediate size were linearized
with BamHI suggesting that these plasmids probably contained the fragment of interest.
Experimental evidence correlates well with the theoretical predictions suggesting that
the 50-bp insert of pGSH2 had been inserted into pUC18 vector at the BamFEll site.
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HindITT l

1 AAGCTTTAAA AAAATTGACC CTCATCTTGG CGGTACTTTA TTTGTEITCAA ATTCCRAGCAT CAABRCUTGAT
PTTCGAAATTT TTTTRACTGS GACTAGAACC GCCATGAAAT AAACAAMRGTT TAAGGTCGTA GITTGGACTA

Tl GOHTGGAATTG TAGAGGTCAA AGATGATTAT GGTGAATGGA GAGTTGTACT TGTTGCUTGAA GCCARACACC
CCACCTTAAC ATCTCCASTT TCTACTAATA CCACTTACCT CTCAACATGA ACARCGACTT CGGL:IGTGG

4
141 AAGGTARAGA TATTATAAAT ATAAGGAATG GTITGTTRGT TGGGAMARGA GGAGATCARG ATTTAATEGC
TTCCATTECT ATAATATTTA TATTCOTTAC CAAACARTCA ACCCTITTICT CCTCTAGITC TAARTTACCS

4
2il TGCTGGTAAT GCTATCGAAR GATCTCATAR GAATATATCA GAGATAGCGA ATTTTATGCT CICTGAGAGC
ACGACCATTA CGATAGCTTT CTAGAWTATT CTTATATAGT CICTATCCECT TAAAATACGA GAGACTCTCS

2491 CACTTICCTT ACGTCCTTTT CTTAGAGGGG TTTAACT' TT TAACAGARAR TATCTCAATA ACAAGACCAG
GTGAAAGGAA TGCAGGAAAA GARICTCCCC ASATTC 4 ATTGTCTTTT ATAGHAGTTAT TRITCTCGTC

i PatI
151 ATGGAAGGGT TGTTAATCTT GAGTATAATT CTGGTATATT AAATAGGTTA GATCGACTAA CTGCAG

TACCTTCCCA ACAATTAGAA CTCATATTAR GACCATATAA TTTATCCAAT CTAGCTGAIT GACGYC

Figure 9. Sequesice of EcoRI gene from Pstl to the HindIlI site (see Appendix B for map of pEcoR231).
Psil and HindIII sites are named while Sau3A sites are indicated by vertical amows.

As a further check, either the 50bp BamlHI fragment could be removed from the pUC138
clone and inserted into pDDA37 or the intact plasmid could be joined to a suitable vector
to transform GH2 and s¢e whether azo dye decolorization was restored. The Iatter option
was chosen. Since pDAJ7 does not have any suitable sites an alternative vector derived
from pDA37, plasmid 22, was used. Because the pUCIS derivatives already had an
insert, inactivation of the lacZ gene could not be used to test for recombinants. These
vectors were therefore phosphatased and joined at the Asp718 site to plasmid 22 and
then transformed into GH2-1 to see whether they restored decolorization activity.

3.8 Optimization of conditions for dibenzothiophene utilization

SQ5 was isolated from an enrichment in which DBT was supplied as the only source
of sulfur. To see whether this organism could indeed use DBT as a source of sulfur,
growth conditions had to be optimized. Since sulfur is not a nutrient required at such
high concentrations many organisms can grow in media without an additional sulfur
supplement presumably obtaining their sulfur requirements from impurities in the media
and glassware, Conditions, however, can be optimized so that the difference in growth
requirements is highlighted.
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Initially, R. eryshropolis SQI1, R. equi ATCC 14887 and R. rubropertinctus ATCC
25593 were tested to see whether they could use DBT as a sulfur source, The growth
of strains in BSM liguid cultuwre containing DBT (0.1%) were compared against a
negative control with no sulfur and a positive control with MgSO, (0.1%) as the sulfur
source. Results after 3 days incubation at room temperature showed that while the
positive control samples showed good growth, there was no significant difference
between the test and the negative control samples indicating that DBT was not being
used as a sulfur source,

When the growth rate of SQ5 was originally tested in BSM media supplemented with
0.01% DET against a negative conrol without any su'tur supplement and a positive
conirol with 0,01% MgSQ. the difference was quite pronounced after 2 days incubation
at room temperature. Becar se the DBT was added rrora a stock made up in ethanol, an
additicnal experiment was required to make sure that the difference in growth rate was
not du~ to the presence of ethanol. Subsequeat experiments indicated that ethanol was
a good carbon scurce, The experiment was repeated with ethasol (0.05%) as a cart a
source and, in addition, soadivm benzoate (0.05%) and Tween-80 (0.1%) were also tested
as possible carbon sources (Table 9). Not much difference was seen in the samples with
Tween-80 and sodium benzoate as the carbon sources. However, in the ethanol samples

Table 9. Growth of SQ5 with different carbon and sulfur sources,
L ]

Carbon source
Sulfur source Tween-80 Ethanol Sodium benzoate
MgSO, (0.01%) bk o+t s
DBT (0.0025%) +H+ ++ +H+
no sulfar L + 4

+ poor growth
++ intermediate growth
+++ good growth
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there was 2 significant difference in growth rates between the negative and positive
samples, The DBT sample showed an intermediate growth rate between the two controls
suggesting that although DBT was not as good a sulfur source as MgSO,, it was still
being used as a source off sulfur.

3.9 Bacillus transformation

Since rrost of the work in this laboratory is concerned with Gram positive Rhodococcus,
an alternative expression system to Sie more commonly used Gram negative organism,
E, coli, would be more appropriate since it is known that not all Gram positive genes
are expressed in Gram negative orgonisms. Bacillus was chosen because it is a
commonly used Gram positive erganism with a number of well characterized plasmid
vectors and its growth rate is comparable to that of E, coli thereby ensuring that results
are rapidly achieved. Also, Bacillus, is a well known i dustrial organism that has been
exploited because of its ability to secrete foreign proteins. This preliminary work was
conceined with the transformation of B, subtilis with plasmid DNA by either the
competent cell method or the protoplast method.

3.9.1 Competent cell transformation

The competent cell method is reliant on the cells reaching a particular stage in their
arowth phase before they become competent, Initially an attempt was made: to transform
the plasmid pC194 of Staphylococcus aureus origin into & Bacillus prototroph 1A2, This
method was, however, not successful. Literature describing Bacillus transformations
have indicated that monomeric plasmid molecules transform Bacillus very poorly. An
atteropt was made to generate mmltimeric plasmid molecules by a cut and ligate process
and then to iransform these molecules into competent cells. This also failed and this
work was not pursued further,

3.92 Protoplast transformation

An alternative tc the competent cell method is the protoplast method which does not
require polymeric circular plasmid molecules. The method previously described in
section 2.6.2 was wsed, The first transformation atternpt with this method failed because
a misiake had been made in the formulation of DM3 regeneration media resulting in
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media that did not support the growth of Bacillus protoplasts. For the second attempt,
ncoardioform regeneration media was substituted for DM3 regeneration media. The
same nocardioform transformation protocol was foliowed except that nocardioform RM
was used and that the chlorampbenicol underlay was done at a concentration of 40j1g/ml
after 2 hours incubation at 37° as for nocardioform transformations, This procedure
resulted in transformants growing up after 2 days incubation at 37°C. The transformants
all had a watery translucent appearance which may either have been due to the effect
of chicraraphenicol or to levan production from the sucrose in the media.

Individual transformants were grown 2t 37°C in LB containing 20p1g/ml chloramphenicol
for 6 hours. The presence of plasmids were confirmed by performing standard E, coli
mini-plasmid preps on these cultures. Although the yield of plasmid was not comparable
to the plasmid yield from E. coli culturs, it worked sufficiently well to show that a
plasmid was present.

Since the nocardioform regeneration media worked the next logical step was to see
whether the nocardioform protoplast transformation procedure could also be used. A B,
subtifis 1A2 culture was grown up ovemight in LB and 1m} of this culture was used.
The nocardioform protocol was followed step for step except that the lysozyme
treatment was performed for 90 minutes and the underlay was done after 2 hours
incubation at 37°C with 40)1g/ml chloramphenicol per plate. The plasmid used in this
case was pDAS52 which was a chimera of a Bacillus plasmid pC194 and the coli positive
selection vector pEvwig251. Chloramphenicol resistant transformants were recovered
indicating that the shuttle vector was roaintained in B, subtilis and that the EcoRI gene
of pEcoR251 was not expressed. The transformation efficiency, however, was very low,
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4. DISCUSSION

4.1 Selection of nocardioforms with interesting metabolic potential
Because Rhodococcus is a natural soil-dwelling organism with diverse metabolic
activity, a previously described enrichment and selective method (Goldman, 1991) and
a simple direct method were used to isolate Rhodococcus strains with unusual metabolic
activity. The success of these different methods at isolating novel Rhodococcus strains
could thercfore be assessed and if they proved to be successful, conld be used for
obtaining novel straing with unusual metabolic activity. For this project, these two
different techniques were used in an attempt to isolate actinomycetes and specifically
Rhodococcus strains that could use any of the following compounds as a sole carboa
and energy source: Amido Black, Orange II, Indigo, diaminohexane, caprolactam and
dibenzothiophene.

4.1.1 Nocardioform enrichment

The method described by Goldman (1991) using the steroid compounds, sodium
deoxycholate and sodium taurocholate as an initial carbon source followed by
enrichment for Gram positive organisms with the addition of nalidixic acid was not
successful in enriching for Gram positive organisms. More then 75% of the organisms
that were subsequently screened for carbon source utilization were Gram negative. This
method, however, was partially successful in isolating several Gram negative organisms
that showed a similar morphology and were capuble of using caprolactam as a sole
carbon and energy source. Part of the reason for the failure of this method con’d be
bacanse the soil contains a heterogenc .; population of bacteria and organisms such as
Pseudomonas which have a doubling time similar to E. coli can therefore grow much
faster and out compete more slowly growing organisms such as Khodococcus in a closed
system,

Selective and enrichment rechniques have specifically been developed to deal with this

problem and although any medium is essentially selective because no single medirm
will support the growth of all organisms, conditions can be adjusted so as to favour the

57

S Th T mrepregg e TS ST T e e e s "
- . L )
p— .

Lo
W



s

growth of a particular organism or group of organisms. An initial step might therefore
be the selection of Gram positive organisms to reduce the chances of fast growing Gram
negative organisms out competing slower growing strains before employing an
enrichment step. Cross (1982) reviewed different methods for the isolation of specific
genera and species of actinomycetes and suggested that a combination of different
selective steps seemed to be the besi method for isolating particuiar organisms. For
Rhodococcus in particular, nutrient enxichment, pretreatment of the soil with quaternary
ammonium compounds and antibiotic treatment with naladixic acid, tellurite and
penicillin were some of the suggested macthods, Lechevalier ana Lechevalier (1985)
suggested that altering the pH of the soil by drying the sample and mixing it with
calcium carbonate would favour the selection of actinomycetes.

4.1.2 Direct selection

Surprisingly, the aliernative direct selection method worked very well and was used
successfully to isolate a Gram negative organism, SQ4, from a caprolactam enrichment.
The antifungal agent cyclobeximide was not added since it could also presumable be
% .« as gn alternative carbon source, Fungal contamination, however, was not such a
severe problem that it prevented the growth of bacteria. In addition, this organism was
also capable of using the nylon monomers adipic acid, aminocaproic acid and
diaminohexane as & sole carbon souzce. Biochemical and physical characterization of
SQ4 tentatively suggests that the organism is a Pseudomonas species and according to
Stolp and Gadkari (1981), identification of an organism as an obligate aerobic Gram
negative with a single polar flagellum, glucose oxidizing, catalase positive and
cytochrome C oxidase positive, is sufficient to place it within the genus Pseudomonas.
Even though the cytochrome C oxidase test was the only test that was not performed,
the organism’s capacity to denitrify KNO, would seem to confirm this, since only a few
Gram negative obligate acrobes including Pseudomonas, Gluccnobacter, Alcaligenes,
Agrobacierium and Rhizobium are capuble f denitrification (Jeter and Ingraham, 1981).

This method was also used to isolate a filunentovs Gram positive organism, SQ5, that
seemed to use DBT as a sole sulfur source, Although light microscopy indicated that
the organism was a filamentous Gram positive, only detailed chermical analysis of the
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constituents of the cell wall particulary the diabasic amino acid, diagnostic sugar and
mycolates will help to determine the taxonomic status of this organism (Lechavalier,
1969),

4.2 Cloning genes of interest from SQ4

To extract genes of interest a chromosomal library of SQ4 had tu « + cuiit The first, a
BgllI library, was built in E. coli MM294 and transformants were screer - for genes
invnlved in the degradation of 10 different compounds including nylon menomers and
aromatic compounds, No positive transformants were recovered although this was not
too surprising since the pathway involved in the degradation of aromatic compounds
generally proceed via the intermediates catechol or protocatechuate and from there a
series of at least 5 different enzyme reactions are required before the compound enters
the tricarboxylic acid cycle (Gottschalk, 1986). Since E. coli X-12 is known not to
possess this pathway for the degradation of aromatic compounds, t:is wonld require
cloning of the genes for more than 5 enzymes on a single piece of DNA. The chances
of this occurring are very small even assuming that the genes involved are all clustered
together.

The degradation of the nylon monomers in Pseudomonas has been reported to proceed
via the pathway e-caprolactam to e-aminocaproate to adipic hemialdehyde to adipate to
succinyl-CoA (Naumova et al.), Although the chances of cloning a gene involved in the
degradation of one the nylon monomers seem better since it seems that only a single
enzyme reaction is required to convert adipate to succinyl-CoA, a compound familiar
to E. coli, no genes were cloned. Adipic acid seems to be the compound most closely
linked to an E. coli pathway since both aminocaproic acid and caprolactam are broken
down to this compound. One would therefore expect the gene/s involved in the
degradation of this compound to be cloned before any of the other genes.

Although no genes of interest were cloned, a simple experiment was done to see
whether the SQ4 Bglll library was represcntative. Results from this experiment
suggested that the library was under-represented since it only complemented 25% of the
auxotrophic mutations in an E. coli sirain, Although calculations indicated that the
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probability of a particular sequence represented in this library was at least 94%, there
are a number of reasons this figure could be misleading, These calculations assume a
random distribution of fragments, Digestion with restriction enzymes, however, is not
a random process since these enzymes cleave only at specific sequences within the
DNA. To produce a random distribution of fragments, techniques such as sonication of
DNA can be used. The advantage of this method, however, is offset by problems
resulting in the Jigation of the sonicated DNA, An alternative is partial digestion of the
DNA with an enzyme such as Sau3A which has a 4-bp recognition sequence. Although
this is also strictly not a random process because only specific sequences will be
recognized, the distribution of fragments will be more random than that produced by an

" egnzyme with a 6-bp recognition sequénce by virtue of the fact that there are more

restriction sites for the cnzyme with a 4-bp recognition site.

In the test to determine whether the Bglli library of SQ4 was representative, only the
lysA auxotrophy of £, roli strain RK4904 was complemented. The lysA mutation results
in cells defective for the enzyme diaminopimelate decarboxylase [E.C. 4.1.1.20] which
is responsible for the conversion of the meso-diaminopimelate to the amino acid lysine
(Bachmann, 19%0). Although the IysA gene fiom E. coif has been sequenced (Stragier
et al., 1983}, the number of restriction sites mapped for the lysA gene cloned from SQ4
was not sufficient to make a valid comparison of the similarity of the two sequences.
This result does indicate that $Q4 derived genes are expressed in E. coli althongh this
is not too surprising seeing that both are Gram negative organisms,

Screening for the genes of a particular enzyme are simplified if there is an easy way of
detecting the presence of that euzyme, This is the reason behind the chromogenic
method of Parke (1992) which detects key intermediates of the aromatic degradative
pathway, catechol and protocatechuate, by the addition of the compound p-toluidine to
the media. Therefore, instead of screening for the end result of a complete pathway, one
can screen for a particular enzyme in that pathway, for example, in the aromatic
degradation pathway one can screen for the enzymes responsible for the breakdown of
an arpmatic compounds such as phenol, p<hydroxybenzoate or m-hydroxybenzoate into
either catechol or protocatechuate, Since these reactions are carried out by single
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enzym# (Gotrschalk, 1986), the chances of cloning the gene for that particular enzyme
is much better, Another advantage of this method is that one is screening for a specific
enzymz with a kno' n function whereas when cloning by complementation one is
Inokir.g for the complementation of a specific mutation in any of a whole series of
enzymes. The degradation pathway for a number of aromatic compounds including
benzoate, m-hydroxybenzoate, p-hydroxybenzoate, vanillate, shikimate, benzene, phenol,
salicylute, anthranilate and naphthalene have been shown to proceed via either catechol
or protocatechuate. Catechol or protocatechuate is then degraded via either an ortio-
cleavage pathway (3-oxoadipate pathway) to succinate and acetyl-CoA or a meta-
cleavage pathway to pyruvate (Gottschalk, 1986), A slightly modified 3-oxoadipate
pathway has been shown to exist in Rhodococcus (Bruce et al., 1989).

Parke (1992) 1eported that p-toluidine did nr give a colour reaction with the
intermediates of the 3-oxoadipate pathway (@-carboxy-cis,cis-muconolactone, f-
ketoadipate, cis,cis-muconate and (+)-muconolactone). Other aromatics compounds that
did not give a colour reaction with p-toluidine were shikimate, quinate, anthranilate,
benzoate, benzylarine, 4-chlorobenzoate, p-coumarate, ferulate, p-hydroxybenzoate, D-(-
)-mandelate, L-(+)-mandelate, phenol, B-resorcylate, salicylate, syringate, terephthalate,
m-toluate, p-toluate and vanillate, The chromogenic detection system using p-toluidine
could therefore be used to screen for the genes involved in the degradation of a whole

range of aromatic compounds.

There have recenily been several reports of Rhodococcus genes that are expressed in E.
coli including a gene involved indigo pigment production (Hart et al,, 1992) and a
pitrile hydratase gene (Hashimoto er al, 1992), Since it seems that rhodococcal
promoters are recognized by E. coli, Rhodococcus genomic libraries maintained in £,
coli strains can be screened directly in their E. coli hosis for genes of interest. For
example, screening Rhodococcus libraries for genes involved in the degradation of
aromatic compounds can be simpiified if the screening of the library in E. coli is
performed in conjunction with the previously mentioned chromogenic detection method.

This circumvents the need to construct auxotrophic mmtants for complementation
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analysis and not only facilitates the sceening process but also reduces the time

involved.

A further use of this chromogenic detection method is the isolation and characterization
of straing with moutations in the pathway for degradation of aromstic compound.
Mutations in the aromatic degradation pathway affecting particulary the enzymes
responsible for the breakdown of either catechol or protocatechuate result in an
accumulation of either of these compounds around the cells with the mutations, This
accumilation can be deiected with the p-toluidine chromogenic detection technique since
these corapounds are normally excreted by the bacteriunt and this method can therefore
be used to isolate mutants with & defective aromatic degradation pathway. Most of the
Rhodecoccus strains have an aromatic degradation pathway since the majority of strains
in the Iaboratory can use either p-hydroxybenzoate or phenol as a sole carbon source
(E. Dabbs, personal communication). Since this pathway is involved in the degradation
of most aromatic compounds including those with a pollution potential such as the
substituted aromatic compounds, the ligninolytic compounds and the polycyclic aromatic
hydrocarbons, the characterization of this pathway is an essential step nceded to fully
understand the metabolism of aromatic compounds by Rhodococcus. Although it seems
that some of the Rhodococcus strains, for example DSM 1069, excrete either
protocatechuate or catechol into the medivm resulting in the formation of the brown
precipitate in the presence of p-toluidine (L. Dabbs, personal communication), this
method can still be used for screening of mutants if conditions are optimized to
distinguish between the wild-type and mutants (Parke, 1992), This chromogenic
detection system is therefore workable and should facilitate the cloning of genes
involved in the degradation of aromatic compounds. Also, with conditions optimized,
this system should help in the isolation of mutants blocked in the aromatic degradative
pathway.

4.3 Azo dye decolorization

Previous work regarding azo dye decolorization by Rhodococcus species has shown that
certain species are capable of decolorizing the sulfonated azo dyes Amido Black and
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Orange Il (Heiss ez al., 1992). DNA complementing a non-decolorizing mutant has been
cloned and a restriction map constructed (see Fig. 3). Previous work has shown that
removil of the BglH fragment resulied *n a loss of decolorization activity, Exonuclease
digestion of the fragment with Bal31 from the unique Notl or HindHI site of the
plasmid indicated that the proximal BglII site and the 2 Sful sites were an integral part
of the gene and that the loss of these sites was concurrent with the loss of decolorization
activiiy. This work has shown that the BglII fragment does not contain the intact gene
presumably because one or both of the BgIII sites cut into the gene. This correlates with
previous findings (Heiss ef al,, 1992) and suggests that either the gene is very large or
that it is part of a multicistronic operon with a promoter region required for gene
expression. Although an attempt to subclone the twa Sful fragments failed, this attempt
should be repeated because the 2 Sful sites conveniently bracket the Bglll site and the
fragment is large enough to contain the whole gene sequence. '

An attempt was also mads to extract a full-length clone from the ATCC 4277 library
using the intact pGSH2 as a probe. Unfortunately, pDA37 sequences from pGSH1
hybridized (o the ATCC 4277 chromosomal DNA and the intact plasmid could not be
used as a probe. A smaller PstI-HindIll fregment was then purified and used as the
probe but no hybridization was detected. This work was not pursued further.

The 50-bp “wgment from pGSH2 was removed and inserted into pUCIS as a
preliminary step to sequencing. Since the size of the insert is so small, this will simplify
initial sequencing attempts and sequencing of this small insert can serve as a pilot run
to much bigger projects. Incidentaily, since the ¢ i vector pUCLS presumably containg
no nocardioform related sequences, the pUCIR plasmids containing the 50-bp inserts
form pGSH2 can be used as & probe because there will not be problem with
hybridization to unwanted sequences.

A number of studies have implicated peroxidase activity in the decolorization of azo-
dyes (Pasti-Grigsby er al. 1992; Paszczynski er al., 1991), Peroxidases [E.C. 1.11.1.7]
are enzymes which are widely distributed in animals, plant and microorganisms and they
play an important role in the oxidation of a large number of aromatic compounds
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including recalcitrant substances (Kenneth and Tardone, 1988). Peroxidases of microbial
origih have been identified in a number of species including Escherichia coli
(Clairborne and Fridowich, 1979), Cemamonas compransoris (Nies and Schlegel, 1982),
Bacitlus stearothermophilus (Loprasert et al., 1988), Rhodopseudomonas capsulaia
(Hochmann and Shemesh, 1987) and various Streptomyzes species (Van Pée and
Lingens, 1985; Zeiner er al., 1988; Knoch e al., 1989; Ramachandra et al., 1988; Mikli
and Zinunermann, 1992), Peroxidases have been shown to be involved in Lignin
degradation (Mikli and Zimmermann, 1992; Ramachandra ef al., 1988) and azo dye
decoloiization (Pasti-Grigsby, 1992) in a number of Streptomyces species. No accounts
of peroxidase activity in Rhodococcus, & genus closely allied to the Streptomyces, have
been reported and since a number of Rhodococeus species are also capable of azo dye
decolorization and lignin degradation, these organisms may have a similar non-specific
mechanism responsible for the oxidative biodegradation of natural and xenobiotic
compounds.

Another non-specific mechanism used in the oxidative degradation of a wide variety of
compounds is the cytochrome P-450 enzymes. Cytochrome P-450s have been detected
in over 38§ bactetial strains distributed among 16 species that comprise 12 genera
(Asperger and Kleber, 1991). A number of reactions are mediated by these cytochromes
including hydroxylation or dealkylation of terpenes, cholesterol, atkanes and alkylaryl
ethers, selective hydroxylation of steroids, subterminal hydroxylation of fatty acids,
hydroxylation of macrolides and de-esterification, dealkylation or hydroxylation of rings
substituents in sulfonylurea herbicides (Asperger and XKieber, 1991). Morcover,
cytochrome P-450s have been detected in a number of nocardioforms including those
from Nocardia sp. NHI1 involved in the dealkylation of p-alkoxybenzoate (Cartwright
et al.,, 1971) and from R. rhodochrous involved in alkane oxidation (Cardini and
Jurtshuk, 1968). Therefore, the possibility that a non-specific enzymatic mechanism such
as peroxidase or cytochrome P-450 is present in some Rhodococcus species is very good
and play an important role in explaining the metabolic diversity of some the
nocardioforms. This should, as a matter of course, be investigated further.
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4.4 Dibenzothiophene utilization

An organism, isolated from soil using the direct selection method, scemed to grow better
on BSM plates with DBT as the sulfate source. Further physical and biochemical
characterization revealed that the organism was a filamentous Gram positive with a
characteristic orange/red pigraent produced on either MM or LA, Like most of the other
laboratory Rhodococcus strains, the organism was able to use phenol as a carbon and
energy source. In addition, sodium benzoate, catechol, cinnamyl alcohol, ethanol and
Tween-80 were also good carbon sources and in some cases seemed to be better than
glucose.

This organism was initially isolated because it seemed to be using DBT as a sulfur
source. Subseguent work was done with stock 3 minimal media minus MgSQO, and
growth with DBT as the sulfur source was compared with the positive control where
MgSO, was added and a negative control that did not have a sulfur supplement, Growth
in both the positive and negative controls were comparable and therefore conditions to
highlight the difference between the positive and negative controls had 1o be optimized.
‘When ethanol (0.2%) was used as the carbon source and NEH,CI (0.1%) as the nitrogen
source, the difference between the negatlve and positive controls was dramatic when
0.01% MgSO, was added to the positive control sample. Under these conditions, the
DBT seemed to be used as a poor sulfur source while the MgSO, appeared to be a
much beiter sulfur source.

Although the work presented here was preliminary, before it is continued, a fundamental
question should first be answered, Is the DBT itself and not a contaminant being used
as a sulfur source and if so by which pathway is it degraded? Several tec’ ‘ques have
been developed over the last couple of years o screen for organisms capable of
gegrading DBT (Krawiec, 1989). The first of these involves the presence of ’reducing
power” as an indication of a metabolically active state, Practically this can be done by
adding a compound such as 2,3,5-triphenyltetrazolium chloride (TTC) to the medium.
TTC is a colorless water-soluble compound that is reduced by metabolically active
organisms into a red-colored water-insoluble formazan compound (Bochner and
Savagean, 1977). Ward e¢ ¢l. (1988) have used this technique to find organisms capable
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of degrading DBT, Organisms which appear white on dilute yeast extract media and red
on dilute yeast extraci media supplemented with DBT were characterized further.

The second method, used in this work, is the sulfur starvation assay. Sulfur iz an
integral requirement for microorganisms since it is constituent in cysteine, methionine,
thiamine, pyrophosphate, coenzyme-A, biotin and o-lipoic acid (Gottschalk, 1988).
Organisms capable of desulfurization are selected in media devoid of any sulfur source
except that supplied by the compound of interest. Organism will therefore only survive
the selection if they are capable of desulfurizing the organic sulfur compound. This
method has been successfully used at the Institutz of Gas Technology in Chicago for
isolating a Rhodococcus rhodochrous IGTS8 strain capable of desulfurizing DBT
(Kayser et al,, 1993).

The third method makes use of the fact that one of the breakdown products of DBT
fluoresces under UV light. The compound o,0’-biphenol can be detected on defined
media by viewing under a UV light. The drawback to this method is that breskdown
products of DBT, 2-hydroxybiphenyl and dibenzosulfone, also flzoresce under UV light
and this method therefore gives an indication that some intermediates in the modified
48 pathway may be present.

All of the above techniques do not give conclusive answers and physical techniques
such as UV spectrophotometry, gas chromatography and HPLC have also been studied.
Both UV spectrophotometry and GC have limitations since certain breakdown products
cannot be resolved. HPLC can, however, resolve the compounds dibenzosulfoxide,
dibenzosulfone, 0,0"-biphenol, monohydroxybiphenyl, biphenyl and DBT and this,
therefore, is the method of choice in confirming the presence of reactants of the
extended 48" pathway (Wyza and Isbister, 1989).

Once it is known whether DBT is being used as a carbon source and whether or not the
carbon skeleton is oxidized in the desulfurization process, then the pathway can be
analyzed by creating mutants unable to desulfurize DBT. These mutants can also then
be used for cloning the genes involved by complementation. Although the taxonomic
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status of SQJ5 is uncertain, an attempt was made to transform this organisms with
several of the Rhodococcus plasmids to see whether any of the plasmids were
maintained, Plasmids, pDA37 and Bcl2 derived from R. erythropolis and pIGTS1
derived from R. fascians were used without any success. Before any cloning by
complementation can be done, a plasmid capable of replicating in SQ5 must first be
found. If no plasmid can be found, alternatives of using a broad host-range phage to
create a plasmid vector, similar to the strategy employed by Dabbs et al, (1990), must
be considered.

4.5 Bocillus transformations

An attempt was made to transform B. subtilis via the competent cell and the protoplast
method with an E. coli-Bacillus shuttle vector. No success wag achieved with the
competent ccll method presumably because of the fact that monomeric plasmids
transform ¢ells very poorly with this method (Hoch, 1991). The protoplast method was
also attempted with mixed success. The transformation protocol did not give a result but
when the standard nocardioform protocol was used with a number of smail
modifications, this method seemed to work fairly well. This ig not too susprising sesing
that this protoco! was developed from an original protocol for transforning
streptomycet=s. There is therefore no reason why this method should not work for any
Gram positive organism., ‘
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APPENDIX A

Media
LB
Tryptone ............ . 1%
Yeastextracl . ..covesn- 0.5%
NaCl......... veeesss 05%
LA
1B
Agar .......0000 eee.e 1.5%
L.BSG
1.B
Glycine ...coveuvvnrns . 3%
Sucrose ... .00 in s . 10.3%
TYG
Tryptong «..evneeve.ov 1%
Yeastextract . ..cov0... 0.5%
Giycine ......... ereas 2%
Top agar
Tryplone . ....coccvenes 1%
Yeastextract .......... 0.5%
ABAT . . vviiiniannnns 0.5%
10x A-N Buffer
KHPOIHO ......... 91.7g
KBPO, ....0coivvenin 26.8g
0 12018 VA 1.0g
Disifiled water to 1000ml
10x Stock 3
KHPO3H,0 ......... 9L.7g
KH,PO, ..... e 26.8g
Na,CH,0,.2H,0 ...... . 5.0g
MgSO, ......... veees L0g

Distilled water to 1000ml

Minimal media

For either A-N or stock 3 minimal media prepare 2Xx buffer and 2x agar,
Autoclave separately and add together after autoclaving, If necessary, glucose can
be autoclaved with the 2x agar solution and NH,ClI with the 2x buffer solution.
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Hugh and Leifson OF basal media
Tryptone .............
NaCl...........oov0s

Bromothymol blue ......
1000m1 distilled water

Denitrification media

MgSO, 7TH,O ..........
(NH).SO, . vvvnneeen.
Yeastextract ..........
KNO, ....... e ki

Agar ... oo iunn. Ve
1000l distilled water

pH 7.2
- Agarase gel solutions

5x TBE
TrhsHCl .............
boric acid .......
0.SMEDTApH 80 .....
Distilled H,O to 11

Tracking dye
glycerol inTE .........
bromophenol blue . ......

E. coli transformation solutions

|
|
|
|
} _ E. coli transformation buffer

ﬁ CaCl, ....... RN
_ : TrsHCI .............
e pH 7.5

2.0g
5.0g
0.3g
1.5%
0.03-0.08g

0.8g
0.2g
0.1g
0.5g
L.5g
3.0g
10.0g
1.0%
1.0g

54.0g
27.5g
20ml

30%

g_ Rhodocoecus transformstion solutions

Basal buffer

i 025 M TESpH7.2..... .
87.5ml sterile distilled water




e

Protoplast buffer
basal buffer ...... vesse 45ml
05% KH PO, ...... von SO0pl
IMCaCL2ZHO ... 0. 1251
Regeneration media
NaCl........... vee.. 09g
Yeastextract .. ........ 1.5g
Trypione .....ocvvnunan 3.0g
Sucrose ....... Pahaees 35.0g
Y . L15%
distilled water to 280m?

After these compounds have been added together iax a 500ml flask it is
microwaved until the sucrose hus dissclved, The flask is autoclaved at 121°C for
20 minutes, After the media has cooled to 60°C the following compounds are
added from stock solutions:-

MCaCl, ....... veee. Gml
0.5% KH,PO, ......... 3mi

10mg/ml Cycloheximide .. 1.5ml
10mg/ml Rifampicin . . . .. 0.9ml

Plates with a constant volume of about 22ml are poured and, once set, are air dried
for 2 days in a 37°C incubator.

Bacillus transformation solutions

MG

(NHD,S0, ...... Ve 2g
KHPO, ... .cvvvvanin 14g
KHPO, ....... svee.. Bg
Na,CH:0,2H,0 ....... 1g
MgSO, 7TH,O . ......... 0.2g

distilled water o 11

After autoclaving add 10ml sterile 50% glucose

SPI media

Add 0.02% casein hydrolysate to MG from a 3% stock
SPI media

Add (0.01% casein hydre.ysate to MG from a 5% stock
2x SMM

SUCIOSE ,+vvvsvsnneess IM

Namaleate ........... 40mM

MgCl v vvvinnnieinnnn 40mM

pH 6.5
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SMMLEB

Mix equal volumes of 2x SMM and 2x LB

PEG solution
Prepare 40% PEG 6000 in 1x SMM

DM3 regeneration media

Na succinate .......... 135g
Casamino acids ........ S.0g
yeastextract ,,........ 5.0g
KH,PO, ....c00.vvnen 1.5g
KPO,...... feesranan 3.5g
BEAT tihiiiiienaaaaan 8.0g
pH 7.2
distilled water to 950ml

Afeer autoclaving add:
20% glucose . ......un . 25ml
IMMgCL, ..... beranas 20ml
2% BSA ........... vo  S5ml

Gram stain reagents

Crystal violet
0.5% in sterile distilled water
Strong iodine
iodine ......o0000nn 10g
KE o iiiiiiiiiennes . 20g
distilled water to 11
Iodine-acetone
iodine ..... vererrres. 10g
KI (voviiiiiiinann N
distilled K,0 .......... 10ml

9% ethanol to 100ml

Todine-acetone decolorizer
Strong jodine .. ........ 3.5ml
Acetone . ..... 000... 965ml

Safranin
1% in sterile distilled water
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E. coli plasmid preparation solutions

Solution 1
glacose ........... .., S0mM
TrisHCl ........c.... 25mM
EDTA . ... v 10mM
pH 8.0
Solution 2
NaOH ........covenu 0.2M
1 1 S 1%
Solution 3
KAC v v vivinnnneni.. 24dg
distilled water to 600ml
~lacial acetic acid . .. ..., 115ml
distilled water ..... vre.  285ml

pH 5.8 | .

*sadococcus plasmid preparation solutions

1A
R ¢+ von  S0mM
. '-Cl ------------- ].OIDM
A RO .
Solution R
Tl.is.Hcl L B B I ) L30T T I ) 101nM
EDTA .. i i ernns 10mM
SDS ......... e 10%
pH 8.0
Solution C
NaAC.‘ll’.llliltlﬂi 4‘5M
pH 6.0
Y Southern blot solutions
e 20%x 8SSC
Y NaCl......cvunn ceese M
' sodivmcitrate ......... 03M
pH 7.0
Penaturing solution
‘- NaCl....ciiviivinens 1.5M
' NaOH ... v viiivennnn 0.5M
N
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Neutralizing solution

TasHCl .. .covnuvennn M
NaCl .. oiiiinninnnnn 1.5M
pH 8.0
Hybridization solution
20688C ... 20%
blocking reagent . ....... 0.5%
sodium lauroylsarcosine .. 0Q.1%
SDS .. it 0.02%
Washing solution 1
20x88C ... i 10%
SDS it 0.1%
Washing solution 2
20688C ... iha, . 0.5%
SDS .. i 0.1%
Buffe
TrisHCl .......... . 100mM
NaCl...... e 150mM
pH 7.5
Buffer 3
TrisHCl ...... Cevrena 100mM
NaCl............ v oer 100mM
MgClL oo v ieaae s 50mM
pH 9.5

E, coli B-galactosidase assay reagents

X-gal (5-bromo-4-chioro-3-indolyl-B-D-galactoside)
Prepare 20mgfml in dimethylformamide and store at -20°C wrapped in aluminivm
foil

IPTG (Isopropyithio-B-D-galactoside)
Prepare 2g in 8ml distilled water and sterilize by filtration. Store at -20°C,

Antibiotics and =ntifungal agents
Ampicillin (100mg/ml) 1.1 H;O:ethanol
Chloramphenicol (4mg/ml) ethanol
Cycloheximide (10mg/ml) water
Fusidic acid (10mg/rol) 1:1 H,O:ethanol
Nalidixic acid (10mg/ml) 1:1 H,O:ethanol
Rifampicin (10mg/ml) methanol
Spectinomycin (100mg/ml) ethanol
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Tetracycline (10mg/ml) methanol
Thiostrepton (10mg/mt) 1:1 H,O:ethanol
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APPENDIX B

Restriction map of pDA37
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Restriction map of pEcoR251

EC?HI

pEcoRZ51

3346 bp
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