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ABSTRACT 
Wild radish (Raphanus raphanistrum) is one of the world’s most economically damaging 

weeds, and is cross pollinated, genetically diverse and resistance prone. Currently, wild radish 

populations have evolved resistance to herbicides of different modes of action, including 

acetolactate synthase (ALS)-, photosystem II (PSII)-, phytoene desaturase (PDS)-inhibiting and 

auxinic herbicides. However, the resistance mechanisms to PSII- and PDS-inhibiting herbicides 

are still not fully understood. In addition, as revealed in this thesis, wild radish resistance to 

4-hydroxyphenylpyruvate dioxygenase (HPPD)-inhibiting herbicides is now just evident. 

Therefore, the objectives of the PhD project were to investigate in wild radish resistance 

evolution to PSII-, PDS- and HPPD-inhibiting herbicides and the underlying resistance 

mechanisms. 

1. A novel psbA mutation confers resistance to PSII-inhibiting herbicides 

Through this PhD research project, a novel psbA gene mutation (Phe274Val) of the D1 protein 

was identified that confers modest levels of resistance to PSII-inhibiting herbicides in the wild 

radish population R2. Structural modelling of the D1 protein predicts that Phe274Val 

substitution provides resistance to the herbicides atrazine and diuron by indirectly affecting 

hydrogen (H)-bond formation between the Ser264 residue and the herbicides. 

2. Metribuzin resistance involves both target-site and non-target-site mechanisms 

This study also for the first time revealed that both the well-known target-site Ser264Gly 

mutation as well as a non-target-site resistance mechanism of enhanced capacity for 

metribuzin metabolism contribute to the resistance in the wild radish population H1/16. 

3. Resistance to PDS-inhibiting herbicides is likely non-target-site based 

Although resistance to PDS-inhibiting herbicides has previously been reported in wild radish, 

the endowing resistance mechanism(s) have not been investigated in resistant wild radish 

populations. This PhD project revealed that unlike resistance in other PDS-inhibiting herbicide 

resistant weed species where resistance is due to target-site PDS mutations, non-target-site 

resistance due to enhanced herbicide metabolism involving P450s is likely responsible for 

resistance to PDS-inhibiting herbicides in the wild radish population H2/10. 

4. Resistance to HPPD-inhibiting herbicides is due to enhanced metabolism 
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Importantly, this project for the first time identified, confirmed and characterized resistance 

to HPPD-inhibiting herbicides in the wild radish population (H2/10). It is important to 

emphasize that the wild radish population studied had no selection history with HPPD-

inhibiting herbicides. Resistance mechanism studies revealed that an enhanced rate of HPPD-

inhibiting herbicide metabolism is responsible for the resistance in this population. RNA-

Sequencing (RNA-Seq) transcriptomic analysis identified a few possible candidate genes, and 

five of them, with one (RrC702_p3) encoding a Fe(II)/2-oxoglutarate-dependent dioxygenase 

and four (RrC20_p11, RrC23340_p1, RrC11027_p1 and RrC640_p4) encoding cytochrome 

P450s, were validated and prioritized for further studies. 

In conclusion, this PhD project revealed resistance mechanisms, both target-site and non-

target-site, that endow resistance to PSII-, PDS-, and HPPD-inhibiting herbicides in wild radish. 

This knowledge and information are important for understanding herbicide resistance 

evolution in wild radish, and for developing proactive management strategies to control wild 

radish. 
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1 Weeds and herbicides in current agriculture 

Agricultural productivity, especially for the world major crops, plays an important role in 

feeding a very large and increasing human population. In order to avoid crop yield loss and 

poor quality, humans have to fight against many threats. Weeds are one of the most 

threatening problems in agriculture. Weeds infest nearly all crop fields every growing season. 

Crop-infesting weeds cause an annual yield reduction of 50% in corn and soybean crops in 

North America, resulting in a total cost of more than $43 billion (Soltani et al., 2016, 2017). In 

Australia, weeds also cause up to $6 billion losses annually (McLeod, 2018). 

Humans have battled with the help of herbicides. Herbicides have made a great contribution 

to global crop production, at the same time, also saved large costs of farm labour. The 

herbicide dinoterb was first introduced to the market in the 1930s, subsequently auxinic 

herbicides were commercialized in the 1940s (Table 1). During the 1950s to 1980s, many 

herbicides with new modes of action were introduced. The predominant herbicide modes of 

action, including photosystem II (PSII), photosystem I (PSI), protoporphyrinogen oxidase 

(PPO), acetyl-CoA carboxylase (ACCase), acetolactate synthase (ALS), 5-

enolypyruvylshikimate-3-phosphate synthase (EPSPS) and phytoene desaturase (PDS), are 

still in use nowadays (Table 1). The latest herbicide group is 4-hydroxyphenylpyruvate 

dioxygenase (HPPD) inhibitors in the 1980s. Since then, no new herbicide mode of action has 

been introduced. 

 

Table 1. List of herbicides with different modes of action and their example herbicides (WSSA, 

HRAC and Australia represent different herbicide category system. WSSA: Weed Science 

Society of America system used in the USA and Canada; HRAC: Herbicide Resistance Action 

Committee system used in countries except USA, Canada and Australia; Australia: the 

herbicide category system used in Australia) (adapted from Beckie et al., 2019). 

 

Time Mode of action* 
Example 
herbicide 

Category 

WSSA HRAC Australia 

1930s Uncouplers Dinoterb 24 M Z 

1940s 

Synthetic auxins 2,4-D 4 O I 

Auxin transport inhibition Diflufenzopyr 19 P P 

Mitosis inhibition Propham 23 K2 E 

1950s  Inhibition of microtubule assembly Trifluralin 3 K1 D 
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Inhibition of PSII Atrazine 5 C1 C 

Inhibition of PSII (ureas & amides) Diuron 7 C2 C 

Lipid inhibition Triallate 8 N J 

Inhibition of carotenoid biosynthesis Amitrole 11 F3 Q 

Nucleic acid inhibition MSMA 17 Z Z 

PSI electron diversion Paraquat 22 D L 

1960s 

Inhibition of PSII (nitriles) Bromoxynil 6 C3 C 

Inhibition of PPO Fomesafen 14 E G 

Inhibition of VLCFA Metolachlor 15 K3 K 

Lipid inhibition Ethofumesate 16 N J 

Inhibition of DHP synthase Asulam 18 I R 

Inhibition of cellulose synthesis Chlorthiamid 20 L I, O, Z 

1970s 

Inhibition of ACCase Diclofop 1 A A 

Inhibition of ALS Chlorsulfuron 2 B B 

Inhibition of cell elongation Difenzoquat 8 Z Z 

Inhibition of EPSPS Glyphosate 9 G M 

Inhibition of Glutamine synthase Glufosinate 10 H N 

Inhibition of PDS Diflufenican 12 F1 F 

Disruption of antimicrotubule mitosis Flamprop 25 Z Z 

1980s 

Inhibition of DOXP Clomazone 13 F4 Q 

Inhibition of cellulose synthesis Dichlobenil 21, 26 L I, O, Z 

Inhibition of HPPD Mesotrione 27 F2 H 

* Abbreviations: ACCase: Acetyl-CoA carboxylase; ALS: Acetolactate synthase; DHP: 

Dihydropteroate; DOXP: 4-Deoxy-D-xylulsoe-5-phosphate synthase; EPSPS: 5-

Enolpyruvlshikimate-3-phosphate synthase; HPPD: 4-Hydroxyphenyl-pyruvate dioxygenase; 

PDS: Phytoene desaturase; PPO: Protoporphyrinogen oxidase; PS: Photosystem; VLCFA: Very 

long chain fatty acid. 

 

2 Herbicide resistance evolution in weeds 

Persistent herbicide use has inevitably resulted in resistance evolution in weeds. Herbicide 

resistance in weeds was first reported in 1957 in a Commelina diffusa population and a wild 

carrot (Daucus carota) population, both populations were resistant to 2,4-D (Hilton, 1957; 

Switzer, 1957). Herbicide resistance in weeds evolved slowly for the next 20 years, but the 

cases of resistance have been exploding after 1975, and now more than 500 unique cases are 

documented (Figure 1). To date, resistant weed populations in a total of 259 weed species 

have been confirmed in over 70 countries (Heap, 2019). Among these species, more than 100 

weed species exhibit resistant populations with multiple resistance to at least two herbicides 
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with different modes of action (Figure 2), with annual ryegrass (Lolium rigidum) showing 

multiple resistance to 13 herbicide modes of action (e.g. ALS and PSII inhibitors) (Heap, 2019). 

 

Figure 1. Chronological increase of resistant weeds globally (Heap, 2019). 

 

Figure 2. Chronological increase of weeds resistant to multiple herbicide modes of action 

(Heap, 2019). 
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Noticeably, the pace of resistance evolution to distinct herbicide groups differs. Currently, in 

more than 160 weed species there are resistant populations to ALS-inhibiting herbicides, 

followed by PSII-inhibiting herbicides (triazines and ureas, amides) (103 weed species), 

ACCase-inhibiting herbicides (48 weed species) and EPSPS-inhibiting herbicides (45 weed 

species) (Figure 3). The high incurrence of weed resistance to these four herbicide modes of 

action is mainly because of their long period of commercialization, global use and broad 

spectrum weed control. Herbicide resistance evolved rapidly in weeds, and considerable 

research efforts on resistance mechanisms have been also made since the first report on 

herbicide resistance in weeds. 

 

Figure 3. Chronological increase of weeds resistant to different herbicide modes of action 

(Heap, 2019). 

 

Herbicide resistance mechanisms in weeds can be generally classified as target-site and non-

target-site resistance mechanisms. Target-site resistance includes target protein alterations, 

caused by target gene mutations, reducing or preventing herbicide binding. Target-site gene 

mutations conferring resistance to specific herbicide modes of action, including ACCase, ALS, 

PSII, PPO, PDS, EPSPS, glutamine synthase (GS), tubulin and auxin, have been previously 
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reviewed (Beckie and Tardif, 2012; Murphy and Tranel, 2019). For example, 26 and 14 amino 

acid substitutions have been identified in weeds, conferring resistance to ALS- or ACCase-

inhibiting herbicides, respectively (reviewed by Kaundun, 2014; Yu and Powles, 2014b). 

Additionally, overexpression of target enzyme caused by gene amplification or duplication 

also confers target-site herbicide resistance. For instance, EPSPS gene duplications have been 

identified to confer glyphosate resistance in weeds, with the increased gene copies ranging 

from 3 to more than 150 in glyphosate-resistant weeds (reviewed by Gaines et al., 2019; 

Patterson et al., 2018). While target-site based herbicide resistance in weeds has been well-

studied, the knowledge for non-target-site herbicide resistance is limited. 

Non-target-site resistance describes any mechanism(s) that can reduce lethal herbicide dose 

reaching the target site in plants. This includes, but is not limited to, reducing herbicide uptake 

or translocation, and enhancing herbicide metabolism. It has been reviewed that non-target-

site resistance has been identified in weeds resistant to different herbicides, including ACCase, 

ALS, PSII, PSI, HPPD, EPSPS inhibitor herbicides and synthetic auxins (Beckie and Tardif, 2012; 

Gronwald, 1994; Kaundun, 2014; Nandula et al., 2019; Powles and Preston, 2006; Powles and 

Yu, 2010; Schulz and Segobye, 2016; Yu and Powles, 2014a, b). Reduced herbicide uptake or 

translocation, thus far, confers resistance to several herbicides, including paraquat (reviewed 

by Hawkes, 2014), glyphosate (reviewed by Gaines et al., 2019) and 2,4-D (reviewed by Busi 

et al., 2018). On the other hand, enhanced herbicide metabolism contributes to resistance to 

many more herbicides including ACCase-, ALS-, PSII-, HPPD-inhibiting herbicides, 2,4-D 

(reviewed by Beckie and Tardif, 2012; Nandula et al., 2019; Yu and Powles, 2014a) and 

glyphosate (Pan et al., 2019). Several gene families are associated with herbicide metabolism, 

e.g. P450 (cytochrome P450 monooxygenase) genes (CYP81A12, CYP81A21) from Echinochloa 

phyllopogon (Guo et al., 2019; Iwakami et al., 2014; Iwakami et al., 2019), GST (glutathione S-

transferase) genes from Alopecurus myosuroides and Amaranthus tuberculatus (Cummins et 

al., 2013; Evans Jr et al., 2017) and EcAKR1 from Echinochloa colona (Pan et al., 2019). These 

genes have been cloned and characterised to confer herbicide resistance. However, the 

knowledge of genes and enzymes involving in herbicide metabolism in plants is still limited. 

With the development of omics technologies (genomics, transcriptomics, proteomics and 

metabolomics), much will be revealed with regard to genes endowing non-target-site based 

herbicide resistance. Such knowledge will also enhance our understanding of herbicide 
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resistance and may help develop sustainable weed management strategies and may reverse 

resistance in the future.  

As this thesis mainly focuses on resistance mechanisms to three different herbicide modes of 

action (PSII, PDS and HPPD), therefore, resistance to these three herbicides in weeds is 

reviewed as follows. 

 

3 Resistance to PSII-inhibiting herbicides 

PSII-inhibiting herbicides have been commercialised since 1955. These herbicides mainly 

include triazines, triazinones, ureas, nitriles and several other distinct chemical groups. PSII 

herbicides compete with plastoquinone QB at the QB-binding site in the D1 protein, a subunit 

of the PSII complex in chloroplasts of plants. As a consequence, the electron transport 

between PSII and the cytochrome b6/f complex is blocked, and NADPH requiring for CO2 

fixation cannot be produced (Rutherford and Krieger-Liszkay, 2001). However, the ensuing 

death of plant is not because of starvation. The redundant energy owing to blockage of 

electron flow transfers to form chlorophyll triplet state, resulting in the generation of singlet 

oxygen which is highly damaging (Rutherford and Krieger-Liszkay, 2001). Oxidative stress will 

in turn cause the destruction of PSII and photooxidation of lipid and chlorophyll, and 

eventually plant death. Long-term application of PSII-inhibiting herbicides has posed a huge 

selection pressure on weeds, leading to the evolution of resistance to PSII-inhibiting 

herbicides in many weed species. The first case of resistance to triazines (atrazine and 

simazine) was reported in common groundsel (Senecio vulgaris) (Ryan, 1970). Since then, 

resistant populations of 103 weed species have been documented (Heap, 2019). 

3.1 Target-site based resistance 

The first molecular elucidation of resistance to PSII-inhibiting herbicides was done in 1983 

(Hirschberg and McIntosh, 1983). An amino acid substitution (Ser264Gly) in the sequence of 

D1 protein, encoded by the highly conserved chloroplast psbA gene, was confirmed to endow 

resistance. This Ser264Gly substitution eliminates the PSII-inhibiting herbicide hydrogen (H)-

bonding with the D1 protein, while still enabling QB binding. In the decades after discovery of 

this Ser264Gly substitution, 30 single amino acid substitutions (within a region from Phe211 

to Leu275 in the D1 protein), due to different single point mutations in the psbA gene, have 

been identified to confer resistance to PSII-inhibiting herbicides in cyanobacteria, alga and 
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higher plant cell cultures (Oettmeier, 1999; Sato et al., 1988; Wilski et al., 2006). However, 

only seven amino acid substitutions have been identified to confer resistance in higher plants 

(reviewed in the Table 2). Among these substitutions, the first-identified Ser264Gly mutation 

has caused resistance in many field-evolved resistant weed species globally (Ashworth et al., 

2016; Bettini et al., 1987a; Foes et al., 1999; Foes et al., 1998; Friesen and Powles, 2007; Park 

and Mallory-Smith, 2005). This mutation generally confers high level resistance to triazines 

and triazinone herbicides, but low or no resistance to phenylurea herbicides (Table 2). The 

other six substitutions confer different herbicide resistance patterns to distinct chemical 

groups. A single mutation can sometimes endow different resistance patterns in different 

weed species. The most recently identified resistance-endowing mutation is the Leu218Ile 

(Thiel and Varrelmann, 2014), which confers resistance only to triazinones in Chenopodium 

album.  

 

Table 2. Target-site based psbA mutations conferring resistance to PSII-inhibiting herbicides 

in field-evolved resistant weedy species 

Mutation Species 
Resistance Spectrum 

Reference 
Triazine Triazinone Urea Nitrile 

Leu218Val Chenopodium album S R ND ND (Thiel and Varrelmann, 2014) 

Val219Ile Poa annua ND R R ND (Mengistu et al., 2000) 

Kochia scoparia HR MR MR-HR S (Mengistu et al., 2005) 

Powell amaranth LR LR R LR (Dumont et al., 2016) 

Schoenoplectus mucronatus S R R R (Pedroso et al., 2016a) 

Cyperus difformis S R R R (Pedroso et al., 2016b) 

Ala251Val Chenopodium album S-MR HR ND ND 
(Mechant et al., 2008; Thiel 

and Varrelmann, 2014)                    

Phe255Ile Capsella bursa-pastoris S HR S ND (Perez-Jones et al., 2009) 

Ser264Gly Chenopodium album R R ND ND (Bettini et al., 1987b) 

Amaranthus rudis HR ND ND ND (Foes et al., 1998) 

Kochia scoparia HR ND ND ND (Foes et al., 1999) 

Bromus tectorum HR HR LR ND (Park and Mallory-Smith, 2005) 

Raphanus raphanistrum HR ND ND ND (Friesen and Powles, 2007) 

Vulpia bromodies HR R S ND (Ashworth et al., 2016) 

Ser264Thr Portulaca olercea HR ND LR ND (Masabni and Zandstra, 1999) 

Asn266Thr Senecio vulgaris S LR S HR (Park and Mallory-Smith, 2006) 

S: susceptible; R: resistant; HR: highly resistant; MR: moderately resistant; LR: low resistant; 

ND: not determined. 
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Target-site resistance to PSII-inhibiting herbicides is maternally inherited by a single, 

chloroplast psbA gene (Darr et al., 1981), meaning that the resistant trait can be inherited 

only if the female parent has the resistance-endowing psbA gene mutation. In contrast to 

most other target-site based herbicide resistance, this maternal genetic inheritance mode is 

rare. Because this allele conferring resistance is not present in pollen, the dispersal of target-

site based PSII-inhibiting herbicide resistance is by seeds only. Studies have demonstrated 

that the Ser264Gly mutation reduces plant fitness significantly (Conard and Radosevich, 1979; 

McCloskey and Holt, 1990), which can be explored to manage herbicide resistance (such as 

using competitive crops at a higher density). Although the mutant enables QB binding, the 

efficacy of electron transfer is reduced, leading to low rates of photosynthesis (reviewed by 

Fuerst and Norman, 1991), which may explain in part the fitness penalty. However, thus far 

little is known about fitness penalty of other resistance-endowing psbA mutations. 

3.2 Non-target-site based resistance  

Non-target-site based herbicide resistance, due to enhanced rates of herbicide metabolism 

was early reported to be responsible for resistance to PSII-inhibiting herbicides. In 1984, a 

velvetleaf (Abutilon theophrasti) population from Maryland, USA was reported to be resistant 

to atrazine due to enhanced rates of atrazine detoxification via glutathione conjugation 

(Gronwald et al., 1989). Further investigations demonstrated that the enhanced rate of 

glutathione conjugation in this atrazine-resistant velvetleaf population is because of 

overproduction of two GSTs exhibiting activity for atrazine metabolism in leaf and stem 

tissues (Anderson and Gronwald, 1991). Similar to the Maryland population, another atrazine-

resistant velvetleaf population from Wisconsin, also had the same mechanism of increased 

glutathione conjugation (Gray et al., 1996). In Australia, annual ryegrass was reported to be 

resistant to simazine and chlorotoluron due to an enhanced rate of PSII-inhibiting herbicide 

metabolism (Burnet et al., 1993a, b). However, the enhanced metabolism in ryegrass was 

indicated to be likely associated with P450s instead of GSTs, as P450 inhibitors reversed the 

resistance. Enhanced capacity to metabolize PSII-inhibiting herbicide has also been 

documented in blackgrass (Alopecurus myosuroides), waterhemp (Amaranthus tuberculatus) 

and Palmer amaranth (Amaranthus palmeri) (Kemp et al., 1990; Ma et al., 2013; Nakka et al., 

2017a; Patzoldt et al., 2003; Vennapusa et al., 2018). As expected, P450s and GSTs are 
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involved in metabolism of PSII-inhibiting herbicides in these weed species. Recently, a GST 

gene (AmGSTF1) has been identified to endow resistance to atrazine and chlotoluron in 

blackgrass due to accumulation of protective flavonoids (Cummins et al., 2013). Another GST 

gene, AtuGSTF3, was reported to be strongly correlated with atrazine resistance in 

waterhemp (Evans Jr et al., 2017). Noticeably, no studies of co-existence of target-site and 

non-target-site resistance to PSII-inhibiting herbicides within the same resistant weed have 

been thus far reported. Target-site psbA gene mutation usually confers a relatively high level 

of resistance to PSII-inhibiting herbicides, and nevertheless non-target-site resistance to 

atrazine can also confer a high level of resistance for example in Palmer amaranth (Nakka et 

al., 2017a). Many studies finding the target-site mutations have not examined for the 

presence of other resistance mechanisms such as non-target-site based enhanced 

metabolism. 

 

4 Resistance to PDS-inhibiting herbicides 

PDS-inhibiting herbicides represent a small proportion of herbicides used in global crop 

production. These herbicides were first introduced to the market in the 1970s, mainly 

including diflufenican, picolinafen, fluridone and norflurazon (Figure 4). Diflufenican, 

commercialized as Brodal in Australia in 1987, has been used for weed control in lupin 

(Lupinus angustifolius), lentil (Lens culinaris), field pea (Pisum sativum) and clover-based 

pasture. Fluridone is used for aquatic weed control, especially for control of hydrilla (Hydrilla 

verticillata) (Doong et al., 1993). PDS-inhibiting herbicides interfere with carotenoid 

biosynthesis. Carotenoids are not only accessory pigments in light harvesting, but also 

components of the photosynthetic reaction centre complexes (Cogdell and Frank, 1987). Due 

to their absorption spectra, carotenoids can serve as UV protectants, protecting chlorophylls 

and membranes from photodegradation and peroxidation (reviewed by Ledford and Niyogi, 

2005). In plants, carotenoids are synthesized in plastids. The first committed step is C40 

hydrocarbon phytoene formation catalysed by the enzyme phytoene synthase (Figure 5). The 

enzyme PDS functions in the second step, converting phytoene to ζ-carotene (Norris et al., 

1995). PDS-inhibiting herbicides target the enzyme PDS, competing with plastoquinone (a 

cofactor of PDS) for the binding site (reviewed by Dayan et al., 2014). When PDS is inhibited, 

carotenoids become deficient and this will cause chlorophyll degradation and membrane 
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peroxidation, leading to leaf bleaching and plant death (Sandmann et al., 1996). Resistance 

to PDS-inhibiting herbicides has been reported in wild radish (Raphanus raphanistrum) in 

Australia since 1998 (Cheam et al., 2000a; Cheam et al., 2000b; Heap, 2019). Elsewhere in the 

world, PDS-inhibiting herbicide resistance has evolved in populations of five other weed 

species: loose silkybent (Apera spica-venti), hydrilla, annual bluegrass (Poa annua), eastern 

groundsel (Senecio vernalis) and oriental mustard (Sisymbrium orientale) (reviewed by Dayan 

et al., 2014; Heap, 2019). 

 

Figure 4. Chemical structures of four PDS-inhibiting herbicides. 
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Figure 5. Pathway of carotenoid biosynthesis in plants (Norris et al., 1995; Qin et al., 2007). 

4.1 Target-site based resistance 

A point mutation in the PDS gene of Synechococcus PCC7942, resulting in an amino acid 

substitution from Val to Gly at position 403 in the PDS protein, confers resistance to 

norflurazon (Chamovitz et al., 1991). Another mutation, the Arg195Cys substitution, was also 

determined to endow norflurazon resistance in Synechocystis sp. PCC 6803 (Martinez-Férez 

and Vioque, 1992). Later, three amino acid substitutions at position 304 of the PDS protein 

(Arg304Ser, Arg304Cys and Arg304His) were identified in hydrilla (Michel et al., 2004) 

conferring two- to six-fold resistance to fluridone. Most recently, two PDS gene mutations 

have been identified in oriental mustard. One is Leu526Val, conferring high level (140-fold) 

resistance to diflufenican but not to picolinafen (Dang et al., 2018). Another is the Glu425Asp 

mutation. This mutation, coexisting with the Leu498Val mutation (originally numbered as the 

Leu526Val mutation), endows a high level of resistance (237-fold) to diflufenican and a 

moderate level of resistance (7-fold) to picolinafen (Dang et al., 2019b).  

Genetic inheritance studies demonstrated that resistance to diflufenican and picolinafen is 

controlled by a single dominant gene in oriental mustard as the segregation of F2 progeny 

fitted an inheritance model of 3:1 (Dang et al., 2018; Dang et al., 2019b). Moreover, their 
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studies showed that plants having the Leu498Val mutation alone and the Leu498Val plus the 

Glu425Asp mutations do not have a fitness cost (Dang et al., 2019a).  

4.2 Non-target-site based resistance 

An annual bluegrass population, without norflurazon use history but with diuron use history, 

showed cross-resistance to norflurazon (Hanson and Mallory-Smith, 2000), which suggests 

that non-target-site based resistance may be involved in this population. However, there is 

no direct experimental evidence of involvement of non-target-site resistance to PDS-

inhibiting herbicides thus far.  

 

5 Resistance to HPPD-inhibiting herbicides 

HPPD-inhibiting herbicides belong to a relatively new herbicide group that was 

commercialized three decades ago. These herbicides have been used widely in the global 

grain crop corn (Zea mays) due to their broad spectrum weed control, low application rates, 

crop selectivity and low toxicity. Most recently, wheat (Triticum aestivum) and rice (Oryza 

sativa)-selective HPPD-inhibiting herbicides have been introduced. HPPD-inhibiting 

herbicides mainly includes three chemical groups of pyrazolones (pyrazolate, pyrasulfotole, 

topramezone, etc.), triketones (mesotrione, tembotrione, sulcotrione, etc.) and diketonitriles 

(isoxaflutole) (Figure 6) (reviewed by Beaudegnies et al., 2009; Hirai et al., 2002). HPPD is a 

key enzyme in the biosynthesis of tocopherol and plastoquinone (PQ) (Schultz et al., 1985). 

Tocopherols are important antioxidants protecting membranes from oxygen radicals (Foyer 

et al., 1994), and PQ not only serves as an electron transporter between PSII and the 

cytochrome b6/f complex, but also is a cofactor of PDS in carotenoid biosynthesis (Norris et 

al., 1995). The first step of biosynthesis of both tocopherol and PQ is the conversion of 

hydroxyphenylpyruvate (HPP) to homogentisate (HGA), catalysed by HPPD (Figure 7) (Norris 

et al., 1998). HPPD-inhibiting herbicide treatment leads to depletion of tocopherol and PQ. 

This depletion will further cause membrane peroxidation and carotenoid deficiency, 

eventually leaf bleaching and plant death. As HPPD-inhibiting herbicides indirectly affect 

carotenoid biosynthesis, these herbicides display very similar symptoms to PDS-inhibiting 

herbicides. Despite the wide use of HPPD-inhibiting herbicides, populations of only two weed 

species waterhemp and Palmer amaranth have thus far evolved resistance (Hausman et al., 

2011; Heap, 2019; Huffman et al., 2015; Jhala et al., 2014; McMullan and Green, 2011; Oliveira 
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et al., 2017; Singh et al., 2018; Thompson et al., 2012). HPPD inhibitor resistant Amaranthus 

populations have now expanded to several USA states (Kansas, Iowa, Nebraska and Arkansas) 

since the first case of resistance from Illinois in 2009 (Hausman et al., 2011). These 

populations usually exhibit moderate levels of resistance to HPPD-inhibiting herbicides. 

 

  

 

Figure 6. Chemical structures of four representative HPPD-inhibiting herbicides. 
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Figure 7. Biosynthesis pathway of tocopherol and plastoquinone in plants (Norris et al., 1995). 

5.1 Target-site based resistance 

So far target HPPD gene mutations have not been reported in weedy species. Whereas, 

increased HPPD gene expression (up to 12-fold) has been reported to be related to 

mesotrione resistance in two Palmer amaranth populations (Nakka et al., 2017b).  

5.2 Non-target-site based resistance 

Recent studies have revealed that, thus far, the primary resistance mechanism to HPPD-

inhibiting herbicides in waterhemp and Palmer amaranth is enhanced herbicide metabolism 

(revewed by Nandula et al., 2019). The first comprehensive study focused on resistance 

mechanisms to HPPD-inhibiting herbicides was with a mesotrione-resistant waterhemp 

population from Illinois (Ma et al., 2013). In this research, enhanced oxidative metabolism of 

mesotrione was found to be the main reason for mesotrione resistance, and one major 

metabolite was identified as 4-hydroxy-mesotrione, and a minor metabolite 2-amini-4-

(methyl-sulfonyl)benzoic acid and other unidentified metabolites in the mesotrione-resistant 

population. In addition, the mesotrione resistance could be partially reversed by the P450 

inhibitor malathion, indicating P450s are involved in mesotrione metabolism. Different to this 

scenario, mesotrione resistance in another waterhemp population from Nebraska could not 

be reversed by malathion, but tembotrione resistance could be malathion-reversed (Oliveira 
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et al., 2018). These studies suggest that genes involved in the HPPD-inhibiting herbicide 

metabolism can be different in different weed populations. Recently, metabolic resistance 

has been reported in waterhemp resistance to topramezone as well (Lygin et al., 2018). 

Palmer amaranth was first reported to be resistant to HPPD-inhibiting herbicides in Kansas 

(Thompson et al., 2012). The resistance in this Palmer amaranth population was suspected to 

be non-target-site based as the population had no HPPD inhibitor use history, but with a long 

history of PSII and ALS inhibitor applications. The resistance mechanisms were later revealed 

to be due to rapid herbicide metabolism, in addition to increased HPPD gene expression 

(Nakka et al., 2017b). Furthermore, enhanced tembotrione metabolism was also 

demonstrated in a Palmer amaranth population from Nebraska (Küpper et al., 2018). Overall, 

metabolic resistance is so far the prominent mechanism for resistance to HPPD-inhibiting 

herbicides, which may explain in part why the resistance levels are often modest in resistant 

weed populations. 

Although resistance mechanisms to HPPD-inhibiting herbicides have been identified in 

resistant populations of Amaranthus species, the molecular basis of resistance remained to 

be determined. Previous studies suggested some P450 genes are likely involved in resistance 

to HPPD-inhibiting herbicides. Currently, the CYP81A subfamily genes CYP81A12 and 

CYP81A24 in E. phyllopogon have been identified to confer resistance to mesotrione 

(Dimaano et al., 2019). However, P450s endowing herbicide resistance in dicot weedy species 

have not been reported and characterised. In addition, a gene from rice encoding an Fe(II)/2-

oxoglutarate oxygenase has been identified to confer resistance to a broad range of HPPD-

inhibiting triketone herbicides (Maeda et al., 2019). 

 

6 Review on wild radish 

Wild radish (Raphanus raphanistrum) is a global weed (Figure 8), originating from southern 

Europe and the Mediterranean region (Bendtham, 1866; Donaldson, 1986). It is among the 

global top 180 worst agricultural weeds, affecting production of 45 crops in over 65 countries 

(Snow and Campbell, 2005). Wild radish is thought to have been introduced to Australia (first 

documented in Melbourne) accidently by grain and hay imports in the mid-19th century 

(Piggin et al., 1978). Now, it is distributed across all states of Australia and is one of the most 

economically damaging dicot weeds in the Australian grain belt. 
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Figure 8. Wild radish in the field (A & B) and morphology of wild radish (C, D & E). 

6.1 Biology of wild radish 

Wild radish, belonging to Brassicaceae, is an annual dicot weed with turnip-like odour and 

hairs on leaves and stems (Dellow, 2005; Lazarides et al., 1997). It is usually 15-50 cm high 

(some can be 1.5 m), flowering from winter to spring, with mainly yellow and white (petals 

are 2.5-4 cm long), and occasionally purple flowers. The fruit is a silique (Figure 8E) of 2-9 cm 

in length (Richardson et al., 2016). Wild radish has prolific seed production with up to 45,000 

seeds m-2 (Reeves et al., 1981). Seeds exhibit dormancy (Cheam and Lee, 2006). Wild radish 

seeds can persist for several years of soil burial (some seeds still germinated after 4 years of 

burial in 30 cm depth) (Cheam and Lee, 2006; Tricault et al., 2018). 

6.2 Genetic diversity 

Wild radish is diploid (2n=18) without vegetative reproduction (Cheam and Code, 1995). The 

flowers of wild radish are hermaphroditic with self-incompatibility (Sampson, 1964). Due to 

the weight of wild radish pollen, wild radish is obligatorily cross-pollinated by insects. (Conner 

and Via, 1993; Stanton et al., 1989). Outcrossing contributes to the genetic diversity of wild 

radish (Conner and Via, 1993), which is evident in flower colour variations (Cheam and Lee, 

2006; Stanton et al., 1989). Genetic diversity is the main reason for the successful colonization 

and adaptive evolution of wild radish (Conner et al., 2003; Mazer and Wolfe, 1992; Williams 
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and Conner, 2001). Wild radish exhibits great genetic variation, both between and within 

populations (Madhou et al., 2005), which is a major factor that favours evolution of resistance 

to herbicides. 

6.3 Effects on crop production 

In Australia, wild radish mainly infests cereal, legume and canola (Brassica napus) crops. In 

cereals, wild radish reduces the crop yield, while also producing a large amount of seed. 

Increasing cereal density reduces the crop yield loss and wild radish seed production (Eslami 

et al., 2006). Compared to cereals, legumes are poor competitors, therefore, wild radish 

infestation is more detrimental to legume crops than to cereal crops (Cheam and Lee, 2006). 

Similarly, wild radish also reduces canola yield substantially. Canola yield decreased 91% with 

a high wild radish density of 64 plants m-2; a wild radish density of 4 plants m-2 reduced canola 

yield by 11% (Blackshaw et al., 2002). Moreover, wild radish seeds cannot be separated from 

canola seeds due to size similarities, and the producer incurs additional economic losses from 

discounted price of contaminated canola seeds. The introduction of triazine-tolerant (TT) 

canola into Australia enabled triazine herbicide use and improved the management of wild 

radish, but long-term use of triazine herbicides has accelerated the evolution of resistance to 

triazines in wild radish (Cheam and Lee, 2006). 

6.4 Herbicide resistance evolution in wild radish 

Many herbicides (> 30 herbicides or herbicide mixtures) have been used for wild radish 

control in grain crops (Hashem et al., 2001a), consequently resistance evolution in wild radish. 

To date, wild radish has evolved resistance to herbicides of five different modes of action 

(ALS-, PSII-, PDS-inhibiting herbicides; 2,4-D and glyphosate). Glyphosate resistance in wild 

radish (Ashworth et al., 2014) was not confirmed by follow-up research, and hence not 

discussed here. Herbicide resistance surveys of wild radish conducted in 2003 and 2010 

documented resistance evolution of wild radish populations in Western Australia (WA) (Owen 

et al., 2015; Walsh et al., 2007). 

6.4.1 Resistance to ALS-inhibiting herbicides 

ALS-inhibiting herbicides have been used since the 1980s. These herbicides inhibit 

acetolactate synthase (ALS) (EC 4.1.3.18), also known as acetohydroxy acid synthase (AHAS), 

the first enzyme in the biosynthesis of the branched-chain amino acids (Val, Leu and Ile) 

(Duggleby and Pang, 2000). Plants treated with ALS-inhibiting herbicides will die due to 
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inhibition of the branched-chain amino acid synthesis. ALS-inhibiting herbicides are selective 

in major crops, and have broad spectrum weed control and low mammalian toxicity, thus 

ensuring their wide use. However, many weeds have evolved widespread resistance to ALS-

inhibiting herbicides. Now, 162 weed species have been identified to be resistant to ALS-

inhibiting herbicides (Heap, 2019). Mechanistic studies have revealed target-site resistance 

due to 26 amino acid substitutions at eight different amino acid residues in the ALS protein, 

as well as P450-mediated enhanced herbicide metabolism, contributing to ALS-inhibiting 

herbicide resistance in weeds (reviewed by Yu and Powles, 2014b). 

Wild radish resistance to ALS-inhibiting herbicides chlorsulfuron and metosulam was first 

reported in wheat crops in 1997 (Hashem et al., 2001a). Subsequently, in large scale, random 

surveys of the WA grain belt, resistant wild radish populations have risen from 21% to 70% 

(Owen et al., 2015; Walsh et al., 2001; Walsh et al., 2007). Further studies on selected 

resistant wild radish populations identified four ALS mutations (Pro197Ala, Pro197His, 

Pro197Thr and Pro197Ser) conferring high resistance to chlorsulfuron and metosulam and 

modest resistance to metsulfuron (Yu et al., 2003). In addition, another three resistance-

endowing ALS mutations Asp376Glu, Trp574Leu (Yu et al., 2012) and Ala122Tyr (Han et al., 

2012) were also identified in wild radish. The Ala122Tyr mutation is a novel mutation, 

reported in plants for the first time, conferring broad-spectrum and high-level resistance to 

ALS-inhibiting herbicides (Han et al., 2012). Furthermore, fitness studies showed that four ALS 

mutations (Ala122Tyr, Pro197Ser, Asp376Glu and Trp574Leu) did not affect wild radish plant 

growth (Li et al., 2013). The absence of fitness cost and relatively high resistance level 

associated with these ALS mutations partially explains why resistance to ALS-inhibiting 

herbicides has evolved so rapidly. 

6.4.2 Resistance to PSII-inhibiting herbicides 

PSII-inhibiting herbicides have been used in Australia since the 1960s to control wild radish in 

lupin and TT canola crops. Resistance to PSII-inhibiting herbicides in wild radish was first 

reported in 2001 (Hashem et al., 2001b). This wild radish population was collected from the 

northern region of the WA grain belt and exhibited high resistance to triazine herbicides 

atrazine and simazine with 57-97% survival at rates four times higher than recommended 

rates for atrazine and simazine) (Hashem et al., 2001b). The molecular basis of triazine 

resistance in this population was revealed in 2007 due to a single point mutation (A to G) in 
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the psbA gene, resulting in the well-known Ser264Gly  substitution in the D1 protein (Friesen 

and Powles, 2007). The herbicide resistance surveys conducted in 2003 and 2010 showed that 

wild radish resistance to PSII-inhibiting herbicides has evolved relatively slowly in Australia 

with only a few populations exhibiting atrazine resistance, and the resistance level was 

relatively low compared to other herbicides (Owen et al., 2015; Walsh et al., 2007). Limited 

use of these herbicides in major crops in Australia, fitness penalty and maternal inheritance 

associated with the common Ser264Gly mutation could all contribute to the relatively slow 

resistance evolution. 

6.4.3 Resistance to PDS-inhibiting herbicides 

Resistance to PDS-inhibiting herbicides in wild radish was first reported in 1998 (Heap, 2019), 

twelve years after the first use of diflufenican in Australia. The diflufenican-resistant 

population, collected from the northern grain belt of WA, showed 70-80% survival at the field 

rate (100 g ha-1). Moreover, this population was also cross-resistant to picolinafen, exhibiting 

a low level (3.4-fold) of resistance compared to the susceptible population (Cheam and Lee, 

2004). Investigation on the herbicide use history revealed that this wild radish population had 

been exposed to four diflufenican applications (Cheam and Lee, 2004). Since then, although 

only five wild radish populations were confirmed to have evolved resistance to diflufenican 

(survival > 20%), the WA large scale resistance surveys revealed that nearly 50% of randomly 

tested populations showed evolving resistance (survival 1-19%) (Owen et al., 2015; Walsh et 

al., 2007). Despite the evident resistance to PDS-inhibiting herbicides in wild radish, the 

underlying resistance mechanisms have not been investigated. 

6.4.4 Resistance to auxinic herbicides 

Auxinic herbicides, mimicking plant hormone indole-3-acetic acid (IAA), have been used for 

60 years. With the treatment of auxinic herbicides, ethylene biosynthesis is stimulated in 

plant shoots within the first hours after treatment, leading to deregulated growth, evident 

tissue swelling and stem curling, followed by growth inhibition, and eventually plants 

senescence (reviewed by Grossmann, 2010). Recently, a new role of abscisic acid (ABA) 

synthesis in auxinic herbicide mode of action is proposed by MaCauley et al. (2020). Up-

regulation of 9-cis-epoxycarotenoid deoxygenase (NCED) gene leads to increased ABA 

synthesis and accumulation, followed by down-regulation of photosynthesis-related genes, 

triggering leaf senescence and plant death (Gaines, 2020; MaCauley et al., 2020). So far, 
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populations of 40 weed species have evolved resistance to auxinic herbicides (Heap, 2019) 

and resistance mechanisms have been revealed in several weed species. Reduced herbicide 

translocation is the predominant mechanism presenting in corn poppy (Papaver rhoeas), 

kochia (Kochia scoparia) and prickly lettuce (Lactuca serriola), and reduced herbicide uptake 

and enhanced metabolism also contribute to resistance to auxinic herbicides in prickly lettuce 

and corn poppy, respectively (reviewed by Busi et al., 2018). A Gly127Asp substitution in an 

IAA protein was recently identified to confer resistance to auxinic herbicides in kochia 

(LeClere et al., 2018). 

The first case of resistance to auxinic herbicide 2,4-D in wild radish was reported in two 

populations with multiple resistance to herbicides with different modes of action (Walsh et 

al., 2004). In the first herbicide resistance survey in the WA grain belt, only 3% wild radish 

populations were resistant to 2,4-D, but nearly 60% of populations were considered as 

developing resistance (Walsh et al., 2007). In the latest survey, the number of resistant 

populations had increased to 37%, with 38% populations developing resistance (Owen et al., 

2015). The evolution of auxinic herbicide resistance in wild radish is due to continued reliance 

on 2,4-D for weed control. Further studies demonstrated resistance mechanisms to auxinic 

herbicides are complex in wild radish. Subtle alterations of auxin signalling, supplemented by 

enhanced defence response or reduced herbicide translocation, may endow resistance to 2,4-

D in different populations (Goggin et al., 2016; Goggin et al., 2018). More recently, two 

receptor-like kinases and the ATP-binding cassette transporter ABCB19 were identified to be 

associated with auxinic herbicide resistance in a few populations (Goggin et al., 2020). In 

addition, wild radish has also evolved resistance to other auxinic herbicide, i.e. 4-Chloro-2-

ethylphenoxyacetate (MCPA) (Heap, 2019). 

 

7 Research objectives 

Currently, wild radish has evolved resistance to multiple herbicide modes of action, including 

ALS, PSII, PDS and auxin-mimics. However, the resistance mechanisms to PSII- and PDS-

inhibiting herbicides are still not fully understood. In addition, it is also not clear if wild radish 

has evolved resistance to other herbicide groups. Therefore, the aim of the PhD project was 

to investigate resistance evolution in wild radish to PSII-, PDS- and HPPD-inhibiting herbicides 

and the underlying mechanisms. The specific objectives of this thesis are as follows. 
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7.1 Target-site based resistance to PSII-inhibiting herbicides 

Only the well-known Ser264Gly mutation in the psbA gene was previously identified in wild 

radish conferring high level of resistance to PSII-inhibiting herbicides. It is hypothesized that 

novel mutations are present in wild radish conferring low to moderate resistance to PSII 

inhibitors. Work in chapter 2, for the first time, reported a novel psbA gene mutation 

conferring resistance to PSII-inhibiting herbicides in a wild radish population (R2) and 

characterized the resistance patterns in this resistant population. 

7.2 Non-target-site based metabolic resistance to PSII-inhibiting herbicides 

So far, metabolic resistance to PSII-inhibiting herbicides has never been reported in wild 

radish. The hypothesis of chapter 3 is that enhanced herbicide metabolism also contributes 

to resistance to PSII inhibitors in wild radish. Work in this chapter characterized a metribuzin-

resistant wild radish population (H1/16) and demonstrated involvement of metabolism-based 

resistance. 

7.3 Resistance mechanisms to PDS-inhibiting herbicides 

Although resistance to PDS-inhibiting herbicides has been reported previously in wild radish, 

the resistance mechanisms have never been studied. The hypothesis of chapter 4 is that 

resistance to PDS inhibitors in wild radish is conferred by non-target-site resistance. Work in 

this chapter demonstrated that the non-target-site based herbicide metabolism involving 

cytochrome P450s confers resistance to diflufenican in a wild radish population (H2/10). 

7.4 Resistance mechanisms to HPPD-inhibiting herbicides 

Globally, only two weed species have evolved resistance to HPPD-inhibiting herbicides. Work 

in chapter 5 characterized the first case of resistance to HPPD-inhibiting herbicides in a wild 

radish Population (H2/10). It is hypothesized that this resistance is endowed by a metabolic 

resistance mechanism as this population had never been selected by HPPD inhibitors. Work 

in this chapter revealed enhanced metabolism is the underlying resistance mechanism. 

7.5 Resistance-endowing gene discovery 

No genes endowing resistance to HPPD-inhibiting herbicides have been identified in weeds 

so far. Cytochrome P450s are indicated to be involved in HPPD inhibitor resistance. In addition, 

most recently a dioxygenase gene has been identified conferring resistance to triketone 

herbicides in rice. Therefore, it is hypothesized that cytochrome P450s and dioxygenases may 
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be involved in resistance to HPPD inhibitors in wild radish. Work in chapter 6, using high-

throughput RNA-Sequencing (RNA-Seq), identified a number of candidate genes that were 

constitutively higher expressed in resistant (H2/10) than susceptible wild radish populations. 

Further work will clone and characterise these genes via plant genetic transformation.  

 

8 Thesis outline 

This thesis is in agreement with the Postgraduate and Research Scholarship Regulation 

1.3.1.33 (1) of the University of Western Australia. The thesis comprises seven chapters, five 

of which are experimental chapters (Chapter 2-6). These experimental chapters are presented 

in the format of research paper, including Abstract, Introduction, Materials and Methods, 

Results, Discussion and References. 

Chapter 1 is literature review focusing on evolution of herbicide resistance in weeds and the 

underlying resistance mechanisms. Chapter 2 characterized a novel psbA gene mutation, 

conferring resistance to PSII-inhibiting herbicides using wild radish population R2 (15 km 

northeast from Morawa, -29.21°N, 116.01°E). Chapter 3 reveals that enhanced herbicide 

metabolism plus the psbA gene mutation contribute to metribuzin resistance in a wild radish 

population H1/16 (15 km east from Dongara, -29.25°N, 114.93°E). Chapter 4 characterized a 

diflufenican-resistant wild radish population H2/10 (45 km east from Green Head, -30.07°N, 

114.97°E), and determined that the resistant is non-target-site based. Chapter 5 characterized 

the wild radish population H2/10 resistant to HPPD-inhibiting herbicides, and demonstrated 

that enhanced rate of herbicide metabolism is responsible for the resistance. Chapter 6 

identified potential constitutively expressed genes associated with HPPD-inhibiting herbicide 

resistance in population H2/10 using RNA-Seq. Chapter 7 is general conclusions.  
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Pedroso, R. M., Al-Khatib, K., Abdallah, I., Alarc ón-Reverte, R., and Fischer, A. J. (2016a). Resistance 
to propanil in ricefield bulrush (Schoenoplectus mucronatus) is conferred by a psbA mutation, 
Val219 to Ile. Weed Science 64, 562-569. 

Pedroso, R. M., Al-Khatib, K., Alarcon-Reverte, R., and Fischer, A. J. (2016b). A psbA mutation (Val219 
to Ile) causes resistance to propanil and increased susceptibility to bentazon in Cyperus 
difformis. Pest Management Science 72, 1673-80. 

Perez-Jones, A., Intanon, S., and Mallory-Smith, C. (2009). Molecular analysis of hexazinone-resistant 
shepherd's-purse (Capsella bursa-pastoris) reveals a novel psbA mutation. Weed Science 57, 
574-578. 

Piggin, C. M., Reeves, T. G., Brooke, H. D., and Code, G. R. (1978). Germination of wild radish (Raphanus 
raphanistrum L.). In "the First Conference of the Council of Australian Weed Science Society", 
pp. 233-240. Council of Australian Weed Science Society, Melbourne, VIC, Australia. 

Powles, S. B., and Preston, C. (2006). Evolved glyphosate resistance in plants: Biochemical and genetic 
basis of resistance. Weed Technology 20, 282-289. 

Powles, S. B., and Yu, Q. (2010). Evolution in action: plants resistant to herbicides. Annual Review of 
Plant Biology 61, 317-47. 

Qin, G., Gu, H., Ma, L., Peng, Y., Deng, X., Chen, Z., and Qu, L.-J. (2007). Disruption of phytoene 
desaturase gene results in albino and dwarf phenotypes in Arabidopsis by impairing 
chlorophyll, carotenoid, and gibberellin biosynthesis. Cell research 17, 471-482. 

Reeves, T. G., Code, G. R., and Piggin, C. M. (1981). Seed production and longevity, seasonal emergence, 
and phenology of wild radish (Raphanus raphanistrum L.). Australian Journal of Experimental 
Agriculture 21, 524-530. 



CHAPTER 1 
 

30 
 

Richardson, F. J., Richardson, R. G., and Shepherd, R. C. H. (2016). "Weeds of the South-east: An 
international guide for Australia," CSIRO, Collingwood, Vic, Australia. 

Rutherford, A. W., and Krieger-Liszkay, A. (2001). Herbicide-induced oxidative stress in photosystem 
II. Trends in Biochemical Sciences 26, 648-653. 

Ryan, G. F. (1970). Resistance of common groundsel to simazine and atrazine. Weed Science 18, 614-
616. 

Sampson, D. R. (1964). A one-locus self-incompatibility system in Raphanus raphanistrum. Canadian 
Journal of Genetics and Cytology 6, 435-445. 

Sandmann, G., Schneider, C., and Böger, P. (1996). A new non-radioactive assay of phytoene 
desaturase to evaluate bleaching herbicides. Zeitschrift für Naturforschung 51c, 534-538. 

Sato, F., Shigematsu, Y., and Yamada, Y. (1988). Selection of an atrazine-resistant tobacco cell line 
having a mutant psbA gene. Molecular and General Genetics 214, 358-360. 

Schultz, G., Soll, J., Fiedler, E., and Schulze-Siebert, D. (1985). Synthesis of prenylquinones in 
chloroplasts. Physiologia Plantarum 64, 123-129. 

Schulz, B., and Segobye, K. (2016). 2,4-D transport and herbicide resistance in weeds. Journal of 
Experimental Botany 67, 3177-3179. 

Singh, S., Roma-Burgos, N., Singh, V., Alcober, E. A. L., Salas-Perez, R., and Shivrain, V. (2018). 
Differential response of Arkansas Palmer amaranth (Amaranthus palmeri) to glyphosate and 
mesotrione. Weed Technology 32, 579-585. 

Snow, A. A., and Campbell, L. G. (2005). Can feral radished become weeds? In "Crop Ferality and 
Volunteerism" (Gressel, J. ed.), pp. 193-207. CRC Press, Boca Raton, FL, USA. 

Soltani, N., Dille, J. A., Burke, I. C., Everman, W. J., VanGessel, M. J., Davis, V. M., and Sikkema, P. H. 
(2016). Potential corn yield losses from weeds in North America. Weed Technology 30, 979-
984. 

Soltani, N., Dille, J. A., Burke, I. C., Everman, W. J., VanGessel, M. J., Davis, V. M., and Sikkema, P. H. 
(2017). Perspectives on potential soybean yield losses from weeds in North America. Weed 
Technology 31, 148-154. 

Stanton, M. L., Snow, A. A., Handel, S. N., and Bereczky, J. (1989). The impact of a flower-color 
polymorphism on mating patterns in experimental populations of wild radish (Raphanus 
raphanistrum L.). Evolution 43, 335-346. 

Switzer, C.M. (1957). The existence of 2,4-D resistant wild carrot. Proceedings of the Northeastern 
Weed Control Conference 11, 315-318. 

Thiel, H., and Varrelmann, M. (2014). Identification of a new PSII target site psbA mutation leading to 
D1 amino acid Leu218Val exchange in the Chenopodium album D1 protein and comparison to 
cross-resistance profiles of known modifications at positions 251 and 264. Pest Management 
Science 70, 278-85. 

Thompson, C. R., Peterson, D., and Lally, N. G. (2012). Characterization of HPPD resistant Palmer 
amaranth. In "the 52nd Annual Conference of the Weed Sciecne Society of America". Weed 
Science Society of America, Waikoloa, HI. 

Tricault, Y., Matejicek, A., and Darmency, H. (2018). Variation of seed dormancy and longevity in 
Raphanus raphanistrum L. Seed Science Research 28, 34-40. 

Vennapusa, A. R., Faleco, F., Vieira, B., Samuelson, S., Kruger, G. R., Werle, R., and Jugulam, M. (2018). 
Prevalence and mechanism of atrazine resistance in waterhemp (Amaranthus tuberculatus) 
from Nebraska. Weed Science 66, 595-602. 

Walsh, M. J., Duane, R. D., and Powles, S. B. (2001). High frequency of chlorsulfuron-resistant wild 
radish (Raphanus raphanistrum) populations across the Western Australian wheat belt. Weed 
Technology 15, 199-203. 



CHAPTER 1 

31 
 

Walsh, M. J., Owen, M. J., and Powles, S. B. (2007). Frequency and distribution of herbicide resistance 
in Raphanus raphanistrum populations randomly collected across the Western Australia 
wheatbelt. Weed Research 47, 542-550. 

Walsh, M. J., Powles, S. B., Beard, B. R., Parkin, B. T., and Porter, S. A. (2004). Multiple-herbicide 
resistance across four modes of action in wild radish (Raphanus raphanistrum). Weed Science 
52, 8-13. 

Williams, J. L., and Conner, J. K. (2001). Sources of phenotypic variation in floral traits in wild radish 
(Raphanus raphanistrum). American Journal of Botany 88, 1577-1581. 

Wilski, S., Johanningmeier, U., Hertel, S., and Oettmeier, W. (2006). Herbicide binding in various 
mutants of the photosystem II D1 protein of Chlamydomonas reinhardtii. Pesticide 
Biochemistry and Physiology 84, 157-164. 

Yu, Q., Han, H., Li, M., Purba, E., Walsh, M. J., and Powles, S. B. (2012). Resistance evaluation for 
herbicide resistance-endowing acetolactate synthase (ALS) gene mutations using Raphanus 
raphanistrum populations homozygous for specific ALS mutations. Weed Research 52, 178-
186. 

Yu, Q., and Powles, S. B. (2014a). Metabolism-based herbicide resistance and cross-resistance in crop 
weeds: a threat to herbicide sustainability and global crop production. Plant Physiology 166, 
1106-1118. 

Yu, Q., and Powles, S. B. (2014b). Resistance to AHAS inhibitor herbicides: current understanding. Pest 
Management Science 70, 1340-1350. 

Yu, Q., Zhang, X., Hashem, A., Walsh, M. J., and Powles, S. B. (2003). ALS gene proline (197) mutations 
confer ALS herbicide resistance in eight separated wild radish (Raphanus raphanistrum) 
populations. Weed Science 51, 831-838. 

 



 

32 
 

 

 

 

 

 

 

 

 

CHAPTER 2. A novel psbA mutation (Phe274Val) 

confers resistance to PSII herbicides in wild radish 

(Raphanus raphanistrum) 
 

 

 

 

 

 

 

 

 



CHAPTER 2 
 

33 
 

 

 

 



CHAPTER 2 

34 
 

 



CHAPTER 2 

35 
 

 



CHAPTER 2 

36 
 

 



CHAPTER 2 

37 
 

 

 



CHAPTER 2 

38 
 

 

 



CHAPTER 2 

39 
 

 

 



CHAPTER 2 

40 
 

 

 

 

 

 



 

41 
 

 

 

 

 

 

 

 

 

CHAPTER 3. Metribuzin resistance in a wild radish 

(Raphanus raphanistrum) population via both psbA 

gene mutation and enhanced metabolism 
 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 
 

42 
 

 

 



CHAPTER 3 
 

43 
 

 

 



CHAPTER 3 
 

44 
 

 

 



CHAPTER 3 
 

45 
 

 

 



CHAPTER 3 
 

46 
 

 

 



CHAPTER 3 
 

47 
 

 

 



CHAPTER 3 
 

48 
 

 

 

 

 

 



 

49 
 

 

 

 

 

 

 

 

 

CHAPTER 4. Non-target-site resistance to PDS-

inhibiting herbicides in a wild radish (Raphanus 

raphanistrum) population 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 4 

50 
 

 

 

 

 

 



CHAPTER 4 
 

51 
 

 

 

 

 

 



CHAPTER 4 
 

52 
 

 

 

 

 

 



CHAPTER 4 
 

53 
 

 

 

 

 

 



CHAPTER 4 
 

54 
 



CHAPTER 4 
 

55 
 

 

 

 

 

 



 

56 
 

 

 

 

 

 

 

CHAPTER 5. Evolution of resistance to HPPD-inhibiting 

herbicides in a wild radish population via enhanced 

herbicide metabolism 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 5 

57 
 

 

 

 

 

 



CHAPTER 5 

58 
 

 

 

 

 

 



CHAPTER 5 
 

59 
 

 

 

 

 

 



CHAPTER 5 

60 
 

 

 

 

 

 



CHAPTER 5 
 

61 
 

 

 

 

 

 



CHAPTER 5 

62 
 

 

 

 

 

 



CHAPTER 5 
 

63 
 

 

 

 

 

 



CHAPTER 5 

64 
 

 

 

 

 

 



CHAPTER 5 
 

65 
 

 

 

 



 

66 
 

 

 

 

 

 

 

CHAPTER 6. Identification of candidate genes 

associated with metabolic resistance to HPPD-

inhibiting herbicides in wild radish 

 

 

 

 

 

 



CHAPTER 6 

67 
 

 

Identification of candidate genes associated with metabolic 

resistance to HPPD-inhibiting herbicides in wild radish 

 

Huan Lu,1 Qin Yu,1, * Fengyan Zhou,1, 2 Heping Han,1 Stephen Powles1 

 

1. Australian Herbicide Resistance Initiative (AHRI), School of Agriculture and Environment, 

University of Western Australia, WA 6009, Australia 

2. Institute of Plant Protection and Agro-Products Safety, Anhui Academy of Agricultural 

Science, Hefei 230001, Anhui, China 

 

*Correspondence to: Qin Yu, AHRI, School of Agriculture and Environment, University of 

Western Australia, WA 6009, Australia, E-mail: qin.yu@uwa.edu.au 

 

Abstract: A wild radish population (H2/10, referred to as R) has been recently confirmed to 

be resistant to HPPD-inhibiting herbicides and the resistance is endowed by non-target-site 

based enhanced herbicide metabolism (Chapter 5). Therefore, RNA-Sequencing (RNA-Seq) 

was conducted to identify possible candidate genes involved in metabolic resistance to HPPD-

inhibiting herbicides in this wild radish population. Results show that among others, 

constitutive expressions of genes encoding oxygenases and cytochrome P450s were 

significantly higher in the R plants than the susceptible (S) population. Seven potential 

candidate genes were selected for PCR validation using RNA-Seq, with the results indicating 

that one oxygenase gene (RrC702_p3) and four P450 genes (RrC20_p11, RrC23340_p1, 

RrC11027_p1 and RrC640_p4) might be associated with metabolism of, and thus resistance 

to HPPD-inhibiting herbicides in this R wild radish population. More studies, including 

validation and characterization of candidate genes using transgenic technologies, are needed 

in the future. 

Key words: wild radish, HPPD-inhibiting herbicides, RNA-Seq, metabolic resistance genes. 

 

1 Introduction 
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Herbicides that inhibit 4-hydroxyphenylpyruvate dioxygenase (HPPD) result in a deficiency of 

tocopherol and plastoquinone (Beaudegnies et al., 2009). This deficiency indirectly causes 

depletion of carotenoids, then leaf bleaching and finally plant death (Hess, 2000). Due to their 

high efficacy, crop selectivity, low toxicity and broad spectrum for weed control (Beaudegnies 

et al., 2009), HPPD-inhibiting herbicides are now being globally in major grain crops maize 

(Zea mays), wheat (Triticum aestivum) and rice (Oryza sativa) and recently in genetically 

modified (GM) soybean (Glycine max) (Hawkes et al., 2019). The usage of HPPD-inhibiting 

herbicides is considerable, especially in maize crops in the Americas, but the herbicide 

resistance evolution has been identified in populations of only three weed species, 

waterhemp (Amaranthus tuberculatus), Palmer amaranth (Amaranthus palmeri), and wild 

radish (Raphanus raphanistrum) (Hausman et al., 2011; Heap, 2019; Huffman et al., 2015; 

Jhala et al., 2014; Lu et al., 2020; McMullan and Green, 2011; Oliveira et al., 2017; Singh et al., 

2018; Thompson et al., 2012). 

Herbicide resistance mechanisms in weeds can be broadly divided into target-site and non-

target-site based. Target-site resistance is endowed by mutation(s) or overproduction of a 

target protein. Non-target-site resistance involves mechanisms that reduce a toxic herbicide 

dose reaching the target site, including reduced herbicide absorption and translocation, 

and/or enhanced herbicide metabolism (Yuan et al., 2006). Thus far, enhanced rates of 

herbicide metabolism has been demonstrated to be responsible for resistance to HPPD-

inhibiting herbicides in waterhemp and Palmer amaranth (Küpper et al., 2018; Lygin et al., 

2018; Ma et al., 2013; Oliveira et al., 2018). Increased expression of the target HPPD gene is 

also involved in mesotrione resistance in a Palmer amaranth population (Nakka et al., 2017). 

Our recent study reported a wild radish population (H2/10) resistant to HPPD-inhibiting 

herbicides and demonstrated enhanced herbicide metabolism is responsible for the 

resistance (Lu et al., 2020). The current study aims to identify constitutively expressed 

candidate genes for metabolic resistance to HPPD-inhibiting herbicides in this population 

using RNA-Seq technology. 

 

2 Materials and Methods 

2.1 Materials 
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A recently identified HPPD-inhibiting herbicide resistant (R) population H2/10 (Lu et al., 2020) 

and a standard herbicide susceptible (S) wild radish population WARR7 (Walsh et al., 2004) 

were used in this study. The R and S wild radish seeds were germinated on moist filter paper 

for two days in the dark, then transplanted to pots (18 cm diameter) containing potting mix 

(50% peatmoss, 25% sand and 25% pine bark). All seedlings were grown in glasshouse during 

the normal growing season (May to September) with regular watering. 

2.2 RNA-Seq analysis  

The first true leaves of the two- to three-leaf stage R and S wild radish plants were pre-

harvested, snap-frozen in liquid nitrogen and stored at -80°C until use. To further confirm 

resistant and susceptible phenotypes, the remaining plants were treated with the HPPD-

inhibiting herbicide mesotrione (24 g ha-1 for the R plants and 3 g ha-1 for the S plants) in the 

following day. Twenty-one days after treatment (DAT), the best surviving R plants (i.e. the 

most R plants) and rapidly dying S plants (i.e. the most S plants) were identified and their 

corresponding pre-harvested leaf samples were used for RNA-Seq analysis (three samples per 

population and referred to as R1, R2, R3, S1, S2 and S3, with three bulked individual plants 

per sample). 

Total RNA from both R and S samples was extracted using ISOLATE II RNA Plant Kit (BIOLINE, 

Alexandria, NSW, Australia). Half of the total RNA from each sample was used for RNA-Seq 

analysis and the other half used for qPCR analysis of candidate gene expression (section 2.3). 

RNA-Seq was performed by BGI Group, Shenzhen, China, using the BGISEQ-500 sequencing 

platform. Clean reads were filtered through removing low quality reads, adaptor sequences 

and contaminated reads from raw reads using software SOAPnuke (BGI Group), and aligned 

to the wild radish genome assembly (Moghe et al., 2014) using the software HISAT 

(Hierarchical Indexing for Spliced Alignment of Transcripts) (Kim et al., 2015). The clean reads 

were then mapped to wild radish reference gene sequences using the software Bowtie2 

(Langmead and Salzberg, 2012) and normalized to fragments per kilobase of transcript per 

million mapped reads (FPKM) using RSEM package (Li and Dewey, 2011). Differential gene 

expression was analyzed using log2 ratio of fold change (average R/average S samples) by the 

DEGseq method (Wang et al., 2010). Gene Ontology (GO) enrichment and Kyoto Encyclopedia 

of Genes and Genomes (KEGG) pathway analysis of differentially expressed genes were also 

conducted using phyper function in software R. 
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2.3 Candidate gene expression quantification using RNA-Seq samples 

Candidate metabolic contigs were selected on the basis of statistical significance, magnitude 

of expression difference and annotation associated with known herbicide metabolism genes. 

Seven candidate genes (Table 1) were selected for validation. The genomic DNA 

contamination was removed from RNA sample preparations (three samples per population, 

mentioned in the section 2.2) using TURBO-DNA Free Kit (Ambion, Thermo Fisher Scientific, 

Carlsbad, CA, USA). Reverse transcription was conducted using SuperScript IV Reverse 

Transcriptase (Thermo Fisher Scientific). Real-time quantitative PCR (qPCR) was conducted in 

a 20 µL volume, consisting of 10 µL of SYBR Green mastermix (BIOLINE), 125 nM each of 

forward and reverse primers (Table 1) and 50 ng of cDNA. The qPCR experiment was 

performed on the 7500 Fast Real-time PCR System (Thermo Fisher Scientific) with 20 s at 50 °C, 

10 min at 95 °C, 40 cycles of 15 s at 95 °C and 30 s at 60 °C. The translation elongation factor 

2 (TEF2) gene was used as a housekeeping gene in this study (Lu et al., 2020). A melting curve 

was performed and the results demonstrated the primer pairs were specific. Amplification 

efficiencies of all primer pairs were tested to be 90 - 110%. Relative candidate gene expression 

was expressed using the 2-ΔCt method (Lu et al., 2020). Differences in gene expression 

between R and S samples were analysed by the t-test using Prism 5.0 (GraphPad Software, La 

Jolla, CA, USA). 

 

Table 1. Primers of candidate genes used for qPCR experiments. 

Primer  Sequence (5'-3') Gene ID 

C89-F GGACGGGACTAAGCCAATATAC 
RrC89_p1 

C89-R GTTCTTGGTCCAGATTCCTACTC 

C702-F CCTGTTCTCTCTTCCTCTTGATG 
RrC702_p3 

C702-R TAGCTCCTTGGAATCACCTTTC 

C111-F TTGAGCCATTGGAGGAGTTTAT 
RrC111_p3 

C111-R CACCCTGGAGCTTCTTGTAAT 

C20-F TGGAGGCAAAGATGGCTATG 
RrC20_p11 

C20-R AAGGGTGAACACCGTGTAAG 

C23340-F TCGGAAGAGGAAGTTGAGAATATG 
RrC23340_p1 

C23340-R TCTTGACTAAGTTGTCTCGGAATTA 

C11027-F CTGGGCTCGTCATAGAAGAATC 
RrC11027_p1 

C11027-R CCTCAATGTGCAATCCAACAC 

C640-F CTAGATTCCTAGTGGAGAGTGAGA 
RrC640_p4 

C640-R GTCCTTCCCAGCGATCATAAA 
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2.4 Candidate gene expression validation using samples from R and S populations 

An additional five R wild radish plants surviving 24 g mesotrione ha-1 and five S plants 

susceptible to 3 g mesotrione ha-1 were selected for further validation of candidate gene 

expression. The qPCR experiment was conducted as described before. Difference in gene 

expression between R and S plants was analysed by the t-test. 

 

3 Results 

3.1 RNA-Seq analysis 

Three samples per population were sequenced and each sample generated 10.57 Gb 

transcriptomic data on average. Each sample had 63% similarity with the reference genome 

on average. Sequencing of six samples (R1, R2, R3, S1, S2 and S3) produced 69,955,086, 

70,693,942, 71,598,442, 70,382,498, 69,754,110 and 70,506,578 clean reads, respectively. 

More than 80% of clean reads had a quality score of Q30 (a property that is logarithmically 

related to the base calling error probabilities) in each sample, indicating good sequencing 

quality. Alignment of clean reads showed that all samples mapped more than 60% to the wild 

radish genome and more the 50% to the wild radish reference gene sequences. A total of 

33,802 genes were detected as expressed in R and S populations, with 1,909 specifically 

expressed in the R population and 1,573 only in the S population. There are 5,609 

differentially expressed genes comparing R to S samples, with 3,251 genes upregulated and 

2,358 downregulated. Cluster analysis showed that three replicate samples in each 

population had similar gene expression patterns, while clear differences were observed 

between R and S samples (Figure 1). Functional annotation was assigned GO terms for these 

differentially expressed genes, and mainly classified to “binding”, “catalytic activity”, 

“membrane”, “cell”, “cellular process”, “membrane part”, “metabolic process” and 

“organelle”. KEGG pathway analysis showed that most of the different expressed genes were 

categorized to “metabolism” (Figure 2). 
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Figure 1. Heat map of cluster analysis of different expressed genes between R and S samples. 

 

 

Figure 2. Histogram of KEGG pathway classification of expressed genes in R and S wild radish 

plants. 
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3.2 Candidate contig selection and quantification 

Previous studies suggested that oxygenases and cytochrome P450s (CYPs) are associated with 

resistance to HPPD-inhibiting herbicides (Ma et al., 2013; Maeda et al., 2019; Oliveira et al., 

2018). Therefore, genes encoding oxygenases and CYPs were selected as candidate resistance 

genes. A total of 56 genes with 24 encoding oxygenases and 32 encoding CYPs were found to 

be higher expressed (log2FPKM (R/S) > 2) in the R than in the S samples (Table 2). Among these 

genes, three oxygenase genes (RrC89_p1, RrC702_p3 and RrC111_p3) and four P450 genes 

(RrC20_p11, RrC23340_p1, RrC11027_p1, and RrC640_p4) were prioritized for quantification, 

based on current knowledge, magnitude of expression difference, P value, FPKM of both R 

and S samples and contig length. The RNA samples used for the RNA-Seq analysis were 

examined for relative gene expression. Consistent with the RNA-Seq results except for the 

oxygenase gene contig RrC111_P3, the six selected genes were significantly higher expressed 

in the R than the S samples (Table 3). Therefore, RrC111_p3 was excluded from further 

validation using additional samples from R and S populations. 

 

Table 2. Candidate metabolic resistance genes encoding oxygenases and cytochrome P450s. 

Gene ID Length (bp) Description Species 

Oxygenases 

RrC5309_p1 1401 Gibberellin 20 oxidase 2  Raphanus sativus 

RrC8639_p1 1332 
Probable 2-oxoacid dependent 
dioxygenase  

Raphanus sativus 

RrC1958_p3 3934 
PREDICTED: 2-oxoglutarate-dependent 
dioxygenase DAO-like  

Raphanus sativus 

RrC89_p1 5919 
PREDICTED: protein DOWNY MILDEW 
RESISTANCE 6 

Raphanus sativus 

RrC42166_p1 480 
PREDICTED: probable 2-oxoglutarate-
dependent dioxygenase At3g49630  

Raphanus sativus 

RrC5943_p1 583 
PREDICTED: carotenoid 9,10(9',10')-
cleavage dioxygenase 1-like  

Brassica napus 

RrC28_p3 1557 
PREDICTED: 1-aminocyclopropane-1-
carboxylate oxidase homolog 1 

Raphanus sativus 

RrC702_p3 1921 
PREDICTED: 2-oxoglutarate-Fe(II) type 
oxidoreductase-like isoform X1  

Raphanus sativus 

RrC5785_p1 6001 
PREDICTED: flavonol 
synthase/flavanone 3-hydroxylase-like  

Brassica oleracea var. 
oleracea 

RrC3436_p1 1384 PREDICTED: gibberellin 20 oxidase 3  Raphanus sativus 

RrC5679_p1 2479 
PREDICTED: 2-oxoglutarate-dependent 
dioxygenase tropC-like isoform X1  

Brassica rapa 
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RrC2678_p2 1395 
PREDICTED: probable 2-oxoglutarate-
dependent dioxygenase AOP1 isoform 
X2  

Raphanus sativus 

RrC7283_p1 2694 
PREDICTED: probable 2-oxoglutarate-
dependent dioxygenase At3g49630  

Raphanus sativus 

RrC22108_p1 600 
PREDICTED: protein DOWNY MILDEW 
RESISTANCE 6-like  

Brassica rapa 

BGI_novel_G00
1074 

517 
Cysteamine dioxygenase 
[EC:1.13.11.19]+ko00430 

NA 

RrC545_p1 2077 
PREDICTED: plant cysteine oxidase 1-
like isoform X1  

Raphanus sativus 

RrC2243_p5 1229 
PREDICTED: probable 2-oxoacid 
dependent dioxygenase 

Raphanus sativus 

BGI_novel_G00
1154 

493 
Carotenoid 9,10(9',10')-cleavage 
dioxygenase 1 [EC:1.13.11.-] 

NA 

RrC111_p3 5531 
PREDICTED: protein DMR6-LIKE 
OXYGENASE 1-like  

Raphanus sativus 

RrC4710_p2 1635 
PREDICTED: 1-aminocyclopropane-1-
carboxylate oxidase homolog 11-like 

Raphanus sativus 

RrC19590_p1 1274 
hypothetical protein 
CARUB_v10023369mg, partial  

Capsella rubella 

RrC19722_p1 249 
PREDICTED: probable 2-
oxoglutarate/Fe(II)-dependent 
dioxygenase  

Raphanus sativus 

RrC16738_p1 2383 PREDICTED: phytanoyl-CoA dioxygenase  Capsella rubella 

RrC10224_p1 3972 
PREDICTED: protein DMR6-LIKE 
OXYGENASE 2-like  

Raphanus sativus 

Cytochrome P450s 

RrC6058_p1 2722 PREDICTED: cytochrome P450 81F2  Raphanus sativus 

RrC4783_p3 396 PREDICTED: cytochrome P450 81F2-like  Raphanus sativus 

RrC208_p1 2334 PREDICTED: cytochrome P450 71A1-like  Raphanus sativus 

RrC6808_p1 2051 PREDICTED: cytochrome P450 84A1-like  Raphanus sativus 

RrC20_p11 2383 
PREDICTED: cytochrome P450 72A13-
like  

Brassica oleracea var. 
oleracea 

RrC6780_p2 1718 PREDICTED: cytochrome P450 78A7  Raphanus sativus 

RrC4894_p2 1429 
PREDICTED: cytochrome P450 72A13-
like 

Brassica napus 

RrC23340_p1 1017 
PREDICTED: putative cytochrome P450 
71A28 

Raphanus sativus 

RrC7760_p1 2448 PREDICTED: cytochrome P450 82C4  Raphanus sativus 

RrC11027_p1 2103 
PREDICTED: LOW QUALITY PROTEIN: 
cytochrome P450 709B1-like  

Raphanus sativus 

RrC11263_p1 1613 
PREDICTED: cytochrome P450 705A5-
like  

Brassica oleracea var. 
oleracea 

RrC226_p9 423 
PREDICTED: cytochrome P450 704C1-
like 

Brassica napus 
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RrC7683_p4 587 
PREDICTED: cytochrome P450 704C1-
like  

Brassica napus 

RrC22052_p1 672 
PREDICTED: cytochrome P450 705A5-
like  

Raphanus sativus 

RrC1080_p1 2071 PREDICTED: cytochrome P450 84A1-like  Raphanus sativus 

RrC16979_p1 561 
PREDICTED: cytochrome P450 71B23-
like  

Raphanus sativus 

RrC27346_p1 1850 PREDICTED: cytochrome P450 81F2-like  Raphanus sativus 

RrC14279_p1 3008 PREDICTED: cytochrome P450 71B23  Raphanus sativus 

RrC2768_p1 7464 PREDICTED: cytochrome P450 93A3-like Raphanus sativus 

RrC640_p4 1892 PREDICTED: cytochrome P450 704C1  Raphanus sativus 

RrC18827_p1 1452 
PREDICTED: cytochrome P450 71B13 
isoform X1  

Raphanus sativus 

RrC1021_p1 2119 
cytochrome P450, family 72, subfamily 
A, polypeptide 8  

Arabidopsis thaliana 

RrC9421_p1 1621 
PREDICTED: cytochrome P450 705A5-
like  

Raphanus sativus 

RrC14326_p1 846 PREDICTED: cytochrome P450 78A9-like  Raphanus sativus 

RrC10484_p3 1357 
PREDICTED: putative cytochrome P450 
71A28  

Raphanus sativus 

RrC6011_p1 5284 PREDICTED: cytochrome P450 71B7-like  Brassica napus 

RrC8955_p1 1716 
PREDICTED: cytochrome P450 93A3-like 
isoform X2  

Raphanus sativus 

RrC3651_p4 1607 PREDICTED: cytochrome P450 71B2-like  Raphanus sativus 

RrC11004_p1 1594 PREDICTED: cytochrome P450 71B19  Raphanus sativus 

RrC10484_p1 1179 
PREDICTED: putative cytochrome P450 
71A28  

Raphanus sativus 

RrC12920_p1 258 
PREDICTED: putative cytochrome P450 
71A28 

Raphanus sativus 

RrC25726_p1 993 PREDICTED: cytochrome P450 81F2-like Raphanus sativus 

 

3.3 Validation using additional samples from R and S populations 

Five additional wild radish plants from each R and S populations were selected to further 

validate the six potential candidate genes (RrC89_p1, RrC702_p3, RrC20_p11, RrC23340_p1, 

RrC11027_p1, and RrC640_p4). Four genes including one encoding an oxygenase (RrC702_p3) 

and three encoding CYPs (RrC20_p11, RrC23340_p1 and RrC640_p4) showed significant 

expression differences between R and S samples. In addition, the difference in expression of 

RrC11027_p1 was substantial (P = 0.066), between the R and S samples. Thus these few 

candidate genes that can be prioritized for future characterization. 

 

Table 3. Validation of differentially expressed genes in the R and S wild radish samples. 
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Gene ID Annotation 

RNA-Seq 
Validation using 
RNA-Seq samples 

Validation using 
individuals from R 
and S populations 

Fold 
change 

P 
value 

Relative 
expression 
ratio R/S 

P 
value 

Relative 
expression 
ratio R/S 

P 
value 

RrC89_p1 
protein DOWNY 
MILDEW 
RESISTANCE 6 

8.8 0 28.5 0.026 34 0.21 

RrC702_p3  

2-oxoglutarate-
Fe(II) type 
oxidoreductase-
like  

12.6 
2.89E-
29 

15 0.001 5.8 0.0026 

RrC111_p3 
protein DMR6-
LIKE OXYGENASE 
1-like  

26.0 
2.62E-
31 

0.53 0.53 - - 

RrC20_p11 CYP72A13-like 22.6 
1.83E-
272 

23.6 0.0075 9 0.052 

RrC23340_p1 CYP71A28 32.0 
3.45E-
68 

35.6 0.0001 4 0.033 

RrC11027_p1 CYP709B1-like 1351 
4.07E-
107 

5398 0.024 8685 0.066 

RrC640_p4 CYP704C1 8.0 
6.15E-
55 

7.7 0.0002 3.6 0.017 

 

4 Discussion 

In this study, RNA-Seq and qPCR revealed five candidate genes in a resistant wild radish 

population that should be validated for their relevance to HPPD-inhibiting herbicide 

resistance (Table 3). These include one oxygenase gene (RrC702_p3, encoding 2-

oxoglutarate-Fe(II) oxidoreductase) and four P450 genes (RrC20_p11, RrC23340_p1, 

RrC11027_p1, and RrC640_p4, encoding CYP72A13, CYP71A28, CYP709B1, and CYP704C1, 

respectively). 

The 2-oxoglutarate (2OG)-dependent oxygenases are non-heme iron-containing proteins 

localized in the cytosol (Schofield and Zhang, 1999). This superfamily is the second largest 

family in plant genome and catalyzes various oxygenation and hydroxylation reactions (Kawai 

et al., 2014; Schofield and Zhang, 1999). For instance, gibberellin 2-oxidases, gibberellin 20-

oxidases and gibberellin 3β-hydroxylases are involved in the gibberellin biosynthesis (Hedden 

and Phillips, 2000), and flavanone 3β-hydroxylases (F3H) in the biosynthesis of flavonoids, 

catechins and anthocyanidins (Lukacin and Britsch, 1997). Recently, the HIS1 gene from rice 
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encoding an Fe(II)/2OG-dependent oxygenase has been characterized to confer resistance to 

HPPD-inhibiting herbicides (Maeda et al., 2019). The HIS1 transgenic rice and Arabidopsis 

(Arabidopsis thaliana) showed broad-spectrum resistance to five HPPD-inhibiting triketone 

herbicides. Therefore, it is possible that Fe(II)/2OG-dependent oxygenase genes are involved 

in resistance to HPPD-inhibiting herbicide in this resistant wild radish population. Our results 

showed that a Fe(II)/2OG-dependent oxygenase gene is consistently higher expressed in the 

R than S plants, indicating possible involvement of this gene in resistance in the wild radish 

population. Further studies are required. 

Cytochrome P450s are a group of heme-thiolate proteins that catalyze a wide range of 

oxygenation/hydroxylation reactions, involving in biosynthesis of pigments, antioxidants and 

defense compounds  (Bak et al., 2011; Mizutani and Ohta, 2010). P450s are well-known to be 

involved in metabolism and detoxification of xenobiotics (e.g. herbicides) (Siminszky, 2006; 

Werck-Reichhart and Feyereisen, 2000; Werck-Reichhart et al., 2000). For example, several 

CYP81A genes (e.g. CYP81A12, CYP81A21) has been identified to confer multiple resistance 

to acetyl-CoA carboxylase (ACCase)- and acetolactate synthase (ALS)-inhibiting herbicides, 

and the deoxy-D-xyulose phosphate (DOXP) synthase-inhibiting herbicide clomazone in 

Echinochloa phyllopogon (Guo et al., 2019; Iwakami et al., 2014; Iwakami et al., 2019). Most 

recently, the CYP81A subfamily in  E. phyllopogon is determined to be associated with 

resistance to herbicides of at least 13 sites of action (Dimaano et al., 2019). Our recent study 

(Lu et al., 2020) and that by Ma et al. (2013) showed that the HPPD-inhibiting herbicide 

mesotrione metabolism in resistant weedy species mimics that in tolerant maize, and the 

known P450 inhibitor malathion can partially reverse the resistance. Evidence suggests that 

selectivity of mesotrione in maize is due to P450-mediated metabolism (Hawkes et al., 2001). 

Hence, differentially expressed P450 genes CYP71A28, CYP72A13, CYP704C1 and CYP709B1 

may contribute to mesotrione resistance in this resistant wild radish population. CYP71 and 

CYP72 families are involved in terpenoid metabolism (Hamberger and Bak, 2013) and a few 

genes of these families have been identified to confer resistance to different herbicide groups 

(Imaishi and Matumoto, 2007; Saika et al., 2014; Siminszky et al., 1999; Xiang et al., 2006; 

Yamada et al., 2000). For instance, CYP71A10 confers resistance to photosystem II (PSII)-

inhibiting herbicides in soybean (Siminszky et al., 1999) and CYP72A31 confers resistance to 

ALS-inhibiting herbicides in rice (Saika et al., 2014). CYP704 and CYP709 families are involved 

in metabolism of long-chain fatty acid (Dobritsa et al., 2009; Kandel et al., 2005; Li et al., 2010; 
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Pinot and Beisson, 2011). However, no reports are available on involvement of CYP704 and 

CYP709 genes in herbicide resistance.  

Due to time limits of the PhD project, this research remains to be completed, and further 

studies are needed to characterize these candidate genes using genetic transformation (e.g. 

transgenic Arabidopsis) and other technologies.  

 

Acknowledgements 

Huan Lu has received a scholarship for International Research Fee China supported by the 

China Scholarship Council (CSC, NO. 201606750002) and the University of Western Australia. 

This worked is partially funded by the Australian Grains Research and Development 

Corporation (GRDC). 

 

 

References 

Bak, S., Beisson, F., Bishop, G., Hamberger, B., Höfer, R., Paquette, S., and Werck-Reichhart, D. (2011). 
Cytochrome P450. The Arabidopsis Book 9, e0144. 

Beaudegnies, R., Edmunds, A. J. F., Fraser, T. E. M., Hall, R. G., Hawkes, T. R., Mitchell, G., Schaetzer, 
J., Wendeborn, S., and Wibley, J. (2009). Herbicidal 4-hydroxyphenylpyruvate dioxygenase 
inhibitors—A review of the triketone chemistry story from a Syngenta perspective. Bioorganic 
& Medicinal Chemistry 17, 4134-4152. 

Dimaano, N. G., Yamaguchi, T., Fukunishi, K., Tominaga, T., and Iwakami, S. (2019). Functional 
characterization of cytochrome P450 CYP81A subfamily to disclose the pattern of cross-
resistance in Echinochloa phyllopogon. Plant Molecular Biology 102, 403-416. 

Dobritsa, A. A., Shrestha, J., Morant, M., Pinot, F., Matsuno, M., Swanson, R., Møller, B. L., and Preuss, 
D. (2009). CYP704B1 is a long-chain fatty acid ω-hydroxylase essential for sporopollenin 
synthesis in pollen of Arabidopsis. Plant Physiology 151, 574-589. 

Guo, F., Iwakami, S., Yamaguchi, T., Uchino, A., Sunohara, Y., and Matsumoto, H. (2019). Role of 
CYP81A cytochrome P450s in clomazone metabolism in Echinochloa phyllopogon. Plant 
Science 283, 321-328. 

Hamberger, B., and Bak, S. (2013). Plant P450s as versatile drivers for evolution of species-specific 
chemical diversity. Philosophical Transactions of The Royal Society B 368, 1-16. 

Hausman, N. E., Singh, S., Tranel, P. J., Riechers, D. E., Kaundun, S. S., Polge, N. D., Thomas, D. A., and 
Hager, A. G. (2011). Resistance to HPPD-inhibiting herbicides in a population of waterhemp 
(Amaranthus tuberculatus) from Illinois, United States. Pest Management Science 67, 258-261. 

Hawkes, T., Holt, D. C., Andrews, C., Thomas, P., Langford, M. P., Hollingworth, S., and Mitchell, G. 
(2001). Mesotrione: mechanism of herbicidal activity and selectivity in corn. In "Weeds, British 
Crop Protection Council", Vol. 2, pp. 563-568, Brighton, UK. 

Hawkes, T. R., Langford, M. P., Viner, R., Blain, R. E., Callaghan, F. M., Mackay, E. A., Hogg, B. V., Singh, 
S., and Dale, R. P. (2019). Characterization of 4-hydroxyphenylpyruvate dioxygenases, 



CHAPTER 6 
 

79 
 

inhibition by herbicides and engineering for herbicide tolernace in crops. Pesticide 
Biochemistry and Physiology 156, 9-28. 

Heap, I. M. (2020). International survey of herbicide-resistant weeds. http://www.weedscience.org. 

Hedden, P., and Phillips, A. L. (2000). Gibberellin metabolism: new insights revealed by the genes. 
Trends in Plant Science 5, 523-530. 

Hess, F. D. (2000). Light-dependent herbicides: an overview. Weed Science 48, 160-170. 

Huffman, J., Hausman, N. E., Hager, A. G., Riechers, D. E., and Tranel, P. J. (2015). Genetics and 
inheritance of nontarget-site resistances to atrazine and mesotrione in a waterhemp 
(Amaranthus tuberculatus) population from Illinois. Weed Science 63, 799-809. 

Imaishi, H., and Matumoto, S. (2007). Isolation and functional characterization in yeast of CYP72A18, 
a rice cytochrome P450 that catalyzes (ω-1)-hydroxylation of the herbicide pelargonic acid. 
Pesticide Biochemistry and Physiology 88, 71-77. 

Iwakami, S., Endo, M., Saika, H., Okuno, J., Nakamura, N., Yokoyama, M., Watanabe, H., Toki, S., 
Uchino, A., and Inamura, T. (2014). Cytochrome P450 CYP81A12 and CYP81A21 are associated 
with resistance to two acetolactate synthase inhibitors in Echinochloa phyllopogon. Plant 
Physiology 165, 618-629. 

Iwakami, S., Kamidate, Y., Yamaguchi, T., Ishizaka, M., Endo, M., Suda, H., Nagai, K., Sunohara, Y., Toki, 
S., Uchino, A., Tominaga, T., and Matsumoto, H. (2019). CYP81A P450s are involved in 
concomitant cross-resistance to acetolactate synthase and acetyl-CoA carboxylase herbicides 
in Echinochloa phyllopogon. New Phytologist 221, 2112-2122. 

Jhala, A. J., Sandell, L. D., Rana, N., Kruger, G. R., and Knezevic, S. Z. (2014). Confirmation and control 
of triazine and 4-hydroxyphenylpyruvate dioxygenase-inhibiting herbicide-resistant Palmer 
amaranth (Amaranthus palmeri) in Nebraska. Weed Technology 28, 28-38. 

Kandel, S., Morant, M., Benveniste, I., Blée, E., DanièleWerck-Reichhart, and Pinot, F. (2005). Cloning, 
functional expression, and characterization of CYP709C1, the first sub-terminal hydroxylase of 
long chain fatty acid in plants. Journal of Biological Chemistry 280, 35881-35889. 

Kawai, Y., Ono, E., and Mizutani, M. (2014). Evolution and diversity of the 2-oxoglutarate-dependent 
dioxygenase superfamily in plants. Plant Journal 78, 328-343. 

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory 
requirements. Nature Methods 12, 357-360. 

Küpper, A., Peter, F., Zöllner, P., Lorentz, L., Tranel, P. J., Beffa, R., and Gaines, T. A. (2018). 
Tembotrione detoxification in 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitor-
resistant Palmer amaranth (Amaranthus palmeri S.Wats.). Pest Management Science 74, 
2325-2334. 

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nature Methods 
9, 357-360. 

Li, B., and Dewey, C. N. (2011). RSEM: accurate transcript quantification from RNA-Seq data with or 
without a reference genome. BMC Bioinformatics 12, 1-16. 

Li, H., Pinot, F., Sauveplane, V., Werck-Reichhart, D., Diehl, P., Schreiber, L., Franke, R., Zhang, P., Chen, 
L., Gao, Y., Liang, W., and Zhang, D. (2010). Cytochrome P450 family member CYP704B2 
catalyzes the ω-hydroxylation of fatty acid and is required for another cutin biosynthesis and 
pollen exine formation in rice. Plant Cell 22, 173-190. 

Lu, H., Yu, Q., Han, H., Owen, M. J., and Powles, S. B. (2020). Evolution of resistance to HPPD-inhibiting 
herbicides in a wild radish population via enhanced herbicide metabolism. Pest Management 
Science. 

Lukacin, R., and Britsch, L. (1997). Identification of strictly conserved histidine and arginine residues 
as part of the active in Petunia hybrida flavanone 3β-hydroxylase. European Journal of 
Biochemistry 249, 748-757. 

http://www.weedscience.org/


CHAPTER 6 

80 
 

Lygin, A. V., Kaundun, S. S., Morris, J. A., Mcindoe, E., Hamilton, A. R., and Riechers, D. E. (2018). 
Metabolic pathway of topramezone in multiple-resistant waterhemp (Amaranthus 
tuberculatus) differs from naturally tolerant mazie. Frontiers in Plant Science 9, 1-14. 

Ma, R., Kaundun, S. A., Tranel, P. J., Riggins, C. W., McGinness, D. L., Hager, A. G., Hawkes, T., McIndoe, 
E., and Riechers, D. E. (2013). Distinct detoxification mechanisms confer resistance to 
mesotrione and atrazine in a population of waterhemp. Plant Physiology 163, 363-377. 

Maeda, H., Murata, K., Sakuma, N., Takei, S., Yamazaki, A., Karim, M. R., Kawata, M., Hirose, S., 
Kawagishi-Kobayashi, M., Taniguchi, Y., Suzuki, S., Sekino, K., Ohshima, M., Kato, H., Yoshida, 
H., and Tozawa, Y. (2019). A rice gene that confers broad-spectrum resistance to β-triketone 
herbicides. Science 365, 393-396. 

McMullan, P. M., and Green, J. M. (2011). Identification of a tall waterhemp (Amaranthus tuberculatus) 
biotype resistant to HPPD-inhibiting herbicides, atrazine, and thifensulfuron in Iowa. Weed 
Technology 25, 514-518. 

Mizutani, M., and Ohta, D. (2010). Diversification of P450 genes during land plant evolution. Annual 
Review of Plant Biology 61, 291-315. 

Moghe, G. D., Hufnagel, D. E., Tang, H., Xiao, Y., Dworkin, I., Town, C. D., Conner, J. K., and Shiu, S. H. 
(2014). Consequences of Whole-Genome Triplication as Revealed by Comparative Genomic 
Analyses of the Wild Radish Raphanus raphanistrum and Three Other Brassicaceae Species. 
Plant Cell 26, 1925-1937. 

Nakka, S., Godar, A. S., Wani, P. S., Thompson, C. R., Peterson, D. E., Roelofs, J., and Jugulam, M. (2017). 
Physiological and molecular characterization of hydroxyphenylpyruvate dioxygenase (HPPD)-
inhibitor resistance in palmer amaranth (Amaranthus palmeri S.Wats.). Frontiers in Plant 
Science 8, 1-12. 

Oliveira, M. C., Gaines, T. A., Dayan, F. E., Patterson, E. L., Jhalac, A. J., and Knezevic, S. Z. (2018). 
Reversing resistance to tembotrione in an Amaranthus tuberculatus (var. rudis) population 
from Nebraska, USA with cytochrome P450 inhibitors. Pest Management Science 74, 2296-
2305. 

Oliveira, M. C., Jhala, A. J., Gaines, T. A., Irmak, S., Amundsen, K., Scott, J. E., and Knezevic, S. Z. (2017). 
Confirmation and control of HPPD-inhibiting herbicide-resistant waterhemp (Amaranthus 
tuberculatus) in Nebraska. Weed Technology 31, 67-79. 

Pinot, F., and Beisson, F. (2011). Cytochrome P450 metabolizing fatty acid in plants: characterization 
and physiological roles. The FEBS Journal 278, 195-205. 

Saika, H., Horita, J., Taguchi-Shiobara, F., Nonaka, S., Ayako Nishizawa-Yokoi, Iwakami, S., Hori, K., 
Matsumoto, T., Tanaka, T., Itoh, T., Yano, M., Kaku, K., Shimizu, T., and Toki, S. (2014). A novel 
rice cytochrome P450 gene, CYP72A31, confers tolerance to acetolactate synthase-inhibiting 
herbicides in rice and Arabidopsis. Plant Physiology 166, 1232-1240. 

Schofield, C. J., and Zhang, Z. (1999). Structural and mechanistic studies on 2-oxoglutarate-dependent 
oxygenases and related enzymes. Current Opinion in Structural Biology 9, 722-731. 

Siminszky, B. (2006). Plant cytochrome P450-mediated herbicide metabolism. Phytochemistry Reviews 
5, 445-458. 

Siminszky, B., Corbin, F. T., Ward, E. R., Fleischmann, T. J., and Dewey, R. E. (1999). Expression of a 
soybean cytochrome P450 monooxygenase cDNA in yeast and tobacco enhances the 
metabolism of phenylurea herbicides. Proceeding of the National Academy of Sciences of the 
United States of America 96, 1750-1755. 

Singh, S., Roma-Burgos, N., Singh, V., Alcober, E. A. L., Salas-Perez, R., and Shivrain, V. (2018). 
Differential response of Arkansas Palmer amaranth (Amaranthus palmeri) to glyphosate and 
mesotrione. Weed Technology 32, 579-585. 



CHAPTER 6 
 

81 
 

Thompson, C. R., Peterson, D., and Lally, N. G. (2012). Characterization of HPPD resistant Palmer 
amaranth. In "the 52nd Annual Conference of the Weed Sciecne Society of America". Weed 
Science Society of America, Waikoloa, HI. 

Walsh, M. J., Powles, S. B., Beard, B. R., Parkin, B. T., and Porter, S. A. (2004). Multiple-herbicide 
resistance across four modes of action in wild radish (Raphanus raphanistrum). Weed Science 
52, 8-13. 

Wang, L., Feng, Z., Wang, X., Wang, X., and Zhang, X. (2010). DEGseq: an R package for identifying 
differentially expressed genes from RNA-seq data. Bioinformatics 26, 136-138. 

Werck-Reichhart, D., and Feyereisen, R. (2000). Cytochrome P450: a success story. Genome Biology 1, 
3003.1-3003.9. 

Werck-Reichhart, D., Hehn, A., and Didierjean, L. (2000). Cytochrome P450 for engineering herbicide 
tolerance. Trends in Plant Science 5, 116-123. 

Xiang, W., Wang, X., and Ren, T. (2006). Expression of a wheat cytochrome P450 monooxygenase 
cDNA in yeast catalyzes the metabolism of sulfonylurea herbicides. Pesticide Biochemistry and 
Physiology 85, 1-6. 

Yamada, T., Kambara, Y., Imaishi, H., and Ohkawa, H. (2000). Molecular cloning of novel cytochrome 
P450 species induced by chemical treatments in cultured tobacco cells. Pesticide Biochemistry 
and Physiology 68, 11-25. 

Yuan, J. S., Tranel, P. J., and Stewart Jr, C. N. (2006). Non-target-site herbicide resistance: a family 
business. Trends in Plant Science 12, 6-13. 



 

82 
 

 

 

 

 

 

 

 

 

CHAPTER 7. General conclusions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 7 

83 
 

Wild radish is a global weed infesting a range of field crops and in other situations. 

Widespread use of herbicides for wild radish control has resulted in the evolution of herbicide 

resistant wild radish populations. This PhD project focused on resistance mechanisms 

endowing resistance to three different herbicide groups (PSII-, PDS- and HPPD-inhibiting 

herbicides) in selected wild radish populations. Here, the main conclusions are summarised 

and future research is suggested. 

1 Conclusions 

1.1 Resistance mechanisms in wild radish to PSII-inhibiting herbicides (Chapter 2 and 

3) 

A novel psbA gene mutation (Phe274Val) was identified in the D1 protein of a resistant wild 

radish population (R2). Structural modelling predicts that the Phe274 in the D1 protein is not 

in direct contact with the herbicide atrazine or diuron, but the Ser264 is. The number of H-

bonds between the Ser264 and the herbicide (atrazine or diuron) decreased when Phe274 

was substituted by Val, and thus the Phe274Val mutation confers resistance to atrazine or 

diuron by indirectly weakening the herbicide binding to the D1 protein via the Ser264. The 

very well-known and widely-occurring Ser264Gly mutation was detected in another resistant 

wild radish population (R1). Although conferring high resistance to atrazine, this mutation 

bestows super sensitivity to bromoxynil. This could be due to the enhancement of H-bond 

formation between the Ser264 and bromoxynil. 

In addition, both a target-site psbA gene mutation (Ser264Gly), along with non-target-site 

based enhanced herbicide metabolism, were present in and confer high level resistance to 

metribuzin in a resistant wild radish population (H1/16). This manifests that co-evolution of 

target-site and non-target-site resistance is an evolutionary reality in the field and that, of 

course, multiple mechanisms can occur in the same individual (especially in cross-pollinated 

species like wild radish). 

1.2 Resistance mechanisms to PDS-inhibiting herbicides (Chapter 4) 

Resistance to certain PDS-inhibiting herbicides is well known in Australian wild radish 

populations. However, the endowing resistance mechanisms had not been studied. This study 

investigated resistance mechanisms to the PDS-inhibiting herbicides diflufenican and 

fluridone in a resistant wild radish population (H2/10). Cloning and sequencing of the full 

length target PDS gene as well as analysis of expression levels revealed that the resistance is 
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not target-site based in this resistant population. Reversal of PDS-inhibiting herbicide 

resistance by addition of the P450 inhibitor malathion indicated that the resistance is possibly 

endowed by non-target-site based, P450-mediated herbicide metabolism in this wild radish 

population. 

1.3 Resistance mechanisms to HPPD-inhibiting herbicides (Chapter 5 and 6) 

In this study, resistance to HPPD-inhibiting herbicides (mesotrione, tembotrione and 

isoxaflutole) was for the first time reported and characterised in a field wild radish population 

(H2/10). It is important to emphasise that this wild radish population had no known history 

of selection with HPPD-inhibiting herbicides. The resistance to HPPD-inhibiting herbicides was 

found to be due to enhanced rates of HPPD-inhibiting herbicide metabolism. No target HPPD 

gene mutation or amplification was found in this resistant population. Thus, resistance to 

HPPD-inhibiting herbicides in this particular wild radish population is due to enhanced 

capacity to metabolise these herbicides to non-toxic metabolites. 

RNA-Seq transcriptomic analysis suggests a number of candidate genes including oxygenases 

and cytochrome P450s that are associated with metabolic resistance to HPPD-inhibiting 

herbicides in this population. Five potential candidate genes (one encoding an oxygenase and 

four encoding P450s) have been selected and validated for further studies. 

2 Future work 

In this PhD project, resistance mechanisms to three different herbicide modes of action were 

deciphered in wild radish populations. However, the specific genes endowing non-target-site 

herbicide resistance to PDS- and HPPD-inhibiting herbicides remain to be elucidated. High-

throughput sequencing technologies and the genome data of wild radish (Moghe et al., 2014) 

and its close relative species radish (Raphanus sativus) (Kitashiba et al., 2014) offer us an 

opportunity to uncover these resistance genes. Therefore, metabolic resistance gene 

discovery via RNA-Seq and genetic transformation validation of candidate genes will be the 

focus in future studies.  

1) Characterization of the selected genes using genetic transformation 

Full coding sequences of the five validated genes will be cloned and transformed to 

Arabidopsis (Arabidopsis thaliana). Cross-resistance patterns of transformed Arabidopsis to 

HPPD-inhibiting herbicides and other herbicide of different modes of action (e.g. ALS-, PSII- 

and PDS-inhibiting herbicides) will be examined. 
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2) Identification of herbicide metabolites 

Herbicide metabolism will be analysed in transgenic yeast (Saccharomyces cerevisiae) 

overexpressing the validated metabolic genes. LC-MS analysis will be performed to identify 

herbicide metabolites. 

3) Selection of possible inhibitors to reverse resistance 

Chemical inhibitors will be explored to inhibit activity of the metabolic enzymes to reverse 

herbicide resistance. 

 

Reference 

Kitashiba, H., Li, F., Hirakawa, H., Kawanabe, T., Zou, Z., Hasegawa, Y., Tonosaki, K., Shirasawa, S., 
Fukushima, A., Yokoi, S., Takahata, Y., Kakizaki, T., Ishida, M., Okamoto, S., Sakamoto, K., 
Shirasawa, K., Tabata, S., and Nishio, T. (2014). Draft sequences of the radish (Raphanus 
sativus L.) genome. DNA Research 21, 481-490. 

Moghe, G. D., Hufnagel, D. E., Tang, H., Xiao, Y., Dworkin, I., Town, C. D., Conner, J. K., and Shiu, S. H. 
(2014). Consequences of whole-genome triplication as revealed by comparative genomic 
analyses of the wild radish Raphanus raphanistrum and three other Brassicaceae species. 
Plant Cell 26, 1925-1937. 

 

 

 




