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Summary. Broomrapes (Orobanche and Phelipanche species) are holoparasitic weeds 
that infect roots of crop hosts from Asteraceae, Brassicaceae, Apiaceae, Fabaceae, and 
Solanaceae. The parasitic weeds are difficult to control selectively without crop damage 
once attached to their roots. Identification of natural compounds with herbicidal activ-
ity against pre-attached broomrape stages can provide control alternatives. With the 
aim to identify plant species with efficacy for broomrape control, organic and residual 
aqueous phase extracts from roots of seventeen weed species common in south Span-
ish broomrape-infested fields were assessed as potential inducers of suicidal broomrape 
germination and as inhibitors of broomrape radicle growth. Assessments were carried 
out in vitro using seeds and seedlings of four noxious broomrape species, Orobanche 
crenata Forsk., Orobanche cumana Wallr., Orobanche minor Sm. and Phelipanche 
ramosa (L.) Pomel. While root extracts from all the weed species did not induce sui-
cidal germination on O. crenata seeds, most of the extracts induced germination of P. 
ramosa except for those obtained from Amaranthus albus L., Amaranthus retroflexus L. 
and Convolvulus arvensis L. Moderate levels of germination activity were induced in O. 
cumana and O. minor seeds by some of the root extracts tested, with strongest induc-
tion obtained from Heliotropium europaeum L. on O. cumana seeds, and from Silybum 
marianum (L.) Gaertn. on O. minor seeds. For root extract inhibition of broomrape 
radicles, the extract from C. arvensis roots strongly inhibited radicles of all the broom-
rape species. While extracts from the other weed species induced low or negligible 
inhibition of O. cumana and O. crenata radicle growth, many inhibited P. ramosa and 
O. minor radicles. Exceptions were root extracts from Datura stramonium L., Heliotro-
pium europaeum L., Malva sylvestris L., Solanum nigrum L. and Urtica dioica L., which 
did not inhibit P. ramosa radicles, and those from A. retroflexus, Datura stramonium L., 
Malva sylvestris L., Portulaca oleracea L. and S. nigrum, which did not inhibit O. minor 
radicles. Among the active organic extracts assessed, those showing promising chemi-
cal profiles were selected for future studies to characterize natural compounds with 
potential herbicidal activity on early stages of broomrape growth.

Keywords.	 Allelopathy, broomrape weeds, parasitic weed management, sustainable 
crop protection.
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INTRODUCTION

Among all pests, weeds have the largest economic 
impact in agriculture (Pimentel et al., 2005), and among 
weeds, the holoparasitic broomrapes (Orobanche and 
Phelipanche species) are particularly noxious, since they 
compete with crops for nutrients by invading their roots 
for nutrient extraction. Broomrapes have expanded in 
importance, becoming threats to food security (Parker, 
2009).

For successful crop plant infections, broomrape 
germination is inhibited until detection of host roots 
through root-derived germination stimulants (Lechat et 
al., 2012; Fernández-Aparicio et al., 2009). From each 
germinated broomrape seed a short radicle emerges that 
grows towards the host root and then develops a mul-
ticellular haustorium. This attaches and penetrates the 
host root, and forms connections with the host vascu-
lar system to withdraw water and nutrients (Riopel and 
Timko 1995; Joel, 2013). Nutrient withdrawal through 
haustorial connections results in severe reductions of 
crop yields (Fernández-Aparicio et al., 2016). Because of 
synchronization of host-parasite life cycles and the inti-
mate haustorial attachments, application of methods that 
kill the parasitic weeds without damaging host crop are 
not easy, so parasitic weeds are amongst the most diffi-
cult weeds to control (Fernández-Aparicio et al., 2020).

The most used broomrape control methods are 
based on systemic herbicides commonly employed for 
the management other weeds, including inhibitors of 
aromatic synthesis (glyphosate) or branched-chain ami-
no acid synthesis (imidazolinones and sulfonylureas) 
(Eizenberg et al., 2013). However, sustainability of her-
bicide control methods is threatened by the high capac-
ity of weeds to develop resistance coupled with decline 
in authorized herbicides and lack of discovery of new 
herbicide mechanisms of action (Duke, 2012; Westwood 
et al., 2018; Heap, 2021). The mechanisms that broom-
rapes use to infect crops, i.e. host-induced germination 
and radicle growth towards host roots for haustorium 
attachment, can be targeted by natural products which 
stimulate suicidal broomrape germination in the absence 
of host plants (Zwanenburg et al., 2016), or which inhibit 
broomrape radicle growth towards host roots (Cimmino 
et al., 2014). Development of control of parasitic plants 
based on natural substances could increase sustain-
ability and efficacy of weed management, and potentially 
reduce environmental impacts and human health effects.

Allelochemicals are biologically active compounds 
released from donor plants with allelopathic poten-
tial against target plants. The International Allelopathy 
Society defined allelopathy as any process involving sec-

ondary metabolites produced by plants, algae, bacteria 
or fungi that influence the growth and development of 
agricultural and biological systems (International Allel-
opathy Society, 1996). Many natural compounds have 
potential as novel agrochemicals (Dayan and Duke, 
2014), but only a few microbial or plant metabolites have 
been screened for their herbicidal activity (Westwood 
et al., 2018). From screening of microbial or plant tox-
ins, allelochemicals with activity against parasitic weeds 
have been discovered, which act on seed germination 
and radicle development (Evidente et al., 2009; Vurro 
et al., 2009; Evidente et al., 2010; 2011; Cimmino et al., 
2014; Cimmino et al., 2015).

The Lithica poem (circa 400 B.C.) noted that “All 
the pests that out of earth arise, the earth itself the anti-
dote supplies” (Ibn et al., 1781). This inspired the present 
study to consider the use of root extracts from auto-
trophic weeds as sources of metabolites in crop rhizos-
phere to control parasitic weeds. This paper reports the 
allelopathic activity of root extracts from 17 dicotyle-
donous weed species that usually thrive on broomrape-
infested fields in the south of Spain. Extract activity was 
assessed for effects on germination and radicle growth 
of Orobanche crenata Forsk., Orobanche cumana Wallr., 
Orobanche minor Sm., and Phelipanche ramosa (L.) 
Pomel, which are four of the most noxious broomrape 
weeds affecting crops in many parts of the world (Park-
er, 2013).

MATERIALS AND METHODS

Plant material and growth conditions

Seeds of seventeen weed species (Table 1) were col-
lected during the season of 2016–2017 from a buckwheat 
field at the Institute for Sustainable Agriculture (IAS-
CSIC), Alameda del Obispo Research Center (Córdoba, 
southern Spain, coordinates 37.856 N, 4.806 W, datum 
WGS84). The weed species collected frequently occur in 
southern Spain agricultural fields where O. crenata and 
O. cumana also thrive in. In spring 2020, the collected 
weed seeds 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. The seeds were then sown into 
pots each containing 1 L of 1:1 sand and peat, which 
were maintained in a greenhouse for 40 d with day/night 
regime of 23/20°C, 16/8 h light/dark.

Because broomrapes infect host crop roots and 
mostly develop underground, extracts from weed roots 
were used, aiming to identify potential allelopathic sig-
nals acting in plant rhizospheres. For collection of roots, 
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weed plants at vegetative stages were removed from the 
pots, their roots were carefully washed in distilled water, 
quickly dried with filter paper, and immediately frozen 
and maintained at -80°C until lyophilization.

Broomrape seeds were collected using a 0.6 mm 
mesh-size sieve (Filtra) from dry inflorescences of O. 
crenata infecting faba bean plants in Spain, O. cumana 
infecting sunflower plants in Turkey, O. minor infecting 
red clover in France and P. ramosa infecting oilseed rape 
in France, and these seeds were stored dry in the dark at 
4°C until used.

Extraction of dried roots of weed plants

A general method was used to make extractions 
from the weed roots. Approximately 6 g of dried root 
tissue of each weed plant was milled in a Waring 
blender, and the resulting powder was extracted over-
night in MeOH-H2O (200 mL, 1:1, v:v) under stirring 
at room temperature in the dark. The resulting sus-

pension was then centrifuged for 1 h at 7000 r.p.m. at 
4°C. The supernatant was then extracted with CH2Cl2 
(three × 200 mL). The organic extracts were combined, 
dried (Na2SO4), filtered and evaporated under reduced 
pressure.

Germination and radicle growth bioassays

Allelopathic effects of the organic and the aqueous 
phase extracts from weed roots (Table 1) were assessed 
for broomrape germination and radicle growth in 
independent bioassays that were conducted accord-
ing to previously described protocols (Fernández-Apa-
ricio et al., 2013; Cimmino et al., 2014). Broomrape 
seed germination is achieved through a two-step pro-
cess, including warm stratification conditioning fol-
lowed by chemical stimulation (Lechat et al., 2012). 
For detection of stimulatory activity of germination, 
root extracts were dissolved in water, and water with-
out root extracts was used as control. For the discov-

Table 1. Weed species investigated for root allelopathic activity against four broomrape species, and mean yields of organic extracts from 
the CH2Cl2 extractions from dry roots.

Plant family Plant species EPPO Code *
Weight in mg of CH2Cl2  

organic extract.
(% of root dry weight)

Weed species donor of the allelopathic activity
Amaranthaceae Amaranthus albus EPPO:AMAAL 14.40 (0.23)
Amaranthaceae Amaranthus retroflexus EPPO:AMARE 19.93 (0.32)
Asteraceae Conyza bonariensis EPPO:ERIBO 23.60 (0.39)
Asteraceae Silybum marianum EPPO:SLYMA 16.67 (0.28)
Boraginaceae Heliotropium europaeum EPPO:HEOEU 21.24 (0.34)
Brassicaceae Capsella bursa-pastoris EPPO:CAPBP 22.13 (0.78)
Brassicaceae Diplotaxis erucoides EPPO:DIPER 29.62 (0.49)
Brassicaceae Diplotaxis virgata EPPO:DIPVG 41.93 (0.70)
Convolvulaceae Convolvulus arvensis EPPO:CONAR 77.42 (1.28)
Malvaceae Malva sylvestris EPPO:MALSI 36.24 (0.74)
Papaveraceae Fumaria officinalis EPPO:FUMOF 39.02 (1.85)
Polygonaceae Polygonum aviculare EPPO:POLAV 29.77 (0.49)
Portulacaceae Portulaca oleracea EPPO:POROL 25.53 (0.36))
Solanaceae Datura stramonium EPPO:DATST 18.64 (0.31)
Solanaceae Solanum nigrum EPPO:SOLNI 30.19 (0.49)
Urticaceae Urtica dioica EPPO:URTDI 19.35 (0.32)
Zygophyllales Tribulus terrestris EPPO:TRBTE 27.52 (0.46)

Parasitic weed species target of the allelopathic activity
Orobanchaceae Orobanche crenata ORACR
Orobanchaceae Orobanche cumana ORACE
Orobanchaceae Orobanche minor ORAMI
Orobanchaceae Phelipanche ramosa ORARA

*EPPO Code. European and Mediterranean Plant Protection Organization. https://gd.eppo.int.
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ery of inhibitory activity of radicle growth, the root 
extracts were mixed with GR24 and, GR24 without 
root extracts was used as a control.

Seeds of the four broomrape species were surface 
sterilized by immersion for 5 min in 0.5% (w/v) NaOCl 
and 0.02% (v/v) Tween 20, and were then rinsed thor-
oughly with sterile distilled water, and dried in a lami-
nar air flow cabinet. Approximately 100 seeds of each 
broomrape species were placed separately on 9 mm 
diameter glass fiber filter paper disks (GFFP) (Whatman 
International Ltd.) each moistened with 50 μL of sterile 
distilled water and then placed in incubators at 23ºC for 
10 d inside Parafilm-sealed Petri dishes, to allow seed 
conditioning. The GFFP disks containing conditioned 
broomrape seeds were then each transferred onto a ster-
ile sheet of filter paper to remove the excess of water and 
transferred to a new 10 cm diameter sterile Petri dish.

For germination induction assays, stock solutions 
of each root organic extract or root aqueous phase dis-
solved, respectively, in methanol or sterile distilled 
water, were mixed with sterile distilled water to equiv-
alent concentrations of 0 (control), 10 or 100 μg dry 
extract per mL of distilled water. For radicle growth 
assays, the stock solutions of each root organic extract or 
root aqueous phase were each mixed with GR24 to con-
centrations of 0 (control), 10 or 100 μg extract per mL of 
10-6 M GR24. Triplicate aliquots of 50 μL of each sam-
ple of each sample were applied to GFFP discs. Treated 
seeds were incubated in the dark at 23°C for 7 d and 
percent germination and radicle growth were deter-
mined for each GFFP disc as described by Cimmino et 
al. (2014) and Fernández-Aparicio et al. (2013), using a 
stereoscopic microscope (Leica S9i, Leica Microsystems 
GmbH). Broomrape seed germination was determined 
by counting the number of germinated seeds from 100 
seeds for each GFFP disc (Fernández-Aparicio et al., 
2013). For assessing characteristics of radicle growth, the 
average of ten randomly selected radicles were examined 
(Westwood and Foy, 1999). The percentage germination 
induction from each treatment was then calculated rela-
tive to the average germination of control seeds (seeds 
treated with water), and the percentage of radicle growth 
inhibition for each treatment was calculated relative to 
the average radicle growth of control treatments (radi-
cles treated with GR24).

TLC and HPLC analysis

Analytical and preparative Thin Layer Chromatog-
raphy (TLC) of plant extracts were carried out on silica 
gel plates (Kieselgel 60 or F254, respectively 0.25 and 0.5 
mm), and on reverse phase plates (Kieselgel 60 RP-18, 

F254, 0.20 mm) (Merck). Eluents used were: CHCl3-iso-
PrOH 9:1 v/v for direct-phase TLC and MeCN-H2O 
6:4 v/v for reverse-phase TLC analysis. Spots were visu-
alized by exposure to UV light (254 nm), or by first 
spraying with 10% H2SO4 in methanol and then with 
5% phosphomolybdic acid in ethanol, followed by heat-
ing at 110°C for 10 min. The High Performance Liquid 
Chromatography (HPLC) system used for the analyses 
of the plant root extracts was from Hitachi, and con-
sisted of a pump (model 5160) and a spectrophotometric 
UV detector (model 5410) fixed at 254 nm. Metabolites 
separation was performed using a Phenomenex Luna 
C18 reversed-phase column (15 × 4.6 mm; 5 μm particle 
size), which was eluted at a flow rate of 0.5 mL min-1. 
Two HPLC conditions were used. In the first, the gradi-
ent commenced from 50% MeCN – 50% 0.1% HCOOH 
for 20 min, and then linearly increased from 50% to 90% 
MeCN in 20 min, and remained at these conditions for 
10 min. The phase was then followed by a re-equilibrium 
to the initial gradient composition in 10 min. In the sec-
ond, the gradient commenced from 60% MeCN – 40% 
0.1% HCOOH for 30 min, and then linearly increased 
from 60% to 90% MeCN in 20 min, and remained at 
these conditions for 10 min. The phase was then fol-
lowed by a re-equilibrium to the initial gradient compo-
sition for 10 min.

Statistical analyses 

Percentage data were approximated to normal distri-
butions and stabilize variances using angular transfor-
mations (180/π × arcsine (sqrt[%/100]). Significance of the 
weed species donor of activity, the targeted broomrape 
species and their interactions on induction of suicidal 
broomrape germination and inhibition of radicle growth 
was assessed using two-way ANOVA (SPSS version 21.0; 
SPSS Inc.). For each broomrape species, the significance 
of mean differences among donor weed species was eval-
uated by the least significant difference (LSD) (P < 0.05). 
Null hypotheses were rejected at the level of 0.05.

RESULTS AND DISCUSSION

The weed root extractions yielded percentages of 
organic extract relative to the lyophilized root weight 
that ranged from 0.23% for Amaranthus albus L. to a 
maximum of 1.85% for Fumaria officinalis L. (Table 
1). Firstly, the potential was assessed for the weed root 
extracts to induce broomrape suicidal germination. 
Germination of broomrape seeds in the absence of 
host roots is termed “suicidal” because the subsequent 
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broomrape growth cannot reach host plants which 
are the sole nutritive sources for the parasitic weeds 
(Zwanenburg et al., 2016). All of the weed roots extracts 
were studied at two concentrations (10 or 100 μg of root 
extract per mL of distilled water) for effects on seeds of 
the four broomrape species. In all cases, no germina-
tion was observed (data not shown) when seeds of the 
different broomrape species were treated with the nega-
tive controls (0 μg of root extract per mL of distilled 
water). The null germination values induced by the nega-
tive controls was expected because broomrape seed ger-
mination remains inhibited in absence of germination 
stimulants (Lechat et al., 2012). The synthetic strigolac-
tone GR24 used as a positive control induced the great-
est proportions of mean germination of O. crenata seeds, 
71.3 ± 3.1%, O. cumana, 70.8 ± 2.5%, O. minor, 72.8 ± 
2.0%, and of P. ramosa, 94.6 ± 1.1%.

Different protocols have been previously used for iso-
lation of germination stimulants in plant roots. Boutet-
Mercey et al. (2018) extracted germination stimulants 
from pea roots, using a method which included 2 h shak-
ing at 4°C of ground frozen roots, and after centrifuga-
tion, the supernatant was dissolved in heptane/EtOAc 

followed by solid phase extraction. Yoneyama et al. (2016) 
used a different method, which macerated sorghum root 
pieces in ethanol for up to 3 d. The efficiency of macera-
tion and extraction methods from plant tissues depend on 
the cellular localization and polarity of the targeted com-
pounds (Halouzka et al., 2020). In the present study, weed 
root extracts were shown to induce broomrape seed ger-
mination (Figure 1). This indicates that extraction method 
used here was appropriate for identification of broomrape 
germination stimulants in root tissues.

Germination-inducing activity of weed root extracts 
was studied for two host-specialist broomrape species O. 
crenata and O. cumana and two host-generalist broom-
rape species O. minor and P. ramosa. Germination of 
O. crenata seeds was not induced (data not shown) by 
root extracts from any of the weed species tested at the 
assessed concentrations (10 or 100 μg dry extract per 
mL of distilled water). These results indicate that none 
of the weed root extracts have potential as sources of 
suicidal germination inducers for O. crenata-infested 
fields. Broomrape seed sensitivity to differing germi-
nation stimulants exuded by different crops is used a 
proxy of host specialization (Fernández-Aparicio et al., 
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Figure 1. Mean seed germination proportions (%) of three broomrape species induced by organic extracts from roots of seventeen weed 
species, including Amaranthus albus L. (Aa); Amaranthus retroflexus L. (Ar); Cbp, Capsella bursa-pastoris (L.) Medik.; Ca, Convolvulus 
arvensis L.; Cb, Conyza bonariensis L.; Ds, Datura stramonium L.; De, Diplotaxis erucoides (L.) DC.; Dv, Diplotaxis virgate (Cav.) DC.; Fo, 
Fumaria officinalis L., He, Heliotropium europaeum L.; Ms, Malva sylvestris L.; Pa, Polygonum aviculare L.; Po, Portulaca oleracea L.; Sm, 
Silybum marianum (L.) Gaertn., Solanum nigrum L.; Tt, Tribulus terrestris Boiss.; Ud, Urtica dioica L.. Root extracts were applied at 100 μg 
(A-C) or 10 μg (D) of root organic extract per mL distilled water to seeds of Orobanche cumana Wallr. (A), Orobanche minor Sm. (B) or 
Phelipanche ramosa (L.) Pomel. (C and D). For each broomrape species, means accompanied by different letters are significantly different 
according to the LSD test (P < 0.05). Error bars represent the standard error of the mean.
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2009; Fernández-Aparicio et al., 2011; Huet et al., 2020). 
Orobanche crenata has a narrow host range mainly spe-
cialized to Fabaceae and Apiaceae (Parker, 2013), and 
consistently with host range, its germination is induced 
by a narrow range of plant species and molecules when 
compared with other broomrape species (Fernández-
Aparicio et al., 2009).

When weed root extracts were applied to the other 
three broomrape species at 100 μg dry extract per mL 
distilled water (Figure 1A, B and C), significant effects 
were detected in the induction of suicidal germina-
tion for broomrape species target of allelopathic activity 
(ANOVA, P < 0.001) and weed species donor of allelo-
pathic activity (ANOVA, P < 0.001). The host generalist P. 
ramosa attacks a wide range of crops in Solanaceae, Bras-
sicaceae, Cannabaceae, Fabaceae, Apiaceae, and Aster-
aceae (Parker, 2013), and its parasitic life cycle is initiated 
by germination stimulants exuded by roots of many plant 
species (Fernández-Aparicio et al., 2009). Germination of 
P. ramosa was strongly induced by root extracts of most 
of the weed species assessed. Exceptions were A. albus 
and Amaranthus retroflexus L. which induced low statis-
tically significant germination, and Convolvulus arvensis 
L. that did not induce germination. Consistent with the 
present results, root exudates of C. arvensis were also 
shown to be inactive inducers of P. ramosa seed germi-
nation in investigations conducted by Gibot-Leclerc et al. 
(2013). Despite the usual correlations observed in broom-
rape species between broad host range and high germi-
nation sensitivity to different root exudates and germi-
nation stimulants released by diverse crop species, these 
correlations were not observed in the present study for 
O. cumana and O. minor against stimulation of different 
weed root extracts. While the germination of the sun-
flower specialist O. cumana was induced by root extracts 
of all the plant species assessed except C. arvensis and 
Conyza bonariensis L., germination of the host general-
ist O. minor was induced by few weeds species, mainly C. 
bonariensis, Diplotaxis spp., Portulaca oleracea L., Sily-
bum marianum (L.) Gaertn and Tribulus terrestris Boiss.

A significant interaction was detected between 
effects of targeted broomrape species and weed spe-
cies root extracts (ANOVA, P < 0.001). For example, the 
extracts from Heliotropium europaeum L. or Solanum 
nigrum L. gave high activity against seed germination 
of O. cumana and P. ramosa but not of O. minor or O. 
crenata. In contrast, C. bonariensis (Asteraceae) gave 
high germination induction for P. ramosa and O. minor 
but was not active for O. crenata or the sunflower spe-
cialist O. cumana. Root extracts of both species of Ama-
ranthus induced high germination of O. cumana seeds 
but gave little or null activity for seeds of O. crenata, O. 

minor and P. ramosa. The root extract of C. arvensis did 
not induce germination for any of the broomrape species 
assessed. Different classes of broomrape germination 
stimulants have been detected in crops, and each crop 
species exudes a characteristic germination stimulant 
profile active in specific broomrape species. Specificity 
in recognition of different classes of germination stimu-
lants by broomrape species has been reported (Fernán-
dez-Aparicio et al., 2008; Fernández-Aparicio et al., 
2009; Xie et al., 2010; Fernández-Aparicio et al., 2014).

When weed root extracts from most of the assessed 
weed species were applied to seeds of O. cumana and O. 
minor at 10 μg per mL, activity on broomrape germina-
tion was reduced to negligible levels (data not shown). 
The exceptions were the extracts from S. marianum on 
germination of O. cumana (mean = 27.9 ± 0.4%) and O. 
minor (31.7 ± 0.9%), and for germination of O. cumana 
seeds which was induced by extracts from Diplotaxis vir-
gata (Cav.) DC. (19.9 ± 0.8%), F. officinalis L. (14.9 ± 1.7%), 
H. europaeum (17.2 ± 1.0%), and Polygonum aviculare 
L. (9.4 ± 0.3%). Seeds of P. ramosa were more sensitive 
to the application of 10 μg per mL extracts (Figure 1D), 
with the most active extracts were those obtained from 
C. bonariensis (82.4 ± 1.7%) and Diplotaxis erucoides (L.) 
DC. (82.0 ± 1.7%). The main classes of identified broom-
rape germination stimulants are strigolactones (Xie et al., 
2010) biosynthetically derived from carotenoids (Matu-
sova et al., 2005). More than 25 strigolactones have been 
identified in crops (Aliche et al., 2020) and their different 
structural conformations have species-specific activity for 
broomrape germination (Fernández-Aparicio et al., 2011). 
Strigolactones are active on parasitic weed germination 
at very low concentrations when tested in pure solutions 
(Xie, 2016; Huet et al., 2020). Other different natural sub-
stances (e.g. polyphenols, isothiocyanates, benzonitrils, 
saponins, and sesquiterpenes) isolated from plants spe-
cies show broomrape germination stimulantion when 
tested at high concentrations (Cimmino et al., 2018). The 
unknown metabolites contained in weed root extracts 
responsible for the suicidal germination activity recorded 
in the present study gave activity in the complex mixtures 
of metabolites present in root extracts of each weed inves-
tigated. This could indicate significant activity strength, 
so these compounds will be isolated and characterized in 
future studies.

The germination inducing activity of aqueous phase 
root extracts of each weed species was also studied for 
seeds of O. crenata, O. cumana, O. minor, and P. ramosa 
at 100 or 10 μg of root extract per mL distilled water. In 
most cases, no germination was observed. The excep-
tions were when seeds of P. ramosa were treated with 
the aqueous extracts from roots of D. erucoides or D. 
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virgata. At 100 μg of D. erucoides root extract per mL 
distilled water, mean germination of P. ramosa was 90.2 
± 0.7%, and for this concentration of extract from D. vir-
gata was 56.8 ± 2.3%. At 10 μg per mL distilled water, 
extract from D. erucoides gave 63.6 ± 0.3% germination 
of P. ramosa, and extract from D. virgata gave 54.6 ± 
2.3% germination of P. ramosa. Future characterization 
of a highly water-soluble molecule with broomrape ger-
mination activity could provide a tool for field applica-
tions to manage parasitic weeds.

In addition to the identification of potential root 
extracts as suicidal germination inducers, the organ-
ic and aqueous phase extracts from roots of seven-
teen weed species (Table 1) were also studied for their 
potential inhibitory activities towards broomrape radi-
cle growth (Figures 2 and 3). All the root extracts 
were assessed at two concentrations (100 or 10 μg of 
root extract /mL GR24). No inhibitory activity of radi-
cle growth was observed in any of the aqueous phases 
regardless the concentration tested nor in the organic 
extracts applied at the lowest concentration of 10 μg 

of root extract /mL GR24 (data not shown). At 100 μg, 
significant effects on radicle growth were detected for 
broomrape species target of allelopathic activity (ANO-
VA, P < 0.001) and weed species donors of allelopathic 
activity (ANOVA, P < 0.001) and their interactions 
(ANOVA, P < 0.001). Roots of C. arvensis consistent-
ly inhibited radicle growth of all the broomrape spe-
cies studied (Figure 2, Figure 3A and D) in comparison 
with experimental controls (Figure 3C and F). The mean 
radicle growth inhibition induced by C. arvensis was 
56.9 ± 4.7% for O. crenata radicles, 45.3 ± 3.2% for O. 
cumana radicles, 57.7 ± 1.1% for O. minor radicles, and 
82.5 ± 1.2% for P. ramosa radicles. Besides inhibition of 
radicle growth, C. arvensis root extract induced stain-
ing of O. crenata radicles as intense yellow with swollen 
root tips (Figure 3A). The yellow stain was not observed 
in radicles of any other broomrape species treated with 
root extract of C. arvensis or any other weed. Orobanche 
crenata radicles were not inhibited by root extracts of 
any other weed species. In contrast, growth of P. ramo-
sa radicles was inhibited by most weed extracts, except 
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Figure 2. Mean growth inhibition of broomrape radicle growth induced by organic extracts from roots of seventeen weed species, includ-
ing: Amaranthus albus L. (Aa); Amaranthus retroflexus L. (Ar); Cbp, Capsella bursa-pastoris (L.) Medik.; Ca, Convolvulus arvensis L.; Cb, 
Conyza bonariensis L.; Ds, Datura stramonium L.; De, Diplotaxis erucoides (L.) DC.; Dv, Diplotaxis virgate (Cav.) DC.; Fo, Fumaria officinalis 
L., He, Heliotropium europaeum L.; Ms, Malva sylvestris L.; Pa, Polygonum aviculare L.; Po, Portulaca oleracea L.; Sm, Silybum marianum (L.) 
Gaertn., Solanum nigrum L.; Tt, Tribulus terrestris Boiss.; Ud, Urtica dioica L.. Extracts were assessed at 100 μg per mL of organic extract 
(10-6M) on radicles of four broomrape species, including: Orobanche crenata Forsk. (A); Orobanche cumana Wallr. (B); Orobanche minor 
Sm. (C); and Phelipanche ramosa (L.) Pomel (D). Means accompanied by different letters are significantly different according to the LSD test 
(P < 0.05). Error bars represent the standard error of the mean.
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those from Datura stramonium L., H. europaeum, M. 
sylvestris, S. nigrum L. and Urtica dioica L. Radicle 
growth of O. minor was also inhibited by most of the 
weed extracts, except those from A. retroflexus, D. stra-
monium, M. sylvestris, P. oleracea and S. nigrum. Except 
for C. arvensis, weed extracts had low inhibitory effects 
on O. cumana radicle growth, but low (and statistically 
significant) inhibitory activity was found for extracts 
from A. retroflexus, D. stramonium, P. oleracea and T. 
terrestris. The growth inhibition induced by extracts 
from these four weeds in O. cumana was less than 20% 
of the growth of control radicles.

Organic extracts were first analysed using TLC on 
direct (Figure 4A and B) and reverse phase (Figure 4C) 

plates. Figure 4A and B indicates that all the root extracts 
gave a similar mixtures of two metabolites at Rf = 0.53 
and 0.63 when the TLC analysis was performed with 
CHCl3-iso-PrOH 9:1 v/v but revealed with two differ-
ent methods (exposure to UV light at 254 nm, Figure 
4A; and by spraying first with 10% H2SO4 in MeOH, 
and then with 5% phosphomolybdic acid in EtOH, Fig-
ure 4B). However, other metabolites were present in the 
organic extracts from C. arvensis, S. nigrum, T. terrestris, 
S. marianum, P. oleracea, F. officinalis, C. bursa-pastoris 
and D. virgata. These results were also confirmed by the 
chromatographic profiles obtained using reverse phase 
plates eluted with MeCN-H2O 6:4 v/v and spots visu-
alized by exposure to UV light (254 nm) (Figure 4C). 

ED F

BA C

Figure 3. Photographs illustrating effects of CH2Cl2 organic extracts from roots of Convolvulus arvensis L. (A and D), and Portulaca olera-
cea L. (B and E), both compared with respective experimental controls (C and F) on radicle growth of (A-C) Orobanche crenata Forsk. and 
(D-F) Phelipanche ramosa (L.) Pomel.
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The organic extracts were also analyzed using HPLC, 
using the conditions designated a (see above). The opti-
mized HPLC analyses (using the conditions designated b, 
above) of extracts from the active plants are reported in 

Figure 5. In particular, the extracts analyzed were those 
of C. bonariensis, which gave high germination induc-
ing activity for P. ramosa and O. minor but were not 
active for O. cumana or O. crenata; H. europaeum and S. 
nigrum which gave high seed germination induction for 
O. cumana and P. ramosa, but not for O. minor or O. cre-
nata; A. albus and A. retroflexus which gave high levels of 
germination of O. cumana seeds, but low or no activity 
for seeds of O. crenata, O. minor or P. ramosa and root 
extracts of C. arvensis which did not induce germination 
in any of the broomrape species assessed.

Among these active organic extracts, the present 
study has identified those obtained from C. arvensis, 
C. bonariensis, P. oleracea, and D. euricoides for future 
isolation and characterization of bioactive metabolites 
with herbicidal activity against early stages of broom-
rape development, particularly focusing on the prom-
ising TLC profiles and HPLC analyses. Phytochemical 
analysis of these weed species components have been 
reported for some of the plants assessed in the pre-
sent study. From C. arvenis, carbohydrates, coumarins, 
saponins, flavanoids, lipids, steroids, terpenoids, alka-
loids, tannins and lactones have been isolated from 
Convolvulus (Salehi et al., 2020), while homoisoflavo-
noids, terpenoids, alkaloids, cerebrosides, coumarins, 
flavonoids and organic acids have been isolated from P. 
oleracea (Yan et al., 2012; Wang et al., 2017). Phenyl-
propanoids, flavonoids, sesquiterpenes, alkaloids, and 
phenolic acids have been isolated from A. retroflexus 
(Fiorito et al., 2017), and glycosides and monoterpenes 
have been isolated from C. bonariensis (Kong et al., 
2001; Zahoor et al., 2010; Miranda et al., 2015). Fla-
vonoids and their glycosides have been obtained from 
D. eurocoides (Salah et al., 2015; Hussein et al., 2017). 
Roots extract from these plants could be used com-
bined with other broomrape management methods (e.g. 
crop resistance to haustorial infection, modification 
of crop sowing dates, fertilizer applications, biological 
control agents) as components of strategies for inte-
grated broomrape management. These strategies will 
reduce the use of synthetic herbicide for eco-friendly 
weed control practices (Scavo and Mauromicale, 2020).

In conclusion, this paper is the first report of the 
allelopathic potential of seventeen weeds for manage-
ment of Orobanche and Phelipanche species which 
can be responsible of heavy losses in important crops. 
Assessments of weed root organic extracts were carried 
out to characterize antagonist activity as well as corre-
sponding chemical composition. These results are an 
important starting point for the isolation and characteri-
zation of metabolites with allelopathic activity against 
parasitic weeds. Further investigations will potentially 
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Ca Sn Ds Tt Po Cb Ar Aa He Ud Pa Ms Sm Fo Cbp De Dv

Ca Sn Ds Tt Po Cb Ar Aa He Ud Pa Ms Sm Fo Cbp De Dv

Ca Sn Ds Tt Po Cb Ar Aa He Ud Pa Ms Sm Fo Cbp De Dv

Figure 4. TLC analyses of plant root extracts from: Ca, Convolvu-
lus arvensis L.; Sn, Solanum nigrum L.; Ds, Datura stramonium L.; 
Tt, Tribulus terrestris Boiss.; Po, Portulaca oleracea L.; Cb, Conyza 
bonariensis L.; Ar, Amaranthus retroflexus L.; Aa, Amaranthus albus 
L.; He, Heliotropium europaeum L.; Ud, Urtica dioica L.; Pa, Polygo-
num aviculare L.; Ms, Malva sylvestris L.; Sm, Silybum marianum 
(L.) Gaertn.; Fo, Fumaria officinalis L.; Capsella bursa-pastoris (L.) 
Medik.; De, D. erucoides (L.) DC. and Dv, D. virgate (Cav.) DC.. A, 
Chromatograms obtained using silica gel plates eluted with CHCl3-
iso-PrOH 9:1 v/v and spots visualized by exposure to UV light 
(254 nm); B, Chromatograms obtained using silica gel plates eluted 
with CHCl3-iso-PrOH 9:1 v/v and visualized by spraying first with 
10% H2SO4 in MeOH, and then with 5% phosphomolybdic acid in 
EtOH, followed by heating at 110°C for 10 min; C, Chromatogram 
obtained using reverse phase plates eluted with MeCN-H2O 6:4 v/v 
and spots visualized by exposure to UV light (254 nm).
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Figure 5. Optimized HPLC analysis of the extracts of the active plants: Conyza bonariensis L., Heliotropium europaeum L., Solanum nigrum L., 
Amaranthus albus L., Amaranthus retroflexus L. and Convolvulus arvensis L.. The HPLCs were obtained using a 0.5 mL min-1 flow rate and the 
gradient: commencing from 60% MeCN – 40% 0.1% HCOOH for 30 min, and then linearly increasing from 60% to 90% MeCN in 20 min, 
and remaining at these conditions for 10 min. The phase was then followed by a re-equilibrium to the initial gradient composition for 10 min.
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allow development of broomrape biocontrol method 
based on formulations containing active metabolites.
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