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Abstract: Broomrape weeds (Orobanche and Phelipanche spp.) are noxious parasites that infect crops
using haustoria formed at the tip of their radicles. Dichloromethane extract obtained from the roots
of Convolvulus arvensis strongly inhibits the radicle growth of broomrape weeds. A complex mixture
of arvensic acids was isolated as the metabolites responsible of the inhibitory activity of C. arvensis
extract against broomrape radicle growth via activity-guided fractionation and 'H NMR and ESI MS
data. We showed that the exposure of broomrape seedlings to this arvensic acids mixture results
in a strong phytotoxic effect on their radicles in four broomrape species infecting a wide range of
crops worldwide. This discovery paves the way for the synthesis of new bioherbicides and could
contribute to the development of efficient and sustainable management strategies for broomrape

weeds, for which control in many crops is limited or non-existing.

Keywords: field bindweed; parasitic weeds; Orobanche; Phelipanche; allelopathy; sustainable crop protection

1. Introduction

Among all pests, weeds have the largest economic impact on agriculture [1], and
among weeds, parasitic weeds are particularly noxious, causing severe yield losses due to
their ability to infect crops by borrowing nutritional resources from them using haustoria
formed at the tip of their radicles [2,3]. Seven weedy species of broomrapes (Orobanche spp.,
and Phelipanche spp., Orobanchaceae) are among the most damaging parasitic weeds for
agricultural production in a large number of crop species [4]. Among these weedy broom-
rapes, Orobanche crenata is mostly distributed around the Mediterranean regions, infecting
crops mainly in Fabaceae and Apiaceae but also some crops in Cucurbitaceae, Solanaceae,
Lamiaceae, Ranunculaceae and Asteraceae. Orobanche cumana parasites, specifically sun-
flower plants with distribution in southeast Europe, the Middle East and southwest Asia,
are also present in Spain, France and China. Orobanche minor is widely distributed, be-
ing native to Europe, Western Asia and Northern Africa, with a very wide host range
infecting many crops, in Asteraceae, Apiaceae, Solanaceae and other families. Lastly,
Phelipanche ramosa has a native distribution in Europe, the Middle East, West Asia and
North Africa, infecting a very wide range of crops in Solanaceae, Brassicaceae, Cannabaceae,
Fabaceae, Apiaceae and Asteraceae [5]. Several strategies from cultural to chemical prac-
tices were developed for the control of weedy broomrapes; however, in most cases, their
control is either not feasible, uneconomical, or provides incomplete protection [6]. The
cultivation of resistant varieties and chemical control were proposed as the most efficient
methods of broomrape control. However, these methods are limited for the majority of
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crops affected by either the lack of commercially available resistant varieties [7,8] or the lack
of authorized herbicidal methods with enough selectivity against the parasite and enough
security for the crop and environment [9]. Thus, it is urgent to find new environmentally
friendly methods with efficacious control.

Control based on natural compounds may reduce the associated risks of chemical pesti-
cides to the environment and human health while protecting the health of crops and farmers’
productivity from broomrape infection [10,11]. Plants are abundant sources of allelochemi-
cals that can act as natural pesticides [12,13], but only a small proportion of plant metabo-
lites are investigated for herbicidal activity [14]. Field bindweed (Convolvulus arvensis L.,
Convolvulaceae) is a perennial weed native to the Mediterranean regions of Europe and
Asia that inflicts noxious effects on crops worldwide [15]. The allelopathic activity of C.
arvensis is reported as part of the various noxious effects inflicted by C. arvensis against
crops [16-20]. The allelopathy of C. arvensis plants is a phenomenon that also acts against
other weeds. For example, the seed germination of Phalaris minor is inhibited by aqueous
extracts of C. arvensis [21]. In addition, the radicle growth of broomrape weeds is inhibited
by the organic extract obtained from C. arvensis roots [22]. Although it is known that C.
arvensis extracts contain active metabolites such as alkaloids, glycosides, resins and various
phenolics with allelochemical properties such as p-coumaric, p-hydroxybenzoic, caffeic,
ferulic and syringic acids [17,23-27], the responsible metabolites for the growth inhibition
of broomrape radicles were never previously elucidated. Here, we report the isolation,
via activity-guided fractionation and identification by chromatographic and spectroscopic
methods, of an arvensic acid mixture as the responsible metabolites of the inhibition activity
in C. arvensis organic extract against the growth of radicles of the broomrape weeds O.
crenata, O. cumana, O. minor and P. ramosa. The identification of the active constituent of
Convolvulus roots will enable us to manufacture and deliver better herbicides.

2. Materials and Methods
2.1. Plant Material

Seeds from field bindweed (Convolvulus arvensis L., Convolvulaceae) were collected
during the season of 2016-2017 from a buckwheat field at the Institute for Sustainable
Agriculture (IAS-CSIC, Cérdoba, Spain). Parasitic seeds were collected in 2016 from plants
of Orobanche crenata infecting pea plants in Spain, Orobanche cumana infecting sunflower
plants in Spain, Orobanche minor infecting red clover in France and Phelipanche ramosa
infecting oilseed rape in France. Dry parasitic seeds were separated from capsules using
winnowing with a fan and sifting with a 0.6 mm mesh size sieve and then stored dry in the
dark at room temperature until use for this work.

2.2. General Experimental Procedures

'HNMR spectra were recorded at 400 MHz in CDCl3 or CD30D on a Bruker (Billerica,
MA, USA) spectrometer. The same solvents were used as internal standards. LC/MS
TOF system Agilent 6230B was used to record ESI mass spectra. Analytical and prepar-
ative Thin-Layer Chromatography (TLC) was performed on silica gel (Kieselgel 60, Fos4,
0.25 and 0.5 mm) plates (Merck, Darmstadt, Germany) or on reverse phase (Whatman,
KC18 Fys4, 0.20 mm) plates. The spots were visualized by exposure to UV light (254 nm)
and/or iodine vapors and/or by spraying first with 10% H;SO4 in MeOH and then with
5% phosphomolybdic acid in EtOH, followed by heating at 110 °C for 10 min. Column
chromatography (CC) was performed using silica gel (Merck, Kieselgel 60, 0.063-0.200 mm).
Standard samples of arabinose, galactose, glucose, mannose, xylose, rhamnose and fucose
were purchased from Sigma Aldrich (St. Luis, MO, USA) and Carlo Erba (Milan, Italy).

2.3. Preparation of Convolvulus Arvensis Extracts

Convolvulus seeds were surface sterilized with 0.5 % (w/v) sodium hypochlorite and
0.02 % (v/v) Tween 20 for 5 min, rinsed thoroughly with distilled water, dried in a laminar
airflow cabinet. Then, Convolvulus seeds were subjected to mechanical scarification and
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sown in a greenhouse in 1 L pots containing sand and peat (1:1, v:v) and grown for
40 days (23/20 °C, 16/8 h day/night). Then, the stem of each Convolvulus plant was cut
2-3 cm above the soil surface, and the roots were carefully washed, dried with filter paper,
immediately frozen and maintained at —80 °C until lyophilization. Convolvulus lyophilized
roots (235 g) were extracted (1 x 500 mL) by HyO/MeOH (1/1, v/v), 1% NaCl, under stirred
conditions at room temperature for 24 h, the suspension centrifuged, and the supernatant
extracted by n-hexane (3 x 300 mL) and successively with CH,Cl, (3 x 300 mL) and, after
removing MeOH under reduced pressure, with EtOAc (3 x 200 mL).

2.4. Radicle Growth Bioassays

Broomrape germination was induced in Petri dish bioassays through a two-step pro-
cess, a warm stratification called conditioning followed by a chemical induction by the
synthetic strigolactone GR24 [28]. To screen metabolites with potential as allelochemicals
against broomrape radicle growth, the tested metabolites were dissolved in an aqueous
solution of GR24 to observe the allelochemical effect in the development of radicles that
immediately follows GR24-induced germination [10,11]. Dichloromethane extracts pre-
pared from C. arvensis roots and their chromatographic fractions were tested in Petri dish
bioassays to assess their effect on the radicle growth of broomrape seedlings. The seeds of
four broomrape species O. crenata, O. cumana, O. minor and P. ramosa were surface sterilized
by immersion in 0.5% (w/v) NaOCl and 0.02% (v/v) Tween 20 for 5 min, rinsed thoroughly
with sterile distilled water and dried in a laminar airflow cabinet. Approximately 100 seeds
of each broomrape species were placed separately in 9 mm diameter glass fiber filter paper
discs (GFFP) (Whatman International Ltd., Maidstone, UK) moistened with 50 uL of sterile
distilled water and placed inside Petri dishes in incubators at 23 °C for 10 days to allow
seed conditioning. Stock solutions of Convolvulus root organic extract and chromatographic
fractions dissolved in methanol were diluted up to 100 pg/mL of GR24 (10~° M). The
final concentration of methanol was 2% in all test treatments. The GFFP discs containing
conditioned broomrape seeds were transferred onto a sterile sheet of filter paper to remove
the excess water and transferred to new 9 cm sterile Petri dishes and treated with triplicate
50 uL-aliquots of each test treatment. Triplicate aliquots of treatment only containing
sterile distilled water and 2% methanol were used as a control. Following the induction
of germination with GR24, from each broomrape seed emerges a radicle with determined
growth that under our laboratory conditions at 23 °C, reaches its maximum length at
7 days after germination. Therefore, treated broomrape seeds were incubated in the dark
at 23 °C for 7 days. Then, radicle length was measured in 10 randomly selected seedlings
per each GFFP disc using a stereoscopic microscope (Leica S9i, Leica Microsystems GmbH,
Wetzlar, Germany) [29]. The percentage of radicle growth inhibition of each treatment was
calculated using the average radicle growth of the 10 selected seedlings per GFFP disc
relative to the average radicle growth of the control treatment.

2.5. Activity-Guided Fractionation of Convolvulus Dichloromethane Extract

The residue (3.754 g) of CH;,Cl, organic extract was purified by column chromatogra-
phy eluted with CHCl3/i-PrOH (95/5, v/v), then with CHCl3/i-PrOH (9/1, v/v), followed
by CHCls/i-PrOH (7/3, v/v) and finally with EtOH to elute the most polar compounds,
yielding 10 groups of homogeneous fractions. The activity of these 10 fractions was tested
using radicle growth bioassays as described above. The ninth fraction, F9 (198.95 mg),
showed strong toxicity in the broomrape radicles and was therefore subjected to further pu-
rification. The purification of F9 was carried out by reversed-phase column chromatography
at medium pressure eluted by CH3CN/H,0 (7:3 v/v), yielding three fractions, F9.1-F9.3,
that were studied in the radicle growth bioassays as described above. Among them, only
F9.2 showed inhibitory activity and was selected for the further analysis described in the
following paragraphs.
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2.6. Acid Hydrolysis of Glycosides Fractions, Extraction of Aglicones and TLC Analysis of
Monosaccharides

F9.2 (2.0 mg) was hydrolyzed with 2M TFA (1 mL) at 120 °C for 2 h. The reaction
was stopped by evaporation under reduced pressure by adding Milli Q water. The dried
residue was dissolved in MeOH and analyzed by TLC on silica gel, eluted with i-PrOH-
HyO (8:2, v/v), in comparison with standard samples of galactose, glucose, mannose,
xylose, thamnose and fucose. Afterwards, the aglycone was extracted from the hydrolyzed
solution with EtOAc, and the extract obtained was named F9.2-aglycone (1.1 mg). The
F9.2-aglycone was subjected to reaction with diazomethane and the reaction product was
checked by TLC and 'H NMR spectrum.

2.7. Derivatization of Monosaccharides and the HPLC Analysis of the Aldose Enantiomers
Derivative

D-Derivatives: D-glucose (10.0 mg) and L-cysteine methyl ester (12.0 mg) were dis-
solved in pyridine (300 pL), and the reaction was conducted at 60 °C for 1 h. Then,
phenyl isothiocyanate (100 uL) was added to the mixture and further reacted at 60 °C for
1 h. After the evaporation of the solvent, the residue was purified by TLC eluted with
CHCl3:MeOH:H,0 (40:10:1, v/v/v) to yield a white amorphous solid (8.0 mg). The same
procedure was applied to D-galactose, D-mannose, D-rhamnose, D-fucose, D-arabinose
and D-xylose. L-aldose (10 mg) was reacted using the same method described for the
D-enantiomers [23]. The derivatives were analyzed by 'H NMR and ESI MS, and the spec-
troscopic data were in agreement with that previously reported in the literature [23]. The hy-
drolyzed mixtures obtained by the previous purification, hydrolyzed F9.2, were dissolved
in pyridine (150 uL) and converted to the corresponding methyl 2-(polyhydroxyalkyl)-3-
(o-tolylthiocarbomoyl)-thiazolidine-4R-carboxylates by reaction with L-cysteine methyl
ester hydrochloride (6.0 mg) and phenyl isothiocyanate (50 puL). Analytical HPLC analysis
was performed on a Chromaster system (VWR, Hitachi, Darmstadt, Germany) equipped
with an RP18 Purospher® STAR column (Merck, Darmstadt, Germany) particle size 5 um,
250 x 4.6 mm?) with an isocratic elution of 25% CH;3CN in a 0.1% HCOOH solution at a low
rate of 0.8 mL/min and the peaks were detected at 250 nm. The analysis confirmed the pres-
ence of D-glucose, L-thamnose and D-fucose, which are the same monosaccharide units that
build up the polysaccharide scaffold in the arvensic acids, as previously reported [24-26].

2.8. Statistical Analysis

All bioassays were performed using a completely randomized design. Percentage data
were approximated to normal frequency distribution by means of angular transformation
and subjected to analysis of variance (ANOVA) using SPSS software for Windows (SPSS Inc.,
Chicago, IL, USA). The significance of mean differences among treatments was evaluated
by the Tukey test. The null hypothesis was rejected at the level of 0.05.

3. Results and Discussion

C. arvensis is considered a non-host species for P. ramosa [30,31], which is one of the
seven broomrape species that cause noxious effects on crops worldwide. In a previous al-
lelopathic screening [22], we identified, for the first time, C. arvensis as a plant species source
of allelopathic compounds against the radicle growth of four of these noxious broomrape
species. For the identification of these allelopathic compounds in the present work, the
CH,Cl; extract of C. arvensis lyophilized roots was subjected to a process of activity-guided
isolation and characterization by spectroscopic analysis, as illustrated in Figure 1. The
C. arvensis CH,Cl, extract was fractionated by column chromatography, yielding 10 frac-
tions. Phytotoxic screening revealed that of the 10 fractions of the Convolvulus root extract,
only fraction F9 caused phytotoxicity in radicles of all broomrape species. This phytotox-
icity was observed as the abnormal development of the radicle with a length reduction
in comparison with the corresponding control radicles for each broomrape species. The
average radicle growth inhibition induced by C. arvensis fraction F9 was 50.8 £ 0.3% for
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O. crenata radicles, 73.2 £+ 0.8% for O. cumana radicles, 65.4 &= 0.4% for O. minor radicles and
71.4 £ 1.4% for P. ramosa radicles. In all broomrape species, no significant phytotoxicity
was observed when their radicles were treated with the rest of the fractions (F1 to F8 and
fraction F10) (data not shown).

Convolvulus arvensis

CH,ClI, extract(3.754 g)

CC (CHCI3-i-PrOH, 95:5,
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Figure 1. Diagram procedure of the activity-guided isolation and identification of arvensic acids as
inhibitors of broomrape radicle growth.

The ninth fraction (F9) was selected for further purification using RP-CC at medium
pressure eluted by MeCN/H,0O (7:3 v/v), yielding three fractions that were subjected again
to allelopathic screening against broomrape radicle growth. The radicle growth bioassays
revealed that only the second fraction F9.2 caused phytotoxicity in broomrape radicles. The
average inhibition of radicle growth relative to their corresponding control radicles induced
by fraction F9.2 was observed as 73.5 &= 0.8% in O. crenata radicles, 86.8 &= 0.3% in O. cumana
radicles, 81.7 + 1.9% in O. minor radicles and 77.0 + 0.5% in P. ramosa radicles. Fractions
F9.1 and F9.3 did not induce significant phytotoxicity in radicles of any of the broomrape
species (Figure 2). A subsequent dose-response screening was conducted to validate the
phytotoxicity of fraction F9.2, confirming the strong inhibitory activity in radicle growth of
all broomrape species at 100 and 50 pg /mL (Figure 3).

The first investigation of the 'H NMR and ESI MS spectra on fraction F9.2 showed that it
contains arvensic acids by comparing the data with those reported in the literature [24-26]. In
particular, the 'H NMR spectrum showed the signals of anomeric protons at & 6.3-4.6 ppm, the
complex signals in the range of 4 4.3-3.2 ppm typical of hydroxylated ring protons and singlets
at 0 1.2 ppm for 6-deoxy sugar residues. Furthermore, aliphatic signals diagnostic of fatty acids
in the range of 4 2.8-1.8 ppm were observed. The ESI-MS spectra of these mixtures showed
peaks in the range 10741380 u.m.a., confirming the hypothesis of a mixture of arvensic acids.
They have a polysaccharide skeleton containing rhamnose, fucose and glucose residues linked
to hydroxyl or dihydroxyl fatty acids. Polysaccharides’” moieties vary from one arvensic acid
to another depending on the number and the nature of their monosaccharides. Thus, in order
to investigate the monosaccharide composition, fraction F9.2 was hydrolyzed, as reported in
the Materials and Methods section. Afterwards, extraction with the EtOAc of the hydrolyzed
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solution allowed us to separate the aglycones from the sugar part of the molecules. The aglycone
was subjected to a reaction with diazomethane, and the presence of fatty acids was confirmed by
TLC, which showed a more apolar compounds with respect to the starting ones. In addition, the
'H NMR spectrum (Figure 4) showed the presence of methoxy signals indicating the formation
of the methyl esters. Furthermore, in order to identify the monosaccharide residues of the
polysaccharide skeleton, the dried hydrolyzed residue was dissolved in MeOH and analyzed by
TLC onssilica gel, eluted with i-PrOH-H,O (8:2, v/v), in comparison with standard samples of
galactose, glucose, mannose, xylose, rhamnose and fucose. This analysis revealed the presence of
rhamnose, fucose and glucose. Additionally, the hydrolyzed mixture was derivatized, as reported
in the Material and Methods section, in order to confirm the nature of the monosaccharide units
by applying an HPLC method. Such analysis confirmed the presence of L-thamnose, D-fucose
and D-glucose by comparison of their retention times with those obtained by the analysis of
derivatized monosaccharide standards. Further efforts to purify fraction F9.2 to determine the
structure of the pure arvensic acids produced by C. arvensis failed due to the low amount and
heterogeneity of the mixture.

Arvensic acids are resin glycosides typically found in the Convolvulaceae family, dif-
fering from one to another by very small structural features, which makes their separation
very difficult. Recent studies reported the isolation of different arvensic acid structures.
Fan et al. [24] reported the isolation of arvensic acids A-D, containing an heptasaccharide
core with 12-hydroxypentadecanoic and 12-hydroxyhexadecanoic acids as aglycones. In a
different work, the same authors [25] reported the isolation of arvensic acids E-J, consisting
of a hexa- and heptasaccharide core with rarely existing aglycones 11-hydroxyhexadecanoic
and 11-hydroxyheptadecanoic acids. Lu et al. [26] reported the isolation of two new ar-
vensic acids named K and L, containing a pentasaccharide chain with the same aglycone
of arvensic acids E-J. These arvensic acids were evaluated for cytotoxic activity, but they
did not show an effect on the cancer cell lines studied [24-26]. Other studies attracted
plenty of interest to arvensic acids for their interesting pharmacological bioactivities as
aortic vasorelaxants [32], anticonvulsants and neuroprotectives [33] and their x-glucosidase
inhibitory activity [34]. The role of arvensic acids in allelopathy against weed development
was never reported before this work.

M Orobanche crenata = Orobanche cumana = Orobanche minor = Phelipanche ramosa

d
a - a
b
b b b b tI’ —"
BT 0
F9.1 F9.2 F9.3

Convolvulus arvensis F9 fractionation

Figure 2. Cont.
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Figure 2. (A) Inhibition of broomrape radicle growth induced by fractions (F9.1, F9.2 and F9.3)
obtained from the phytotoxic ninth fraction of the extract of roots of Convolvulus arvensis expressed as
a percentage with respect to the control GR24. (B-I) Photographs illustrating the effects of fraction
F9.2 in radicles of (B) Orobanche crenata, (C) Orobanche cumana, (D) Orobanche minor and (E) Phelipanche
ramosa in comparison with the effect of the control treatment in (F) Orobanche crenata, (G) Orobanche
cumana, (H) Orobanche minor and (I) Phelipanche ramosa. Analysis of variance was applied to transform
replicate data. For each broomrape species, bars with different letters are significantly different
according to the Tukey test (p = 0.05). Error bars represent standard error.
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Figure 3. Dose-response curve of the phytotoxic activity of Convolvulus arvensis fraction F9.2 on
radicle growth expressed as a percentage with respect to the growth of radicles treated with control
treatment GR24 of (A) Orobanche crenata, (B) Orobanche cumana, (C) Orobanche minor and (D) Pheli-
panche ramosa. Analysis of variance was applied to transform replicate data. For each broomrape
species, bars with different letters are significantly different according to the Tukey test (p = 0.05).
Error bars represent standard error.
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Figure 4. 'H NMR spectrum of fraction F9.2 recorded at 400 MHz in CD3OD.

4. Conclusions

We studied C. arvensis dichloromethane extract. Specifically, we isolated and identified
the active compounds contained in the extract against the growth of broomrape radicles.
The broomrape radicle is a parasitic organ that, upon host contact, develops infective
haustoria. The use of allelochemicals to inhibit the adequate growth of broomrape radicles
leads to broomrape weeds being unable to infect crops and as a consequence, their rapid
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death. We found that a complex mixture of arvensic acids is involved in the reported
allelopathy of C. arvensis against four weedy species of broomrapes. Recently, arvensic
acids attracted plenty of interest due to their similarities with various resin glycosides
with various pharmacological activities, but their herbicidal activity against weeds was
not previously reported. The results encourage further studies on the isolation of the pure
arvensic acids produced by C. arvensis and the underlying mechanisms of their phytotoxic
action on broomrape radicles. This study paves the way for the synthesis of bioherbicides
with similar molecular scaffolds and for new potential methods of application in integrated
parasitic weed management strategies.
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