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Abstract: Knowledge of the mode of action of an allelochemical can be valuable for several reasons,
such as proving and elucidating the role of the compound in nature and evaluating its potential
utility as a pesticide. However, discovery of the molecular target site of a natural phytotoxin
can be challenging. Because of this, we know little about the molecular targets of relatively few
allelochemicals. It is much simpler to describe the secondary effects of these compounds, and, as a
result, there is much information about these effects, which usually tell us little about the mode
of action. This review describes the many approaches to molecular target site discovery, with an
attempt to point out the pitfalls of each approach. Clues from molecular structure, phenotypic
effects, physiological effects, omics studies, genetic approaches, and use of artificial intelligence are
discussed. All these approaches can be confounded if the phytotoxin has more than one molecular
target at similar concentrations or is a prophytotoxin, requiring structural alteration to create an active
compound. Unequivocal determination of the molecular target site requires proof of activity on the
function of the target protein and proof that a resistant form of the target protein confers resistance to
the target organism.
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1. Introduction

In this review, we define the mode of action (MOA) of a phytotoxin as the process by which it
affects a plant, including its primary target site. Understanding the MOA of phytotoxic phytochemicals
(PPs) has both academic and practical utility. On the academic side, this knowledge can be useful in
the determination of whether a putative allelochemical is actually functioning as an allelochemical [1].
For example, if the MOA of a compound is known from laboratory studies and there is a biological
marker for this MOA, one can determine if the marker occurs when target plants are exposed to the
levels of the compound found in soil. For example, the putative allelochemical sorgoleone is a potent
inhibitor of photosystem II (PSII) [2], for which a rapid increase in variable chlorophyll fluorescence is
a biomarker [3]. Dayan et al. [4] found a PSII inhibitor effect on variable fluorescence in Amaranthus
retroflexus L. grown in the same pot as a sorghum cultivar that secretes the allelochemical sorgoleone
into the soil, indicating that sorgoleone is an allelochemical that contributes to the adverse effect of
the sorghum cultivar on A. retroflexus. This is the only example of this approach to prove the role
of an allelochemical of which we are aware, but this method is limited by the little we know of the
MOA of allelochemicals and also perhaps by few scientists taking advantage of this approach to
prove allelopathy.
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Knowing the MOA of an allelochemical can also be useful in predicting whether weeds will
evolve target site resistance to it if a crop is generated that creates a strong selection pressure with
that allelochemical. Such an assessment is routinely conducted on new herbicides, as the success of
a herbicide product that requires hundreds of millions of US dollars to bring to market can be limited
if weeds evolve resistance quickly. Some molecular targets are prone to rapidly evolving resistant
forms of the target (e.g., acetolactate synthase (ALS)), whereas others take much longer for target-site
resistance to evolve (e.g., 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS)) [5].

There is interest in allelochemicals as templates for new classes of herbicides with new MOAs.
Herbicides with new MOAs are needed urgently as a tool to manage the rapidly growing evolution
of weed resistance to herbicides with the twenty-five or so MOAs currently used by commercial
herbicides [5,6]. The triketone herbicides that inhibit hydroxyphenylpyruvate dioxygenase (HPPD)
were derived from the triketone phytochemical leptospermone [7] produced by some members of the
Myrtaceae family, such as Callistemon citrinus and Leptospermum scoparium. The triketone herbicides
were the last major herbicide group with a new MOA [8]. It is interesting that there is no rigorous study
proving that leptospermone and related triketones from these plants act as allelochemicals in nature,
although their activity in soil [9,10] supports this conclusion. Moreover, there was no published proof
that leptospermone and its analogs from these plants were HPPD inhibitors until after the synthetic
triketones were commercialized [11]. There are probably other allelochemicals with MOAs yet to be
discovered that could lead to the development of useful new herbicides for which target site resistance
does not exist in weed populations.

The determination of the MOA of a phytotoxin is not a trivial exercise, especially if it is a previously
unreported MOA. For example, the novel targets sites (serine/threonine protein phosphatases and
acyl-ACP thioesterase) of the herbicides endothall [12] and cinmethylin [13], respectively, were not
discovered until years after their commercialization. For each of these herbicides that may have been
inspired by natural compounds (cantharidin and 1-4-cineole for endothall and cinmethylin, respectively
(Figure 1)), there were published missteps before the target sites were clearly discovered. The purpose
of this paper is to give general guidance to those who wish to determine the MOA of PPs, an area of
research with few good examples of established MOAs. Much of the literature on PPs uses the term
allelochemical for these compounds. However, this is usually done without rigorous proof of their
role as allelochemicals in plant/plant allelopathy. The fact that a PP is a potent phytotoxin does not
prove that it is an allelochemical (e.g., artemisinin [14]), a topic discussed in an earlier publication [1].
Therefore, we use the term PP, regardless of whether or not the compound has been proven to be
an allelochemical.

Figure 1. Examples of natural phytotoxins (1,4-cineole and cantharidin) that may have inspired
synthetic, commercial herbicides (cinmethylin and endothall).
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2. Molecular Target Sites and Resulting Secondary and Tertiary Effects

Obtaining an effect of a strong phytotoxin (e.g., a herbicide) on almost any process of a plant is
easy. This is one of the reasons that most of the literature on the MOA of PPs describes only secondary
and/or tertiary effects of the direct interaction of the PP with a primary molecular target. This is also
true for most of the earlier papers on the MOA of synthetic herbicides, although for the past few
years, companies have generally discovered and divulged the primary target sites of new herbicides,
preventing the publication of papers claiming secondary effects as the MOA in more rigorous journals.

Papers on secondary and tertiary effects often describe the effects of a PP on a battery of processes
and enzymes that are associated with plant stress, particularly caused by the creation of reactive
oxygen species (ROS) (e.g., [15,16]). ROS generation is a general effect of stress [17]. Therefore, if a PP
is effective, it will cause plant stress, including the creation of ROS. Thus, success in finding such an
effect is guaranteed. There are a few herbicides, such as photosystem I energy diverters (e.g., paraquat)
and inhibitors of protoporphyrinogen oxidase (PPO) (e.g., acifluorfen), for which the creation of
ROS is closely connected to the molecular target [18,19]. Many other papers on MOA seem to be an
examination of the effects of the PP on a battery of processes for which the authors were equipped to
measure. In the case of effects on an enzyme, these papers usually examine the effects on the amount
of enzyme activity extracted from a treated plant, rather than examination of the direct in vitro effect of
the phytotoxin on the enzyme. Even when they find a profound effect on extractable enzyme activity,
they seldom measure a direct effect on the enzyme in an in vitro assay (e.g., [20]). Again, success in
finding effects is almost guaranteed if the PP is effective, especially if the measurements are taken at
a time just before or after visual symptoms on the plant occur. However, such papers seldom shed
much light on the primary target of a phytotoxin, telling us little about its MOA.

One could argue that any effects of a PP on a plant are part of the MOA, but this is not helpful in the
determination of the molecular target(s) of a PP. The MOAs of commercial herbicides are based on their
molecular targets and the secondary effect(s) that are most tied to that molecular target [6]. For example,
herbicides that exert their effects by binding to the α-tubulin subunit (e.g., the dinitroaniline herbicides
such as trifluralin) are termed mitotic inhibitors because their binding to the α-tubulin subunit protein
directly inhibits mitosis, even though other processes are more indirectly affected. Thus, elucidation of
the MOA of any phytotoxin should be based on the effect on a primary target.

Rather than determining the effects of a PP in an assortment of assays that are convenient, a more
direct approach to finding the MOA of a phytotoxin is to look for phenotypic effects of the compound
and focus on processes and molecular targets that might be related to the observed phenotypic effect
(see Section 4.3). Since there are many potential molecular targets, this approach will often lead to the
researchers learning new assays for potential targets that they did not anticipate. Thus, MOA research
is demanding, requiring researchers to either learn new methods or collaborate with those who are
experts with the methods indicated by phenotypic or physiological clues.

3. Clues from Molecular Structure and In Silico Binding Studies

Similarities between the molecular structure of a compound with an unknown MOA to that of
a compound with a known MOA can provide an obvious clue to the MOA. For example, the MOA of
the commercial herbicide endothall (Figure 1) was unknown for many years. However, its structural
similarity to the natural compound cantharidin (Figure 1), known to inhibit serine/threonine protein
phosphatases, led Bajsa et al. [12] to determine whether this was also the case for endothall. It was,
and they also found cantharidin to be a potent phytotoxin by the same mechanism. However, a small
change in a chemical structure can cause a change in MOA. For example, there are phytotoxic diphenyl
ether compounds with very different MOAs, such as PPO (e.g., acifluorfen) [19], acetyl-CoA carboxylase
(ACCase) (e.g., diclofop) [21], solanesyl diphosphate synthase (aclonifen) [22], plastid ATPase
(nitrofen) [23], and enoyl reductase (the synthetic compounds triclosan and the fungal phytotoxin
cyperin) [24] (Figure 2). All of these are target sites for commercial herbicides except for enoyl reductase.
Diphenyl ether compounds have been reported from plants (e.g., [25]), but we are unaware of reports



Plants 2020, 9, 1756 4 of 20

of whether any of them are phytotoxic or not. There may be other target sites for other diphenyl ether
compounds that have not been described, and it is highly likely that some diphenyl either compounds
have more than one molecular target site as a phytotoxin (see Section 4.7). Diphenyl ethers are perhaps
an extreme case, but they are a clear example that structural similarity clues can be misleading, even
though they are sometimes helpful.

Figure 2. Examples of diphenyl ether herbicides and other phytotoxins with similar structures but with
different modes of action.

Structural similarity to a biochemical intermediate can indicate that a compound may interfere with
the pathway in which that intermediate is found. For example, the highly potent, microbially produced
phytotoxic fumonisins and AAL-toxin are structural analogs of sphingoid bases (e.g., phytosphingosine),
intermediates of the ceramide synthesis pathway, and are inhibitors of ceramide synthase in plants
and animals [26]. Another example is that of the fungal phytotoxin 2,5-anhydro-d-glucitol (AhG),
a close analog of fructose [27]. Like fructose, it is phosphorylated by plant glycolytic kinases to produce
AhG-1,6-bisP (Figure 3), which inhibits fructose-1,6-bis P aldolase, its molecular target as a phytotoxin.

A more modern approach in using the molecular structure of a phytotoxin to determine its
molecular target site is to use computational chemistry to determine whether it tightly binds a plant
enzyme for which the crystal structure is known using the methods of McRobb et al. [28]. This approach,
along with transcriptome data (see below), was used to determine that the PP citral probably exerts
its phytotoxicity effects by the inhibition of single strand DNA-binding proteins [29]. In this case,
this analysis indicated that the PP binds to several such transcription factors, accounting for the
transcriptome results. In silico binding studies for PPs are limited by the relatively small proportion of
plant enzymes for which the crystal structure is available; however, we expect that the utility of this
approach will increase substantially as computing power and the number of elucidated plant protein
crystal structures increases.
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Figure 3. Structures of the fungal phytotoxin 2,5-anhydro-d-glucitol (AhG), fructose, and their
phosphorylated forms.

Molecular structure clues, whether based on computational chemistry binding data or otherwise,
like phenotypic, physiological, and biochemistry clues, must be verified by direct studies of the effects
of the phytotoxin on the proposed target protein(s) (see Section 4.6).

4. Finding the Primary Molecular Target with Physiology and Biochemistry

Use of physiological and biochemical methods for identifying the molecular target site of a PP
is usually essential. The methods below give a brief synopsis of such approaches, along with their
pitfalls and difficulties.

4.1. Choosing Test Organisms

A test plant species that is genetically uniform and sensitive to the phytotoxin is important.
Furthermore, a species for which there is considerable genetic information is desirable for reasons
discussed in Sections 4.5 and 5. Thus, even though weeds are the target of herbicides, they are generally
not suitable for most MOA studies, as the sensitivity to a phytotoxin within a population can vary
considerably because of non-uniform genetics. Moreover, little or no information is available on the
genomes of most weeds. Despite considerable progress in next generation sequencing techniques,
including sequencing quantity and quality, as well as shortening the duration of the process, a shortage
of annotated genomes is still a substantial hindrance. Available raw data of transcriptomes or genomes
of a variety of plant species, downloaded by numerous researchers into Sequence Read Archive,
a part of National Center for Biotechnology Information database (https://www.ncbi.nlm.nih.gov/sra),
can help. The protein coding sequence or amino acid sequence of interest can be recovered by blast
and alignment of reads to a homologous sequence.

Small-seeded cultivated crop or grass species, such as lettuce (Lactuca sativa) and bentgrass
(Agrostis stolonifera), are ideal dicot and monocot species, respectively, for initial studies, as they
lend themselves to microbioassays when there is very little test compound for study, as is often
the case with natural compounds [30]. Lemna species (duckweeds, e.g., Lemna paucicostata) are
also good because they are small and genetically uniform due to asexual reproduction, and their
two-dimensional growth habit lends itself to the non-destructive analysis of growth effects with image
analysis [31]. Other species are ideal for particular bioassays, such as cucumber (Cucumis sativa) for
the measurement of rapid effects on plasma membrane integrity (e.g., [32]). However, parts of plants
without functioning chloroplasts or mitotic cells (e.g., grass coleoptiles, [33]) are not appropriate for

https://www.ncbi.nlm.nih.gov/sra
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primary screens for phytotoxicity because all of the potential molecular targets are not functioning in
such plant tissues.

Initial bioassays are useful in the determination of potency and the general phenotypic effects
of a phytotoxin (see Section 4.3). However, because of its well-studied genome and biochemistry,
we recommend that Arabidopsis thaliana (Arabidopsis) be used for the more definitive genetic studies
described below (Section 5) that can unequivocally prove the target site of a phytotoxin. It is also a very
small plant that is ideal for microbioassays that require small amounts of test material. Although not as
two-dimensional as duckweed, image analysis can also be used for the growth analysis of Arabidopsis.

4.2. Achieving the Optimal Dose and Timing

A complete dose/response curve for the PP is essential information for initial MOA studies.
This will allow the selection of an appropriate dose (concentration) of the phytotoxin for further
studies. The response chosen is generally a growth parameter such as plant weight, longitudinal
growth, or leaf area. If the concentration used is too high, the chances of affecting more than one target
site are increased, complicating the MOA study (see Section 4.6). Moreover, secondary and tertiary
effects will occur much more rapidly at high concentrations, making identification of the primary
target more difficult. We find the most useful dose/response curves are generated with half log doses
(e.g., 1, 3.3, 10, 33, etc., mM) versus the measured effect because there is generally a linear response
of quantitative parameters (e.g., growth) to log doses [33]. After a complete dose/response curve is
generated, we recommend selecting a dose at or near that causing the maximum effect, as there will be
less variation in the response at this concentration. Two compounds with the same MOAs should have
similar dose/response curve slopes, although there are exceptions [34].

Furthermore, the dose/response curve will vary with the time after exposure to the PP, so this should
be considered when moving from dose/response studies to physiological, biochemical, and genetic
studies. Changes in the dose/response relationship can be due to many factors, including the rate
of uptake of the toxicant, its half-life in the organism, and the cascade of secondary and tertiary
effects after inhibition of the primary target protein. In general, the longer the time after exposure,
the more complicated the effects on the plant become. Thus, determination of the molecular target site
is generally easier at a time point soon after that target comes into contact with a strong dose of the PP.
This time point is not always simple to identify unless there is a biomarker that is easily identified, such
as increases in variable chlorophyll fluorescence for PSII inhibition [3] or rapid increases in shikimate
accumulation for inhibition of EPSPS [35]. Another variable that can affect the dose/response curve is
the proportion of the target site that must be inhibited to achieve an effect. This varies considerably,
with some targets such as PPO requiring relatively little of the target site to be inhibited [36].

4.3. Visible Phenotypic Response Clues

Phytotoxins with the same MOA will generally cause the same visible phenotypic effects.
For example, inhibitors of mitosis, such as synthetic dinitroaniline herbicides (e.g., trifluralin) and
natural inhibitors like colchicine, cause root tip swelling [37]. Auxin mimic phytotoxins (e.g., 2,4-D)
cause rapid growth, epinasty, and shoot twisting and turning [18]. Although compounds with the
same MOA cause particular symptoms, compounds with a different MOA can often cause very similar
symptoms. For example, the production of unpigmented (white) foliage is the result of inhibited
carotenoid production. This phenotype can be due to the inhibition of a number of enzymes in the
carotenoid pathway, as well as the inhibition of the synthesis of plastoquinone (PQ), a needed cofactor
for phytoene desaturase (PDS), a key enzyme of the carotenoid synthesis, by inhibition of any of the
enzymes leading from tyrosine to PQ (Figure 4). Nevertheless, such a profound phenotype narrows
the target site to a relatively few potential molecular targets. A profile of phenotypic responses to
phytotoxins with known MOAs in a standard species can be generated to obtain clues as to the MOA of
a compound for which the MOA is unknown. This approach has been used by a company in its search
for herbicides with new MOAs. They combined visible phenotypic effects and a few physiological
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measurements on several plant species to build profiles for this purpose, terming their approach
physionomics [38]. However, even if a compound fits the profile for a known MOA, the molecular target
must be proven by genetics and/or in vitro target site assays. If the phenotypic profile of a compound
does not fit that of any known mode of action, it may have a new molecular target and MOA.

Figure 4. Some of the enzymes (largest font) required for synthesis of carotenoids, the inhibition of which
causes a white phenotype. Those in red are targets of synthetic herbicides. TAT = tyrosine amino transferase,
HPPD = hydroxyphenylpyruvate dioxygenase, HST = homogentisate solanesyltransferase, SPS = solanesyl
diphosphate synthase, PDS = phytoene desaturase, MSBQMT = methylsolanylbenzoquinone methyl
transferase. Plastoquinone (PQ) is a PDS cofactor.

4.4. Reversion and Inhibitor Studies

One of the simpler ways to probe the MOA of a PP is to determine how exogenously fed
metabolites, inhibitors, or other compounds that affect plant metabolism affect the phytotoxicity of the
PP. For example, if a phytotoxin inhibits an enzyme in a biochemical pathway, supplying a metabolite
or metabolites produced by that pathway can reduce or eliminate the effect of the PP. This type of
experiment is called a reversion, supplementation, or metabolic rescue study [30]. Table 1 provides
examples of this approach. A good dose/response curve is required for this type of experiment, as the
optimal phytotoxin dose for reversal is the lowest dose for almost complete inhibition. Doses of the
phytotoxin that are much higher than this may be affecting targets other than the main phytotoxin
target, the effects of which would not be affected by the putative reversing chemical(s). Moreover,
a dose/response experiment should be conducted with the chemical(s) used for reversal, to make sure
that the dose/concentration used is not phytotoxic.

Table 1. Examples of reversion of effects of both phytotoxic phytotoxins (PPs) and other phytotoxins.

Phytotoxin Chemical(s) Used for
Reversal

Actual or Possible Physiological
Process or Enzyme Involved Ref.

Glyphosate 1 aromatic amino acids EPSPS of shikimate pathway [39]
Imidazolinones 1 branched chain amino acids acetolactate synthase [40]

Cornexistin 2 aspartate aspartate aminotransferase [41]
Hydantocidin 2 AMP adenylosuccinate synthetase [42]

t-chalcone 3 homogentisate plastoquinone synthesis [43]
Rhizobitoxin 2 methionine β-cystathionase [44]

Asulam 1 folate or p-aminobenzoate 7,8-dihydropteroate synthetase [45]
auscaulitoxin aglycone 2 most amino acids amino acid transporter [46]
7-deoxy-sedoheptulose 2 aromatic amino acids 3-dehydroquinate synthase [47]

1 Commercial herbicide, 2 Microbially produced phytotoxin, 3 PP.
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In addition to ameliorating the effects of phytotoxins by providing substrates or products of
the target enzyme (Table 1), supplemental chemicals can reduce the effects of any toxic compounds
produced by the action of the phytotoxin. For example, antioxidants can reduce the effects of
phytotoxins that produce large amounts of ROS. For example, the strong antioxidant pterostilbene
reduces the effect of the PPO inhibitor herbicide aciflorfen [48]. Some compounds can reduce the effect
of a phytotoxin by chemically reacting with it. For example, the PP dehydrozaluzanin C is apparently
partly phytotoxic by covalently binding thiols of proteins and other biomolecules [49]. Its phytotoxicity
was greatly reduced by supplying the oxidized form of glutathione, to which the PP covalently bound,
inactivating it. However, supplying histidine and glycine provided 40% reversal of the effects of
this PP, indicating that effects other than binding thiols contribute to its phytotoxicity. If the MOA
of a phytotoxin involves the accumulation of a toxic intermediate, administering a compound that
blocks the pathway to that intermediate can reduce the effects of a phytotoxin. For example, providing
gabaculine (a product of Streptomyces toyacaensis) to plant tissues treated with synthetic herbicide
inhibitors of PPO prevents the accumulation of highly toxic protoporphyrin IX by the inhibition of the
synthesis of aminolevulinic acid, a precursor for the porphyrin pathway [50,51]. Another inhibitor of
the porphyrin pathway (dioxoheptanoate) also reverses the effects of PPO inhibitors [50]. These results
were useful in the identification of PPO as the target of this class of herbicides [52].

Reversion studies can sometimes be misleading. For example, Grossmann et al. [53] used
a combination of physionomics and reversion studies to conclude that cinmethylin is an inhibitor of
tyrosine aminotransferase. However, in vitro inhibition of the enzyme was weak, and later studies,
using a chemoproteomic approach, found cinmethylin (Figure 1) to act by the inhibition of fatty acid
thioesterases to stop the production of medium length (C14-C18) fatty acids, a target unique to this
herbicide [13]. In our study on the mode of action of t-chalcone [42], feeding plants homogentisate
reversed the effects of this PP, indicating that it inhibited the synthesis of PQ by the inhibition of
HPPD, but no effect was found on this enzyme in an in vitro assay. Sometimes, reversion studies
give only a weak effect, but their results can accurately indicate the biosynthetic pathway affected.
For example, some reversion studies using aromatic amino acids to reverse the effects of glyphosate
gave weak results, but later in vitro enzymology and genetics research proved unequivocally that this
very successful herbicide inhibits only one enzyme, EPSPS, an essential enzyme for the shikimate
pathway that produces aromatic amino acids [54].

4.5. Omics Methods

Omics methods (e.g., transcriptomics, proteomics, metabolomics, and physionomics) are
potentially useful tools in determining the target sites of phytotoxins. However, it is usually very
difficult to find a clearly defined target in the large amount of data usually generated by these
technologies, as has been discussed in two reviews [55,56]. In fact, there is no good example of
the use of these technologies alone leading to the discovery of the MOA of a phytotoxin, although
there are many papers that use these methods. There are several difficulties. One of these is that all
phytotoxins cause stress, and a large number of genes are upregulated by stress. For example, in an
attempt to probe the mode of action of the PP allelochemical benzoxazolin-2,(3H)-one (BOA) [57],
the phytotoxin was found to upregulate a large number of stress- and xenobiotic-related genes that
made the determination of a primary target site impossible. This paper found similar effects of an
assortment of other phytotoxins (e.g., 2,4-D) and xenobiotics (e.g., phenobarbital). As mentioned above,
others have often mistaken stress effects for the primary effects of phytotoxins. Stress effects are seen at
every genetic, biochemical, and physiological level.

Use of the software that arranges the data according to biochemical pathways, such as the Kyoto
Encyclopedia of Genes and Genomes (KEGG), can clarify the data considerably. For example, KEGG
analysis of transcriptome data from a study examining the effects of the PP t-chalcone on Arabidopsis
narrowed the target site to only a few metabolic pathways, with only one consistent with the phenotypic
effects, the pathway from tyrosine to plastoquinone (PQ) [43] (Figure 5). The results were the same
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for both roots and shoots. This approach suggested that PQ synthesis was impaired, and reversion
studies with homogentisate (a PQ precursor) (Table 1) with both duckweed and Arabidopsis supported
this, indicating that HPPD was the target. However, there was no in vitro inhibition of the activity of
the enzyme. The authors speculated that t-chalcone could be converted to a HPPD inhibitor in vivo.
In vivo bioactivation has been documented for natural products (see Section 4.8).

Figure 5. Example of Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the effects of
t-chalcone on transcription of genes of tyrosine metabolism of Arabidopsis roots 1 h after exposure.
The level of color saturation of green and red represents the level of down- and upregulation, respectively.
This is a portion of a more detailed figure from [43].

In another attempt to find a target site of a PP, we examined the effect of citral on the transcriptome of
Arabidopsis [29]. This was more successful, in that there was a rapid downregulation of approximately
a third of the genome in roots of Arabidopsis within 1 h of exposure. This made pinpointing a metabolic
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target impossible, but as described above, we found by computational chemistry methods to determine
protein binding that citral is likely to be a good inhibitor of single strand DNA-binding proteins that are
transcription factors. This MOA explained the unusual transcriptome effects well. We also found the
natural phytotoxin cantharidin to affect the transcription of a large number of genes of Arabidopsis [58],
which was to be expected because we found cantharidin, as well as its herbicide analogue endothall,
to both inhibit all of the several classes of serine/threonine protein phosphatases in this plant [12].

Analysis of transcriptome effects when we know the molecular target of a toxin shows that there
is not always a strong effect on the expression of the gene encoding the target. For example, analysis of
the transcriptome effects of a group of fungicides that are known ergosterol synthesis inhibitors found
that genes for enzymes other than that of the molecular target in yeast were more affected; however,
all of these ergosterol synthesis inhibitors produced a similar effect on the pattern of expression of all
of the ergosterol pathway genes [59]. Zhu et al. [60] found no transcription effect by glyphosate on the
gene for its target, EPSPS. Thus, with even the most accurate and sophisticated transcriptome analysis,
this procedure is not likely to locate a clear target among the many genes of the plant. However, it does
produce an accurate account of the effect of the phytotoxin on gene expression.

The target site of almost all phytotoxins is a protein. Nevertheless, proteomics results can be
even more problematic in the interpretation of results because of the many posttranslational effects on
proteins. As a result, transcriptomic effects are not always reflected in proteomics effects, indicating that
changes in the proteome are not solely the consequence of changes in the transcriptome [61–63]. In a rare
experiment in which transcriptome (microarrays) [58] and proteome (two-dimensional difference
in gel electrophoresis method (2D-DIGE)) [64] data were taken from the same tissues in the same
experiment, there was almost no correlation between these two omic profiles in Arabidopsis in response
to cantharidin, other than the upregulation of glutathione-S-transferases involved in detoxification of
xenobiotics. Part of the poor correlations could also be due to the fact that proteomics methods are not
as definitive with low abundance proteins as modern transcriptomics methods with low abundance
mRNA. Relatively new and more sensitive alternatives for 2-D or 2D-DIGE are, e.g., Q-Orbitrap mass
analyzers that enable global proteome profiling and quantitative protein analysis [65]. Despite the
fact that this method has been available for a couple of years, articles covering the discussed issues in
this review have not yet emerged. Low abundance protein targets are highly desirable for herbicides
because they are more likely to need less herbicide to kill the plant [36], but finding such targets with
proteomics is problematic. Protein binding interactions (not enzymatic) with potential inhibitors when
many proteins are examined at the same time have been termed chemoproteomics [66,67]. This method
was used by Campe et al. [13] to identify the molecular target of cinmethylin and by Counihan et al. [68]
to identify the thiolase enzymes involved in fatty acid oxidation that are targeted by the herbicide
acetochlor in mice livers. This method is especially useful to identify targets for which in vitro enzyme
assays are not available or are very difficult.

Metabolomics has been used by one company involved in new herbicide discovery to find
potential herbicides with new molecular targets [53,69]. Metabolomics involves monitoring the effects
on a smaller number of compounds than of genes or proteins. However, there are few clear metabolite
biomarkers for most phytotoxins. Exceptions are shikimate and quinate for glyphosate, protoporphyrin
IX for PPO inhibitors, and sphingoid bases for inhibitors of plant ceramide synthase [35]. In these cases,
the biomarker compounds are generally in very low abundance in untreated cells of most plant species
because of their phytotoxicity. Most biochemical metabolites are not phytotoxic and are found at much
higher concentrations in plant tissues, making changes in their concentrations caused by a phytotoxin
less obvious than the marked changes seen in low abundant metabolites such as protoporphyrin IX
or shikimate. Thus, changes in metabolite profiles caused by inhibitors of many of the enzymes of
primary metabolism may not be sufficiently profound to provide a clear clue to the MOA. For example,
changes in the metabolome of duckweed caused by the aglycone of auscaulitoxin indicated that
alanine aminotransferase was the target enzyme, but in vitro assays of the effects on the activity of this
enzyme found no effect [46]. Clearly, this phytotoxin affects some aspect of amino acid metabolism,
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as evidenced by a complete reversal of its effects by feeding the treated plants with several amino
acids individually, but metabolomic data could not identify the target. Furthermore, the effects were
reversed by so many amino acids that a single pathway was not indicated. The authors speculated
that it affects one or more amino acid transporters, a target that would be virtually impossible to
identify by the effects on metabolite profiles. Metabolomics has been used to probe the effects of
phytotoxic doses of the PPs biochanin and catechin on Arabidopsis, but there were no clear indications
of their MOAs [70]. Likewise, metabolome effects of the PP allelochemical umbelliferone on durum
wheat suggested a primary effect on aromatic amino acid metabolism but did not determine the target
site(s) [71]. A successful use of metabolite analysis to determine the MOA of a phytotoxic sugar
(7-deoxy-sedoheptulose—see Table 1) from a cyanobacterium found that it caused the accumulation of
3-deoxy-D-arabino-heptulosonate 7-phosphate in treated plants [47]. This compound is a substrate of
an early enzyme of the shikimate pathway, 3-dehydroquinate synthase, and the authors found it to
inhibit this enzyme.

As with all MOA studies, results will vary with time after treatment and dose of the phytotoxin.
The speed of the effect will also vary with the time for movement of the phytotoxin to the target site
and sometimes with the speed with which the plant can bioactivate (see Section 4.8) or detoxify the
compound. The earlier in the cascade of effects that can produce a measurable effect, the more likely
the effect will be to the primary target. Much of the omics literature dealing with the effects of a toxin
is confounded with too many effects to see what the target might be.

Another issue is that some phytotoxins target mainly certain tissues or cell types, e.g., inhibitors
of mitosis. Moreover, in a whole plant, the phytotoxin concentration may vary considerably between
cell types, tissues, and organs. Thus, extraction of mRNA, proteins or metabolites from whole plants,
shoots, or roots may dilute an effect that is found mostly in target cell types. Methods are now available
for microsampling from cells and tissue, especially for transcriptomics (e.g., [72]), but without already
knowing the MOA, knowing what cells to sample is problematic.

Ordinary omics methods measure pool sizes of mRNAs, proteins, or metabolites at a single point
in time. However, most of these pools are in a state of flux, with input and losses. Changes in pool size
do not necessarily reflect changes in turnover within the pool. For example, when dark-grown maize
seedlings are placed in the light, the phenylalanine pool flux rate is increased more than three-fold,
even though the pool size is reduced by 40% [73]. The work was done with old-fashioned pulse-chase
experiments, using 14C-phenylalanine, HPLC, and a radioactivity detector. Metabolomics can now be
done with pulsed stable isotopes and chromatography, followed by mass spectrometry, a procedure
called fluxomics [74]. Such methods have been used with phytotoxins. For example, glyphosate was
found to increase de novo amino acid synthesis in a weed with this method [75].

As before [55,56], we still cannot point to any omics study that has yielded the clue pointing to
a verified MOA of a herbicide or a natural phytotoxin. Even when more than one omics method has
been used, the results have been disappointing. For example, Araniti et al. [76,77] used both proteomic
and metabolomic methods, as well as physiological methods, to study the effect of the PPs coumarin
and thymol on Arabidopsis, respectively, but no clear indication of a definitive MOA was found for
either compound. Artificial intelligence methods can be useful to predict MOAs from large omics
databases [22] (see Section 6).

4.6. Direct Measurement of Effects of the PP on Molecular Targets

One of the two clearest ways to ascertain the target of a phytotoxin is to demonstrate that it
inhibits the function of that target in an in vitro assay at a low concentration. The other is to show that
a resistant form of that target that is not affected by the phytotoxin renders the plant resistant to the
phytotoxin (see Section 5.2). Physiological assays for various known herbicide targets are available in
books (e.g., [78]) and reviews (e.g., [79]) and many research papers. All of the methods described before
this section can point to a target, but the in vitro assay is critical for proof of a MOA. Unfortunately,
clear indications of a target are often found to be wrong by the in vitro bioassay (e.g., [43,46]. However,
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in other cases, indications are verified by an in vitro assay (e.g., [12]). The in vitro bioassay of a putative
molecular target is not infallible. For example, reversion and metabolomic results indicated that
cinmethylin (Figure 1) acted on tyrosine aminotransferase, and a weak in vitro effect on the enzyme
seemed to verify this [53]; however, later studies found that it acts on acyl-ACP thioesterase in lipid
metabolism [13]. A potential difficulty in verifying physiological or omics clues with an in vitro assay
on a protein is that the phytotoxin may require in vivo chemical modification to bind the protein target.
This topic is dealt with in Section 4.8.

Direct determination of the effects on a protein is the step in MOA discovery that is missing from
most MOA publications, especially those on natural product phytotoxins. This is probably because
many enzymes are not easily assayed (e.g., EPSPS and PPO). This is a primary reason why good MOA
research requires hard work in learning new methods and/or collaboration with experts who have the
skills needed for the indicated target site.

4.7. Complications by Multiple Targets

All commercial herbicides appear to have a single molecular target, except perhaps some of
the natural product herbicides like pelargonic acid (discussed in [80]). However, natural product
phytotoxins often appear to act at more than one molecular target. For example, the allelochemical
sorgoleone can inhibit PSII, mitochondrial electron transport, HPPD, and H+-ATPase [81].
Another example of a PP phytotoxin with more than one MOA is that of sarmentine, a compound
from Piper species being developed as a natural phytotoxin [82]. It inhibits both PSII and enoyl-ACP
reductase at low concentrations. An advantage in nature of more than one molecular target is that this
will reduce the probability of the evolution of resistance at the target site [83]. However, more than
one target makes the determination of the MOAs difficult, especially if the importance of the different
MOAs varies with environmental conditions, species, and dose. Nevertheless, the different MOAs can
be identified with sufficient effort (e.g., [81,82]). The relative importance of different molecular targets
can be made clearer by mutants with resistant forms of the target protein (Section 5.2).

4.8. Complications by Prophytotoxins

Some phytotoxic molecules that are synthesized by humans or biosynthesized by living organisms
are inactive at the molecular target and must be metabolically converted to the active molecule.
Such molecules are termed prophytotoxins. There are numerous examples of proherbicides [84].
There are two advantages of proherbicides. First, the physicochemical properties of the proherbicide
may be better for movement to the target site than the actual enzyme inhibitor. Secondly, selectivity
of the proherbicide can be influenced by whether a plant species can activate it or not. Examples of
prophytotoxins in nature are the microbial compounds hydantocidin that must be phosphorylated in
the plant to be an inhibitor of its target, adenylosuccinate synthase [42], and 2,4-anhydro-d-glucitol
that must be glucosylated to inhibit its target, fructose-1,6-bis P aldolase [27] (Figure 3). Based on
biochemical and physiological factors, we speculated that the PP t-chalcone is a prophytotoxin [43].
In some cases, the prophytotoxin might be converted to the enzyme inhibitor in the environment,
rather than in the target plant. For example, the weakly phytotoxic allelochemical and relatively
unstable PP benzoxalinone, 4-hydroxy-2H-1,4-benzoxazin-3(4H)-one (DIBOA), can be converted to the
much more stable and phytotoxic aminophenoxazine, 2-amino-3H-phenoxazin-3-one (APO), with the
weak phytotoxin benzoxazoline-2(3H)-one (BOA) as an intermediate, in the soil (Figure 6), potentially
confounding allelopathy or MOA studies [85]. APO was found to be a strong inhibitor of histone
deacetylase, whereas DIBOA and BOA were inactive on this enzyme [86]. Thus, the confounding influence
of metabolic activation can be overcome if one knows the active derivative of the prophytotoxin.
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Figure 6. Conversion of the relatively weak and unstable allelochemical (DIBOA) to a strong, more stable
phytotoxin (APO) that occurs in soil.

5. Genetic Proof of the Target

5.1. Comparing Phenotypes of Known Mutants with That of Treatment with the Phytotoxin

A similar phenotype of a characterized mutant can provide a clue as to the MOA. However,
since potent phytotoxins kill plants, a mutation of the target to cause an effect similar to the toxin may
be lethal. Chimera plants can have mutations in some tissues that would be lethal if found in all of
the plant cells. For example, a chimera with albino patches in the leaf was found to lack the plastid
enzyme polyphenol oxidase in the chlorotic tissues [87]. This provided a clue that the uniform, similar
phenotype caused by the potent cyclic tetrapeptide produced by a plant pathogen, tentoxin, might also
lack this enzyme. Tentoxin-treated seedlings completely lacked the enzyme [87]. The ultrastructure of
the plastids of the mutant and those affected by tentoxin were similar. Thus, lack of this enzyme was
connected to the MOA of tentoxin.

5.2. Generating Genes for Resistant Targets

The most definitive method for proving that a phytotoxin has a particular molecular target is to
generate a plant that has this target that is resistant to the inhibitor at the in vitro level. For example,
plants containing transgenes with resistant forms of EPSPS have resistance levels to glyphosate that
are around 50-fold greater than untransformed, isogenic plants [88]. If there were another significant
target, this would not be possible. There are similar results with transgenic and mutant plants for
many other commercial herbicides, indicating that the herbicides to which they have high levels of
resistance have only one significant target [89]. Similarly, a transgene for resistance of dihydroxy-acid
hydratase, an enzyme of the branched chain amino acid pathway, to the fungal phytotoxin aspterric
acid proved this enzyme to be the unequivocal target of this fungal phytotoxin [90].

5.3. Genetics Approach Using Resistant Mutants

As mentioned above, the model plant Arabidopsis can be used to identify specific molecular
target sites for PPs. This can be achieved by screens for genetic resistance or hypersensitivity in
Arabidopsis, an approach known as forward genetics. The genomic loci responsible for the herbicide
or phytotoxin resistance are first identified by screening ethyl methanesulfonate (EMS)-mutagenized
Arabidopsis seeds, and the gene responsible for the phenotype is then isolated using conventional
genetic mapping-based cloning or genomic DNA sequencing. The publicly available T-DNA lines
or complementation by overexpression of the target gene in the mutant lines can then be used for
further proving the function of the target genes for the herbicides/phytotoxins. An example of such
an approach was the case of isoxaben and thiazolidinone herbicides, which were reported to inhibit
cellulose synthesis. Two semidominant mutants ixr-1 and ixr-2 were isolated from EMS-mutagenized
Arabidopsis that confer resistance to these herbicides [91,92]. Later, the locus was mapped to the
Arabidopsis genome using genetic mapping, and the mutated gene was identified as cellulose synthase,
a molecular target of isoxaben and thiazolidinone [93]. Another example is the result of screening
EMS-mutagenized Arabidopsis using sulfamethoxazole, a compound that belongs to the antimicrobial
sulfanilamide family, which is phytotoxic to plants. A mutant was isolated with reduced sensitivity to
sulfamethoxazole, and the gene responsible for the phenotype was identified encoding 5-oxoprolinase
using genomic mapping and whole-genome sequencing [94]. Although this forward genetic screen
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has proven a useful tool in identifying the molecular targets of bioactive compounds, it is limited in
cases in which the molecular target is an essential gene, which may cause lethality when mutated.
Nevertheless, this approach provides a tool for the discovery of MOAs and proving the molecular
target sites of phytotoxins.

6. Artificial Intelligence in MOA Discovery—Prospects

Existing databases with information about chemical structures, their bioactivity in different
bioassays, and genomic, transcriptomic, proteomic, and metabolomic data, etc., can be used by
researchers using artificial intelligence (AI) methods. Machine learning is often used synonymously with
AI, but it is one of the methods/tools of AI. AI is a collection of computational tools utilizing sophisticated
statistical software that can analyze massive datasets to find correlations, learn, and subsequently
utilize these relationships in resolving specific tasks [95]. This area of science has recently dramatically
expanded and progressed. The largest pharmaceutical companies have partnered with well-established
or startup companies that offer such advanced approaches in drug discovery and development [96].
The exploitation of AI has the potential to shorten the time and costs of the discovery and development
of lead compounds [97]. The agrochemical industry is also using AI in its pesticide and pesticide
MOA discovery efforts [98,99]. AI and machine learning can be useful in the determination of the
MOAs of compounds as well as in the discovery of new compounds with known MOAs [100,101].
AI enables at least two different approaches associated with phytotoxin MOAs: 1. designing compounds
for a specific MOA with the most optimal weed-specific target and avoiding the high throughput
screen of thousands of random compounds, followed by an extensive investigation of their MOA;
and 2. determining the MOA of known allelochemicals and other natural phytotoxins by the analysis
of large data resources on compounds with known MOAs and comparing with similar data on the
compound with an unknown MOA. A rare example of the effective application of the latter approach
is an exhaustive investigation of the MOA of aclonifen (Figure 2) [22]. Originally, the MOA of this
diphenyl ether herbicide was described as both a putative PDS (Figure 4) and PPO inhibitor [102].
Analysis of RNA-seq transcriptomic results obtained from treatments of Arabidopsis seedlings with
49 herbicides with 40 well-characterized molecular targets was employed to train a random forest
MOA prediction classifier (a form of AI). This method reduced the possible impacted biosynthetic
pathways by aclonifen to carotenoid biosynthesis. Together with this machine learning approach and
application of a wide array of molecular biology and biochemistry methods, the MOA of aclonifen
was determined to be by the inhibition of solanesyl diphosphate synthase, an enzyme required for
PQ synthesis, which is a required cofactor for PDS, a key enzyme in carotenoid synthesis (Figure 4).
We expect further use of AI for MOA discovery in the future as this tool becomes more robust and
access to it expands.

7. Summary

This short review gives the reader a conception of the potential complexity of mode of action
(MOA) research, whether on phytochemical phytotoxins or other phytotoxins. This complexity
accounts for the fact that relatively few research publications on the MOA of phytotoxins have actually
discovered the MOA. Most are on the secondary effects of the phytotoxin that the authors can easily
determine. In a few cases, one of the clues that we have discussed has given astute researchers the
path to determination of the MOA. However, in most cases, especially when a compound has a rare
or previously undescribed MOA, the determination of the MOA is challenging, even for herbicide
discovery companies with extensive resources. For those with access to large databases on the effects of
compounds with known MOAs, artificial intelligence methods of MOA determination will be valuable
tools in the future. We hope that the strategies and approaches that we discuss here will help those
involved in the determination of the MOA of PPs to achieve more successful outcomes.



Plants 2020, 9, 1756 15 of 20

Author Contributions: Conceptualization and writing, S.O.D., Z.P. and J.B.-H. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Duke, S.O. Proving allelopathy in crop-weed interactions. Weed Sci. 2015, 63, 121–132. [CrossRef]
2. Streibig, J.C.; Dayan, F.E.; Rimando, A.M.; Duke, S.O. Joint action of natural and synthetic photosystem II

inhibitors. Pestic. Sci. 1999, 55, 137–146. [CrossRef]
3. Arntzen, C.J.; Ditto, C.L.; Brewer, P.E. Chloroplast membrane alterations in triazine-resistant Amaranthus

retroflexus biotypes. Proc. Natl. Acad. Sci. USA 1979, 76, 278–282. [CrossRef]
4. Dayan, F.E.; Howell, J.; Weidenhamer, J.D. Dynamic root exudation of sorgoleone and its in planta mechanism

of action. J. Exp. Bot. 2009, 60, 1032–1039. [CrossRef]
5. Heap, I. The International Survey of Herbicide Resistant Weeds. Available online: www.weedsci.org

(accessed on 9 October 2020).
6. Herbicide Resistance Action Committee. Available online: www.hracglobal.com (accessed on 12 October 2020).
7. Knudsen, C.G.; Lee, D.L.; Michaely, W.J.; Chin, H.-L.; Nguyen, N.H.; Rusay, R.J.; Cromartie, T.H.; Gray, R.;

Lake, B.H.; Fraser, T.E.M.; et al. Discovery of the triketone class of HPPD inhibiting herbicides and
their relationship to naturally occurring β-triketones. In Allelopathy in Ecological Agriculture and Forestry;
Narwal, S.S., Hoagland, R.E., Dilday, R.H., Reigosa, M.J., Eds.; Kluwer Academic Publishers: Dordrecht,
The Netherlands, 2000; pp. 101–111.

8. Duke, S.O. Why have no new herbicide modes of action appeared in recent years? Pest Manag. Sci. 2012, 68,
505–512. [CrossRef]

9. Dayan, F.E.; Howell, J.L.; Marais, J.M.; Ferreira, D.; Koivunen, M.E. Manuka oil, a natural herbicide with
preemergence activity. Weed Sci. 2011, 59, 464–469. [CrossRef]

10. Owens, D.K.; Nanayakkara, N.P.D.; Dayan, F.E. In planta mechanism of action of leptospermone: Impact of
its physico-chemical properties on uptake, translocation, and metabolism. J. Chem. Ecol. 2013, 39, 262–270.
[CrossRef]

11. Dayan, F.E.; Duke, S.O.; Sauldubois, A.; Singh, N.; McCurdy, C.; Cantrell, C.L. p-Hydroxyphenylpyruvate
dioxygenase is the herbicidal target site for β-triketones from Leptospermum scoparium. Phytochemistry 2007,
68, 2004–2014. [CrossRef]

12. Bajsa, J.; Pan, Z.; Dayan, F.E.; Owens, D.K.; Duke, S.O. Validation of serine/threonine protein phosphatase as
the herbicide target site of endothall. Pestic. Biochem. Physiol. 2012, 102, 38–44. [CrossRef]

13. Campe, R.; Hollenbach, E.; Kämmerer, L.; Hendriks, J.; Höffken, H.W.; Kraus, H.; Lerchl, J.; Mietzner, T.;
Tresch, S.; Witschel, M.; et al. A new herbicidal site of action: Cinmethylin binds to acyl-ACP thioesterase
and inhibits plant fatty acid synthase. Pestic. Bichem. Physiol. 2018, 148, 116–125. [CrossRef]

14. Jessing, K.; Duke, S.O.; Cedergreen, N. Potential ecological roles of artemisinin produced by Artemisia anna L.
J. Chem. Ecol. 2014, 40, 100–117. [CrossRef] [PubMed]

15. Bais, H.P.; Vepachedu, R.; Gilroy, S.; Callaway, R.M.; Vivanco, J.M. Allelopathy and exotic plant invasion:
From molecules and genes to species interactions. Science 2003, 301, 1377–1380. [CrossRef] [PubMed]

16. Babula, P.; Vaverkova, V.; Poborilova, Z.; Ballova, L.; Masarik, M.; Provaznik, I. Phyototoxic action of
napthoquinone juglone demonstrated on lettuce seedling roots. Plant Physiol. Biochem. 2014, 84, 78–86.
[CrossRef] [PubMed]

17. Suzuki, N.; Koussevitsky, S.; Mittler, R.; Miller, G. ROS and redox signaling in the response of plants to
abiotic stress. Plant Cell Environ. 2012, 35, 259–270. [CrossRef] [PubMed]

18. Devine, M.D.; Duke, S.O.; Fedtke, C. Physiology of Herbicide Action; Prentice Hall: Englewood Cliffs, NJ, USA,
1993; pp. 163–166.

19. Dayan, F.E.; Duke, S.O. Herbicides: Protoporphyrinogen oxidase inhibitors. In Encyclopedia of Agrochemicals;
Plimmer, J.R., Gammon, D.W., Ragsdale, N.N., Eds.; John Wiley & Sons: New York, NY, USA, 2003; Volume 2,
pp. 850–863.

http://dx.doi.org/10.1614/WS-D-13-00130.1
http://dx.doi.org/10.1002/(SICI)1096-9063(199902)55:2&lt;137::AID-PS885&gt;3.0.CO;2-D
http://dx.doi.org/10.1073/pnas.76.1.278
http://dx.doi.org/10.1093/jxb/erp082
www.weedsci.org
www.hracglobal.com
http://dx.doi.org/10.1002/ps.2333
http://dx.doi.org/10.1614/WS-D-11-00043.1
http://dx.doi.org/10.1007/s10886-013-0237-8
http://dx.doi.org/10.1016/j.phytochem.2007.01.026
http://dx.doi.org/10.1016/j.pestbp.2011.10.007
http://dx.doi.org/10.1016/j.pestbp.2018.04.006
http://dx.doi.org/10.1007/s10886-014-0384-6
http://www.ncbi.nlm.nih.gov/pubmed/24500733
http://dx.doi.org/10.1126/science.1083245
http://www.ncbi.nlm.nih.gov/pubmed/12958360
http://dx.doi.org/10.1016/j.plaphy.2014.08.027
http://www.ncbi.nlm.nih.gov/pubmed/25240266
http://dx.doi.org/10.1111/j.1365-3040.2011.02336.x
http://www.ncbi.nlm.nih.gov/pubmed/21486305


Plants 2020, 9, 1756 16 of 20

20. Yu, J.Q.; Ye, S.F.; Zhang, M.F.; Hu, W.H. Effects of root exudates and aqueous root extracts of cucumber (Cucumis
sativus) and allelochemicals, on photosynthesis and antioxidant enzymes in cucumber. Biochem. Syst. Ecol.
2003, 31, 129–139. [CrossRef]

21. Zhang, H.; Tweel, B.; Tong, L. Molecular basis for the inhibition of the carboxytransferase domain of
acetyl-coenzyme-A caroboxylase by haloxyfop and diclofop. Proc. Natl. Acad. Sci. USA 2004, 101, 5910–5915.
[CrossRef]

22. Kahlau, S.; Schröder, F.; Freigang, J.; Laber, B.; Lange, G.; Passon, D.; Kleeßen, S.; Lohse, M.; Schulz, A.; von
Koskull-Döring, P.; et al. Aclonifen targets solanesyl diphosphate synthase, representing a novel mode of
action for herbicides. Pest Manag. Sci. 2020, 76, 3377–3388. [CrossRef]

23. Kunert, K.-J.; Sandmann, G.; Böger, P. Mode of action of diphenyl ethers. Rev. Weed Sci. 1997, 3, 35–55.
24. Dayan, F.E.; Ferreria, D.; Wang, Y.-H.; Khan, I.A.; McInroy, J.A.; Pan, Z. A pathogenic fungi diphenyl ether

phytotoxin targets plant enoyl (acyl carrier protein) reductase. Plant Physiol. 2008, 147, 1062–1071. [CrossRef]
25. Zhu, S.-S.; Zhang, G.-J.; Liao, H.-B.; Wang, H.-S.; Liang, D. A new chlorinated diphenyl ether and a new

sesquilignan from the stems of Mappianthus tomentosa. Phytochem. Lett. 2019, 30, 49–52. [CrossRef]
26. Abbas, H.K.; Duke, S.O.; Shier, W.T.; Duke, M.V. Inhibition of ceramide synthesis in plants by phytotoxins.

In Advances in Microbial Toxin Research and Its Biotechnological Exploitation; Upadhyay, R.K., Ed.; Kluwer
Academic/Plenum Publ.: London, UK, 2002; pp. 211–229.

27. Dayan, F.E.; Rimando, A.M.; Tellez, M.R.; Scheffler, B.E.; Roy, T.; Abbas, H.K.; Duke, S.O. Bioactivation of the
fungal phytotoxin 2,4-anhydro-d-glucitol by glycolytic enzymes is an essential component of its mechanism
of action. Z. Naturforsch. C 2002, 57, 645–653. [CrossRef] [PubMed]

28. McRobb, F.M.; Kufareva, I.; Abagyan, R. In silico identification and pharmacological evaluation of novel
endocrine disrupting chemicals that act via the ligand-binding domain of the estrogenic receptorα. Toxicol. Sci.
2014, 141, 188–197. [CrossRef] [PubMed]

29. Graña, E.; Días-Tielas, C.; Sánchez-Moreiras, A.M.; Reigosa, M.J.; Celiero, M.; Abagyan, R.; Teijeira, M.;
Pan, Z.; Duke, S.O. Transcriptome and binding data indicate that citral inhibits single strand DNA binding
proteins. Physiol. Plant. 2020, 169, 99–109. [CrossRef] [PubMed]

30. Dayan, F.E.; Romagni, J.G.; Duke, S.O. Investigating the mode of action of natural phytotoxins. J. Chem. Ecol.
2000, 26, 2079–2094. [CrossRef]

31. Michel, A.; Johnson, R.D.; Duke, S.O.; Scheffler, B.E. Dose-response relationships between herbicides
with different modes of action and growth of Lemna paucicostata—An improved ecotoxicological method.
Environ. Toxicol. Chem. 2004, 23, 1074–1079. [CrossRef] [PubMed]

32. Duke, S.O.; Kenyon, W.H. Peroxidizing activity determined by cellular leakage. In Target Assays for Modern
Herbicides and Related Phytotoxic Compounds; Böger, P., Sandmann, G., Eds.; CRC Press: Boca Raton, FL, USA,
1993; pp. 61–66.

33. Cutler, H.G.; Reid, W.W.; Delétang, J. Plant growth inhibiting properties of diterpenes from tobacco.
Plant Cell Physiol. 1977, 18, 711–714.

34. Belz, R.G.; Velini, E.D.; Duke, S.O. Dose/response relationships in allelopathy research. In Allelopathy: New
Concepts and Methodology; Fujii, Y., Hiradate, S., Eds.; Science Publishers: Enfield, NH, USA, 2007; pp. 3–29.

35. Shaner, D.L.; Nadler-Hassar, T.; Henry, W.B.; Koger, C.H. A rapid in vivo shikimate accumulation assay with
excised leaf discs. Weed Sci. 2004, 53, 769–774. [CrossRef]

36. Dayan, F.E.; Duke, S.O. Discovery of new herbicide sites of action by quantification of plant primary
metabolite and enzyme pools. Engineering 2020, 6, 509–514. [CrossRef]

37. Vaughan, M.A.; Vaughn, K.C. Mitotic disruptors from higher plants and their potential uses as herbicides.
Weed Technol. 1988, 2, 533–539. [CrossRef]

38. Grossmann, K. What it takes to get a herbicide’s mode of action. Physionomics, a classical approach in a new
complexion. Pest Manag. Sci. 2005, 61, 423–432. [CrossRef]

39. Killmer, J.; Widholm, J.; Slife, F. Reversal of glyphosate inhibition of carrot cell culture growth by glycolytic
intermediates and organic and amino acids. Plant Physiol. 1981, 68, 1299–1302. [CrossRef] [PubMed]

40. Shaner, D.L.; Anderson, P.A.; Stidham, M.A. Imidazolinones. Potent inhibitors of acetohydroxyacid synthase.
Plant Physiol. 1984, 76, 545–546. [CrossRef] [PubMed]

41. Amagasa, T.; Paul, R.N.; Heitholt, J.J.; Duke, S.O. Biological effects of cornexistin on Lemna pausicostata.
Pestic. Biochem. Physiol. 1994, 49, 37–52. [CrossRef]

http://dx.doi.org/10.1016/S0305-1978(02)00150-3
http://dx.doi.org/10.1073/pnas.0400891101
http://dx.doi.org/10.1002/ps.5781
http://dx.doi.org/10.1104/pp.108.118372
http://dx.doi.org/10.1016/j.phytol.2019.01.018
http://dx.doi.org/10.1515/znc-2002-7-817
http://www.ncbi.nlm.nih.gov/pubmed/12240991
http://dx.doi.org/10.1093/toxsci/kfu114
http://www.ncbi.nlm.nih.gov/pubmed/24928891
http://dx.doi.org/10.1111/ppl.13055
http://www.ncbi.nlm.nih.gov/pubmed/31828797
http://dx.doi.org/10.1023/A:1005512331061
http://dx.doi.org/10.1897/03-256
http://www.ncbi.nlm.nih.gov/pubmed/15095907
http://dx.doi.org/10.1614/WS-05-009R.1
http://dx.doi.org/10.1016/j.eng.2020.03.004
http://dx.doi.org/10.1017/S0890037X00032401
http://dx.doi.org/10.1002/ps.1016
http://dx.doi.org/10.1104/pp.68.6.1299
http://www.ncbi.nlm.nih.gov/pubmed/16662096
http://dx.doi.org/10.1104/pp.76.2.545
http://www.ncbi.nlm.nih.gov/pubmed/16663878
http://dx.doi.org/10.1006/pest.1994.1032


Plants 2020, 9, 1756 17 of 20

42. Siehl, D.L.; Subramanian, M.V.; Walters, E.W.; Lee, S.-F.; Anderson, R.J.; Toshi, A.G. Adenylosuccinate
synthetase: Site of action of hydantocidin, a microbial phytotoxin. Plant Phyiol. 1996, 110, 753–758. [CrossRef]
[PubMed]

43. Díaz-Tielas, C.; Grãna, E.; Sánchez-Moreiras, A.M.; Reigosa, M.J.; Vaughn, J.N.; Pan, Z.; Hirshel-Bajsa, J.;
Duke, M.V.; Duke, S.O. Transcriptome responses to the phytotoxin t-chalcone in Arabidopsis thaliana L.
Pest Manag. Sci. 2019, 75, 2490–2504. [CrossRef] [PubMed]

44. Giovanelli, J.; Owens, L.; Mudd, S. Mechanisms of inhibition of β-cystathionase by rhizobitoxine.
Biochim. Biophys. Acta 1971, 227, 671–684. [CrossRef]

45. Killmer, J.L.; Widholm, J.M.; Slife, F.W. Antagonistic effect of p-aminobenzoate or folate on asulam [methyl
(4-aminobenzensulphonyl carbonate)] inhibition of carrot suspenstion cultures. Plant Sci. Lett. 1980, 19,
203–208. [CrossRef]

46. Duke, S.O.; Evidente, A.; Fiore, M.; Rimando, A.M.; Dayan, F.E.; Vurro, M.; Christiansen, N.; Looser, R.;
Hutzler, J.; Grossmann, K. Effects of the aglycone of ascaulitoxin on amino acid metabolism in Lemna
paucicostata. Pestic. Biochem. Physiol. 2011, 100, 41–50. [CrossRef]

47. Brilisauer, K.; Rapp, J.; Rath, P.; Schöllhorn, A.; Bleul, L.; Weiß, E.; Stahl, M.; Grond, S.; Forschhammer, K.
Cyanobacterial antimetabolite 7-deoxy-sedoheptulose blocks the shikimiate pathway to inhibit the growth
of phototrophic organsims. Nat. Commun. 2019, 10, 545. [CrossRef]

48. Rimando, A.M.; Cuendet, M.; Desmarchelier, C.; Mehta, R.G.; Pezzuto, J.M.; Duke, S.O. Cancer
chemopreventative and antioxidant activities of pterostilbene, a naturally occurring analogue of resveratrol.
J. Agric. Food. Chem. 2002, 50, 3453–3457. [CrossRef]

49. Galindo, J.C.G.; Hernández, A.; Dayan, F.E.; Tellez, M.R.; Maciás, F.A.; Paul, F.N.; Duke, S.O.
Dehydrozaluzanin C, a natural sesquiterpenolide, causes rapid plasma membrane damage. Phytochemistry
1999, 52, 805–813. [CrossRef]

50. Lydon, J.; Duke, S.O. Porphyrin synthesis is required for photobleaching activity of the p-nitrosubstituted
diphenyl ether herbicides. Pestic. Biochem. Physiol. 1988, 31, 74–83. [CrossRef]

51. Liu, X.-H.; Yu, W.; Min, L.-J.; Johnson, R.D.; Wedge, D.E.; Tan, C.-X.; Weng, J.-Q.; Wu, H.-K.; Cantrell, C.L.;
Bajsa-Hirschel, J.; et al. Synthesis and pesticidal activities of new quinoxalines. J. Agric. Food Chem. 2020, 68,
7324–7332. [CrossRef] [PubMed]

52. Duke, S.O.; Becerril, J.M.; Lydon, J.; Matsumoto, H.; Sherman, T.D. Protoporphyrinogen oxidase-inhibiting
herbicides. Weed Sci. 1991, 39, 465–473. [CrossRef]

53. Grossman, K.; Hutzler, J.; Tresch, S.; Christiansen, N.; Looser, R.; Ehrhardt, T. On the mode of action
of herbicides cinmethylin and 5-benzyloxymethyl-1,2-isoxazolines: Putative inhibitors of plant tyrosine
aminotransferase. Pest Manag. Sci. 2012, 68, 482–492. [CrossRef]

54. Duke, S.O. Glyphosate: Uses other than in glyphosate-resistant crops, mode of action, degradation in plants,
and effects on non-target plants and agricultural microbes. In Reviews of Environmental Contamination and
Toxicology; Springer: Berlin/Heidelberg, Germany, 2021; Volume 255, in press.

55. Duke, S.O.; Bajsa, J.; Pan, Z. Omics methods for probing the mode of action of natural and synthetic
phytotoxins. J. Chem. Ecol. 2013, 39, 333–347. [CrossRef]

56. Duke, S.O.; Pan, Z.; Bajsa-Hirschel, J.; Sánchez-Moreiras, A.M.; Vaughn, J.N. Use of omics methods to
determine the mode of action of natural phytotoxins. In Roles of Natural Products for Biorational Pesticides in
Agriculture; American Chemical Society: Washington, DC, USA, 2018; Volume 1294, pp. 33–46.

57. Baerson, S.R.; Sánchez-Moreiras, A.; Pedrol-Bonjoch, N.; Schulz, M.; Kagan, I.A.; Agarwal, A.K.; Reigosa, M.J.;
Duke, S.O. Detoxification and transcriptome response in Arabidopsis seedlings exposed to the allelochemical
benzoxazolin-2(3H)-one (BOA). J. Biol. Chem. 2005, 280, 21867–21881. [CrossRef]

58. Bajsa, J.; Pan, Z.; Duke, S.O. Transcriptional responses to cantharidin, a protein phosphatase inhibitor, in
Arabidopsis thaliana reveal the involvement of multiple signal transduction pathways. Physiol. Plant. 2011,
143, 188–205. [CrossRef]

59. Kagan, I.A.; Michel, A.; Prause, A.; Scheffler, B.E.; Pace, P.; Duke, S.O. Gene transcription profiles of
Saccharomyces cerevisiae after treatment with plant protection fungicides that inhibit ergosterol biosynthesis.
Pestic. Biochem. Physiol. 2005, 82, 133–153. [CrossRef]

60. Zhu, J.; Patzoldt, W.L.; Shealy, R.T.; Vodkin, L.O.; Clough, S.J.; Tranel, P.J. Transcriptome response to
glyphosate in sensitive and resistant soybean. J. Agric. Food Chem. 2008, 56, 6355–6363. [CrossRef]

http://dx.doi.org/10.1104/pp.110.3.753
http://www.ncbi.nlm.nih.gov/pubmed/8819867
http://dx.doi.org/10.1002/ps.5405
http://www.ncbi.nlm.nih.gov/pubmed/30868714
http://dx.doi.org/10.1016/0005-2744(71)90016-7
http://dx.doi.org/10.1016/0304-4211(80)90073-5
http://dx.doi.org/10.1016/j.pestbp.2011.02.002
http://dx.doi.org/10.1038/s41467-019-08476-8
http://dx.doi.org/10.1021/jf0116855
http://dx.doi.org/10.1016/S0031-9422(99)00303-9
http://dx.doi.org/10.1016/0048-3575(88)90031-4
http://dx.doi.org/10.1021/acs.jafc.0c01042
http://www.ncbi.nlm.nih.gov/pubmed/32530612
http://dx.doi.org/10.1017/S0043174500073239
http://dx.doi.org/10.1002/ps.2319
http://dx.doi.org/10.1007/s10886-013-0240-0
http://dx.doi.org/10.1074/jbc.M500694200
http://dx.doi.org/10.1111/j.1399-3054.2011.01494.x
http://dx.doi.org/10.1016/j.pestbp.2005.02.002
http://dx.doi.org/10.1021/jf801254e


Plants 2020, 9, 1756 18 of 20

61. Bathke, J.; Konzer, A.; Remes, B.; McIntosh, M.; Klug, G. Comparative analyses of the variation of the
transcriptome and proteome of Rhodobacter sphaeroides throughout growth. BMC Genom. 2019, 20, 358.
[CrossRef] [PubMed]

62. Payne, S.H. The utility of protein and mRNA correlation. Trends Biochem. 2015, 40, 1–3. [CrossRef] [PubMed]
63. Narayananan, R.; Van de Ven, W.J.M. Transcriptome and proteome analysis: A perspective on correlation.

MOJ Proteom. Bioinform. 2014, 1, 000227. [CrossRef]
64. Bajsa, J.; Pan, Z.; Duke, S.O. Cantharidin, a protein phosphatase inhibitor, strongly upregulates detoxification

enzymes in the Arabidopsis proteome. J. Plant Physiol. 2015, 173, 33–40. [CrossRef]
65. Michalski, A.; Damoc, E.; Hauschild, J.P.; Lange, O.; Wieghaus, A.; Makarov, A.; Nagaraj, N.; Cox, J.;

Mann, M.; Horning, S. Mass spectrometry-based proteomics using Q Exactive, a high-performance benchtop
quadrupole Orbitrap mass spectrometer. Mol. Cell. Proteom. 2011, 10, M111.011015. [CrossRef]

66. Bantscheff, M.; Drewes, G. Chemoproteomic approaches to drug target identification and drug profiling.
Bioorgan. Med. Chem. 2012, 20, 1973–1978. [CrossRef]

67. Drewes, G.; Knapp, S. Chemoproteomics and chemical probes for target discovery. Trends Biotechnol. 2018,
36, 1275–1286. [CrossRef]

68. Counihan, J.L.; Dukering, M.; Dalvie, E.; Ku, W.-M.; Bateman, L.A.; Fischer, K.J.; Nomura, D.K.
Chemoproteomic profiling of acetanilide herbicides reveals their role in inhibiting fatty acid oxidation.
Am. Chem. Soc. Chem. Biol. 2017, 12, 635–642. [CrossRef]

69. Grossmann, K.; Christiansen, N.; Looser, R.; Tresch, S.; Hutzler, S.; Pollman, S.; Ehrhardt, T. Physionomics
and metabolomics—Two key approaches in herbicides discovery mode of action discovery. Pest Manag. Sci.
2012, 68, 294–304. [CrossRef] [PubMed]

70. Pederson, H.A.; Kudsk, P.; Fomsgaard, I. Metabolic profiling of Arabidopsis thaliana reveals herbicide- and
allelochemical-dependent alterations before they become apparent on plant growth. J. Plant Growth Regul.
2015, 34, 95–107. [CrossRef]

71. Misra, B.B.; Das, V.; Landi, M.; Abenavoli, M.R.; Araniti, F. Short-term effects of the allelochemical
umbelliferone on Triticum durum L. metabolism through GC-MS based untargeted metabolomics. Plant Sci.
2020, 298, 110548. [CrossRef] [PubMed]

72. Sakai, K.; Taconnat, L.; Borrega, N.; Yansouni, J.; Brunaud, V.; Paysant-LeRoux, C.; Dellannoy, E.;
Magniette, M.-L.M.; Lepiniec, L.; Faure, J.D.; et al. Combining laser-assisted microdissection (LAM)
and RNA-seq allows to perform comprehensive transcriptomic analysis of epidermal cells of Arabidopsis
embryo. Plant Methods 2018, 14, 10. [CrossRef] [PubMed]

73. Duke, S.O.; Naylor, A.W. Light effects on phenylalanine ammonia-lyase substrate levels and turnover rate in
maize seedlings. Plant Sci. Lett. 1976, 6, 361–367. [CrossRef]

74. Srivastava, A.; Kowalski, G.M.; Callahan, D.L.; Meikle, P.J.; Creek, D.J. Strategies for extending metabolomics
studies with stable isotopes labeling and fluxomics. Metabolites 2016, 6, 32. [CrossRef]

75. Maroli, A.S.; Nandula, V.K.; Duke, S.O.; Tharayil, N. Stable isotope resolved metabolomics reveals the role
of anabolic and catabolic processes in glyphosate-induced amino acid accumulation in Amaranthus palmeri
biotypes. J. Agric. Food Chem. 2016, 64, 7040–7048. [CrossRef]

76. Araniti, F.; Scognamiglio, M.; Chambery, A.; Russo, R.; Esposito, A.; D’Abrosca, B.; Florentino, A.; Lupini, A.;
Sunseri, F.; Abenavoli, M.R. Highlighting the effects of coumarin on adult plants of Arabidopsis thaliana (L.)
Heynh. by an integrated-omic approach. J. Plant Growth Regul. 2017, 213, 30–41. [CrossRef]

77. Araniti, R.; Miras-Moreno, B.; Luchini, L.; Landi, M.; Abenavoli, M.R. Metabolomic, proteomic and
physiological insights into the potential mode of action of thymol, a phytotoxic natural monoterpenoid
phenol. Plant Physiol. Biochem. 2020, 153, 141–153. [CrossRef]

78. Böger, P.; Sandmann, G. (Eds.) Target Assays for Modern Herbicides and Related Phytotoxic Compounds; CRC Press:
Boca Raton, FL, USA, 1993; p. 299.

79. Dayan, F.E.; Owens, D.K.; Corniani, N.; Silva, F.M.L.; Watson, S.B.; Howell, J.; Shaner, D.L. Biochemical
markers and enzyme assays for herbicide mode of action and resistance studies. Weed Sci. 2015, 63, 23–63.
[CrossRef]

80. Dayan, F.E.; Watson, S.B. Plant cell membrane as a marker for light-dependent and light-independent
herbicide mechanisms of action. Pestic. Biochem. Physiol. 2011, 101, 182–190. [CrossRef]

81. Dayan, F.E.; Rimando, A.M.; Pan, Z.; Baerson, S.R.; Gimsing, A.L.; Duke, S.O. Sorgoleone. Phytochemistry
2010, 71, 1032–1039. [CrossRef]

http://dx.doi.org/10.1186/s12864-019-5749-3
http://www.ncbi.nlm.nih.gov/pubmed/31072330
http://dx.doi.org/10.1016/j.tibs.2014.10.010
http://www.ncbi.nlm.nih.gov/pubmed/25467744
http://dx.doi.org/10.15406/mojpb.2014.01.00027
http://dx.doi.org/10.1016/j.jplph.2014.09.002
http://dx.doi.org/10.1074/mcp.M111.011015
http://dx.doi.org/10.1016/j.bmc.2011.11.003
http://dx.doi.org/10.1016/j.tibtech.2018.06.008
http://dx.doi.org/10.1021/acschembio.6b01001
http://dx.doi.org/10.1002/ps.2300
http://www.ncbi.nlm.nih.gov/pubmed/22076706
http://dx.doi.org/10.1007/s00344-014-9446-9
http://dx.doi.org/10.1016/j.plantsci.2020.110548
http://www.ncbi.nlm.nih.gov/pubmed/32771160
http://dx.doi.org/10.1186/s13007-018-0275-x
http://www.ncbi.nlm.nih.gov/pubmed/29434651
http://dx.doi.org/10.1016/0304-4211(76)90118-8
http://dx.doi.org/10.3390/metabo6040032
http://dx.doi.org/10.1021/acs.jafc.6b02196
http://dx.doi.org/10.1016/j.jplph.2017.02.013
http://dx.doi.org/10.1016/j.plaphy.2020.05.008
http://dx.doi.org/10.1614/WS-D-13-00063.1
http://dx.doi.org/10.1016/j.pestbp.2011.09.004
http://dx.doi.org/10.1016/j.phytochem.2010.03.011


Plants 2020, 9, 1756 19 of 20

82. Dayan, F.E.; Owens, D.K.; Watson, S.B.; Asolkar, R.N.; Boddy, L.G. Sarmentine, a natural herbicide from
Piper species with multiple mechanisms of action. Front. Plant Sci. 2015, 6, 222. [CrossRef] [PubMed]

83. Gressel, J. Perspective: Present pesticide discovery paradigms promote the evolution of resistance—Learn
from nature and prioritize multi-target site inhibitor design. Pest Manag. Sci. 2020, 76, 421–425. [CrossRef]
[PubMed]

84. Jeschke, P. Propesticides and their use as agrochemicals. Pest Manag. Sci. 2016, 72, 210–225. [CrossRef]
[PubMed]

85. Macías, F.A.; Chinchilla, N.; Varela, R.M.; Oliveros-Bastidas, A.; Marín, D.; Molinillo, J.M.G. Structure activity
relationship studies of benzoxazinones and related compounds. Phytotoxicity on Echinochloa crus-galli (L.) P.
Beauv. J. Agric. Food Chem. 2005, 53, 4373–4380. [CrossRef]

86. Venturelli, S.; Belz, R.G.; Kämper, A.; Berger, A.; von Horn, K.; Wegner, A.; Böcker, A.; Zabulon, G.;
Langennecker, T.; Kohlbacher, O.; et al. Plants release precursors of histone deacetylase inhibitors to suppress
growth of competitors. Plant Cell 2015, 27, 3175–3189. [CrossRef]

87. Vaughn, K.C.; Duke, S.O. Tentoxin-induced loss of plastidic polyphenol oxidase. Physiol. Plant. 1981, 53,
421–428. [CrossRef]

88. Nandula, V.K.; Reddy, K.N.; Rimando, A.M.; Duke, S.O.; Poston, D.H. Glyphosate-resistant and -susceptible
soybean (Glycine fmax) and canola (Brassica napus) dose response and metabolism relationships with
glyphosate. J. Agric. Food Chem. 2007, 55, 3540–3545. [CrossRef]

89. Duke, S.O. Biotechnology: Herbicide-resistant crops. In Encyclopedia of Agriculture and Food Systems;
Van Alfen, N., Ed.; Elsevier: San Diego, CA, USA, 2014; Volume 2, pp. 94–116.

90. Yan, Y.; Liu, Q.; Zang, X.; Yuan, S.; Bat-Erdene, U.; Nguyen, C.; Gan, J.; Zhou, J.; Jacobsen, S.E.; Tang, Y.
Resistance-gene-directed discovery of a natural-product herbicide with a new mode of action. Nature 2018,
559, 415–418. [CrossRef]

91. Heim, D.R.; Roberts, J.L.; Pike, P.D.; Larrinua, I.M. Mutation of a locus of Arabidopsis thaliana confers resistance
to the herbicide isoxaben. Plant Physiol. 1989, 90, 146–150. [CrossRef]

92. Heim, D.R.; Roberts, J.L.; Pike, P.D.; Larrinua, I.M. A second locus, Ixr B1 in Arabidopsis thaliana, that confers
resistance to the herbicide isoxaben. Plant Physiol. 1990, 92, 858–861. [CrossRef]

93. Scheible, W.; Eshed, R.; Richmond, T.; Delmer, D.; Somerville, C. Modifications of cellulose synthase confer
resistance to isoxaben and thiazolidinone herbicides in Arabidopsis Ixr1 mutants. Proc. Natl. Acad. Sci. USA
2001, 98, 10079–10084. [CrossRef] [PubMed]

94. Schreiber, K.J.; Austin, R.S.; Gong, Y.; Zhang, J.; Fung, P.; Wang, P.W.; Guttman, D.S.; Desveaux, D. Forward
chemical genetic screens in Arabidopsis identify genes that influence sensitivity to the phytotoxic compound
sulfamethoxazole. BMC Plant Biol. 2012, 12, 226. [CrossRef] [PubMed]

95. Batool, M.; Ahmad, B.; Choi, S. A structure-based drug discovery paradigm. Int. J. Mol. Sci. 2019, 20, 2783.
[CrossRef] [PubMed]

96. Fleming, N. How artificial intelligence is changing drug discovery. Nature 2018, 557, S55–S57. [CrossRef]
[PubMed]

97. Liu, Z.; Du, J.; Fang, J.; Yin, Y.; Xu, G.; Xie, L. DeepScreening: A deep learning-based screening web server
for accelerating drug discovery. Database 2019, 2019, baz104. [CrossRef]

98. Clark, R.D. A perspective on the role of quantitative structure-activity and structure-property relationships
in herbicide discovery. Pest Manag. Sci. 2012, 68, 513–518. [CrossRef]

99. Sparks, T.C.; Crouse, G.D.; Demeter, D.A.; Samaritoni, G.; McLeod, C.L. Discovery of highly insecticidal
synthetic mimics—CAMD enabled de novo design simplifying a complex natural product. Pest Manag. Sci.
2019, 75, 309–313. [CrossRef]

100. Bryce, S.M.; Bernacki, D.T.; Bemis, J.C.; Dertinger, S.D. Genotoxic mode of action predictions from
a multiplexed flow cytometric assay and a machine learning approach. Environ. Mol. Mutagen. 2016, 57,
171–189. [CrossRef]

101. Drakkais, G.; Cortés-Ciriano, I.; Alexander-Dann, B.; Bender, A. Elucidating compound mechanism of action
and predicting cytotoxicity using machine learning approaches, taking prediction confidence into account.
Curr. Protoc. 2019, 11, e73. [CrossRef]

http://dx.doi.org/10.3389/fpls.2015.00222
http://www.ncbi.nlm.nih.gov/pubmed/25904929
http://dx.doi.org/10.1002/ps.5649
http://www.ncbi.nlm.nih.gov/pubmed/31613036
http://dx.doi.org/10.1002/ps.4170
http://www.ncbi.nlm.nih.gov/pubmed/26449612
http://dx.doi.org/10.1021/jf0502911
http://dx.doi.org/10.1105/tpc.15.00585
http://dx.doi.org/10.1111/j.1399-3054.1981.tb02725.x
http://dx.doi.org/10.1021/jf063568l
http://dx.doi.org/10.1038/s41586-018-0319-4
http://dx.doi.org/10.1104/pp.90.1.146
http://dx.doi.org/10.1104/pp.92.3.858
http://dx.doi.org/10.1073/pnas.191361598
http://www.ncbi.nlm.nih.gov/pubmed/11517344
http://dx.doi.org/10.1186/1471-2229-12-226
http://www.ncbi.nlm.nih.gov/pubmed/23176361
http://dx.doi.org/10.3390/ijms20112783
http://www.ncbi.nlm.nih.gov/pubmed/31174387
http://dx.doi.org/10.1038/d41586-018-05267-x
http://www.ncbi.nlm.nih.gov/pubmed/29849160
http://dx.doi.org/10.1093/database/baz104
http://dx.doi.org/10.1002/ps.3256
http://dx.doi.org/10.1002/ps.5217
http://dx.doi.org/10.1002/em.21996
http://dx.doi.org/10.1002/cpch.73


Plants 2020, 9, 1756 20 of 20

102. Kilinc, Ö.; Reynaud, S.; Perez, L.; Tissut, M.; Ravanel, P. Physiological and biochemical modes of action of the
diphenylether aclonifen. Pestic. Biochem. Physiol. 2009, 93, 65–71. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.pestbp.2008.11.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Molecular Target Sites and Resulting Secondary and Tertiary Effects 
	Clues from Molecular Structure and In Silico Binding Studies 
	Finding the Primary Molecular Target with Physiology and Biochemistry 
	Choosing Test Organisms 
	Achieving the Optimal Dose and Timing 
	Visible Phenotypic Response Clues 
	Reversion and Inhibitor Studies 
	Omics Methods 
	Direct Measurement of Effects of the PP on Molecular Targets 
	Complications by Multiple Targets 
	Complications by Prophytotoxins 

	Genetic Proof of the Target 
	Comparing Phenotypes of Known Mutants with That of Treatment with the Phytotoxin 
	Generating Genes for Resistant Targets 
	Genetics Approach Using Resistant Mutants 

	Artificial Intelligence in MOA Discovery—Prospects 
	Summary 
	References

