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Abstract

Modern herbicides make major contributions to global food produc-
tion by easily removing weeds and substituting for destructive soil cul-
tivation. However, persistent herbicide selection of huge weed num-
bers across vast areas can result in the rapid evolution of herbicide
resistance. Herbicides target specific enzymes, and mutations are se-
lected that confer resistance-endowing amino acid substitutions, de-
creasing herbicide binding. Where herbicides bind within an enzyme
catalytic site very few mutations give resistance while conserving en-
zyme functionality. Where herbicides bind away from a catalytic site
many resistance-endowing mutations may evolve. Increasingly, resis-
tance evolves due to mechanisms limiting herbicide reaching target
sites. Especially threatening are herbicide-degrading cytochrome P450
enzymes able to detoxify existing, new, and even herbicides yet to be
discovered. Global weed species are accumulating resistance mecha-
nisms, displaying multiple resistance across many herbicides and pos-
ing a great challenge to herbicide sustainability in world agriculture.
Fascinating genetic issues associated with resistance evolution remain
to be investigated, especially the possibility of herbicide stress unleash-
ing epigenetic gene expression. Understanding resistance and building
sustainable solutions to herbicide resistance evolution are necessary and
worthy challenges.
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INTRODUCTION

For at least 10,000 years a critical human
endeavor has been the cultivation of plants
for food and fiber, and now, the world’s great
crops sustain more than 6 billion people. Any
threats to crop productivity have grave conse-
quences. Every year a major threat comes from
infestations of wild plant species (weeds). Since
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the dawn of agriculture, humans have battled
to control weeds threatening crop survival and
productivity. Over the past 40 years, modern
herbicides have largely replaced human,
animal, and mechanical weed control, and they
make a significant contribution to the high
productivity of global agriculture. Despite
their success, herbicides have not resulted in
the extinction of weeds, just as insecticides
have not removed pests nor have antibiotics
eliminated human disease pathogens. Indeed,
the weed challenge in world crops remains
more or less stable. Evolutionary forces acting
on genetic diversity in large populations explain
how biological organisms survive catastrophic
natural events. Commencing with the brilliant
insights of the nineteenth-century natural
scientists Darwin, Lamarck, Mendel, Wallace,
and those following them, there has developed
an understanding that natural selection acting
on genetic diversity enables persistence of life
under changing circumstances. While many
environmental changes are long-term, there
are also sudden, catastrophic events that cause
high mortality (e.g., herbicides applied to
huge weed populations). For targeted plants,
herbicides are a rapid, extreme stress event, but
there are some initially very rare individuals
with genes enabling survival and reproduction,
and where herbicide selection is relentless,
resistance evolves.

Herbicide resistance is an evolutionary pro-
cess, and its dynamics and impact are depen-
dent upon the factors summarized in Table 1
(scope and space constraints mean that here we
focus only on the more fundamental aspects of
evolved resistance mechanisms/genes). There
can be a diversity of resistance genes and spe-
cific herbicidal, operational, and biological fac-
tors can determine which resistance genes are
enriched (Table 1). A key point is that pollen
exchange means cross-pollinated plants can
rapidly share and accumulate resistance genes.
Herbicide properties and dose strongly influ-
ence the types of resistance genes that can be
enriched (Table 1). For reviews of genetic and
other factors influencing herbicide resistance
evolution, see References 18,25,52,73 and 150.
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Table 1 Factors influencing herbicide resistance evolution in weed populations

Genetic
1. Frequency of resistance genes
2. Number of resistance genes
3. Dominance of resistance genes
4. Fitness cost of resistance genes
Biology of weed species
1. Cross-pollination versus self-pollination
2. Seed production capacity
3. Seed longevity in soil seedbank
4. Seed/pollen movement capacity
Herbicide
1. Chemical structure
2. Site of action
3. Residual activity
Operational
1. Herbicide dose

2. Skills of the operator (treatment machinery, timing, environmental conditions, etc.)

3. Agro-ecosystem factors (nonherbicide weed control practices, crop rotation, agronomy;, etc.)

A global list of herbicide-resistant weeds is
comprehensively collated (67) at the web-
site http://www.weedscience.org (Figure 1).
Herbicide resistance in general is reviewed in
several books (15, 35, 54, 83, 131, 134).

Effective herbicides have chemical proper-
ties enabling them to enter the plant, be translo-
cated, and reach their targetsite at a lethal dose.
The great majority of herbicides inhibit specific
plant enzymes (target site) that are essential in
plant metabolism. In reviewing evolved herbi-
cide resistance we consider target-site versus
non-target-site resistance. Evolved target-site
resistance exists when herbicide(s) reach the tar-
get site at a lethal dose but there are changes at
the target site that limit herbicide impact (see
section below on Target-Site Herbicide Resis-
tance). Evolved non-target-site resistance in-
volves mechanisms that minimize the amount
of active herbicide reaching the target site (see
section below on Non-Target-Site Herbicide
Resistance).

TARGET-SITE HERBICIDE
RESISTANCE

Evolved target-site resistance can occur by
gene mutation conferring amino acid change

in a target enzyme that prevents herbicide
binding. Alternatively, target-site resistance can
be conferred by overexpression of a target
enzyme (gene amplification or changes in a
gene promoter). Ifa resistance-endowing muta-
tion impairs enzyme functionality and/or plant

100 [
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60

20

Number of resistant weed species

Figure 1

Number of weed species that have evolved resistance to major herbicide modes

of action (to July 2009, data from Reference 67).
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performance a resistance fitness cost may result

(173).

Resistance to PSII-Inhibiting Triazine
Herbicides: One psbA Gene Mutation
Independently Evolving Worldwide

Photosynthesis involves biophysical capture
and transduction of sunlight energy to drive
electron transport to produce NADPH and
ATP for the carbon reduction cycle. Many her-
bicides across several structurally diverse chem-
ical groups (e.g., triazines, triazinones, ureas,
uracils, biscarbamates) inhibit photosynthesis
through the same mechanism of action. They
compete with plastoquinone (PQ) at the PQ
binding site on the D1 protein within the pho-
tosystem two (PSII) complex. PSII electron
transport inhibition stops NADPH and ATP
production and the carbon reduction cycle,
leading to carbohydrate starvation and oxida-
tive stress. From the 1950s onwards, the tri-
azine herbicides became widely adopted in the
maize-growing regions of the world and their
persistent use on huge, genetically diverse weed
populations has led to resistance evolution.
Since the landmark first publication (151), tri-
azine resistance has globally evolved in 68 weed
species (Figure 1) (67). Arntzen et al. (5) and
Gronwald (57) have expertly reviewed the lit-
erature on PSII triazine resistance. The strik-
ing feature of PSII triazine target-site resistance
is that a single resistance mutation has inde-
pendently globally evolved. A point mutation
in the maternally inherited chloroplastic psbA
gene encoding the D1 protein causes a Ser-264-
Gly amino acid substitution in the PQ binding
site (53, 68). With a few exceptions (see section
on Non-Target-Site Herbicide Resistance), vir-
tually all evolved triazine-resistant weed species
have this mutation.

Molecular interactions between the PSII
D1 protein and triazine herbicides. Build-
ing on the knowledge that triazines compete
with PQ at the PQ binding site and the Nobel
prize-winning achievement of the crystal struc-
ture of the PSII-like reaction center of

Powles » Yu

photosythetic purple bacteria (104), there is an
exquisite understanding of how PQ and tri-
azines bind to the D1 protein (Figure 2) and
thus how the Ser-264-Gly mutation confers tri-
azine resistance. As triazines and PQ directly
compete for the PQ binding site, Ser-264-Gly is
one of very few options for amino acid changes
that prevent triazine binding while still enabling
PQ binding. Molecular structure and model-
ing of PSII show that at the D1 protein PQ
binding site, Ser-264 provides a hydrogen bond
that is important for PQ or triazine binding
(Figure 2). Substitution with glycine removes
this hydrogen bond, preventing triazine bind-
ing (see References 79, 113, 138 for reviews).
However, while providing high-level triazine
resistance, this mutation also compromises PQ
binding and therefore comes at the cost of re-
duced photosynthesis (see Reference 57 for a
review).

Other resistance-endowing psbA gene
mutations. The Ser-264-Gly mutation pre-
vents triazine binding but there is normal
activity of nontriazine PSII herbicides that
have different chemistry and binding (see
References 113, 138 for reviews). Therefore,
target-site resistance to nontriazine PSII
herbicides requires different mutations, and
indeed five such mutations have been reported
in a small number of weed species. A weed
biotype selected by both triazine and urea
PSII-inhibiting herbicides has a Ser-264-Thr
mutation in the DI protein conferring re-
sistance to both herbicide chemistries (96).
This mutation either partially blocks triazine
and urea herbicide entry into the PQ binding
site or interferes with herbicide interaction
with Phe-255. From selection with nontri-
azine PSII herbicides, a Val-219-Ile mutation
has evolved in two weed species (102, 103),
and an Asn-266-Thr (120), an Ala-251-Val
(100) and a Phe-255-Tle (125) mutation has
evolved separately in three weed species.
These mutations confer resistance to certain
nontriazine PSII herbicides for which the
widely evolved Ser-264-Gly mutation does not
confer resistance.
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Figure 2

The interaction of plastoquinone (PQ) and atrazine with amino acids within the PQ binding site of the PSII D1 protein (modified from
Reference 49). (#) PQ at the PQ binding site is hydrogen-bonded with His-215 and Ser-264. (b) Atrazine at the PQ binding site is
hydrogen-bonded with Phe-265 and Ser-264 (this prevents PQ binding). Substitution of the Ser-264 with Gly removes the hydrogen
bond, preventing atrazine binding. PQ binding affinity is also reduced, but the protein is still functional. Dashed lines indicate
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hydrogen bonds and dotted lines indicate hydrophobic interactions.

psbA gene mutations: effect on PSII func-
tionality and plant fitness. Many studies
demonstrate that the Ser-264-Gly mutation
significantly reduces plant fitness. This muta-
tion reduces PQ binding (Figure 2) and there-
fore photosynthesis, explaining in part the fit-
ness cost. However, there are other adverse
pleiotropic effects of this mutation, dependent
on environmental conditions (especially tem-
perature and light). The wealth of literature
showing a fitness cost for the Ser-264-Gly mu-
tation has been extensively reviewed (57, 70,
173) and needs no further consideration here.
Little is known about the fitness cost of other
PSIT herbicide resistance mutations of the psbA
gene, although limited studies indicate that the
Ser-264-Thr or Asn-266-Thr mutations also
levy a fitness cost (see Reference 173 for a
review). In conclusion, it is clear that target-
site PSII triazine herbicide resistance is nearly

always due to the psbA Ser-264-Gly mutation.
The fitness cost associated with this mutation
has reduced its adverse impact on world agri-
culture. The independent global evolution of
the Ser-264-Gly mutation most likely reflects
the overwhelming use of triazine compared to
other PSII herbicides. A note of caution is that
as the Ser-264-Gly mutation evolved early and
often, researchers have examined for and found
this mutation and have not then searched for
other psbA gene mutations (165) or the coex-
istence of other resistance mechanisms such
as non-target-site resistance. Other psbA mu-
tations have evolved and, as well, non-target-
site resistance to PSII herbicides has evolved
by two different metabolism-based enzyme sys-
tems (see section on Non-Target-Site Her-
bicide Resistance). We emphasize that herbi-
cide selection of billions of genetically diverse
plants means that resistant weed populations
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are likely to reflect diversity in resistance genes
and researchers should examine for all possi-
ble resistance mechanisms, both target-site and
non-target-site.

Resistance to AHAS-Inhibiting
Herbicides: Many Resistance
Mutations

Acetohydroxyacid synthase (AHAS, EC2.2.
1.6), also referred to as acetolactate synthase
(ALS), is the first enzyme in the biosynthetic
pathway for the branched-chain amino acids
valine, leucine, and isoleucine. AHAS catalyzes
the formation of both aceto-hydroxybutyrate
and acetolactate and is the target site for a large
number of herbicides across the dissimilar
sulfonylurea (SU), imidazolinone (IMI), tri-
azolopyrimidine, pyrimidinyl-thiobenzoates,
and sulfonyl-aminocarbonyl-triazolinone her-
bicide chemistries. These herbicides are all
potent inhibitors of AHAS, thereby stopping
synthesis of the branched-chain amino acids,
with subsequent plant death. AHAS-inhibiting
herbicides control many weed species, have
low mammalian toxicity, and are selective in
major world crops. These favorable qualities
ensured their global, intensive use in many
different crops over huge areas. The evolution
of herbicide-resistant weeds (101 species
to date) rapidly followed (Figure 1) (67).
The extensive AHAS-inhibiting herbicide
resistance literature has been thoroughly
reviewed (153, 168), so here we focus on recent
developments.

It was quickly established that AHAS
herbicide-resistant plants could have a mutant-
resistant AHAS enzyme (92, 152), and re-
ports of resistant AHAS in many weeds fol-
lowed. When reviewed in 1994 (153), it was
known that AHAS Pro-197 could be substituted
with either His or Thr to encode a resistant
AHAS (59). Since 1994, an amazing number of
resistance-endowing mutations have been iden-
tified. When reviewed in 2002, 13 resistance
amino acid substitutions at five sites within
AHAS had been identified in weeds (168). Now,
in 2009, there are 22 resistance substitutions at
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seven sites across AHAS (Table 2) (167, 168).
Remarkably, at Pro-197, 11 amino acid substi-
tutions can endow AHAS herbicide resistance.
Pro-197 mutations are by far the most often ob-
served (Table 2). At Pro-197, substitution with
Ser is a particularly common mutation, relative
to the many other possible Pro-197 resistance-
endowing substitutions. As discussed below, the
Pro-197-Ser substitution most likely achieves
AHAS herbicide resistance without any major
adverse impact on AHAS functionality. Also,
the Pro-197-Ser substitution requires only one
nucleotide mutation, whereas some of the Pro-
197 amino acid substitutions (e.g., Ile, Lys, Met,
Trp) require two nucleotide changes and thus
will be slower to evolve. Especially in cross-
pollinated species, several AHAS mutations can
be present in an individual plant (e.g., 123, 180,
192, 196).

Molecular interactions between AHAS and
herbicides. AHAS has both a catalytic and
a regulatory subunit. The regulatory subunit
stimulates activity of the catalytic subunit and
confers sensitivity to feedback inhibition by
branched-chain amino acids (see Reference 40
for a review). Major advances have been made
in the elucidation of the crystal structure of
the yeast (98, 117, 118) and then the plant
(Arabidopsis thaliana) catalytic subunit (99) in
complex with various AHAS herbicides. These
achievements enable precise identification of
AHAS herbicide binding sites and provide an
exquisite understanding of the detailed molec-
ular interactions between AHAS, cofactors, and
herbicides (40, 97). This work has revealed that
the AHAS catalytic site is deep within a chan-
nel and that, crucially, AHAS herbicides do not
bind within the catalytic site. Rather, they bind
across an herbicide binding domain that strad-
dles the channel entry, thereby blocking sub-
strate access to the catalytic site (Figure 3).
Across this domain, 18 amino acid residues are
involved in herbicide binding (99). Structurally
different AHAS herbicides orientate differently
in the herbicide binding domain, with partial
overlap (Figure 3). Thus, a particular amino
acid substitution within the herbicide binding
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Table 2 Resistance-endowing acetohydroxyacid synthase amino acid substitutions in field-evolved resistant weed species

Amino acid and Resistance Resistance spectrum® Number of species in which
position® substitution SU IMI mutation detected References®
Ala-122 Thr S R 5

Tyr r R 1 S. Friesen & S. Powles,

unpublished data

Pro-197 His R S/r 4

Thr R S/r 6

Arg R S 3

Leu R R/1/S 8

Gln R S 4

Ser R S 14

Ala R S 6

Ile R r 1

Met R 1 180

Lys R - 1 180

Trp R — 1 180
Ala-205 Val /S R/r 4
Asp-376 Glu R/r R 4 Also see 71
Trp-574 Leu R R 16

Argd R R 1 180
Ser-653 Thr S/t R 3

Asn S/r R 2

Ile r R 1 80
Gly-654 Glu R 1 154

Asp R 1 80

*Amino acid numbering refers to the A. thaliana acetohydroxyacid synthase (AHAS) gene.

bSU: sulfonylurea; IMI: imidazolinone; S: susceptible; R: resistant; r: low to moderately resistant; dash: not determined. For resistance spectrum to other

AHAS herbicide chemistries, see Reference 167.

“Unless otherwise specified, references and data are from Reference 167.

4Only heterozygous resistant individuals were found.

domain can confer resistance to some but not
to other AHAS herbicides (Table 2). There is
a broad spectrum of resistance conferred by the
Trp-574-Leu mutation (Table 2) (167) because
Trp-574 is important not only for defining the
shape of the active-site channel but also for an-
choring both SU and IMI herbicides to AHAS
(99). This molecular and structural knowledge
of the AHAS herbicide binding domain, the ef-
fect of resistance mutations, and the fact of the
separate catalytic site provide the explanation
for the many AHAS resistance mutations that
have evolved (Table 2). As the AHAS herbi-
cides bind away from the catalytic site, there
can be many mutations that prevent herbicide
binding withoutadversely affecting the catalytic

site (Figure 3). This also helps explain why
there is a high frequency of AHAS-resistant
plants present in a susceptible population be-
fore AHAS herbicide selection (139).

AHAS gene mutations: effect on AHAS
functionality and plant fitness. Of the many
AHAS resistance mutations that have evolved
in weeds worldwide (Table 2) only a few
have been properly investigated for fitness cost.
Early work indicated that some resistance mu-
tations showed no or negligible fitness cost (see
References 70, 168 for reviews), whereas the
"Trp-574-Leu substitution can have a substantial
fitness cost (164). Vila-Aiub et al. (173) have
recently reviewed AHAS herbicide resistance

www.annualreviews.org o Plants Resistant to Herbicides

323



Annu. Rev. Plant Biol. 2010.61:317-347. Downloaded from www.annualreviews.org

by Universidad Veracruzana on 01/08/14. For personal use only.

a Trp-574 b Trp-574
Ser-653
Gly-654 Gly-654
Asp-37
sp-376 Asp-376
/ Ala-122
Pro-197 Ala-205 Pro-197 Ala-205
Figure 3

Simulation model of Arabidopsis AHAS structure in complex with the SU herbicide chlorsulfuron () or the IMI herbicide imazaquin
(b). The herbicides are colored white; the residues that have evolved resistance substitutions are colored red. Note that the SU
herbicide is bound deeper and closer to and has more contact with the catalytic site than does the IMI herbicide. The perspective of the
images is that the atoms of the herbicides at the bottom left are those that are at the entrance of the channel, and those at the top right
are inside the channel, leading to the catalytic site. (S. Friesen & S. Powles, unpublished data.)
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and fitness costs, so here we focus on the effect
of resistance mutations on AHAS functional-
ity. As AHAS herbicides do not resemble the
normal AHAS substrate and bind at an herbi-
cide binding domain separate from the catalytic
site, it is likely that some resistance mutations
have a negligible effect on AHAS functionality,
whereas others will alter AHAS functionality
and/or have other (adverse) pleiotropic effects
on the plant. Therefore, unsurprisingly, stud-
ies with particular resistant biotypes show re-
duced (6, 42, 43), increased (13, 194, 196), or
unchanged (13, 142) AHAS activity. In general,
it has been found that resistance mutations do
not drastically change AHAS substrate affinity
(K:n), but rather that they change AHAS sen-
sitivity to branched-chain amino acid feedback
inhibition, resulting in accumulation of these
amino acids (e.g., 6, 42, 43, 142). To know the
precise effect of each of the 22 resistance mu-
tations (Table 2), studies need to be conducted
with known genotypes for each of these mu-
tations. Recently, we have generated purified
homozygous Lolium rigidum plants for each of
the Pro-197-Ala, Pro-197-Arg, Pro-197-Gln,
Pro-197-Ser, and Trp-574-Leu mutations, and
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determined AHAS kinetics for each of these in-
dividual mutations. We have found that the very
common Pro-197-Ser mutation (Table 2) has
no effect on AHAS kinetics, relative to wild-
type AHAS or some of the other amino acid
substitutions at Pro-197 (Q. Yu, H. Han, S.
Powles, manuscript in preparation). This helps
to explain why this mutation is so common. We
believe that when this work is completed for a
range of AHAS resistance mutations, it will re-
veal that some mutations have no adverse effects
on AHAS functionality, while other mutations
have clear adverse impacts. It remains to be es-
tablished whether and to what extent the effect
of these AHAS mutations impacts plant fitness.
In conclusion, there is now good understanding
of how plants so easily evolve target site AHAS
herbicide resistance. Elegant molecular struc-
tural and modeling work reveals that AHAS
herbicide binding and catalytic sites are spa-
tially separate, and many resistance mutations
have a negligible impact on AHAS function-
ality. This explains how there can be so many
AHAS resistance gene mutations. Note, how-
ever, that resistance evolution to AHAS herbi-
cides is not restricted to AHAS gene mutations.
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Non-target-site, metabolism-based resistance
to AHAS herbicides is also a powerful and
widely occurring resistance mechanism (see
section below on Cytochrome P450 Monooxy-
genases and Evolved Herbicide Resistance).

Resistance to ACCase-Inhibiting
Herbicides: Eight Resistance
Mutations

Acetyl-coenzyme A carboxylase (ACCase,
EC.6.4.1.2) is a key enzyme in lipid biosyn-
thesis that catalyzes the formation of malonyl-
CoA from the carboxylation of acetyl-CoA.
Two types of ACCase have been recognized:
The heteromeric prokaryotic ACCase is com-
posed of multiple subunits, whereas the ho-
momeric eukaryotic ACCase is a large mul-
tidomain protein. Plants have both cytosolic
and plastidic ACCase. In grasses the plastidic
ACCase is homomeric and is the target site
for three herbicide classes. Importantly, in most
dicots the plastidic ACCase is multimeric and
is not sensitive to herbicides. Thus most di-
cot species tolerate ACCase-inhibiting herbi-
cides well, but most grass species are suscepti-
ble, meaning that ACCase herbicides control
only grass weed species. ACCase herbicides,
introduced since 1978, have become widely
used for grass weed control in world agri-
culture. There are many ACCase herbicides
across the aryloxyphenoxypropionate (APP),
cyclohexanedione (CHD) and phenylpyrazo-
line (PPZ) chemical groups. In response to
global and often intensive ACCase herbi-
cide selection, many grass weeds (36 species,
Figure 1) (67) have evolved resistance since
the first report in L. rigidum (65). For exam-
ple, most populations of L. rigidum across a
huge Australian grain-growing region (90, 14,
114) and a considerable proportion of Alopecu-
rus myosuroides in northwestern Europe are now
ACCase herbicide resistant (29, 108). There are
substantial areas of ACCase herbicide-resistant
grass weeds in various parts of the world. The
evolution of ACCase herbicide resistance has
been comprehensively reviewed (34, 36), so
here we focus on recent developments.

It was first established that ACCase herbi-
cide resistance could be target-site based due
to a resistant ACCase (121), and then three
laboratories independently identified a Leu-
1781-Ile resistance-endowing mutation in the
CT (carboxyl transferase) domain of plastidic
ACCase of resistant grass weeds (32, 199, 204).
Progressively since then, seven other resistance
substitutions have been identified in various
grass species (Table 3). Of these mutations,
Leu-1781-Ile is the most common. Given the
large number of ACCase herbicides across
three chemically distinct groups, the ACCase
herbicide resistance spectrum endowed by the
eight resistance mutations has been elucidated
only for some ACCase herbicide groups in
some grass weeds (Table 3). It is increasingly
recognized that the level and spectrum of
target-site ACCase herbicide resistance are de-
termined by the particular resistance mutation,
homozygosity/heterozygosity of the plants for
the mutation, and, importantly, the herbicide
and dose used for evaluation (28, 75, 190). To
obtain precise information it is necessary to
have well-characterized genotypes with known
mutations and to carefully select herbicide
and dose (28, 33, 126, 190). For example, the
Asp-2078-Gly mutation confers high-level
resistance to many (APP and CHD) ACCase
herbicides but very low-level resistance to the
(CHD) herbicide clethodim (28, 190). Thus
it is erroneous to assume that all target-site
resistance mutations endow high-level resis-
tance. The reality is that on a case-by-case
basis particular target-site mutations give
from high-level to quite low-level resistance
(28, 75, 190). Generalizations should not
be made and indeed, in general, the impor-
tance of herbicide dose and homozygosity/
heterozygosity for the resistance mutation(s)
in evaluating a resistance mutation is underap-
preciated in herbicide resistance research.

Molecular interactions between ACCase
and herbicides. In comparison to AHAS (dis-
cussed above), for ACCase less is known as
to herbicide binding and influence on the cat-
alytic site, and how mutations confer resistance.
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Table 3 Resistance-endowing plastidic ACCase CT domain amino acid substitutions in field-evolved resistant grass weed

species
Resistance spectrum”

Amino acid substitution® Grass weed species APP CHD PPZ References®
Tle-1781-Leu Alopecurus myosuroides R R R Also see 126

Avena fatua R R r Also see 17

A. sterilis R R - 89

Lolium multiflorum — R - 182

L. rigidum R R R Also see 190, 205

Setaria viridis R R —
Trp-1999-Cys A. sterilis RY/S S - 89
Trp-2027-Cys A. myosuroides R S R Also see 126

A. sterilis R/r r - 89

L. rigidum — r — 190
Ile-2041-Asn A. myosuroides R S r Also see 126

A. sterilis R r - 89

Phalaris paradoxa - - - 69

L. rigidum R /S — Also see 190, 206
Ile-2041-Val L. rigidum S/R S —
Asp-2078-Gly A. myosuroides R R R Also see 126

A. sterilis R R - 89

L. multiflorium R R R 75

L. rigidum R R R 190

P. paradoxa R R R 69
Cys-2088-Arg L. rigidum R R R 190
Gly-2096-Ala A. myosuroides R r/S S Also see 126

Abbreviations: ACCase: Acetyl-coenzyme A carboxylase; AT: carboxyl transferase.

?Amino acid positions correspond to the full-length plastidic ACCase in A. mzyosuroides.

YAPP: aryloxyphenoxypropionates; CHD: cyclohexanediones; PPZ: phenylpyrazolines; R: resistant; S: susceptible; r: low to moderately resistant;

dash: not determined.

¢Unless otherwise specified, see 28, 34 for references.

dResistant only to Fenoxaprop.
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However, knowledge is accumulating, com-
mencing with evidence that the inhibition of
ACCase by ACCase herbicides is nearly com-
petitive with the substrate acetyl-CoA (see
Reference 36 for a review). A pivotal advance
has been the achievement of the crystal struc-
ture of the yeast ACCase CT domain, which
revealed that the ACCase catalytic site is sit-
uated in a cavity at the interface of the dimer
(202,203). Thereis evidence that ACCase (APP
group) herbicides bind within a domain close to
and partially overlapping the catalytic site (202).
However, the precise binding details of the
many ACCase herbicides across three chemi-
cal groups (APP, CHD, PPZ) remain unknown.
Some resistance amino acid substitutions
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(Table 3) may prevent herbicide binding with-
out having an effect on substrate acetyl-CoA
binding at the catalytic site, whereas other mu-
tations that overlap the catalytic site may ad-
versely impact acetyl-CoA binding and there-
fore ACCase functionality (33). Further in-
sight has come from three-dimensional mod-
eling, which indicates that resistance amino
acid substitutions do occur within the cat-
alytic cavity and change the shape of the
cavity, hampering herbicide access to the bind-
ing site (33). Definitive proof awaits achieve-
ment of the crystal structure of plant ACCase
in the presence and absence of bound her-
bicides. Note that for target-site ACCase
resistance, notwithstanding the presence of
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resistance mutations (Table 3), a few ACCase
herbicides continue to be effective on many
resistant populations. Such ACCase herbicides
have a particular chemical structure that enables
them to bind and inhibit ACCase, despite the

presence of resistance mutations.

ACCase gene mutations: effect on ACCase
functionality and plant fitness. Some of the
eight different resistance-endowing ACCase
gene mutations (Table 3) have a fitness cost, but
others do not (see Reference 173 for a review).
In A. myosuroides, using segregating F2 families
with careful genotyping to obtain homozygous
and heterozygous individuals, no fitness cost
was found for the Ile-1781-Leu or Ile-2041-Asn
mutations (101). Similarly, there was no fitness
cost in a L. rigidum biotype with the Ile-1781-
Leu mutation (171, 174). Indeed, a study with a
resistant genotype of Setaria italica with the Ile-
1781-Leu mutation displays a fitness advantage
for this mutation (178). The 1781-Leu allele is
the wild type in the grass species Poa annua, Fes-
tuca rubra, and F bromoides (31, 191). However,
some ACCase resistance mutations do impose a
fitness cost. A. myosuroides homozygous for the
Asp-2078-Gly mutation has a fitness cost (101).
Equally, L. rigidum genotypes homozygous for
the Asp-2078-Gly or the Cys-2088-Arg muta-
tion also exhibit a fitness cost (M. Vila-Aiub &
S. Powles, unpublished data). Our work with
L. rigidum populations homozygous for
ACCase target-site mutations showed that
1781 mutation does not change ACCase activ-
ity, whereas 2078 or 2088 mutation significantly
reduces ACCase activity (190). As yet there
are no published studies on fitness cost for the
other ACCase resistance mutations identified in
Table 3, and work on this is needed. In con-
clusion, widespread and persistent ACCase
herbicide selection has resulted in the evolution
of many resistant grass weeds. Eight amino
acid substitutions in the CT domain of ACCase
have evolved. Especially in cross-pollinated
weed species, individuals may be heterozygous
for several mutations, and exhibit complex
patterns of cross-resistance across ACCase
herbicides. In addition, it must be emphasized

that non-target-site-based ACCase herbicide
resistance is also widespread. For example, the
contribution of target-site- versus non-target-
site-based resistance was evaluated using 243
ACCase herbicide-resistant A. mzyosuroides
French populations, which demonstrated that
most resistant plants did not have any of the
known ACCase mutations (29). Similarly,
across huge areas of Australia, non-target-site
ACCase herbicide resistance is also common in
resistant L. rigidum and Avena spp. (114, 115,
and reviewed in section on Non-Target-Site
Herbicide Resistance). A further complication
is that individuals can exhibit both target-
site and non-target-site  ACCase herbicide
resistance mechanisms.

Glyphosate Resistance: EPSPS
Pro-106 Mutations

Glyphosate is by far the world’s most widely
used and important herbicide. Glyphosate has
a favorable environmental profile and controls
a very broad spectrum of annual and perennial
weeds in varied agricultural, industrial, and
amenity situations. Glyphosate is a specific
and potent inhibitor of the chloroplast enzyme
5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS) (EC 2.5.1.19), which catalyzes the
shikimate-3-phosphate  (S3P)
and phosphoenolpyruvate (PEP) to form
5-enolpyruvylshikimate-3-phosphate (EPSP).
Glyphosate inhibition of EPSPS activity
disrupts the shikimate pathway and inhibits
aromatic amino acid production, ultimately
causing plant death. Glyphosate has been glob-
ally and extensively used since 1974, and when
reviewed in 1994, there were no reports of

reaction of

evolved glyphosate-resistant weeds (41). How-
ever, since firstidentified (132, 135), glyphosate
resistance has evolved in atleast 16 weed species
in 14 different countries and is fast becoming
a very significant problem in world agriculture
(Table 4; Figure 1) (67; see Reference 129
for a review). A major factor accelerating the
evolution of glyphosate-resistant weeds has
been the advent of transgenic glyphosate-
resistant crops such as soybean, maize, cotton,
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Table 4 Weed species that have evolved enhanced rates of cytochrome P450-mediated herbicide

metabolism
Species Herbicide Herbicide group References?
Amaranthus bybridus Chlorimuron AHAS inhibitors 94
Bromus tectorum Propoxycarbazone AHAS inhibitors 119
Alopecurus myosuroides Chlorotoluron PSII inhibitors Also see 87
Chlorsulfuron AHAS inhibitors
Flupyrsulfuron
Clodinafop ACCase inhibitors
Diclofop-methyl
Propaquizafop
Haloxyfop
Fenoxaprop-p
Lolium rigidum Chlorotoluron PSII inhibitors
Atrazine
Diuron
Metribuzin
Simazine
Chlorsulfuron AHAS inhibitors
Diclofop-methyl ACCase inhibitors
Tralkoxydim
Pendimethalin Dinitroaniline 163
Lolium multiflorum Diclofop-methyl ACCase inhibitors 19
Avena sterilis Diclofop-methyl ACCase inhibitors
Phalaris minor Isoproturon PSII inhibitors
Echinochloa phyllopogon Bispyribac-sodium AHAS inhibitors 10, 185, 198
Fenoxaprop-p-ethyl ACCase inhibitors
Thiobencarb Thiocarbamates
Stellaria media Mecoprop Synthetic auxins
Digitaria sanguinalis Fluazifop-P-butyl ACCase inhibitors
Imazethapyr AHAS inhibitors
Sinapis arvensis Ethametsulfuron-methyl AHAS inhibitors

*Unless otherwise specified, see 54, 138, 146 for references.

and canola. These have been spectacularly
adopted in North and South America. In these
crops, glyphosate has replaced almost all other
herbicides or other means of achieving weed
control. From an evolutionary viewpoint,
this singular reliance on glyphosate is an
intense selection for any glyphosate resistance
genes (128, 129). Unsurprisingly, widespread
evolution of glyphosate resistance in weeds
has quickly followed (Figure 4). The reader
is referred to the 2008 special issue of Pest
Management Science, Volume 64, which fully
reviews glyphosate-resistant crops and weeds.
Mechanisms endowing evolved glyphosate re-
sistance in weeds have recently been reviewed,
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showing that both target-site EPSPS gene
mutation/amplification and non-target-site
resistance (discussed below) have evolved (133,
143, 158).

Target-site glyphosate resistance, first iden-
tified in an Eleusine indica biotype (84), is due
to a serine substitution at Pro-106 (Pro-106-
Ser) in a highly conserved region of the EP-
SPS gene (9). Subsequently, threonine and
alanine substitutions at Pro-106 have been
first reported in glyphosate-resistant E. indica
(112) and Lolium (189) populations, respec-
tively. Now these three Pro-106 amino acid
substitutions have been identified in E. indica
and Lolium populations from various parts of
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Figure 4

Evolved glyphosate-resistant Sorghum halepense infesting an Argentinean transgenic glyphosate-resistant
soybean crop (with permission of M. Vila-Aiub; see 175).

the world (76; see Reference 143 for a review).
These Pro-106 substitutions confer only a
modest degree of glyphosate resistance.

Will there be other EPSPS gene mutations?
In considering whether resistance mutations
other than Pro-106 will evolve, note that
the EPSPS active site is highly conserved
(116). The crystal structure of Escherichia coli
EPSPS and molecular modeling show that
glyphosate inhibits EPSPS by occupying the
PEP binding site (45, 64, 155). Incisive work
on E. coli EPSPS Pro-106 substitutions and the
crystal structure of EPSPS-S3P-glyphosate
reveals that Pro-106 substitutions cause a slight
narrowing of the glyphosate/PEP binding site
cavity, which endows glyphosate resistance but
preserves EPSPS functionality (64). In contrast,
substitutions at Gly-101 or Thr-102 confer
high-level glyphosate resistance but reduce the
volume of the glyphosate/PEP binding site,

and this significantly reduces affinity for PEP
(45, 50). Thus, mutations enabling both
glyphosate and PEP binding while retaining
EPSPS functionality may be very rare. For
example, only the Pro-106 substitutions were
identified in a directed evolution strategy in-
volving randomly mutated Oryza sativa EPSPS
(E. coli expressed) in which only EPSPS mu-
tants that conferred glyphosate resistance and
retained EPSPS functionality were advanced
(207). So far, there are no published studies on
the effect of target-site EPSPS glyphosate resis-
tance mutations on the fitness of resistant indi-
viduals. Such studies are needed for the various
glyphosate resistance Pro-106 substitutions
that have evolved in glyphosate-resistant weeds.

EPSPS overexpression or amplification.
It has been recently documented that highly
glyphosate-resistant  Amaranthus — palmeri
biotypes have up to 100-fold EPSPS gene
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amplification resulting in up to 40-fold EPSPS
overexpression (51). This EPSPS gene am-
plification is heritable and correlates with the
expression level and glyphosate resistance seg-
regating in F2 plants (51). This clear evidence of
field-evolved glyphosate resistance endowed by
EPSPS gene amplification is supported by lab-
oratory selected glyphosate-resistant cell lines
of several plant species that have EPSPS gene
amplification (see Reference 41 for a review). A
threefold increase in basal EPSPS mRNA and
enzyme activity (not due to gene amplification)
was observed in glyphosate-resistant L. rigidum
(8), and a complementary role of constitutively
higher EPSPS mRNA levels was suggested for
several glyphosate-resistant Conyza biotypes,
where reduced glyphosate translocation was
found to be a major resistance mechanism
(37). Thus, given the difficulty in mutating
the EPSPS gene to obtain both resistance and
enzyme functionality, we expect more examples
of evolved glyphosate resistance due to EPSPS
gene amplification. The high levels of EPSPS
produced by massive gene amplification evident
in glyphosate-resistant A. palmeri (51) should
have a fitness cost, and this needs investigation.
In conclusion, it is clear that EPSPS target-site
glyphosate resistance is occurring due to
Pro-106 resistance-endowing mutations, and
glyphosate resistance endowed by EPSPS gene
amplification has been reported. Given the
persistent and widespread glyphosate reliance
in many parts of the world, other glyphosate
resistance mechanisms are likely. Indeed,
non-target-site-based glyphosate resistance
has evolved in several species (discussed in
section Resistance Endowed by Restricted
Rates of Herbicide Translocation, below).

Resistance to Tubulin
Assembly-Inhibiting Herbicides:
Recessive Tubulin Gene Mutations

There are a number of structurally dissim-
ilar, soil-active, pre-emergent herbicides
(dinitroanilines, benzoic acids, phospho-
roamidates, pyridines, and carbamates) that
mostly target germinating seeds, inhibiting
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early cell division. The mode of action of
this group of herbicides is to bind to plant
tubulin dimers, disrupting microtubule growth
(3, 12). Microtubules are polymers of o-
and P-tubulin dimers and are involved in
many essential cellular processes including
mitosis, cytokinesis, and vesicular transport.
Dinitroaniline and other tubulin-inhibiting
herbicides have been used for several decades
but not on a grand scale, and evolved resistance
has been reported in only 10 weed species
(Figure 1) (67). Both target-site resistance and
non-target-site resistance to tubulin herbicides
exist, and the literature up to 1994 has been
thoroughly reviewed (160). Here we focus on
the biochemical and molecular basis of target-
site dinitroaniline herbicide resistance, which
has been studied in detail only in Eleusine indica
and Setaria viridis. When reviewed in 1994,
tubulin polymerization occurred normally in
resistant plants in the presence of dinitroaniline
herbicide (160). In 1998, two groups indepen-
dently identified a «-tubulin gene mutation
resulting in a Thr-239-Ile substitution that
conferred high-level resistance in E. indica (4,
184). This Thr-239-Ile substitution endows
resistance to many dinitroaniline herbicides,
and cross-resistance to phosphoroamidate and
pyridine herbicides, but increased sensitivity
(negative cross-resistance) to some carbamate
herbicides (see Reference 3 for a review).
The same mutation was also reported in
dinitroaniline-resistant S. wviridis, where it
conferred cross-resistance to a benzoic acid
herbicide but negative cross-resistance to
carbamate herbicides (30). A second mutation,
Met-268-Thr, was found to provide lower-level
dinitroaniline herbicide resistance in E. indica
(184). Finally, in dinitroaniline-resistant S.
viridis, a Leu-136-Phe mutation was also iden-
tified (30). Fitness cost studies with plants with
each of these resistance mutations are required.

Importantly, target-site dinitroaniline her-
bicide resistance is inherited as a recessive sin-
gle nuclear gene (72, 166, 177, 200, 201), and
so only homozygous individuals survive the
normal herbicide dose. In contrast, as most
mutations conferring target-site resistance are
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inherited as dominant/semidominant genes
(discussed above), heterozygous individuals sur-
vive at normal herbicide dose. Therefore, this
mechanism of resistance to tubulin-inhibiting
herbicidesis more difficult to evolve because the
initially rare heterozygous resistant individuals
are killed at normal herbicide dose. This helps
explain the limited evolution of this mecha-
nism of resistance, especially in cross-pollinated
species.

Resistance to Protoporphyrinogen IX
Oxidase-Inhibiting Herbicides:
A Novel Deletion Mutation

In plants, protoporphyrinogen IX oxidase
(PPO) is a key enzyme in the biosynthesis of
chlorophyll and heme. PPO catalyzes the ox-
idation of protoporphyrinogen (protogen) to
protoporphyrin IX (Proto IX). In plants there
are two nuclear-encoded PPO isoforms, PPO1
(targeted to the chloroplast and encoded by
the gene PPX1) and the mitochondrial PPO2
(encoded by the gene PPX2). Several herbi-
cides including the diphenylethers and oxidi-
azoles inhibit PPO. Some PPO herbicides have
been used for many years but have not had the
global use evident for major herbicides (dis-
cussed above). There has been little evolution
of PPO herbicide resistance, with resistance re-
ported in biotypes of only three weed species
(Figure 1) (67). Investigations with a resistant
Amarantbus tuberculatus biotype have revealed
a novel and unexpected mutation in which re-
sistance is conferred by an amino acid deletion.
In resistant A. tuberculatus for the PPX2L gene
that likely encodes both chloroplastic and mito-
chondrial PPO, there is the loss of a 3-bp codon,
causing a deletion of glycine at position 210
(122). This is the only report of codon/amino
acid deletion conferring herbicide resistance.
The Gly-210 deletion in the PPO gene en-
dows very high-level resistance to PPO herbi-
cides with little effect on the affinity of PPO
for its substrate protogen, but the deletion in-
curs tenfold-lower PPO activity than does the
wild type (FD. Dayan, PR. Daga, S.O. Duke
et al., unpublished data). Molecular dynamics

simulations, using the crystal structure of Nico-
tiana tabacum PPO2 in complex wi