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The use of cytochrome P450 genes to introduce
herbicide tolerance in crops: a review
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Abstract: Mechanisms of herbicide resistance include (1) modified target site, (2) enhanced detoxi-
fication or delayed activation, and (3) alterations in the uptake, translocation, or compartmentaliza-
tion of a herbicide. The first two mechanisms have mainly been identified in plants. Herbicide
resistance genes were isolated for several herbicides of different modes of action. Genes that coded for
herbicide target or detoxification enzymes were transferred into crop plants. The transgenic plants
expressing these genes were tolerant of the active ingredients of herbicides.

Before commercialization, the transgenic plants were tested in the field for risk assessment. In the
case of crops with herbicide detoxification enzymes, including cytochrome-P450-species-metabolizing
xenobiotics, the substrate specificity of the enzymes as well as the toxicological properties of the
herbicide metabolites and the pattern of secondary metabolites in plants must be evaluated.
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1 INTRODUCTION

Herbicides can be grouped according to their site of
action and subdivided into chemical classes. All
known herbicides were separated into at least 13
groups based on the site of action. Resistance to
various herbicides has been found in over 84 different
plant species (59 dicotyledons and 25 monocotyle-
dons) world-wide, covering the majority of known
herbicide sites of action and their chemical classes.
Mechanisms of herbicide resistance include structural
changes in the herbicide’s target site, metabolic
detoxification and alterations in the uptake, transloca-
tion, or compartmentalization of a herbicide.!*?

Plant gene engineering has been employed to
transfer herbicide tolerance into crops. The resulting
herbicides-tolerant crops represent one of the first and
most widely publicized applications of recombinant
DNA technology. Most of the herbicide-resistant
cultivars were created through the stable integration
of foreign genes related to herbicide target or detoxi-
fication enzymes.? This paper reviews recent progress
on genetic engineering of herbicide-tolerant crops,
with special reference to cytochrome P450.

2 MOLECULAR MECHANISMS OF HERBICIDE
RESISTANCE IN PLANTS

Mechanisms of herbicide resistance include (1)
modified target site, (2) enhanced detoxification or
delayed activation, and (3) alterations in the uptake,
translocation, or compartmentalization of a herbicide.
The first two mechanisms have mainly been identified
in plants.

2.1 Modified target site

Since the discovery of Senecio vulgaris L resistant to the
triazine herbicide, simazine, there have been numer-
ous reports of weed biotypes exhibiting resistance to
herbicides. Resistance to triazines is one of the most
prevalent types of herbicide resistance found in weeds.
In these cases, herbicide resistance in weeds is mostly
due to a modification at the target site, the D1 protein
of the photosystem II complex in chloroplasts, whereas
tolerant crops can detoxify these herbicides. The D1
protein is referred to as the 32-kDa protein or the QB
protein, and is encoded by the chloroplast psbA gene.
Triazine and phenylurea herbicides displace plasto-
quinone at the QB binding site on the D1 protein and,
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thereby, block electron flow from QA to QB. The
triazine herbicide atrazine binding in the QB niche is
thought to be due to hydrogen bonding with Ser264
and Phe265 as well as hydrophobic interactions with
Phe255. With triazine-resistant weeds, resistance is
mostly due to a modification of amino acid residues in
the QB binding niche on the D1 protein. In all cases,
resistance is due to a point mutation of the psbA gene,
resulting in a substitution of Gly for Ser at residue 264.
This modification greatly reduces the affinity of
atrazine at the QB binding site, since binding affinity
is strongly dependent on hydrogen bonding with the
hydroxyl group of Ser 264. Other amino acid sub-
stitutions that confer resistance have been identified in
or near the QB binding niche between residues 211—
275 in algae, cyanobacterium, and higher plants.'?
Shortly after the discovery that atrazine resistance in
weeds was due to a modified target site, development
of atrazine-tolerant crops was examined. The incor-
poration of this trait into normally susceptible crops
would prevent carry-over injury. Atrazine tolerance
(Ser264 to Gly) was transferred from Brassica campes-
tris L. to the oil crop canola (Brassica napus L).
However, the triazine-tolerant canola variety ‘OAC
Triton’ in Canada exhibited a 10 to 20% decrease in
yield compared to triazine-susceptible varieties.'>?

2.2 Enhanced detoxification

In most cases, crop tolerance to herbicides is due to the
ability of the crop to metabolize the herbicide and
thereby prevent injury. Two enzyme systems that play
major roles in conferring resistance to herbicides are
glutathione S-transferase (GST) and cytochrome
P450 mono-oxygenase. GSTs are soluble dimeric
enzymes that catalyze nucleophilic attack by the
thiolate anion of glutathione at electrophilic sites on
certain herbicides. The formation of the glutathione
conjugate detoxifies the herbicides. Cytochrome P450
mono-oxygenases consisting of cytochrome P450
(P450) and NADPH-cytochrome P450 oxidoreduc-
tase (P450 reductase), both of which are associated
with endoplasmic reticulum, catalyze mono-oxygena-
tion of lipophilic compounds including certain herbi-

cides. The monooxygenation metabolites are
conjugated with water-soluble molecules such as
glucose.*

Maize is highly tolerant of triazine herbicides. Rapid
detoxification of atrazine via glutathione conjugation is
the primary mechanism of atrazine resistance. Maize
has three GST isozymes catalyzing atrazine conjuga-
tion with glutathione. Atrazine can also be metab-
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Figure 1. Metabolism of atrazine in maize.

olized via N-dealkylation. Mono-N-dealkylation
reduces the binding affinity of atrazine for the D1
protein and thereby partially reduces its phytotoxicity.
However, removal of both N-alkyl groups is necessary
for complete detoxification (Fig 1). As a mechanism
for herbicide resistance, N-dealkylation is considerably
less efficient than glutathione conjugation. Although
P450 is thought to catalyze N-dealkylation, this has
not been demonstrated i wizro. The phenylurea
herbicide chlorotoluron has been used for selective
weed control in wheat, which can detoxify chloro-
toluron via ring-methyl hydroxylation and N-de-
methylation. Both reactions appear to be mediated
by P450. Metabolism via ring-methyl hydroxylation is
primarily responsible for chlorotoluron resistance in
wheat, whereas N-demethylation makes a relatively
minor contribution toward chlorotoluron resistance
(Fig 2).!

2.3 Transfer of herbicide resistance genes into
crops

Herbicide resistance genes were isolated for several
herbicides of different modes of action. These genes
coded for the target or detoxification enzymes of the
corresponding herbicides (Table 1). 5-Enolpyruvyl-
shikimate-3-phosphate (EPSP) synthase encoded by
the aroA locus is a target site of the herbicide
glyphosate inhibition.” The enzyme catalyzes an
essential step in the shikimate pathway common to

wheat wheat
barley Q? _cH., barley CH
HOCH, -~ CH;rQ’NHCN: 3—m N3
(P450) CHj (P450) H
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Figure 2. Metabolism of chlorotoluron i tobacco
pllgrl.:trse . Metabolism of chlorotoluron in (nonphytotoxic) (parﬁa"y phvtOtOXic)
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Table 1. Transfer of isolated herbicide resistance genes into plants

Gene engineering of herbicide-tolerant crops

Herbicide Source of resistance gene Enzyme Transfer in plants  References
Glyphosate aroA Arabidopsis thaliana Heynh EPSPS Arabidopsis 12
A thaliana EPSPS Rapeseed 12,13
Petunia hybrida Vilm EPSPS Tobacco and others 12,13
Salmonella typhimurium Cast & Chalm  EPSPS Tobacco and others 14
Chlorsulfuron csr-1 A thaliana ALS Rice 15
A thaliana ALS Rapeseed 15
A thaliana ALS Canola 16
A thaliana ALS Tobacco 17,18
Brassica napus L ALS 19
Nicotiana tabacum L ALS Tobacco
Norflurazon crt-1 Erwinia uredovora Dye Phytoene desaturase  Tobacco 20
Glufosinate bar S hygroscopicus PAT Tomato 21
S hygroscopicus PAT Tobacco 21,22
S hygroscopicus PAT Potato 21,22
S hygroscopicus PAT Soybean 23
S hygroscopicus PAT Maize 23
S hygroscopicus PAT Wheat 24,25
S hygroscopicus PAT Sugarbeet 26
PAT Rice 27, 28
S viridochromogenes PAT Tobacco 29
S viridochromogenes PAT Tomato 29
S viridochromogenes PAT Rapeseed 29
S viridochromogenes PAT Sugarbeet 29
S viridochromogenes PAT Maize 29
S viridochromogenes PAT Soybean 29
S viridochromogenes PAT Wheat 29
Bromoxynil bxn Klebsiella ozenae Nitrilase Tobacco 30
K ozenae Nitrilase Cotton 30
K ozenae Nitrilase Clover 30
K ozenae Nitrilase Rapeseed 30
2,4-D tfdA Alcaligenes eutrophus Monooxygenase Cotton 31
A eutrophus Monooxygenase Tobacco 31, 32,33
Dalapon Pseudomonas putida (Tzer) Mig Dehalogenase N. plumbaginifolia 34
Cyanamide Myrothecium verrucosa Cyanamide hydratase Tobacco
Metolachlor Maize GST Tobacco 10

Chlorotoluron &
Atrazine Rat

CYP1A1 Tobacco and Potato 11, 35, 36

aromatic amino acid biosynthesis. The over-expres-
sion of the enzyme in plants resulted in tolerance to the
herbicide.®!? Acetolactate synthase (ALS) is an
essential enzyme for many organisms, as it catalyzes
the first step in the biosynthesis of the branched-chain
amino acids valine, isoleucine, and leucine. The
transgenic plants expressing the mutant ALS isolated
from Arabidopsis and tobacco were tolerant to the
sulfonylurea herbicide chlorsulfuron. The mutant
enzyme has a single amino acid, changed from Trp
to Leu, within a conserved region of ALS.'® The
herbicide bilanafos is converted into phosphinothricin
in plants and thereby inhibits glutamine synthase.
However, expression of phosphinothricin acetyltrans-
ferase (PAT) encoded by the bar gene in plants
inactivated the herbicidal activity and resulted in

Pestic Sci 55:867-874 (1999)

tolerance of the herbicide (Fig 3).” The enzymes from
Strepromyces hygroscopicus (Jensen) Waks & Henrici
and Streptomyces viridochromogenes (Kransky) Waks &
Henrici show a very high substrate specificity. There-
fore, perfect selectivity was found in the transgenic
plants expressing the variants of PAT.?> Because
traces of the PAT enzyme in transgenic cells are
sufficient for inactivation of phosphinothricin, the
corresponding gene from S Aygroscopicus, first
described as bilanafos-resistance (BAR) gene and the
related gene from S wviridochromogenes, first described
as PAT, gene are powerful selectable marker genes.
They enabled researchers to develop gene transfer
methods for cereals where the widely used NTP II
gene conferring kanamycin resistance was not efficient
enough. 2,4-Dichlorophenoxyacetic acid (2,4-D)
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Figure 5. Metabolism of bromoxynil by a bromoxynil-specific nitrilase.
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Figure 6. Glutathione conjugation of metolachlor.

mono-oxygenase encoded by the fdA gene catalyzes
the first step in the bacterial 2,4-D degradative
pathway (Fig 4).® When the gene was expressed in
plants under the control of either a constitutive or a
light-inducible promoter, the transgenic plants toler-
ated elevated levels of foliar-applied 2,4-D.>'-*? The
bxn gene encoded a specific nitrilase that converts
bromoxynil (3,5-dibromo-4-hydroxybenzonitrile) to
its primary metabolite 3,5-dibromo-4-hydroxybenzoic
acid (Fig 5). The transgenic plants expressing the
enzyme tolerated high levels of a commercial formula-
tion of bromoxynil.”?® Maize GST IV subunits
expressed in transgenic tobacco plants formed active
homodimers which catalyzed glutathione conjugation
with metolachlor (Fig 6) and conferred tolerance to
the herbicide.'® Rat P4501A1 and Rat P4501A1/yeast
P450 reductase(YR) fused enzyme, both of which
metabolized the herbicides chlorotoluron and atrazine,
were expressed in potato and tobacco plants, respec-
tively. The transgenic potato and tobacco plants

870

TOLERANCE IN PLANTS

3.1 Plant P450 species metabolizing herbicides
P450 enzymes metabolizing herbicides in plants play
an important role in herbicide selectivity and resis-
tance. However, molecular information on these P450
species was quite limited, since it is difficult to identify
a function of a specific P450 species in a large gene
family. It was found that cultured tobacco S401 cells
treated with 2,4-D metabolized chlorotoluron to give
ring-methyl hydroxylated and N-demethylated metab-
olites, whereas the cells hardly produced these metab-
olites without 2,4-D treatment. Based on these results,
we attempted to clone cDNAs for P450 species
metabolizing chlorotoluron in cultured tobacco S401
cells treated with 2,4-D. As a result, four novel P450
cDNA clones were isolated. Based on their sequences,
these were named as CYP71A11, CYP81B2,
CYP81C1 and CYP81C2. These P450 species, when
cloned, were found to be in type A, which are mostly
related to the biosynthesis of phenylpropanoids and
other secondary metabolites.>”

Northern blot analysis with the cloned cDNAs
revealed that both CYP71A11 and CYP81B2 were
highly induced in the S401 cells with 2,4-D treatment.
Therefore, both cDNA clones were expressed in the
yeast Saccharomyces cerevisiae Meyer ex Hansen. Both
CYP71A11 and CYP81B2 expressed in the yeast
together with yeast P450 reductase or tobacco P450
reductase showed a higher 7-ethoxycoumarin O-
deethylase activity than that of the control yeast cells.
In addition, the yeast cells expressing both CYP71A11
and yeast P450 reductase exhibited enhanced ring-
methyl hydroxylation and N-demethylation towards
chlorotoluron, whereas the yeast cells expressing both
CYP81B2 and tobacco P450 reductase showed a
slightly enhanced ring-methyl hydroxylation. There-
fore, both CYP71A11 and CYP81B2 were found to be
involved in the metabolism of chlorotoluron in the
S401 cells treated with 2,4-D, as shown in Fig 7.%®
Recently, it was reported that CYP73A1, CYP76Bl1,
CYP81B1 from plants also metabolized chlortoluron,

Pestic Sci 55:867-874 (1999)



Figure 7. Metabolism of the herbicide
chlorotoluron in cultured tobacco S401
cells treated with 2,4-D.

Ci

Table 2. Plant P450 species metabolizing herbi-

cides
Substrate

P450 Endogenous  Exogenous
CYP71A11 — Chlortoluron
CYP73A1 — Chlortoluron
CYP76B1 — Chlortoluron
CYP81B1 Fatty acids  Chlortoluron
CYP81B2 — Chlortoluron
CYP86A1 Fatty acids DCMU(?)

although fatty acids were endogenous substrates for
CYP81BI as listed in Table 2.>*%°

3.2 Mammalian P450 species metabolizing
herbicides

Commercial herbicides have been examined for
metabolism in mammals from the standpoint of risk
assessment prior to marketing. P450 mono-
oxygenases in mammalian liver microsomes are well
known as drug-metabolizing enzymes involved in
oxidative metabolism of xenobiotics, including herbi-
cides. However, it has yet to be determined which
P450 species catalyze oxidative reactions of any given
herbicide.

Cl
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Gene engineering of herbicide-tolerant crops
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We have examined the expression of mammalian
P450 species in yeast and the metabolism of herbicide
chemicals in recombinant yeast strains. Chlorotoluron
and atrazine were found to be metabolized through
ring-methyl hydroxylation and N-demethylation, and
N-dealkylation, respectively, by several mammalian
P450 species, as shown in Fig 8. Human CYP1Al
catalyzed both ring-methyl hydroxylation and N-
demethylation, as well as N-dealkylation of atra-
zine.***> CYP1A2 and CYP2C19 catalyzed the same
reactions. It was also found that the specific activity of
human CYP1A1l expressed in the yeast towards
chlorotoluron was higher than those of tobacco
CYP81B2 and CYP71A11.

3.3 Genetic engineering of herbicide-tolerant

plants

Since mammalian CYP1A1l (P4501A1) metabolized
chlorotoluron via ring-methyl hydroxylation and N-
demethylation, and atrazine via N-dealkylation, at
higher rates than tobacco CYP81B2 and CYP71All,
and showed a broad substrate specificity towards
xenobiotics, we attempted to express rat CYP1Al
cDNA under the control of CaMV 35S promoter and
NOS terminator in potato plants and rat CYP1Al/
yeast P450 reductase fused enzyme in tobacco plants
(Fig 9). Both plants expressing the corresponding
enzymes, which were mainly located on the micro-
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Figure 8. Metabolism of herbicides in CYP2C19 CYP2C19 CYP2C19 CYP2C19
mammalian P450 species. CYP2D6 CYP2D6 CYP2D6
1B
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Figure 9. The structures of the expression - — Bamlf 1 Bamf 1 BamH 1
_ ; N
plasmids pGC12 for rat CYP 1A1 cDNA GFC2 Q_V : NE \\\\\\\\E
and pGFC2 for rat CYP1A1 and yeast P450 p & = k\ \ ‘
1 518 42 691

reductase fused gene.
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somes, exhibited a higher P450-dependent mono-
oxygenase activity i vitro towards 7-ethoxycoumarin
than did the control plants. The transgenic plants
expressing rat CYP1A1 and its fused enzyme showed
tolerance to chlorotoluron. [**C]Chlorotoluron added
to a nutrient solution was taken up by both transgenic
and control plants similarly. Analysis of '*C-metabo-
lites revealed that the transgenic plants metabolized
the herbicide more rapidly than did the control plants
via both ring-methyl hydroxylation and N-demethyla-
tion. Enhanced ring-methyl hydroxylation in the
transgenic plants appeared to be responsible for
tolerance of the herbicide. These transgenic plants
also exhibited tolerance to the herbicides atrazine and
pyriminobac-methyl. Thus, it was found that the
expression of single CYP1Al species in plants
conferred cross-resistance to herbicides with different
structures and modes of herbicide action.*>™*

4 RISK ASSESMENT OF HERBICIDE-TOLERANT
CROPS

Before commercialization, transgenic plants are tested
in the field. In a risk assessment, the safety of the gene
and its gene product, the properties of the modified
plants, the expression stability of the introduced gene
and the safety of the modified plant must be con-
sidered. The expressed protein in glyphosate-tolerant
soybeans, EPSP synthase from Agrobacterium sp strain
CP4, was rapidly digested iz vitro in simulated gastric
and intestinal fluids, and was not toxic to acutely
gavaged mice.*® The feeding value of glyphosate-
tolerant soybeans fed to rats, chickens, catfish and
dairy cattle was not altered as compared with the
susceptible ones.*” When the bound pesticide residues
from susceptible and tolerant soybeans treated with
metribuzin and canola treated with atrazine were fed
to rats, these residues were not accumulated in the
body organs examined.*® Also, monitoring of the
transgene in glyphosate-tolerant soybeans by PCR
revealed that the transgene was found in approxi-
mately 1.1% of the commercially available soybeans.
This level was somewhat lower than an estimated
value on the basis of the cultivation area of the
glyphosate-tolerant soybean.*’

Potential interactions of the modified plants with
wild relatives and even the remote probability of
undesired interaction with other organisms must be
evaluated. If a herbicide detoxification gene is intro-
duced into crops, the substrate specificity of a novel
enzyme as well as the toxicological properties of
herbicide metabolites must be evaluated. In the case
of mammalian microsomal P450 species metabolizing
xenobiotics, these are multiple enzymes and show
broad and overlapping substrate specificity towards a
number of foreign chemicals with different structures
including natural products. For example, CYP1A2
and CYP2A6 metabolize caffeine and nicotine, re-
spectively. Therefore, the metabolites of foreign
chemicals, as well as the pattern of secondary metab-
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olites in the transgenic plants with these enzymes,
must be considered.

5 CONCLUDING REMARKS

P450 mono-oxygenases play an important role in
herbicide selectivity and resistance in plants. The plant
P450 species metabolizing the herbicide chlorotoluron
in cultured tobacco S401 cells treated with 2,4-D were
identified as CYP71A11 and CYP81B2. On the other
hand, several mammalian P450 species including
CYP1A1l were found to metabolize chlorotoluron as
well as atrazine. So, it was suggested that, in plants and
mammals, different species of P450 enzymes catalyzed
the same metabolic reactions towards herbicide
chemicals, although the specific activity of CYP1A1
towards chlorotoluron was higher than that of the
plant enzymes.

The yeast and plant expression systems for P450
species metabolizing xenobiotics from plants and
mammals were useful for comparative metabolism of
the chemicals between plants and mammals. Particu-
larly, the systems expressing human P450 species are
important models for human metabolism of pesticides.

The expression of CYP1A1 in potato plants con-
ferred cross-resistance to the herbicides chlorotoluron
and atrazine. The transgenic plants expressing P450
species metabolizing xenobiotics appear to be useful
for breeding crops with herbicide tolerance as well as
low pesticide residues. These plants are also important
for phytoremediation. However, it is essential to
examine the substrate specificity of the introduced
P450 species towards xenobiotics as well as plant
secondary metabolites, and also to assess the safety of
novel metabolites produced in transgenic plants.
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