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Abstract: Phenylphenalenones, metabolites found in Schiekia timida (Haemodoraceae), are a class of
specialized metabolites with many biological activities, being phytoalexins in banana plants. In the
constant search to solve the problem of glyphosate and to avoid resistance to commercial herbicides,
this work aimed to investigate the phytotoxic effect of the methanolic extract of S. timida seeds. The
chemical composition of the seed extract was directly investigated by NMR and UPLC-QToF MS and
the pre- and post-emergence phytotoxic effect on a eudicotyledonous model (Lactuca sativa) and a
monocotyledonous model (Allium cepa) was evaluated through germination and seedling growth
tests. Three concentrations of the extract (0.25, 0.50, and 1.00 mg/mL) were prepared, and four
replicates for each of them were analyzed. Three major phenylphenalenones were identified by NMR
spectroscopy: 4-hydroxy-anigorufone, methoxyanigorufone, and anigorufone, two of those reported
for the first time in S. timida. The presence of seven other phenylphenalenones was suggested by the
LC-MS analyses. The phenylphenalenone mixture did not affect the germination rate, but impaired
radicle and hypocotyl growth on both models. The effect in the monocotyledonous model was
statistically similar to glyphosate in the lowest concentration (0.25 mg/mL). Therefore, although
more research on this topic is required to probe this first report, this investigation suggests for the
first time that phenylphenalenone compounds may be post-emergence herbicides.
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1. Introduction

Competition between crops and weeds, sharing the same environment, causes finan-
cial losses to farmers. In order to avoid this competition, herbicides are the most used,
but not ideal, approach to control weed spreading [1,2]. Their use enabled increasing crop
production and optimizing prices for the consumer [3]. However, resistance to commercial
herbicides is increasing and, to solve this crisis, new chemical skeletons with different
modes of action are required [4]. There are two major types of herbicides based on the
mode of action: systemic or translocated and contact herbicides [5]. The first acts by inter-
fering with the biochemical processes required for normal growth and development, taking
several days to eliminate the plant (e.g., glyphosate). On the other hand, contact herbicides
(e.g., clove oil) damage the plant structures where the herbicide touches, being more active
in young plants than in older ones, which can regenerate. According to Singh et al., 2020,
from the mode of action point of view, herbicides can be cell membrane disruptors, in-
hibitors of amino acid biosynthesis, lipid biosynthesis inhibitors, photosynthesis inhibitors,
plant growth regulators, nitrogen metabolism inhibitors, pigment inhibitors, or seedling
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growth inhibitors [5]. The most widely used herbicide is the organophosphorus glyphosate,
a systemic post-emergence herbicide, which affects the biosynthesis of phenylalanine,
tyrosine, and tryptophan. Plants produce these aromatic amino acids by the shikimate
pathway, and for this reason, glyphosate is a post-emergence herbicide. Its use increased
in the "90s due to the introduction of transgenic glyphosate-resistant crops [6], which are
resistant to this compound. The wide use of glyphosate gave rise to naturally resistant
weeds by many mechanisms, diminishing its effectiveness, and demanding new solutions
to integrated weed management [7]. To illustrate this problem, Vidotto et al. (2020) demon-
strated the development of resistance in the weed Echinochloa spp. to which the same
herbicide was applied repeatedly over time [8]. According to Beckie et al., 2019, in the
last 30 years, herbicides with new modes of action have not been commercialized. Among
the reasons for the lack of novelty is the extensive use of glyphosate, a post-emergence
herbicide, in transgenic resistant crops, for instance, soybean, maize, and cotton [9]. Trends
in this topic involve lowering weed seed banks and reduced dependence on glyphosate
and claim the need of application of the Commoner’s five principles of ecology to achieve
success in herbicide resistance management [2,9,10]. In summary, the best methodology is
to combine proactive (e.g., herbicide mixtures and new active ingredients) with reactive
strategies (e.g., mechanical control) [11]. An interesting approach to solve this problem is
the discovery of plant-derived active compounds, one of the less explored sources of novel
molecular target sites for herbicides [12]. In this way, new natural chemical scaffolds may
be a way to accomplish new solutions in integrated weed management.

From the chemical ecology point of view, living organisms communicate through
molecules. This communication happens intending to perpetuate species and, therefore,
compounds are produced with innumerable objectives, such as attracting pollinators in
plants and fighting pathogens [13]. One type of communication between plants is allelopa-
thy, in which specialized metabolites of a given plant are released to the environment
and affect the development of other surrounding species. This is a natural process that
occurs in the plant habitat. By contrast, in phytotoxicity investigations metabolites are
extracted in vitro by methods such as maceration in organic solvents [14]. According to
Reigosa et al. (1999), defense specialized metabolites may have a secondary role to help to
perpetuate the species by affecting competitors growing nearby [15]. Hence, the diversity
of plant specialized metabolites, such as the phenylphenalenones investigated in this work,
represent a valuable source of new herbicide chemical scaffolds.

Phenylphenalenones are phytoalexins in resistant cultivars of banana plants (Musa sp.),
although they are also found in Haemodoraceae, Pontederiaceae, and Strelitziaceae [16].
Phenylphenalenones are biosynthesized by the phenylpropanoids pathway that after con-
densation with malonyl-CoA give rise to diarylheptanoids which suffer intramolecular
cyclization [17-19]. The antifungal activity that protects the resistant banana cultivars
against diseases such as black Sigatoka and Panama disease drove the attention to this
class of metabolites. Since then, other biological activities, for instance, antioxidant [20],
antiplasmodial [21], and nematicide [22] have been demonstrated. Ocampos et al., 2017, in
a tissue-specific occurrence investigation of rhizomes, stems, leaves, flowers, and fruits,
confirmed that Schiekia Meisn., an Haemodoraceae previously monospecific genus en-
demic of South America, is a source of phenylphenalenones [23]. At that time, the species
investigated was treated as Schiekia orinocensis (Kunth) Meisn., but, after a recent taxo-
nomic revision [24], it is now recognized as Schiekia timida M.Pell., E.J.Hickman, Rhian
J.Sm. & Hopper, due to its different ecological preferences and morphology. In Brazil, this
plant composes a drink used in religious ceremonies of the Kraho tribe. S. timida, refers
to the “shy” flowers that slightly open mostly during the rainy season of the seasonally
flooded grasslands of South America’s north region [24].

NMR and LC-MS the most widely used techniques for the investigation of natural
products, with complementary characteristics. NMR is considered a non-destructive,
reliable, and reproducible tool. By analyzing a combination of obtained spectra and
correlation maps, one can obtain chemical structures unambiguously [25,26]. It is useful
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even in mixtures, giving the relative concentration of all the compounds in the sample, and
when the correct parameters are used, it can also give the absolute concentration of each
compound in a given sample. These qualities of NMR spectroscopy make it possible to
not only identify but also quantify samples in one single analysis, giving the perfect idea
of all the major compounds in the sample [27-30]. However, despite increasing efforts to
improve their sensitivity, NMR analyses still face challenges in the investigation of minor
components of mixtures. Such limitations can be overcome by MS analyses, which show
overall high sensitivity and are easily coupled with separation by UPLC, allowing for the
comprehensive profiling of complex mixtures. Additionally, high-resolution MS provides
exact mass measurements that can be used to suggest molecular formulas and further
confirm those structures elucidated by NMR [31]. When used in combination, NMR and
LC-MS provide complementary, comprehensive, quantitative, and precise information on
the composition of complex mixtures such as plant extracts [32].

Thus, this work aimed to investigate the phenylphenalenone composition of S. timida
seed extract by NMR and LC-MS as well as to evaluate its phytotoxic effect on two model
species representing monocotyledonous (Allium cepa L.) and eudicotyledonous (Lactuca
sativa L.) plants, pursuing new possibilities of new compounds with herbicide activity.

2. Results

S. timida dry fruits were collected from a habitat located at the municipality of Novo
Acordo, at Tocantins state, Brazil (Geographical coordinates: 10°15'26.8” S, 47°21'22.3" W,
271 m). Seeds were separated from the other fruit parts and extracted directly with
deuterated solvents. The extract was directly analyzed by NMR, from which three major
phenylphenalenones were identified. Further analysis by UPLC-QToF MS confirmed the
molecular formulas of the three major compounds identified by NMR and suggested the
presence of 7 other minor phenylphenalenones.

2.1. Identification and Annotation of Phenylphenalenones

The chemical investigation on the methanolic extract of S. timida seeds revealed three
major compounds (Figure 1) identified as 4-hydroxy-anigorufone (1) [33], methoxyanigoru-
fone (2) [34], and anigorufone (3) [34]. NMR data is available in Table S2 and Figures S2-55).
The extract also presented other minor phenylphenalenone characteristic NMR signals that
could not be identified by NMR due to the low concentrations in the extract.

R'O

1 R'=H, R?=OH
2 R'=CHj;, R*=H
3 R'=H, R*=H

Figure 1. Chemical structures of phenylphenalenones found in Schiekia timida seeds extract.

Chromatographic peaks (Figure 2) from the base peak chromatogram in positive ESI
mode were manually inspected and 10 peaks (A-]J, Table 1) representing phenylphenalenones
were selected based on molecular formulas suggested by high-resolution MS spectra. The
three major peaks, G, I, and J, presented the expected [M+H]* signals for the structures
identified by NMR for compounds 1, 2, and 3, respectively. These major compounds
were further analyzed by MS? experiments in positive mode, revealing fragmentation
patterns that supported the tentative identification of the other 7 minor phenylphenalenone
derivatives. Mass spectra in ESI negative mode were used to aid in the identification of
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corresponding [M+H]" ions of low abundance in positive mode but were not used for
the suggestion of molecular formulas, given their general poor ionization efficiency, low
abundance, and large error for most peaks. All positive and negative (when available) MS
and MS? spectra are presented in the Supplementary Information (Figures S8-517).
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Figure 2. Base peak chromatogram (0-9 min) of Schiekia timida seed methanolic extract;
10 phenylphenalenone peaks (A-J) are highlighted with molecular formulas suggested by UPLC-
QToF MS in positive ESI mode.

Table 1. Retention times, experimental and theoretical masses [M+H]* for the phenylphenalenones present in the methanolic

extract of Schiekia timida, indicating the data obtained for compounds 1, 2, and 3.

Compound Peak RT (min) Formula (M) m/z Theoretical mlz exp. Error (ppm)
A 2.95 Ci9H1404 307.0965 307.0968 0.98
B 3.65 Cy9H1204 305.0808 305.0814 1.97
C 4.16 C19H1704 305.0808 305.0814 1.97
D 425 Ci9H104 305.0808 305.0817 2.95
E 4.62 Cy0H1204 319.0965 319.0970 1.57
F 4.75 CpoH1403 303.1016 303.1022 1.98
1 G 5.23 Cy9H1703 289.0859 289.0869 3.46
H 6.06 Cy9H1204 305.0808 305.0816 2.62
2 I 7.00 CpoH140; 287.1067 287.1077 3.48
3 J 7.49 Cy9H120; 273.0910 273.0919 3.30

The most intense peaks of the chromatogram presented [M+H]* signals with m/z
compatible with the major chemical structures identified by NMR. The proportion between
chromatographic peak areas gave a ratio of 44% to 41% to 15% for peaks G, I, and J,
respectively. Accordingly, the relative quantification performed by NMR indicates that the
integrals for those compounds (Figure 56) have a ratio of 53% to 33% to 14% (compounds
1, 2, and 3, respectively), when they are normalized to a 100%.

2.2. Seed Germination and Phytotoxicity

Pre-emergence test results of L. sativa seeds exposed to different concentrations of
S. timida extracts are shown in Figure 3. The seed germination was not affected by the
extracts or glyphosate (Gly), as shown in Figure 3A,B. On the other hand, the extracts
in the concentrations of 0.25, 0.50, and 1.00 mg/mL altered the hypocotyl (6.65 £ 1.41,
7.03 = 1.44, and 7.72 = 1.11 mm, respectively) and radicle (9.55 £ 3.05, 11.35 + 3.19, and
9.06 & 2.43 mm, respectively) lengths, being statistically different from both control groups
(Figure 3C,D). Thus, an intermediate effect between water (C) and Gly on the seedling
growth was observed.
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Figure 3. Effect of Schiekia timida seed extracts (0.25, 0.50, and 1.00 mg/mL) on Lactuca sativa
germination rate (A, ANOVA p = 0.7155), germination percentage (B, ANOVA p = 0.6402), and
radicle (C, ANOVA p < 0.0001) and hypocotyl (D, ANOVA p < 0.0001) growth in comparison to a C
(negative control) and Gly (glyphosate), expressed by mean + SD. *** Significant difference (p < 0.001)
in comparison to C, + Significant difference (p < 0.05) in comparison to Gly, and +++ Significant
difference (p < 0.001) in comparison to Gly, by Tukey’s Multiple Comparison Test.

A similar pattern was found for the germination of the monocotyledonous A. cepa.
Seed extracts of S. timida presented an effect statistically similar to the negative control
group, showing that the germination was not affected by the treatments. Glyphosate,
however, did slow the germination (Figure 4A,B). Figure 4C shows the radicle growth of
onion seedlings, which was affected already by the lowest concentration extract (p < 0.001).
The effect of the extracts of 0.25 and 0.50 mg/mL on the hypocotyl growth was statistically
different from both C and Gly (Figure 4D). Therefore, these two concentrations presented
an intermediate effect in the development of the hypocotyl. The highest concentration
(1.00 mg/mL) of S. timida extracts inhibited the hypocotyl and radicle growth with a
non-significant difference from Gly (Figure 4C,D).
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Figure 4. Effect of Schiekia timida seed extracts (0.25, 0.50, and 1.00 mg/mL) on Allium cepa germination
rate (A, ANOVA p = 0.0033), germination percentage (B, ANOVA p = 0.0036), and radicle (C, ANOVA
p < 0.0001) and hypocotyl (D, ANOVA p < 0.0001) growth in comparison to a C (negative control)
and Gly (glyphosate) expressed by mean and SD. *** Significant difference (p < 0.001) in comparison
to C, + Significant difference (p < 0.05) in comparison to Gly, ++ Significant difference (p < 0.005)
in comparison to Gly and +++ Significant difference (p < 0.001) in comparison to Gly, by Tukey’s
Multiple Comparison Test.

3. Discussion

The methanolic extract of S. timida seeds is composed mostly of a mixture of three
phenylphenalenones with unmodified Cq9 skeletons (Figure 1 and Table S2). This is the first
time that compounds 1 and 3 were found in S. timida. Moreover, this also the first report of
the phytotoxic activity of phenylphenalenones. Ocampos et al. (2017), in a tissue-specific
occurrence investigation including rhizomes, stems, leaves, flowers, and fruits, isolated
methoxyanigorufone (2) only from the fruits of S. timida [23]. This suggests that in S. timida
Cj9 phenylphenalenones skeletons may be exclusive compounds in fruits and seeds or are
present in very low concentrations in other parts of the plant.

Compounds 1, 2, and 3 are 9-phenylphenalenones found in Haemodoraceae plants
and phytoalexins in Musa sp [35]. Biosynthetically, anigorufone (3) is formed by the
symmetrical incorporation of two molecules of cinnamic acid and p-coumaric acid [36,37].
Full NMR assignments (Table S2) of the 'H and '*C NMR spectra, as well as 1-D and 2-D
NMR spectra and correlation maps, are presented in the supplementary information file.

The molecular formula of 3 (R; 7.49, Figure 2) was determined as C19H;,0, (Table 1,
Figure S17), based on the [M+H]* peak at m/z 273.0917 in the HRMS spectrum (calcd.
273.0910). The 'H NMR spectrum showed multiplet signals at 4 7.31 (2H, H-2'/6'), § 7.39
(2H, H-3'/5’), and 7.34 (1H, H-4'), which are assignable to the phenyl ring protons; an AB
spin system of H-8 (6 7.52) and H-7 (5 8.25); another spin system of H-4 (5 7.71), H-5 (6 7.58)
and H-6 (5 7.94); and a singlet of H-3 (6 7.06). HMBC correlations (Figure 54) of H-8 with
C-1' (5 144.8), C-6a (5 133.0) and C-9a (5 126.1.2), and of H-7 with C-6 (5 130.6), C-9 (5 149.8)
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and C-9b (5 126.3) established the structure of rings C and D. The HMBC H-3 correlations
with C-1 (5 181.8), C-2 (5 151.9), C-4 (5 131.1) and C-9b (6 126.3), established the structures
of rings A and B, including the carbonyl at C-1. The HMBC cross-signals of H-4 with C-3
(6 114.4), C-6 (6 130.6), and C-9b completed the structural assignment of the skeleton of
compound 3.

Compound 2 (R; 7.00, Figure 2) was determined as Cy9gH;409, (Table 1, Figure S16),
based on the [M+H]* peak at m/z 287.1077 in the HRMS spectrum (calcd. 287.1067). The
NMR signals showed a similar structure to compound 3, except that an HMBC (Figure S4)
showed a different correlation between H-3 and C-2 (6 154.2) correlating with an O-methyl
signal (3 H, 6 3.98) assigned the methoxy group to C-2.

Compound 1 (R; 5.23, Figure 2), presented a different NMR profile to ring B. The
HMBC (Figure S4) correlation of H-6 with C-4 presented a higher chemical shift (6 159.4)
than on the other compounds, compatible with the presence of a hydroxyl group attached
to the carbon. The HRMS spectrum (Table 1, Figure S15) confirmed the chemical structure
based on the [M+H]* peak at m/z 289.0868 in the HRMS spectrum (calcd. 289.0859),
compatible with the molecular formula C19H;20s3.

MS? analyses of compounds 1 and 3 confirm the fragmentation of both [M+H]*
precursor ions generating the main signals observed in their MS spectra, including a loss of
H,O (theor. m/z 18.0106), possibly followed by a loss of CO (theor. m/z 27.9949). A similar
MS profile is observed for peaks A, B, and C, suggesting they share structural features
with 1 and 3. In contrast, MS? analysis of compound 2 confirms a loss of CHy (theor.
m/z 16.0313) from the [M+H]" precursor ion, which differs from the other two identified
compounds and can be associated with the presence of a methoxy group. Likewise, a CHy
loss is also suggested in the MS spectra of peaks D, E, F, and H, indicating they are also
methoxy derivatives. Accordingly, the 'H NMR spectrum of the methanolic extract presents
four minor methoxyl singlets at 3.91, 63.95, 63.96, and $3.98. Their HMBC correlations,
however, indicate that they are attached to carbons of lower chemical shifts (6145.2 for the
first three and 6146.1 for the last one).

Interestingly, compound 1 displayed an intense peak in negative ESI mode, while
compounds 2 and 3 did not seem to ionize efficiently (Figure S7). This might be attributed
to the 4-hydroxyl group in compound 1 since the presence of a 2-hydroxyl group in
compound 3 was not sufficient to yield a significant [M—H] ™ ion. Similar to compound 1,
peaks A, C, D, and F also appeared in both positive and negative modes, suggesting that
these derivatives may have hydroxyl groups in positions other than C-2.

From a biological activity point of view, phenylphenalenone compounds are con-
stitutively biosynthesized by Haemodoraceae plants, although they are known to be
phytoalexins in resistant cultivars of banana plants (Musa sp.) against pathogens such as
Moycosphaerella fijiensis and Fusarium oxysporum [16,38,39]. Compound 1 presents radical
scavenging capacity with antioxidant activity due to a hydrogen atom transfer (HAT)
mechanism of action, being the hydroxyl group at C-4 the most relevant feature for this ac-
tivity [20]. Compound 3 is also a natural product of Strelitzia reginae and has antinematode,
leishmanicidal, and antimicrobial activity in the concentration of 1 mg/mL, presenting
activity against Bacillus subtilis, methicillin-resistant Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa, Sporobolomyces salmonicolor, Mycobacterium vaccae, Candida albicans,
and Penicillium notatum [40—44]. Therefore, as these chemical scaffolds present poten-
tial biological activity, other bioactivities have been investigated [20,21,42,45-47] and the
phytotoxic activity of phenylphenalenones is reported for the first time in the present work.

Thus, in order to investigate the phytotoxic activity of this class of compounds, two
model species representing monocotyledonous (A. cepa) and eudicotyledonous (L. sativa)
plants were used to evaluate the phytotoxicity of phenylphenalenones [2,48]. An interesting
approach would be to separate the compounds by preparative chromatography and to
investigate the biological activity of the isolated compounds. This would make it possible
to investigate and compare each chemical structure with the obtained activity and give a
better idea of the most active compounds. However, considering the low availability
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of botanical material to obtain enough isolated compounds to perform a statistically
significant biological assay and the structural similarity between the compounds, in this
case, the best explorative approach was to use crude extracts on the biological assays.

The phenylphenalenones from S. timida seed extract did not affect seed germination
on both models tested (lettuce and onion) and, therefore, this class of compounds seems
to affect the post-emergence of plants as demonstrated in Figures 3 and 4. The results are
also presented in Table S1, which is available in the supplementary information file. The
extracts were active after seeds germinated, having an intermediate effect between control
and glyphosate groups on the eudicotyledonous model. The monocotyledonous model
presented a better response with activity statistically similar to glyphosate (1.69 mg/mL) for
the inhibition of radicle growth in all the tested concentrations, with statistically significant
activity (p < 0.001) on the lowest tested seed extract concentration (0.25 mg/mL), as the
radicle, an indispensable structure is to plant development and establishment, was affected.
Moreover, the effect was not dose-dependent, within the tested range, with no statistical
difference in the radicle length between the three concentrations. The concentration of
S. timida methanolic seed extract required for the observed activity was 6.76 lower than the
concentration used for the control glyphosate. The mechanism of inhibition observed in
this assay is still not elucidated.

Phenylphenalenones are orange to red pigments. Therefore, it was possible to visualize
that these pigments were absorbed by plant structures by the orange color of the radicle in
treated seedlings (Figure 5).

Control 0.25 mg/mL 0.50 mg/mL 1.00 mg/mL Glyphosate

L. sativa . - A / o oo

A. cepa / J { %

Figure 5. Seedlings of Lactuca sativa and Allium cepa after 7 days of germination, showing the effect
of each concentration treatment (0.25, 0.50, and 1.00 mg/mL) in comparison to control (water)
and glyphosate.

The phytotoxic activity to the models tested in this work was more severe to the mono-
cotyledonous A. cepa. By contrast, phenylphenalenones are biosynthesized by monocotyle-
donous plants (Musaceae, Haemodoraceae, Strelitziaceae, and Pontederiaceae). This high-
lights the necessity of elucidating the mechanism of resistance of the phenylphenalenones-
producing plants on further investigations. Other issues to be investigated are whether
crops are tolerant to phenylphenalenones as well as the best protocols for application.
Nevertheless, it is known that the efficacy in delaying weed resistance is higher when
combining multiple effective herbicide sites of action in a single application than when
rotating herbicides [49,50]. And in this way, a complex mixture such as a plant extract
may be an alternative. However, this approach alone is not sufficient and a more diverse
approach is required, combining mechanical and chemical intervention [10].

S. timida grows in the field by vegetative propagation and only a few other species
seem to grow in the surroundings. The present results, together with field observations,
suggest that an allelopathic activity might occur. However, further investigations are
required to test whether such phytotoxic activities are relevant in the natural context and
whether phenylphenalenones play an ecological role in S. timida biology as allelopathic
secondary metabolites.
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The commercial use of phenylphenalenone scaffolds would only be practical without
the need of isolating them from natural sources, as they are normally biosynthesized
in extremely low amounts in plants. Efforts to synthesize these compounds have been
made [47,51-57], but the high concentration of phenylphenalenones found in methanolic
extracts of S. timida seeds raises the possibility of using this species as an alternative source
of phenylphenalenones scaffolds.

4. Materials and Methods
4.1. General Procedures

I'H NMR, 'H-'H COSY, 'H-13C HSQC, and 'H-13C HMBC spectra were acquired on a
Bruker AVANCE III HD 600 NMR spectrometers (Bruker, Karlsruhe, Germany) operating
at 14.1 T, observing 'H and '3C at 600.13 and 150.90 MHz, respectively. Spectrometers were
equipped with a 5-mm multinuclear detection probe with a z-gradient (Bruker). NMR
spectra were measured at 300 K in MeOH-d, or acetone-dg and D,O (1:1, v/v). In the
'H NMR spectra, the noesyprld pulse sequence was used to suppress the residual water
signal. Each '"H-NMR spectrum consisted of 128 scans on a spectral width of ~20 ppm,
0.73 Hz/point, acquisition time (AQ) = 1.36 s, relaxation delay (RD) = 2.0 s, 90° pulse
width (PW) = 11.4 us. One-bond (HSQC) and long-range (HMBC) 'H-'3C NMR correlation
experiments were optimized for average coupling constants ] 13 c) and MRy ) of 140 and
8 Hz, respectively. Spectra were processed using TopSpin 3.5 software (Bruker). All 'H and
13C NMR chemical shifts were observed in ppm related to TMS signal at 0.00 ppm as an
internal reference and exponential line broadening of 0.3 Hz were applied. After Fourier
transformation, spectra were manually phased, and baselines were corrected. Metabolites
were assigned based on the chemical shifts, signal multiplicities, and integrals always in
comparison to literature. Relative quantification of the major compounds was addressed
by integrating isolated signals of 'H NMR spectrum of S. timida methanolic seed extract.
The integrals corresponding to one hydrogen of each molecule were normalized to 100%
and the contribution of each was calculated. The chosen signals were the doublets H-6 at
57.85 for compound 1, and H-4 at 87.78 and 67.71 for compounds 2 and 3, respectively.

LC-MS analyses were performed on an Agilent 1260 Infinity II UPLC connected to
an Agilent 6545 Q-ToF. Chromatographic analyses used an Agilent Zorbax Eclipse Plus
C18 (2.1 x 50 mm, 1.8 pm) column, kept at 35 °C, using an injection volume of 2 uL, a
flow rate of 400 pL. min~—! and a binary MS-grade solvent system of water (solvent A) and
acetonitrile (solvent B), both containing 0.1% (v/v) formic acid. Sample volumes were
loaded onto the column and eluted by using the following gradient: linear increase from
30% B to 80% B within 9 min — 100% B constant for 3 min — with an equilibration time
set at 30% B for 3 min. Total ion spectra were collected in the mass range of m/z 100 to
1000 in positive and negative ion modes at a rate of 5 spectra per second. The drying gas
temperature and flow were 325 °C and 12 L/min, respectively. The temperature and flow
of the sheath gas were 350 °C and 11 L/min, respectively. The nebulizer gas pressure was
25 psi, and the skimmer, fragmentor, nozzle, and capillary voltage were 65V, 150 V, 1000 V,
and 3500 V, respectively. LC-MS data were analyzed using Agilent MassHunter Qualitative
Analysis Navigator (Version B.08.00, Build 8.0.8208.0) software.

MS? experiments were performed in automatic mode, AutoMS2, selecting the 5 most
intense MS ions per cycle. Precursor ions were fragmented using argon as a collision gas
with a fixed collision energy of 15 V.

4.2. Plant Material

S. timida seeds were collected in June 2019 in Novo Acordo, Tocantins, Brazil. Geo-
graphical coordinates: 10°1526.8" S, 47°2122.3" W, 271 m. An exemplar of the species was
collected and identified by one of us, G.M. Antar, and a voucher specimen (G.M. Antar
2717—SPF 248229) has been deposited at the Herbarium SPF of the University of Sao
Paulo (USP).
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4.3. Extraction and Identification of Natural Compounds

Seeds (3.0 g) were grounded in liquid Nj and extracted with 40 mL of methanol in
ultrasound for 20 min. The extraction procedure was repeated three times with the same
plant material. The extract was dried on the rotatory evaporator to give 129.7 mg (4.3%
yield). This extract was used for phytotoxicity assays and chemical characterization through
LC-MS analyses. For the NMR analysis, powdered plant material (100 mg) was transferred
to a 2 mL microtube. The extraction was performed with 1.5 mL of deuterated methanol
(CD30D) containing 0.1% w/w of tetramethylsilane (TMS). After 20 min ultrasonication,
the mixture was centrifuged at 6585.6 g for 20 min, and 600 uL of the supernatant was
transferred to a 5 mm NMR tube.

4.4. Phytotoxicity Bioassay

The methodology was adapted from Macias et al., 2000 [58]. S. timida seed extract
was resuspended in ultrapure water in three concentrations (0.25, 0.50, and 1.00 mg/mL).
Eudicotyledonous (L. sativa L.) and monocotyledonous (A. cepa L.) seeds were acquired
in the local market and the bioassay was set using Petri dishes (140 x 15 mm) with one
sheet of Whatman No. 1 filter paper as support. Thirty seeds and 5 mL of extract were
added to each plate. Water was used as a negative control and an aqueous solution of
glyphosate (10 mmol/L or 1.69 mg/mL) as a positive control. Four biological replicates to
each experimental group were prepared. Seeds were incubated in a growth chamber at
20 °C, 80% moisture, and 14/10 h of light/dark cycle.

4.4.1. Germination Test

The protrusion of 2 mm and geotropic curvature of the radicle was used as germination
criteria. The seeds that showed false germination by soaking were not accounted for in
the results. The germination was determined by daily counting the number of germinated
seeds for 7 days. The indices used to evaluate germination and seedling growth were
calculated as described by Maguire, 1962 [59].

4.4.2. Seedling Growth Test

After the 7 days of germination, the radicle and hypocotyl lengths of 10 seedlings of
each plate (n = 40 for each experimental group) were measured in mm.

4.5. Statistical Analysis

The statistical treatment was performed using GraphPad Prism 5, v 5.01 software after
the normality (Shapiro-Wilks) was performed using the Origin 9.3 software. As the data
presented normal distribution, the results were analyzed using 1-way ANOVA followed
by Tukey’s Multiple Comparison Test (p < 0.001).

5. Conclusions

This manuscript explored the phytotoxicity of phenylphenalenones for the first time.
The chemical composition of S. timida seeds, never investigated before, was accessed and
three phenylphenalenones were identified as the major compounds in the methanolic
extract, which contains at least seven other annotated minor phenylphenalenones. The
mixture of phenylphenalenones from S. timida methanolic seeds extracts was tested in three
different concentrations aiming to explore potential herbicide sources. The extract activity
was statistically similar to glyphosate, already in the lowest concentration (0.25 mg/mL)
for the monocotyledonous model. The eudicotyledonous model was impaired as well,
although at a lower level. The extract did not interfere with the seed germination rate, and,
therefore, it may be considered a post-emergence herbicide, as is glyphosate. This report is
the first step to highlight the possibility of using phenylphenalenones scaffolds to solve the
herbicide resistance problem. Further studies on other crops are, however, needed in order
to explore the potential of these compounds and extracts in agriculture.
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Supplementary Materials: The following are available online, Figure S1. Seedlings of L. sativa and
A. cepa after 7 days of germination, Figure S2. "HNMR spectrum of Schiekia timida seeds extract
(MeOH-d,, 600 MHz, 300 K), Figure S3. Expansion (8.40-6.90 ppm) of HSQC correlation map of
Schiekia timida seeds extract (MeOH-d4, 600 MHz, 300 K), Figure S4. Expansion (8.40-6.90 ppm)
of HMBC correlation map of Schiekia timida seeds extract (MeOH-d,, 600 MHz, 300 K), Figure S5.
Expansion (8.40-6.90 ppm) of COSY correlation map of Schiekia timida seeds extract (MeOH-dy,
600 MHz, 300 K), Figure S6. Expansion (8.90-6.68 ppm) of 'H NMR spectrum of Schickia timida seeds
extract (MeOH-d4, 600 MHz, 300 K), Figure S7. Base peak chromatogram (0-9 min) of S. timida seed
extract; UPLC-QToF MS in negative ESI mode, Figure S8. Mass spectrum of peak A (2.95 min) in
positive and negative ESI modes, Figure S9. Mass spectrum of peak B (3.65 min) in positive ESI
mode, Figure S10. Mass spectra of peak C (4.16 min) in positive and negative ESI modes, Figure S11.
Mass spectra of peak D (4.25 min) in positive and negative ESI modes, Figure S12. Mass spectrum
of peak E (4.62 min) in positive ESI mode, Figure S13. Mass spectra of peak F (4.75 min) in positive
and negative ESI modes, Figure S14. Mass spectra of peak G (5.23 min), compound 1, in positive
and negative ESI modes, Figure S15. Mass spectrum of peak H (6.06 min) in positive ESI mode,
Figure S16. Mass spectra of peak I (7.00 min), compound 2, in positive and negative ESI modes,
Figure S17. Mass spectra of peak J (7.49 min), compound 3, in positive and negative ESI modes,
Table S1. Phytotoxicity of S. orinocencis seeds extracts on different concentrations, Table S2 1H, 3¢
and HMBC NMR chemical shifts (ppm) and correlations of compounds 1, 2, and 3.

Author Contributions: Conceptualization, EM.M.O., A ].B.d.S. and L.A.C.; methodology, FM.M.O.;
plant identification, G.M.A; seed collection, GM.A., EM.M.O. and A ].B.d.S.; extracts preparation,
FEM.M.O. and A.J.B.d.S.; phytotoxicity bioassay and germination tests, EM.M.O. and A.].B.d.S.;
statistical analysis, EM.M.O.; NMR analysis and interpretation, EM.M.O.; UPLC-MS analysis and
interpretation, FC.W. and EM.M.O.; writing—original draft preparation, EM.M.O.; writing—review
and editing, FM.M.O., L A.C., EC.W.,, A].B.d.S. and L.A.C.; supervision, L.A.C.; project administra-
tion, EM.M.O. and L.A.C; funding acquisition, EM.M.O., EC.W. and L.A.C.. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by FAPESP (grant numbers 2012/25299-6, 2014 /50918-7, 2018 /00504~
2 and 2019/13656-8) and CNPq (465357 /2014-8 and 302866 /2017-5).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors are grateful to FAPESP (2012/25299-6, 2014 /50918-7, 2018 /00504-2
and 2019/13656-8), CAPES, CNPq (465357 /2014-8 and 302866/2017-5), Finep, Embrapa, IdeaWild,
UNESP, USP, and UFSCAR for financial support and fellowships.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Sample Availability: Samples of S. timida extracts are available from the authors.

References

1.  Todero, I; Confortin, T.C.; Luft, L.; Brun, T.; Ugalde, G.A.; de Almeida, T.C.; Arnemann, J.A.; Zabot, G.L.; Mazutti, M.A.
Formulation of a bioherbicide with metabolites from Phoma sp. Sci. Hortic. 2018, 241, 285-292. [CrossRef]

2. Beckie, H.J.; Ashworth, M.B.; Flower, K.C. Herbicide Resistance Management: Recent Developments and Trends. Plants 2019,
8, 161. [CrossRef]

3. Rodrigues, R.P; Baroni, A.C.M.; Carollo, C.A.; Demarque, D.P.,; Pardo, L.F.L.; de Rezende, L.M.P; dos Santos, F].L.; Lima, W.G;
de Siqueira, ].M. Synthesis, phytotoxic evaluation and in silico studies for the development of novel natural products-inspired
herbicides. Biocatal. Agric. Biotechnol. 2020, 24, 101559. [CrossRef]

4. Dayan, EE.; Duke, S.O. Natural Compounds as Next-Generation Herbicides. Plant Physiol. 2014, 166, 1090-1105. [CrossRef]

5. Singh, S,; Kumar, V.,; Dhanjal, D.S.; Singh, J. Herbicides and Plant Growth Regulators: Current Developments and Future
Challenges. In Natural Bioactive Products in Sustainable Agriculture; Springer: Singapore, 2020; pp. 67-81.

6. Andreotti, G.; Koutros, S.; Hofmann, J.N.; Sandler, D.P; Lubin, J.H.; Lynch, C.E; Lerro, C.C.; De Roos, A].; Parks, C.G,;
Alavanja, M.C,; et al. Glyphosate Use and Cancer Incidence in the Agricultural Health Study. ]. Natl. Cancer Inst. 2018,
110, 509-516. [CrossRef]

7.  Gaines, T.A.; Duke, S.O.; Morran, S.; Rigon, C.A.G.; Tranel, PJ.; Kiipper, A.; Dayan, F.E. Mechanisms of evolved herbicide

resistance. J. Biol. Chem. 2020. [CrossRef] [PubMed]


http://doi.org/10.1016/j.scienta.2018.07.009
http://doi.org/10.3390/plants8060161
http://doi.org/10.1016/j.bcab.2020.101559
http://doi.org/10.1104/pp.114.239061
http://doi.org/10.1093/jnci/djx233
http://doi.org/10.1074/jbc.REV120.013572
http://www.ncbi.nlm.nih.gov/pubmed/32430396

Molecules 2021, 26, 4197 12 of 13

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Vidotto, F.; Dalla Valle, N.; Fogliatto, S.; Milan, M.; De Palo, F,; Tabacchi, M.; Ferrero, A. Rapid increase of herbicide resistance in
Echinochloa spp. consequent to repeated applications of the same herbicides over time. Arch. Agron. Soil Sci. 2020, 1-13. [CrossRef]
Shaner, D.L.; Beckie, H.J. The future for weed control and technology. Pest Manag. Sci. 2014, 70, 1329-1339. [CrossRef] [PubMed]
Bagavathiannan, M.V.; Davis, A.S. An ecological perspective on managing weeds during the great selection for herbicide
resistance. Pest Manag. Sci. 2018, 74, 2277-2286. [CrossRef] [PubMed]

Perotti, V.E.; Larran, A.S.; Palmieri, V.E.; Martinatto, A.K.; Permingeat, H.R. Herbicide resistant weeds: A call to integrate
conventional agricultural practices, molecular biology knowledge and new technologies. Plant Sci. 2020, 290, 110255. [CrossRef]
Duke, S.O.; Dayan, EE.; Romagni, ].G.; Rimando, A.M. Natural products as sources of herbicides: Current status and future
trends. Weed Res. 2000, 40, 99-111. [CrossRef]

Schulz, S.; Kubanek, J.; Piel, J. Editorial: Chemical Ecology. Nat. Prod. Rep. 2015, 32, 886-887. [CrossRef] [PubMed]

Reigosa, M.; Gomes, A.S.; Ferreira, A.G.; Borghetti, F. Allelopathic research in Brazil. Acta Bot. Brasilica 2013, 27, 629-646.
[CrossRef]

Reigosa, M.].; Sanchez-Moreiras, A.; Gonzalez, L. Ecophysiological Approach in Allelopathy. Crit. Rev. Plant Sci. 1999, 18, 577-608.
[CrossRef]

Hidalgo, W.; Cano, M.; Arbelaez, M.; Zarrazola, E.; Gil, ].; Schneider, B.; Otalvaro, F. 4-Phenylphenalenones as a template for new
photodynamic compounds against Mycosphaerella fijiensis. Pest Manag. Sci. 2016, 72, 796-800. [CrossRef]

Brand, S.; Holscher, D.; Schierhorn, A.; Svatos, A.; Schroder, J.; Schneider, B. A type III polyketide synthase from Wachendorfia
thyrsiflora and its role in diarylheptanoid and phenylphenalenone biosynthesis. Planta 2006, 224, 413—428. [CrossRef]

Chen, Y,; Paetz, C.; Menezes, R.C.; Schneider, B. Cultured roots of Xiphidium caeruleum: Phenylphenalenones and their biosynthetic
and extractant-dependent conversion. Phytochemistry 2017, 133, 15-25. [CrossRef]

Monakhova, Y.; Schneider, B. The intramolecular Diels-Alder reaction of diarylheptanoids—quantum chemical calculation of
structural features favoring the formation of phenylphenalenones. Molecules 2014, 19, 5231-5242. [CrossRef] [PubMed]

Duque, L.; Zapata, C.; Rojano, B.; Schneider, B.; Otalvaro, F. Radical Scavenging Capacity of 2,4-Dihydroxy-9-phenyl-1H-phenalen-
1-one: A Functional Group Exclusion Approach. Org. Lett. 2013, 15, 3542-3545. [CrossRef]

Gutiérrez, D.; Flores, N.; Abad-Grillo, T.; McNaughton-Smith, G. Evaluation of substituted phenalenone analogues as antiplas-
modial agents. Exp. Parasitol. 2013, 135, 456—458. [CrossRef] [PubMed]

Binks, R.H.; Greenham, ].R.; Luis, ].G.; Gowen, S.R. A phytoalexin from roots of Musa acuminata var. pisang sipulu. Phytochemistry
1997, 45, 47-49. [CrossRef]

Ocampos, EM.M,; Paetz, C.; Antar, G.M.; Menezes, R.C.; Miguel, O.G.; Schneider, B. Phytochemical profile of Schiekia orinocensis
(Haemodoraceae). Phytochem. Lett. 2017, 21, 139-145. [CrossRef]

Pellegrini, M.O.O.; Hickman, E.J.; Guttiérrez, ].E.; Smith, R.J.; Hopper, S.D. Revisiting the taxonomy of the Neotropical Haemodor-
aceae (Commelinales). PhytoKeys 2020, 169, 1-59. [CrossRef] [PubMed]

Nagana Gowda, G.A.; Raftery, D. Recent Advances in NMR-Based Metabolomics. Anal. Chem. 2017, 89, 490-510. [CrossRef]
Nagana Gowda, G.A ; Raftery, D. Quantitating metabolites in protein precipitated serum using NMR spectroscopy. Anal. Chem.
2014, 86, 5433-5440. [CrossRef] [PubMed]

Riihinen, K.R.; Mihaleva, V.V.; Gédecke, T.; Soininen, P; Laatikainen, R.; Vervoort, ].M.; Lankin, D.C.; Pauli, G.F. 1H-NMR
Fingerprinting of Vaccinium vitis-idaea Flavonol Glycosides. Phytochem. Anal. 2013, 24, 476-483. [CrossRef] [PubMed]

Pauli, G.F; Jaki, B.U.; Lankin, D.C. A Routine Experimental Protocol for gHNMR Illustrated with Taxol. J. Nat. Prod. 2007,
70, 589-595. [CrossRef]

Pauli, G.F,; Jaki, B.U.; Lankin, D.C. Quantitative 1H NMR: Development and Potential of a Method for Natural Products Analysis
§. J. Nat. Prod. 2005, 68, 133-149. [CrossRef]

Pauli, G.F; Godecke, T; Jaki, B.U.; Lankin, D.C. Quantitative 'H NMR. Development and Potential of an Analytical Method: An
Update. J. Nat. Prod. 2012, 75, 834-851. [CrossRef]

Seger, C.; Sturm, S.; Stuppner, H. Mass spectrometry and NMR spectroscopy: Modern high-end detectors for high resolution
separation techniques - state of the art in natural product HPLC-MS, HPLC-NMR, and CE-MS hyphenations. Nat. Prod. Rep.
2013, 30, 970-987. [CrossRef] [PubMed]

Simmler, C.; Napolitano, ].G.; McAlpine, ].B.; Chen, S.-N.; Pauli, G.F. Universal quantitative NMR analysis of complex natural
samples. Curr. Opin. Biotechnol. 2014, 25, 51-59. [CrossRef] [PubMed]

Holscher, D.; Schneider, B. HPLC-NMR analysis of phenylphenalenones and a stilbene from Anigozanthos flavidus. Phytochemistry
1999, 50, 155-161. [CrossRef]

Cooke, R.; Thomas, R. Colouring Matters of Australian Plants. XVIII. Constituents of Anigozanthos rufus. Aust. J. Chem. 1975,
28,1053-1057. [CrossRef]

Dugque, L.; Restrepo, C.; Saez, J.; Gil, J.; Schneider, B.; Otalvaro, F. Synthesis of musafluorone: A naphthoxanthenone isolated from
Musa acuminata. Tetrahedron Lett. 2010, 51, 4640-4643. [CrossRef]

Holscher, D.; Schneider, B. The Biosynthetic Origin of the Central One-Carbon Unit of Phenylphenalenones in Anigozanthos
preissii. Nat. Prod. Lett. 1995, 7, 177-182. [CrossRef]

Holscher, D.; Schneider, B. A diarylheptanoid intermediate in the biosynthesis of phenylphenalenones in Anigozanthos preissii.
J. Chem. Soc. Chem. Commun. 1995, 525-526. [CrossRef]


http://doi.org/10.1080/03650340.2020.1741554
http://doi.org/10.1002/ps.3706
http://www.ncbi.nlm.nih.gov/pubmed/24339388
http://doi.org/10.1002/ps.4920
http://www.ncbi.nlm.nih.gov/pubmed/29569406
http://doi.org/10.1016/j.plantsci.2019.110255
http://doi.org/10.1046/j.1365-3180.2000.00161.x
http://doi.org/10.1039/C5NP90027A
http://www.ncbi.nlm.nih.gov/pubmed/26103883
http://doi.org/10.1590/S0102-33062013000400001
http://doi.org/10.1080/07352689991309405
http://doi.org/10.1002/ps.4055
http://doi.org/10.1007/s00425-006-0228-x
http://doi.org/10.1016/j.phytochem.2016.10.011
http://doi.org/10.3390/molecules19045231
http://www.ncbi.nlm.nih.gov/pubmed/24762963
http://doi.org/10.1021/ol400384z
http://doi.org/10.1016/j.exppara.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/23985373
http://doi.org/10.1016/S0031-9422(96)00796-0
http://doi.org/10.1016/j.phytol.2017.06.008
http://doi.org/10.3897/phytokeys.169.57996
http://www.ncbi.nlm.nih.gov/pubmed/33354138
http://doi.org/10.1021/acs.analchem.6b04420
http://doi.org/10.1021/ac5005103
http://www.ncbi.nlm.nih.gov/pubmed/24796490
http://doi.org/10.1002/pca.2444
http://www.ncbi.nlm.nih.gov/pubmed/23703898
http://doi.org/10.1021/np060535r
http://doi.org/10.1021/np0497301
http://doi.org/10.1021/np200993k
http://doi.org/10.1039/c3np70015a
http://www.ncbi.nlm.nih.gov/pubmed/23739842
http://doi.org/10.1016/j.copbio.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24484881
http://doi.org/10.1016/S0031-9422(98)00495-6
http://doi.org/10.1071/CH9751053
http://doi.org/10.1016/j.tetlet.2010.06.128
http://doi.org/10.1080/10575639508043208
http://doi.org/10.1039/C39950000525

Molecules 2021, 26, 4197 13 of 13

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Echeverri, F; Torres, F.; Quifiones, W.; Escobar, G.; Archbold, R. Phenylphenalenone phytoalexins, will they be a new type of
fungicide? Phytochem. Rev. 2012, 11, 1-12. [CrossRef]

Hidalgo, W.; Duque, L.; Saez, J.; Arango, R.; Gil, ].; Rojano, B.; Schneider, B.; Otalvaro, F. Structure—Activity Relationship in the
Interaction of Substituted Perinaphthenones with Mycosphaerella fijiensis. ]. Agric. Food Chem. 2009, 57, 7417-7421. [CrossRef]
Brkljaca, R.; Urban, S.; Dahse, H.-M.; Voigt, K. Antimicrobial Evaluation of the Constituents Isolated From Macropidia fuliginosa
(Hook.) Druce. Nat. Prod. Commun. 2019, 14, 1-6. [CrossRef]

Spdth, A.; Leibl, C.; Cieplik, F,; Lehner, K.; Regensburger, J.; Hiller, K.-A.; Baumler, W.; Schmalz, G.; Maisch, T. Improving
Photodynamic Inactivation of Bacteria in Dentistry: Highly Effective and Fast Killing of Oral Key Pathogens with Novel
Tooth-Colored Type-II Photosensitizers. . Med. Chem. 2014, 57, 5157-5168. [CrossRef]

Holscher, D.; Dhakshinamoorthy, S.; Alexandrov, T.; Becker, M.; Bretschneider, T.; Buerkert, A.; Crecelius, A.C.; De Waele, D.;
Elsen, A.; Heckel, D.G,; et al. Phenalenone-type phytoalexins mediate resistance of banana plants (Musa spp.) to the burrowing
nematode Radopholus similis. Proc. Natl. Acad. Sci. USA 2014, 111, 105-110. [CrossRef]

Luque-Ortega, J.R.; Martinez, S.; Saugar, ].M.; Izquierdo, L.R.; Abad, T.; Luis, J.G.; Pifiero, ].; Valladares, B.; Rivas, L.
Fungus-Elicited Metabolites from Plants as an Enriched Source for New Leishmanicidal Agents: Antifungal Phenyl-
Phenalenone Phytoalexins from the Banana Plant (Musa acuminata) Target Mitochondria of Leishmania donovani Promastigotes.
Antimicrob. Agents Chemother. 2004, 48, 1534-1540. [CrossRef] [PubMed]

Holscher, D.; Schneider, B. Phenalenones from Strelitzia reginae. J. Nat. Prod. 2000, 63, 1027-1028. [CrossRef]

Lopez-Arencibia, A.; Reyes-Batlle, M.; Freijo, M.B.; Sifaoui, I.; Bethencourt-Estrella, C.J.; Rizo-Liendo, A.; Chiboub, O.;
McNaughton-Smith, G.; Lorenzo-Morales, J.; Abad-Grillo, T.; et al. In vitro activity of 1H-phenalen-1-one derivatives against
Leishmania spp. And evidence of programmed cell death. Parasit. Vectors 2019, 12, 1-10. [CrossRef] [PubMed]

Jiang, L.; Zhang, B.; Wang, Y,; Sun, J.; Ma, X.; Wang, G.; Fu, S.; Lin, C.; Li, Y. Three new acenaphthene derivatives from rhizomes
of Musa basjoo and their cytotoxic activity. Nat. Prod. Res. 2019, 1-6. [CrossRef] [PubMed]

Rosquete, L.I.; Cabrera-Serra, M.G.; Pifiero, ].E.; Martin-Rodriguez, P.; Ferndndez-Pérez, L.; Luis, ].G.; McNaughton-Smith, G.;
Abad-Grillo, T. Synthesis and in vitro antiprotozoal evaluation of substituted phenalenone analogues. Bioorg. Med. Chem. 2010,
18, 4530-4534. [CrossRef]

Dayan, EE.; Romagni, ].G.; Duke, 5.0. Investigating the Mode of Action of Natural Phytotoxins. J. Chem. Ecol. 2000, 26, 2079-2094.
[CrossRef]

Busi, R.,; Vila-Aiub, M.M.; Beckie, H.].; Gaines, T.A.; Goggin, D.E.; Kaundun, S.S.; Lacoste, M.; Neve, P.; Nissen, S.J.;
Norsworthy, ].K.; et al. Herbicide-resistant weeds: From research and knowledge to future needs. Evol. Appl. 2013, 6, 1218-1221.
[CrossRef] [PubMed]

Busi, R.; Powles, S.B.; Beckie, H.J.; Renton, M. Rotations and mixtures of soil-applied herbicides delay resistance. Pest Manag. Sci.
2020, 76, 487—-496. [CrossRef] [PubMed]

Otélvaro, F; Quifiones, W.; Echeverri, F; Schneider, B. Synthesis of [phenyl-13Cdlachnanthocarpone and other 13C-labelled
phenylphenalenones. J. Label. Compd. Radiopharm. 2004, 47, 147-159. [CrossRef]

Nanclares, J.; Gil, J.; Rojano, B.; Saez, J.; Schneider, B.; Otéalvaro, F. Synthesis of 4-methoxy-1H-phenalen-1-one: A subunit related
to natural phenalenone-type compounds. Tetrahedron Lett. 2008, 49, 3844-3847. [CrossRef]

Ospina, F.,; Ramirez, A.; Cano, M.; Hidalgo, W.; Schneider, B.; Otalvaro, F. Synthesis of Positional Isomeric Phenylphenalenones.
J. Org. Chem. 2017, 82, 3873-3879. [CrossRef]

Ospina, F.; Hidalgo, W.; Cano, M.; Schneider, B.; Otalvaro, F. Synthesis of 8-phenylphenalenones: 2-hydroxy-8-(4-hydroxyphenyl)-
1h-phenalen-1-one from Eichhornia crassipes. |. Org. Chem. 2016, 81, 1256-1262. [CrossRef] [PubMed]

Wang, M.-Z.; Ku, C.-F; Si, T.-X,; Tsang, S.-W.; Lv, X.-M.; Li, X.-W.; Li, Z.-M.; Zhang, H.-J.; Chan, A.S.C. Concise Synthesis of
Natural Phenylphenalenone Phytoalexins and a Regioisomer. J. Nat. Prod. 2018, 81, 98-105. [CrossRef] [PubMed]

Cano, M.; Rojas, C.; Hidalgo, W.; Séez, J.; Gil, J.; Schneider, B.; Otalvaro, F. Improved synthesis of 4-phenylphenalenones: The
case of isoanigorufone and structural analogs. Tetrahedron Lett. 2013, 54, 351-354. [CrossRef]

Barrera, J.; Patifio, E.; Otalvaro, F. Improved synthesis of natural isomeric naphthoxanthenones. Tetrahedron Lett. 2020, 61, 151359.
[CrossRef]

Macias, F.A.; Castellano, D.; Molinillo, ]. M.G. Search for a Standard Phytotoxic Bioassay for Allelochemicals. Selection of Standard
Target Species. ]. Agric. Food Chem. 2000, 48, 2512-2521. [CrossRef]

Maguire, J.D. Speed of germination—Aid in selection and evaluation for seedling emergence and vigor. Crop Sci. 1962, 2.
[CrossRef]


http://doi.org/10.1007/s11101-010-9205-x
http://doi.org/10.1021/jf901052e
http://doi.org/10.1177/1934578X19884411
http://doi.org/10.1021/jm4019492
http://doi.org/10.1073/pnas.1314168110
http://doi.org/10.1128/AAC.48.5.1534-1540.2004
http://www.ncbi.nlm.nih.gov/pubmed/15105102
http://doi.org/10.1021/np000035c
http://doi.org/10.1186/s13071-019-3854-4
http://www.ncbi.nlm.nih.gov/pubmed/31870406
http://doi.org/10.1080/14786419.2019.1647422
http://www.ncbi.nlm.nih.gov/pubmed/31359767
http://doi.org/10.1016/j.bmc.2010.04.062
http://doi.org/10.1023/A:1005512331061
http://doi.org/10.1111/eva.12098
http://www.ncbi.nlm.nih.gov/pubmed/24478803
http://doi.org/10.1002/ps.5534
http://www.ncbi.nlm.nih.gov/pubmed/31251459
http://doi.org/10.1002/jlcr.808
http://doi.org/10.1016/j.tetlet.2008.04.095
http://doi.org/10.1021/acs.joc.6b02985
http://doi.org/10.1021/acs.joc.5b02559
http://www.ncbi.nlm.nih.gov/pubmed/26741281
http://doi.org/10.1021/acs.jnatprod.7b00709
http://www.ncbi.nlm.nih.gov/pubmed/29281282
http://doi.org/10.1016/j.tetlet.2012.11.118
http://doi.org/10.1016/j.tetlet.2019.151359
http://doi.org/10.1021/jf9903051
http://doi.org/10.2135/cropsci1962.0011183X000200020033x

	Introduction 
	Results 
	Identification and Annotation of Phenylphenalenones 
	Seed Germination and Phytotoxicity 

	Discussion 
	Materials and Methods 
	General Procedures 
	Plant Material 
	Extraction and Identification of Natural Compounds 
	Phytotoxicity Bioassay 
	Germination Test 
	Seedling Growth Test 

	Statistical Analysis 

	Conclusions 
	References

