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A novel psbA mutation (Phe274–Val) confers
resistance to PSII herbicides in wild radish
(Raphanus raphanistrum)
Huan Lu, Qin Yu,* Heping Han, Mechelle J Owen and Stephen B Powles

Abstract

BACKGROUND: Wild radish (Raphanus raphanistrum) is a globally important weed of crops. Two atrazine-resistant wild radish
populations (R1 and R2), collected from the Western Australia grain belt, were investigated for resistance to photosystem II (PSII)
herbicides.

RESULTS: Sequencing of the full-length psbA gene revealed the well-known Ser264–Gly substitution in population R1, whereas
population R2 displayed a novel Phe274–Val substitution. Herbicide dose–response studies confirmed that the population with
the Ser264–Gly mutation exhibited high-level resistance to atrazine, but super-sensitivity to bromoxynil. Plants possessing the
novel Phe274–Val mutation exhibited a modest level of resistance to atrazine, metribuzin and diuron, and were bromoxynil
susceptible. Structural modelling of the mutant D1 proteins predicts that the Ser264–Gly mutation endows atrazine resistance
by abolishing H-bonds, but confers bromoxynil super-sensitivity by enhancing hydrogen bonding. The Phe274–Val substitution
provides resistance to atrazine and diuron by indirectly affecting H-bond formation between the Ser264 residue and the
herbicides.

CONCLUSION: The results demonstrate that the Phe274–Val mutation is likely responsible for resistance to PSII-inhibiting
triazine and urea herbicides. To our knowledge, this is the first evidence of the psbA Phe274–Val mutation in wild radish
conferring resistance to PSII herbicides.
© 2018 Society of Chemical Industry
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1 INTRODUCTION
For decades herbicides have made a significant contribution
to global crop production by controlling crop-infesting weed
species. Despite many advantages, over-reliance on herbicides
to manage weeds has inevitably resulted in the evolution of
herbicide-resistant weed populations. Since the first report of
resistance to a triazine herbicide in Senecio vulgaris,1 evolution of
herbicide-resistant weed populations has occurred to many her-
bicides in many countries, including Australia.2 Resistance to the
triazine herbicides is prominent because triazine herbicides have
been used globally for broad spectrum weed control since the
1950s.3 Triazine herbicides are classified as photosystem II (PSII)
herbicides because they inhibit photosynthesis by blocking PSII
electron transport. PSII herbicides have many structurally distinct
chemical classes, including triazines, triazinones, ureas and nitriles.
Atrazine, one triazine herbicide, is the most prominent PSII her-
bicide, with decades of global use in corn fields and elsewhere.
PSII herbicides atrazine, simazine and metribuzin are important
for Australian growers, as they are used in lupin (Lupinus angus-
tifolius) and triazine-tolerant (TT) canola (Brassica napus) fields for
control of wild radish and other weed species. To date, worldwide,
PSII herbicide-resistant biotypes of 73 weed species have been
reported, including eight weed species in Australia.2

PSII herbicides inhibit photosynthesis by competing with QB

at the QB-binding site in the D1 protein, thus inhibiting electron

transport from QA to QB. Inhibition of PSII electron transport stops
NADPH and ATP production, leading to carbohydrate starvation
and oxidation stress. Evolved PSII herbicide resistance in weedy
plant species is usually target-site resistance (TSR) based,4,5 due to
the highly conserved chloroplast psbA gene mutations conferring
specific amino acid substitutions in the D1 protein. Altogether,
mutations of the psbA gene that can confer PSII herbicide resis-
tance involve more than 30 single amino acid substitutions in
the D1 protein reported in cyanobacteria, algae and higher plant
cell cultures.6,7 Importantly, only seven of these mutations have
been reported in field-evolved higher (weedy) plant species.
These mutations are Ser264–Gly,8 Ser264–Thr,9 Val219–Ile,10

Asn266–Thr,11 Ala251–Val,12 Phe255–Ile13 and Leu218–Val.14 The
Ser264–Gly mutation within the psbA gene is by far the most com-
monly identified triazine herbicide resistance-endowing mutation
in field-evolved triazine herbicide-resistant weed species.15–18

This Ser264–Gly mutation has been reported around the world
and endows high level (> 50-fold) of resistance to triazine and
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triazinone herbicides, but confers no to variable-level resistance
to urea herbicides.6 Importantly, this TSR-based PSII herbicide
resistance is maternally inherited because the psbA gene is
within the chloroplast genome,5,19 which means the dispersal
of PSII herbicide-resistance alleles is mostly by seeds not by
pollen, limiting their spread compared with nuclear inheritance.
Hence, management of the PSII TSR will be mainly through
practices reducing addition of resistant seeds to soil seedbank
and machinery contamination. Apart from TSR, non-target-site
resistance (NTSR) can also endow resistance to PSII herbicide
in weedy plant species. The mechanisms of evolved NTSR
mainly include reduced herbicide uptake, translocation and
enhanced herbicide metabolism. For example, enhanced triazine
herbicide metabolism due to glutathione S-transferase (GST)
catalysed conjugation can endow NTSR to triazine herbicide.5,20

Metabolism-based NTSR often confers resistance to herbicides
of different modes of action, threatening herbicide sustainability
and crop production.20

Wild radish (Raphanus raphanistrum) is a global weed and one
of the most economically damaging weeds in Australian crops.21

Wild radish is genetically diverse, obligate cross-pollinated and
has high seed production. PSII herbicides (especially atrazine and
metribuzin) are widely used for wild radish control in lupin and
TT canola crops in Australia. The first case of triazine herbicide
resistance in wild radish was reported in 2001, and since then the
triazine herbicide resistance in wild radish has been evolving.22–24

However, resistance evolution in wild radish is relatively slow, with
only the Ser264–Gly mutation being identified in wild radish.
This study aimed to: (i) characterize resistance patterns to PSII
herbicides, and (ii) determine the molecular basis of resistance
(TSR) to PSII herbicides in two contrasting wild radish populations.

2 MATERIALS AND METHODS
2.1 Plant materials
A known susceptible (S) wild radish population (WARR7) was
used.25 Seeds of two contrasting putatively atrazine-resistant (R)
wild radish populations (R1 and R2) were collected in the Western
Australia (WA) grain belt. The plants from two resistant populations
were screened outdoors (in the University of Western Australia
during June to August in 2016) by atrazine treatment at the field
rate of 900 g ha−1.

2.2 Sequencing of the psbA gene
DNA was extracted from the leaf tissue (two- to three-leaf stage,
100 μg per sample) of untreated S and R plants (five plants per pop-
ulation) surviving 900 g atrazine ha−1, using the CTAB method.26

Total RNA was extracted from leaf tissue of the same plants
as for DNA extraction using the ISOLATE II RNA Plant Kit (BIO-
LINE, Alexandria, NSW, Australia), and genomic DNA contami-
nation removed using the TURBO-DNA Free Kit (Ambion, Carls-
bad, CA, USA). Reverse transcription was conducted using the
SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA,
USA). A pair of primers (forward: 5′-TAGAGAATTTGTGTGCTTGG-3′;
reverse: 5′-CCGCCCCTACTCTACTATAC-3′) were designed for DNA
and cDNA amplification of the full length psbA gene based on
the psbA gene sequence of radish (Raphanus sativus) (GenBank
accession KJ716483.1). The polymerase chain reaction (PCR) was
conducted in a 25 μL volume, consisting of 1 μL DNA or cDNA,
0.5 mmol L–1 of each primer and 12.5 μL of GoTaq Green Master
mix (Promega, Madison, WI, USA). PCR was run in a Mastercycler
(Applied Biosystems, Foster City, CA, USA) with the following steps:

94 ∘C for 4 min, 35 cycles of 94 ∘C for 30 s, 55 ∘C for 30 s, and 72 ∘C
for 90 s, followed by a final extension of 7 min at 72 ∘C. The PCR
product was purified from agarose gel using the Wizard SV Gel
and PCR Clean-up System (Promega), and sequenced from one
end with the AB-Big Dye Terminator system using a commercial
sequencing service. All sequencing results were checked for qual-
ity with Chromatogram and assembled and aligned using the soft-
ware DNAMAN (version 7.0, Lynnon Corp., Quebec, Canada).

2.3 Herbicide single-dose
Seeds of the S and R populations were germinated on moist filter
paper at room temperature for 2–3 days. Germinating seedlings
were transplanted into trays (∼ 30 seedlings per tray) contain-
ing potting mix (50% peat moss, 25% sand and 25% pine bark).
Seedlings were covered with a thin layer of soil after transplant-
ing. At the two- to three-leaf stage (∼ 15 days after transplant-
ing), herbicide screening was conducted using the recommended
field doses, or the doses previously determined to fully control
the S plants (data not shown) of the following herbicides: atrazine
(Gesaprim Granules 900 WG Herbicide, Syngenta Australia Pty Ltd,
Macquarie Park, NSW, Australia) at 250 g a.i. ha−1, metribuzin (Men-
tor WG Herbicide, Adama Australia Pty Ltd, St Leonards, NSW, Aus-
tralia) at 52 g a.i. ha−1, diuron (Diuron 900 WG Herbicide, Gen-
farm Crop Protection Pty Ltd, North Ryde, NSW, Australia) at 450 g
a.i. ha−1, bromoxynil (Bromicide 200, Nufarm Australia Ltd, Laver-
ton North, VIC, Australia) at 100 g eq. ha−1, chlorsulfuron (Chlor-
sulfuron 750 WDG Herbicide, Landmark Operations Ltd, Mac-
quarie Park, NSW, Australia) at 10 g a.i. ha−1, imazapic/imazapyr
(Onduty Herbicde, BASF Australia Ltd, Southbank, VIC, Australia)
at 3.5/10.5 g a.i. ha−1, and 2,4-D (Amicide advance 700, Nufarm
Australia Ltd, Laverton North, VIC, Australia) at 625 g a.e. ha−1. Her-
bicide applications were conducted using a cabinet sprayer cali-
brated to deliver a spray volume of 118 L ha−1 at a height of 50 cm
over target, with a forward speed of 3.6 km h−1 and a pressure
of 200 kPa using two nozzles (TeeJet XR11001 flat fan, Spraying
Systems Co, Wheaton, IL, USA). Treated plants were grown in the
glasshouse under natural sunlight during the normal growing sea-
son (May to September) with regular fertilization. Plant survival
was assessed 21 days after treatment (DAT).

2.4 Plant herbicide full-dose response assay
Germinating seedlings were transplanted at 1 cm depth in 18-cm
diameter pots containing potting mix with 12 seedlings per pot.
At the two- to three-leaf stage, plants were treated with atrazine,
metribuzin, diuron or bromoxynil at a range of rates (Table 1).
Herbicide applications were conducted as described in Section 2.3.
The experimental design was a randomized complete block with
three replicates per treatment.

2.5 3D-modelling of D1 protein variants and protein-ligand
docking
Protein structures of the susceptible (wild-type) and mutant D1
protein variants were reconstructed via the homology mod-
elling procedure using the Swiss Model (https://swissmodel
.expasy.org/). PSII protein D1 (PDB code: 3JCU) was chosen as
the template. Four PSII herbicides (atrazine, metribuzin, diuron
and bromoxynil), targeting the QB-binding site, were selected as
ligands. The molecules of these ligands were downloaded from
PubChem (https://pubchem.ncbi.nlm.nih.gov/) and optimized
via SYBYL-X 2.0 (Tripos Inc. Princeton, NJ, USA). Protein–ligand
dockings between the D1 protein variants and the ligands were
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Table 1. Herbicides applied to the S and R populations

Herbicide Adjuvant Population Rate applied (g ha−1)

Atrazine 1% Hasten S 0, 31, 62, 125, 187,
250, 375, 500

R1 0, 250, 500
R2 0, 31, 62, 125, 187,

250, 375, 500
Diuron – S 0, 56, 112, 225,

450, 900
R2 0, 112, 225, 450,

900, 1800, 3600
Metribuzin 0.1% BS1000 S 0, 13, 26, 52, 105,

210
R2 0, 13, 26, 52, 105,

210
Bromoxynil -– S 0, 12, 25, 50, 100,

200
R1 0, 3, 6, 12, 25, 50,

100
R2 0, 12, 25, 50, 100,

200, 400

carried out using the SYBYL-X 2.0 software with the Surflex-Dock
mode. The Optimal pose was chosen for displaying each docking.

2.6 Statistical analysis
The herbicide rate causing 50% plant mortality (LD50) was esti-
mated by non-linear regression analysis using SigmaPlot 13.0 (Sys-
tat Software, Inc. San Jose, CA, USA). The data collected were fitted
to the log-logistic model:

y = C+(D−C)/[1 + (x/x0)b]

Where C is the lower limit representing plant survival at infinitely
larger herbicide rates, and D is the upper limit representing plant
survival close to untreated controls, x0 is the rate giving 50% plant
response (LD50) and b is the slope at x0. Significant differences of
the LD50 values among two R (R1 and/or R2) and S populations
were determined by One Way ANOVA or T-test using the software
Prism 5.0 (GraphPad Software, La Jolla, CA, USA). The R/S LD50 ratio
was calculated to indicate the level of resistance. The herbicide
dose–response experiments were repeated over time at slightly
different doses during the normal growing season, and the R/S
ratios are similar.

3 RESULTS
3.1 Sequencing of the psbA gene
From S and R wild radish plants, the full-length wild radish chloro-
plast psbA gene (1062 bp) was amplified and sequenced. Align-
ment of the psbA gene between the DNA and cDNA sequences
revealed no introns in the wild radish psbA gene. Comparison of
the 1062 bp fragment between the S and two R samples revealed
two single nucleotide polymorphisms (SNPs) in R plants. In popu-
lation R1, there was a single nucleotide change, causing the very
well-known Ser264–Gly substitution (Table 2). In population R2,
there was a unique single nucleotide change, leading to a novel
Phe274–Val substitution (Table 2).

3.2 Single-dose test
Purified population R1 (containing individual plants with the
Ser264–Gly mutation, termed population 264-Gly) and puri-
fied population R2 (containing individual plants with the

Table 2. Nucleotide and amino acid polymorphisms of the psbA
gene sequences of the three wild radish populations

Polymorphisms

Population
Nucleotide
790–792*

Amino acid
264

Nucleotide
820–822*

Amino acid
274

S AGT Ser TTC Phe
R1 GGT Gly TTC Phe
R2 AGT Ser GTC Val

*The number of the nucleotide starts at ATG. The mutant nucleotides
were bold and underlined and the mutant amino acids were bold.

Table 3. Percentage survival of the three wild radish populations
treated with herbicides of different mode-of-action, using herbicide
field rates or rates fully controlling the S population

Survival rate (% survival)

Herbicide
Mode of

action
Herbicide

dose (g ha−1) S 264-Gly 274-Val

Atrazine PSII 250 0 100 27
Metribuzin PSII 52 0 100 61
Diuron PSII 450 0 0 33
Bromoxynil PSII 100 0 0 5
Chlorsulfuron ALS 10 0 0 100
imazapic

+ imazapyr
ALS 3.5 + 10.5 0 0 65

2,4-D Auxin 625 0 0 0

Phe274–Val mutation, termed population 274-Val) were exam-
ined for cross-resistance to a range of PSII herbicides. Compared
with S, population 264-Gly survived atrazine and metribuzin,
but not diuron or bromoxynil (Table 3). These results are in
agreement with many studies of triazine-resistant plants with
the well-characterized Ser264–Gly mutation that show the
Ser264–Gly mutation endows resistance to triazine and triazinone
herbicides.5 In contrast, population 274–Val displayed resistance
to atrazine, metribuzin and diuron, but not to bromoxynil. There-
fore, the full-dose response study is needed to confirm the resis-
tance level of the Phe274–Val mutation to different PSII herbicides.

In addition, resistance of the two purified populations to differ-
ent mode-of-action herbicides was tested. All the S and 264-Gly
plants were killed at the herbicide rates used (Table 3), indicating
that the Ser264–Gly mutation is the only resistance mechanism
present in population 264-Gly. However, the 274–Val plants
displayed multiple resistance, with resistance to ALS-inhibiting
herbicides chlorsulfuron and imazapic + imazapyr, but not to
2,4-D (Table 3).

3.3 Herbicide full-dose response
Because the Phe274–Val mutation is a novel PSII herbicide
resistance-endowing mutation in wild radish, PSII herbicide
dose–response work was conducted to characterize this popula-
tion. In addition, atrazine dose–response of population 264-Gly
was included as a comparison. All S plants were completely con-
trolled at 187 g atrazine ha−1, however, as expected, all 264-Gly
plants survived all rates, even 4000 g atrazine ha−1 (data not
shown). In contrast, 274-Val plants showed only a modest level of
atrazine resistance with 35% mortality at 187 g atrazine ha−1 and
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Figure 1. Dose–response curves based on survival rate for the S ( ), 264-Gly ( ) and 274-Val ( ) populations to selected PSII herbicides at 21 DAT. Data
are means ± standard error (n = 3). (a) Atrazine, (b) metribuzin, (c) diuron, and (d) bromoxynil.

Table 4. Parameter estimates of the nonlinear logistic analysis of dose–response to PSII herbicides for the S, 264-Gly and 274-Val populations

Herbicide Population D C b LD50*(g ha−1) R2 LD50 R/Sratio

Atrazine S 98(3.1) −1.3 (1.7) −3.8 (0.7) 60 (2.4) c 0.997 –
264-Gly >4000 a >67
274-Val 99 (1.0) 0.2 (1.6) −5.7 (0.4) 207 (2.8) b 0.999 3.5

Metribuzin S 100 (0.5) −0.6 (0.4) −2.6 (0.1) 15 (0.1) b 1 –
274-Val 100 (1.3) −1.9 (2.1) −3.4 (0.3) 57 (1.6) a 0.999 3.8

Diuron S 100 (0.03) −0.01 (0.02) −5.6 (0.02) 59 (0.02) b 1 –
274-Val 100 (0.8) 0.7 (0.6) −5.5 (0.3) 345 (5.2) a 1 5.8

Bromoxynil S 101 (1.4) 1.0 (1.9) −3.9 (0.5) 49 (1.2) a 0.999 –
264-Gly 102 (3.1) 3.5 (3.7) −3.0 (0.5) 15 (1.0) b 0.995 0.3
274-Val 104 (13.0) 7.7 (8.3) −4.3 (3.2) 44 (5.2) a 0.993 0.9

Values in parentheses are standard errors.
*Different letters within one herbicide treatment are significantly different (one-way ANOVA for atrazine and bromoxynil treatment for the three
populations, t-test for metribuzin and diuron treatment for the two populations, P < 0.05).

were killed at higher rate. Thus, for atrazine, population 274-Val
has a modest R/S LD50 ratio of 3.5 (P < 0.05; Fig. 1(a); Table 4),
much lower than for the Ser264–Gly mutation.

Population 274-Val displayed a modest level of resistance
to the triazinone herbicide metribuzin. Based on the LD50

values, population 274-Val was found to be 3.8-fold more
resistant (P < 0.05) to metribuzin, relative to the S population
(Fig. 1(b); Table 4).

For the urea herbicide diuron, as expected, the S plants
were damaged severely (leaf chlorosis) at low rates (112

wileyonlinelibrary.com/journal/ps © 2018 Society of Chemical Industry Pest Manag Sci (2018)
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Figure 2. Stereoview of atrazine binding to the wild radish D1 protein of (a) the S biotype, (b) the Ser264–Gly mutant and (c) the Phe274–Val mutant.

Figure 3. Stereoview of metribuzin binding to the wild radish D1 protein of (a) the S biotype and (b) the Phe274–Val mutant.

and 225 g ha−1) and killed at 450 g ha−1 or higher. However,
the 274-Val plants displayed damage only at higher diuron
rates. Comparison of the R/S LD50 values indicates a 5.8-fold
level of resistance (P < 0.05) to diuron in population 274–Val
(Fig. 1(c); Table 4).

In order to confirm bromoxynil susceptibility in the population
264-Gly, bromoxynil dose–response studies were conducted. The
bromoxynil dose–response studies showed that the LD50 value
of population 264-Gly is significantly lower (P < 0.05) than the S
population (Fig. 1(d); Table 4), indicating super-sensitivity to bro-
moxynil (alternatively called negative cross-resistance). However,
population 274-Val responded identically to the S population
(Fig. 1(d); Table 4), showing no bromoxynil resistance.

Hence, the herbicide dose–response assays confirm that the
well-known Ser264–Gly mutation confers high resistance to
atrazine, but super-sensitivity to bromoxynil. To our knowledge,
this is the first report in higher plant of the Ser264–Gly mutation
resulting in super-sensitivity to bromoxynil, although a similar
effect of ioxynil super-sensitivity has been reported in algae.6 Fur-
thermore, the population with the Phe274–Val mutation displays
a modest level of resistance to atrazine, metribuzin and diuron,
but remains susceptible to bromoxynil.

3.4 Structural modelling of mutant and susceptible D1
protein
In the susceptible (wild-type) D1 protein, atrazine binds to the D1
protein by forming two H-bonds to Ser264 (Fig. 2(a)). In contrast,
the two H-bonds are abolished in the Ser264–Gly mutant, thus
greatly reducing atrazine binding to the D1 protein (Fig. 2(b)).
However, when Phe274 is substituted by Val, the number of
H-bonds is reduced to one (Fig. 2(c)). In addition, the H-bond
distance between the nitrogen atom in the s-triazine ring and
the Ser264 is increased from 1.998 Å in the S protein to 2.268 Å
in the Phe274–Val mutant (Fig. 2(a),(c)), thus weakening atrazine
binding.

Metribuzin binds to the D1 protein by forming two H-bonds
between metribuzin and two amino acids (Ser264 and His252) in
S. No changes in the number of H-bonds were observed when
the Phe274 was substituted by the mutant Val, although the
H-bond distances were slightly increased in the Phe274–Val vari-
ant (Fig. 3(a),(b)). This indicates that the Phe274–Val mutation may
not have a major impact on metribuzin binding to the D1 protein.

Diuron is hydrogen-bonded to the D1 protein with Ser264
in S, whereas the Phe274–Val mutation abolishes this H-bond
(Fig. 4(a),(b)), thereby reducing diuron binding.

Bromoxynil is hydrogen-bonded to the D1 protein with Ile248
in S (Fig. 5(a)). However, the Ser264–Gly mutation adds one more

Pest Manag Sci (2018) © 2018 Society of Chemical Industry wileyonlinelibrary.com/journal/ps
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Figure 4. Stereoview of diuron binding to the wild radish D1 protein of (a) the S biotype and (b) the Phe274–Val mutant.

Figure 5. Stereoview of bromoxynil binding to the wild radish D1 protein of (a) the S biotype, (b) the Ser264–Gly mutant and (c) the Phe274–Val mutant.

H-bond to Phe265 (Fig. 5(b)). In addition, the Ser264–Gly mutation
also decreases the H-bond distance between bromoxynil and
Ile248 to 2.041 Å compared with 2.603 Å in S (Fig. 5(a),(b)), likely
strengthening bromoxynil binding. In contrast, The Phe274–Val
mutation does not change the number or distance of the H-bond
(Fig. 5(c)).

4 DISCUSSION
This study, conducted with field-evolved wild radish populations
that had been selected with triazine herbicides, has identified a
novel pbsA mutation resulting in a Phe274–Val amino acid sub-
stitution in the D1 protein. From several lines of evidence, this
Phe274–Val mutation very likely confers resistance to PSII her-
bicides in wild radish. First, only this Phe274–Val amino acid
substitution was found in the D1 protein of these R vs S plants.
Second, BLAST analysis showed that the D1 protein is highly con-
versed in most plant species, especially in the herbicide-binding
domain between amino acid residues 211 and 275 (Fig. 6). Third,
the susceptible residue Phe274 is different to the mutant Val274
in side-chain flexibility (moderate vs low), interaction modes (aro-
matic stacking plus van der Waals vs van der Waals only), molecular
weight (147 vs 99), isoelectric point (5.5 vs 6.0) and hydrophobicity

(0.951 vs 0.923). These changes likely have major impacts on PSII
herbicide binding. Fourth, structural modelling of S and mutant D1
protein identifies changes in the number and distance of H-bonds
caused by the Phe274–Val mutation, leading to predicted weak
binding of atrazine and diuron to the D1 protein. Although the
Phe274–Val mutation reported here is a relatively weak resistance
mutation, compared with the well-known triazine herbicide resis-
tance endowing Ser264–Gly mutation, the Phe274–Val mutation
does endow plant survival in the field at normal triazine use rates.
We show that the Phe274–Val mutation endows a modest level of
resistance to atrazine, metribuzin and diuron (Fig. 1). This is the first
report of the Phe274–Val mutation in wild radish (although this
mutation was first reported in Amaranthus spp. in a MSc thesis).27

In addition, unlike the Ser264–Gly mutation that endows a clear
fitness penalty,5,28 the Phe274–Val mutation may not endow a
resistance cost because the 274-Val plants did not exhibit any vis-
ible growth reduction in comparison with the S plants (data not
shown). This is likely because QB is directly hydrogen-bonded with
the keto oxygen to the hydroxyl group of the Ser264, whereas
the Phe274 can only stabilize QB binding,29,30 and therefore, the
Ser264–Gly mutation may have a greater impact on plant fitness
than the Phe274–Val mutation.

wileyonlinelibrary.com/journal/ps © 2018 Society of Chemical Industry Pest Manag Sci (2018)
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Figure 6. Alignment of nine different D1 protein sequences. Like residue Ser264, the Phe274 residue is among the highly conserved region in D1
proteins of different plant species. (From top to bottom, each title represents Arabidopsis thaliana, Brassica napus, Conocephalum conicum, Dumortiera
hirsuta, Helianthus annuus, Lolium multiflorum, Lolium perenne, Nyssa sylvativa, Nicotiana tabacum, Oryza sativa spp. japonica, Raphanus sativus, Zea mays,
respectively. Sequence data of D1 protein are from NCBI.)

Plant genetic transformation can provide direct evidence for the
correlation between this previously unknown Phe274–Val psbA
gene mutation and the resistance it can endow. However, because
the psbA gene is in the chloroplast genome, directing the mutant
psbA gene into chloroplast genome is difficult.31 Attempts to
introduce the psbA gene into the nucleus (with a nuclear promoter
and a chloroplast transit peptide-encoding sequence) of a tobacco
cell was successful, but the transformed tobacco plant did not
exhibit the expected resistance because the endogenous suscep-
tible psbA gene could not be suppressed.32 Instead, the availability
of well-studied crystal structure of Arabidopsis plant D1 protein
in complex with the natural substrate33–35 has enabled structural
modelling and understanding of the interactions between mutant
D1 protein variants and the PSII herbicides.

Ser264 of the D1 protein is crucial for atrazine binding.36 The
nitrogen atom at the ethylamino residue in atrazine forms strong
H-bonds to the hydroxyl group of the Ser264.37 When Ser264 is
substituted by Gly264 in the D1 protein, the H-bonds between
Ser264 and the amino alkyl side chain of the s-triazine ring
are lost and the atrazine binding weakened, leading to atrazine
resistance.33,38 Phe274 is not directly involved in herbicide bind-
ing, the Phe274–Val mutation weakens atrazine or diuron binding
to the D1 protein by reducing the number of H-bonds to Ser264.
When atrazine binds to the susceptible D1 protein, it forms two
H-bonds, but when it binds to the Phe274–Val mutant protein only
one H-bond can be formed, and the H-bond distance increased.
This means that binding between atrazine and the Phe274–Val
mutant protein is weakened, but still possible, and this likely
explains the low level of resistance to atrazine observed. H-bonds
between diuron and the D1 protein are lost in the Phe274–Val
mutant protein, explaining why the Phe274–Val mutation confer
higher resistance to diuron than to atrazine, as observed in the cur-
rent study (Table 4). The Phe274–Val mutation causes no changes
in the number of H-bonds formed between metribuzin and the D1
protein, suggesting that the Phe274–Val mutation does not con-
fer metribuzin resistance. However, dose–response assay showed
a low level of resistance to metribuzin for the Phe274–Val mutants
(population 274–Val), and this might be due to metabolism-based
NTSR (to be investigated) or limitation of the modelling. In addi-
tion, it is found that there are no changes of H-bonds formed

between bromoxynil and the D1 protein in both S and Phe274–Val
mutant, indicating that the Phe274–Val mutant is not likely resis-
tant to bromoxynil, as observed in this study (Fig. 1(d)).

Interestingly, the Ser264–Gly mutation can endow super-
sensitivity to certain PSII herbicides.36 Super-sensitivity has been
frequently observed for a number of resistance-endowing psbA
mutations in bacteria and green algae6 and plants. For example,
although providing resistance to metribuzin and diuron, the
Val219–Ile mutation confers super-sensitivity to bromoxynil in
Kochia scoparia39 and bentazon (a benzothiazinone PSII herbi-
cide) in Schoenoplectus mucronatus and Cyperus difformis.40,41

In our results, wild radish plants with the Ser264–Gly mutation
(population 264-Gly) showed super-sensitivity to bromoxynil,
compared with the S plants. In addition to population 264-Gly,
plants containing the Ser264–Gly mutation from three other wild
radish populations were also tested for bromoxynil sensitivity.
The results showed that one of the three populations was more
sensitive to bromoxynil, with the other two populations as sen-
sitive as the S population probably due to a low level of NTSR
involvement (data not shown). Structural modelling reveals that
the Ser264–Gly substitution strengthens the binding between
bromoxynil and the D1 protein (Fig. 5(c)) by forming one addi-
tional H-bond and decreasing the H-bond distance between
bromoxynil and the Ile248 residue, resulting in super-sensitivity
to bromoxynil. This super-sensitivity to bromoxynil ensures good
control of the 264 resistant mutant weeds by the herbicide
(Velocity) with 4-hydroxyphenylpyruvate dioxygenase-inhibiting
herbicide pyrasulfotole and bromoxynil.

In conclusion, this study reports for the first time that a
novel psbA mutation, causing an amino acid substitution of
Phe274–Val in the D1 protein, confers resistance to PSII herbicides
in field evolved wild radish. Structural modelling reveals that the
Phe274–Val mutation endows resistance by indirectly affecting
the H-bonds between the amino acid Ser264 and the herbicides.
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