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Abstract

:

Cuscuta campestris is a parasitic weed species with noxious effects in broadleaf crops worldwide. The control of Cuscuta in the majority of crops affected is limited or non-existing. We tested, for the first time, the effect of eighteen metabolites in in vitro-grown Cuscuta seedlings. We found that 2-benzoxazolinone, hydrocinnamic acid and pisatin caused the strongest inhibition of seedling growth. In addition to seedling growth, pisatin caused necrosis of the Cuscuta seedling, occurring mostly at the seedling shoot. Scopoletin and sesamol treatments caused toxicity, observed as a black staining, only at the Cuscuta root apices, while caffeic acid, ferulic acid and vanillic acid caused toxicity, observed as brown staining, in the root apices. The structure–activity relationships in four structural derivatives of 2-benzoxazolinone, and five structural derivatives of hydrocinnamic acid, were also studied. The identification of new herbicidal modes of action against Cuscuta is the first step in creating new alternatives to sustainable chemical control of parasitic weeds.






Keywords:


field dodder; parasitic weeds; bioherbicides; sustainable crop protection; 2-benzoxazolinone; hydrocinnamic acid; pisatin












1. Introduction


Among all biotic stresses that negatively affect crop yields, weeds are responsible for the largest economic impact [1] and, among them, parasitic weeds are one of the most devastating and difficult to control, types of weed, due to their capacity to withdraw nutritive resources and water using connections with the crop vascular system [2,3]. Field dodders (Cuscuta campestris Yunck.) are obligate parasitic weeds from Convolvulaceae, that infect the stems of many broadleaf crops worldwide [4,5]. Cuscuta seedlings emerge from the seed coat as a thread-shaped hypocotyl without cotyledons, which use nastic movements and chemotropism, to locate the crop and coil around the crop stems [6,7]. After Cuscuta has coiled around the crop stem, epidermal cells at the site of attachment differentiate into disk-like meristems forming the haustorium [8,9]. The seedlings of C. campestris contain no, or trace amounts of, chlorophyll and, instead of a regular root system, they only form a rudimentary root of a few millimeters [6]. Therefore, they are incapacitated for autotrophic growth and, in absence of host infection, they become senescent and die in 7 to 10 days after germination. Due to its vulnerability, the pre-attached stage of Cuscuta development is an obvious target for the design of control strategies [10]. Once Cuscuta attaches to the crop stem, there are no selective and effective control methods against Cuscuta for the protection of the majority of crops affected. On one hand, the intimate vascular connections between the parasitic plant and the crop plant make the available herbicides in many crops ineffective, and, on the other hand, there is a notable lack of development of resistant varieties against Cuscuta infection [4,5,11].



The identification of novel allelochemicals and new modes of action in known natural compounds that interfere with the necessary contact between the Cuscuta seedling and the host, either by stopping the parasitic seedling growth or by repelling the host attraction is an alternative solution to provide sustainable efficacy in chemical control of weeds [7,10]. Many compounds of plant and microbial origin have been identified with allelochemical activity against weeds [12,13]. Besides the direct haustorial extraction of nutrients, Cuscuta plants also exert strong inhibition against other plants by means of allelochemicals contained in their tissues [14,15]. However, the identification of allelochemicals with activity against Cuscuta itself has been poorly investigated. Previous attempts included two studies investigating phytotoxic activity of plant extracts [10,16], which led to the identification of (4Z)-lachnophyllum lactone [10] and inuloxins and α-costic acid [17] with suppressive effects against Cuscuta. In the only previously reported molecule screening for phytotoxicity against Cuscuta, dideacetyl-FC, ophiobolin A and fusicoccin were also identified as inhibitors [18]. In the present study, a library of eighteen candidate metabolites, belonging to different classes of natural compounds [19], has been screened, for the first time, to identify allelochemicals active against Cuscuta seedlings. In addition, some derivatives of two of the most phytotoxic compounds were also tested to carry out structure–activity relationship studies.




2. Materials and Methods


2.1. Plant Material and Chemicals


Cuscuta seeds were collected in agricultural fields of the IAS-CSIC in July 2019 from mature Cuscuta campestris plants parasitizing Pisum sativum. Dry Cuscuta seeds were separated from capsules by sifting with a 0.6 mm mesh-size sieve, followed by winnowing with a fan. Seeds of Cuscuta were stored at room temperature in the dark until use for this work in 2022.



A first screening was performed using a total of 18 compounds (Figure 1). Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA): l-lysine (1, cat. no. L5501), gramine (2, cat. no. G10806), l-tryptophan (3, cat. no. PHR1176), l-phenilalanine (4, cat. no. P1150000), 2-benzoxazolinone (5, cat. no. 157058), hydrocinnamic acid (6, cat. no. 135232), p-coumaric acid (7, cat. no. C9008), caffeic acid (8, cat. no. C0625), ferulic acid (9 cat. no. 12870-8), scopoletin (10, cat. no. S2500), umbelliferone (11, cat. no. 54826), vanillic acid (12, 8.41025.0050), benzoic acid (13, cat. no. 242381), coumalic acid (14, cat. no. C85409), sesamol (15, cat. no. 11428673) obtained from Thermo Fisher Scientific (Waltham, MA, USA), 1,4-benzoquinone (16, cat. no. B10358), naringenin (17, cat. no. L09834) obtained from Thermo Fisher Scientific and lastly pisatin (18) which was purified in our laboratory, using the method described by Evidente et al. [20].



Two additional bioassays were performed to study the structure–activity relationships in four structural derivatives of 2-benzoxazolinone (5) and five structural derivatives of hydrocinnamic acid (6). All the derivatives (Figure 2) were purchased from Sigma-Aldrich: 3-(4-fluorophenyl)propionic acid (19, cat. no. 560502), 3-(4-chlorophenyl)propionic acid (20, cat. no. 656151), 3-(4-bromophenyl)propionic acid (21, cat. no. 595438), 3-(4-hydroxyphenyl)propionic acid (22, cat. no. H52406), 3-(2-hydroxyphenyl)propionic acid (23, cat. no. 393533), 6-hydroxy-2(3H)-benzoxazolinone (24, cat. no. 705500), 6-benzyloxy-2-benzoxazolinone (25, cat. no. 653462), 6-chloroacetyl-2-benzoxazolinone (26, cat. no. 535400), 5-bromo-2-benzoxazolinone (27, cat. no. 653454).




2.2. In Vitro Experiments for Screening of Allelopathy against Cuscuta Seedling Growth


A first screening of the eighteen compounds (1–18), described in Figure 1, was performed to identify allelopathic activity against Cuscuta seedlings. The thick coat of C. campestris seeds induces physical dormancy that allows staggered germination over time preserving the viability of its seed bank in agricultural fields [7]. To promote Cuscuta germination in the laboratory, Cuscuta seeds were scarified with sulfuric acid for 45 min to eliminate the hard coat [21]. Scarification was followed by thorough rinsing and air drying under a flow cabinet. Then, five scarified Cuscuta seeds were placed on 5 cm-diameter sterilized filter paper discs inside 5.5 cm-diameter Petri dishes using tweezers. Methanol solutions of each compound were diluted up to 1 mM in sterilized distilled water. This was done for all compounds, except for the amino acid compounds 1, 3 and 4, which were dissolved directly in distilled water. The final concentration of methanol in all treatments was 2%, including for the compounds 1, 3 and 4. For each treatment, triplicate aliquots of 1 mL of each treatment were applied to filter paper discs containing the seeds of Cuscuta. Triplicate aliquots of a treatment containing only sterile distilled water and 2% methanol was used as control. Petri dishes containing the treated Cuscuta seeds were sealed with parafilm, wrapped in aluminum foil and placed in the dark in a growth chamber with an average temperature of 23 °C and relative humidity of 65% for five days.



A second in vitro bioassay was performed to study the structure–activity relationship in four structural derivatives of 2-benzoxazolinone (5). All compounds, 5, 24–27, were dissolved in dimethyl sulfoxide and then diluted up to 1, 0.5, 0.25 and 0.1 mM in sterilized distilled water. Triplicate aliquots of 1 mL of each treatment were applied to filter paper discs containing five Cuscuta seeds scarified as described above. Triplicate aliquots of a treatment only containing sterile distilled water and 2% dimethyl sulfoxide were used as control. Petri dishes containing the treated Cuscuta seeds were incubated in the same conditions as already described.



A third in vitro bioassay was performed to study the structure–activity relationship in 5 structural derivatives of hydrocinnamic acid (6). All compounds, 6, 19–23, were dissolved in methanol and then diluted up to 1, 0.5 and 0.25 mM in sterilized distilled water. Triplicate aliquots of 1 mL of each treatment were applied to filter paper discs containing five Cuscuta seeds scarified as described above. Triplicate aliquots of a treatment containing only sterile distilled water and 2% methanol was used as control. Petri dishes containing the treated Cuscuta seeds were incubated in the same conditions as already described.




2.3. Calculations and Statistical Analysis


For each treatment, the length was measured in each of the five Cuscuta seedlings for each of the three replicate filter paper discs. Seedling growth for each treatment was calculated relative to the seedling growth of the corresponding control. In addition, note was taken of whether the root apice of each Cuscuta seedling had developed necrosis. The percentage of seedlings that developed a necrotic root was calculated in each triplicated disk for each treatment. Cuscuta seedlings were observed using a stereoscopic microscope (Leica S9i, Leica Microsystems GmbH, Wetzlar, Germany).



Calculation of CLogP was performed using ChemOffice v20.1 (PerkinElmer, Waltham, MA, USA), using the appropriate tool in ChemDraw Professional [22].



All bioassays were performed using a completely randomized design. Percentage data were approximated to normal frequency distribution by means of angular transformation. Then, percentage data were subjected to analysis of variance (ANOVA). The significance of mean differences among treatments was evaluated by Tukey at p < 0.05. Statistical analysis was performed using SPSS software 27 (SPSS Inc., Chicago, IL, USA).





3. Results


Identification of inhibitors of C. campestris seedling growth. A first screening was performed by applying 1 mM treatments of eighteen compounds (1–18), described in Figure 1, on scarified Cuscuta seeds. Five days after treatment, inhibition of Cuscuta growth was significantly affected by the compound treatment (ANOVA, p < 0.001). Different levels of activity were obtained, which allowed a well-defined classification to be made between highly, moderately and barely active compounds (Figure 3).



Thus, the compounds 2-benzoxazolinone (5), hydrocinnamic acid (6), and pisatin (18) (Figure 3B–D) showed the highest inhibition activity, compared to control (Figure 3E) (respectively, 89.2 ± 0.9%, 88.5 ± 1.2% and 81.6 ± 9% of inhibition). The compounds umbelliferone (11) and 1–4 benzoquinone (16) showed moderate activity with respective levels of inhibition of 48.7 ± 3.2% and 47.3 ± 3%. Five compounds showed low but significant levels of growth inhibition, scopoletin (10), benzoic acid (13) and p-coumaric acid (7), sesamol (15) and vanillic acid (12), with growth inhibition ranging from 34.6 ± 3.4% in scopoletin to 23.5 ± 6.6% in vanillic acid. Negligible inhibition activity was observed with ferulic acid (9), caffeic acid (8), coumalic acid (14), gramine (2), naringenin (17) and also with the three amino acids tested, l-lysine (1), l-tryptophan (3) and l-phenilalanine (4).



Study of structure–activity relationship on the growth inhibition induced by 2-benzoxazolinone (5). The growth inhibition of 2-benzoxazolinone identified in the first screening (Figure 3A,B) was studied in a second in vitro bioassay in a range of concentrations from 0.1 to 1 mM, and compared to the four derivatives, 6-hydroxy-2(3H)-benzoxazolinone (24), 6-benzyloxy-2-benzoxazolinone (25), 6-chloroacetyl-2-benzoxazolinone (26), 5-bromo-2-benzoxazolinone (27) (Figure 2). Five days after treatment, inhibition of Cuscuta growth was significantly affected by the type of 2-benzoxazolinone derivative (ANOVA, p < 0.001), by its concentration (ANOVA, p < 0.001) and by the interaction (ANOVA, p < 0.001). The results are shown in Figure 4.



Compound 5 stood out as the most active compound of this group, with inhibition values higher than 80% both at 1 and 0.5 mM. At a concentration of 1 mM, only the compounds 27 (79.3 ± 6.9%) and 25 (50.6 ± 15.2%) showed strong activity, whereas at a concentration of 0.5 mM, compound 27 was the only derivative, among 24–27, to show an interesting activity value (45.23 ± 5.3%).



Study of structure–activity relationship on the growth inhibition induced by hydrocinnamic acid (6). The growth inhibition of hydrocinnamic acid identified in the first screening (Figure 3C,D) was studied in a second in vitro bioassay in a range of concentrations from 0.25 to 1 mM, and compared to five derivatives, 3-(4-fluorophenyl)propionic acid (19), 3-(4-chlorophenyl)propionic acid (20), 3-(4-bromophenyl)propionic acid (21), 3-(4-hydroxyphenyl)propionic acid (22), 3-(2-hydroxyphenyl)propionic acid (23) (Figure 2). Five days after treatment, inhibition of Cuscuta growth was significantly affected by the type of hydrocinnamic acid derivative (ANOVA, p < 0.001), by its concentration (ANOVA, p < 0.001) and by the interaction (ANOVA, p < 0.001). The results are shown in Figure 5.



Compounds 6 and 19–21 were highly active at 1 and 0.5 mM, with inhibition values of, or close to, 100% at 1 mM, or 0.5 mM in the case of compounds 20 and 21. When tested at 0.25 mM, compounds 19–21 kept the activity in values ranging from 70.4 ± 3.6% to 81.6 ± 3.7%, while compound 6 was shown to be inactive. On the other hand, compound 22 was not active and compound 23 was only moderately active at the higher concentrations tested.



Identification of inductors of necrosis in C. campestris seedlings. Besides being inhibitors of seedling growth, the first screening was also used to identify the inductors of necrosis. No necrosis was observed in Cuscuta seedlings treated with control (Figure 6A,B). The observed induction of necrosis was significantly affected by the compound treatment (ANOVA, p < 0.001). The different levels of activity observed allowed a classification between highly active (compounds 8, 10, 15 and 18), moderately active (compounds 9, 12 and 17) and not active in the remaining eleven compounds. The strong necrosis observed in all seedlings treated with 1 mM of pisatin (18) was observable mainly in the hypocotyl (Figure 3D and Figure 6C). In contrast, the necrosis in the rest of the active compounds was observed in the root apices. An intense browning of Cuscuta root apices was observed in all seedlings treated with caffeic acid (8) (Figure 6D,H). Treatments with scopoletin and sesamol induced the root apices of all exposed seedlings to become black (Figure 6F,G,J,K). Ferulic acid (9) treatment induced intense browning of root apices in 54% of seedlings treated (Figure 6E,I). Vanillic acid (12) and naringenin (17) also induced browning of root apices in, respectively, 63.7% and 55.9% of exposed seedlings, although the browning in each seedling was less intense than the browning intensity induced by caffeic acid (8) and ferulic acid (9).



Identification of hydrocinnamic acid as inductor of trichomes in C. campestris root apices. Besides the inhibition of hypocotyl growth in seedlings treated with hydrocinnamic acid, a strong overproduction of protuberances resembling trichomes was observed in 100% of the root apices in seedlings treated with hydrocinnamic acid (6) (Figure 3C and Figure 7A), and their derivatives (19, 20, 21, and 23), except for 3-(4-hydroxyphenyl)propionic acid (22), which did not increase in trichome formation, in comparison with control seedlings (Figure 6B and Figure 7B).



Calculated CLogP values of the tested compounds 1–27. The calculated CLogP values are shown in Table 1. In general, all the values were in the range of 0–3, except in two cases, the amino acids 1 and 4, for which negative values were calculated.




4. Discussion


The highest growth inhibition activity against Cuscuta seeds was obtained in the first screening for compounds 5 and 6 tested at 1 mM (Figure 3). Thus, 2-benzoxazolinone (5) and hydrocinnamic acid (6) were also tested in a range of concentrations (from 0.1 or 0.25 to 1 mM) and compared to some of their derivatives (compounds 19–27). Compound 5 showed strong activity, also at 0.5 mM, while its derivatives (compounds 24–27) were less active, demonstrating that the presence of a substituent on the aromatic ring of the benzoxazolinone skeleton negatively affected the phytotoxicity. Different results were obtained with compound 6, which showed reduced activity when tested at 0.5 mM, while its para-substituted derivatives with halogen atoms (compounds 19–21) were still strongly active at the lowest concentration used. Thus, in this case, it seemed that the integrity of the aromatic ring was not fundamental to imparting activity.



In the literature it is common to find synthetic strategies that use monocyclic or bicyclic aromatic compounds as starting material or intermediates to obtain products of interest for the control of parasitic weeds, mainly for emulating the structure of the widely known parasitic stimulant GR24 [23]. For this reason, the study herein presented provides valuable results of how simple aromatic compounds, such as 5 or 6, could be equally interesting by themselves to provide a solution to the problem of parasitic weeds. For the following discussion, the experimental results were related, when possible, to the lipophilicity values calculated for this purpose and expressed numerically through CLogP values, depicted in Table 1.



As reported above (Table 1), CLogP values were positive for almost all the compounds tested, except in the case of compounds 1 and 4, the negative CLogP values of which hint at a preference for the aqueous media, instead of the organic. As stated previously [24], high aqueous solubility may have a positive effect on bioactivity; however, this was not the case, since negligible activity was obtained for these compounds. A broad range of CLogP (higher than 0 and up to 2.445) was obtained for compounds 2, 3, 8, 9, 14 and 17, also with negligible activity, all of them being polar compounds (with amine, hydroxyl and carboxyl groups). Regardless, compounds with medium to high activity showed CLogP in the range of 1.158–2.766, with only two exceptions in 16 and 24, with moderate activity and CLogP values under 1, of 0.208 and 0.491, respectively.



Based on the results of bioactivity, several hints can be found regarding the structural requirements for the inhibition of Cuscuta growth. First, amino acids (1, 3 and 4) as well as the structurally-related compound 2, with an indole ring, were not significantly active (Figure 3). However, studies like that by Fernandez-Aparicio et al. (2017) [25] and by Kuruma et al. (2021) [26] highlight the interest of compounds, such as L-tryptophan (3), in the study of parasitic plants, the later study showing how some derivatives of compound 3 can regulate seed germination (inhibition or stimulation) and radicle growth of the parasitic species, Orobanche minor. In our study, when changing the indole ring of compounds 2 or 3 to that of a benzoxazolinone (5), the activity increased strongly. A similar result was obtained in a previous study testing compounds 2, 3 and 5 on the germination of the parasitic species Orobanche crenata [27]. Compound 5 had a CLogP value of 1.158, which was at the half-way position of the other compounds; however, the other compounds with similar CLogP values did not exhibit the same level of activity, i.e. compounds 10, 12. Thus, this level of activity might be related to interaction in the active site with specific parts of the molecules. Closer structurally-related compounds to 5, namely, 24–27, showed CLogP disparity after the addition of hydroxyl (24), benzyloxy (25), chloroacetyl (26) and halogen bromide (27). The growth inhibition activity of these derivatives dropped drastically (Figure 4). Only compound 27, with a CLogP closest to that of compound 5 (2.021), preserved the activity level (around 80%) at the highest tested concentration (1 mM), while the rest of compounds, with disparate CLogP values, saw their bioactivities reduced to levels closer to 30%. Though this change in lipophilicity might explain the loss of bioactivity, the effect on the substitution position cannot be dismissed [24]. Derivatization of position 5 might be safer in terms of preserving the bioactivity than position 6, which might be required to be free in order to fit in the active site. Although the ClogP of compounds 24 and 25 were totally different, the activities were similar. This phenomenon could be explained by the possibility of an enzymatic oxidation in the tested organism of compound 25 to produce 24 and benzoic acid (13), which had a moderate phytotoxic effect.



In the second group, there was the group of the benzyl acids 6–9. The most relevant and strong compound in this group was hydrocinnamic acid (6), which showed the highest activity on the initial screening (Figure 3). By comparison with compound 7, two structural changes were carried out: the addition of a hydroxyl group in para to the benzyl ring and a decrease in the side chain rotability, due to adding a double bond. These changes negatively affected the activity, as was observed by the decrease from high to moderate level in compound 7. Either by adding an extra hydroxyl (compound 8) or a methoxy group (compound 9) in meta to the propionic chain, the activity dropped again to a negligible level. It was confirmed, therefore, that the addition of hydroxyl groups in these positions negatively affected activity. It should be noted that compounds 7 and 8, inhibitors of several plant species [27,28], showed high activity in the inhibition of the germination of O. crenata, whereas compound 9 was inactive [27]. Another study proved that pre-sowing seed hardening of hosts in solutions of compounds 8 and 9 reduced the induction of Striga asiatica (parasitic species) germination [29].



The derivatives of compound 6 tested in the SAR study hint at new information regarding the effect of the modifications on this compound. By comparing activity shown by compound 22 with that of compound 7, the negative effect of the hydroxyl group in para position was even more evident, since compound 22 was completely inactive at the three tested concentrations (Figure 5), while compound 7 was moderately active (Figure 3). The only difference between these two compounds was in the presence of a double bond in the propionic chain, which confirmed the positive effect of the trans double bond present in compound 7. The addition of a hydroxyl at orto position, also had a negative effect on the bioactivity (compound 23), although the effect was less drastic than in the prior case, with moderate activities at the two highest tested concentrations. Lastly, when introducing halogens (F, Cl or Br) in the para position, instead of a hydroxyl group (compounds 19, 20, and 21), an increase in bioactivity was observed, especially remarkable at the lowest concentrations, when compared with compound 6. A previous study showed the inhibiting activity of plant growth of the structurally related compound, benzoic acid (13), increased with the addition of halogen atoms in its aromatic ring [30]. Thus, it is interesting to highlight the role of the halogen substituents in phenyl rings, as also discussed in a previous review [31], and how parameters like stability are improved by factors such as the presence of a fluorine atom in the para-position [31]. Indeed, the halogenation of aromatic compounds is a strategy employed for the design of agrochemicals and drugs [32,33]. By observing the bioactivity profiles in Figure 5, the bioactivity of these compounds could be ordered as: 6 < 19 < 20 < 21, which corresponds to H < F < Cl < Br, indicating the positive effect of exchanging a hydrogen atom by, and halogen in. position 4. Interestingly, this ranking appears to be related to the results shown by a cluster analysis obtained in a phytotoxicity study that tested triazole derivatives bearing halogenated benzyl substituents [34]. According to the CLogP values (Table 1), the activity increased substantially with the lipophilicity of these compounds, showing higher activities in the cases of 20 and 21, with close CLogP (2.616 and 2.766, respectively), followed by compound 19 (2.046) and, finally, compound 6 (1.903). However, the similar CLogP of compound 6, containing H in para, to that of 19, containing F in para, together with the similar size of both atoms, hint to other elements being responsible for the higher bioactivity of the halogenated compounds, apart from the lipophilicity, such as electronic variables.



In a third group, related to the prior, the lactones 10 and 11 could be found, which showed moderate activity (Figure 3). The activity of these compounds could be compared with their acid counterparts, 9 and 7. The first, compound 9, with negligible activity showed the positive effect that the cyclization into an ester (10) had in the activity. The same was observed when comparing 7 with 11, although to a lesser extent. In other studies, compound 10, a known stimulant of some Striga and Orobanche species [35,36], proved to be active for inhibiting the germination of Orobanche cernua and O. crenata [27,37]. A similar result, in which a compound showed stimulating or inhibitory germination activity depending on the parasitic species, was reported in a study with the Orobanchaceae species, where this effect was correlated to the concentration of the tested compound [38]. Regarding umbelliferone (11), this compound showed the ability to inhibit haustorium formation on experiments carried out on Striga hermonthica [39].



The smallest molecules, 12–16, showed varied results (Figure 3). On the one hand, the negligible activity of compound 14 (which was found inactive for O. crenata germination) [27], indicated that the simplest combination of an aromatic lactone with an acid group was not enough for inhibiting growth, requiring the presence of the second aromatic ring, as in compounds 10 and 11. On the other hand, the combination of an aromatic ring and an acid group, as in compounds 12 and 13, was enough to cause inhibition at a moderate level. The case of vanillic acid (12) is of interest, since this compound stimulates the haustoria of species of the parasitic genera Triphysaria and Striga [40]. Compound 16 is a benzoquinone. This family of compounds are well known for their phytotoxicity and their structures have been used for finding new phytotoxic and herbicidal compounds able to interfere with several molecular target sites, and for their oxidative properties [41,42,43,44]. Moreover, the scaffold is relevant in the study of the induction of haustoria [45]; for example, 2,6-dimethoxy-1,4-benzoquinone, an isolated derivative from sorghum, induced haustoria in Striga, Phtheirospermum, Triphysaria, Agalinis, Orobanche and Phelipanche species [40,46]. Compound 15, with a dioxol fragment, had a similar lipophilicity to compound 11 (1.564 and 1.623, respectively), both showing moderate activity. This compound 15 is structurally related with compound 18, which contains this molecule as a fragment and showed a strong inhibition of growth, hinting at this fragment as being one of the most important parts of the molecule regarding its activity.



Lastly, the flavonoid 17 showed negligible inhibitory activity on Cuscuta. This result was in agreement with a previous study, that showed how compound 17 did not inhibit seed germination of O. cernua [37]. However, it should be noted that compound 17 could act differently on different parasitic weeds, since another study found it as a potent inhibitor of O. crenata [47]. Indeed, other flavonoids such as quercetin, have been described as inhibitors of parasitic weed growth [48].



Among the tested compounds, seven structurally diverse compounds showed significant necrosis, with strong (8, 10, 15 and 18) and moderate (9, 12 and 17) effects (Figure 6). CLogP values for the compounds showing necrosis were in the range of 0.975–2.445. Whether a certain CLogP value, relating to a certain degree of lipophilicity, is needed for causing necrosis in the cellular tissue is unclear. All the compounds showing necrotic effects presented at least an acid hydroxyl group in the aromatic ring, which might be, in part, responsible for this effect. An excess of phenolic acids is considered a cause of necrosis in plants, which could be related to boron deficiency [49]. In this regard, pro-oxidant properties have been described for common phenolic acids like p-coumaric acid (7), caffeic acid (8) or ferulic acid (9) [50]. Thus, our results were consistent with this background and expand knowledge about necrosis that the tested and related compounds induce in plants, a topic for which few references are available in the literature. Previous studies proved that caffeic acid (8) and its derivative, chlorogenic acid, can act as necrosis-inducing compounds in sunflower or potato tubers [49,51], and necrotic effects were observed in O. crenata by the action of scopoletin (10) [27].



Cases of necrosis similar to that observed for naringenin (17) have been reported for compounds such as (S)-6-hydroxymellein in Lepidium sativum [52]. (-)-Catechin, compound, with a closer structure to that of compound 17, elicited necrosis from meristematic and the central elongation zone cells of roots of Centaurea diffusa and Arabidopsis thaliana [53]. These molecules share a benzene-1,3-diol skeleton, a fragment with phytotoxic potential, and which might be key to the future search for new molecules to control Cuscuta. Thus, it is interesting to note the potential of some flavonoids to act as pro-oxidant compounds, like chrysin or apigenin, with structures closely related to that of compound 17 [54]. Of interest for the study or development of new necrotic-inducing compounds, a recent study on the herbicidal activity of cuminaldehyde on onions (Allium cepa L.) [55] showed how the aldehyde function could provide phytotoxic derivatives of monocyclic aromatic compounds structurally related to those herein reported.



From the structural point of view, it can be remarked that compounds 8 and 10, with strong necrotic effects, shared structural similitudes to compound 9, with moderate necrotic effect. This significant difference might be related to the replacement of one of the hydroxyl groups in compound 8 by a methoxy group (compound 9), which provoked some decrease of the necrotic effects. However, the cyclization of compound 9 originated the structure of compound 10 and an increase of the necrotic activity. Comparison of the necrosis generated by compounds 9 and 12, both moderately active, showed the low influence of the unsaturation of the chain containing the carboxylic function in this regard.



Sesamol (15) showed strong necrotic effects, which is in agreement with the pro-oxidant properties described for this compound and of interest in the pharmaceutical field [56]. The benzodioxol fragment, present in both compounds 15 and 18, was clearly a key for the necrotic effect of 18, which, together with the presence of an acid hydroxyl and the rest of the molecule, containing a methoxybenzyl system similar to necrotic compound 10, might explain the strong necrosis induced by this compound. These results confirmed the high potential of pisatin (18) as a phytotoxic compound for Cuscuta, since, among the three most phytotoxic compounds in the screening (the other ones being 5 and 6), it was the only one that induced strong necrosis in the tissues. A previous study showed the inhibitory activity of compound 18 in the growth of cress (L sativum L.) and lettuce (Lactuca sativa L.) [57].




5. Conclusions


The identification of novel structures and modes of action of natural products that are able to interfere with the necessary contact between Cuscuta seedling and the host is an important starting point for the future. Thus, in this study, eighteen metabolites were tested in vitro, for the first time, against Cuscuta seedling growth. Among them, 2-benzoxazolinone (5) and hydrocinnamic acid (6) caused stronger inhibition of seedling growth, while pisatin (18) also caused necrosis of the Cuscuta seedling. Some derivatives of compounds 5 and 6 were also tested to carry out a structure–activity relationship study. The results showed that the presence of a substituent on the aromatic ring of the benzoxazolinone skeleton negatively affected the phytotoxicity, while the presence of halogen atoms in para-substituted derivatives of compound 6 (compounds 19–21) was an important factor in increasing its activity. Furthermore, the strong activity shown at the lowest concentration used by compounds 19–21 allowed us to consider them as suitable candidates for the control of Cuscuta. However, analyses on their ecotoxicological profiles are needed before conducting further studies for their formulation and tests in greenhouse and field trials.
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Figure 1. Chemical structures of the compounds studied in the first screening: l-lysine (1), gramine (2), l-tryptophan (3), l-phenilalanine (4), 2-benzoxazolinone (5), hydrocinnamic acid (6), p-coumaric acid (7), caffeic acid (8), ferulic acid (9), scopoletin (10), umbelliferone (11), vanillic acid (12), benzoic acid (13), coumalic acid (14), sesamol (15), 1,4-benzoquinone (16), naringenin (17) and pisatin (18). 
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Figure 2. Chemical structures of derivatives of hydrocinnamic acid (6): 3-(4-fluorophenyl)propionic acid (19), 3-(4-chlorophenyl)propionic acid (20), 3-(4-bromophenyl)propionic acid (21), 3-(4-hydroxyphenyl)propionic acid (22), 3-(2-hydroxyphenyl)propionic acid (23), and derivatives of 2-benzoxazolinone (5): 6-hydroxy-2(3H)-benzoxazolinone (24), 6-benzyloxy-2-benzoxazolinone (25), 6-chloroacetyl-2-benzoxazolinone (26), 5-bromo-2-benzoxazolinone (27). 
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Figure 3. Inhibition of Cuscuta growth observed in the first screening (A). Illustrative photographs showing the growth inhibition observed in 1 mM treatments of (B) 2-benzoxazolinone (5), (C) hydrocinnamic acid (6) and (D) pisatin (18) in comparison with (E) Cuscuta seedlings treated with control. In (A), bars with different letters are significantly different (Tukey test at p < 0.05). Error bars represent the standard error of the mean. 
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Figure 4. In vitro assessment of the Cuscuta growth inhibition induced by 2-benzoxazolinone (6) and its derivatives (24–27). Bars with different letters are significantly different (Tukey test at p < 0.05). Error bars represent the standard error of the mean. 
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Figure 5. In vitro assessment of the Cuscuta growth inhibition induced by hydrocinnamic acid (5) and its derivatives (19–23). Bars with different letters are significantly different (Tukey test at p < 0.05). 
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Figure 6. Illustrative photographs showing the necrosis observed in the first screening. (A) Cuscuta seedling treated with control (B) Detail of Cuscuta root apice treated with control. (C) necrosis in the hypocotyl of Cuscuta seedlings treated with pisatin (18), (D–K) necrosis in the root apice in Cuscuta seedlings treated with (D,H) caffeic acid (8); (E,I) ferulic acid (9); (F,J) scopoletin (10) and (G,K) sesamol (15). 






Figure 6. Illustrative photographs showing the necrosis observed in the first screening. (A) Cuscuta seedling treated with control (B) Detail of Cuscuta root apice treated with control. (C) necrosis in the hypocotyl of Cuscuta seedlings treated with pisatin (18), (D–K) necrosis in the root apice in Cuscuta seedlings treated with (D,H) caffeic acid (8); (E,I) ferulic acid (9); (F,J) scopoletin (10) and (G,K) sesamol (15).



[image: Agriculture 12 01746 g006]







[image: Agriculture 12 01746 g007 550] 





Figure 7. Increased trichome formation in Cuscuta root apices treated with hydrocinnamic acid (6) (A) in comparison with smother Cuscuta root apices treated with control (B). 






Figure 7. Increased trichome formation in Cuscuta root apices treated with hydrocinnamic acid (6) (A) in comparison with smother Cuscuta root apices treated with control (B).



[image: Agriculture 12 01746 g007]







[image: Table] 





Table 1. Calculated CLogP values for compounds 1–27.
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	CLogP
	
	CLogP
	
	CLogP
	
	CLogP



	1
	−3.424
	8
	0.975
	15
	1.564
	22
	1.236



	2
	1.966
	9
	1.421
	16
	0.208
	23
	1.186



	3
	2.376
	10
	1.352
	17
	2.445
	24
	0.491



	4
	−1.556
	11
	1.623
	18
	2.420
	25
	2.845



	5
	1.158
	12
	1.355
	19
	2.046
	26
	0.710



	6
	1.903
	13
	1.885
	20
	2.616
	27
	2.021



	7
	1.572
	14
	0.158
	21
	2.766
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