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Abstract

BACKGROUND: Diflufenican resistance has been reported in wild radish populations since 1998, but the resistancemechanisms
have not been investigated. Recently, we identified awild radish population (H2/10) from theWestern Australian grain belt that
is resistant (R) to the phytoene desaturase (PDS)-inhibiting herbicide diflufenican.

RESULTS: Dose–response results showed this R population is 4.9-fold more resistant than the susceptible (S) population based
on the LD50 R/S ratio. In addition, the R population also exhibits cross-resistance to the PDS-inhibiting herbicide fluridone. The
cytochrome P450 inhibitor malathion reversed diflufenican resistance and partially reversed fluridone resistance in the R pop-
ulation. The full coding sequences of the PDS gene were cloned from the S and R plants and there are natural variations in the
PDS gene transcripts/alleles with no correlation to resistance. In addition, the R plants had a level of PDS gene expression that is
not significantly different from the S plants.

CONCLUSION: These results demonstrated that diflufenican resistance in this R wild radish population is likely due to non-tar-
get-site based enhanced herbicide metabolism involving cytochrome P450s.
© 2019 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Wild radish (Raphanus raphanistrum) is a global problematic annual
dicot weed.1,2 In Australia, wild radish is the nationʼsmost damaging
dicot weed of crops, causing crop yield loss in wheat (Triticium aesti-
vum), canola (Brassica napus) and narrow-leaved lupin (Lupinus
angustifolius).1,3,4 Numerous herbicides (> 20 herbicides or herbicide
mixtures) are used to control this weed in crops. However, persistent
herbicide use has resulted in herbicide resistance evolution in many
wild radish populations. Currently, wild radish has evolved resistance
to acetolactate synthase (ALS)-, photosystem II (PSII)-, phytoene
desaturase (PDS)-inhibiting herbicides and synthetic auxins.4–12

PDS-inhibiting herbicides, first introduced in the 1970s,13 include
diflufenican, norflurazon, picolinafen and fluridone. Diflufenican,
commercialized in 1987, has been used for many years to control
certain dicot weeds in dicot crops, such as lupin, lentil (Lens culinaris),
field pea (Pisum sativum) and clover-based pasture. PDS-inhibiting
herbicides inhibit PDS, a rate-limiting enzyme in the carotenoid bio-
synthesis pathway.14 Carotenoids not only act as light-harvesting
pigments in the photosynthetic reaction center,15 but also protect
photosynthesis from damage by chlorophyll triplets and singlet oxy-
gen.16 Inhibition of PDS results in chlorophyll degradation and chlo-
roplast destruction, leaf bleaching and then plant death.17,18

Thus far, biotypes of six weed species (Apera spica-venti, Hydrilla
verticillata, Poa annua, R. raphanistrum, Senecio vernalis and

Sisymbrium orientale) have been reported to be resistant to PDS-
inhibiting herbicides.13,19 For example, resistance to the PDS-
inhibiting herbicide fluridone was reported in H. verticillata due to
target PDS gene mutations (Arg304-Ser, Arg304-Cys and
Arg304-His).20 Most recently, high levels of resistance (up to
237-fold) to diflufenican and picolinafen were reported in Sisym-
brium orientale, which are endowed by the PDS gene mutations
Leu498-Val alone andGlu425-Asp plus Leu498-Val, respectively.18,21

The crop lupin tolerates diflufenican,22 enabling selective diflu-
fenican use for wild radish control.12 Wild radish resistance to
PDS-inhibiting herbicides was first reported in 1998,19 and then
found in many populations throughout the Western Australian
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(WA) grain belt.5,10,23 There have been no studies to identify the
resistance mechanisms in wild radish. Therefore, we studied a
PDS-inhibiting herbicide resistant (R) wild radish population
(H2/10) from the WA grain belt and revealed the resistance in this
population is non-target-site based, likely endowed by enhanced
herbicide metabolism involving cytochrome P450s.

2 MATERIALS AND METHODS
2.1 Plant materials
Wild radish population H2/10, collected in 2015 from the northern
grain growing region of the WA grain belt, has multiple herbicide
resistance, including to atrazine, chlorsulfuron, diflufenican and
2,4-D (Owen unpublished). Population WARR7 was used as a sus-
ceptible (S) control.23 Plants of these two populations were trea-
ted with diflufenican (Brodal, Bayer Crop Science Pty Ltd,
Kwinana, WA, Australia) at the Australian recommended field rate
(100 g ha−1). At this rate, the S population had zero survivors, with
30% survival in the population H2/10. These survivors of popula-
tion H2/10 were grown to maturity and hand-crossed in isolation
to produce seeds used for experiments.

2.2 Dose response to PDS-inhibiting herbicides
Wild radish seeds were germinated, transplanted and grown as
described in Lu et al.8 When seedlings reached to the two- to
three-leaf stage, they were treated with diflufenican or fluridone
(Sonar A.S., SePRO Coporation, Carmel, IN, USA). Diflufenican
rates were 0, 25, 50, 100, 200 and 400 g ha−1 for both S and R
plants. Fluridone rates were 0, 18, 37, 75, 150 and 300 g ha−1

for the S plants and 0, 37, 75, 150, 300 and 600 g ha−1 for the R
plants. Herbicides were applied using a custom-built sprayer
(TeeJet XR11001 flat fan, Spraying System Co, Wheaton, IL,
USA) delivering a volume of 107 L ha−1 at 200 kPa with a speed
of 3.6 km h−1. Percentage survival of S and R plants was assessed
21 days after treatment (DAT). Three replicates per treatment
with 12 plants per replicate were used in the experimental
design.

2.3 Malathion effects on resistance to PDS-inhibiting
herbicides
The R wild radish plants were grown in the glasshouse
during the normal growing season (May–September). At the

two- to three-leaf stage, plants were treated with diflufenican
(100 g ha−1) or fluridone (100 g ha−1) with and without pre-
treatment with the P450 inhibitor malathion (Malathion Garden
Spray, David Grays, OʼConnor, WA, Australia) at 1000 g ha−1.
Percentage survival was assessed 21 DAT. There were three rep-
licates per treatment with 12 plants per replicate. In addition,
diflufenican-tolerant lupin plants at the two-leaf stage were
also included to assess malathion effects on diflufenican
tolerance.

2.4 Cloning and sequencing of the PDS gene
Total RNA was extracted from the leaf tissue of S plants using
the ISOLATE II RNA Plant Kit (BIOLINE, Alexandria, NSW,
Australia). Genomic DNA (gDNA) was removed using the
TURBO-DNA Free Kit (Ambion®, Thermo Fisher Scientific, Carls-
bad, CA, USA) and reverse transcription was conducted using
the SuperScript IV Reverse Transcriptase (Thermo Fisher Scien-
tific). The primer pair PL-F/PL-R (Table 1) was designed for ampli-
fication of the partial PDS gene (including 50-end) according to
public wild radish transcriptomics database (http://radish.
plantbiology.msu.edu/index.php?title=RadishDB). Polymerase

Table 1. Primers used in PDS gene cloning and sequencing and in
real-time quantitative polymerase chain reaction (qPCR)

Primer Sequence (50–30)

PL-F CCAACTAAGACAACCATACCG
PL-R AGCTTCCTCTTCTCATGTTG
SP1 ATGGTTGTGTTTGGGAATG
SP2 GAGAAACAACGAGATGCTGA

FL-S1-R CAAAAGCTACAAAATAGTGA
FL-S2-R GGTTACAAGCACAAATCAAT
Seq-1 ACTTATTTGGAGAACTTGGG
Seq-2 CAACATAAGCCTGACCTCCG
Seq-3 CTTCTGAGTGTGTATGCTGA

PDS-qPCR-F ATTGGACTTCTTCCGGCTATG
PDS-qPCR-R CCCTGCTTTCTCATCCATTCT
TEF2-qPCR-F GTCAGACCCTGTTGTCTCATTC
TEF2-qPCR-R CCTCCATGTACAGACGGTTATG
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Figure 1 Percentage survival of the susceptible (S) (●) and resistant (R) (�) wild radish populations in response to diflufenican (a) and fluridone
(b) assessed 21 days after treatment.
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chain reaction (PCR) was conducted in a 25 μL volume, consist-
ing of 1 μL complementary DNA (cDNA), 10 μmol L-1 of each
primer and 12.5 μL of GoTaq Green Master mix (Promega,

Madison, WI, USA) and run in a 96-well Thermal Cycler
(Thermo Fisher Scientific) with the following steps: 94 °C 5 min,
35 cycles of 94 °C 30 s, 55 °C 30 s, and 72 °C 2 min, followed by
a final step of 10 min at 72 °C. The amplified cDNA fragment
was purified from agarose gel (1%) using the Wizard SV Gel
and PCR Clean-up System (Promega), and then cloned into the
pGEM-T vector (Promega) for Escherichia coli transformation.
White colonies were selected for PCR reamplification and the
recombinant plasmid was isolated for gene sequencing. The
30-RACE System for Rapid Amplification of cDNA Ends (Thermo
Fisher Scientific) was used to clone the 30-end of the PDS
gene. Gene specific primers for first and second round of nested
PCR (SP1 and SP2) were designed (Table 1). As two different
sequences were obtained, two pairs of specific primers (SP1/FL-
S1-R, PL-F/FL-S2-R) (Table 1) were used to amplify these two PDS
transcripts using five untreated S plants and five R plants surviving
100 g diflufenican ha−1. Three primers (Seq-1, Seq-2, Seq-3)
(Table 1) were used for sequencing and sequences were assem-
bled and aligned using DNAMAN (version 7.0, Lynnon Corp., Que-
bec, Canada).

Table 2. The herbicide rate causing 50% plant mortality (LD50)
values and relative parameter estimates of dose responses to diflufe-
nican and fluridone using the non-linear regression analysis

Population a b LD50 (g ha−1) R2 R/S

Diflufenican
S 99 (4.4) 2 (0.3) 39 (3.1) 0.99 —

R 104 (9.0) 2 (0.9) 192* (40.0) 0.91 4.9
Fluridone

S 100 (1.9) 2 (0.3) 11 (1.2) 1.0 —

R 100 (3.2) 3 (0.4) 123* (7.0) 1.0 11.2

Standard errors are in parentheses.*Indicates that the LD50 values of
susceptible (S) and resistant (R) wild radish populations are signifi-
cantly different, P < 0.001.

Figure 2 Effects of diflufenican (DFF, 100 g ha−1) (a) and fluridone (100 g ha−1) (b) on the resistant (R) wild radish control, and diflufenican selectivity on
lupin (c) with andwithout pre-treatment of the cytochrome P450 inhibitor malathion. Plants were treated at the two- to three-leaf stage and photographs
were taken at 21 days after treatment.
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2.5 Relative expression level of PDS gene
The first fully-expanded leaves of S and R wild radish plants (four
individual plants per population) were harvested and snap-frozen
in liquid nitrogen for total RNA extraction. Real-time quantitative
PCR (qPCR) was conducted to compare the relative expression
levels of PDS gene between the S and R plants. The qPCR reaction
was conducted in a 20 μL volume, consisting of 10 μL of SYBR
Green mastermix (BIOLINE), 125 nmol L-1 each of forward and
reverse primers and 50 ng of cDNA. The qPCR was performed
on the 7500 Fast Real-time PCR System (Thermo Fisher Scientific)
and run with steps of 20 s at 50 °C, 10 min at 95 °C, 40 cycles of
15 s at 95 °C and 30 s at 60 °C. A melting curve was performed
at the temperature ranges of 60 to 95 °C. A housekeeping gene,
translation elongation factor 2 (TEF2), was selected for normaliza-
tion of PDS gene expression.24,25 Melting curve analysis indicated
that primers used in qPCR were specific, and amplification
efficiencies of the primer pairs used in qPCR (Table 1) were
90–110%. Relative PDS gene expression level was expressed using
the 2-ΔCt method.26

2.6 Data analysis
The herbicide rate causing 50% plant mortality (LD50) was esti-
mated by a three-parameter Sigmoidal-logistic model using Sig-
maplot 13.0 (Systat Software Inc., San Jose, CA, USA) according
to Lu et al.9 Significant difference in data between S and R popula-
tions was analyzed by the t-test using Prism 5.0 (GraphPad Soft-
ware, La Jolla, CA, USA).

3 RESULTS
3.1 Dose-responses to diflufenican and fluridone
As expected, the S plants were confirmed to be susceptible to
diflufenican, with high mortality at rates approximating field use
rate (100 g ha−1). Conversely, the R plants survived high rates of
diflufenican, and the dose–response study revealed the R popula-
tion has a resistance level of 4.9-fold relative to the S populations
(Fig. 1(a) and Table 2).
The fluridone dose–response study showed that at 75 g fluri-

done ha−1, the S plants were nearly all killed, while more than
80% R plants survived (Fig. 1(b)). The LD50 value of the R popula-
tion was 123 g ha−1, which is 11.2-fold more resistant than the S
population (Table 2). The results establish that the R population
is resistant to the PDS-inhibiting herbicides diflufenican and
fluridone.

3.2 Malathion effects on diflufenican resistance
Malathion, an organophosphate insecticide, can inhibit activities
of certain cytochrome P450 enzymes which are involved in herbi-
cide metabolism.27–29 The results showed that malathion alone at
1000 g ha−1 did not affect wild radish growth compared to the
control (Fig. 2(a, b)). However, malathion treatment followed by
diflufenican killed all R wild radish plants, whereas nearly 90% R
plants survived the diflufenican treatment without malathion
(Table 3). In addition, malathion pre-treatment significantly
increased plant mortality by fluridone compared to the fluridone
treatment alone (P< 0.01, Table 3). Thus, diflufenican resistance in
the R population can be reversed by malathion, and to a lesser
extent by fluridone. Furthermore, as expected, malathion treat-
ment alone did not affect lupin growth, and diflufenican only
slightly inhibited growth of lupin by 13% (Fig. 2(c) and Table 3).
However, malathion followed by diflufenican treatment caused
leaf necrosis of lupin plants and significantly inhibited plant
growth (51%, P < 0.05), with no plant mortality (Table 3). This sug-
gests that P450-mediated diflufenican metabolism occurs in the R
wild radish and to some extent contributes to diflufenican toler-
ance in lupin.

3.3 Comparison of the PDS gene from S and R plants
Two different PDS gene transcripts from the S wild radish plants
were cloned and named as RrPDS-1 and RrPDS-2, respectively.
These two PDS gene transcripts (or alleles) are 1701 bp and
1692 bp in length, encoding 566 and 563 amino acids, respec-
tively, with 94.53% identity (Supporting Information Fig. S1). Inter-
estingly, only RrPDS-2 was detected in all five R plants. Sequence
alignment of the RrPDS-2 between S and R samples showed two
deduced amino acid changes at positions 67 and 367 (Asn/Ser-
67 and Ile/Leu-367 in the S plants, Ser-67 and Leu-367 in the R
plants, amino acid numbering starts with Met in the RrPDS-2 pro-
tein) (Fig. S3). In order to validate if the absence of RrPDS-1 gene or
deduced amino acid changes at positions 67 and 367 in RrPDS-2
are associated with resistance to PDS-inhibiting herbicides, the
PDS transcripts were amplified from four pre-harvested S plants

Table 3. Percentage survival of the resistant (R) wild radish plants
and percentage dry mass of lupin in response to diflufenican or fluri-
done with or without pre-treatment of the P450 inhibitor malathion.
Assessment was conducted at 21 days after treatment, and standard
errors are in parentheses

Treatment

Survival (%
control)

Dry mass (%
control)

the R wild radish Lupin

Control 100 (0) 100 (4)
Malathion
(1000 g ha−1)

100 (0) 110 (8)

Diflufenican
(100 g ha−1)

89 (3) 87 (1)

Malathion
+ diflufenican

0 (0) 49 (2)

Fluridone (100 g ha−1) 79 (2)
Malathion + fluridone 28 (10)
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Figure 3 Relative PDS gene expression levels of the susceptible (S) and
resistant (R) wild radish plants (the TEF2 gene was used as a
housekeeping gene).

www.soci.org H Lu et al.

wileyonlinelibrary.com/journal/ps © 2019 Society of Chemical Industry Pest Manag Sci 2020

4

http://wileyonlinelibrary.com/journal/ps


(died after the treatment of 100 g diflufenican ha−1, and referred
to as Sr) from the R population. Similar to the R plants, only RrPDS-
2 was detected in the Sr plants with amino acid sequence identi-
cal to that of the R plants (Figs S2 and S3), further confirming that
neither the lack of RrPDS-1 nor amino acid changes of RrPDS-2 is
responsible for target-site resistance to diflufenican. These results
indicate that there are natural variations in the PDS gene tran-
scripts among/within wild radish populations, and resistance to
PDS-inhibiting herbicides is not related to PDS gene mutation.

3.4 PDS gene expression in S and R plants
Four individuals from each S and R population were selected to
quantify the PDS gene expression levels. The S plants had a similar
level of PDS gene expression to the R plants (Fig. 3, P = 0.97), sug-
gesting that the PDS gene expression is not responsible for diflu-
fenican resistance in the R population.

4 DISCUSSION
Wild radish was the first weed species to be reported resistant to a
PDS-inhibiting herbicide,12 however the underlying resistance
mechanisms has remained unknown. In this study, we examined
resistance mechanisms to PDS-inhibiting herbicides in a PDS-
inhibiting herbicide R wild radish population (H2/10). The results
indicate that the enhanced herbicide metabolism likely confers
resistance in this R population.

4.1 Resistance to PDS-inhibiting herbicides is not target-
site based
We cloned the full coding sequence of PDS genes and detected
the PDS gene expression of the S and R wild radish plants. The
results demonstrated that resistance to PDS-inhibiting herbicides
in this R population is not due to mutation or amplification of the
target-site PDS gene. Thus, this R wild radish population does not
have target-site resistance, in contrast to other PDS-inhibiting her-
bicide R weed populations that exhibit target-site based resis-
tance mechanisms.13,18,20,21

4.2 Resistance to PDS-inhibiting herbicides is likely due
to enhanced metabolism
In our study, the known P450 inhibitor malathion reversed resis-
tance to diflufenican (to a lesser extent to fluridone) in the R wild
radish population (Fig. 3 and Table 3), indicating the involvement
of P450-associated enhanced herbicide metabolism. Herbicide
metabolic resistance mediated by cytochrome P450s has been
reported in many grass weed species.30,31 However, metabolic
herbicide resistance has been demonstrated in only a few dicots,
such as waterhemp (Amaranthus tuberculatus)32,33 and wild mus-
tard (Sinapis arvensis).34 Wild radish is capable of metabolizing
herbicides,6,9 but the current study is the first evidence that cyto-
chrome P450s are involved in herbicide metabolism in wild rad-
ish. Discovery of P450 genes responsible for metabolic
resistance in wild radish is challenging due to generally a modest
level of resistance plus genetic polymorphisms (e.g. even the
target-site PDS transcripts vary among populations). However,
the current availability of the genome information for wild radish
and its close relative radish (Raphanus sativus) will facilitate resis-
tance gene discovery in the future.
It has been reported that soil microorganism can slowly

degrade diflufenican.35,36 For example, diflufenicanwas degraded
to three different metabolites in the soil of a wheat field.37 How-
ever, diflufenican metabolism has been seldom reported in

plants. Previous research has suggested that the selectivity of
diflufenican between cereal crops and weeds is mainly due to dif-
ferential diflufenican uptake.38 More recent studies have revealed
that crops such as wheat and olive (Olea europaea) are able to
metabolize diflufenican.39,40 As indicated in our study, natural tol-
erance to diflufenican in lupin may be partially related to metab-
olism, as the P450 inhibitor malathion can have an effect on
diflufenican tolerance (Fig. 2(c)). Wild radish is a major weed spe-
cies infesting wheat and lupin fields, and may mimic the metabo-
lism in these herbicide tolerant crops.30 Genetic diversity, cross-
pollination and herbicide application enable selection and enrich-
ment of wild radish individuals with enhanced herbicide metabo-
lism ability, leading to herbicide evolution in this weed species.
As wild radish is a common weed of crop fields in Australia and

elsewhere, understanding the basis of herbicide resistance evolu-
tion is important for developing effective management tech-
niques for sustainable farming in the future. It is essential to use
a wide range of management options from crop seeding to grain
harvest to maintain diversity in our cropping system.
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