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ABSTRACT

A Pseudomonas strain, A108, which was capable of detoxifying the herbici;ie 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 A 108 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.1"' and 0.005 g.I"!
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"! glucose and
0.005 g.1" 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 A108 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
weré 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 xenobiotic' 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 er al., 1992; Maier-Greiner et al., 1991a; Stalker et al., 1988; Streber and
Willmitzer, 1989).

'Defined 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 al.,
1991; Pimentel ez 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 al., 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 genes 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 ez al., 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 modern 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 bf 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 a few, 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 er 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 er al., 1991; Pimentel ef 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 es 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 species 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 components 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

revefse 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. piants and microbes containing
herbicide targeted proteins which are either overexpressed (Donn et al.,1984; Rogers et
al., 1983; Shah et al., 1986a) or lack the appropriate herbicide binding sites (Comai et al.,
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 et al., 1990
Glyphosate Ligustum japonicum Neal et al., 1986
Paraquat Conyza linefola Feurst e al., 1985
b. | Insensitive Target Atrazine Amaranthus hybrius Hirschberg and McIntosh, 1983
Solanum nigrum Goloubinoff et al., 1984
Chlorsulfuron Salmonella typhimurium | LaRossa and Schloss, 1984
Arabidopsis thaliana Haughn and Somerville, 1986
Kochia scoparia Saari et al., 1990
Glyphosate Salmonella typhimurium | Comai et al., 1983
Lotus corniculatus Boerboem et al., 1990
Overproduced Target Glufosinate Medicago sativa Donn et al., 1984
Glyphosate Daucus carota Amrhein et al., 1983
Petunia hybrida Shah et al., 1986a
¢. | Detoxification Acetochlor Zea mays Breux, 1987
Atrazine Zea mays Guddewar and Dauterman, 1979
Bromoxynil Viola arvensis Saunders and Pallett, 1985
Chlorsulfuron Solanum nigrum Hutchenson et al., 1984
2,4-D Lotus corniculatis Davis, 1984
d. | Corrective Metabolism | Paraquat Conyza canadensis Lehoczki et al., 1992
Dichlofop Lolium rigidum Holtum ef 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 ¢ 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 ez al., 1990;
Lehoczki er 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 1isted in section

d of Table 1.1.

1.5 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 ryphimurium into tobacco
(Nicotiana tabacum). 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. ryphimurium’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 demonstrated 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 er al., 1993; Gupta er al., 1993). Research in this area has,
however, not been concerned with the production of paraquat resistant crops 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

Mechanism of Herbicide Source of gene Gene Transferred Recipient Reference
Engineered Plant
Resistance
Altered Target Glyphosate Salmonella Mutant aroA (coding for Tobacco Comai et al., 1985
typhimurium EPSPS) Tomato Fillatti et al.. 1987
Poplar Fillatti et al., 1988
Mutant arod-transit sequence Tobacco Larson-Kelly es al., 1988
fusion *
Escherichia coli Mutant aroA-transit sequence Tobacco Della-Cioppa et al., 1987
fusion®
Petunia hybrida Gene coding for EPSPS 4 Petunia Shah et al., 1986a
Sulphonylurea Nicotiana tabacum SuRB-Hra(coding for mutant Tobacco
berbicides acctolactate synthase) Tomato Mazur et al., 1987a
Arabidopsis esrl (coding for a mutant Tobacco Haughn ez al., 1988
thaliana acetolactate synthase) 4 Flax McHughea, 1989
Poplar Brasileiro et al., 1992
Sugar beet D'Halluin et al., 1992
Chicory Vermeulen et al., 1992
Brassica napus ahas3r (coding for a mutaat Tobacco Brandle et al., 1994
acetolactate synthasc)
Imidozoli Arabidopsis imrl (coding for a mutant Tobacco Hattori et al., 1992
herbicides thaliana acetolactate synthase)
Atrazine Amaranthus psbA (coding for Q, protein)- | Tobacco Cheung ef al., 1988
hybrius* transit sequence fusion®
Solanum nigrum* psbA Soyabean/ Liu et al.,1990
Glufosinate Medicago sativa Gene coding for Gl Tob Eckes et al., 1989
synthetase ©
Asulam Escherichia coli ¢ sull (coding for Tobacco Guerineau et al., 1990
dihydropteroate synthase)-
transit sequence fusion®
Norflurazon Erwinia uredovora ertf (coding for phytoene Tobacco Misaws et al., 1993
desaturase) * :
Detoxification Glufosinate Streptomyces bar (coding for a Tobacco
hygroscopicus phosphinothricin acetyl Potato
transferase) € Tomato DeBlock et al.. 1987
Mf.‘"‘ D'Halluin et al., 1990
Maize Gordon-Kamm et al.. 1990
Cauliflower Mukhopsdhyay et al., 1991
Rice Cso et al., 1992
Poplar DeVillard, 1992
Whest Vasil et al., 1992
Tall fescu Wang e al., 1992
Sugar canc Chowdhury and Vasil, 1992
Oats Somers et al., 1992
Pea Ruseell et al.. 1952
Sfrfplomyu: pat (cot!ing for Tobacco Wohlleben et al., 1988
viridochromogenes Phosphinothricin acetyl Alfalfa Donn et al.. 1990
transferasc) ¢ Carrot

Droge et al.. 1992

10
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TABLE 1.2. (Cont.)

rMcch&m'sm of Herbicide Source of gene Gene Transferred Recipient Reference
Engincered Plant
Resistance
Detoxification Bromoxynil Klebsiella bxn (coding for a bromoxynil Tobacco Stalker et al., 1988
ozaenae® specific nitrilase)*
2.4-D Alcaligenes tfdA (coding for a 2.4D Tobacco Streber and Willmitzer, 1989
eutrophus? monooxy genase)® Cotton Lyon et al., 1989

Bayley et al., 1992

Dalapon Pseudomonas deh! (coding for a Tobacco Buchanan-Wollaston ef al.,
putida dehalogenase) 1992

Cyanamide Myrothecium cah (coding for Cyanamide Tobacco Maier-Greiner e¢ al., 1991a
verrucaria hydratase)®

¢ Chloroplast transit seq from a ribulosebisphosphate carboxylase (RuBisCo) small subunit gene.

* Chloroplast transit sequence from the EPSPS gene of petunia.

¢ Chimeric gene construct containing the Cauliflower Mosaic Virus 35s promoter.

¢ Gene transferred together with its native transit sequence.

“ Gene isolated from the chloroplast genome.

/ Gene transferred directly into chloroplast genome.

2 Gene isolated from a naturally occurring plasmid.

* Chimeric gene construct containing the light inducible promoter and transit sequence of the RuBisCo small subunit gene from

Ix

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 Q, protein. 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 Qg protein. It
was probable, therefore, that a substantial proportion of the photosystem II reaction centres
in transgenic plants contained the sensitive native form of Q,. In the presence of atrazine
these reaction centres would have become inoperative once the Q, 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 al., 1988; Della-Cioppa et al., 1987; Guerineau et al., 1990).
In this regard, the quality of the glyphosate resistance in transgenic tobacco achieved by
Comai er al. (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 encoding 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 er al. (1985), Larson-Kelley er 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
al., 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 théir 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
greatly 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 er 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 containing chloroplasts.
The promoter selected by Stalker er al. (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 ez 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 achieved 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
Mechanism of Herbicide Transgenic Improvement Recommended Tolerance* References
Resistance Plant in Reai Application Rate (kg.hectare')
(fold) (kg.hectare")
Altered Target Glyphosate Tobacco -* 0.3-2.2 0.6 Comai et al., 1985
Tomato - 0.3-2.2 0.8 Fillatti ez al., 1987
Petunin 4.0 0.3-2.2 0.9 Shah ef al., 1986a
Tobacco - 0.3-2.2 1.3 Larson-Kelly ef al., 1988
Chlorsulfuron | Tobacco 1000 0.004-0.026 0.032 Mazur et al., 1987a
Flax - 0.004-0.026 0.012 McHughen and Holm, 1991
260 0.004-0.026 0.020 McSheffrey et al., 1992
Atrazine Tobacco 1.3 1.5-2.6 - Cheung ef al. ,1988
Glufosinate Tobacco 20 1.0-2.0 : <2.0 Eckes et al., 1989
Detoxification Glufosinate Tobacco - 1.0-2.0 4.0 DeBlock et al., 15947
Alfalfa >40 1.0-2.0 1.6 D’Halluin er al., 1988
Sugar beet - 1.0-2.0 1.2 D’Halluin et al., 1990
Poplar - 1.0-2.0 4.8 DeVillard, 1992
Bromoxynil Tobacco > 100 0.4-0.6 4.5 Stalker et al., 1988
- 0.4-0.6 7.0 Freyssinet ez al., 1989
2.4-D Tobacco >30 0.3-23 10.0 Streber and Willmitzer, 1989
10 0.3-2.3 0.7 Lyon et al., 1989
Cotton 900 0.3-23 1.5 Bayley et al., 1992
= |

¢ Highest measured herbicide dosage at which the growth and developmeat of transgenic piants remains unaffected.
* No infonmation 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 e 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 Mclntosh, 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 ef 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 er al., 1989; Shah et al., 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 by 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 Q, 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 al.,
1993). The gene, crtl, 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-1 using the cosmid vector, pJB8. E. coli cells infected with
recombinant pJB8 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 pUCI19.
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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-Kpnl 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 crtl open reading frame was identified
(Misawa et al., 1990).

Mutant organisms have been isolated in which binding of the herbicides glyphosate and
sulfometuron methy! (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. ryphimurium 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 er 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 er al., 1986). The yeast gene encoding ALS was isolated from
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a genomic library constructed in a high copy number yeast plasmid cloning vector.
Following transformation of yeast cells with recombinant plasmids, cells harbouring
amplified ALS genes were isolated by selecting for their elevated resistance to low
concentrations of sulfometuron methyl (Falco and Dumas, 1985). Using the yeast ALS
gene as a heterologous probe it was possible to isolate the Arabidopsis thaliana and
tobacco wild type ALS genes (Mazur et al., 1987b). Two approaches were used to obtain
mutants of these genes which would encode sulphonylurea resistance. The first, employed
the wild type plant ALS genes as a probe for the detection of mutant ALS genes from the
genomic libraries of mutant sulphonylurea resistant tobacco and A. thaliana strains (Falco
et al., 1989; Lee et al, 1988). The second approach drew on information obtained during
the study of resistance mutations in yeast ALS genes, and concentrated on the production
of mutant herbicide resistant tobacco ALS genes by site directed mutagenesis (Falco et al.,
1989).

The in vitro construction of glyphosate and glufosinate resistance genes has been
accomplished by coupling genes encoding enzymes sensitive to these herbicides to
promoters which will ensu‘re their over-expression. In'a three-stage isolation procedure
Shah and co-workers (1986a) were able to isolate a petuhia (Petunia hybrida) EPSPS gene
for use in the construction of a glyphosate. resistance gene. Since it was known that
cultured plant cells selected for glyphosate resistance overproduced EPSPS (Amrhein ez
al., 1985), the first stage of the isolation involved the selection of a glyphosate resistant
petunia cell line containing EPSPS enzyme concentrations 20 times higher than normal.
The EPSPS enzyme produced by the cell line was purified and its N-terminal amino acid
sequence was determined by microsequencing. In the second step of the isolation
procedure three sets of oligonucleotide probes were synthesised using the microsequencing
data and tested for their ability to hybridise with northern blotted RNA isolated from the
EPSPS overproducing cell line. The oligonucleotide displaying the highest degree of
homology was selected as a probe and used to identify a partial EPSPS cDNA clone. In
the last isolation step this partial clone was used as a probe for the identification of a
complete petunia EPSPS ¢cDNA clone and its 226 base pair chloroplast transit sequence.
Glyphosate resistance was obtained by coupling this gene to the Cauliflower Mosaic virus

35s promoter which, upon expression in transgenic petunia plants, resulted in a 20 fold



20

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 Miflin, 1983) was used to construct a probe
for the isolation of pea GS cDNA clone from a pea root nodule ¢cDNA library (Cullimore
et al., 1984). This clone was subsequently used by Donn ez 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 e 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 er al., 1979; Stransky and
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Amberger, 1973; Wohlleben et al., 1988) or laboratory produced mutants (Senior et al.,
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 ATCC21705 were constructed by individually
inserting complete PstI and BamHI digests of genomic DNA into the streptomycete vector
plJ61. 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
clonés 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 ez
al., 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-D 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 minimhal 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. Using 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 pBrx1, which was estimated to be approximately 82-Kb in size.
After transforming E. coli M294 with pBrxl 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 pBrxl 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 pBrx1 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).

. Br ZHZO . NH3 Br

HO C=N

» HO COOH
nitrilase

B . .
romoxynil 3,5-Dibromo-4-hydroxybenzoate

FIG. 1.1. The conversion of the nitrile group of bromoxynil to a carboxylate group by the K.
0zaenae strain isolated by McBride er al. (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 es 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 Hpall restriction fragment, which hybridised
strongly with the probe, was obtained. A M. verucaria cDNA library was constructed in
Agtl0 using mRNA from cells grown in the presence of cyanamide: Using the 1.104
Hpall fragment as a probe, a complete cyanamide hydratase gene was isolated from the

cDNA library on a 900 base pair DNA fragment.

The isolation of both 2,4-D 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-D. The first step involved three cycles of enrichment for 2,4-D
degrading soil microbes in Loos’ (1975) bromocresol purple indicator medium. Positive
enrichments in which 2,4-D degradation was occurring were identified by a colour change
in the indicator medium (due to the release of chloride ions during 2,4-D degradation).
In the second selection stage microbial strains surviving enrichment were individually
tested for their ability to dechlorinate 2,4-D 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-D degrading capacity during growth in a rich
medium without 2,4-D. 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 ez 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 iri 2,4-D 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-D degradation pathway) to a 21-Kb HindIIl fragment of an
independently isolated A. eutrophus plasmid similar to pJP4. In order to isolate the
corresponding 21-Kb HindlIII fragment of pJP4, the plasmid was digested with HindIII and
cloned into the mobilisable, broad host range plasmid, pVK101 (Streber e al, 1987). The
plasmid DNA obtained was used to transform E. coli $17-1 which was subsequently used
for the conjugative transfer of the plasmid to an A. eutrophus ifdA deficient transposon
insertion mutant. The presence of the transferred 1fd4 gene was detected by its ability to
confer 2,4-D resistance to the mutant receptor strain. A restriction map of the 21-Kb
HindIII fragment containing the ffdA 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 ti'ansforming E. coli S17-1 which, in turn, was used for the
conjugative transfer of these plasmids to the #fdA4 deficient A. eutrophus transposon
mutant. Following the selection of recipient .bacteria able to utilise 2,4-D as a sole carbon
and energy source, the (fdA 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 al., 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 Faico, 1989). In this
regard the main purpose behind the constructidn 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 csrl 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 e¢ al., 1991)
and plant transformation experiments (Becker et al., 1992; Li et al., 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 ffdA 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 ef al., 1991; Smith es 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 | % 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 er 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
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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 communication’; 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 al.,
1986). The chloroacetanilides 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 er al., 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).

Professor A. L. P. Cairmns, Department of Agronomy, University of Natal,
Pietermaritzberg, 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 es 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 wheﬁ correctly handled, sometimes
contaminate public wells. This 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. Becaiuse 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 11
chemicals (they should be handled with caution; Vermeulen et al., 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 es al, 1992; Chesters er al, 1989). Alachlor is now
recognised as a carcinogen and evidence exists which suggests metolachlor may also
possess oncogenic properties (Table 1.4; Chesters ez al., 1989). Potential carcinogenicity
as indicated by herbicide induced genetic aberrations has also been observed in studies
involving the chloroacetanilides, butachlor and propachlor (Leckevicius er al., 1992;
Wang, 1987). While there is no evidence in the literature which suggests that acetochlor
1S 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)].

Alachlor Metolachlor | Acetochlor | Propachlor | Metazachlor

Acute Toxicity
Mammals (rat)

Oral LD i (mg.kg™) 930-1350 2780 2148 550-1700 2150

Dermal LC i (mg.kg™) >13300° >3170 4166° >20000" >6810
Birds (bobwhite quale)

Oral LD i (mg.kg™") 1536 non toxic 1260 %1 b

Dermal LC , (mg.kg ™) >5620 non toxic >5620 5620 -
Fish (rainbow trout)

LC ¢ (mg.1') 1.8 2.0 0.5 0.17 -
Insects (Daphnia maga)

LC 4 (mg.l™") 10 - 16 7.8 -

Chronic Toxicity
Mammals (rat)

NOEL (2y - mg.1"'.d") 2.5 90° 124 0.65 -
Oncogenicity

CD-1 mice 260 >3000 - - -

Rats 42 3000 - - -

“ Calculated using rabbits.

® No information available

¢ 90 day NOEL.

“ 1 year NOEL calculated using dogs.
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While the discovery of widespread chloroacetanili