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Germination Stimulants of Witchweed (Striga asiatica) from Hydrophobic
Root Exudate of Sorglum (Sorghum bicolor)

DAVID H, NETZLY, JAMES L. RIOPEL, GEBISA EJETA, and LARRY G, BUTLF.R2

Abstract. Hydrophobic exudate from roots of sorghum
[Sorghum bicolor (L.) Moench. #3> SORVU ‘IS 8768')
contain four p-benzoquinones which in the dihydroquinone
form are active as germination stimulants of witchweed
[Striga asiatica (L.) Kuntz. # STRLU). The three minor
p-benzoquinones were parcially characterized and found
to be structurally similar to sorgoleone, the major p-benzo-
quinonce of this exudate. Herbicidal activity of the hydro-
phobic exudate was due to concentration- and pH-dependent
inhibition of rvot clongation in some but not all weeds tested,
Witchweed has apparently adapred these “defense™ com-
pounds of sorghum as host-specific germination stimulants.
Additional  index words. Sorgoleoncs, p-benzoquinones,
allelochemicals, contact allergens, Lactuca sativa, STRLU,
SORVU, AMARE,

INTRODUCTION
Witchweed is an angiospermous, obligate parasite of many
agrononucally important cereals and legumes. No economical
method of is available, Witchweed
seeds will only germinate i the presence of a chemical stimu -

control of witchweed
lant(s), usually exuded from roots of a host plant (8). Use
of u stimulant to promote germimation in the absence of
4 host has been proposed as a possible method of control
(6, 7). Efforts have been made to idenuty the natural stimu-
lant(s) trom host plants (1, 2, 20).

Recendy, a novel compound was 1solated trom hydro-
phobic exudates of root hurs of sorpghum () and 1dentified
as 2-hvdroxy-5-methoxy-3- ((8'7,11'7)-8".1 114 -pentadeca-
triene] -p-benzoquinone (). The highly unstable dihyvdro-
quinone form of this quinone. which we have named sOrgo-
leone, s tor
witchweed
inacuve.

Along with sorgoleone and s dihydroquinone, other
components separable by HPLC (Y) have been detected

active

().

d8 i
The

potent germination  stimulant

oxidized,  stiable quinone  form s
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in the hydrophobic exudate. In this paper, we report that
three of the components are p-benzoquinones similar to
sorgoleone. These quinones, in their dihydroquinone form,
are also active as germination stimulants of witchweed.

MATERIALS AND METHODS

Plant growth conditions and collection of root exudates,
IS 8768 sorghum sceds were surfuce sterilized and grown
on filter paper in petri dishes containing distilled water as
previousiy duseribed (9). Seven days after planting, about
400 scedlings with roots still attached to the caryopsis were
dipped in 20 ml of CH,Cls (methvlene chloride) contain-
ing 50 ul of concentrated acetic acid. The CH, Cl; solution
was taken to dryness in vacuo (35 Q).

For swdies of soil-grown plants, ‘BR 64' sorghu,n and
corn (Zea mays L. "Agy2 ") were grown to maturity in a green-
house in 5-gal pots containing unsterilized Terra-lite 3607,
perlite®, and Indiana topsoil mixed in a volume ratio of
10:3:2. respectively. Plants were watered every other day.
Once every other week Hoagland's solution was added. In-
tact soil and root systems were placed on a 25-cm-diam
buchner funnel containing a 24-cm Whatman #4 filter paper
disk. Water (14 L) was percolated through the soil to remove
all water-soluble materials. Methvlene chloride (4 L) was
then pereolated through the soil, collected, and taken to
drvness in vacuo.

Separation  of components.  Methylene  chloride-soluble
exudate from petri dish-grown seedlings or from soil-grown
plants was separately  fractionated by high-performance
liquid chromatography (HPLC) using a 10- by 0.4-cm Li-
Chrosorb (5 um) Cyg reversed-phase column. The solvent
svstem was that of Netzly and Butler (9). Components de-
tected at 280 and 420 nm were collected and taken to dry -
ness in vacuo. Individual benzoquinone fractions may con-
tain both the quinone and its corresponding dihydro-
quinone. Both are nearly inseparable by the HPLC method
used here,

Spectrometry. 'H NMR spectra of the separated compo-
nents from petri dish-grown IS 8768 sorghum were obtained
at 470 MHz® using 4 5-mm probe, locked on deuterium of
the solvent CDCly and referenced by tetramethylsilane (0.00
ppm). Electron impact and chemical ionization (isobutane)
mass spectrometry” was performed at 70eV (100 C), and
high resolut’on mass spectrometry® was performed at 70ev
(200 C).

Germination and growth bioassays. Individual components,
sorgolcone mixtures, or the hydrophobic exudate were re-
dissolved in methanol, quantitated [Amolar = 20,000 at
Azge (D], and rested for stimulation of witchweed germi-
nation or for herbicidal activity, For witchweed germination
bioassays, exudate samples (<1 mg) from petri dish-grown
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or soil-grown plants were dissolved in 200 ul of absolute
methanol, and a 10-ul portion was added to a well 0: a 1ajcro-
titer dish containing about 50 preconditioned seeds of witch-
weed submerged in 1 ml of sterilized H, O (11). Thres serial
dilutions (100-fold each) of the above assay mixture were
also tested. The assay was performed in an incubator without
light (27 C) and the percentage germination was determined
48 h after stimulant was added. Control snlutions were:
pasitive, 1 ml aqueous solution containing 10 ul of methanol
and 10™°M strigol; negativz, 1 ml of double-distilled H, 0.

For herbicidal bioassays, exudate from petri dish-grown
IS 8768 sorghum seedlings was used. Solutions of hvdro-
phobic exudate containing 1 mg or 4 ug of sorgoleones/1.5
ml methanol were scparately applied to 9-em-diam filter
papers (1.5 ml/disk) completely satvrating the paper. After
evaporation of the methanol, 10 or 20 plant seeds that had
been imbibed in distilled water for 6 h were surface dried
and placed in each petri dish. Distilled water (2 ml) or 5 mM
sodium phosphate buffer (2 nl), pH 5.5 or 7.5, was added
to the petri dishes. Actual concentrations of sorgolcones
could not be determined because sorgoleones are not readily
soluble in aqueous solutions. Therefore, only the known
amounts applied to the filter papers were reported. After
4 days, the scedlings were individually weighed and the length
of each shoot and/or primary root was measured.

RESULTS AND DISCUSSION

Chemical characterization of exudate components. A typical
HPLC chrematogram of the hydrophobic exudate frem
petri dish-grown IS 8768 sorghum contained sorgoleone I
and its dihydroquinone 2 [previously characterized (4)],
as well as five other components, A, 3, 4, 5, and 6 (Figure 1).
Four of these components (3, 4, 5, and 6) had UV-visible
spectra identical to that of sorgoleone I (Figure 2). Labile
component A, the only detectable nonquinonoid compound
present in the hydrophobic exudate, elutes from the HPLC
within the first 1.5 min (FFigure 1) and has an absorbance
peak around 482 nm. Though HPLC chromatograms of
exudate from soil-grown BR 64 sorghum were similar to
those of 1S 8768, only IS 8768 components were collected
for structural characterization.

Electron impact muass spectrometry of components 3,
4, and 5 showed very similar fragmentation patterus to that
of sorgoleone [ (Figure 3). The apparent moleculir jon (M*)
assignments for sorgoleone ! (m/z 358) and components 3
(m/z 360), 4 (m/z 386), and 5 (m/z 362) were supported
by chemical ionization mass spectrometry data in which
(M+H)* ions were the base peaks. As with sorgoleone I,
components 3, 4, and 5 had ions at m/z 167, 168, and 169
that represent a typical quinone (Q) fragmentation pattern
corresponding to Q% QH*, and QH,;*, respectively (Figure
3).

"H NMR spectra of these three minor components con-
firmed the presence of a methoxyl (53.9,s,3H), hydroxyi
(67.2,5,1H), and hydrogen (65.9,5,1H), which were nearly
identical chemical shift values for those same substituents
of sorgoleone I, indicating that these substituents on the
quinone ring have the same regiochemistry. A series of low
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Figure 1. HPLC separation ot hydrophobic exudate from root hairs
of petri dish-grown 1S 8768 sorghum. Chromatsgrams of soil-grown
BR 64 sorghum were similar, Components are sorgoleone-358 (1);
dihydroquinone of sorgoleone- 358 (2); sorgolcone- 360 (3); sorgoleone-
3‘86 (4): sorgoleonc-362 (5): benzoquinone 6: and a labile, component
1.
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Figure 2. Absorbance spectrum representative of sorgoleonc- 358,
sorgoleone- 360, sorgoleone- 386, sorgoleone-362, and benzoquinone
6 isolated from petri dish-grown IS 8768 sorghum.,
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molecular jon fragments 14 m/z units apart and the NMR
signals (61.2--1.4) containing multiple hvdrogens indicated
that the fourth substituent on the quinone ring of cach of
these minor components was a long aliphauc chain. From
the above data and high resolution mass spectrometry, it
was deduced that the aliphatic substituent on components
3. 4. and 5 consisted of two double bonds in 4 15-carbon
chain, three double bonds in 4 17-carbon chain, and one
double bond 1 a 15-carbon chain, respectively (Figure 49,
Since these compounds dpparenthy difter only shightly in

A 50
I 358
Uil |
360
B 504
C 50
386,

D 504 ' 362

200 300 400
M/Z

Frgure 3. Mass spectra of A) sorpoleone-358. B) sorgoleone- 3040,
C) sorgoleone-386, and D) sorgoleone- 362 isolated from petri dish-
grown IS 8768 sorghum.

0 100
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structure, we suggest that collectively they be called sorgo-
leones, and individually be identified on the basis of their
molecular weights (Figures 1 and 3).

The small amounts obtained of purified components A

and 6 precluded extensive chemical characterization of these
two components. However, from the mass spectrum of com-
ponent 6, major lons at m/z 133, 134, 135, and its UV spectra
(dentical with sorgoleones) suggest it to be a benzoquinone
and we have referred 1o 1t as “'benzoguinone 6",
Germination activity of exudate fractions. Stimulation of
witchweed gernination by the hydrophobic exudate, sorgo-
leanes (combined), and individual components from  petri
dish-grown IS 8708 sorghum scedhings was compared 1o
that of strigol. one of the most effective stumulants of witeh-
weed permination known (5) (Table 1), Wuh respect to
strigol. the hvdrophobie exudate also consists ot highly
cffective stmulants of witchweed germination. The degree
of efficacy tor the exudate fractons is a conservative value,
simee thew concentrations shown (rable 1) are not the actual
concentrations but represent theorctical 100% solvation of
the known amounts applied of the nearly water- insoluble
material. Scecondly, exudate fraction  concentrations  are
based upon the amount of inactive, stable quimones and
not that of aenve, unstable dihvdroquinones that are gen-
crally: present in amounts of one 1o two orders of magnitude
lower than the indicated concentration of the quinones,

HACO
3 0
OH
B OH
H4CO - T
OH

H,CO R
3 0

Figure 4. Structures of A) sorgoleone-358, B) dihydroquinone of
sorgoleone-358. and C) sorgoleone-360, R = 15-carbon chain with
two double bonds; sorgoleone- 386, R = 17-carbon chain with three
double bonds. sorgoleone-362, R = 15-carbon chain with one double
bond.
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Table 1. Efficacy of stimulation of witchweed germination by hydro-
phobic exudate, sorgoleones, and individual components from petri
dish-grown IS 8768 sorghum seedlings?

Table 2. Eftect of differing pH pretreatments of hydrophobic exudate
from petri dish-grown IS 8768 sorghum scedlings on the ability of
the exudate to stimulate the germination of witchweed?®.

b

Exudate fractions Amount Germination®
(ug/assay) (%)

Hydrophobic exudated 3.5 92 90 39 6
Sorgoleones (combined)® 3.5 63 0 0 0
Sorgoleone-358 35 52 0 0 0
Sorgoleone- 360 35 25 0 0 0
Sorgoleone- 386 35 25 0 0 0
Sorgoleone- 362 35 15 0 0 0
Benzoquinone 6 35 0 0 0 0
Component A 35 0 ce el
Strigol (pos. control) 0.35 100 100 84 5
H, O (neg. control) 0 0 0 0 0

a .
Values are an average of two experiments

qulucs are hased on theoretical 100% solvation and the amount
of stable quinones. The actual amounts of active principle (unstable
dihydroquinone) and wae actual amounts solubilized are much less
Lo onot known.

¢ . ;o .

Columns to the right of the first column of data represent three
100-fold serial dilutions from the nitial exudate fraction concen-
trations given.

d . S
Hydrophobic exudate i all components labeled in Figure 1.

(8 . N
Sorgoleones are quinones 1through 5 combined (Figure 1),

All of the individual sorgoleone fractions were active
as germmation stimulants of witchweed; presumably cach
contained a small amount of its corresponding dihydroquinone
form responsible for the stimulant actnaty. The combined
and individual sorgoleone fractions were much less active
than the hydrophobic exudate. When these solutions were
tested again for activity a week later, the hyvdrophobic exudate
retained its potency while the combined and individual SOTEO -
leone fractions generally Jost 60 1o 70% of their acuvity,
[t is hkely that these losses of activity were due to further
oxidation of the dihydroquinones to the inactive quinones.
It is not known why the dihydroquinones in the hvdrophobic
exudate remained much more active for longer period
of time than those same individual, purified components.
It may be that component .4 and/or benzoquinone 6 con-
tribute in some way to stabilizing the dihydroquinones of
the hydrophobic exudate. It is significant that purified benzo-
quinone 6 or component A were not active as germination
stimulants.

The application of nitrogen (@mmonia, urea) to the soil
is reported to diminish witchweed parasttization in infested
fields (13). Because this rreatment could elevate soil pH,
we investigated the effect of pH on the capacity of the hvdro-
phobic exudate from petri dish-grown 1S 8768 sorghum
to stimulate witchweed germination. When aliquots of root
exudate were stored for 6 davs at room temperature in solu-
tions ranging from pH 3.3 to 10.2, significant germination
activity was found only in the samples between pH 3.3 and
4.4 (Table 2). Therefore, the cultural practice of applying

444

Germinationb

Amount of Apparent pH

sorgoleones 33 34 44 48 54 66 76 80 96 10.2
(ng/assay) (“o)
1500 31 90 10 0 1 0 0 0 7 V]
15 0 0 2 0 0 0 0 0 4] 0

uliydrophobic cxudate (0.3 my sorgoleones) was dissolved in 11
ml methanol. To ten 1ol aliquots was added 100 pl of differing
mistures of 5 M acetic acid and S M tricthanola.nine, Apparent pH
wis deternuned by taking 100 ul of the methanolic solutions and
adding them 1o 3 ml H,0 and the pH determined with a pH meter,
Aliquots were taken to dryness and assaved as described in MATE -
RIALS and METHODS

h
Values are an averape of two experiments,

ash to the soil to diminish witchweed parasitism (13) may
be partially explainable at the germination level. Increased
soil pH might cause a more rapid oxidation of the dihvdr,-
quinone forms of sorgoleones to the inactuve quinones

Lack of haustoria initiation acrivity of sorgoleones. After
germination, witchweed and other root parasites require
a chennaal ignal o imnate development of the haustorium
(b4, 15,
host vascular tissue. Neither the hyvdrophobie exudate nor
the individual sorgoleones trom 1S 8768 or BR 04 sorghur
were consistently active as haustorial inducers of witchweed.

In roots of sorghum,  2,6-dimethoxy-p-benzoquinone
has been extracted and idenufied as a4 haustorical inducer
of witchweed (3). This and several other natural compounds
known to induce haustoria are not active as germination
stimulants (3, 16). These two separate signals, stimulation
of germination and initation of the haustorium, are trig-
gered by two separate groups of compounds in sorghum.
Distribution and quantity of sorgolecones in zxudates. For
petrt dish-grown sorghum  cultivars studied (1S 8768, 1S
0469, Danar, P 967083), we found the amount of exudate
ranged from 1.5 to 2% of the dry weight of the roots. There
15 little accumulation of sorgolecnes in the roots. Less than

To). This organ auaches and penetrates o the

10% of the amount collected as exudate can be recovered
from homogenates of the same roots,

Using the procedure for sorghum, no sorgoleonss have
heen detected from roots of foxcail millet (Pennisetun ameri-
camwn 1), corn (Zea mays L. ‘Pioneer L3369"), white and
red winter wheat (Triticum aestivion L), barley (Ilordeum
vidgare L. *Canadian bonanza’), cr from commercial varieties
of munghean (Phaseolus aureus 1) or rye (Secale cereale
I..).

Soil-grown plant studies. Sorghum grown in petri dishes
optimizes visualization of the release of these compounds
(9. 1t is important to establish their presence also in soil-
grown sorghum. To be sure that the production of the

Volume 36, Iscue 4 (July), 1988
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quinone-rich exudate was not an artifact of petri dish-grown
seedlings, we tested for these comprunds from both BR 64
sorghum and Agj; corn plants grown in a greenhouse in
identical potting soils as described in MATERIALS and
METHODS. Soil containing sorghum roots yielded 160 1o
230 mg (cquivalent to 107 1o 107 mol/L in the soil) of
sorgoleones, but soil containing corn roots vielded none.
Alternatively, after the sorghum or corn roots had been
aarefully removed, CH,Cly extraction of the soil also yielded
significant quantities of sorgoleones (again only from soil
i which sorghum had grown), which were strongly active
as germunation stimulants
for witchweed, sorgoleones were not present in the extract,
nor was there any activity m the extract. Its probable that
the gernunation stmulant(s) of corn are much more labile

Though corn is a natural host

under the conditions used here

Our data andicate that the hydrophobic compounds of
sorghum migrate trom the root surtace into the son. The
extent of the mugration, the stabiliiy of the compounds
in soil, and therr interacuons with microorganisms s un-
known. The rapid conversion from the active germination
stimutant to the mactive quinone, along with s hydrophobic
character, results i hmited soil mobihty and provides a
restnicted
istics are adeal as 1 host signal for witchweed gernination,
This
epportunties tor host attachment,
Physiological
from petri dish-grown 1S 8708 sorghum, a apphied amounts

rhizosphere promotion zone These character-

stratepy conserves witchweed  seeds and optinnzes

roles of sorgoleones. Hydrophobie exudate
ot 1 omg of sorgoleones peter dish under unbutfered con-
dions. severely inhibited root clongation ot fettuce (Lactuca
sativa Lo "Great Lahes’s seedlings by 8o%, and seedling fresh
weght decreased by 43% compared 1o controls (Table 3.
However, at amounts of 4 pg/petrn dish there was a slight
mncrease in root clongation of lettuee at pH 7.5 and no sig-
niftcant ditferences at pH 53 (Table ) At pH 7.5, the same
amount ot sorgoicones inhibited redroot pigweed  (Ama-
ranthus retroflexus 1= AMARF) root elongation by 06Y%
(Table 4). Neither IS 8708 sorghum, tall morningglory
{pomoca purpurca (1) Roth = PHBPU], nor velvedeaf
(Abutlon theophrast Medic. = ABUTH) were affected by

Table 3. Ltfects of sorpoleones and other naturally occurring com-
pounds trom sorghum on lettuce seedling germination and growth®.

Seed Root Scedling

Compound Amount germination length fresh wt
ting/dish) (%) (mm) (mg)
None (control) 0 97 14 14
Sorgoicones 1 99 2 8
Apforol 1 929 13 13
Lutcoforol 1 98 14 13
Apigeninidin 0.1 97 12 16
Lutcolinidin 0.1 98 11 15

il . . .
Pwenty lettuce seeds were placed in cach petri dish and assaved
as described i MATERIALS and METHODS. Values represent an
average of two experiments.

Volume 30, lssue 4 (July), 1988

sorgolcones under our test conditions. Both coneentration
and pH are important factors in determing the severity of
herbicidal activity  In addition, sorgoleones appear to be
selective rather than broad range in their effects.

Sorgoleones are also active as contact allergens. Approxi-
mately 500 ug of nydrophobic exndate dissolved in methanol
was appl.ed to the forearm of two human subjects resulting
in an itchy rash which persisted for several days. Sorgoleones
are similar in both their effeets and their scructures to the
urushiols, the principle allergens in poison vy (18). We sug-
gest that sorgoleones normally function as allelochemicals
inhibiting the growth of certain plant competitors of sor-
ghum (10). Witchweed has apparently adapted 1o utilize
these “defense™ compounds of sorghum as host recogni-
tion cues tor successful germination.

Dihydroquinone forms of sorgolcones are the ficst com-
pounds th.t have been idenufied as germination stimulants
from roots of a witchweed host. Strigol is a potent stimu-
lant previously isolated from cotton, a nonhost for witch
weed (5). Its structure is quite ditferent from that of sorgo-
leones. Both sorghum and corn roots are also known to
exude water-soluble germination sumulants (17, 19, 20),
but no structures have been identified.

Attemps have been made o promote suicidal germina-
ton of witchweed using trap crops and ethvlene, but these
approaches have not proven to be effective in third world
countries where the effects of witchweed are particularly
devastaung (12). The dihydroquinone forms of sorgoleones
provide 1 new molecular model, simple in structure, that
acuively promotes germination of this parasitic weed. Only
their solubility and swbility appear o limut their applica-
tion as control chemicals. Future research is required to

Table 1. Effect of sorgoleones on the growth of lettuce, sorghum,
tall morningglory, pigweed, and velvetleafd,

l.cngthb

Amount of Routy Shoots
Plant sorgoleones pH 5.5 pH 7.5 pHS5 pH7.S5
(ug/dish) (mm)
Lettuce 4 13+ 03 14%: 3 12+¢3 6*+ 2
0 14+ 3 10 « 2 14413 + 3
Sorghum 4 38+ 7 34 + 8B 7:3 8 :+ 2
0 4213 37 + 8B 102 6 ¢ 1
Tall morningglory + 41+ 12 42 16 28:825 + 9
0 49 ¢ 15 50 +£15 33:826 +12
Redroot pigweed 4 13+ 6 6% 2 64 4 + 2
0 18 5 18 + 5 7:4 7 + 6
Velvetleaf 4 Jo:11 30 ¢+ 5 14:614 + 4
0 S 36 + 5 15 + 2

YTen seeds were placed in cach petri dish and assayed as described
i MATERIALS and METHODS. Values are an average of three ex-
periments.

b:\stcrisk (*) conotes significant differences between treatments
(4 pg/petri dish) and controls (0 gg/petri dish) at P<0.01 based on
Student’s t-test.
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determine if chese characteristics can be improved while
retaining  promotion of germination. The relatively simple
structure of these sorgoleones compared o strigol (5) sug-
gests 1t may be possible 1o cconomically svnthesize mare
stable, yet active analogues to be used as “suicidal” gerni-
nation stimulants for the eventua' eradicanon of the weed

(6).
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