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A simple and rapid analytical method for strigolactones, germination stimulants for the root parasitic
weeds witchweed (Striga spp.) and broomrape (Orobanche spp.), has been developed using high-
performance liquid chromatography connected to tandem mass spectrometry (LC/MS/MS). The natural
strigolactones (strigol, sorgolactone, orobanchol, and alectrol) were clearly separated and identified
by LC/MS/MS. As low as 0.1 pg/uL of strigol and 0.5 pg/uL of sorgolactone could be quantified,
whereas 1 pg/uL was needed for the quantification of orobanchol (S/N > 10). Using this method, it
was found that red clover produces orobanchol and alectrol but not strigol. The roots of red clover
seedlings were found to produce 13, 70, 58, and 65 pg of orobanchol/plant 1, 2, 3, and 4 weeks after
germination, respectively.
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INTRODUCTION

Witchweed (Strigaspp.) and broomrape (Orobanckpp.)
are two of the most devastating root parasitic weeds, causing
severe damage to agricultural productidr). (Seeds of these
parasites germinate only when they perceive chemical signals,
that is, germination stimulants produced by and released from
the roots of host and nonhost plants. To date, four different
stimulants belonging to a chemical class referred to as strigo-
lactones have been isolated from root exudates of host and
nonhost plants (Figure 1). These are strigol (from cottd) (
3), sorgolactone (from sorghumd)( alectrol (from cowpea) o
(5), and orobanchol (from red cloveg)( These stimulants, even "\/_to ‘
at concentrations lower than 10M, strongly elicitStrigaand = =
Orobancheseed germination and, thus, are considered to play alectrol orobanchol
a pivotal role in host recognition by these root parasites. In some Figure 1. Chemical structures of strigolactones.
cases, hosts that are hardly affected by the parasites have been
reported to produce only minute amounts of germination stimulants (8). However, root exudates may also contain
stimulants (7). germination inhibitors, and therefore the amounts of germination

So far, the relative amounts of strigolactones in root exudates Stimulants may sometimes be underestimated. In addition, some
have been estimated on the basis of their germination-inducinghost plants such as red clover forobancheand sorghum for
activity in bioassays, because germination tests uStrigaand Strigahave been reported to produce more than one stimulant

Orobancheseeds are highly sensitive and specific to these (6, 9). Therefore, these host plants may produce individual
stimulants at different levels under different growth conditions
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“-aTcht))- va Universit nutrient availability, soil type, and moisture may directly and
xTeSiwg E%iersr}'t\frs' v indirectly affect the production of germination stimulants. For
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stimulant activity was detected in plants grown under a short- phosphate buffer (pH 8.5), dried over anhydrous magnesium sulfate,
day regime {0). In the case of red clover, when grown hy- and concentrated in vacuo.

droponically, nutrients in the growth medium were found to Germination Assays.Germination assays usii@ minorseeds were
affect stimulant production, where nitrate and urea promoted conducted as reported previousblj, except that the temperature for
but ammonium and phosphorus inhibited stimulant production conditioning and germination was set to 3.

(11). Indirect effects of nutrients on seed germination could be 't"P'-C- tl?JZLSCE: geq_arstiors was )dong Witg a‘tI:AS%% 8998:) HPLC
P . H . Instrumen , 1OKyO, Japan) equipped with an (ibumn
glrlgr]?;rr:iacticcj)l\?gnfsxuacnng root exudates or culture media with (Mightysil RP-18, 2x 250 mm, 5um, Kanto Chemicals Co. Ltd.,

. Tokyo, Japan). The mobile phase was 55% methanol in water and
Strigolactones could be analyzed by gas chromatography/masswitched to 100% methanol 40 min after injection. The column was
spectrometry (GC/MS) after time-consuming and sophisticated then washed with 100% methanol for 20 min to elute all injected
purification (6), but partial decomposition of these rather materials. The flow rate was 0.2 mL/min. Column temperature was
unstable strigolactones seems to occur during purification. For set to 40°C.
this reason, strigolactones in the root exudates should be Mass Spectrometry.Mass spectrometry was performed on a Quattro
characterized prior to the addition of internal standards. LC mass spectrometer (Micromass, Manchester, U.K.) equipped with
Therefore, the development of a rapid and simple analytical @ electrospray source. Drying gas as well as nebulizing gas was
method for strigolactones is essential for the exploration of the Nitrogen generated from pressurized air in an N2G nitrogen generator
possible distribution of strigolactones in the plant kingdom and (Parker-Hanifin Japan, Tokyo, Japan). The nebulizer gas flow was set

also for clarifving their role in host recoanition mechanisms of to ~100 L/h and the desolvation gas flow to 500 L/h. The interface
rOS(;t paras'trtlefgmg : ! S gniti chanisms temperature was set to 40C and the source temperature to 180
ites.

The capillary and cone voltages were adjusted to each molecule and
Recently, high-performance liquid chromatography connected to the ionization mode (positive and negative). MS/IMS experiments
to tandem mass spectrometry (LC/MS/MS) has extensively beenwere done using argon as collision gas, and the collision energy was
used to analyze thermolabile and unstable compounds includingoptimized for each compound. The collision gas pressure was 1.5
peptides and proteins. In particular, a selective detection by 10°° mbar. Data acquisition and analysis were performed using
means of multiple reaction monitoring (MRM) can be applied MassLynx. software (ver. 3.2) running under Windows NT (ver. 4.0)
for the analysis of trace amounts of compounds in crude samples®" 2 Pentium PC.
(12). Therefore, LC/MS/MS was also expected to provide a
useful analytical method for strigolactones in root exudates. RESULTS AND DISCUSSION
Howe_ver, so far there has been no report of LC/MS/MS analyses Electrospray Mass Spectrometry of Strigolactones. Figure
of strigolactones. ) ) 2 shows the full-scan positive mass spectrum of strigat YL
In the present paper, the development of a rapid and simplejy 559 methanol, delivered with an infusion pump atls
analytical method for strigolactones by LC/MS/MS and the min) for which the capillary and the cone voltages were set to
identification and quantification of strigolactones in root 35Ky and40V, respectively. No significant ions were observed

exudates of red clover are described. in the negative mass spectrum (data not shown). The sodium
adduct ion, [M+ NaJ*, of m/z369 was the most abundant,
MATERIALS AND METHODS whereas the intensity of the protonated molecule,fM] ™,

of m/z347 was quite weak. The potassium adduct ion,M
K]*, of m/z385 was also detected. Addition of acetic acid to
. o - - . .
Sorgolactone was prepared as described in the literat@)e Alectrol :Ee So“’f[tlont(udp to ?'ZSI/O’ .V/V) gldt ?f?t I.nctreas.f th? tlﬂtensgy of
was isolated from red clover root exudatés The amounts of alectrol € protonated moiecuie ion, but he intensity or the sodium

were not enough to be weighed accurately. Other chemicals of analytical2dduct ion became slightly unstable in a long run. The only
grade and HPLC solvents were obtained from Kanto Chemical Co. clear fragment ion atn/z272 can be explained by cleavage of

Chemicals. (+)-Strigol and ¢)-orobanchol were generously pro-
vided by Emeritus Prof. Kenji Mori (The University of Tokyo}§-

Ltd. (Tokyo, Japan). the vinyl ether bond between the C and D ring&g(re 1).
Source of SeedsRed clover (Trifolium pratensk. cv. Hamidori) Similar fragmentations were observed for electron impact
seeds were purchased from local markets. Clover broom@ipednche ionization (El) and chemical ionization (Cl) mass spectra of

minor Sm.) seeds were collected from mature plants that parasitized strigol and its derivativesk-6, 9). In the full-scan positive mass

on red clovers grown either in the Watarase basin (1998 and 1999) orspectra of orobanchol and sorgolactone, corresponding sodium

in an experimental field of Utsunomiya University (2000 and 2001). adduct ions were also most abundant (data not shown). Because
Collection of Root Exudates from Red Clover.Red clover seeds the sodium adduct ions of these strigolactones were observed

were surface-sterilized in 70% ethanol for 2 min and then in 1% sodium for effluents from ODS-H PLC’ these were selected as parent

hypochlorite for 10 min. After a thorough rinse with sterilized distilled or precursor ions for collision-induced degradation (CID)
water, they were germinated on a moistened filter paper in Petri dishes The CID t f strigol IM- Nal* is sh inEi '

for 3 days at 25C in the dark. Seedlings(= 400) were transferred 3 The ?pic rL:jm (: S ”QOHE_ a::]i '? S own 'rl[ Igure i
to a strainer (28< 23 x 9 cm, W x L x H) lined with a sheet of - Ine most abundant ion In this product 1on spectrum was a

gauze moistened by placing it in a slightly larger container (28.5 ~ M/2272 as a result of neutral loss of the D-ring moiety. The
23.5x 11 cm) containing 2.5 L of sterilized tap water as the culture Optimal collision energy was found to be 19 eV for strigol.
medium. Sterilized tap water was used as the cluture medium for red Orobanchol and sorgolactone also showed similar product ion
clover, because tap water was found to be a good medium for the spectra where ions ah/z 272 and 242 were most abundant,

production of germination stimulant by red clové).(Four of these  respectively. The optimal collision energies for orobanchol and
strainers in the containers were transferred to a growth room &€25  ggrgolactone were 16 and 15 eV, respectively.

. ) L O o
with continuous quo_rescent |IIum|n§tloh~60ymoI m2s1). Sterilized Analysis of Strigolactones with the Multiple Reaction
tap water was applied daily to maintain the water level. The tap water

medium was replaced with 2.5 L of fresh sterilized tap water weekly. Mon!tor!ng Method. For'l\./IRM, also called selected reaction
The strainers and containers were thoroughly washed with sterilized MONitoring (SRM), transitionn/z369 > 272 was selected for
tap water when the medium was collected. Approximately 12 L of the Strigol and orobanchol and transitiom/z 339 > 242 for

tap water medium (plus washing) collected weekly was extracted with Sorgolactone. These two transitions were monitored with two
ethyl acetate. The ethyl acetate extracts were washed with 0.5 M channels. Although optimal collision energies were different for
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Figure 2. Electrospray-positive ion mass spectrum of authentic strigol.
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Figure 3. Daughter ion spectrum of strigol [M + NaJ*.

strigol and orobanchol, the collision energy for both was set at signal intensity caused by lowering the collision energy from
16 eV, which is an optimal energy for orobanchol but not high 19 to 16 eV was almost negligible. It is possible to detect
enough for strigol. This is because these two stimulants had orobanchol and strigol with different channels when the collision
similar retentions on the ODS-HPLC and the signal intensity energy is set to each optimal value, but the sensitivity may
of orobanchol was found to decrease at collision energies higherdecrease with the reduction in the dwell time due to the increase
or lower than 16 eV. By contrast, for strigol, the reduction of in the number of channels. The dwell time for the two-channel
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Figure 4. Two-channel MRM chromatogram of a mixture of orobanchol, strigol, alectrol, and sorgolactone.

MRM was set to 0.8 s. These analytical conditions, however, larger amounts of red clover root exudates, because some
were not optimized for alectrol due to the scarcity of alectrol germination inhibitors may not be separated from sorgolactone
isolated from red clover root exudates. under the analytical conditions used in the present study.

A mixture of authentic orobanchol (346 pg), strigol (57.8 pg), In the transitionm/z 369 > 272, two intense peaks were
alectrol, and sorgolactone (158 pg) in 4D of 55% methanol detected. According to our previous results (6), the firgt=tt
was analyzed by using the two-channel MRM as shown in 11.2 min) was assigned to orobanchol and the sectne-(
Figure 4. These four strigolactones were clearly separated with 25.4 min) to alectrol. To confirm these assignments, authentic
retention times tg) of 11.7, 13.2, 27.1, and 34.3 min for strigolactones were added to the crude extract. A significant
orobanchol, strigol, alectrol, and sorgolactone, respectively. With increase in the intensity of the first peak was observed on the
electrospray ionization, strigol and sorgolactone showed in- addition of authentic orobanchol, indicating that the first peak
tense peaks in the MRM chromatogram. The peak intensity of was orobanchol. Similarly, the addition of pure alectrol that had
orobanchol was rather weak compared to that of strigol and been isolated from red clover root exudaté} énhanced the
sorgolactone, and ar10-fold higher concentration of oro- second peak, and therefore the second peak was alectrol. By
banchol was required to achieve a peak with intensity compa- contrast, the addition of authentic strigol did not lead to a similar
rable to that of strigol. For strigol and sorgolactone, detec- effect either with the first peak or with the second one (data
tion (S/N > 3) and quantification (S/N> 10) limits were not shown). Slight reductions in the orobanchol and alectrol

approximately 0.05 and 0.1 pd/ and 0.1 and 0.5 pgL,
respectively.

Analysis of Strigolactones in Red Clover Root Exudates.

retentions on the ODS column compared to thaFigure 4
may be due to the effects of matrix in the crude extracts.
Figure 6 presents the two-channel MRM chromatogram of

Red clover roots have been shown to produce at least threered clover root exudates collected 4 weeks after germination.
different germination stimulants, that is, orobanchol, alectrol, During the third and fourth weeks after germination, red clover
and an unknown compoun@)( Crude ethyl acetate extracts of roots appeared to produce orobanchol and alectrol in a similar
red clover root exudates were analyzed by using the LC/MS/ ratio, because the relative peak heights of orobanchol and
MS method developed in this study. The ethyl acetate extracts,alectrol were very similar irfFigures 5and 6. Unfortunately,
each corresponding te12 L of root exudates, were dissolved at the moment, the amounts of alectrol cannot be calculated, as
in 50—100 uL of 55% methanol and filtered through spin the amounts of alectrol isolated from red clover root exudates
columns (Ultra-Free MC, 0.4am pore size, Millipore), and  were too small to weigh accurately and its synthetic standard
10 uL aliquots were injected to HPLC. is not yet available. Nevertheless, it was confirmed that red
Figure 5 shows the two-channel MRM chromatogram of red clover produces orobanchol and alectrol but not strigol. Fur-
clover root exudates collected 3 weeks after germination. thermore, the minor unknown stimulant(s) produced by red
Although there were several peaks in the transitiva339 > clover roots does not seem to be a strigol ison®r lfecause
242, two peaks were conspicuous at-3@ min. However, none  all strigol isomers should have been detected in the transition
of them may be sorgolactone, as we could not detect germinationm/z369 > 272 with the LC/MS/MS method.
stimulative activity for these fractions as described in a previous  Quantification of Orobanchol. Orobanchol in the red clover
paper (6). To confirm stimulatory activity, we need to collect root exudates was quantified using the method established in
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Figure 5. Two-channel MRM chromatogram of red clover root exudates collected 3 weeks after germination.
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Figure 6. Two-channel MRM chromatogram of red clover root exudates collected 4 weeks after germination.

this study. For this, peak areas or heights may be directly usedthe peak areas of the standard strigolactone solution shown in
if ionization efficiency of orobanchol or other strigolactones is Figure 4. For example, a standard solution of 100 pg of
not affected by matrix in the crude extract. However, observed orobanchol in 1Q:L of 55% methanol gave ax350-unit area,
increases in peak areas on the addition of known amounts ofbut an increase of only 80 units was observed when the same
orobanchol were significantly lower than those expected from amounts of orobanchol were added to the crude extracts of root
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Table 1. Orobanchol Production by Red Clover Seedlings Grown ing to the loss of the D-ring moiety. Unfortunately, this Nloss
Hydroponically2 method was found to be 500-fold less sensitive than the MRM
. method described above when standard solutions of strigolac-
sampling total fresh wt orobanchol production tones were analyzed for comparison.
period (mg/plant) (pgfplant) (pg/mg of roots) Another strategy is to set tha/z of precursor and product
first week 321+10 13 26 ions at those of possible strigolactone structures for the MRM
second week 36.7+11 70 114 analysis. For example, we observed a peak in transitin
third week 439+1.0 58 6.1 367> 270 in the MRM ch f d
fourth week 491418 65 63 _ in the chromatogram of tomato root exudates,
which may indicate the presence of a novel strigolactone that
a Fresh weight of red clover plants was measured when the root exudates were lacks two hydrogens, presumably dehydro-orobanchol (data not
collected. Values are means of 20 seedlings + SE (n = 20). shown).

Conclusion. The LC/MS/MS described here enables direct

exudates collected 3 weeks after germination. Consequenﬂy,identification and quantification of known strigolactones in the
for quantification of strigolactones in crude extracts, the root exudates of various plants and can be used for screening
estimation using a calibration curve generated on the basis offesistant cultivars for low stimulant production or for trap crops
the peak areas of different concentrations of standard is notfor high stimulant production. In addition, this method may
applicable. Therefore, we analyzed the crude extracts fortified clarify if particular resistances to the root parasites depend on
with known amounts of orobanchol. For this, an a|iquot of the stimulant pl’OdUCtiOﬂ. Furthermore, the direct quantification of
filtered 55% methanol sample solutions was diluted with a Stimulants may help in the detection of inhibitors. The deter-
volume of either pure 55% methanol or 55% methanol contain- mination and quantification of StrigO|aCt0neS in root exudates
ing known amounts of orobanchol, so that the solutions thus of various other host and nonhost plants and their cultivars are
prepared contained the same amounts of orobanchol, alectroljn progress.

and the matrix originally presented in the samples. In this case,

areas of alectrol, which should remain constant for both of the ockNOWLEDGMENT

solutions, could be used as an internal standard to minimize

the errors. We acknowledge Professor Emeritus Kenji Mori (The University
It was thus estimated that the roots of red clover seedlings of Tokyo) for his generous gifts of+)-strigol and (+)-

produced 13, 70, 58, and 65 pg of orobanchol/plant 1, 2, 3, andorobanchol. We thank Dr. D. M. Joel (ARO, Israel) for critical

4 weeks after germination, respectively (Table 1). Of course, reading of the manuscript.

these amounts are related not only to the production but also to

the degradation of orobanchol. During the 4 weeks after

germination, red clover seedlings grew well, and their total fresh LITERATURE CITED

weight increased almost linearly. However, further growth in (1) Parker, C.; Riches, C. Rarasitic Weeds of the World: Biology

sterilized tap water seemed to be difficult, as most seedlings and Control; CAB International: Wallingford, U.K., 1993.
became chlorotic 4 weeks after germination. The production of  (2) Cook, C. E.; Whichard, L. P.; Turner, B.; Wall, M. E.; Egley,
orobanchol and alectrol was already observed in the root G. H. Germination of witchweed (Striga lutéaur.): isolation
exudates collected 1 week after germination, and it reached a and properties of a potent stimulaSciencel 966,154, 1189—
maximum in the root exudates collected 2 weeks after germina- 1190.

tion. Then, the stimulant production seemed to decline and (3) Cook, C. E.; Whichard, L. P.; Wall, M. E.; Egley, G. H.; Coggon,
stayed at a constant level for the third and fourth weeks after SPt.I”UIE:LthIZn’O ?s?r'i’g 'gl‘fpgagbgn-tr-sizzjm;”;m?] eittilg;mugi]rfﬁlg'nmgr
germination. These results |nd|patg that. red clover seedllngs witchweed (Striga luted our.). J. Am. Chem. Sod972,94,
produce larger amounts of germination stimulants at their early

growth stages. Alterna_tivgly, ac_tively growing roots may be the 4) 6Hla?180k,gcl.?gl\./luller, S.; Schildknecht, H. A germination stimulant
major source of germination stimulants. for parasitic flowering plants from@ghum bicolor a genuine

We have developed a simple and rapid analytical method for host plant.J. Plant Physiol.1992,139, 474—478.
strigolactones by LC/MS/MS. Although this analytical method  (5) Miiller, S.; Hauck, C.; Schildknecht, H. Germination stimulants
is highly sensitive, strigolactones with unknown structures can- produced byvigna unguiculatawalp cv Saunders Uprighd.

not be detected. In addition, one should keep in mind that peaks Plant Growth Regul1992,11, 77-84. _ _
observed in the MRM chromatograms are not necessarily strigo- (8) Yokota, T.; Sakai, H.; Okuno, K.; Yoneyama, K.; Takeuchi, Y.

. Alectrol and orobanchol, germination stimulants @mobanche
lactones; they may also be some other compounds that happen minor, from its host red clovePhytochemistry 998 49, 1967

~

to have similar fragmentations under the same analytical condi- 1973
tions. Therefore, it is important to confirm that germination @ Hess. D. E.: Ejeta, G.; Butler, L. G. Selecting sorghum genotypes
stimulative activity is associated with the peaks observed. This expressing a quantitative biosynthetic trait that confers resistance

is the main reason we used root exudates of red clover, because  to Striga. Phytochemistry1992,31, 474—478.
we have already examined the germination stimulants produced (8) Joel, D. M.; Steffens, J. C.; Matthews, D. E. Germination of

by this plant. weedy root parasites. I8eed Development and Germination;
Natural strigolactones characterized to date contain the D-ring Kigel, J., Galili, G., Eds.; Dekker: New York, 1995; pp 567
moiety as a common structure and on collision with argon their ) 55?;618 B. P.: Weerasuriya, Y. Wood, K.: Ejeta, G.: Butler, L
+ i H H H 1 . . ) "y i L] 3 . ’ .
.[M +Naj 1ons lose this moiety as a+n§utral fragment, rgsultlng G. Isolation of strigol, a germination stimulant f8triga asiatica
in the formation of [M+ Na — 97]" ions. Therefore, if all from host plantsJ. Agric. Food Chem1993,41, 1486—1491.
strigolactones have the same D-ring moiety, novel and known 10y \eerasuriya, Y.; Siame, B. A.; Hess, D.; Ejeta, G.; Butler, L.
strigolactones should be detected with the neutral-loss (Nloss) G. Influence of conditions and genotype on the amourStdfa
mode in MS/MS where the scan functions of the two MS germination stimulants exuded by root of several host craps.

detectors are synchronized with a 97 Da difference correspond- Agric. Food Chem1993,41, 1492—1496.



1168 J. Agric. Food Chem., Vol. 51, No. 5, 2003 Sato et al.

germination stimulant sorgolactoneetrahedron Lett1997, 13,

(11) Yoneyama, K.; Takeuchi, Y.; Yokota, T. Production of clover
2321-2324.

broomrape seed germination stimulants by red clover root
requires nitrate but is inhibited by phosphate and ammonium.
Physiol. Plant.2001,112, 25-30.

(12) Lee, C. W.; Yoneyama, K.; Takeuchi, Y.; Konnai, M.; Ta-
mogami, S.; Kodama, O. Momilactones A and B in rice straw
harvested at different growth stag&iosci., Biotechnol., Bio-
chem.1999,63, 1318—1320.

(13) Sugimoto, Y.; Wigchert, S. C. M.; Thuring, J. W. J. F.;
Zwanenburg, B. The first total synthesis of the naturally occurring JF025997Z

Received for review October 2, 2002. Revised manuscript received
December 11, 2002. Accepted December 13, 2002. Part of the study
was supported by a Grant-in-Aid for Scientific Research (B12460049)
from the Japanese Society for the Promotion of Science (JSPS) and
the Cooperative Research Program of ALRC, Tottori University.



