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Abstract 

Agriculture heavily relies on herbicides to control weeds. A major limitation in their 

use is the alarming spread of herbicide resistance. Currently, over 480 unique cases 

of herbicide resistance across 252 weed species are reported worldwide. Weeds are 

not only evolving resistance to individual herbicides, such as glyphosate (the active 

ingredient of Roundup®), but also to multiple herbicides. As such, herbicide-

resistant weeds often result in substantial economic losses related to dramatic 

decrease in crop production and increased costs associated with weed management. 

Herbicides are classified according to how they kill plants, known as the mode of 

action. Examples include microtubule inhibitors, photosystem II inhibitors or even 

inhibitors of carotenoid biosynthesis. Surprisingly, only just over twenty different 

herbicide modes of action are used in the chemicals that we use to control weeds. A 

challenge the agrochemical industry is facing now is to design novel herbicidal 

compounds with better potency and ideally with a mode of action not in use. 

The research described in this thesis emphasises the connection, although not widely 

appreciated, that exists between plants and malarial parasites. Upon observations 

from previous studies that herbicides displayed antimalarial activity against the 

malarial parasite Plasmodium falciparum, our laboratory turned this idea on its head 

and investigated whether antimalarial drugs were herbicidal. Indeed, many 

antimalarial compounds tested showed herbicidal qualities comparable to 

commercial herbicides. The research presented here is organised as a series of 

publications/manuscripts with a strong focus to: (i) demonstrate antimalarial drugs 

and drug leads act as herbicides on plants, (ii) understand the underlying rationale 

that chemistries with known or unknown modes of action could be starting points for 

the design of new herbicides, and (iii) provide plant target validation for a class of 

antimalarial herbicides. 

To help identify and sort herbicidal compounds, in Chapter 2 I describe a user-

friendly interactive database that lists 334 active ingredients for what were all known 

herbicides. Previously, the only collated information about herbicides was in books 

and manuals that do not enable direct comparisons between compounds or 

visualising trends. Although several reviews have examined the physicochemical 

properties of herbicides, the information was either not provided or provided in a 
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format that would not allow dynamic exploration of them. Using the Simplified 

Molecular-Input Line-Entry System (SMILES) format, Marvin Beans software and a 

web-based applet (www.vcclab.org), we obtained the physicochemical properties for 

334 herbicides and could present them as a series of data points in a semi-automated 

fashion. These calculations were expanded during my thesis to include other 

compounds. The work presented in this chapter offered some “general rules” for 

herbicides, such as the molecular weight not exceeding 500 Da or the number of 

hydrogen-bond acceptor atoms being lower than 10. The database was published in 

Organic & Biomolecular Chemistry (Gandy, Corral, Mylne and Stubbs, 2015) as a 

brief communication. 

Although the foundation of the work described in this thesis was laid before I arrived 

at the University of Western Australia, Chapter 3 is the first publication that 

revealed that antimalarial drugs were herbicidal (Corral, Leroux, Stubbs and Mylne, 

2017) and was published in Scientific Reports. In this paper, I showed that many 

antimalarials, including the well-known artemisinin derivatives and antifolates, were 

lethal to the plant model Arabidopsis thaliana at low concentration. Agar-based 

germination assays for LD50 determination revealed that some of the antimalarials 

tested were as potent as or more potent than commercial herbicides. Because they 

lack human toxicity and display favourable physicochemical properties, antimalarial 

drugs are attractive bioactive compounds and a potential starting point for the design 

of new herbicides. 

Having established that antimalarials are often herbicidal, in Chapter 4 I describe 

how I looked at a compound library termed the ‘Malaria Box’. This box, distributed 

by the Medicines for Malaria Venture (MMV), contains 400 drug-like and probe-like 

compounds that are active against blood stage Plasmodium falciparum. In general, 

these MMV compounds lack mammalian toxicity (as judged by cell toxicity assays), 

are chemically simple and structurally diverse, making them ideal starting points for 

antimalarial as well as herbicidal leads. In this chapter, we describe the screening of 

80 compounds of the box against Arabidopsis thaliana and found one compound 

(i.e. MMV006188) with good herbicidal activity and appeared a promising lead. 

Chemical analogues of MMV006188 were obtained for structure-activity studies and 

this revealed motifs critical for its herbicidal activity. MMV006188 was also tested 
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against relevant crop weeds by collaborators from BASF (Germany) who found it 

exhibited selective activity against weeds. The physiological profile of MMV006188 

suggested it was a photosystem II-type inhibitor, however, whether it acts directly on 

PSII or upstream of it in plants has yet to be determined. This work was published in 

Angewandte Chemie (Corral, Leroux, Tresch, Newton, Stubbs and Mylne). This was 

a promising start and so we sought to investigate additional compounds of the 

“Malaria Box”, one of which is presented in the following chapter. 

In Chapter 5, I describe a similar screening approach that identified another 

herbicidal lead from the Malaria Box, i.e. MMV007978. Twenty-two derivatives 

were obtained and tested on soil-grown A. thaliana to evaluate how much variation 

at its thiophenyl motif was permitted without losing herbicidal activity. These 

experiments revealed that changes to the thiophenyl motif were tolerated provided 

ring size and charge of the motif were retained. Although MMV007978 was less 

effective than MMV006188 against weeds, its physiological profile was exciting as 

it was different to the physiological profiles of known herbicides. This is of 

particular interest given that a novel physiological profile could suggest it has novel 

mode of action. The work in this chapter has been submitted to Pest Management 

Science. 

The revelation that antimalarials may be herbicidal inspired antimalarial lead 

approaches, but also made us think of other applications for the evolutionary 

relationship. A major target for antimalarial drugs is the folate pathway, specifically 

dihydrofolate reductase (DHFR), an essential enzyme involved in the biosynthesis of 

folate cofactors. In Chapter 6, after finding that A. thaliana was sensitive to DHFR 

inhibitors, I began characterising the DHFR genes in plants. As in Plasmodium, plant 

DHFR is a bifunctional enzyme with thymidylate synthase (TS) as an extra protein 

domain, and therefore referred to as DHFR-TS. At the time, very little was known 

about DHFR in plants with no genetic studies undertaken regarding the three 

putative DHFR-TS genes annotated in A. thaliana genome. After I obtained 

aphenotypic single dhfr-ts mutants, I sought to make all double mutant 

combinations. I found that DHFR-TS1 and DHFR-TS2 were functionally redundant 

as only the dhfr-ts1 dhfr-ts2 double mutant was lethal. Knowing DHFR-TS1 and 

DHFR-TS2 were biologically important, by GFP-tagging I found each localised to 
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different cellular compartments. A chemically mutagenized Arabidopsis genetic 

screen for resistance to the DHFR inhibitors pyrimethamine and cycloguanil found 

lesions in DHFR-TS1 and DHFR-TS2 respectively. The mutant genes were 

transformed in wild-type A. thaliana to show they caused antifolate resistance and 

thereby confirmed DHFR-TS as the protein target for these antimalarials. Assays 

with recombinant wild-type and mutant DHFR-TS1 and DHFR-TS2 proteins 

confirmed the insensitivity of the mutated enzymes to DHFR inhibitors. In silico 

analysis of the predicted model structures for A. thaliana DHFR-TS1 and DHFR-

TS2 revealed the mutations were near the NADPH cofactor and substrate binding 

sites respectively, and they explained the resistance of both mutant enzymes to the 

inhibitors. Overall, these data indicate that plant DHFR might indeed be a viable 

herbicide target. This thesis chapter is presented in the form of a manuscript 

formatted for Plant Cell, where it was sent and underwent peer review. While this 

manuscript was under review a competing work was published by Plant Cell. Our 

work was declined and is currently being reformatted for Plant Journal. 

The thesis ends with Chapter 7 that puts forth a justification of why antimalarials 

are a viable source of herbicides and discusses the risks and benefits of the approach. 

Although better practice with currently used herbicides is part of the solution to the 

mounting cases of resistance, the discovery of novel herbicides with new modes of 

action is desperately needed, which I think this work squarely addresses. 

Keywords: Herbicides, antimalarial compounds, MMV compounds, Plasmodium 

parasites, Arabidopsis, herbicide resistance, mode of action. 
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Chapter 1. General Introduction 

Weeds are evolving resistance to herbicides at an alarming rate. As such, new 

herbicides and, in particular, herbicides with new modes of action are desperately 

needed. To discover new herbicides, the work described in this thesis exploits the 

surprisingly close evolutionary relationship between plants and the class of protists 

that include malarial parasites. This plant-parasite connection has not just inspired 

new ideas for herbicide development, but could also be applied to understand how 

antimalarial drugs work. 

Malaria is one of the most severe tropical infectious diseases known to mankind. The 

disease is caused by protozoan endoparasites of the genus Plasmodium, which are 

transmitted to humans by female Anopheles mosquitoes during a blood feed 

(Gardner et al., 2002). The malaria parasite life cycle is complex and upon infection 

of a human host it undergoes two main stages, i.e. the liver stage and the blood stage 

(Figure 1). Malaria is endemic to 91 countries and territories with an estimated 212 

million cases and 429,000 deaths in 2015 (WHO, 2016). Plasmodium parasites 

belong to the phylum Apicomplexa and among the six Plasmodium species known to 

infect humans, P. falciparum is responsible for the most severe cases of malaria and 

malaria-related mortality (Miller et al., 2013, Barnes, 2012, Pasvol, 2010). An 

important characteristic of apicomplexan parasites is the presence of a vestigial non-

photosynthetic plastid, known as the apicoplast, which is homologous to the 

chloroplast of plants and algae (McFadden, 2011). 

1.1 The apicoplast: a chloroplast-like relic 

Theories suggest that the apicoplast originated through secondary endosymbiosis 

whereby a heterotrophic eukaryote engulfed a red algal ancestor, the latter having 

been preserved as a plastid during evolution (Fast et al., 2001, Janouškovec et al., 

2010). It is believed that a number of genes from the red algal ancestor migrated to 

the nuclear genome of apicomplexan parasites, a process similar to chloroplast-

encoded genes that overtime have migrated into the nuclear genome of plants 

(Huang et al., 2004). Interestingly, overall genome content comparisons of P. 

falciparum with annotated eukaryotic genomes revealed slightly more similarity 

between P. falciparum and plants such as A. thaliana than with other non-

apicomplexan taxa (Gardner et al., 2002).  
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The apicoplast is essential for parasite survival and therefore represents an appealing 

target for drug discovery. This organelle has a 35 kb circular genome carrying about 

60 genes with the absence of any photosynthetic genes, and it is surrounded by four 

membranes (i.e. the result of secondary symbiosis). The apicoplast is thought to be 

involved in the de novo synthesis of fatty acids, isoprenoids, iron-sulphur complexes 

and haem (Lim and McFadden, 2010, McFadden, 2011, Wilson et al., 2003). Most 

apicoplastic proteins are encoded by nuclear genes and proteins encoded by up to 

545 genes are predicted to be targeted to the apicoplast (Ralph et al., 2004). Plant 

plastids and apicoplasts share similar non-photosynthetic processes (Duke, 2010) 

and so the apicoplast became an attractive target for researchers to test whether 

plant-specific inhibitors, i.e. herbicides, were also active against Plasmodium. 

1.2 The rise of drug-resistant parasites 

For those infected with malaria, treatment relies entirely on antimalarial drugs. 

Quinoline-containing compounds, antifolates and artemisinin derivatives are among 

the most important classes of antimalarial drugs (Salas et al., 2013). Considerable 

efforts have been directed towards the identification of the mechanisms of action of 

these drugs if improvements of existing drugs and/or design of new drugs have to be 

made, especially when emergence of resistant Plasmodium strains occurs. 

Quinoline-based antimalarial drugs are structurally derived from the alkaloid 

quinine. The latter is found in the bark of Cinchona sp., a tree species native to South 

America, and its use for centuries has made it one of the oldest medicines to treat 

malaria (Meshnick and Dobson, 2001, O'Neill et al., 2012). The 4-aminoquinoline 

chloroquine was a popular drug for treating and preventing malaria until resistant 

Plasmodium appeared and spread due to the intense and uncontrolled use of 

chloroquine. As a consequence this drug is now ineffective in most countries where 

malaria is endemic (Fidock et al., 2004). 

Mefloquine hydrochloride is another synthetic structural analogue of quinine 

developed during the mid-1970s due to the emergence of chloroquine-resistant 

Plasmodium strains. Mefloquine is active against the blood stage P. falciparum and 

P. vivax, but it has no effect on the liver stage.  
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Figure 1 The life cycle of P. falciparum. During a blood feed, an infected Anopheles mosquito inoculates the parasite in a cell stage called sporozoite (1). The sporozoites 
reach the liver and invade liver cells (2), multiply and differentiate into merozoites. In P. vivax and P. ovale, the dormant form of the parasite or hypnozoites (3) can 
remain latent within a liver cell for weeks or months before relapse occurs. The merozoites are then released into the blood stream and infect red blood cells, hence 
initiating the blood stage of the cycle (4). Some merozoites undergo asexual division to produce more merozoites that are released after the blood cells burst and 
subsequently infect new erythrocytes. The asexual blood stage is involved in the onset of malaria symptoms (5). Another fraction of merozoites differentiate into male and 
female gametocytes through a process known as gametocytogenesis (6), which is part of the sexual stage. The gametocytes are taken up by female mosquitoes while blood 
feeding and mature into gametes (7) within the mosquito gut prior to fusing into a zygote (8). The zygote develops into a motile ookinete (9), migrates towards the stomach 
wall of the mosquito and differentiates into an oocyst (10). After a series of division the oocyst gives rise to sporozoites that are directed to the salivary glands ready to be 
transmitted to another human host during the next blood meal (1) (Barnes, 2012, Miller et al., 2013, Pasvol, 2010). 
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Some evidence argued that mefloquine may disrupt the transport of substances (e.g. 

haemoglobin) from the infected host cell to the parasite food vacuole resulting in 

swelling and cytotoxic effects (Nosten et al., 2012, Salas et al., 2013, Wiesner et al., 

2003). Recently, however, mefloquine was shown to bind to P. falciparum 80S 

ribosome therefore inhibiting protein synthesis in the parasite. To further confirm its 

mode of action, mutagenesis-based modification of the mefloquine binding sites 

yielded parasites with increased resistance to the drug (Wong et al., 2017).  

First synthesized in the 1940s, the 8-aminoquinoline primaquine has primarily been 

used to interfere with the liver stage forms of P. vivax and P. ovale. The mode of 

action of primaquine is still being debated, but the drug might disrupt mitochondrial 

functions by inducing swelling and structural changes of the mitochondrial inner 

membrane (Waters and Edstein, 2012). It may also result in the build-up of reactive 

oxygen species that would impair oxidation-reduction processes, disrupt membrane 

integrity and be involved in enzyme inhibition (Foley and Tilley, 1998, John et al., 

2012, Salas et al., 2013, Wells et al., 2010).  

Molecular markers for quinoline-based drug resistance in P. falciparum have been 

elucidated. Mutations in P. falciparum chloroquine resistance transporter (PfCRT) 

and P. falciparum multidrug resistance protein 1 (PfMDR1) confer resistance to 

several quinoline-based antimalarials. For instance, the Lys76Thr mutation in PfCRT 

confers resistance to both amodiaquine and chloroquine, suggesting they have a 

common mode of action. Amplification of the mutated genes may also play a role in 

resistance, as exemplified with pfmdr1 amplification associated with mefloquine 

resistance (Ecker et al., 2012). 

The compound artemisinin is extracted from the Chinese wormwood (Artemisia 

annua L.) and has been used to treat fever for centuries. The structure of artemisinin 

includes a sesquiterpene lactone ring containing an endoperoxide bridge deemed 

essential for its antimalarial activity. Artemisinin was characterised in the early 

1970s and its semi-synthetic derivatives, e.g. artemether, artesunate and 

dihydroartemisinin were subsequently developed as more water soluble compounds 

with greater potency (Klayman, 1985, Salas et al., 2013). Artemisinins are currently 

among the most used antimalarial drugs to treat both uncomplicated and severe 

malaria worldwide, often partnered with another drug as part of what is termed 
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artemisinin derivative-based combination therapy. Artemisinin-based compounds act 

rapidly, efficiently killing parasites with little or no toxicity to the infected patients 

(Nosten and White, 2007). Although unclear, the mode of action of artemisinins 

have been linked to the action of free radicals generated upon artemisinin activation, 

specific enzyme inhibition (e.g. PfATP6, a key enzyme involved in oxidative 

metabolism in the parasite), and processes that disrupt mitochondrial functions 

(Karunajeewa, 2012, Price, 2000). A major concern in the continuous battle against 

malaria is the spread of resistance to the potent artemisinin-based antimalarials as 

they currently represent the first line of defence in malaria control. Alarmingly, the 

emergence of artemisinin resistance in P. falciparum has already been reported and 

threatens the use of such drugs (Fairhurst and Dondorp, 2016). 

The molecular targets of a few antimalarial drugs have been characterised. For 

example, the antifolates pyrimethamine and cycloguanil inhibit P. falciparum 

dihydrofolate reductase (DHFR), an important mediator of the folate pathway 

involved in the synthesis of purines, thymidylic acid and essential amino acids 

(Yuthavong et al., 2012). Multiple mutations in P. falciparum DHFR domain were 

associated with pyrimethamine-resistant strains (Ahmed et al., 2006). Likewise, 

amino acid changes in the vicinity of the active site of the dihydropteroate synthase 

enzyme of Plasmodium, an enzyme also part of the folate pathway, were shown to 

confer resistance to sulfa-based antifolates (Lumb et al., 2011). 

1.3 Herbicides have antimalarial activity 

Given the evolutionary history shared between plants and apicomplexan parasites, 

the presence of a plastid-like organelle in the parasites and similar metabolic 

pathways shared between both, one may think that herbicidal compounds might also 

interfere with common targets in the parasites. Interestingly, some herbicides have 

been tested against protozoans and displayed anti-parasitic activity. The well-known 

herbicide glyphosate has antimalarial activity which underlies the existence of the 

shikimate pathway in apicomplexan parasites. The growth of P. falciparum was 

inhibited in vitro at 1.08 mM glyphosate, and the activity of Toxoplasma gondii 5-

enolpyruvylshikimate-3-phosphate synthase (EPSPS, i.e. the known target of 

glyphosate in plants) was inhibited by 85% at 1 mM glyphosate (Roberts et al., 

1998).  
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Antimitotic herbicides such as amiprophos-methyl and oryzalin, known to inhibit 

microtubule assembly in plant cells also affected the microtubular network of 

protozoan parasites (Dempsey et al., 2013) and some (oryzalin, trifluralin and 

ethalfluralin) inhibited intracellular replication of cultured T. gondii with an IC50 

range of 0.1-0.3 µM (Stokkermans et al., 1996). The herbicide endothall, a protein 

phosphatase inhibitor, had in vitro antiplasmodial activity with an IC50 of roughly 8 

µM (Bajsa et al., 2007). Likewise, the growth T. gondii was inhibited by the acetyl-

CoA carboxylase-type herbicide clodinafop by 70% at 10 µM (Zuther et al., 1999).  

The methylerythritol phosphate (MEP) pathway involved in the biosynthesis of 

isoprenoids is common to plants and protozoan parasites, but is absent in animals, 

archaebacterial, fungi and some bacteria. The MEP pathway is localised in the 

plastids of plants and the apicoplast of Plasmodium, and the enzymes involved in 

this pathway are attractive targets for antimicrobial drugs and herbicide development 

(Rodriguez-Concepcion, 2004, Masini and Hirsch, 2014). One example of such 

protein target of the MEP pathway is IspF (2-methylerythritol 2,4-cyclodiphosphate 

synthase) for which inhibitors were identified in vitro in both A. thaliana and P. 

falciparum (Thelemann et al., 2015). 

1.4 Herbicide resistance in weeds 

The spread of herbicide resistance in weeds is a major issue for the farming industry 

and threatens global food security. Herbicide resistance results from adaptive 

responses of weeds to selection pressure from intense and often unregulated use of 

herbicides. To date, over 480 unique cases of weeds resistant to one or more classes 

of herbicides have been reported (Table 1) (Heap, 2017). Resistance can emerge 

through different mechanisms essentially divided into two main groups: target-site 

resistance and non-target-site resistance mechanisms. 

1.4.1 Target-site resistance 

Target-site resistance occurs via changes in the herbicide binding site of the target 

protein and/or increased expression of the target protein (Délye, 2013). The essential 

acetolactate synthase (ALS) enzyme involved in branched-chain amino acids 

synthesis (valine, leucine and isoleucine) is the target of one of the largest classes of 

herbicides. ALS-inhibiting herbicides act by binding to the enzyme and blocking the 

channel through which the substrate can access the active site. Resistance to ALS 
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inhibitors may arise via point mutations in ALS that would limit the binding of the 

inhibitors to it. A Pro197Glu mutation in water chickweed ALS (near the active site 

access channel) was reported to induce broad-spectrum resistance to ALS inhibitors 

(Liu et al., 2015). In the grass Echinochloa crus-galli, Trp574Leu substitution was 

found in the ALS coding sequence of resistant individuals, a frequent mutation 

giving rise to cross-resistance to ALS inhibitors in other resistant weeds (Panozzo et 

al., 2013). 

Table 1 Unique cases of herbicide resistance in dicotyledonous and monocotyledonous weeds 
according to herbicide mode of action. In some cases, weeds have evolved resistance to more than one 
herbicide groups. Abbreviations: ALS, acetolactate synthase; PSII, photosystem II; ACCase, acetyl-
CoA carboxylase; EPSPS, 5-enolpyruvylshikimate-3-phosphate synthase; PSI, photosystem I; PPO, 
protoporphyrinogen oxidase; HPPD, 4-hydroxyphenylpyruvate dioxygenase; DOXP, 1-deoxy-D-
xyulose 5-phosphate synthase. 

 

Photosystem II (PSII)-type herbicides mostly act by binding to the D1 subunit of 

PSII therefore competing with plastoquinone QB binding and affecting the 

photosynthetic electron transport chain. A Val219Ile substitution in the D1 protein of 

Poa annua was correlated with resistance to PSII-type herbicides (Mengistu et al., 

2000). In the annual grass Chenopodium album, a Leu218Val mutation in the D1 

protein of PSII complex induced resistance to triazinones, herbicides known to 

inhibit PSII (Thiel and Varrelmann, 2014). 
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Herbicides of the acetyl-CoA carboxylase (ACCase) group inhibit acetyl-CoA 

carboxylase, an essential enzyme involved in fatty acids biosynthesis, by binding to 

the enzyme and competing with its substrate acetyl-CoA. In ryegrass (Lolium 

multiflorum) a single cysteine to arginine mutation at position 2088 in ACCase 

conferred resistance to a range of ACCase-inhibiting herbicides (Kaundun et al., 

2012). ACCase activity assays from resistant wild oat (Avena fatua) biotypes 

revealed reduced sensitivity of the enzyme to ACCase herbicides compared to the 

susceptible biotypes. Resistance was correlated with two mutations, i.e. Ile2041Asn 

and Asp2078Gly found in two resistant biotypes (Cruz-Hipolito et al., 2011). In the 

American sloughgrass (Beckmannia syzigachne), a wheat field-infesting weed, a 

Trp2027Cys was also correlated with resistance to ACCase-type herbicides, a 

common mutation found in other resistant weed grasses (Li et al., 2014). 

1.4.2 Non-target-site resistance 

Unlike target-site resistance, non-target-site resistance can occur through more 

diverse mechanisms such as translocation of the herbicide within the cell, reduced 

uptake of the herbicide, enhanced metabolism of the compound, among others 

(Délye, 2013).  

In Sagittaria trifolia, a subpopulation showing resistance to ALS herbicides did not 

present any mutations in their ALS genes or any differences in enzyme sensitivity 

between susceptible and resistant phenotypes. Instead, resistance to this class of 

herbicides was suggested to be due to enhanced metabolism of the herbicides 

through the involvement of cytochrome P450 enzymes (Zhao et al., 2017). Likewise, 

the weed Echinochloa phyllopogon showing resistance to ALS-inhibiting herbicides 

(bensulfuron-methyl and penoxsulam) was correlated to enhanced activity of 

cytochrome P450 enzymes. These herbicides were more rapidly metabolized in the 

roots of the resistant biotype compared to the susceptible biotype. Two P450-type 

genes were overexpressed in the resistant biotype and correlated with enhanced 

degradation of the compounds. This was further demonstrated by overexpressing the 

two genes in transgenic A. thaliana lines which displayed reduced susceptibility to 

the tested ALS-type herbicides (Iwakami et al., 2014). 

In Lolium rigidum, resistance to the PSII-type herbicide simazine did not involve any 

structural changes in PSII complex. Instead, the resistant biotypes were able to 
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metabolize the herbicide more efficiently than the susceptible plants. Enhanced 

detoxification of simazine found in the resistant biotypes was suggested to involve 

the role of oxidative enzymes (Burnet et al., 1993). 

Glutathione S-transferase (GST) enzymes catalyse the conjugation of diverse 

substrates (e.g. xenobiotics) to the reduced form of glutathione. Increased GST 

activity and abundance in herbicide-resistant grasses was linked to herbicide 

resistance. The role of GST in herbicide resistance was attributed to enhanced 

herbicide metabolism, sequestration of the compounds to a different compartment 

(e.g. vacuole) away from its site of action, and enhanced detoxification of the active 

oxygen species produced by some herbicides (Reade et al., 2004).  

It is not uncommon for herbicide-resistant weeds to display both target-site and non-

target-site resistances. Non-target-site resistance to glyphosate in seven resistant 

accessions of Amaranthus palmeri was attributed to lower absorption and 

translocation of the herbicide. Some of the resistant accessions also presented target-

site resistance associated with less sensitive EPSPS enzyme to glyphosate most 

likely due to a Pro106Ser mutation found in the enzyme, a mutation found to confer 

glyphosate resistance in other weeds (Dominguez-Valenzuela et al., 2017). 

1.5 Concluding remarks 

Though plants and malarial parasites are part of two distinct kingdoms, the close 

evolutionary relationship shared between the autotrophic and the obligate 

endoparasitic organisms has become clear, though it is yet underappreciated. The 

discovery in apicomplexan parasites of a plastid-like relic, i.e. the apicoplast, 

essential for Plasmodium isoprenoids biosynthesis and survival (McFadden, 2011), 

has opened up exciting opportunities for antimalarial drug development. In addition, 

the revelation that Plasmodium contains genes and biochemical pathways closely 

related to plants (Foth et al., 2003, Gardner et al., 2002, Ralph et al., 2004) has also 

inspired the scientific community to exploit herbicides as potential new antimalarial 

compounds (refer to 1.3). 

The discovery of molecules active against a target organism often results from in 

vitro large scale-based assays. However, the activity of a molecule in vitro is not 

always retained in vivo, and this limitation is often encountered by pharmaceutical 
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and agrochemical industries. As an example, the tubulin-inhibiting herbicide 

trifluralin showed in vitro submicromolar activity against the rodent malaria parasite 

P. berghei. However, the potency of the antimalarial herbicide was lost in vivo when 

treating parasite-infected rats with high doses of trifluralin. This loss of potency was 

suggested to be caused by poor absorption and reduced plasma bioavailability of the 

compound in the organism, making the herbicide an unlikely antimalarial lead (Dow 

et al., 2002). 

Furthermore, a compound active in both plants and malarial parasites might not 

necessarily act upon a shared protein target or pathway. For instance, the P. 

falciparum plant-like ACCase enzyme, involved in fatty acid biosynthesis, was not 

the target of ACCase-inhibiting herbicides in the parasite (Goodman et al., 2014). 

Working with compounds that act off target might lead to unanticipated challenges, 

e.g. whether or not the molecules have suitable specificity to the target organism 

and/or unpredicted toxicity to the host (drugs) and other organisms (pesticides).  

This thesis aims at drawing parallels between plants and malarial parasites by 

demonstrating that antimalarial compounds are herbicidal and represent an untapped 

source of novel herbicidal chemistries with potential new modes of action. The 

discovery and design of new herbicides are often a costly and challenging process. 

Comprehending the properties that make a successful herbicide at the chemical and 

molecular level will be helpful and somewhat necessary in order to investigate, 

identify and improve herbicidal lead compounds. 
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Chapter 2. An interactive database to explore herbicide 

physicochemical properties 

Preface 

This publication by Gandy et al. (2015) describes an interactive database allowing 

the visualization and analysis of the chemical characteristics of 334 successful 

herbicides. The physicochemical properties (e.g. molar mass, water solubility) of the 

compounds were inferred from their Simplified Molecular-Input Line-Entry System 

(SMILES), i.e. a chemical notation used for the representation of a chemical 

structure in a line format. This electronic database is readily available for users and 

can be easily updated to compare, for example, the physicochemical properties of 

novel compounds to the ones of herbicides. Data are then visualized with in-built 

histograms and scatter plots. This interactive resource could benefit scientists 

engaged in herbicide development. 

Author contribution: Gandy, M.N. conceived the study (50%), designed the database 

(80%), analysed the data (90%) and wrote the manuscript (80%); Corral, M.G. 

helped design the database (5% - I have included the mode of action and application 

stage of each herbicide, when known, in the database) and wrote the manuscript (5% 

- I have written the Introduction); Mylne, J.S. wrote the manuscript (5%); Stubbs, 

K.A. conceived the study (50%), helped design the database (15%), analysed the 

data (10%) and wrote the manuscript (10%). 
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Herbicides are an essential tool not only in weed management, but

also in conservation tillage approaches to cropping. The first com-

mercial herbicides were released in the 1940s and hundreds more

since then, although genetic resistance to them is an issue. Here,

we review the experimental and estimated physicochemical pro-

perties of 334 successful herbicidal compounds and make avail-

able a dynamic electronic database containing detailed analyses of

the main chemical properties for herbicides and which adopts the

Simplified Molecular-Input Line-Entry System (SMILES) for describ-

ing the structure of chemical molecules. This fully available

resource allows for the rapid comparison of potential new herbici-

dal compounds to the chemical properties of known herbicides.

The use of herbicides in agriculture has greatly improved crop
yields through better weed management1 while also reducing
labour and associated costs.2 The first commercial herbicide
was developed in the 1940s and by the early 1960s up to
100 herbicides in over 6000 different formulations had been
released3 coincident with a dramatic rise in use especially
during the 1950s–1970s.1 One compound that came out of this
intense research and development was glyphosate, whose her-
bicidal ability was discovered in the 1970s and remains
effective today.4 The evolution of glyphosate resistance was
first reported in rigid grass5 and subsequent resistance in
economically important weeds6 has alarmed the agricultural
industry which, in conjunction with the use of genetically
modified glyphosate-resistant crops, has come to rely upon gly-
phosate for weed control.4a,7

The dramatic rise in glyphosate use for Roundup Ready
corn and soybean from 1998 onwards suppressed the develop-
ment of other herbicides and only ∼20 new herbicides
emerged between 2001 and 2009, compared to up to 115 new

herbicide active ingredients introduced in the preceding two
decades, between 1980 and 2001.8 The effectiveness of glypho-
sate coupled with increased costs for environmental and toxi-
cology studies, synthesis and screening of compounds and
field trials9 have contributed to the stymied development of
herbicides with new modes of action for the last twenty
years.8a Glyphosate resistance is becoming more frequent. At
present at least 30 weed species are reported as glyphosate
resistant,10 highlighting the need for herbicides with new
modes of action.8a

The physicochemical properties of herbicides have been
reviewed several times early this century11 and more recently.12

One limitation associated with these reviews is that the
data compilations found within are presented as static
resources, with the data presented in a format that is not
readily amenable to interrogation by the reader. For instance,
the reader cannot easily explore and visualize the molecules at
the molecular and chemical level, nor refine the data pools
using various filters that allow the reader to explore the data
themselves. Furthermore, in many current data compilations,
although an examination of the properties of herbicide hits,
leads and products was undertaken, the actual identity of the
herbicidal compounds was not detailed, making the findings
irreproducible.

Due to these shortcomings and the fact that there has been a
resurgence of interest in the development of new herbicides we
felt that a readily available electronic resource, which allowed
users to visualize, build, interrogate, interpret and present the
physicochemical properties of herbicides themselves, would be
a useful addition to the herbicide research space.

To test this applicability we assembled a comprehensive
database, comprising 334 known herbicides which were
obtained using various databases (see ESI†).

We converted the chemical structures into Simplified Mole-
cular-Input Line-Entry System (SMILES) format that enables
the compound dataset to be readily searchable and sorted.
Based on the SMILES strings for the compounds, the database
can be modified to report the physicochemical properties of
the entire chemical set or selected sub-sets of the data. One

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c5ob00469a

aSchool of Chemistry and Biochemistry, The University of Western Australia,

35 Stirling Highway, Crawley, WA 6009, Australia. E-mail: keith.stubbs@uwa.edu.au,

joshua.mylne@uwa.edu.au
bARC Centre of Excellence in Plant Energy Biology, The University of Western

Australia, 35 Stirling Highway, Crawley, WA 6009, Australia
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direct application of the database is that it is readily updatable,
something that is lacking with other sources of data.11–13

The herbicide database prepared is presented in Microsoft®
Excel® format (Fig. 1 and See ESI†) and is composed of three
worksheets, named “Data”, “Histograms” and “Scatter Plots”.
“Data” holds all datasets for each compound, including a
common name, a CAS Registry Number, a SMILES string, an
International Union of Pure and Applied Chemistry (IUPAC)
name and a chemical formula. This sheet also contains hyper-
links that each open either a raster (PNG format) or vector
(SVG format) image file, to conveniently visualise structures.
The various physicochemical properties, modes of action and
application stage of each compound are entered across 56 data
columns. An important note is that whilst all this information
is available it is not found in a readily accessible resource that
can be searched efficiently.

To aid researchers in the field, an explanatory README.pdf
file is also provided (See ESI†). Specifically, this file contains
instructions for using the database, filtering the list of com-
pounds to return only those molecules chosen by the user or
that meet specified criteria, adjusting the output histograms,
and using scatter plots for cluster analysis. The use of histo-
grams and scatter plots also allows for the visualisation of out-
liers that may not fit general trends observed within the data.
Scatter plots allow the graphical comparison of the datasets of
two properties, which can be used to identify trends across all
compounds. Additionally, the user may opt to highlight those
points corresponding to a subset of compounds chosen either
manually or on the basis of user-defined criteria e.g. a particu-
lar mode of action and/or application stage.

The utility of the current database lies in using the raw data
for the preparation of histograms that display the overall trend
for a particular property being investigated, which can easily
be manipulated depending on what property is being investi-
gated and then compared to the mode of action of the com-
pounds in question. When analysing the 334 herbicidal

compounds we examined the common properties of bioactive
molecules including size, polarity, proportion of aromatic
atoms, solubility and hydrogen bonding capacity (See ESI†), as
these are used to determine whether a particular compound
may have desirable biological properties, including an impact
on absorption and metabolism.

The molar mass distribution of the herbicide list ranges
from 56–610 g mol−1. However, the vast majority of com-
pounds (98%) lie in the molar mass range of 125–500 g mol−1

and the median molar mass of the herbicides examined was
311.7 g mol−1 (Fig. 2). The distribution of aromatic atoms also
exhibits a broad profile. Approximately 10% of compounds are
non-aromatic, whereas the proportion of aromatic atoms in
aromatic compounds is distributed fairly symmetrically
around a median value of 0.43.

The partitioning properties of a compound are crucial in
biological contexts. It is well established that a compound that
is potent against a target in vitro may not reach it in vivo as the
molecule, for example, may have difficulty in diffusing through
cell membranes/walls. This could be due to it being too hydro-
philic or because of a greater affinity for such biological struc-
tures making it impossible for them to diffuse through into
intracellular compartments. Log P, where P is the partition
coefficient defined as the ratio of the concentrations of the
compound in a mixture of two solvents that are immiscible
with each other, is commonly used as a measure of lipophili-
city for a given compound within a biological system. Experi-
mentally derived Log P values were obtained, but where these
were unavailable the consensus value (arithmetic mean) of two
estimates of Log P, specifically those determined using the
ALogPs14 and XLOGP315 algorithms, was used. As noted else-
where,16 a consensus model will often display superior predic-
tive power compared to any of its component methods. Since
biases inherent in each method are usually different, the act of
averaging multiple estimates reduces the relative influence of
these biases on the consensus value. From the data a clear
trend of Log P was observed. For the compounds analysed, the
Log P value for a typical herbicide was observed in the range of
0.5–5.5. As a comparison, the Log P value for a biopharmaceu-
tical typically lies between −0.4 and 5.6.17

An extension to the Log P evaluation was an examination of
the overall Log D values for the compounds (Fig. 2). LogD,
where D is the distribution coefficient, is different from Log P
in that it takes into consideration the predominant ionisation
state in solution at a particular pH, in our case 7.4. The data
obtained from this calculation gave a broader output com-
pared to Log P (–2.0 to 5.5).

Also related to the partitioning properties of a molecule are
polar surface area and rotatable bond count. Polar surface area
is defined as the sum of the surface area of all polar atoms
(nitrogen and oxygen) and any directly attached hydrogen
atoms. It is used to predict whether a compound is able to
permeate cells and provides good correlation with transport
data.18 The rotatable bond count is a measure of a molecule’s
rigidity, which has been shown to be linked to bioavailability.19

Analysis of the herbicides gave results showing that most

Fig. 1 Representative screen shot of the 334 herbicidal compound
database. A small section of the Excel® database is shown, ordered
alphabetically based on compound name and showing the columns for
mode of action, application stage, CAS number, the link outs to images
(PNG, SVG), the collapsed columns for SMILES codes and IUPAC name
as well as full columns for chemical formulae and a subset of the calcu-
lated physicochemical properties. The full electronic version of the
document is available in the ESI.†
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(∼77%) exhibited a polar surface area of between 20 and
100 Å2 (Fig. 2). This is in line with the proposed value of
maximum polar surface area allowed for bioavailability of
≤140 Å2.19 For the rotatable bond count it was found that in
general the number of rotatable bonds increased with molar
mass, consistent with what has been observed in libraries of
pharmaceutical-type molecules.20

Calculations were also undertaken to determine the
aqueous solubility of these compounds as well as determine
the factors that influence this, namely formal charge and the
number of hydrogen bond donors and acceptors. Log S, where
S is defined as the base 10 logarithm of the maximum
aqueous concentration in mol L−1, is a measure of aqueous
solubility. Experimentally derived Log S values were obtained,
but where these were unavailable values were calculated using
the AlogpS21 algorithm. Most compounds exhibited reason-
able solubility with Log S values for 91% of compounds
ranging from −6.20 to −2.00. Most pharmaceuticals have a
Log S value greater than −4.0.17 The formal charge of the com-
pounds (at pH 7.4) was calculated and for all compounds
barring seven, the charge was either zero or −1. More striking
was the calculated number of hydrogen bond (H-bond) accep-
tor atoms, defined as the number of nitrogen and oxygen
atoms able to accept hydrogen bonds. Despite ranging broadly
from zero up to twelve atoms, approximately 77% of com-
pounds contained between one and five H-bond acceptor
atoms. Similarly the number of H-bond donor sites, defined
as the number of N–H and O–H bonds, ranged from zero to
five, with most compounds (∼98%) having two sites or fewer.
Both of these calculations were done assuming a solution pH
of 7.4.

The cluster analyses raised some interesting points
(Fig. 3A–C). Logical trends were observed for Log S versus LogD
and Log P but some outliers (paraquat and diquat) were
observed in both cases. When comparing molar mass versus
LogD, paraquat and diquat are also outliers but these com-

Fig. 3 Representative charts (A–C) were extracted from the electronic
database and demonstrate the potential trends that can be observed by
direct comparison of two chemical properties. (D) A representative ana-
lysis result when inhibitors of acetolactate synthase (highlighted) are
cluster analysed for polar surface area versus LogD.

Fig. 2 Representative histograms were extracted from the readily available electronic database of 334 herbicidal compounds (see ESI†) for the
chemical properties assessed. The charts were subtly altered manually for presentation and clarity, e.g. 33 compounds contain no aromatic atoms.
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pounds are joined by glyphosate and glufosinate, amongst
several others. These compounds are also outliers when com-
paring Log D, the number of H-bond acceptors, polar surface
area and rotatable bond count respectively. The advantage of
the database is that properties of the molecules can be further
compared to mode of action and/or application stage and
deeper trends appear. For example when the database is fil-
tered to include only inhibitors of acetolactate synthase and
then look at the cluster analysis of polar surface area versus
LogD what can be seen is that >80% of the inhibitors of aceto-
lactate synthase have greater than 95 Å2 and a LogD between
−2.0 and 3.8 (Fig. 3D).

A persistent challenge is that resistance to herbicides con-
tinues to emerge, including to the most heavily used herbicide,
glyphosate. This resistance potentially will have dire conse-
quences for the agricultural industry and there is a need for
researchers to find new targets and chemical scaffolds for her-
bicide development. When developing biological molecules for
use as therapeutics, it is of interest to see if structural patterns
or rules emerge from this development that act as a guide for
future development. The pharmaceutical industry has bene-
fited from the seminal Lipinski’s rule of five22 and other
methods of determining drug-likeness23 that act as a
foundation for developing a compound by guiding the early
exclusion of hits that are unlikely to have desirable pharmaco-
kinetic properties. These rules are centred on molar mass,
Log P and the number of H-bond acceptors and donors. Unfor-
tunately, the specific area of herbicide development has not
had the same rigorous assessment, with only general criteria
for useful agrochemicals being suggested.24 Thus consider-
ation of specific physicochemical parameters of herbicides will
be a key area to exploit when developing better and different
types of compounds. The database presented here will prove
valuable in assessing ‘herbicide likeness’ amongst early herbi-
cide hits, leads and candidates.

Based on our data the chemical properties that make a suc-
cessful herbicide (Table 1) are generally similar to those
chemical properties that make a successful oral human drug
based on Lipinski’s rules.22 Of further interest is that many of

the compounds that display herbicidal activity adhere to
general trends (as displayed by the cluster analysis) but, as
with pharmaceuticals, there are outliers that buck the trends
and there will always be a place for experimental herbicidal
activity determination alongside in silico design.

Conclusions

In conclusion presented here is a simple, easy to use and
readily available database that allows the visualisation of
important chemical and biochemical data relevant to herbi-
cides in a dynamic format. One important application of the
database is that scripts are also provided so it can be updated
with ease, not only with new compounds, but also with new
parameters (See ESI†). This database should prove useful to
scientists engaged in herbicide discovery and development.
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Materials and Methods 

Compound selection 

To gather a comprehensive list of herbicides the literature was initially surveyed and 

all compounds listed in previous reviews1 were incorporated. Compounds were also 

sourced from the World of Herbicides provided by Herbicide Resistance Action 

Committee and produced by Syngenta as well as from the EU pesticide database, 

Department of Horticulture database (University of Kentucky), Urban Integrated Pest 

Management database (University of Arizona) and Department of Agriculture, 

Forestry & Fisheries (Republic of South Africa) and the Pesticide Manual 2.

A textual list of the 334 compound names follows: 2,4,5-T; 2,4-D; 2,4-DB; 

acetochlor; acifluorfen; aclonifen; acrolein; alachlor; allidochlor; alloxydim; 

ametryne; amicarbazone; amidosulfuron; aminocyclopyrachlor; aminopyralid; 

amiprophos-methyl; amitrole; anilofos; asulam; atrazine; azafenidin; azimsulfuron; 

beflubutamid; benazolin; benazolin-ethyl; benfluralin; benfuresate; bensulfuron-

methyl; bensulide; bentazon; benthiocarb; benzfendizone; benzobicyclon; 

benzofenap; bicyclopyrone; bifenox; bilanaphos; bispyribac; bromacil; bromobutide; 

bromofenoxim; bromoxynil; butachlor; butafenacil; butamifos; butenachlor ; butralin; 

butroxydim; butylate; cafenstrole; carbetamide; carfentrazone-ethyl; chlomethoxyfen; 

chloramben; chlorbromuron; chlorflurenol; chlorimuron-ethyl; chlorotoluron; 

chloroxuron; chlorphthalim; chlorpropham; chlorsulfuron; chlorthal-dimethyl; 

chlorthiamid; cinidon-ethyl; cinmethylin; cinosulfuron; clethodim; clodinafop; 

clodinafop-propargyl; clomazone; clomeprop; clopyralid; cloransulam-methyl; 

cumyluron; cyanazine; cycloate; cyclosulfamuron; cycloxydim; cyhalofop-butyl; 

dalapon; dazomet; desmedipham; desmetryne; diallate; dicamba; dichlobenil; 
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dichlorprop; diclofop-methyl; diclosulam; diethatyl-ethyl; difenzoquat; diflufenican; 

diflufenzopyr; dimefuron; dimepiperate; dimethachlor; dimethametryn; 

dimethenamid; dimethylarsinic acid; dinitramine; dinoseb; dinoterb; diphenamid; 

diquat; dithiopyr; diuron; DNOC; DSMA; dymron; endothall; EPTC; esprocarb; 

ethalfluralin; ethametsulfuron-methyl; ethidimuron; ethiolate; ethofumesate; 

ethoxyfen-ethyl; ethoxysulfuron; etobenzanid; fenoxaprop; fenoxaprop P-ethyl; 

fenoxasulfone; fentrazamide; fenuron; flamprop M-isopropyl; flamprop-methyl; 

flazasulfuron; florasulam; fluazifop; fluazifop-butyl; fluazolate; flucarbazone-sodium; 

flucetosulfuron; fluchloralin ; flufenacet; flufenpyr-ethyl; flumetsulam; flumiclorac-

pentyl; flumioxazin; fluometuron; fluoroglycofen-ethyl; flupoxam; flupropacil; 

flupropanate; flupyrsulfuron-methyl; fluridone; flurochloridone; fluroxypyr; 

flurtamone; fluthiacet-methyl; fomesafen; foramsulfuron; fosamine; glufosinate; 

glyphosate; halosafen; halosulfuron-methyl; haloxyfop-methyl; hexazinone; 

imazamethabenz-methyl; imazamox; imazapic; imazapyr; imazaquin; imazethapyr; 

imazosulfuron; indanofan; indaziflam; iodosulfuron; iofensulfuron; ioxynil; 

ipfencarbazone; isopropalin; isoproturon; isouron; isoxaben; isoxachlortole; 

isoxaflutole; isoxapyrifop; karbutilate; lactofen; lenacil; linuron; MCPA; MCPA-

thioethyl; MCPB; mecoprop; mefenacet; mefluidide; mesosulfuron; mesotrione; 

metam; metamitron; metazachlor; metazosulfuron; methabenzthiazuron; methazole; 

methiozolin; methoprotryne; methoxyphenone; methyldymron; metobenzuron; 

metobromuron; metolachlor; metosulam; metoxuron; metribuzin; metsulfuron-methyl; 

molinate; monalide; monolinuron; monuron; MSMA; naproanilide; napropamide; 

naptalam; NC-330; neburon; nicosulfuron; nitrofen; norflurazon; OK-8910; oleic 

acid; orbencarb; orthosulfamuron; oryzalin; oxadiargyl; oxadiazon; oxasulfuron; 

oxaziclomefone; oxyfluorfen; paraquat; pebulate; pelargonic acid; pendimethalin; 
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penoxsulam; pentachlorophenol; pentanochlor; pentoxazone; pethoxamid; 

phenmedipham; picloram; picolinafen; pinoxaden; piperophos; pretilachlor; 

primisulfuron-methyl; prodiamine; profluazol; profluralin; profoxydim; prometon; 

prometryne; propachlor; propanil; propaquizafop; propazine; propham; propisochlor; 

propoxycarbazone-sodium; propyrisulfuron; propyzamide; prosulfocarb; prosulfuron; 

pyraclonil; pyraflufen-ethyl; pyrasulfotole; pyrazolynate; pyrazon; pyrazosulfuron-

ethyl; pyrazoxyfen; pyribenzoxim; pyributicarb; pyridafol; pyridate; pyriftalid; 

pyriminobac-methyl; pyrimisulfan; pyrithiobac; pyroxasulfone; pyroxsulam; 

quinclorac; quinmerac; quinoclamine; quizalofop; quizalofop-P-ethyl; quizalofop-P-

tefuryl; rimsulfuron; saflufenacil; sethoxydim; siduron; simazine; simetryne; S-

metolachlor; sulcotrione; sulfentrazone; sulfometuron-methyl; sulfosate; 

sulfosulfuron; TCA; TCBA; tebutam; tebuthiuron; tembotrione; tepraloxydim; 

terbacil; terbucarb; terbumeton; terbuthylazine; terbutryne; thenylchlor; thiazafluron; 

thiazopyr; thidiazimin; thiencarbazone; thifensulfuron-methyl; tiocarbazil; 

topramezone; tralkoxydim; triafamone; triallate; triasulfuron; triaziflam; 

triazofenamide; tribenuron-methyl; triclopyr; trietazine; trifloxysulfuron; trifluralin; 

triflusulfuron-methyl; tritosulfuron; vernolate. 

Conversion of compounds to SMILES format 

SMILES structures were generated from the corresponding CAS registry numbers for 

each herbicide using the molconvert utility provided by Marvin Beans software (ver 

6.1.0, ChemAxon Ltd. and available from www.chemaxon.com), which was installed 

locally and used in batch processing mode. In rare cases where this tool failed, 

SMILES structures were instead generated individually by entering the skeletal 

formula into the web-based converter (available from Marvin, Calculator Plugin and 

Chemical Terms Demo (Chemaxon (http://www.chemaxon.com/marvin/sketch)). For 
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compounds composed of multiple fragments (e.g. compounds composed of cation(s) 

and anion(s)), only the active ingredient was considered when calculating 

physicochemical properties. 

Physicochemical property computation tools 

Various physicochemical properties were calculated for each compound using a 

combination of two tools. The first is a web-based applet named Virtual 

Computational Chemistry Laboratory (VCCLAB (www.vcclab.org))3, which is 

capable of returning both experimental and calculated Log P and Log S values derived 

from a variety of sources. All other properties were calculated from SMILES strings 

using the cxcalc function provided by Marvin Beans software operated in batch 

processing mode. For properties where pH is specified, cxcalc internally estimates 

pKa and pKb values in order to determine the major protonation state. The specific 

parameters used for each command are listed in the supporting information. 

Molar mass 

The molar mass of a particular compound was determined from its corresponding 

SMILES string using cxcalc. 

Proportion of aromatic atoms 

The number of non-hydrogen atoms within aromatic systems as a ratio ranging from 0 

to 1 of the total number of non-hydrogen atoms was calculated using cxcalc. 

Lipophilicity and aqueous solubility 

Experimentally determined Log P and Log S values were obtained by entering 

individual SMILES stings into VCCLAB, which returned values sourced from the 

Physical Properties Database (PHYSPROP, Syracuse Research Corp).  Where 

experimental values were not available, certain estimated values returned by 
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VCCLAB were used. In our case, the partition coefficient was calculated as the 

consensus value (arithmetic mean) of Log P estimates generated using two methods, 

namely XLOGP3 (ref. 4) and ALogPs 2.1 (ref. 5), whereas Log S was calculated using 

AlogpS 2.1 (ref. 6). Distribution coefficient (Log D) values were estimated for the 

major protonation state of the major tautomer at pH 7.4 using cxcalc, which returned 

Log D as the arithmetic mean of three estimations, made using the ALOGP (ref. 7)

method trained with one of three different training sets (Chemaxon 

(www.chemaxon.com/marvin-

archive/6.1.0/marvin/help/calculations/partitioning.html)). 

Formal charge 

Formal charge, defined as the sum of charges carried by ionisable atoms for the major 

protonation state at pH 7.4, was estimated using cxcalc. 

Hydrogen bonding 

Counts of hydrogen bond acceptor atoms, defined as the total number of oxygen and 

nitrogen atoms able to accept hydrogen bond(s) for the major protonation state at pH 

7.4, were made using cxcalc. Also, counts of hydrogen bond donors, defined as the 

total number of N–H and O–H bonds present in the major protonation state at pH 7.4, 

were made using cxcalc.  

Polar surface area 

Polar surface area (PSA) refers to the total exposed (non-bonding) surface area of all 

polar groups i.e. nitrogen and oxygen, and any hydrogen atoms directly attached to 

these. The method used here (via cxcalc), known as topological polar surface area 

(TPSA), was used to calculate PSA for the major protonation form at pH 7.4. TPSA 

calculates PSA using only two-dimensional descriptors (SMILES strings were used 
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here), yet provides a good approximation to PSA values obtained from other methods 

that take the three-dimensional structure of the molecule in account8.

Number of rotatable bonds 

Counts of rotatable bonds were made using cxcalc. Non-rotatable bonds, as defined 

by cxcalc, are bonds that were unsaturated, single bonds connecting hydrogens or 

terminal atoms, single bonds of amides and sulphonamides, or single bonds 

connecting two hindered aromatic rings (having at least three ortho substituents). 

(Chemaxon (http://www.chemaxon.com/marvin-

archive/6.1.0/marvin/help/calculations/geometrygroup.html)) 

Mode of action and application stage 

A recent analysis of pesticides by Klein and Lindell9 observed clustering of 

physicochemical properties for specific modes of action. To include and extend this 

type of analysis the mode of action and recommended application stage (pre/post 

emergence) for the 334 herbicides were sought in the most recent edition of The 

Pesticide Manual2. If the mode of action was unknown, vague or ambiguous the term 

“unknown mode of action” was entered into the database. 
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Chapter 3. Herbicidal properties of antimalarial drugs 

Preface 

In the following papers by Corral et al. (2017) published in Scientific Reports the 

authors looked at the effects of antimalarial drugs (e.g. artemisinins, antifolates) on 

germinating Arabidopsis thaliana seeds. Some of these compounds displayed 

herbicidal activity in ranges similar to those of commercial herbicides. Phenotypical 

responses varied among compounds, including chlorosis of the cotyledons from 

yellowing to fully bleaching, growth inhibition after the emergence of the radicle, 

and no herbicidal effect. The physicochemical properties of the antimalarials tested 

here were compared to the ones of commercial herbicides via cluster analysis using 

the interactive database described in Chapter 2. Overall, antimalarials displaying 

herbicidal potency were found with similar physicochemical properties to herbicides. 

Author contribution: Corral, M.G. performed experiments (90%), analysed the data 

(90%) and wrote the manuscript (75%); Leroux, J. performed experiments (5%); 

Stubbs, K.A. analysed the data (5%) and wrote the manuscript (5%); Mylne, J.S. 

conceived the study (100%), performed experiments (5%), analysed the data (5%) 

and wrote the manuscript (20%).  
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Herbicidal properties of 
antimalarial drugs
Maxime G. Corral , , Julie Leroux , , Keith A. Stubbs  & Joshua S. Mylne ,

The evolutionary relationship between plants and the malarial parasite Plasmodium falciparum is well 
established and underscored by the P. falciparum apicoplast, an essential chloroplast-like organelle. As 
a result of this relationship, studies have demonstrated that herbicides active against plants are also 
active against P. falciparum and thus could act as antimalarial drug leads. Here we show the converse 
is also true; many antimalarial compounds developed for human use are highly herbicidal. We found 
that human antimalarial drugs (e.g. sulfadiazine, sulfadoxine, pyrimethamine, cycloguanil) were lethal 
to the model plant Arabidopsis thaliana at similar concentrations to market herbicides glufosinate and 
glyphosate. Furthermore, the physicochemical properties of these herbicidal antimalarial compounds 

A. thaliana 
to reveal mode-of-action for understudied antimalarial drugs, and (ii) co-opting antimalarial compounds 
as a new source for much needed herbicide lead molecules.

Malaria is caused by protozoan endoparasites that belong to the genus Plasmodium and the phylum Apicomplexa 
with transmission between human hosts performed by female Anopheles mosquitoes. Interestingly, these proto-
zoan parasites have much in common with plants1. The most obvious plant connection is that most apicomplexan 
parasites harbour a plastid similar to the chloroplast of plants and algae, known as the apicoplast. The origin of 
the apicoplast in Plasmodium and other apicomplexans is thought to be from secondary endosymbiosis whereby 
a heterotrophic eukaryote engulfed a red algal ancestor, the latter being retained as a plastid2–5. The apicoplast 
is non-photosynthetic, but critical for the survival of Plasmodium as it is involved in the synthesis of fatty acids, 
iron-sulphur clusters and haem, that are essential for the liver and mosquito stages of the parasite life cycle4–7. 
The production of isoprenoid precursors by the apicoplast is essential for the human blood stage8,9. In addition 
to this prominent chloroplast relic, many genes thought to have originated from the red algal ancestor have 
also transferred into the nuclear genome of apicomplexan parasites in a similar manner to chloroplast-encoded 
genes in plants10. Of note is that comparison of the P. falciparum genome with other annotated eukaryotic 
genomes revealed greater similarity of P. falciparum to the flowering plant Arabidopsis thaliana than any other 
non-apicomplexan taxa1.

A. thaliana was the first plant to have its genome sequenced11 and has become one of the most heavily studied 
model organisms in genetics and molecular biology. It is genetically tractable, has a small genome (135 MB, 5 
chromosomes), a short life cycle and is easy to grow. A wealth of natural variants and gene knock-out lines are 
available as well as classical point mutants induced by mutagens such as ethyl methanesulfonate12.

The evolutionary relationship between apicomplexans and plants is not only apparent at the organelle level, but 
also from the activity of herbicides against Plasmodium. Indeed, pharmaceutical and agrochemical leads often show 
similarities in structure and activity13. Delaney et al.14 showed that the 20 most frequently used side chain groups 
in pharmaceutical drugs are found with similar frequency in herbicides. Coupled with this is that the target sites 
or biological processes that human drugs and agrochemicals interact with are sometimes shared. As such, com-
pounds toxic to plants might similarly affect other organisms like Plasmodium species with examples available 
for commercial herbicides13. The widely used commercial herbicide glyphosate inhibits the P. falciparum asexual 
blood-stage in vitro, suggesting a shikimate pathway is shared with plants15. The commercial herbicide endothall 
inhibited growth of a chloroquine-sensitive P. falciparum strain with an IC50 of ≈ 8 μ M16. Dinitroaniline-type her-
bicides also have activity against protozoal parasites including Plasmodium species17–19. In a larger study, the activ-
ity of 680 commercial agrochemicals including insecticides, fungicides and herbicides were systematically tested  
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in vitro and in vivo on Plasmodium species, Leishmania species and trypanosomal parasites. Some of the com-
pounds were highly active against protozoan pathogens and have potential as drug leads20.

Along with commercial herbicides, relationships between herbicidal and antimalarial compounds at the 
pre-development stage have also been reported in the literature. Witschel et al.21 investigated inhibitors of plant 
serine hydroxymethyltransferase, a key enzyme in the folate cycle, and showed many had significant activity 
against both P. falciparum and P. vivax enzymes. The antibiotic fosmidomycin which targets 1-deoxy-D-xylulose-
5-phosphate reductoisomerase has been shown to be antimalarial22. Finally, the aryl bis-sulfonamides which are 
inhibitors of 2-methylerythritol 2,4-cyclodiphosphate synthase, were found to inhibit both A. thaliana and P. 
falciparum enzymes in vitro23.

Despite there being considerable interest in using herbicides as antimalarial compounds, applications in the 
reverse direction are lacking. Thus we explored this rationale, namely whether compounds specifically designed 
to kill Plasmodium and other apicomplexans are also active against plants. We found many antimalarial drugs 
to be herbicidal, which offers two new avenues for future research; the first and most obvious is to use the sig-
nificant knowledge of antimalarial drugs to consider new chemistries or modes-of-action for herbicides. The 
second and more radical possibility is to use the genetically tractable A. thaliana to explore what could be shared 
modes-of-action for understudied antimalarial drugs.

Results
A. thaliana growth. To test the effect of compounds, sterile A. thaliana 

seeds were sown on media containing sugar, salts and vitamins, and supplemented with a compound of inter-
est. After two weeks, the extent of growth inhibition for each compound was assessed by analysing images with 
ImageJ (Fig. 1). Most of the herbicides chosen (Table 1) inhibited A. thaliana germination and growth at 20 μ g/mL  
(Fig. 2). Asulam inhibited growth after radicle emergence, whereas atrazine, glufosinate and glyphosate halted 
growth after expansion of what were chlorotic cotyledons. Atrazine was the only herbicide tested that displayed 
apparent instability, being less effective after one week of light (Supplementary Fig. 1). The concentration 20 μ g/mL  
was sub-lethal for oryzalin and dicamba which across conditions inhibited growth by 76% and 64% respectively 
with arrested growth at the cotyledon stage. Trifluralin was less effective at 20 μ g/mL, inhibiting growth by ≈ 50%. 
This is probably due to the well-known instability under sunlight and volatility of dinitroanilines24,25. Clethodim 
is a monocot-specific herbicide and inhibited A. thaliana (dicot) growth only by 3–30% and allowed true leaves 
to emerge (Supplementary Fig. 1). Overall these control compounds highlight that even successful market her-
bicides range in efficacy against A. thaliana and similarly, an antimalarial drug might not affect A. thaliana, but 
could remain highly effective against other, non-tested plant species.

Antimalarial compounds with herbicidal activity. Of the twenty antimalarial compounds tested, 
(Table 1) eleven were active against A. thaliana at 20 μ g/mL (Fig. 2). The artemisinin-based drugs artesu-
nate and dihydroartemisinin (DHA) showed 98% growth inhibition and induced chlorosis in the cotyledons. 
Ciprofloxacin, clindamycin and methacycline allowed germination and full expansion of cotyledons that were 
completely white. Methacycline efficacy was reduced by light pre-treatment, but not dark pre-treatment, suggest-
ing light sensitivity. Doxycycline, a tetracycline like methacycline, also induced chlorosis, but the plants yellowed 
rather than fully bleaching. Doxycycline showed some light sensitivity, but less than methacycline. The antifolates 

Figure 1. Quantification of plant growth. To quantify growth within a plate using ImageJ, an original image 
(i) was filtered using the ‘Threshold Colour’ plug-in so that only the shades of green are retained (ii) before the 
image was converted to an 8-bit image (iii) and threshold adjusted to convert grey shades into red pixels that are 
measurable by ImageJ (iv). In this way, from an image, the green pixels can be counted and a value for total area 
in mm2 obtained.
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pyrimethamine, cycloguanil, sulfadoxine and sulfadiazine inhibited development allowing only emergence of the 
radicle. Dapsone, another antifolate, was effective under normal conditions, but was unstable showing reduced 
efficacy after light or dark pre-treatment of the medium, although the latter was not statistically significant at 
95% confidence (P1 =  0.056). Amodiaquine, atovaquone, azithromycin, chloroquine, halofantrine, lumefantrine, 
mefloquine, piperaquine and primaquine did not have any herbicidal activity against A. thaliana at 20 μ g/mL 
(Supplementary Fig. 1).

Calculating LD  for herbicidal antimalarials. The antimalarial compounds that were stable and her-
bicidal at 20 μ g/mL, were tested at a range of concentrations to determine potency alongside the herbicides 
glyphosate, glufosinate, asulam and atrazine as controls (Fig. 3A). Dose-response curves demonstrated a range of 
potencies (Fig. 3B,C) with the herbicides atrazine and asulam being the most potent compounds tested, with LD50 
values of 0.19 μ g/mL and 0.26 μ g/mL, respectively. Of the eight antimalarial and antibiotic compounds tested here, 
the antibiotics ciprofloxacin (LD50 =  0.45 μ g/mL) and clindamycin (LD50 =  0.9 μ g/mL), and the antifolates sulfadi-
azine (LD50 =  0.86 μ g/mL) and sulfadoxine (LD50 =  1.29 μ g/mL) were the most herbicidal, notably with greater 
potency than glufosinate and glyphosate. The artemisinin derivate DHA was slightly more herbicidal than artesu-
nate with LD50 values of 2.9 μ g/mL and 5.0 μ g/mL respectively. The antifolate cycloguanil (LD50 =  5.6 μ g/mL)  
was of similar potency to pyrimethamine (LD50 =  7.1 μ g/mL) and glyphosate (LD50 =  7.0 μ g/mL). These data show 
some antimalarial compounds have similar or greater potency than the active ingredients of market herbicides.

The physicochemical properties of antimalarials vs herbicides. Although the physicochemical 
properties of herbicides and pharmaceuticals have much in common26, there are some consistent differences. 
Notably this includes the number of hydrogen bond donors, which in herbicides is rarely greater than one, 
whereas oral drugs can have up to five27. To determine whether the physicochemical properties of a specific 
antimalarial explains its herbicidal efficacy we subjected the tested compounds to a cluster analysis (Fig. 4) using 
an interactive database that compares and displays properties of 334 commercial herbicides26. In general, anti-
malarials have similar physicochemical properties to herbicides however compounds without herbicidal activity 
were often at the fringes, or outliers, when their physicochemical properties were mapped onto those of herbi-
cides (Fig. 4). For example the larger compounds halofantrine, lumefantrine and piperaquine were outliers when 
polar surface area was plotted against molecular mass (Fig. 4D). Although their polar surface area is similar to 
herbicides with molecular masses of 150–400, compared to herbicides with molecular mass above 500, the polar 

Herbicides CAS #
asulam 3337-71-1
atrazine 1912-24-9
clethodim 99129-21-2
dicamba 1918-00-9
glufosinate ammonium 77182-82-2
glyphosate 1071-83-6
oryzalin 19044-88-3
trifluralin 1582-09-8
Antimalarial
amodiaquine 6398-98-7
artesunate 88495-63-0
atovaquone 95233-18-4
azithromycin 83905-01-5
chloroquine 50-63-5
ciprofloxacin 85721-33-1
clindamycin 58207-19-5
cycloguanil 152-53-4
dapsone 80-08-0
dihydroartemisinin 71939-50-9
doxycycline 10592-13-9
halofantrine 69756-53-2
lumefantrine 82186-77-4
mefloquine 53230-10-7
methacycline 3963-95-9
piperaquine 4085-31-8
primaquine 90-34-6
pyrimethamine 58-14-0
sulfadiazine 68-35-9
sulfadoxine 2447-57-6

Table 1.  Compounds tested in this study.
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Figure 2. Growth of A. thaliana on media containing herbicides and antimalarials. A. thaliana was raised 
from seeds on growth media containing 20 μ g/mL of antimalarials and antibiotics (top row, middle row) 
in comparison to negative controls (DMSO, water) and known herbicides (bottom row). To test light and 
solution instability, media was pre-treated at 22 °C with light for 1 week (+ light) or left at 4 °C in the dark for 1 
week (+ dark/cold) before sowing seeds. For each compound and condition, three replicates were done and a 
representative image is shown.

Figure 3. Potency of herbicidal antimalarials. (A) A. thaliana seeds raised on a concentration gradient of 
herbicides, antimalarials, and antibiotics. (B) Dose-response curves for all compounds, except DMSO. The 
X-axis is a log scale with concentrations tested. The Y-axis is given as percentage growth inhibition compared 
to DMSO control. Each data point is a mean value from six replicates (details in Supplementary Table 2). (◆) 
Ciprofloxacin, (■ ) atrazine, (△ ) asulam, (×) sulfadiazine, (×) sulfadoxine, (◯ ) clindamycin, ( ) glufosinate 
ammonium, (▬) artesunate, (▭) cycloguanil, (◇ ) DHA, (□ ) glyphosate, and (▲ ) pyrimethamine. (C) LD50
(μ g/mL) measured for all compounds.
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surface area of these three compounds is exceptionally low. Methacycline and doxycycline, which were herbicidal 
but light sensitive, were outliers in graphs of polar surface area versus distribution coefficient (Fig. 4C) and polar 
surface area versus molar mass (Fig. 4D). In general though physicochemical properties alone could not explain 
the efficacy for some compounds. Another explanation is that some antimalarial modes-of-action will target 
processes that do not exist in plants (e.g. haem-binding by chloroquine).

Discussion
The present study aimed to assess whether antimalarial compounds that have been historically used to treat 
malaria are also active as herbicides against plants. We tested twenty compounds ranging from highly specific 
antimalarial drugs to antimalarial antibiotics and of these, eleven were as potent or more potent than some com-
mercial herbicides (Fig. 2, Supplementary Fig. 1). As plants and malarial parasites share a common evolutionary 
history, we believe that inhibitors of malarial cellular components might also be active against the orthologous 
components in plants. Such compounds could offer novel chemistries with new modes-of-action for the develop-
ment of plant-specific inhibitors. Herbicide discovery has dramatically declined since the widely used herbicide 
glyphosate and glyphosate-resistant crops were implemented28. Just over twenty herbicide modes-of-action are 
known and no new mode-of-action has been used for herbicides released in the past two decades29. The impor-
tance of designing novel herbicidal chemistries is further underlined when looking at the alarming number of 252 
weed species that have evolved resistance to one or more herbicidal mode-of-action. To glyphosate alone there are 
269 reported cases of resistance in 27 countries from all over the globe30,31.

Inhibitors active against malarial parasites but showing only mild or no effect on plants can be explained by; 
(i) the active compound has no molecular targets in planta, (ii) the compound has a molecular target in planta, 

Figure 4. Physicochemical properties of antimalarial compounds versus herbicides. Representative 
charts (A–C) were extracted using an interactive database containing the physicochemical properties of 334 
commercial herbicides26. New data points (i.e. compounds studied here) were added to the database and plotted 
on graphs comparing two chemical properties, (A) molar mass vs lipophilicity (Log P), (B) molar mass vs 
aqueous solubility (Log S), (C) distribution coefficient (Log D) vs polar surface area (Å2) and (D) molar mass 
vs polar surface area (Å2). Cluster analyses show the general trends into which the antimalarial compounds fall. 
Black dots represent the antimalarial compounds that significantly inhibited plant growth, whereas solid grey 
dots represent antimalarial compounds with poor or no herbicidal activity. Transparent dots represent the 334 
herbicidal compounds of the original database26.
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but interaction is prevented by physical barriers (e.g. root epidermis, leaf cuticle, lack of membrane transporters), 
(iii) the inhibitor has a target but is rapidly catabolised by the plant cell to be inactive.

The 4-aminoquinoline drugs chloroquine and amodiaquine have been widely used to prevent and treat
malaria until resistant P. falciparum emerged32,33. In Arabidopsis, neither compound was herbicidal. The mech-
anism of action of chloroquine is well established, and the chemically similar amodiaquine is assumed to act in 
a similar fashion34. During haemoglobin catabolism, free haem is converted by Plasmodium into its insoluble 
and non-toxic form called haemozoin. Chloroquine binds to free haem, which prevents its conversion and the 
parasite becomes susceptible to haem toxicity35,36. Resistance to chloroquine is linked to mutations in membrane 
proteins of the parasite digestive vacuole37,38. Although the mode-of-action of mefloquine, halofantrine, piper-
aquine and lumefantrine remains unclear, evidence suggests that they also interfere with haemozoin formation39. 
As haemoglobin and the process of converting haem to haemozoin is absent in plants, this may explain the lack 
of herbicidal activity observed for all these compounds.

Primaquine is an important drug active in the liver stage of Plasmodium infections, mainly in P. vivax40. Its 
mechanism of action, although unclear, is thought to involve disruption of mitochondrial function41. It is sug-
gested that primaquine metabolism in the body leads to the production of reactive intermediates and free radicals 
which account for its activity42. As primaquine showed no herbicidal activity against Arabidopsis and given that 
primaquine metabolism is required for its antimalarial activity, it is possible that primaquine is not metabolised 
in planta, thus remains inactive.

The macrolide antibiotic azithromycin is a semi-synthetic erythromycin derivative. Although it has activity 
against P. falciparum, especially in synergy with quinine43, azithromycin is a relatively weak antimalarial both  
in mono- and combination therapy44. In bacteria, azithromycin binds to the 50S ribosomal subunit and blocks 
transpeptidation and polypeptide translocation during translation, therefore inhibiting protein synthesis45.  
In vitro studies using Plasmodium species also showed that azithromycin could inhibit parasite invasion of red 
blood cells, a role independent of inhibition of protein synthesis46. In our study, azithromycin did not display 
herbicidal activity, possibly due to a lack of target. Alternatively, azithromycin might be able to target ribosomal 
functions in Arabidopsis as it does in bacteria, but lacks the required physicochemical properties to be active in 
plants (Fig. 4A,B and D).

Doxycycline and methacycline are broad-spectrum tetracycline antibiotics. In prokaryotes, tetracyclines 
block protein translation by binding to the ribosomal 30S subunit47. Although the mechanism of action for 
tetracyclines in Plasmodium remains unclear, doxycycline has been shown to act by disrupting the expression 
of apicoplast-encoded genes48. In Arabidopsis, doxycycline and methacycline induced bleaching of the cotyle-
dons (Fig. 2). This might indicate that tetracyclines affect chloroplast function or have downstream effects on 
protein synthesis that leads to chlorophyll depletion. Although these compounds showed potential as herbi-
cide leads, both compounds are light-sensitive, a downside of tetracycline antibiotics49. For obvious reasons, 
photo-sensitivity limits a compound being considered as an herbicidal lead.

Clindamycin is a semi-synthetic lincomycin derivative with antibiotic, antimalarial and anti-apicomplexan 
(e.g. Toxoplasma gondii) activities50. In prokaryotes, clindamycin binds the 50S ribosomal subunit and prevents 
interaction of peptidyl-tRNA with the ribosome, thereby inhibiting protein translation51. In protozoan parasites, 
clindamycin targets the apicoplast large rRNA subunit as inferred from clindamycin-resistant T. gondii mutants 
that harbour a point mutation in the apicoplast large rRNA subunit52. Clindamycin was revealed to be one of the 
most herbicidal compounds, with greater activity than glufosinate and glyphosate. Except for azithromycin, all 
inhibitors of protein synthesis tested here were herbicidal. Their mode-of-action in Arabidopsis could be similar 
to that in bacteria and protozoa. In terms of potency, ciprofloxacin, a quinolone-based antibiotic, was also more 
active than glufosinate and glyphosate in the plate assay (Fig. 4). It was recently shown that A. thaliana DNA 
gyrase, a type II topoisomerase, is the target of ciprofloxacin through the identification of a point mutation in the 
ATGYRA gene responsible for ciprofloxacin resistance in an A. thaliana genetic mutant53. Of the ∼ 20 known her-
bicide modes-of-action, DNA gyrase is not a current target of any market herbicide26, making the mode-of-action 
of ciprofloxacin an attractive avenue for the development of new herbicides.

Artesunate and dihydroartemisinin (DHA) are semi-synthetic derivatives of the antimalarial agent artemis-
inin, a natural product found in the Chinese herb Artemisia annua54. Artemisinin derivatives are the most widely 
used antimalarial drugs and are important components of artemisinin derivative-based combination therapies 
for the treatment of uncomplicated malaria55. The molecular mechanisms by which artemisinins act as antima-
larials are still unclear and multiple modes-of-action have been proposed including interfering with iron-haem 
interactions and stimulating the formation of radical intermediates56,57, targeting of a calcium-ATPase transport 
protein, PfATP6 which affects calcium levels required for parasite invasion in red blood cells58 and interference 
in the formation of polyphosphorylated phosphoinositides, which are important regulators of signalling and 
trafficking functions in most eukaryotes59. Both artesunate and DHA were potent herbicides and although using 
such important compounds in an herbicidal context is unlikely, using A. thaliana as a model to gain insight into 
its mode-of-action might be sought.

The antifolates are important inhibitors of folate synthesis and metabolism. Folate and its derivatives are 
essential co-factors for DNA synthesis and production of several amino acids60. Of the enzymes involved in 
the folate pathway, dihydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS) are well described 
as the molecular targets of important antifolate drugs. In both Plasmodium parasites and plants, DHFR is part 
of a bifunctional protein with thymidylate synthetase (DHFR-TS). Plant DHPS is also part of a bifunctional 
protein with hydroxymethylpterin pyrophoskinase (PPPK-DHPS)61. Pyrimethamine and cycloguanil inhibit P. 
falciparum DHFR-TS by binding DHFR62, whereas the sulfa-based drugs sulfadoxine, sulfadiazine and dapsone 
act by binding DHPS in bacteria and protozoans63,64. Here, all DHFR and DHPS inhibitors tested were herbicidal 
with dapsone the only compound that displayed photosensitivity. In addition all the compounds display good 
herbicidal physicochemical properties and as Arabidopsis and Plasmodium share the bifunctional-type DHFR and 

35



www.nature.com/scientificreports/

SCIENTIFIC REPORTS

DHPS proteins, we expect the antifolate drugs tested here to have the same mode-of-action in plants and could 
present interesting starting points for new herbicidal development.

The mode-of-action for many antimalarials, some in use for decades, are unclear or unknown. As a result this 
prevents a greater understanding of the biological action of the compound and also prevents development of more 
potent compounds for the target. Some examples are the artemisinin-based compounds whose mode-of-action 
remains controversial and other, novel and promising antimalarial compounds whose modes-of-action remain 
to be investigated65. If the evolutionary relationship between Arabidopsis and Plasmodium is close enough that 
the antimalarial compounds have the same mode-of-action and same targets, the genetically tractable A. thaliana 
might have a place to study the biological action of these materials. Chemically mutagenized seeds could be 
sown and grown under drug selection to find resistant plants and map-based cloning of the resistance lesions 
could reveal the target or explain the compounds mode-of-action. Such a strategy has been employed by Jander 
et al.66 in the study of herbicide resistance where screens that used chlorsulfuron and imazethapyr found lesions 
in their target, acetolactate synthase, which is crucial for the biosynthesis of the branched-chain amino acids. 
Fluoroquinolones such as ciprofloxacin, are known topoisomerase inhibitors and have been shown to have poten-
tial as antimalarial compounds67. A mutagenesis strategy using A. thaliana seeds and screening for resistant plants 
found a genetic mutation in the equivalent plant target of ciprofloxacin, DNA gyrase A53 thus demonstrating 
the tractability of using A. thaliana to identify putative modes-of-action. Such a forward genetic approach using  
A. thaliana would not work for all antimalarial drugs, but would be very useful for protein targets where gene loss 
or single amino acid substitutions can render plants resistant to the compound.

Conclusions
Our study shows that compounds designed for treating malaria also display herbicidal activity. As antimalarial 
drugs are non-toxic to humans and display, in general, good physicochemical properties (e.g. water solubility) 
these make them attractive bioactive molecules. Due to the alarming recent increases in herbicide resistance, 
such compounds could offer a good starting point in the design of new herbicidal chemistries. Here we show 
that some antimalarials are as potent, or more potent, than the active components of commercial herbicides. 
From these observations, a few questions are raised; do all herbicidal antimalarials act in plants in similar ways 
as in malaria parasites, that is, do they inhibit similar proteins or affect the same pathways? If so, mutagenesis of 
the genetically tractable A. thaliana and screening for drug resistant plants could reveal the modes-of-action for 
understudied antimalarial drugs in the same way that forward genetics can reveal targets for herbicides. Another 
use of this cross-over concept is whether the significant resources that have become available for the development 
of antimalarial lead compounds could also be used to develop novel herbicides. The alarming rise globally in her-
bicide resistance in weeds30 is driving the agrochemical industry to search for new lead compounds and ideally, 
compounds with novel modes-of-action.

Methods
Germination assays. Arabidopsis thaliana ecotype Col-0 seeds were surface sterilised for 3 min in 70% eth-
anol, followed by 1 min in 100% ethanol and then soaked for 3 min in sterile water. Seeds were re-suspended 
in sterile 0.1% agar and incubated at 4 °C for 3 days to synchronise subsequent germination. Following this 
stratifi-cation treatment, seeds were sown on 96-well microplates (TrueLine, USA) with each well containing 
0.25 mL of growth medium (1% agar, 1% glucose, 0.45% Murashige & Skoog salts with vitamins, 0.3% 2-(N-
morpholino)-ethanesulfonic acid (MES) (v/v), pH 5.7) and the appropriate dose of DMSO, antimalarial, 
antibiotic or herbicide. Plates were sealed with porous tape and transferred to a chamber at 22 °C for two 
weeks under 16 h days and 60% relative humidity before a photo of each plate was taken. To initially 
determine the herbicidal nature of the antimalarial compounds, a screen using a single concentration was 
performed (20 μ g/mL). If herbicidal activity was displayed, the assay was repeated with a range of 
concentrations (three biological replicates per condition). To investigate compound stability, plates were pre-
treated for one week prior to seed sowing either by being left under lights at 22 °C or in the dark at 4 °C. 
Growth of seeds sown on these pre-treated plates were compared to seeds sown on freshly prepared plates.

Commercial herbicides, antimalarials and antibiotics. Twenty-eight compounds were tested for 
an herbicidal effect on A. thaliana. Eight commercially available herbicides were compared to twenty 
antimalarial compounds (Table 1). Amodiaquine, chloroquine, ciprofloxacin, glufosinate ammonium, 
glyphosate and oryza-lin were obtained from Sigma-Aldrich. Artesunate was obtained from Pharbaco Central 
Pharmaceutical J.S.C., mefloquine from Roche, and asulam from Sapphire Bioscience. The rest (atovaquone, 
atrazine, azithromycin, clethodim, clindamycin, cycloguanil, dapsone, dicamba, dihydroartemisinin, 
doxycycline, halofantrine, lumefan-trine, methacycline, piperaquine, primaquine, pyrimethamine, sulfadiazine, 
sulfadoxine, trifluralin) were sourced from AK Scientific. Stock solutions were prepared in DMSO, except 
chloroquine and glyphosate, which were prepared in water. Initial screening was at 20 μ g/mL and the 
compounds that showed herbicidal activity were tested at a range of concentrations with DMSO as the 
negative control and four herbicides as po sitive controls.

 To quantify growth inhibition on plates, photos were analysed 
using ImageJ (National Institutes of Health, 1.47 v). The ‘Threshold Colour’ plug-in was adjusted to 
specifically follow green pixels as a correlation of healthy seedlings, as opposed to chlorotic leaves which display 
pale yellow or white pixel characteristics. To display only green channels the settings ‘Hue’ was 50–110, 
‘Saturation’ was 125–255 and ‘Brightness’ 30–255. Images were then converted into 8-bit format and the 
threshold adjusted to change the grey-scale into red pixels that could be measured (ImageJ). Total green pixels 
were then compared to total well area (mm2) and data were normalised against the negative control (DMSO or 
water) to provide percentage inhibition.
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Physicochemical properties of herbicidal compounds. The physicochemical properties of the tested 
compounds were calculated as described in Gandy et al.26 and displayed in the context of the physicochemical 
properties for 334 known herbicides.
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Supplementary Information:  

Herbicidal properties of antimalarial drugs 
Maxime G. Corral, Julie Leroux, Keith A. Stubbs, Joshua S. Mylne 

Supplementary Figures 

Supplementary Figure 1 | A. thaliana growth inhibition by herbicides and antimalarial 
compounds 
The effect of herbicides, antimalarials and antibiotics is given as a percentage of growth 
inhibition under normal conditions, light treatment and dark/cold treatment. DMSO and 
water were used as controls. Values are given as the mean of % growth inhibition from 
three replicates and the error bars represent standard error. Statistical differences from the 
DMSO control were determined using a Student’s t-test and are represented with an 
asterisk (*P < 0.5, **P < 0.1 and ***P < 0.01). Grey shading highlights the compounds for 
which significant differences were found between treatments. 
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Supplementary Tables 
Supplementary Table 1 | A. thaliana growth inhibition by herbicides and antimalarial 
compounds 
Values are given as the mean (± SE) of the total area (mm2) of seedlings grown in a single 
well (using method illustrated in Fig. 1) from three replicates. Data was normalised against 
data from the relevant control (DMSO or water). Asterisks represent significant differences 
between a compound and its control according to Student’s t-test at P < 0.05 (*), P < 0.01 
(**) and P < 0.001 (***). Superscript letters indicate significant differences between 
conditions for the same compound. In this instance, when P values are mentioned, P1 refers 
to as values compared between ‘normal conditions’ and ‘light treatment’, P2 refers to as 
values compared between ‘light treatment’ and ‘dark/cold treatment’, and P3 refers to as 
values compared between ‘normal conditions’ and ‘dark/cold treatment’. 

Normal conditions Light treatment Dark/Cold treatment 
DMSO 30.03 ± 3.23 26.72 ± 5.42 29.40 ± 4.19 
amodiaquine 30.22 ± 4.81 34.84 ± 5.17 24.85 ± 3.40 
primaquine 30.15 ± 3.30 32.67 ± 7.70 27.32 ± 5.36 
piperaquine 29.46 ± 4.81 36.86 ± 1.97 34.54 ± 0.93 
halofantrine 29.25 ± 4.59 39.46 ± 1.49 34.88 ± 4.31 
azithromycin 29.02 ± 3.29 27.04 ± 5.52 32.18 ± 0.94 
mefloquine 28.97 ± 3.44 32.06 ± 3.95 27.99 ± 6.29 
lumefantrine 28.90 ± 4.88 34.71 ± 4.68 27.78 ± 7.22 
clethodim 23.71 ± 5.04 25.88 ± 2.25 20.12 ± 1.20 
atovaquone 23.21 ± 0.55 28.20 ± 6.19 26.86 ± 1.58 
trifluralin 11.13** ± 0.78 14.33 ± 3.06 16.26 ± 2.65 
dicamba 9.39** ± 0.49 10.47 ± 3.53 10.93* ± 2.53 
oryzalin 5.13** ± 0.55 6.88* ± 3.48 9.05* ± 2.81 
doxycycline 3.93** ± 1.66 a,c 12.84 ± 1.82 b 3.26** ± 1.33 a,c 
atrazine 2.37** ± 0.69 a,c 11.06* ± 1.19 b 2.94** ± 0.24 a,c 
artesunate 0.61*** ± 0.29 a 1.20** ± 0.70 a,b 2.50** ± 0.04 b 
methacycline 0.37*** ± 0.29 a,c 19.85 ± 2.42 b 0.37** ± 0.20 a,c 
glufosinate 0.30*** ± 0.08 0.05** ± 0.02 0.07** ± 0.05 
dapsone 0.29*** ± 0.15 a 8.87* ± 2.14 a,b 5.14** ± 0.64 b 
DHA 0.04*** ± 0.04 0.28** ± 0.18 0.94** ± 0.50 
sulfadoxine 0*** 0** 0** 
sulfadiazine 0*** 0** 0** 
asulam 0*** 0** 0** 
cycloguanil 0*** 0** 0** 
pyrimethamine 0*** 0** 0** 
clindamycin 0*** 0** 0** 
ciprofloxacin 0*** 0** 0.06** ± 0.06 
Water 33.74 ± 1.97 37.03 ± 2.64 37.75 ± 0.88 
chloroquine 21.54 ± 5.46 30.75 ± 0.24 29.88 ± 5.76 
glyphosate 3.04*** ± 1.65 4.68** ± 2.63 5.39*** ± 1.81 
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Supplementary Table 2 | Potency of herbicidal antimalarial compounds versus controls 
Values are given as the mean (± SE) of the total area (mm2) of seedlings grown in a single 
well (using method in Fig. 1) from six replicates. Compounds were tested at different 
concentrations and data were plotted as dose-response curves (Fig. 3B). 
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Chapter 4. Exploiting the evolutionary relationship between 

malarial parasites and plants to develop new herbicides 

Preface 

Based on the observations that many antimalarial drugs also have herbicidal qualities 

(see Chapter 3) we were interested in testing additional antimalarial compounds. To 

do so, a set of compounds from a chemical library provided as the ‘Malaria Box’ 

with activity against the malarial parasite Plasmodium was tested for herbicidal 

activity in A. thaliana. One compound in particular, i.e. MMV006188, was selected 

as it displayed interesting herbicidal activity and herbicide-like physicochemical 

properties. Analogues of this lead molecule modified at two different motifs were 

obtained and tested against A. thaliana for structure-activity studies. In addition, 

MMV006188 was tested on crop weeds and further studied using physiological 

profiling-based assays revealing a potential mode of action likely to affect 

photosystem II. 

Author contribution: Corral, M.G. performed experiments (80%), analysed the data 

(80%) and wrote the manuscript (60%); Leroux, J. performed experiments (10%); 

Tresch, S. & Newton, T. performed experiments (10%); Stubbs, K.A. conceived the 

study (50%), analysed the data (10%) and wrote the manuscript (30%); Mylne, J.S. 

conceived the study (50%), analysed the data (10%) and wrote the manuscript 

(10%). 

  



German Edition: DOI: 10.1002/ange.201705400Crop Protection
International Edition: DOI: 10.1002/anie.201705400

Exploiting the Evolutionary Relationship between Malarial Parasites
and Plants To Develop New Herbicides
Maxime G. Corral, Julie Leroux, Stefan Tresch, Trevor Newton, Keith A. Stubbs,* and
Joshua S. Mylne*

Abstract:Herbicide resistance is driving a need to develop new
herbicides. The evolutionary relationship between apicom-
plexan parasites, such as those causing malaria, and plants is
close enough that many antimalarial drugs are herbicidal and
so represent novel scaffolds for herbicide development. Using
a compound library from the Medicines for Malaria Venture,
the model plant Arabidopsis thaliana, and a physicochemical
database of known herbicides, a compound was discovered
that showed post-emergence herbicidal activity equal to
commercial herbicides. Using structure–activity analysis,
important points for its potency were found. The compound
was also tested and found to be active against common crop
weeds. Physiological profiling suggested the compound was
a photosystem II inhibitor, representing a new scaffold for
herbicide development. Overall this approach demonstrates
the viability of using antimalarial compounds as lead com-
pounds for the development of much needed new herbicides.

The world population of an estimated 7.5 billion is growing
by some 80 million each year and faces significant challenges
due to climate change and competition for agricultural land.
This demand for increased food production makes food
security crucial.[1,2] Weeds represent a major economic burden
for modern agriculture by impacting crop productivity.[3] The
use of herbicides to control weeds has significantly increased
crop yield,[4] but the emergence of herbicide resistance in
weeds is limiting the efficacy of herbicides and threatens food
security. One example is glyphosate, introduced in the 1970s,[5]

a highly effective herbicide, but through overuse and misuse
coupled with widespread use on glyphosate-resistant crops,
resistance to it has emerged.[6] At present it has been
estimated that 252 weed species are resistant to one or
more herbicide compound groups (http://www.weedscience.

org). In addition to improved herbicide use and crop
management practice, the discovery of new herbicidal
agents is more urgent than ever.

Protozoan parasites, such as the causative agents of
malaria, share evolutionary connections with plants as
evidenced by the presence of a plastid-like non-photosyn-
thetic organelle, the apicoplast, similar to the chloroplast of
plants and algae.[7] The apicoplast is believed to have
originated from secondary endosymbiosis where a red algal
ancestor was engulfed by a heterotrophic eukaryote and kept
as a plastid.[8–10] Indeed, this evolutionary relationship has
been demonstrated to be close enough that commercial
herbicides can act as antimalarials.[11–15] We recently demon-
strated that many antimalarial drugs also have herbicidal
activity against the model plant Arabidopsis thaliana suggest-
ing that antimalarial lead compounds could also offer
a starting point for the discovery of new herbicides.[16]

A rich source of antimalarial lead compounds is available
from the Medicines for Malaria Venture (MMV) initiative.
The initiative aims to reinforce partnerships between the
public and private research sectors to enhance research and
development towards to the discovery of affordable and
effective antimalarial drugs (http://www.mmv.org). As
a result, the venture produced a “Malaria Box” that is
composed of drug-like and probe-like compounds that are
active to the blood stage Plasmodium falciparum, lack
toxicophores, are structurally diverse and chemically simple,
and are drug-like in their physico-chemical properties.[17] With
the Plasmodium–plant connection established,[16] we felt this
resource presented an excellent opportunity to find new
herbicidal compounds and give more credence to using
antimalarial compounds as herbicides.

Initially, using a small scale screening method, A. thaliana
seeds were germinated on agar with a selection of Malaria
Box compounds (80 in total) at a concentration of 80 mm.
Phenotypic responses to the different compounds were
observed (Figure 1A) and of the compounds tested, 11
showed herbicidal activity. Phenotypic responses ranged
from slow development of green seedlings (Hits A, B, E, F,
and H), chlorotic or fully white seedlings (Hits C, K, and I),
arrested growth after radicle emergence (Hits G and J), to
complete inhibition of germination (Hit D).

To refine the number of hit compounds to test on soil, the
physicochemical properties of the eleven hit compounds
selected from the plate assay were compared to those in an
interactive database of physicochemical properties of 334
commercial herbicides (Figure 1B; see also Figure S1 and
Table S1 in the Supporting Information).[18] Using cluster
analyses where two physicochemical properties (e.g. LogS,
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LogP, number of rotatable bonds) can be compared as well as
direct comparison of the physicochemical properties against
the average observed for known herbicides, the hits were
narrowed down to five compounds (Hits B, D, E, F, and G)
and these were taken forward for more rigorous analysis of
herbicidal activity using soil-grown A. thaliana. Seeds or
seedlings were treated with a range of concentrations of Hits
B, D, E, F, and G (0–400 mgL�1) to examine the compounds
herbicidal activity when applied pre- or post-emergence—an
important consideration in herbicide development.

Of the five hits tested on soil, Hit E was the most
herbicidal and was most effective when applied post-emer-
gence (Figure 1C and Figure S2). Hit E (Figure 1D) greatly
impacted growth of A. thaliana seedlings at 25 mgL�1 and
fully arrested plant development at 100 mgL�1 before emer-
gence of the first true leaves. To a lesser extent, this
compound showed growth inhibition when applied as a pre-
emergence compound starting at 200 mgL�1. Hit E
(MMV006188) has been investigated as an antimalarial and
reported to have inhibitory effects upon the P. falciparum
asexual blood-stage and merozoite stage and against ookinete
development and liver-stage infection of P. berghei.[19] Hits B,
D, F, and G that showed similar herbicidal qualities on agar-

based plant assays and similar physicochemical properties, did
not have any significant effect when applied to soil-grown
plants either as pre- or post-emergence applications. Soil-
grown is quite different to agar-grown. These compounds
might have structures that are chemically unstable in soil
conditions (important for pre-emergence) or unable to
penetrate leaves (important for post-emergence).

With this lead molecule Hit E (MMV006188) we sought to
determine which parts of it lead to the observed potency. Its
overall structure contains some chemically tractable motifs
that can easily be modified (Figure 1D). Analogues were
obtained where the core piperidinesulfonyl unit was retained,
but the carboxamide and chlorophenyl motifs were modified
with all compounds retaining physicochemical properties
similar to commercial herbicides (Figure S3).

A total of 39 analogues of MMV006188 were tested on
soil-grown A. thaliana along with the parent molecule and
eight commercial herbicides as controls (Figure 2, Figure 3
and Figure S4). All compounds were tested for pre- and post-
emergence activity. As expected, all commercial herbicides
tested showed herbicidal activity in A. thaliana either as pre-
or post-emergence, or both, consistent with each compound
mode of use. Of the 39 MMV006188 analogues tested, the
compounds 4, 12, 13, and 32 had similar herbicidal activity to
the parent molecule. Based on the data for 4, 12, and 13
removing the furanyl moiety did not seem to affect potency.

On the other hand, replacing the furanyl group with larger
motifs (6, 7, 8, 15, 20) or extending the length of the side chain
(19, 20, 23, 27–30) resulted in loss of herbicidal activity.
Removing the furanyl moiety and installing polar groups, as in
16 and 17, also reduced potency. Interestingly, motifs such as
5, 9, 14, 18 where the size of the side chain was similar, but the
furanyl moiety modified to include more flexibility and
potential H-bond forming groups, a loss of potency was also
observed. Modification of the 4-position of the carboxamide
functionality also affected herbicidal activity. When the amide
was replaced with a simple methyl group 1, an ester
functionality as in 3, or parent acid 2, herbicidal activity was
significantly impaired. These results indicate that the amide in
MMV006188 was critical to the potency of the parent
molecule.

A simpler structure–activity relationship was observed
when modifying the chlorophenyl motif (Figure 3). Herbici-
dal activity was lost when the chlorophenyl motif was
removed as in 31. The chloride moiety seems unimportant
as the potency of 32 was still good, but increased rotation in
this portion of the molecule, due to an extra methylene
moiety, as in 34 was not tolerated. When the chloride motif
was replaced with similar sized moieties as in 33 and 35,
herbicidal activity was retained, but to a lesser extent.
Interestingly, when the chloride was replaced with larger
groups (35 and 36) or another ring system installed (38 and
39) herbicidal activity was abolished.

With these results in hand we wanted to determine the
herbicidal potency of MMV006188 against relevant crop
weeds as well as, using physiological assays, potentially reveal
its mode of action. Against known crop weeds Abutilon
theophrasti,Amaranthus retroflexus,Alopecurus myosuroides,
Avena fatua, Echinochloa crus-galli, and Setaria viridis,

Figure 1. A) Agar-based growth reveals Malaria Box[17] hits which were
further evaluated in soil-based experiments. Column 1 shows a series
of antimalarial drug controls AQ=amodiaquine, ART=artesunate,
DHA=dihydroartemisinin, CQ= chloroquine, CIP= ciprofloxacin,
PYR=pyrimethamine, and DMSO=dimethylsulfoxide (negative con-
trol). Columns 2–11 show 80 lead compounds from the Malaria Box.
B) Example of cluster analysis extracted from an interactive database
of physicochemical properties for 334 commercial herbicides. New
data points (i.e. hit compounds) were added to the database and
plotted for molar mass vs. aqueous solubility. Red dots represent hit
compounds taken forward to soil testing. Black dots represent the
remaining hit compounds. C) Example evaluations of two hit com-
pounds on soil-grown A. thaliana. Pre-emergence treatments were
given at day zero as trays were moved into their first long day, whereas
post-emergence treatments were three and six days post-germination.
D) Structure of the lead compound from screening, Hit E
(MMV006188).
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MMV006188 strongly inhibited the growth of the broadleaf
A. retroflexus at 1.0 kg/ha and 0.5 kg/ha application rates, had
mild effects on A. theophrasti and S. viridis, and had little or
no herbicidal effect on the monocot species A. myosuroides,
A. fatua, and E. crus-galli (Figure 4A).

The effect of MMV006188 was further evaluated using
physiological profiling-based bioassays (Figure 4B).[20] The
compound only mildly inhibited cell division growth in
heterotrophic cleaver (Galium mollugo) at 100 mm. Growth
of the phototrophic green alga (Scenedesmus obliquus) and
duckweed (Lemna paucicostata) was greatly inhibited when
the compound was applied at 10 mm and 100 mm. MMV006188
effectively inhibited the Hill reaction (inhibition of photo-
synthetic electron transport in photosystem II) in isolated
wheat thylakoids by 54% and 87% when applied at 10 mm
and 100 mm respectively. Chlorophyll fluorescence, measured
using an Imaging PAM M System (Walz, Effeltrich, Ger-
many) was affected by 32% and 48% at 10 mm and 100 mm
respectively.

MMV006188 had little effect on Galium cell suspension
respiration as observed by only a 4% inhibition (at 100 mm).
The compound had no effect on cress (Lepidum sativum)
germination in the dark and in subsequent incubation under
lights, on the synthesis of very-long-chain fatty acid in cress
hypocotyls, on carbon dioxide uptake in Galium aparine, on
mitochondrial membrane integrity and oxidative phosphor-
ylation in Lemna root mitochondria, and on reactive oxygen
species (ROS) formation in Lemna roots. Its physiological

Figure 2. Screening of analogues where the carboxamide motif is modified reveals insight into structure activity. Compounds were chosen that
possessed physicochemical properties as similar to commercial herbicides. Assays were performed as described in Figure 1C.

Figure 3. Screening of analogues where the chlorophenyl motif is
modified. Assays were performed as described in Figure 1C.
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profile and particularly the inhibitory effect on the Hill
reaction and effect on chlorophyll fluorescence, typical in the
physiological profile for Diuron�,[20] is highly suggestive that
MMV006188 has a mode-of-action involving inhibition of
photosystem II, an established target for herbicide develop-
ment.[21]

In conclusion we have demonstrated that antimalarial
lead compounds can potentially be repurposed for use as
herbicidal lead materials. There are numerous novel scaffolds
that are found within antimalarial compounds that represent
excellent starting points for chemical elaboration and present
an exciting opportunity for new herbicides. A lead herbicidal
compound found in this study, MMV006188, presents such an
opportunity. The compound scaffold is not present in known
photosystem II inhibitor-type herbicides[21] (see Figure S5)
and so offers a new scaffold for herbicide development. The
inhibition of photosynthesis, more specifically the effect on
photosystem II was observed as the dominant mode-of-action
of MMV006188 in our physiological assays. A similarity
search of the Plasmodium conceptual proteome with the
components of plant photosystem II,[22,23] including the known
herbicide target D1,[24,25] found no obvious homologous
proteins in protozoan parasites (see Table S2), but to have
a physiological profile like Diuron, photosystem II does need
not be the direct target of MMV006188. Based on the lack of
photosystem II in Plasmodium and the chemical novelty of

MMV006188 as a photosystem II inhibitor we speculate that
the antimalarial mode of action could be a shared target
upstream of photosystem II, which represents a new target for
herbicide development. An example of a candidate could be
plant FTSH1 protease (At1g50250) which is involved in D1
repair[26] and has a clear ortholog in P. falciparum
(PF3D7_1464900). We cannot exclude that the effects of
MMV006188 on Plasmodium and A. thaliana are upon
distinct targets. We expect that further SAR optimization of
MMV006188 would allow for tailoring of the compound
towards herbicidal activity. Overall, the small size and genetic
tractability of A. thaliana suggest further investigation of
antimalarial compounds as described and is likely to yield
more and even better herbicidal leads.
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Germination assay for the pre-selection of herbicidal MMV compounds

Surface sterilisation of A. thaliana ecotype Col-0 seeds was performed by mixing the 

seeds in 70% ethanol for 3 min, followed by 1 min in 100% ethanol and then rinsed 3 

min in sterile water. Sterilised seeds were re-suspended in sterile 0.1% agar and 

incubated in the dark at 4°C for 3 days to synchronise germination. Following the 

cold treatment, seeds were sown on 96-well plates in which each well contained 250 

μL of growth medium (0.45% Murashige & Skoog salts and vitamins, 0.3% 2-(N-

morpholino)-ethanesulfonic acid (MES) (v/v), 1% glucose, 1% agar, pH 5.7) and the 

appropriate dose of each MMV compound or commercial herbicide dissolved in

DMSO. All compounds were screened at a single concentration of 80 μM. The plate 

was sealed with porous tape and placed in a chamber for one week at 22°C under 16 h

light / 8 h dark photoperiod and 60% relative humidity before a photo was taken. The 

effects of compounds were visually assessed for herbicidal activity.

Soil-grown A. thaliana and compound treatments

Approximately 30 A. thaliana Col-0 seeds were sown per pot (63 x 63 x 59 mm pots). 

Soil consisted of Irish peat and it was pre-wet prior to sowing. Seeds were incubated 

in the dark at 4°C for 3 days to synchronise germination and then grown in a 16 h

light / 8 h dark photoperiod, at 22°C and 60% relative humidity. Compounds were 

dissolved in DMSO at 20 mg/mL and diluted in water. The surfactant Brushwet (SST 

Australia) was added to a final concentration of 200 μL/L. The carrier DMSO was 

used as a negative control and active components of commercial herbicides

glyphosate, glufosinate, trifluralin, clethodim, atrazine, asulam, oryzalin and dicamba 

were used as positive controls. Seeds or seedlings were treated with 500 μL of 0, 25, 

50, 100, 200 or 400 mg/L solutions using a pipette. Pre-emergence treatments were 

given at day zero as trays were moved into their first long day, whereas post-

emergence treatments were done three and six days after germination. Seedlings were 

grown for 16 days before photos were taken. 

Sources of MMV006188 derivatives

Derivatives of MMV006188 were purchased from commercial suppliers, Ambinter or 

AKos and dissolved in DMSO prior to use with A. thaliana or as described for 

greenhouse and physiological studies.
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Greenhouse studies

Greenhouse studies were performed in a German Norm Greenhouse. Culture 

containers used were plastic flowerpots containing loamy sand with approximately 

3% humus as the substrate. For post-emergence treatment, the various test plants were 

first grown separately as seedlings and several of these seedlings were transplanted 

into the test containers a few days prior to treatment. After they reached a height of 3-

10 cm, depending on the plant habit, they were treated with the compound which was

emulsified by addition of 3.6 mL of a mixture of cyclohexanone/Wettol EM31 (4:1) 

diluted with deionized water to the corresponding spray volume and 2% of a 

surfactant (Dash HC, BASF SE, Ludwigshafen, Germany) and sprayed on the plants 

via an ultrasonic spray nozzle. The application rates corresponded to 2 kg/ha, 1 kg/ha 

or 0.5 kg/ha with an application volume equivalent to 750 L/ha. The plants were 

tended at 15-22°C over a test period of 21 days. Plant responses to the individual 

treatments were visually evaluated after 21 days and were standardized to controls. 

Physiological Assays

The physiological profiling studies were conducted using previously published 

protocols.[1] Chlorophyll fluorescence was used as an indicator for photosynthetic 

activity and measured 2 hours and 24 hours after compound application with an

Imaging PAM M-Series system as per manufacturer’s instructions (Walz, Effeltrich, 

Germany).
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Supporting Figure 1. Cluster analysis of physicochemical properties of hit 
compounds versus known herbicides. Representative charts (A–E) were extracted 
using an interactive database containing the physicochemical properties of 
commercial herbicides.[2] New data points (i.e. hit compounds from the malaria box) 
were added to the database and plotted on graphs comparing two chemical properties 
(A) molar mass vs lipophilicity (Log P), (B) distribution coefficient (Log D) vs polar 
surface area (Å2), (C) molar mass vs polar surface area (Å2), (D) lipophilicity (Log P)
vs aqueous solubility (Log S), and (E) lipophilicity (Log P) vs polar surface area (Å2). 
Red dots represent the hit compounds taken forward to soil testing. Black dots 
represent the other hit compounds.
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Supporting Figure 2. Evaluation of the three other hit compounds on soil-grown A. 
thaliana to explore herbicidal activity. Pre-emergence treatments were given at day 
zero as trays were moved into their first long day, whereas post-emergence treatments 
were three and six days after germination.
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Supporting Figure 3. Cluster analysis of physicochemical properties of hit 
compounds versus known herbicides. Representative charts (A–F) were extracted 
using an interactive database containing the physicochemical properties of 
commercial herbicides.[2] New data points (i.e. derivative compounds based on Hit E) 
were added to the database and plotted on graphs comparing two chemical properties 
(A) molar mass vs aqueous solubility (Log S), (B) molar mass vs lipophilicity (Log 
P), (C) distribution coefficient (Log D) vs polar surface area (Å2), (D) molar mass vs 
polar surface area (Å2), (E) lipophilicity (Log P) vs aqueous solubility (Log S) and 
(F) lipophilicity (Log P) vs polar surface area (Å2). Grey dots represent the new 
derivatives and the Red dot is Hit E (MMV006188).
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Supporting Figure 4. Results of soil-based screening of known herbicides. Pre-
emergence treatments were given at day zero as trays were moved into their first long 
day, whereas post-emergence treatments were done three and six days after 
germination.
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Supporting Figure 5. Structural overview of known herbicides acting on 
Photosystem II separated into major and minor classes. The compound found
here, Hit E (MMV006188) is also shown for comparison.
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Chapter 5. A herbicide structure-activity analysis of the 

antimalarial lead compound MMV007978 against Arabidopsis 

thaliana 

Preface 

The following study was performed in a similar manner as described in Chapter 4. 

Another set of chemicals from the ‘Malaria Box’ was tested on A. thaliana though 

agar-based germination assay which revealed one compound, i.e. MMV007978, with 

suitable chemical and herbicidal traits. This compound mainly affected A. thaliana 

growth when applied post-emergence, i.e. following seed germination. A total of 

twenty-two derivatives of MMV007978 were obtained and tested for herbicidal 

activity against A. thaliana and structure-activity was observed for which most of the 

modifications resulted in decreased herbicidal potency. MMV007978 was also active 

against crop weeds and its unique herbicidal physiological profile suggests a mode of 

action involving cell division inhibition. 

Author contribution: Corral, M.G. performed experiments (80%), analysed the data 

(80%) and wrote the manuscript (60%); Leroux, J. performed experiments (10%); 

Tresch, S. & Newton, T. performed experiments (10%); Stubbs, K.A. conceived the 

study (50%), analysed the data (10%) and wrote the manuscript (35%); Mylne, J.S. 

conceived the study (50%), analysed the data (10%) and wrote the manuscript (5%). 
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Chapter 6. Targeting plant DIHYDROFOLATE REDUCTASE with 

antifolates and mechanisms for genetic resistance 

Preface 

The subsequent study resulted from the findings that the antimalarial antifolates 

cycloguanil and pyrimethamine were potent plant inhibitors (refer to Chapter 2). 

Both drugs are known inhibitors of the Plasmodium dihydrofolate reductase-

thymidylate synthase (DHFR-TS). This bifunctional enzyme is also present in plants. 

In this study, we show that both antifolates are able to inhibit A. thaliana DHFR-TS 

enzymes. We also demonstrate that Arabidopsis possesses at least two functional 

DHFR-TS that are essential for seed development and likely to reside in different 

cellular compartments. In addition, mutations found in close proximity of the 

enzyme active site conferred resistance to cycloguanil and pyrimethamine both in 

vivo and in vitro. This study has the potential to help in the design of novel inhibitors 

of plant DHFR-TS, a mode of action so far not exploited. 

Author contribution: Corral, M.G. conceived the study (90%), performed 

experiments (80%), analysed the data (80%) and wrote the manuscript (70%); 

Haywood, J. performed experiments (5%) and analysed the data (5%); Stehl, L.H. 

performed experiments (5%); Stubbs, K.A. performed experiments (5%) and 

analysed the data (5%); Murcha, M.W. performed experiments (5%) and analysed 

the data (5%); Mylne, J.S. conceived the study (10%), analysed the data (5%) and 

wrote the manuscript (30%). All authors contributed to the writing of the paper. 
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Targeting plant DIHYDROFOLATE REDUCTASE with antifolates 

and mechanisms for genetic resistance 

Maxime G. Corral1,2, Joel Haywood1,2, Luca H. Stehl1,3, Keith A. Stubbs1, 

Monika W. Murcha1,2, Joshua S. Mylne1,2* 

The University of Western Australia, 1School of Molecular Sciences & 2 The ARC 
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* Corresponding Author: joshua.mylne@uwa.edu.au 

Abstract 

The folate synthetic pathway and its key enzyme dihydrofolate reductase (DHFR) is 

a popular target for drug development due to their essential role in the synthesis of 

DNA precursors and some amino acids. Despite its importance, little is known about 

plant DHFRs which, like the enzymes from the malarial parasite Plasmodium, are 

bifunctional, possessing DHFR and thymidylate synthase (TS) domains. Here using 

genetic knockout lines we confirmed that either DHFR-TS1 or DHFR-TS2 (but not 

DFRR-TS3) was essential for seed development. Screening mutated A. thaliana 

seeds for resistance to antimalarial DHFR-inhibitor drugs pyrimethamine and 

cycloguanil identified causal lesions in DHFR-TS1 and DHFR-TS2 respectively near 

the predicted substrate binding site. The different drug resistance profiles for the 

plants, enabled by the G137D mutation in DHFR-TS1 and the A71V mutation in 

DHFR-TS2, were consistent with biochemical studies using recombinant proteins 
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and could be explained by structural models. These findings provide a great 

improvement in our understanding of plant DHFR-TS and suggest how plant-

specific inhibitors might be developed, as DHFR is not currently targeted by 

commercial herbicides. 

Significance statement: Although a common target for human drugs, little is known 

about the bifunctional dihydrofolate reductase-thymidylate synthases from plants. Of 

the three A. thaliana genes the cytoplasmic DHFR-TS1 and the mitochondrial 

DHFR-TS2 were important and targetable by antimalarial DHFR inhibitors whose 

site of action was proven with point mutants, offering plant DHFR-TS as a viable 

target against which herbicides could be developed. 
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Introduction 

The folate biosynthetic pathway provides essential cofactors involved in one-carbon 

transfer reactions. These cofactors, tetrahydrofolate and its derivatives (collectively 

termed folates) play a crucial role in the synthesis of purines and thymidylate, amino 

acids (methionine, serine and glycine), pantothenate (vitamin B5) and formyl 

methionyl-tRNA (Sahr et al., 2005, Hanson and Gregory, 2011). Humans and other 

animals cannot synthesize folates de novo and rely on their diets for folate intake 

(Hossain et al., 2004). The chemical structure of tetrahydrofolate (THF) consists of a 

reduced pterin group, a p-aminobenzoyl unit and a glutamate moiety, to which 

additional glutamate residues are typically linked. The level of polyglutamylation of 

THF is suggested to play a role in its cellular transport (i.e. monoglutamylated) or 

interaction with folate-dependent enzymes (i.e. preferentially polyglutamylated). 

Depending on its oxidation state, one-carbon units are enzymatically attached to 

THF at N5 and/or N10 positions resulting in several forms of folate involved in 

different enzymatic reactions (Hanson and Gregory 2002) (Figure 1A). In plant 

cells, folate metabolism occurs throughout different compartments, i.e. in the 

cytosol, the chloroplasts and the mitochondria. As such, the synthesis of the different 

folate units, the expression and localisation of the folate enzymes, and the transport 

of folates inside the cell must be tightly regulated (Hanson and Gregory, 2011). 

Dihydrofolate reductase (DHFR) is ubiquitous, found in all organisms where it 

catalyses the reduction of dihydrofolate (DHF) into THF using NADPH as the 

reducing agent (Askari and Krajinovic, 2010) (Figure 1 A). The first reported DHFR 

crystal structure was from Escherichia coli and solved as a complex with 

methotrexate (Matthews et al., 1977). Since then, over 400 DHFR crystal structures 

from different organisms have been submitted to Protein Data Bank (www.rcsb.org) 
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although no plant DHFR structure has been determined. In most prokaryotes and 

some eukaryotes, DHFR is encoded by genes for a monofunctional protein. 

However, in protozoa and plants, DHFR is encoded by a gene for a bifunctional 

protein composed of DHFR as one domain, connected to a thymidylate synthase 

(TS) domain (Cox et al., 1999). TS also plays an essential role in the folate pathway 

by catalysing the conversion of deoxyuridine monophosphate to deoxythymidine 

monophosphate using the methylene form of THF as methyl-group donor and 

resulting in DHF as by-product (Wilson et al., 2014) (Figure 1A). The bifunctional 

DHFR-TS genes are organised with the DHFR domain located at the amino terminus 

and the TS domain present at the carboxy-terminus, connected by a junction 

sequence (Lazar et al., 1993). Having the DHFR and TS domains close together is 

thought to allow efficient channelling of substrates between both active sites 

(Metzger et al., 2014). In the malarial parasite Plasmodium falciparum, its 

bifunctional DHFR-TS forms a dimer with close contact at the TS domains 

(Yuthavong et al., 2005) (Figure 1B). Although DHFR is conserved across all 

kingdoms, pairwise comparisons between the plant DHFR domain and either 

bacterial, mammalian or protozoan DHFRs typically give matches of 29%-35% 

identity and 46%-56% similarity (Figure 1C). 

Due to its critical role, DHFR is the target of several drugs used to treat various 

pathogens. The diaminopyrimidine drug trimethoprim is an antibacterial agent that 

inhibits bacterial DHFR (Hawser et al., 2006). A point mutation that causes a I100L 

amino acid substitution in the Streptococcus pneumoniae DHFR putative 

trimethoprim binding site resulted in a 50-fold increase in ID50 (Adrian and 

Klugman, 1997). Resistance to trimethoprim was also found in Staphylococcus 

aureus carrying a F98Y mutation in its DHFR (Dale et al., 1997). Pyrimethamine 
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and cycloguanil are known inhibitors of P. falciparum DHFR-TS. A double mutation 

(A16V and S108T) in P. falciparum DHFR confers resistance to cycloguanil but not 

to pyrimethamine, whereas single or multiple amino acid mutations at position 51, 

59, 108 and 164 were correlated with cross resistance to both compounds (Rastelli et 

al., 2000). In mammalian cell systems, resistance to methotrexate, a very close 

analogue of dihydrofolate, was correlated with a decrease in uptake and 

polyglutamylation of the compound as well as increased DHFR gene copy number 

and translational upregulation of the enzyme, rather than mutation in DHFR 

(Banerjee et al., 2002). In A. thaliana cells treated with methotrexate, the cellular 

responses to folate depletion correlated with a major change in the composition of 

the folate species prioritising the use of available folates towards nucleotide 

synthesis at the expense of other reactions involved in one-carbon metabolism 

(Loizeau et al., 2008). TS has also been investigated as a potential drug target in 

cancer therapy whereby inhibitors compete with deoxyuridine monophosphate or the 

folate binding site of the enzyme (Chu et al., 2003, Ackland et al., 2006). In contrast 

to DHFR, the TS domain displays a higher level of conservation across organisms; 

the A. thaliana TS domain aligned pairwise to the P. falciparum TS domain or TS 

from E. coli, human, or mouse gives matches of 48%-61% identity and 64%-73% 

similarity (Figure 1C). 

Although it is generally accepted that DHFR-TS acts as a bifunctional enzyme in 

plants, Maniga et al. (2017) found that alternatively spliced variants of A. thaliana 

DHFR-TS isoforms (i.e. truncated variants possessing only the DHFR domain) could 

potentially be expressed. This could suggest a role of these truncated proteins as 

monofunctional enzymes involved in pathways other than DNA synthesis. The 

authors also found the three DHFR-TS genes to be expressed in different tissues. 
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DHFR-TS1 was mainly expressed in meristematic and differentiated tissues, with a 

strong expression in vascular tissues. DHFR-TS2 was expressed primarily in 

meristematic tissues, underlying a primary role in DNA synthesis in actively 

dividing cells. On the other hand, the expression of DHFR-TS3 seemed to be 

specific to the columella and the lateral root cap, and meristematic cells of the shoot 

apex (Maniga et al., 2017). 

A recent genetic and biochemical study by Gorelova et al. (2017) found DHFR-TS1 

and DHFR-TS2 were essential, but genetically redundant and so could not obtain 

dhfr-ts1 dhfr-ts2 double mutants. They showed that although loss-of-function for 

DHFR-TS3 was possible in dhfr-ts1 and dhfr-ts2 single mutant backgrounds, 

constitutive overexpression of DHFR-TS3 in a CaMV35S transgenic lines reduced 

folate content and delayed plant development in transgenic lines. Using recombinant 

enzymes in vitro, DHFR-TS3 was shown to be catalytically inactive itself, but could 

diminish the activities of DHFR-TS1 or DHFR-TS2 (Gorelova et al., 2017). 

We recently demonstrated that antimalarial drugs, including the antifolates 

pyrimethamine and cycloguanil, have herbicidal activity against the model plant 

Arabidopsis thaliana (Corral et al., 2017a, Corral et al., 2017b, Corral et al., 2018). 

Given that both pyrimethamine and cycloguanil are known to target the DHFR 

domain of Plasmodium DHFR-TS, it is probable that their herbicidal effect is via 

plant DHFR-TS inhibition. If so, plant DHFR-TS could represent a new molecular 

target for herbicide development. Of 334 commercial herbicides (Gandy et al., 2015) 

only twenty modes-of-action are known and, with the continued emergence of 

herbicide resistance in weeds (Heap, 2014), novel modes of action need to be 

considered. 
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Results 

The genome of A. thaliana is annotated to contain three genes for DHFR-TS 

proteins: DHFR-TS1 (At2g16370), DHFR-TS2 (At4g34570) and DHFR-TS3 

(At2g21550). DHFR-TS1 (519 residues) has 87% identity and 94% similarity to 

DHFR-TS2 (565 residues) when the first 50 residues of DHFR-TS2 are excluded. 

The N-terminal sequence of DHFR-TS2 is predicted by MitoFates to contain a 

mitochondrial presequence (probability of 0.922) (Fukasawa et al., 2015). The 

putative protein encoded by DHFR-TS3 (492 residues) is divergent from the other 

two gene products sharing 56% identity and around 75% similarity to either DHFR-

TS1 or DHFR-TS2 based on pairwise comparisons (Supporting Figure 1A). 

DHFR-TS1 and DHFR-TS2 are genetically redundant and required for seed 

development 

We obtained and confirmed two T-DNA insertion mutants for each of the three A. 

thaliana DHFR-TS genes (Supporting Figure 1B). The precise insertion point for 

each T-DNA was determined by sequencing the PCR product amplified when using 

a primer for the T-DNA left border and a gene-specific primer (Supporting Figure 

1C). For all six T-DNA mutants, the open reading frame was interrupted mostly in 

exons with a lack of detectable native mRNA from each interrupted gene confirmed 

by reverse transcription PCR (Supporting Figure 1D). 

As observed by Gorelova et al. (2017), we confirmed no single mutant displayed a 

visible developmental phenotype and we could obtain homozygous dhfr-ts1 dhfr-ts3 

double mutants as well as dhfr-ts2 dhfr-ts3 double mutants. No dhfr-ts1 dhfr-ts2 

double mutant was obtained confirming combination of null alleles for these two 

genes is lethal. Siliques from a plant homozygous for one gene and heterozygous for 
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the other showed one quarter seed abortion (Supporting Figure 2, Table 1 and 

Supporting Table 1). These findings were consistent with the previous observations 

that DHFR-TS1 and DHFR-TS2 are both essential for seed maturation, but 

functionally redundant (Gorelova et al., 2017). 

While analysing the siliques of dhfr-ts T-DNA mutants we noticed that the number 

of seeds in the pods of all heterozygous dhfr-ts2-1 lines was reduced by 

approximately 50% (Table 1 and Supporting Table 1), indicating a defect in ovule 

formation. This suggests the dhfr-ts2-1 T-DNA insertion (SALK_016377) was 

associated with chromosomal rearrangements that create unviable gametes most 

likely due to abnormal pairing of homologous chromosomes during meiosis only in 

heterozygous dhfr-ts2-1 backgrounds (Clark and Krysan, 2010). A high proportion 

of defective pollen was observed for five different dhfr-ts2-1(+/-) genetic 

backgrounds and the siliques of these five lines were significantly smaller than WT 

or dhfr-ts2 single mutants, consistent with an ovule defect and reduced seed content 

(Supporting Figure 3). Although the homozygous dhfr-ts2-1 mutant is likely to 

contain a chromosomal rearrangement these plants displayed no visible phenotypes, 

had WT proportions of aborted seed ratios and the same susceptibility to antifolates 

as dhfr-ts2-2 (Table 1, Supporting Table 1, Figure 2). 

To explore the previously observed sensitivity to DHFR inhibitors (Corral et al., 

2017a), dhfr-ts single mutant and wild type (WT) seeds were raised on media 

containing a range of concentrations for cycloguanil, pyrimethamine, methotrexate 

or trimethoprim (Figure 2). All four compounds were herbicidal with cycloguanil, 

pyrimethamine and methotrexate arresting seed germination post-radicle emergence 

in WT at 20, 12.5 and 0.1 µg/mL respectively, whereas trimethoprim induced 
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yellowing and arrested seedling growth at 30 µg/mL. The dhfr-ts1 and dhfr-ts3 

single mutants displayed a similar sensitivity to WT, whereas both dhfr-ts2 T-DNA 

lines (dhfr-ts2-1 and dhfr-ts2-2) displayed an approximately 4-fold greater sensitivity 

to cycloguanil and trimethoprim (Figure 2), suggesting that consistent with most 

folate synthesis thought to be in the mitochondria (Neuburger et al., 1996) and the 

localisation of DHFR-TS2 likely to be mitochondrial, DHFR-TS2 might have a 

prevalent role in folate synthesis over DHFR-TS1 in A. thaliana seedlings. 

DHFR-TS1 is alternatively spliced in mature leaves 

While cloning the full length DHFR-TS1 from cDNA produced using mature leaf 

RNA we found that the encoded protein varied from the protein model At2g16370.1 

(519 residues) as it retained intron 7, resulting in an early stop codon. The putative 

protein encoded by this leaf RNA transcript is truncated to 420 amino acids in length 

with the first 406 residues matching At2g16370.1, therefore still retaining the DHFR 

domain, but disrupting its TS domain. This shorter alternative variant of DHFR-TS1 

mRNA is annotated as At2g16370.2 and RNA-sequencing based evidence analysed 

at ePlant (Fucile et al., 2011) showed it present in leaf tissue, but absent in light-

grown A. thaliana seedlings. The purpose of this alternative splicing is unclear and 

when a BLASTP search was performed against green plants using the 420-residue 

truncated DHFR-TS1, no conserved truncated DHFR-TS homologues were found 

suggesting that the protein model At2g16370.2 might be uniquely found in A. 

thaliana. Another splice isoform of DHFR-TS1 lacking the TS domain and predicted 

to be 270 amino acid long was reported by Maniga et al. (2017). Whether or not 

these transcript variants encode functional DHFR protein monomers or are 

transcriptional artefacts that are degraded remains unclear. 
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Subcellular localisation for tagged DHFR-TS1 and DHFR-TS2 proteins 

DHFR-TS2 has a predicted mitochondrial presequence whereas DHFR-TS1 does 

not, suggesting these genetically redundant proteins occupy different subcellular 

compartments. To acquire experimental evidence for their localisation, we generated 

C-terminal GFP fusions to full length DHFR-TS1 and DHFR-TS2. These fusion 

constructs were expressed transiently in A. thaliana cell suspensions along with an 

RFP fusion to ALTERNATIVE OXIDASE 1 as a control for mitochondrial 

localisation (Figure 3A-B and Supporting Figure 4). The C-terminal GFP fusion to 

DHFR-TS1 was targeted to the cytoplasm, consistent with previous experimental 

evidence of a cytoplasmic location (Ito et al., 2011). To confirm that the C-terminal 

GFP tag was not disrupting any targeting signal, we generated an N-terminal GFP 

fusion to DHFR-TS1 and observed it also localized in the cytoplasm (Supporting 

Figure 4). By contrast, the localisation of a C-terminal GFP fusion to DHFR-TS2 

was shown to be predominantly to the mitochondria consistent with its predicted 

mitochondrial presequence. A mitochondrial localisation for DHFR-TS2 is also 

consistent with previous experimental mass spectrometry evidence identifying 

DHFR-TS2 as located in the mitochondrion (Senkler et al., 2017). To complement 

these findings, we performed in vitro import assays with isolated mitochondria using 

established methods (Duncan et al., 2015, Murcha and Whelan, 2015) and 

radiolabelled DHFR-TS1 and DHFR-TS2 (Figure 3C). The DHFR-TS2 precursor 

and positive control ALTERNATIVE OXIDASE 1 (AOX1) both exhibited import 

and processing to smaller, mature forms whereas the DHFR-TS1 protein displayed 

no import or processing in these assays. Proteinase K was used to digest any protein 

that did not import into the mitochondria and valinomycin was used to block import 
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into mitochondria. Taken together the evidence suggests that DHFR-TS1 and 

DHFR-TS2 reside predominantly in different subcellular compartments. 

DHFR point-mutations provide antifolate drug resistance 

The antimalarial drugs pyrimethamine and cycloguanil are DHFR inhibitors that, 

along with other antifolates, have been shown to be herbicidal (Corral et al., 2017a). 

To confirm both drugs also act through plant DHFR-TS inhibition we screened 

mutagenized A. thaliana seeds for resistance to either compound. The 

pyrimethamine screen produced two resistant mutants and sequencing of their 

DHFR-TS genes identified the same G to A change lesion that caused a Gly to Asp 

substitution at residue 137 in the protein encoded by DHFR-TS1. The cycloguanil 

screen produced a single resistant mutant and sequencing its candidate genes 

identified a C to T lesion that caused an Ala to Val change at residue 71 in the 

protein encoded by DHFR-TS2 (Supporting Figure 1A). Backcrossing resistant M3 

mutants to WT revealed the drug resistance provided by these lesions was 

genetically dominant. The pyrimethamine-resistant G137D allele of DHFR-TS1 was 

named dhfr-ts1-4 and the cycloguanil-resistant A71V allele of DHFR-TS2 was 

named dhfr-ts2-3 (Figure 4A). Both lesions are in the DHFR domain, close to the 

binding sites for DHF (Figure 4B). 

To confirm the lesions were causal, as resistance was genetically dominant, drug-

susceptible WT A. thaliana was transformed with the mutant DHFR-TS1 or DHFR-

TS2 gene and tested for drug resistance. A region of DHFR-TS1 genomic DNA was 

amplified by PCR from dhfr-ts1-4 and transformed into WT A. thaliana and the 

transgenic lines tested for conferral of resistance to pyrimethamine. As expected, the 

dhfr-ts1-4 derived transgene conferred resistance to pyrimethamine and also to other 
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DHFR drugs including cycloguanil, trimethoprim and methotrexate (Figure 5). 

Similarly, a DHFR-TS2 transgene from the dhfr-ts2-3 mutant conferred cycloguanil 

resistance upon the transformed WT background. The dhfr-ts2-3 transgene however, 

did not confer resistance to pyrimethamine and provided little protection against 

trimethoprim and methotrexate (Figure 5). These data confirm the causality of the 

point mutations and suggest, depending on the mutation, that broad or specific 

resistance to DHFR inhibitors is conferred. 

Sites of drug resistances at the DHFR active site 

To elucidate a structural basis for the difference in resistance profiles to DHFR 

inhibitors of the G137D and A71V mutants in DHFR-TS1 and DHFR-TS2, 

respectively, we modelled the structure of A. thaliana DHFR-TS1 and DHFR-TS2 

using the crystal structure of protozoan Babesia bovis DHFR-TS (Begley et al., 

2011) as it shares ~43% sequence similarity (Figure 4B). The predicted structures 

suggest both DHFR-TS1 and DHFR-TS2 form canonical bifunctional DHFR-TS 

enzymes whereby the DHFR domains (residues 21-198 and 64-242, respectively) 

form an eight-stranded β-sheet encased by four short α-helical regions, linked to a C-

terminal TS domain (residues 223-519 and 271-565, respectively) by a long Class I 

type junctional region that has been shown to join adjacent DHFR monomers (O'Neil 

et al., 2003). Moreover, the TS domains both exhibit a highly conserved active site 

surrounded by α-helices and oriented away from a potential β-stranded dimerization 

interface. Alignment of our models to the crystal structure of a bifunctional DHFR-

TS enzyme from Cryptosporidium hominis (O'Neil et al., 2003) in complex with the 

ligands DHF and NADPH revealed both mutations were in the DHFR domain, with 

the DHFR-TS1 G137D mutation close to the phosphate backbone of the NADPH 

cofactor. The DHFR-TS2 A71V mutation was located close to the pterinyl moiety of 
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the DHF substrate (Figure 4B). The predicted close vicinity of these residues to the 

substrate and cofactor binding sites, which are commonly targeted by antimalarial 

inhibitors, provided further evidence that these mutations were responsible for the 

resistance to herbicidal antimalarial compounds. 

Recombinant DHFR-TS1 and DHFR-TS2 mutants showed antifolate resistance 

in vitro 

Target-based resistance to herbicides often comes with a fitness penalty (Roux et al., 

2004, Roux et al., 2005), but the dhfr-ts1-4 and dhfr-ts2-3 single mutations appeared 

to have no obvious effect on plant phenotype (data not shown). To determine 

whether either enzyme was subject to a decrease in biochemical activity due to their 

genetic mutations, we purified recombinant A. thaliana DHFR-TS1 and DHFR-TS2 

from E. coli (Supporting Figure 5) and conducted DHFR activity assays by 

measuring the A340 decrease as NADPH is oxidised during DHF reduction to THF 

(Figure 6, Supporting Figure 5-6). This was compared to the activity of 

recombinant DHFR-TS1 with the G137D mutation (DHFR-TS1-G137D) and 

DHFR-TS2 with the A71V mutation (DHFR-TS2-A71V). The G137 that is mutated 

to aspartic acid in DHFR-TS1 and confers pyrimethamine resistance has an 

equivalent residue in DHFR-TS2 (G181). Similarly, the A71 residue mutated to 

valine in DHFR-TS2 has an equivalent residue in DHFR-TS1 (A27) (Supporting 

Figure 6). To establish whether the equivalent mutation can provide drug resistance 

both DHFR-TS proteins, reciprocal mutations were made. 

In the absence of inhibitors, the activity of all the mutated recombinant enzymes was 

lower than its WT. The A71V mutation in DHFR-TS2 and its equivalent A27V 

mutation in DHFR-TS1 induced a decrease in DHFR activity of about 35% when 
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compared to WT. The G137D mutation in DHFR-TS1 and its reciprocal lesion 

G181D in DHFR-TS2 induced a decrease in activity of ~75 to 85% respectively 

(Figure 6). 

In the presence of cycloguanil or pyrimethamine, the protective effect of the 

mutations became apparent. The activity of WT DHFR-TS1 and DHFR-TS2 in 2 µM 

of either drug was abolished. In contrast, both enzymes with the Ala to Val mutation 

remained active in the presence of cycloguanil with a decrease of 60-65% activity. 

However the Ala to Val mutation provided no protection from pyrimethamine. The 

activity of both enzymes with the Gly to Asp mutation continued in the presence of 

cycloguanil or pyrimethamine. The activity of DHFR-TS1 G137D was not affected 

by either drug, whereas DHFR-TS2 G181D remained active, but had a decrease of 

approximately 40% in activity when challenged by either drug (Figure 6). These 

data demonstrated that the mutations do decrease enzyme activity, but protect the 

enzymes from inhibitors in a manner consistent with the in planta results. Notably, 

the Ala to Val change provides resistance to cycloguanil, but not pyrimethamine 

whereas the Gly to Asp change provides cross-resistance to both inhibitors. 

Discussion 

Folates are essential to all organisms and serve as co-factors by donating one-carbon 

units in enzymatic reactions involved in the synthesis of nucleic acids, vitamins and 

amino acids, among others. The last step in the folate pathway is the reduction of 

dihydrofolate into tetrahydrofolate using NADPH as hydrogen donor, a reaction 

catalysed by dihydrofolate reductase (DHFR) (Figure 1A). As the maintenance of 

cellular folates must be sustained, DHFR has been extensively studied and is a drug 

target for the treatment of tropical diseases, bacterial infections and cancer.  
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Although a wealth of data is available for mammalian, bacterial and protozoan 

DHFR, little is known about this important enzyme in plants. Like protozoans, plants 

have evolved a gene that encodes a bifunctional enzyme with a DHFR domain and a 

thymidylate synthase (TS) domain and so is referred to as DHFR-TS. In A. thaliana, 

three DHFR-TS genes are annotated in its genome: DHFR-TS1 (At2g16370), DHFR-

TS2 (At4g34570) and DHFR-TS3 (At2g21550). The purpose of this study was to 

provide insights into the functional relevance of the A. thaliana DHFR-TS gene 

products, but also to provide data that could help design plant-specific DHFR 

inhibitors. 

Protein sequence alignments revealed that DHFR-TS1 and DHFR-TS2 share a high 

degree of conservation and the most substantial difference between the two proteins 

is the presence of a mitochondrial presequence at the N-terminus of DHFR-TS2. In 

contrast, DHFR-TS3 seems to have diverged from its counterparts (Supporting 

Figure 1A). Our reverse genetics showed that although dhfr-ts1 dhfr-ts3 and dhfr-ts2 

dhfr-ts3 double mutants were obtainable, a dhfr-ts1 dhfr-ts2 double mutant was 

lethal and resulted in aborted seeds (Table 1 and Supporting Figure 2). This was 

consistent with work by Gorelova et al. (2017) who showed DHFR-TS1 and DHFR-

TS2 were essential, but functionally redundant. Similar genetic redundancy for an 

essential function has also been observed for the A. thaliana folylpolyglutamate 

synthetases, which are enzymes involved in tetrahydrofolate polyglutamylation. For 

this enzyme family, the cytosolic, mitochondrial and plastidic isoforms displayed 

functional redundancy based on T-DNA double mutant analyses (Mehrshahi et al., 

2010). 
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Although A. thaliana has three, the number of DHFR-TS genes in plant species 

ranges from one in early plants such as Physcomitrella patens and Selaginella 

moellendorffii to up to five in Zea mays (Supporting Figure 7). In silico analysis of 

the sequences suggests that most plant DHFR-TS isoforms are predicted to reside in 

the cytosol with some species additionally possessing transcripts for DHFR-TS 

proteins that contain N-terminal extensions predicted to be targeting signals to the 

mitochondrion and/or chloroplast (Supporting Figure 7). It is worth noting that 

work by Gorelova et al. (2017) suggested GFP-tagged DHFR-TS1 and DHFR-TS2 

expressed in roots of A. thaliana localised to different compartments in a root-zone 

specific manner. DHFR-TS1-GFP was found in the cytosol and nucleus of root 

meristematic, transition and elongation zone cells. In elongation zone cells, they 

observed DHFR-TS1-GFP also co-localising to mitochondria. Gorelova et al. (2017) 

found DHFR-TS2-GFP was mainly observed in the mitochondria and nuclei of root 

meristematic and transition zone cells, but confined to mitochondria in elongation 

zone cells. Our localisation studies could not detect DHFR-TS1 in the mitochondria 

or in the nucleus, and could not detect DHFR-TS2 in the nucleus. Our in vitro 

mitochondrial import assays were consistent with our findings, but additional 

localisation of the protein in other compartment(s) cannot be excluded. 

Despite different sub-cellular localisation patterns for DHFR-TS1 and DHFR-TS2, 

the genes are genetically redundant. The hypersensitivity of dhfr-ts2 mutants to 

DHFR inhibitors (Figure 2) and the prevailing view that folate synthesis occurs 

principally in mitochondria (Hanson and Gregory, 2011) suggests DHFR-TS2 is the 

major contributor of DHFR activity in seedlings of A. thaliana. This is consistent 

with a significant decrease in DHFR activity for 3-day-old dhfr-ts2 single mutants 

compared to dhfr-ts1, dhfr-ts3 and WT (Gorelova et al., 2017). Nevertheless, dhfr-
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ts2 mutants are viable suggesting that the DHFR-TS1 that remains is able to carry 

out what folate biosynthesis is required for normal plant function. Additionally, an 

alternatively spliced DHFR-TS2 lacking the mitochondrial presequence was recently 

reported (Maniga et al., 2017) that if translated would encode a cytosolic isoform of 

DHFR-TS2 and so further supports a cytosolic activity of DHFR-TS in A. thaliana. 

There is thought to be substantial transmembrane traffic in folates and their 

precursors so that DHF (typically thought to remain in the mitochondrion) might 

encounter the cytoplasmic DHFR-TS1 (or the putative cytoplasmic variant of 

DHFR-TS2) and be reduced to THF. THF is already thought to be highly 

transportable in its monoglutamylated form and becomes involved in biosyntheses 

within the vacuole, cytoplasm, plastid and mitochondrion (Hanson and Gregory, 

2011). 

Using forward genetics under selection from pyrimethamine we found a G137D 

mutation in DHFR-TS1 that provided plants with cross resistance to other DHFR 

inhibitors. A similar approach under selection from cycloguanil found a resistant 

A71V mutation in DHFR-TS2 that did not provide plants with cross resistance to 

other inhibitors. These in planta findings could be reconstituted in vitro with 

recombinant protein. In vitro experiments using recombinant DHFR-TS1 with a 

G137D mutation showed the protein mutant could continue catalysing DHF 

reduction in the presence of a broad spectrum of inhibitors. Also consistent with the 

in planta findings, a recombinant DHFR-TS2 with an A71V mutation only afforded 

the mutant protein with resistance to cycloguanil in the same in vitro experiments 

(Figure 6). To understand the molecular basis for the different resistance profiles of 

these mutations we predicted structural models for DHFR-TS1 and DHFR-TS2 

(Figure 4B). Previous work with a cycloguanil-resistant strain of malarial parasite 
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Plasmodium falciparum characterised the equivalent Ala to Val mutation in its only 

copy of DHFR-TS (Sirawaraporn et al., 1993, Yuvaniyama et al., 2003). 

Furthermore, the crystal structure of P. falciparum DHFR-TS and enzyme kinetic 

analyses showed that this change to Val induced a steric clash between the side chain 

of the Val and a 2-methyl group of cycloguanil (which is absent in pyrimethamine) 

without abolishing the activity of PfDHFR-TS (Vanichtanankul et al., 2012). It is 

therefore very likely that the equivalent A71V mutation in A. thaliana DHFR-TS2 

confers resistance to cycloguanil similarly, that is the Val mutation would prevent 

cycloguanil binding by clashing with its 2-methyl group, but would not clash in the 

case of pyrimethamine due to a lack of that methyl group. 

The A. thaliana DHFR-TS1 G137D mutant on the other hand, to the best of our 

knowledge, has not been described before as a mutational hot-spot in DHFR. 

Interestingly, this mutation aligns to a position (A154) that was previously found to 

interact with NADPH in Toxoplasma gondii  (Sharma et al., 2013) and also was 

found not to be strictly conserved, suggesting the opportunity for mutation. The 

mutation of a residue at the NADPH cofactor binding site implies that this mutation 

is likely to have an indirect effect on inhibitor binding. As replacement of this small 

amino acid (Gly) with a larger negatively charged amino acid (Asp) is likely to shift 

the binding position of the similarly charged NADPH phosphate backbone and result 

in an altered conformation for the nicotinamide group in the active site. This altered 

conformation would result in reduced space for the concomitant binding of DHF and 

significant steric hindrance for bulkier inhibitors based on this substrate. Such a 

proposed molecular mechanism of resistance is supported by the dramatic reduction 

in efficiency of DHFR activity in the absence of inhibitors for DHFR-TS1, and the 

equivalent mutation in DHFR-TS2, and explains the broader resistance of the mutant 
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to herbicidal antimalarial compounds. Furthermore, it is tempting to speculate that 

although an equivalent mutation in bacteria and protozoa may not have occurred yet, 

possibly due to the impaired fitness upon the organism, increasing selection 

pressures from the development of antifolates to combat current resistant strains may 

result in an equivalent mutation arising in the future. 

DHFR is an important enzyme and a target enzyme for drug design. Plants do not 

seem to possess monofunctional DHFR enzymes such as those of humans and 

bacteria and instead have bifunctional DHFR-TS enzymes like those in protozoa 

including the malarial parasite P. falciparum. The recent finding that antimalarial 

compounds exhibit herbicidal qualities suggested that DHFR could represent a new 

target for herbicidal development. Differences between bifunctional plant or 

protozoal DHFR-TS enzymes and the mammalian or bacterial DHFRs present 

opportunities to develop plant-specific DHFR inhibitors. DHFR drug selectivity is 

already commonplace. The antimicrobial drug trimethoprim, that is often used to 

treat human bladder infections, is strongly selective for microbial DHFR (Brogden et 

al., 1982). The antimalarial drugs pyrimethamine and cycloguanil, similarly do not 

affect mammalian DHFR (Yuthavong et al., 2012). The antimalarial drug WR99210 

is also known to target P. falciparum DHFR-TS with higher selectivity that human 

DHFR (Fidock and Wellems, 1997). Interestingly, the effectivity of WR99210 is 

thought to be caused by drug-induced overexpression of human DHFR rather than 

strong drug affinity for the P. falciparum enzyme (Zhang and Rathod, 2002). A 

range of DHFR inhibitors tested against different organisms (i.e. plant, bacterium 

and yeast) yields LD50 values that suggest some have a degree of plant DHFR 

specificity already or an inability for some compounds to penetrate microbes 

(Supporting Table 3). Although the structure of plant and P. falciparum DHFR-TS 
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are likely to be similar enough to make specific molecules difficult to design, the 

highest priority for any herbicide targeting DHFR will be to ensure it is non-toxic to 

humans and soil bacteria. Comparing the crystal structure active site of the human 

DHFR domain versus the modelled structure of A. thaliana DHFR-TS1 highlights 

several non-conserved residues. Such differences could offer opportunities for the 

structure-based rational design of plant-specific DHFR inhibitors with reduced 

affinity to human DHFR. For example, these differences likely include significant 

changes in hydrophobicity (with Y81 and N43 of AtDHFR-TS1 substituted with 

N65 and P27, respectively, in the human DHFR enzyme); steric hindrance (with L48 

in the Arabidopsis DHFR domain substituted with a bulkier F32 in human DHFR); 

and changes in electrostatic potential (with a positively charged K39 of AtDHFR-

TS1 overlaying with a negatively charged aspartate residue D22 in human DHFR) 

(Figure 7). Our findings lay the foundation for the development of highly specific, 

non-toxic, herbicidal compounds targeted at DHFR-TS and we predict that resistance 

to such herbicides could evolve in a manner analogous to resistance seen with the 

use of anti-infectives and as such may be combatted in a similar manner. Future 

structural characterisation of plant DHFR-TS proteins would undoubtedly aid in the 

development of such herbicides. 

Materials and Methods 

Plant materials and genotyping 

Experiments were carried out with Arabidopsis thaliana ecotype Columbia (Col-0) 

and T-DNA lines obtained from ABRC (SALK lines) or NASC (GABI-Kat lines). 

To investigate the function of the three A. thaliana DIHYDROFOLATE 

REDUCTASE-THYMIDYLATE SYNTHASE genes, i.e. DHFR-TS1 (At2g16370), 
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DHFR-TS2 (At4g34570) and DHFR-TS3 (At2g21550), two T-DNA insertion lines 

per gene were used: SALK_054193 (dhfr-ts1-3), GABI_010G06 (dhfr-ts1-1), 

SALK_016377 (dhfr-ts2-1), GABI_893C02 (dhfr-ts2-2), SALK_114609 (dhfr-ts3-1) 

and SALK_013998 (dhfr-ts3-3). Homozygous T-DNA lines were identified using 

PCR with gene-specific and T-DNA-specific primers (Supporting Table 2) and the 

position of each T-DNA insert was confirmed by sequencing PCR products. The T-

DNA insertion was located in the second exon for dhfr-ts1-3, in the ninth exon for 

dhfr-ts1-1, at the junction of the first intron and the second exon for dhfr-ts2-1, in the 

seventh exon for dhfr-ts2-2, in the second exon for dhfr-ts3-1 and in the eighth exon 

for dhfr-ts3-3 (Supporting Figure 1B). The dhfr-ts3 T-DNA line (SALK_144255) 

displayed pleiotropic phenotypes not segregating with the T-DNA and therefore was 

not used in this study. 

Growth conditions 

Pots of 63 x 63 x 59 mm were filled with soil consisting of Irish peat, perlite and 

vermiculite in a 3:1:1 ratio. A. thaliana seeds were sown on the surface of the pre-

wet soil before being placed in the dark at 4°C for at least 3 days to synchronise 

germination. Following stratification, pots were placed in growth chambers under a 

16 h light / 8 h dark photoperiod at 22°C and 60% relative humidity. Seven to ten 

day-old seedlings were transferred to individual pots and grown in the same 

conditions. 

For agar-grown A. thaliana, seeds were surface sterilised by ethanol or chlorine gas. 

For ethanol-mediated sterilisation, seeds were mixed in 70% ethanol for 3 min, 

followed by 1 min in 100% ethanol, then washed with sterile water for 3 min and 

resuspended in sterile 0.1% agar. For chlorine gas, seeds were placed in 2 mL tubes 
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and sterilised by adding 3 mL 10.2 M hydrochloric acid to 50 mL bleach and leaving 

them enclosed in a desiccant jar for at least 3 hours. Depending on the sterilisation 

method, seeds were sown on 96-well plates or square petri dish by pipetting or 

scattering the seeds on the surface of growth medium (0.45% Murashige & Skoog 

salts and vitamins, 0.3% 2-(N-morpholino)-ethanesulfonic acid (MES) (v/v), 1% 

agar, 1% glucose, pH 5.7) supplemented with the appropriate concentration of 

compounds (e.g. antifolates, Basta®) and DMSO (control, when specified). Seeds 

were stratified and germinated using the aforementioned conditions. All DHFR 

inhibitors, i.e. cycloguanil, pyrimethamine, methotrexate and trimethoprim were 

obtained from AK Scientific. Glufosinate ammonium (i.e. phosphinothricin) was 

purchased from Sigma-Aldrich. 

DNA and RNA extraction 

For all DNA extractions, leaf tissue was homogenised in a 2 mL tube using a 

tungsten carbide bead in 500 µL of extraction buffer (250 mM sodium chloride, 25 

mM EDTA, 0.5% sodium dodecyl sulfate and 200 mM Tris-HCl pH 7.5) using a 

Retsch mixer mill (20 frequency/sec for 30 seconds followed by 30 f/sec for 30 

seconds) then centrifuged at 18,000 g for 2 min. Of the supernatant, 300 µL was 

transferred to a fresh tube, mixed with 300 µL isopropanol and centrifuged at 18,000 

g for 5 min. Following centrifugation, the supernatant was removed and the pellet air 

dried for at least 20 min then resuspended in 50 µL TE buffer (10 mM Tris-HCl, 1 

mM EDTA, pH 8.0). 

RNA extraction was carried out on WT and dhfr-ts T-DNA insertion lines that were 

confirmed homozygous. Tissue from three-week old rosette leaves were ground in 

liquid nitrogen to a fine powder, transferred to a 2 mL tube and stored at -80°C prior 
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to extraction. To each tube of ground tissue, 250 µL phenol, 500 µL homogenisation 

buffer (100 mM Tris pH 8.0, 5 mM EDTA, 100 mM sodium chloride, 0.5% sodium 

dodecyl sulfate) and 5 µL β-mercaptoethanol (pre-warmed to 60°C) was added. 

After vortexing for 15 min, 250 µL chloroform was added and the tubes mixed by 

vortex for a further 15 min. The mixture was centrifuged at 13,000 x g for 10 min at 

room temperature. Following centrifugation, 550 µL of the aqueous layer 

supernatant was transferred to a new tube and 550 µL of phenol:chloroform was 

added before being mixed by vortex for 10 min and centrifuged again. Of the 

aqueous layer, 500 µL was transferred to a fresh tube. To precipitate nucleic acids, 

50 µL 3 M sodium acetate and 400 µL isopropanol was added, the mixture incubated 

at -80°C for 15 min before it was centrifuged at 13,000 g at 4°C for 30 min. 

Following centrifugation, the supernatant was removed and tubes dried for 10 min. 

The pellet was resuspended in 0.5 mL water and to precipitate RNA, 0.5 mL of 4 M 

lithium chloride was added, and the tubes incubated at 4°C overnight. The following 

day, the tubes were centrifuged at top speed at 4°C for 30 min, the pellet was washed 

in 80% ethanol, air dried and resuspended in 60 µL water. For each sample, an 

aliquot of total RNA was run on a 0.8% Tris-borate-EDTA gel to confirm RNA 

integrity. Prior to reverse transcription, approximately 10 µg of RNA was digested 

with DNaseI (New England Biolabs) at 37°C for 10 min and RNA recovered using a 

NucleoSpin RNA clean-up kit (Macherey-Nagel). For cDNA synthesis, the 

ProtoScript® II reverse transcriptase (New England Biolabs) was used according to 

the manufacturer instructions. 
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A. thaliana EMS mutagenesis and identification of DHFR inhibitor-resistant 

mutants 

Approximately 1 g of A. thaliana seeds (M0) was incubated for 16 hours in a glass 

beaker containing 100 mL water and 250 µL ethyl methanesulfonate (EMS, Sigma-

Aldrich). Following incubation, the M1 seeds (i.e. post-EMS treatment) were rinsed 

with 4 L of water through a filter paper and dried for two days. M1 seeds were sown 

on pre-wet soil, stratified and germinated under long-day conditions as described 

earlier. Following development of the primary shoots, the apical region was cut off 

to stimulate the emergence of axillary branches. The M1 plants were grown to full 

maturity and the M2 seeds (i.e. M2 progeny) were collected and used for screening. 

For the screening of DHFR inhibitors-resistant A. thaliana mutants, M2 seeds were 

sterilised with chlorine gas and germinated on MS agar square petri dishes 

supplemented with 15 µg/mL pyrimethamine or cycloguanil, i.e. two known DHFR 

inhibitors used as antimalarial drugs. Seedlings that were drug resistant were 

transferred to soil and the M3 progeny was tested for heritability of resistance to the 

corresponding compounds. Upon confirmation of pyrimethamine and cycloguanil 

resistance in the rescued M3 seedlings, DNA was extracted and all three A. thaliana 

DHFR-TS genes were PCR amplified and each PCR product directly sequenced to 

identify lesions (Supporting Figure 1C). 

Mutant DHFR transgenes with dhfr-ts1-4 and dhfr-ts2-3 lesions 

Sequencing the DHFR-TS1, DHFR-TS2 and DHFR-TS3 genes from antifolate-

resistant M3 plants revealed a G137D mutation and a A71V mutation in the predicted 

protein sequences of DHFR-TS1 and DHFR-TS2, respectively (Supporting Figure 

1A). To determine whether the G137D mutation (called dhfr-ts1-4) and the A71V 
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mutation (called dhfr-ts2-3) conferred resistance to pyrimethamine and cycloguanil, 

respectively, we transformed the dhfr-ts1-4 and dhfr-ts2-3 genes into WT. The 

genomic sequence for DHFR-TS1 and DHFR-TS2 was PCR amplified from these 

mutants (Supporting Table 2) using the Q5 high-fidelity DNA polymerase (New 

England Biolabs) and the PCR reaction purified (Qiagen). These genomic regions 

included 1,245 bp and 1,093 bp of sequence upstream of the annotated transcription 

start site of DHFR-TS1 and DHFR-TS2 respectively. The purified PCR fragments 

were A-tailed using Taq DNA polymerase, ligated into pGEM-T Easy (Promega) 

and subsequently transformed in E. coli TOP10 competent cells. Both pGEM-dhfr-

ts1-4 and pGEM-dhfr-ts2-3 were excised from pGEM-T Easy in two steps. The first 

digestion with SacII linearised the plasmid. The SacII overhanging ends were filled 

by Klenow and the DNA fragments when then subjected to digestion with SpeI that 

also cleaves within pGEM-T Easy and liberated a sticky-blunt fragment. The DHFR-

TS fragments were separated from pGEM-T Easy by gel electrophoresis and the 4.2 

or 4.5 kb DHFR-TS1 and DHFR-TS2 gene fragments were excised from the gel and 

purified. The DNA fragments were subcloned into the plant binary vector pSLJ755I5 

(Jones et al., 1992) that had been linearized with Eco53kI and digested with XbaI to 

create compatible ends for ligation to a SpeI-blunt fragment. After confirming 

successful ligation, the pSLJ755I5-dhfr constructs in E. coli TOP10 competent cells 

were tri-parental mated into Agrobacterium tumefaciens LBA4404 with E. coli 

DH5α (pRK2013) as helper. WT A. thaliana was transformed by in planta 

transformation essentially as described by Bechtold et al. (1993). The first 

generation of transformants (T1) was selected for Basta resistance and the T2 was 

germinated on Basta 10 µg/mL plates to determine the segregation ratio of Basta 

resistance as an indication of T-DNA locus number. Two DHFR-TS1 G137D lines 
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and one DHFR-TS2 A71V line were selected as they displayed 3:1 segregation ratios 

for Basta resistance to Basta susceptibility suggesting a single and stable insertion 

locus. Homozygous T3 lines were identified and germinated on DHFR inhibitors 

with WT (control) to confirm antifolate resistance. An additional DHFR-TS2 A71V 

line that displayed Mendelian segregation ratios at two loci was used for a co-

segregation analysis to further correlate the causative lesion with antifolate 

resistance. This was achieved by germinating the transgenic line on cycloguanil and 

Basta plates, transplanting resistant seedlings from the cycloguanil plate to a Basta 

plate and vice versa, to confirm that the transgene was indeed responsible for drug 

resistance. To track the dhfr-ts1-4 and dhfr-ts2-3 mutations, a Derived Cleaved 

Amplified Polymorphic Sequences (dCAPS) assay was developed using dCAPS 

Finder 2.0 (Neff et al., 2002). The primer pair designed to follow the dhfr-ts1-4 

mutation amplifies a 238 bp PCR fragment. WT DHFR-TS1 is cleaved into 206 and 

32 bp when digested with BstEII, whereas the dhfr-ts1-4 product is not cleaved by 

BstEII. The primers designed for the dhfr-ts2-3 mutation amplify a 287 bp fragment 

that is cleaved into 260 and 27 bp by PstI for the WT DHFR-TS2 product but remain 

undigested for the dhfr-ts2-3 product (Supporting Table 2). 

Genetic crosses and phenotypical analysis 

Three dhfr-ts single mutants were crossed to obtain all double mutant combinations 

in the homozygous state if possible or heterozygous if not. For each cross, both the 

F1 and the F2 progeny were genotyped to confirm the heterozygosity or 

homozygosity of the T-DNA insertions and to identify double mutants. For each 

genotype obtained, twenty siliques were dissected and seeds (normal and aborted) 

were counted to provide an average of total seeds and a percentage of defective 
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embryos per silique. Siliques were visualised using the SZX7 Olympus microscope 

and imaged with analySIS getIT (Olympus). 

Each genotype in a dhfr-ts2-1 heterozygous state background displayed siliques with 

a high percentage of defective ovules. This might indicate an effect of T-DNA 

insertion associated chromosomal rearrangement in the dhfr-ts2-1 single mutant that 

was used for genetic crosses. As chromosomal rearrangements are often linked to 

defective gametes (Clark and Krysan, 2010), we sought to test the pollen viability of 

a series of dhfr-ts2-1 heterozygous backgrounds. Freshly open flowers were 

collected and pollen grains were stained on microscope slides with Alexander 

staining solution (Alexander, 1969) for 2 hours at 50°C. Pollen grains were 

visualised using the BX51 Olympus microscope at 20X magnification, imaged with 

analySIS getIT (Olympus) and counted from five independent quadrants on the 

slides. Additionally, from the same dhfr-ts2-1 heterozygous backgrounds 

abovementioned, 20 siliques were collected, imaged and their length determined 

using ImageJ.  

Pyrimethamine and cycloguanil resistant M3 mutants were backcrossed to WT and 

the F1 seeds were germinated on antifolate-supplemented media to determine if the 

mutations conferring drug resistance were dominant or recessive. Antifolate-resistant 

F1 seedlings were further backcrossed to the WT to remove unlinked, background 

EMS mutations. The F1 generation resulting from the second back-cross was grown 

on soil and the F2 progeny was germinated on antifolate-supplemented plates to 

determine resistance to sensitivity ratios. 
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Targeting assays for fluorescence-tagged DHFR-TS1 and DHFR-TS2 

Full-length DHFR-TS2 cDNA was amplified from WT cDNA using gene-specific 

primers flanked by Gateway recombination cassettes and cloned into pDONR201. 

Full-length DHFR-TS1 cDNA cloned in pUni51 was obtained from ABRC (clone 

ID: U11710), amplified using gene-specific primers flanked by Gateway 

recombination cassettes (Supporting Table 2) and cloned into pDONR201. LR 

reactions were carried out into C-terminal GFP fusion vectors for GFP localization 

(Carrie et al., 2009). Biolistic co-transformation of the C-GFP and a mitochondrial-

Cherry vector (Nelson et al., 2007) was carried out on 5-day old A. thaliana (Col-0) 

cell suspensions as previously described (Carrie et al., 2009). Briefly, 5 µg of GFP 

and mitochondrial-Cherry plasmids were co-precipitated onto gold particles and 

bombarded using the PDS-1000/He biolistic transformation system (Bio-Rad). GFP 

and mito-Cherry expression was visualised and captured at 100X magnification 

using the BX61 Olympus microscope at 460/480 nM (GFP) and 570-625 nm 

(mtCherry). Images were processed using the Olympus Xcellence imaging software. 

Mitochondrial isolation and protein uptake assays 

Mitochondria were isolated from 14-day old, plate-grown Col-0 A. thaliana as 

previously described (Murcha and Whelan, 2015) and import assays performed as 

described by Duncan et al. (2015). Synthesis of radiolabelled DHFR-TS1, DHFR-

TS2 and AOX1 (Whelan et al., 1993) was carried out using the rabbit reticulocyte 

TNT in vitro transcription/translation kit (Promega) under the T7 promoter in 

pDest14. Briefly 50 µg of freshly isolated mitochondria were incubated with 

radiolabelled precursor protein in a buffer that supports protein uptake at 26°C for 20 

mins. Following this, the reaction was placed on ice and to half, Proteinase K was 

added at a concentration of 0.4 µg/mL to digest any non-imported protein, or protein 
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bound to the outer membrane. Assays were also carried out in the presence of 

valinomycin, an ionophore that dissipates the mitochondrial membrane potential and 

prevents import across the inner membrane. The mitochondria were washed and 

isolated followed by SDS-PAGE analysis. The gel was dried and exposed to 

phosphor-imaging plate for 48 h prior to detection. 

Growth inhibition assays for LD50 determination 

To test the activity and specificity of DHFR inhibitors against a range of organisms, 

growth inhibition experiments were performed in A. thaliana (Col-0), E. coli TOP10 

cells and Saccharomyces cerevisiae strain BJ5464. The DHFR-inhibiting drugs 

cycloguanil, pyrimethamine, trimethoprim and methotrexate were tested against all 

selected organisms. All compounds were prepared in DMSO. A. thaliana growth 

inhibition and quantification were carried out as described in Corral et al. (2017a). 

For microbial assays, E. coli and S. cerevisiae cells were grown in Luria-Bertani 

(LB) or Yeast Extract-Peptone-Dextrose (YPD) broth, respectively, until near 

saturation and subsequently diluted in growth media to an OD600 of 0.1. The 

bacterial and yeast cells were then transferred to 96-well plates supplemented with 

the tested compounds at different ranges of concentrations, grown at 37°C or 30°C 

for 16 hours respectively. For each well, the OD600 was measured using the 

POLARstar OPTIMA plate reader spectrophotometer (BMG LABTECH) for LD50 

determination of the compounds using GraFit Data Analysis Software. 

Structural modelling 

The homology models of A. thaliana DHFR-TS1 and DHFR-TS2 were created ab 

initio based on the structure of the bifunctional DHFR-TS enzyme from Babesia 

bovis (PDB 3K2H) (Begley et al., 2011), using the I-TASSER server (Zhang, 2008). 
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The substrates dihydrofolate and the co-factor NADPH were modelled into the 

active site through alignment to Cryptosporidium hominis DHFR-TS (PDB 1QZF) 

(O'Neil et al., 2003) in PyMOL and mutations which resulted in resistance to 

pyrimethamine or cycloguanil were modelled with favourable rotamers using COOT 

(Emsley and Cowtan, 2004). 

Cloning of DHFR-TS1 and DHFR-TS2 synthetic genes and site-directed 

mutagenesis 

E. coli codon-optimised genes of A. thaliana DHFR-TS1 and DHFR-TS2 were 

synthesized at GeneArt (ThermoFisher Scientific, USA). Both synthetic genes 

encoded a Tobacco Etch Virus (TEV) cleavage motif (ENLYFQ) immediately 

upstream of the encoded DHFR-TS protein. The sequence of the synthetic DHFR-

TS1 and DHFR-TS2 genes were excised from its host plasmid pMA-T with BamHI 

and SalI, and sub-cloned into pQE-30 (Qiagen) which encodes an N-terminal 6-His 

tag. This plasmid was transformed into E. coli SHuffle T7 Express (New England 

Biolabs) competent cells that also carried the pREP4 repressor plasmid (Qiagen). To 

determine whether the G137D mutation in DHFR-TS1 and the A71V mutation in 

DHFR-TS2 that conferred antifolate resistance in vivo, had effects on the activity of 

both enzymes in vitro, the mutations were inserted in the respective synthetic genes 

using site-directed mutagenesis. An equivalent G137D mutation in DHFR-TS2 and 

A71V mutation in DHFR-TS1 were also prepared which resulted in a G181D 

mutation in DHFR-TS2 and an A27V mutation in DHFR-TS1 respectively, by 

sequence homology. Synthetic DHFR-TS1 and DHFR-TS2 cloned in pQE-30 were 

purified and used as template for PCR using overlapping primers with the desired 

mutations (Supporting Table 2) with DMSO (5%) added to the reaction. PCR 

products were purified (QIAquick PCR purification kit), digested with DpnI 
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overnight to cleave the methylated parental plasmid used as template, and 

transformed into pREP4-carrying SHuffle T7 Express cells. All mutations were 

confirmed by sequencing analyses using primers flanking the insert of interest. Upon 

purification of the synthetic DHFR-TS proteins, it was found that DHFR-TS2 was 

insoluble most likely due to the presence of a mitochondrial presequence. To remove 

the putative signal peptide, we designed 5’-phosphorylated primers (Supporting 

Table 2) that allowed deletion of this predicted signal sequence by PCR. The PCR 

reactions were digested with DpnI to remove template and the linear PCR product 

was circularised by ligation before transformation into SHuffle T7 Express 

competent cells. 

Recombinant DHFR-TS production in E. coli, purification and assays 

All WT and mutant recombinant DHFR-TS proteins were expressed in the E. coli 

strain SHuffle T7 Express containing pREP4. An overnight culture of the 

transformed bacteria was grown from a glycerol stock at 30°C in LB medium 

containing 100 µg/mL ampicillin and 25 µg/mL kanamycin. From this overnight 

culture, 20 mL were used to inoculate 1 L of LB medium and the resultant culture 

grown at 30°C until an OD600 of approximately 0.8. Protein expression was then 

induced by addition of isopropyl β-D-1-thiogalactopyranoside to 0.5 mM and 

shaking overnight at 16°C. Bacteria were pelleted by centrifugation for 15 min at 

3800 x g at 4°C. 

To purify recombinant DHFR-TS proteins, the cell pellets were resuspended in 10 

mL lysis buffer (50 mM Tris-HCl, 100 mM sodium chloride, 0.1% Triton X-100, pH 

8.0) and lysed by sonication for 15 min with a 3.3 sec pulse (amplitude 38%) 

followed by a 9.9 sec pause. The lysate was centrifuged for 15 min at 12,000 x g and 
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4°C. The supernatant containing the 6-His-tagged recombinant DHFR-TS protein 

was incubated overnight at 4°C in ProfinityTM IMAC uncharged resins (Bio-Rad) 

charged with Ni2+. The beads were then loaded onto a Poly-Prep® Chromatography 

Column (Bio-Rad) and washed with 70 mL washing buffer (20 mM Tris pH 8.0, 150 

mM sodium chloride). The protein was eluted with 5 mL of washing buffer 

containing 75 mM imidazole followed by washing buffer with 300 mM imidazole. 

An Amicon® Ultra-15 Centrifugal Filter Devices (Millipore) was used to concentrate 

the pooled 75 mM and 300 mM imidazole fractions to a volume of 2 mL by 

centrifugation at 1,800 g and 4°C. The sample was further purified by cleavage of 

the 6-His tag from the protein at its TEV cleavage site with TEV protease and 

repeating the IMAC Ni2+ affinity purification. The sample was then dialysed 

overnight at 4°C in washing buffer and 1 mM dithiothreitol using dialysis tubing 

containing 0.04 mg TEV protease per 1 mg protein and 1 mM dithiothreitol. The 

sample was then loaded onto a chromatography column containing nickel-charged 

IMAC beads. The flow-through and wash fraction were pooled and concentrated and 

the solution was exchanged with size exclusion buffer (50 mM Tris pH 8.0, 150 mM 

sodium chloride). Recombinant DHFR-TS was further purified by size exclusion 

using a HiLoad® 16/600 Superdex® 200 pg column (Sigma-Aldrich). The 

concentration of recombinant DHFR-TS was determined spectrophotometrically 

using the specific molar extinction coefficient of the proteins calculated using 

ProtParam (http://web.expasy.org/protparam/). The molar extinction coefficient (at 

280 nm) of DHFR-TS1 was 65,485 M-1cm-1 and the one of DHFR-TS2 for which the 

predicted mitochondrial presequence was deleted was 70,985 M-1cm-1 (there was no 

difference between WT and mutant enzymes). 

http://web.expasy.org/protparam/
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The DHFR activity of the WT and mutant DHFR-TS proteins was determined based 

on the ability of the enzyme to oxidise NADPH during the conversion of 

dihydrofolate to tetrahydrofolate (Figure 1A) which can be measured by monitoring 

the decrease of OD340 while the reaction occurs. The assay buffer consisted of 50 

mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, pH 7.4) and 100 

mM potassium chloride (Gibson et al., 2016). NADPH (Sigma-Aldrich) stock 

solutions were prepared in 0.01 M sodium hydroxide at a concentration of 20 mM 

whereas DHF (Sigma-Aldrich) stock solutions were prepared in 0.1 M sodium 

hydroxide at 5 mM in amber tubes as the compound is light-sensitive. The DHFR 

inhibitors pyrimethamine and cycloguanil stock solutions were prepared in DMSO at 

100 mM. The NADPH standard curve and all enzymatic reactions were performed in 

96-well clear V-bottom plates (Axygen) in final volumes of 200 µL per well, and the 

absorbance at 340 nm was followed using the POLARstar OPTIMA plate reader 

spectrophotometer (BMG LABTECH). To generate the standard curve, NADPH was 

diluted in assay buffer at 0.5 mM, added into a series of wells to produce 0, 10, 20, 

30, 40, 60 and 100 nmol/well NADPH (volume adjusted to 200 µL/well with assay 

buffer), and OD340 was measured (Supporting Figure 5). Prior to enzymatic assays, 

a 40-fold dilution of NADPH, a 15-fold dilution of DHF and a 1000-fold dilution of 

the DHFR inhibitors were prepared in assay buffer and solutions were kept on ice. 

All DHFR-TS proteins were resuspended in assay buffer at a concentration of 0.1 

mg/mL and kept on ice. DHFR activity was determined by pre-incubating DHFR-TS 

with 100 µM NADPH in assay buffer for 2 min at room temperature in the presence 

or absence of DHFR inhibitors. To initiate the reaction, 100 µM DHF was added and 

OD340 was immediately measured every 60 sec for 40 min (Supporting Figure 6). 

For all curves obtained, two time points were chosen and their corresponding OD340 
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values were subtracted and used to determine the amount of NADPH generated 

during the reaction time using the standard curve. Values of “no enzyme” controls 

consisting only of NADPH, DHF and assay buffer in the presence or absence of 

inhibitors were subtracted from their corresponding sample readings. The DHFR 

activity of all samples was calculated as followed: DHFR activity = amountNADPH / 

(reaction time x total protein amount) expressed in nmol/min/mg or mU/mg. One 

unit of DHFR is defined as the amount of enzyme that oxidises 1 µmol of NADPH 

per min at room temperature. 

Phylogenetic analysis 

Orthologs to A thaliana DHFR-TS1, DHFR-TS2 and DHFR-TS3 were identified by 

sequence homology using blastn with default settings in Phytozome v12.1 

(Goodstein et al., 2012). Selected species include Physcomitrella patens, Selaginella 

moellendorffii, Zea mays, Oryza sativa, Solanum tuberosum, Vitis vinifera, 

Eucalyptus grandis, Brassica rapa, Capsella rubella, Medicago truncatula, Glycine 

max, Ricinus communis, Populus trichocarpa, Chlamydomonas reinhardtii. All 

identified orthologs were manually curated to include only proteins with a similarity 

threshold below 1e-40. Alignments were performed using Clustal and the 

phylogenetic tree was analyzed and drawn using MEGA 7 (Kumar et al., 2016) 

using the maximum likelihood tree method and the Jones-Thornton-Taylor model 

after 1,000 replications. Protein localisation predictions were carried out using 

TargetP (Emanuelsson et al., 2007). 

Accession numbers 

The Arabidopsis Gene Index code for DHFR-TS1 is At2g16370, DHFR-TS2 is 

At4g34570 and DHFR-TS3 is At2g21550. Protein Data Bank codes for data used in 
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DHFR figures are: E. coli 4RGC, H. sapiens 4M6K, P. falciparum 4DPD, Babesia 

bovis 3K2H, and Cryptosporidium hominis PDB 1QZF. 
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Figure legends 

Figure 1. Part of the folate biosynthesis pathway and dihydrofolate reductase enzymes. 

(A) DHFR catalyses the reduction of dihydrofolate (DHF) into tetrahydrofolate (THF) using NADPH 

as the electron donor. The site of reduction is asterisked. The thymidylate synthase (TS) domain 

catalyses methylation of deoxyuridine monophosphate (dUMP) into deoxythymidine monophosphate 

(dTMP) using 5,10-CH2-THF as reductant and methyl-group donor. p-ABA, p-aminobenzoate; 

SHMT, serine hydroxymethyltransferase. 

(B) Protein structures of monofunctional E. coli (PDB 4RGC) and human (PDB 4M6K) DHFR. 

Bifunctional P. falciparum and an A. thaliana DHFR-TS with both DHFR (magenta) and TS (blue) 
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domains. PfDHFR-TS (PDB 4DPD) is displayed as a dimer. DHFR-TS1 (At2g16370) is a homology 

model and shown as a monomer. 

(C) Protein sequence alignments of various DHFR domains (top) and TS domains (bottom). 

Conserved amino acid residues are highlighted in grey and outlined in black. 

 

Figure 2. WT and dhfr-ts T-DNA single mutants grown on concentration gradients of different 

DHFR inhibitor. The carrier solvent DMSO was used as a control. 
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Figure 3. In vivo and in vitro targeting analysis of DHFR-TS1 and DHFR-TS2. 

(A) C-terminal GFP-tagged localisation of DHFR-TS1 in the cytosol of Arabidopsis cell suspensions 

co-transformed with a mitochondrial RFP control. 

(B) C-terminal GFP-tagged localisation of DHFR-TS2 to the mitochondria of Arabidopsis cell 

suspensions co-transformed with a mitochondrial RFP control. 

(C) In vitro mitochondria import assay pre-incubation (Pre), after addition of mitochondria (Mit) and 

then treated with or without proteinase K (PK) or the import inhibitor valinomycin (Val). Dotted lines 

mark the bands for precursor (p) or the mature form (m). 
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Figure 4. A. thaliana EMS-induced mutants resistant to pyrimethamine and cycloguanil. 

(A) Pyrimethamine and cycloguanil resistant A. thaliana mutants grown on a concentration gradient 

of inhibitors pyrimethamine (PYR), cycloguanil (CYC). 

(B) Predicted models of DHFR-TS1 and DHFR-TS2 active sites showing residues involved in 

resistance to DHFR inhibitors. WT DHFR-TS1 and DHFR-TS2 active sites (top) in complex with 

substrate DHF (green) and co-factor NADPH (dark blue). The WT residues that mutate to give 

resistance are shown as black sticks. The dhfr-ts1-4 active site complexed with pyrimethamine 

(yellow sticks) and NADPH. Asp137 mutation (magenta) is the in vivo causative lesion responsible 

for pyrimethamine resistance and cross-resistance to other antifolates. Val27 mutation (magenta) was 

created in vitro and corresponds to the equivalent Val71 mutation found in DHFR-TS2. The dhfr-ts2-

3 active site complexed with cycloguanil (cyan) and NADPH. The Val71 mutation (magenta) confers 

resistance to cycloguanil, but not pyrimethamine. Asp181 (magenta) was mutated in vitro and is 

equivalent to the DHFR-TS1 Asp137 mutation.  
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Figure 5. Mutant DHFR-TS1 and DHFR-TS2 transgenes confer resistance to antifolates upon WT. 

(A) WT was transformed with DHFR-TS1 G137D or DHFR-TS2 A71V and germinated on DHFR 

inhibitors pyrimethamine (PYR), cycloguanil (CYC), trimethoprim (TMP) or methotrexate (MTX). 

Line 1 and Line 2 bear a DHFR-TS1 G137D transgene whereas Line 3 bears a DHFR-TS2 A71V 

transgene. All three lines were single locus and homozygous for their transgene. 

(B) Co-segregation analysis of an additional DHFR-TS2 A71V line. Line 4 had two DHFR-TS2 A71V 

transgene loci. To show that the transgene conferred antifolate resistance, Line 4 was sown on 

cycloguanil or phosphinothricin and resistant seedlings from each was transplanted onto the opposing 

selection and survived, indicating the transgene and antifolate resistance co-segregated. 

(C) Example of dCAPS analysis used to track the G137D mutation in DHFR-TS1. PCR products 

amplified from WT, dhfr-ts1-4 (M3 parent bearing G137D mutation in DHFR-TS1) and DHFR-TS1 

G137D lines were digested with BstEII and run on a 4.5% agarose gel. The WT sequence is cleaved, 

whereas the mutant amplicon is not. 

(D) Chemical structure of dihydrofolate and the DHFR inhibitors cycloguanil, pyrimethamine, 

trimethoprim and methotrexate. 
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Figure 6. Dihydrofolate reductase activity of recombinant WT and mutated DHFR-TS enzymes given 

as mean from three replicates ± SE. Activity of recombinant WT and mutant DHFR-TS1 and DHFR-

TS2 in the absence of inhibitor (black) or in the presence of cycloguanil (grey) and pyrimethamine 

(white) calculated from the NADPH absorbance readings and standard curve (Supporting Figure 5, 

Supporting Figure 6) and given as mU per mg of enzyme. One unit of DHFR is defined as the 

amount of enzyme that oxidises 1 µmol of NADPH per min at room temperature. Statistical 

differences were determined using a Student’s t-test and are represented with an asterisk (*P < 0.05 

and **P < 0.01) when comparing the DHFR activity of the mutant enzymes to their respective WT 

enzyme in the absence of inhibitors, or with letters when comparing the DHFR activity of a given 

recombinant enzyme with or without inhibitors. 

  



112 
 

Figure 7. Active sites of the human DHFR and the DHFR domain of a model structure of A. thaliana 

DHFR-TS1 showing non-conserved residues. The substrate DHF (yellow) and the DHFR inhibitor 

cycloguanil (grey) are mapped within the active sites. 

(A) Cartoon and surface representation of the DHFR active site from a model structure of AtDHFR-

TS1 with amino acids non-conserved in human DHFR active site shown as purple sticks (arrows). 

(B) Cartoon and surface representation of the human DHFR active site with amino acids non-

conserved in DHFR domain of AtDHFR-TS1 shown as blue sticks (arrows) (PDB 4M6K). 

(C) Cartoon representation of overlay of A and B. 
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Table 1. Phenotype analysis of siliques from WT, dhfr-ts T-DNA single mutants and the progeny of 

dhfr-ts crosses. For each genotype, twenty siliques were dissected and seeds (normal versus defective) 

were counted to provide a ratio of aborted seeds. Values are given as mean ± SE. Refer to Supporting 

Table 1 for a more exhaustive list of genotypes. 

Genotypes Total seed count % aborted seeds 

Col-0 60.3 ± 1.0 0.9 ± 0.3 

dhfr-ts1-3(-/-) 60.2 ± 0.8 0.2 ± 0.1 

dhfr-ts1-1(-/-) 63.1 ± 0.9 0.3 ± 0.2 

dhfr-ts2-1(-/-) 60.3 ± 0.8 0.7 ± 0.2 

dhfr-ts2-2(-/-) 59.9 ± 0.9 3.7 ± 0.5 

dhfr-ts3-1(-/-) 59.7 ± 1.0 0.9 ± 0.3 

dhfr-ts3-3(-/-) 56.5 ± 0.6 1.1 ± 0.3 

dhfr-ts1-3(-/-) dhfr-ts2-1(+/-) 25.9 ± 1.0 19.4 ± 1.3 

dhfr-ts1-3(-/-) dhfr-ts2-2(+/-) 53.9 ± 1.5 22.2 ± 1.1 

dhfr-ts1-3(-/-) dhfr-ts3-1(-/-) 61.0 ± 0.4 0.2 ± 0.1 

dhfr-ts1-1(-/-) dhfr-ts3-1(-/-) 60.5 ± 1.0 0.5 ± 0.2 

dhfr-ts2-1(-/-) dhfr-ts3-3(-/-) 48.6 ± 1.0 0.8 ± 0.4 

dhfr-ts2-2(-/-) dhfr-ts3-1(-/-) 54.4 ± 0.8 0.7 ± 0.2 

dhfr-ts1-1(+/-) dhfr-ts2-1(-/-) dhfr-ts3-1(-/-) 50.9 ± 0.7 25.0 ± 1.4 
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Supporting Table 1. Phenotypic analysis of siliques from WT, dhfr-ts T-DNA single mutants and the 

progeny of dhfr-ts crosses. Twenty siliques per genotype were dissected and normal versus defective 

seeds were counted to provide a ratio of aborted seeds. Values are given as mean ± SE. n.d., not 

determined. The percentages of aborted seed in dhfr-ts1-1(+/-) dhfr-ts2-1(+/-) dhfr-ts3-1(+/-) and 

dhfr-ts1-1(+/-) dhfr-ts2-1(+/-) dhfr-ts3-1(-/-) were unexpectedly high suggesting a slight genetic 

interaction or potentially an effect of the dhfr-ts2-1 allele, which is thought to possess a chromosomal 

rearrangement (Supporting Fig. 3). 

Genotypes Total seed count % of aborted seeds 

dhfr-ts1-3(+/-) dhfr-ts2-1(-/-) 53.6 ± 0.6 22.9 ± 1.1 

dhfr-ts1-3(+/-) dhfr-ts2-2(-/-) 53.5 ± 1.1 19.9 ± 1.1 

dhfr-ts1-3(-/-) dhfr-ts3-1(+/-) 60.0 ± 0.7 0.7 ± 0.2 

dhfr-ts1-3(+/-) dhfr-ts3-1(-/-) 56.9 ± 0.7 0.5 ± 0.2 

dhfr-ts1-3(-/-) dhfr-ts3-3(+/-) n.d. n.d. 

dhfr-ts1-3(+/-) dhfr-ts3-3(-/-) 60.5 ± 0.7 1.0 ± 0.2 

dhfr-ts1-3(-/-) dhfr-ts3-3(-/-) n.d. n.d. 

dhfr-ts1-1(-/-) dhfr-ts2-1(+/-) 28.7 ± 1.1 24.2 ± 1.2 

dhfr-ts1-1(+/-) dhfr-ts2-1(-/-) 65.9 ± 0.8 23.7 ± 0.9 

dhfr-ts1-1(-/-) dhfr-ts2-2(+/-) 47.7 ± 1.0 20.6 ± 1.3 

dhfr-ts1-1(+/-) dhfr-ts2-2(-/-) 48.2 ± 1.4 21.3 ± 0.9 

dhfr-ts1-1(-/-) dhfr-ts3-1(+/-) 57.1 ± 0.9 0.5 ± 0.2 

dhfr-ts1-1(+/-) dhfr-ts3-1(-/-) 56.9 ± 1.1 0.5 ± 0.2 

dhfr-ts1-1(-/-) dhfr-ts3-3(+/-) n.d. n.d. 

dhfr-ts1-1(+/-) dhfr-ts3-3(-/-) n.d. n.d. 

dhfr-ts1-1(-/-) dhfr-ts3-3(-/-) n.d. n.d. 

dhfr-ts2-1(-/-) dhfr-ts3-1(+/-) 51.1 ± 0.9 0.4 ± 0.2 

dhfr-ts2-1(+/-) dhfr-ts3-1(-/-) 28.2 ± 0.8 0.5 ± 0.4 

dhfr-ts2-1(-/-) dhfr-ts3-1(-/-) 51.4 ± 0.5 0.3 ± 0.2 

dhfr-ts2-1(-/-) dhfr-ts3-3(+/-) 51.7 ± 1.3 0.8 ± 0.3 

dhfr-ts2-1(+/-) dhfr-ts3-3(-/-) 23.4 ± 0.7 0.2 ± 0.2 
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dhfr-ts2-2(-/-) dhfr-ts3-1(+/-) 56.0 ± 1.1 0.1 ± 0.1 

dhfr-ts2-2(+/-) dhfr-ts3-1(-/-) 57.4 ± 1.2 0.2 ± 0.1 

dhfr-ts2-2(-/-) dhfr-ts3-3(+/-) 55.3 ± 1.0 0.4 ± 0.2 

dhfr-ts2-2(+/-) dhfr-ts3-3(-/-) 46.3 ± 0.9 1.3 ± 0.4 

dhfr-ts2-2(-/-) dhfr-ts3-3(-/-) 55.5 ± 0.7 1.0 ± 0.4 

dhfr-ts1-1(+/-) dhfr-ts2-1(+/-) dhfr-ts3-1(+/-) 26.1 ± 0.9 5.4 ± 1.0 

dhfr-ts1-1(-/-) dhfr-ts2-1(+/-) dhfr-ts3-1(+/-) 25.6 ± 0.8 20.1 ± 1.5 

dhfr-ts1-1(+/-) dhfr-ts2-1(-/-) dhfr-ts3-1(+/-) 52.9 ± 1.2 22.9 ± 0.9 

dhfr-ts1-1(+/-) dhfr-ts2-1(+/-) dhfr-ts3-1(-/-) 30.8 ± 0.9 6.1 ± 0.7 

dhfr-ts1-1(-/-) dhfr-ts2-1(+/-) dhfr-ts3-1(-/-) 29.9 ± 0.7 20.6 ± 1.5 
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Supporting Table 2. List of primers used in this study for PCR-based genotyping and cloning, 

reverse transcription-PCR, dCAPS analysis and site-directed mutagenesis. See footnotes for a-g 

# Primer name Sequence (5’ to 3’)  

1 dhfr-ts1-3 genotyping F CACAGTCTCTGCTTTGGCTTTG a 

2 dhfr-ts1-3 genotyping R GGACCTGCCCATGTATAAAGTCT a 

3 dhfr-ts1-1 genotyping F CTCTGCATTATCCACACCTTTTGT a 

4 dhfr-ts1-1 genotyping R ATCTTGACGACCTATTTG a 

5 dhfr-ts2-1 genotyping F CCGTTTATACCCTCTCCGAAG a 

6 dhfr-ts2-1 genotyping R TTCCTACCCATAACAACAGCG a 

7 dhfr-ts2-2 genotyping F TGACCGGCATGAGGAATATC a 

8 dhfr-ts2-2 genotyping R CAGAGGCCTGACATGGTTTT a 

9 dhfr-ts3-1 genotyping F TTGCATCTTCTTTCCACAAGG a 

10 dhfr-ts3-1 genotyping R ACGAGACGAGTTTGACAGGAC a 

11 dhfr-ts3-3 genotyping F GTGCCTCTTTTGACTGATTGG a 

12 dhfr-ts3-3 genotyping R GGAGGAACCAAAAGGATGAAG a 

13 SALK LB CCAAACTGGAACAACACTCAAC a 

14 GABI-Kat LB ATAATAACGCTGCGGACATCTACATTTT a 

15 DHFR-TS1 RT-PCR F GCTTTCGGGTCGGCTTAAC b 

16 DHFR-TS1 RT-PCR R ACACAATCAATTTGTCGGTAGTCTCC b 

17 DHFR-TS2 RT-PCR F GGGGATTGAATTTGGTGAACTCC b 

18 DHFR-TS2 RT-PCR R ATATGCTCTCGACGCATTCCC b 

19 DHFR-TS3 RT-PCR F CATTTGCACCGAGAGTGGATA b 

20 DHFR-TS3 RT-PCR R GCCTTGACGTGAGCTTTGTT b 

21 TUBULIN RT-PCR F CTCAAGAGGTTCTCAGCAGTA b 

22 TUBULIN RT-PCR R TCACCTTCTTCATCCGCAGTT b 

23 DHFR-TS1 G137D dCAPS F GATGGGTAGAAAGACTTGGGAGT c 

24 DHFR-TS1 G137D dCAPS R GAAAATCAACAACCATTACCTCAATAgGTCA c 

25 DHFR-TS2 A71V dCAPS F CTATGTTGAATGAAGTGTCCTG c 

26 DHFR-TS2 A71V dCAPS R GTCTTTACCAATACCCATTTCCTTGGcTGCA c 
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27 DHFR-TS1 G137D clone F GCAGCCCACCACTTTACAGATGAAAACATA d 

28 DHFR-TS1 G137D clone R ATCTATTACCCATTTAACCCAACCCCGAAC d 

29 DHFR-TS2 A71V clone F TCTATTGGAGAAGATTGTTTGGGGAGAGGT d 

30 DHFR-TS2 A71V clone R CGGCCGTGTCGTACATTTAGCTTATGAATA d 

31 DHFR-TS1 gateway F TCGAAGGAGATAGAACCATGGCAACAACTACTCTCAATG e 

32 DHFR-TS1 gateway R TCCACCTCCGGATCMAACCGCCATTTTCATTTCTATCTTC e 

33 DHFR-TS2 gateway F TCGAAGGAGATAGAACCATGAGGTGTTTGCAAAACTCCG e 

34 DHFR-TS2 gateway R TCCACCTCCGGATCMAACAGCCATTTTCATATCTATTTTC e 

35 Gateway extension F GGGGacaagtttgtacaaaaaagcaggctTCGAAGGAGATAGAACC e 

36 Gateway extension R GGGGaccactttgtacaagaaagctgggtCTCCACCTCCGGATCM e 

37 synDHFR-TS2 sig delete F phosphate-ATGACCAGCAAACCGCAGAGCACC f 

38 synDHFR-TS2 sig delete R phosphate-CTGAAAATACAGGTTTTCGGATCCGG f 

39 synDHFR-TS1 A27V F CCTATCAGGTTGTTGTTGtAGCAACCAAAGAAATGGG g 

40 synDHFR-TS1 A27V R CCCATTTCTTTGGTTGCTaCAACAACAACCTGATAGG g 

41 synDHFR-TS1 G137D F GTTATTGGTGGTGaTGATATTCTGCGTGAAGCACTGAATCG g 

42 synDHFR-TS1 G137D R CGATTCAGTGCTTCACGCAGAATATCAtCACCACCAATAAC g 

43 synDHFR-TS2 A71V F GCACCTATCAGGTTGTTGTTGtAGCAACCAAAGAAATGGG g 

44 synDHFR-TS2 A71V R CCCATTTCTTTGGTTGCTaCAACAACAACCTGATAGGTGC g 

45 synDHFR-TS2 G181D F GTGATTGGTGGTGaTGATATTCTGCGTGAAGCACTG g 

46 synDHFR-TS2 G181D R CAGTGCTTCACGCAGAATATCAtCACCACCAATCAC g 

a Primers used for genomic PCR-based genotyping of dhfr-ts T-DNA single KO lines and lines that 

resulted from genetic crosses. LB refers to the left-border primer of the T-DNA insertion in SALK 

and GABI-Kat lines 

b Primers used for RT-PCR for DHFR-TS and TUBULIN 

c Derived cleaved amplified polymorphic sequences (dCAPS) primers used for tracking genomic point 

mutations in dhfr-ts1-4 and dhfr-ts2-3 

d Primers used for PCR-based cloning of genomic dhfr-ts1-4 and dhfr-ts2-3 with their respective 

putative promoter region 
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e Primers used for Gateway cloning of DHFR-TS1 and DHFR-TS2 coding sequences. Gene-specific 

sequences are shown in bold with start codon underlined and native stop codon not included as it is 

part of the Gateway extension reverse primer. M refers to either A or C and produces either a stop 

codon or a Gly for stop and non-stop vector constructs. The attB recombination sites are in lower case 

f 5’ phosphorylated primers used for the deletion of the predicted mitochondrial presequence in 

synthetic DHFR-TS2. 

g Primers used for site-directed mutagenesis in synthetic DHFR-TS1 and synthetic DHFR-TS2 cloned 

in pQE-30 expression vectors. Small letters in bold indicate the site of modifications for Ala to Val 

and Gly to Asp in the protein sequences of DHFR-TS1 and DHFR-TS2 respectively. 

 

Supporting Table 3. LD50 (µM) of selected DHFR inhibitors for plant, bacterial and yeast systems. 

compound A. thaliana E. colib S. cerevisiaeb 
cycloguanil 22.2 ± 0.99a > 1000 > 1500 
methotrexate 0.11 ± 0.01 1377 ± 300 > 3500 
pyrimethamine 28.5 ± 2.41a 500 ± 200 > 1500 
trimethoprim 96.5 ± 3.7 10.2 ± 1.8 > 2500 

aData from Corral et al. (2017a) 

bGrowth inhibition tested in E. coli TOP10 and S. cerevisiae strain BJ5464 
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Supporting Figure 1. DHFR-TS proteins and mutations. 

(A) Protein sequence alignment of A. thaliana DHFR-TS1 (At2g16370), DHFR-TS2 (At4g34570) 

and DHFR-TS3 (At2g21550). The predicted DHFR and TS domains were obtained from UniProt and 

are shown over aligned residues by thick dark and light grey lines, respectively. The N-terminus of 

DHFR-TS2 has a mitochondrial presequence (highlighted, grey) of 42 aa predicted by MitoFates 

(Fukasawa et al., 2015). Protein sequences were retrieved from TAIR and aligned using Bioedit. 

Genotyping, sequencing and RT-PCR analyses of the dhfr-ts T-DNA insertion lines. In red are two 

protein substitution mutants generated by EMS, namely a G410A DNA mutation in DHFR-TS1 that 

causes a G137D substitution in DHFR-TS1 and pyrimethamine-resistance (dhfr-ts1-4). A 
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cycloguanil-resistant plant possessed a C716T DNA mutation in DHFR-TS2 that causes a A71V 

substitution in DHFR-TS2 (dhfr-ts2-3). 

(B) Schematic gene structure of DHFR-TS genes and position of T-DNA insertion events. Black 

boxes represent exons and grey boxes represent 5' UTR and 3' UTR. Solid lines are intronic regions. 

PCR primers used for genotyping analyses are annotated with an arrow. F, forward primer; R, reverse 

primers (Supporting Table 2). 

(C) DNA sequence alignments of the WT DHFR-TS genes and the dhfr-ts T-DNA knockouts. The 

genomic sequences of DHFR-TS1, DHFR-TS2 and DHFR-TS3 were retrieved from TAIR, and the 

sequences of all dhfr-ts T-DNA junctions were obtained by PCR and sequence analyses. For clarity, 

only a segment of each gene is shown. The position of the T-DNA insertions is marked with an arrow 

and the T-DNA sequences are highlighted in grey. 

(D) Reverse transcription-PCR of the three DHFR-TS transcripts in WT and dhfr-ts single mutants. 

TUB, TUBULIN. 
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Supporting Figure 2. Examples of silique dissections from WT and dhfr-ts T-DNA crosses. Aborted 

seeds are indicated by black arrows. Ratios of defective and healthy seeds are listed in Table 1 and 

Supporting Table 1. 
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Supporting Figure 3. Phenotypic analysis of siliques and pollen grains from WT, dhfr-ts2-1 and a 

dhfr-ts2-1 heterozygote. 

(A) Percentage of aborted pollen (black) and silique length (grey) in WT, dhfr-ts2 single mutants and 

different dhfr-ts2-1(+/-) backgrounds. Statistical differences from WT control were determined using 

a Student’s t-test and are represented with an asterisk (*P < 0.01). Bars represent standard error.  

(B) Example of pollen viability using Alexander staining in pollen grains from WT, dhfr-ts2-1 single 

mutant and dhfr-ts1-3(-/-) dhfr-ts2-1(+/-). Normal pollen grains are stained in purple whereas 

defective pollen grains (arrows) appear blue and shrivelled. 

(C) Example of open siliques from WT, dhfr-ts2-1, and the aborted seeds (arrows) in dhfr-ts1-1(-/-) 

dhfr-ts2-1(+/-).  
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Supporting Figure 4. Cellular localisation of C-terminal GFP-tagged DHFR-TS1, N-terminal GFP-

tagged DHFR-TS1, and C-terminal GFP-tagged DHFR-TS2. Three biological replicates are shown 

for the predominantly cytosolic DHFR-TS1 (top) and the predominantly mitochondrial DHFR-TS2 

(bottom). A cherry mitochondrial RFP construct was used as control. 
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Supporting Figure 5. Purified recombinant DHFR-TS enzymes used in the DHFR activity assay. 

(A) Purified recombinant WT and mutant DHFR-TS1 and DHFR-TS2 enzymes run on a SDS-PAGE 

gel at 165 V for 35 min. The expected size of DHFR-TS1 (WT and mutants) was 58 kDa. DHFR-TS2 

enzymes (WT and mutants) for which the N-terminus mitochondrial presequence was deleted had an 

expected size of 56.9 kDa. 

(B) NADPH standard curve used to measure the DHFR activity of the purified DHFR-TS enzymes. 

The absorbance at 340 nm was recorded for a series of NADPH concentrations (nmol). Each data 

point is the average value obtained from three replicates (bars represent standard error, but are so 

small they are hard to see). The equation of the curve and its R-squared value are shown. 
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Supporting Figure 6. DHFR activity assay based on consumption of NADPH. 

NADPH absorbance profile (at 340 nm) of recombinant DHFR-TS1 WT, A27V and G137D enzymes 

in absence of inhibitor (A), presence of 2 µM cycloguanil (C) or 2 µM pyrimethamine (E). NADPH 

consumption by recombinant DHFR-TS2 WT, A71V and G181D enzymes in absence of inhibitor 

(B), presence of 2 µM cycloguanil (D) or 2 µM pyrimethamine (F). A control with no enzyme was 

used in each assay. Due to using non-limiting amounts of NADPH, the drop in A340 is subtle, but 

reproducible. Some NADPH consumption curves overlap. For a summary of these assays see Figure 

6. 
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Supporting Figure 7. Phylogenetic analysis of all DHFR-TS orthologs from 16 plant species and 

algae with plant species chosen as representatives of each evolutionary clade from Physcomitrella 

patens (Pp) to Eucalyptus grandis (Eg). Abbreviations: At = Arabidopsis thaliana, Br = Brassica 

rapa, Cre = Chlamydomonas reinhardtii, Eg = Eucalyptus grandis, Gm = Glycine max, Mt = 

Medicago truncatula, Os = Oryza sativa, Pp = Physcomitrella patens, Pt = Populus trichocarpa, Rc = 

Ricinus communis, Sm = Selaginella moellendorffii, St = Solanum tuberosum, Vv = Vitis vinifera, Zm 

= Zea mays. Proteins containing N-terminal extensions that are predicted to be targeted to the 

mitochondria and chloroplasts are indicated respectively. DHFR-TS1 (At2g16370), DHFR-TS2 

(At4g34570) and DHFR-TS3 (At2g21550) from A. thaliana are shaded in grey. 
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Chapter 7. Conclusion and Future Directions 

Herbicides are an essential tool for controlling weeds. The use of herbicides in the 

farming industry has increased crop yields and reduced the labour cost associated 

with weed management (Gianessi, 2013, Bridges, 1994). Of major concern is the 

rapid emergence of herbicide-resistant weeds. Glyphosate, referred to by Prof. 

Stephen Duke as “a once-in-a-century herbicide” and the active component of 

Roundup® used widely in genetically modified crops (Benbrook, 2016) is now under 

threat from glyphosate-resistant weeds; now numbering 38 species since 1996 

(www.weedscience.org). ‘Superweeds’ with resistance to glyphosate plus other 

important groups of herbicides have the world alarmed (Table 1 in Chapter 1). 

Consequently, finding new herbicidal compounds and novel modes of action is 

desperately important if we are to sustain weed control in agriculture. 

7.1 Summary of key findings 

7.1.1 The physicochemical properties of herbicides  

In Chapter 2, I described a dynamic electronic database that can be used to group 

herbicides based on their physicochemical properties. The physicochemical 

properties (e.g. molar mass, lipophilicity) for 334 herbicides can be viewed as 

histograms or cluster analyses for two properties (an X and a Y axis), for either the 

whole set of compounds, a selected subset or a single compound. Understanding the 

physicochemical properties and general trends observed for successful herbicides 

will help design or improve herbicidal compounds.  

Based on the Lipinski’s rule of five for oral human drugs, we found the 

physicochemical properties of commercial herbicides are to some extent quite 

similar to the ones of successful human drugs. The rule of five claims that an orally 
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delivered drug is likely to have poor absorption and permeation if its molecular 

weight is over 500 Da, its lipophilicity Log P is over 5, there are over 5 H-bond 

donors and more than 10 H-bond acceptors (Lipinski et al., 2001). In the interactive 

database of herbicides by Gandy et al. (2015), over 90% of commercial herbicides 

fall into the rule of five. Of the full set of 334 compounds, the average molecular 

weight was 431.4 Da, Log P was 4.6, number of H-bond donors was 2 and number 

of H-bond acceptors was 9.  

This database provides scientists engaged in herbicidal chemistry with a platform to 

visualize and compare the biochemical properties of successful herbicides, leads and 

promising candidates. Notable exceptions are glyphosate, paraquat and 

pyribenzoxim (among others) for which their Log S, Log P or molecular weight were 

the main properties making them outliers. The fact that our herbicide dataset 

contains outliers is rather unsurprising, however, given that one of them is the 

popular herbicide glyphosate might raise some concerns regarding the interpretations 

of what makes a successful herbicide. Nonetheless, these outliers are part of the 

dataset and should not be removed, but rather remind researchers that experimental 

confirmation of compound leads should always be determined alongside in silico 

analyses. 

This database has proven to be a valuable tool when assessing the ‘herbicide 

likeness’ of antimalarial drugs or drug leads described in Chapters 3, 4 & 5. 

However, there were two main limitations when applying the database. The database 

cannot be searched using chemical structures or moieties. This application would be 

a useful tool when investigating a particular lead and interrogating whether the 

scaffold resembles any herbicides. 
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In addition, the clustering plots, when comparing two physicochemical properties, 

does not permit the user to identify which data point corresponds to which herbicide 

in a friendly manner. A data point in the plots would indicate the X and Y axis value 

but not name the herbicide, and so, identifying a particular herbicide would require 

searching for the X and/or Y axis value within the dataset. This was a limitation in 

using the user-friendly and widely available Microsoft Excel. 

A similarly interactive database that analyses and compares the physicochemical 

properties was recently published by Quareshy et al. (2017). This database differs 

from the Gandy one in that it only focussed of the bioactive parts of the compounds, 

excluding conjugates (e.g. ester groups) often used in herbicide formulations. 

Herbicides can be visualised according to their Herbicide Resistance Action 

Committee classification to characterise herbicide class-specific properties. This 

database brings a few innovative characteristics such as the ability to search 

compounds using chemical structures or structural groups, and express data as 3-

dimensional graphical analyses. One elegant highlight presented in this study is the 

use of the relationship between the octanol-water partition coefficient (Log P) versus 

the acid dissociation constant (pKa) as a predictor of herbicide mobility in the plant 

vascular system. From this analysis, the authors showed that most herbicides have 

predicted properties making them xylem and/or phloem mobile (Quareshy et al., 

2017). 

7.1.2 Antimalarial drugs and lead compounds are herbicidal 

Given the evolutionary relationship between plants and malarial parasites 

Plasmodium spp., and the sensitivity of Plasmodium spp. to herbicides (refer to 

Chapter 1) we sought to determine whether antimalarial drugs were active in plants. 

The published study presented in Chapter 3 indeed demonstrates that many 
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antimalarial drugs were herbicidal, affecting germination and/or development of A. 

thaliana. Of the twenty antimalarials tested in agar-based germination assays, the 

artemisinin-based compounds, the antifolates and the antimalarial antibiotics 

ciprofloxacin and clindamycin were the most effective. The herbicidal activity of 

these compounds in agar plate-based assays, given as lethal dose 50 (LD50), ranged 

from 1.4 µM (ciprofloxacin) to 28.5 µM (pyrimethamine) compared to for example 

glufosinate and glyphosate LD50 of 12.8 µM and 41.5 µM, respectively. The 

antimalarials halofantrine, lumefantrine, piperaquine and azithromycin were not 

herbicidal. It was rather reassuring to observe that these four compounds were clear 

outliers when analysing their physicochemical properties using the Gandy database. 

The lack of potency of these compounds in plants might speculatively be due to a 

lack of target, rapid degradation of the molecule, or inability of the compound to 

reach the target. 

Considering that antimalarial drugs are safe to humans and generally display suitable 

physicochemical properties, it is reasonable to suggest such drugs and understudied 

antimalarial lead compounds are a viable starting point from which new herbicidal 

chemistries could be developed. To illustrate this, a collection of 400 drug-like and 

probe-like compounds from the Medicines for Malaria Venture (MMV) termed the 

‘Malaria Box’ was screened for new herbicidal compounds against A. thaliana. The 

Malaria Box is a structurally diverse collection of simple and non-toxic compounds 

with good physicochemical properties (Spangenberg et al., 2013). From initial agar-

based screening assays, I identified two compounds with interesting herbicidal 

activity, MMV006188 and MMV007978. Both compounds were also active when 

tested on soil-grown A. thaliana, and so, were taken forward for structure-activity 

analyses. 
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The lead compound MMV006188, described in Chapter 4, had herbicidal effects on 

the growth of A. thaliana seedlings growth at 25 mg/L and efficiently inhibited 

development at 100 mg/L when applied post-emergence (i.e. post germination). To 

gain structure-activity information, 39 analogues of MMV006188 were obtained. 

These analogues were modified at two different motifs, a chlorophenyl group and a 

carboxamide group. None of the 39 derivatives were more herbicidal than the parent 

molecule, although some had similar activity. The analogues without herbicidal 

activity possessed larger motifs or extended side chains at the modified sites. The 

chlorophenyl motif was especially sensitive to modification, but the chloride moiety 

was dispensable. MMV006188 preferentially inhibited growth of dicot weeds, but 

had little or no effect on monocots. Physiological profiling in a series of bioassays 

suggested MMV006188 acts as a photosystem II-type inhibitor. Interestingly, the 

scaffold of MMV006188 does not exist among known PSII-inhibiting herbicides. As 

Plasmodium lacks the PSII complex, it was not surprising that BLAST searches of 

the protein components of A. thaliana PSII against P. falciparum proteome, found no 

significant matches. Instead, I searched for the keyword ‘Photosystem II’ in TAIR, 

retrieved 74 A. thaliana protein sequences and use these sequences for a BLAST 

search against P. falciparum proteome. The best match resulting from this protein 

blast was FtsH1 (At1g50250), a protease involved in the central PSII protein D1 

repair, which has an ortholog in P. falciparum, i.e. a similar zinc-dependent FtsH 

protease (PF3D7_1464900). We therefore speculated that the mode of action of 

MMV006188 might act upon AtFtsH1 and so upstream PSII. 

The ATP-dependent metalloprotease FtsH (filamentation temperature sensitive 

protein H) is a ubiquitous enzyme found in prokaryotic and eukaryotic organisms. 

The A. thaliana genome contains 12 FtsH genes of which the encoded products are 
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either targeted to the chloroplasts, the mitochondria or both, and form hexameric 

complexes (Yu et al., 2005, Lu, 2016). Interestingly, of these 12 FtsH isoforms, the 

chloroplast-targeted AtFtsH1 and its duplicated homolog AtFtsH5 are functionally 

redundant given that ftsh1 ftsh5 double mutant is lethal (Zaltsman et al., 2005). In P. 

falciparum, there are three nuclear-encoded FtsH homologs, of which one has been 

characterised to be targeted to the parasite mitochondria and suggested to be 

implicated in mitochondrial biogenesis and division (Tanveer et al., 2013). The 

Arabidopsis FtsH1 and its malarial ortholog abovementioned (PF3D7_1464900) 

share 48.3% similarity. With no genetic studies to confirm FtsH as a candidate, one 

could argue that this rather low level of protein similarity is likely to rule out our 

candidate target of MMV006188 in plants.  

Interestingly, a recent genetic study identified the antibiotic actinonin as a novel 

antimalarial compound able to target PfFtsH1, a close homolog of PF3D7_1464900 

(Amberg-Johnson et al., 2017). In bacteria, actinonin inhibits peptide deformylase, 

an enzyme involved in the hydrolysis of the N-formyl group of the methionine of 

certain newly synthesized proteins for protein maturation (Chen et al., 2000). 

Although P. falciparum does contain a peptide deformylase, the enzyme did not 

seem to be the primary target of actinonin in vivo (Amberg-Johnson et al., 2017), 

demonstrating that the inhibitor does not have a similar mode of action in bacteria 

and apicomplexans. However, as in prokaryotes, actinonin inhibits plant peptide 

deformylase as demonstrated by in vitro inhibition of the two A. thaliana peptide 

deformylase enzymes (Dirk et al., 2001) and resistant phenotype correlated with 

over-expressing the enzymes in transgenic tobacco plants (Hou et al., 2007). 

Interestingly, actinonin was suggested to inhibit N-terminal deformylation of 

chloroplast-encoded proteins in treated tobacco plants, including D1 protein with a 
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drastic decrease in D1 accumulation and assembly into PSII, resulting in 

disassembly of PSII and loss of its activity (Hou et al., 2004). 

Though further investigation is needed to determine the mode of action of 

MMV006188 in plants, a potential effect of the lead compound on upstream 

mediators of PSII function, especially the D1 protein, is an appealing theory. 

The second promising Malaria Box compound MMV007978 (refer to Chapter 5) 

fully arrested A. thaliana growth at 200 mg/L when applied post-emergence. 

Structure-activity analysis was conducted with 22 derivatives modified at its 

thiophenyl motif (Figure 1, blue) and tested on soil-grown A. thaliana for pre- and 

post-emergence activity. Herbicidal activity was only retained when ring size and 

charge was retained. On crop weeds MMV007978 showed herbicidal activity against 

select dicot and monocot weeds. Interestingly, the physiological profile of 

MMV007978 was found to be different to that of any market herbicide, which could 

mean it possesses a new mode of action. 

A potential protein target of MMV007978 in the malaria parasite was suggested to 

be the P-type ATPase 4 (PfATP4). The P. falciparum ATP4 is located to the parasite 

plasma membrane and suggested to be importantly involved in the efflux of sodium 

ions out of the intra-erythrocytic parasite to maintain a low level of sodium within 

the parasite cytoplasm (Spillman and Kirk, 2015). A protein blast using PfATP4 as 

bait against the A. thaliana proteome returned potential orthologous candidates. The 

best two matches were the endoplasmic reticulum-type calcium-transporting 

ATPases AtECA3 (At1g10130) and AtECA4 (At1g07670), which shared 37.5 % 

and 40.1 % similarity with PfATP4, respectively. The A. thaliana ECA enzymes are 

members of the P-type superfamily of ATPase ion pumps, with A. thaliana 
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containing four annotated ECA genes (AtECA1 to AtECA4) of which the encoded 

proteins are likely to play critical roles in intracellular ion transport and homeostasis. 

Indeed, reverse genetics using Arabidopsis T-DNA insertion mutants grown on 

manganese-deficient media suggested that the Golgi-localised AtECA3 enzyme has 

an important function in manganese homeostasis (Mills et al., 2008). 

Whether or not the mechanism of action of MMV007978 in A. thaliana involves the 

direct inhibition of ECA transporters is yet to be elucidated. However, this is an 

appealing theory. The availability of eca mutant lines and testing of these lines 

against the inhibitor might shed light on the potential mode of action for 

MMV007978. 

In retrospect, an expanded structure-analysis study comprising derivatives of 

MMV007978 modified at the diethoxyphenyl (Figure 1, pink) could have accounted 

for a larger set of chemistries with potentially retained or gained herbicidal activity. 

A substructure search of such scaffold (www.scifinder.cas.org) returned 78 

compounds when refining the search for commercially available compounds, part of 

biological studies and with available references. These 78 hits might offer additional 

chemically diverse derivatives for further structure-analysis studies. 

 

Figure 1 Structure of the lead MMV007978. The thiophenyl motif which was modified in the 22 

derivatives tested in our study (Chapter 5) is shown in blue. The diethoxyphenyl motif for which 

modifications and further investigation are suggested is shown in pink. 

http://www.scifinder.cas.org/
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In summary, I have demonstrated that drugs and compound leads active against 

malarial parasites and other protozoans are also effective herbicides. The ‘dual 

activity’ of such compounds further underlies the connection between plants and 

protozoans, most likely due to conserved metabolic pathways and protein targets. 

Investigating further structural variations of the herbicidal leads presented here for 

optimised structure-activity relationship, as well as their mode of action, would help 

design more potent and herbicide-specific molecules. 

7.1.3 Plant DHFR-TS is the target of antifolate antimalarials 

As described in Chapter 3, the antifolate antimalarials pyrimethamine and 

cycloguanil are herbicidal. Both compounds inhibit Plasmodium dihydrofolate 

reductase-thymidylate synthase (DHFR-TS). This bifunctional enzyme is involved in 

the folate pathway with its DHFR domain catalysing the reduction of dihydrofolate 

into tetrahydrofolate (Askari and Krajinovic, 2010). The A. thaliana genome 

contains three DHFR-TS genes, namely DHFR-TS1, DHFR-TS2 and DHFR-TS3. 

Based on the herbicidal activity of the antimalarial DHFR inhibitors, we suspected 

the molecular target of these drugs would also be DHFR-TS in plants. As such, 

EMS-mutagenized A. thaliana seeds were screened on pyrimethamine and 

cycloguanil-supplemented media to identify any resistant mutants with causal 

mutations in DHFR-TS. In addition, reverse genetic and biochemical studies were 

performed to characterise the biological importance of the three DHFR-TS genes in 

A. thaliana. 

Genetic analyses of T-DNA insertion mutants demonstrated that, of the three A. 

thaliana DHFR-TS genes, DHFR-TS1 and DHFR-TS2 were genetically redundant, 

but essential for embryogenesis. The more divergent DHFR-TS3 seemed to have 

little or no contribution in the folate pathway based on the lack of phenotype in the 



136 
 

double mutants, and could either be a pseudogene with no apparent function or a 

function that differs from that of DHFR-TS1 and DHFR-TS2. Contrary to this 

position, a recent study by Gorelova et al. (2017) emphasised DHFR-TS3 had a 

biological role in ‘fine tuning’ the folate pathway in A. thaliana. Despite claiming a 

biological role for DHFR-TS3, the authors showed that DHFR-TS3 protein does not 

possess any DHFR or TS activity and they speculated on the basis of in vitro 

recombinant enzyme activity assays and DHFR-TS3 overexpressing lines that the 

biological role of DHFR-TS3 was to have a suppressive effect on DHFR-TS1 and 

DHFR-TS2. Whether or not the observed phenotype in the DHFR-TS3 

overexpressors is the result of the overexpression of the transgene itself or 

catalycally dead DHFR-TS3 competing for substrates with the other two isoforms 

might still be disputed. Proteomic analysis showing evidence of DHFR-TS3 

expression in vivo is lacking and would undoubtedly shed light on its potential 

biological importance in A. thaliana. 

Plants lacking a functional DHFR-TS2 were approximately four times more 

sensitive to antifolates than a dhfr-ts1 or dhfr-ts3 single mutant, which might indicate 

a major role of DHFR-TS2 in the biosynthesis and the maintenance of cellular 

folates. This is in accordance with recent findings showing significant decrease in 

overall DHFR activity of dhfr-ts2 mutants compared to wild-type, dhfr-ts1 and dhfr-

ts3 mutants (Gorelova et al., 2017). Interestingly, GFP-based cellular localisation 

suggested DHFR-TS1 and DHFR-TS2 reside in different compartments, namely the 

cytosol and the mitochondria respectively. This suggests that the reduction of 

dihydrofolate and/or recycling of tetrahydrofolate might not be restricted to the 

mitochondria only. Our localisation contradicts the subcellular localisation of 

DHFR-TS enzymes by Gorelova et al. (2017) which could detect DHFR-TS1 and 
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DHFR-TS2 in the cytosol, the mitochondria and the nucleus in a root zone-specific 

manner. Unlike our subcellular localisation analysis for which A. thaliana 

protoplasts were used, the previous authors carried out their analysis in roots of 

transgenic A. thaliana lines bearing the different full-length DHFR-TS coding 

sequences fused to GFP under the control of their native promoters. 

Antifolate-resistant A. thaliana mutants were obtained and mutations were identified 

in their DHFR-TS genes. A G137D mutation in the protein encoded by DHFR-TS1 

conferred broad resistance to DHFR inhibitors, whereas an A71V substitution in 

DHFR-TS2 only conferred resistance to cycloguanil. In vitro DHFR activity assays 

using recombinant DHFR-TS proteins confirmed the resistance profiles observed in 

vivo. Structures for A. thaliana DHFR-TS1 and DHFR-TS2 were modelled to help 

understand the basis for the observed resistance. Based on these models, we 

speculated that the Ala to Val mutation in DHFR-TS2 caused steric hindrance 

between the side chain of valine and the 2-methyl group in cycloguanil, as reported 

for cycloguanil-resistant P. falciparum that had an equivalent Ala to Val substitution 

in its DHFR-TS (Sirawaraporn et al., 1993, Yuvaniyama et al., 2003). The G137D 

mutation in DHFR-TS1 providing broad spectrum resistance to antifolates has not 

been seen before and modelled in close proximity of the NADPH cofactor binding 

site which is likely to indirectly affect inhibitor binding. This indirect effect could be 

due to altered conformation of the NADPH active site resulting in reduced space for 

binding of its substrate or bulkier inhibitors. 

We showed that plant DHFR-TS can be targeted by antimalarial DHFR inhibitors 

and represents a new mode of action for herbicide development. DHFR is essentially 

found in all organisms, so designing plant DHFR-specific inhibitors might be a 
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challenge. Nonetheless, recent work showed an inhibitor with 46,700-fold selectivity 

for S. aureus over H. sapiens DHFR was possible (Lam et al., 2014) and so similar 

specificity for plant DHFR might be possible. 

7.2 Future directions 

7.2.1 What is the mode of action of herbicidal antimalarials? 

Although the protein targets of a few antimalarial drugs have been identified (e.g. 

antifolates), the molecular mechanisms by which many important antimalarials (e.g. 

artemisinins, primaquine, mefloquine) act upon have yet to be confirmed. Genetic 

and physiological-based profiling approaches using plants might be a viable tools to 

identify their targets provided (a) the mode of action is conserved and (b) the 

antimalarial has a protein target. This knowledge could benefit agrochemical 

research upon identification of novel chemical scaffolds and modes of action, which 

in return might help characterise how antimalarials act in malaria parasites. 

Some justification for this genetic approach comes from our work on A. thaliana 

mutants that confirmed the protein target of antimalarial antifolates in planta 

(Chapter 6). The analysis of resistance or susceptibility profiles with A. thaliana 

mutants is a common approach to investigate the mode of action of important 

herbicides (Gleason et al., 2011, Jander et al., 2003). Another example is the 

molecular target of the quinolone compound ciprofloxacin that is an antimicrobial 

under consideration as an antimalarial (Ubulom et al., 2015) which also displayed 

herbicidal activity (Chapter 3). As for bacteria, ciprofloxacin targets DNA gyrase in 

plants and this is a mode of action so far not exploited for herbicides, making 

ciprofloxacin a potential chemical scaffold for herbicidal design (Evans-Roberts et 

al., 2016).  



139 
 

In this vein, the screening for A. thaliana mutants resistant to the lead compounds 

MMV006188 (Chapter 4) and MMV007978 (Chapter 5) might enable protein 

target identification and this should be considered, as neither has a clear mode of 

action. One seems to affect PSII in plants, but with Plasmodium lacking PSII its 

mode of action might be via a novel, indirect PSII effect. The other has a 

physiological profile that is novel and so might have a novel mode of action worthy 

of discovery.  

Characterising the molecular target of new herbicidal inhibitors would shed light on 

potential novel mechanisms of action, and would also help make inhibitors with 

greater potency and plant specificity, something that was not possible when we 

randomly selected analogs. In addition, the identification of the targets of these 

antimalarial leads might also help identify new targets for drug development in 

malarial parasites. 

7.2.2 Optimised structure-activity relationship of herbicidal leads 

In Chapter 4 and 5, we describe the structure-activity analyses of the antimalarial 

leads MMV006188 and MMV007978, respectively, and found important motifs for 

their respective herbicidal potency. Further structural analyses by screening 

additional analogues modified at relevant motifs should be undertaken to identify 

more compounds with retained and/or better herbicidal activity compared to the 

parent molecule. For example, modifications of MMV007978 at the diethoxyphenyl 

motif (Figure 1) could provide a more diverse set of analogs to be tested with 

structure-activity studies worthy of pursuing. With these herbicidal leads on hand, 

human cell toxicity and microbial activity tests would help determine the specificity 

of the inhibitors against target organisms, i.e. whether or not the compounds are able 

to penetrate the organism or have a greater affinity for one protein target over 
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another. In vitro growth inhibition analyses of the antifolates pyrimethamine and 

cycloguanil in different target organisms revealed that the compounds had different 

levels of specificity. As an example, pyrimethamine was approximately 18-fold more 

potent and selective in A. thaliana than in E. coli (Table 1).  

Table 1 LD50 (µM) of the antifolates cycloguanil and pyrimethamine in plant, bacterial, yeast and 

mammalian systems. Refer to (Corral et al., 2017) and (Kamchonwongpaisan et al., 2004) for data 

regarding A. thaliana and mammalian cell tests, respectively. 

 

Likewise, upon determination of the protein targets of herbicidal leads, and whether 

such proteins are conserved across kingdoms, one could investigate the selectivity of 

such inhibitors through recombinant protein-based activity assays. The latter 

approach has been successfully performed using recombinantly expressed plant and 

bacterial DNA gyrase, i.e. the target of ciprofloxacin, and illustrated that some 

chemically-modified ciprofloxacin derivatives had better selectivity towards the 

plant DNA gyrase compared to its bacterial counterpart (work submitted to 

ChemComm). In addition, we propose that such compounds should be tested against 

a more diverse range of weed species to further characterise their dicot vs monocot 

specificity profiles. 

7.2.3 The plant DHFR domain as a novel herbicide target 

Chapter 6 underlies the essential function of A. thaliana DHFR-TS1 and DHFR-

TS2 as mediators of the folate pathway. As both enzymes were shown to be targeted 

by DHFR-inhibiting antimalarial drugs, we hypothesized that such inhibitors could 
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potentially offer a good starting point for the design of new herbicides with a mode 

of action so far not in use on the market.  

The structural analysis of enzyme vs inhibitor complexes is a powerful tool for 

medicinal chemists engaged in the synthesis of more potent and specific inhibitors of 

a particular target. As no crystal structure of plant DHFR-TS enzyme is yet 

available, one may emphasize the importance of future structural characterisation of 

plant DHFR-TS for potential medicinal chemistry. The resolution of the A. thaliana 

acetolactate synthase in complex with a series of specific herbicides provided 

insights into which amino acid residues were responsible for interacting with the 

inhibitors and so a better understanding of the effect of natural mutations in resistant 

weeds with a greater knowledge for herbicidal chemistry improvement (McCourt et 

al., 2006). 

As part of the work described in Chapter 6, I successfully cloned the synthetic 

genes encoding the A. thaliana DHFR-TS1 and DHFR-TS2 into bacterial expression 

vectors. The two enzymes were purified with the help of J. Haywood and L. H. Stehl 

for enzyme activity assays. The purification of both enzymes was readily achieved, 

resulted in appropriate yields, and so, could be employed for future crystallography 

studies. Regarding possible difficulties that one might encounter during the crystal 

screens of the bifunctional enzymes connected by flexible linker domain, the N-

terminal DHFR and the C-terminal TS domains were also cloned in separate 

expression vectors. 

As DHFR-targeting antimalarial drugs can also kill plants, the chemical synthesis of 

antifolate derivatives and structure-analysis studies against A. thaliana and/or 

relevant weeds would provide insights into which part(s) of the molecule is/are 
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required for herbicidal activity. In addition, susceptibility tests for mammalian 

cytotoxicity and microbial activity would help determine whether any of these 

analogs have restricted or broad specificity across organisms. Whether or not 

inhibitors with high specificity for plant DHFR-TS can be successfully designed as 

new herbicides is an important and intriguing question for future studies. If that is 

the case, can monofunctional/insensitive DHFR enzyme (e.g. bacterial) be used to 

engineer crops resistant to plant DHFR-TS inhibitors in a similar way than 

glyphosate-tolerant crops were created? 

7.2.3 Targeting the folate pathway in plants 

As for DHFR-TS, the 6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase/7,8-

dihydropteroate synthase (HPPK/DHPS) is a bifunctional enzyme essential for the 

de novo biosynthesis of folates. This enzyme is found in plants and micro-organisms, 

whereby the HPPK domain catalyses the ATP-dependent conversion of 

dihydropterin into dihydropterin-PPi and the DHPS domain conjugates p-

aminobenzoic acid (p-ABA) to dihydropterin-PPi to produce dihydropteroate. As 

HPPK/DHPS is absent in animals, this bifunctional enzyme is an attractive target for 

drug discovery. Indeed, DHPS is a well-known target of sulphonamide antibiotics, a 

group of compounds that are chemically similar to p-ABA and act by competing 

with the latter (Mouillon et al., 2002). 

Two putative HPPK/DHPS genes, i.e. At1g69190 and At4g30000, are annotated in 

the A. thaliana genome for which the encoded proteins are predicted to reside in the 

cytosol and the mitochondria, respectively (Storozhenko et al., 2007). As described 

in Chapter 3, the DHPS-inhibiting antimalarials sulfadoxine and sulfadiazine are 

both also active in A. thaliana. Asulam is the only marketed herbicide known to 

target the plant DHPS domain (www.weedscience.org). 
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In A. thaliana, asulam was highly effective as both pre- and post-emergence 

herbicide (see Chapter 4, Supporting Information), indicative of the essential 

requirement for DHPS activity in early development of the plant. 

Given the vital function of the folate pathway in plant growth and development, 

having inhibitors of both DHFR and DHPS on hand could offer an interesting and 

novel avenue for herbicide application when both active ingredients are mixed 

together. By doing so, one might suggest a synergistic effect to take place whereby 

both inhibitors target the folate pathway at two different steps resulting in a drastic 

depletion of the folate content. In addition, the use of a mixture of two herbicides 

might prevent or delay genetic resistance by lowering the application rate of each 

compound, therefore limiting the selection pressure they would eventually impose on 

weeds. 

As shown in Figure 2, combining sulfadiazine (DHPS inhibitor) and pyrimethamine 

(DHFR inhibitor) resulted in expected synergistic effects when applied as a pre- and 

post-emergence mixture. It is worth mentioning that the herbicidal effect of the 

inhibitors differs between growth conditions, i.e. soil-grown versus agar-germinated 

Arabidopsis seedlings (Chapter 3), likely due to uptake restrictions or degradation 

of the compounds in the soil. Alternatively, antifolates could be used in combination 

with potent herbicides that act upstream of the folate pathway. One example would 

be glyphosate, a potent antagonist of the shikimate pathway whose action results in 

chorismate depletion and ultimately in inhibition of p-ABA synthesis, the latter 

being also an important mediator of the folate biosynthesis pathway (Roberts et al., 

1998). 
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Figure 2 Herbicidal effect of DHPS-inhibiting sulfadiazine, DHFR-inhibiting pyrimethamine and a 

mixture of both compounds in A. thaliana at different concentrations. Briefly, approximately 30 seeds 

of A. thaliana Col-0 were sown in each pot and kept in the dark at 4°C for three days to synchronise 

germination. Pre-emergence treatments were applied at day zero as trays were moved into their first 

long day, whereas post-emergence treatments were given three and six days post-germination. 

7.2.4 Screening compound libraries to discover new herbicides 

As for the screening of the Malaria Box which resulted in the identification of 

herbicidal compounds, one may consider extending the screening of additional 

chemical libraries against A. thaliana to obtain further herbicidal chemistries with 

potential new modes of action. For instance, a new international open access source 

was made available by the Medicines for Malaria Venture and comprises a collection 

of chemical compounds termed the ‘Pathogen Box’ (www.pathogenbox.org). This 

free-of-charge platform is composed of 400 drug-like molecules with activity against 

a number of important pathogens including Plasmodium, Trypanosoma, Leishmania 

and Mycobacterium, among others (Duffy et al., 2017). Interestingly, one compound 

of the Pathogen Box (MMV688934) was already screened and considered as a 

promising lead with sub-micromolar activity against parasitic nematodes (Preston et 

al., 2016). Additionally, the Prestwick Chemical Library® provides 1,280 Food and 
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Drug Administration (FDA)-approved molecules with favourable drug-like 

properties (e.g. non-toxic for humans) and interesting chemical/pharmacological 

diversity (www.prestwickchemical.com/prestwick-chemical-library.html). One 

advantage of the Prestwick collection is that most of these compounds have known 

mechanisms of action, which could help determine or narrow down the mode of 

action of any herbicidal hits in A. thaliana. A recent chemical screen against the 

human pathogen Candida albicans identified 20 compounds from the Prestwick 

library with antifungal activity mostly related to vacuolar disruption (Tournu et al., 

2017). Finally, other compound collections such as the Greenpharma Natural 

Compound Library which consists of chemically diverse and drug-like molecules 

(www.greenpharma.com/products/greenpharma-natural-compound-library/), might 

also be considered a valuable tool for further chemical screening and herbicide hit 

identification in plants. 

Herbicide resistance in weeds is threatening food production globally and is likely to 

only get worse in the future. As a result, there is a desperate and urgent need for the 

development of new herbicides with ideally novel modes of action. The screening of 

publically available compound libraries is a promising approach for the revelation of 

new and chemically diverse herbicidal hits for which structure-activity studies might 

render any good leads with higher plant-specificity. Investigating the 

underappreciated shared evolutionary history between plants and human parasites 

offers an interesting avenue for the identification of new herbicides. Similarly, the 

knowledge of the molecular basis of antiparasitic drugs that can be gained from it 

could provide significant insights that would likely benefit researchers engaged in 

the study of tropical and neglected diseases. 
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