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Studies of the structure—activity relationship (SAR) directed to evaluate the effect of several
sesquiterpene lactones (SL) as germination stimulants of three Orobanche spp. (O. cumana, O.
crenata, and O. ramosa) have been achieved. Results are compared with those obtained in the same
bioassay with an internal standard, the synthetic analogue of strigol GR-24. A high specificity in the
germination activity of SL on the sunflower parasite O. cumana has been observed, and a relationship
between such activity and the high sunflower SL content is postulated. Molecular properties of the
natural and synthetic germination stimulants (GR-24, GR-7, and Nijmegen-1) and SL have been
studied using MMX and PM3 calculations. Consequently, comparative studies among all of them
and their activities have been made. SL tested present similarities in molecular properties such as
the volume of the molecule and the spatial disposition of the carbon backbone to the natural
germination stimulant orobanchol. These properties could be related to their biological activity.

KEYWORDS: Sesquiterpene lactones; guaianolides; germacranolides; eudesmanolides; SAR studies;
germination stimulants; allelopathy; parasitic weeds; Orobanche cumana ; Orobanchaceae

INTRODUCTION minor (6, 7) (Figure 1). All of these compounds isolated from
Parasitic angiosperms of the genDsobanche(commonly different hosts ofStriga and Orobancheare generally known

known as broomrapes) affect important dicotyledoneous crops, 25 Strigolactones. At the same time, a whole collection of
such as legumes, tomato, tobacco, and sunflower, causingStfigolactone analogues named the GR family have been
important yield losses (12). Parasitic angiosperms have a developed and tested with the aim of obtaining greater chemical

complex life cycle, in which specific steps (separated both Stability and easy multigram-scaling synthesisg(re 1) 8—
spatially and temporally) can be differentiated: diaspore, after- 10).

ripening, conditioning, germination, haustorial induction, at-  Several approaches have received attention in attempts to
tachment, penetration and installation, development, emergencegontrol parasitic weeds. These methods include the use of
and flowering {, 2). There is a continuous exchange of chemical resistant genotypes (if any) and manual (i.e., hand-pulling),
information between the host and the parasite during the latter'schemical (i.e., herbicides), or biological (i.e., the use of catch

life cycle. This aspect is partly known f@triga spp. (3—5), or trap crops, pathogenic fungi or insects) methotls (n
but little is known about molecular signaling in other parasitic general, there has been limited success in the control of the
species, includin@robanche. parasitic plants by using the above-mentioned technidles (

The germination of root parasitic plant seeds depends on 13). “Suicidal germination” by using germination stimulants
chemical exudates from the root of the host plants. To date, thecould be one of the most promising approaches, and it
chemical nature of several germination stimulants is known in constitutes the framework in which the GR family of synthetic
the case oBtriga(3), but no information is available for other  inductors has been developed. This approach assumes presowing
parasitic plants, with the exception of two papers describing treatment with an exogenously applied stimulant should lead
alectrol and orobanchol as germination stimulant®afbanche o a “suicidal” germination in the absence of any host. Besides
sorgolactones, several sesquiterpene lactones (SL) have been
* Authors to whom correspondence should be addressed [(F.A.M.) tested as potential inductors of the germinatiorStiiga spp.
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bfljonoj@uco.es]. = Striga and Orobanche(16) with promising results.
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Figure 1. Natural and synthetic inductors of germination in parasitic weeds.
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Figure 2. Tested SL: guaianolides 8, 9, and 12; eudesmanolide 13; and trans,trans-germacranolides 17 and 18. Compounds 19-21 were previously
tested (7), and their results are included by means of making suitable comparisons.

Orobanche crenatapea parasite), an®robanche ramosa  acceptors, because such a mechanism has been proposed to be
(tobacco and tomato parasite) seed germinatibf).(Those responsible for the activity in strigolactones; and (ii) the
lactones bearing features common to many SL isolated from influence of the type of backbone.

sunflower were able to induce germination of the specific

sun_fl_ower parasit®. cumanaat lower cc_)ncentrations than_ the  \ATERIALS AND METHODS

positive control GR-24. Moreover, active compounds did not

exert any inducing germination activity on the rest of the  Starting Materials. Dehydrocostuslacton@@) and costunolide21)
Orobanchespecies tested. Going on with this study and on the were obtained from crude costus resin oil (Saussurea lajoas

basis of the previous reported results, we have tested a collectiorfXtract) by previous column chromatography (CC) separation and
of six additional SL with guaianolidéranstrans-germacrano- purified by crystallization from hexane/ethyl acetate mixtures and high-
lide, and eudesmanolide backbon&g(re 2, compoundss, performance liquid chromatography (HPLC); parthenolidé)(was

- ) obtained fromMagnolia grandifloraleaf extract by CC separation and
9,12,13,17, andl8). According to the literaturég), the enol- HPLC purification. All of the structures of the natural and synthetic

y-lactong moiety has been prolo_osed "?15 the Part of th? m°|ecmecomp0unds were confirmed by comparison of their spectroscopical data
responsible for the observed bioactivity. This part might react (R EIMS, and'H and*C NMR) with those in the literature. GR-24
with a hypothetic nucleophile in the enzyme receptor's cavity was supplied by B. Zwanenburg (University of Nijmegen, Netherlands).
through a Michael addition reaction (Figure 3). Thus, tested  synthetic ProceduresCompound® and12were obtained by allylic

SL have been selected with the aim of verifying two different oxidation of8 and dehydrocostuslactone (20) using S&t-butyl-
hypotheses: (i) the importance of the presence of Michael hydroperoxide according to the previously published methd8s20).
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Figure 3. Proposed mechanism of action in strigolactones (top) according to Mangnus (8) and proposed hypothesis for sesquiterpene lactones (bottom).

Compound was obtained from dehydrocostuslacto@) py treatment Stock solutions were prepared with acetone and diluted with 0.3
with NaxCOs/HMPA (21). Reynosin 13) and18 were obtained from mM MES to obtain a 1Q«tM (0.1% acetone) solution; 0.1 anduM
costunolide 21) by biomimetic cyclicization and selective buffered  solutions were prepared by dilution with 0.3 mM MES (0.1% acetone

epoxidation withm-chloroperbenzoic acid (MCPBA), respectiveBg). aqueous solutions).
Fi_nally, compoundL7 was obtained by reduction of parthenolidé) Molecular Modeling. PCModel 7.5 was used to obtain basic
with NaBH; (MeOH, 0°C) (23). minimum energy structures. Then, GMMX command was used to

All products were purified prior to the bioassay using HPLC generate other low-energy local minima. These conformers were further
equipped with a refractive index detector. Minimum degree of purity minimized using PM3 calculations (MOPACRHR) to obtain more
was 99% as extracted from the chromatograms. accurate theoreticahH; values that allow the real minimum energy
General Experimental Procedures!H NMR and*3C NMR spectra conformer to be obtained. Volume, saturated and unsaturated areas,
were recorded at 399.952 and 100.577 MHz, respectively, on a Varian polar areas, dipole moment, and other molecular parameters were also
UNITY-400 spectrometer using CDCas solvent. The resonances of  obtained from PCModel.
residual chloroform aty 7.25 anddc 77.00 were used as internal
reference for'H and '3C spectra, respectively. Mass spectra were RESULTS
obtained by using a VG 1250 or a Kratos MS-80-RFA instrument at
70 eV. The infrared (IR) spectra were recorded on a Bio-Rad FTS-7.  Preliminary dose response assays were performed with GR-
CC was performed on silica gel (395 mesh), and thin-layer 24 the universal standard stimulant utilized to evaluate germi-
chromatography (TLC) analysis was carried out using aluminum-packed nation of parasitic plantsF{gure 4). Low percentage of
precoated silica gel plates. Fpr HPL.C, LiChrosorb silica 60 was used germination (<10%) or no germination was observed in the
in the normal-p_hase mode using a dlfferentle_ll refractometer (RI) and a absence of added GR-24 (data not shown). Differences in
UV detector, with a Hitachi L-6020A HPLC instrument. All solvents L . .
were of spectral grade or distilled from glass prior to use. germination betweeﬁ)robanchespec_les _and po_pulatlons were
observed, the percentage of germination being dependent on

OrobancheSpecies Germination BioassaysIwo populations of . L
O. cumana, named 7 and 21, with different degrees of virulence, were the concentration of GR-24 added. Germination was observed

collected from infected experimental sunflower fields by Dr. Gonzélez at doses as low as 0.0M GR-24 forO. ramosa,O. crenata,
Carrascosa (Semillas Cargill, Spain). Seedd afamosavere provided andO. cumanacv. 7 and 1uM for O. cumanacv. 21. With
by Dr. D. M. Joel (Department of Weed Research, Agricultural the exception ofO. cumana 7, maximum percentage of
Research Organization, Newe-Ya'ar Research Center, Israel), and thosgiermination took place at 1M GR-24 (values close to 80%
of O. crenataby Dr. D. Rubiales (CSIC, Cordoba, Spain). The germination forO. crenata, 65% forO. ramosa, and 50% for

Orobanchegermination bioassay on filter paper was used as previously O, cumana). Sixty-five percent of th®. cumana7 seeds
reported (1724). Seeds were preconditioned in darkness 2011 germinated at 1&M GR-24.

days, and 0.3 mM (2N-morpholino]ethanesulfonic acid (MES) buffer] L .
and germinated in the presence of GR-24 or&sB, 12, 13, 17, and When the activity of the SL was assayed, stimulatory effect

18 (darkness, 20°C, 6 days). Germination was observed under a Was considered with a percentage of germination higher than
dissection microscope (30. Seeds were considered to be germinated the observed in the absence of any added compound (seeds
when the radicle was at least 0.2 mm long. Germination was expressedincubated in MES buffer, corresponding to 10% or lower
as percentage of the total seeds. values). ThusO. cumanaseeds germinated in the presence of
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Figure 4. Effect of different concentrations of GR-24 (1074-10—° M) on
the germination of three different Orobanche spp. expressed in percent
of total seeds.
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Figure 5. Effects of SL 8-19 over O. cumana cv. 7 (A) and cv. 21 (B)
germination expressed in percent of total seeds. Dashed lines represent
germination level of O. cumana at 10 uM GR-24.

tested SL Figure 5), with the exception of populations 21 and

7 treated with12 and13 and with14 and 15, respectively. All
SL assayed failed to induce germination@fcrenataandO.

Galindo et al.

Table 1. Selected Molecular Properties Calculated by Means of MMX
and PM3 Force Field Calculations Using PCModel and MOPAC
Programs

dipole % %
moment total  unsatured  polar
compound () vol (R3)  area area area  activity?
strigolactones
1 6.413 4356 4410 8.9 27.8 ++b
2 5.078 4384 4369 8.7 28.1 ++¢
3 6.320 387.1 3787 9.9 26.0 ++d
4 5.639 4124 401.8 9.3 29.1 ++b
5 6.103 3528 3393 15.9 28.7 ++
6 6.184 2905 2780 14.6 35.3 +
7 6.074 3809  360.7 18.6 415 +b
sesquiterpene lactones
8 4.256 3183 3254 9.0 20.2 ++
9 3.63 3223 3239 8.6 25.9 ++
10 4.359 3000 3122 13.6 21.4 ++
11 4,701 3150 3184 13.3 28.5 ++
12 2.65 3183 3193 13.9 311 +
13 3.524 3151 3184 9.2 20.3 +
14 4.498 3203 3340 8.9 274 0
15 3.065 3146  316. 9.0 20.0 0
16 5.234 3225  330.2 9.0 17.8 ++
17 5.675 3330 3418 41 175 +
18 2212 3236 3299 8.9 18.2 ++
19 3.775 3236 3329 12.7 20.1 +

a4+ 0 germination > 40%; +, 40 > % germination > 0; 0, no activity.
Germination induction obtained at 10 M using O. cumana seeds. ® Values obtained
using O. minor seeds and 0.001 «M (6). ¢ Values obtained using O. minor seeds
and 0.001 «M (30). ¢ Values obtained using O. crenata seeds (10).

theoretical molecular properties as well. Similar calculations
were made also for natural £4) and synthetic§—7) strigo-
lactones. Parameters studied were dipole moment, heat of
formation, total volume, total area, saturated and unsaturated
areas, and polar and nonpolar areas. Results of selected
parameters can be found Trable 1.

DISCUSSION

The Strigagermination stimulants reported, isolated from both
host and nonhost plants, belong to different chemical groups.
However, most of the compounds reported belong to the group
of the sesquiterpenes named strigolactor®s To date, no
germination inductors oD. cumanagermination have been
reported from sunflower. Otherwise, no germination stimulants
of O. cumanaor otherOrobanchespp. have been isolated and
characterized from their hosts with the exceptiorQofminor

ramosaseeds, with percent germination for these two species (6). Additionally, sunflower presents a high content in SL,

being close to zero (data not shown).
Differences in germination were observed betw@eoumana

mainly related with defensive roles (allelopathic, fungicidal, and
insecticidal) (26).

populations, the different SL, and the concentration tested. In this and a previous papet?) we describe the stimulant
Comparison of the newly obtained data and those previously germination activity of those SL with structures very similar to
reported (17) revealed that the percentage of germination wasthose reported from sunflower. Most of the SL tested induce
higher for population 7 than for population 21, compouBds  germination ofO. cumana, but not 0D. crenata,O. ramosa,
11, and16 were most active for population 7, and compounds or O. aegyptiaca. The high specificity shown by these SL for
8, 9, and18 were the most potent inductors for population 21. the specific sunflower parasite could be a clue that these
With these compounds the germination stimulant effect was compounds might be related with recognition processes between
higher than that obtained with GR-24. In the cas®@ofumana O. cumanaand its host. The percentages of germination depend
six lactones9, 12, 13, and17—-19, were moderate stimulants on the compound, concentration, and population. Differences
with germination values lower than those obtained with GR- in germination among populations withid. cumanacould be
24. Otherwise, compoundk2 and 13 were inactive and.7 a related to the existence of different stimulants or receptors; thus,
moderate stimulant in the case @. cumana2l. Finally, some compounds, such @2 and 13, were inactive for
depending on the compound, maximum effect was obtained atpopulation 21 but not for population 7, and SLwas more
concentration values of 10 or/iM. active for population 21 than for population 7. In any case, a
Molecular modeling of all 12 tested compoun@&s-(L9) and hypothesis such as negative allelopathic interactions among
those described in our previous papgr)allowed us to obtain  individuals through other chemicals cannot be discarded and
the minimum energy conformation for each one and some needs further experimental confirmation.
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Figure 6. Minimum energy conformers obtained by using MMX calculations for GR-24 (5) (A), orobanchol (2) (B), 5-hydroxyisozaluzanin C (11) (C), and
parthenolide (16) (D). Marked atoms were used for overlapping structures for comparison of SL with GR-24 (5) (E) and with orobanchol (2) (F).

The most active compounds are those with guaianolide (1— correlation between the specific action of SL on sunflower
3) andtranstrans-germacranolide4—6) backbones. Previously,  parasite and sunflower chemical composition can be made.
SL with the same backbones have been reported to stimulate Regarding the different backbones, it can be stated as a
the germination oStrigaspp. (14,15,27). These are compounds general trend that guaianolides-(13) andtranstrans-germac-
commonly present in sunflower chemical composition, whereas ranolides (16—18) are the most active, followed by melam-
melampolides and eudesmanolides (much less active) are nopolides (19) and eudesmanolides (13—15). However, no other
so abundant or not present. This could indicate that SL presentcorrelations could be made with the activity on this basis.
in sunflower roots might be responsible for host recognition  The molecular properties of all strigolactones (natural and
mechanisms i©. cumana. Of course, this hypothesis needs to synthetic) showed similar values for all theoretical parameters
be further confirmed by a bioassay-directed chemical search.(Table 1, entriesl—7), even though GR-®} and Nijmegen-1
However, we cannot disregard the possibility that a positive (7) show much lower activities than the rest on several species
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of OrobancheandStriga, as has been reported in the literature ~ Regarding the molecular properties, SL present values of polar
(10). Comparison of marked atoms shows a perfect overlappingand unsatured area similar to those of strigolactones. Moreover,
of the lactone-enoj~lactone moiety in all natural and synthetic  overlapping of the lactone moieties of both SL and strigolactones
inductors (Figure 6). Moreover, all of these compounds show shows a similar spatial disposition in both families, but different
a common polar area localized in this part of the molecule that when compared with the synthetic derivative GR-24. The
might be recognized by the receptor. Only one difference can meaning of this is still uncertain but might be related to the
be found among natural and synthetic strigolactones, and thisspecificity of action of SL.

is regarding the orientation of the carbon backbone in the Finally, although the enol-y-lactone moiety is crucial for
nonpolar part of the molecule. Whereas natural strigolactonesstrigolactone activity, this is not the case for SL: compounds
occupy the same space, the GR-24 carbon backbone does notacking the lactonic methylene double bond or the oxygen atom
the strigolactone carbon backbone is bent down and that of GR-are still active. Thus, those SL fitting the strigolactone structural
24 is bent up (panels A and B, respectively,Fijure 6). requirements could act through the same target site, and those

Returning to SL mo|ecu|ar propertiES, a Comparison among that dO not Should haVe a different target Site or a diffel’ent
tested compounds (8—1Jable 1) and strigolactones shows ~ecognition mechanism.
that all of them present a volume only a little lower than that

ABBREVIATIONS USED

of GR-24 6, Table 1) or orobancholZ, Table 1). All SL would ]
fit into the hypothetic receptor cavity postulated for strigolac-  SL., Sesquiterpene lactones; HMPA, hexamethylphosphorus
tones. They also present similar values of polar and unsaturedtriamide; MES, 2-N-morpholinoethanesulfonic acid; SAR,
areas with respect to the overall area of the molecule, and theStructure—activity relationship; MCPBA-chloroperbenzoic
polar area is located in a similar position compared with acid; CC, column chromatography; TLC, thin layer chroma-
strigolactones. Thus, they could be recognized by the sametography; HPLC, high-performance liquid chromatography.
receptor as strig(_)lactones. Moreover, overlapping of the COMMON \ ~ NOWLEDGMENT
marked atomsKigure 6,D) shows how SL present a similar ) _ _ .
spatial orientation of the carbon backbone in comparison with We thank Dr. Gonzalez Carrascosa (Semillas Cargill, Spain),
orobanchol (2) Eigure 6F). On the other hand, whereas the Dr. D. M. Joel (Department of Weed Research, Agricultural

backbone of synthetic GR-24 is bent (figure 6A), those of Research Organization, Newe-Ya'ar Research Center, Israel),

all active SL are bent down, the same as natural strigolactonesand Dr. D. Rubiales (CSIC, Cérdoba, Spain) for kindly
(Figure 6E). Such similarity could be related with the high providing Orobancheseeds.

specificity of SL withO. cumanagermination induction.

Regarding chemical properties, it has been repod8&pthat
the enol moiety in strigolactones is crucial for the induction.
Removal of the double bond or replacement of the oxygen atom
by a sulfur or nitrogen atom results in no activity. Most of tested
SL (10—-16,18-19) fit the first requirement, because they
present a double bond attached to the lactone ring, thus allowing
a Michael addition reaction in a similar way as has been
proposed for strigolactones (Figure 2). Such reaction is com-
monly described in the literature for SR§, 29). However, the
striking point is that compound3, 9, and17, without such a
double bond and with no possibility of rendering any Michael
addition reaction, are active. Moreover, under mild natural or
cell conditions (pH values not lower than 5.5), there is no
possibility to regenerate the double bond through elimination
reactions. Compound® and 9 present an oxygen atom in a
similar disposition as strigolactones do, and the whole hy-
droxymethylene-lactone moiety might be recognized by the
target, even though a Michael addition reaction cannot take
place. However, this cannot be applied to compolindacking
both the exocyclic double bond and the oxygen atom. Thus,
another recognition mechanism or other target site might be
triggered in this case, but this is another hypothesis that needs
further confirmation.

In conclusion, our bioassays show that SL are useful inductors
of O. cumanaseed germination in the range of $6-10~7 M,
some compounds presenting higher values of activity than GR-
24,

Second, the high specificity shown by SL in their activity on
the sunflowerOrobancheparasite could be related with a host
recognition mechanism, because SL are common constituents

of sunflower and are not present in other plants parasitized by (10)

different species oDrobanche(e.g., green peas, sweet clover,
or tobacco). Differences in germination between populations
could suggest the existence of different germination stimulants
or receptors.
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