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ABSTRACT 

A Pseudomonas strain, AI08, which was capable of detoxifying the herbicide acetochlor (2-

chloro-N-ethoxymethyl-6'-ethylacet-o-toluide) was isolated from soils. The microbe was 

isolated using a combination of batch culture enrichment techniques, phenotypic agar plate 

based assays and a qualitative bioassay for detecting acetochlor detoxification. With the aid 

of a bioassay developed specifically for the quantification of acetochlor concentrations, it was 

determined that over a 21 day period Al 08 was capable of detoxifying 20 % of the acetochlor 

present in a medium containing no other organic carbon and 53 % of the herbicide in a 

medium containing glucose and yeast extract at concentrations of 0.02 g.l-l and 0.005 g.l-l 

respectively. A fragment of A108 DNA was cloned in Escherichia coli which produced 

recombinant cells with both elevated acetochlor resistance and the ability to detoxify 15 % 

of the acetochlor present in a minimal nutrient medium (containing 0.02 g.l-l glucose and 

0.005 g.l-l yeast extract) over a 21 day period. Partial sequencing of the cloned A108 DNA 

revealed that it encoded an amino acid sequence with significant homology with the 

dihydrolipoyltransacetylase component of the pyruvate dehydrogenase complexes of 

Azotobacter vinlandii, E. coli and Alcaligenes eutrophus. Theories are proposed as to the 

possible biochemical mechanisms whereby expression of the dihydrolipoyltransacetylase gene 

of Al 08 in recombinant E. coli cells may function in the detoxification of acetochlor. 
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1 LITERATURE REVIEW 

1.1 Introduction 

The development of recombinant DNA technology is believed to ,be one of the most 

significant advances made in the history of cell biology. In the years immediately 

following the first successfully accomplished genetic engineering projects many researchers 

involved in crop improvement envisaged the production of crop varieties specifically and 

conveniently tailored with any of a virtually unrestricted supply of genes. It was soon 

realised, however, that ambitious objectives, such as the creation of crops capable of 

nitrogen fixation, could not be achieved until both improved recombinant DNA techniques 

were developed, and the depth of basic molecular genetic knowledge had increased. More 

modest ventures such as those involving the direct transfer of single dominant genes 

encoding herbicide resistance into crops, have contributed to a greater understanding of 

plant molecular genetics. This improved knowledge has in turn permitted the refinement 

of techniques for plant genetic manipulation. 

Large scale release of xenobiotic1 pesticides into the environment has occurred since the 

end of the second world war (Bartha, 1990). While many of these chemicals had prior to 

this time never been encountered by living organisms, most have been shown to undergo 

some form of metabolic transformation in at least a few members of every biological 

kingdom. Although in evolutionary terms 50 years is an extremely short period, it appears 

that the genetic systems of a variety of soil bacteria and fungi, either in isolation or as 

members of microbial communities, have developed the capacity to utilise many of these 

xenobiotic molecules as nutrient sources. The potential for bacterial genes which mediate 

. the degradation of xenobiotic herbicides in the soil to be used in the engineering of 

herbicide resistance in crops has been realised in a number of instances (Buchanan­

Wollaston et al., 1992; Maier-Greiner et al., 1991a; Stalker et al., 1988; Streber and 

Willmitzer, 1989). 

IDefined by Bartha (1990) as being "synthesised organic substances that are in their 
composition and/or structure foreign to the world of organic products created by biosynthetic 
processes:' 
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Because of the ongoing detection of herbicide residues in water supplies (Cartwrite et aZ., 

1991; Pimentel et al., 1991) there is genuine concern that the production of herbicide 

tolerant crops will contribute to environmental contamination by permitting the excessive 

use of herbicides (Goldberg et aZ., 1990; Hindmarsh, 1991). It has, however, been 

suggested that herbicide resistance derived from the incorporation into crop species of 

degradative genes which contribute to natural processes of herbicide mineralisation, could 

significantly decrease the environmental impact of increased herbicide application rates 

(Lyon, 1991). Also, the isolation of ge!les encoding herbicide degradation for purposes 

of crop improvement simultaneously makes these genes available for use in the production 

of microbial strains employable in the clean-up of herbicide contaminated soil and water. 

In order to provide a means of genetically engineering resistance in crops to the xenobiotic 

herbicide, acetochlor, the aim of this study has been the isolation of an acetochlor 

degrading soil bacterium and the cloning and partial sequencing of a gene encoding this 

herbicide's detoxification. 

1.2 Herbicide Usage in Agriculture 

Every year competition between crops and weeds for water, light and nutrients is 

responsible for seriously reducing the world's agriCUltural output (Mazur and Falco, 1989). 

In the USA alone annual crop losses due to weed infestations account for a twelve percent 

reduction in total agricultural productivity. Despite spending in excess of $2.8 billion on 

weed control this decreased productivity costs American farmers an estimated $49 billion 

per year (Pimentel et aJ., 1991),. Because of the ability to selectively kill almost any weed 

species without damaging crop species, it is not surprising that herbicide treatment is the 

method of weed control most often employed in modem agriculture. For example, in the 

USA 85 % of all pesticides applied to major crops are herbicides (LeBaron, 1990). The 

use of herbicides for controlling the proliferation of weeds has become such an integral 

part of modern agricultural practice that an estimated 35 % reduction in worldwide food 

production would occur if herbicide use was totally abandoned (Combellack, 1989). The 

employment of herbicides in weed control thus serves to significantly improve, at a 

reasonable cost, the quality and quantity of the world's agricultural output (Cork and 

Kreuger, 1991; Mazur and Falco, 1989). 
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There are, however, various commercial and ecological problems associated with the use 

of herbicides. One problem which decreases the commercial viability of many herbicides 

is that their use is restricted by the availability of tolerant crop species. Numerous 

instances exist in which herbicides that provide a broad spectrum of weed control cannot 

be used effectively because of their toxicity to crops (Lyon, 1991). While many herbicides 

do exist which selectively kill certain weeds without effecting the growth of certain crops, 

it is only very rarely that a herbicide is available which is selective enough to be used 

during the cultivation of a crop for the control of weed species closely related to the crop. 

A lack of tolerance among a few crop species to a particular selective herbicide may 

restrict its use when, for example, plants resistant to two different groups of herbicides are 

either grown in adjacent fields or in rotation with one another. Under these conditions 

herbicide drift between fields and herbicide carryover as a soil residue into the next 

growing season can seriously damage non-target crops. Farmers may, therefore, be 

compelled to use one of only afew, possibly unsatisfactory, herbicides (Lyon, 1991). 

A second difficulty encountered with herbicide usage is that there is a tendency among 

weed species to develop a degree of resistance following repeated exposure to herbicides 

such as paraquat and the triazines (leBaron and Gressel, 1982; Lehoczki et al., 1992). 

This problem is complicated by the fact that the established approach for developing new 

herbicides to deal with these pests, is becoming increasingly ineffective. While in the 

1950's the procedure of synthesising a chemical and screening it for herbicidal activity 

yielded one new herbicide for every two thousand compounds tested, by the 1980's the 

efficiency of this laborious process had decreased ten fold so that the examination of 

twenty thousand new chemicals was required to discover one useful herbicide (Lyon, 1991; 

Mazur and Falco, 1989). 

Lastly, the most serious consequence of widespread herbicide usage is probably the 

ongoing contamination of water supplies. Monitoring programmes in South Africa (Hasset 

et al., 1987) and other parts of the world where herbicides are widely used in agriculture, 

have revealed extensive herbicide contamination of both surface and ground-waters 

(Cartwrite et al., 1991; Pimentel et al., 1991). The possible health hazards posed by such 

widespread pollution will almost certainly lead to increased monitoring of agricultural 

chemicals in surface and ground waters and result in stricter regulations regarding both the 
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use of the herbicides detected and the maximum concentrations of these chemicals 

permissable in drinking water (Chesters et al., 1989). The result of increased 

governmental control over herbicide use will be to provide substantial commercial 

incentives for the development of strategies permitting the effective use of more 

environmentally acceptable herbicides (Gasser and Fraley, 1989). 

1.3 Genetic Manipulation of Crops and the Enhancement of Herbicide Effectiveness 

Genetic manipulation of crop species by means of selective breeding has been carried out 

since the dawn of civilisation. More recently, however, developments in recombinant 

DNA technology have made it possible to directly alter the genetic characteristics of crop 

varieties. Both breeding and recombinant DNA techniques have been used to improve the 

tolerance of crops to a variety of herbicides. Despite the fact that most of the successes 

in this area have been achieved using traditional breeding practices, there are a number of 

reasons why, in the foreseeable future, conventional plant breeding may be largely 

surpassed in importance by more direct genomic manipulations. Firstly, the biochemical 

mechanisms responsible for herbicide selectivity are often both well understood and 

governed by the inheritance of single dominant genes which may be conveniently 

transferred using current recombinant DNA techniques (Mazur and Falco, 1989). 

Secondly, the direct transfer of herbicide resistance genes can potentially yield herbicide 

resistant crops far more rapidly than conventional breeding programs. Lastly, recombinant 

DNA technology permits the transfer of genes between completely unrelated species thus 

enormously broadening the range of genes available for use in improving the resistance 

of crops to herbicides. 

Although ethical objections have been raised against the development of herbicide tolerant 

plants (Fox, 1990; Goldburg et al., 1990; Hindmarsh, 1991), there are many ways in 

which herbicide resistant crop varieties may be constructively employed to help overcome 

many of the problems encountered with herbicide usage. 

The most obvious requirement for increased herbicide resistance among crop varieties is 

to provide safeguards against crops being damaged by herbicides (Gasser and Fraley, 

1989). Improved herbicide tolerance in crops which permits greater flexibility of herbicide 
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dosages may be especially important during times of worsening environmental stress when 

certain usually resistant crop varieties become increasingly sensitive to herbicides (Mazur 

and Falco, 1989). 

The development of herbicide resistant crops may also provide solutions to the problem 

of herbicide tolerance that sometimes occurs among weeds following their long term 

exposure to certain herbicides. One simple solution would be to produce improved 

resistance in a crop which would then permit farmers to increase application rates in order 

to regain effective weed control (Mazur and Falco, 1989). A second solution would be 

to simultaneously transfer two genes providing resistance to two unrelated herbicides into 

a crop which could then be treated with both compounds. While this would decrease the 

probability of tolerance occurring among weeds, a sensible choice of the two herbicides 

could allow both to be applied at lower rates than if either was being applied alone 

(Mazur and Falco, 1989). A third solution would be to produce a crop variety that is 

resistant to a widely used herbicide against which tolerance in weeds is known not to 

occur. In fact, the cost effectiveness of providing a new market for an already established 

herbicide could compare very well with the price of either increased application rates or 

the development of a new herbicide (Comai and Stalker, 1984; Lyon, 1991). 

The production of a number of crop specles which are resistant to the same well 

established herbicides could allow farmers greater flexibility when selecting crop species 

for either rotations or double plantings (Mazur and Falco, 1989). Such broad crop 

tolerance could, by significantly improving herbicide selectivity, be employed to facilitate 

the use of herbicides that have wide spectrums of weed control, have short lifetimes in the 

soil, are effective at low application rates, do not leach from soils, are inexpensive and 

have no ill effects on non-target organisms in the environment (Burnside, 1992; Gasser and 

Fraley, 1989; Mazur and Falco, 1989). 

1.4 Types of Herbicide Resistance 

The sensitivity of an organism to any biocide is determined by the efficiency with which 

that biocide is able to interfere with cellular processes which are essential for the 

organism's survival. Like most other biocidal chemicals, herbicides function at the 
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molecular level by interacting with and disrupting integral comp<?nents of cellular 

metabolism (Hatzios, 1987). 

A number of mechanisms have been observed which may render organisms insensitive to 

the effects of herbicides. These include physiological barriers to herbicide uptake and 

translocation, alterations in the structure or production of herbicide targeted molecules and 

the expression of herbicide detoxifying genes. Because the toxicity of most herbicides is 

dependent upon their ability to bind with a specific receptor situated on either an enzyme 

or a structural protein, the basis of all these modes of resistance is the prevention of 

herbicide-receptor attachment. A fourth, more complex mechanism of herbicide resistance 

which has been observed involves the induction of metabolic pathways which actively 

reverse herbicide-induced cellular effects. 

The failure of transport systems to bring herbicide molecules into contact with their target 

sites may afford plants a high degree of herbicide tolerance (Hatzios, 1987). Section a in 

Table 1.1 provides examples of modifications in herbicide uptake, translocation or cellular 

compartmentalisation providing plants with herbicide resistance. 

A degree of herbicide tolerance is also displayed by plants and microbes containing 

herbicide targeted proteins which are either overexpressed (Donn et ai., 1984; Rogers et 

aI., 1983; Shah et aI., 1986a) or lack the appropriate herbicide binding sites (Comai et ai. , 

1983). While these forms of resistance occur naturally, they have also been artificially 

induced in cultured plant cells and microorganisms of interest in herbicide resistance 

studies (Mullineaux, 1992). Examples of plants and microorganisms displaying a high 

degree of herbicide tolerance by virtue of alterations in the structure or production of 

herbicide targeted proteins are presented in section b of Table 1.1. 
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TABLE 1.1. Examples of the mechanisms responsible for the provision of resistance a variety of 

herbicides in different plant and microbial species 

Resistance Mechanism Herbicide Resistant Organism Reference 

a. Altered Translocation, Atrazine Cucumis sativus Werner and Putnam, 1980 

Uptake or 
Compartmentalisation Glufosinate Hordium sp. Mersey el aI., 1990 

Glyphosate Liguslum japonicum Neal el al., 1986 

Paraquat Conyza line/ola Feurst el al., 1985 

b. Insensitive Target Atrazine Amaranthus hybrius Hirschberg and McIntosh, 1983 
Solanum nigrum Goloubinoff et al., 1984 

Chlorsulfuron Salmonella lyphimurium LaRossa and Schloss, 1984 
Arabidopsis lhaliana Haughn and Somerville, 1986 
Kochia scoparia Saari el al., 1990 

Glyphosate Salmonella lyphimurium Comai el al. , 1983 
Lolus corniculatus Boerboem el al., 1990 

Overproduced Target Glufosinate Medicago sativa Donn et al. , 1984 

Glyphosate Daucus carola Amrhein el al., 1983 
Pelunia hybrida Shah el al. , 1986a 

c. Detoxification Acetochlor Zea mays Breux, 1987 

Atrazine Zea mays Guddewar and Dauterman, 1979 

Bromoxynil VIOla arvensis Saunders and Pallett, 1'985 

Chlorsulfuron Solanum nigrum Hutchenson el aI., 1984 

2,4-D LoIUS corniculatis Davis, 1984 

d. Corrective Metabolism Paraquat Conyza canadensis Lehoczki et al. , 1992 

Dichlofop Lotium rigidum Holtum el al., 1990 
methyl 

Another mechanism resulting in herbicide tolerance is the occurrence in most organisms 

of metabolic pathways specifically aimed at the detoxification of harmful molecules. These 

pathways, by transforming the structure of herbicide molecules, may effectively prevent 

herbicides interfering with cellular activities. In plants the basis for the selective toxicity 

of most currently used herbicides is dependent upon differential rates of detoxification in 
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tolerant and sensitive species (Hatzios, 1987). Crop species resistant to particular 

herbicides by virtue of efficient detoxification pathways are shown in section c of Table 

1.1. 

Finally, tolerance to certain herbicides occurs in some plants due to corrective metabolism 

which is able to repair or reverse herbicide-induced cellular damage (Holtum et ai., 1990; 

Lehoczki et al., 1992). Because of its relative rarity and the potential complexity of the 

diverse mechanisms involved, this mode of resistance has not been extensively documented 

and is still poorly understood. Two examples which have been studied are listed in section 

d of Table 1. 1. 

1.S The Introduction of Herbicide Resistance into Plants Using Recombinant DNA 

Technology 

The only characteristics which may be conveniently transferred using current recombinant 

DNA techniques are those which are determined by one or, at most, a few dominant 

genes. Because of both the monogenic inheritance of certain herbicide resistance genes 

and the relative ease with which transformants containing such genes may be isolated, the 

engineering of herbicide resistance was one of the first areas in which recombinant DNA 

techniques were successfully applied (Mazur and Falco, 1989). Being dependent on the 

use of dominant genes, attempts to engineer herbicide resistance in crops have focused 

almost exclusively on the transfer of genes coding for either altered catalytic enzymes 

targeted by herbicides or detoxification enzymes (Comai and Stalker, 1984). 

The first successful incorporation of a herbicide resistance gene into a crop variety using 

recombinant DNA technology was achieved by Comai and coworkers who, in 1985, 

transferred a glyphosate resistance gene from Salmonella typhimurium into tobacco 

(Nicotiana tabdcum). The primary target of the herbicide glyphosate is the enzyme 5-

enolpyruvyl-shikimate-3-phosphate synthase (EPSPS) which is involved in aromatic amino 

acid synthesis. A mutant form of S. typhimurium's aroA gene, encoding an overexpressed 

and glyphosate insensitive EPSPS . was used to supply transgenic tobacco plants with 

increased glyphosate resistance. 
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The feasibility of a plant obtaining substantial herbicide resistance through the acquisition 

of a foreign gene encoding a herbicide detoxifying enzyme was first 4emonstrated by 

DeBlock et al. (1987). By incorporating into tobacco, potato and tomato a Streptomyces 

hygroscopicus gene encoding an acetyl transferase which specifically detoxified the 

herbicide glufosinate, DeBlock and coworkers were able to supply these plants with a high 

degree of glufosinate resistance. Examples of other successful genetic engineering projects 

that have aimed at providing crops with herbicide resistance are listed in Table 1.2. 

Recently, genes from both tomato and pea, encoding CU,Zn superoxide dismutases 

functional in oxidative stress defence, have been transferred into potato and tobacco 

respectively. These genes have been observed to provide the transgenic plants in which 

they were expressed with slightly increased tolerance to the superoxide generating 

herbicide, paraquat (Perl et al., 1993; Gupta et al., 1993). Research in this area has, 

however, not been concerned with the production of paraquat resistant cr()ps but has rather 

aimed at the investigation of how different levels of superoxide dismutase expression 

protect cells from oxidative stresses in general. Because transferred genes encoding 

corrective metabolism are unlikely to provide a practical means of engineering useful 

levels of herbicide resistance in crops, they will not be considered as potential herbicide 

resistance genes in this review. 

1.5.1 Considerations when Selecting a Mechanism for Engineering Herbicide Resistance 

A number of factors should be considered before deciding whether either an altered 

herbicide target gene or a herbicide detoxifying gene should be isolated for use in a crop 

improvement project. If use is to be made of an altered target gene it is necessary to 

determine whether enough information is available on the herbicide's mode of action to 

facilitate isolation of the gene. The reason for this is that, unlike the detoxifying enzyme 

approach, the altered target approach to engineered herbicide resistance cannot be used 

until the biochemical site of action of the herbicide has been identified and characterised 

(Lyon, 1991; Oxtoby and Hughes, 1989). Apart from this information being essential for 

isolating the altered target gene required, it also indicates, firstly, whether or not the 

herbicide has more than one target and, secondly, whether the herbicide targets a catalytic 

or a non-catalytic protein. An attempt to engineer resistance to a herbicide which has 



TABLE 1.2. Genes encoding herbicide resistance, their sources and the crops into which they 

have been successfully transferred 

Mechaniam of Herbicide Source of aene Gene Tl'lUllferred Recipient Reference 

Engineered Plant 

Reaiatance 

Altered Taraet Glypboaate Salmonella Mutant aroA (cod in, for Tobacco Comai ", aI., 1985 
Iyphimurium EPSPS) Tomato Fillatti ", aI. , 1981 

Poplar Fil1atti ", aI .. 1988 

Mutant al'OA·tl'lUllit ~ Tobacco Lanon·KeUy ", aI. , 1988 

fuaion' 

Escherichia coli Mutant aroA·tl'lUllit aequcDCe Tobacco Della-Cioppa "I aI .. 1981 

fuaion' 

P"lwtia hybrida Gcne codina for EPSPS <A Petunia Shah "I aI. , 1986& 

Sulpbonylurea Nicoliana tabacum SuRB-H..{codina for mutant Tobacco 
berbicidea aceto1actate lyntbMe) 4 Tomato Mazur ", aI . • 1981a 

ArabiJopsis csrl (codin. for a mutant Tobacco Haulbn e/ aI., 1988 
lhaJiana aceto1actate oyntbMe) 4 Flax McHu,bcn, 1989 

Poplar Brui1eiro ", aI. , 1992 
SUiar beet O'HaUuin ", aI. , 1992 
Chicory Vermeulcn ", aI., 1992 

Bra.ssU:a ""Pus aluzslr (cod ina for a mutant Tobacco Brucite ", aI., 1994 
aceto*- oyntbMe)4 

lmidozotiDcme ArabiJopsis imrl (codina for a mutant Tobacco Hattori "I aI., 1992 
berbicidea IhaJiaM aceto*- oyntbMe)4 

Atrazine Amaranlluu psbA (cod ina for Q. proteiD)- Tobacco Cheung et aI. , 1988 
hybrius' tI'IUIIit oequcnce ru.ion· 

50'-- nigTVlfl ' psbA Soyabeanl liu ", aI. , 1990 

G lufoaiDate MtJicago saliva Gene codina for GlutamiDe Tobacco Eckea ", aI .. 1989 
oyntbeaoe< 

Aaulam EscItericIUa coli I suJl (cod ina for Tobacco GueriDeau ", aI., 1990 
dihydropteroate oyntbMe)-

tI'IUIIit aequcDCe ru.ion· 

Norfluruoa ErwiIti4 urt!idovora crrl (codina for phytocne Tobecco Miaawa "I aI. , 1993 
deaalurue) -

Detoxification Glufoainate SlTeplDlltycu bar (cod ina for a Tobecco 
hygl'Oscopicus pboaphiDolhriciD acetyl Potato 

tI'IUIIferue) < Tomato DeB\OC:k ", aI .• 1981 
A1fa1(a O'HaIIuiD e/ aI., 1990 
Maize Gonlon-K.mm,,' aI .. 1990 
Caulit10wer MuItIloJ*Ihyay ", aI.. 1991 
Rice Cao e/ aI. , 1992 
Poplar De Villard, 1992 
Wheat V .. ii e/ aI . • 1992 
TaU feecu WUIJ e/ aI., 1992 
Suprcue CbowdhuryllDli Vuii. 1992 
0... Somen eI aI., 1992 
Pea R.-eU '" aI., 1992 

SlreplOrttycu pat (cod ina for Tobacco WobUeben "I aI., 1988 
viridochl'O""'8_ PboaphiDothricia acetyl A1fa1(a Donn el aI .. 1990 

tI'IUIIferue) < Carrot Oro.e ", aI .. 1992 

10 



TABLE 1.2. (Cont.) 

Mechanism of Herbicide Source of gene Gene Tnonafernd Recipient 

Engineered Plant 

Reaiatance 

Detoxification Bromoxynil Klebsiella bm (coding for a bromoxynil Tobacco 

ozamae' specific nitrilue)' 

2 .4-D Alcalig"""" tfdA (coding for a 2.4D Tobacco 

eulrophusl monooxygenue)' Cotton 

Dalapon Pseudomonas deAL (coding for a TolIIICco 

pulida debalogenue) 

Cyanamide MyrolJtecium call (codiDa for Cyanamide TolIIICco 

veI'P'UCtu1IJ hydratueY 

• Chloroplut tnuIIit oequence from a ribulooebiapboophate carboxy1ue (RuBiaCo) mW1 .ubunit ,eDe. 
• ChIoroplut tnuIIit oequence from the EPSPS gene of petunia. 
, Chimeric ,ene construct containing the Cauliflower Moeaic Virua 35. promoter. 

• Gene tnuIIfernd together with ita native tnuIIit oequence. 

• Gene isolated from the chloroplaot genome. 
I Gene tnuIIfernd directly into chloroplaot genome. 

I Gene isolated from a naturally occurring p1umid. 

Reference 

Stalker eI al .. 1988 

Streber and Willrnitzer. 1989 

Lyon el al .. 1989 
Bayley el al .• 1992 

Buclwwl-Wolluton el al . . 

1992 

Maier-Greinerel al .• 1991. 

• Chimeric gene construct containing the Ii,bt inducible promoter and tnuIIit oequencc of the RuBiaCo .maIl .ubunit gene from tobacco. 

11 

more than one target would, at present, be impractical using genes encoding altered 

herbicide targets because it would require the isolation and transfer of more than one gene. 

Similarly, attempting to engineer herbicide resistance using genes coding for altered 

proteins with no catalytic function would be ineffective because these genes are not 

dominant (Comai and Stalker, 1984). For example, efforts to engineer resistance in 

tobacco to the photosynthesis inhibiting herbicide, atrazine, have met with little success 

using a gene from Arabidopsis thaliana which encodes an insensitive form of this 

herbicide's target; a thylakoid membrane polypeptide component of the photosystem II 

complex known as the quinone binding or Qa prQtein. The reason that this gene provided 

only a marginal improvement in resistance in transgenic plants was that these plants 

produced both the sensitive native and the insensitive foreign forms of the Qa protein. It 

was probable, therefore, that a substantial proportion of the photosystem II reaction centres 

in transgenic plants contained the sensitive native form of Qa. In the presence of atrazine 

these reaction centres would have become inoperative once the Qp they contained became 

bound to molecules of the herbicide (Cheung et al., 1988). 

Another factor when considering the altered target mechanism approach to engineered 

resistance is that the exact cellular location of herbicide targeted enzymes is significant. 

Because of compartmentalisation within eukaryotic cells it will often be necessary when 
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working with altered target resistance genes to splice them into DNA sequences encoding 

transit peptides which will direct their enzyme products to the correct cellular 

compartments (Cheung et ai., 1988; Oella-Cioppa et ai., 1987; Guerineau et ai., 1990). 

In this regard, the quality of the glyphosate resistance in transgenic tobacco achieved by 

Comai et ai. (1985) was relatively poor since the introduced gene's product, EPSPS, was 

cytoplasmically active while the native enzyme functioned within chloroplasts. In vitro 

studies carried out by Della-Cioppa et al. (1987) demonstrated that the transcription of a 

mutant Escherichia coli gene encodin~ a glyphosate resistant EPSPS which had been 

attached to the transit sequence of the petunia (Petunia hybrida) EPSPS, yielded a stable 

herbicide insensitive enzyme which was proteolytically processed to release the transit 

peptide following its transportation into chloroplasts. In order to improve on the degree 

of glyphosate resistance achieved by Comai et al. (1985), Larson-Kelley et al. (1988) 

constructed a chimeric gene containing a mutant S. typhimurium aroA gene, the first 72 

base pairs of the spinach (Spinacia oleracea) ribulosebisphosphate carboxylase (RuBisCo) 

small subunit gene and the RuBisCo small subunit gene's chloroplast transit sequence. 

Upon insertion of the construct into tobacco, glyphosate resistance improved due to 

successful importation of the foreign EPSPS into the plant's chloroplasts (Larson-Kelly et 

ai., 1988). In instances where it is exceedingly difficult to direct altered herbicide 

insensitive enzymes to their correct cellular locations (such as when the enzymes occur in 

two different cell compartments), the only practical means of engineering resistance will 

be through the use of either detoxifying genes or altered plant target genes already carrying 

the appropriate transfer sequences (Haughn et al., 1988). The appeal of the detoxification 

approach under such circumstances is that herbicide resistance is achievable through 

detoxification in the cytosol irrespective of where the herbicide's target resides (Comai and 

Stalker, 1984). 

A final consideration when altered plant target genes are to be used for engineering 

herbicide resistance is that it may be necessary to determine whether their expression is 

tissue specific. Due to the occurrence in eukaryotes of multiple copies of certain genes 

encoding isoenzymes, the expression of all but one of the genes may be suppressed in any 

particular tissue. During efforts to introduce glufosinate resistance into tobacco using an 

altered glutamine synthetase (GS) gene from alfalfa (Medicago sativa), it was found that 
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transgenic plants were only glufosinate resistant if the herbicide was applied to their roots 

and not th~ir foliage (H. M. Goodman, unpublished data; cited by Mazur and Falco, 

1989). Mazur and Falco (1989) have proposed that this differential resistance could be 

explained if, as is the case with Phaseolus vulgaris, there are multiple copies of GS genes 

within the tobacco genome. In this case it might have meant that because the regulatory 

region of the transferred alfalfa gene resembled that of the gene encoding a GS isozyme 

expressed in tobacco roots but not tobacco leaves, resistance afforded by the gene was 

restricted to the root tissues. In order to obtain whole plant resistance in this system it 

would therefore be necessary to either transfer several different GS genes or create an 

altered constitutively expressed alfalfa GS gene. 

As is the case with the use of genes encoding altered herbicide targets, when planning the 

incorporation of genes encoding herbicide degradation into plants there are also a number 

of factors which require consideration. One of these being that the toxicological properties 

of metabolites produced during herbicide breakdown need to be taken into account. In 

some cases it may be observed that the primary breakdown products in a herbicide 

degradation pathway are either toxic themselves or they cannot be properly metabolised 

and therefore accumulate to toxic levels in plant cells. When use is made of a gene 

encoding the first step of such a pathway, these initial degradation products, by virtue of 

either their intrinsic toxicity or the toxic effects of their accumulation in plant tissues, will 

~reat1y diminish the gene's resistance value. In such cases either the gene must be 

discarded and a more desirable one sought, or the gene should be transferred in 

conjunction with genes encoding further steps in the degradation pathway (Comai and 

Stalker, 1984). 

Another point which should be kept in mind when use is made of detoxification genes for 

engineering herbicide resistance, is that foreign degradative enzymes may possibly 

interfere with native plant metabolic processes (Comai and Stalker, 1984). In this regard, 

Stalker et al. (1988) took preemptive steps to avoid any likelihood that a bromoxynil 

resistance gene from Klebsiella ozaenae would interfere with the native metabolism of 

transgenic tobacco plants expressing the gene. These researchers linked a gene encoding 

bromoxynil degradation to a specifically inducible promoter. Because bromoxynil is a 
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photosystem II inhibiter it was correctly predicted that in order to achieve bromoxynil 

resistance, degradation of the herbicide need only occur in cells contain.ing chloroplasts. 

The promoter selected by Stalker et ai. (1988) was that of the tobacco light-inducible, 

tissue-specific RuBisCo small subunit gene. In herbicide resistant transgenic plants the 

promoter effectively restricted the production of bromoxynil degrading enzymes to the 

photosynthetic tissues. 

A final factor which should be considered when attempting to use genes encoding herbicide 

detoxification as herbicide resistance genes, is that the rate at which detoxifying enzymes 

are able to degrade herbicide molecules may be of importance. Because of the low 

affinities between herbicides and many of their degradative enzymes, in many instances 

a substantial proportion of herbicide molecules will only be detoxified after extensive lag 

periods (Comai and Stalker, 1984). An essential variable determining the degree of 

tolerance displayed by plants to many herbicides is the rate at which their natural 

detoxifying systems are able to function (Hatzios, 1987). Comai and Stalker (1984) have 

suggested that unless the affinities of many degradative enzymes for their corresponding 

herbicides are improved through mutagenesis they will be unable to function efficiently in 

the provision of resistance. It has, however, been demonstrated during the engineering 

of bromoxynil resistance (Stalker et al., 1988) and glufosinate resistance (DeGreef et al., 

1989) in tobacco, that very low levels of expression of detoxifying genes were sufficient 

to provide plants with herbicide resistance at rates recommended for agricultural 

application. While complete resistance to bromoxynil at its recommended application rate 

was conferred by genes giving rise to detoxifying enzyme levels between 0.01 and 0.0007 

percent of total cell protein (Stalker et al., 1988), transgenic tobacco containing glufosinate 

degrading enzymes at levels between 0.1 and 0.001 percent of total cell protein were 

resistant to glufosinate at four times its recommended application rate (DeGreef et al., 

1989). This indicates that there may be a permissable degree of flexibility regarding the 

herbicide degradation rates that will provide plants with herbicide resistance. 

The consensus among most workers using recombinant DNA technology for the 

improvement of herbicide resistance in crops, is that the introduction of herbicide 

degrading genes is the most promising approach to engineering agriculturally useful levels 
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of herbicide resistance. Because of the various considerations discussed, it will in most 

cases be more difficult to successfully engineer resistance to herbicides when using genes 

encoding altered herbicide targets than when using genes encoding herbicide degrading 

enzymes (Comai and Stalker, 1984). Also the degree of resistance afforded transgenic 

plants by altered target genes has generally been lower than that ac;:hieved by introducing 

detoxifying genes. Although significant improvements in herbicide tolerance have been 

achieved using both types of resistance gene, the use of detoxifying genes has been the 

more successful with regard to the production of transgenic plants with resistance to 

herbicides applied at their maximum recommended dosages (Table 1.3). 

TABLE 1.3. Improvement in herbicide resistance in crops achieved through recombinant DNA 

technology 

Mecbaniam of Herbicide T ...... ,CDic Improvemem Recommc:aded Tole.....,c· Rcferenceo 
ReoialaDcc Plant in ReoiolaDc:e Application Rate (kc.bedan;') 

(fold) (k,.bedan;') 

Altered Tar.et Glypboaate Tobacco -• 0.3-2.2 0 .6 ConW ttl aI., 1985 
Tomato - 0.3-2.2 0 .8 Fi1Ialli el aI. , 1987 
Petunia 4.0 0.3-2.2 0 .9 Shah el al. , 1986& 
Tobacco 0 .3-2.2 1.3 Lanon-Kelly el aI., 1988 

Chlonulfuron Tobac<:o 1000 0 .004-0.026 0 .032 Mazur t!I aI., 1987a 
Flax 0 .004-0.026 0 .012 McHuaben and Holm. 1991 

260 0.004-0.026 0 .020 McSheffrey el aI., 1992 

Atrazine TobtIcco 1.3 1.S-2.6 - CbCIllll el aI. ,1988 

GlufoeiDate Tobacco 20 1.0-2.0 <2.0 Eckeo el aI., 1989 

DetoxificatioD G1ufoeiDate TobtIcco - 1.0-2.0 4 .0 DeBlock el aI. , 19 ' 7 
Alfalfa >40 1.0-2.0 1.6 D' Hallu.in el aJ .. 1988 
Suaar beet - 1.0-2.0 1.2 D'HailuiD et ai" 1990 
Poplar - 1.0-2.0 4 .8 De Villard, 1992 

Bromoxynil Tobacco >100 0.4-0.6 4.5 Stalker el aI., 1988 
- 0.4-0.6 7 .0 Frey .. inet el aI .. 1989 

2,4-0 Tobacco >30 0.3-2.3 10.0 Streber and Willmitzer, 1989 
10 0.3-2.3 0.7 Lyoo el aI., 1989 

CotlDa 900 0.3-2.3 I.S Bayley t!I aI.. 1992 

• Hi.beat meuured herbicidc doaqc at which the .rowth and developmeot of tnMleoic: plmll remaiua UDatTected. 
• No information available. 
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1.5.2 Isolation of Herbicide Resistance Genes 

Of primary importance in any project aimed at the improvement of herbicide tolerance in 

plants is the availability of a suitable source of resistance genes. These may originate from 

plants or microbes either with preexisting resistance or which, through prolonged exposure 

to herbicides, have developed a degree of herbicide tolerance (Comai and Stalker, 1984). 

Possibly because of the relative ease with which their genes can be manipulated, 

microorganisms have provided most of the foreign herbicide resistance genes currently 

expressed in genetically engineered crops (Table 1.2). However, the production and 

processing of certain complex bacterial proteins (such as oligomeric enzymes) by plant 

cells may be problematic. In bacteria, for example, the enzyme acetolactate synthase 

(ALS) which is targeted by sulphonylurea and imidoazolinone herbicides, comprises at 

least two individually translated subunits (Eoyang and Silverman, 1984; Schloss et al., 

1985). It has been suggested that achieving the correct expression and assembly of active 

microbial ALS's in transgenic plants would be incredibly difficult (Mazur and Falco, 

1989). Therefore, from the perspective of engineering sulphonylurea tolerant crops, the 

value of genes from bacteria encoding herbicide insensitive forms of ALS could be very 

limited (Mazur and Falco, 1989). It is for this reason that Mazur et al. (1987a) and 

Haughn et al. (1988) made use of mutant ALS genes from plant sources for the' 

development of sulphonylurea resistant tobacco. 

The procedures followed for the isolation of herbicide resistance genes have depended 

upon whether the genes coded for altered target or detoxifying enzymes. In order to 

indicate some of the techniques involved in the isolation or construction of herbicide 

resistance genes, the methods employed in obtaining ' most of the genes successfully 

. transferred into, and expressed in, crops (Table 1.2) will be briefly discussed beginning 

with the altered target resistance genes. 

While altered herbicide target genes have been isolated from naturally occurring herbicide 

resistant organisms (Guerineau and Mullineaux, 1989; Hirschberg and McIntosh, 1983; 

Misawa et al., 1990), they have also been isolated from normally sensitive plants or 

microbes which have been specifically selected for imprOVed herbicide resistance (Comai 
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et al., 1983; Haughn et al., 1988). As an alternative to their isolation, altered herbicide 

target resistance genes have also been constructed in vivo. This has been achieved by 

coupling genes encoding herbicide sensitive enzymes to promoters which have ensured 

their overexpression in transgenic plants (Eckes et al., 1989; Shah et aZ., 1986a). 

Naturally occurring genes encoding herbicide insensitive target enzymes have been isolated 

for use in the transfer of asulam, atrazine and norflurazon resistance into crops. Asulam, 

a sulphonamide herbicide, functions b~ inhibiting dihydropterate synthase (DHPS), an 

enzyme involved in the synthesis of folic acid. The sull gene, encoding a sulphonylurea 

resistant DHPS, was obtained from the antibiotic resistance plasmid R46. During efforts 

to produce a physical and genetic map of R46 the gene was localised to a 1.4 kilobase 

(Kb) region of DNA (Brown and Willetts, 1980). A 2.8-Kb fragment of R46 containing 

the sull gene was first cloned into pBR322 and then sequenced (Guerineau and 

Mullineaux, 1989). 

An atrazine resistance gene, psbA, encoding a Qp protein insensitive to this herbicide was 

obtained from the chloroplast genome of a naturally atrazine resistant Amaranthus hybrius 

strain. The chloroplast DNA of A. hybrius was digested with EcoRI, electrophoresed and 

blotted onto a nitrocellulose membrane. Following identification of a 3.68-Kb restriction 

fragment carrying the Amaranthus psbA gene using the maize psbA gene as a probe, the 

fragment was cloned in pBR322 (Hirschberg and McIntosh, 1983). 

The Erwinia uredovora gene encoding a naturally norflurazon insensitive carotenoid 

biosynthetic enzyme, phytoene desaturase, has been transferred into tobacco and shown 

to provide elevated levels of norflurazon resistance in transgenic plants (Misawa et aZ., 

1993). The gene, cnl, was isolated during the course of a study to elucidate the 

carotenoid biosynthetic pathway of E. uredovora. An E. uredovora genomic library was 

constructed in E. coli DH-l using the cosmid vector, pIB8. E. coli cells infected with 

recombinant pIB8 DNA carrying the entire carotenoid biosynthetic gene cluster were 

identified by virtue of the fact that expression of the carotenoid biosynthetic genes resulted 

in colonies with yellow pigmentation. One of the plasmids isolated from cells containing 

the complete gene cluster was partially digested with Sau 3A and recloned into pUC19. 
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Recombinants containing the entire compliment of carotenoid biosynthetic genes where 

again identified according to the yellow pigmentation of their colonies. Of 50 positive 

recombinant plasmids encoding carotenoid biosynthesis which were examined, the smallest 

insert found which enabled transformants to synthesise the full complement of carotenoids 

produced by E. uredovora, was 8.2-Kb in size. Subcloning localised the gene cluster to 

a 6.9-Kb HindIII-KpnI fragment. The 6.9-Kb fragment was sequenced to reveal six open 

reading frames. By first constructing 14 different plasmids containing deletions in one or 

more of these open reading frames and then examining the end products of carotenoid 

biosynthesis produced by these deletion mutants, the cnlopen reading frame was identified 

(Mfsawa et al., 1990). 

Mutant organisms have been isolated in which binding of the herbicides glyphosate and 

sulfometuron methyl (a sulphonylurea herbicide) to their respective target enzymes, is 

prevented. These mutants have been used as sources of glyphosate and sulfometuron 

methyl resistance genes. Comai et al. (1983) were able to isolate a mutant Salmonella 

typhimurium strain which was highly resistant to glyphosate by subjecting a sensitive strain 

to two cycles of chemical mutagenesis interspersed with selection at high concentrations 

of the herbicide. The mutant strain's glyphosate insensitive EPSPS gene, aroA, was then 

isolated by constructing an S. typhimurium genomic library in an aroA deficient mutant 

E. coli strain and selecting for the mutant aroA' s presence by complimentation on an 

aromatic amino acid deficient medium. Following selection of aroA positive transformants 

it was possible to show that they possessed an elevated degree of glyphosate tolerance. 

It was demonstrated that two distinct mutations were responsible for the resistant 

phenotype. The first mutation, providing a low level of glyphosate resistance, was traced 

to the aroA promoter and was responsible for increasing the gene's expression. The 

second mutation, producing a substitution of serine by proline at residue 101 of the EPSPS 

enzyme, decreased the ability of glyphosate to bind with the enzyme (Comai et al., 1983). 

Mutations in the acetolactate synthase (ALS) genes of E. coli, S. typhimurium and the 

yeast, Saccharomyces cerevisiae, have been extensively studied with regard to the 

resistance they provide to the sulphonylurea herbicides (Falco and Dumas, 1985; LaRossa 

and Schloss, 1984; Yadav et al. , 1986). The yeast gene encoding ALS was isolated from 
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a gen.omic library c.onstructed in a high C.oPy number yeast plasmid cl.oning vect.or. 

F.oll.owing transf.ormati.on .of yeast cells with rec.ombinant plasmids, cells harb.ouring 

amplified ALS genes were is.olated by selecting f.or their elevated resistance t.o I.oW 

c.oncentrati.ons .of sulf.ometur.on methyl (Falc.o and Dumas, 1985). Using the yeast ALS 

gene as a heterol.og.ous pr.obe it was possible t.o is.olate the Arabidopsis thaliana and 

t.obacc.o wild type ALS genes (Mazur et al., 1987b). Tw.o approaches were used t.o .obtain 

mutants .of these genes which W.ould encode sulph.onylurea resistance. The first, empl.oyed 

the wild type plant ALS genes as a probe f.or the detecti.on .of mutant ALS genes from the 

gen.omic libraries .of mutant sulph.onylurea resistant t.obacc.o and A. thaliana strains (Falc.o 

et aJ., 1989; Lee et ai, 1988). The sec.ond approach drew .on inf.ormati.on .obtained during 

the study .of resistance mutati.ons in yeast ALS genes, and c.oncentrated .on the producti.on 

.of mutant herbicide resistant t.obacc.o ALS genes by site directed mutagenesis (Falc.o et al., 

1989). 

The in vitro c.onstructi.on .of glyph.osate and gluf.osinate resistance genes has been 

acc.omplished by c.oupling genes encoding enzymes sensitive t.o these herbicides t.o 

pr.om.oters which will ensure their .over-expressi.on. In a three-stage is.olati.on procedure 

Shah and c.o-w.orkers (1986a) were able t.o isolate a petunia (Petunia hybrida) EPSPS gene 

f.or use in the c.onstructi.on .of a glyph.osate resistance gene. Since it was kn.own that 

cultured plant cells selected f.or glyph.osate resistance .overproduced EPSPS (Amrhein et 

al., 1985), the first stage .of the is.olati.on inv.olved the selecti.on .of a gl yph.osate resistant 

petunia cell line c.ontaining EPSPS enzyme c.oncentrati.ons 20 times higher than n.ormal. 

The EPSPS enzyme produced by the cell line was purified and its N-terminal amin.o acid 

sequence was determined by microsequencing. In the sec.ond step .of the is.olati.on 

procedure three sets .of .olig.onucleotide pr.obes were synthesised using the microsequencing 

data and tested f.or their ability t.o hybridise with n.orthern bl.otted RNA isolated fr.om the 

EPSPS .overproducing cell line. The .olig.onucleotide displaying the highest degree .of 

h.om.oI.ogy was selected as a pr.obe and used t.o identify a partial EPSPS cDNA cl.one. In 

the last is.olati.on step this partial cl.one was used as a probe f.or the identificati.on .of a 

c.omplete petunia EPSPS cDNA cl.one and its 226 base pair chl.oroplast transit sequence. 

Glyph.osate resistance was .obtained by c.oupling this gene t.o the Caulifl.ower M.osaic virus 

35s pr.om.oter which, upon expressi.on in transgenic petunia plants, resulted in a 20 f.old 
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increase in active EPSPS concentrations within the plant's chloroplasts (Shah et al., 

1986a). Additional herbicide resistance has since been achieved through mutation of the 

overexpressed wild type petunia enzyme to a glyphosate insensitive form (Eichholtz et al., 

1989). 

The successful use of an overexpressed gene encoding a herbicide sensitive target as a 

herbicide resistance gene has also been accomplished in the engineering of plants resistant 

to the herbicide glufosinate (Eckes et al., 1989). Overproduction of glutamine synthetase 

(GS), the target of glufosinate, was found to occur in alfalfa cell lines selected for 

tolerance to this herbicide. As was the case with the isolation of petunia EPSPS, a cell 

line overproducing GS was used to simplify isolation of the enzyme so that part of its 

amino acid sequence could be determined (Donn et al., 1984). During experiments to 

demonstrate the tissue specific expression of pea (Phaseolus vulgaris) GS genes, 

immunopurified GS mRNA from pea root nodule polysomes (which contain GS as two 

percent of their total protein; Cullimore and Millin, 1983) was used to construct a probe 

for the isolation of pea GS cDNA clone from a pea root nodule cDNA library (Cullimore 

et aI., 1984). This clone was subsequently used by Donn et al. (1984) as a probe for the 

isolation of a partial alfalfa GS cDNA clone. The identity of the clone was verified by 

comparing the amino acid sequence it encoded with that of the alfalfa GS enzyme which 

they had previously determined. Using information on the sequence of the partial GS 

cDNA clone, Tischer et al. (1986) produced a 27 base pair DNA probe to facilitate the 

isolation of a complete GS cDNA clone from an alfalfa cDNA library. As was the case 

with the petunia EPSPS gene which was used for the production of glyphosate resistance, 

glufosinate tolerance in transgenic tobacco plants containing the complete alfalfa GS gene 

was afforded by the high level of the gene's expression achieved as a result of its 

attachment to the Cauliflower Mosaic Virus 35s promoter (Eckes et al., 1989). 

Unlike the procedures adopted for isolating altered herbicide target genes, the isolation of 

herbicide detoxifying genes for use in the engineering of herbicide resistance in crops has 

been exclusively from microbial sources. The herbicide degrading microorganisms which 

have yielded useful herbicide resistance genes have been either naturally occurring strains 

(McBride et al., 1986; Murakami et al., 1986; Pemberton et al., 1979; Stransky and 
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Amberger, 1973; Wohlleben et aI., 1988) or laboratory produced mu~ts (Senior et at., 

1976). 

The glufosinate resistance gene, bar, was first isolated during an experiment designed to 

demonstrate the close linkage of the glufosinate resistance gene to the glufosinate 

biosynthetic gene cluster in Streptomyces hygroscopicus. Two partial genomic libraries 

of the wild type S. hygroscopicus strain ATCC2l705 were constructed by individually 

inserting complete Pst! and BamHI digests of genomic DNA into the streptomycete vector 

pIJ61. Recombinant plasmids were used to transform individuals of the glufosinate 

sensitive host species Streptomyces lividans. Transformants were then grown to the 

sporulation stage before being tested for resistance to the herbicide. While all the resistant 

clones from the BamHI partial library contained the bar gene on an insert 2.0-Kb in size, 

those from the PstI partial library all contained the gene on a 1. 7-Kb insert (Murakami et 

at., 1986). Another glufosinate degradative gene, pat, isolated for use in the engineering 

of herbicide resistance in crops has since been obtained from another known glufosinate 

producer, Streptomyces viridochromogenes (Wohlleben et al., 1988). 

While the genes mediating glufosinate detoxification have been obtained from two 

actinomycete species known to produce glufosinate, the cloning of bromoxynil, cyanamide, 

2,4-0 and dalapon resistance genes has depended on the initial isolation of microbial 

strains with the capacity to use these herbicides as nutrient sources. McBride et al. (1986) 

obtained bromoxynil degrading soil microorganisms from soils which had a history of 

contamination with this herbicide. The process of isolating the microbes began with an 

enrichment for species capable of growth in minimal media supplemented with bromoxynil 

as the main nitrogen source. This was followed by a screening program during which 

pure cultures of the strains surviving enrichment were tested individually for their ability 

to degrade bromoxynil. U sing high performance liquid chromatography to monitor 

herbicide transformations, nineteen distinct microbial strains capable of carrying out 

bromoxynil degradation were obtained. Of these nineteen isolates a bacterial strain, 

identified as Klebsiella ozaenae, was found to very rapidly transform the herbicide and was 

thus selected for further study. It was found that the K. ozaenae strain could, by virtue 

of a single step reaction catalysed by a nitrilase specific for bromoxynil, utilise the 
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herbicide as its sole source of nitrogen. This reaction, which involved the conversion of 

the nitrile group of bromoxynil to a carboxylate group, was coupled to the release of 

ammonia (Fig. 1.1; McBride et al., 1986). The K. ozaenae isolate was found to contain 

a plasmid, designated pBrxl, which was estimated .to be approximately 82-Kb in size. 

After transforming E. coli M294 with pBrx 1 and successfully selecting transformants 

capable of using bromoxynil as their sole source of nitrogen, it was demonstrated that the 

gene encoding the bromoxynil specific nitrilase, bxn, was located on this plasmid. 

Mapping the location of the bxn gene on pBrx 1 was simplified by the observation that 

growth of transformed E. coli M294 cells on rich media simultaneously resulted in both 

the irreversible loss of their ability to utilise bromoxynil as a nitrogen source and the 

spontaneous excision of a fragment, 14-Kb in size, from the pBrxl plasmids they 

contained. Using the detection of cellular nitrilase activity in the presence of bromoxynil 

as an assay for the presence of the bxn gene, a partial pBrxl library was constructed in 

an E. coli plasmid cloning vector and, following a series of subcloning steps, the bxn gene 

was isolated on a 2.6-Kb DNA fragment (Stalker and McBride, 1987). 

Dr 

HO 
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Dromoxynil 

2H20 NH3 Dr 

_~_~~L-..~ HO 
COOH 
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Br 

3,5-Dibrom0-4-hydroxybenzoate 

FIG. 1.1. The conversion of the nitrile group of bromoxynil to a carboxylate group by the K. 

ozaenae strain isolated by McBride et ai. (1986). The reaction, catalysed by a nitrilase specific 

for bromoxynil, is coupled to the release of ammonia which is utilised by the bacterium. 
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Stransky and Amberger (1973) observed that Myrothecium verucaria was capable of 

utilising the herbicide cyanamide as its sole nitrogen source. These researchers 

demonstrated that this fungal species transformed cyanamide to urea by virtue of an 

inducible cyanamide specific hydratase. The ammonia released upon breakdown of the 

urea was used by the fungus as a source of nitrogen. In order to isolate the gene encoding 

cyanamide hydratase Maier-Greiner et al. (1991b) constructed a total M. verucaria 

genomic library in AEMBL3. From the partial amino acid sequence of the cyanamide 

hydratase enzyme, a mixed 17 base pair oligonucleotide probe for the cyanamide hydratase 

gene was constructed. Using the probe six independent clones were isolated from the 

genomic library. By subcloning one of the phage inserts into pUC19 and probing with the 

mixed oligonucleotide probe, a 1.104-Kb HpaII restriction fragment, which hybridised 

strongly with the probe, was obtained. AM. verucaria .eONA library was constructed in 

AgtlO using mRNA from cells grown in the presence of cyanamide; Using the 1.104 

HpaII fragment as a probe, a complete cyanamide hydratase gene was isolated from the 

cONA library on a 900 base pair ONA fragment. 

The isolation of both 2,4-0 degrading microbes and their degradative genes were initially 

carried out in the course of investigations of, firstly, the environmental fate of this 

herbicide and, secondly, the extent to which this fate was determined by plasmid encoded 

degradative enzymes. Pemberton et al. (1979) used a three-step selection procedure in 

order to isolate microorganisms containing plasmids with genes encoding the complete 

degradation of 2,4-0. The first step involved three cycles of enrichment for 2,4-0 

degrading soil microbes in Loos' (1975) bromocresol purple indicator medium. Positive 

enrichments in which 2,4-0 degradation was occurring were identified by a colour change 

in the indicator medium (due to the release of chloride ions during 2,4-0 degradation). 

In the second selection stage microbial strains surviving enrichment were individually 

tested for their ability to dechlorinate 2,4-0 on agar plates containing an eosin-methylene 

blue indicator dye and the herbicide as a main carbon source. As a final selection step, 

isolates were screened for loss of their 2,4-0 degrading capacity during growth in a rich 

medium without 2,4-0. Those microbes which retained their 2,4-D degradative capacity 

after 15-20 generations of growth in the rich medium were selected for further study 

(Pemberton et al., 1979). One of the isolates, identified as a strain of Alcaligenes 
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eutrophus, was shown to contain a plasmid approximately 80-Kb in size that encoded genes 

involved in 2,4-0 transformation (Don and Pemberton, 1981). A physical and partial 

genetic map of the plasmid, given the name pJP4, was then constructed (Don and 

Pemberton, 1985). Amy et al. (1985) succeeded -in localising the tfdA gene (encoding the 

first step of the 2,4-0 degradation pathway) to a 21-Kb HindIII fragment of an 

independently isolated A. eutrophus plasmid similar to pJP4. In order to isolate the 

corresponding 21-Kb HindIII fragment of pJP4, the plasmid was digested with HindIII and 

cloned into the mobilisable, broad host range plasmid, pVK101 (Streber et ai, 1987). The 

plasmid DNA obtained was used to transform E. coli S17-1 which was subsequently used 

for the conjugative transfer of the plasmid to an A. eutrophus tfdA deficient transposon 

insertion mutant. The presence of the transferred tfdA gene was detected by its ability to 

confer 2,4-0 resistance to the mutant receptor strain. A restriction map of the 21-Kb 

HindIII fragment containing the tfdA gene was constructed and Sacl fragments of the 

PVK101 plasmid containing the 21-Kb HindIII insert were shotgun cloned into pGSS33 

(another broad host range plasmid vector). E. coli LE392 was used as a host strain for 

the selection of transformants containing recombinant plasmids. Recombinant plasmids 

were isolated for use in transforming E. coli S17-1 which, in tum, was used for the 

conjugative transfer of these plasmids to the tfdA deficient A. eutrophus transposon 

mutant. Following the selection of recipient bacteria able to utilise 2,4-0 as a sole carbon 

and energy source, the tfdA gene was isolated on a 3-Kb DNA fragment (Streber et al., 

1987). 

The Pseudomonas putida gene encoding the degradation of dalapon is the only 

detoxification gene from a laboratory produced mutant that has been used to engineer 

herbicide resistance in crops. During the course of observing a stable, defined mixed 

microbial community capable of growth on the herbicide dalapon Senior et al. (1976) 

isolated a mutant strain of Ps. putida capable of utilising the herbicide as its sole carbon 

and energy source. The mutant strain, P3, was believed to have arisen from a parent Ps. 

putida strain, S3, which was incapable of utilising dalapon in pure culture. S3 had been 

added to the community as a secondary dalapon utiliser capable of survival on dalapon 

degradation products and other nutrients released into the growth medium by primary 

dalapon utilisers. Weightman et al. (1979) demonstrated that P3 possessed the ability to 
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dehalogenate both dalapon and the related herbicide, 2MCPA. Thomas et al. (1992a) 

observed that the gene responsible for dalapon dehalogenation, dehl, .resided on P3 ' s 

chromosome and was carried on what appeared to· be a transposon-like element, 

designated DEH. The 6.0-Kb DEH element was noted to preferentially insert itself into 

a 5.6-Kb EcoRI fragment of the chromosome-mobilising TOL plasmid pWWO. pWWO 

and recombinant derivatives of this plasmid were conjugatively transferred to Ps. putida. 

Selection of recombinant pWWO derivatives carrying the DEH element was carried out 

on media with dalapon present as a sole carbon and energy source. The 11.0-Kb EcoRI 

fragment of a recombinant pWWO derivative plasmid containing DEH was cloned into 

both the E. coli vector pHG327 and the broad host range vector pKT231 and transformed 

into E. coli C600 and JM107. pKT231 was conjugatively transferred to Ps. putida 

KT440. Analysis of subcloned fragments for their ability to provide E. coli and Ps. 

putida with the capacity to dehalogenate 2MCPA was used to discover the exact location 

of the dehl containing DEH element (Thomas et aI., 1992b). 

1.5.3 Alternative Uses for Herbicide Resistance Genes ' 

Apart from their use in the production of crop varieties which tolerate herbicides, another 

incentive behind efforts to isolate and transfer genes encoding herbicide resistance is that 

they may eventually be as useful in plant genetic engineering as antibiotic resistance genes 

have proved to be in bacterial genetic manipulations (Mazur and Falco, 1989). In this 

regard the main purpose behind the construction of herbicide resistant transgenic tobacco 

plants by Guerineau et al. (1990) and Buchanan-Wollaston et al. (1992) was to 

demonstrate that genes encoding resistance to asulam and dalaphon respectively, could be 

used as stable dominant selectable genetic markers in plant transformation experiments. 

For example, Guerineau and co-workers were able to demonstrate that the successful 

transformation of tobacco leaf explants co-cultivated ' with Agrobacterium tumefaciens 

harbouring a pBIN19 derived plasmid containing the asulam resistance gene, sull, was 

possible using asulam as the sole selective agent. The bar gene of Streptomyces 

hygroscopicus encoding glufosinate resistance and the csr] gene of Arabidopsis thaliana 

encoding sulphonylurea herbicide resistance, have also been investigated with regard to 

their potential use as plant transposon excision reporters (Cardon et al., 1993; Fedoroff 
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and Smith, 1993) and as selectable markers in both gene fusion (Botterman et al., 1991) 

and plant transformation experiments (Becker et al., 1992; Li et aI., 1992; Rathore et al., 

1993; ·Weeks et al., 1993; White et al. , 1990). However, not all herbicide resistance 

genes will be suitable as selectable markers. For example, the tfdA gene encoding 2,4-D 

resistance cannot be used effectively as a selectable marker because 2,4-D, due to its 

auxin-like hormonal properties, poses problems when used as a selective agent in plant cell 

and tissue culture (Streber and Willmitzer, 1989). 

As an alternative to the production of herbicide resistance through the insertion of altered 

target or detoxification genes into plants, protection of crops from herbicides using 

recombinant DNA technology may be achievable via another route. In many cases it may 

be possible to transfer herbicide degrading genes into microbes which specifically colonise 

the roots, seeds or internal organs of herbicide sensitive crops. By actively taking up 

herbicides and degrading them these microorganisms could effectively shield the plants 

they have colonised from herbicide exposure (Hatzios, 1987; Cork and Kreuger, 1991). 

Kreuger et al. (1991) have shown that the use of herbicide degrading microbes for 

protecting crops from herbicide damage is possible. By using three natural dicamba 

degrading soil isolates to inoculate soils containing this herbicide at its recommended 

dosage, it was found that sufficient microbe mediated detoxification occurred to protect 

soybean (a crop sensitive to dicamba) from herbicide injury. However, because in this 

system microbes uniformly degraded dicamba throughout a plot they could not be used to 

specifically protect dicamba sensitive crops without also protecting weed species. An 

effective strategy for providing exclusive protection for crops from herbicide damage might 

require the use of microbes genetically engineered to degrade herbicides which naturally 

associate specifically with crop varieties and not their weeds. The feasibility of using 

. genetically engineered microbial species which specifically associate with particular crop 

species in this way has been demonstrated with the development of a bioinsecticide for the 

control of corn root feeding insects. The gene encoding the proteinaceous Bacillus 

thuringiensis endotoxin was cloned into the corn root and seedling colonising bacterium, 

Pseudomonas fluorescens. Protection of corn from lepidopteran pests was then achievable 

by growing plants in the presence of the transgenic Ps. fluorescens (Lindow et al., 1989). 

A herbicide detoxification system of this nature would be particularly desirable if it was 
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impractical to attempt the insertion of a resistance gene into a crop species. 

Another potentially useful function that the transfer of herbicide detoxification genes into 

microbes might provide is in the remediation of agricultural soils and irrigation water 

contaminated with high herbicide concentrations. Microbes containing highly mobile 

plasmids carrying genes enabling the use of recalcitrant herbicide molecules as nutrient 

sources could be used to shorten the time required for natural soil and water detoxification 

to occur (Kreuger et al., 1991; Smith et,al., 1994). The accelerated degradation of 2,4-D 

has been demonstrated in native, unamended agricultural soils inoculated with a genetically 

altered Pseudomonas putida strain harbouring a derivative of the Alcaligenes eutrophus 

2,4-D degradative plasmid, pJP4. Despite the fact that only between 0.1 and 1 % of the 

inoculum was found to survive a twenty day test period, the rate at which 2,4-D 

disappeared from inoculated soils was two to three times faster than that from 

uninoculated soils (Short et al., 1990). Being a feasible method of environmental 

decontamination, it would therefore be reasonable to envisage the production of genetically 

engineered microbes for the cleanup of many other agricultural and industrial pollutants. 

1.6 Acetochlor 

2-chloro-N-ethoxymethyl-6'-ethylacet-o-toluide, also known as acetochlor, is a member of 

a group of structurally related xenobiotic chemicals called the chloroacetanilides. The 

chloroacetanilides marketed for use as herbicides (Fig 1.2) are, together with 2,4-D and 

the triazine herbicides, the most extensively used pesticides in the world today (Gressel, 

1992). Unlike 2,4-D and the triazines, however, no attempts have as yet been made to 

isolate and transfer chloroacetanilide resistance genes into crops. It seems only logical 

therefore, that the potential should be examined for engineering resistance in crops to a 

chloroacetanilide herbicide such as acetochlor. 

Of the chloroacetanilides the most widely used and thoroughly researched are definitely 

alachlor and metolachlor. While internationally the frequency of use and, subsequently, 

the level of interest in acetochlor is not very high, it is the third most important 

chloroacetanilide used in South Africa (Fig. 1.3). Because it lacks international 
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popularity, information on acetochlor is scarce relative to that available for either alachlor 

or metolachlor. Therefore, where information on acetochlor relevant to the present study 

could not be found in the literature, use was made of analogous information relating to 

alachlor and metolachlor. 
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FIG. 1.2. Chloroacetamides which are marketed for use as herbicides. Note that while allidachlor 

is a chloroacetamide it is not a chloroacetanilide. 
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FIG. 1.3. The relative importance of the various chloroacetanilide herbicides in both a South 
African and a worldwide context. This is expressed as the percentage of the total number of papers 
dealing with chloroacetanilide herbicides published between 1983 and 1993 which have 
concentrated specifically on each of the herbicides presented here. Included in the "other" category 
are pretilachlor, dimethachlor and diethatyl-ethyl. It is interesting to note that while on this scale 
acetochlor (shaded) ranks only sixth in the world, in South Africa it is the third most researched 
chloroacetanilide. The apparent absence of interest in butachlor, pretilachlor, dimethachlor and 
diethatyl-ethyl among South African researchers is because these herbicides are not registered for 
use in South Africa. This graph was compiled from information gathered by the present author 
using a CD-ROM based version of CAB Abstracts (an agricultural database published by CAB 
International in association with Silver Platter Information). The search protocols used were 
"PY=x AND y" for world-wide publications and "SOUTH* AND AFRICA* AND PY=x AND 
y" for South African publications (where"x" is the publication year and "y" is one of the specific 
chloroacetanilides presented in Fig 1.3.). 
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Acetochlor is sold as an emulsifiable concentrate which, although usually applied to fields 

either preemergence or preplant, may also be applied postemergence, for controlling 

annual grasses, certain annual broadleaf weeds, and yellow nutsedge (Cairns, 1993; 

personal communication2; Worthing and Hance, 1991). In South Africa its use in the 

control of these weeds is recommended on fields which are to be used in the cultivation 

of maize, groundnuts, potatoes, sugarcane and sweetcorn (Vermeulen et al., 1991). The 

main site of acetochlor uptake in germinating plants is via the shoots (Jackson et aI., 

1986). The chloroacetan~lides function as general growth inhibitors affecting root 

elongation and the emergence of susceptible seedlings. While germination occurs at 

recommended application rates, early growth, probably due to inhibition of mitosis and cell 

enlargement, is prevented (Ashton and Crafts, 1981). On the cellular level the 

chloroacetanilides effect protein (Sharp, 1988), lipid (Weisshaar et al., 1988), anthocyanin 

and lignin synthesis (Molin et aI., 1986), acetylation of DNA associated proteins 

(Weisshaar and Boger, 1991), gibberellic acid induced reactions (Wilkinson, 1982), 

respiration and photosynthesis (Van Rensberg et al., 1990; leBaron et al., 1988; Sharp, 

1988). While the primary site of chloroacetanilide action has not yet been identified 

(Gronwald, 1991), it is thought that these herbicides may have multiple targets (Gressel, 

1992; leBaron et al., 1988; Sharp, 1988). 

The basis of acetochlor's selective phytotoxicity is the inefficiency of its metabolic 

detoxification in susceptible plants. In virtually all resistant plants acetochlor is rapidly 

detoxified following its glutathione transferase (GST) mediated conjugation with either 

glutathione (GSH) or homoglutathione (hGSH; Fig. 1.4). While plant species which are 

not resistant to acetochlor have the capacity to deactivate acetochlor via this route, it 

appears that either the catabolic efficiency of their GST enzymes is not sufficient or their 

GST, GSH or hGSH contents are not high enough to afford rapid enough herbicide 

detoxification to provide them with tolerance (Breux, 1987; Scarponi et al., 1991). 

Chemicals called safeners, which either induce GSH production or stimulate the activity 

of GST enzymes, have been developed and are able to elevate levels of chloroacetanilide 

tolerance in plants to which they are applied (Breux et al., 1987; Cottingham and Hatzios, 

1991). 

2Professor A. L. P. Cairns, Department of Agronomy, University of Natal, 
Pietermaritzherg, South Africa, 3200 
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FIG. 1.4. Acetochlor detoxification in plants. "XSH" represents either glutathione or 

homoglutathione (after Breux, 1987). 

1.6.1 Environmental Contamination 

While no comprehensive information is available on the extent of any chloroacetanilide 

contamination in South Africa, environmental monitoring programs in various parts of the 

world have detected the presence of acetochlor and other chloroacetanilides in surface and 

ground waters (Chesters et al., 1989). Of all the chloroacetanilides the environmental fate 

of alachlor has been most extensively studied. The preplant or preemergence use of this 

and other chloroacetanilides during spring and their subsequent leaching from bare 

cropland soils in heavy rains, is seen as the major cause of their occurrence in surface 

waters (Gressel, 1992). The amount of alachlor ultimately reaching drinking water 

supplies is dependent upon both its dilution during transport and its recalcitrance (Chesters 

et al., 1989) and in a number of instances in the USA and Canada alachlor residues have 

been detected in tap water (Chesters et al., 1989; Frank et al., 1991). When 

contamination of groundwater with alachlor occurs it is usually thought to be due to the 

improper handling or disposal of the herbicide. While groundwater contamination is 

significantly less than that of surface water, a finding of some concern in the USA is that 

alachlor together with other pesticides, even when correctly handled, sometimes 

contaminate public wells. Th~s is significant since public wells, due to the depths of the 

aquifers from which they draw water and the quality of their construction, were thought 

to be impregnable to contamination by properly applied agricultural chemicals (Chesters 

et al., 1989). 
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The most significant concern with widespread chloroacetanilide contamination is that it 

may pose a threat to both humans and other organisms in the environment. Because of 

their moderately acute and chronic toxicities to mammals, birds, fish and insects (Table 

1.4), the chloroacetanilides registered for use in South Africa are all classified as class III 

chemicals (they should be handled with caution; Vermeulen et aI., 1991). While no 

chloroacetanilides have been found to have any teratogenic, reproductive or 

immunosuppressive effects in mammals, certain (and possibly all) of the herbicides in this 

group are genotoxic (Flaherly et aI, .1992; Chesters et aI, 1989). Alachlor is now 

recognised as a carcinogen and evidence exists which suggests metolachlor may also 

possess oncogenic properties (Table 1.4; Chesters et aI., 1989). Potential carcinogenicity 

as indicated by herbicide induced genetic aberrations has also been observed in studies 

involving the chloroacetanilides, butachlor and propachlor (Leckevicius et aI., 1992; 

Wang, 1987). While there is no evidence in the literature which suggests that acetochlor 

is genotoxic, it seems reasonable to extrapolate results from investigations of the other 

chloroacetanilides to indicate this herbicides potential carcinogenicity. 

TABLE 1.4. Toxicological properties of chloroacetanilides marketed for use in South Africa [after 
. Worthing and Hance (1991) and Chesters et al. (1989)]. 

Acute Toxicity 
Mammals (rat) 

Oral LD", (mg.kg·1) 
Dermal LC", (mg.kg .1) 

Birds (bobwhite quale) 
Oral LD", (mg.kg .1) 
Dermal LC", (mg.kg .1) 

Fish (rainbow trout) 
LC", (mg.I· I

) 

Insects (Daphnia maga) 
LC", (mg.I· I ) 

Chronic Toxicity 
Mammals (rat) 

NOEL (2y - mg.l·I.d .1) 
Oncogenicity 

CD-l mice 
Rats 

" Calculated using rabbits. 
b No information available 
< 90 day NOEL. 

Alachlor 

930-1350 
> 13300" 

1536 
>5620 

1.8 

10 

2.5 

260 
42 

d I year NOEL calculated using dogs. 

Metolachlor Acetochlor Propachlor Metazachlor 

2780 2148 550-1700 2150 
>3170 4166" >20000" >6810 

non toxic 1260 91 _b 

non toxic >5620 5620 -

2.0 0.5 0.17 -

- 16 7.8 -

90< 12,t 0.65 -

>3000 - - -
3000 - - -
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While the discovery of widespread chloroacetanilide contamination and the potential health 

risks it may pose have been disconcerting enough for the use of alachlo~ to be banned in 

Italy (Rapparini, 1991) and Canada (Fox, 1987), it has also prompted the development of 

new techniques, both preventative and remedial in nature, for reducing the possible 

environmental and health impacts of chloroacetanilide usage. The prevention of 

chloroacetanilide entry into surface and ground-waters is achievable either by adopting 

farm management practices which reduce herbicide runoff (Bengston et al., 1990; Felsot 

et al., 1990) or through the use of lignin and starch encapsulated herbicide formulations 

which have been shown to significantly reduce the leaching of these herbicides from soils 

(Wilkins, 1989; Wing et al., 1990). Various water and soil treatment methods for the 

remediation of both high and low levels of chloroacetanilide contamination are presently 

under development. These methods include the use of granular activated carbon absorber 

systems for removing traces of alachlor from large volumes of drinking water (Marcomini 

et al., 1992; Pirbazari et ai, 1991), the mineralisation of chloroacetanilides in small 

volumes of heavily contaminated agricultural waste waters by a combination of olonation, 

ultraviolet irradiation and treatment with biologically active soil (Somich et al., 1988) and 

the bioremediation of herbicide contaminated soils and waters through the introduction of 

specificall y isolated herbicide degrading microbes (Liu (!t al., 1990). 

The bioremediation approach to the cleanup of chloroacetanilide contaminated soils has 

thus far centred upon the isolation, screening and reintroduction into the environment of 

microorganisms which are capable of degrading alachlor and metolachlor. Although a 

number of microbes have been isolated which have the capacity to rapidly transform these 

herbicides in controlled soil systems under laboratory conditions (Gizzarelli et al., 1993; 

Liu et al., 1990), attempts to inoculate natural herbicide polluted soils with these isolates 

in order to accelerated natural detoxification processes, have met with failure (Liu et al. , 

1990). Bartha (1990) has insisted that it is futile to simply isolate naturally occurring 

xenobiotic metabolising microbial strains from soils, bulk their numbers in pure culture 

and then reintroduce them into contaminated soils in the hope that they will increase the 

rate of natural xenobiotic degradation. The reason for this is that the isolate, as a naturally 

occurring soil inhabitant, will almost certainly already be present in soils contaminated 

with the xenobiotic. While under suitable environmental conditions enrichment of these 
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organisms will occur without the help of inoculation, unsuitable conditions will seriously 

impede the degradative capacity of a microbial inoculum even at very high doses. Bartha 

(1990). has claimed that in order to obtain microbes capable of enhancing natural 

degradation processes it will be necessary to in some way manipulate the microbes 

mediating these processes in order to improve their natural degradative capabilities. 

Examples of such manipulations are the use of recombinant DNA techniques for the 

production of novel 2,4-D (Short et al., 1990) and pentachloroethane (Wackett et al., 

1994) degrading Pseudomonas putida strains and the employment of "in vivo genetic 

engineering" or "~ccelerated evolution" enrichment techniques for the production of 

microbial strains capable of utilising the extremely recalcitrant chemicals 2,4,5-

trichlorophenoxyacetate (Kilbane et al., 1982), 3,5-dichlorobenzoate (Hartman et al., 

1979) and 1, 4-dichlorobenzene (Krockel et al., 1987) as their sole carbon and energy 

sources. 

Instead of merely isolating chloroacetanilide degrading microbes from the environment, 

the focus of research aimed at obtaining microorganisms useful in the remediation of 

chloroacetanilide contaminated water and soil should possibly be the isolation and 

characterisation of chloroacetanilide degradative genes. By first isolating mutant genes 

involved in chloroacetanilide degradation, upregulating their expression, improving the 

reaction kinetics of the enzymes they encode and then incorporating them into highly 

mobile plasmid constructs, it may be possible to create a variety of new bacterial strains 

that have the ability to enhance natural chloracetanilide degradation rates under a range of 

environmental conditions. 

1.6.2 Reasons and Prospects for Engineering Resistance to Acetochlor 

There are certain practical justifications for the chloroacetanilide herbicides being among 

the most popular groups of chemicals employed in pest control. Being relatively cheap 

and with a fairly broad spectrum of weed control, the benefits of their use on tolerant 

crops is almost without parallel. Because of their toxicity to virtually all annual grasses, 

grass crops such as wheat would benefit enormously from engineered resistance to the 

chloroacetanilides. With wheat in particular, due to the rapid evolution of grassy weeds 
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with multiple and cross-resistance to all of the selective· herbicides presently used during 

its cultivation, there is very serious need of new selective herbicides (Gressel , 1992). 

Resistance to chloroacetanilides amoung wheat strains would be of value in this regard 

since the extremely widespread use of these herbicides has, as yet, not been associated 

with the emergence of resistant weed strains. 

For various reasons acetochlor is one of the chloroacetanilide herbicides against which 

genetically engineered resistance in crops would be of great agronomic value. A 

comparison between acetochlor and the two most widely used chloroacetanilide herbicides, 

metolachlor and alachlor, indicates that acetochlor has a number of characteristics which 

make it at least as good as the latter two compounds. Notwithstanding having a 

mammalian toxicity half that of alachlor (Table 1.4) and being degraded in soils twice as 

fast as metolachlor (Peterson et al. , 1988), acetochlor is applied at rates half those 

recommended for either metolachlor or alachlor (Vermeulen et al., 1989). One possible 

drawback associated with acetochlor's high phytotoxicity, which might be overcome with 

genetically engineered resistance to this herbicide, is that its application at high doses 

resulted in injury to a number of crop species with moderate chloroacetanilide tolerance 

(Bewick et al., 1988; Van Rensberg et al. , 1988; Veiger and Eberlein, 1986). 

Acetochlor, unlike the predominantly root absorbed chloroacetanilides such as alachlor and 

metolachlor, is readily absorbed via the foliage of plants (Jackson et al., 1986). Foliar 

adsorption of acetochlor is significant in that it permits the use of this herbicide 

postemergence (Cairns, 1993; personal communication3). The chloroacetanilide residues 

detectable in surface waters have been linked to the preemergence or preplant use of these 

herbicides on fields with insufficient ground-cover to prevent their leaching in rainwater 

runoff (Gressel, 1992). The postemergence use of acetochlor on fields containing a 

moderate ground-cover should, therefore, eliminate some of the pollution problems 

associated with chloroacetanilide usage. Also, post emergence herbicides generally require 

lower application rates than root absorbed preemergence herbicides because foliar 

3Professor A. L. P. Cairns, Department of Agronomy, University of Natal, 
Pietermaritzberg, South Africa, 3200 
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absorption avoids problems of herbicide loss through adsorption by soil colloids (Burnside, 

1992). Thus, while engineered resistance to acetochlor in crop species such as wheat 

could be instrumental in providing new markets for this herbicide, improved tolerance in 

crop species to which this herbicide could then be applied postemergence, would contribute 

significantly to making acetochlor usage an attractive alternative to the use of less 

environmentally benign chloroacetanilides. 

The feasibility of engineering plants resistance to any herbicide is dependent upon the 

factors presented in section 1.5.1. Due to the likelihood that chloroacetanilide herbicides 

have multiple target sites (LeBaron et al. , 1988; Sharp, 1988), it would be impractical to 

attempt the isolation of genes encoding altered target enzymes for genetically engineering 

crop resistance to these herbicides. Since detoxification is the mechanism of resistance 

naturally employed by chloroacetanilide resistant plant species, it is logical that an attempt 

to isolate chloroacetanilide resistance genes should concentrate on obtaining genes which 

encode the detoxification of these herbicides. Success in obtaining genetically engineered 

crops which tolerate high doses of acetochlor without suffering any ill effects will be 

strongly dependent on the detoxification genes selected for transfer. Any individual gene 

which encodes a detoxifying enzyme that is able to identify the parent acetochlor molecule 

and rapidly convert it to a form which is both non-toxic and metabolisable by a transgenic 

plant will fulfl1 the criteria required of an effective resistance gene. 

It should be possible to obtain chloroacetanilide resistance genes from both plant and 

microbial sources. The maize genes encoding the GST isozymes which are responsible 

for triazine and chloroacetanilide detoxification (Fig 1.4) have been isolated and 

characterised (Moore et al., 1986; Shah et al., 1986b) . . However, apart from an attempt 

in the late 1980's to transfer one of these genes into tobacco plants in order to achieve 

resistance to the triazine herbicide, atrazine (Mazur and Falco, 1989), there have been no 

further reports in the literature to suggest whether or not this has been achieved. 

Because the major routes of chloroacetanilide degradation in soils are mediated by 

microorganisms (Chesters et aI., 1989), microbial sources of genes encoding acetochlor 

degradation should be plentiful. While no information is available on the specific nature 
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of acetoc~lor degradation by soil microbes, certain soil inhabiting fungal and bacterial 

strains which are able to transform metolachlor, alachlor, propachlor and diethatyl-ethyl 

have been isolated and the exact transformations they are responsible for have been 

determined in both pure and mixed cultures (Figs 1.5.1, 1.5.2, 1.5.3 and 1.5.4 

respectively). The study of these isolates has demonstrated that although there are many 

microorganisms capable of transforming chloroacetanilides, the ability amoung soil bacteria 

to utilise these herbicides as sole sources of carbon or nitrogen is relatively rare: Only one 

bacterial isolate, a propachlor degrading Moraxella sp. has been shown to be capable of 

utilising a chloroacetanilide as its sole source of carbon and energy (Villarreal et al., 

1991). This finding indicates that it may be difficult to obtain acetochlor degrading soil 

bacteria by employing techniques aimed at the isolation of microbes capable of utilising 

the herbicide as a nutrient source. 

From the study of microbial degradation products it is apparent that dechlorination 

reactions play a major part in the initial stages of chloroacetanilide breakdown in soils 

(metabolite 1 in Figs 1.5.1, 1.5.2 and 1.5.3). There are two important reasons why genes 

encoding the dechlorination of acetochlor may be ideal for use in providing crops with 

resistance to this · herbicide. Firstly, they encode an initial step in the herbicide's 

degradation pathway which is significant since it indicates that the dechlorinating enzymes 

are able to recognise and transform parent acetochlor molecules. Secondly, because non­

halogenated acetanilides are herbicidally inactive (Hamm et al., 1974), acetochlor 

dechlorinating enzymes independently encode the detoxification of this herbicide. In 

addition, because the detoxification of acetochlor in tolerant plants occurs by means of the 

nucleophilic displacement of the herbicide's chlorine atom by the thiol group of either 

GSH or hGSH (Fig. 1.4; Breux, 1987), it is conceivable that the dechlorinated acetochlor 

degradation product, as a possible intermediate in a naturally occurring plant detoxification 

reaction, will in some way be metabolisable by plants . . 

An important problem which may be encountered with the transfer of microbial acetochlor 

detoxifying genes into plants is that the activity of the enzymes they encode may not be 

high enough to afford herbicide sensitive recipient plants sufficient resistance. As the level 

of a plant's acetochlor tolerance is strongly correlated with the rate at which it is able to 
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FIG. 1.5.1. Proposed pathways of metolachlor degradation which are mediated by soil 

microorganisms. Degradation products: 1, 4, 5, 10, 11, 12, 13, and 18 by a Streptomyces sp. 

and Syncephalostrum racemosum (Liu et al. , 1991); 1, 4, 5, 10, 11, 12, 13, and 16 by 

Phanerochaeta chrysosporium and Rhizoctonia praticola (Liu et aI., 1991); 13 and 16 by an 

actinomycete and Mucor racemoces (Bollag, 1990; Saxena et aI., 1987); 13 by Bacillus circulans 

and B. megaterium (Bollag, 1990; Saxena et aI. , 1987); 13, 14, 15, 16, 17, and 18 by an 

actinomycete (Krause et ai., 1985); 1, 2, 3, 7, 8, 9, 12, 13, and 14 by Chaetomium globossum 

(McGahen and Tiedje, 1978); 5, 7, and 19 by a stable mix"ed bacterial community (Liu et ai., 
, 

1989). 
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FlG. 1.5.2. Proposed pathways of alachlor degradation which are mediated by soil 

microorganisms. Degradation products: 7, 8, 9, 12, 13, and 14 by Chaetomium globossum 

(fiedje and Hagedorn, 1975); 1 by Streptomyces lavendale, Arthrobacter suJijlex, and Bacillus 

subtilis (Lee, 1986 cited by Chesters et al., 1989 and Pothuluri et al., 1993); 2, 3, 4 by 

Rhizoctonia solani (Lee, 1986 cited by Chesters et al., 1989 and Pothuluri et al., 1993); 8, 12, 15 

by Cunninghamella e/egans (pothuluri et al., 1993); I, 2, 3, 4, 5, 6, 8, 9, 10, 11, 12 by 

unidentified soil microbes (Lee, 1984 and Lee, 1986 cited by Ch~ters et al., 1989 and Pothuluri 

et al., 1993). Bracketed compounds are proposed intermediates. 
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FIG. 1.5.3. Proposed pathways of propachlor degradation which are mediated by soil 

microorganisms. Degradation products: 1 by Fusarium oxysporum (Kaufman et aI., 1971 cited 

by Tiedje and Hagadorn, 1975); 2 in a defined mixed culture (Novick et aI., 1986); 3 and 4 by 

a Moraxella sp. (Villarreal et al. , 1991).5 by mixed cultures (Lee et aI., 1982 cited by Bollag, 

1990). Bracketed compounds are proposed intermediates. 

-.. ...... , 

FIG. 1.5.4. Proposed pathways of diethatyl-ethyl degradation mediated by Chaetomium globossum 

(from McGahen and Tiedje, 1978). The bracketed compound is a proposed intermediate. 
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detoxify this herbicide (Breux, 1987), the reaction kinetics of enzymes encoded by 

anyprospective resistance gene may be very important in determining the quality of 

resistance that it is able to provide. However, it is also possible that because most crops 

have an innate (although often insufficient) ability to detoxify acetochlor (Scarpori et al. , 

1991), any auxiliary acetochlor degrading genes may augment the effectiveness of a 

susceptible plant's native detoxification processes sufficiently to provide it with 

considerably improved resistance. Thus, by mediating an increase in the detoxification 

rate of parent herbicide molecules, microbial genes encoding the single step dechlorination 

of acetochlor may be both amenable to transfer into plants using currently available 

recombinant DNA techniques and capable of providing 'engineered crops with dominant, 

monogenically inherited herbicide resistance. 
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2 GENERAL MA TERIAI.S AND METHODS 

During. the course of the present study use was made of various procedures which were 

common to more than one area of the research carried out. For the sake of clarity general 

methods will be discussed in this chapter while details of techniques pertaining exclusively 

to specific experiments will be described in the materials and methods of the relevant 

chapters. 

2.1 Chemicals 

Unless otherwise indicated, all chemicals used were either reagent or analytical grade and 

purchased from BDH, Saarchem or Merck. Technical grade acetochlor with a 90.5% 

purity (9.5% inert ingredients) was a gift from Saarchem. Acetochlor in formulation (900 

g.l-l active ingredient), with the tradename Harness· (marketed by Monsanto) was a gift 

from Professor A.L.P. Cairns in the Agronomy Department of the University of Natal 

in Pietermaritzberg. Wherever the form of the herbicide is unspecified, technical grade 

acetochlor was used. Both formulation and technical grade acetochlor were passed through 

a sterile 0.4 JLm nylon filter (from Micron Separations Inc.) before use. Tetracycline was 

obtained from Sigma· Chemical Company. Ampicillin was obtained from Boehringer 

Mannheim. The different grades of agar used were bacteriological agar (from Oxoid), 

purified agar (from Oxoid) and noble agar (from Difco). Ultra pure Millipore Milli Q 

Plus water was supplied by the Biochemistry Department of the University of Natal in 

Pietermaritzberg. 

2.2 Growth Media 

A mineral salts medium (MS) based on that described by Kaufman and Kearney (1965) 

contained the following per litre of double distilled water: K2HP04, 0.8 g; KH2P04, 0.2 

g; MgS04, 0.2 g; (NH.)2S04, 5.0 g; (NH4)~~OI4' 0.001 g. MSA was MS containing 

0.18 g.l-l acetochlor (active ingredient). MS and MSA media were solidified with 10 g 

of either purified agar or noble agar per litre. A full ~trength nutrient medium (NM) 

consisted of MS medium together with 0.2 g glucose and 0.05 g yeast extract per litre. 
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NMA was NM containing 0.18 g.l-l acetochlor. NM and NMA media were solidified with 

109 bacteriological agar per litre. A one tenth strength nutrient medium (NM. 1) 

comprised MS medium together with 0.02 g glucose and 0.005 g yeast extract per litre. 

Nutrient broth (NB) and nutrient agar (NA) powder were both bought from Oxoid. NB 

contained the following per litre: "Lab-Lemco" powder (Oxoid), 1.0 g; yeast extract 

(Oxoid), 2.0 g; peptone (Oxoid), 5.0 g; NaCl, 5 g. NA contained the same nutritional 

components as NB but was solidified with 1.5 g agar per litre. Luria broth (LB) contained 

the following per litre: NaCI, 10 g; bacto-tryptone, 10 g; yeast extract, 5 g. Luria agar 

(LA) was solidified with 1.5 g bacteriological agar. M9 mineral salts medium contained 

the following per litre: Na2HP04 , 6.78 g; KH2P04, 3 g; NaCI, 0.5 g; ~CI, 1 g; 

bacteriological agar, 15 g. When required tetracycline (tet) and ampicillin (amp) were 

included in media at a concentration of 10 mgJ- l and 50 mgJ-l respectively. 

2.3 Plasmids, Bacteriophages, Bacterial Strains and Maintenance of Bacterial Cultures 

Plasmids and bacteriophages used in this study are listed and described in Table 2. 1. 

Helper phage R408(fl) from Stratagene were obtained from W. A. Cress in the Botany 

Department of the University of Natal in Pietermaritzberg, South Africa and was used with 

his permission. pBluescript·SK + was obtained from P. Hare in the Botany Department 

of the University of Natal in Pietermaritzberg, South Africa. pUC18 was obtained from 

Clontech Laboratories Inc. Bacterial and fungal strains used in the present study and their 

growth conditions are given in Table 2.2. E. coli cells in possession of both recombinant 

and non-recombinant pUC1S and pBluescript SK + were maintained on NA-amp. In those 

experiments involving microbial strains aseptic techniques were used wherever possible. 

While the E. coli strains used were obtained from the culture collection of Dr W. A. 

Cress, the Ps. fluorescens strain was obtained from the culture collection of Professor F. 

M. Wallis in the Department of Microbiology and Plant Pathology of the University of 

Natal in Pietermaritzberg, South Africa. E. coli strains, Ps. fluorescens and the soil 

isolates were stored for periods of up to 2 months on the appropriate solidified growth 

media in sealed petri dishes at 4°C. For long term storage of E. coli strains, Ps. 

fluorescens and important soil isolates, freezer stocks were made. This was achieved using 

mid log phase cultures (ODA600 0.4 - 0.6) grown at either 300C in NB (Ps. fluorescens and 
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TABLE 2.1. Description of the bacteriophages and plasmids used during the present study 

Bacteriophage or Genotype (Description) Source or Reference 
Plasmid 

Bacteriophages: 
R40S(fl) (fl helper phage) Stratagene 

Plasmids: 
pUCIS Ap', lacZ' (2.69-Kb) Clontech 

pRI (3 .S-Kb. pUCIS with a l.l -Kb AIOS DNA insert) This Study 
pR2 (3 .9-Kb. pUCIS with a 1.2-Kb AlOS DNA insen) This Study 
pRJ (3.6-Kb. pUCIS with a O.9-Kb AlOS DNA insert) This Study 
pRS (S .9-Kb. pUCIS with a 3.3-Kb AIOS DNA insert) This Study 
pRSI (4.4-Kb EcoRI fragment of pRS) This Study 
pRS2 (4.Q-Kb P,tl fragment of pRS) Thil Study 
pRS3 (4.S-Kb Sail fragment of pRS) Thil Study 
pRSII (3 .S-Kb Pstl fragment of pRSll) This Study 

pBluescriptOSK + Ap', lacZ' , flIG (2 .9S-Kb) Sambrook et aJ. , 19S9 
pR7 (4.7-Kb . pBluescriptOSK+ with l.7-Kb EcoRI-Hindm fragment ofpRSI) Thi. Study 

pR71-pR77 (4.6 to 3.2-Kb nested pR7 deletion seriel) This Study 

TABLE 2.2. Bacterial strains, their descriptions and the conditions under which they were maintained 

Strain Phenotype/Genotype Maintenance Reference or Source 

Soil Isolates 

AI-AI6, A33-A36, A41- Acetochlor resistant 30"C on NMA agar Thi. Study 
A56, A73-A76, ASI-A96, 
A1l3-A116 

3O"C on MSA agar 
AI7-A32, A37-A40, A57-

A72, A77-ASO, A97-A1l2, 
Acetochlor resiatant This Study 

A1l7-A120 

30"C on NM agar 

Pseudomonas jluonscnu 

Room Temp. on NM 
agar 

Bioassay Fungul Acetochlor sensitive This Study 

E. coU 37"C on M9 agar 

IMI09 recA I supE44 elIdA I hsdRI7 gyrA96 Sambrook et ai., 19S9 
relA I thiA (Jac-proAII) 
F' [rraPJ6 proAB+ lacI' JacZAMIS) 

37"C on NA-tel 
supE44 hsdR17 ncA I elIdA 1 gyrA46 

XLIBlue til; relAl Jac' Sambrook et aJ. , 19S9 
F' [proAB+ lacP JacZAMIS 
Tn 1 O{tef)) 
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Soil isolates) or 37°C in LB (E. coli strains) with shaking at 200 rpm. Two ml of these 

cultures w~re mixed with 2 ml sterile glycerol in a 5 ml disposable plastic test tube, frozen 

in liquid nitrogen for 40 seconds and stored at -7fJ'C. Cells were revived by scraping an 

inoculating loop over the frozen surface of the freezer stock, streaking cells which adhered 

to the loop onto the appropriate solidified medium and incubating the cells at either 37°C 

for E. coli or 30°C for Ps. fluorescens and soil isolates. The bioassay fungus was stored 

at room temperature on NM agar for up to two months in a sealed plastic bag. It was 

subcultured every 4 to 8 weeks. 

2.4 Spectrophotometric Determination of Acetochlor Concentration 

A spectrophotometric technique was developed which allowed the measurement of precise 

acetochlor concentrations. An important feature of this technique was that the 

spectrophotometer was air blanked. Once acetochlor had been added to a solvent and its 

absorbance measured, the background absorbance (comprising the combined absorbances 

of the solvent and the particular quarts cuvette being used) was subtracted mathematically 

from the acetochlor solution's absorbance. Air was used for blanking the 

spectrophotometer since it provided a fixed standard against which the spectrophotometer 

could be blanked repeatedly during a series of measurements. This was important because 

acetochlor did not absorb very strongly in the concentration range over which it was 

soluble in water. Thus small fluctuations in . absorbance measurements affected the 

precision with which acetochlor concentrations could be measured spectrophotometrically. 

It was found that the absorbance of any particular medium upon which the 

spectrophotometer was blanked, would gradually drift away from zero and such drifting 

of measured background absorbance contributed to significant errors when attempting to 

spectrophotometrically measure acetochlor concentrations. To avoid such errors it was 

necessary to constantly blank the spectrophotometer using a medium, such as air, the 

absorbance of which did not change over time. Consistency between the technique used 

in the construction of a standard acetochlor absorbance curve and the technique used for 

obtaining the absorbances of acetochlor solutions meant that the standard curve could be 

validly used to calculate acetochlor concentrations using absorbance data. 
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2.4.1 Construction of a Standard Curve 

A standard curve was constructed which related the absorbance of acetochlor containing 

solutions at 264.9 nm and 272.6 nm to the herbicide concentrations present in the 

solutions. The optical density (OD) of acetochlor at its two absorption peaks (Fig. 2. 1) 

was measured using a Beckman Dtr640 spectrophotometer. 
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FIG. 2.1. The absorbtion pattern of an acetochlor solution (0.1 g.l-I) over the wavelength range 

240 run to 340 run. In producing this particular plot distilled water was used to both make up the 

acetochlor solution and to blank the nlf640 spectrophotometer over the range of wavelengths 

scanned. 
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101.0 ml (determined by mass) of distilled water was added to each of 45 numbered 100 

ml bottles. Using the DlJ640's multiple wavelength scan function the s~trophotometer 

was simultaneously blanked on air at 264.9 nm, 272.6 nm and 330 nm. Three 

measurements of the absorbance of 1 ml of the distilled water from each of the 45 bottles 

were taken at 264.9 nm, 272.6 nm and 330 nm using a clean semi-micro quarts cuvette. 

The three measurements taken at these three wavelengths were averaged to give the values 

of Ad
264 .9 , Ad

272.6 and Ad330 respectively. Three acetochlor concentration series were 

constructed by adding 0.002, 0.004, 0.~6, 0.008, 0.010, 0.012, 0.014, 0.016, 0.018, 

0.020, 0.022, 0.024, 0.026, 0.028 and 0.030 g of acetochlor (active ingredient) to the 

100.0 ml of distilled water remaining in the 45 bottles. Because of the herbicide's high 

viscosity care was required when pipetting to ensure the transfer of accurate volumes. 

Immediately prior to their absorbances being measured the acetochlor solutions were each 

vigorously hand shaken for two minutes to ensure that a maximum concentration of the 

herbicide was in solution. For each acetochlor solution fifteen unadjusted absorbance 

readings at 264.9 nm, 272.6 nm and 330 nm were taken. The averages of the fifteen 

readings at each of these three wavelengths (AU
264.9 , AU

m .6 and AU
330 respectively) were 

calculated. Between measuring the absorbance of different solutions the cuvette was 

thoroughly rinsed with the solution about to be measured. In all instances after every tHree 

readings the spectrophotometer was reblanked on air, the measured sample discarded and 

a new sample added to the cuvette. 

For each of the 45 acetochlor solutions a background absorbance factor for the 264.9 nm 

(K264.9) and 272.6 nm (Km .6) absorption peaks was calculated. For any given solution this 

was achieved using the Ad
264.9 , Ad

m .6 and Ad330 values of the pure distilled water that had 

originally been used for preparing that solution in the following formulae: 

K - Ad . Ad 
264 .9 - 264.9 -:- 330 (1) 

K - Ad . Ad m.6 - m .6 -:- 330 (2) 
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The actual, adjusted, absorbance of the acetochlor present in the various solutions at 264.9 

nm (A 264 .9) and 272.6 nm (Am.6) could then be determined using the following equations: 

The two adjusted absorbance values thus obtained for each of the different acetochlor 

solutions were plotted against the herbicide concentrations they represented. Over the full 

concentration range tested (Fig. 2.2.1) the heights of the two acetochlor absorbance peaks 

were described by the following binomial equations: 

A 264.9 = -2. 155 [acet]2 + 2.640[acet] - 0.0055 (R = 0.9980) (5) 

A 276.9 = -1.835[acet]2 + 2. 197[acet] - 0.0047 (R = 0.9980) (6) 

where [acet] is the concentration of acetochlor in g.l-I. It should be noted that the shape 

of these plots differ from the shape of absorbance versus concentration plots predicted by 

the Labert-Beer Law. One implication of this law is that the intensity of monochromatic 

light transmitted by a solvent containing an absorbing solute decreases exponentially in 

relation to a linear increase in the solute's concentration (Burris, 1964). This indicates that 

the absorbance of a solution should increase exponentially with increasing concentrations 

of the absorbing solute. The opposite of this was observed in the case of the plot of 

absorbance against acetochlor concentrations presented in Fig. 2.2.1. Over the lower 

concentration ranges represented in this plot (0 g.l-I to 0.12 g.l-I), approximate linearity 

occurred which conformed to the Lambert-Beer Law. However, at the higher acetochlor 

concentrations plotted (0.20 g.l-I to 0.30 g.l-I) the plateauing of absorbance values ran 

contrary to what should, according to this law, have been expected. There are two 

possible reasons why this deviation from the Lambert-Beer Law was observed. The first 

is that technical grade acetochlor has a high viscosity. which contributes to significant 

pipetting errors when attempting to produce solutions with a ' high concentration of the 

herbicide. A second possible reason is that the solubility of acetochlor in water at room 
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FIG. 2.2.1. Standard curves for relating the absorbance of acetochlor at 264.9 run (0) and 272.6 

nm (e) to the concentration of the herbicide in solution over the range of 0.00 to 0.30 g.t1
• The 

two curves are described by second order polynomials (equations [5] and [6]) in the text). ( .. ) the 

95 % confidence intervals. 

temperature is only 0.223 g.1-1 (Worthing and Hance, 1991). This suggests that as 

herbicide concentrations increased to above 0.223 g.1-1 , so too did the amount of acetochlor 

failing to go into solution. The plots of absorbance versus the lower, more accurately 

measurable range of acetochlor concentrations between 0 and 0.12 g.tl (Fig. 2.2.2), were 

described by the following linear equations: 

A 264.9 = 2.335[acet] + 0.00088 (R = 0.9993) (7) 

A 272.6 = 1.933[acet] + 0.00098 (R = 0.9993) (8) 
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Only the linear sections of the standard curves, encompassing the acetochlor concentrations 

between 0 g.l-l and 0.12 g.l-l, that did not significantly contradict the expectations of the 

Lambert-Beer Law, were used in the conversion of absorbance values to estimates of 

acetochlor concentrations. 
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0.25 

0 .20 

Q) 
() 

c:: 
til 
.0 0 .15 J,... 
0 
1/1 
.0 
< 

0 .10 

0.05 

0 .00 ~ .... :...-.: .. '-'" ----l---..l.-__ --L..-__ --L __ ---l __ --.-J 
0 .00 0 .02 0 .04 0 .06 0.08 0.10 0.12 

Acelochlor Concentration 

FIG. 2.2.2. Standard curves for relating the absorbance of acetochlor at 264.9 run (0) and 272.6 

nm (e) to the concentration of the herbicide in solution over the range of 0.00 to 0.12 g.t!. The 

two curves are described by linear equations [7] and [8] in the text. C·) 95 % confidence intervals. 
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2.4.2 Spectrophotometric Determination of Acetochlor Concentrations in Various Solutions 

Relatively accurate estimations of acetochlor concentrations between 0.02 and 0.12 g.l-I 

in clear solutions could be achieved using spectrophotometry (section 2.4.1). Calculation 

of background absorbances were carried out in a similar manner to those calculated during 

the construction of the acetochlor standard curve. Thus following blanking of the Dlf640 

spectrophotometer the absorbances of the solutions to which acetochlor was to be added 

were simultaneously measured at 265.9, 272.6 and 330 nm using the spectrophotometer's 

fixed, multiple wavelength scan function. The background absorbance constants K264.9 and 

Km.6 of the particular solutions were calculated in a similar way as was described for the 

standard curve. Fifteen readings of each solution's absorbance at 264.9 nm (AS
264.9), 272.6 

nm (As
m .6) and 330 nm (A'330) were taken. The background absorbance constants of the 

solutions were then calculated using the following equations: 

Km.6 = A'm.6 + A'330 (10) 

Following the addition of acetochlor fifteen readings of the solution's unadjusted 

absorbance at 264.9 nm (AU
264.9), 272.6 nm (Au

m .6) and 330 nm (AU
330) were made using 

the same procedures and precautions described in section 2.4.1. 

The actual absorbances of the solutions at 264.9 nm (A264.9) and 272.6 nm (A272.6) 

measured by each of these fifteen readings were calculated using equations (3) and (4) 

respectively. The means (X264.9 and Xm.6) and standard errors (~64.9 and Sm.6) of the 

absorbance values obtained at each wavelength were calculated and the 95 % confidence 

intervals of their means determined using the Student's t-test with 14 degrees of freedom 

(t-value of 2.145; Clarke, 1987). The maximum (XU264.9 and XUm.6) and minimum (XL
264.9 

and xLm.6) possible values of X264.9 and xm .6 could be calculated with a 95 % degree of 

certainty using the following equations: 
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XU264.9 = X264.9 + (S264.9 -;- VIS) X 2.145 (11) 

XL264.9 = X264.9 - (S264.9 -;- VIS) X 2.145 (12) 

XU272.6 = X272.6 + (S272.9 -;- vIS) X 2.145 (13) 

XL272.6 = X272.6 - (~72 .9 -;- vIS) X 2.145 (14) 

The average acetochlor concentration ([acet]aV) together with the 95 % probable upper 

([acet]U) and lower ([acet]L) acetochlor concentrations in solution were calculated using the 

following formulae derived from equations (7) and (8): 

[acetr = {[(X264.9 - 0.00(88) -;- 2.335] + [(Xm.6 - 0.00098) -;- 1.933]} -;- 2 (15) 

[acet]U = {[(XU264.9 - 0.00(88) -;- 2.335] + [(Xum.6 - 0.00098) -;- 1.933]} -;- 2 (16) 

[acet]L = {[(XL264.9 - 0.00(88) -;- 2.335] + [(XLm.6 - 0.00098) -;- 1.933]} -;- 2 (17) 

If the difference between the solution's calculated [acet]U and [acet]L was greater than 

0.0025 g.l-l the absorbance of the solution was remeasured. 

2.5 Detennination of Acetochlor Toxicity by Bioassay 

The development of an effective acetochlor bioassay, including the isolation of a bioassay 

organism (a fungus) from the environment and the examination of parameters which effect 

the accuracy of the bioassay, are described in Chapter 3. Since the bioassay was to play 

a central role in identifying the capacity of both isolated soil bacteria and transformed E. 

coli strains to detoxify acetochlor, the procedures employed in carrying out the bioassay 

will be discussed in this chapter. Because the assay was developed over a period of a 

year, the qualitative procedure used initially for the detection of acetochlor detoxifying soil 

bacteria was far less precise than the more refined assay subsequently used for quantifying 

degrees of acetochlor detoxification carried out by either an isolated herbicide degrading 
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soil bacterium or a recombinant E. coli strain with one of the selected soil isolate'S 

degradative genes inserted. 

2.5.1 Qualitative Detection of Diminished Acetochlor Toxicity 

An outline of the procedure for detecting the detoxification of acetochlor is given in Fig. 

2.3. For each bacterium tested for its ability to detoxify acetochlor, two 250 ml 

Erlenmeyer flasks, containing 50.0 ml MS medium (measured by mass), were prepared. 

For each detoxification experiment an additional two flasks containing 50.0 ml MS 

medium were prepared and would serve as uninoculated controls. The flasks were all 

stoppered with cotton wool capped with aluminium foil and sealed with masking tape. 

They were weighed before and after autoclaving at 121°C for 15 minutes in order to 

determine the volume of water lost through evaporation during autoclaving. Care was 

taken when aseptically pipetting acetochlor to ensure that volumes measured were as exact 

as possible. Acetochlor was added to half of the flasks to obtain a acetochlor 

concentrations of 0.15 g.l-l. The flasks were shaken vigorously by hand for five minutes. 

U sing an inoculating loop a single colony from a pure culture of each of the bacteria being 

tested was transferred to each of two flasks; one with (test flask) and one without 

acetochlor (inoculated control flask) . The uninoculated control flasks consisted of one 

flask containing the herbicide and another without the herbicide. The flasks were resealed 

with masking tape and incubated in the dark at 3ere for 18 days with constant rotary 

shaking at 120 rpm. Following incubation the flasks were reweighed in order to estimate 

the volume of liquid remaining in them. One or two 20 ml samples from each flask 

(depending on how much liquid was left remaining in the flasks) were pipetted into sterile 

20 ml bottles containing 0.2 g bacteriological agar. 200 JoLI samples of a solution 

containing 5 g yeast extract and 20 g glucose per litre, were added to each of the bottles 

to give a final concentration of 0.2 g.l-l glucose and 0.05 g.l-l yeast extract. The bottles 

were heated to lOOOe until all of the agar they contained had properly dissolved. The 

bottles were vigorously hand shaken for two minutes before decanting their contents into 

petri dishes. The plates were left to dry for 24 hours before inoculating them with a 

combination of spores and hyphal segments (cfu's) from three to five week old colonies 

of the bioassay fungus which had been maintained at room temperature on NM agar. 
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FIG. 2.3. Diagrammatic outline of the experimental procedure followed during the bioassay to 

detect diminished acetochlor toxicity. 

Sterile micropipette tips were used to transfer inoculum and spot inoculate each plate at 

twelve separate positions (Fig. 2.4). The plates were incubated in the dark at 300c for up 

to 16 days. During the second day of incubation the plates were sealed with masking tape 

to prevent excessive drying out. After 8 days of growth the diameters of the fungal 

colonies appearing on the plates inoculated and uninoculated control plates containing no 

acetochlor were measured to the nearest 0.25 mm. The diameter of fungal colonies 

occurring on the plates containing acetochlor were measured on day 16. Only the 
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diameters of well separated single fungal colonies were measured. The mean fungal 

colony diameter on each plate was calculated. If two plates had been poured from the 

same bottle of medium the sets of colony diameter measurements from both plates were 

combined for further statistical analysis. The fungal growth on acetochlor containing 

media originating from the test flasks was compared with that originating from the 

acetochlor containing control flasks using the Mann-Whitney u-test (Neave and 

Worthington, 1988). A comparison, employing the Mann-Whitney u-test, was also made 

between the fungal growth on media containing no acetochlor originating from the 

inoculated control flasks and the growth on media originating from the uninoculated 

control flasks containing no acetochlor. The results of the Mann-Whitney test were 

obtained using the Statgraphics statistical analysis software package (produced by Graphics 

Software Systems, Inc.). Three criteria had to be met before it could be assumed that any 

bacterium being tested was detoxifying the herbicide. The first was that the mean 

diameters of the fungal colonies on plates containing the herbicide were greater on test 

plates than on control plates. The second criterion was that, according to the u-test, 

differences in colony diameters on acetochlor containing control and test plates should 

occur with a probability of greater than 95 %. The final criterion was that the probability 

• 

• • 

FIG. 2.4. Pattern in which plates were inoculated with the bioassay fungus. 
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that the colony diameters on media originating from the inoculated and un inoculated 

control flasks were not different from one another was greater than 5 % . _ The purpose of 

this last criterion was to guarantee that the test bacterium had not, independently of the 

herbicide, contributed anything to the test medium to stimulated growth of the bioassay 

fungus . 

2.5 .2 Construction of a Standard Curve for the Determination of Active Acetochlor 

Concentrations 

Three separate 1 litre batches of MS medium were made up and decanted immediately in 

100.0 ml aliquots (measured by mass) into 30 sterile 100 ml bottles. All the bottles were 

numbered according to the batch of MS medium from which they originated. The bottles 

were separated into 3 groups (representing the three original batches of medium) 

comprising 7 bottles each were made. The 9 remaining bottles were kept in reserve. To 

. five of the seven bottles in each group was added either 2, 4, 6, 8 or 10 mg of acetochlor 

(to obtain respective acetochlor concentrations of 0.02, 0.04, 0.06, 0.08 and 0.10 g.l-l). 

Before adding acetochlor, 0.5 ml samples from each bottle to which the herbicide was to 

be added were withdrawn for use in background absorbance determinations. The exact 

concentrations of acetochlor added to the bottles was verified spectrophotometrically using 

a single 0.5 ml sample from each bottle. From each of the two bottles containing no 

acetochlor in each group, 1 ml was withdrawn and discarded. Exactly 1 g of 

bacteriological agar and 1 ml of a solution containing 20 g.l-l glucose and 5 g.l-l yeast 

extract was added to each bottle. The lids of the bottles were all tightly sealed and each 

of their masses was determined before and after autoclaving at lOO'C for 30 minutes. If 

after autoclaving the mass of a bottle had decreased by ' more than 1 % of its initial mass 

. it was discarded and one of the back-up bottles were prepared in its place. While still hot 

from autoclaving, both the bottles of media containing acetochlor at 'various concentrations 

and those without any added acetochlor were kept for between 10 and 50 minutes in a 

55°C water bath. Immediately prior to dispensing the media into plates the bottles were 

vigorously hand shaken for two minutes. The 100 ml of medium in each bottle was 

aseptically pipetted (20.0 ml volumes) into five petri dishes positioned on a level surface. 

The thirty five plates thus obtained for each of the three groups were left to dry for 24h. 
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FIG. 2.5. Standard curve for the determination of active acetochlor concentrations in NM agar. 

Herbicide concentrations were related to the fraction of bioassay fungal growth occurring on 

acetochlor containing NM agar relative to the growth occurring on acetochlor-free NM agar. CO) 

95 % confidence intervals. 

The inoculum used to seed each bioassay plate in a single group was obtained from the 

perimeter of a single fungal colony which had been maintained at 300C for three to eight 

weeks on NM agar. All plates were inoculated with the fungus at twelve sites using one 

sterile micropipette tip per plate (Fig. 2.4). Stacked plates were placed in plastic bags 

which were then sealed and incubated at 30"C for 9 to 10 days by which time the mean 

diameters of the colonies on the plates containing no acetochlor were between 9 and 11 

mm. 
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The diameters of the fungal colonies on all plates were then measured to the nearest 0.25 

mm. On each plate only single colonies situated on one of the twelve inoculation sites 

were c~msidered. For slightly non-circular colonies the smallest diameter was measured. 

All the plates in a group were measured within a 2.5 hour period. 

In each of the three groups the mean diameter of the colonies on the five plates containing 

different concentrations of acetochlor (x) was expressed as a fraction of the mean diameter 

of the colonies on the 10 plates containing no acetochlor (xo.oo). These fractions were 

plotted against the acetochlor concentrations they represented (Fig. 2.5) and the regression 

obtained was described by the linear equation: 

x + Xo.oo = -9.289[acet] + 1.029 (R = 0.996) (18) 

2.5.3 Quantitative Detection of Acetochlor Degradation Using the Bioassay 

An outline of the experimental procedure followed is given in Fig. 2.6. For every 

bacterium tested for its ability to detoxify acetochlor four 2 litre Erlenmeyer flasks, each 

containing approximately 400 ml of either MS medium or NM.l, were prepared. Prior 

to autoclaving the flasks were all stoppered with non-absorbent cotton wool and sealed 

with aluminium foil and masking tape. They were autoclaved at 1210( for 15 minutes. 

Between 20 and 28 mg of acetochlor (to give an approximate herbicide concentration 

between 0.05 and 0.07 g.l-l) was added to two flasks for which background absorbances 

had already been measured and these were then shaken vigorously for five minutes. The 

precise concentration of acetochlor in these two flasks was determined 

spectrophotometrically in the manner described in section 2.4.2. Two of the flasks, one 

with and one without acetochlor, were inoculated with the bacterium being tested for 

acetochlor degradative capacity. Inoculation was carried out by transferring half of a 

single large colony (3-5 mm in diameter on NM containing acetochlor at 0.2 g.l-l) to each 

of the flasks using an inoculating loop. The Erlenmeyer flasks were resealed with masking 

tape and incubated at 30"C for 28 days with constant rotary shaking at 120 rpm. At 7, 14, 

21 and 28 days after inoculation either 79.2 ml (for tests carried out using MS medium) 

or 79.3 ml (for tests carried out using NM.l) volumes of medium (determined by mass) 
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FIG 2.6. Diagrammatic outline of the experimental procedure followed during the bioassay to 

quantify the amount of acetochlor degraded by a test bacterium. 

from each flask were transferred as aseptically as possible to sterile 100 ml bottles 

containing 0.80 g bacteriological agar. The concentration of acetochlor in the uninoculated 

control flask containing the herbicide was remeasured using spectrophotometry. Either 0.8 

ml (for tests carried out using MS medium) or 0.72 ml (for tests carried out using NM.1) 

of a sterile solution containing 5 g yeast extract and 20 g glucose per litre, was added to 

each of the bottles containing media withdrawn from the 4 flasks. The bottles, each tightly 

sealed with a screw-cap, were weighed before and after autoclaving at lOOOC for 30 
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minutes. Following autoclaving, any bottles which had lost more than .1 % of their initial 

mass were noted. Media were kept melted at 55°C for between 10 and 40 minutes until 

they were used for pouring plates. The bottles were vigorously hand shaken for two 

minutes. From each bottle four 20.0 ml volumes of medium were pipetted into petri 

dishes on a level surface. The sixteen agar plates thus obtained were dried for one day 

on a laminar flow bench. Plates were inoculated with the bioassay fungus, incubated and 

analysed as has been described for the construction of the standard curve (section 2.5.2). 

The mean diameters of fungal colonies on plates containing acetochlor that originated in 

inoculated test (iTA) and uninoculated control (iCA) flasks were expressed as fractions of 

the mean fungal colony diameters on plates containing no acetochlor from inoculated test 

(iT) and uninoculated control (i~ flasks respectively. Using an adaptation of equation (18) 

the concentration of acetochlor in the inoculated and uninoculated flasks could be 

determined : 

[acetf = ( iTA + iT + 98.35) + -658.7 (19) 

[acetf = ( i CA + i C + 98.35) + -658.7 (20) 

This measurement of the uninoculated control's active herbicide content was compared 

with the pre- and post-incubation spectrophotometric measurements of its acetochlor 

concentration in order to verify that no significant loss in toxicity of the herbicide had 

occurred during preparation of the bioassay. The bioassay derived estimation of acetochlor 

concentration was compared to the initial herbicide concentration which had been measured 

spectrophotometrically. The amount of acetochlor remaining was expressed as a 

percentage of the initial herbicide concentration prior to detoxification. 

On each of the days on which samples were withdrawn from flasks for bioassays, medium 

from the flasks was screened for possible contamination with non-test microbes. From 

each flask 1 1-'1 of medium was transferred and spread onto a NA plate. If growth 

occurred on plates inoculated with medium from the control flasks the test was abandoned. 

Bacterial growth obtained on NA plates inoculated with media from the test flasks was 



61 

examined for contamination according to whether the bacterium being tested was the 

acetochlor degrading soil isolate or recombinant E. coli. In both cases cells from colonies 

on the NA plates were checked for their morphology and gram staining characteristics. 

For those flasks meant to contain only the soil isolate the test for contaminants involved 

both the detection of growth at 42°C (A temperature at which the soil isolate was unable 

to grow) and scanning the plates for colonies which lacked the distinctive fluorescent 

pigmentation of the soil isolate. In assays involving recombinant E. coli strains the 

presence of characteristic antibiotic resistance markers and the inability to grow in the 

absence of thiamine was tested for. 

A scaled down version of the quantitative acetochlor bioassay was also used. This scaling 

down involved the use of initial media volumes of 100 ml in 500 ml Erlenmeyer flasks. 

After 21 days of exposure to the bacterium being tested for herbicide detoxification 

capacity either 79.20 or 79.28 ml of the medium (depending upon whether MS medium 

or NM.l was being used) was processed for analysis with the bioassay using the methods 

described. 
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3 DEVELOPMENT OF AN ACETOCHLOR BIOASSAY 

3.1 Introduction 

Of primary importance in studies involving the isolation of pesticide metabolising microbes 

is the establishment of suitable assays permitting the detection of pesticide transformation 

reactions. Whereas many assays are qualitative and merely indicate whether or not 

pesticidal compounds have been metabolised, ideally they should also be quantitative and 

provide estimates of the numbers of pesticide molecules which have undergone 

transformation. 

In order to identify microbes capable of degrading the chloroacetanilide herbicide, 

acetochlor, a reliable assay for the herbicide was required. A number of qualitative and 

quantitative assays have been employed for the detection of microbial chloroacetanilide 

degradation. Generally the qualitative assays used have been simpler than the quantitative 

ones. At their simplest, attempts to qualitatively detect chloracetanilide degradation among 

microbial strains has centred around testing strains for their ability to grow on these 

herbicides as sole carbon or nitrogen sources (Liu et al., 1989; Novick and Alexander, 

1985; Saxena et aI., 1987; Villarreal et aI., 1981). More complex qualitative assays have 

aimed at the detection of 14C02 (Novick et al., 1986) and highly water soluble 14C-labelled 

metabolites (Novick and Alexander, 1986) produced during the microbial degradation of 

14C-Iabelled herbicide molecules. 

The quantitative assays most commonly used to monitor the microbial degradation of 

chloroacetanilide herbicides have been based on gas-liquid chromatography (GLC) (Krause 

et aI., 1985; Liu et al., 1989; Liu et al., 1991; McGahen and Tiedje, 1978; Novick et aI., 

1986; Saxena et al., 1987; Smith and Phillips, 1975; Tiedje and Hagedorn, 1975; 

Villarreal et aI., 1991). Other chromatography-based quantitative chloroacetanilide assays 

have employed high performance liquid chromatography (HPLC) (Pothuluri et al., 1993); 

column chromatography with Waters Associates' Sep-Pake CIS cartridges (Novick and 

Alexander, 1985); and thin layer chromatography (TLC) (Bailey and Coffey, 1986; Liu 

et al., 1989; Novick and Alexander, 1985). Many of these chromatographic assays 

(particularly those utilising GLC and HPLC) have been used to not only precisely quantify 
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the degradation of chloracetanilide molecules but also to both facilitate the isolation of 

specific degradation products and to provide information on the rates. at which these 

products are formed (Bailey and Coffey, 1986; Krause et al., 1985; Liu et al., 1989; Liu 

et al., 1991; Novick et aI., 1986; Mcgahen and Tiedje, 1978; Pothuluri et al., 1993; 

Saxena et al., 1986; Tiedje and Hagedorn, 1975; Villarreal et al., 1991). Non­

chromatographic quantitative assays which have been used in the detection of microbial 

chloroacetanilide transformation have included the measurement of 14C02 (Bailey and 

Coffey, 1986; Novick et al., 1986) or 14C-Iabelled metabolites arising through the 

breakdown of 14C-Iabelled herbicide molecules (Bailey and Coffey, 1986; Liu et aI., 1991; 

Pothuluri et al., 1991; Saxena et aI., 1987), the colorimetric determination of chloride ions 

released from degraded herbicide molecules (Uu et aI., 1991; Tiedje and Hagedorn, 1975) 

and the use of bioassays to monitor decreases in herbicidal activities (Bailey and Coffey, 

1985; Bailey and Coffey, 1986). 

Bailey and Coffey (1984) have described a cheap, simple and precise agar plate based 

bioassay for the determination of active metalaxyl (a fungicide chemically related to 

acetochlor) concentrations in soils. These researchers have also applied the bioassay to 

the measurement of active soil concentrations of the chloroacetanilide herbicide 

metolach10r (Bailey and Coffey, 1985). It was realised that a similar bioassay for the 

measurement of active acetochlor concentrations in growth media, would be extremely 

valuable in the present study since it would facilitate not only the isolation of acetoch10r 

detoxifying microorganisms, but also the isolation ofa gene instrumental in the herbicide's 

detoxification. Once isolated such genes could potentially be employed to genetically 

engineer resistance to acetochlor in crops. 

The development of an agar plate based quantitative acetochlor bioassay is described here. 

From amoung 43 cultures isolated from the environment that were tested for their 

usefulness as bioassay organisms, a fungal strain was selected because of its suitability 

with regard to the measurement of acetochlor concentrations. The sensitivity of the 

selected bioassay fungus was quantified under controlled nutritional and environmental 

conditions and an effective bioassay procedure was developed. Certain factors affecting 

the precision of the bioassay were also examined. 
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3.2 Materials and Methods 

3.2.1 Isolation of an Acetochlor-Sensitive Bioassay Organism 

43 cultures isolated from soil and from water obtained from a stream beside the Faculty 

of Agriculture buildings of the University of Natal in Pietermaritzberg, were tested for 

their susceptibility to acetochlor. 39 bacterial and 4 fungal isolates for which pure cultures 

had been obtained, were each streaked in triplicate onto NM agar (nutrient medium 

described in sectior) 2.2) containing 0.00, 0.05,0.10 and 0.15 g.l-l acetochlor. Each plate 

was sealed with masking tape and incubated at 300C. After 7 days, isolates were examined 

for a reduction in growth which corresponded to an increase in herbicide concentrations. 

Fungal herbicide sensitive isolates were also streaked in triplicate onto MS agar (mineral 

salts medium described in section 2.2) and incubated at 300C for ten days. 

The effect of different acetochlor concentrations on the growth of a selected fungal isolate 

was determined over a 56 day period. 500 ml of sterile NM agar w.as melted and 20 ml 

aliquots aseptically transferred to 25 sterile 20 ml bottles. The bottles were kept at 50"C 

in a water bath for up to 30 minutes and divided into 5 groups of 5 bottles each. To each 

of the bottles in four of the groups was added either 1, 2, 3 or 4 mg acetochlor (to give 

acetochlor concentrations of 0.05, 0.10, 0.15 and 0.20 g.l-l respectively). Following 

vigorous shaking for two minutes each bottle was emptied into a petri dish. The plates 

once set were left to dry for 48 hours. Hyphae from the border of a 45 day old colony 

of the fungus on NM agar at room temperature (fluctuating between approximately SOC 

and 21°C) were suspended in 1 ml sterile distilled water with vigorous shaking by hand. 

1 ""I of the hyphal suspension was pipetted into the centre of each dry plate. Plates were 

stacked, sealed with masking tape and incubated at 300C for 8 weeks. At weekly intervals 

the diameters of the fungal colonies which appeared on the plates were measured to the 

nearest 0.25 mm. 

The effect of acetochlor concentrations between 0.00 and 0.165 g.t' on colony diameters 

of the selected fungal isolate growing on NM agar was investigated. The same procedure 

used for constructing the standard curve for the determination of active acetochlor 
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concentrations (section 2.5.2) was followed with the following exceptions: batches of MS 

agar were made up, decanted in 98 ml aliquots into six 100 ml bottles and autoclaved at 

121°C for 15 minutes; 1 ml of both glucose and yeast extract stock solutions were added 

to each bottle following autoclaving to give glucose ~d yeast extract concentrations of 0.2 

g.l-l and 0.05 g.l-l respectively; acetochlor was added in carefully pipetted quantities 

(ranging from between 0.02 to 0.165 g.l-l) to medium with no spectrophotometric 

verification made of the amount added; instead of pipetting 20 ml aliquots when making 

plates, 100 m1 quantities of medium was transferred in approximately equal volumes into 

five sterile petri dishes. 

The calibration curve which was used in this study for relating the growth of the fungus 

to acetoch10r concentrations between 0.00 and 0.1 g.l-l, was constructed in the manner 

described in section 2.5.2 . 

3.2.2 The Effect of Heating on Acetochlor Activity 

An 800 ml batch of MS medium was made up using freshly sterilised distilled water. Half 

of the MS medium in a batch was decanted in 99.0 ml aliquots into four 100 ml sterile 

bottles each containing 1.00 g bacteriological agar. Approximately 22 g acetochlor was 

added to the 400 m1 of MS medium remaining undecanted. Following mixing of the 

acetochlor into the MS medium (2 minutes of vigorous shaking by hand), the exact 

concentration of the acetochlor dissolved was determined spectrophotometrically (section 

2.4.1). The MS medium containing acetochlor was decanted in 99.0 ml aliquots into 

sterile 100 ml bottles each containing 1.00 g bacteriological agar. I ml of a solution 

containing 20 g.l-l glucose and 5 g.l-l yeast extract was added to each bottle. Bottles 

containing acetochlor were paired with bottles containing no acetochlor. Each pair of 

bottles was autoclaved separately in a Tomy SS-320 autoclave using one of the following 

four sets of parameters: 1200C for 15 minutes; ll00C for 15 minutes; 100°C for 15 

minutes; lOOOC for 30 minutes. Immediately prior to pouring plates the bottles were 

vigorously hand shaken for two minutes. The medium in each bottle was decanted by 

pipetting 20.0 ml volumes into five petri dishes positioned on a level surface. The 10 

plates thus obtained for each pair of bottles were left to dry for 24 hours. The bioassay 
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fungus inoculum used to seed each of the plates poured from a single pair of bottles was 

obtained from the perimeter of a single fungal colony which had been grown at 30"C for 

between 3 and 5 weeks on NM agar. All plates were inoculated with the fungus at twelve 

sites (Fig. 2.3) using one sterile micropipette tip to transfer inoculum per plate. Plates 

were stacked in groups of ten, placed in plastic bags (which were subsequently sealed) and 

incubated at 30"C until the mean diameter of the colonies developing on plates containing 

no acetochlor was between 9 and 10 mm. For each set of plates, after an eight to ten day 

incubation period, the diameters of all the single, non overlapping fungal colonies growing 

at the sites of inoculation were measured to the nearest 0.25 mm. The average bioassay 

fungus colony diameters on the five plates poured from single bottles were obtained. The 

concentration of active acetochlor remaining in the media containing the herbicide was 

determined using equation (18) described in section 2.5 .2. This was achieved using the 

mean of colony diameters obtained for the 5 plates with herbicide (x) and the 5 plates 

without herbicide (xo.oo) poured from bottles comprising a pair. The proportion of active 

acetochlor remaining after each treatment was calculated relative to the concentration of 

the herbicide measured spectrophotometrically prior to autoclaving. The procedure was 

repeated a further two times. 

3.2.3 The Effect of Nutrient Availability on Acetochlor Toxicity 

The susceptibility of the bioassay organism to acetochlor was tested on media based on 

NM medium which were supplimented with different concentrations of ~)2S04' glucose 

and yeast extract (Table 3.1). For each of the media tested 600 ml NM minus the variable 

nutrient was made up and dispensed in 100.0 ml quantities into six bottles each containing 

1.00 g bacteriological agar. Six stock solutions of (NH..)2S04 (50 g.l.l), glucose (20 g.l-l) 

. and yeast extract (5 g.l-l) were made up in MS medium from which the standard amount 

of (NHt)2S04 was omitted. Depending upon the nutrient being tested six samples of either 

(NH4hS04, glucose, yeast extract or both glucose and yeast extract were individually either 

weighed out or aliquoted from the appropriate stock solutions and added to each of the six 

bottles. The lids of the bottles were tightly sealed and their masses were measured before 

and after autoclaving (at 12O"C for 15 minutes) to verify that no significant volume of 

liquid (in excess of 1 ml) was lost from them. While still warm acetochlor was carefully 
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pipetted into five of the six bottles to obtain approximate herbicide concentrations of 0.02, . . 

0.04, 0.06, 0.08 and 0.10 g.1-1• Each bottle was vigorously hand shaken for two minutes 

immediately prior to pouring five approximately equal volumes into sterile petri dishes. 

After drying for 24 hours the plates were inoculated with the bioassay fungus in the 

fashion mentioned previously (section 2.5.2). Plates containing the same medium were 

grouped, stacked and incubated together in sealed plastic bags at 300C. All plates were 

incubated until the borders of adjacent fungal colonies on plates containing no acetochlor 

were separated from one another by approximately 10 mm. Within a three hour period 

the smallest diameters of all discreet, non-overlapping fungal colonies on the 35 plates in 

each group were measured to the nearest 0.25 mm. Data on the mean fungal colony 

diameters measured on those plates containing the same test medium were analysed in the 

same way as the data used for the construction of the calibration curve relating bioassay 

fungus colony diameters to acetochlor concentrations (section 2.5.2). 

TABLE 3.1. The composition of the media used to test the effect of various nutrient 

concentrations on the toxicity of acetochlor. 

Concentration (gJ"l) 
Variable 

(NH')2S0, Glucose Yeast Extract 

None 5.00 0.20 0.05 

(NH4)2S0, 0.50 0.20 0.05 
0.05 0.20 0.05 

Glucose 5.00 0.02 0.05 
5.00 0.00 0.05 

Yeast Extract 5.00 0.20 0.01 
5.00 0.20 0.00 

Glucose and Yeast 5.00 0.00 0.00 
Extract 
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3.2.4. The Effect of Other Selected Parameters on the Precision and Accuracy of the 

Bioassay 

The procedure for constructing the standard curve for the determination of effective 

acetochlor concentrations (section 2.5.2) was followed with the following modifications: 

3 separate 600 ml batches of MS agar were made up, decanted in 98 ml aliquots into six 

100 ml bottles and autoclaved at 121°C for 15 minutes; 1 ml of heat sterilised concentrated 

glucose and yeast extract stock solutions (made up in MS medium) were added to each 

bottle following autoclaving to give final glucose and yeast extract concentrations of 0.2 

g.l-I and 0.05 g.l-I respectively; acetochlor was added in carefully pipetted quantities to 

five of the six bottles with no spectrophotometric verification made of the amount added; 

instead of pipetting 20 ml aliquots when making plates, 100 ml quantities of media were 

simply poured in approximately equal volumes into five sterile petri dishes and allowed 

to solidify. 

3.3 Results 

3.3.1 Isolation of an Acetochlor-Sensitive Bioassay Organism 

Of the 43 isolates examined 3 displayed a marked reduction in growth over the herbicide 

concentration ranges tested. It was found that 50% of the fungi (2 out of 4) and only 2.6 

% of the bacteria (lout of 39) tested were sensitive to acetochlor at concentration of 0.15 

g.l-I. None of the organisms found to be sensitive to acetochlor were unable to grow at 

the highest concentration of the herbicide tested. The isolate which was most severely 

affected by the herbicide was one of the fungi (Figs 3.1, 3.2 and 3.3). On NM agar 

hyphal inoculum from this fungus gave rise to rapidly growing, uniformly sized colonies 

with well defined borders. The fungus was probably agarolytic as it could grow on MS 

agar and pitted the agar surface immediately surrounding the colonies. This fungus was 

selected as the bioassay organism to function as an indicator of active acetochlor in this 

study. 
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A B 

c D 

FIG. 3.1. The effect of acetochlor at approximate concentrations of 0.00 g.l-I (A), 0.05 g.l-I (B), 

0.1 g.l-I (C) and 0.15 g.l-I (D) in NM agar on the growth, after 9 days, of the fungal strain selected 

as an acetochlor sensitive bioassay organism. 
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Growth of the bioassay fungus on NM agar containing 0,0.05,0.10, 0.15 and 0.20 g.l-I acetochlor 

was monitored over a 56 day period (Fig. 3.2). Growth on plates containing no acetochlor 

occurred at a uniform rate from the onset of inoculation until fungal colonies had reached a 

diameter of approximately 55 mrn. After reaching this size the borders of colonies became 

increasingly ill defined and the rate of colony expansion decreased. On plates containing 

acetochlor a lag period was observed which lasted between 7 and 14 days during which period the 

rate of colony diameter increase was lower than that observed over the remainder of the growth 

period. 

60 

50 

40 

>. 30 
c:: 
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u 

20 

56 

Days After Inoculation 

FIG. 3.2. Colony diameters (in mrn) of the selected acetochlor sensitive bioassay fungus following 

growth on NM agar at 30"C over a 56 day period. (0) growth in the absence of acetochlor. 

Growth in the presence of: (e) approximately 0.05 g.1-1 acetochlor; (-) approximately 0.10 g.1-1 

acetochlor; (4) approximately 0.15 g.1-1 acetochlor; (0) approximately 0.20 g.1-1 acetochlor. Error 

bars represent the standard deviations of five fungal colony diameters. 
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The curve best representing the response of the bioassay fungus to concentrations of 

acetochlor between 0.00 and 0.165 g.l-l was described by a second order polynomial (Fig. 

3.3). However, the growth of fungal mycelia decreased linearly with increasing acetochlor 

concentrations between 0.00 and 0. 1 g.l-l (Fig. 2.5; section 2.5.2). The concentration of 

acetochlor inhibiting mycelial growth by 50% (ECso) was determined from the linear 

response curve (Fig. 2.5) to be 0.057 g.l-l . 
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FIG. 3.3. Fungal growth occurring on NM agar containing between 0.00 and 0.165 g.l-I 

acetochlor. Growth is expressed as the proportions of the mean fungal colony diameters which 

occurred at the various acetochlor concentrations tested relative to mean colony diameters which 

occurred in the herbicide's absence (x + Xo.oo). C·) 95 % confidence intervals. 
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3.3.2 The Effect of Heating on Acetochlor Activity 

During the course of the present study it was observed that autoclaving acetochlor 

solutions at 121°C for 15 minutes resulted in the dissolved herbicide being less toxic to 

the bioassay fungus than was anticipated. While boiling acetochlor solutions for 20 to 30 

minutes did not noticeably effect the activity of the herbicide, it was not as effective at 

sterilising solutions as autoclaving at 121°C for 15 minutes. The effect autoclaving had 

on the activity of acetochlor was thus examined in order to find a suitable set of 

autoclaving parameters which could be employed in the sterilisation of solutions of this 

herbicide. Relative to autoclaving at l00'C for either 15 or 30 minutes autoclaving for 15 
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FIG. 3.4. The percentage of active acetochlor remaining in an approximately 0.05 g.l'\ solution 

of the herbicide in NM agar following autoclaving for 15 minutes at 100, 110 and 120'C and for 

30 minutes at lOO'C. Error bars indicate standard deviations. 
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minutes at either IHY'C or 120°C significantly reduced the activity of a 0.05 g.l-l 

acetochlor solution (Fig. 3.4). Because no significant loss of activity was noted when 

acetochlor was autoclaved at l000C for either 15 or 30 minutes, it was assumed that 

neither of these treatments resulted in degradation of the herbicide. Equation (18) 

described in section 2.5.2 was used to determine herbicide concentrations remaining in the 

autoclaved solutions. According to the bioassay, autoclaving for 15 minutes at IHY'C or 

1200C was found to diminish acetochlor activity by approximately 10 % and 16 % 

respectively. It was found that while ~ agar appeared to be sterile following autoclaving 

for 15 minutes at llOOC and 1200C and for 30 minutes at 100°C, autoclaving at l000C for 

15 minutes yielded consistently sterile NM agar only when sterile bottles and agar were 

used to make up the medium prior to autoclaving. 

3.3.3 The Effect of Nutrient Availability on Acetochlor Toxicity 

During the course of constructing a standard acetochlor response curve for the bioassay 

fungus, a set of results was obtained which contained readings completely at variance with 

the data already collected. This anomalous data indicated that the bioassay fungus was far 

more sensitive to acetochlor than earlier results had indicated. A possible reason for this 

heightened sensitivity was suggested when it was found that an error had been made while 

making up the yeast extract stock used for producing the NM agar employed to support 

growth of the bioassay fungus. This error resulted in the NM containing only 1 % of the 

intended yeast extract concentration. The influence that different concentrations of various 

nutrients had on the bioassay fungus' sensitivity to acetochlor was therefore investigated. 

While (NH4hS04 concentrations appeared to have no significant effect on the toxicity of 

acetochlor to the bioassay fungus , lowering the concentration of glucose or yeast extract 

separately (Figs 3.5.1 and 3.5.2 respectively) or of both concurrently (Fig. 3.5.3) 

significantly increased the sensitivity of the bioassay fungus to the herbicide. 

Growth of the bioassay fungus on nutritionally poor media occurred at a slower rate than 

on NM. Mycelial growth was particularly slow in the absence of glucose and/or yeast 

extract. Colonies which arose on media lacking in these nutrients were lighter in colour 

with less defined borders than colonies grown on NM. 
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FIG. 3.5.1. The effect of varying glucose concentration on the toxicity of different acetochlor 

concentrations (in g.l0I) to the bioassay fungus . The media used were identical to NM agar except 

that glucose was present at either 0020 g.l0l (v), 0.02 g.l0l (0) or 0 g.l0l (e) . The regressions are 

described by the following equations: Glucose present at 0.20 g.tl, i + Xo.oo = -6.667[acet] + 

00985 (R = 0.987); glucose present at 0002 g.l0l, x + Xo.oo = -7.501[acet] + 0.994 (R = 0.997); 

glucose present at 0.00 g.l0l, x + Xo.oo = -9.439[acet] + 00976 (R = 0.993). Growth is expressed 

as the proportions of the mean fungal colony diameters which occurred at the various acetochlor 

concentrations tested relative to mean colony diameters which occurred in the herbicide's absence 

(i + Xo.oo). 
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FIG. 3.5.2. The effect of varying yeast extract concentration on the toxicity of different acetochlor 

concentrations (in g.l-l) to the bioassay fungus. The media used were identical to NM agar except 

that yeast extract was present at either 0.05 g.l-l (v), 0.01 g.l-l (0) or 0.00 g.l-I (e). The 

regressions are described by the following equations: Yeast extract present at 0.05 g.l-l, i + ~.oo 

= -6.667[acet] + 0.985 (R = 0.987); yeast extract present at 0.01 g.t1
, i + ~.oo = -7.896[acet] 

+ 0.966 (R = 0.995); yeast extract present at 0.00 g.tl, i + ~.oo = -9.517[acet] + 0.989 (R = 
0.989). Growth is expressed as the proportions of the mean fungal colony diameters which 

occurred at the various acetochlor concentrations tested relative to mean colony diameters which 

occurred in the herbicide's absence (i + ~.oo). 



76 

1.0 

0 .8 
'1 
l..l 
+ 
1>< 0 -- 0 .6 c 
0 
'E 
0 
Q" 'rl 
0 0 ... v 
~ 0.4 

0 

0.2 

0.0 L-______ ~ ______ ~ ______ ~ ________ ~ ____ ~~ 

0 .00 0 .02 0.04 0.06 0 .08 0 .10 

Acetochlor Concentration (g.l.I) 

FIG. 3.5.3. The effect of excluding both glucose and yeast extract from NM (ie using MS as 

growth medium) on the toxicity of different acetochlor concentrations (in g.l-I) to the bioassay 

fungus. (v) growth of the bioassay fungus on NM agar. (0) growth of the bioassay fungus on MS 

agar. The regressions are described by the following equations: Glucose and yeast extract present 

at 0.2 g.l-I and 0.05 g.l-I respectively, it + Xo.oo = -6.667[acet] + 0.985 (R = 0.987); neither 

glucose nor yeast extract present, it + Xo.oo = -9. 263 [acet] + 0.882 (R = 0.973). Growth is 

expressed as the proportions of the mean fungal colony diameters which occurred at the various 

acetochlor concentrations tested relative to mean colony diameters which occurred in the 

herbicide's absence' (it + Xo,oo). 
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During the course of the year over which the quantitative bioassay was developed a 

number of modifications were made to the bioassay procedure which were intended to 

increase its precision and accuracy. Motivation to make these modifications stemmed from 

the following three observations: (1) Due to acetochlor's high viscosity large pipetting 

errors were encountered when aseptically transferring small volumes of the herbicide; (2) 

the rate at which the diameters of the bioassay fungus' colonies increased was visibly 

lower when plates were thinner than approximately 3.5 mm than when they were thicker 

than 4 mm; (3) natural variation in mean fungal colony diameters in treatments without 

any acetochlor (to which all treatments containing the herbicide were compared) probably 

resulted in inaccuracies in the estimation of acetochlor concentrations. Therefore, 

procedures used for both the quantitative bioassay and the construction of the acetochlor 

response curve of the bioassay fungus, were amended to include the spectrophotometric 

verification of acetochlor concentrations and the growth of the bioassay fungus on agar 

plates uniformly 4 mm thick. The procedure for constructing the standard curve was 

further altered to include the use of twice as many replications of treatments without the 

herbicide as individual treatments with the herbicide. While the individual effects of each 

of these alterations were not quantified their overall effect was evident from a comparison 

of the standard curves constructed with and without these procedural modifications (Fig. 

3.5.). Whereas the regression coefficient of the calibration curve ultimately used in the 

present study (curve A) was 0.996, the regression coefficient of the initial curve 

constructed without the procedural modifications (curve B) was 0.987. It is also 

noteworthy that curve A had a steeper gradient than curve B. 
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FIG. 3.6. Comparison of curves for relating acetochlor concentrations between 0.00 and 0.1 g.1'I, 

to the growth of the bioassay fungus (represented here as the proportion of mean colony diameters 

in the herbicides presence relative to the mean colony diameter in the herbicides' absence or x -+ 

Xo.oo) . Curve A (0) is the standard response curve of the bioassay fungus used in this study (also 

presented as Fig. 2.4.). It was constructed using the procedure outlined in section 2.5.2. Curve 

B (.) is an acetochlor response curve of the bioassay fungus constructed in a similar manner to 

curve A with the following exceptions: (1) there was no spectrophotometric verification of 

acetochlor concentrations; (2) bioassay plates were not of uniform thicknesses; (3) approximately 

half the number of colony diameter measurements were used to obtain a measure of mean fungal 

colony diameters in the absence of acetochlor (Xo.oo). Curve A is described by the linear equation: 

x -+ Xo.oo = -9.289[acet] - 1.029 (R = 0.996). Curve B is described by the linear equation: x -+ 

Xo.oo = -6.667[acet] - 0.985 (R = 0.987) . (- .. ) 95 % confidence intervals. 
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3.4 Discussion 

A bioassay was developed which enabled the quantitative approximation of inhibitory 

acetochlor concentrations between 0.02 and 0.1 g.l-' in NM agar. The quantitative 

bioassay (section 2.5.3) evolved from a qualitative bioassay (section 2.5.1) used in the 

early stages of the present study as a means of identifying acetochlor detoxifying bacteria. 

The success of both the qualitative and quantitative bioassays depended on certain 

characteristics of the fungal isolate chosen as a bioassay organism. 

3.4.1 Isolation of an Acetochlor-Sensitive Bioassay Organism 

It was found that of the microbes examined for sensitivity to acetochlor, bacteria were far 

more resistant to the herbicide than fungi. Thus whereas 50 % of the fungi examined 

were obviousely inhibited by 0.18 g.l-' acetochlor, over 90 % of the bacteria examined 

were resistant to this concentration of the herbicide. This finding supports that of Kudjo­

Dzantor and Felsot (1991) who have reported that soil fungi are far more sensitive to high 

dosages of the chloroacetanilide herbicide, alachlor, than are soil bacteria and 

actinomycetes. 

The choice of organism to be used initially for the qualitative bioassay and ultimately for 

the quantitative bioassay, depended on several factors. Firstly, the organism selected had 

to be versatile enough for use in detecting the detoxification of acetochlor in media 

containing a variety of organic nutrients. The procedure employed for isolating a bioassay 

organism focused on the isolation of microbes sensitive to low concentrations of technical 

grade acetochlor when grown on NM agar (a medium containing 0.20 g.l-l glucose and 

0.05 g.l-l yeast extract). Although many microbes isolated during the initial selection of 

an acetochlor degrader (section 4.3.2) were sensitive to acetochlor at a concentration of 

0.18 g.l-l when grown on MS agar (a medium containing no organic nutrients) (Table 4.1), 

they were rejected as potential indicators of reduced acetochlor toxicity as they were 

insensitive to this concentration of the herbicide when grown on NM agar. 
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Since the solubility of acetochlor in water at room temperature is 0.223 g.l-I (Worthing and 

Hance, 1991), a second factor influencing the choice of a bioassay organism was that it 

needed to be strongly inhibited by the herbicide at this concentration. While the selected 

acetochlor-sensitive fungus strain was not killed in 56 days by the highest concentration 

of acetochlor tested (0.20 g.1-I), its rate of growth was measurably retarded. 

The fungus strain chosen from the 43 microbial isolates examined, was initially intended 

only for use in the qualitative acetochlor bioassay. However, realisation that an adaptation 

of this qualitative ~ioassay would also enable its use in the approximation of acetochlor 

concentrations prompted further investigation of the selected fungus as a possible 

quantitative acetochlor bioassay organism. 

For growth of the selected fungus under controlled conditions to be used as an indicator 

of not only diminished acetochlor toxicity but also of actual herbicide concentrations, it 

was necessary that small changes in acetochlor concentrations should cause marked 

changes in its growth. While the metalaxyl ECso (concentration of metalaxyl resulting in 

50 % inhibition of myceliaI expansion) of Phytophthora boehmeriae, the fungus employed 

in the quantitative metalaxyl bioassay developed by Bailey and Coffey (1984), was 0.02 

mg.l-1 (Bailey and Coffey, 1986), the acetoehlor ECso of the bioassay fungus used in the 

present study was 57 mg.l-1
• This almost three thousand fold difference in sensitivity 

between these two fungi for the respective chemicals which they have been used to assay, 

reflects a difference in the exact purpose for which each was required. Bailey and 

Coffey's bioassay was aimed at the quantification of low concentrations of metalaxyl in 

soils and was used to examine the fungicide's detoxification in the environment (Bailey and 

Coffey, 1985; Bailey and Coffey, 1986). The functions of the bioassays developed in the 

present study, on the other hand, were the detection and/or quantification of acetochlor 

detoxification involving concentrations of the herbicide between 0.02 and 0.15 g.l-l in a 

defined growth medium. For the purposes of this study, therefore, it was not necessary 

to obtain a bioassay organism with a higher sensitivity toacetochlor than that of the fungus 

ultimately selected. 
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For the selected fungus to be used in a quantitative acetochlcr bioassay it was necessary 

that some measurable aspect of its growth should vary in a directly proportional 

relationship to changing concentrations of the herbicide. The fungus was suitable in this 

regard in that the relationship between its colony diameters and acetochlor concentrations 

between 0.00 and 0.10 g.1-1 was described by a linear regression. Because this linear 

relationship did not hold for acetochlor concentrations above 0.10 g.1-I, all concentrations 

of the herbicide to be measured using the quantitative bioassay were kept below 0.10 g.l-I. 

The colony radii of the P. boehmeriae strain used in the metalaxyl bioassay developed by 

Bailey and Coffey (1984) also did not vary linearly over the entire range of metalaxyl 

concentrations examined by these researchers. This deviation from linearity meant that 

the metalaxyl bioassay was only useful in the measurement of metalaxyl concentrations 

between 0.002 and 0.03 mg.ml-I. However, even within this range of concentrations the 

effect of metalaxyl on the colony radii of P. boehmeriae was best described by a second 

order polynomial and attempts to transform the data to linearity using a semi-log plot 

resulted in a poorer curve fit than was obtained in the present study. 

The usefulness of the selected fungus in a quantitative acetochlor bioassay was also 

dependent on the reproducibility of the effect which acetochlor had on its growth. In this 

regard a problem was encountered when it was found that colony diameter measurements 

recorded in different experiments could not be directly compared. This was due to slight 

fluctuations in fungal colony growth within different replications of the experiments which 

were independent of acetochlor concentration. Two of the factors effecting the rate of 

mycelial expansion appeared to be the dryness of the NM agar plates inoculated with the 

fungus and the age of the inoculum used. Inoculating plates which were inadequately dried 

resulted in moisture droplets at sites of inoculation which appeared to slow down mycelial 

growth (possibly due to its interference with aeration). By allowing plates to dry for 24 

hours before inoculation problems of this type were avoided. Also, inocula obtained from 

older colonies (particularly those stored at 4OC) generally grew more slowly than inocula 

obtained from younger colonies (data not presented). A degree of consistency was 

achieved between data gathered in different experiments by both standardising the fungal 

innoculum used and expressing means of colony diameters on plates in the presence of the 

herbicide as proportions of mean colony diameters measured on plates in the absence of 
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the herbicide. The fungal inoculum was standardised by only using mycelia from the 

peripheries of single 3 to 5 week old colonies actively growing at 30"C in the centres of 

NM agar plates. It was found that fung·al colonies incubated at 300C grew at a constant 

rate on NM agar plates for up to five weeks. If maintained for more than five weeks, 

however, a decrease in growth rate occurred which was coupled with a loss of colony 

boundary definition. This loss of definition possibly indicated depletion of nutrients in 

NM agar essential for growth of the bioassay fungus. To enable the comparison of results 

from different experiments it was, however, also necessary to take measurements only 

when mean colony diameters on plates lacking the herbicide were between 9 and 11 mm. 

A characteristic of the selected fungus which contributed to its usefulness as a bioassay 

organism was its agarolytic nature. This may be significant since when fungal growth is 

used as an indicator of fungicidal chemical concentrations a problem commonly 

encountered is that fungal colony diameters have a tendency to increase faster in the 

absence of sufficient nutrients than in the presence of a rich nutrient supply (Rijkenberg, 

1993; personal communication4
). Possibly because it was agarolytic, the colony diameters 

of the selected fungus did not increase at an accelerated rate upon depletion of nutrients 

in the growth medium. Thus the borders of two colonies of the bioassay fungus would 

remain defined even when separated from on another by as little as 8 mm. This permitted 

up to twelve inoculation sites on each agar plate used in the bioassay. For any particular 

plate it was assumed that the mean diameter of eight to twelve colonies would accurately 

reflect the concentration of acetochlor present in the plate. 

3.4.2 The Effect of Heating on Acetochlor Activity 

During both the qualitative and quantitative bioassay procedures (sections 2.5.1 and 2.5.3 

respectively) agar powder was added to media following growth of putative acetochlor 

degraders. Because heating of media to dissolve the agar was inescapable during the 

4Professor F. H. J. Rijkenberg, Department of Microbiology and Plant 
Pathology, University of Natal, Pietermaritzberg, South Africa, 3200 
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bioassays, an assumption was made that boiling media containing acetochlor for 

approximately 15 minutes [the minimum time required for agar to dissolve at a 

concentration of I % (w/v)], would not contribute measurably to the detoxification of the 

herbicide. Support for this assumption came from the observation that acetochlor solutions 

boiled for 20 to 30 minutes were no less toxic to the bioassay fungus than control solutions 

containing the same acetochlor content but to which the herbicide had been added 

following cooling. During both the construction of the standard acetochlor response curve 

of the bioassay fungus (section 2.5.2) an~ the quantitative acetochlor bioassays carried out 

in this study, media containing acetochlor were autoclaved for 30 minutes at 10000C. 

Therefore, had this autoclaving treatment contributed to a slight loss in the herbicide's 

toxicity, the standard acetochlor response curve of the bioassay fungus would still have 

been valid for determining acetochlor concentrations as indicated by growth of the fungus 

during the quantitative bioassay. 

In the fungal bioassay developed by Bailey and Coffey (1984) for the measurement of 

metalaxyl and metolachlor concentrations in soils (Bailey and Coffey, 1985), autoclaving 

media containing either of these compounds at 1200C for 30 minutes had no effect on their 

fungiCidal activities. The reason these autoclaving conditions could be used when working 

with metalaxyl and metolachlor was that unlike acetochlor which decomposes at 180'C 

(Monsanto Acetochlor Technical Safety Data Sheet, 02/86), metalaxyl and metolachlor 

remain stable at temperatures up to 300'C (Worthing and Hance, 1991). 

There were two ways in which autoclaving acetochlor solutions without diminishing their 

toxicity improved the effectiveness of the quantitative bioassay. Firstly, besides the need 

for heating to dissolve agar powder added to media to solidify them, the bioassay required 

that media exposed to putative acetochlor degraders be sterilised prior to using them to 

support growth of the bioassay fungus. Filter sterilisation would result in the removal 

from media of herbicide molecules both within and adsorbed to the cell surfaces of 

putative acetochlor detoxifiers. Although certain researchers have reported a low levels 

of chloroacetanilide removal from media by microbial sorption (Saxena et al., 1987; 

Krause et al., 1985), others have reported that certain microbial strains actively 

accumulate untransformed chloroacetanilide molecules from media (Liu et al., 1989; 
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Pothuluri et al., 1993). Without measurably influencing the inhibitory concentration of 

any acetochlor present, autoclaving media at lOOOC for 30 minutes both sterilised them and 

dissolved agar powder added to them. 

The second manner in which autoclaving parameters which did not effect acetochlor's 

activity contributed to the effectiveness of the bioassay related to difficulties encountered 

in the aseptic measurement of accurate acetochlor volumes. When highly viscous technical 

grade acetochlor was drawn up into a small bore micropipette tip it adhered to both the 

inner and outer surfaces of the tip . While acetochlor adhering to the outside of the tip 

could only be properly removed by wiping the tip with a paper towel or cloth, effective 

removal of all the herbicide drawn up into the tip required a thorough rinsing process. It 

was therefore difficult to maintain sterility when attempting to precisely pipette small 

acetochlor volumes. The non-sterile measurement of precise acetochlor volu,mes and 

subsequent sterilisation of acetochlor solutions by autoclaving at l()(rC for 30 minutes, was 

important in the construction of the standard curve for relating growth of the bioassay 

fungus to acetochlor concentrations (section 2.5 .2). 

3.4.3 The Effect of Nutrient Availability on Acetochlor Toxicity 

While it was shown that (NH.)2S04 concentrations between 0.05 g.l-I and 5.0 g.l-I had no 

effect on the sensitivity of the bioassay fungus to acetochlor, lowering the concentrations 

of either glucose or yeast extract in NM agar significantly influenced the sensitivity of the 

fungus to the herbicide. When using the quantitative bioassay (section 2.5 ;3) it was 

important that plates inoculated with the bioassay fungus contained glucose and yeast 

extract concentrations as close as possible to 0.2 g.l-I and 0.05 g.l-I respectively since these 

were the concentrations of glucose and yeast extract present in NM during construction of 

the standard curve (section 2.5 .2). Following the first part of both the qualitative and 

quantitative bioassay procedures (maintenance of putative acetochlor degraders in test 

media), preparation of the media prior to inoculation with the bioassay fungus involved the 

addition of glucose and yeast extract solutions to attain the approximate concentrations of 

these nutrients present NM. 
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During the bioassays in which putative acetochlor detoxifying microbes were maintained 

in NM.l (a medium described in section 2.2 containing 10 % the glucose ~d yeast extract 

present in NM) a significant decline in the concentrations of glucose and yeast extract 

present in the medium would have taken place over the time period permitted for 

detoxification to occur. This may have marginally effected the accuracy of the bioassay 

because even after addition of glucose and yeast extract to nutritionally depleted NM.l 

media in an attempt to adjust them to resemble NM, the adjusted media would still have 

contained slightly lower concentrations of these nutrients than NM. The differences in 

nutrient content between NM and the adjusted NM.l media did not, however, influence 

the validity of the bioassays for detecting decreases in acetochlor concentrations. This is 

because the adjusted NM. l media contained between 90 and 100 % of the glucose and 

yeast extract available in NM. Being provided with up to 10 % less glucose and yeast 

extract the bioassay fungus would have been slightly more sensitive to acetochlor and the 

assay would have slightly overestimated the herbicide concentration present. If anything 

this bias would, therefore, have resulted in a slight underestimation of a test microbe's 

ability to degrade acetochlor in NM.l. 

The heightened sensitivity of the bioassay fungus to acetochlor in the presence of lower 

yeast extract and glucose concentrations could possibly have been used to make the 

bioassay more sensitive. The effect of this heightened sensitivity would be to increase the 

gradient of a calibration curve relating growth of the fungus to concentrations of the 

herbicide. This increased gradient would permit the detection and measurement of smaller 

fluctuations in herbicide concentrations. The scope of this study was, however, 

insufficiently broad to fully explore the possibilities of obtaining a more precise bioassay 

via this route. 

Possibly because of the various limitations in the techniques used, the data presented in 

Figs 3.5.1, 3.5.2 and 3.5.3, was considerably more variable than that obtained for the 

construction of the standard curve presented in section 2.5.2. The most significant of 

these limitations are the same as those outlined in section 3.4.4. 
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The initial procedure used to produce a calibration curve relating growth of the bioassay 

fungus to acetochlor concentrations contained various shortcomings which compromised 

both the precision and accuracy of the quantitative bioassay. These shortcomings included 

the following: there was no reliable means of either aseptically pipetting accurate volumes 

of acetochlor or of verifying acetochlor concentrations by some means other than the 

bioassay; media volumes decanted into plates to be inoculated with the bioassay fungus 

were not kept identical between plates; there were not enough repetitions when determining 

the growth of the fungus in the absence of the herbicide. 

Possibly the most significant omission in the initial procedure for constructing a calibration 

curve was the absence of an independent verification of acetochlor concentrations. As 

previously discussed (section 3.4.2) the pipetting of precise acetochlor volumes was 

hindered by the herbicide's high viscosity. Problems encountered when pipetting the 

herbicide were such that when aseptic measurement and transfer of small acetochlor 

volumes was attempted, uncontrollable variation occurred in the actual amount of 

acetochlor ultimately transferred. The finding that autoclaving acetochlor solutions at 

lOO'C for 30 minutes appeared to have no effect on the toxicity of the dissolved herbicide 

permitted the non-sterile pipetting of more accurate acetochlor volumes when constructing 

a standard acetochlor response curve for the bioassay fungus. A reason for the major 

difference in gradient of the curves in Fig 3.6 could, therefore, be due to curve B 

(produced without the aid of spectrophotometry) being constructed by plotting fungal 

growth against intended acetochlor concentrations, while curve A (produced using 

spectrophotometry) was constructed by plotting fungal growth against actual herbicide 

concentrations. In the case of the quantitative bioassay (section 2.5.3) spectrophotometric 

measurement of acetochlor concentrations served to provide a precise means of measuring 

the amount of acetochlor added aseptically to sterile media prior to inoculation with 

putative acetochlor detoxifiers. 
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It was observed that colonies of the bioassay fungus increased in size . at a slower rate if 

agar plates were thinner than 3.5 mm. In the initial procedure used to construct an 

acetochlor standard curve for the quantitative bioassay, a large degree of variation in mean 

colony diameters occurred between plates containing the same concentration of the 

herbicide (data not presented). This between-plate variation was possibly due, in part, to 

variations in the thickness of the agar layer they contained. It is probable that the different 

rates of fungal colony expansion observed between plates approximately 4.25 mm thick 

and plates thinner than 3.5 mm occurred because thinner plates both dried out quicker 

during incubation and contained fewer nutrients than thicker plates. Therefore, in both the 

quantitative bioassay procedure and the improved procedure for constructing a standard 

curve, care was taken to ensure that plates to be used in the bioassay were uniformly 

approximately 4.25 mm thick. 

Because all acetochlor concentrations measured using the bioassay were based on the 

comparison of fungal colony diameters in the presence and absence of the herbicide, it was 

important that mean fungal colony diameters measured in the absence of acetochlor be as 

accurate as possible. In the procedure used initially in the construction of an acetochlor 

calibration curve equal numbers of plates were used for determining the mean colony 

diameters of the fungus in treatments without the herbicide as were used for individual 

treatments containing the herbicide. In the later procedure for constructing a standard 

curve twice as many plates were used to obtain an estimate of mean fungal colony 

diameters in treatments without the herbicide as were used in the individual treatments 

with the herbicide. By providing a more accurate measure of growth on media lacking 

acetochlor through increased repetition, it was hoped that the accuracy of the bioassay 

would be increased. 

It is also possible that factors which were not examined in this study such as pH of growth 

media and temperatures at which the bioassay fungus was either incubated or stored, could 

have affected the sensitivity of the fungus to acetochlor. In this regard it has been found 

that while the resistance of plants to the chloroacetanilide herbicides is affected by both 

air (Reinhardt and Nel, 1982) and soil temperatures (Boldt and Barrett, 1989; Van 

Rensberg et al., 1988), soil pH has not been shown to have any effect on the sensitivity 
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of plants to these herbicides (Reinhardt and Nel, 1982). It is feasible that if the adjustment 

of one or both of these parameters increased the toxicity of acetochlor towards the bioassay 

~ungus, then by altering the pH of media and/or incubation temperatures the sensitivity of 

the bioassay described here could be altered. 
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4 ISOLATION OF AN ACETOCHWR DETOXIFYING BACTERIUM 

4.1 Introduction 

Fears over the potential health and environmental hazards posed by the widespread use of 

halogenated pesticides in agriculture have prompted a large volume of research centred 

around obtaining an understanding of the processes whereby these molecules are degraded 

in the environment. Pivotal to many of these efforts have been the isolation from the 

environment of microbial strains which, in pure culture, are able to transform these often 

highly recalcit t molecules. 

~ 1'e..t;'l5C-l 

Being one of the most extensive y used groups of chlorinated pesticides in the world today 

(Gressel, 1992), much attention has been focused on the environmental fate of the 

chloroacetanilide herbicides (Chesters et aI., 1989). It has been demonstrated that the 

major agents of chloroacetanilide de radati 'n soils are mic r anisms (Chesters et al., 

1989). While there have as yet been no published reports on the isolation of acetochlor 

degrading microbe, microbial strains which in e ulture are ca able of transforming the 

chloroacetanilides metolachlor (Bailey and Coffey, 1986; Krause et al., 1985; Saxena et 

al.; 1987, Liu et al., 1987), alachlor (Lee, 1984 cited by Chesters et al., 1989; Lee, 1986 

cited by Chesters et al., 1989; Novicket al., 1986) and propachlor (Novick and 

Alexander, 1985; Novick et al., 1986; Villarreal et al., 1991) have been isolated from the 

environment. However, no microbe or microbial community has yet been discovered that 

is able to significantly mineralise any of the chloroacetani~ide herbici@£ and it appears that 

microorganisms with the capacity to utilise chloroacetanilides as th~ir sole source ~f eitlleL 

carbon or nitrogen are extremely rare. It is likely that the failure of attempts to isolate 

either utilisers or mineralisers of these herbicides is because chloroacetanilide molecules 

have both tertiary amine moieties and, with the exception of propachlor, alkyl groups on 

their aniline rings. While tertiary amines are generally resistant to enzymatic-attack, the 

alkyl groups at ring positions 2 and 6 may further hinder degradation of these molecules 

by sterically interfering with enzymatic cleavage of bonds to their nitrogen atoms (Saxena 

et al., 1987). 
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In studies involving the elucidation of chlor~ili~gGldation athways mediated by 

microbes, the transformation reactions discovered have included. dechlorination, 

dehydrogenation, dealkylation, hydroxylation and indoline ring formation (Figs 1.5.1, 

1.5.2, 1.5.3, 1.5.4). It is likely that these transformations fall into one of the following 

three categories: (1) Incidental metabolism during which the herbicide is transformed by 

generally available enzymes; (2) catabolism during which the herbicide provides nutritional 

and/or energy benefits for the metaboliser; (3) detoxification metabolism during which the 

herbicide degrader is sensitive to the herbicide and transforms it merely as a survival 

mechanism (Matsumura, 1982; cited by Cork and Kreuger, 1991). Because a gene 

encoding the transformation of acetochlor to a non-toxic metabolite was required in the 

present study, an attempt was made to isolate microbes which either specifically detoxified 

acetochlor for survival purposes or utilised it as a nutrient source. It is possible that 

certain degradative genes (such as those encoding acetochlor dechlorination) isolated from 

acetochlor transforming microbes would be utili sable as acetochlor resistance genes in the 

engineering of resistance to this herbicide in crops. 

The isolation of an acetochlor detoxifying bacterium which resembles Pseudomonas 

fluorescens is described here. Isolation of the bacterium was facilitated by a multicycle 

batch cu e enrichment procedure . ed at selecting for microbial communities capable 
-----------------~ 

of utilising the herbicide as their sole source of carbon and energy. Isolation of the 

~ ----detoxifier from a microbial community PQssibl ca ble of utilising acetochlor was 

achieved by firstly using indi~ia to screen individual isolates for t eir-ahllity to -
~r and then testing p?tential dechlorinators for their ability to 

significantly deto~ify the herbicide using a qualitative acetochlor bioassa. The actual ------ -
degradative capacity of an acetochlor detoxifier thus isolated was determined using of a 

refined ,::rsion of ~e gUalitative bioassay 1 which permitted the quantitative detection of 

active acetochlor concentrations. 
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4.2 Materials and Methods 

4.2.1 Chemicals 

Water soluble eosin yellow was purchased from G. T. Gurr. Methylene blue was 

purchased from Judex. 2,3,5-triphenyl tetrazolium chloride (TIC) was purchased from 

Saarchem. 

4.2.2 Media 

EMB (Eosin-Methylene-Blue) agar is an acid/base indicator medium described by Loos 

(1975) containing the following per litre: eosin, 40 mg; methylene blue, 6.5 mg; yeast 

extract, 0.1 g; purified or noble agar, 12 g. EMBA is EMB with acetochlor added at a 

concentration of 0.15 g.l-l. MSA-TIC medium is based on an indicator medium described 

by Bochner and Savageau (1977) and contains MSA agar (mineral salts acetochlor agar 

described in section 2.2) together with 2,3,5-triphenyl tetrazolium chloride at a 

concentration of 25 mg.!"l. 

4.2.3 Enrichment for Acetochlor Degrading Microbes 

An in vivo enrichment for acetochlor degrading microorganisms similar to that described 

by Bailey and Coffey (1986) was carried out. A number of different soil types from a 

variety of locations in the area surrounding the agriculture faculty buildings of the 

University of Natal in Pietermaritzberg, South Africa, were collected and mixed. 

Approximately one kilogram of this sample was mixed, in a two litre beaker, with 100 ml 

of a 0.1 % formulation acetochlor solution in 1oom1 of tap water. The top of the 2 litre 

beaker was covered with aluminium foil, partially sealed with masking tape and incubated 

at 300C. At weekly intervals over a period of seven weeks 25 ml of a 0.1 % solution of 

formulation acetochlor was applied to the surface of the soil. After the seventh week the 

treated soil was mixed and moistened with 100ml of water. Six samples of approximately 

50 g each were placed into 100 ml beakers. The tops of the beakers were then sealed with 

aluminium foil and masking tape and over the next seven week period 3 were incubated 

( 
\ 
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at 30"C and the other 3 left at room temperature. The soil in the six beakers was then 

added to and mixed with a similar volume of freshly collected soil from the same locations 

as the original samples. An enrichment procedure similar to that employed for the 

isolation of s-triazine utilising microbes by Bheki and Kahn (1986) was used. Two grams 

of the mixed soil were added to each of four 250 ml Erlenmeyer flasks containing 100 ml 

of either NM, MS, NMA or MSA (all described in section 2.2). The flasks were shaken 

vigorously for 10 minutes and large particles were removed by straining the soil-media 

mixtures through cheesecloth. The four 250 ml Erlenmeyer flasks containing the slightly 

clarified mixtures were incubated at 30"C in an orbital shaker set at 100 rpm. After 2 

weeks 1 ml samples from each of these cultures were used to inoculate 100 ml of fresh 

media also in 250 ml Erlenmeyer flasks. These were incubated at 3<1'C with shaking at 

100· rpm for a further two weeks. Four more enrichment cycles, each lasting two weeks, 

were carried out but with three adjustments made to the above procedure. Firstly, instead 

of using 1 ml samples from the preceding cultures to seed fresh media 10 JoLI samples were 

used. Secondly, aeration during enrichments was improved by both lowering the culture 

volume in the flasks from 100 ml to 50 ml and increasing the rate of rotary shaking from 

100 rpm to 150 rpm. Lastly, the progress of growth in the enrichment cultures were 

monitored on a daily basis by measuring their absorbances at 600 nm. This 

spectrophotometric determination of growth required that uninoculated control flasks also 

containing 50 ml of the four different enrichment media be incubated together with the 

enrichment cultures. The absorbances of these cultures was monitored together with those 

of the enrichments in order to monitor fluctuations in background absorbances in the 

enrichment cultures which occurred independently of the microbial growth in these 

cultures. 

4.2.4 Screening for Acetochlor Degradation 

Between 8 and 10 days after the initiation of enrichment cycles three through five, bacteria 

surviving the enrichment process were tested for their ability to degrade acetochlor. 

During cycles three and four 80 bacterial isolates from the four enrichment cultures were 

selected at random. In cycle five 40 bacterial strains which yielded red colonies after ten 

days of growth at 30"C on EMBA were selected from the NM and NMA enrichments. 
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Bacteria from the MS and MSA enrichments which produced red colonies (or at least 

colonies with red centres) after 10 days of growth at 30'C on MSA-TTC indicator plates, 

were also selected. The 40 isolates selected from each cycle consisted of 16 from each 

of the acetochlor containing enrichment cultures and 4 from each of the cultures containing 

no acetochlor. Pure cultures were obtained of the 120 selected bacterial isolates. The 

isolates were maintained on either NMA agar if they originated from the NM or NMA 

enrichment cultures or MSA agar if they originated from the MS or MSA enrichment 

cultures. All isolates were individually tested for their capacity to either dechlorinate 

acetochlor and/or utilise it as their sole source of carbon and energy. A differential colony 

colour reaction between a bacterium' s growth on EMB and its growth on EMBA after 10 

days at 30°C was taken to imply that it was possibly capable of dechlorinating acetochlor 

(Loos, 1975). Growth after 10 to 30 days at 300C in the dark on MSA agar but not on 

MS agar was used as an indication as to whether the bacteria were capable of utilising 

acetochlor as their sole carbon and energy source. All tests were carried out in triplicate 

on plates sealed with masking tape to prevent their drying out. The isolates which gave 

positive responses in these tests were screened for their potential ability to utilise agar as 

a carbon source. This was accomplished by comparing their growth after 3 days at 300C 

on MS with and without galactose (the monosaccharide subunit of agar) at a concentration 

of 0.2 g.l-l. Using the qualitative bioassay (section 2.5.1) all of the selected isolates 

lacking the capacity to utilise galactose as a carbon source were tested twice for their 

ability to noticeably detoxify acetochlor at an approximate concentration of 0.15 g.l-l. In 

the bioassay all isolates, irrespective of whether they had been isolated from the NMA or 

MSA enrichment cultures, were grown for 18 days at 3O"C in MSA. 

4.2 .5 Quantification of the Acetochlor Detoxifying ability of isolate A108 

The quantitative acetochlor bioassay (section 2.5.3) was used to estimate the amount of 

acetochlor which a selected bacterium, designated A108, was capable of detoxifying over 

a 28 day period. Herbicide detoxification was tested in both MS medium and NM.l 

(described in section 2.2) supplemented with acetochlor at an approximate concentration 

of 0.06 g.l-l. Samples were analysed for acetochlor after 7, 14, 21 and 28 days 

incubation. Using the scaled down version of the quantitative acetochlor bioassay (section 
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2.5.3) two more estimates were obtained in both MS and NM.l of the amount of the 

herbicide A 108 could detoxify in 21 days. 

4.2.6 Characterisation and Identification of the Acetochlor Degrading Isolate 

This was carried out using both standard microbiological techniques-and an automated 

bacterial identification analyser (ATB Identification; Bio Merieux). 

Initially isolate AI08 was Gram stained in order to both characterise its morphology and 

broadly classify it in relation to the bacterial groups presented in Bergey's Manual of 

Systematic Bacteriology (9th ed.). The ability of A 108 to grow under anaerobic conditions 

was tested. It was streaked onto three NM plates each of which were subsequently 

overlaid with 10 ml of sterile mineral oil. The plates were sealed with masking tape and 

incubated at 300C for three weeks. The plates were regularly examined for signs of 

growth over this period. 

The size, morphology and flagellation of the isolate were determined with the use of 

transmission electron microscopy. 1 ml NM in a 5 ml test tube was inoculated with a 

single A 108 colony from a two day old MSA agar plate and incubated overnight at 30'C 

without shaking. A loop-full of growth was transferred onto a formvar coated 

transmission electron microscope (TEM) grid. Excess liquid was removed with filter 

paper and one drop of a 2 % solution of phosphotungstic acid was applied to the surface 

of the grid. Within 20 seconds the drop of phosphotungstic acid was removed using filter 

paper. The grid containing the stained cells was left to air dry for approximately five 

minutes and then viewed in a Joel 100 CX TEM at 80 KV. 

Analysis of isolate A108 by an automated bacterial identification analyser was carried out 

by technicians at Umgeni Water in Pietermaritzberg. To determine which of the possible 

AI08 identities indicated by the bacterial identification analyser was the best fit, the culture 

was subsequently examined for pigment production, growth at 42°C and liquification of 

gelatin. 
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4.3 Results 

4.3.1 Enrichment for Acetochlor Degrading Microbes 

The measurement of growth in the enrichment cultures was only initiated during the third 

enrichment cycle because, in enrichment cycles one and two, turbidity resulting from 

suspended soil particles interfered with absorbance measurements to the extent that no 

significant growth was discemable in any of the cultures. Lack of any signs of growth 

may also have been . due to poor aeration during these cycles because of the large volumes 

of liquid present in flasks (100 ml in 250 ml flasks) and the slow rate at which the cultures 

were agitated (100 rpm). During enrichment cycles 3 through 6 absorbance readings 

obtained for the enrichment cultures over the two week periods for which they were 

monitored, required adjustment in order to eliminate the portion of the absorbance which 

could not be attributed to cell growth. This was of particular importance for the 

determination of growth in cultures containing acetochlor since it was noted that over the 

first three days of culturing a significant amount of the absorbance measured was 

attributable to the herbicide. The drop in absorbance in uninoculated controls containing 

acetochlor indicated that this absorbance was possibly due to herbicide molecules which 

had initially failed to go into solution but which subsequently dissolved slowly due to 

constant mixing at 150 rpm. Adjustment of measured absorbances of each of the 

inoculated cultures was achieved by subtracting from them the absorbance of the 

corresponding uninoculated control. The absorbance values thus obtained were plotted 

against the time after inoculation at which they were taken (Figs. 4.1.1 and 4.1.2). These 

growth curves demonstrated that over the entire observation period (with the exception of 

day 2 during enrichment cycle 6) the NM enrichment medium supported the largest cell 

population. The NMA enrichment medium generally supported the second highest cell 

population, followed in tum by the MSA and MS enrichment media. 

Of all the enrichment media used only MS yielded no recognisable growth curve (Fig 

4.1.2). Comparisons of the growth curves obtained for the enrichment cultures exposed 

to acetochlor between cycles 3 through 6 reveal some weak trends in the growth of the 

microbial communities comprising these cultures. The growth curves of the enrichment 
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FIG. 4.1.1. The spectrophotometric determination of the growth of soil microbes in the NM and 

NMA cultures during enrichment cycles 3, 4, 5 and 6 over the 14 days following inoculation of 

the cultures. (e) NM enrichment culture. (0) NMA enrichment culture. 
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FIG. 4.1.2. The spectrophotometric determination of the growth of soil microbes in the MS and 

MSA cultures during enrichment cycles 3,4,5 and 6 over the 14 days following inoculation of the 

cultures. (e) MS enrichment culture. (0) MSA enrichment culture. 
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cultures (Fig. 4.1.1) demonstrate that, over the four cycles of enrichment, the peak 

absorbance of the cultures at 600 nm (always observable after 1 day of growth) ~ncreased 

steadily from 0.082 during cycle 3 to 0.161 during cycle 6. In the MSA enrichment 

cultures there was no noticeable increase in the maximum absorption values (ODA600) 

attained in cycles 3 to 6 (Fig 4.1.2). However, the time taken to reach these maximum 

absorbances was reduced from 7 days in cycles 3 and 4 to 5 days in cycles 5 and 6 (Fig 

4.1.2). This was most marked between cycles 4 and 5, and was probably related to a 

shortening of the lag period in these c~ltures due to adaptation. 

4.3.2 Screening for Acetochlor Degradation 

In the third and fourth enrichment cycles bacterial and fungal strains surviving enrichment 

were selected at random. Alternatively, in enrichment cycle five, only bacteria which 

yielded a positive colorimetric reaction on either the EMBA or MSA-TIC indicator media 

were chosen for further study. Colonies reacting positively on EMBA took on a red 

appearance while those reacting negatively either remained white or took on a blue 

appearance (Fig. 4.2.1). On MS-TIC colonies reacting negatively were white, while those 

reacting positively were either red or had a red spot in their centres. 

Table 4.1 shows the results of tests carried out on the 120 isolates obtained from the 

different enrichment cultures during enrichment cycles three, four and five, to determine 

whether they could either dechlorinate acetochlor or utilise it as their sole carbon and 

energy source. Although tests were also carried out on iSolates obtained during 

enrichment cycle six the results were inconclusive and are therefore not included. Five 

isolates, all of which were selected during the fifth enrichment cycle, produced a different 

colour reaction when grown on EMBA than when they were grown on EMB. Although 

all five of the isolates tested were capable of growth on both MSA and MS agar, A 108 and 

A104 appeared to grow slightly better on MSA agar than on MS agar. Neither of these 

isolates, however, showed any observable growth in liquid MSA medium. Also, neither 

repeated transfers of A104 and AI08 on MS agar, nor starvation in liquid MS medium for 

up to one month, resulted in any noticeable decrease in the growth of these isolates on MS 

agar in the absence of any added carbon or energy sources. 
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FIG. 4.2. Different colony colours which occurring on EMBA during screening of individuals 

surviving 5 cycles of enrichment in NM and NMA. Red colony colour (A) indicated the 

production of acid in the colony and possibly the dech:lorination of acetochlor. In the Blue (B) and 

White colonies (C) no acid production was occurring and hence it was unlikely that dechlorination 

of acetochlor was taking place. 
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TABLE 4.1. The results of tests carried out on the 120 isolates obtained during enrichment cycles three, 

four and five to determine whether they could either dechlorinate acetochlor or utilise it as their sole carbon 

and energy source. 

Strain Origin of Strain Colour of Colonies on: Presence of Growth on: 

Enrichment Enrichment EMB EMBA MS Agar MSA Agar 

Medium Cycle 

Al NMA 3 White White -• -
A2 NMA 3 - b - - -
A3 NMA 3 Red Red - -
A4 NMA 3 - - - -

AS NMA 3 - - +_ c -
Aft NMA 3 - - + + 
A7 NMA 3 Purple Red - -
A8 NMA 3 - - - -
A9 NMA 3 Blue Blue - -

AIO NMA 3 - - - -
AllJ NMA 3 - - +- +-
Al2 NMA 3 - Red +' -
Al3 NMA 3 - - - -
Al4 NMA 3 White White - -
Al5 NMA 3 White - - -
Al6 NMA 3 - - - -
Al7 MSA 3 Red Red + -
Al8 MSA 3 Red Red + -
Al9 MSA 3 Purple Blue + -
A20 MSA 3 White White + -
A21 MSA 3 Pink PinklWhite - -
A22 MSA 3 White White + -
A23 MSA 3 - - + -
A24 MSA 3 Pink Pink + + 
A25 MSA 3 Pink Pink +- -
A26 MSA 3 Red Red + -
A27 MSA 3 Red Red + -
A28 MSA 3 - - - -
A29 MSA 3 Red Red + -
A30 MSA 3 Red/Purpld' Purplel + -
A31 MSA 3 Red Red + -
A32 MSA 3 \ Red Red + + 
A33 NM 3 White White - -
A34 NM 3 Blue - - -
A3S NM 3 - - - -
A36 NM 3 - - - -
A37 MS 3 ***' *** + -
A38 MS 3 *** *** - -
A39 MS 3 *** *** + -
A40 MS 3 *** *** +- -
A41 NMA 4 - - *** *** 
A42 NMA 4 - - *** *** 
A43 NMA 4 Pink Red. *** *** 
A44 NMA 4 Red Red *** *** 
A4SJ NMA 4 - - *** *** 
A46 NMA 4 - - *** *** 
A47 NMA 4 Blue Blue *** *** 
A48 NMA 4 White White *** *** 
A49 NMA 4 White White *** *** 
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TABLE 4.1. (Cont.) 

Strain Origin of Strain Colour of Colonies on: Presence of Growth on: 

Enrichment Enrichment EMB EMBA MS Agar MSA Agar 

Medium Cycle 

ASO NMA 4 - - *** *** 
ASl NMA 4 - - *** *** 
AS2 NMA 4 - - *** *** 
AS3 NMA 4 Red Red *** *** 
AS4 NMA 4 Purple/Blue Blue *** *** 
AS5 NMA 4 White White *** *** 
AS6 NMA 4 - - *** *** 
A57 MSA 4 White White +- +-
AS8 MSA 4 Blue Blue - -
AS9 MSA 4 Red Red +- +-
A60 MSA 4 Red Red + +-
A6l MSA 4 White White + +-
A62 MSA 4 Red Red + +-
A63 MSA 4 White White + -
A64 MSA 4 - - + +-
A65 MSA 4 White White - -
A66 MSA 4 Purpe/Blue Purple + -
A67 MSA 4 Red Red + -
A69 MSA 4 White White - -
A70 MSA 4 White White +- -
A71 MSA 4 Red Red + -
An MSA 4 Red Red - -
A73 NM 4 - - *** *** 
A74 NM 4 Red - *** *** 
A75 NM 4 - - *** *** 
A76 NM 4 - - * •• * •• 
A77 MS 4 ••• • •• + +-
A78 MS 4 ••• ••• +- +-
A79 MS 4 ••• • •• + -
A80 MS 4 ••• • •• + -
A8l NMA 5 Red Red - -
A82 NMA 5 Blue Purple + + 
A83 NMA 5 Red Red - -
A84 NMA 5 Pink Pink - -
A85 NMA 5 Red Red +- +-
A86 NMA 5 Blue Purple - -
A87 NMA 5 Red Red - -
A88 NMA 5 Red Red - -
A89 NMA 5 Blue Purple! + + 
A90 NMA 5 Red Red - -
A9l NMA 5 Red Red - -
A92 NMA 5 Red Red - -
A93 NMA 5 Red Pink - -
A94 NMA 5 Red Red +- -
A95 NMA 5 - - - -
A96 NMA 5 Red Red - -
A97 MSA 5 Red Red + +-
A98 MSA 5 Purple Purple + + 
A99 MSA 5 Red Red + + 

AlOO MSA 5 Red Red + -
AlOl MSA 5 Purple Purple + + 
AlO2 MSA 5 White White + + 
AlO3 MSA 5 Red Red + + 
Al04 MSA 5 Purple/Blue Red + + 
AlO5 MSA 5 White White +- -



TABLE 4.1. (Cont.) 

Strain Origin of Strain Colour of Colonies on: 

Enrichment Enrichment EMB 
Medium Cycle 

AI06 MSA 5 Blue 
AI07 MSA 5 Red 
AI08 MSA 5 Blue 
AI09 MSA 5 White 
AllO MSA 5 Red 
ALII MSA 5 Purple 
A1l2 MSA 5 Red 
Al13 NM 5 Red 
A1l4 NM 5 Red 
A115 NM 5 Red 
A1l6 NM 5 Red 
A1l7 MS 5 *** 
A1l8 MS 5 *** 
A1l9 MS 5 *** 
Al20 MS 5 *** 

• No growth observable. 
b Normal colony colour interfered with colour determination . 
C Only slight growth observable. 
J Fungus . 

• Obvious growth observable. 
f Green metallic sheen observed. 
8 Not Tested. 

EMBA 

Blue 
Red 
Red 

White 
Red 

Purple 
Red 

-
-

Red 
Red 
*** 
*** 
*** 
*** 
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Presence of Growth on: 

MS Agar MSA Agar 

+ + 
+ + 
+ + 
+ + 
- -
+ + 
+ + 

*** *** 
*** *** 
*** *** 
*** *** 
+ + 
+ -
+ + 
+ + 

Screening of the isolates on MS agar supplemented with 0.2 g of galactose per litre 

indicated that growth of A82 and A89 on MSA and their strong colour reactions on EMB 

were possibly due solely to their ability to efficiently utilise agar as their sole source of 

carbon and energy. 

Use of the qualitative acetochlor detoxification bioassay showed that of the 3 isolates, A86, 

AI04 and A108, only A108 was able to detoxify a detectable quantity of the herbicide in 

MSA medium over the time-scale tested (Table 4.2). Prior inoculation of media 

containing no acetochlor with test microorganisms did not obviously effect the growth of 

the bioassay fungus. 



TABLE 4.2. Ability of selected soil bacteria to significantly detoxify acetochlor 

at a concentration of 0.15 g.l-I 

No Acetochlor (Day 8) Acetochlor (Day 16) 
Strain 

Mean Colony Z-value' Probability - Mean Colony Z-value 
Diameter (nun) Diameter (nun) 

Control 10.148 - -- 2.513 -
10.146 - - 2.511 -

A86 10.217 0.1858 0.8528 2.625 0.9992 
_t - - 2.409 -0.4253 

AI04 10.276 0.4646 0.6422 2.263 -2.0667 

- - - 2.275 -1.2380 

AI08 10.190 0.2211 0.8250 4.711 5.2835 
- - - 4.381 5.4525 
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Probability 

-
-

0 .3177 
0.6706 

0.0388 
0 .2157 

1.3 X 10·' 
4.1 X 10-1 

• The Z-values obtained when comparing the set of fungal colony diameter meaaurementa on test and control plates using the Mann­
Whitney u-test. The Z-value i. equivalent to the U-value described by Neave and Worthington (1988). 

• The probability that colony diameters on control plates are not different to those observed on control plates. 

t No data collected. 

4.3.3 Quantification of the Acetochlor Detoxifying ~bility of Isolate A108 

The provision of low concentrations of glucose (0.02 g.l-I) and yeast extract (0.005 g.l-I) 

was sufficient to significantly improve the rate at which AI08 was able to degrade 

acetochlor (Figs 4.3.1 and 4.3.2). While approximately 53 % of the added acetochlor had 

been detoxified after 21 days in NM.l medium, only approximately 20 % of the herbicide 

was detoxified over the same time period in MS. While· there was no noticeable increase 

in the turbidity of MS medium inoculated with A108 over the 28 day test period, 

inoculated NM.l medium both with and without added acetochlor, showed significant 

increase in culture turbidity three days after inoculation. 
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FIG 4.3.1. Degradation of acetochlor by A108 over a 28 day period in NM.1. (0) percentage 

of added acetochlor remaining in the inoculated medium at different times. (e) percentage of added 

acetochlor remaining in the uninoculated medium. (-) spectrophotometrically determined 

percentage of added acetochlor remaining in the uninoculated medium. Error bars at day 21 

represent the standard deviation of three independent bioassay measurements of the percentage of 

active acetochlor remaining at that time. 

4.3.4 Characterisation and Identification of the Acetochlor Degrading Isolate 

Gram staining showed A108 to be a short Gram negative rod. The very slight growth 

observed on NM agar under mineral oil after three weeks indicated it was probably aerobic 

or possibly a weak facultative anaerobic. Electron microscopic examination of the isolate 

showed that it was approximately 0.45-0.6 #Lm wide and 0.75-1.0 #Lm in length with polar 

flagellation (Fig. 4.4). The ATB Identification analyser gave a 98 % probability that A108 

was a member of the genus Pseudomonas. While the identification analyser gave a 92 % 

probability that Al 08 was either Pseudomonas putida, Pseudomonas mendocina or 

Pseudomonas fluorescens , it also gave a probability of 6 % that it could be Pseudomonas 
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FIG 4.3.2. Degradation of acetochlor by Al08 over a 28 day period in MS . (0) percentage of 

added acetochlor remaining in the inoculated medium at different times. (e) percentage of added 

acetochlor remaining in the uninoculated medium. (-) spectrophotometrically ,determined 

percentage of active acetochlor remaining in the uninoculated medium. Error bars at day 21 

represent the standard deviation of three independent bioassay measurements of the percentage of 

active acetochlor remaining at that time. 

aeruginosa. A108's size and flagellation (Fig 4.4), its production of a fluorescent 

pigment, its ability to slightly liquify gelatin and its inability to grow at 42°C indicated that 

of all these possible identities Ps. jluorescens was the most likely. A light microscopic 

comparison of Gram stained AI08 and a stock culture of Ps. jluorescens revealed that the 

isolate was morphologically indistinguishable from Ps. jluorescens. 
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FIG 4.4. Transmission electron micrograph of isolate A108 magnified 33 000 X. 

4.4. Discussion 

Two procedures were employed in the enrichment of acetochlor transforming microbes. 

While the first involved the in vivo selection of acetochlor resistant microbes by exposing 

native soils to high dosages of the herbicide, the second procedure involved the in vitro 

selection, in liquid culture of microbes capable of transforming acetochlor. Following the 

advice of Bartha (1990), the soils used as sources of microbial strains were taken from a 

variety of sites in order to obtain a high diversity of microorganisms at the onset of 

enrichment. Ideally, soils should have been sampled from lands with a history of exposure 

to acetochlor. The chloroacetanilide degrading microbes isolated to date have mostly 

originated in soils to which these herbicides had been recently and repeatedly applied over 

a number of years (Krause et aI., 1985; Saxena et al., 1987; Novick et aI., 1986; 

Villarreal et al., 1991). It was hoped that repeated treatments of the bulked soil samples 

with a high concentration of acetochlor (a total addition of approximately 0.275 mg 
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acetochlor per gram of soil over a 14 week period) would simulate, at least partly, the 

selection pressure for herbicide degradation which is thought to occur in agricultural soils 

often exposed to chloroacetanilides (Bailey and Coffey, 1986). Bailey and Coffey (1986) 

carried 'out a similar deliberate in vivo enrichment for microbial degraders of metalax.yl, 

a fungicide which is chemically related to acetochlor. These researchers were able to 

demonstrate that the rate of metalax.yl degradation in a soil with no previous exposure to 

the fungicide could be enhanced over a 12 week period to match that of a soil which had 

been subjected to 5 years of treatment with the fungicide. This enhancement in 

degradation rate was achieved with a total fungicide dosage (0.5 mg per gram of soil) 

comparable to the herbicide dosage employed in the in vivo enrichment carried out in the 

present study. 

(\ In the in vitro enrichment experiments two different approaches were employed to obtain 

\ microbes capable of transforming acetochlor by using enzymes functional in either 

~etoxification of the herbicide or its use as a carbon and energy source. Whereas the 

ormer approach aimed at aimed at obtaining microbes capable of growth in a nutrient 

medium containing high acetochlor concentrations, the latter aimed at enriching for a 

microbial community capable of proliferation in the absence of any organic carbon besides 

acetochlor. 

Although six cycles of each enrichment were carried out, it is probable that only the last 

four were effective in the selection of microbes capable of transforming acetochlor. The 

reason for this being that in the first two enrichment cycles a significant proportion of the 

nutrients present in the enrichment media originated in the inocula from which the 

enrichment cultures were initiated (1 g of soil in the first enrichment cycle and 1 ml of a 

10 g.l-l soil suspension in the second enrichment cycle). These inocula not only provided 

soil particles to which herbicide molecules could become adsorbed but also supplied the 

cells in the MSA enrichments with carbon and energy sources other than acetochlor. It 

is probable, therefore, that neither selection for acetochlor resistant strains (in the NMA 

cultures) nor enrichment for acetochlor utilising popUlations (in the MSA cultures) were 
" very effective during the first two cycles of enrichment. 

During enrichment cycles 3 through 6 a greater proliferation of growth was observed in 
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the NM than in the NMA cultures. It is probable that the NMA enrichment supported less 

growth than the NM enrichment because of the inhibitory effects of the acetochlor present 

in NMA. The marked increased in optical density of the NMA enrichment cultures 

between the third and sixth enrichment cycles was possibly due to the development of 

increased tolerance to acetochlor among certain of the microbial strains comprising these 

cultures. Because growth in the NMA enrichment culture during enrichment cycle 5 was 

only marginally less prolific than that in the NM enrichment culture it was evident that at 

least some microbial cells completely resistant to the 0.18 g.l-I acetochlor in NMA had 

been successfully selected for. . 

Whereas slight growth was consistently observed in the MSA enrichment cultures between 

cycles 3 and 6, no visible growth occurred in any of the MS cultures. This indicated that 

the growth observed in MSA possibly occurred as a result of acetochlor being utilised as 

a carbon and energy source. It is possible that acetochlor utilisation, if it did occur in the 

MSA enrichment cultures, took place as a result of synergism. A stable mixed culture 

able to utilise the chlorinated herbicide, mecoprop, as sole carbon and energy source has 

been obtained using an enrichment procedure similar to that carried out in the present 

study (Lappin et al., 1985). The mixed culture contained five bacterial species and the 

synergistic utilisation of the herbicide was indicated by the fact that none of the microbes 

were capable of obtaining carbon or energy from mecoprop when grown in pure culture. 

It is likely, therefore, that observable growth in the MSA enrichment cultures indicated 

the successful selection of at least one microbial strain which was able to transform 

acetochlor to a form which could be further degraded by other microbes present in the 

enrichment culture. 

The EMB-EMBA and MSA-TIC colorimetric assays used in the selection of potential 

acetochlor degraders, appeared to enhance the effectiveness of the isolation procedure. 

Whereas none of the 80 randomly chosen isolates from enrichment cycles 3 and 4 showed 

any signs of being able to transform acetochlor, 5 of the 40 isolates selected using these 

colorimetric assays during cycle 5 gave some indication that they were potential acetochlor 

degraders. Of these five isolates (which all produced red colonies on EMBA and blue or 

purple colonies colours on EMB), conclusive evidence for acetochlor detoxification was 

only obtained for isolate AIOS. 
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The EMB based assay was developed by Loos (1975) specifically for the detection of 

chlorinated pesticide degradation by microorganisms and was used to great effect by 

Pemberton et al. (1979) during the isolation of microbes capable of degrading the 

herbicide, 2,4-D. The principal upon which the indicator functions is the detection of HCI 

released during the microbial degradation of chlorinated molecules. If this HCllowers the 

pH of the herbicide containing medium in the vicinity of the colonies to such an extent that 

the eosin dye in the indicator medium becomes mobilised, the colonies should take on a 

red appearance (Loos, 1975). In the present study the EMB based indicator medium was 

used both in the initial selection of microbes from the fifth NMA and NM enrichment 

cycle and in the subsequent screening of all selected isolates (irrespective of the enrichment 

cultures from which they originated) for an ability to dechlorinate acetochlor. While none 

of the 20 isolates selected from the NM and NMA enrichment cultures because of their 

red colony colour on EMBA were found to detoxify acetochlor, screening of microbes 

from the MSA enrichment cultures on EMB and EMBA revealed one isolate, A108, 

which, using the qualitative bioassay, was ultimately shown to detoxify acetochlor. Of the 

four other isolates displaying differential colony colouration on EMB and EMBA, A82 and 

A89 were not tested for their ability to detoxify acetochlor, while A86 and AI04 could not 

be shown to significantly detoxify the herbicide. One possibly important difference 

between the colour reactions of Al 08 and the other isolates tested on both EMBA and 

EMB was that A108 was the only one with clearly red and blue colonies on EMBA and 

EMB respectively. Unlike A108, the other four isolates (A82, A86, A89 and AI04) 

selected as potentially active in acetochlor dechlorination gave rise to purple and not 

clearly blue colonies on EMB. It is possible that the purple colouration of these colonies 

was misinterpreted as being almost blue. These probably false positive reactions as well 

as the green metallic sheen observed with colonies of A89 on EMBA, possibly occurred 

as a result of the assay not being optimised for the detection of acetochlor dechlorination . 

.The assay could not be optimised because no acetochlor dechlorinating bacterium was 

available for use as a positive HCI generating control in an optimisation procedure. 

Therefore, the yeast extract and herbicide concentrations used for the assay in the present 

study were based on those optimised by Loos (1975) for the detection of microbial 2,4-D 

dechlorination. 

The MSA-TTC indicator plate technique was developed by Bochner and Savageau (1977) 
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as a means of detecting bacterial utilisation of diverse organic substrates as carbon and 

energy sou~ces. The usefulness of TIC as an indicator dye derives from the fact ~hat in 

its oxidised state it is colourless and water soluble while in its reduced state it is insoluble 

in water and has a deep red colour. The principal upon which the TIC containing 

indicator medium is based is that microbial strains obtaining energy from an organic 

nutrient via oxidative phosphorylation will simultaneously reduce any intracellular TIC 

present since TIC has the capacity to displace oxygen as a terminal electron acceptor in 

oxidative phosphorylation. If either the concentration of the organic carbon source tested 

is below a certain threshold (which is specific for every organic molecule) or if cells are 

unable to efficiently utilise the carbon source, then colonies appearing on the indicator 

plates remain white (Bochner and Savageau, 1977). In the present study use of the MSA­

TIC plates during enrichment cycle 5 to select potential acetochlor utilisers from the MSA 

and MS enrichment cultures, ultimately yielded one isolate capable of demonstrably 

detoxifying the herbicide. However, use of the indicator to detect utilisation of acetochlor 

was unsuccessful. One possible reason for this was that the concentration of acetochlor 

in MSA-TIC was over five times lower (0.018 %) than the minimum test substrate 

concentration of 0.1 % recommended for the assay by Bochner and Savageau (1977). 

Because of acetochlor's limited solubility (0.233 g.1-1
) it was, however, not possible to 

increase its concentration to the 0.1 % threshold concentration recommended by these 

researchers. It was accepted, therefore, that the red colouration of colonies selected from 

the indicator plates may have been due to the ability of the cells to effectively utilise other 

nutrients available in the indicator medium. 

No irrefutable evidence was obtained that any of the microbial strains investigated were 

capable of utilising acetochlor as a sole carbon and energy source. Although it appeared 

as though isolates A108 and AI04 were capable of better growth on MS agar in the 

presence of acetochlor than in its absence, the fact that both were able to survive on MS 

agar without any added carbon and energy sources cast doubt on the assumption that they 

could utilise the herbicide. Many non-agarolytic micro~s are known to be capable of 

growth on mineral salts media by virtue of their ability to utilise impurities in agar and the 

atmosphere. The growth of these microbes is recognised as a common problem in studies 

attempting to demonstrate the utilisation of a carbon source through the occurrence of 

growth in its presence and lack of growth in its absence (Bartha, 1991). Since neither 
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A108 nor A104 could utilise galactose (the monosaccharide subunit of agar) as a carbon 

source and because highly pure water and purified agar were used to make up the MS agar 

medium, it is likely that the nutrients permitting the growth of these microbes on MS agar 

originated either from the atmosphere or as contaminants of the mineral salts used to make 

up the medium. The presence of a qualitative difference in the growth of these bacteria 

on MS and MSA could be explained by the fact that the technical grade acetochlor used 

in this study was only 90.5 % pure. It was thus possible that the 0.095 mg of inert 

ingredients added to MSA with every milligram of acetochlor permitted improved growth. 

If a combination of contaminants in the atmosphere, the herbicide and the mineral salts 

used were the cause of cell proliferation on solid MS and MSA media, these same 

contaminants could possibly have supported observable cell growth in liquid MS or MSA. 

It was found, however, that even after long incubation periods, no discernable growth of 

A108 or A104 occurred in either liquid MS or liquid MSA. 

Reports on the failure of isolation procedures to yield microbes capable of utilising the 

chloroacetanilides metolachlor (Bailey and Coffey, 1986; Saxena et aI., 1987; Bollag, 

1990), alachlor (Novick et aI., 1986) and propachlor (Novick and Alexander, 1985; 

Novick et al., 1986) as sole sources of either carbon or nitrogen are fairly common. It 

appears that acetochlor, like these other chloroacetanilides, may be highly resistant to 

complete microbial degradation. This is because acetochlor and these related molecules 

contain tertiary amine moieties and alkyl groups at positions 2 and 6 on their aniline rings. 

By protecting the bonds to the nitrogen atoms of chloroacetanilides from enzymatic attack, 

these structural features probably make these herbicides very poor nutrient sources (Saxena 

et al. , 1987). 

While three of the forty isolates chosen for further study during enrichment cycle 5 met 

the selection criteria used for identifying potential acetochlor detoxifiers, only one of these 

(A108) could be shown to significantly detoxify the herbicide. This, however, might not 

accurately reflect the number of acetochlor degraders present in the enrichment cultures. 

Bailey and Coffey (1986) isolated microbes from soils treated with metalaxyl (a fungicide 

chemically related to the chloroacetanilides) with an ability to degrade 14C-Iabelled 

metolachlor (a chloroacetanilide herbicide) using TLC for the detection of 14C-Iabelled 

degradation products. Without using any in vitro enrichment for herbicide degraders, 



112 

these researchers found that of the 25 isolates examined, 14 (56 %) were capable of 

carrying out metabolic transformation of the herbicide. Thus, it is possible that a far 

higher proportion than just 2.5 % (lout of 40) of the microbes selected from enrichment 

cycle 5' were capable of transforming acetochlor. 

There are two possible reasons why the isolation procedures used during the present study 

were apparently less effective than those used by Bailey and Coffey (1986). The first is 

that the vast majority of the microbes capable of metabolising acetochlor would not have 

elicited any positive response in the EMBA-EMB phenotypic assay. This was as a result 

of the test being specifically aimed at the identification of strains capable of dechlorinating 

acetochlor. It is likely that, as is the case with the other chloroacetanilides, the vast 

majority of possible acetochlor transformations do not involve dechlorination (Figs. 1.5.1, 

1.5.2, 1.5.3, 1.5.4). 

The second possible reason was that detection of acetochlor detoxification using the 

qualitative bioassay was dependent on test microbes being capable of transforming the 

herbicide in MS medium. In a number of instances it has been found that the successful 

transformation of chloroacetanilides by known degraders of these herbicides, is strongly 

correlated with the availability of utilisable carbon sources (Bailey and Coffey, 1986; 

Krause et al., 1985; Novick and Alexander, 1985; Smith and Phillips, 1975). Krause et 

al. (1985), in experiments involving the determination of a soil actinomycete's ability to 

transform metolachlor, demonstrated how essential nutrient availability may be in 

permitting the detection of a microbe's ability to degrade a chloroacetanilide herbicide. 

While in 24 days the actinomycete was capable of completely transforming over 50 % of 

the metolachlor (at a concentration of 0.05 g.l-t) in a growth medium containing 4.0 g.l-t 

sucrose, it was only able to transform 6 % of the herbicide over the same time period in 

a medium containing 0.5 g.l-t sucrose. Adding yeast extract to the test medium at a 

concentration of 4.0 g.l-t further stimulated the actinomycete's degradative capacity 

permitting it to transform 100 % of the metolachlor present in less than 16 days. 

Therefore the finding that the rate at which acetochlor was degraded by Al 08 was 

accelerated in the presence of 0.02 g.l-t glucose and 0.005 g.l-t yeast extract supported the 

observations made by other researchers examining the microbial degradation of 
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chloroacetanilide herbicides. Increased degradation of chloroacetanilide herbicides in the 

presence of carbon sources other than the herbicides has been cited as being merely a 

function of these nutrients supporting the growth of a greater number of herbicide 

degrading cells (Krause et aI., 1985; Novick and Alexander, 1985). In this regard 

differences in the turbidity of MS and NM.l media inoculated with isolate Al08 indicated 

that the additional nutrients in NM.I did support a greater number of Al08 cells than did 

the nutrients in MS. 

In the present study the motivating force behind the isolation of an acetochlor degrading 

microbe was to obtain a gene which would be of use in the genetic engineering of 

acetochlor resistance in crops. Because dechlorination both detoxifies chloroacetanilides 

(Hamm, 1972) and is typically the first step in the degradation pathways of these 

herbicides (Figs 1.5.1, 1.5 .2 and 1.5.3), it was realised that a gene encoding acetochlor 

dechlorination would be ideal for use as an acetochlor resistance gene in genetically 

engineered crops. Therefore, the isolation procedures used were specifically aimed at 

obtaining a single microbial strain active in dechlorinating acetochlor. Isolate A108 both 

elicited a strong response in the EMB-EMBA phenotypic assay and significantly detoxified 

acetochlor according to both the qUalitative and quantitative bioassays. Despite the fact 

that the degradation products arising from the metabolism of acetochlor by isolate A 108 

could not be identified due to limited facilities, the results obtained indicated that there was 

a strong possibility that Al08 was capable of metabolically dechlorinating acetochlor. 
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5 CWNING AND PARTIAL SEQUENCING OF A GENE ASSOCIATED WITH 

ACETOCHWR DETOXIFICATION 

5.1 Introduction 

Successes have been reported in the cloning of microbial genes encoding the detoxification 

of the herbicides glufosinate (Murakami et al., 1986; Wohlleben et al.. 1988), bromoxynil 

(Stalker and McBride, 1987), 2,4-0 (Streber et al., 1987), cyanamide (Maier-Greiner et 

al., 1991), dalapon (Thomas et al., 1992b), chlorsulfuron (Orner et al. 1990), melamine 

(Eaton and Karns, 1991), paraquat (Salleh and Pemberton, 1993) and phenmedipham 

(Pohlenz et al., 1992). While the motivation behind the isolation of these genes has been 

to obtain a better understanding of how microbes are capable of metabolising chemicals 

foreign to their environments, it has also been the acquisition of genes with the potential 

for use in engineering herbicide resistant plants. In this regard the glufosinate, 

bromoxynil, 2,4-0, cyanamide and dalapon degradative genes have been noted to increase 

levels of herbicide resistance in transgenic plants in which they have been expressed 

(Buchanan-Wollaston et al., 1992; DeBlock et aI., 1987; Maier-Greiner et al., 1991; 

Stalker et al., 1988; Streber and Willmitzer, 1989). 

Although a number of microbes capable of metabolically transforming one or more of the 

chloroacetanilides have been discovered (Bailey and Coffey, 1986; Krause et al., 1985; 

Liu et al., 1989; Novick and Alexander, 1985; Novick et al., 1986; Saxena et al., 1987; 
.. 

Tiedje and Hagedorn, 1975; Villarreal et al., 1991), none of the genes encoding the 

degradation of any of these herbicides have been cloned from these organisms. A possible 

reason for this is that the isolation and examination of chloroacetanilide degraders has been 

carried out almost exclusively to facilitate studies on the mechanisms of chloroacetanilide 

degradation in the environment (Bailey and Coffey et al., 1986; Krause el al., 1985; 

Novick and Alexander, 1985; Novick el al., 1986; Saxena el al., 1987; Tiedje and 

Hagedorn, 1975; Villarreal, 1991). The potential for certain of the microbes isolated 

during the course of this research to · be used in the clean-up of chloroacetanilide 

contaminated soil and water has also been investigated (Gizzarelli et al., 1993; Liu et al., 

1990). 
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Despite the fact that the chloroacetanilides are among the most frequently used agricultural 

chemicals in' the world today, there have been no reported attempts to produce transgenic 

chloroacetanilide resistant plants. While genes encoding glutathione transferases 

responsible for the detoxification of chloroacetanilide herbicides in plants have been cloned 

(Kutchan and Hochberger, 1992; Shah et al., 1986b; Timmerman, 1989) and successfully 

expressed in bacteria and Saccharomyces cerevisiae (Kutchan and Hochberger, 1992) the 

successful use of these genes in the engineering of herbicide resistance in crops has yet to 

be reported. As an alternative to using degradative genes from plants, it should be 

possible to engineer . chloroacetanilide resistance in crops by employing microbial genes 

encoding the detoxification of these herbicides. In particular genes such as those encoding 

the dechlorination of chloracetanilides would be ideal for use in genetically engineering 

resistance to these herbicides in crops. The reason being that dechlorination reactions both 

detoxify chloroacetanilides (Hamm et al., 1974) and are characteristically a first step in 

microbial mediated degradation pathways of these herbicides (Figs 1.5.1, 1.5.2 and 1.5.3). 

The cloning of a gene encoding acetochlor detoxification, from soil isolate A108 

(resembling Pseudomonas fluorescens) , is described here. The gene was isolated by virtue 

of its ability to provide the E. coli cells in which it was expressed with elevated levels of 

acetochlor resistance. Partial sequencing of the gene revealed it to be highly homologous 

with the gene encoding the dihydrolipoyl transacetylase component of the pyruvate 

dehydrogenase complexes of Azotobacter vinlandii, E. coli, and Alcaligenes eutrophus. 

Theories are proposed regarding the role this gene may play in the detoxification of 

acetochlor in recombinant E. coli cells. 

5.2 Materials and Methods 

5.2. 1 Enzymes and Chemicals 

RNAase A, lysozyme proteinase K, agarase, klenow, T4 DNA ligase, exonuclease III, SI 

nuclease and all restriction enzymes where obtained from Boehringer Mannheim and where 

used according to the manufacturers' instructions. 17 promoter specific primers were 

either obtained from Boehringer Mannheim or synthesised using a Pharmacea DNA 
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synthesiser at the University of Natal, Durban medical school. dNTP's were obtained 

from Boehringer Mannheim. Redistilled nucleic acid grade phenol was obtained from 

Bethesda Research Laboratories. Both agarose and low melting point agarose (LMP 

agarose) were obtained from Bethesda Research Laboratories. Acrylamide and N-N'­

methylenebisacrylamide were obtained from BDH. Molecular Weight Marker II (MWMII) 

(Hind III digested phage A DNA), Molecular Weight Marker III (MWMIII) (Hind III and 

EcoR! digested phage A DNA) and PFGE Marker II (Saccharomyces cerevisiae YPH 755 

chromosomes) were all obtained from Boehringer Mannheim. Wild type phage A DNA 

was obtained from Amersharn International. 

DNAase free RNAase A was prepared using the technique of either Sambrook et al. 

(1989) (used in the isolation of A 108 genomic DNA and the preparation of A 108 DNA for 

inversion field agarose gel electrophoresis) or Feliciello and Chinali (1993) (used during 

the isolation of plasmid DNA from E. coll). The method of Sambrook et al. (1989) was 

as follows: RNAase A dissolved at a concentration of 50 mg.ml-1 in 10 mM Tris-CI 

(pH7.5) and 15 mM NaCI was heated to lOO'C for 15 minutes and allowed to cool slowly 

to room temperature. The method of Feliciello and Chinali (1993) was as follows: 15 mg 

RNAase A was dissolved in 9 ml sterile distilled water. After the addition of a 1 mlof 

0.2 M HCI, 2 ml aliquots of the solution were distributed into sterile 5 ml disposable 

plastic test-tubes and incubated for five minutes in boiling water. Tubes were chilled on 

ice and the RNAase A solution was incrementally neutralised by adding both 0.2 ml of 0.2 

M Tris-HCI (PH 7.6) and 0.1 ml of an 80 mM solution of NaOH every 2 minutes over 

a 10 minute period. Following the addition of every aliquot of the Tris-HCl and NaOH 

solutions tubes were inverted several times to mix their contents. The final RNAase A 

solution contained 10 mg.mt1 RNAase A, 15 mM NaCI and 15 mM Tris-HCl. The 

DNAase free RNAase A solutions produced by both methods were stored in 20 #-,1 aliquots 

at -20°C. 

The pH of phenol used in this study was raised to 7.8 following the method described by 

Sambrook et al. (1989). 

The TaqTrack· Sequencing Systems kit from Promega was used for DNA sequencing. 
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5.2.2 Media and Growth Conditions 

SOB and SOC media used in the transformation of E. coli were prepared as described by 

Hanahan (1983). SOB contained the following per litre of distilled water: 20 g Bacto 

Tryptone; 5 g yeast extract, 0.584 g NaCl, 0.186 g KC1; 2.033 g MgCI2.6H20; 2.5 g 

MgS04.7H20. SOC comprised SOB together with 3.6 g Glucose per litre. SOD was 

made up in the same manner as SOB but without any magnesium salts and with 

tetracycline at a concentration of 10 mg.!-l. Yeast extract-tryptone (YT) broth contained 

the following per litre of distilled water: 16 g bacto-tryptone; 10 g yeast extract; 5 g 

NaCl. 

5.2.3 Agarose Gel Electrophoresis 

Generally, unless DNA was to be isolated from gels, 1 % agarose gels were used with 0.5 

X TBE (45 mM Tris-borate, 1 mM EDTA, pH 8) employed as the running buffer. If 

DNA embedded in agarose was to be cut out of a gel for later use, 1 % agarose and 0.5 

X TBE were replaced by 1. 1 % LMP agarose and T AE (40 mM Tris-acetate, 1 mM 

EDT A , pH 8) respectively. Power for running agarose gels was supplied by Hoefer 

Scientific Instruments PS500X or PS250 power-packs. Horizontal submarine mini-gel 

(Minnie the Gel-Cicle™ from Hoefer Scientific Instruments), midi-gel (Electro-4- from 

Hybaid) and custom built maxi-gel units were used. 20 JLl volumes of DNA solutions 

(usually containing approximately 0.25 J'g DNA) mixed with 2 J'l of a loading buffer 

solution [2.5 % bromophenol blue, 40% (w/v) sucrose in distilled water], were used to 

load gel wells. Unless otherwise stated agarose gel electrophoresis was carried out under 

the following conditions: Room temperature using gels 6 mm thick at constant current and 

4 V.cm-I
. The electrophoresis times varied. Following electrophoresis of a gel, nucleic 

acids which were not to be isolated from the gel were stained by immersion of the gel in 

a 50 J'g.mt l ethidium bromide (EtBr) solution for 10 minutes. Stained nucleic acids were 

visualised under long wavelength ultraviolet (UV) light. 

The set up and use of an improvised inversion field agarose gel electrophoresis apparatus 

is described later in the text. 
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5.2.4 Analysis of Isolated DNA for Determining its Concentration andPurity 

The concentration of a solution of isolated DNA in either TE buffer or distilled water was 

estimated by electrophoresing different concentrations of the solution beside a 0.25 f.l.g 

quantity of bacteriophage A DNA on an agarose gel for 30 minutes. Following staining 

with EtBr and visualisation under long wavelength UV the approximate amount of DNA 

in various lanes could be determined by comparing the brightness of stained DNA bands 

with that of the known quantity of A DNA. 

The purity of DNA solutions was determined by spectrophotometry. The ratio of the 

absorbance of a DNA solution between 260 nm (ODA260) and 280 nm (ODA28o) was used 

as a general measure of DNA purity. DNA solutions which were found to have 

ODA2w'ODA28o values either larger than 2.0 or lower than 1.6 where not used. Solutions 

containing DNA isolated using organic solvents was tested for solvent contamination using 

a Beckman DU·640 spectrophotometer to scan the absorbance of the solution between 220 

and 320 nm. An absorption peak at 270 nm was taken to be indicative of solvent 

contamination. DNA solutions contaminated with organic solvents were discarded. 

5.2.5 Screening E. coli Strains for Resistance to Acetochlor 

5.2.5.1 Sensitivity of XLIBlue and JMI09 to acetochlor 

A series of formulation acetochlor concentrations (0 g.t', 4 g.t', 8 g.1-', 16 g.1-' and 32 

g.l-l) in 5 ml of MS media (mineral salts medium described in section 2.2) was prepared 

in 25 ml Erlenmeyer flasks. The flasks were autoclaved after preparation at 121°C for 15 

minutes. Ten single isolated colonies of XL 1 Blue or JMI09 grown on NA (nutrient agar 

described in section 2.2) overnight were transferred, using a sterile inoculating loop, into 

1 ml sterile MS medium. The MS medium and cells were mixed thoroughly by vortexing. 

The number of cfu's in the mixture was determined by dilution plating. Between 3.7 X 

las and 4.0 X 107 cfu's in 100 f.l.l MS medium were transferred to each of the five flasks 

comprising the acetochlor concentration series. The flasks were reciprocally shaken at 

approximately 150 strokes per minute at 300C for 7 days. At exactly 24 hour intervals the 
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number of cfus.ml-! in each of the flasks was determined by dilution plating. The 

procedure was repeated 4 times for both JM109 and XL1Blue. 

5.2.5.2 Selection of acetochlor resistant JMI09 and XL1Blue strains 

Between 3.5 X lOS and 5 X 106 JM109 or XL1Blue cells in MS medium (determined by 

dilution plating) were used to inoculate 5 ml MS medium containing formulation acetochlor 

at a concentration of either 32 g.l-! (if selecting for acetochlor resistant JM109 cells) or 16 

g.l-! (if selecting for acetochlor resistant XL1Blue cells) in a 25 ml Erlenmeyer flask. 

Flasks were incubated at 300C and shaken reciprocally at approximately 150 strokes per 

minute. Every 24 hours the number of cfus.mt! remaining in each flask was estimated 

using dilution plating. This was continued either until less than 10 cfus.mt! remained or 

until the number of cfus. ml-! remaining increased or became constant.. A single isolated 

colony of either one of the last ten surviving cfus. mt! or one of the cfus obtained from a 

stable or growing population of resistant cells, was selected and streaked onto the 

appropriate maintenance medium in order to obtain a pure culture. 

5.2.5.3 Testing the resistance of recombinant E. coli XL1Blue strains to acetochlor 

Six single isolated colonies of recombinant XL1Blue strains which had been grown on NA 

overnight were transferred, using a sterile inoculating loop, into 2 ml sterile MS medium. 

The MS medium and cells were mixed thoroughly. Between 1()6 and 107 recombinant 

XL1Blue cells in 100 ~l were used to inoculate 5 ml MS medium containing either 16 or 

32 g.l-! formulation acetochlor in a 25 ml Erlenmeyer flask. The flask was incubated at 

300C and shaken reciprocally at approximately 150 strokes per minute. At exactly 24 hour 

intervals an estimate of the number of cfus. mt! remaining was obtained using dilution 

plating. This was continued for 4 days or until there was less than one viable cfu.ml"! 

remaining in a flask. The procedure was repeated between 3 and 12 times. As a control 

XLlblue containing non-recombinant pUC18 was used treated in precisely the same 

manner test XLIBlue strains containing selected recombinant plasmids. 
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The preparation of un sheared A108 genomic DNA was carried out using an adaptation of 

the method described by Grothues et al. (1990). A single A108 colony was used to 

inoculate 10 ml NB (nutrient broth described in section 2.2) containing acetochlor at a 

concentration of 0.4 g.l-'. The culture was grown at 300C with constant rotary shaking at 

150 rpm until it reached an ODA600 of 0.9. Samples of 0.5 ml were transferred to sterile 

1.5 ml microfuge tubes. The tubes were centrifuged at 11000 g for 30 seconds, the 

supernatant was discarded and the pelleted cells were washed twice with 1.5 ml SE (75 

mM NaCI, 25 mM EDT A, pH 7.5) before resuspending them in a final volume of 0.5 ml 

SE. The tubes were warmed to 37°C in a water-bath and 0.5 ml of melted 1.5 % LMP 

agarose (cooled to 3?OC) was added to each tube and mixed with the suspended cells. The 

contents of 5 of the tubes were poured into a sterile petri dish. The 5 ml of liquid in the 

petri dish was spread over the base of the dish to obtain a cell-SE-LMP agarose layer 

approximately I mm thick. The spread mixture was left to solidify for 30 minutes on a 

level surface at 4°C . . As many approximately I cm2 agarose blocks as possible were cut 

from the solidified LMP agar-SE-celliayer. These blocks were all cut in half (to obtain 

rectangular blocks approximately I cm X 0.5 cm) and individually transferred to sterile 

1.5 ml microfuge tubes. The blocks were immersed in 0.2 ml ES [0.5 mg.mI-' proteinase 

K, 1 % (w/v) N-Iauroylsarcosine, 0.5 M EDTA, pH 9.5] and incubated at 56°C for 15-18 

hours. ES was pipetted out of the microfuge tubes and the blocks were rinsed twice in I 

ml TEl (10 mM tris, 10 mM EDTA, pH 7.5). The blocks were equilibrated for 8 hours 

in 1 ml TEl (with one change of the TEl after 4 hours). The agarose blocks were cut in 

half again (to obtain blocks 0.5 cm2
) and stored at 4°C for up to 3 weeks before being 

used. 

Digestion of the un sheared genomic DNA within agarose blocks was carried out using the 

restriction enzymes BamHI, Sma!, KpnI, Sac!, HaeII, PvuII, EcoRI, SfiI, HindIII, Swa!, 

Pst! and Not!. Prior to the addition of restriction enzymes the two agarose blocks in each 

tube were equilibrated for 18 to 24 hours in 0.2 ml of the appropriate Boehringer 

Mannheim SuRE Cut restriction enzyme buffers. In all cases bovine serum albumin was 
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FIG. 5.1. Schematic representation of an improvised IFAGE apparatus. Arrows indicate the 

direction of waterlbuffer flow. Two mechanisms were employed to maintain the temperature of 

the electrophoresis buffer at 15°C: (1) Running Buffer in the gel unit (F) was circulated by a 

peristaltic pump (C) through crushed ice maintained in an ice bucket (0); (2) Cooled water was 

circulated between a cooler water bath (G) and a cold plate (E) upon which the gel unit (F) was 

placed. The diagram is not to scale. 

added to the restriction enzyme reaction mixtures to give a final concentration of 0.2 

mg. mt-i. The equilibration buffer was changed once after 4 hours. 10 units of the 

appropriate restriction enzymes were added and incubated at the required temperature for 

15 hours. The reaction was terminated by the addition of 1 ml TEl buffer. Blocks were 

stored at 4°C until use. 

Electrophoresis of the DNA within the agarose blocks was carried out using an improvised 

IFAGE apparatus (Fig. 5.1) . One percent agarose gels 8.3 cm wide, 12.3 cm long and 
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0.6 cm thick were made using 0.5 X TBE. Wells with the capacity to contain previously 

prepared agarose blocks were 1.5 mm long and 6 mm wide. Agarose b.locks (including 

ones containing the PFGE II marker) were trimmed to a size which permitted their 

insertion into the wells of prepared gels. Blocks were inserted into wells and fixed in 

position with 1 % agarose. The following electrophoresis conditions were found to permit 

the separation of 17 out of the 18 bands in the PFGE II yeast chromosome marker: 66 V; 

21 s initial forward pulse; 7 s initial reverse pulse; ramp factor of 2; 68 hour 

electrophoresis period; constant 16°C electrophoresis buffer temperature. Following 

IF AGE bands were visualised by staining gels with ethidium bromide. 

5.2.7 Isolation of Total Genomic DNA From A108 

A single A108 colony grown on MSA agar was used to inoculate 25 ml NB (in a 100ml 

Erlenmeyer flask) containing the herbicide at a concentration of 0.2 g.l.\. The culture was 

grown at 30°C overnight with shaking at 150 rpm. Media and cells were transferred to 

a 50 ml polypropylene centrifuge tube and cells were pelleted at 4°C by centrifugation at 

8000 rpm in a Beckman JA20 rotor. The supernatant was discarded and the cells were 

resuspended in 20 ml STE (0.01 M Tris, 0.001 M EDTA, 0.1 M NaCI, pH 7.5). The 

cells were washed a further two times with 20 ml STE before resuspending them in a 4.5 

ml volume of the buffer. Twelve 375 III aliquots were pipetted into 1.5 ml microfuge 

tubes. Ten III of a 45 mg.ml·\ lysozyme solution and 10 III of a 40 mg.mt\ DNAase free 

RNAase A solution were added to each tube. The tubes were incubated for 25 minutes 

at 3~C. To each tube was added 375 III STE containing 0.075 mg proteinase K. The 

tubes were incubated at 500C for one hour. An equal volume (750 Ill) of a phenol­

chloroform mixture [comprising equilibrated phenol (PH 7.9), chloroform and isoamyl in 

a ratio of 25:24: 1 respectively] was added to each tube. The two phases in each tube were 

gently mixed. To separate precipitated proteins and the aqueous and organic phases the 

tubes were centrifuged at 11000 g for 2 minutes. Due to the high viscosity of the aqueous 

phase, the organic and protein layers formed during centrifugation were removed from 

tubes before transferring the aqueous phase to a fresh tube. Phenol-chloroform extractions 

were repeated until no band of precipitated protein could be observed between the aqueous 

and organic phases following centrifugation. Following the final phenol-chloroform 
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extraction three extractions with water saturated ether were carried out. Ether dissolved 

in the aqueous phase after the last extraction was removed by incubating the tubes with 

their lids open at 50"C for 3 hours. DNA was precipitated overnight at - 20"C with a one 

tenth volume of 3M sodium acetate and a three quarter volume of isopropanol. 

Precipitated DNA was pelleted by centrifugation at 11000 g for 10 minutes. The 

supernatants were discarded and DNA pellets were washed with 70 % ethanol without 

dislodging them from the microfuge tube walls. As much of the 70% ethanol as possible 

was removed from the tubes before leaving the pellets to dry in a partial vacuum. The 

DNA pellets were each resuspended in 21 #-,1 TE2 (0.01 M Tris-HC1, 0.001 M EDTA, pH 

S). Samples of 1 #-,1 from each tube were diluted 300 times in TE2 and examined for 

purity using spectrophotometry (section 5.2.4). Pure DNA solutions were bulked and the 

concentration of the bulked sample was determined (section 5.2.4). 

5.2.S Plasmid DNA Isolations 

Three plasmid isolation procedures were employed at various stages and for various 

reasons during the present study. For the isolation from E. coli of pure pUC IS, 

pBluescript and recombinant plasmid DNA, the modified alkaline lysis method of Feliciello 

and Chinali (1993) was employed. For the rapid isolation of moderately pure plasmid 

DNA a simplified alkaline lysis method was employed. One or more large plasmids from 

the soil isolate, AIOS, were isolated using enzymatic lysis of cells, phenol-chloroform 

extraction of proteins and separation of closed circular DNA from linear and nicked 

circular DNA on a caesium chloride density gradient. 

5.2.S.1 Isolation of pure plasmid DNA from E. coli 

The method employed in the isolation of pure plasmid DNA was that developed by 

Feliciello and Chinali (1993). A single plasmid containing E. coli colony was used to 

inoculate 25 ml LB-amp (described in section 2.2) in a 100 ml Erlenmeyer flask. The 

flask was shaken at 37°C overnight at 150 rpm. Media and cells were decanted into a 50 

ml centrifuge tube and cells were pelleted by centrifugation at 10000 rpm in a Beckman 

JA20 rotor for 10 minutes at 4°C. The supernatant was discarded and cells were 



125 

resuspended in 2 ml ice cold STE. Samples of 1 ml were transferr~ to two 1.5 ml 

microfuge tubes. The tubes were centrifuged at 11000 g in a microfuge for 1 minute. 

Supernatants were discarded and the pellets resuspended in 250 #-,1 ice cold GTE (0.05 M 

glucose, 0.01 M Tris-HCl, 0.001 M EDT A). 500 #-,1 of a lysis solution (LS) (0.2 M 

NaOH, 1 % SDS) was added to the tubes, the contents of which were then thoroughly but 

gently mixed until they cleared. Following storage of the tubes on ice for 5 minutes, 750 

#-,1 of an ice-cold neutralisation solution (NS) (4 M potassium acetate, 2 M acetate) was 

added to each tube. The contents of tubes were thoroughly but gently mixed until particles 

of the white precipitate that formed were no larger than approximately 1 mm3
• The tubes 

were then placed on ice for 10 minutes before centrifugation them at 11000 g for 2 

minutes. The supernatant was carefully removed from each tube in two 700 #-,1 aliquots 

which were decanted into two separate 1.5 ml microfuge tubes. To each of the tubes was 

added 500 #-,1 isopropanol. Following centrifugation of the tubes for 10 minutes at 11000 

g, supernatants were discarded. Tubes replaced in the rotor in their original orientations 

and they were respun at 11000 g for 5 seconds. Supernatants remaining at the bases of 

the tubes were removed using a micropipette fitted with a small bore sterile disposable tip. 

The pellets were resuspended in 250 #-,1 TE2 (0.01 M Tris-Hcl, 0.001 M EDTA, pH8) 

containing 10 #-,g. ml-1 DNAase free RNAase A and incubated at room temperature for 15 

minutes. To each tube was added 300 #-,1 of an 88% isopropano1-0_2 M potassium acetate 

solution. Tubes were then centrifuged at 11000 g for 5 minutes. Immediately following 

centrifugation supernatants were poured away. Tubes were briefly recentrifuged and 

residual supernatants were removed as described above. To dissolve the pure pelleted 

plasmid DNA, 20 #-,1 TE2 was added to each tube. The purity of the DNA in each of the 

tubes was established (section 5.2.4). The pure DNA solutions were mixed with one 

another and the approximate concentration of the bulked solution was determined (section 

5.2.4). 

5.2.8.2 Rapid isolation of plasmids from E. coli 

A simplified alkaline lysis method similar to that described by Feliciello and Chinali 

(1993) was used for rapid plasmid isolations. A single plasmid containing E. coli colony 

was used to inoculate 5 m1 of LB-amp media in a 25 or 50 ml Erlenmeyer flask. The 
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flask was shaken at 150 rpm for between 5 and 15 hours at 3"J'OC. Media and cells were 

poured from the flask into a 1.5 ml microfuge tube. Cells were pelleted by centrifugation 

at 11000 g for 1 minute. The supernatant was discarded and cells were resuspended in 

500 p.l ice cold STE. The tube were recentrifuged at 11000 g for 1 minute. The 

supernatant was discarded and the pellet was resuspended in 125 p.l . ice cold STE. 

Immediately after adding 250 p.l of LS and thoroughly but gently mixing it with the 

contents of the tube, 375 p.l of ice-cold NS was added to the tube. The contents of the 

tube were thoroughly but gently mixed and then placed on ice for between 5 and 10 

minutes before centrifuging it at 11000 g for 2 minutes. The supernatant was carefully 

removed and decanted into a fresh tube. A half to equal volume of isopropanol was 

added and mixed thoroughly but gently with the supernatant in the fresh tube which was 

then centrifuged for 5 minutes at 11000 g. The supernatant was discarded and the pellet 

resuspended in 60 p.l TE2. Immediately prior to loading a 10 p.l sample of the DNA for 

electrophoresis, RNA contaminating the DNA solution was digested during a fifteen 

minute treatment at room temperature with DNAase free RNAase A. The RNAase A was 

added in a 1 p.l volume to obtain at a final concentration of 10 p.g. mtl. 

5.2.8.3 Isolation of plasmid DNA from A108 

A single A 108 colony grown on MSA agar was used to inoculate 500 ml NB (in a 2 litre 

Erlenmeyer flask) containing the herbicide at a concentration of 0.2 g.l-l. The culture was 

grown at 300c overnight with shaking at 150 rpm. Media and cells were transferred to 

eight 50 ml polypropylene centrifuge tubes and cells were pelleted at 8000 rpm for 10 

minutes at 4°C in a Beckman JA20 rotor. Supernatant was discarded and the cells in each 

tube were resuspended in 10 ml STE and bulked in two 50 ml polypropylene tubes (each 

containing 40 ml). Cells were pelleted at 4°C by centrifugation at 8000 rpm for 10 

minutes in a Beckman JA20 rotor. Supernatants were discarded and the cells in each tube 

were resuspended in 5 ml STE. The cell suspensions were bulked in one tube. After 

adding 10 mg lysozyme to the tube it was incubated at 31'C for 30 minutes. Ten ml STE 

containing 1.5 mg proteinase K was added and the tube and it was incubated at 500C for 

one hour. Ten ml STE containing 0.25 g CTAB was added to the tube. The mixture was 

incubated for 3 hours at 6(J>C with slight agitation in a reciprocal shaking water-bath. Two 
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phases, one a non-viscous aqueous phase and the other an apparently semi-solid cluster of 

cell debris,' formed in the tube. The aqueous phase was transferred to a fresh sterile 50 

ml polypropylene centrifuge tube. An equal volume of a phenol-chloroform mixture 

[containing equilibrated phenol (pH7.9),chloroform and isoamyl in the ratio 25:24: 1 

respectively] was added and the polar and non-polar phases in the tube were gently mixed. 

The tube was centrifuged at 11000 g for 2 minutes at 4°C in a Beckman J A20 rotor. The 

aqueous phase was transferred to a fresh tube with care being taken not to transfer any of 

the precipitated material in the process. Another two phenol-chloroform extractions were 

carried out. Removal of phenol and chloroform dissolved in the aqueous phase was 

carried out using ether extractions in the same manner as described for the isolation of 

total AI08 genomic DNA (section 5.2.7). DNA was precipitated overnight at -2<J>C with 

a 0.1 volume of 3M sodium acetate and a 0.75 volume of isopropanol. Precipitated DNA 

was pelleted at 11000 g for 10 minutes at 4°C in a Beckman JA20 rotor. The supernatant 

was discarded and the DNA pellet was washed without dislodging it from the centrifuge 

tube wall with 70% ethanol. As much of the 70% ethanol as possible was removed from 

the tube before drying the pellet under vacuum. The DNA pellets were resuspended in 

10 ml TE3 (0.01 M Tris, 0.001 M EDTA, pH 7.4). 

Closed circular plasmid DNA was separated from linear DNA, nicked circular DNA, and 

RNA on a caesium chloride density gradient according to the method of Ausubel et al. 

(1992). Ten grams of CsCI were added to the Nucleic acid-TE3 mixture in the 50 ml 

polypropylene centrifuge tube. CsCI was dissolved by slow inversion of the centrifuge 

tube. A 1. 6 ml volume of a 10 mg. mt' ethidium bromide solution was added to and 

mixed with the contents of the tube by gentle inversion. The density of the mixture within 

the centrifuge tube was adjusted to 1.55 g.mt' with the addition of distilled water. Triton 

X-l00 was added to the tube to attain a final concentration of 1 % (v/v). This was to 

facilitate movement of RNA to the bottom of the CsCI gradient during ultracentrifugation. 

The contents of the tube were pipetted into a disposable 13.5 ml Quick-Seale 

ultracentrifuge tube (from Beckman). The ultracentrifuge tube was balanced against 

another identical centrifuge tube containing a CsCI solution of the same density. The two 

tubes were sealed using a Beckman heat sealing device and then placed opposite one 

another in a Beckman NVT650 rotor. Spacers and plugs were put over the tubes and the 
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plugs were torqued to 13.6 Nm. The tubes were spun in a Beckman L80 ultracentrifuge 

at 65000 rpm for 4 hours at 20"C. The tube containing the plasmid DN~ was removed 

from the ultracentrifuge and the positions of DNA and RNA bands on the CsCI gradient 

were visualised under long wavelength UV light. 

5.2.9 Isolation of Single Stranded DNA for DNA sequencing 

Single stranded DNA (ssDNA) for sequencing was isolated following instructions presented 

in the Bluescript Cloning Manual from Stratagene (1991). XLIBlue containing 

recombinant pBluescript SK + was grown overnight at 370C in 5 ml YT -tet-amp broth in 

a 25 ml Erlenmeyer flask with shaking at 150 rpm. From the overnight culture 50 ILl of 

cells -and media were transferred to 12 ml of fresh YT-tet-amp broth in a 50 ml 

Erlenmeyer flask. The fresh culture was grown to an ODA600 of 0.3. To the culture was 

added 10 ILl of an R408 phage stock with a titre of 8 X 1()1° pfu.ml-I . The culture was 

incubated at 37"C with shaking at 150 rpm for a further 8 hours. The infected culture was 

transferred to a sterile 50 ml polypropylene centrifuge tube which was placed in a 6SOC 

water-bath for 15 minutes. Cells and cell debris were harvested by centrifugation at 4°C 

in a Beckman JA20 rotor at 12000 rpm for 10 minutes. With care being taken not to 

contaminate it with the pelleted material, 1.2 ml aliquots of the supernatant was transferred 

to a 1.5 ml microfuge tubes. To each tube was added 300 ILl of a 3.5 M sodium acetate-

20 % (w/v) PEG solution. The contents of the tubes were thoroughly mixed and incubated 

at room temperature for 15 minutes. The precipitates which formed were pelleted by 

centrifugation at 11000 g for 10 minutes. The supernatants were discarded and the pellets 

were resuspended in 300 ILl TE2 (0.01 M Tris-HCl, 0.001 M EDTA, pH 8). The mixture 

was extracted twice with 300 ILl of a phenol-chloroform mixture [containing equilibrated 

phenol (pH7.9), chloroform and isoamyl in the ratio 25:24: 1 respectively]. Following 

extractions with phenol-chloroform the aqueous phases were extracted twice with equal 

volumes of chloroform. An equal volume of a 7.5 M ammonium acetate solution and a 

double volume of ice cold ethanol was added to each tube. The tubes were stored for 15 

minutes at -200C before pelleting the ssDNA by centrifugation at 11000 g for 10 minutes. 

Following removal of supernatants DNA pellets were washed with 100 }LI 70 % ethanol. 

Without removing pellets, ethanol was carefully pipetted from tubes. Traces of ethanol 
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were removed from tubes under a partial vacuum. Pellets were resuspended in 30 J.LI TEl 

(0.01 M Tris, 0.01 M EDTA, pH 7.5) and approximate DNA concentrations and purities 

were determined (section 5.2.4). 

5.2.10 Transformation of E. coli 

Two different transformation techniques were employed during the course of the present 

study. While one of the procedures yiel~ed a high frequency of transformation and was 

employed during the construction of a complete genomic library of A108 in pUC18, the 

other was a more rapid procedure employed during subc10ning of an acetochlor resistance 

gene in pBluescript SK + and pUC18. 

5.2.10.1 High frequency of transformation 

The method employed was that described by Inoue et al. (1990). Ten E. coli JMI09 or 

XL1Blue colonies which had been grown overnight at 37°C on either LA (JMI09) or LA­

tet (XLIBlue) were transferred with a sterile inoculating loop to 250 m1 of either SOB 

(JM109) or SOD (XL1Blue) in a 2 I Erlenmeyer flask. The flask was incubated at 18°C 

and shaken at 200 rpm until the culture reached an ODA600 of 0.6. The 250 ml culture was 

aseptically transferred to a sterile 500 ml Erlenmeyer flask which had been precooled on 

ice. The flask was kept on ice for 10 minutes before transferring four 40 m1 aliquots to 

sterile 50 ml polypropylene centrifuge tubes. The tubes were centrifuged in a Beckman 

JA20 rotor at 3000 rpm for 10 minutes at 4°C. Each of the cell peilets thus obtained was 

resuspended in 12.8 ml ice cold TB (10 mM Pipes; 55 mM MnCI2; 15 mM CaCF; 250 

mM KCI; pH adjusted to 6.7 with KOH). The four cell suspensions were added to a 

single tube and left on ice for 10 minutes. Cells were repelleted in a Beckman J A20 rotor 

at 3000 rpm for 10 mi~utes at 4°C following which they were resuspended in 12.8 ml of 

ice cold TB. To the tubes was added 0.9 ml DMSO with gentle mixing to give a final 

concentration of 7 %. After incubating on ice for 10 minutes the cell suspension was 

aliquoted in 0.2 ml volumes into 1.5 ml microfuge tubes. The tubes were immersed and 

stored in liquid nitrogen for between 30 seconds and five days. Tubes were thawed at 

room temperature before placing them on ice for between five and sixty minutes. Plasmid 
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DNA in a 2010'1 volume was added to each tube and the tubes were left on ice for between 

30 minutes and 15 hours. The tubes were heat shocked at 420C for exactly 30 seconds 

before returning them to storage on ice. Following the addition of 0.8 ml SOC to each 

tube, the tubes were incubated without agitation at 37°C for one hour. Cells from each 

tube were plated in two 490 10'1 and two 10 10'1 aliquots onto dry LA-amp (JM109) or LA­

amp-tet (XLlBlue) plates. Cells were spread across the surface of plates until all liquid 

on the plates was absorbed. Two controls were run with each transformation experiment 

carried out. One of the controls consisted of a tube of competent cells which were treated 

in exactly the same manner as described above with the exception that no plasmid DNA 

was added to it. If colonies occurred on the LA-amp or LA-amp-tet plates inoculated with 

cells from this tube then the transformation experiment was abandoned. The second 

control involved the addition of 1 ng of pUC18 DNA (from a stock of pUC18 DNA of 

known concentration from Clontech) to the tubes instead of test DNA. This was used in 

order to obtain an estimate the efficiency of each transformation experiment. 

5.2.10.2 Rapid transformation 

The method employed was a modification of that described by Sambrook et al. (1989). 

The E. coli strains JMl09 and XLIBlue were grown overnight in 25 ml of either NB 

(JMI09) or NB-tet (XL 1 Blue) at 37°C with reciprocal shaking at approximately 150 

strokes per minute. A 100 10'1 sample of the culture was used to inoculate 25 ml of either 

NB (JMl09) or NB-tet (XL 1 Blue) which was then shaken at 200 rpm at 3-r>C until it 

reached an ODA600 of 0.6. Two 1 ml samples of the culture were aseptically transferred 

to two sterile 1.5 ml microfuge tubes. Cells were pelleted by centrifugation of the tubes 

at 11000 g for 30 seconds. Supernatants were discarded and the cells resuspended in 400 

10'1 ice cold MgC12 • The cells were again pelleted by centrifugation of the tubes for 1 min 

at 11000 g. Supernatants were discarded and pelleted cells were resuspended in 200 10'1 

ice cold 0.1 M CaC12• The tubes were kept on ice for 30 minutes. Between 1 and O.llo'g 

of plasmid DNA in 20 10'1 TE2 was added to one of the tubes. The tubes were left on ice 

for a further 30 minutes. The cells in the two tubes were heat shocked at 42°C for 30 

seconds. Following the addition of 1 ml prewarmed NB (37'C) to each of the tubes they 

were incubated at 37°C for 1 hour. Samples of 500 10'1, 50 10'1 and 5 10'1 from the tube to 
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which DNA was added were spread onto either pre-dried NA-amp (in transformation 

employing JMI09) or pre-dried NA-amp-tet (in transformations employing XLIBlue) 

plates. From the tube to which no plasmid DNA was added a 500 JLI sample was plated 

onto NA-amp. Plates were incubated overnight at 3?>C. If no growth occurred on the 

NA-amp plate inoculated with untransformed cells then a single isolated colony from one 

of plates inoculated with cells exposed to the plasmid was picked and aseptically streaked 

onto a fresh NA-amp plate. If untransformed cells grew on the ampicillin containing plate 

the procedure was abandoned and restarted. 

5.2. 11 Construction of a Complete Al 08 Genomic Library 

Two separate genomic libraries of A 108 were constructed in pUCI8 using the E. coli host 

strains XLIBlue and JMI09. 

5.2.11.1 Size fractionation of Sau3A digested A108 genomic DNA 

Using the method described by Ausubel et al. (1992) a combination of restriction enzyme 

units and digestion periods yielding Sau3A restriction fragments between 1 and 4-Kb was 

determined. Approximately 7 jLg pure A108 genomic DNA (ODA2cso10DA28o = 1.86) in 

27 #-,1 of IX Boehringer Mannheim restriction buffer A was prewanned to 31'C for ten 

minutes in a sterile 1.5 ml microfuge tube. Before adding Sau3A 3 #-,1 of the DNA­

restriction buffer mixture was withdrawn from the tube into a second fresh tube containing 

17 #-,1 of sterile distilled water. The tube was incubated at 65°C for 10 minutes before 

placing in an ice bath. 10, 1 or 0.2 units (all in a 1 JLI volume) of Sau3A were added to 

and mixed with the contents of the first tube being maintained at 3?>C. Six 3 JLI samples 

were withdrawn from the tube at 20 minute intervals. Each of the samples was added to 

17 jLl of sterile distilled water in a sterile microfuge tube and incubated for 10 minutes at 

65°C before being placed in an ice bath. The sets of Sau3A restriction fragments thus 

obtained were separated by agarose gel electrophoresis and examined for the presence of 

restriction fragments between 1 and 4-Kb in size. 
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Approximately 7 iJ.g pure A108 genomic DNA (ODA26<Y'ODA28o = 1.86) in 27 iJ.I IX 

Boehringer "Mannheim restriction buffer A was prewarmed to 37°C for ten minutes in a 

sterile 1.5 ml microfuge tube. To the DNA-restriction buffer solution was added 0.2 units 

Sau3A (in a I iJ.I volume) diluted in IX restriction buffer A. The DNA-restriction buffer­

restriction enzyme solution was gently mixed. After 50 minutes digestion was stopped by 

incubating the tube at 65°C for ten minutes before transferring it to an ice bath. The 

digested DNA was divided into an 8 iJ.I sample and a 20 iJ.I sample. The 8 iJ.I sample was 

made up to 20 iJ.I with IX restriction buffer A represented a diluted reference digest. The 

concentrated digest and the reference digest were loaded beside one another into the wells 

of a 1.1 % LMP agarose gel. Electrophoresis was carried out in either 0.5 X TBE (for 

the size fractionation of fragments used to construct an A 108 library in JM 109) or T AE 

(for the construction of a library in XLIBlue). Before staining of the DNA with EtBr the 

entire lane containing the concentrated Sau3A digested DNA (save a 1 mm strip 

immediately bordering the lane containing the reference DNA) was cut out of the gel. 

Following staining of the rest of the gel with ethidium bromide and visualisation of DNA 

under UV, it was determined whether the expected proportion of restriction fragments 

were between 1 and 4-Kb. The portion of the unstained lane containing fragments between 

8 and 1-Kb (as indicated by the reference lane) was cut on a clean, sterile surface into 10 

approximately 1 mm thick slices with a clean sterile scalpel blade. The top of the excised 

lane (the end containing the largest fragments) was cut first with subsequent slices being 

made progressively further down the lane. Immediately as the agarose slices were made 

they were transferred to marked, sterile microfuge tubes. The tubes containing the gel 

slices were stored at -200C for up to 3 months before being used. While the agarose slices 

used to construct an incomplete A108 genomic library in JMI09 contained partially Sau3A 

digested A108 DNA fragments between 1 and 3-Kb, agarose slices containing fragments 

between 3 and 5-Kb were used in the construction of a complete library in XLIBlue. 

5.2.11.2 Insertion of A108 genomic DNA fragments into pUeI8 

Approximately 3 iJ.g purified pUC18 DNA (ODA26<Y'ODA28o = 1.67) in 9.5 iJ.I IX 

Boehringer Mannheim restriction buffer H was digested to completion with 5 units Sall 

(in a 0.5 iJ.I volume) for 3 hours. Linearised pUCI8 was prepared for ligation with A108 
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DNA by partial filling in its ends. The partial end fill reaction mixture contained the 

following in a 20 1-'1 reaction volume: 10 1-'1 Sall digested pUC 18-re~triction buffer­

restriction enzyme mixture; 1 1-'1 of a solution containing both dTIP and dCTP, each at 

a concentration of 1 mM; 2.0 1-'1 10 X T4 DNA ligase buffer (from Boehringer 

Mannheim); 1.5 1-'1 of a 2 unit.l-'l-1 solution of Klenow; 5.5 1-'1 sterile distilled water. The 

mixture was incubated at room temperature for 20 minutes before incubating it at 75°C for 

15 minutes. The partially end filled pUC18 DNA was stored at -20"C until used. 

Size fractionated AIOS Sau3A restriction fragments embedded in LMP agarose blocks were 

prepared for ligation with pUC18 by carrying out a similar partial end filling reaction. 

The agarose block containing the AlOS DNA was completely melted at 65°C following 

which it was cooled to 37'C. The volume of the melted agarose thus obtained was 

between 40 and 60 1-'1. The partial end-fill reaction mixture contained the following in a 

70 1-'1 reaction volume: Between 40 and 60 1-'1 Sau3A digested AlOS DNA-melted LMP 

agarose mixture; 3.51-'1 of a solution containing dATP and dGTP, each at a concentration 

of 1 mM; 7 1-'1 of 10 X T4 DNA ligase buffer (from Boehringer Mannheim); 3.5 1-'1 of a 

2 unit.l-'t l solution of klenow; sterile distilled water to make the reaction volume up to 

701-'1. The reaction mixture was incubated at 37°C for 1 hour before incubating it at 75°C 

for 10 minutes. The Sau3A and partially end filled AlOS DNA fragments were stored in 

the partial end-fill reaction mixture at -200C until they were used. During storage the 

LMP agarose reset and the mixture had to be heated to 65°C to melt the agarose in it so 

that the DNA in the mixture could be efficiently ligated with pUC IS. The melted agarose­

DNA mixture was cooled to 37'C before adding and mixing into it 1 1-'1 (0.15 I-'g) of the 

1inearised pUC1S DNA (with its ends partially filled in) and 5 Weiss units of T4 DNA 

ligase. As a control a ligation reaction was set up containing the following in a 70 1-'1 

reaction volume: 1 1-'1 (0.15 I-'g) linearised and partially end-filled pUClS DNA; 7 ~l 10 

X ligation buffer (from Boehringer Mannheim; 5 Weiss units of T4 DNA ligase; 60 1-'1 

molten LMP agarose (containing no DNA) cooled to 37°C. Ligations were left to proceed 

at 16°C for between IS and 24 hours. The ligation mixtures were heated to 65°C until the 

LMP agarose in them melted. They were cooled to 45°C before adding 2.8 1-'1 25 X 

agarase buffer and I unit of agarase to each. The mixtures were incubated at 4SOC for 2 

hours following which they were stored at -20'C. 
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To approximate the proportion of recombinant and non-recombinant plasmids present in 

the test and control ligation mixtures 10 Jotl of each was used to transform E. coli JMI09 

using the rapid transformation procedure (section 5.2.10.2). The number of ampicillin 

resistant transformants containing plasmids from the control ligation was noted in order 

to obtain an approximation of the success of the pUCl8 end-filling reaction. Using the 

rapid plasmid isolation procedure (section 5.2.8.2) plasmids were isolated from five of the 

transformants and examined for the presence of inserts using agarose gel electrophoresis. 

If none of the five transformants thus examined contained recombinant plasmid DNA then 

the ligation mixture was discarded. 

For the construction of an A 108 genomic DNA library 20 Jotl aliquots of ligation mixtures 

containing plasmid populations consisting of at least 20 % recombinants, were used to 

transform the E. coli strains, JMI09 and XLIBlue, using the high frequency of 

transformation procedure (section 5.2.10.1). After 24 hours of growth the number of 

successfully transformed bacteria were carefully counted and the approximate number of 

these transformants containing recombinant plasmids was calculated. Plates containing 

transformants from a single transformation experiment were flooded with 2ml LB. Cells 

were suspended in "the LB using a hockey-stick spreader. From each plate 1 ml of the 

transformant-LB mixture was withdrawn and bulked in a sterile plastic disposable test tube. 

The bulked transformant sample was decanted in 200 #,1 aliquots into sterile 1.5 ml 

microfuge tubes each containing 100 Jotl glycerol. The contents of the tubes were 

thoroughly mixed before being immersed in liquid nitrogen for 1 minute. Without 

allowing any time for them to thaw the tubes were transferred to a -80"C freezer for 

storage. A sample from the collection of transformant cells was diluted l00X with sterile 

MS medium and 100 Jotl of the diluted cells suspension (containing between 3.5 X lOS and 

5 X las cfus) was screened immediately for the presence of acetochlor resistant 

recombinants (section 5.2.5.2). 

5.2.12 Screening of Libraries for Herbicide Resistant Recombinants 

The plasmids of apparently acetochlor resistant transformants selected from the AI08 

genomic libraries were isolated using the pure plasmid isolation procedure (section 5.2.8.1) 
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and examined for the presence of insert DNA. Non-recombinant plasmids were discarded. 

Plasmids containing insert DNA were used to transform E. coli XLIBlue using the rapid 

transformation procedure (section 5.2.10.2) . Successfully transformed cells were screened 

between 3 and 15 times for the possession of elevated acetochlor resistance (section 

5.2.10.2). A transformed XLIBlue strain containing a recombinant plasmid, designated 

pR5, which provided the strain with elevated acetochlor resistance was tested for an ability 

to detoxify acetochlor using the scaled down version of the quantitative bioassay (section 

2.5.3). This assay was carried out in triplicate with both untransformed XLIBlue and 

uninoculated media as controls. An approximation was obtained of the proportion of 

acetochlor that the recombinant E. coli cells were able to detoxify over a 21 day period 

in NM. l. 

5.2.13 Restriction Mapping of pRS, a Recombinant Plasmid Carrying a Gene Associated 

With Acetochlor Detoxification 

A recombinant plasmid, pRS, which appeared to contain a gene encoding the detoxification 

of acetochlor was restriction mapped according to the method described by Ausubel et al. 

(1992). The restriction enzymes used were EcoRI, PstI, PvuII, Smal, SphI, HindIII, SacI, 

XhoI, Aval, Clal, Xbal and Sall. Approximately 250 ng of plasmid DNA was digested 

for 3 hours with 10 units of these enzymes in 25 #,1 of the appropriate restriction buffers. 

Those enzymes which were found to cut the plasmid within the insert region were selected 

for use in restriction analysis of the insert fragment. Double digests were carried out with 

enzymes cutting more than once in the insert region of the plasmid. For double digests 

approximately 0.25 #,g pRS DNA was digested with 5 units (in a 0.5 #,1 volume) of each 

enzyme in 25 #,1 of an appropriate IX Boehringer Mannheim SuRE Cut buffer (A buffer 

in which, according to Boehringer Mannheim, both enzymes would function at greater than 

75 % capacity). Restriction fragment sizes were determined relative to MWMII and 

MWMIII size standards from Boehringer Mannheim using the UVP 500 Imagestore and 

Gel Documentation systems. 
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5.2.14 Localisation of a Gene Associated With Acetochlor Detoxification on pR5 

U sing the restriction map of pR5 three deletions in the insert region of this plasmid were 

constructed. The resulting plasmids pR51 , pR52 and pR53 contained the insert fragment 

of pR5 minus the 1460 bp EcoRI fragment , the 1265 and 640 bp Pst! fragments and the 

1450 bp Sall fragment respectively. pR5 was digested to completion with either EcoRI, 

Pst! or Sall. The reaction mixtures contained the following: Approximately 0.5 J.l.g pR5 

DNA; 3 J.l.1 of the appropriate lOX restriction enzyme buffer; 10 units of the appropriate 

restriction enzyme; sterile distilled water to give a reaction volume of 30 J.l.l. Following 

digestion 10 and 20 J.l.l samples of each digestion mixture were loaded onto 1. 1 % LMP 

agarose gels and fragments were separated by electrophoresis using T AE as a running 

buffer. After removing the lanes containing DNA from the 20 J.l.1 samples, the gels was 

stained with ethidium bromide and visualised under long wavelength UV light. The 

distance from the wells of the bands containing the 4440 bp (for the EcoRI digest), 4010 

bp (for the Pst! digest) and the 4450 bp (for the Sall digest) fragments were measured. 

The corresponding section of the unstained lanes containing DNA from the 20 J.l.l samples 

were cut from the gels and transferred to sterile microfuge tubes. Care was taken to cut 

the bands from gels using a flame sterilised scalpel blade on a clean sterile surface. The 

removed agarose blocks were melted at 65°C. A 7 J.l.1 sample was withdrawn from each 

melted block and placed in a fresh sterile microfuge tube. To each of the tubes was added 

10 J.l.1 sterile distilled water which had been warmed to 31'C. The tubes were placed in 

a 37°C water-bath. To each of the tubes was added 2 J.l.1 lOX T4 DNA ligase buffer and 

1 unit of T4 DNA ligase (in 1 J.l.l) . The contents of the tubes were gently but thoroughly 

mixed before incubating them overnight at 15°C. The tubes were heated to 650C until the 

LMP agarose in them melted. They were cooled to 45°C before adding 2.8 J.l.1 of 25 X 

agarase buffer and 1 unit of agarase to each. Following incubation for 1 hour the contents 

of each tube were used to transform E. coli XLIBlue using the rapid transformation 

procedure (section 5.2.10.2). The plasmids contained by two ampicillin resistant 

transformants from each transformation experiment were isolated using the pure plasmid 

isolation procedure (section 5.2.8.1). The success of the construction procedures were 

assessed by digesting each plasmid with the specific restriction enzyme used during its 
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construction from pR5. Transformants containing the desired plasmid constructs were 

screened fo~ resistance to acetochlor (section 5.2.5.3). 

A fourth plasmid, pR511, was constructed by deleting the 650-Kb PstI fragment of pR51 

using the techniques described above. Transformants containing this plasmid were also 

screened for resistance to acetochlor (section 5.2.5.3). 

5.2.15 Construction of a Deletion Series 

The insert DNA in pR51 was cloned into pBluescript SK +. Approximately 1 ",g of pR51 

and pBluescript SK + were digested for 3 hours with HindIII and EcoRI. The restriction 

fragments were separated by electrophoresis on a 1.1 % LMP agarose gel using T AE as 

a running buffer. Following staining of the gel with ethidium bromide two bands, one 

containing linearised pBluescript and the other containing the insert DNA fragment from 

pR51, were removed from the gel using a flame sterilised scalpel blade and transferred to 

a sterile microfuge tube. The agarose blocks containing the linearised pBluescript and 

insert DNA were first melted at 65°C for 10 minutes and then cooled to and maintained 

at 37°C. pBluescript and insert DNA were ligated in the following reaction mixture: 16 

",1 melted LMP agarose containing pRS insert DNA; 1 ",1 melted LMP agarose containing 

pBluescript; 2 ",1 10 X T4 DNA ligation buffer; 1 unit T4 DNA ligase (in a 1 ",1 volume). 

Before the agarose solidified the ligation mixture was gently but thoroughly mixed. 

Ligation was left to occur overnight at 16°C. The ligation mixture was heated to 65°C 

until the LMP agarose in it melted. It was cooled to 45°C before adding 3 ",1 sterile 

distilled water, 1 ",1 25 X agarase buffer and 1 unit of agarase. The mixture was incubated 

at 45°C for 2 hours following which it was used to transform E. coli JM109 (section 

5.2.10.2). The plasmid DNA from 3 ampicillin resistant transformant colonies was 

isolated (section 5.2.8.1), digested to completion with PstI, and separated on an agarose 

gel. The PstI banding pattern was used to confirm whether the insert DNA from pR51 had 

been successfully inserted into pBluescript in the expected orientation. The resulting 

recombinant plasmid was designated pR7. 



138 

A nested deletion series was produced in pR7 using the method described by Ausubel et 

al. (1992). Approximately 7 p.g of pure pR7 DNA (ODA2w'ODA28o = 1. ?6) was isolated 

from JM109 (section 5.2.8.1). Care was taken during the isolation procedure to avoid 

excessive agitation of DNA suspensions in order to ensure that a large proportion of the 

plasmid DNA obtained was in the closed circular state. The plasmid was linearised by 

double digestion for 3.5 hours with KpnI (giving rise to a 3', 4 base pair overhang) and 

HindllI (giving rise to a 5', 4 base pair overhang). HindllI cut the plasmid 36 base pairs 

from the KpnI site between the KpnI site and the insert region. The digestion mixtures 

contained the following in a 50 p.l volume: 5 p.11O X Boehringer Mannheim's SuRE Cut 

restriction buffer A; 10 units of both KpnI and HindIII (each in a 1 p.l volume); 

approximately 7 p.g plasmid DNA in 42 p.l distilled water. Following digestion for 3.5 

hours at 37°C the restriction enzymes were precipitated by extracting the digestion 

mixtures with 50 p.l of a phenol-chloroform mixture [containing equilibrated phenol (PH 

7.9), chloroform and isoamyl in the ratio 25:24: 1 respectively]. The aqueous phase was 

transferred to a fresh tube. Following the addition of 5 p.l 3M sodium acetate and 100 p.l 

ethanol the linearised plasmid DNA was precipitated overnight at -20'C. The plasmid 

DNA was pelleted by centrifugation at 11000 g for five minutes. The pelleted DNA was 

washed with 70 % ice cold ethanol and dried on a laminar flow bench. The dried pellet 

was resuspended in 74 p.l exonuclease III buffer (15 mM Tris.CI, 0.66 mM MgCI2, pH 

8.0). Approximately 3.75 p.g linearised plasmid DNA in 37 p.l exonuclease III buffer was 

incubated for 2 minutes at 3~C before adding 150 units of exonuclease III. Continuing 

the 37°C incubation, twelve 3 p.l aliquots were removed at 1 minute intervals. Each 

removed sample was immediately placed at -20°C for five minutes before adding 3 JLI 

water and heating to 7(),C for 10 minutes to inactivate the exonuclease III. Samples were 

kept on ice until they were mixed with 15 JLI of SI nuclease buffer (400 mM NaCl, 16 

mM sodium acetate, 1.6 mM ZnS04, 8% glycerol, pH 4.6) and 4 p.l (4 units) of SI 

nuclease. Digestion with S 1 nuclease was left to occur for 20 minutes at room 

temperature. S 1 nuclease digestion was stopped by the addition of 5 p.l of S 1 nuclease 

stop buffer (0.8 M Tris-HCI, 20 mM EDTA, 80 mM MgCI2, pH 8.0). Using TAE as a 

running buffer an 8 p.l aliquot of each sample was electrophoresed on a 1. 1 % LMP 

agarose gel. Ethidium bromide was included in the running buffer at a concentration of 

0.5 mg.l-1
• Following electrophoretic separation agarose blocks containing desirably sized 
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linearised exonuclease III digested DNA were cut from the gel using a flame sterilised 

scalpel blade and transferred to marked sterile microfuge tubes. The agarose in the tubes 

was melted by heating the tubes to 65°C for 15 minutes. Twenty microlitre samples of the 

melted agarose blocks were transferred to fresh sterile tubes and cooled to 37°C. To each 

tube was added 2.5 ILl 10 X T4 DNA ligase, 1 ILl of mixture of dATP, dGTP, dTTP and 

dCTP (each at a concentration of 1 mM), and 2 units Klenow (in a 1 ILl volume). The 

mixtures was incubated at 37°C for 1 hour before heating to 75°C for 10 minutes. 

Following cooling to 3?DC, 1 unit of T4 ?NA ligase (in a 1 ILl volume) was added to and 

mixed with the contents of each tube. Ligations were left to proceed at 16°C overnight. 

The ligation mixtures were heated to 65°C until the LMP agarose in them melted. They 

were cooled to 45°C before adding 1 ILl of 25 X agarase buffer and 1 unit of agarase to 

each. The mixtures were incubated at 45°C for 2 hours following which 10 ILl of each was 

used to transform E. coli XLIBlue (section 5.2.10.2). Four colonies were picked from 

each plate inoculated with cells transformed with DNA from the different ligation 

mixtures. The plasmids of these different transformants were isolated (section 5.2.8.2) and 

examined to determine their size relative to non-recombinant pBluescript. From all the 

plasmids examined a series of 8 clones, designated pR71, pR72, pR73, pR74, pR75, pR76 

and pR77, was selected with deletions sequentially spanning the entire 1.7-Kb insert region 

of pR7. The clones differed in size from one another by at least 100 base pairs. 

5.2.16 Partial Sequencing of a Gene Associated With Acetochlor Detoxification 

Sequencing was carried out with both single stranded DNA (ssDNA) and denatured double 

stranded DNA (dsDNA) templates using an adaptation of the dideoxy method of DNA 

sequencing developed by Sanger et al. (1977) which is described in the TaqTracke 

Sequencing Systems manual from Promega (1993). Single stranded recombinant 

pBluescript SK + DNA (ssDNA) templates were isolated in the manner described in 

section 5.2.9. Double stranded recombinant pUC18 and pBluescript SK + DNA isolated 

by the pure plasmid isolation procedure (section 5.2.8.1) was prepared for sequencing 

using alkaline denaturation. Approximately 8 I-'g of pure closed circular plasmid DNA 

(ODA2w'ODA28o between 1.65 and 1.84) in 181-'1 sterile distilled water was transferred to 

a microfuge tube. To the tube was added 2 ILl of a solution containing 2M NaOH and 2 
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mM EDTA. The mixture was incubated for five minutes at room temperature. The 

reaction mixture was neutralised with the addition of 8 1-'1 of a 5 M ammonium acetate 

solution (PH 7.5). Denatured DNA was precipitated with the addition of 112 1-'1 of 100% 

ethanol followed by centrifugation for ten minutes at 11000 g. The pellet of denatured 

DNA was washed with 1 ml 70% ethanol and dried on a laminar flow bench. The dried 

pellet was resuspended in 18 1-'1 sterile distilled water. 

Primers used during sequencing were either the forward and reverse M13/pUC universal 

primers (for sequencing with recombinant pUC18) or the T7 promoter specific primer (for 

sequencing with recombinant pBluescript) . ssDNA and denatured dsDNA templates and 

primer were annealed in a sterile 1.5 ml microfuge tube containing a reaction mixture 

comprising the following: Either 2 I-'g ssDNA or 4 I-'g denatured dsDNA template; 13 

ng primer; 5.0 1-'15X Taq DNA polymerase buffer; 2.01-'1 Extension/Labelling Mix; sterile 

distilled water to bring the reaction volume up to 25 1-'1. The reaction mixture was 

incubated at 37°C for 10 minutes. 0.5 1-'1 of [a-35S]dA TP (1,000 Ci. mM-1 or approximately 

10 I-'CLI-'l"l) was added to the annealed primer/template mixture. Five units of Sequencing 

Grade Taq DNA Polymerase (in a 1 1-'1 volume) was added and thoroughly but gently 

mixed with the contents of the tube. The mixture was incubated at 37'C for between 2 and 

5 minutes. During incubation of the extension/labelling reaction 1 1-'1 of d/ddATP Mix, 

d/ddCTP Mix, d/ddGTP Mix and d/ddTTP Mix were added to four separate labled sterile 

1.5 ml microfuge tubes. Upon completion of the extension/labelling reaction, 6 1-'1 aliquots 

of the reaction mixture were pipetted into each of the four d/ddNTP containing microfuge 

tubes and the contents of the tubes were mixed by gently pipetting them up and down. 

The four tubes were incubated at 7CYC for 15 minutes. Following incubation 4 1-'1 of Stop 

Solution was added to and gently mixed with the contents of each tube. If not used 

immediately reaction mixtures were stored overnight at -20°C. Immediately prior to 

loading on a sequencing gel the reaction mixtures were heated to 7fJ'C for 5 minutes. 

Sequencing gels were 6% polyacrylamide and were run using 1 X TBE as a running buffer 

at a constant power of 130W. Both the Poker Face™ SE1500 sequencing gel apparatus 

and the PS2500 power-pack used for running sequencing gels were from Hoefer Scientific 

Instruments. 
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Analysis of sequencing data was carried out using the DNA Strider™ 1.2 software 

package. Nucleotide and amino acid sequence comparisons were made with sequences 

stored in the GenBank data base using BLAST (Basic Local Alignment Search Tool; 

Altschul et al., 1990). 

5.3 Results 

5.3.1 Screening E. coli Strains for Resistance to Acetochlor 

In order to detect the expression of a foreign acetochlor detoxifying gene in E. coli cells 

containing recombinant plasmids, a method was required for screening mixed populations 

of transformed cells for increased acetochlor resistance. However, a combination of 

acetochlor's limited solubility in water (0.223 g.l-I at room temperature; Worthing and 

Hance, 1991) and its relative non-toxicity to the E. coli strains used, created problems 

when attempting to formulate a method for detecting herbicide resistant E. coli cells. It 

was found that technical grade acetochlor at a concentration of 0.3 g.l-I in MS medium, 

NM, NA, NB and M9 was non-toxic to the E. coli strains JMI09 and XLIBlue. Even 

with constant agitation technical grade acetochlor added to media at concentrations higher 

than 0.3 g.l-I would neither fully dissolve nor form a stable emulsion. Acetochlor in 

formulation (Harness) was found to form a relatively stable emulsion when added to liquid 

and solid media at concentrations up to 32 g.l-I. Formulation acetochlor was, therefore, 

used instead of technical grade acetochlor in the screening of transformants for elevated 

acetochlor resistance. While none of the acetochlor concentrations tested (up to 32 g.l-l) 

prevented growth of E. coli on NM, NA or M9 agar, survival of E. coli cells in liquid 

MS medium was influenced by the herbicide at concentrations as low as 4 g.l-l. A 

controlled means of using acetochlor to kill E. coli cells in MS medium was therefore 

developed for use in both the selection of individual herbicide resistant cells from 

heterogenous transformant populations and the detection of herbicide resistance conferred 

by certain selected recombinant plasmids. 

JMI09 was found to be significantly more resistant to acetochlor than was XLIBlue (Figs 

5.2. 1 and 5.2.2). While acetochlor at a concentration of 32 g.l-l in MS medium was 
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required to kill between 7 X lOS and 8 X 106 JM109 cells in under seven days, a 

concentration of 16 g.l-I in MS medium killed a comparable number of X~1Blue cells over 

the same time period. Therefore, when selecting for acetochlor resistant transformants 

from the A108 genomic libraries constructed in JM109 and XL1Blue, acetochlor 

concentrations used were 32 and 16 g.l-I respectively. Because of the higher sensitivity 

of XL1Blue to acetochlor, plasmids isolated from selected herbicide resistant transformants 

were retransformed into this strain in order to test whether they contained an acetochlor 

resistance gene. 
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FIG 5.2.1. The effect of different formulation acetochlor concentrations on the survival of E. coli 

JM109 in MS medium. (0) No acetochlor; (e) 4 g.l-l; (11) s,.I"; (e) 16 g.l-l; (v) 32 g.l-l. 
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FIG 5.2.2. The effect of different formulation acetochlor concentrations on the survival of E. coli 

XL1Blue in MS medium. (0) No acetochlor; (e) 4 g.l.I; (4) 8 g,I"; (.) 16 g.l'l; (v) 32 g.l'l. 

5.3 .2 Use of IFAGE to analyse the genome of A108 

A set of IF AGE parameters was developed which permitted the distinct electrophoretic 

separation of all but the largest of the 18 yeast chromosome and chromosome fragments 

comprising the PFGE Marker II. The largest fragment in the PFGE Marker II (2200-Kb) 

could not be made to migrate from gel wells during IFAGE. 
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IF AGE revealed the presence of what appeared to be one or more extrachromosomal DNA 

elements in A108 (Fig 5.3). The presence of one or more plasmids in A108 was verified 

using caesium chloride gradient centrifugation of isolated A 108 genomic DNA. According 

to Sambrook et al. (1989) the banding pattern observed upon visualisation of the gradient 

under long wavelength UV light (Fig. 5.4) did indicate the presence of what was probably 

closed circular plasmid DNA. 
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FIG 5.3. Use of IFAGE to analyse the genome of A108. Gel A: lane 1, S. cerevisiae YPH 755 

chromosomes and chromosome fragments (pFGE marker II); lane 2, undigested A 108 genomic 

.DNA; lane 3, KpnI digested A108 genomic DNA. Electrophoresis conditions were as follows: 30 

s initial forward pulse; 10 s initial reverse pulse; ramp factor of 0.3; 28 hour electrophoresis 

period. Gel B: Lane 1, KpnI digested A108 DNA; lane 2, S. cerevisiae YPH 755 chromosomes 

and chromosome fragments (pFGE marker II). Electrophoresis conditions: 21 s initial forward 

pulse; 7 s initial reverse pulse; ramp factor of 2; 68 hour electrophoresis period. Black arrows 

indicate the single observable 1.45-Mb restriction fragment obtained following digestion of A 108 

DNA with KpnI. The bands produced by the one or more large plasmids possessed by A108 are 

occupy the areas between the green arrows. 
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FIG 5.4. The separation of AI08 genomic DNA on a caesium chloride density gradient. The 

arrow indicates closed circular plasmid DNA. Two other bands which are not visible in the 

photograph were observed above the band containing the supercoiled DNA. 

IFAGE of high molecular weight AI08 genomic DNA digested with different restriction 

enzymes revealed that of all the enzymes tested only digestion with KpnI yielded high 

molecular weight [in the megabase (Mb) size range] restriction fragments. Digestion with 

KpnI prod.uced at least one high molecular weight restriction fragment approximately 1.45-

Mb in size (Fig 5.3). Because the migration and separation of DNA fragments larger than 

2-Mb could not be achieved, it could not be determined whether KpnI digestion of A108 

DNA produced any larger restriction fragments than the one observed. It was therefore 

not possible to obtain an estimate of the genome size of A108 using IFAGE. 
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5.3.3 Construction of a complete A108 Genomic DNA Library 

Digestion of 7 Ilg A108 DNA with 0.2 units of Sau3A for 50 minutes was found to 

produced a high proportion of restriction fragments between 2 and 5-Kb in size (Fig. 5.5). 

It was observed that when T AE was used instead of 0.5 X TBE as a running buffer during 

electrophoretic size fractionation of partially Sau3A digested A108 DNA, the number of 

recombinant transformants yielded by the cloning procedure increased approximately ten­

fold. While electrophoresis using 0.5 X TBE as a running buffer was used to size 

fractionate the Al08 fragments during construction of an Al08 genomic library in JMl09, 

T AE was used as the running buffer to size fractionate fragments when constructing a 

similar library in XLlBlue. This procedural difference meant that while 4 repeats of the 

cloning process were required to obtain 4340 JMl09 transformants, a single repeat of the 

process yielded 13600 transformed XLlBlue cells. 

21226 -

4268 
3530 

2\121 

I 2 3 1 

FIG 5.5. Analysis of timed digestion of AlO8 DNA with Sau3A by agarose gel electrophoresis. 

Lane 1, undigested AlO8 genomic DNA; lanes 2-7 AlO8 DNA digested with 0.2 units of Sau3A 

for lO, 20, 30, 40, 50 and 60 minutes respectively. 
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FIG 5.6. An example of how, in the present study the proportion of recombinant transformants 

in transformant populations was determined by agarose gel electrophoresis. Lane 1, EcoRI-HindIII 

digested A DNA fragments (MWMIII); lane 2, Sail digested (linearised) pUCl8 DNA containing 

no insert; lane 3, undigested pUCl8 DNA containing no insert; lane 4-8, plasmids isolated (using 

the rapid plasmid isolation procedure) from randomly picked transformed JMl09 cells containing 

either no inserts (lanes 6 and 8) or inserts 1 to 2-Kb in size (lanes 4, 5 and 7). 

Using eleCtrophoresis to examine plasmids isolated from randomly sampled transformants 

from both libraries (Fig 5.6), it was noted that between 60 and 80 % of successfully 

transformed JMI09 cells and more than 80 % of successfully transformed XLIBlue cells 

possessed recombinant plasmids. 

The probability (P) that anyone portion of the genome of AI08 would be represented in 

the two constructed libraries, was calculated. The value of P was dependent on the 

following variables: the genome size of A 108 (0), the average size of A 108 genomic DNA 
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fragments incorporated into recombinant plasmids (I) and the number of different 

recombinant plasmids present in the library (N) (Ausubel et at. , 1992). These variables 

were used to calculate the completeness of the Al 08 genomic libraries constructed in 

JM109 and XLIBlue using the following equation: 

P = 1 - [l - (I + G) t (21) 

There was a strong possibility that Al 08 was a Pseudomonas species. The genome sizes 

thus far determined for various members of the Genus Pseudomonas have been between 

2.2 and 4.16-Mb (Grothues and Tummler, 1987; Park and DeLey, 1967; Pemberton, 

1974). The maximum likely value of G for A108 was therefore taken to be 4.16 X 1<1 

base pairs. The minimum likely values of N for the two libraries constructed using IM109 

and XL1Blue as host strains were approximately 3218 and 10880 respectively. The values 

of 1 for the two libraries were approximately 1500 for the library constructed in IMI09 

and 3500 for the library constructed in XL1Blue. Using equation (21) the value of P for 

the library constructed in IM109 was 68.7 %, while for the library constructed in XL1Blue 

it was greater than 99.9 %. 

5.3.4 Screening of Libraries for Herbicide Resistant Recombinants 

While four acetochlor resistant transformants were selected from the A108 genomic library 

constructed in IM109 (one for each of the four repeats of the cloning procedure required 

to obtain the library), only one was selected from the library in XLIBlue. The plasmids 

isolated from these transformants were designated pR1 , pR2, pR3, pR4 and pR5 (pR5 

being the plasmid isolated from the library in XLIBlue). Of these plasmids only pR4 was 

found to contain no insert. Respectively ·pRl, pR2, pR3 and pR5 contained inserts 

approximately 1.2, 1.1, 0.8, and 3.2-Kb in size. All of these plasmids and non­

recombinant pUC18 were used to transform XL1Blue. Testing of XL1Blue transformed 

with these plasmids revealed that only pR5 supplied the E. coli strain with elevated 

resistance to acetochlor (Fig. 5.7) . 
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FIG 5.7. Increased resistance to 16 g.l-\ acetochlor in MS medium amoung XLIBlue cells 

containing pR5. (e) XLIBlue containing pR5. (0) XLIBlue containing non-recombinant pUC18. 

The error bars indicate standard deviations. 

Using the scaled down version of the quantitative acetochlor bioassay it was observed that 

E. coli XLIBlue cells containing pR5 were capable of detoxifying approximately 14.8 % 

of the active acetochlor in NM.l over a 21 day period. Growth of untransformed cells in 

NM.l containing acetochlor had no effect on the active concentration of the herbicide (Fig 

5.8). The percentage of acetochlor detoxified in 21 days by XLIBlue containing pR5 was 

considerably less than that detoxified by AI08 under comparable conditions and over the 

same time period. 
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FIG 5.S. Percentage of initial acetochlor concentrations remaining active after 21 days in both 

uninoculated media and media used to support the growth of soil isolate AlOS, untransformed 

XL1Blue or XL1Blue containing pRS. Error bars represent standard deviations. 

5.3.5 Restriction Mapping of pR5, a Recombinant Plasmid Carrying a Gene Associated 

With Acetochlor Detoxification 

Of the restriction enzymes tested EcoRI, PvuII, Pst!, KpnI, SaIl and SphI were found to 

cleave within the approximately 3.2-Kb of A108 DNA present in pRS. Restriction 

fragment sizes arising through both single and double digestion of pRS with these enzymes 

(Fig. 5.9.1) are given in Table 5.1. Using this data a restriction map of pR5 was 

produced (Fig. 5.9.2). 



23130· 

9416· 
6j$7 • 

4361 • 

2.122· 

2027 • 

>.,. • 

23130· 
9416· 
tt\51 -
4~61 -

2322 • 
2<r.l -

151 

A B 

4 

·21226 

231l0· 
·21226 

_ 4268 9416· 
6j57· 

·mo 4361 • .4268 
• 3530 

2322 • 
.2027 . 2027 

2027 • • 1904 
• 1904 

- 1584 
·1584 ·1373 

• \373 

·947 
· 831 

·947 

· III 564 • 
.511$ 

· 36< 

c D 

JI 

·21226 

:::1130· 

.4268 
9416· 

- 3.530 
6557 • 

4361 -

_ 2(121 
'19()I 
• \.\84 1322 -

• 1375 
2021 -

·').17 

- 831 ..... 
-j'" 

561 • 

FIG. 5.9.1. Restriction analysis of pR5 with EcoRI, PvuII, PstI, KpnI, AvaI, BamHI, SphI and SaIl. Gel 

A: lane 1, HindIII digested A DNA (MWMII); lane 2, EcoRI digested pR5; lane 3, PstI digested pR5; lane 

4, Pvull digested pR5; lane 5 EcoRI-PstI digested pR5; lane 6, PstI-PvuII digested pR5; lane 7, HindIII­

EcoRI digested A DNA (MWMIII). Gel B: lane 1, HindIII digested A DNA; lane 2, EcoRI digested pR5; 

lane 3, SphI digested pR5; lane 4, EcoRI-SphI digested pR5; lane 5, HindIII-EcoRI digested A DNA. Gel 

C: lane 1, HindIII digested A DNA; lane 2, Pst! digested pRS; lane 3, Pvull digested pRS; lane 4, SphI 

digested pR5; lane 5 SphI-PstI digested pR5; lane 6, SphI-PvuII digested pR5; lane 7, HindIII-EcoRI digested 

A DNA; lane 8, AvaI digested pR5. Gel D: lane 1, HindIII digested A DNA; lane 2, BamHI digested pRS; 

lane 3, Sall-BamHI digested pR5; lane 4, Sail digested pRS; lane 6, KpnI digested pRS; lane 7, HindIII 

digested A DNA. 
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TABLE 5. 1. DNA fragment sizes produced following restriction digestion of pRS . 

Restriction Fragment Sizes (in Fragment Sizes (in bp) Resulting From Double Digestion With : 

Enzyme bp) Resulting 
From a Single PVUU Pstl EcoRJ Sphl Sail 

Digest 

2375 2375 2375 2375 
PVUU 1380 1380 1065 -. 1200 -

1306 1306 959 1033 
464 464 464 464 

4009 2375 4009 2658 4009 
PsII 1255 1065 1255 1351 1255 -

636 959 636 1144 464 
464 636 

2658 2652 
EcoRJ 4438 - 1351 4438 1462 -

1462 1144 1462 1227 
636 559 

2375 4009 2652 
Sphl 5341 1200 1255 1462 5341 -

559 1033 464 1227 559 
464 559 

Sail 4450 - - - - 4450 
1450 1450 

4227 
BamHI 5900 - - - - 1450 

510 

Aval 3255 - - - - -
2645 

Kpnl 5441 - - - - -
459 

Hindill 5900 - - - - -
Smal 5900 - - - - -
Xbal 5900 - - - - -
Clal Uncut - - - - -
Xhol Uncut - - - - -

• No Data Collected . 
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FIG. 5.9.2. Restriction map of pRS indicating the positions of restriction sites for the restriction 
enzymes, EcoRI, Pst!, PvuII, SphI, Sail, Kpol, and Ava!. The thick line on the map indicates the 
AI08 DNA inserted into the Sail site of pUC18 (thin line) . 
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FIG. 5.10. Construction of plasmids pRS1 , pRS2, pRS3 and pRS11 from pRS. 
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FIG. 5.11.1 Increased resistance to 16 g.l.1 of formulation acetochlor amoung XL IBlue cells 

containing pR52. (e) XLIBlue containing pR52. (0) XLIBlue containing non-recombinant 

pUelS. (-) XLlBlue containing pRS. Error bars indicate standard deviations. 

5.3.6 Localisation of a Gene Encoding Acetochlor Detoxification ' on pR5 

Fig. 5.10 illustrates the production of plasmid constructs in which portions of the insert 

DNA present in pRS were deleted. Of these constructs only pR511 was found to provide 

no elevated acetochlor resistance to the E. coli XLIBlue cells into which it was 

transformed. While XLIBlue cells containing pR52 and pR53 showed more resistance to 

acetochlor than XLlBlue containing non-recombinant pUC18, the degree of resistance 

observed appeared to be lower than that of pR5 (Figs. 5.11.1 and 5.11.2) . pR51 appeared 

to provide XLlblue cells with acetochlor resistance in excess of that provided by pR5 (Fig 

5.11.3). 
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FIG. 5.11.2 Increased resistance to 16 g.l-I formulation acetochlor amoung XLlBlue cells 

containing pRS3. (e) XLIBlue containing pRS3 . (0) XL1Blue containing non-recombinant 

pUC18. (-) XLIBlue containing pRS. Error bars indicate standard deviations. 

5.3.7 Construction of a Deletion Series and Partial Sequencing of a Gene 

Associated with Acetochlor Detoxification 

A series of nested deletions in the insert region of pR7 (a pBluescript derivative containing 

the same fragment of A 108 DNA as pR51) was constructed in order to facilitate the partial 

sequencing of the A 108 DNA fragment encoding elevated resistance to acetochlor. During 

construction of the nested deletion series, exonuclease ill digested approximately 250 base 

pairs of pR7 per minute and electrophoresis of the digested DNA revealed that a series of 

deletions was obtained from the KpnI end of the insert DNA which traversed the entire 

insert region of pR7 (Fig. 5.12) . 
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FIG. 5.11.3 Increased resistance to 32 g.l-l formulation acetochlor amoung XLIBlue cells 

containing pRS1. (e) XL1Blue containing pRS1. (0) XL1Blue containing non-recombinant 

pUCI8. (-) XL1Blue containing pRS. Error bars indicate standard errors. 
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FIG. 5.12. The series of pR7 deletions constructed from the KpnI end of the insert DNA present 

in this plasmid. Agarose blocks were cut from this LMP agarose gel during the construction of 

a nested pR7 deletion series. Lane 1 contains HindIII digested A DNA. Lanes 2-10 contain pR7 

digested with exonuclease III for 1, 2, 3, 4, 5, 6, 7, 8 and 9 minutes respectively. 
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Portions of both strands of the A108 DNA common to pR7 and pR51 were sequenced to 

aid in obtaining an identity for any gene(s) present on this DNA fragment. From both the 

forward and reverse pUC18/M13 universal primer binding sites of pR51 and each of the 

T7 promoter specific primer binding sites of plasmids pR72 , pR73 , pR76, and pR77, 

between 150 and 250 base pairs were sequenced using either double or single stranded 

sequencing techniques (Fig. 5.13). In total the nucleotide sequence of approximately 43 

% of the 1.78-Kb fragment of A 108 DNA common to pRSl and pR7 was determined (Fig. 

5.14). Comparisons of the nucleotide sequences determined in the present study with those 

stored in the GenBank database using BLAST revealed a single 315 bp region of pRS1 and 

pR7 which contained an open reading frame that displayed sequence homology with 

portions of the dihydrolipoyltransacetylase genes of Azotobacter vinelandii (Hanemaaijer 

et al., 1988), E. coli (Stephens et al., 1983) and Alcaligenes eutrophus (Hein and 

Steinbuchel, 1994) (Table 5.2; Fig 5.14). Additionally the theoretical amino acid sequence 

encoded by this portion of A108 DNA was slightly homologous with the 

dihydrolipoyltransacetylase enzymes of Clostridium magnum and Bacillus subtilis (Table 

5.2). 

PstI 411 PvuII 610 

SpbI 40S j ~ 424 1 

pR51--•• 

Ava! 994 
SpbI 964 1 Pst! 1047 
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EcoRI 2191 
PvuII

1

1990 1 

pR76 ---_. 
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... ----- pR51 

FIG. 5.13. The strategy employed to sequence portions of the 1.78-Kb fragment of A 108 DNA 

common to both pRSl and pR7. The numbering system for the restriction sites presented here are 

based on the first nucleotide of A 108 DNA being situated at position 422. Arrows indicate the 

direction and extent of DNA sequenced from the pUC/M13 forward and reverse universal primer 

binding sites of pRSl and T7 promoter specific binding site of pR72, pR73, pR76 and pR77. 
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2240 CCTGCCACCNCCCGCACAGGTCGCATCCTGAAAGAAGACGTAGCAGGT 

ProAlaThrXXY~rgThrG1YArqIleLeuLysGluASpValAl~Gly 

. 
2192 CTGACGATCAAGGCCATGATGCAGAAGGCCAAGGAAGCGCCGGCAGCC 

LeuThrIleLysAlaMetMetGlnLysAlaLysGluAlaprOAlaAla 
. 

2144 GCCGGTGCGACCGGTGCTGCTGGCATCCCGCCGATCCCTGCCGTGGAC 
AlaGlyAlaThrGlyAlaAlaGlyIleproproIleprOAlaValASp 

2096 ·TTCAGCAAGTTCGGTGAAGTGCAAGAAGTGGCCCTGACCCGCCTGATG 
PheSerLysPheGlyGluValGlnGluValAlaLeUThrArqLeuxet 

2048 CAGGTCGGTGGTGCCAACCTGCACCGCAGCTGGCTCAACGTGCCGCAC 
GlnValGlyGlyAlaAsnLeuaisArqSerTrpLeuASnValProHis 

2000 GTGACCCAGTTCGACTCTGCCGACATCACCGAGCTGGAAGAACCTTCC 
ValThrGlnPheASpSerAlaAspIleThrGluLeuGluGluProSer 

1952 GCGTTCCGCGTTGTCTGTCAGAAGCCCANNN •••... NNNCGACGTGC 
AlaPheArqValValCysGlnLysPro 

1212 TGGGCGATATCGCACCATGCTGCTGTAAGCCAGCACACTGCCNGCTCC 

1164 TTGCGCGA GGGGNAGTAGCNCTTTCGAGCTGNCACCTCGTCAGCCTC 

1116 AACCCCGNNN •.•.•. NNNAGGCCCCTCCCCACAGGCAATCGCAGTCC 

941 ACATTGTGGGAGTAACTGTCTTCTCAATTTCTAAAAGCTGGCCGATCC 

893 TGTGNGAGCGACCTTGTGTCTCNATGGGCCGCAAANCGGCGCNNAAAA 

845 TCTCCACGCCCAAACTGCAGAAGTACAGGCACGAGCGCTCCACGCCGA 

797 TACATCACTGNNN •••... NNNCACGACCTGGAATCAANNAACAACGC 

569 TGCACCTGGNCCTGCAGNTGAACCANGNANGCAGNAAGAACAANTGGA 

521 GGACCTGGAGNCCCACNGCGGCCAGCAGGANCTTATTCCTGCNCCTCG 

473 NCCGCCATCGCTACAGNCCGGGCAACTCGCTGCTCGAAGCGGCCCAGC 

425 TGA 
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FIG. 5.14. Partial sequence of the A108 DNA common to both pR7 and pR51. The amino acid sequence 

encoded by the region of DNA with homology to a portion of the dihydrolipoyltransacetylase genes of 

Azotobacter vinelandii, E. coli and Alcaligenes eUlrophus is also given. The nuc1eotides presented in bold 

type indicate individual residues which are in positions identical to corresponding residues in the Azotobacter 

vinelandii dihydrolipoyltransacetylase gene. Amino acid residues presented in bold type indicate individual 

amino acids which were either the same or functionally equivalent to residues in corresponding positions in 

the Azotobacter vinelandii dihydrolipoyltransacetylase enzyme. The numbering system used is based on the 

first nucleotide of A108 DNA being situated at position 422. 
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TABLE 5.2. Results of the search (using BLAST) of established DNA and protein sequences 

stored in the GenBank database for regions of nucleotide and amino acid homology with the AI08 

DNA cloned in pR51 and pR7. 

GenBanlc High Smallest Sum 
Acquisition Species Gene/Protein Identity Score" Probability N' 
Number [P(N)) • 

Nucleic Acid 
emb :X12455 Azotobacter vinelandii Gene encoding dihydrolipoyltransacetylase 648 1.2 X 1(}4' I 
emb :V01498 E. coli aceA(encoding dihydrolipoyltransacetylase) 410 1.0 X 10·1] I 
gb :U09865 Alcaligenes el4trophus pdhB(encoding dihydrolipoyltranaacetylase) 356 3AX 1(}\9 I 

Protein 
sp :PI0802 Azotobacter vinelandii Dihydrolipoyltransacetylasc 268 2.0 X 10.11 I 
sp:P06959 E. coli Dihydrolipoyltransacetylase 238 1.3 X l(}lA I 
gp :U09865 Alcaligenes eutrophus Dihydrolipoyltransacetylasc 198 2.0 X l(}11 I 
gp:L31844 Clostridium magnum Dihydrolipoyltransacetylase 65 0.049 2 
gp :M57435 Bacillus subtilis Dihydrolipoyltransacetylasc 45 0 .1 3 

" Maximum p08sible value calculated according to the system described by Aiuchul et al. (1990) . Generally high score. above 100 
for nucleotide comparisons and above 50 for amino acid comparisons indicate some significant degree of homology between compared 
sequences. 

• Probability of achieving the presented high score by chance. 
, Number of distinct high scoring regions of homology in the sequences being compared. 

5.4 Discussion 

5.4.1 Use of IFAGE to Analyse the Genome of A108 

The initial purpose behind the use of IF AGE was to estimate the genome size of A 108 in 

a manner similar to that used by Grothues and Tummler (1987) to determine the genome 

size of Pseudomonas aeruginosa. This was not possible in the present study, however, 

since no restriction enzyme could be found which digested the genome of A 108 into 

fragment sizes which could be analysed using IFAGE. Although digestion of intact A108 

DNA with KpnI yielded a single megabase sized (1.45-Mb) fragment, it was unlikely that 

this fragment represented the linearised AI08 chromosome. It was expected that because 

AI08 was almost certainly a Pseudomonas sp., its chromosome should have been between 

2.2 and 4.16-Mb which is a size characteristic of the members of this genus (Grothues and 

Tummler, 1987; Park and DeLey, 1967; Pemberton, 1974). It was probable, therefore, 

that KpnI digestion of intact A108 genomic DNA produced either a multitude of small 

fragments not observable on ethidium bromide stained gels or a second fragment larger 



160 

than 2-Mb which could not be resolved with IFAGE employing the H~fer PC 750 pulse 

controller (Hoefer Scientific Instruments Catalogue, 1988). It was unlikely that a large 

number of small unobservable fragments were produced by digestion with KpnI because 

staining of IF AGE gels with ethidium bromide revealed DNA remaining in the agarose 

blocks subjected to digestion with this enzyme. It is also not probable, however, that KpnI 

sites are very rare in the genome of A 108 since A108 DNA cloned into pR5 could be cut 

with this enzyme. It is also possible that the results were the product of reduced KpnI 

activity which occurred when attempting to digest A108 DNA in LMP agarose. 

Because Al 08 contains one or more large plasm ids it is possible that genes encoding 

acetochlor degradation may not be borne on the chromosome of the isolate. There have 

been no reports regarding the situation of microbial genes encoding chloroacetanilide 

degradation on plasmids. While no evidence could be obtained to indicate whether any 

AI08 genes encoding acetochlor detoxification were plasmid bourn, it would be of interest 

in future studies to determine the location of such genes in the genome of A108. 

5.4.2 Cloning, Isolation and Identification of a Gene Associated With Acetochlor 

Detoxification 

It is probable that the different efficiencies of the cloning procedure when using different 

running buffers during electrophoretic size fractionation of insert DNA, was related to the 

relative activities of T4 DNA ligase in the presence and absence of borate. This is 

probably because borate may inhibit the enzyme, T4 DNA ligase, used to ligate vector and 

insert DNAs in LMP agarose during the cloning 'procedure (Struhl, 1985). 

Because the cloning procedure involved partially filling in the ends of SaIl digested pUC18 

DNA, the X-gal phenotypic assay for identifying recombinant and non-recombinant 

transformants could not be used. If the partially filled in ends of pUC 18 ligated with one 

another during the cloning procedure, the frame shift mutations induced by the end filling 

reactions would have prevented the lacZ ' gene on the plasmid effectively complementing 

the lacZ~M15 on the chromosome of the host E. coli strain. A large proportion of 

transformant colonies containing non-recombinant pUC18 would thus have been WHITE 
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(iac-) . A method involving the selection of transformants , the isolation of their plasmids, 

and the use of electrophoresis for detecting the presence of inserts was therefore adopted 

in order to indicate the approximate proportion of recombinant individuals in transformant 

populations. 

Together the gene libraries constructed in JMI09 and XL 1 Blue represented a complete 

AI08 genomic library. Although there was a 68.7 % probability that the library 

constructed in JMI09 contained any particular region of DNA in the genome of A108, 

none of the recombinant plasmids isolated from this library contained A108 DNA which 

provided E. coli cells with acetochlor resistance. While it is possible that this was due 

to chance, it is also possible that the size of A 108 DNA fragments present in the library 

(a mean of approximately 1.5-Kb) were too small for there to be a high probability of the 

library containing an intact acetochlor detoxification gene. 

In the present study no DNA or antibody probes were available for screening the A108 

gene libraries for either acetochlor detoxification genes or acetochlor detoxifying enzymes. 

It was, therefore, necessary to attempt the isolation of acetochlor detoxification genes by 

selecting for recombinant E. coli cells in which they were expressed. It was believed that 

the expression of a gene encoding the degradation of acetochlor in E. coli cells would 

provide the cells with increased resistance to the herbicide. The success of this approach 

to the isolation of a gene encoding acetochlor detoxification was dependent on two factors. 

Firstly, it was essential that a means of screening populations of E. coli cells for elevated 

acetochlor resistance be available and, Secondly, it was necessary that the native 

transcription and translation sequences of the desired acetochlor detoxification gene be 

similar enough to those of E. coli to permit its efficient expression in this microbe. 

Selection of recombinant E. coli cells resistant to acetochlor was complicated by the 

naturally high degree of acetochlor resistance displayed by the E. coli strains used. Only 

very high concentrations of the herbicide would consistently kill E. coli cells and then 

only if the cells were exposed to the herbicide for prolonged periods. Since it is likely that 

acetochlor has a multitude of target sites in living cells (LeBaron et al., 1988; Sharp, 

1988), it is not probable that E. coli would have been resistant to the herbicide by virtue 
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of a single altered, herbicide insensitive target molecule. Resistance may, however, have 

been due to any ONE OR MORE of a number of other mechanisms. One mechanism may 

have been that E. coli was capable of detoxifying acetochlor. Use of the bioassay to 

detect the detoxification of acetochlor by E. coli XL1Blue, however, revealed that this 

strain was incapable of metabolically converting acetochlor to a form less toxic to the 

bioassay fungus. A second potential resistance mechanism may have been the total 

absence in E. coli of enzymes or structural proteins targeted by the herbicide. However, 

because the primary site(s) of acetochlor activity are unknown (Sharp, 1988), it could not 

be determined whether E. coli possessed any potentially sensitive acetochlor target sites .. 

A third mechanism of resistance may have been that uptake of the herbicide by E. coli 

was somehow impaired. This may have been the result of either the failure of E. coli 

cells to transport herbicide molecules across their cell membranes or the prevention of 

efficient contact between acetochlor molecules and cell surfaces due to the limited 

solubility of the herbicide. The number of acetochlor molecules dissolved in MS media 

when testing the toxicity of the herbicide to E. coli, was almost certainly less than the 

number of acetochlor molecules added to the MS medium. This was because the 

concentration of the herbicide required to kill E. coli cells exceeded the solubility of the 

herbicide in water at room temperature (0.223 g.l.l; Worthing and Hance, 1991). Thus, 

although very high concentrations of the herbicide were applied to MS media to kill E. 

coli (either 16 or 32 g.l.l of formulation acetochlor), it is highly likely that the vast 

majority of herbicide molecules did not enter into solution and were, therefore, not 

available for uptake by E. coli cells. 

The successful expression of an acetoch1or detoxification gene from A 108, a probable 

Pseudomonad, in E. coli, an Enterobacter, was dependent on the gene having promoter, 

transcription termination and ribosome binding site sequences comparable with analogous 

sequences in E. coli. Attempts to express different Pseudomonas genes in E. coli under 

the control of their own promoters have been both successful (Eaton and Kames, 1991; 

Fitzgibbon and Braymer, 1990; Goldberg et al., 1992; Kahn and Walia, 1990) and 

unsuccessful (Kimbara et aI., 1989). It has been suggested that the poor expression of 

certain Pseudomonas genes in E. coli has been due to these genes having either promoters 

which are unrecognisable to E. coli RNA polymerases (Deretic et al., 1989; Kimbara et 
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al. , 1989), or a high frequency of codons which are only rarely used by E. coli (Sayers, 

1994; personal communications) . 

Screening recombinant E. coli cells for the expression of acetochlor detoxification genes 

occurred in three stages. Firstly, transformants surviving long term exposure to high 

acetochlor concentrations were selected from the A 108 genomic libraries. Secondly, it 

was necessary to verify whether the apparently elevated acetochlor resistance observed in 

the selected transformants was encoded on the recombinant plasm ids they contained. 

Lastly, it was determined whether or not acetochlor resistant recombinant transformants 

were capable of detoxifying the herbicide. Following the selection of acetochlor resistant 

individuals from the AlOS genomic libraries, it was necessary to verify whether they 

contained resistance genes from AlOS since it was possible that cells could survive 

exposure to the herbicide either by chance or through mutation of chromosomal genes. 

Recombinant plasmids isolated from selected acetochlor resistant cells were therefore 

retransformed into XLIBlue. The transformants thus obtained were assessed to determine 

whether they were more resistant to acetochlor than XLIBlue cells containing non­

recombinant pUC IS. It was necessary to screen cells apparently possessing acetochlor 

resistance genes for their ability to detoxify acetochlor since it was possible that acetochlor 

resistance may also have been provided by genes that did not encode the metabolic 

transformation of the herbicide. For example, Fitzgibbon and Braymer (1990) while 

attempting to isolate a glyphosate degradative gene from Pseudomonas sp. PG29S2, 

obtained a gene which provided recombinant E. coli cells with elevated glyphosate 

resistance without encoding transformation of this herbicide. It was also noted that the 

gene neither encoded any known enzyme target of glyphosate nor did it interfere with 

uptake of the herbicide in cells possessing it. · 

The approach employed in the isolation of an A 108 gene which when present in E. coli 

XLIBlue cells would enable them to detoxify acetochlor yielded a segment of DNA 

containing what appeared to be a gene encoding the dihydrolipoyltransacetylase component 

5J. R. Sayers, Department of Biochemistry, University College North Wales, University 
of Wales, Bangor, LL57 ZUW 
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of the pyruvate dehydrogenase enzyme complex. There are a number of possible 

explanations as to how such a gene may have provided recombinant E. coli cells with 

elevated acetochlor resistance. All of these explanations, however, e based on the 

assumption that acetochlor is capable of attachment to some component of the pyruvate 

dehydrogenase complex. If the complex is a primary target site of acetochlor activity then 

resistance to this herbicide could occur in recombinant cells through either the 

overproduction of dihydrolipoyltransacetylase or the expression of an acetochlor resistant 

variety of the enzyme. Although it has been noted that the chloroacetanilides influence 

both lipid biosynthesis (Yenne and Hatzios, 1989; Weisshaar and Boger, 1991) and the 

catabolism of pyruvate to CO2 (Warmund et al., 1985) in higher plants, in no instances 

has the herbicide been noted to target any particular enzyme in these metabolic pathways. 

While there is no direct evidence to indicate that the pyruvate dehydrogenase complex is 

a target of the chloroacetanilide herbicides, the only common reaction step in the synthesis 

of lipids and the catabolism of pyruvate to C~ is the conversion of pyruvate to acetyl­

coenzyme A that is catalysed by this enzyme complex (Stryer et al., 1988). Generally, 

involvement of coenzyme A appears to be a common factor in many metabolic processes 

inhibited by the chloroacetanilides (Couderchet and Boger, 1993; Molin et aI., 1986; 

Tevini and Steinmuller, 1987; Weisshaar and Boger, 1987; Wilkinson, 1981; Venne and 

Hatzios, 1989). A theory proposed by Molin et al. (1986) to explain the effect of 

chloroacetanilides on reactions involving coenzyme A is that these herbicides inhibit some 

aspect of coenzyme A reduction or recycling. 

Additional evidence that the pyruvate dehydrogenase complex may be a target site of 

chloroacetanilide herbicides comes from studies involving the herbicide EPTC. In plants 

a primary mode of action of this herbicide appears to be its competitive inhibition of the 

pyruvate dehydrogenase complex (Wilkinson and Oswald, 1987). EPTC has both 

physiological (Wilkinson, 1988) and biochemical (Wilkinson, 1985) effects in plants which 

are similar to those induced by the chloroacetanilides. Also, detoxification of both 

chloroacetanilide and EPTC molecules in plants is known to occur via conjugation of these 

molecules with glutathione (Cottingham et ai, 1993). It is therefore feasible that, like 

EPTC, the numerous biochemical effects characteristic of chloroacetanilide activity in 

plants, may occur as a result of pyruvate dehydrogenase inhibition. 
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A possible biochemical mechanism whereby chloroacetanilides such ~s acetochlor may 

function in pyruvate dehydrogenase inhibition is through alkylation of the thiol groups 

belonging to the lipoamide (lipS2) cofactors associated with the active sites of the 

dihydrolipoyltransacetylase components of this enzyme complex. Once alkylated these 

thiol groups would no longer be available for reaction with the hydroxyethyl-thiamine 

pyrophosphate intermediary metabolite produced by the pyruvate decarboxylase component 

of the pyruvate dehydrogenase complex (Fig 5.15, A and B). The chloroacetanilides are 

known alkylating agents and will bind, covalently with an attacking nucleophile in a 

reaction coupled with the displacement of their chlorine atoms (Lindley, 1960). The 

nucleophilic thiol groups of the lipS 2 coenzyme associated with the active site of 

dihydrolipoyltransacetylase, could potentially react non-enzymatically with acetochlor. It 

has been observed that in vitro the chloroacetanilide, alachlor, reacts non-enzymatically 

in this manner with the thiol containing compounds, cysteine, glutathione and coenzyme 

A (Leavitt and Penner, 1979). The high reactivity of the chloroacetanilides with thiol 

containing compounds has lead to speculation that activity of the chloroacetanilides at 

multiple target sites may occur through these compounds reacting with the thiol containing 

amino acid residues of a variety of sulphur rich proteins. While McFarland and Hess 

(1985; cited by LeBaron et al., 1988) have found chloroacetanilides to bind covalently 

with a number of unidentified proteins both in vivo (intact oat seedlings) and in vitro, 

Marsh et al. (1988; cited by LeBaron et aI., 1988) found that the chloroacetanilide, 

alachlor, did not inhibit the activity of any of the sulphur rich enzymes they tested. 

A feasible mechanism whereby the expression of dihydrolipoyltransacetylase in 

recombinant cells may have enabled them to detoxify acetochlor is that the enzyme actually 

played a role in transforming the herbicide in these cells. The enzyme may have 

contributed to the detoxification of acetochlor molecules in two ways. Firstly, it is 

possible that the dihydrolipoyltransacetylase enzyme participated directly in the 

transformation of acetochlor. By covalently binding with the thiol groups of the lip~ 

coenzyme associated with the active site of this enzyme, bound herbicide molecules would 

become irreversibly inactivated with the loss of their chlorine atoms (Fig 5.15). Secondly, 

it is possible that dihydrolipoyltransacetylase may have participated indirectly in acetochlor 

detoxification by enhancing the non-enzymatic binding of acetochlor molecules with 
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FIG. 5.15. Proposed mechanism whereby the chloroacetanilide herbicide, acetochlor, may interact 

with and thus inhibit the activity of the dihydrolipoyltransacetylase component of the pyruvate 

dehydrogenase complex. (A) Normal reaction mechanism whereby pyruvate is converted to acetyl­

coenzyme A and CO2 by the pyruvate dehydrogenase complex. (B) Possible mechanism by which 

acetochlor, a known alkylating agent, may prevent this reaction from occurring. 
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coenzyme A. It has been noted that the chloroacetanilide, acetochlor, binds non­

enzymatically with coenzyme A in vitro (Leavitt and Penner, 1979) and it would, 

therefore, be possible that attachment of acetochlor to dihydrolipoyltransacetylase near to 

a position where coenzyme A interacts with the enzyme may have resulted in an elevated 

rate of non-enzymatic acetochlor-coenzyme A conjugation. By bringing coenzyme A and 

acetochlor into close contact and thus enhancing the probability of conjugation occurring 

between these compounds, increased expression of dihydrolipoyltransacetylase could 

possibly enhance acetochlor detoxification. 

The significant difference in the rate at which A108 and E. coli XLIBlue containing pR5 

detoxified acetochlor in NM.l medium could have occurred for anyone or a combination 

of a number of possible reasons. Firstly, lack of either expression sequence homology or 

common codon usage between the cloned A108 gene and E. coli genes-may have resulted 

in reduced expression of the cloned gene in recombinant cells (Deretic et aZ., 1989; Sayers 

et aZ., 1994; personal communication'. Secondly, the rate of uptake of acetochlor 

molecules may have differed significantly between A 108 and the E. coli strain in which 

acetochlor detoxification was tested. For example, it is possible that A 108 contains 

transport proteins that are absent in E. coli, which, by enhancing the movement of 

acetochlor molecules into cells increases the rate at which detoxifying enzymes transform 

the herbicide. Thirdly, and probably most importantly, it is possible that the putative 

dihydrolipoyltransacetylase gene isolated in the present study is not the only A108 gene 

encoding the detoxification of acetochlor. Studies on microbial chloroacetanilide 

degradation have revealed that many microbes are capable of transforming 

chloroacetanilides via more than one pathway (Figs 1.5.1, 1.5.2, 1.5.3, and 1.5.4). An 

implication of this is that certain microbial species may contain more than one gene 

encoding primary chloroacetanilide transformation reactions. The acetochlor 

transformation products produced by AI08 should be identified to obtain some indication 

as to the pathways used by this isolate in the detoxification of acetochlor. It should also 

be determined what, if any, are the acetochlor transformation products produced by E. 

6J. R. Sayers, Department of Biochemistry, University College North Wales, University 
of Wales, Bangor, LL57 ZUW 
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coli cells containing pR5. By obtaining this information it should be possible to determine 

whether the dihydrolipoyltransacetylase gene of A108 plays a major role in acetochlor 

detoxification in this isolate or whether other transformation reactions, encoded by 

different genes, playa more active role in acetochlor detoxification. 

The portion of the putative dihydrolipoyltransacetylase gene present in pR5l is homologous 

with the catalytic domain of this enzyme in Azotobacter vinelandii (Mattevi et aI., 1992). 

By extrapolating from data available on the extent of characterised bacterial 

dihydrolipoyltransacetylase genes it would seem to be possible to speculate on the extent 

of the coding region of the gene in pR5 (Fig 5.16). If these speculations are accurate it 

would be probable that, firstly, pR5 contains an entire copy of the gene which is possibly 

expressed under the control of its own promoter. Secondly, it would be probable that 

while pR53 contains an approximate portion of the putative gene encoding the first 47 N­

terminal and last 116 C-terminal amino acids of the putative dihydrolipoyltransacetylase 

(with approximately 483 amino acids between deleted; Fig. 5. 16), pR52 contains a portion 

of the gene encoding only the first 320 N-terminal amino acids of the enzyme (326 amino 

acids from the C-terminal deleted; Fig 5. 16). It is possible that the acetochlor resistance 

afforded to E. coli by pR5l, pR53 and pR52 may have occurred due to portions of the 

putative dihydrolipoyltransacetylase gene present on these plasmids complementing the 

analogous gene on the E. coli chromosome. The extra components of the enzyme 

available within cells containing these plasmids would possibly have given rise to either 

a greater number of pyruvate dehydrogenase complexes than are normally present in E. 

coli or complexes which were more herbicide resistant. The acetochlor resistance 

provided E. coli cells by pR51 and pR5 may have been greater than that provided by 

pR52 and pR53 due to the presence in these plasmids of the portion of the A 108 gene 

encoding the catalytic domain of dihydrolipoyltransacetylase. The higher acetochlor 

resistance observed in cells containing pR51 relative to cells containing pR5 may have 

been through expression of the catalytic domain of the enzyme under control of the lac 

promoter. The catalytic domain of the putative A108 dihydrolipoyltransacetylase gene 

present on pR51 is directly downstream from the promoter, ribosome binding site and 

translation initiation codon of the lacZ' gene. Besides the basal uninduced expression of 
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FIG. 5.16. The possible extent of the coding region of the putative A 108 

dihydrolipoyltransacetylase gene (lightly shaded region) on pRS. The size of the gene was 

estimated from sequences determined for the dihydrolipoyltransacetylase genes isolated from 

Azotobacter vineLandii (Hanemaaijer et al., 1988) and E. coli (Stephens et al., 1983). The partial 

sequence of the A 108 gene (dark! y shaded) was used to estimate the location of the entire putative 

dihydrolipoyltransacetylase gene on pRS by aligning the nucleotide sequence determined with 

corresponding homologous regions of the dihydrolipoyltransacetylase genes of Azotobacter 

vinelandii and E. coli. The arrow indicates the direction in which the gene is transcribed. Bold 

black lines indicate deleted portions of the various plasmid constructs (pRSl, pRS2, pRS3, and 

pRS11) examined for their ability to provide E. coli with resistance to acetochlor. The numbering 

system used here is based on the first nucleotide of A108 DNA being situated at position 422. 

the lac operon (Hastings, 1994; personal communication7), it is possible that slight 

induction of the operon may have occurred in cells grown on the undefined NA medium 

prior to their transfer to the acetochlor containing MS test medium. Marginal derepression 

of the lac operon on NA may have been the result of lactose traces present in the yeast or 

beef extracts used to make up this medium. It is, therefore, feasible that expression of the 

putative dihydrolipoyltransacetylase catalytic domain on pR51 under control of the lac 

promoter may have provided cells with acetochlor resistance in excess of the intact 

7Professor J. W. Hastings, Department of Genetics, University of Natal, 
Pietermaritzberg, South Africa, 3200. 
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dihydrolipoyltransacetylase gene on pR5 (which was possibly being expressed under 

control of its native promoter). In this regard it would be of interest t~ determine {he 

effects of using IPTG to induce the lac operons of the different plasmid constructs when 

testing the levels of acetochlor resistance in E. coli hosts containing these constructs. It 

is uncertain why pR5ll, which contains the same portion of the putative 

dihydrolipoyltransacetylase gene as pR5l , was unable to provide E. coli with any 

significantly improved acetochlor resistance. The difference between the two plasmid 

constructs is that while pR5l contains ~he entire native downstream region of the A108 

gene, much of this region in pR5 11 was deleted. It is possible that efficient expression 

of the portion of the gene encoding the catalytic domain of dihydrolipoyltransacetylase may 

require a suitable downstream transcription termination sequence. While such sequences 

are present immediately downstream from the translation termination codons of the genes 

encoding dihydrolipoyltransacetylase in Azotobacter vinelandii (Hanemaaijer et al., 1988) 

and E. coli (Stephens et al., 1983), it was not determined whether a similar sequence was 

present downstream from the putative dihydrolipoyltransacetylase gene isolated in the 

present study. 

Although a gene apparently encoding the detoxification of acetochlor has been isolated 

from the soil inhabiting Pseudomonas strain, A108, it is uncertain whether the gene could 

be employed in engineering resistance to this herbicide in crops. In order to properly 

assess the usefulness of the gene in this regard it will be necessary to determine what, if 

any, is the acetochlor transformation which the gene encodes. By comparing the 

acetochlor transformation products produced by E. coli cells containing the plasmid 

constructs pR5, pR51, pR52, and pR53 with the herbicide transformation products 

produced by AI08 it should be possible to determine, firstly, whether there are potentially 

any alterative acetochlor detoxification genes present in the A108 genomic DNA library 

and, secondly, whether these unisolated genes may be more suited to use in engineering 

plants for acetochlor resistance. 
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6 GENERAL DISCUSSION 

The rate at which new herbicides are being developed is slower than the rate at which 

herbicide resistant weed varieties are arising and there is , at present, a severe shortage of 

herbicides which can be used effectively during the cultivation of important crops such as 

wheat (Gressel, 1992). The development of crops which are resistant to established broad 

spectrum herbicides which do not stimulate the evolution of resistant weed varieties, is a 

viable means of compensating for the decreased rate of new herbicide development (Lyon, 

1991; Mazur and Falco, 1989). Because of a combination of the shortage of useful herbicide 

resistance genes in crops that are exploitable using conventional plant breeding practices, and 

the occurrence of resistance among important weed varieties to most of the herbicides in 

wide use, many crops such as wheat will require the acquisition of new herbicide resistance 

genes through genetic engineering (Gressel, 1992). Since the chloroacetanilides have a 

history of providing long term weed control without stimulating the occurrence of resistant 

weed varieties, a gene encoding resistance to a chloroacetanilide herbicide such as acetochlor 

would be of enormous agronomic value in the development of herbicide resistance in many 

important crops. 

In the present study the isolation of a DNA fragment encoding resistance to acetochlor is 

described. This fragment of DNA, possibly encoding the dihydrolipoyltransacetylase 

component of the pyruvate dehydrogenase complex, is the first isolated from a microbial 

source which has been shown to provide a recombinant host organism with elevated 

resistance to a chloroacetanilide herbicide. It is, however, uncertain how a gene encoding 

dihydrolipoyltransacetylase might provided resistance to the E. coli cells in which it is 

present. The most obvious explanation would be that dihydrolipoyltransacetylase is an 

acetochlor target site and that the resistance afforded recombinant cells resulted from either 

the overexpression of the enzyme or its insensitivity to acetochlor. Since chloroacetanilides 

such as acetochlor almost certainly have multiple target sites in sensitive cells (LeBaron et 

al., 1988; Sharp, 1988) it is unlikely that a gene encoding a single altered herbicide 

insensitive target protein would be of use for engineering resistance to the chloroacetanilides. 

Despite over 20 years of research no primary target sites of the chloroacetanilides have yet 

been identified. The discovery that a gene encoding an altered form of 
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dihydrolipoyltransacetylase can provide cells with resistance to a chloroace~ilide, could be 

an important development in efforts to determine the primary target sights of these 

herbicides. 

One piece of evidence indicating that the putative dihydrolipoyltransacetylase gene may be 

of some use in providing plants with resistance to the chloroacetanilides is that it possibly 

encodes acetochlor detoxification. It should be the focus of further research to determine the 

mechanism by which the gene enabled acetochlor detoxification to occur in the recombinant 

E. coli cells containing it. If some transformation of the herbicide occurs in cells containing 

the gene then, at the very least, identification of these metabolites will help illuminate the 

interaction of acetochlor with the dihydrolipoyltransacetylase enzyme. From the results of 

these investigations it should be possible to determine whether the gene in question may be 

of use in engineering plants with acetochlor resistance. 

If the resistance afforded to E. coli cells by the putative A108 dihydrolipoyltransacetylase 

gene is found to result from the reactivity of some component of the 

dihydrolipoyltransacetylase enzyme with acetochlor, it is possible that the gene could be 

employed as a true acetochlor detoxification gene in the production of herbicide resistant 

recombinant plants. It would then be important to determine whether activity of the 

dihydrolipoyltransacetylase in acetochlor detoxification was independent of other components 

of the pyruvate dehydrogenase complex. If the enzyme was capable of functioning 

independently of the complex it could operate in the cytoplasm of recombinant cells. The 

significance of this would be that, firstly, the gene would not require augmentation with 

appropriate plant organelle target sequences and, secondly, it would not interfere with the 

functioning of the native plant pyruvate dehydrogenase complexes which are found in 

mitochondria and plastids. Because even a slight increases in the rate of intracellular 

acetochlor detoxification could significantly improve the resistance of recombinant plants, it 

may still be possible to engineer acetochlor resistant plants using the gene. 

It is unknown whether the putative A 108 dihydrolipoyltransacetylase gene isolated in the 

present study would be of use in the production of recombinant plants with acetochlor 

resistance. Further research would be necessary possible to properly assess the value of the 
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gene in this regard. It is probable that investigations into the mechanisms that enable it to 

confer elevated acetochlor resistance to E. coli could yield some interesting insights into the 

mode of chloroacetanilide herbicide activity. 



174 

REFERENCES 

Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990. 

Basic local alignment search tools. J. Mol. BioI. 215:403-410. 

Amrhein, N., D. Johanning, J. Schab, and A. Shultz. 1983. Biochemical basis of 

glyphosate tolerance in a bacterium and a plant tissue culture. FEBS Lett. 157:191-196. 

Amrhein, N., D. Johanning, and C. C. Smart. 1985. A glyphosate tolerant plant 

tissue culture, p. 356-351. In K. H. Neumann, W. Ban, and E. Reinhard (ed.), 

Primary and Secondary Metabolism of Plant Cell Cultures. Springer-Verlag, Heidelberg. 

Amy, P. S., N. Schulke, L. M. Frazier, and R. J. Seidler. 1985. Characterisation 

of aquatic bacteria and cloning of genes specifying partial degradation of 2,4 

dichlorophenoxyacetic acid. Appl. Environ. Microbiol. 49:1237-1245. 

Ashton, F. A., and A. S. Crafts. 1981. Amides, p. 91-97. In Mode of Action of 

Herbicides, Second Edition. Wiley-Interscience, New York. 

Ausubel, M. A., B. Roger, R. E. Kingston, D. D. Moore, J. G. Seidman, J. 

A. Smith, and K. Strohl. 1992. Short Protocols in Molecular Biology 2nd ed. John 

Wiley and Sons, New York. 

Bailey, A. M., and M. D. Coffey. 1984. A sensitive bioassay for quantification of 

_ metalaxyl in soils. Phytopathology 74:667-669. 

Bailey, A. M., and M. D. Coffey. 1985. Biodegradation of metalaxyl in avocado 

soils. Phytopathology 75: 135-137. 

Bailey, A. M., and M. D. Coffey. 1986. Characterisation of microorganisms involved 

in accelerated biodegradation of metalaxyl and metolachlor in soils. Can. J. Microbiol. 



175 

32:562-569. 

Bartha, R. 1990. Isolation of microorganisms that metabolise xenobiotic compounds, 

p.283-307 In D. P. Labeda (ed.) , Isolation of Biotechnological Organisms From Nature. 

McGraw Hill Inc., New York. 

Bayley, C., N. Trolinder, C. Ray, M. Morgan, J. E. Quisenberry, and D. W. 

Ow. 1992. Engineering 2,4-D resis~ce into cotton. Theor. Appl. Genet. 83:645-

649. 

Becker, D. E., E. Kemper, J. ScheU, and R. Masterson. 1992. New plant binary 

vectors with selectable markers located proximal to the left T-DNA border. Plant Mol. 

BioI. 20: 1195-1197. 

Behki, R. M., and S. U. Kahn. 1986. Degradation of atrazine by Pseudomonas: N­

dea1kylation and dehalogenation of atrazine and its metabolites. J. Agric. Food Chern. 

34:746-749. 

Bengston, R. L., L. M. Southwick, G. H. Willis, and C. E. Carter. 1990. The 

influence of subsurface drainage practices on herbicide losses. [Abstract]. Trans. ASAE 

33:415-418. 

Bewick, T. A., L. K. Binning, B. A. Michaelis, and R. L. Hughs. 1988. New 

herbicides for vegetable production in peat soil. Acta Hort. 220:407-416. 

Bochner, B. R., and M. A. Savageau. 1977. Generalised indicator plate for genetic, 

metabolic and taxonomic studies with microorganisms. Appl. Environ. Microbiol. 

33:434-444. 

Boerboem, C. M., D. C. Wyse, and D. A. Somers. 1990. Mechanism of 

glyphosate tolerance in birdsfoot trefoil (Lotus corniculatis). Weed Sci. 38:463-467. 



176 

Boldt, L. D., and M. Barrett. 1989. Factors in alachlor and metolachlor injury to 

corn (Zea mays) seedlings. Weed Techno!. . 3:303-306. 

Bollag, J. 1990. Biotransformation of the herbicide metolachlor. Dev. Indust. Micro. 

31:75-80. 

Botterman, J., V. Gossele, C. Thoen, and M. Lauwerys. 1991. Characterisation 

of phosphinothricin acetyltransferase and C-terminal enzymatically active fusion proteins. 

Gene 102:33-37. 

Brandle, J. E., M. J. Marrison, J. Hattori, and B. J. Miki. 1994. A comparison 

of two genes for sulphonyl urea resistance in transgenic tobacco seedlings. Crop Science 

34:226-229. 

Brasileiro, A. C. M., C. Toumer, J. C. Leple, U. Combes, and L. Jouarin. 

1992. Expression of the mutant Arabidopsis thaliana acetolactate synthase gene confers 

chlorsulfuron resistance to transgenic poplar plants. Transgenic Res. 1:133-141. 

Breux, E. J. 1987. Initial metabolism of acetochlor in tolerant and susceptible 

seedlings. Weed Sci. 35:463-468. 

Breux, E. J., J. E. Patanella, and E. F. Sanders. 1987. Chloroacetanilide 

herbicide selectivity: Analysis of glutathione and homoglutathione intolerant and 

susceptible seedlings. J. Agric. Food Chern. 35:474-478. 

Brown, A. M. C., and S. Willetts. 1980. A physical and genetic map of the IncN 

plasmid R46. Plasmid 5:188-201. 

Buchanan-Wollaston, V., A. Snape, and F. Cannon. 1992. A plant selectable marker 

gene based on the detoxification of the herbicide dalapoo. PCRPD8 11:627-631. 

Burnside, O. C. 1992. Rationale for developing herbicide-resistant crops. Weed 



177 

Technol. 6:621-625. 

Burris, R. H. 1964. SpeCtrophotometry, p.216-232. In Umbreit, Burri, and Stauffer 

(ed.), Monometric Techniques 4th Edition. Burgess Publishing Company, USA. 

Cao, J., X. L. Duan, D. McElroy, and R. Wu. 1992. Regeneration of herbicide 

resistant transgenic rice plants following microprojectile mediated transformation of 

suspension culture cells. PCRPD8 11:586-591. 

Cardon, G. H., M. Frey, H. Saedler, and A •• Greil. 1993. Definition and 

characterisation of an artificial En/Spm-based transposon tagging system in transgenic 

tobacco. Plant Mol. BioI. 23:157-178. 

Cartwrite, N., L. Clark, and P. Bird. 1991. The impact of agriculture on water 

qUality. Outlook Agric. 20:145-152. 

Chesters, G., V. G. Simsiman, J. Levey, B. J. Alhajjar, R. N. FathuUa, and J. 

M. Harkin. 1989. Environmental fate of alachlor and metolachlor. Rev. Environ. 

Contam. Toxicol. 110:1-74. 

Cheung, A. Y., L. Bogorad, M. Van Montagu, and J. Schell. 1988. Relocating 

a gene for herbicide tolerance: a chloroplast gene is converted into a nuclear gene. Proc. 

Natl. Acad. Sci. USA 85:391-395. 

Chowdhury, M. K. U., and I. K. Vasil. 1992. Stably transformed herbicide 

resistant callus of sugarcane via microprojectile bombardment of suspension cultures and 

e1ectroporation of protoplasts. PCRPD8 11:494-498. 

Clarke, G. P. Y. 1987. Estimation, confidence limits and hypotheses tests, p.45-53. 

In Basic Statistics. Shoeter and Shooter, Pietermaritzberg. 

Comai, L., L. C. Sen, and D. M. Stalker. 1983. An altered aroA gene product 



178 

confers resistance to the herbicide glyphosate. Science 221:370-371. 

Comai, L., and D. M. Stalker. 1984. Impact of genetic engineering on crop 

protection. Crop Protect. 3:399-408. 

Comai, L., D. Facciotti, W. R. Hiatt, G. Thompson, R. E. Rose, and D. M. 

Stalker. 1985. Expression in plants of a mutant aroA gene from Salmonella typhimurium 

confers tolerance to glyphosate. Nature (London) 317:741-744. 

Combellack, J. H. 1989. The importance of weeds and the advantages and the 

disadvantages of herbicide use. Plant Protect. 4:14-32. 

Cork, P. S., and J. P. Kreuger. 1991. Microbial transformations of herbicides and 

pesticides. Adv. Appl. Microbiol. 36: 1-66. 

Cottingham, C. K., and K. K. Hatzios. 1991. Influence of the safener benoxacor 

on the metabolism of metolachlor in corn. Z. Naturforsch. Tiel C 46:846-849. 

Cottingham, C. K., K. K. Hatzios, and S. A. Meredeth. 1993. Comparative 

response of selected corn (Zea mays L.) hybrids to EPTC and Metolachlor. Weed Res. 

33:161-170. 

Couderchet, M., and P. Boger. 1993. Chloroacetanilide-induced reduction of fatty acid 

desaturation. Pest. Biochem. Physiol. 45:91-97. 

Cullimore, J. V., and B. J. Miflin. 1983. Glutamine synthetase from the plant 

fraction of Phaseolus root nodules. Purification of the mRNA and in vitro synthesis of the 

enzyme. FEBS Lett. 158: 107-112. 

Cullimore, J. V., C. Gebhardt, R. Saarelainen, B. J. Miflin, K. B. Idler, and 

R. F. Barker. 1984. Glutamine synthetase of Phaseolus vulgaris L.: Organ specific 

expression of a multigene family . I . Mol. Appl. Genet. 2:589-599. 



179 

Davis, C. 1984. Mechanisms of 2,4 dichlorophenoxyacetic acid (2,4-D) resistance in 

birdsfoot trefoil (Lotus corniculatis L.) . [Abstract]. Diss. Abst. Int. B Sci. Eng. 

45:420. 

DeBlock, M., J. Botterman, M. Vande wiele, J. Dockx, C. Thoen, V. Gossele, N. 

R. Movva, C. Thompson, M. Vanmontagu, and J. Leemans. 1987. Engineering 

herbicide resistance in plants by expression of a detoxifying enzyme. EMBO J. 6:2513-

2518. 

DeUa-Cioppa, G., S. C. Bauer, M. L. Taylor, D. E. Rochester, B. K. Klein, 

D. M. Shah, R. T. Fraley, and G. M. Kishore. 1987. Targeting a herbicide­

resistant enzyme from Escherichia coli to chloroplasts of higher plants. Bio/Techno1ogy 

5:579-584. 

DeGreef, W., R. Delon, M. DeBlock, J. Leemans, and J. Botterman. 1989. 

Evaluation of herbicide resistance in transgenic crops under field conditions. 

Bio/Technology 7:61-64. 

Deretic, V., W. M. Konyecsni, C. D. Mohr, D. W. Martin, and N. S. Hibler. 

1989. Common denominators of promoter control in pseudomonas and other bacteria. 

Bio/Technology 7:1249-1254. 

DeVillard, C. 1992. Transformation in vitro du tremble (Populus tremulax X Populus 

alba) par Agrobacterium rhizogenes et regeneration des tolerentes au basta. [English 

abstract]. C. R. Acad. Sci. Ser. 111314:291-298. 

D'HaUuin, K., J. Botterman, and D. W. DeGreeC. 1990. Engineering of herbicide 

resistant alfalfa and evaluation under field conditions. Crop Sci. 30:866-871. 

D'HaUuin, K., M. Bossut, E. Bonne, B. Mazur, J. Leemans, and J. Botterman. 

1992. Transformation of sugarbeet (Beta vulgaris L.) and evaluation of herbicide 

resistance in transgenic plants. Bio/Technology 10:309-314. 



180 

Don, R. H., and J. M. Pemberton. 1981. Properties of six pesticide degradation 

plasmids isolated from Alcaligenes eutrophus and Alcaligenes paradoxis: J. Bacteriol. 

145:681-686. 

Don, R. H., and J. M. Pemberton. 1985. Genetic and physical map of the 2,4-

dichlorophenoxyacetic acid degradative plasmid pJP4. J. Bacteriol. 161:466-468. 

Donn, G., E. Tischer, J. A. Smit,h, and H. M. Goodman. 1984. Herbicide 

resistant alfalfa cells: an example of gene amplification in plants. J. Mol. Appl. Genet. 

2:621-635. 

Donn, G., B. Knipe, P. Malvoisin, and P. Eckes. 1990. Field evaluation of 

glufosinate tolerant crops bearing a modified PPT -acetyltransferase from Streptomyces 

viridochromogenes. J. Cell-Biochem. [Supplement 14E]:298. 

Droge, W., I. Broer, and A. Puhler. 1992. Transgenic plants containing the 

phosphinothricin-N-acetyltransferase gene metabolise the herbicide L-phosphinothricin 

(glufosinate) differently from untransformed plants. Planta 187:142-151. 

Eaton, R. W., and J. S. Kames. 1991. Cloning and analysis of s-triazine catabolic 

genes from Pseudomonas sp. strain NRRLB-12227. J. Bacteriol. 173:1215-1222. 

Eckes, P., P. Schmitt, W. Daub, and F. Wengenmayer. 1989. Overexpression of 

alfalfa glutamine synthetase in transgenic tobacco plants. Mol. Gen. Genet. 217:263-

268. 

Eichholtz, D., C. Gasser, D. Re, S. Pagette, G. Kishore, D. Shah, and R. Fraley. 

1989. Glyphosate tolerant varieties of petunia EPSPS synthase. [Abstract]. Plant 

Physiol. 89[Supplement 4]:47. 

Eoyang, L., and P. M. Silverman. 1984. Purification and subunit composition of 

acetohydroxyacid synthase I from Escherichia coli K-12. J. Bacteriol. 157:184-189. 



181 

Falco, S. C., and K. S. Dumas. 1985. Genetic analysis of mutants of Saccharomyces 

cerevisiae resistant to the herbicide sulfometuron methyl. Genetics 109:21-35. 

Falco, S. C., R. E. McDevitt, C. F. Chui, M. E. Harnett, S. Knowlton, C. J. 

Mauvis, J. K. Smith, and B. S. Mazur. 1989. Engineering herbicide resistant 

acetolactate synthase. Develop. Indust. Micro. 30:187-194. 

Fedoroff, N. V., and D. C. Smith. 1993. A versatile system for detecting 

transposition in Arabidopsis. Plant I. 3:273-289. 

Feliciello, I., and G. Chinali 1993. A modified alkaline lysis method for the 

preparation of highly purified plasmid DNA form Escherichia coli. Anal. Biochem. 

212:394-401. 

Feisot, A. S., J. K. MitcheU, and A. L. Kenimer. 1990. Assessment of 

management practices for reducing pesticide runoff from sloping croplands in Illinois. I. 

Environ. Quality 19:539-545. 

Feurst, E. P., H. Y. Nakatomi, A. D. Dodge, D. Denner, and C. J. Arntzen. 

1985. Paraquat resistance in Conyza. Plant Physiol. 77:984-989. 

Fillatti, J. J., J. Kiser, R. Rose, and L. Comai. 1987. Effective transfer of a 

glyphosate tolerance gene into tomato using a binary Agrobacterium tume/aciens vector. 

Bio/Technology 5:726-730. 

Fillatti, J. J., B. Haissig, B. McCown, L. Comai, and D. E. Reimenschneider. 

1988. Development of glyphosate tolerant Populus plants through expression of a mutant 

aroA gene from Salmonella typhimurium, p. 243-249. In I. W. Hanover and D. E. 

Keathley (ed.), Genetic Manipulation of Woody Plants. Plenum Press, New York. 

Fitzgibbon, J. E., and H. D. Braymer. 1990. Cloning of a gene from Pseudomonas 

sp. strain PG2982 conferring increased glyphosate resistance. Appl. Environ. Microbiol. 



182 

56:3382-3388. 

Flaherty, D. ,D. A. Winzenburger, C. J. Gross, K. L. McGarity, M. Panyk, 

and P. Feng. 1992. The effect of Lasso herbicide on human immune function as 

measured by in vitro assays. [Abstract] . Immunopharmacol. Immunotoxicol. 14:955-

979. 

Fox, G. 1987. An economic assesment of the impact of alachlor deregistration on corn 

and soybean producers in Ontario. Can. J. Agric. Econom. 35:317-331. 

Fox, J. L. 1990. Herbicide-resistant plant-efforts condemned. Bio/Technology 8:392. 

Frank, R., B. S. Clegg, and N. D. Chapman. 1991. Triazine and chloroacetanilide 

herbicides in Sydenham river and drinking water, Dresden, Ontario, Canada, 1981-1987. 

[Abstract]. Arch. Environ. Contam. Toxicol. 19:319-324. 

Freyssinet, G., B. Leroux, M. Lebrun, B. Pelissier, A. Sailland, K. E. Pallett. 

1989. Transfer of bromoxynil resistance into crops. [Abstract]. Proc. Brighton Crop 

Protect. Conf. Weeds 3:1225-1234. 

Gasser, C. S., and R. T. Fraley. 1989. Genetically engineering plants for crop 

improvement. Science 244:1293-1299. 

Gizzarelli, S., L. Orefice, A. Stacchini, M. Baldini, P. Stacchini, M. G. 

Molinaro, and C. DeSimone. 1993. In vitro effect of the microflora from two soils of 

different origin on the herbicide alachlor. Fresnius Environ. Bull. 2:232-237. 

Goldberg, J. B., H. K. Hatano, G. M. Meluleni, and G. B. Pier. 1992. Cloning 

and surface expression of Pseudomonas aeruginosa 0 antigen in Escherichia coli. Proc. 

Natl . Acad. Sci. USA 89: 10716-10720. 

Goldburg, R., J. Rissler, H. Shand, and C. Hassebrook. 1990. Biotechnology's 



183 

bitter harvest; Herbicide tolerant crops and the threat to sustainable agriculture. 

Biotechnology Working Group, Washington DC. 

Goodman, H. M. Department of Molecular Biology, Massachusetts General Hospital 

and Department of Genetics, Harvard Medical School, Boston, MA 02114. (Cited by 

Mazur and Falco, 1989). 

Gordon-Kamm, W. J., M. T. Spencer, M. L. Mangano, T. R. Adams, R. J. 

Daines, W. G. Start, J. V. O'Brian, S. A. Chambers, W. R. Adams, Jr., N. 

G. Willetts, T. B. Rice, C. J. Mackey, R. W. Kreuger, A. P. Kausch, and P. 

G. Lemaux. 1990. Transformation of maize cells and regeneration of fertile transgenic 

plants. Plant Cell 2:603-618. 

Gressel, J. 1992. Addressing real weed science needs with innovations. Weed Technol. 

6:509-524. 

Gronwald, J. W. 1991. Lipid biosynthesis inhibitors. Weed Sci. 39:435-449. 

Grothues, D., and B. Tummler. 1987. Genome analysis of Pseudomonas aurugenosa 

by field inversion gel electrophoresis. FEMS Microbiol. Lett. 45:419-422. 

Grothues, D., W. Bautsch, and B. Tummler. 1990. Analysis of large DNA 

molecules by field inversion gel electrophoresis. Adv. Gene Technol. 1:73-98. 

Guddewar, M. B., and W. C. Dauterman. 1979. Purification and properties of a 

glutathione-S-transferase from com which conjugates s-trlazine herbicides. Phytochem. 

18:735-740. 

Guerineau, F., and P. Mullineaux. 1989. Nucleotide sequence of the sulfonamide 

resistance gene from plasmid R46. Nucleic Acids Res. 17:4370. 

Guerineau, F., L. Brooks, J. Meadows, A. Lucy, C. Robinson, and P. 



184 

Mullineaux. 1990. Sulfonamide resistance gene for plant transformation. Plant Mol. 

BioI. 15: 127-136. 

Gupta, A. S., J. L. Heinen, A. J. Haladay, J. L. Burke, and R. D. Allen. 

1993. Increased resistance to oxidative stress in transgenic plants that overexpress 

chloroplastic Cu/Zn superoxide dismutase. Proc. Nat!. Acad. Sci. USA 90:1629-1633. 

Hamm, P. c. 1974. Discovery, development and current status of chloroacetanilide 

herbicides. Weed Sci. 22:541-545. 

Hanahan, D. 1983. Studies on transformation of Escherichia coli with plasmids. J. 

Mol. BioI. 166:557-580. 

Hanemaaijer, R., A. Janssen, A. deKok, and C. Veeger. 1988. The 

dihydrolipoyltransacetylase component of the pyruvate dehydrogenase complex from 

Azotobacter vineland;;. Molecular cloning and sequence analysis. Eur. J. Biochem. 

174:593-599. 

Hartman, J., W. Reinecke, and H. Knackmuss. 1979. Metabolism of 3-chloro,4-

chloro and 3,5-dichlorobenzoate by a pseudomonad. Appl. Environ. Microbiol. 37:421-

428. 

Hassett, A. J., P. T. Viljoen, and J. J. E. Liebenberg. 1987. An assessment of 

chlorinated pesticides in the major surface water resources of the Orange Free State during 

the period September 1984 to September 1985. WaterS.A. 13:133-136 . 

. Hattori, J., R. Rutledge, H. Labbe, D. Brown, G. Sunohara, and B. Miki. 1992. 

Multiple resistance to the sulfonylureas and imidoazolinones conferred by an 

acetohydroxyacid synthase gene with separate mutations for selective resistance. Mol. 

Gen. Genet. 232:167-173. 

Hatzios, K. K. 1987. Biotechnology applications in weed management: now and in the 

future. Adv. Agron. 41:325-375. 



185 

Haughn, G. W., and C. R. Somerville. 1986. Sulfonylurea resistant mutants of 

Arabidopsis thaliana. Mol. Gen. Genet. 204:430-434. 

Haughn, G. W., J. Smith, B. Mazur, and C. Somerville. 1988. Transformation 

with a mutant Arabidopsis acetolactate synthase gene renders tobacco resistant to sulfonyl 

urea herbicides. Mol. Gen. Genet. 211:266-271. 

Hein, S., and A. Steinbuchel. 1994. ~iochemical and molecular characterisation of the 

Alcaligenes eutrophus pyruvate dehydrogenase complex and identification of a new type 

of dihydrolipoamide dehydrogenase. J. Bacteriol. 176:4394-4408. 

Hindmarsh, R. 1991. The flawed sustainable promise of plant genetic engineering. 

Ecologist 21: 196-205. 

Hirschberg, J., and L. McIntosh. 1983. Molecular basis of herbicide resistance in 

Amaranthus hybrius. Science 222: 1346-1349. 

Holtum, J. A. M., J. M. Mathews, D. R. Liljegen, and S. B. Powles. 1990. 

On the mechanism of resistance to aryloxyphenoxy propionate and cyc10hexanediene 

graminicides in annual ryegrass (Lolium rigidum). [Abstract]. Proc. Aust. Weed Conf. 

9:224-228. 

Hutchenson, J. M., R. Shapiro, and P. B. Sweetser. 1984. Metabolism of 

chlorsulfuron by tolerant broadleaves. Pestic. Biochem. Physiol. 22:243-247. 

Inoue, H., H. Nojima, and H. Okayama. 1990. High efficiency transformation of 

Escherichia coli with plasmids. Gene 96:23-28. 

Jackson, L. A., J. H. Yopp, and G. Kapusta. 1986. Absorption and distribution 

of flurazole and acetochlor in grain sorgum. Pestic. Biochem. Physiol. 25:373-380. 

Kahn, A. A., and S. K. Walia. 1990. Identification and localisation of 3-



186 

pheny1catechol dioxygenase and 2-hydroxy-6-oxo-6 phenylhexa-2,4-dienoate hydrolase 

genes of Pseudomonas putida and expression in Escherichia coli. Appl. Environ. 

Microbiol. 56:956-962. 

Kaufman, D. D., J. R. Plimmer, and J. Iwan. 1971. Abstract PEST-21. Paper 

presented at the 162nd National Meeting of the American Chemical Society, Washington 

D. C. (Cited by Tiedje and Hagadorn, 1975). 

Kilbane, J. J., D. K. Chatterjee, J. S. Karns, S. T. KeUog, and A. M. 

Chakrabarty. 1982. Biodegradation of 2,4,5-trichlorophenoxyacetic acid by a pure 

culture of Pseudomonas apacia. Appl. Environ. Microbiol. 44:72-78. 

Kimbara, K., T. Hashimoto, M. Fukuda, T. Koana, M. Takagi, M. Oishi, and 

K. Yano. 1989. Cloning and sequencing of two tandem genes involved in degradation 

of 2,4-dihdroxybiphenyl to benzoic acid in the biphenyl degrading soil bacterium 

Pseudomonas sp. strain KKSI02. 1. Bacteriol. 171:2740-2747. 

Krause, A., W. G. Hancock, R. D. Minard, A. J. Freyer, R. C. Honeycut, H. 

M. LeBaron, D. L. Paulson, S. Liu, and J. BoUag. 1985. Microbial 

transformation of the herbicide metolachlor by a soil actinomycete. J. Agric. Food 

Chern. 33:584-589. 

Kreuger, J. P., R. G. Butz, and D. J. Cork. 1991. Use of dicamba degrading 

microorganisms to protect dicamba susceptible plant species. 1. Agric. Food Chern. 

39: 1000-1003. 

Krockel, L., and D. D. Focht. 1987. Construction of a chlorobenzene utilising 

recombinant by progenitive manifestation of a rare event. Appl. Environ. Microbiol. 

S3 :2470-2475. 

Kudjo-Dzantor, E., and A. S. Felsot. 1991. Microbial responses to large 

concentrations of herbicides in soil. Environ. Toxicol. Chern. 10:649-655. 



187 

Kutchan, T. M., and A. Hochberger. 1992. Nucleotide sequence of a CDNA 

encoding a constitutively expressed glutathione s-transferase from cell suspension cultures 

of Silene cucabulus. Plant Physiol. 99:789-790. 

Lappin, H. M., M. P. Greaves, and J. H. Slater. 1985. Degradation of the 

herbicide mecoprop [2-(2-methyl-4-chlorophenoxy)propionic acid] by a synergistic 

microbial community. Appl. Environ. Microbiol. 49:429-433. 

LaRossa, R. A., and J. V. Schloss. 1984. The sulfunylurea herbicide sulfometuron 

methyl is an extremely potent and selective inhibiter of acetolactate synthase in Salmonella 

typhimurium. J. BioI. Chern. 259:8753-8757. 

Larson-Kelley, N., L. Comai, J . Kiser, C. Moo, A. R. Pokalsky, K. McBride, 

A. Jones, C. Shewmaker, and D. M. Stalker. 1988. Chloroplast delivery of a 

bacterial EPSPS synthase in transgenic plants and tolerance to glyphosate. SAAS Bull. 

Biochem. Biotech. 1:27-40. 

Leavitt, J. R. C., and D. Penner. 1979. In vitro conjugation of glutathione and other 

thiols with acetanilide herbicides and EPTC sulfoxide and the action of the herbicide 

antidote R-25788. J. Agric. Food Chern. 27:533-536. 

LeBaron, H. M., and J. Gressel. 1982. Summary of accomplishments, conclusions 

and future needs, p.349-362. In H. M. LeBaron and J. Gressel (ed.), Herbicide 

Resistance in Plants. Wiley, New York. 

LeBaron, H. M., J. E. McFarland, and B. J. Simoneaux. 1988. Metolachlor, 

p.335-381. In P. C. Kearney and D. D. Kaufman (ed.), Herbicides: Chemistry, 

Degradation and Mode of Action. Volume Three. Marcel-Dekker, New York. 

Lebaron, H. M. 1990. Weed science in the 1990's: Will it be forward or in reverse? 

Weed Tecnol. 4:671-689. 



188 

Lee, J. K., R. D. Minard, and J. M. BoDag. 1982. Microbial metabolism of 

propachlor (2-chloro-N-isopropylacetanilide) in soil suspensions. J. Korean Agric. 

Chern. Soc. 25:44-54. (Cited by Bollag, 1990). 

Lee, J. K. 1984. Degradation of the herbicide, alachlor, by soil microorganisms. Part 

1. Degradation in the flooded paddy fields. J. Korean Agric. Chern. Soc. 27:64-72. 

(Cited by Chesters et al., 1989 and Pothuluri et al., 1993). 

Lee, J. K. 1986. Degradation of the herbicide, alachlor, by soil microorganisms III. 

Degradation under an upland soil condition. J. Korean Agric. Chern. Soc. 29:182-189. 

(Cited by Chesters et aI., 1989 and Pothuluri et al., 1993). 

Lee, K. Y., J. Townsend, J. Tepperman, M. Black, C. F. Chui, B. Mazur, P. 

Dunsmuir, and J. Bedbrook. 1988. The molecular basis of sulphonylurea herbicide 

resistance in higher plants. EMBO J. 7:1241-1248. 

Lehoczki, E., G. Laskay, I. Gaal, and Z. Szigeti. 1992. Mode of action of paraquat 

in leaves of paraquat resistant Conyza canadensis (L) cronq. Plant Cell Environ. 15:531-

539. 

Leckevicius, R., D. Sabaliunas, A. Knabikas, and V. Jankauskas. 1992. Ames 

mutagenicity tests of three acetanilide herbicides during their alkaline degradation. 

[Abstract]. Int. J. Environ. Anal. Chern. 46:141-147. 

Li, Z. J., A. Hayashimoto, and N. Murai. 1992. A Sulfonylurea herbicide resistance 

gene from Arabidopsis thaliana as a new selectable marker for production of transgenic 

rice plants. Plant Physiol. 100:662-668. 

Lindley, H. 1960. A study of the kinetics of the reaction between thiol compounds and 

chloroacetanilide. Biochem. J. 74:577-584 

Lindow, S. E., N. J. Panopoules, and B. L. McFarland. 1989. Genetic 



189 

engineering of bacteria from natural and managed habitats. Science 244: 1300-1307. 

Liu, B. L., S. X. Vue, N. B. Hu, X. B. Lu, W. X. Zboi, L. H. Zbu, D. Z. 

Mao, and P. Z. Zbou. 1990. Transfer of the atrazine resistance gene of black 

nightshade to soybean chloroplast genome and its expression in transgenic plants. 

[Abstract]. Sci. China B Chern. Life Sci. Earth Sci. 33:444-452. 

Liu, S., Z. Zeng, R. Z. Hang, and J. M. BoUag. 1989. Sorption and metabolism 

of metolachlor by a bacterial community. Appl. Environ. Microbiol. 55:733-740. 

Liu, S., A. J. Freyer, and J. Bollag. 1991. Microbial dechlorination of the herbicide 

metolachlor. J. Agric. Food Chern. 39:631-636. 

Loos, M.A. 1975. Indicator media for microorganisms degrading chlorinated pesticides. 

Can. J. Microbiol. 21:104-107. 

Lyon, B. R., D. J. Huppatz, E. S. Dennis, and W. J. Peacock. 1989. 

Expression of a bacterial gene in transgenic tobacco plants confers resistance to the 

herbicide 2,4-dichlorophenoxyacetic acid. Plant Mol. BioI. 13:533-540. 

Lyon, B. R. 1991. Engineering microbial herbicide detoxification genes in- higher 

plants, p. 78-108. In E. S. Dennis and D. J. Llewellyn (ed.), Plant Gene Research: 

Molecular Approaches to Crop Improvement. Springer-Verlag, New York. 

Maier-Greiner, U. H., B. M. M. Obennaier-Skrobranek, L. M. Estennaier, W. 

Kammerloher, C. Freund, C. WuIrmg, U. I. Burhert, D. H. Matern, M. 

Breuer, M. Eulitz, O. I. Kurevioglu, and G. R. Hartmann. 1991a. Isolation and 

properties of a nitriline hydratase from the soil fungus Myrothecium verrucarria that is 

highly specific for the fertiliser cyanamide and cloning of its gene. Proc. Nat. Acad. 

Sci. USA 88:4260-4264. 

Maier-Greiner, U. H., C. B. A. Klaus, L. M. Estennaier, and G. K. 



190 

Hartmann. 1991b. Herbicide resistance in transgenic tobacco plants through degradation 

of the phytotoxin to urea. Angewandele-Chemie-English-Edition 30:1314-1315. 

Marcomini, A., G. Perin, S. SteUuto, D. DePonte, P. Travaso, and M. DePonte. 

1992. Selected herbicides in treated and untreated surface water. Environ. Technol. 

12:1127-1135. 

Marsh, H. V., J. Bates, and P. T~deau. 1975. Abstract #176, p.67. In Abstr. 

Weed Sci. Soc. Am. Meet. (Cited by LeBaron et al., 1988). 

Matsumura, F. 1982. Biodegradation of pesticides, p.67-85. Plenum, New York. 

(Cited by Cork and Kreuger, 1991). 

Mattevi, A., G. Obmolova, E. Schultz, K. H. Kalk, A. H. Westphal, A. DeKok, 

and W. G. J. HoI. 1992. Atomic structure of the cubic core of the pyruvate 

dehydrogenase multienzyme complex. Science 255: 1544-1550. 

Mazur, B. J., S.C. Falco, S. Knowlton, and J. K. Smith. 1987a. Acetolactate 

synthase, the target enzyme of the sulfonylurea herbicides. Plant Mol. BioI. 140:339-

349. 

Mazur B. J., C. F. Chui, and J. K. Smith. 1987b. Isolation and characterisation 

of plant genes coding for acetolactate synthase, the target enzyme for two classes of 

herbicides. Plant Physiol. 85: 1110-1117. 

Mazur, B. J. and S. C. Falco. 1989. The development of herbicide resistant crops. 

Ann. Rev. Plant Physiol. Mol. BioI. 40:441-470. 

McBride, K. E., J. W. Kenny, and D. M. Stalker. 1986. Metabolism of the 

herbicide bromoxynil by Klebsiella pneumoniae subsp. ozaenae. Appl. Environ. 

Microbiol. 52:325-330. 



191 

McFarland, J. E., and F. D. Hess. 1985. [Abstract]. Weed Sci. Soc. Am. 25:72. 

(Cited by LeBaron et al., 1988) 

McGahen, L. L., and J. M. Tiedje. 1978. Metabolism of two new acylanilide 

herbicides, Antor herbicide (H-22234) and Dual (metolachlor) by the soil fungus 

Chaetomium giossum. J. Agric. Food Chern. 26:414-419. 

McHughen, A. 1989. Agrobacterium mediated transfer of chlorsulfuron resistance to 

commercial flax cultivars. PCRPD8 8:445-449. 

McHughen, A., and F. Holm. 1991. Herbicide resistance in transgenic flax field test: 

agronomic performance in normal and sulfonylurea containing soils. Euphytica 55:49-56. 

McSheffrey, S. A., A. McHughen, and M. D. Devine. 1992. Characterisation of 

transgenic sulfonylurea resistant flax (Linium usitalissimum). Theoretical Appl. Genet. 

84:48-486. 

Mersey, B. G., J. C. Hall, D. M. Anderson, and C. J. Swanton. 1990. Factors 

affecting the herbicidal activity of glufosinate ammonium: adsorption, translocation and 

metabolism in barley and green foxtail. Pestie. Biochem. Physiol. 37:90-98. 

Misawa, N. M., M. Nakagawa, K. Kobayashi, S. Yamano, Y. Izawa, K. 

Nakamura, and K. Harashima. 1990. Elucidation of the Erwinia euredovora 

carotinoid biosynthetic pathway by functional analysis of gene products expressed in 

Escherichia coli. J. Bacteriol. 172:6704-6712. 

Misawa, N., S. Yamono, H. Linden, M. R. DeFelipe, M. Lucas, H. Ikenaga, and 

G. Sandmann. 1993. Functional expression of the Erwinia uredovora carotinoid 

biosynthesis gene cnl in transgenic plants showing an increase in carotene biosynthesis 

activity and resistance to the bleaching herbicide norflurazon. Plant J. 4:833-840. 

Molin, W. T., E. J. Anderson, and C. A. Porter. 1986. Effects of alachlor on 



192 

anthocyanin and lignin synthesis in etiolated sorghum [Sorghum bicolor (L.) Moench] 

mesocotyls. Pestic. Biochem. Physiol. 25: 105-111. 

Moore, R. E., M. S. Davies, K. M. O'Connell, E. I. Harding, R. C. Weigand, 

D. C. Tiemier. 1986. Cloning and expression of a CDNA encoding a maIze 

glutathione-S-transferase in E. coli. Nucleic Acids Res. 14:7227-7235. 

Mukhopadhyay, A., R. Topfer, A. K. Pradhan, Y. S. Sodhi, H. H. Steinbiss, 

J. Schell, and D. Pental. 1991. Efficient regeneration of Brassica oleracea hypocotyl 

protoplasts and high frequency genetic transformation by direct DNA uptake. PCRPD8 

10:375-379. 

Mullineaux, P. M. 1992. Genetically engineered plants for herbicide resistance, p.75-

108. In A. M. R. Gatehouse, V. A. Itilder, and D. Boulter (ed.), Biotechnology In 

Agriculture No.7: Plant Genetic Manipulation for Crop Protection. CAB International, 

Wallingford. 

Murakami, T., A. Anzai, S. Satoh, K. Nagaoka, and C. T. Thompson. 1986. 

The bialaphos biosynthetic genes of Streptomyces hygroscopicus: molecular cloning and 

characterization of the gene cluster. Mol. Gen. Genet. 205:42-50. 

Neal, J. C., W. A. Skroch, and T. J. Monaco. 1986. Effects of plant growth stage 

on glyphosate absorption and transport in ligustum (Ligustum japonicum) and blue pacific 

juniper (Juniperis conferta). Weed Sci. 34:115-121. 

Neave, H. R., and P. L. Worthington. 1988. Two independent samples - tests for 

differences in location, p.109-128. In Distribution Free Tests. Unwin Hyman, London. 

Novick, N. J., and M. Alexander. 1985. Cometabolism of low concentrations of 

propachlor, alachlor, and cycloate in sewage and lake water. Appl. Environ. Microbiol. 

49:737-743. 



193 

Novick, N. J., R. Mukherj ee, and M. Alexander. 1986. Metabolism of alachlor and 

propachlor in suspensions of pretreated soils and in samples from groun~water aquifers. 

1. Agric. Food Chern. 34:721-725. 

Orner, C. A., R. Lenstra, P. J. Lille, C. Dean, J. M. Tepperman, K. J. Leto, 

J. A. Romesser, and D. P. O'Keefe. 1990. Genes for two herbicide inducible 

cytoehromes P-450 from Streptomyces griseo/us. J. Bacteriol. 172:3335-3345. 

Oxtoby, E. and M. A. Hughes. 1989. Breeding for herbicide resistance using 

molecular and cellular techniques. Euphytica 40: 173-180. 

Park, I. W., and J. DeLey. 1967. Ancestral remnants in deoxyribonucleic acid from 

Pseudomonas and Xanthomonas. Antonie van Leeuwenhoek J. Microbiol. Serol. 33: 1-

16. 

Pemberton, J. M. 1974. Size of the chromosome of Pseudomonas putid PAD. J. 

Bacteriol. 119:748-752. 

Pemberton, J. M., B. Corney, and R. H. Don. 1979. Evolution and spread of 

pesticide degrading ability among soil microorganisms, p.289-299. In K. N. Timmis and 

A. Puhler (ed.), Plasmids of medicinal, environmental and commercial importance. 

Elsevier/North-Holland Biomedical Press, Amsterdam. 

Perl, A., R. Perl-Trevis, S. Galili, D. Aviv, E. Shalgi, S. Malkin, and E. Galun. 

1993. Enhanced oxidative-stress defence in transgenic potato expressing tomato CU,Zn 

superoxide dismutases. Theor. Appl. Genet. 85:568-526. 

Peterson, B. B., P. J. Shea, and G. A. Wicks. 1988. Acetanilide activity and 

dissipation as influenced by formulation and wheat stubble. Weed Sci. 36:243-249. 

Pimentel, D., L. McLaughlin, A. Zepp, B. Lakitan, T. Kraus, D. Kleinman, F. 

Vanani, W. J. Roach, E. Groap, W. S. Keeton, and G. Selig. 1991. 



194 

Environmental and economic effects of reducing pesticide use. Bioscience 41:402-409. 

Pirbazari, M., B. N. Badriyha, and R. J. Miltner. 1991. GAC absorber design for 

removal of chlorinated pesticides. J. Environ. Eng. (New York) 117:80-104. 

Pohlenz, H. D., W. Boidol, I. Schuttke, and W. R. Streber. 1992. Purification 

and properties of an Anhrobacter oxydans P52 carbamate hydrolase specific for the 

herbicide phenmedipham and nucleotide sequence of the corresponding gene. J. 

Bacteriol. 174:6600-6607. 

Pothuluri, J. V., J. P. Freeman, F. E. Evans, T. B. Moorman, and C. E. 

Cerniglia. 1993. Metabolism of alachlor by the fungus Cunninghamella elegans. J. 

Agric. Food Chern. 41:483-488. 

Rapparini, G. 1991. Aperte nuove viem nel diserbo della soia. [English abstract]. 

Inform. Agr. 47:85-99. 

Rathore, K. S., V. K. Chowdhury, and T. K. Hodges. 1993. Use of bar as a 

selectable marker gene and for the production of herbicide resistant rice plants from 

protoplasts. Plant Mol. BioI. 21:871-884. 

Reinhardt, C. F., and P. Nel. 1982. The influence of soil characteristics, air 

temperature, Ph and planting depth on the activity of alachlor. Crop Product. 11: 154-

159. 

Rogers, S. G., L. A. Brand, S. B. Holder, E. S. Sharps, and M. J. Brackin. 

1983. Amplification of the aroA gene from Escherichia coli results in tolerance to the 

herbicide glyphosate. Appl. Environ. Microbiol. 46:37-43. 

Russell, P. R., K. M. Wallace, J. H. Bathe, B. J. Martinell, and D. E. 

McCabe. 1993. Stable transformation of Phaseous vulgaris via electric discharge 

mediated particle acceleration. PCRPD8 12:165-169. 



195 

Saari, L. L., J. C. Cottennan, and M. M. Primiani. 1990. Mechanisms of 

sulphonylurea herbicide resistance in the broadleaf weed, Kochia scoparia. Plant Physiol. 

93:55-61 . 

Salleh, M. A., and J. M. Pemberton. 1993. Cloning of a DNA region of a 

Pseudomonas plasmid that codes for detoxification of paraquat. Current Microbiol. 

27:63-67. 

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a 

laboratory manual. Cold Spring Harbour Laboratory, New York. 

Sanger, F., S. Nickien, and A. R. Coulson. 1977. DNA sequencing with chain 

termination inhibitors. Proc. Nat. Acad. Sci. USA 74:5463-5467. 

Saunders, G. E., and K. E. PaUett. 1985. The mode of action of the 

halobenzonitriles in selected weed species. Aspects Appi. BioI. 9:167-178. 

Saxena, A., R. Zhang, and J. BoUag. 1987. Microorganisms capable of metabolising 

the herbicide metolachlor. Appi. Environ. Microbioi. 53:390-396. 

Scarpori, L., P. Perocci, and L. Martinetti. 1991. Conjugation of 2-chloroacetamide 

herbicides with glutathione: Role of molecular structures and glutathione-S-transferase 

enzymes. J. Agric. Food Chern. 39:2010-2013. 

Schloss, J. V., D. E. Van Dyk, J. F • Vasta, and R. M. -Kutny. 1985. 

Purification and properties of Salmonella typhimurium acetolactate synthase isozyme II 

from E. coli HBlOlIPDU9. Biochemistry 24:4952-4959. 

Senior, E., A. T. Bull, and J. H. Slater. 1976. Enzyme evolution in a microbial 

community growing on the herbicide dalapon. Nature (London) 263:476-479. 

Shah, D. M., R. B. Horsch, H. J. Klee, G. M. Kishore, J. A. Winter, N. E. 



196 

Turner, C. M. Hironaka, P. R. Sanders, C. S. Gasser, S. Aykent, N. R. 

Siegel, S. G. Rogers, and R. T. Fraley. 1986a. Engineering herbicide tolerance in 

transgenic plants. Science 233:478-481. 

Shah, D. M., C. M. Hironaka, R. C. Wiegand, E. I. Harding, G. G. Krivi, 

and D. C. Timier. 1986b. Structural analysis of a maize gene coding for glutathione-S­

transferase involved herbicide detoxification. Plant. Mol. BioI. 6:203-211. 

Sharp, D. B. 1988. Alachlor, p. 301-333. In, P. C. Kearney and D. D. Kaufman 

(ed.), Herbicides: Chemistry, Degradation and Mode of Action. Volume Three. Marcel­

Dekker, New York. 

Short, K. A., R. J. Seidler, and Olsen. 1990. Survival and degradative capacity of 

Pseudomonas putida induced or constitutively expressed plasmid-mediated degradation of 

2,4-dichlorophenoxyacetate (TFD) in soil. Can. 1. Microbiol. 36:821-826. 

Smith, A. E., and D. V. Phillips. 1975. Degradation of alachlor by Rhizoctonia 

solani. Agron. 1. 67:347-349. 

Smith, A. E., K. Mortenson, A. J. Aubin, and M. M. Mollay. 1994. 

Degradation of MCPA, 2,4-D and other phenoxyalkanoic acid herbicides using an isolated 

soil bacterium. 1. Agric. Food Chern. 42:401-405. 

Somers, D. A., H. Rines, W. Gu, H. F. Kaeppler, and W. R. Bushell. 1992. 

Fertile transgenic oat plants. Bio/Technology 10: 1589-1594. 

Somich, C. J., P. C. Kearney, M. T. Muldoon, and S. Elsasser. 1988. Enhanced 

soil degradation of alachlor by treatment with ultraviolet light and ozone. 1. Agric. Food 

Chern. 36: 1322-1326. 

Stalker, D. M., and K. E. McBride. 1987. Cloning and expression in Escherichia 

coli of a Klebsiella ozaenae plasmid-borne gene encoding a nitrilase specific for the 



197 

herbicide bromoxynil. J. Bacteriol. 169:955-960. 

Stalker, D. M., K. E. McBride, and L. J. Malyj. 1988. Herbicide resistance in 

transgenic plants expre'ssing a bacterial detoxification gene. Science 242:419-423. 

Stephens, P. E., M. G. Dariison, H. M. Lewis, and J. R. Guest. 1983. The 

pyruvate dehydrogenase complex of Escherichia coli K12. Nucleotide sequence encoding 

the dihydrolipoamide acety1transferase component. Eur. J. Biochem. 133:481-489. 

Stransky, H., and A. Amberger. 1993. Isoleuring und eigenshaften winwer cyanamid­

hydratase (E. C. - Gruppe 4.2.1.) aus Myrothecium verrucatfa Alb. V. Schw. [English 

Abstract]. Z. Pfianzphysiol. BioI. 70:74-87. 

Streber, W. R., K. N. Timmis, and M. H. Zenk. 1987. Analysis, cloning and 

high level expression of the 2,4-dichlorophenoxyacetate monooxygenase gene tfdA of 

Alcaligenes eutrophus JMP134. J. Bacteriol. 169:2950-2955. 

Streber, W. R., and L. Willmitzer. 1989. Transgenic tobacco plants expressing a 

bacterial detoxifying enzyme are resistant to 2,4-0. Bio/Technology 7:811-816. 

Strubl, K. 1985. A Rapid method of creating recombinant DNA molecules. 

Biotechniques 3:452. 

Stryer, L. 1988. Citric acid cycle, p.379-382. In Biochemistry. W. H. Freeman and 

Co, New York. 

Tevini, M., and D. SteinmuUer. 1987. Influence of light, UV-B radiation, and 

herbicides on wax biosynthesis of cucumber seedlings. J. Plant Physiol. 131: 111-121. 

Thomas, A. W., H. Slater, and A. J. Weightman. 1992a. The dehalogenase gene 

dehl from Pseudomonas putida PP3 is carried on an unusual mobile genetic element 

designated DEH. J. Bacteriol. 174:1932-1940. 



198 

Thomas, A. W., A. W. Topping, H. Slater, and A. J. Weightman. 1992b. 

Localisation and functional analysis of structural and regulatory dehalogenase genes carried 

on DEH from Pseudomonas putida PP3. J. Bacteriol. 174:1941-1947. 

Tiedje, J. M., and M. L. Hagedorn. 1975. Degradation of alachlor by a soil fungus , 

Chaetomium giossum. J. Agric. Food Chern. 23:77-81. 

Timmerman, K. P. 1989. Molecular characterisation of glutathione S-transferase 

isozymes involved in herbicide detoxification. Physiologia Plantarum 577:465-471. 

Tischer, E., S. DasSarma, and H. M. Goodman. 1986. Nucleotide sequence of an 

alfalfa glutamine synthase gene. Mol. Gen. Genet. 203:221-229. 

Van Rensberg, E., L. P. Van Dyk, and G. H. De Swart. 1988. Role of 

temperature in the activity of acetanilide herbicides on three Phaseolus taxa. S. Afr. J. 

Plant Soil 5: 131-133. 

Van Rensberg, E., L. P. Van Dyk, and G. H. De Swart. 1990. The effect of 

acetanilide herbicides on photosynthesis and respiration in isolated hypocoty1-epicotyl cells 

from three Phaseolus taxa. S. Afr. J. Plant Soil 7:176-181. 

Vasil, V., A. M. Castillo, M. E. Fromm, and I. K. Vasil. 1992. Herbicide 

resistant fertile transgenic wheat plants obtained by microprojectile bombardment of a 

regenerable embryonic callus. Bio/Technology 10:667-674. 

Veiger, P. R., and C. V. Eberlein. 1986. Com tolerance to acetanilide herbicides. 

[Abstract]. Proc. North Cent. Weed Cont. Conf. 41:7-8. 

Vermeulen, J. B., J. Greyling, and H. Grobler. 1991. A guide to the use of 

herbicides: 13th edition. South African Department of Agricultural Development, 

Pretoria. 



199 

Vermeulen, A., H. Vaucheret, V. Pautot, and Y. Chupeau. 1992. Agrobaeterium 

mediated transfer of a mutant Arabidopsis acetolactate synthase gene confers resistance to 

chlorsulfuron in chicory (Ciehorium intybus L.). PCRPD8 11:243-347. 

Villarreal, D. T., R. F. Turco, and A. Konopka. 1991. Propachlor degradation by 

a soil bacterial community. Appl. Environ. Microbiol. 57:2135-2140. 

Wackett, L. P., M. J. Sadowsky, L. M. Newman, H. Hur, and S. Li. 1994. 

Metabolism of polychlorinated compounds by a genetically engineered bacterium. Nature 

(London) 368:627-629. 

Wang, Z. Y., T. Takamizo, V. A. Iglesias, M. Osusky, J. Nagel, I. Potrykus, 

and G. Spogenberg. 1992. Transgenic plants of tall fescue (Festuca arundinaca 

Schreb.) obtained by direct gene transfer to protoplasts. Bio/Technology 10:691-697. 

Warmund, M. R., H. D. Kerr, and E. J. Peters. 1985. Lipid Metabolism in grain 

sorghum (Sorghum bieolor) treated with alachlor plus flurazole. Weed Sci. 33:25-28. 

Weeks, J. T., o. D. Anderson and A. E. Blechl. 1993. Rapid transformation of 

multiple independent lines of fertile transgenic wheat (Triticum aestivum). Plant Physiol. 

102: 1077-1084. 

Weightman, A. J., J. H. Slater, and A. T. BuU. 1979. The partial purification of 

two dehalogenases from Pseudomonas putida PP3. FEMS Microbiol. Lett. 6:231-234 . 

. Weisshaar, H., G. Retzlaff, and P. Boger. 1988. Chloroacetamide inhibition of fatty 

acid synthesis. Pestic. Biochem. Physiol. 32:212-216. 

Weisshaar, H., and P. Boger. 1991. Further effects of chloroacetamides and evidence 

for inhibition of acylation of DNA associated protein. Pestic. Biochem. Physio!. 39:20-

26. 



200 

Werner, G. M., and A. R. Putnam. 1980. Differential atrazine tolerance within 

cucumber (Cucumis sativus). Weed Sci. 28:142-146. 

White, J., S. Y. P. Chang, and M. J. Bibb. 1990. A cassette containing the bar 

gene of Streptomyces hygroscopicus: a selectable marker for plant transformation. Nucleic 

Acids Res. 618: 1062. 

Wilkins, R. M. 1989. Controlled ~sticide availability in soil environments, p.57-62. 

[Abstract]. In Methodological aspects of the study of herbicide behaviour in the soil. 

Institut National ed la Recherche Agronomique, Versailles. 

Wilkinson, R. E. 1981. Metolachlor influence on growth and terpenoid synthesis. Pest. 

Biochem. Physiol. 16:23-68. 

Wilkinson, R. E. 1982. Alachlor influence on sorghum growth and giberellic precursor 

synthesis. Pestic. Biochem. Physiol. 19:321-329. 

Wilkinson, R. E. 1985. CDAA inhibition of kaurene oxidation in etiolated sorghum 

coleoptiles, p.245-300. Pest. Biochem. Physiol. 23:19-23. 

Wilkinson, R. E., and T. H. Oswald. 1987. S-ethyl dipropylthiocarbamate (EPTC) 

and 2,2-dichloro-N,N-di-2-propenylacetamide (dichlormid) inhibitions of synthesis of 

acetyl-coenzyme A derivatives. Pest. Biochem. Physiol. 28:38-43. 

Wilkinson, R. E. 1988. Carbamothioates. In, P. C. Kearney and D. D. Kaufman 

(ed.), Herbicides: Chemistry, Degradation and Mode of Action. Volume Three. Marcel­

Dekker, New York. 

Wing, R. E., W. M. Doane, and M. M. Schreiber. 1990. Starch encapsulated 

herbicides: approach to reduce groundwater contamination, p. 17-25. [Abstract]. In 

Pesticide Formulations and Application Systems tenth symposium. American Society for 

Testing Materials, Philidelphia. 



201 

Wohlleben, W., W. Arnold, I. Broer, D. Hillennan, E. Strauch, and A. Puher. 

1988. Nucleotide sequence of the phosphinothricin N-acetyltransferase gene from 

Streptomyces viridochromogenes Tu494 and its expression in Nicotiana tabacum. Gene 

70:25-37. 

Worthing, C. R., and R. J. Hance. 1991. The pesticide manual: 9th edition. British 

crop protection council, Old Woking. 

Yadav, N., R. E. McDevitt, S. Bernard, and S. C. Falco. 1986. Single amino acid 

substitutions in the enzyme acetolactate synthase confer resistance to the herbicide 

sulfometuron methyl. Proc. Nat. Acad. Sci. USA 83:4418-4422. 

Venne, S. P., and K. K. Hatzios. 1989. Influence of oxamime -ether safeners and 

metolachlor on acetate incorporation into lipids and on acetyl-CoA carboxylase of grain 

sorghum. Pestic. Biochem. Physiol. 35: 146-154. 


	Martin_Darren_P_1995.front.p001
	Martin_Darren_P_1995.front.p002
	Martin_Darren_P_1995.front.p003
	Martin_Darren_P_1995.front.p004
	Martin_Darren_P_1995.front.p005
	Martin_Darren_P_1995.front.p006
	Martin_Darren_P_1995.front.p007
	Martin_Darren_P_1995.front.p008
	Martin_Darren_P_1995.front.p009
	Martin_Darren_P_1995.front.p010
	Martin_Darren_P_1995.front.p011
	Martin_Darren_P_1995.front.p012
	Martin_Darren_P_1995.front.p013
	Martin_Darren_P_1995.front.p014
	Martin_Darren_P_1995.front.p015
	Martin_Darren_P_1995.front.p016
	Martin_Darren_P_1995.p001
	Martin_Darren_P_1995.p002
	Martin_Darren_P_1995.p003
	Martin_Darren_P_1995.p004
	Martin_Darren_P_1995.p005
	Martin_Darren_P_1995.p006
	Martin_Darren_P_1995.p007
	Martin_Darren_P_1995.p008
	Martin_Darren_P_1995.p009
	Martin_Darren_P_1995.p010
	Martin_Darren_P_1995.p011
	Martin_Darren_P_1995.p012
	Martin_Darren_P_1995.p013
	Martin_Darren_P_1995.p014
	Martin_Darren_P_1995.p015
	Martin_Darren_P_1995.p016
	Martin_Darren_P_1995.p017
	Martin_Darren_P_1995.p018
	Martin_Darren_P_1995.p019
	Martin_Darren_P_1995.p020
	Martin_Darren_P_1995.p021
	Martin_Darren_P_1995.p022
	Martin_Darren_P_1995.p023
	Martin_Darren_P_1995.p024
	Martin_Darren_P_1995.p025
	Martin_Darren_P_1995.p026
	Martin_Darren_P_1995.p027
	Martin_Darren_P_1995.p028
	Martin_Darren_P_1995.p029
	Martin_Darren_P_1995.p030
	Martin_Darren_P_1995.p031
	Martin_Darren_P_1995.p032
	Martin_Darren_P_1995.p033
	Martin_Darren_P_1995.p034
	Martin_Darren_P_1995.p035
	Martin_Darren_P_1995.p036
	Martin_Darren_P_1995.p037
	Martin_Darren_P_1995.p038
	Martin_Darren_P_1995.p039
	Martin_Darren_P_1995.p040
	Martin_Darren_P_1995.p041
	Martin_Darren_P_1995.p042
	Martin_Darren_P_1995.p043
	Martin_Darren_P_1995.p044
	Martin_Darren_P_1995.p045
	Martin_Darren_P_1995.p046
	Martin_Darren_P_1995.p047
	Martin_Darren_P_1995.p048
	Martin_Darren_P_1995.p049
	Martin_Darren_P_1995.p050
	Martin_Darren_P_1995.p051
	Martin_Darren_P_1995.p052
	Martin_Darren_P_1995.p053
	Martin_Darren_P_1995.p054
	Martin_Darren_P_1995.p055
	Martin_Darren_P_1995.p056
	Martin_Darren_P_1995.p057
	Martin_Darren_P_1995.p058
	Martin_Darren_P_1995.p059
	Martin_Darren_P_1995.p060
	Martin_Darren_P_1995.p061
	Martin_Darren_P_1995.p062
	Martin_Darren_P_1995.p063
	Martin_Darren_P_1995.p064
	Martin_Darren_P_1995.p065
	Martin_Darren_P_1995.p066
	Martin_Darren_P_1995.p067
	Martin_Darren_P_1995.p068
	Martin_Darren_P_1995.p069
	Martin_Darren_P_1995.p070
	Martin_Darren_P_1995.p071
	Martin_Darren_P_1995.p072
	Martin_Darren_P_1995.p073
	Martin_Darren_P_1995.p074
	Martin_Darren_P_1995.p075
	Martin_Darren_P_1995.p076
	Martin_Darren_P_1995.p077
	Martin_Darren_P_1995.p078
	Martin_Darren_P_1995.p079
	Martin_Darren_P_1995.p080
	Martin_Darren_P_1995.p081
	Martin_Darren_P_1995.p082
	Martin_Darren_P_1995.p083
	Martin_Darren_P_1995.p084
	Martin_Darren_P_1995.p085
	Martin_Darren_P_1995.p086
	Martin_Darren_P_1995.p087
	Martin_Darren_P_1995.p088
	Martin_Darren_P_1995.p089
	Martin_Darren_P_1995.p090
	Martin_Darren_P_1995.p091
	Martin_Darren_P_1995.p092
	Martin_Darren_P_1995.p093
	Martin_Darren_P_1995.p094
	Martin_Darren_P_1995.p095
	Martin_Darren_P_1995.p096
	Martin_Darren_P_1995.p097
	Martin_Darren_P_1995.p098
	Martin_Darren_P_1995.p099
	Martin_Darren_P_1995.p100
	Martin_Darren_P_1995.p101
	Martin_Darren_P_1995.p102
	Martin_Darren_P_1995.p103
	Martin_Darren_P_1995.p104
	Martin_Darren_P_1995.p105
	Martin_Darren_P_1995.p106
	Martin_Darren_P_1995.p107
	Martin_Darren_P_1995.p108
	Martin_Darren_P_1995.p109
	Martin_Darren_P_1995.p110
	Martin_Darren_P_1995.p111
	Martin_Darren_P_1995.p112
	Martin_Darren_P_1995.p113
	Martin_Darren_P_1995.p114
	Martin_Darren_P_1995.p115
	Martin_Darren_P_1995.p116
	Martin_Darren_P_1995.p117
	Martin_Darren_P_1995.p118
	Martin_Darren_P_1995.p119
	Martin_Darren_P_1995.p120
	Martin_Darren_P_1995.p121
	Martin_Darren_P_1995.p122
	Martin_Darren_P_1995.p123
	Martin_Darren_P_1995.p124
	Martin_Darren_P_1995.p125
	Martin_Darren_P_1995.p126
	Martin_Darren_P_1995.p127
	Martin_Darren_P_1995.p128
	Martin_Darren_P_1995.p129
	Martin_Darren_P_1995.p130
	Martin_Darren_P_1995.p131
	Martin_Darren_P_1995.p132
	Martin_Darren_P_1995.p133
	Martin_Darren_P_1995.p134
	Martin_Darren_P_1995.p135
	Martin_Darren_P_1995.p136
	Martin_Darren_P_1995.p137
	Martin_Darren_P_1995.p138
	Martin_Darren_P_1995.p139
	Martin_Darren_P_1995.p140
	Martin_Darren_P_1995.p141
	Martin_Darren_P_1995.p142
	Martin_Darren_P_1995.p143
	Martin_Darren_P_1995.p144
	Martin_Darren_P_1995.p145
	Martin_Darren_P_1995.p146
	Martin_Darren_P_1995.p147
	Martin_Darren_P_1995.p148
	Martin_Darren_P_1995.p149
	Martin_Darren_P_1995.p150
	Martin_Darren_P_1995.p151
	Martin_Darren_P_1995.p152
	Martin_Darren_P_1995.p153
	Martin_Darren_P_1995.p154
	Martin_Darren_P_1995.p155
	Martin_Darren_P_1995.p156
	Martin_Darren_P_1995.p157
	Martin_Darren_P_1995.p158
	Martin_Darren_P_1995.p159
	Martin_Darren_P_1995.p160
	Martin_Darren_P_1995.p161
	Martin_Darren_P_1995.p162
	Martin_Darren_P_1995.p163
	Martin_Darren_P_1995.p164
	Martin_Darren_P_1995.p165
	Martin_Darren_P_1995.p166
	Martin_Darren_P_1995.p167
	Martin_Darren_P_1995.p168
	Martin_Darren_P_1995.p169
	Martin_Darren_P_1995.p170
	Martin_Darren_P_1995.p171
	Martin_Darren_P_1995.p172
	Martin_Darren_P_1995.p173
	Martin_Darren_P_1995.p174
	Martin_Darren_P_1995.p175
	Martin_Darren_P_1995.p176
	Martin_Darren_P_1995.p177
	Martin_Darren_P_1995.p178
	Martin_Darren_P_1995.p179
	Martin_Darren_P_1995.p180
	Martin_Darren_P_1995.p181
	Martin_Darren_P_1995.p182
	Martin_Darren_P_1995.p183
	Martin_Darren_P_1995.p184
	Martin_Darren_P_1995.p185
	Martin_Darren_P_1995.p186
	Martin_Darren_P_1995.p187
	Martin_Darren_P_1995.p188
	Martin_Darren_P_1995.p189
	Martin_Darren_P_1995.p190
	Martin_Darren_P_1995.p191
	Martin_Darren_P_1995.p192
	Martin_Darren_P_1995.p193
	Martin_Darren_P_1995.p194
	Martin_Darren_P_1995.p195
	Martin_Darren_P_1995.p196
	Martin_Darren_P_1995.p197
	Martin_Darren_P_1995.p198
	Martin_Darren_P_1995.p199
	Martin_Darren_P_1995.p200
	Martin_Darren_P_1995.p201

