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Abstract There has been much debate regarding the
potential for reduced rates of herbicide application to
accelerate evolution of herbicide resistance. We report a
series of experiments that demonstrate the potential for
reduced rates of the acetyl-co enzyme A carboxylase
(ACCase)-inhibiting herbicide diclofop-methyl to rap-
idly select for resistance in a susceptible biotype of
Lolium rigidum. Thirty-six percent of individuals from
the original VLR1 population survived application of
37.5 g diclofop-methyl ha™' (10% of the recommended
field application rate). These individuals were grown to
maturity and bulk-crossed to produce the VLRI low
dose-selected line VLR1 (0.1). Subsequent comparisons
of the dose-response characteristics of the original and
low dose-selected VLR1 lines demonstrated increased
tolerance of diclofop-methyl in the selected line. Two
further rounds of selection produced VLRI lines that
were resistant to field-applied rates of diclofop-methyl.
The LDsq (diclofop-methyl dose required to cause 50%
mortality) of the most resistant line was 56-fold greater
than that of the original unselected VLR1 population,
indicating very large increases in mean population sur-
vival after three cycles of selection. In vitro ACCase
inhibition by diclofop acid confirmed that resistance was
not due to an insensitive herbicide target-site. Cross-
resistance studies showed increases in resistance to four
herbicides: fluazifop-P-butyl, haloxyfop-R-methyl, cle-
thodim and imazethapyr. The potential genetic basis of
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the observed response and implications of reduced her-
bicide application rates for management of herbicide
resistance are discussed.

Introduction

Resistance to xenobiotics is a striking example of rapid
evolution following a novel environmental challenge and
is a recurring theme in agriculture (resistance to insec-
ticides, fungicides and herbicides) and medicine (anti-
microbial resistance). Herbicide resistance now
compromises weed management practices in many
agricultural situations worldwide (reviewed in Powles
and Shaner 2001) and must be addressed from an evo-
lutionary perspective (Via 1986). Georghiou and Taylor
(1986) separated the factors influencing the evolution of
pesticide resistance into genetic, biological/ecological
and operational. Genetic factors include the frequency
of resistance (R) alleles in populations prior to selection,
the number of alleles or loci contributing to the resis-
tance phenotype and the relative fitness of those alleles
in the presence and absence of the herbicide (Maxwell
and Mortimer 1994; Jasieniuk et al. 1996; Diggle and
Neve 2001). Biological and ecological factors relate to
individual species biology, and operational factors in-
clude the rate of herbicide applied (selection intensity)
and herbicide use patterns (e.g. rotations and mixtures).

The relative contribution to adaptation of genetic
variation at major (genes with a large phenotypic effect)
and minor (genes with smaller additive effects) loci has
been keenly discussed, and it is widely agreed that the
majority of adaptation in natural populations occurs as
a consequence of selection at many loci of small effect
(Lande 1983; Orr and Coyne 1992). However, most of
the documented cases of field-evolved resistance to xe-
nobiotics result from the selection of single major genes
(monogene resistance) (Roush and McKenzie 1987,
Macnair 1991; Darmency 1994; Jasieniuk et al. 1996;



Shaw 2000; Daborn et al. 2002). Lande (1983) concluded
that adaptation by single genes with large phenotypic
effects (and potentially large pleiotropic fitness costs)
would be favoured by a sudden and/or large change in
the environment, such as that experienced following
exposure to anthropogenic toxins (xenobiotics, heavy
metals). Similarly, Macnair (1991) has argued that it is
not the strength of selection, but the magnitude of
phenotypic change required to achieve an adaptation
that will determine whether monogenic or polygenic
resistance occurs. In cases where the required magnitude
of phenotypic change is large, this change may only be
achieved by single genes of large effect.

Understanding the relationship between the selection
intensity imposed by a xenobiotic and the genetic basis
of resistance is crucial for the design and implementation
of resistance management strategies. High dose rates
have been advocated for resistance management for
antimicrobials (Lipsitch and Levin 1997), insecticides
(Tabashnik et al. 2004) and fungicides (Steva 1994),
though in each case the theoretical basis for these rec-
ommendations has been somewhat different. Well
known is the ‘high-dose refuge’ (HDR) strategy (see
Tabashnik et al. 2004), developed to minimise insect
adaptation to Bacillus thuringiensis (Bt) transgenic
crops. This strategy relies on high toxin concentrations
which make major gene resistance functionally recessive
and on the maintenance of refuge areas of non-Bt crops
that promote the survival of susceptible adults. These
susceptible individuals mate with rare homozygote
resistant individuals to produce heterozygotes. Lipsitch
and Levin (1997) have shown that resistance evolves
most rapidly following recurrent exposure to interme-
diate rates of antimicrobials. On this basis, they advo-
cate the use of high doses applied infrequently.

It has been suggested that low or suboptimal herbi-
cide rates result in the evolution of polygenic herbicide
resistance (Gressel 1995, 2002). Empirical evidence for
this phenomenon is largely anecdotal. However, many
studies have found a high degree of continuous variation
for tolerance to low herbicide rates within and between
weed populations (Ellis and Kay 1975; Holliday and
Putwain 1980; Price et al. 1983; DeGenarro and Weller
1984; Patzoldt et al. 2002). This continuous phenotypic
variation is indicative of polygenic control, and
McKenzie (2000) has argued that the genetic basis for
evolved insecticide resistance (monogenic versus poly-
genic) depends on the way in which variation is chan-
neled during selection. Where insecticide rates are high,
selection acts outside of the normal range of distribution
of susceptible phenotypes, meaning that only selection
of rare monogenic mutations with large phenotypic ef-
fects occurs (McKenzie 2000). Conversely, low insecti-
cide rates select for pre-existing polygenic variation
(McKenzie and Batterham 1994; McKenzie 2000;
Ffrench-Constant et al. 2004). These arguments related
to pesticide resistance have a basis in the population
genetic and evolutionary theory expounded by Lande
(1983), Macnair (1991) and Orr and Coyne (1992).
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Where selection is intense and requires a large change in
phenotype (high pesticide rates), adaptation will occur
through the selection of major genes with large effect.
Less intense selection (low or intermediate pesticide
rates) may potentially favour adaptation by many genes
of small effect.

In Australia, the annual grass Lolium rigidum Gaudin.
has been introduced as a desirable pasture species. More
recently, as wheat production has increased dramati-
cally, L. rigidum has become the most widespread and
troublesome weed of Australian grain production sys-
tems. Multiple introductions and the obligate outcross-
ing nature of L. rigidum mean that there is considerable
genetic variation within and between populations. Since
the 1970s herbicides have dominated L. rigidum control,
and this species has demonstrated an unprecedented
capacity to evolve resistance to multiple herbicides
(Burnet et al. 1994; Preston et al. 1996). The acetyl-
coenzyme A carboxylase (ACCase)-inhibiting herbicide,
diclofop-methyl was introduced to Australia in 1978 and
became widely used—oprimarily for L. rigidum control.
By 1998, a random survey across 8 million ha of the
Western Australian grain cropping region found that
46% of L. rigidum populations were resistant to field-
applied rates of diclofop-methyl (Llewellyn and Powles
2001). In Australia, farm sizes and hence herbicide-
treated areas are very large, and there is an economic
incentive for growers to reduce herbicide rates where
they believe these will achieve acceptable levels of
control. It has been postulated that the use of relatively
low herbicide rates over large and genetically variable
L. rigidum populations has been responsible for the
unprecedented incidence of herbicide resistance in Aus-
tralian populations of this weed (Gressel 1995, 2002).

Our aim in this paper is to assess the potential for
suboptimal rates of the ACCase-inhibiting herbicide
diclofop-methyl to select for phenotypic variation in a
known susceptible L. rigidum population and for this
selection to result in the evolution of a herbicide-resis-
tant population. These results will be discussed in terms
of their relevance to field-evolved herbicide resistance
and resistance management.

Materials and methods
Plant material

The Lolium rigidum biotype, VLRI, originates from a
commercial seed source in Victoria, Australia and has
previously been confirmed as susceptible to all herbicides
commonly used for L. rigidum control. Seed stocks of
VLR1 have been maintained and regularly multiplied
without herbicide selection by S. Powles since 1985.
During seed multiplication, ingress of pollen from sur-
rounding L. rigidum populations has been prevented.
Seed stocks used in the experiments described in this
paper were collected in December 1998 following seed
multiplication under field conditions at the University of
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Western Australia experimental station. Following col-
lection, threshed and cleaned seeds were stored in dry
conditions at a constant 20°C until use.

VLRI1 dose response to diclofop-methyl

Glasshouse experiments were conducted in August—
September 2000 to establish the dose-mortality response
of the VLRI biotype treated with a range of diclofop-
methyl rates up to the recommended Australian use rate
for L. rigidum control (x=375 g ha™"). Seeds (50) were
sown into plastic seedling trays (28x33x5 cm) containing
a standard potting mixture (50% peat/50% sand). The
trays were placed in a cooled glasshouse (maximum
daily temperature of 20 +5°C) and were watered as re-
quired. When the majority of seedlings had reached the
two-to three-leaf stage they were counted, and seedlings
with more or fewer than two or three leaves were re-
moved, resulting in a mean of 107 treated seedlings per
herbicide rate. A commercial herbicide formulation was
applied at rates of 18.75, 37.5, 75, 112.5, 187.5and 375 g
diclofop-methyl ha~' (corresponding to 0.05x, 0.1x,
0.2x, 0.3x, 0.5x and 1.0x) with 0.25% BS1000 (non-ionic
surfactant) using a twin-nozzle laboratory sprayer cali-
brated to deliver 1001 water ha~' at 210 kPa when
traveling at 1 m s~'. An untreated control was sprayed
with water, and there were three replicate trays per
treatment. Following herbicide application, the trays
were returned to the glasshouse. Plant survival was as-
sessed 21 days after herbicide application. Plants were
scored as alive if they had produced fresh green leaf
material since the treatment and were actively growing.
Plants that survived 37.5 g diclofop-methyl ha™' (0.1x)
(n=38) were excavated from the trays, the roots were
trimmed to approximately 10 mm in length and the
shoots to 20 mm and the plants were individually re-
potted in 180-mm diameter pots containing potting mix.
Prior to anthesis, all of the plants were placed in a
pollen-proof enclosure to enable cross-pollination and
to prevent the ingress of foreign pollen. Seeds were
harvested at maturity and were stored as described
previously. Seed collected was designated as the
VLRI (0.1) line, indicating that it had been selected at
10% of the diclofop-methyl recommended rate.

Recurrent selection of VLR1 with diclofop-methyl

In order to confirm a response in VLR to selection at low
herbicide doses, we conducted experiments in 2001 to
compare the dose-mortality response of the original
VLR1 population with that of the VLR1 (0.1) line. Seeds
of VLR1 or VLRI (0.1) were sown in 180-mm plastic pots
(12 per pot) containing a standard potting mix and
maintained in a glasshouse as described previously. At the
two- to three-leaf stage, seedlings were counted and di-
clofop-methyl was applied at rates of 37.5, 75, 187.5, 375
and 750 g ha™" (0x, 0.1x, 0.2x, 0.5x, 1.0x and 2.0x) using

the laboratory sprayer. There were four replicate pots per
herbicide treatment. Plant survival was assessed 21 days
after treatment. The experiment was repeated in April-
May and June-July 2001 and, following appropriate sta-
tistical comparison, data sets were pooled for subsequent
analysis to compare dose-mortality responses of the se-
lected and unselected VLRI lines.

Plants from the VLRI (0.1) line that survived 75 g
diclofop-methyl ha=' (#=19) and 187.5 g diclofop-
methyl ha™' (n=9) in the second experiment (June—July)
were repotted, maintained and separately crossed as
previously described to produce VLRI (0.1, 0.2) and
VLRI1 (0.1, 0.5) seed lines, respectively. In 2002, similar
experiments were conducted to compare the dose-mor-
tality responses of these two twice-selected lines and to
assess the continued capacity of the VLR1 population to
respond to selection with low and field-applied doses of
diclofop-methyl (data not shown). Following scoring for
survival, plants of the VLRI (0.1, 0.2) line that had
survived 187.5 g diclofop-methyl ha™! (n=15) and
375 g diclofop-methyl ha~! (n=13) and plants of the
VLR1 (0.1, 0.5) line surviving 750 g ha™' (n=23) were
repotted, grown to maturity and separately crossed as
described previously to produce the VLR1 (0.1, 0.2, 0.5),
VLRI1 (0.1, 0.2, 1.0) and VLRI (0.1, 0.5, 2.0) lines,
respectively. Following collection and cleaning, seeds of
all lines were stored in dry conditions at constant 20°C.

Diclofop-methyl dose-response profiles
for low dose-selected VLRI lines

In April-May 2004, experiments were conducted to
compare the responses of all of the selected VLR lines to
increasing doses of diclofop-methyl under identical con-
ditions. Seeds of the original VLR1 population and of
selected lines VLR (0.1), VLR1 (0.1, 0.2), VLR1 (0.1,
0.5), VLR1 (0.1, 0.2, 0.5), VLR1 (0.1, 0.2, 1.0) and
VLRI (0.1, 0.5, 2.0) were sown in 180-mm plastic pots (12
per pot) containing a standard potting mixture and
maintained in the glasshouse as described previously. At
the two- to three-leaf stage, pots were thinned to eight
similarly sized seedlings. There were three replicate pots
per herbicide rate X VLRI line combination. Plants were
sprayed with diclofop-methyl supplemented with 0.25%
BS1000 at 0, 18.75 (0.05x), 37.5 (0.1x), 93.75 (0.25x),
187.5 (0.5x), 375(x), 750 (2x), 1,500 (4x), 3,000 (8x) and
(16x) 6,000 g ha~" using the laboratory sprayer and were
returned to the glasshouse following the herbicide appli-
cation. After 21 days, the plants were scored as dead or
alive, and the above-ground fresh biomass of all plants
(alive and dead) was determined as a percentage of the
mean fresh biomass of the untreated control plants.

ACCase extraction and assay

In vitro assays of ACCase inhibition by diclofop acid
were performed to determine if observed changes in



population level resistance following selection with di-
clofop-methyl were the result of a reduced sensitivity of
the herbicide target enzyme. Seeds of the original VLRI
population and the VLR1 (0.1, 0.5, 2.0) line were sown
in three replicate 180-mm pots (20 per pot) and main-
tained in a glasshouse. At the 1.5- to two-leaf stage,
plants were harvested at the soil level, and fresh shoot
material was frozen in liquid nitrogen and stored at
—20°C until use.

VLRI and VLRI (0.1, 0.5, 2.0) frozen shoot tissue
(3 g) was homogenized in 10 ml extraction buffer con-
taining 100 mM Tris (pH 8.0), 1 mM EDTA, 10% (v/v)
glycerol, 2 mM isoascorbic acid, 1 mM PMSEF, 0.5%
PVP-40, 0.5% insoluble PVP and 20 mM DTT. The
homogenate was centrifuged at 27,000 g for 15 min. The
supernatant was brought to 40% (NH,4),SO,4 saturation
by dropwise addition of saturated (NH4),SO4 and stir-
red for 30 min. The solution was centrifuged at 27,000 g
for 30 min. The pellet was resuspended in 2.5 ml elution
buffer (50 mM Tricine, pH 8.0, 2.5 mM MgCl,, 50 mM
KCl, 1 mM DTT) and desalted on a Sephadex G-25
(Pharmacia PD-10) column pre-equilibrated with elution
buffer. The eluent was stored at —20°C until use (mod-
ified from Tardif et al. 1993).

ACCase activity was assayed by quantifying the
incorporation of Na[H'¥] CO; into an acid-stable
product according to Seefeldt et al. (1996) with modifi-
cations. The enzyme extract was incubated at 30°C in
assay buffer that contained 10 mM Tricine-KOH,
pH 8.3, 5 mM ATP, 10 mM MgCl,, 0.1% bovine serum
albumin (BSA), 2.5 mM DTT, 3.24 mM NaHCO;
(including 18.5 kBq of Na[H'¥] COs) and appropriate
concentrations of technical grade diclofop acid. A di-
clofop acid concentration series (0.1, 1, 10, 50 and
100 uM) was prepared in 100 mM Tricine buffer con-
taining 10% acetone. The reaction was started by the
addition of acetyl-CoA at a final concentration of
0.25 mM and was stopped after 10 min by the addition
of concentrated HCl. A 50-pl aliquot of the reaction
mixture was placed on glass filter and air-dried. After
drying, the filter paper was placed in a scintillation vial
containing 3 ml of liquid scintillant. Radioactivity was
determined using a liquid scintillation counter. Enzyme
activity (inhibition) was expressed as a percentage of the
untreated control.
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Enzyme extraction was from two replicate VLR 1 and
VLRI (0.1, 0.5, 2.0) samples. For each enzyme extrac-
tion, reaction assays were performed in duplicate. En-
zyme activities from replicate extractions and duplicated
assays were pooled for subsequent analysis.

Cross-resistance profiling of low dose-selected VLR1

A series of experiments were conducted to establish if
low dose selection with diclofop-methyl had selected for
changed sensitivity to other chemically similar and dis-
similar herbicides commonly used for L. rigidum control.
During June and July 2003, survival of the original
VLRI biotype and the selected line VLRI (0.1, 0.5, 2.0)
were compared following application of a rate close to
the field-recommended rate of a range of herbicides.
Herbicides and rates are shown in Table 1. Seeds were
sown into 180-mm plastic pots (20 per pot) containing a
standard potting mixture and maintained in a cooled
glasshouse. At the two- to three-leaf stage, herbicides
were applied and the plants returned to the glasshouse.
There were three replicate pots per herbicide treatment.
Plant survival was assessed 21 days after herbicide
application.

For herbicides where the single rate screening de-
scribed above indicated some level of cross-resistance,
more detailed dose-mortality response experiments were
conducted from August to October 2003. Three replicate
pots with 20 seeds per pot for VLR1 and VLR1 (0.1, 0.5,
2.0) were established and maintained as previously de-
scribed. At the two- to three-leaf stage, seedlings were
sprayed with a series of doses of fluazifop-P-butyl (0,
10.6, 26.5, 38.75, 53, 106 ha_l), haloxyfop-R-methyl
(0, 3.9, 7.8, 19.5, 39 g ha™ "), sethoxydim (0, 18.6, 37.2,
55.8, 74.4, 93 gha™ "), clethodim (0, 2.4, 4.8, 12,
24 gha ') and imazethapyr (0, 7, 14, 35, 70 g ha™").
Plant survival was assessed 21 days after herbicide
application.

Data analysis

Survivorship data from herbicide dose-response experi-
ments were analysed by probit analysis. Values for

Table 1 Herbicides applied to VLR1 and VLR1 (0.1, 0.5, 2.0) seedlings to assess selection for cross-resistance following selection with low

doses of diclofop-methyl

Herbicide active ingredient Herbicide class

Herbicide target

Field rate (g ha™!)

Rate applied (g ha™!)

Fluazifop-P-butyl Aryloxyphenoxypropionate

Propaquizafop Aryloxyphenoxypropionate
Haloxyfop-R-methyl Aryloxyphenoxypropionate
Sethoxydim Cyclohexanedione
Clethodim Cyclohexanedione
Chlorsulfuron Sulfonylurea
Sulfometuron-methyl Sulfonylurea

Imazethapyr Imidazolinone

Paraquat Bypyridilium

Glyphosate Glycine

ACCase 53 32
ACCase 30-45 25
ACCase 39-52 39
ACCase 93 46.5
ACCase 36-60 30
ALS 15 30
ALS 7.5 7.5
ALS 70 70
Photosystem I 300400 125
EPSP synthase 600-800 250
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percentage survival were converted to probits, and the
function probit=a logig(dose) + b was fitted to the
transformed data (GENSTAT VER. 6.1.0.200), where « is the
slope of the line and b the intercept. Probit analysis was
used to determine LDsy and LDy values (diclofop-me-
thyl dose required to cause 50% and 90% population
mortality, respectively).

Fresh biomass data from dose-response experiments
and ACCase activity from enzyme inhibition studies
were expressed as a percentage of the mean untreated
control. These data were analysed using the non-linear
regression procedure in GENSTAT and fitted to the log-
logistic model in Eq. 1,

- 100
1 +explb(x — x50)]

y (1)
where y=fresh biomass or ACCase enzyme activity (%
of mean untreated control), xso is the log of the dose
required to obtain a 50% reduction in growth or 50%
enzyme inhibition and b is the slope around xs.

Results
VLRI dose response to diclofop-methyl

The herbicide-susceptible VLR1 L. rigidum biotype was
well controlled at field-recommended rates of diclofop-
methyl (375 g ha'), and there was little difference in the
level of control when this rate was halved (Fig. 1). As
rates of diclofop-methyl were reduced further, a dose
response became apparent with considerable increases in
the number of survivors (Fig. 1), indicating phenotypic
variation for herbicide susceptibility at low-applied do-
ses. The LDs, for this biotype was 30.3 g ha~' (25.8—
34.8) and the LDy was 300 g ha™' (228.5-430.9), indi-

100 1
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% survival
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0 1(I)0 2(I)0 3(I)0
Diclofop-methyl (g ha'l)

400

Fig. 1 Dose-mortality response curve for Lolium rigidum biotype
VLRI following application of a range of doses of diclofop-methyl
at the two- to three-leaf stage in 2000. The symbols are the mean
observed percentage survival; error bars are £ one standard error
of the mean (n=3). Predicted values for percentage survival (solid
line) are back-transformed from probit analysis

cating that more than 99% of the population is con-
trolled by the recommended field application rate.

Selection was imposed at an intensity (S) of 0.64
(36% survival) by allowing the 28 individuals that sur-
vived 37.5 g diclofop-methyl ha™' to grow to maturity
and bulk-cross (L. rigidum is obligate cross-pollinated)
to produce the once-selected VLR1 (0.1) line. Selection
at these relatively low intensities enabled us to test the
hypothesis that selection within the range of phenotypic
variation for herbicide response in susceptible popula-
tions can ultimately result in resistance to field-applied
rates.

Confirmation of inheritance of putative resistance
in the VLR1 (0.1) line.

Experiments were conducted in 2001 to compare the
dose-mortality response of the original VLRI biotype
with the once-selected VLR1 (0.1) line. Probit analyses
identified significant differences in the dose-response
characteristics of the selected and unselected lines
(Fig. 2), indicating a phenotypic response to low-dose
selection. The dose-response curve for the unselected
VLRI1 biotype (Fig. 2) differs from that obtained in 2000
(Fig. 1), with the LDs, value in 2001 (66.6 g diclofop-
methyl ha™') being over twice that observed in 2000.
This result illustrates the potential for year-to-year
environmental differences to effect dose-response char-
acteristics and highlights the need for selected and
unselected lines to be compared under identical condi-
tions if responses to selection are to be confirmed.

The diclofop-methyl LDs, value for the VLRI (0.1)
line was 87.2 g ha™!, representing a small, but significant
increase in mean population level resistance (R:S LDs,

100 A

80 1

60 4

% survival

40 -

20

0 2(I)O 4(')0 6(I)O
Diclofop-methyl (g ha'!)

800

Fig. 2 Dose-mortality response curves for L. rigidum biotype
VLRI (solid line, black circle) and selected line VLR1 (0.1) (broken
line, open triangle) following application of a range of doses of
diclofop-methyl at the two- to three-leaf stage in 2001. Symbols are
the mean observed percentage survival;, error bars are £ one
standard error of the mean (n=38). Predicted values for percentage
survival (solid and broken lines) are back-transformed from probit
analysis



ratio=1.31). There was a greater difference in
diclofop-methyl LDyg values, which were estimated to be
2441 gha~' and 706.7gha”', for VLRI and
VLRI1 (0.1), respectively (R:S LDgg ratio=2.90). The
results in Fig. 2 confirm that a single selection with a low
dose of diclofop-methyl has increased population level
resistance in the VLR1 biotype.

VLR1 (0.1) individuals that survived 75 (S=0.34)
and 187.5 g diclofop-methyl ha™' (§=0.77) were grown
to maturity and separately bulk-crossed to produce the
twice-selected lines, VLR1 (0.1, 0.2) and VLRI (0.1,
0.5), respectively. In 2002, dose-response experiments
were performed to confirm the continued response to
low-dose selection of the VLR1 biotype. Twice-selected
lines showed highly significant increases in population
level resistance (data not shown). VLR1 (0.1, 0.2) indi-
viduals that survived 187.5 (§=0.44) and 375 g diclo-
fop-methyl ha™' (S=0.58) were separately bulk-crossed
to produce the three-times selected VLR1 (0.1, 0.2, 0.5)
and VLR1 (0.1, 0.2, 1.0) lines. VLRI (0.1, 0.5) individ-
uals that survived 750 g diclofop-methyl ha™! ($=0.56)
were bulk-crossed to produce a VLRI (0.1, 0.5, 2.0) line.

Dose-mortality responses of VLR1 low dose-selected
lines

Dose-response experiments performed in 2004 compared
the dose-mortality characteristics of VLR1 with all of
the twice- and three-times selected lines under identical
conditions (Fig. 3, Table 2). In this experiment, the
LDsy of VLRI was estimated to be 61.4 g diclofop-
methyl ha™! . The LDs, of all of the selected lines was
substantially higher than that of VLRI1 (Table 2). A
second cycle of low-dose selection resulted in large in-
creases in the mean population level resistance of VLRI
lines. The LDs, values of the VLRI (0.1, 0.2) and
VLRI1 (0.1, 0.5) lines were estimated to be 453 g diclo-
fop-methyl ha=' and 670 g diclofop-methyl ha™',
respectively, corresponding to LDsy, R:S ratios of 7.4
and 10.9. Observed mean survival percentages at the
field application rate for diclofop-methyl were 54% and
83%, respectively, indicating that the population had
rapidly achieved economic levels of resistance. A third
cycle of selection, this time with diclofop-methyl doses
up to and including the field-recommended rate, resulted
in further increases in the resistance status of the VLRI
lines. Estimated diclofop-methyl LDsy values were 722,
3429 and 2462 gha ! for VLRI (0.1, 0.2, 0.5),
VLRI1 (0.1, 0.2, 1.0) and VLR1 (0.1, 0.5, 2.0), respec-
tively, corresponding to LDsg R:S ratios of 11.8, 55.8
and 40.1.

The rate of herbicide resistance evolution in the field
will depend on overall population fitness, which is a
function not only of the number of individuals that
survive, but also of the subsequent ability of those sur-
vivors to grow and set seed despite intense competition
from crop plants (a small number of vigorous survivors
will likely result in a more rapid evolution of resistance
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Fig. 3 Dose-mortality response curves for L. rigidum biotypes—A
VLR1 (0.1, 0.2) (solid line, black circle), VLR1 (0.1, 0.2, 0.5)
(broken line, open circle), VLR1 (0.1, 0.2, 1.0) (stippled line, open
triangle); B VLRI (0.1, 0.5) (solid line, black circle), VLR1 (0.1, 0.5,
2.0) (broken line, open circle)—following application of a range of
doses of diclofop-methyl at the two- to three-leaf stage in 2004.
Symbols are the mean observed percentage survival. Predicted
values for percentage survival (solid and broken lines) are back-
transformed from probit analysis. Solid gray line represents probit
back-transformed dose-mortality response for unselected VLRI
biotype in the 2004 experiment

than a large number of severely retarded and uncom-
petitive individuals which set very little seed). Though no
attempt was made to measure seed production, a truer
reflection of relative population fitness under herbicide
selection is given by population and individual biomass

Table 2 Estimates and standard errors of probit transformed LDs,
and b (slope) values from dose-mortality response data for the
VLRI biotype and low dose-selected VLR1 lines treated with a
range of doses of diclofop-methyl in 2004

Line ]_4])502l b* LDS({) R:S
ratio
VLRI 1.79 (0.084) —1.62 (0.211)
VLRI (0.1, 0.2) 2.66 (0.086) —1.22 (0.143) 7.4
VLRI (0.1,0.2, 0.5 2.86 (0.092) —1.201 (0.151) 11.8
VLRI (0.1,0.2, 1.0)  3.54 (0.210) —0.83 (0.145)  55.8
VLRI (0.1, 0.5) 283 (0.078) —1.47(0.172)  10.9
VLR1 (0.1, 0.5, 2.0)  3.39 (0.100) —1.48 (0.219) 40.1

4Standard errors shown in parenthesis
®LDs, R:S ratios calculated as back-transformed LDs, for selected
line/back-transformed LDs, for unselected VLRI biotype
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production following herbicide treatment. As expected,
trends for population level growth responses are similar
to those observed for survival, though in all cases GR5
values (diclofop-methyl rates required to reduce growth
of the population by 50%) are lower than LDs, values
(Fig. 4, Table 3).

Log-logistic analyses which considered only the bio-
mass production of surviving individuals were per-
formed to assess how individual growth is affected by
recurrent selection with herbicides. These analyses
clearly indicate that the mean biomass production of the
surviving individuals continues to increase with recur-
rent herbicide selection. A resistance score has been
calculated for each line as the product of the proportion
of individuals that survive the recommended Australian
use rate for diclofop-methyl (375 g ha™') and the rela-
tive fitness of those surviving individuals (mean per-
centage biomass production of untreated control
(Table 4)). The resistance index (RI) is calculated by

100 4
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Biomass (% mean untreated control)
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10 100 1000 10000

Diclofop-methyl (g ha™!)

Fig. 4 Dose-response curves for per plant (dead and alive) fresh
above-ground biomass production (percentage mean untreated
control) 21 days after herbicide application of L. rigidum bio-
types—A VLRI (0.1, 0.2) (solid line, black circle), VLR1 (0.1, 0.2,
0.5) (broken line, open circle), VLR1 (0.1, 0.2, 1.0) (stippled line,
open triangle); B VLR1 (0.1, 0.5) (solid line, black circle), VLR1
(0.1, 0.5, 2.0) (broken line, open circley—following the application of
a range of doses of diclofop-methyl at the two- to three-leaf stage in
2004. Symbols are mean observed percentage biomass production.
Predicted values for percentage biomass production (solid and
broken lines) are derived from log-logistic regression analysis. The
solid gray line represents log-logistic dose-response curves for the
original VLR1 biotype in the 2004 experiment

Table 3 Estimates and standard errors of GRsy and b (slope)
parameters from log-logistic analysis of growth-response data for
the VLR1 biotype and low dose-selected VLRI lines treated with a
range of doses of diclofop-methyl in 2004

Line GR5y* b GRsy R:S
ratio®

VLRI 21.9 (3.0) —2.16 (0.26)

VLRI (0.1, 0.2) 147.1 (24.6)  —2.10 (0.31) 6.7

VLRI (0.1, 0.2,0.5)  356.6 (77.0)  —1.50 (0.23) 16.3

VLRI (0.1, 0.2, 1.0) 1089 (381) —1.21 (0.27) 493

VLRI (0.1, 0.5) 139.7 31.7) —-1.50(0.23) 64

VLRI (0.1, 0.5, 2.0)  447.7 (93.0)0 —1.49(0.22) 204

4Standard errors are shown in parenthesis
"GRs, R:S ratios calculated as GRs, for selected line/GRs, for
unselected VLR1 biotype

dividing the resistance score for each selected line with
that of the unselected VLR1 biotype (Table 4). The re-
sults summarised in Table 4 show that the higher rela-
tive fitness of the VLRI lines under recurrent herbicide
selection is the consequence of increases in the number
of individuals surviving herbicide application and in-
creases in biomass production of the surviving individ-
uals.

ACCase inhibition by diclofop acid

A comparison of in vitro inhibition of ACCase from
VLR1 and VLRI (0.1, 0.5, 2.0) lines by diclofop acid
indicates that differences in whole-plant resistance are
not due to a decreased sensitivity of the herbicide target-
site (Fig. 5). The Isq values (diclofop acid concentration
required to reduce ACCase activity by 50%) were
4.88 uM and 5.28 uM for VLR1 and VLRI (0.1, 0.5,
2.0), respectively and were not significantly different.
These results confirm that the mechanism of resistance
selected with recurrent low rates of diclofop-methyl is
not ACCase target-site based.

Cross-resistance profile of VLR1 (0.1, 0.5, 2.0)

An initial cross-resistance screen compared the
survival of individuals of the VLRI biotype and the

Table 4 Values for survival frequency, percentage above-ground
biomass production and derived resistance scores and resistance
indices for VLR1 and herbicide-selected VLRI lines at the rec-
ommended field use rate for diclofop-methyl (375 g ha™!)

Line Survival Biomass R R
frequency (% mean control) score index
(375 gha™!) (375gha™)
VLRI 0.10 22.8 23 1.0
VLRI1 (0.1, 0.2) 0.54 57.5 31.1 13.6
VLR1 (0.1, 0.2, 0.5) 0.63 78.8 49.6 21.8
VLRI1 (0.1, 0.2, 1.0) 0.79 80.9 63.9 28.0
VLRI (0.1, 0.5) 0.65 40.3 26.2 11.5
VLRI1 (0.1, 0.5, 2.0) 0.89 64.4 57.3 25.1
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Fig. 5 In vitro enzyme inhibition curves for ACCase extracted
from the unselected VLR1 biotype (solid line, black circle) and the
VLRI1 (0.1, 0.5, 2.0) (broken line, open circle) line and exposed to a
range of diclofop acid concentrations. Symbols represent mean
percentage ACCase inhibition (% of untreated control); error bars
are = one standard error of the mean. Predicted values (solid and
broken lines) are derived from log-logistic regression analysis

diclofop-methyl-selected line, VLR1 (0.1, 0.5, 2.0) fol-
lowing application of a single rate of ten herbicides that
usually control L. rigidum (Table 1). There were no
differences in susceptibility to propaquizafop, an AC-
Case-inhibiting herbicide from the same chemical class
as diclofop-methyl (AOPP) or to the chemically dis-
similar herbicides glyphosate, paraquat, chlorsulfuron
or sulfometuron-methyl (data not shown). For the five
remaining herbicides [four ACCase-inhibitors and one
acetolactate-synthase (ALS) inhibitor], there was in-
creased survival of the VLRI (0.1, 0.5, 2.0) selected line
compared with the original biotype and, consequently,
more detailed dose-response experiments were con-
ducted (Fig. 6, Table 5).

Increased survival of the diclofop-methyl selected
VLRI line was observed for four of the five herbicides
(Fig. 6), indicating some degree of cross-resistance. In
no cases, however, did population level resistance (see
R:S LDsq ratios in Table 5) approach that observed for
diclofop-methyl, indicating that the mechanism(s) of
resistance selected in VLR1 were reasonably specific to
diclofop-methyl and endowed relatively low levels of
resistance to other herbicides. The greatest increase in
resistance was to the ALS-inhibiting imidazolinone
herbicide, imazethapyr which has a different target-site
and is chemically unrelated to diclofop-methyl. This
result reaffirms that resistance is not target-site based
and more likely arises from changes in the expression
and/or substrate specificity of one or a suite of enzymes
with the ability to metabolise chemically dissimilar her-
bicides. Only slight increases in resistance to the chem-
ically related AOPP herbicides, fluazifop-P-butyl and
haloxyfop-R-methyl were apparent (Fig. 6, Table 5),
though in both cases these increases would have resulted
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in a less effective control at field-recommended rates,
which could presumably result in the rapid evolution of
economic levels of resistance. A very slight increase in
resistance to the CHD herbicide clethodim was recorded
(Fig. 6), though control obtained at recommended field
rates was identical for selected and unselected lines.
There were no differences in susceptibility to sethoxydim
(Fig. 6).

Discussion

L. rigidum response to recurrent selection
with low doses of diclofop-methyl.

The existence of phenotypic variation for diclofop-me-
thyl susceptibility at low herbicide application rates has
been demonstrated in a herbicide-susceptible L. rigidum
biotype (Fig. 1). Continuous or quantitative variation in
responses to treatment with low rates of herbicide have
previously been reported within and between weed
populations for a number of herbicides, both prior to
and following herbicide selection (Faulkner 1974; Holl-
iday and Putwain 1980; Price et al. 1983, 1985; De-
Gennaro and Weller 1984; Jasieniuk et al. 1996; Patzoldt
et al. 2002). Inheritance studies have confirmed a genetic
basis for this variation (reviewed by Jasieniuk et al.
1996). For insect populations treated with insecticides, it
has been argued that resistance will evolve as a polygenic
trait if selection acts within the normal range of phe-
notypic variation for ‘susceptible’ populations and as a
monogenic trait when it acts outside of this distribution
(McKenzie and Batterham 1994; McKenzie 2000;
Ffrench-Constant et al. 2004). Our results demonstrate
the potential for a low herbicide dose to select for genetic
variation which segregates and recombines under
recurrent selection to produce phenotypes in fewer than
three generations that are resistant to field-applied her-
bicide rates. We have not determined the genetic basis of
diclofop-methyl resistance in selected VLRI lines,
though the theoretical considerations above and a close
examination of the dose-response characteristics of the
selected lines suggest it to be polygenic. The following
discussions speculate on the genetic and mechanistic
basis of this low dose-selected resistance and will con-
sider management implications for the use of reduced
herbicide rates.

The mechanistic and genetic basis of responses
to low diclofop-methyl doses in L. rigidum.

Resistance to ACCase-inhibiting herbicides is often en-
zyme target-site based as a result of single amino acid
substitutions that render the ACCase enzyme insensitive
to the herbicide (Zagnitko et al. 2001; Brown et al. 2002;
Delye et al. 2002, 2003). Such mutations are rare, would
not likely be found in the small number of plants treated
in our study and would produce a resistant phenotype
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Fig. 6 Dose-mortality response A 100 B 100
curves for L. rigidum biotype
VLRI (solid line, black circle) 0 - 80
and VLRI (0.1, 0.5, 2.0) . _
(broken line, open circle) treated g 60 | g 60
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outside of the normal range of phenotypic variation for
herbicide response. Indeed, as expected, we have shown
that resistance to diclofop-methyl in the selected VLRI
lines is not ACCase-based (Fig. 5). Enhanced herbicide

Table 5 Estimates and standard errors of probit-transformed LDs,
values from dose-mortality response data for the VLRI biotype
and the diclofop-methyl selected VLR1 (0.1, 0.5, 2.0) line treated
with a range of doses of selected ACCase and ALS-inhibiting
herbicides

Herbicide LDspVLRI®  LDsy VLRI  LDsy R:S
(0.1, 0.5, 2.0)* ratio
Fluazifop-butyl 1.325 (0.034)  1.583 (0.023)  1.80
Haloxyfop-R-methyl  0.865 (0.026) 1.066 (0.035) 1.59
Sethoxydim 1.307 (0.028)  1.320 (0.024)  1.03
Clethodim 0.720 (0.019)  0.840 (0.028) 1.32
Imazethapyr 1.593 (0.055) 1.963 (0.140)  2.35

dStandard errors are shown in parenthesis
"LDs, R:S ratios calculated as back-transformed LDs, for VLR1
(0.1, 0.5, 2.0)/back-transformed LDs, for unselected VLR1

metabolism mediated by herbicide-degrading members
of the cytochrome P450 monooxygenase (P450) enzyme
family is also capable of endowing non-target-site
resistance to ACCase herbicides in L. rigidum (Christo-
pher et al. 1991; Preston et al. 1996) and A. myosuroides
(Hall et al. 1997; Cocker et al. 1999; Letouze and Gas-
quez 2003). It is possible, though not confirmed, that
resistance in the selected VLRI lines is due to enhanced
herbicide metabolism mediated by P450 herbicide-
degrading enzymes.

Typically, the frequency of major single gene resis-
tance alleles will rapidly increase in populations under
selection with high herbicide rates, resulting in the sud-
den and dramatic appearance of a high level resistance.
Evidence obtained with L. rigidum from field selections
(Tardif et al. 1993) together with predictions from sim-
ulation models of resistance evolution (Gressel and Segel
1978; Maxwell et al. 1990; Diggle and Neve 2001) cer-
tainly support this expectation. Contrary to this, incre-
mental increases in the LDsy, and GR5yvalues for the low



dose-selected VLR1 biotype, the shallow gradient of
dose-response curves (see Via 1986) and the continued
increases in fitness of surviving individuals under selec-
tion support our assertion that resistance is polygenic.

Global gene expression profiling of yeast cells treated
with the ALS-inhibiting herbicide sulfometuron-methyl
resulted in the up-regulation of 241 genes and the
repression of 121 genes (Jia et al. 2000). Similarly,
inoculation of Arabidopsis thaliana with the fungal
pathogen Alternaria brassicicola resulted in changes in
the abundance of 705 mRNAs (Schenk et al. 2000).
These results demonstrate the vast array of molecular
genetic responses elicited upon exposure to novel
chemical or pathogenic challenges. Recent transcription
profiling of DDT-resistant and susceptible lines of
Drosophila melanogaster has shown significant overex-
pression of multiple cytochrome P450 and GST genes
with potential insecticide-degrading capacities (Pedra
et al. 2004). It has been argued that natural variation
within populations for levels of gene expression may be a
more potent force for evolution than structural and
functional differences in enzymes (Oleksiak et al. 2002).
Given the multitude of molecular responses to xenobi-
otics and pathogens outlined above, we can envisage
how exposure to sublethal doses of herbicides could
select for differences in expression at many of these loci
and result in polygenic resistance traits. Alternatively,
selection may act on genetic variation in expression
levels at a single gene coding for an enzyme with her-
bicide-degrading activity. This enzyme will probably
have a role in normal metabolism, and diversion from
this role may incur significant pleiotropic fitness costs.
Subsequent selection at modifier loci may compensate
for these costs and contribute to increased fitness of the
resistance phenotype (Uyenoyama 1986). In effect,
resistance evolution will proceed by selecting the genetic
backgrounds in which this one (or a few) gene(s) is (are)
preferentially expressed and incurs the lowest fitness
cost, and resistance will appear as a continuous poly-
genic character.

Evolution of herbicide resistance in the field

Our results present a compelling case for the potential of
low herbicide rates to select for polygenically based
resistance. They do not, however, completely mimic
selection in the field where very large populations are
exposed to herbicides, and empirical evidence suggests
that monogenic responses predominate (reviewed by
Darmency 1994; Jasieniuk et al. 1996). The same is true
for insecticide resistance (Roush and McKenzie 1987),
though laboratory selection for insecticide resistance has
often resulted in a polygenic response (McKenzie and
Batterham 1994). The reasons for this discrepancy are
well understood; small laboratory populations are un-
likely to contain rare single-gene mutations (McKenzie
and Batterham 1994). Clearly, the same qualifications
apply to our results, though we consider that the
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preponderance of reports of monogenic resistance in the
literature may in part reflect the comparative ease with
which this can be confirmed compared to more complex
metabolism-based traits whose genetic determination in
unknown.

The rate of herbicide applied to large, genetically
diverse weed populations will influence which mecha-
nisms of resistance are selected. At high doses, only
those individuals outside of the normal range of sus-
ceptible phenotypes and possessing rare (and probably
single gene) mutations will survive. At low or interme-
diate doses, a wider range of weaker resistance mecha-
nisms may favour survival, and all of these mechanisms
will be selected. The subsequent evolutionary dynamics
of these mechanisms will depend on numerous factors,
including their frequency in the population, relative fit-
ness and subsequent herbicide use patterns. Given
assumptions about the initial frequency and relative
fitness of major and minor insecticide resistance genes,
Groeters and Tabashnik (2000) showed that responses
to selection were dominated by major genes regardless of
selection intensity. However, whereas at high selection
intensities (1% survival), minor genes did not contribute
to resistance, low and intermediate selection resulted in
increases in the minor genes also. Lande (1983) has
shown that polygenic responses will be favoured when
the initial frequencies of major genes are much lower
than minor genes, selection intensities are low and major
genes incur a large fitness penalty. The relatively high
frequency of phenotypic resistance at low doses of di-
clofop-methyl evident in L. rigidum may predispose this
species to polygenic resistance in the field.

The rapid evolution of polygenically based resistance
relies on outcrossing between neighbouring plants and
the accumulation in their progeny of minor genes with
additive and/or multiplicative effects. This process has
been facilitated in our study by the application of her-
bicides to even-aged individuals under highly controlled
laboratory conditions and their subsequent crossing in
the absence of fully susceptible survivors. However, in a
field treated at a low herbicide dose, a number of highly
susceptible individuals may survive as a result of emer-
gence after herbicide application or because of other
factors which enable them to escape herbicide applica-
tion. In a cross-pollinated species such as L. rigidum
these susceptible individuals will considerably reduce the
frequency of minor resistance genes in the population
and hence the potential for rapid evolution of polygenic
resistance.

Implications for management and future research
priorities

Our results demonstrate, for the first time, the potential
for recurrent selection with low herbicide rates to rapidly
select for herbicide resistance. We believe these results
have important implications for directing future re-
search towards more informed management to reduce
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the impact of herbicide resistance. This will be particu-
larly true as environmental and economic incentives to
reduce herbicide application rates continue to increase.

The predominance of monogenic responses to herbi-
cide selection is a central tenet of herbicide resistance
management and is supported by empirical evidence
(Darmency 1994; Jasieniuk et al. 1996). On this basis,
almost all models which simulate herbicide resistance
evolution assume monogenic control of resistance traits
(Gressel and Segel 1978; Maxwell et al. 1990; Diggle
et al. 2003). Under the assumption that initially low
herbicide doses will select for both major and minor
gene resistance, subsequent evolution towards greater
fitness under recurrent herbicide selection will depend on
the genetic and biological factors discussed previously
and on herbicide-use patterns. Where a weed population
is repeatedly selected with the same herbicide, low doses
may result in the selection of monogenic or polygenic
responses, depending on the initial genetic variability for
herbicide response in the population. High doses will
most probably favour major gene resistance. Where
herbicide rotation is practiced, whether specifically for
resistance management or because of crop rotation, low
herbicide dose regimens may have some unforeseen
consequences. In the VLRI lines selected with low doses
of diclofop-methyl, some interesting patterns of cross-
resistance were observed. In particular, a threefold in-
crease in resistance to the chemically unrelated imidaz-
olinone herbicide, imazethapyr was noted. Subsequent
rotation to this herbicide in the field would have resulted
in the rapid evolution of economic levels of resistance.
We postulate that herbicide rotation strategies based on
low rates of herbicides select for ‘generalist’ resistance
mechanisms and lead to the loss of a range of herbicide
options. Indeed, the widespread existence of cross-
resistance in Australian populations of L. rigidum may
be, in part, a result of the frequent use of low or sub-
optimal herbicide rates.

Large-scale and long-term field-based trials to
compare selection for herbicide resistance at low,
intermediate and high herbicide use rates are plagued
with difficulties. They require experimentation on large
populations of weeds which usually only produce a
single generation per year. We propose two approaches
that may overcome some of these difficulties and lim-
itations. The first involves modifications to existing
two-locus stochastic herbicide resistance models (Dig-
gle et al. 2003; Neve et al. 2003) to incorporate poly-
genically inherited resistance traits. These models may
be used to simulate major and minor gene herbicide
resistance under a range of herbicide use patterns with
various assumptions about the initial allele frequencies
and their fitness in the presence and absence of her-
bicide selection. A second more empirical approach
would create artificial populations of model plants
such as Arabidopsis thaliana with known frequencies of
major and minor gene resistance traits. These popu-
lations could then be subjected to a range of herbicide
use regimens to assess evolutionary outcomes.

A. thaliana has the benefit of a short generation time,
enabling multiple generations to be produced over a
relatively short period. In addition, the availability of
well-defined, rapid and relatively cheap molecular tools
would enable the effective screening of changes in al-
lele frequencies and resistance mechanisms under
selection.

In conclusion, our results have demonstrated the
existence of quantitative phenotypic variation for her-
bicide response in a L. rigidum population with no
previous history of exposure to herbicides. Our obser-
vations suggest that this variation is polygenically based
and that selection with low herbicide rates results in the
accumulation of minor genes with additive or multipli-
cative effects. We propose that too little attention has
been given to the potential contribution of polygenic
traits to herbicide resistance evolution in the field. Often
research has documented the involvement of single
major resistance genes but has not considered the fact
that other loci with minor effects may also have been
selected and contribute to the resistance phenotype.
Studies of the inheritance of herbicide resistance have
often used a single herbicide dose to characterise the
resistance phenotype of progeny from pair crosses and in
doing so have assumed, a priori, that resistance is a
qualitative trait. Variation at minor genes may be par-
ticularly important during the early stages of resistance
evolution, and the importance of this variation may be
underestimated in studies that concentrate on highly
evolved herbicide-resistant weed populations. Increasing
environmental pressure for reductions in herbicide
application rates together with the continuing develop-
ment and adoption of herbicide-resistant transgenic
crops means that it is crucial to continue to increase our
understanding of the evolution and population genetics
of herbicide resistance.

Acknowledgements The Western Australian Herbicide Resistance
Initiative (WAHRI) is funded by the Grains Research and Devel-
opment Corporation of Australia. The authors are indebted to
Mechelle Owen and other WAHRI staff for technical assistance.
Valuable comments on an earlier version of this manuscript were
provided by J.A. McKenzie and X. Reboud.

References

Brown AC, Moss SR, Wilson ZA, Field LN (2002) An isoleucine to
leucine substitution in the ACCase of Alopecurus myosuroides
(black-grass) is associated with resistance to the herbicide
sethoxydim. Pest Biochem Physiol 72:160-168

Burnet MWM, Hart Q, Holtum JAM, Powles SB (1994) Resistance
to nine herbicide classes in a population of rigid ryegrass (Lo-
lium rigidum). Weed Sci 42:369-377

Christopher JT, Powles SB, Holtum JAM, Liljegren DR (1991)
Cross resistance to herbicides in annual ryegrass (Lolium rigi-
dum): 11 chlorsulfuron resistance involves a wheat-like detoxi-
fication system. Plant Physiol 95:1036-1043

Cocker KM, Moss SR, Coleman JOD (1999) Multiple mechanisms
of resistance to fenoxaprop-P-ethyl in United Kingdom and
other European populations of herbicide-resistant Alopecurus
myosuroides (black-grass). Pest Biochem Physiol 65:169—-180



Daborn PJ, Yen JL, Bogwitz MR, Le Goff G, Feil E, Jeffers S, Tijet
N, Perry T, Heckel D, Batterham P, Feyereisen R, Wilson TG,
Ffrench-Constant RH (2002) A single P450 allele associated with
insecticide resistance in Drosophila. Science 297:2253-2256

Darmency H (1994) Genetics of herbicide resistance in weeds and
crops. In: Powles SB, Holtum JAM (eds) Herbicide resistance in
plants: biology and biochemistry. CRC, Baton Rouge, pp 263—
297

DeGennaro FP, Weller SC (1984) Differential susceptibility of field
bindweed (Convolvulus arvensis) biotypes to glyphosate. Weed
Sci 32:472-476

Delye C, Wang TY, Darmency H (2002) An isoleucine-leucine sub-
stitution in chloroplastic acetyl-CoA carboxylase from green
foxtail (Setaria viridis L. Beauv.) is responsible for resistance to
the cyclohexanedione herbicide sethoxydim. Planta 214:421-427

Delye C, Zhang X, Chalopin C, Michel S, Powles SB (2003) An
isoleucine residue within the carboxyl-transferase domain of
multidomain acetyl-coenzyme A carboxylase is a major deter-
minant of sensitivity to aryloxyphenoxypropionate but not to
cyclohexanedione inhibitors. Plant Physiol 132:1716-1723

Diggle AJ, Neve P (2001) The population dynamics and genetics of
herbicide resistance—a modeling approach. In: Powles SB,
Shaner DL (eds) Herbicide resistance and world grains. CRC,
Baton Rouge, pp 61-99

Diggle AD, Neve PB, Smith FP (2003) Herbicides used in combi-
nation can reduce the probability of herbicide resistance in finite
weed populations. Weed Res 43:371-382

Ellis M, Kay QON (1975) Genetic variation in herbicide resistance
in scentless mayweed (Tripleurospermum inodorum (L.) Schulz
Bip.) III. Selection for increased resistance to ioxynil, MCPA
and simazine. Weed Res 15:327-333

Faulkner JS (1974) Heritability of paraquat tolerance in Lolium
perenne L. Euphytica 23:281-288

Ffrench-Constant RH, Daborn PJ, Le Goff G (2004) The genetics
and genomics of insecticide resistance. Trends Genet 20:163—
170

Georghiou GP, Taylor CE (1986) Factors influencing the evolution
of resistance. In: Metcalf RL, Luckmann WH (eds) Pesticide
resistance: strategies and tactics or management. National
Academy Press, Washington D.C., pp 157-169

Gressel J (1995) Catch 22—mutually exclusive strategies for
delaying/preventing quantitatively vs. monogenically inherited
resistances. In: Ragsdale NN, Kearney PC, Plimmer JR (eds)
Options 2000. American Chemical Society, Washington, D.C.,
pp 330-345

Gressel J (2002) Molecular biology of weed control. Taylor &
Francis, London

Gressel J, Segel LA (1978) The paucity of plants evolving genetic
resistance to herbicides: possible reasons and implications. J
Theor Biol 75:349-371

Groeters FR, Tabashnik BE (2000) Roles of selection intensity,
major genes and minor genes in evolution of insecticide resis-
tance. J Econ Entomol 93:1580-1587

Hall LM, Moss SR, Powles SR (1997) Mechanisms of resistance to
aryloxyphenoxypropionate herbicides in two resistant biotypes
of Alopecurus myosuroides (blackgrass): herbicide metabolism
as a cross-resistance mechanism. Pest Biochem Physiol 57:87-98

Holliday RJ, Putwain PD (1980) Evolution of herbicide resistance
in Senecio vulgaris: variation in susceptibility to simazine be-
tween and within populations. J Appl Ecol 17:779-791

Jasieniuk M, Brule-Babel AL, Morrison IA (1996) The evolution
and genetics of herbicide resistance. Weed Sci 44:176-193

Jia MH, Larossa RA, Lee JM, Rafalski A, Derose A, Gonye G,
Xue Z (2000) Global expression profiling of yeast treated with
an inhibitor of amino acid biosynthesis, sulfometuron-methyl.
Physiol Genome 3:83-92

Lande R (1983) The response to selection on major and minor
mutations affecting a metrical trait. Heredity 50:47-65

Letouze A, Gasquez J (2003) Enhanced activity of several herbi-
cide-degrading enzymes: a suggested mechanism responsible for
multiple resistance in blackgrass (Alopecurus myosuroides
Huds.). Agronomie 23:601-608

1165

Lipsitch M, Levin BR (1997) The population dynamics of antimi-
crobial chemotherapy. Antimicrob Agents Chemother 41:363—
373

Llewellyn RS, Powles SB (2001) High levels of herbicide resistance
in rigid ryegrass (Lolium rigidum) in the wheat belt of Western
Australia. Weed Technol 15:242-248

Macnair MR (1991) Why the evolution of resistance to anthro-
pogenic toxins normally involves major gene changes: the limits
to natural selection. Genetica 84:213-219

Maxwell BD, Mortimer AM (1994) Selection for herbicide
resistance. In: Powles SB, Holtum JAM (eds) Herbicide
resistance in plants: biology and biochemistry. CRC, Baton
Rouge, pp 1-27

Maxwell BD, Roush ML, Radosevich SR (1990) Predicting the
evolution and dynamics of herbicide resistance in weed popu-
lations. Weed Technol 4:2-13

McKenzie JA (2000) The character or the variation: the genetic
analysis of the insecticide-resistance phenotype. Bull Entomol
Res 90:3-7

McKenzie JA, Batterham P (1994) The genetic, molecular and
phenotypic consequences of selection for insecticide resistance.
Trends Ecol Evol 9:166-169

Neve P, Diggle AJ, Smith FP, Powles SB (2003) Simulating evo-
lution of glyphosate resistance in Lolium rigidum 1. population
biology of a rare resistance trait. Weed Res 43:404-417

Oleksiak MF, Churchill GA, Crawford DL (2002) Variation in
gene expression within and among populations. Nat Genet
32:261-266

Orr HA, Coyne JA (1992) The genetics of adaptation: a reassess-
ment. Am Nat 140:725-742

Patzoldt WL, Tranel PJ, Hager AG (2002) Variable herbicide re-
sponses among Illinois waterhemp (Amaranthus rudis and A.
tuberculatus) populations. Crop Prot 21:707-712

Pedra JHF, McIntyre LM, Scharf ME, Pittendrigh BR (2004)
Genome-wide transcription profile of field- and laboratory-se-
lected dichlorodiphenyltrichloroethane (DDT)-resistant Dro-
sophila. Proc Natl Acad Sci USA 101:7034-7039

Powles SB, Shaner DL (2001) Herbicide resistance and world
grains. CRC, Baton Rouge

Preston C, Tardif FJ, Christopher JT, Powles SB (1996) Multiple
resistance to dissimilar herbicide chemistries in a biotype of
Lolium rigidum due to enhanced activity of several herbicide
degrading enzymes. Pest Biochem Physiol 54:123-134

Price SC, Hill JE, Allard RW (1983) Genetic variability for her-
bicide reaction in plant populations. Weed Sci 31:652-657

Price SC, Allard RW, Hill JE, Naylor J (1985) Associations be-
tween discrete genetic loci and genetic variability for herbicide
reaction in plant populations. Weed Sci 33:650-653

Roush RT, McKenzie JA (1987) Ecological genetics of insecticide
and acaricide resistance. Annu Rev Entomol 32:361-380

Schenk PM, Kazan K, Wilson I, Anderson JP, Richmond T,
Somerville SC, Manners JM (2000) Coordinated plant defense
responses in Arabidopsis revealed by microarray analysis. Proc
Natl Acad Sci USA 97:11655-11660

Seefeldt SS, Fuerst EP, Gealy DR, Shukla A, Irzyk GA, Devine M
(1996) Mechanisms of resistance to diclofop of two wild oat
(Avena fatua) biotypes from the Willamette Valley of Oregon.
Weed Sci 44:776-781

Shaw MW (2000) Models of the effects of dose heterogeneity and
escape on selection pressure for pesticide resistance. Phytopa-
thology 90:333-339

Steva H (1994) Evaluating anti-resistance strategies for control of
Uncinula necator. In: Heaney SP, Slawson D, Holloman DW,
Smith M, Russell PE, Parry DW (eds) Fungicide resistance.
British Crop Protection Council, Farnham, pp 59-66

Tabashnik TE, Gould F, Carriere Y (2004) Delaying evolution of
insect resistance to transgenic crops by decreasing dominance
and heritability. J Evol Biol 17:904-912

Tardif FJ, Holtum JAM, Powles SB (1993) Occurrence of a her-
bicide-resistant acetyl-coenzyme A carboxylase mutant in an-
nual ryegrass (Lolium rigidum) selected by sethoxydim. Planta
190:176-181



1166

Uyenoyama MK (1986) Pleiotropy and the evolution of genetic Zagnitko O, Jelenska J, Tevzadze G, Haselkorn R, Gornicki P

systems conferring resistance to pesticides. In: Metcalf RL, (2001) An isoleucine/leucine residue in the carboxyl transferase
Luckmann WH (eds) Pesticide resistance: strategies and tactics domain of acetyl-CoA carboxylase is critical for interaction
for management. National Academy Press, Washington D.C., with aryloxyphenoxypropionate and cyclohexanedione inhibi-
pp 207221 tors. Proc Natl Acad Sci USA 98:6617-6622

Via S (1986) Quantitative genetic models and the evolution of
pesticide resistance. In: Metcalf RL, Luckmann WH (eds)
Pesticide resistance: strategies and tactics for management.
National Academy Press, Washington D.C., pp 222-235



	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Tab1
	Sec10
	Sec11
	Sec12
	Fig1
	Fig2
	Sec13
	Fig3
	Tab2
	Sec14
	Sec15
	Fig4
	Tab3
	Tab4
	Sec16
	Sec17
	Sec18
	Fig5
	Fig6
	Tab5
	Sec19
	Sec20
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51

