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Cross-resistance to diﬂufenican and picolinafen
and its inheritance in oriental mustard
(Sisymbrium orientale L.)
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Abstract
BACKGROUND: An oriental mustard population (P40) was identiﬁed as resistant to diﬂufenican by screening at the ﬁeld rate.
As diﬂufenican and picolinafen both target phytoene desaturase (PDS), cross-resistance to picolinafen was suspected. The
mechanism of resistance and its inheritance to diﬂufenican and picolinafen were investigated.
RESULTS: At the lethal dose (LD50 ) level, population P40 was 237-fold more resistant to diﬂufenican and seven-fold more resistant
to picolinafen compared to two susceptible populations. Population P40 also had a signiﬁcantly higher resistance to diﬂufenican
(237-fold) than a previously described P3 population (143-fold). In addition to the Leu-498-Val mutation in PDS identiﬁed in all
individuals of the P3 and P40 populations, a Glu-425-Asp mutation was also found in P40. Neither mutation was detected in
any individuals of the susceptible population. As the segregation of phenotype and genotype of the F2 individuals ﬁtted the
model for a single dominant allele, resistance to both diﬂufenican and picolinafen is likely encoded on the nuclear genome and
is dominant.
CONCLUSION: Resistance to diﬂufenican and picolinafen in the P40 population is likely conferred by Leu-498-Val and
Glu-425-Asp mutations in the PDS gene. Inheritance of resistance to these herbicides is managed by a single dominant gene.
© 2018 Society of Chemical Industry
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INTRODUCTION
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PDS, which initiates the desaturation sequence starting from phytoene in carotenoid biosynthesis, has been the target of many
bleaching herbicides such as diﬂufenican and picolinafen.16,17
These herbicides inhibit the formation of carotenoids13,18,19 to
cause a lack of carotenoids, destruction of chloroplast membranes
and degradation of chlorophyll. This results in pronounced bleaching symptoms and necrosis of the tissues of susceptible plants,
leading to plant death.14,20
Even though the PDS-inhibiting herbicides have been used
for many years to control weeds in agriculture and aquaculture, only few cases of ﬁeld-evolved resistance have been
recorded worldwide.9,21 These include the Hydrilla verticillata,22
Raphanus raphanistrum,23 Poa annua, Apera spica-venti and oriental mustard.9,21 However, except for resistance to ﬂuridone in
Hydrilla verticillata22,24 and diﬂufenican in oriental mustard,25 the
mechanisms of resistance in most cases remain unknown.9 In
these species, mutations at the Arg304 (NCBI Hydrilla verticillata
numbering system) and Leu526 (NCBI Arabidopsis thaliana numbering system) in the PDS gene were conﬁrmed the main causes
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Oriental mustard (Sisymbrium orientale L.) is an important cruciferous weed of ﬁeld crops and pastures in Australia.1 Plants of
this weed species produce a large number of small seeds, which
can readily germinate throughout the year under favorable conditions due to a relatively short dormancy period.2,3 In southern
Australia, the life cycle of oriental mustard is closely aligned with
winter crops and therefore it competes with crops for resources
causing yield loss.1,4 Oriental mustard is usually easy to control
with herbicides, but has recently evolved resistance in Australia to
several herbicide groups that include acetolactate synthase (ALS)
inhibitors, synthetic auxins, phytoene desaturase (PDS) inhibitors
and photosystem II inhibitors.5–9
Diﬂufenican and picolinafen are pyridinecarboxamide herbicides belonging to Group 15 (WSSA designation), which inhibit
carotenoid biosynthesis. Diﬂufenican was developed in 1979 and
has been used as a pre-emergent and early post-emergent herbicide for the selective control of certain broadleaf weeds, especially
brassicaceae family, in winter cereals since the mid-1980s.10–12
Picolinafen is a selective, post-emergence herbicide, which has
been used to control annual broadleaf weeds in winter crops in
Australia since 2001. Carotenoids are essential pigments of the
photosynthetic apparatus that play important roles in plants, especially in photosynthesis.13,14 They not only participate in light harvesting, but also protect the chloroplasts from the harmful eﬀects
of singlet oxygen formed during photosynthesis.15 The enzyme
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of resistance to ﬂuridone in Hydrilla verticillata and diﬂufenican
in oriental mustard, respectively.25 Transgenic studies conducted
in some lower plants (e.g. Haematococcus pluvialis, Chlorella
zoﬁngiensis and Chlamydomonas reinhardtii) have also conﬁrmed
that mutations within the PDS gene could result in resistance
to PDS-inhibiting herbicides. The substitution from Leu504 to
Arg in the PDS gene of the Haematococcus pluvialis26 or from
Leu516 to Phe in Chlamydomonas zoﬁngiensis and Chlamydomonas reinhardtii27,28 enable these species to exhibit resistance
to norﬂurazon. These studies demonstrated that resistance to
PDS-inhibitors is likely associated with target-site resistance
mechanisms.
In weeds, cross-resistance occurs when a species develops simultaneous resistance to more than one herbicide following selection
with a single herbicide.29 Cross-resistance within a mode of action
is expected to occur due to target site resistance (TSR) mechanisms. It can also occur across herbicide modes of action due to
non-target site based mechanisms.30,31 Many weed species evolve
cross-resistance to herbicides, some examples are: resistance
to imazamox and imazethapyr in Oryza sativa;32 cloransulam,
chlorimuron, imazethapyr and bispyribac resistance in Conyza
canadensis;33 prosulfocarb, triallate and pyroxasulfone-resistance
in Lolium rigidum;34 or tribenuron-resistant Papaver rhoeas
biotypes that displayed cross-resistance to mesosulfuron,
chlorsulfuron and triasulfuron.35 However, cross-resistance to
PDS-inhibiting herbicides has not been reported in any weed
species.
In a recent study, a Leu-526-Val substitution in the PDS gene
was identiﬁed in diﬂufenican resistant oriental mustard from
Quambatook, Victoria, Australia.25 Since then, another population
of oriental mustard (P40) with a higher level of resistance to
diﬂufenican has been identiﬁed. This population showed no leaf
bleaching symptoms or growth reduction when treated with the
recommended ﬁeld rate of diﬂufenican. Research was conducted
to compare the level of diﬂufenican resistance and cross-resistance
to another PDS inhibiting herbicide, picolinafen, as well as the
mechanism(s) of resistance in these two populations. The mode of
inheritance of resistance to diﬂufenican and picolinafen was also
investigated in the P40 population.

2

EXPERIMENTAL METHODS
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2.1 Plant materials
An oriental mustard population (P40) collected from a wheat ﬁeld
near Kunat, Victoria (35∘ 30′ 49.1′′ S 143∘ 31′ 38.6′′ E) was used in this
study. The P40 population was conﬁrmed as resistant to diﬂufenican when screened with 200 g a.i. ha−1 diﬂufenican (Brodal 500 g
a.i. L−1 , Bayer Crop Science, Hawthorn East, Australia), the highest
recommended ﬁeld rate to control oriental mustard in Australia.
Two known herbicide-susceptible populations S1 and S2 were also
used throughout the study as susceptible controls. The S1 population was collected from an organic crop near Roseworthy, South
Australia (34∘ 31′ 41.7′′ S 138∘ 41′ 24.2′′ E)36 and the S2 population
was collected near Port Kenny, Eyre Peninsula, South Australia (33∘
05′ 29.2′′ S 134∘ 42′ 42.6′′ E). The S1 and S2 populations have been
conﬁrmed susceptible to all herbicides commonly used to control oriental mustard in Australia (glyphosate, imazamox, chlorsulfuron, diﬂufenican, picolinafen, atrazine and 2,4-D).7 A previously
characterized diﬂufenican-resistant population (P3) collected from
Quambatook, Victoria (35∘ 50′ 22.1′′ S 143∘ 33′ 54.6′′ E) was included
in some experiments for comparison.25 Homogeneous resistant
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(P3 and P40) and susceptible (S1 and S2) populations were generated as described in Dang et al.25 and the resultant seed used in
this study.
2.2 Seed germination, plant growth and herbicide
treatment
Seeds from the four (P3, P40, S1 and S2) populations were germinated on the surface of trays containing a standard soil mix.37
Seedlings were transplanted at ﬁrst or second-leaf stage into punnet pots (Masrac Plastics, Dry Creek, Australia) containing standard potting mix, with nine seedlings per pot. The number of
replicate varied depending on each experiment. The pot plants
were maintained outdoors during the normal growing season
(May–October), watered and fertilized as required. At the three
to four-leaf stages, seedlings were treated with herbicides using a
moving-boom laboratory twin nozzle sprayer as described in previous studies.25 The number of seedlings in each pot was counted
before each herbicide treatment. Control plants were not treated
with any herbicide. All experiments were conducted at the Waite
campus, The University of Adelaide, South Australia (34∘ 58′ 13.5′′ S
138∘ 38′ 22.7′′ E).
2.3 Whole-plant dose response to diﬂufenican
and picolinafen
Dose response experiments were conducted on P3, P40, S1 and
S2 populations in the winter 2016 as described in Dang et al.25
using either diﬂufenican (Brodal 500 g a.i. L−1 , Bayer Crop Science) at rates of 0, 6.25, 12.5, 25, 50, 100, 200, 400, 800, 1600 and
3200 g ha−1 or picolinafen (Sniper 750 g a.i. kg−1 picolinafen, BASF
Australia Ltd, Southbank, Australia) at 0, 0.5, 1.0, 2.1, 4.1, 8.3, 16.5,
33, 66, 132, 264 and 528 g ha−1 . In Australia, the recommended
ﬁeld rate of diﬂufenican for post-emergent control of oriental
mustard in crops (e.g. lentils and lupins) in South Australia up to
four-leaf stage is 150 to 200 g a.i. ha−1 and the recommended ﬁeld
rate of picolinafen varies from 33 to 50 g a.i. ha−1 . Non-ionic surfactant (alcohol alkoxylate, BS1000, Crop Care, Murarrie, Australia)
0.2% (v/v), was added to the diﬂufenican solution, but no surfactant was added to the picolinafen solution as recommended
on product labels. The number of plants were counted before
herbicide treatment and the experiment was repeated in the
winter 2017.
Assessments of plant survival were made at 28 days after treatment (DAT) or when symptoms were clear. Plants with new green
leaf tissues were recorded as survivors, whereas those that displayed no new growth and severe necrosis were recorded as dead.
The above ground parts of the plants were harvested and dried
in an oven at 65 ∘ C to a constant weight when dry weight was
determined. Plant biomass data from the dose–response experiment were converted to percentage of untreated control before
regression analysis. The median lethal dose (LD50 ) values (the herbicide dose required for 50% mortality) and their 95% conﬁdence
limits were analysed using PriProbit v.1.63.38 Probit analysis is an
all-or-nothing model that is appropriate for binary responses, such
as alive or dead, which transforms a sigmoidal dose response curve
to a linear function. Probits were back transformed to percentages
for plotting. Dry weight data was analysed by log-logistic analysis using GraphPad Prism v.6.0 and the GR50 values (the herbicide
dose required for 50% biomass reduction) calculated. Resistance
index (RI) values were calculated as the ratio between the LD50 (or
GR50 ) of each population and the mean LD50 (or GR50 ) of the susceptible populations. A two-way analysis of variance (ANOVA) was
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used to examine the eﬀect of experimental run. Data from the two
runs were pooled prior to data analysis if no eﬀect of experimental
run was identiﬁed.
2.4 Sequencing of phytoene desaturase
2.4.1 RNA, DNA extraction and cDNA synthesis
Plant material (about 100 mg) from the youngest green leaf tissue of resistant (P3 and P40) and susceptible (S1) plants (ﬁve individuals per population) was collected for DNA extraction. For the
resistant populations, samples were collected from the ﬁve survivors at 800 g diﬂufenican ha−1 at 28 DAT. The susceptible samples were collected from plants before herbicide treatment. These
plants were then included in the dose–response experiment and
sprayed with diﬂufenican and at the recommended rate to ensure
they were susceptible. For the F2 populations, leaf tissue was collected from 48 untreated individuals of a population that was conﬁrmed as having clear segregation in the phenotype segregation
tests. Samples obtained were snap frozen in liquid nitrogen and
stored at –20 ∘ C for further use.
For RNA extraction for cDNA synthesis, samples of the susceptible (S1) and resistant plants (P40) were collected as described
earlier. However, in this case, fresh samples were obtained, snap
frozen in liquid nitrogen and used immediately for RNA extraction.
Total RNA was isolated, its quality checked via gel electrophoresis
and cDNA synthesized as described in Dang et al.25
2.4.2 Sequencing of the PDS gene
Ampliﬁcation and sequencing of two target regions in the
genomic DNA of the PDS gene that contained the amino acids
Arg260 (equivalent to the positions Arg304 in Hydrilla verticillata)
and Leu498 (equivalent to Leu504 in Haematococcus pluvialis)
were ampliﬁed according to Dang et al.25 These fragments were
ampliﬁed from genomic DNA of ﬁve individuals of the resistant
(P3 and P40) and susceptible (S1) populations.
In order to investigate whether any other mutations were
presenting in the PDS gene of population P40, fragments of
the PDS gene of oriental mustard covering 1552 bp of the gene
(NCBI accession number MG493466.1) were ampliﬁed using
cDNA synthesized from the RNA of ﬁve individuals of the resistant (P40) and susceptible (S1) populations. Six primers were
used including (1) PDS-01F-5′ -CTGCRGCGAATTTGCCTTA-3′ ; (2)
PDS-02F2–5′ -GATGGCVTTCTTRGATGGTA-3′ ; (3) Arg288F (4)
Arg288R; (5) Leu526F and (6) Leu526R. Primers 3, 4, 5 and 6 was
obtained from Dang et al.,25 except for the primers 1 and 2. The
primers (1 and 2) were designed based on the PDS gene sequences
of three other related species including Arabidopsis thaliana (NCBI
accession number NM117498), Brassica napus (NCBI accession
number NM001316208) and Brassica rapa (NCBI accession number GQ200741) as described in Dang et al.25 A multiple sequence
alignment of the partial PDS gene sequence of oriental mustard
with the PDS gene sequences of 25 other species was conducted
to ensure that the mutation identiﬁed in the resistant oriental
mustard population was not a natural variant present in other
weed or plant species, using the Clustal Omega program (www
.ebi.ac.uk/Tools/msa/clustalo/).
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at 800 g ha−1 diﬂufenican and ﬁve untreated plants of the S1
were grown in individual 8.5 L pots in a glasshouse (15 to 22 ∘ C),
watered and fertilized as required. Three days after the ﬁrst ﬂower
opened, all mature siliques, opened ﬂowers and small buds were
removed from each inﬂorescence and only two to three young
buds retained. All immature anthers were removed from each
bud, exposing only the stigma and each inﬂorescence was immediately bagged. On the following day when the pollen donors
ﬂowers were fully open, cross-pollination was conducted by tapping the anthers with pollen grains of the susceptible or resistant biotype against the exposed stigma of the other biotype.
The pollen receptor female ﬂowers were bagged promptly after
hand-pollination. Three days after fertilization, the bag on each
crossed ﬂower was removed and the developing pod marked by
a string-tag. Pods were harvested at maturity. Seeds from pods
generated from cross-fertilizations were collected separately from
each cross and considered an F1 family. Seeds from the parents
(P40 and S1 parental plants) and the F1 (P40♂ × S1♀) seeds were
germinated and transplanted into small pots at a density of 5
plants pot−1 . At the three to four-leaf stage, seedlings were treated
with diﬂufenican at 200 g ha−1 or picolinafen at 20 g ha−1 to determine the resistance status of each progeny. These rates of herbicide controlled all susceptible plants, but all resistant plants survived. Seedlings from the susceptible parent of each cross that
survived the herbicide application were considered to be true F1
plants because they have similar responses to herbicide treatment
as the male parent. The F1 plants were transplanted into 8.5 L pots
and allowed to self-pollinate to produce F2 seeds. Mature seeds (F2 )
from each F1 individual were collected separately and used in the
inheritance studies.
2.5.2 Segregation and dose–response of the F2 populations
The phenotypic segregation of the F2 populations were determined by testing their responses to diﬂufenican and picolinafen
at 200 and 20 g ha−1 , respectively, as described earlier for the
F1 populations. A total of 108 seedlings from each population
(P40♂ × S1♀) F2 population and the parental populations (P40 and
S1) were screened and the homogeneity and segregation of the F2
phenotypes tested against a single-gene model using the G-test
as described by Preston and Malone.36
A dose–response experiment was also conducted on F2 populations and parental populations to determine the number of
genes involved in resistance to diﬂufenican and picolinafen. Dose
response experiments were conducted as described earlier. There
were three replicates (three pots with nine plants per pot) for each
parental population and two replicates (two pots with nine plants
per pot) for each F2 population at each herbicide rate.
Probit analysis was used to analyse the dose–responses of
the parental populations. For the F2 population, a model of single dominant gene was created by summing 0.75 (equivalent
to 75%) × survival of the resistant population and 0.25 (equivalent to 25%) × survival of the susceptible population. This model
was compared with the real responses of the F2 populations to
ensure that the dose response ﬁtted to a single-gene model as
predicted.39 All experiments were conducted twice in the main
growing season in 2017. The eﬀect of experimental run was examined using a two-way ANOVA. Data from the two runs were
pooled if no eﬀect of the experimental run was identiﬁed. The
G-test of goodness-of-ﬁt with Williams’ correction was conducted
to test the hypothesis that the genotypes of the F2 populations
had segregated as 1:2:1 ratio, as expected for the one dominant
gene model.
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2.5 Inheritance of resistance to diﬂufenican
2.5.1 Generation of F1 and F2 seeds
Two populations P40 and S1 were selected for the inheritance
study. Generation of F1 and F2 seeds were conducted using the
method described by Dang et al.8 Brieﬂy, ﬁve survivors of P40
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RESULTS

3.1 Whole-plant dose response
Dose response studies conﬁrmed that the P40 population was
resistant to both diﬂufenican and picolinafen while the P3 was
only resistant to diﬂufenican. At the recommended ﬁeld rate
(200 g ha−1 ), diﬂufenican completely controlled the susceptible
populations S1 and S2, whereas, all of the P3 and P40 plants
survived and continued to grow, even at the higher rates. The
survival rate of the resistant biotypes remained high (60% and 80%
survival for P3 and P40, respectively) at the highest herbicide rate
(3200 g ha−1 ) (Fig. 1). In addition, the symptoms of leaf bleaching
were clearly observed in the susceptible and the resistant control
(P3) populations when treated at the ﬁeld rate (200 g ha−1 ), but
not in the resistant population P40 when treated with diﬂufenican
at rates lower than 600 g ha−1 . Based on the mean values of
the LD50 of the two susceptible populations (S1 and S2), the P3
and P40 populations were 143- and 237-fold more resistant to
diﬂufenican (Table 1). The biomass of the resistant plants was
only slightly reduced (∼10%) by the recommended ﬁeld rate of
diﬂufenican. The resistant populations P3 and P40 had a GR50 of
2922 and 4533 g ha−1 , respectively, while the GR50 of the S1 and S2
populations was about 23 g ha−1 , making them 126- and 195-fold,
respectively, more resistant to diﬂufenican than the susceptible
populations (Table 1).
Picolinafen completely killed all plants of both the susceptible
populations and the known diﬂufenican-resistant control population (P3) at 33 g ha−1 , the lowest recommended ﬁeld rate. The
resistant population (P40) showed less mortality at this rate (Fig. 1).
The picolinafen rate causing 50% mortality (LD50 ) for the susceptible populations (S1 and S2) was about 10 g ha−1 , whereas, the LD50
for the resistant population P40 was 75 g ha−1 making it seven-fold
more resistant to picolinafen than the susceptible populations
(Fig. 1, Table 2).
3.2 Sequencing of the PDS gene
Unless otherwise speciﬁed, the numbering in the PDS gene
sequence of oriental mustard (NCBI accession number
MG493466.1) was used. When the sequences obtained from the
partial PDS gene fragments of the resistant (P40) and susceptible
(S1) populations were compared, the change from leucine (TTA) to
valine (GTA) at position Leu498 (Leu-498-Val) (Fig. 2) was identiﬁed
in all individuals of both resistant populations but not in any
individual of the susceptible population. Meanwhile, the change
of amino acid from glutamic acid (GAG) to aspartate/aspartic acid
(GAC) at position Glu425 (Glu-425-Asp) (Fig. 2) was detected only
in population P40, but it was not found in populations P3 and S1.
No substitution was detected at the Arg260 (equivalent to Arg304
numbering in the Hydrilla verticillata) in any individuals of either
resistant or susceptible populations investigated. In addition, no
other substitution was identiﬁed in the rest of the PDS gene when
aligned with the mRNA obtained from resistant and susceptible
individuals of the oriental mustard populations (P40 and S1)
investigated in the current study.
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3.3 Evaluation of F1 populations and segregation pattern
of F2 populations
Crosses (pods) harvested from the susceptible S1 and resistant P40
parent plants were screened with diﬂufenican and picolinafen at
200 and 20 g ha−1 , respectively. All seedlings from self-pollinated
seeds of the susceptible plants showed severe damage and died 28
DAT. Meanwhile, all the seedlings from self-pollinated seeds of the
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Figure 1. Dose–response curves for the survival of the susceptible S1 ( ),
S2 ( ), resistant P3 ( ) and P40 ( ) populations of oriental mustard treated
with diﬂufenican (a) and picolinafen (b). The curves for survival data were
ﬁtted using the equation Y = 100 × [1 − NORMSDIST (B + AX)], where X is
log (dose), and Y (percentage survival) is back-transformed from mortality
(expressed as normal equivalent deviates). Each data point is the mean of
six replicates, and the vertical bars are standard error of the mean (SEM).

resistant plants showed little or no visible damage. All F1 seedlings
from seeds collected from the resistant parents survived with little
or no damage. Seedlings of the F1 seed set on the susceptible
parent (P40♂ × S1♀) also survived diﬂufenican and picolinafen
treatments with little or no damage showing that cross-pollination
had been successful. Ten F1 plants from ten P40♂ × S1♀ crosses
were allowed to self-pollinate to produce F2 families.
The F2 plants segregated when treated with diﬂufenican and
picolinafen at 200 and 20 g ha−1 , respectively. For diﬂufenican
treatment, the response of the ten F2 families were not signiﬁcantly diﬀerent (homogeneity P = 0.944; 9df ) (Table 3). Likewise,
the response of these F2 families were not signiﬁcantly diﬀerent (homogeneity P = 0.872; 9df ) when treated with picolinafen
(Table 4). The results show that the parents of the crosses were
likely homozygous for the resistance trait, which is a common
feature expected in a highly self-pollinating species as oriental
mustard.36 In both diﬂufenican and picolinafen treatments, the
pattern of segregation was consistent with the model of a single dominant gene. The segregation of F2 plants with high levels
of damage and those with little or no visible damage ﬁtted the
expected ratio (3:1) for a single dominant allele for both herbicide
treatments (Tables 3 and 4).
The dose–response experiments on F2 seedlings showed
that the response of F2 populations to both herbicides was
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Table 1. Estimated LD50 (the dose required for 50% mortality), GR50 (the dose required for 50% biomass reduction) and resistance indexa (RI) values
for oriental mustard populations treated with diﬂufenican
Survival

Biomass

Population

LD50

(g a.i. ha−1 )

RMSE

RI

P40
P3
S1
S2

6244 (4897, 7963)
3770 (3154, 4506)
24.7 (24.7, 24.7)
27.9 (27.9, 27.9)

2.17
3.94
4.85
4.76

237
143
–
–

(g a.i. ha−1 )

RMSE

RI

4533 (3517, 5844)
2922 (2521, 3386)
21.6 (20.2, 23.1)
24.8 (22.9, 26.9)

5.47
5.69
5.21
6.33

195
126
–
–

GR50

a

Resistance index (RI) values were calculated as the ratio between the LD50 (or GR50 ) of the resistant P40 and P3 populations compared with the mean
LD50 (or GR50 ) values of two susceptible populations (S1 and S2). The recommended ﬁeld rate of diﬂufenican for POST treatment of oriental mustard
in crops in South Australia is 200 g a.i. ha−1 .
Note: Values in parentheses are 95% conﬁdence intervals. Data for the two experimental runs were pooled. RMSE, root mean square error.

Table 2. Estimated LD50 (the dose required for 50% mortality), GR50 (the dose required for 50% biomass reduction) and resistance indexa (RI) values
for oriental mustard populations treated with picolinafen
Survival

Biomass

Population

LD50 (g a.i. ha−1 )

RMSE

RI

GR50 (g a.i. ha−1 )

RMSE

RI

P40
P3
S1
S2

74.7 (64.0, 87.4)
11.0 (9.5, 12.9)
9.3 (8.0, 10.9)
11.5 (9.8, 13.4)

7.89
13.30
13.37
12.34

7.2
1.0
–
–

45.5 (40.6, 51.1)
10.5 (9.7, 11.5)
8.5 (8.1, 8.9)
10.0 (9.7, 10.4)

7.11
6.76
4.28
3.38

4.9
1.0
–
–

a

Resistance index (RI) values were calculated as the ratio between the LD50 (or GR50 ) of the resistant (P40) population compared with the mean LD50
(or GR50 ) values of two susceptible populations (S1 and S2). The recommended ﬁeld rate of picolinafen for POST treatment of oriental mustard in crops
in South Australia is 33 to 50 g a.i. ha−1 .
Note: Values in parentheses are 95% conﬁdence intervals. Data for the two experimental runs were pooled. RMSE, root mean square error.

intermediate between the resistant and susceptible parents
(Fig. 3). For diﬂufenican, the dose–response curve for each F2
population showed a single step down, with survival declining to
about 75% at 100 g ha−1 and remained at this level until the highest rate (3200 g ha−1 ) (Fig. 3). For picolinafen, the dose–response
curve for each F2 population also showed a single step, with
survival declining to about 75% at 8.25 g ha−1 and remained at
this level until the dose reached 33 g ha−1 (Fig. 3). This type of
response is an indication of segregation for resistance in the F2
population for a single dominant allele.36 To conﬁrm this hypothesis, a model for a single dominant allele was calculated (dotted
line). The F2 response was similar to the model prediction for a
single dominant allele at most of the rates of diﬂufenican and
picolinafen (Fig. 3).
When 48 individuals of the F2 populations were scanned
for the presence of the Leu-498-Val and Glu-425-Asp mutations, the genotypes were classiﬁed as nine homozygous
susceptible (Glu425/Glu425, Leu498/Leu498): 24 heterozygous (Glu425/Asp425, Leu498/Val498): 15 homozygous resistant
(Asp425/Asp425, Val498/Val498) individuals. This observed segregation ratio of genotypes is consistent with a 1:2:1 ratio when
tested with the G-test of the goodness-of-ﬁt at G = 1.50 and
P = 0.472 (data not shown).

4

DISCUSSION

Pest Manag Sci 2019; 75: 195–203
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4.1 Whole plant dose–response
The use of herbicides has been the most eﬀective and economic
solution for oriental mustard control in Australian cropping systems. However, this option has become less eﬀective over time

due to evolution of herbicide resistance in this weed species. Since
the ﬁrst case of resistance to ALS-inhibitors was conﬁrmed in the
early 1990s,6 resistance to other herbicide groups such as photosystem II-inhibitors,7 synthetic auxins and PDS inhibitors5,8,9 have
been reported. Moreover, cross-resistance and multiple resistance
in oriental mustard populations has also been conﬁrmed in recent
years5 which has added more challenges to the management of
this weed species in the grains industry in southern Australia.
In comparison with other herbicide modes of action, the evolution of resistance to the PDS inhibiting herbicides is at a lower
level.9 To date, only a few weed species have evolved resistance
to PDS inhibitors. In most of these species, resistance is limited to
a single member of this herbicide group. These examples include
resistance to norﬂurazon in Poa annua, ﬂuridone in Haematococcus pluvialis22 and Apera spica-venti,9 diﬂufenican in Raphanus
raphanistrum23 and oriental mustard.25 Even though resistance
to ﬂuridone in Haematococcus pluvialis is expressed at a low
level (three- to six-fold), it has caused signiﬁcant challenges in
the control of this weed species in the United States.22,40 The
ﬁndings from the current study showed that the recommended
ﬁeld rate of diﬂufenican used for the control of broadleaf weeds
in Australia (200 g ha−1 ) is more than adequate for the control of
susceptible oriental mustard populations (LD50 < 30 g ha−1 ). In
contrast, the resistant population P40 required much higher doses
(LD50 > 6000 g ha−1 ) than the recommended ﬁeld rate for weed
control, equating to 237-fold greater resistance than the susceptible populations. In comparison with the previously characterized
diﬂufenican-resistant population P3, P40 exhibited a higher level
of resistance to diﬂufenican at the LD50 (237-fold versus 143-fold)
(Tables 1 and 2). For picolinafen, plants of both susceptible and the
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(a)
S.orientale
A.thaliana
Ozyza-sativa
Zea-mays
T.aestivum
P.hybrida
N.benthamiana
S.lycopersicum
C.roseus
S.baicalensis
C.sinensis
D.kaki
H.verticillata
N.pseudonarcissus
N.chinensis
C.melo
C.papaya
C.maxima
B.napus
B.oleracea
B.rapa
C.zofingiensis
C.reinhardtii
D.salina
H.lacustris

DRKLKNTYDHLLFSRSNLLSVYADMSLTCKEYYDPNRSMLELVFAPAEEWISRSESDIID
DRKLKNTYDHLLFSRSNLLSVYADMSLTCKEYYDPNRSMLELVFAPAEEWISRTDSDIID
DRKLKNTYDHLLFSRSSLLSVYADMSVTCKEYYDPSRSMLELVFAPAEEWVGRSDTEIIE
DRKLNNTYDHLLFSRSSLLSVYADMSVTCKEYYDPNRSMLELVFAPADEWIGRSDTEIID
DRKLKNTYDHLLFSRSSLLSVYADMSLACKEYYDPNRSMLELVFAPAEEWIGRSDTEIIE
DRKLKNTYDHLLFSRSPLLSVYADMSVTCKEYYNPNQSMLELVFAPAEEWIDRSDSDIID
DRKLKNTSDNLLFSRSPLLSVYADMSVTCKEYYNPNQSMLELVFAPAEEWINRSDSEIID
DRKLKNTYDHLLFSRSSLLSVYADMSVTCKEYYNPNQSMLELVFAPAEEWISRSDSEIID
DRKLRNTYDHLLFSRSPLLSVYADMSVTCKEYYSPNQSMLELVFAPAEEWISRSDSEIIE
DRKLKNTYDHLLFSRSSLLSVYADMSVTCKEYYNPNQSMLELVFAPAEEWVSRSDEEIID
DRKLRNTYDHLLFSRSPLLSVYADMSVACKEYYDPNRSMLELVFAPAEEWISCSDEEIID
DRKLRNTYDHLLFSRSPLLSVYADMSVTCKEYYNPNQSMLELVFAPAEEWISRSDTEIID
DRKLKNTYDHLLFSRSPLLSVYADMSVTCKEYYNPNQSMLELVFAPAEKWISCSDSEIIN
DRKLKNTYDHLLFTRSPLLSVYADMSVTCKEYYDPNRSMLELVFAPAEEWISRSDSEIIE
DRKLKNTYDHLLFSRSPLLSVYADMSVTCKEYYDPNRSMLELVFAPAEEWISRSDSEIIE
DRKLENTYDHLLFSRSPLLSVYADMSVTCKEYYNPNQSMLELVFAPAEEWISRSDSDIID
DRKLKNTYDHLLFSRSPLLSVYADMSVTCKEYYNPNQSMLELVFAPAEEWISRSDSEIID
DRKLKNTYDHLLFSRSPLLSVYADMSLTCKEYYNPNQSMLELVFAPAEEWISCSDSEIID
DKKLKNTYDHLLFSRSNLLSVYADMSLTCKEYYDPNRSMLELVFAPAEEWISRSDSDIID
DRKLKNTYDHLLFSRSNLLSVYADMSLTCKEYYDPNRSMLELVFAPAEEWISRTDSDIID
DRKLKNTYDHLLFSRSNLLSVYADMSLTCKEYYDPNRSMLELVFAPAEEWISRTDSDIID
DRKLS-TVDHLLFSRSNLLSVYADMSVTCKEYYDPDKSMLELVFAPAKDWIGRSDEDIIA
DRKLT-TVDHLLFSRSPLLSVYADMSTTCKEYYDTEKSMLELVFAPAKDWIGRSDEDIIA
DRKLS-TVDHLLFSRSDLLSVYADMSTTCKEYADDKASMLELVFAPAAEWIGRPDEEIVD
DRKLT-TVDHLLFSRSPLLSVYADMSTTCKEYADEKKSMLELVFAPAKEWIGRPDEEIIA
*:** * *:***:** ********* :**** . . ********** .*:. : :*:
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S.orientale
A.thaliana
Ozyza-sativa
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N.benthamiana
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C.roseus
S.baicalensis
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D.kaki
H.verticillata
N.pseudonarcissus
N.chinensis
C.melo
C.papaya
C.maxima
B.napus
B.oleracea
B.rapa
C.zofingiensis
C.reinhardtii
D.salina
H.lacustris
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571
576
582
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569
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570
570
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552
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(b)
S
P3
P40

GATATCACGGTCAGAGTCTGACATCATTGATGCAACGATGAAAGAACTCGAGAGACTCTT
GATATCACGGTCAGAGTCTGACATCATTGATGCAACGATGAAAGAACTCGAGAGACTCTT
GATATCACGGTCAGACTCTGACATCATTGATGCAACGATGAAAGAACTCGAGAGACTCTT
*************** ********************************************

S
P3
P40

CCCTGATGAAATATCAGCAGACCAAAGCAAAGCTAAAATTCTAAAGTACCATGTCGTAAA
CCCTGATGAAATATCAGCAGACCAAAGCAAAGCTAAAATTCTAAAGTACCATGTCGTAAA
CCCTGATGAAATATCAGCAGACCAAAGCAAAGCTAAAATTCTAAAGTACCATGTCGTAAA
************************************************************

S
P3
P40

AACACCAAGGTCTGTGTACAAGACTATCCCAAACTGTGAACCATGTCGTCCTCTACAGAG
AACACCAAGGTCTGTGTACAAGACTATCCCAAACTGTGAACCATGTCGTCCTCTACAGAG
AACACCAAGGTCTGTGTACAAGACTATCCCAAACTGTGAACCATGTCGTCCTCTACAGAG
************************************************************

S
P3
P40

ATCTCCTATTCAAGGATTCTACTTAGCTGGAGATTACACTAAACAGAAGTACTTAGCTTC
ATCTCCTATTCAAGGATTCTACTTAGCTGGAGATTACACTAAACAGAAGTACGTAGCTTC
ATCTCCTATTCAAGGATTCTACTTAGCTGGAGATTACACTAAACAGAAGTACGTAGCTTC
**************************************************** *******
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Figure 2. Aligned partial sequence of phytoene desaturase (PDS) gene of Sisymbrium orientale with other species containing two investigated amino acids
(Glu425 and Leu498) and aligned sequences of the susceptible (S) and resistant (P3 and P40) biotypes of the oriental mustard. Mutations in the resistant
biotypes PDS gene are indicated by shaded and bold letters representing the nucleotide diﬀerences when compared with susceptible biotype.
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Figure 3. Dose–response of susceptible S1 ( ), resistant P40 ( ), and ten F2 populations ( , , , , , , , , and ) of oriental mustard treated with
diﬂufenican (a) and picolinafen (b). The dotted lines show the predicted response for a single dominant gene at all doses of diﬂufenican or picolinafen.
Data points are means ±95% conﬁdence intervals for six replicates (three replicates × two runs) for parental populations (P40 and S1), and four replicates
(two replicates × two runs) for each F2 population.

diﬂufenican-resistant P3 populations required relatively low rates
to be controlled (LD50 ∼ 10 g ha−1 ), but P40 population required
considerably more than the recommended ﬁeld rate to be killed
(LD50 > 70 g ha−1 ) (Table 2, Fig. 1). These ﬁndings imply that the
use of diﬂufenican and picolinafen, will no longer be eﬀective
to control oriental mustard population P40. Furthermore, in the
future oriental mustard populations suspected of resistance to
diﬂufenican should also be screened against other PDS inhibitors,
such as picolinafen to determine which herbicides might still be
useful for control.
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4.2 Mechanisms of resistance to diﬂufenican
and picolinafen
Previous studies22,26–28 have demonstrated that resistance to
PDS-inhibitors is likely due to point mutations in the PDS gene.
In ﬁeld-evolved ﬂuridone-resistant Hydrilla verticillata, amino acid
substitutions (Ser, Cys, or His) at Arg304 (equivalent to Arg260
numbering in the Sisymbrium orientale sequence) within the PDS
gene resulted in the expression of a relatively low-level (three- to
six-fold) resistance to ﬂuridone (four- to six-fold).22,24,41 However,
no mutation was present at this position in resistant oriental
mustard population P40 investigated in this study.

In transgenic studies conducted on Haematococcus pluvialis, the
substitution Leu-504-Arg not only enabled the Haematococcus
pluvialis to improve the yield of carotenoid biosynthesis, it also
exhibited a high level (43-fold) of resistance to norﬂurazon in
comparison with the susceptible biotypes.26 Similarly, the Leu538
mutated to Phe or Arg in the PDS gene of Chlamydomonas zoﬁngiensis27 and Chlamydomonas reinhardtii28 enhanced biosynthesis
of astaxanthin in Chlamydomonas zoﬁngiensis and carotenoids in
Chlamydomonas reinhardtii as well as 28- to 31-fold, respectively,
greater resistance to norﬂurazon. Likewise, a mutation was also
identiﬁed at the same amino acid of the PDS gene in oriental
mustard.25 This position is equivalent to the Leu538 in Oryza sativa
which was found to aﬀect the size of the binding site (Ala 539)
of PDS-inhibitors in plants (Fig. 2)42 (discussed in Dang et al.25 ).
The Leu-498-Val (equivalent to Leu526 in Arabidopsis thaliana,
Leu504 in Haematococcus pluvialis or Leu538 in Chlamydomonas
zoﬁngiensis, Chlamydomonas reinhardtii and Oryza sativa) substitution in the PDS gene detected in both P3 and P40 populations
appears to confer a high-level resistance to diﬂufenican but no
resistance to picolinafen. In addition to Leu498 mutation, P40 population also had Glu425 mutation in the PDS gene, which was not
present in the population P3 (Fig. 2). The Glu425 (Glu-425-Asp)
(NCBI accession number MG493466.1) mutation in the PDS gene of
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Table 3. Segregation for resistance to 200 g ha−1 diﬂufenican in F2
populations generated from crosses (P40♂ × S1♀) between resistant
P40 and susceptible S1 oriental mustard plants
Family
S1
P40
P40 —F2 (1)
P40 —F2 (2)
P40 —F2 (3)
P40 —F2 (4)
P40 —F2 (5)
P40 —F2 (6)
P40 —F2 (7)
P40 —F2 (8)
P40 —F2 (9)
P40 —F2 (10)
Total

Treated
210
212
207
210
208
202
209
215
208
212
208
206
2085
Homogeneity

Deada

Aliveb

210
0
56
56
55
56
57
56
56
57
53
49
551

0
212
151
154
153
146
152
159
152
155
155
157
1534

G-Statistic

0.456
0.306
0.227
0.779
0.563
0.124
0.403
0.395
0.025
0.163
2.236
3.442

P

0.499
0.580
0.633
0.378
0.453
0.725
0.526
0.530
0.873
0.686
0.135
0.944

a Plants with no new growth and severe necrosis were recorded as
dead.
b Plants with new green leaf tissues were recorded as alive.

Table 4. Segregation for resistance to 20 g ha−1 picolinafen in F2
populations generated from crosses (P40♂ × S1♀) between resistant
P40 and susceptible S1 oriental mustard plants
Family
S1
P40
P40 —F2 (1)
P40 —F2 (2)
P40 —F2 (3)
P40 —F2 (4)
P40 —F2 (5)
P40 —F2 (6)
P40 —F2 (7)
P40 —F2 (8)
P40 —F2 (9)
P40 —F2 (10)
Total

Treated
213
205
214
208
210
206
205
211
210
209
211
214
2098
Homogeneity

Deada

Aliveb

213
0
60
51
59
56
55
55
54
58
51
58
557

0
205
154
157
151
150
150
156
156
151
160
156
1541

G-Statistic

1.024
0.026
1.043
0.513
0.359
0.126
0.057
0.822
0.078
0.495
2.649
4.543

P

0.312
0.873
0.307
0.474
0.549
0.722
0.812
0.364
0.780
0.482
0.104
0.872

a Plants with no new growth and severe necrosis were recorded as
dead.
b Plants with new green leaf tissues were recorded as alive.

the resistant population P40 identiﬁed in the current study has not
been reported elsewhere in any organism. Asp at this position in
the PDS gene is found in other species (Fig. 2). However, in combination with the Leu-498-Val mutation in the PDS gene, the substitution Glu-425-Asp appears to enhance the high level of resistance
to diﬂufenican (237-fold) and causes moderate cross-resistance to
picolinafen (seven-fold) in the oriental mustard population investigated (P40).

HT Dang et al.

genes.29 Resistance traits managed by dominant genes will display resistance in both homozygous and heterozygous states.43
In a previous study, resistance to diﬂufenican in oriental mustard
was conferred by a single gene with high level of dominance.25 All
F1 seeds harvested from the susceptible parents showed a similar
response to the resistant parent (P40) when treated with diﬂufenican and picolinafen at 200 and 20 g ha−1 , respectively, which indicates a high level of dominance of the resistance gene. Based
on the phenotype segregation ratio of each F2 population when
treated with a single rate of the two herbicides, resistance to both
diﬂufenican (P = 0.135) and picolinafen (P = 0.104) (Tables 3 and
4) was likely conferred by a single dominant allele in all families.
Analysis of the dose–response of the F2 plants also showed a high
level of dominance over susceptibility as the response of F2 populations ﬁtted well to the one gene segregation model for both herbicides (Fig. 3). Furthermore, segregation rate of the F2 genotypes
based on the PDS mutations ﬁtted to a 1:2:1 ratio at G = 1.50 and
P = 0.472, indicating that the resistance to diﬂufenican and picolinafen is correlated with the Leu-498-Val and Glu-425-Asp substitutions in the PDS gene. As the inheritance pattern was for a single
gene trait, the higher level of resistance and the cross-resistance
to picolinafen must be the result of a further amino acid substitution within PDS in the P40 population. The Glu-425-Asp substitution was the only diﬀerence found between the sequences of the
P3 and P40 populations, suggesting that despite it being present
normally in other species, this substitution has a role in reducing
eﬃcacy of diﬂufenican and picolinafen in oriental mustard.
A few previous studies have shown that non-target site resistance (NTSR) mechanisms provide tolerance to PDS-inhibitors in
crops. Such examples include reduced translocation of norﬂurazon in Zea mays and Glycine max 44 and ﬂurtamone metabolism in
Cassia obtusifolia and Arachis hypogea.45 Although NTSR mechanisms were not investigated in the current study, the patterns of
genotype and phenotype segregation of the F2 plants observed
in the inheritance study are consistent with a single gene eﬀect
and imply that NTSR mechanisms are unlikely to be contributing
to resistance in this population (P40) of oriental mustard.
This is the ﬁrst reported case of ﬁeld-evolved cross-resistance to
diﬂufenican and picolinafen in any plant species. Given the high
level of resistance to diﬂufenican and cross-resistance to picolinafen associated with Leu-498-Val and Glu-425-Asp mutations in
the PDS gene, increasing the herbicide dose is unlikely to improve
the control of such oriental mustard populations. Therefore, strategies based on the integration of herbicides with non-chemical
weed control tactics are needed to achieve an eﬀective level
of weed control and slowdown the evolution of resistance to
PDS-inhibitors in this weed species.46–48
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4.3 Inheritance of resistance to diﬂufenican and picolinafen
With the exception of triazine resistance, which has maternal inheritance, herbicide resistance in most cases is inherited as nuclear
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