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Abstract

BACKGROUND: Glyphosate is routinely used in Australia to control the Arctotheca species Arctotheca calendula (L.) Levyns
(referred hereinafter as capeweed). This study identifies the first global case of field-evolved glyphosate-resistant capeweed,
collected from the grainbelt of Western Australia.

RESULTS: In 2020, a capeweed biotype that was collected from Borden in the southern Western Australian grainbelt was con-
firmed to be glyphosate-resistant (referred hereinafter as Spence population). When compared to the pooled mortality of six
field-collected, glyphosate susceptible capeweed populations (S1, S2, S3, S4, S5 and S6), the Spence population was found
> 11-fold more resistant to glyphosate than the pooled results of the susceptible populations (S1–S6) at the lethal dose of
50% (LD50) level. The growth of the Spence population was also less affected, requiring > 13-fold more glyphosate to reduce
growth than the pooled susceptible populations at the growth reduction of 50% (GR50) level. Sequencing of the plastidic
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) gene indicated no known single gene mutation imparting glyphosate
resistance. This study, however, did not investigate any other known mechanisms that impart glyphosate resistance. When
screened at the field-applied rate, this Spence population was also found to survive an inhibitor of acetolactate synthase
(ALS) (metosulam) and an inhibitor of phytoene desaturase (diflufenican).

CONCLUSIONS: This is the first confirmation of glyphosate resistance evolution in a capeweed population globally. With
capeweed resistance already confirmed to photosystem-I inhibiting herbicides (paraquat and diquat), this study emphasizes
the importance of using integrated measures that do not depend only on the use of non-selective herbicides for controlling
herbicide resistance-prone capeweed populations.
© 2021 Society of Chemical Industry
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1 INTRODUCTION
Glyphosate (N-(phosphonomethyl)glycine) is a globally important
herbicide, with a unique site of action (SOA),1,2 inhibiting the plant
enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)
by competing with phosphoenolpyruvate for the binding site.3

The competitive inhibition of EPSPS limits the function of aro-
matic amino acids and plant metabolites required for the produc-
tion of anthocyanins, lignin, growth promoters, growth inhibitors,
phenolics and proteins.4,5

Glyphosate was discovered by the Monsanto chemist John
E. Franz in 1970 and was first used for agricultural and rural use
under the trade name Roundup™.6 Since then, glyphosate has
become an important weed control tool in conservation agricul-
ture (CA) systems, replacing tillage to control weeds in fallow,
orchards and vineyards. Due to the effectiveness of glyphosate
in controlling annual and perennial weeds, and the widespread
adoption of glyphosate-resistant crops, glyphosate has become
the most routinly used herbicide globally.1,2 The first global case
of, glyphosate resistance was confirmed in annual ryegrass
(Lolium rigidum Gaudin) in Australia in 1998,7 and resistance has
since evolved in multiple weed species through the pre-seeding
and fallow use. So far, glyphosate resistance has now been

documented in 50 weedy species (24 dicots, 26 monocots) from
over 32 countries.8

Capeweed [Arctotheca calendula (L.) Levyns] is a global annual
herbaceous weed that infests annual crops and pastures.9 Cape-
weed is economically-damaging as it aggressively competes for
resources and acts as a host for numerous pests and diseases.10–12

12 In reduced-tillage farming systems, the prostrate growth form
of capeweed smothers germinating crop seedlings, reducing crop
establishment,13 with 7 to 90 capeweed plants per m2 demon-
strated to reduce grain yield by 28% to 44%, respectively.14 The
control of capeweed is difficult, as it has protracted germination
across a broad range of environmental conditions. The adjustable
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life cycle and is a prolific seed production results in capeweed
quickly establishing very high densities.15 Capeweed eradication
is also difficult, as the seed is innately dormant resulting in a per-
sistent soil seed bank.13,16–22

Capeweed is an obligate outcrossing, diploid species that has
evolved herbicides resistance to the photosystem-I-inhibiting her-
bicides (e.g. paraquat, diquat)23 and auxinic herbicides.8 Due to
obligate outcrossing and seed dispersal by wind,24,25 herbicide-
resistant capeweed populations may rapidly spread to infest
neighbouring fields within a landscape.23

Globally, there is a significant reliance on glyphosate to control
capeweed populations prior to crop sowing. Herein, we report the
first documented global case of field-evolved glyphosate
resistance in a capeweed population by outlining the level of
resistance against multiple capeweed populations obtained from
the grainbelt of Western Australia.

2 MATERIAL AND METHODS
2.1 Collection of herbicide susceptible and suspected
glyphosate-resistant capeweed populations
In 2019, a field near Borden, Western Australia was identified with
distinct patches of capeweed that survived multiple glyphosate
applications at rates of> 810 g a.i. ha−1. At the end of the summer
(February), the mature seed was collected from plants (referred to
hereinafter as Spence population) and stored in a controlled tem-
perature room at 35 °C for 4 months to break dormancy. In addi-
tion, six herbicide-susceptible capeweed populations were
collected from non-agricultural areas of the Western Australian
agricultural grainbelt. To test the heritability of the glyphosate
resistance trait, the progeny of the Spence population (referred
to hereinafter as Spence R) was maintained for assessment
(Table 1).

2.2 Initial herbicide resistance screening
In June 2019, seed from the glyphosate-resistant (Spence popula-
tion) and the herbicide-susceptible (S1) populations were sown
into seedling plastic trays (300 mm × 350 mm) containing pot-
ting mix (50% fine composted pine-bark, 20% coco peat, 30%
brown washed river sand) and maintained in external conditions
with average maximum temperatures range of 22 to 25 °C for
3 weeks. After emergence, seedlings were transplanted into three
replicate 180-mm diameter pots (20 seedlings per pot) containing
the potting mix and maintained in similar external conditions
(maximum 20 to 25 °C). At the four to eight true-leaf stage

(5–8-cm diameter), seedlings from both populations were treated
with herbicides known to control capeweed at their recom-
mended field rates (Table 2). Plant survival was assessed 3 weeks
after treatment (WAT) by inspecting for active regrowth of the
rosette of each treated.

2.3 Generation of the glyphosate-resistant
subpopulation
Plants surviving glyphosate at rates ≥ 810 g ha−1 were main-
tained and isolated to prevent the ingress of foreign pollen. When
all individuals were flowering, flowers were manually fertilized at
random pattern by rubbing attached flowers together to
exchange the pollen. At maturity, the seed was collected from fer-
tilized flowers representing the glyphosate-selected progeny sub-
set of the Spence population (hereinafter referred to as Spence R).

2.4 Glyphosate dose–response on the field-collected
populations
Dose–response screening was conducted to confirm the level of
glyphosate resistance in the field-collected glyphosate-resistant
Spence population. In June 2019, individuals of the Spence popu-
lation and an herbicide-susceptible control population (S1) were
established in three replicate 180-mm diameter pots (20 plants
per pot) containing standard potting mix and maintained as pre-
viously described. At the four to six true-leaf stage (5–8-cm diam-
eter), seedlings of the S1 population were treated at glyphosate
rates of 0, 67.5, 135, 270, 540, 810 g a.i. ha−1, with seedlings of
the Spence population treated at 0, 270, 405, 540, 810, 1080,
2160 g a.i. ha−1. Plant survival was assessed at 3 WAT with surviv-
ing plants having active growth of the rosette.

2.5 Glyphosate dose–response on the glyphosate-
selected subpopulation
In order to further verify glyphosate resistance in the Spence R
population and to exclude the possibility of population variations,
six susceptible populations (S1, S2, S3, S4, S5 and S6) and the
Spence R population were used in glyphosate dose–response.
At the four to six true-leaf stage (5–8-cm diameter), seedlings from
the glyphosate-susceptible populations (S1–S6) were treated with
glyphosate at rates of 0, 65, 125, 250, 500, 750, 1000, 1500 g
a.i. ha−1, with the Spence R population treated at 0, 500, 1000,
1500, 2000, 3000, 4000, 5000 g a.i. ha−1. Each treatment was rep-
licated in six pots (20 seedlings per pot). Plant survival was
assessed 3 WAT as previously described.

Table 1. The location and date of collection of glyphosate-resistant and glyphosate-susceptible capeweed populations

Designation Glyphosate resistance status Location collected Year collected Coordinates

Spence Resistant Borden, Western Australia 2019 33°59047.700S 118°17043.400E
Spence Ra Resistant Borden, Western Australia 2020 —

S1 Susceptible York, Western Australia 2019 31°53047.200S 116°49037.600E
S2 Susceptible Northam, Western Australia 2019 31°36030.900S 116°39025.600E
S3 Susceptible Pingelly, Western Australia 2019 32°27040.200S 117°00023.400E
S4 Susceptible Bolgart, Western Australia 2020 31°07014.700S 116°30042.000E
S5 Susceptible Carani, Western Australia 2020 30°59037.000S 116°24037.100E
S6 Susceptible Bindoon, Western Australia 2020 31°15031.600S 116°09054.200E

a Spence R is the progeny (glyphosate-selected subpopulation) of the Spence population.
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2.6 Genomic DNA extraction, PCR amplification
and partial sequencing of EPSPS gene
As indicated earlier, plants from the Spence R population were
sprayed with glyphosate at > 1080 g a.i. ha−1. For total RNA
extraction using the Isolate II RNA plant Kit (Bioline: www.
bioline.com), leaves of 16 survivors were harvested and frozen
individually using liquid nitrogen and stored at −20 °C.26 Leaf
material from the S1 population without herbicide treatment
was bulked and used as a comparative control. The TURBO
DNA-free kit (Ambion: www.thermofisher.com) was used to
remove genomic-DNA contamination. The complementary
DNA (cDNA) was synthesized using a SuperScrip III reverse
transcriptase (Invitrogen: www.thermofisher.com) using 2 μg
of RNA. The EPSPS cDNA sequences of Conyza canadensis
(FR872821.1), Conyza sumatrensis (AY834203.1), Cirsium seto-
sum (JN613412.1 and Tridax procumbens27 were obtained for
sequence alignment with SnapGene (version 5.1.7). To amplify
a 998-bp fragment covering the highly conserved region
(95LELGNAGTAMRPL107) and known mutation sites, the for-
ward primer TrEPSPSF1 (50-AAGTCTTTGTCTAATCGGAT-30) and
the reverse primer TrEPSPSR1 (50-CAGCTAGCCACGTCTC-
TAATG-30) were used as per Li et al.27 The polymerase chain
reaction (PCR) was run on the profile: 94 °C for 4 min; 40 cycles
of 94 °C for 30 s, 54 °C for 30 s, and 72 °C for 1.5 min; and a
final extension step of 72 °C for 7 min. Wizard SV Gel and
PCR Clean-Up System (Promega: www.promega.com.au) were
used to purify the PCR product from agarose gel for DNA
sequencing.

2.7 Statistics
All experiments included in this study were arranged in a
completely randomized design (CRD). The observed dose–
response plant survival and biomass data were fitted to a three-
parameter log-logistic model (Eqn ((1)) where the upper limit is
fixed to 1.0 using R 4.0.2 (R Foundation for Statistical Computing,
Vienna, Austria):28

γ=∁+
1−∁

1+exp b logx−logeð Þ½ �
� �

ð1Þ

where γ denotes plant survival as a percentage of the untreated
control in response to the herbicide dose x. Parameter C is the
lower asymptotic values of Y. Parameter e is the estimated lethal
dose of 50% (LD50) or growth reduction of 50% (GR50). Parameter
b is the slope of the curve around the LD50 or GR50 parameter.
The resistant/susceptible (R:S) ratio of the estimated LD50 or GR50
values were used to compare resistant and susceptible capeweed
populations. Plant biomass aboveground was expressed as a per-
centage of the mean untreated control. The approach described
by Onofri et al.29 was used to check for homogeneity of variance,
normality and independence of residuals in the data using a two-
way analysis of variance (ANOVA; GenStat version 12.1.0.3338,
BVSN International Ltd, Hamel, Hempsted, UK). To statistically com-
pare the means of each population curve, nonlinear regression
analysis was used as per Eqn ((1) and a t-test was conducted using
R 4.0.2 (R Foundation for Statistical Computing). SigmaPlot v.12
(Systat Software Inc., San Jose, CA, USA) was used to plot the data.

Table 2. Details of the herbicides used in this study

Common name Chemical family
HRAC and WSSA
number code

Legacy HRAC
Letter code

Trade name (Formulation and a.i.,
Manufacturer)

Rate
(g a.i. ha−1)

Metosulam Triazolopyrimidine – Type 1 2 B Eclipse (100 g L−1 Metosulam, Bayer,
Australia)

7

Bromoxynil Nitriles 6 C3 Bromoxynil (200 g L−1 Bromoxynil,
Kenso AgCare, Australia)

400

Diuron Ureas 5 C2 Diurona (900 g kg−1 Diuron, Adama,
Australia)

990

Metribuzin Triazinones 5 C1 Mentor (750 g kg−1 Metribuzin,
Kenso AgCare, Australia)

113

Simazine Triazines 5 C1 Gesatop (900 g kg−1 Simazine,
Kenso AgCare, Australia)

1620

Diflufenican Phenyl ethers 12 F1 BrodalOptions (500 g L−1

Diflufenican, Bayer, Australia
100

Bromoxynil +
Pyrasulfotole

Nitriles + pyrazoles 6 and 27 C3 and F2 Velocity (210 g L−1 Bromoxynil +
37.5 g L−1 Pyrasulfotole, Bayer,
Australia)

166

Clopyralid Pyridine-carboxylates 4 O Lontrel (750 g kg−1 Clopyralid, Dow
AgroScience, Australia)

90

MCPA-Amine Phenoxy-carboxylates 4 O Agritone (750 g L−1 MCPA-Amine,
Nufarm, Australia)

900

Paraquat + Diquat Pyridiniums + pyridiniums 22 D SpraySeed (135 g L−1 Paraquat
+115 g L−1 Diquat, Syngenta,
Australia)

225

Glyphosate Glycine 9 G Roundup PowerMax (540 g L−1

Glyphosate, Nufarm, Australia)
540

HRAC, Herbicide Resistance Action Committee; WSSA, Weed Science Society of America.
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3 RESULTS AND DISCUSSION
As outlined later, this study confirms glyphosate resistance in the
capeweed population (Spence population) collected from Borden
in the southern grainbelt of Western Australia. The initial screen-
ing at the recommended rate of glyphosate (540 g a.i. ha−1)
resulted in 93% survival of the field-collected Spence population
and full control of the susceptible control population
(S1) (Table 3). In subsequent dose–response studies using seed

from the field-collected Spence population, the level of glypho-
sate resistance was quantified. Dose–response studies found that
the Spence population had an LD50 value of 642 g ha−1 with the
susceptible capeweed population (S1) achieving an LD50 value
of 166 g ha−1, resulting in the field-collected Spence population
having an R:S ratio of 3.8-fold (LD50) (Table 4). This level of resis-
tance is comparable with those reported in other glyphosate-
resistant dicot species2,8 such as Amaranthus species (Amaranthus

Table 3. Herbicides and rates used in discriminant rate herbicide resistance screening of all the Spence and S1 capeweed populations (Fully sus-
ceptible populations = 0%; Developing resistance = 1% to 19%; and Resistant ≥ 20%)

Mode of action
Herbicide active

ingredient
Rate

(g a.i. ha−1)
S1 mean %
survival

Spence mean
% survival

Inhibits plant amino acid synthesis – acetohydroxyacid
synthase (AHAS)

Metosulam 7 0 82 ± 9

Inhibits photosynthesis (photosystem-II) Bromoxynil 400 0 0
Inhibits photosynthesis (photosystem-II) Diuron 990 0 0
Inhibits photosynthesis (photosystem-II) Metribuzin 113 0 0
Inhibits photosynthesis (photosystem-II) Simazine 1620 0 0
Inhibition of carotenoid biosynthesis Diflufenican 100 0 86 ± 7.3
Inhibits photosynthesis (photosystem-II)and inhibitor
of the enzyme 4-hydroxyphenylpyruvate dioxygenase (HPPD)

Bromoxynil + Pyrasulfotole 166 0 0

Synthetic auxin Clopyralid 90 0 0
Synthetic auxin MCPA-Amine 900 0 0
Photosystem-I (electron transport) inhibitor Paraquat + Diquat 225 0 0
EPSPS inhibitor Glyphosate 540 0 93 ± 3.7

Table 5. Estimated parameters using plant survival for the three-parameter log-logistic model (see Eqn ((1)) to calculate the estimated rate at which
50%mortality is achieved (LD50) and their resistant to susceptible ratio values (R:S) for herbicide-susceptible capeweed control populations (S1, S2, S3,
S4, S5 and S6) compared to the field-collected glyphosate-resistant Spence population

Population A b e (LD50) (g a.i. ha−1) R:S

S1 100 1.80 ± 0.15 SE 173 ± 11.2 SE —

S2 100 2.46 ± 0.24 SE 186 ± 10.1 SE —

S3 100 2.19 ± 0.20 SE 192 ± 11.1 SE —

S4 100 3.07 ± 0.41 SE 126 ± 5.8 SE —

S5 100 5.39 ± 1.17 SE 147 ± 6.2 SE —

S6 100 4.49 ± 0.87 SE 147 ± 5.7 SE —

Pooled S 100 2.57 ± 0.12 SE 162 ± 5.0 SE —

Spence R 100 1.72 ± 0.14 SE 1811 ± 81.0 SE 11.2

Note: A, upper asymptotic value; e, estimated LD50 parameter; b, the slope of the curve around the LD50 parameter; R:S, resistant/susceptible ratio
calculated between the parameters based upon the pooled susceptible populations and the maximum rate applied to the field-selected population;
SE, standard error.

Table 4. Estimates parameters using plant survival for the three-parameter log-logistic model (see Eqn ((1)) to calculate the estimated rate at which
50% mortality is achieved (LD50) and their resistant to susceptible ratio (R:S) values for herbicide-susceptible capeweed control population (S1) com-
pared to the field-collected glyphosate-resistant Spence population

Population A b e (LD50) (g a.i. ha−1) R:S

S1 100 1.98 ± 0.42 SE 166.9 + 40.3 SE —

Spence 100 3.12 ± 1.08 SE 642.3 + 20.1 SE 3.8

Note: A, upper asymptotic value; e, estimated LD50 parameter; b, the slope of the curve around the LD50 parameter; R:S, resistant/susceptible ratio
calculated between the parameters based upon the pooled susceptible population S1 and the maximum rate applied to the field-selected popula-
tion; SE, standard error.
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palmeri S.Wats., Amaranthus spinosus L.),30–33 ragweed species
(Ambrosia trifida L., Ambrosia artemisiifolia L.),34 fleabane (Conyza
bonariensis (L.) Cronquist),35,36 ragweed plantain (Parthenium hys-
teroporus L.),37 wild radish (Raphanus raphanistrum L.),38 kochia
(Bassia scarparia (L.) A.J.Scott),39 common saltwort/Russian thistle
(Salsola tragus L.),40 common sunflower (Helianthus annuus L.),41

horseweed (Conyza canadensis L.),36,42,43 goosegrass (Eleusine
indica (L.) Gaertn.),44 buckhorn plantain (Plantago lanceolata L.),8

waterhemp (Amaranthus tuberculatus (Moq.) J.D.Sauer)30 and
coatbuttons (Tridax procumbens L.).27

Glyphosate resistance in the Spence population was found to
be inheritable and can be enriched in the progeny plants, how-
ever, the number of genes involved was not investigated. Assess-
ment of the glyphosate selected (≥ 1080 g ha−1) progeny
(Spence R) resulted in an LD50 value of 1811 g a.i. ha−1, with the
pooled S (pooled data for all the susceptible populations S1, S2,
S3, S4, S5, S6) having an LD50 value of 162 g a.i. ha−1. Therefore,
the glyphosate-resistant capeweed progeny (Spence R) was
found to have a R:S ratio of 11.2-fold at the LD50 level (Table 5;
Fig. 1). The biomass of the Spence R population was 13.3 fold
greater (GR50) than the pooled data from six susceptible popula-
tions (Pooled S: S1, S2, S3, S4, S5 and S6) with the Spence R pop-
ulation having a GR50 of 1773 g a.i. ha−1 (Table 6; Fig. 2).

Glyphosate resistance mechanisms have been widely reported
in the literature. Mechanisms include target-site mutations
(Thr102 or Pro106, double and triple mutations) in the EPSPS gene45

plus increased EPSPS gene amplification or duplication.46 Non-
target-site mechanisms like enhanced metabolism by aldo-keto
reductase,47,48 decreased absorption and/or restricted glyphosate
translocation,49 increased glyphosate sequestration to vacuoles50

and the rapid phytotoxic effect and recovery as seen in popula-
tions of Ambrosia trifida48,51 have also been reported. Despite a
range of non-target site mechanisms cited in the literature, the
target-site EPSPS gene mutation is a very common mechanism
imparting glyphosate resistance.48,52–56 EPSPS sequence analysis
(covering> 90% of the full EPSPS coding sequence) in the Spence
R population, found no evidence of glyphosate resistance-
conferring EPSPS mutations. Therefore, target-site EPSPS muta-
tion is unlikely to be the responsible mechanism. Other target-site
resistance mechanisms (e.g. EPSPS gene duplication/overexpres-
sion) and non-target-site mechanisms remain to be investigated
in the future.

3.1 Evidence of multiple resistance
The occurrence of glyphosate resistance in the Spence population
coexists with resistance to the acetolactate synthase (ALS)-
inhibiting herbicide metosulam [82% survival ± 9 standard error
(SE)] and the phytoene desaturase (PDS)-inhibiting herbicide diflu-
fenican (86% survival ±7.3 SE) (Table 3). Herbicide resistance to
these two modes of action has yet to be reported in capeweed
populations and requires further investigation. The multiple resis-
tance evolution (including glyphosate) has been previously
reported in this cropping system in other genetically-diverse spe-
cies such as wild radish,57,58 and annual ryegrass.59–61 Globally,
multiple resistance in glyphosate-resistant populations of
Amaranthus spp. (Amaranthus palmeri and Amaranthus
tuberculatus),62–64 Ambrosia spp. (Ambrosia trifida and Ambrosia
artenisiifolia)65 and Conyza spp. (Conyza canadensis and Conyza
bonariensis)66 has also been reported. At the Spence population
site, glyphosate was routinely used over the past 20 years. The field
in which the Spence population was sampled had a diverse crop-
ping history includes: lupin (Lupinus angustifolius L.) (2003), wheat
(Triticum aestivum) (2004), triazine-tolerant (TT) canola (Brassica
napus L.) (2005), barley (Hordeum vulgare L.) (2006), legume pasture
(Trifolium subterraneum L.) (2007, 2008), wheat (2009), TT canola
(2010), wheat (2011), legume pasture (2012, 2013), wheat (2014),

Figure 1. Plant survival as a percentage of untreated control (UTC)
responses to glyphosate in resistant (R,Δ) and susceptible (S, ο) capeweed
populations 21 days after treatment (DAT). The plotted lines are predicted
plant survival curves using a three-parameter log-logistic model (see
Eqn ((1)). Vertical bars represent mean ± standard error (n = 6).

Table 6. Estimated parameters for biomass using the three-parameter log-logistic model (see Eqn ((1)) used to calculate the estimated rate at which
growth is reduced by 50% (GR50) and their resistant to susceptible ratio (R:S) values for herbicide-susceptible capeweed control populations (S1, S2,
S3, S4, S5 and S6) compared to the field-collected glyphosate-resistant Spence population

Population A B e (GR50) (g a.i. ha−1) R:S

S1 100 2.30 ± 2.87 SE 208 ± 14.4 SE ….
S2 100 1.65 ± 1.79 SE 151 ± 13.7 SE ….
S3 100 1.36 ± 0.39 SE 126 ± 12.5 SE ….
S4 100 2.46 ± 3.36 SE 121 ± 7.4 SE ….
S5 100 3.27 ± 5.17 SE 116 ± 6.3 SE ….
S6 100 2.88 ± 4.17 SE 114 ± 6.7 SE ….
Pooled S 100 1.94 ± 9.26 SE 133 ± 4.0 SE ….
Spence R 100 1.24 ± 1.46 SE 1773 ± 4.0 SE 13.3

Note: A, upper asymptotic value; e, estimated GR50 parameter; b, the slope of the curve around the GR50 parameter; R:S, resistant/susceptible ratio
calculated between the parameters based upon the pooled susceptible populations and the maximum rate applied to the field-selected population;
SE, standard error.
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fallow (2015), TT canola (2016), wheat (2017), TT canola (2018) and
wheat (2019, 2020). Globally, the main cause of glyphosate resis-
tance evolution was the consequence of overreliance on glypho-
sate without sufficient diversity of other weed management
practices. The non-selective control of weeds before crop seeding
or for fallow maintenance is the main pattern of glyphosate use
in Australia. This pattern of glyphosate use combinedwith the crop
rotational diversity incorporating the use of multiple herbicidal
modes of action at the Spence population site was considered to
be sufficient to limit the widespread evolution of glyphosate-
resistant weeds.67,68 Interestingly, the area of the field where the
Spence population originated was a non-cropped drainage area
that incorporated an annually fallowed firebreak. These regions
are routinely sprayed with glyphosate without diversity or crop
competitiveness. Powles and Yu45 reported that the main driver
for the globally evolving herbicide resistance is repeated and pre-
dictable use of herbicides without enough diversity in weed man-
agement practices. The frequent use of glyphosate and the lack
of non-herbicidal controls likely resulted in the successful selection
of this rare glyphosate-resistant genotype that subsequently
infested the cropping field. The confirmation ofmultiple resistance,
including glyphosate resistance, in this capeweedpopulation, high-
lights the difficulty of relying solely on the herbicidal control of this
genetically diverse, resistance-prone species. Unfortunately, cape-
weed is not suited to harvest weed seed control (HWSC) intercep-
tion because of its prostrate growth habit. However, a highly
competitive cropping environment will likely reduce fecundity.14

Capweed control may also be imporved within field crops through
the judicious use of multiple herbicide mode of action,69,70 diversi-
fying crop rotation71 and the sensible use of cultivation to mechan-
ically control surviving plants and bury capweed seed banks below
their maximum germination depth.72,73 The effective use of high
biomass cover crops74 or intensive grazing with livestock75,76 can
also be used to reduce herbicide reliance in non-cropped areas
such as drainage ditches where this glyphosate resistant popula-
tion eminated from.

4 CONCLUSION
The identification of this glyphosate-resistant capeweed population
highlights the significant threat herbicide resistance and weed

evolution pose to the sustainability of modern conservation crop-
ping and pasture systems. The loss of this important herbicidal
mode of action demands that the diverse weed control strategies
be further implemented. It has been widely reported that glypho-
sate use is sustainable when weed control practices are diversified.
However, little attention is given to non-cropped fallow areas that
resulted in the selection of glyphosate resistance outlined in this
report.

ACKNOWLEDGEMENTS
This research was funded by the Grains Research and Develop-
ment Corporation (GRDC) of Australia. The authors thank Mr
Shane Baxter from the Australian Herbicide Resistance Initiative
(AHRI) who technically assisted in this study.

CONFLICT OF INTEREST
The authors are declaring no conflicts of interest.

REFERENCES
1 Duke SO and Powles SB, Glyphosate: a once-in-a-century herbicide.

Pest Manag Sci 64:319–325 (2008).
2 Duke SO, The history and current status of glyphosate. Pest Manag Sci

74:1027–1034 (2018).
3 Boocock MR and Coggins JR, Kinetics of 5-enolpyruvylshikimate-

3-phosphate synthase inhibition by glyphosate. FEBS Lett 154:
127–133 (1983).

4 Velini E, Duke SO, Trindade MLB, Meschede DK and Carbonari CA, in
Mode of Action of Glyphosate, ed. by Meschede DK, Carbonari CA
and Trindade MLB. FEPAF, Botucatu, pp. 113–134 (2009).

5 Franz JE, MaoMK and Sikorski JA, Glyphosate: a unique global herbicide.
American Chemical Society, Washington, DC (1997).

6 Anonymous. Roundup herbicide label. 2020. http://www.herbiguide.
com.au/Labels/GLY36_31393-54214.PDF [17 July 2020].

7 Powles SB, Lorraine-Colwill DF, Dellow JJ and Preston C, Evolved resis-
tance to glyphosate in rigid ryegrass (Lolium rigidum) in Australia.
Weed Sci. 46:604–607 (1998).

8 Heap I, The International Herbicide-Resistant Weed Database. 2020.
www.weedscience.org. [20 July 2020].

9 Arnold GW, Ozanne PG, Galbraith KA and Dandridge F, The capeweed
content of pastures in south-west Western Australia. Aust J Exp Agric
25:117–123 (1985).

10 Cordingley CL and Danthanarayana W, The lepidopterous fauna of
capeweed (Arctotheca calendula) in Victoria with keys for larval iden-
tification. Aust J Entomol 15:19–34 (1976).

11 McKirdy SJ and Jones RAC, Infection of alternative hosts associated with
annual medics (Medicago spp.) by alfalfa mosaic virus and its persis-
tence between growing seasons. Aust J Agr Res 45:1413–1426 (1994).

12 Retallack M and Keller M, Pests and diseases: which species of Tortricid
leafroller do I have in my vineyard? Aust N Z Grapegr Winemaker.
656:36–42 (2018). https://search.informit.org/doi/10.3316/informit.
284866569411948

13 Shovelton JB. Survey of weeds of Victorian dryland pastures. In Pro-
ceedings of the 7th Asian-Pacific Weed Science Society Conference,
pp. 169–172 (1979).

14 Peltzer S, Capeweed reduces crop yield. 2020. https://www.agric.wa.
gov.au/grains-research-development/capeweed-reduces-crop-
yield?nopaging=1. [11 February 2020].

15 Hagerstrom RC, Capeweed and barley grass control in pastures. J Dept
Agric 73:124–128 (1970).

16 Taylor AJ, Influence of weed competition on autumn-sown lucerne in
south-eastern Australia and the field comparison of herbicides and
mowing for weed control. Aust J Exp Agric 27:825–832 (1987).

17 Peirce JR. The use of diuron and MCPAmixtures for broadleaved weed
control in cereals. In Proceedings of the Seventh Asian-Pacific Weed
Science Society Conference: Sydney, Australia, November 26–30,
1979. Council of Australian Weed Science Societies (1979).

18 Amor RL and Francisco TM, Survey of weeds in field peas, chickpeas
and rapeseed in the Victorian Wimmera. Plant Prot Quart 2:
124–127 (1987).

Figure 2. Plant biomass as a percentage of untreated control (UTC)
responses to glyphosate in resistant (R,Δ) and susceptible (S, ο) capeweed
populations 21 days after treatment (DAT). The plotted lines are predicted
plant biomass curves using a three-parameter log-logistic model (see
Eqn ((1)). Vertical bars represent mean ± standard error (n = 6).

www.soci.org Y Khalil et al.

wileyonlinelibrary.com/journal/ps © 2021 Society of Chemical Industry Pest Manag Sci 2021

6

http://www.herbiguide.com.au/Labels/GLY36_31393-54214.PDF
http://www.herbiguide.com.au/Labels/GLY36_31393-54214.PDF
http://www.weedscience.org
https://search.informit.org/doi/10.3316/informit.284866569411948
https://search.informit.org/doi/10.3316/informit.284866569411948
https://www.agric.wa.gov.au/grains-research-development/capeweed-reduces-crop-yield?nopaging=1
https://www.agric.wa.gov.au/grains-research-development/capeweed-reduces-crop-yield?nopaging=1
https://www.agric.wa.gov.au/grains-research-development/capeweed-reduces-crop-yield?nopaging=1
http://wileyonlinelibrary.com/journal/ps


19 Greenhalgh WJ and Michael PW. Recalcitrant weeds in herbicide trials
at Camden, NSW. In Research and Development Conference on Vege-
tables, the Market and the Producer 247, pp. 253–256 (1988).

20 Hallett ML, The Ecology of Capeweed: Factors Affecting Establishment.
University of Melbourne, Melbourne (1971).

21 Rossiter RC, Ecology of the Mediterranean annual-type pasture, in
Advances in Agronomy. Elsevier, Amsterdam, pp. 1–56 (1966).

22 Peirce JR and Rayner BJ, Capeweed control in cereals, in Experimental
Summaries – Plant Research. Food DoAa, Perth, p. 55 (1986).

23 Purba E, Preston C and Powles SB, Inheritance of bipyridyl herbicide
resistance in Arctotheca calendula and Hordeum leporinum. Theor
Appl Genet 87:598–602 (1993).

24 Soar CJ. A study on the biochemical and physiological basis for resis-
tance to paraquat in Arctotheca calendula (L.) Levyns (capeweed).
PhD Thesis, University of Adelaide, Adelaide, Australia (2000).

25 Maiden JH, The Weeds of New South Wales. Government Printer,
Pretoria (1920).

26 Yu Q, Abdallah I, Han H, Owen M and Powles S, Distinct non-target site
mechanisms endow resistance to glyphosate, ACCase and ALS-
inhibiting herbicides in multiple herbicide-resistant Lolium rigidum.
Planta 230:713–723 (2009).

27 Li J, Peng Q, Han H, Nyporko A, Kulynych T, Yu Q et al., Glyphosate resis-
tance in Tridax procumbens via a novel EPSPS Thr-102-Ser substitu-
tion. J Agric Food Chem 66:7880–7888 (2018).

28 Price WJ, Shafii B and Seefeldt SS, Estimation of dose–responsemodels
for discrete and continuous data in weed science.Weed Technol 26:
587–601 (2012).

29 Onofri A, Carbonell EA, Piepho HP, Mortimer AM and Cousens RD, Cur-
rent statistical issues in weed research. Weed Res 50:5–24 (2010).

30 Owen MD and Zelaya IA, Herbicide-resistant crops and weed resis-
tance to herbicides. Pest Manag Sci 61:301–311 (2005).

31 Legleiter TR and Bradley KW, Glyphosate and multiple herbicide resis-
tance in common waterhemp (Amaranthus rudis) populations from
Missouri. Weed Sci 56:582–587 (2008).

32 Zelaya IA and Owen MDK, Differential response of Amaranthus tuber-
culatus (Moq ex DC) JD Sauer to glyphosate. Pest Manag Sci 61:
936–950 (2005).

33 Culpepper AS, Grey TL, Vencill WK, Kichler JM, Webster TM, Brown SM
et al., Glyphosate-resistant Palmer amaranth (Amaranthus palmeri)
confirmed in Georgia. Weed Sci 54:620–626 (2006).

34 Norsworthy JK, Jha P, Steckel LE and Scott RC, Confirmation and con-
trol of glyphosate-resistant giant ragweed (Ambrosia trifida) in Ten-
nessee. Weed Technol 24:64–70 (2010).

35 Walker S, Bell K, Robinson G and Widderick M, Flaxleaf fleabane (Con-
yza bonariensis) populations have developed glyphosate resistance
in north-east Australian cropping fields. Crop Prot 30:311–317
(2011).

36 VanGessel MJ, Glyphosate-resistant horseweed from Delaware. Weed
Sci 49:703–705 (2001).

37 Rosario J, Fuentes CL and de Prado Amián R. Resistencia de “Parthe-
nium hysterophorus” al herbicida glifosato: un nuevo caso de resis-
tencia a herbicidas en Colombia. In Herbología e biodiversidade
numa agricultura sustentável: Lisboa, 10–13 November 2009. Universi-
dade Tecnica de Lisboa, Lisbon, pp. 455–458. (2009).

38 Ashworth MB, WalshMJ, Flower KC and Powles SB, Identification of the
first glyphosate-resistant wild radish (Raphanus raphanistrum L.)
populations. Pest Manag Sci 70:1432–1436 (2014).

39 Beckie HJ, Blackshaw RE, Low R, Hall LM, Sauder CA, Martin S et al.,
Glyphosate-and acetolactate synthase inhibitor–resistant kochia
(Kochia scoparia) in western Canada. Weed Sci 61:310–318 (2013).

40 Kumar V, Spring JF, Jha P, Lyon DJ and Burke IC, Glyphosate-resistant
Russian-thistle (Salsola tragus) identified in Montana and
Washington. Weed Technol 31:238–251 (2017).

41 Singh V, Etheredge L, McGinty J, Morgan G and Bagavathiannan M,
First case of glyphosate resistance in weedy sunflower (Helianthus
annuus). Pest Manag Sci 76:3685–3692 (2020).

42 Koger CH, Poston DH, Hayes RM and Montgomery RF, Glyphosate-
resistant horseweed (Conyza canadensis) in Mississippi. Weed Tech-
nol 18:820–825 (2004).

43 Koger CH and Reddy KN, Role of absorption and translocation in the
mechanism of glyphosate resistance in horseweed (Conyza cana-
densis). Weed Sci 53:84–89 (2005).

44 Lee LJ and Ngim J, A first report of glyphosate-resistant goosegrass
(Eleusine indica (L) Gaertn) in Malaysia. Pest Manag Sci 56:336–339
(2000).

45 Powles SB and Yu Q, Evolution in action: plants resistant to herbicides.
Annu Rev Plant Biol 61:317–347 (2010).

46 Gaines TA, Zhang W, Wang D, Bukun B, Chisholm ST, Shaner DL et al.,
Gene amplification confers glyphosate resistance in Amaranthus
palmeri. Proc Natl Acad Sci USA 107:1029–1034 (2010).

47 Gaines TA, Duke SO, Morran S, Rigon CAG, Tranel PJ, Küpper A et al.,
Mechanisms of evolved herbicide resistance. J Biol Chem 295(30):
10307–10330 (2020).

48 Sammons RD and Gaines TA, Glyphosate resistance: state of knowl-
edge. Pest Manag Sci 70:1367–1377 (2014).

49 Lorraine-Colwill DF, Powles SB, Hawkes TR, Hollinshead P, Warner SAJ
and Preston C, Investigations into the mechanism of glyphosate
resistance in Lolium rigidum. Pest Biochem Physiol 74:62–72 (2002).

50 Ge X, d'Avignon DA, Ackerman JJH, Collavo A, Sattin M, Ostrander EL
et al., Vacuolar glyphosate-sequestration correlates with glyphosate
resistance in ryegrass (Lolium spp.) from Australia, South America,
and Europe: a 31P NMR investigation. J Agric Food Chem 60:
1243–1250 (2012).

51 van Horn CR, Moretti ML, Robertson RR, Segobye K, Weller SC,
Young BG et al., Glyphosate resistance in Ambrosia trifida: part
1. Novel rapid cell death response to glyphosate. Pest Manag Sci
74:1071–1078 (2018).

52 Baerson SR, Rodriguez DJ, Tran M, Feng Y, Biest NA and Dill GM, Glyph-
osate-resistant goosegrass. Identification of a mutation in the target
enzyme 5-enolpyruvylshikimate-3-phosphate synthase. Plant Phy-
siol 129:1265–1275 (2002).

53 Ng CH, Wickneswary R, Salmijah S, Teng YT and Ismail BS, Glyphosate
resistance in Eleusine indica (L.) Gaertn. from different origins and
polymerase chain reaction amplification of specific alleles. Aust J
Agric Res 55:407–414 (2004).

54 Yu Q, Cairns A and Powles S, Glyphosate, paraquat and ACCase multi-
ple herbicide resistance evolved in a Lolium rigidum biotype. Planta
225:499–513 (2007).

55 Kaundun SS, Dale RP, Zelaya IA, Dinelli G, Marotti I, McIndoe E et al., A
novel P106L mutation in EPSPS and an unknown mechanism (s) act
additively to confer resistance to glyphosate in a South African
Lolium rigidum population. J Agric Food Chem 59:3227–3233 (2011).

56 Huffman JL, Riggins CW, Steckel LE and Tranel PJ, The EPSPS Pro106Ser
substitution solely accounts for glyphosate resistance in a goose-
grass (Eleusine indica) population from Tennessee, United States.
J Integr Agric 15:1304–1312 (2016).

57 Walsh MJ, Powles SB, Beard BR, Parkin BT and Porter SA, Multiple-
herbicide resistance across four modes of action in wild radish
(Raphanus raphanistrum). Weed Sci 52:8–13 (2004).

58 OwenMJ, Martinez NJ and Powles SB, Multiple herbicide-resistant wild
radish (Raphanus raphanistrum) populations dominate Western
Australian cropping fields. Crop Pasture Sci 66:1079–1085 (2015).

59 OwenMJ, WalshMJ, Llewellyn RS and Powles SB, Widespread occurrence
of multiple herbicide resistance in Western Australian annual ryegrass
(Lolium rigidum) populations. Aust J Agric Res 58:711–718 (2007).

60 Christopher JT, Powles SB, Liljegren DR and Holtum JAM, Cross-
resistance to herbicides in annual ryegrass (Lolium rigidum):
II. Chlorsulfuron resistance involves a wheat-like detoxification sys-
tem. Plant Physiol 95:1036–1043 (1991).

61 Heap I and Knight R, The occurrence of herbicide cross-resistance in a
population of annual ryegrass, Lolium rigidum, resistant to diclofop-
methyl. Aust J Agric Res 37:149–156 (1986).

62 KumarV, LiuR, BoyerGandStahlmanPW,Confirmationof 2,4-D resistance
and identification of multiple resistance in a Kansas Palmer amaranth
(Amaranthus palmeri) population. Pest Manag Sci 75:2925–2933 (2019).

63 Küpper A, Borgato EA, Patterson EL, Netto AG, Nicolai M, de
Carvalho SJP et al., Multiple resistance to glyphosate and acetolac-
tate synthase inhibitors in Palmer amaranth (Amaranthus palmeri)
identified in Brazil. Weed Sci 65:317–326 (2017).

64 Bell MS, Hager AG and Tranel PJ, Multiple resistance to herbicides from
four site-of-action groups in waterhemp (Amaranthus tuberculatus).
Weed Sci 61:460–468 (2013).

65 Ganie ZA, Jugulam M and Jhala AJ, Temperature influences efficacy,
absorption, and translocation of 2,4-D or glyphosate in
glyphosate-resistant and glyphosate-susceptible common ragweed
(Ambrosia artemisiifolia) and giant ragweed (Ambrosia trifida). Weed
Sci 65:588–602 (2017).

66 Moretti ML and Hanson BD, Reduced translocation is involved in resis-
tance to glyphosate and paraquat in Conyza bonariensis and Conyza
canadensis from California. Weed Res 57:25–34 (2017).

Glyphosate-resistant capeweed (Arctotheca calendula) www.soci.org

Pest Manag Sci 2021 © 2021 Society of Chemical Industry wileyonlinelibrary.com/journal/ps

7

http://wileyonlinelibrary.com/journal/ps


67 Heap I and Duke SO, Overview of glyphosate-resistant weeds world-
wide. Pest Manag Sci 74:1040–1049 (2018).

68 Beckie HJ, Flower KC and Ashworth MB, Farming without glyphosate?
Plan Theory 9:96 (2020).

69 Harker KN and O'Donovan JT, Recent weed control, weedmanagement,
and integrated weed management. Weed Technol 27:1–11 (2013).

70 Busi R, Powles SB, Beckie HJ and RentonM, Rotations andmixtures of soil-
applied herbicides delay resistance. Pest Manag Sci 76:487–496 (2020).

71 Barberi P and Lo Cascio B, Long-term tillage and crop rotation effects on
weed seedbank size and composition. Weed Res 41:325–340 (2001).

72 Rueda-Ayala V, Rasmussen J and Gerhards R, Mechanical weed control,
in Precision Crop Protection-the Challenge and Use of Heterogeneity.
Springer, Dordrecht, pp. 279–294 (2010).

73 Dang YP, Moody PW, Bell MJ, Seymour NP, Dalal RC, Freebairn DM
et al., Strategic tillage in no-till farming systems in Australia's north-
ern grains-growing regions: II. Implications for agronomy, soil and
environment. Soil Till Res 152:115–123 (2015).

74 Kruidhof HM, Bastiaans L and Kropff MJ, Cover crop residue man-
agement for optimizing weed control. Plant Soil 318:169–184
(2009).

75 Arnold GW and McManus WR. The effect of level of stocking on
two pasture types upon wool production and quality. In Pro-
ceedings of the Australian Society of Animal Production, p. 63.
(1960).

76 Carter ED. The role of grazing animals in weed control. In Proceedings of
the 9th Australian Weeds Conference, pp. 239–242. (1990).

www.soci.org Y Khalil et al.

wileyonlinelibrary.com/journal/ps © 2021 Society of Chemical Industry Pest Manag Sci 2021

8

http://wileyonlinelibrary.com/journal/ps

	Identification of the first glyphosate-resistant capeweed (Arctotheca calendula) population
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  Collection of herbicide susceptible and suspected glyphosate-resistant capeweed populations
	2.2  Initial herbicide resistance screening
	2.3  Generation of the glyphosate-resistant subpopulation
	2.4  Glyphosate dose-response on the field-collected populations
	2.5  Glyphosate dose-response on the glyphosate-selected subpopulation
	2.6  Genomic DNA extraction, PCR amplification and partial sequencing of EPSPS gene
	2.7  Statistics

	3  RESULTS AND DISCUSSION
	3.1  Evidence of multiple resistance

	4  CONCLUSION
	ACKNOWLEDGEMENTS
	  CONFLICT OF INTEREST
	REFERENCES


