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To date, effectively controlling resistant weeds has been a great challenge in modern agricultural production.

Developing new modes of action of herbicides would be an efficient, convenient, and . In particular, new modes of

herbicide action do not appear to have evolutionary resistance or cross-resistance with existing herbicides.

However, a few successful herbicides with new modes of action (MoAs) have been marketed in the past 20 years.

Researchers summarized the positive herbicide targets for the herbicides that have been discovered in recent

years, such as Solanyl Diphosphate Synthase (SPS), Fatty Acid Thioesterase (FAT), Plastid Peptide Deformylase

(PDEF), and Dihydroxy-Acid Dehydratase (DHAD). Some commercial herbicide varieties have been obtained

based on novel herbicide targets, such as Homogentisate Solanesyltransferase (HST) and Dihydroorotate

Dehydrogenase (DHODH). This provides a new reference and idea for herbicide molecular design in the future. 

herbicide target  mode of action (MoA)  resistant weeds control

1. Introduction

Since the 1870s, the rise of organic chemistry prompted agrochemical research to enter the era of organic

agrochemicals. Organic agrochemicals display the advantages of having a wide range of applications and good

crop safety. For example, glyphosate, the low-use rate sulfonylurea and imidazolinone herbicides, as well as the

aryloxyphenoxypropionate and cyclohexanediones families display these advantages. Agrochemicals are an

efficient and convenient method to reduce food production losses . It is undeniable that agrochemicals have

brought about an increase in food production, but the disadvantages that cannot be ignored have gradually

emerged through their indiscriminate use . In particular, some herbicide varieties that were developed early, such

as paraquat, showed high toxicity to humans and other beneficial organisms. The good news is that most of them

have been banned. In modern agricultural production, scientists focus on developing new green agrochemicals

with high selectivity and low-use rates, that are environmentally friendly and low-cost .

2. Herbicide Resistance Risk

The first synthetic auxin herbicide (2,4-D) was commercially released in the 1940s, which opened a new era of

weed control in modern crop production and was used for the selective control of broadleaf weeds in cereal grain

crops . Subsequently, a series of highly effective selective herbicides were developed based on specific

herbicide targets. Herbicides are becoming most widely used in agriculture. Although the existing herbicides play
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an important role in agricultural production, the herbicide-resistant weeds are still at risk of getting out of control.

The rapid development of weed resistance due to the long-term use of a single type of herbicide resulted in the

control effect of herbicides, that is, a significant reduction or even loss of control effectiveness . Since 1956, when

the first resistant weed Daucus carota L. was identified, the number of resistant weeds has increased by leaps and

bounds. Statistics from the International Survey of Herbicide Resistance Weeds show that more than 500 species

of weeds worldwide have evolved resistance to one or two known herbicides. Of all the herbicides, weeds have

developed severe resistance to targeted acetolactate synthase (ALS) herbicides, and the number of resistant

weeds has reached 171 (Table 1). Existing research shows that resistance to the herbicides that target ALS is

mainly caused by amino acid mutations on the target .

Table 1. Major herbicide targets and the number of herbicide-resistant weeds by site of action (including cross-

resistant weeds).

[9]

[10]

Herbicide Group Example Group Dicots Monocots Total

Inhibition of Acetolactate Synthase Chlorsulfuron 105 66 171

PSII inhibitors-Serine 264 Binders Chlorotoluron 53 34 87

Inhibition of Enolpyruvyl
Shikimate Phosphate Synthase

Glyphosate 27 29 56

Inhibition of Acetyl CoA
Carboxylase

Sethoxydim 0 50 50

Auxin Mimics 2,4-D 34 8 42

PS I Electron Diversion Paraquat 22 10 32

Inhibition of Protoporphyrinogen Oxidase Oxyfluorfen 10 4 14

Very Long-Chain Fatty Acid Synthesis inhibitors Butachlor 2 11 13

Inhibition of Microtubule
Assembly 2

Trifluralin 2 10 12

Inhibition of Lycopene Cyclase Amitrole 1 5 6

Inhibition of Glutamine Synthetase Glufosinate-ammonium 1 5 6

Phytoene Desaturase inhibitors Diflufenican 4 1 5

PSII inhibitors-Histidine 215
Binders

Bromoxynil 3 1 4

Inhibition of Cellulose Synthesis Dichlobenil 0 4 4

Inhibition of Hydroxyphenyl
Pyruvate Dioxygenase

Isoxaflutole 3 0 3
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Data from HRAC, http://www.weedscience.org/Summary/SOASummary.aspx (accessed on 27 October 2022).

Herbicide-resistant weeds are difficult to manage once they are established. There is no timely and effective way to

stop the increasing number of resistant weeds. In particular, the number of cross-resistant weeds and multiple-

resistant weeds is increasing year by year. Generally, the cross-resistant weed is conferred by a single mechanism

and is normally restricted to two or more herbicides with the same mode of action. The herbicide-resistant

mechanism can be target-site-based, or non-target-site-based. For example, weeds that develop resistance to

targeted ALS herbicides are mainly produced by target mutations (A122G, P197T, and W574L). For non-target-

site-based resistance, the insensi-tivity of the weeds to the herbicides results from enhancing their metabolism and

reducing translocation. Unlike this, multiple-resistant weeds usually involve two or more mechanisms of herbicide

action . One of the most successful strategies for managing herbicide-resistant weeds is interchangeably

applying multiple types of herbicides, especially herbicides with a totally new mechanism of action. However, lack

of effective, alternative, and novel herbicide MoAs has resulted in resistant weeds spreading across major

farmlands, complicating weed management. For example, resistant Echinochloa crusgalli (L.), which looks very

similar to rice, has strong adaptability and a wide distribution, and is quickly becoming the most serious type of

weed in rice fields. Thus, there is an urgent need for the development of herbicides with novel modes of action for

agricultural production.

3. Novel Potential Herbicide Targets

Research into herbicide targets began in the middle of the last century. There is no clear definition to describe a

good herbicide target site. As Duke, S. O. mentioned , the crucial consideration is that blocking the function of a

target is fatal and, as a result, plant survival is unrecoverable. Inhibition of a relatively small percentage of the

target will cause serious injury to plants, followed by death. The biological function of the target is irreplaceable in

the organism. Last cntury, using physiological and biochemical technology, many herbicide targets were

determined. Later, high-throughput in vitro screening was used to discover potential herbicide targets. More

recently, ‘omics’ approaches have been used to determine the targets of natural products or other bioactive

molecules . Using a molecular probe to study plant physiological and biochemical processes is becoming a

more and more popular method to confirm potential herbicide targets .

3.1. The Discovery of New Targets Based on Known Herbicides

3.1.1. Solanyl Diphosphate Synthase (SPS)

Herbicide Group Example Group Dicots Monocots Total

Inhibition of Microtubule Assembly Clomazone 0 3 3

Antimicrotubule mitotic disrupter Flamprop-methyl 0 3 3

Inhibition of Microtubule
Organization

Propham 0 1 1

Nucleic acid inhibitors MSMA 1 0 1

Unknown Endothall 0 1 1

Cell elongation inhibitors Difenzoquat 0 1 1
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SPS is an important enzyme for plastoquinone synthesis, which catalyzes the multi-step condensation reaction of

isopentenyl diphosphate and farnesyl diphosphate to form solanesyl diphosphate (Figure 1) . Aclonifen (Figure

2), a relatively old diphenylether herbicide, caused the bleaching of treated plants. Recently, the binding site of

aclonifen was confirmed via the inhibition of SPS and by blocking the biosynthesis of geranyl diphosphate . A

plant possesses three subtypes of SPS encoded by three genes: SPS1 and SPS2, which are localized in the

chloroplast and involved in plastoquinone synthesis, and SPS3, which is involved in ubiquinone synthesis .

Existing research results show that aclonifen only inhibits SPS1 and SPS2, and has no response to SPS3.

Herbicides that target HPPD have been used for many years and have achieved remarkable results in terms of

herbicidal efficacy and safety. However, there has been not a significant breakthrough over the years for herbicides

that target SPS. The main reason for this is that, for a long time in the past, the mechanism of action of SPS was

not clear, and it was uncertain whether SPS would become a new herbicide target. Now that these problems have

been solved, there will be more novel inhibitors targeting SPS based on the Aclonifen compound.

Figure 1. Biosynthesis pathways for carotenoids, plastoquinone, and tocopherols in plant. The herbicide target is

indicated by the red color.
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Figure 2. The structures of the inhibitors with new MOAs.

3.1.2. Homogentisate Solanesyltransferase (HST)

HST is another novel bleaching herbicide target that catalyzes the prenylation and decarboxylation of

homogentisate (HGA) to form 2-methyl-6-solanesyl-1,4-benzoquinol (MSBQ) in the plastoquinone biosynthesis

pathway (Figure 1) . Plastoquinone, as the important cofactor, takes part in the biosynthesis process of

carotenoids. Blocking the biosynthesis of carotenoids will interrupt the normal photosynthesis of plants, which leads

to bleaching and death. Haloxydine (Figure 2) is a well-known HST inhibitor. Nevertheless, it has not yet been

used commercially. Another HST inhibitor, cyclopyrimorate (Figure 2) as a rice herbicide, was invented by Mitsui

Chemicals Agro Inc. and was launched in 2019 in Japan. Its metabolite product, cyclopyrimorate, strongly inhibited

HST in crude E. coli extracts . As a downstream protein of SPS and HPPD, with the successful launch of

cyclopyrimorate, more efficient targeting of the HTS inhibitor can be quickly obtained using targeted herbicide

molecular rational design methods. 

3.1.3. Dihydroorotate Dehydrogenase (DHODH)

Dihydroorotate dehydrogenase (DHODH; EC 1.3.99.11), located on the outer surface of the inner mitochondrial

membrane, catalyzes the fourth step of pyrimidine biosynthesis . De novo pyrimidine nucleotide biosynthesis

consists of six enzymatic steps (Figure 3), which are evolutionarily conserved in all the species examined .

Inhibition of this pathway is lethal to most organisms. Tetflupyrolimet (Figure 2) is a novel targeting DHODH

inhibitor that can interfere with de novo pyrimidine biosynthesis, and is expected to be commercialized in 2024. The

target site of tetflupyrolimet was identified by adopting a combination of forwarding genetic screens and

metabolomics approaches, and by testing the intrinsic affinities of analogs with the enzyme in vitro using

biochemical methods . The successful development of DHODH-targeted drugs will bring more selectivity to the

management of resistant weeds.
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Figure 3. The biosynthesis pathway of the pyrimidine nucleotide. The potential herbicide target is indicated by the

red color.

3.1.4. Fatty Acid Thioesterase (FAT)

In plants, fatty acid thioesterase (FAT) acts on the lipid biosynthesis pathway by mediating the release of fatty acids

(FA) from its acyl carrier protein (ACP) and transferring them to the endoplasmic reticulum . Cinmethylin

(Figure 2), a natural product-like benzyl ether derivative of 1,4-cineole, is an old herbicide that was commercialized

in 1989 . The mode action of cinmethylin was not clear at first. Later, Campe R., et.al. confirmed that cinmethylin

binds to FAT proteins from Lemna and Arabidopsis. using a fluorescence-based thermal shift assay. They also

demonstrated the co-crystallization of cinmethylin within the FAT enzyme .

3.1.5. Serine/Threonine Protein Phosphatases (PPs)

Phosphorylation plays a vital role in almost every aspect of cell life, and is one of the dominant means of controlling

protein function and regulating most biological processes. PPs were divided into three subclasses—

phosphoprotein phosphatases, metal-dependent protein phosphatases, and aspartate-based phosphatases. In

plants, serine/threonine protein phosphatase belongs to the phosphoprotein phosphatase sub-class . Endothall

(Figure 2) was developed in the 1950s. Endothall inhibits the activity of alfalfa serine/threonine PP2A, and to a

lesser extent, inhibits serine/threonine PP1, which further affects the coordination of chromosomal and microtubule

events during plant cell mitosis .

3.2. Exploring New Herbicide MoAs Based on Natural Products

3.2.1. Dihydroxy-Acid Dehydratase (DHAD)

The branched chain amino acid (BCAA) biosynthetic pathway consists of three common enzymes: acetolactate

synthase (ALS), acetohydroxy acid isoreductase (KARI), and dihydroxy acid dehydratase (DHAD). DHAD is

involved in the synthesis of essential amino acids in plants. It catalyzes the dehydration reaction of α, β-dihydroxy

acid to generate the precursor α-keto acid of leucine, isoleucine, and valine in the BCAA pathway. DHAD is highly

conserved in different plant species and is not present in animals. Therefore, DHAD is considered to be an ideal
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broad-spectrum herbicide target. Further work has demonstrated that aspterric acid (Figure 4) targets DHAD by an

innovative resistant-gene-directed discovery approach .

Figure 4. The structures of natural products with new MOAs.

3.2.2. Plastid Peptide Deformylase (PDEF)

Peptide deformylase mainly exists in prokaryotes and higher plants, but is absent in mammalian cells. PDEF acts

on the translation process of new proteins, and its function is to catalyze the hydrolysis of the N-formyl group from

the initiating methionine. Actinonin (Figure 4), a target PDEF inhibitor, leads to stunting, bleaching, and necrosis of

the treated weed . Since the Adams group first discovered PDEF from the initial extracts of Escherichia

coli and Bacillus stearothermophilus in 1968 , it has been widely studied by drug molecular designers, and has

also been used as a target for crop antimicrobial drugs, which have been thoroughly studied. However, the recent

report that the natural product Actinonin can act as a herbicide to inhibit plant growth clearly pushes the study of

PDEF into new areas. Of course, studying it as a weed control target, as opposed to an antibiotic target, raises a

lot of different questions. For example, it has been reported that the isoenzyme of PDEF is found in human

mitochondria , and PDEF inhibitors may have inhibitory effects on it, which indicates the potential safety risk of

targeting PDEF inhibitors.

3.2.3. Ceramide Synthase

Ceramide synthase not only forms a complex lipid skeleton for sphingolipid biosynthesis, but also serves as a

target for many microbial toxins . Ceramide synthase catalyzes the acylation of sphinganine, sphingosine, and

other long chain sphingoids to form their N-acyl derivatives. The AAL-toxin (Figure 4) can inhibit ceramide

synthase, leading to the rapid accumulation of sphingosine and its substrate derivative phytosphingosine.
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Sphinganine and phytosphingosine are both highly phytotoxic. They cause similar symptoms to the AAL-toxin, and

also affect plasma membrane integrity . In addition, at lower concentrations, AAL-toxin may induce cell

apoptosis caused by plasma membrane dysfunction. However, AAL-toxin, as an analogue of the fumonisins, is

highly toxic to mammals .

To date, more than 200,000 secondary metabolites have been identified. Only a small number of compounds have

determined modes of action, and many potential herbicide targets have been found. In this short chapter,

researchers provide some brief examples of natural phytotoxins with novel MoAs, such as Trp synthase , Enoyl

reductase , Orn carbamoyl transferase , CF1 ATPase , Peptide deformylase , Golgi assembly ,

H -ATPase , and RNA polymerase . Natural products are an important source of herbicides with new MoAs,

and it is believed that there will be more efficient and safer herbicides developed based on the natural products

soon.

3.3. Exploration of Potential Herbicide MoAs Based on Their Biochemical
Mechanisms

3.3.1. DNA Gyrase

DNA topoisomerases, a key target for anticancer drugs and antibiotics, are classified as type I and II according to

whether their reactions proceed via transient single (I)- or double (II)-stranded breaks in DNA. DNA gyrase is an

indispensable type II topoisomerase, and affects proper plant growth. Michael D. W.  and Anthony M.  have

shown that ciprofloxacin and its analogues inhibited DNA gyrase and displayed post-emergent herbicidal activity

(Figure 5A). Although DNA topoisomerases are present in both animals and plants, and the concentration of the

drug required to achieve plant death is high, there is no denying that DNA topoisomerases are attractive targets for

the design of novel drug molecules based on biochemical mechanisms.

Figure 5. (A) Post-emergent herbicidal activity of ciprofloxacin. (B) Part of the folate biosynthesis pathway. The

potential herbicide target is indicated by the red color.
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3.3.2. Dihydrofolate Reductase (DHFR)

Dihydrofolate reductase (DHFR) is another key enzyme in the folate biosynthetic pathway, relating to the synthesis

of DNA precursors and some amino acids . Dihydrofolate reductase (DHFR) catalyzes the reduction of

dihydrofolate (DHF) into THF using NADPH as the reducing agent (Figure 5B). Unlike most prokaryotes and

eukaryotes, DHFRs encodes a gene for a bifunctional protein composed in protozoa and plants. Another domain is

thymidylate synthase (TS), which also plays an important role in the folate pathway . Using a genetic knockout

analysis, a recent study showed that DHFR can be regarded as a potential herbicide target due to the necessity of

two isoforms of DHFR for seed development .

Since the rapid development of functional genomics, proteomics, structural biology, and gene-editing technology,

many potential herbicide targets have been discovered, such as Mg protoporphyrin monomethylester ,

imadazoleglycerol phosphate dehydratase , cystathionine β-lyase , carbonic anhydrase , transketolase ,

and flavanone 3-hydroxylase .
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