
Proceedings of the First International Weed Control Congress, Melbourne 1992 231

Biochemical mechanisms of herbicide resistance and selectivity

R. Scalfa

Laboratoire des Xénobiotiques, INRA, BP. 3,181
Chemin de Tournefeuille, 31931 Toulouse, France.

Summary
The various physiological and biochemical
mechanisms of resistance of weeds to
herbicides are examined. In conditions of
selection pressure, nearly all the possible
mechanisms can be selected, and can even
combine in some cases. The recent develop-
ment of cross - resistance raises the question
about the possible role of detoxifying
enzymes with broad substrate specificity.

Introduction
Plants can survive herbicide treatments for
various reasons. The depth of seed germination
or root growth, the morphology or the surface
properties of aerial organs, or simply the time
at which the plant develops have a strong
impact on the efficiency of treatments.

In addition to these factors of selectivity,
physiological and biochemical mechanisms
can determine the sensitivity or resistance of
plants. These mechanisms can play a role
when a resistant weed biotype is selected by
the treatment, but also in other situations:
when the herbicide is naturally selective in
that case resistance is pre- existing and when
a resistant crop cultivar is obtained by conven-
tional breeding or by genetic engineering
techniques.

Several physiological or biochemical
mechanisms can affect the efficiency of
herbicide treatments: insensitivity of the
cellular target; existence of metabolic systems
able to efficiently counteract the toxic effects
of the herbicide; absence of transport of the
herbicide to its site of action; or quick detoxi-
fication of the herbicide by plant enzymatic
systems. Apparently, one or several of these
mechanisms can operate in various cases of
weed resistance (survival at 10 100 times or
more the normal herbicide application rate) or

tolerance (survival at 10 times or less the
normal rate).

Resistance at the site of action
.This type of resistance is due to some charac-
teristics of the cellular target which make the
herbicide unable to bind to it or to disturb its
functioning: It can also originate from an over-
production of the target enzyme.

Resistance to inhibitors of Photosystem II
(PS II)
The herbicides which inhibit PS II ( triazines,
ureas, uracils, biscarbamates, bentazone,
pyridate) block electron transport between the
quinone carriers QA and QB. In order to carry
electrons, quinones must bind to receptor
proteins. PS II inhibitors bind to the D1
protein, which is the receptor of the quinone
QB, and thus prevent the quinone accepting
electrons. The D1 protein, also called 32 kD, is
coded by the psbA gene present on the
chloroplastic genome and is thus maternally
inherited. The amino acid sequence of the D2
protein is nearly the same in all higher plants
and photosynthetic microorganisms, with an
overall homology of 85% or more (10).

Resistance to triazines appeared in the
U.S.A. during the sixties in Senecio vulgaris.
Presently, triazine- resistant biotypes are
known among more than 70 species (15). The
resistance results in an increase, by a 100 -1000
factor, of the herbicide concentration required
to inhibit the photosynthetic electron transport
in isolated chloroplasts. In all species exam-
ined so far, that resistance originates from a
change of a single amino acid of the D1
protein, namely serine 264, which is replaced
by a glycine. Normally, the hydroxyl group of
the serine contributes to the binding of the
triazine. As this hydroxyl is absent from the
glycine- containing D1 protein, binding is
weakened so that the herbicide does not
efficiently compete with the quinone. That
mechanism is not valid, however, for urea -type
herbicides, which do not bind to the serine
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264. As a consequence, the herbicidal proper-
ties of ureas are unchanged by the mutation,
and the plants remain sensitive to these
herbicides (22).

In theory, however, some mutations on the
D1 protein can confer resistance to other
families of PS II inhibitors, as demonstrated by
the selection of in vitro cultures of Nicotiana
plumbaginifolia resistant to terbacil or diuron
(3,20). In the last case, serine 264 was re-
placed by a threonine. A wide array of muta-
tions conferring resistance has been obtained
in cultures of unicellular algae and photosyn-
thetic bacteria: at least five loci can be modi-
fied, resulting in various resistance levels to
triazines, ureas or uracils.

Chloroplastic resistance to triazines almost
always comes with some yield penalty. That
character, which appears in particular in some
resistant rapeseed cultivars obtained by cross-
breeding with Brassica campestris. (24), is
apparently due to a poorer performance of the
photosynthetic apparatus, especially at el-
evated temperature. This must be taken in to
consideration when contemplating the intro-
duction of the resistance gene in to a crop
species, and also when considering the com-
petitive abilities among weeds (12).

Resistance to sulfonylureas and
im idazolinones
These herbicides prevent the biosynthesis of
three amino acids: valine, leucine and
isoleucine, by inhibiting the enzyme
acetolactate synthase (ALS).

In the laboratory, resistant mutants have
been selected among Arabidopsis plants, in
vitro cultures of tobacco, and the yeast
Saccharomyces cerevisiae (8). In plants, ALS
is a chloroplastic enzyme made up of a single
type of polypeptide. It is coded by the nuclear
genome, synthesized in the cytoplasm and
imported into the chloroplast with its transit
peptide. The sequence coding for the enzyme
itself has three conserved domains, which are
also found in yeast and in Escherichia coli.

In yeast, it has been shown that 10 muta-
tion sites can confer resistance to
sulfonylureas. Analysis of the ALS gene in
resistant Arabidopsis plants or in vitro tobacco
cultures has revealed that the mutations are
located at some of the sites already identified
on the yeast gene. In tobacco, a double mutant
has also been obtained, in which the coexist-

ence of two mutations confers an increased
level of resistance to sulfonylureas, and in
addition some resistance to another family of
ALS inhibitors, the imidazolinones. Knowing
the relative ease of isolation of resistant
mutants in the laboratory and the fitness of
these mutants, it is not surprising that resistant
weed biotypes have appeared after five or
more years of repetitive use of chlorsulfuron,
alone or associated with metsulfuron- methyl.
Such biotypes include Kochia scoparia,
Lactuca serriola, Stellaria media, and Salsola
iberica. The resistance character is due to a
reduced sensitivity of ALS to sulfonylureas,
the enzyme being also slightly less sensitive to
imidazolinones (19). It remains to be deter-
mined whether the various resistant biotypes
contain the same ALS mutation or several
different mutations.

Resistance to dinitroanilines
Herbicides such as trifluralin or oryzalin are
mitotic inhibitors. They block cell division at
metaphase, by preventing the formation of the
mitotic spindle. Asa consequence, chromo-
somes cannot migrate to the spindle poles, and
division aborts.

The mitotic spindle is principally made up
of two types of protein sub units, a and b-
tubulins. Tubulin polymerizes to form the
microtubules, which are in constant dynamic
equilibrium: they polymerize at one end and
depolymerize at the other. Dinitroanilines
prevent the formation of plant microtubules by
interfering with tubulin polymerization or
depolymerization. In recent years, biotypes of
Eleusine indica resistant to dinitroanilines
have appeared in the U.S.A. Since that resist-
ance extends to all members of the
dinitroaniline family, but not to other types of
herbicides, it can be postulated that it origi-
nates at the site of action. The structural
difference seems located on the b sub unit, and .
its mechanism apparently concerns the
depolymerization of the tubulin rather than its
polymerization, as could be expected at first
sight (26). In addition, resistance to
dinitroanilines can also be innate, since carrot
is naturally resistant to these herbicides (25).

However, the variability of the responses to
dinitroanilines among diverse species often
depends on a completely different cause : up
to a certain extent, the tolerance correlates
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with the lipid content of the seeds, because
lipids trap the herbicide away from its site of
action (9).
Selectivity of diclofop and related herbicides
These selective grass- killing herbicides
prevent the biosynthesis of fatty acids by
inhibiting the enzyme acetyl- coenzyme A
carboxylase. The innate resistance of dicots is.

due to the natural insensitivity of their enzyme
to that class of herbicides.

Resistance by overproduction of the
target enzyme .
This phenomenon has not been signalled in
weed populations, although it can be responsi-
ble for a significant increase in tolerance to
phytotoxic molecules such as glyphosate.
Various plant cell cultures, when continuously
grown in the presence of that herbicide, can
acquire increased levels of tolerance.
Glyphosate interferes with the synthesis of
aromatic amino acids by inhibiting the enzyme
5- enolpyruvylshikimate -3- phosphate synthase
(EPSP synthase). The enzyme from tolerant
cultures has an unchanged sensitivity to the
herbicide, but it is overproduced, up to.40 -fold
more than in control cultures. As a result,
higher amounts of the herbicide are needed to
inhibit cell growth (23).

Increased activity of systems protecting
against the toxic effects of the herbicides
Many herbicides actually kill plants by
inducing an intense production of harmful
molecules, especially dangerous species of
oxygen such as hydrogen peroxide, superoxide
and singlet oxygen. Plants, like other living
organisms, can cope with a limited production
of these oxygen species by detoxifying them
with appropriate enzymes. Paraquat accepts
electrons from PS I and reduces oxygen to
superoxide ions, which give rise to the above
oxygen species. Repeated treatments with
paraquat can select resistant plants, such as a
biotype of Conyza bonariensis with a 100 -fold
higher tolerance level (21). It seems that, in
some cases, this type of tolerance is due to
higher activities of protective enzymes such as
superoxide dismutase, ascorbate peroxidase
and glutathione reductase (21).

Sequestration of herbicides
In order to induce' phytotoxic effects, herbi-
cides have to reach their site(s) of action, but

in some cases their translocationis so limited
that phytotoxicity no longer occurs. That is the
case in another biotype of Conyza, in the
leaves of which the movement of paraquat is
restricted, so that the herbicide is excluded
from the chloroplasts (5). A similar situation
has been observed concerning Torilis arvensis,
which is relatively insensitive to diuron. When
absorbed through the roots,:.diuron.does not ,

move from the . leaf veins to the chlorphyllous
parenchyma, whereas the movement of
simazine is not restricted (4). At present, it is
generally assumed that the apoplastic .

translocation of herbicides is simply controlled
by their lipid -water partition coefficient. That
explanation is inadequate, however, to explain
the different behavior of herbicides having
similar solubility characteristics, and conse-
quently the mechanism of the above resistance
remains to be satisfactorily explained.

Resistance by detoxification
Resistance to triazines
A number of grass species are more or less
resistant to atrazine because they are able to
detoxify it like maize, by hydrolysis,
dealkylation and particularly by conjugation
with glutathione. Tolerance and recovery of
photosynthetic activity are usually correlated
with the capacity to detoxify atrazine (13).
This mechanism can be responsible, not only
for selectivities, but also for the emergence of
resistant biotypes in a normally sensitive
species. That is the case for a biotype of
Abutilon theophrasti which is 10 -fold more
tolerant to atrazine than wild types (1). In that
biotype, conjugation of atrazine with
glutathione proceeds at a faster rate than in the
wild type, due to a.four -fold greater activity of
the enzyme glutathione S- transferase (GST).
On the basis of enzyme kinetic analysis, it
appears that the increase in activity in the
resistant biotype is caused by over - production
of two isozymes of GST, rather than the
appearance of a new isozyme.

Resistance of Alopecurus myosuroides to
chlorotoluron
Following successive, annual applications of
chlorotoluron in winter cereal fields, resistant
biotypes of Alopecurus myosuroides (black -
grass) have evolved in England (16). In the
"Peldon" biotype, tolerance to chlorotoluron is
10 -fold higher than in controls, and is due to a
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faster detoxification. In black - grass, as in other
weeds and in wheat, chlorotoluron is metabo-
lized by ring - methyl hydroxylation and N-
demethylations. These reactions are supposed
to be mediated by cytochromes P-450, because
they are inhibited in vivo by 1- amino-
benzotriazole (6,14). Moreover, the participa-
tion of this type of enzyme in wheat is sup- .
ported by in vitro experiments with
microsomal preparations (17). Thus, the
resistance of the Peldon biotype is likely to be
caused by increased activity of a cytochrome
P -450 monooxygenase, but we do not know
whether a preexisting isozyme is overpro-
duced, or whether a new isozyme has been
selected. In addition to chlorotoluron, the
Peldon biotype is more or less resistant or
tolerant to other phenylureas and to triazines,
and to herbicides having other, unrelated
mechanisms of action, such as diclofop
methyl, tralkoxydim, triallate, metazachlor,
chlorsulfuron, imazamethabenz, and
pendimethalin (14). It is tempting to speculate
that this multiple resistance is conferred by a
broad spectrum cytochrome P -450, but that has
not been demonstrated, and the real situation
could reveal itself to be much more complex,
for example if a variety of different mecha-
nisms of resistance are simultaneously in-
volved.

Multiple resistances in Lolium rigidum
Many cases of resistant weed biotypes have
appeared in Australia during the last decade
(18). The most documented case is that of
biotypes of ryegrass (Lolium rigidum) resistant
to diclofop methyl and cross resistant to
various other molecules, such as other
aryloxyphenoxypropionates, or
cyclohexanedione, sulfonylurea, and
dinitróaniline herbicides. In a biotype cross -
resistant to chlorsulfuron, resistance to the
latter herbicide can be explained by a faster
degradation (2). The resistance to diclófop-
methyl, however, is not readily explained, and
the slightly faster rate of herbicide degradation
observed is unlikely to account for the 30 -fold
difference in sensitivity to the herbicide at the
whole plant level (11). The picture which
emerges is that all kinds of resistance mecha-
nisms can be selected, including perhaps
unprecedented mechanisms. In addition, some
cases of resistance could become difficult to
explain, if they are due to the combination of

several factors, none of them being quantita-
tively notable.
Conclusion .

All the foregoing shows that a variety of
mechanisms of tolerance or resistance can
appear under selection pressure. That appear-
ance is all the more likely because resistance
to a given herbicide can be induced by several
types of mechanisms. Moreover, the possible
existence of broad spectrum detoxifying
enzymes, which could render a weed tolerant
to a variety of herbicides, must be seriously
contemplated. We ignore however, in most
cases, what is the quantitative relationship
between the capacity to detoxify and the level
of resistance. And finally, besides the
unfavorable cases of multiple resistances, we
have also to look for possible negative cross -
resistances, as in the case of the chloroplastic
resistance to triazines and the attendant
increase of sensitivity to some other types of
PS II inhibitors (7).
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