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The seeds of parasitic plants of the genera Striga and Orobanche will only germinate after induction by a chemical signal
exuded from the roots of their host. Up to now, several of these germination stimulants have been isolated and identified in the
root exudates of a series of host plants of both Orobanche and Striga spp. In most cases, the compounds were shown to be
isoprenoid and belong to one chemical class, collectively called the strigolactones, and suggested by many authors to be
sesquiterpene lactones. However, this classification was never proven; hence, the biosynthetic pathways of the germination
stimulants are unknown. We have used carotenoid mutants of maize (Zea mays) and inhibitors of isoprenoid pathways on
maize, cowpea (Vigna unguiculata), and sorghum (Sorghum bicolor) and assessed the effects on the root exudate-induced
germination of Striga hermonthica and Orobanche crenata. Here, we show that for these three host and two parasitic plant species,
the strigolactone germination stimulants are derived from the carotenoid pathway. Furthermore, we hypothesize how the
germination stimulants are formed. We also discuss this finding as an explanation for some phenomena that have been
observed for the host-parasitic plant interaction, such as the effect of mycorrhiza on S. hermonthica infestation.

Parasitic weeds are a serious problem in agriculture,
causing large crop losses in many parts of the world.
Orobanche spp. (broomrapes; Orobanchaceae) are holo-
parasites and acquire all nutrients and water from
their host through a root connection. The Striga spp.
(witchweeds; Orobanchaceae) are hemiparasites but,
although they have chlorophyll and a basal photosyn-
thetic activity, basically also behave as holoparasites
(Parker and Riches, 1993). Crops infected by witch-
weeds and broomrapes can be heavily damaged even
before the parasites emerge above the soil. Striga spp.
parasitize mainly tropical cereal crops, such as maize

(Zea mays), sorghum (Sorghum bicolor), pearl millet
(Pennisetum glaucum), and upland rice (Oryza sativa)
(Striga hermonthica and Striga asiatica), but also cowpea
(Vigna unguiculata; Striga gesnerioides; Press et al., 2001).
Orobanche spp. parasitize more-temperate climate
crops, such as sunflower (Helianthus annuus;Orobanche
cumana), tomato (Lycopersicon esculentum), potato
(Solanum tuberosum), tobacco (Nicotiana tabacum), rape-
seed (Brassica napus) (Orobanche ramosa), and legumes
(Orobanche crenata and Orobanche aegyptiaca).

The life cycles of Striga and Orobanche spp. are very
similar, and a number of mechanisms ensure the
coordination of the parasites’ life cycles to that of their
host (Bouwmeester et al., 2003). The important steps in
the life cycle are germination, radicle growth to the
host root, haustorium formation and attachment to
the host root, the successful establishment of a xylem
connection and compatible interaction, and produc-
tion of seeds. The interaction between host and para-
site begins with the secretion of secondary metabolites
from the roots of the host (and some false nonhosts)
that induce the germination of the parasite seeds. The
seeds of Orobanche and Striga spp. contain only little
reserves, and they can survive for a few days only after
germination unless they reach a host root and a xylem
connection is established.

For Striga spp. several germination stimulants have
been identified in the root exudates of host and non-
host plants. Most of these are collectively described as
the strigolactones (Fig. 1). Strigol was the first Striga
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germination stimulant to be identified in the false host
cotton (Gossypium hirsutum; Cook et al., 1972) and later
also in maize (Siame et al., 1993), sorghum (Hauck
et al., 1992; Siame et al., 1993), and millet (Siame et al.,
1993). Sorgolactone is another member of the family
and was identified in sorghum (Hauck et al., 1992).
Some germination stimulant(s) also have been identi-
fied for the Orobanche spp., and these also belong to the
strigolactones. Alectrol, orobanchol, and a third un-
identified compound were isolated from the root exu-
date of red clover (Trifolium pretense; Yokota et al., 1998)
and induced germination of O. minor. Interestingly,
alectrol is also a germination stimulant produced by
cowpea and induces the germination of S. gesnerioides

(Muller et al., 1992). Recently, the isolation of strigol-like
germination stimulants of O. minor from the root
exudates of tomato was reported (Yoneyama et al.,
2004). Although so far there is no proof for this, it has
also been postulated that germination stimulant con-
centration gradient may be responsible for the direction
of radicle growth toward the root (Dube and Olivier,
2001).

The induction of germination of parasitic plants by
germination stimulants has been studied by many
groups as a possible target for control measures. For
example, Zwanenburg and coworkers worked on the
development of synthetic germination stimulants to
induce suicidal germination under field conditions
(Wigchert and Zwanenburg, 1999; Mwakaboko, 2003).
Ejeta and coworkers selected sorghum lines with
reduced induction of germination (Mohamed et al.,
2001). Also, the wide use of trap crops, used in
monoculture or in intercropping, and catch crops is
a control measure partly based on the (suicidal) in-
duction of germination (Chittapur et al., 2001).

Although the germination stimulants so far identi-
fied were isolated from a wide variety of (host) crops
and induce germination of a range of parasitic plant
species, the compounds themselves are strikingly
similar and are obviously derived from the same bio-
synthetic pathway (Bouwmeester et al., 2003). The
strigolactones have been described as sesquiterpene
lactones by many authors (Butler, 1995; Yokota et al.,
1998). However, the structures also bear similarities to
higher terpenoids/isoprenoids and may be derived
from them (Bouwmeester et al., 2003).

Isoprenoids have a carbon skeleton that is composed
of C5-isoprene units (Fig. 2). They are subdivided into

Figure 1. Structure of identified strigolactone germination stimulants.
A, (1)-Strigol; B, orobanchol; C, sorgolactone; D, synthetic germina-
tion stimulant GR24.

Figure 2. Isoprenoid biosynthetic pathway in
higher plants redrawn from Lichtenthaler
(1999). GA-3P, D-glyceraldehyde-3-P; MEP, 2-C-
methyl-D-erythritol 4-P; IPP, isopentenyl diphos-
phate; DMAPP, dimethylallyl diphosphate; GPP,
geranyl diphosphate; FPP, farnesyl diphosphate;
GGPP, geranylgeranyl diphosphate.
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groups based on their carbon number, e.g. the 10-carbon
monoterpenes, 15-carbon sesquiterpenes, 20-carbon
diterpenes, 25-carbon sesterterpenes, 30-carbon triter-
penes, 40-carbon tetraterpenes, and C5n polyterpenes
(Fig. 2). Isoprenoids are biosynthesized from isopen-
tenyl diphosphate and the isomeric dimethylallyl
diphosphate via two independent pathways: the cyto-
solic mevalonic acid (MVA) pathway and the plastidic,
nonmevalonate, methylerythritol phosphate pathway
(Fig. 2). The plastidic methylerythritol phosphate
pathway produces isopentenyl diphosphate (IPP)
and dimethylallyl diphosphate for the biosynthesis
of monoterpenes, diterpenes, carotenoids, the plant
hormones gibberellin and abscisic acid, and the side
chains of chlorophylls, plastoquinones, and phyllo-
quinones. The cytosolic MVA pathway generates the
precursors for sesquiterpenes, sterols, and triterpenes.
Although there is a clear subcellular separation be-
tween the two precursor pathways, there is more and
more evidence that some exchange of common pre-
cursors, such as IPP, occurs between the two compart-
ments (Laule et al., 2003; Fig. 2).

If the strigolactones are sesquiterpenes, then they
must be derived from farnesyl diphosphate (de Kraker
et al., 1998). However, there is also some structural
resemblance between the strigolactones and abscisic
acid and other compounds, which are derived from
the carotenoid pathway (Parry and Horgan, 1992; Tan
et al., 1997; Figs. 1 and 3). In the latter case, the ger-
mination stimulants would be derived from the plas-
tidic isoprenoid pathway (Fig. 2). Because of the
extremely low concentrations of germination stimu-
lants produced by hosts (in the order of 1027 to 10215

M;

Joel, 2000), analytical techniques such as the use of
stable-isotope-labeled precursors to decide on the bio-
synthetic origin are not sensitive enough. For example,
despite the use of modern technologies, detection and
quantification of orobanchol in the root exudate of
red clover seedlings using liquid chromatrography-
tandem mass spectrometry still required 400 seedlings
(Sato et al., 2003). Here, we describe the use of mutants
and isoprenoid pathway inhibitors in maize, cowpea,
and sorghum and the use of a germination bioassay
with S. hermonthica and O. crenata seeds to analyze
germination stimulant formation on single plants. We
can now report on the biosynthetic origin of the
strigolactone germination stimulants of Striga and
Orobanche spp. in the roots of a number of their hosts.

RESULTS

To assess the involvement of the isoprenoid bio-
synthetic pathways, we investigated the induction of
S. hermonthica seed germination by root exudates of
seedlings treated with inhibitors and of a series of
maize mutants. Root exudates of control maize seed-
lings always induced germination of preconditioned
S. hermonthica seeds regardless of lines and cultivars
used.Water alone did not induce any germination of S.
hermonthica seeds.

Inhibitors of the Isoprenoid Pathway

Mevastatin, an inhibitor of 3-hydroxy-3-methylglu-
taryl CoA reductase, catalyzing the formation of MVA
from 3-hydroxy-3-methylglutaryl, was used to reduce
cytosolic isoprenoid formation (Fig. 2). Fosmidomycin,
blocking 1-deoxy-D-xylulose 5-phosphate reductoisom-
erase, was used to inhibit plastidic isoprenoid forma-
tion, and fluridone was used to block carotenoid
formation in the plastids (Fig. 2). Inhibitors were
applied from 3 d after germination when the root
length was about 3 to 5 cm. Exudates from individual
control plants of inbred line W22 (Fig. 4A) induced
a high and reproducible germination score (42%6 2%;
Fig. 5A). Mevastatin did not affect the morphology or
appearance of the plants in contrast to fosmidomycin,
which induced slightly pale-yellow leaves (Fig. 4, B
and D). Mevastatin and fosmidomycin slightly but
nonsignificantly reduced maize root exudate-induced
S. hermonthica germination (37% 6 2% for fosmido-
mycin and 33% 6 3% for mevastatin-treated plants
compared with the control; Fig. 5A). Leaves of maize
seedlings grown in the presence of the carotenoid
inhibitor fluridone were white with green tips (Fig.
4C), showing the proportion of newly formed tissue
that was affected by fluridone treatment. Germination
induced by the root exudates of fluridone-treated
maize was about 80% lower than for control maize
(Fig. 5A). Fluridone specifically inhibits the second
dedicated enzyme in the carotenoid pathway, phy-
toene desaturase (Li et al., 1996; Fig. 3). The highly
reduced root exudate-induced germination of S. her-
monthica by fluridone-treated plants strongly suggests
that the germination stimulant produced by maize is
derived from the carotenoid pathway.

Germination of S. hermonthica is also induced by
cowpea root exudates, and a strigolactone germination
stimulant of S. gesnerioides, alectrol, has been identified
in cowpea root exudates (Muller et al., 1992). There-
fore, we assayed the effect of fluridone also on cowpea.
The root exudates of nontreated cowpea induced 49%6
1.5% germination of S. hermonthica seeds compared
with 11% 6 3% by fluridone-treated cowpea root
exudates (Fig. 5E). To exclude the possibility that
fluridone treatment leads to the formation of inhibitors
of germination (rather than a lower production of the
germination stimulant), the root exudates of fluridone-
treated cowpea were also assessed in combination
with suboptimal concentrations of the synthetic ger-
mination stimulant GR24. The resulting germination
of S. hermonthica induced by fluridone-treated cowpea
root exudates with GR24 was slightly higher (53% 6
2.5%) than germination induced by GR24 alone (48%6
1%; Fig. 5E). These results show that the germination
stimulant exuded from the roots of cowpea is also
derived from the carotenoid pathway and that lower
germination induced by fluridone-treated root exu-
dates is caused by a lower concentration of germina-
tion stimulants in the root exudate and not by the
production of inhibitors in fluridone-treated plants. In
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addition to S. hermonthica, cowpea root exudates also
induced the germination of seeds of O. crenata (Fig.
5F). Just like for S. hermonthica, germination of O.
crenata seeds with fluridone-treated cowpea root exu-
date was lower than that induced by the control (Fig.

5F), showing that also for O. crenata the germination
stimulant(s) in cowpea root exudate is (are) carotenoid
derived.

Fig. 4C shows that fluridone, through the inhibition
of carotenoid formation in the leaves, also caused

Figure 3. Carotenoid and abscisic acid biosynthetic pathway in maize. Intermediates that are not shown are in brackets.
Carotenoid maize mutants (italics) and inhibitors (underlined) at different steps in the pathway that are described in this article
are indicated (*). IPP, Isopentenyl diphosphate; MEP, 2-C-methyl-D-erythritol 4-P. Redrawn from Cunningham and Gantt
(1998), Hirschberg (2001), and Seo and Koshiba (2002).
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photodestruction of the chlorophyll. Therefore, in the
next experiment, maize seedlings were grown under
dim light in order to prevent photodestruction of
chlorophyll while carotenoid biosynthesis was inhib-
ited. Figure 4, E to H, shows the phenotypes of Dent
seedlings grown for 9 d under normal and low light
without and with fluridone treatment. Control plants
grown under normal light were green, and root ex-
udates induced germination of S. hermonthica seeds
(13% 6 1%; Fig. 5B). Fluridone-treated plants exhibi-
ted the typical white phenotype and induced virtually

no germination. Control seedlings grown under dim
light were pale green but they induced similar germi-
nation of S. hermonthica seeds as control seedlings
grown under normal light conditions. Under dim light
conditions, fluridone-treated seedlings did not show
the typical bleaching visible under normal light but
exhibited a pale-green phenotype similar to control
seedlings under dim light (Fig. 4, F and H). Neverthe-
less, germination of S. hermonthica seeds induced
by root exudates of fluridone-treated seedlings was
also negligible (Fig. 5B). This demonstrates that the

Figure 4. Phenotypes of inhibitor-treated
maize seedlings and phenotypes of carot-
enoid maize mutant seedlings. Inbred
W22: nontreated control (A), 100 mM

fosmidomycin (B), 25 mM fluridone (C),
and 10 mM mevastatin (D). Inbred Dent:
nontreated control (E), 10 mM fluridone (F),
nontreated control grown under dim light
(G), 10 mM fluridone grown under dim
light (H), inbred Dent nontreated control
grown at 21�C (I), 200 mM amitrole grown
at 21�C (J), 0.1 mM naproxen (K), 1 mM

naproxen (L), 0.1 mM sodium tungstate
(M), 1 mM sodium tungstate (N), 0.02 mM

abscisic acid (O), and 0.02 mM abscisic
acid 1 10 mM fluridone (P). Carotenoid
mutants cl1 (Q), lw1 (R), y10 (S), al1y3 (T),
vp5 (U), y9 (V), and vp14 (W).
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Figure 5. Germination of S. hermonthica seeds induced by root exudates of maize (W22 or Dent, as indicated in the graphs;
A–D), cowpea (E and F), and sorghum (G) as affected by treatment of the host seedlingswith (A) 100mM fosmidomycin (Fos), 25mM

fluridone (Flu), and 10 mM mevastatin (Me) compared with untreated control (C). B, 10 mM Fluridone (Flu) applied to plants
growing under normal light (Flu) and dim light (FluD) compared with their respective untreated controls (C and CD). C, 200 mM

Amitrole (Ami) compared with untreated control (C). Seedlings were grown at 21�C. D, Untreated control (C), 10 mM fluridone
(Flu), 0.1 mM naproxen (0.1 N), 1 mM naproxen (1 N), 0.1 mM sodium tungstate (0.1 ST), 1 mM sodium tungstate (1mM ST), 0.02mM

abscisic acid and 10 mM fluridone (0.02 ABA Flu), 0.02 mM abscisic acid (0.02 ABA), 0.2 mM abscisic acid and 10 mM fluridone
(0.2 ABA Flu), and 0.2 mM abscisic acid (0.2 ABA). E, 10 mM Fluridone and nontreated control (C), 10 mM fluridone (Flu), and root
exudate of fluridone-treated seedlings combined with 0.01 mg/L GR24 (Flu GR 0.01) compared with 0.01 and 0.1 mg/L GR24
alone (GR 0.01 and GR 0.1). F, 10 mM Fluridone (Flu) onO. crenata germination compared with nontreated control (C). G, 4 mM

Fluridone (Flu) compared with nontreated control (C). Within each experiment, the concentrations of root exudates were
equalized, by dilution, for differences in root fresh weight. Data represent average germination 6 standard error of 8 to 10
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degradation/absence of chlorophyll itself is not caus-
ing the reduced germination induced by root exudates
of maize in which carotenoid formation is disturbed.
Finally, an additional possibility to discriminate be-
tween the direct effect of the absence of carotenoids
and the indirect effect through destruction of chloro-
phyll is the use of a chlorophyll mutant. The maize
mutant chlorophyll1 (cl1; 311AA) exhibits an albino
phenotype (Fig. 4Q) and was first described by Everett
(see Robertson et al., 1966) to be a chlorophyll mutant.
Later, Robertson et al. (1966) described a group of cl1
mutants as mutants that are impaired in both chloro-
phyll and carotenoid formation to different levels
depending on a clm (gene modifier; Robertson et al.,
1966). Therefore, we analyzed both the induction of
germination by the cl1 311AA mutant as well as its
carotenoid content. Mutant phenotype siblings con-
tained strongly reduced carotenoid levels in the shoots
(Table I). In the roots, only violaxanthin was detect-
able, and there was no difference in the concentration
of this compound between wild-type and mutant
phenotype siblings (Table I). The root exudate of cl1
311AA seedlings induced normal germination, com-
parable to the wild-type phenotype seedlings (Fig. 6B).

An additional interesting inhibitor of carotenoid
biosynthesis is the bleaching herbicide amitrole that
inhibits carotenoid biosynthesis by blocking lycopene
cyclase in maize seedlings (Fig. 3; Dalla Vecchia et al.,
2001). Amitrole-treated inbred Dent plants had a
yellow-green phenotype (Fig. 4J). Root exudates of
amitrole-treated seedlings induced lower germination
of S. hermonthica seeds than control seedlings (Fig. 5C).

Mutants in Carotenoid/Abscisic Acid Biosynthesis

To further investigate the germination stimulant
biosynthetic pathway, we tested several other maize
carotenoid mutants and inhibitors for their effect on
induction of S. hermonthica seed germination (Fig. 3).
From the Maize Genetic COOP Stock Center we ob-
tained a number of mutants that are characterized by a
change in the accumulation of carotenoids, depending
on the step in the biosynthetic pathway that is affected
by the mutation. Some of the mutants we could obtain
only had a limited viability, and in some cases this re-
stricted our experiments.

The mutation causing the reduced carotenoid level
in the lemon white1 (lw1) carotenoid mutant is not
defined yet. Seedlings of lw1 exhibit an albino pheno-
type (Fig. 4R). Root exudates collected from lw1 albino
seedlings induced significantly lower germination of
S. hermonthica in comparison to corresponding seed-
lings with nonmutant phenotype (Fig. 7).

Carotenoid mutant y10 is characterized by a pale-
yellow endosperm color and albino seedlings (Fig. 4S)
Although the exact position of the mutation in the
carotenoid pathway has not been clarified, the defect
in the y10 mutant is supposed to affect a step in the
isoprenoid pathway preceding the biosynthesis of
geranylgeranyl diphosphate (Fig. 3), which results
in a reduced content of carotenoids in the endosperm
and carotenoids and chlorophylls in the leaves of the
mutant seedlings (Janick-Buckner et al., 1999). Root
exudates of y10 mutant seedlings induced a signifi-
cantly lower germination than wild-type sibling plants
(Figs. 6 and 7).

The al1y3 mutant (variation of al1 albescent plant 1)
seedlings have a white to pale-green phenotype (Fig.
4T). According to Wurtzel (2004), it is unclear which
gene is affected, but the root exudates of mutant al1y3
seedlings induced lower germination of S. hermonthica
seeds than the sibling seedlings from a segregating ear
that exhibit a nonmutant phenotype (Fig. 7). Caroten-
oid analysis showed 10-fold lower concentration of all
detected carotenoids in the shoots of mutant seedlings
than in seedlings with nonmutant phenotype (Table I).
Since lutein content also is strongly reduced in the
mutant phenotype, it is highly likely that al1y3 is
indeed amutant associated with phytoene synthase. In
roots, carotenoids were all below the detection level.

Mutant viviparous5 (vp5) is known to be associated
with phytoene C-12,13 desaturation, the same step that
is blocked by fluridone (Fig. 3), which causes an
accumulation of phytoene (Li et al., 1996). vp5 mutant
seedlings are white (Fig. 4U), and root-exudates-
induced S. hermonthica germination was much lower
than for wild-type seedlings (Fig. 7).

Mutant pale yellow9 (y9) exhibits a slightly pale-
green phenotype (Fig. 4V). y9 is associated with the
conversion of z-carotene to lycopene in the maize
endosperm (Fig. 3). Chlorophyll and carotenoids
could still be detected in pale-green leaves of homo-
zygous y9 plants, albeit in reduced amounts (Janick-
Buckner et al., 2001). Although y9 mutant seedlings
also induced significantly lower germination of S.
hermonthica seeds than seedlings with nonmutant
phenotype, germination was higher than for the albino
mutants, lw1, y10, and vp5, described above showing
that the mutation in y9 indeed is not 100% effective
(Fig. 7).

Finally, maize mutant vp14-2274 was assessed. vp14
is a mutation in 9-cis-epoxycarotenoid dioxygenase
(NCED), an important step in the abscisic acid bio-
synthetic pathway (Scwartz et al., 1997; Fig. 3). The
mutation is slightly leaky. vp14 does not have an albino
phenotype, suggesting that carotenoid formation is

Figure 5. (Continued.)
individual plants and two or three disks (indicated in each diagram by 8/3, etc.), with about 50 S. hermonthica seeds each per
plant. Statistical analysis showed significant difference (P , 0.05) for all treatments, except the treatments with 100 mM

fosmidomycin,10 mM mevastatin, and 0.1 mM naproxen.
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not affected by the mutation (Fig. 4W). Nevertheless,
the mutant induced lower germination than the con-
trol (P 5 0.09; Fig. 7).
It is unlikely that with all inhibitors and carotenoid

mutants we have assayed secretion of the germination
stimulants, rather than their production, is decreased.
However, to exclude this possibility, we analyzed root
extracts,madewith several organic solvents, of fluridone-
treated and nontreated (control) maize plants for in-
duction of S. hermonthica germination. The effect of the
solvents and their toxicity on S. hermonthica seeds in
combination with GR24 were tested as well. Extracts of
fluridone-treated roots also induced significantly
lower germination than extracts of nontreated roots
(data not shown).

Involvement of Abscisic Acid

To assess whether abscisic acid is perhaps a pre-
cursor of the germination stimulants, maize seedlings
were grown in the absence or presence of fluridone
in combination with 0.02 or 0.2 mM (6)-abscisic acid.
The roots of abscisic-acid-treated plants were slightly
thicker and more brittle than in nontreated seedlings,
and the shoots were green (Fig. 4O). Independent of
the presence of fluridone, plants supplied with absci-
sic acid induced very low germination of S. hermonth-
ica (Fig. 5D). Subsequently, the effects of naproxen,
a putative inhibitor of NCED (Lee and Milborrow,
1997), and sodium tungstate, an inhibitor blocking
oxidation of the C-1 aldehyde group of xanthoxin (Lee

and Milborrow, 1997), were assessed (Fig. 3). Plants
treated with naproxen had a normal green phenotype
with slight inhibition of root growth at the highest
concentration (Fig. 4, K and L). Naproxen reduced
germination of S. hermonthica seeds to 20% 6 1%
(0.1 mM) or 15% 6 1.5% (1 mM), which represents a
44% reduction comparedwith nontreated plants (27%6
1.5%; Fig. 5D). Sodium tungstate used in concentra-
tions of 0.1 and 1 mM (Fig. 4, M and N) did not affect
germination (Fig. 5D), even though 1mM sodium tung-
state did affect maize root morphology. Roots were
much shorter, thicker, and more fragile than in control
seedlings.

To exclude a possible direct effect of abscisic acid on
germination, we did two germination bioassays. In the
first bioassay, we tested root exudates of abscisic-acid-
treated plants in combination with a suboptimal con-
centration of GR24. In the second experiment, we
applied abscisic acid (in the same concentration as
used for maize treatment) in combination with a sub-
optimal concentration of GR24. In both cases, germi-
nation of S. hermonthica as induced by GR24 was not
reduced, which shows that there is no direct effect of
this abscisic acid concentration on germination of
S. hermonthica seeds.

Carotenoid Analysis

Plants treatedwith fluridone, naproxen, sodium tung-
state, and abscisic acid were analyzed for caroten-
oid contents of roots and shoots. In fluridone-treated

Table I. Carotenoid composition of shoots and roots of 10-d-old maize seedlings treated with inhibitors of
abscisic acid biosynthesis or abscisic acid itself and carotenoid mutants al1y3 and cl1 311AA

Carotenoid content in mg�g21 fresh weight shoot/root. n.d., Not detected.

Neoxanthin Violaxanthin Lutein b-Carotene

Shoots
Control 153.40 72.65 88.56 65.51
10 mM Fluridone n.d. n.d. n.d. n.d.
1 mM Naproxen 111.81 52.08 68.58 47.56
0.1 mM Sodium tungstate 147.58 72.19 83.94 64.29
0.02 mM Abscisic acid 115.29 50.84 73.01 47.35

Roots
Control n.d. 0.11 n.d. 0.02
10 mM Fluridone n.d. n.d. n.d. n.d.
1 mM Naproxen n.d. 0.29 n.d. 0.04
0.1 mM Sodium tungstate n.d. 0.22 n.d. 0.03
0.02 mM Abscisic acid n.d. 0.07 n.d. 0.01

Carotenoid mutants
Shoots
al1y3 32.43 31.06 55.72 46.47
Mutant al1y3 2.64 3.15 6.17 4.68
cl1 311AA 28.06 26.77 50.95 36.44
Mutant cl1 311AA n.d. 1.14 1.08 n.d.

Roots
al1y3 n.d. n.d. n.d. n.d.
Mutant al1y3 n.d. n.d. n.d. n.d.
cl1 311AA n.d. 0.07 n.d. 0.01
Mutant cl1 311AA n.d. 0.08 n.d. 0.01
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roots, phytoene accumulated but other carotenoids
could not be detected (Table I). In naproxen-treated
roots, the concentration of violaxanthin was about
3-fold and of b-carotene 2-fold higher than in con-
trol roots (Table I). In sodium tungstate-treated roots,
the amount of violaxanthin was 2-fold higher than
in control plants. In contrast, in abscisic-acid-treated
roots, violaxanthin and b-carotene concentrations
were 37% and 50% lower than in control roots, re-
spectively.

Also, in the shoot of fluridone-treated plants, phy-
toene accumulated, but other carotenoids were be-
low detection level (Table I). Sodium tungstate did
not affect carotenoid accumulation in shoots. Both
naproxen and abscisic acid decreased accumulation
of b-carotene, violaxanthin, neoxanthin, and lutein
(Table I).

DISCUSSION

Biosynthetic Origin of Strigolactone
Germination Stimulants

Our results demonstrate that the germination stimu-
lants of S. hermonthica present in the root exudates of
maize, cowpea, and sorghum are derived from the
carotenoid biosynthetic pathway, and this also holds
for the germination stimulant(s) of O. crenata in the
root exudate of cowpea. For these three host species,
maize, cowpea, and sorghum, the germination stimu-
lants have been isolated and identified to be strigolac-
tones, viz strigol, alectrol, and sorgolactone (Fig. 1;
Hauck et al., 1992; Muller et al., 1992; Siame et al.,
1993). Our results with O. crenata suggest that this
species also responds to a strigolactone germination
stimulant. O. crenata is not a parasite of cowpea but

Figure 6. A, Phenotypes of mutant y10 seedlings (white) and corresponding wild-type siblings (gray) and germination of
S. hermonthica induced by the root exudates of these seedlings. B, Phenotypes of mutant cl1 311AA seedlings (M; white) and
corresponding wild-type siblings (N; gray) and germination of S. hermonthica induced by root exudates of these seedlings.

Figure 7. Average germination of S.
hermonthica induced by root exudates
of maizemutants lw1, y10, al1y3, vp5,
y9, cl1 311AA, and vp14 and their
corresponding wild-type siblings (the
number of seedlings used for each bio-
assay is indicated). Statistical analysis
showed that lw1, y10, al1y3, vp5, and
y9 mutant phenotype induced signifi-
cantly lower (P , 0.05) germination
than the corresponding nonmutant
phenotype seedlings. The difference
in germination induced by the vp14
mutant was not significant (P5 0.09).
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parasitizes legumes in more-temperate climates such
as North Africa and Spain. The germination stimu-
lant(s) of O. crenata has not been identified yet. Root
exudates of cowpea readily induced germination of
O. crenata, and fluridone treatment decreased this ger-
mination by about the same percentage as for S. her-
monthica. This makes it likely that the germination
stimulants of Orobanche spp. that parasitize legumes
in temperate regions of the world are also strigolac-
tones and are hence also derived from the carotenoid
pathway. This hypothesis is supported by the detec-
tion of orobanchol, alectrol, and a third unidentified
strigolactone in the legume red clover (Yokota et al.,
1998) and alectrol in cowpea (Muller et al., 1992).
The fact that we demonstrated the carotenoid origin

of the germination stimulants for two parasitic plant
species and three monocotyledonous and dicotyle-
donous hosts and the (tentative) identification of
strigolactones in the root exudates of other plant
species, such as red clover and tomato (Yokota et al.,
1998; Yoneyama et al., 2004), suggest that carotenoid-
derived germination stimulant formation occurs
throughout the plant kingdom. The finding that sor-
ghum root-exudate-induced S. hermonthica germina-
tion is completely blocked by fluridone sheds an
interesting light on the discussion about the true
nature of the sorghum germination stimulant. Lynn
and coworkers have claimed that the nonstrigolactone
sorgoleone is the natural sorghum germination stim-
ulant (Keyes et al., 2001), but our results make it very
likely that the natural sorghum germination stimulant
is sorgolactone.
The germination stimulants are produced in ex-

tremely low concentrations, which causes large diffi-
culties for an analytical approach to discover the
biosynthetic origin of the germination stimulants.
Due to the high sensitivity of parasitic plant seeds to
the germination stimulants, the germination bioassay-
guided approach has proven to be a powerful tool to
unravel the pathway. Using this bioassay, we showed
that germination stimulant formation is effectively
blocked by fluridone. Both mevastatin and fosmido-
mycin also slightly, but not significantly, reduced
root-exudate-induced germination (Fig. 5A). Both com-
pounds have been demonstrated to be quite efficiently
inhibiting the cytosolic or plastidic isoprenoid bio-
synthetic pathway, respectively (Laule et al., 2003);
hence, we might expect a clear effect of fosmidomycin,
which in principle should also block carotenoid bio-
synthesis. However, fosmidomycin and mevastatin
have also been used to prove exchange of isoprenoid
intermediates between cytosol and cytoplasm, likely
in the form of IPP (Fig. 2; Hemmerlin et al., 2003;
Botella-Pavia et al., 2004). Recently, it was also shown
that the exchange from cytosol to plastids occurs par-
ticularly in the dark (Botella-Pavia et al., 2004). All this
suggests that the inhibition by fosmidomycin of carot-
enoid formation was less effective than by fluridone,
perhaps as a consequence of isoprenoid precursor
supply from the cytosol (Fig. 2). This assumption is

supported by the fact that fosmidomycin-treated seed-
lings did not exhibit the bleached phenotype that
fluridone-treated seedlings showed (Fig. 4, B and C).
The inhibition of root-exudate-induced germination
by mevastatin is possibly due to inhibition of cytosolic
IPP supply to the plastids or because IPP is now
exportedmore easily from the plastids into the cytosol.
Alternatively, it could be that part of the germina-
tion stimulant biosynthesis occurs in the cytosol. In
abscisic acid biosynthesis, xanthoxin is also transpor-
ted out of the plastids into the cytosol, where it is
further processed to form abscisic acid (Seo and
Koshiba, 2002). Possibly, the tricyclic strigolactone
backbone is also exported to the cytosol after caroten-
oid cleavage. There, several additional enzymatic re-
actions will still be required (see below), and the
D-ring will have to be coupled. The origin of the
D-ring is as yet completely unknown but could per-
haps arise from coupling of the tricyclic skeleton to
an isoprenoid unit, such as dimethylallyl diphosphate
or 4-hydroxydimethylallyl diphosphate, by the action
of a prenyl transferase. If this occurs in the cytosol,
then mevastatin treatment could also lead to a lower
formation of germination stimulants, as the D-ring
is required for biological activity (Wigchert and
Zwanenburg, 1999).

Fluridone effectively blocks the activity of phytoene
desaturase, which corresponds to the vp5 locus (Li
et al., 1996; Hable et al., 1998). The vp5 mutant has
a lesion in the phytoene desaturase gene (Hable et al.,
1998), and reduced phytoene desaturase transcript in
maize endospermwas detected in thismutant (Li et al.,
1996). Both fluridone-treated maize and the vp5 mu-
tant root exudates induced significantly lower germi-
nation of S. hermonthica (Figs. 5 and 7). These results
indicate that the biosynthetic pathway leading to the
production of the strigolactone germination stimulant
branches from the main carotenoid pathway below
phytoene (vp5 mutant and fluridone). Our results in
germination bioassays with root exudates of the y9
mutant and amitrole-treated plants (Fig. 4) show that
the branch point is below j-carotene and lycopene.

Carotenoid Cleavage Enzymes

In a next step, we tested the effect of naproxen,
a putative inhibitor of epoxy-carotenoid cleavage, to
give xanthoxin (Lee and Milborrow, 1997; Fig. 3). The
formation of the germination stimulant of maize was
indeed reduced by the action of naproxen (Fig. 5D).
This suggests that carotenoid cleavage is involved in
its biosynthesis, which is logical because the C40-
carotenoids need to be cleaved in order to lead to the
C14 (excluding the D-ring) strigolactones. Naproxen
has been used to inhibit the NCED, a subcategory of
the carotenoid cleavage dioxygenases, that catalyzes
the oxidative cleavage of 9-cis-epoxy carotenoids to
apocarotenoids (C25) and xanthoxin (C15), the pre-
cursor of abscisic acid in higher plants (Schwartz et al.,
1997). Our bioassay with vp14, a mutant of NCED,
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confirmed the result obtained with naproxen (Fig. 7).
Both naproxen and vp14 were not fully effective in
inhibiting root-exudate-induced germination but only
gave about 44% inhibition compared with the corre-
sponding control/wild-type seedlings (Figs. 5D and
7). This agrees quite well with results obtained by
others. Lee and Milborrow reported that in a cell-free
system of avocado (Persea americana), naproxen re-
duced radiolabel accumulation from [14C]-MVA in
abscisic acid by 43% (Lee and Milborrow, 1997). In
the maize vp14 mutant, the mutation in NCED re-
duced abscisic acid accumulation in embryos by 40%
to 60%, depending on embryo developmental stage,
and abscisic acid accumulation in water-stressed
leaves by 45% (Tan et al., 1997).

From the maize mutant vp14-2274, NCED was
cloned and the substrate specificity characterized
(Schwartz et al., 2003). The enzyme requires a 9-cis
double bond adjacent to the site of cleavage (the 11–12
bond) and cleaves 9-cis-violaxanthin, 9-cis-neoxanthin,
and 9-cis-zeaxanthin (Schwartz et al., 2003). However,
the structural requirements in the carotenoid ring
for cleavage have not been investigated; thus, it is
conceivable that NCED is nonspecific and can cleave
other 9-cis-carotenoids, such as 9-cis-b-carotene (Fig.
8). Other 9-cis-carotenoids, such as 9-cis-b-carotene
and 9-cis-zeaxanthin, have been reported to occur in
a range of plant species (Ben-Amotz and Fishler,
1998). vp14 is expressed constitutively in maize em-
bryos and roots, and in Southern blots, at least nine
bands were detected when hybridizing with vp14
cDNA (Tan et al., 1997). This may also explain why
the mutation in vp14 is not 100% effective in inhibiting
abscisic acid (Tan et al., 1997) or germination stimulant
formation (Fig. 7), as NCED family members may
partly compensate for the NCED activity lost in vp14.
NCED cDNAs have been cloned from several other
plant species, such as Phaseolus vulgaris (Qin and
Zeevaart, 1999), cowpea (Iuchi et al., 2000), avocado
(Chernys and Zeevaart, 2000), and Arabidopsis (Arab-
idopsis thaliana; Neill et al., 1998). Just like in maize, in
all these species, NCEDs were found to belong to
a gene family.

Carotenoid cleavage dioxygenases are probably in-
volved in the cleavage of a carotenoid precursor to
a C14 dialdehyde, the likely precursor of mycorradi-
cin, the major component of yellow pigment observed
in roots colonized by arbuscular mycorrhiza in a range
of plant species such as maize, sorghum, other cereals,
and tomato (Maier et al., 1997; Strack et al., 2003).
Interestingly, several groups have reported that my-
corrhiza can reduce S. hermonthica infection of sor-
ghum and maize (Lendzemo and Kuyper, 2001;
Gworgwor and Weber, 2003; Lendzemo, 2004). This
effect of mycorrhiza may simply be due to the positive
effect on plant growth that will make plants more
resistant or tolerant to parasitism, but another expla-
nation could be that mycorradicin formation competes
for carotenoid substrate with germination stimulant
formation. Indeed, in preliminary experiments, Lend-

zemo found that root exudates of mycorrhizal sor-
ghum induced less germination than the exudates of
nonmycorrhizal sorghum (Lendzemo, 2004), and we
found the same for maize (data not shown). Other
possible explanations for the negative effect of my-
corrhiza on S. hermonthica germination could be the
presence of (germination) inhibitors derived from or
induced by the mycorrhizal fungus or the production
by mycorrhiza of abscisic acid (Hartung and Gimmler,
1994; Cutler and Krochko, 1999), which could inhibit
germination stimulant formation (Fig. 5D).

Biosynthetic Fate after Carotenoid Cleavage

The inhibitor of abscisic acid aldehyde oxidation,
sodium tungstate, did not have an effect, but abscisic
acid strongly reduced root-exudate-induced S. her-
monthica germination (Fig. 5). This shows that the
germination stimulants are not derived from inter-
mediates below abscisic acid aldehyde or from abscisic
acid itself. The reduction of root-exudate-induced
germination by abscisic acid is most probably due
to feedback inhibition by the exogenously applied
abscisic acid on the carotenoid pathway (Table I).
Consequently, the formation of germination stimulant
branching from the carotenoid biosynthetic pathway
is also decreased. The levels of violaxanthin and
b-carotene were indeed reduced by about 35% and
65%, respectively, in abscisic-acid-treated roots, and in
the shoot a similar trend can be observed (Table I).
Very little is known about the effects of exogenously
applied abscisic acid on carotenoid and abscisic acid
biosynthesis in roots and other nonphotosynthetic
tissues. Feedback regulation of phytoene desaturase
in green tissue by accumulation of abscisic acid, the
end product of the carotenoid pathway, was proposed
(Corona et al., 1996). In Arabidopsis seedlings, exog-
enously applied abscisic acid did not affect the tran-
script level of NCED (Xiong et al., 2001b). In contrast,
positive feedback regulation by abscisic acid at the
transcriptional level was observed forAAO3, encoding
abscisic acid aldehyde oxidase (Seo et al., 2000), and
abscisic acid3, encoding the molybdenum cofactor
sulfurase, which catalyzes sulfurization of MoCo, a co-
factor required by aldehyde oxidase (Xiong et al.,
2001a, 2001b).

Our results suggest that the biosynthetic pathway of
the strigolactone germination stimulants branches off
from the carotenoid pathway at an intermediate that is
a product of NCED action. This may be xanthoxin
but could more likely be an analog derived from
cleavage of other substrates, such as 9-cis-b-carotene.
A biogenetic scheme can be postulated starting from
such a 9-cis-b-carotene cleavage product and from
xanthoxin (Fig. 8), but also downstream derivatives of
xanthoxin or alternative carotenoids could serve as
substrate in this biogenetic scheme. Starting from
9-cis-b-carotene, C11-12 cleavage by a dioxygenase leads
to a C15-aldehyde, which upon hydroxylation yields
intermediate a (Fig. 8). Alternatively, xanthoxin, upon
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Figure 8. Putative biogenetic scheme for the formation of strigol, orobanchol, and sorgolactone. CCD, Carotenoid cleavage
dioxygenase.
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opening of the epoxyde ring followed by protonation,
elimination of water at C3 followed by hydrogenation,
attack of water, and loss of water, could also lead to
intermediate a. Oxidation followed by epoxydation
and decarboxylation, protonation, and elimination of
water leads to intermediate b. This intermediate, upon
attack of water at C7, cyclizes to intermediate c or its
tautomeric aldehyde. After triple oxidation of the
methyl at C9, a lactone ring will be formed with the
C7 hydroxyl group to produce intermediate d. Alter-
natively, the methyl at C9 could already be oxidized to
form a carboxyl group in compound a (not shown in
Fig. 8). Instead of attack of water at C7, that carboxyl
group could then attack the carbocation at C7 leading
directly to intermediate d (A. de Groot, personal com-
munication). As an alternative to lactone ring forma-
tion as described above, intermediate c could undergo
keto-enol tautomerization, followed by lactol ring
formation with the hydroxy at C7 and subsequent
oxidation to a lactone ring (not shown in Fig. 8).
Double oxidation of the methyl at C9 would then also
lead to intermediate d (B. Zwanenburg, personal
communication). From intermediate d, coupling of
the D-ring will lead to intermediate e, and allylic
hydroxylation in ring A or B or demethylation in ring
A, and to strigol, orobanchol, and sorgolactone, re-
spectively (Fig. 8). The structure of alectrol is still
under debate (B. Zwanenburg, personal communica-
tion). It is not unlikely that our biogenetic scheme may
help to postulate a new structure for alectrol that
should subsequently be proven using chemical syn-
thesis. Of course the order of the reactions as we
propose may be different in vivo.

Conclusion

In conclusion, our results show that a carotenoid
cleavage dioxygenase, most likely NCED, is involved
in the biosynthesis of the strigolactone germination
stimulants in hosts of Orobanche and Striga spp. After
this cleavage step, a number of other enzymatic
reactions, such as hydroxylation, epoxydation, oxida-
tion, etc., are involved in the further modification of
the primary apocarotenoid skeleton to the different
strigolactones. Currently, our work is focusing on the
further biochemical and molecular characterization of
the pathway.

MATERIALS AND METHODS

Plant Material and Chemicals

Maize (Zea mays) inbredW22 was obtained fromVicky Child (Long Ashton

Research Station, Bristol, UK), and inbred line Dent was obtained from J.C.

Robinson Seeds. Maize seeds deficient in chlorophyll and carotenoid bio-

synthesis were obtained from theMaize Genetics COOP Stock Center (Urbana,

IL; mutants lw1, y10, vp5, vp14, y9, al1y3, and cl1 311AA). Cowpea (Vigna

unguiculata L. Walp) seeds were obtained from Sériba Katilé (Institut d’Écon-

omieRurale,Mali).SorghumbicolorvarietyCSH-1was obtained fromBobVasey

(SheffieldUniversity, Sheffield,UK). Striga (Striga hermonthicaDel. Benth) seeds

were collected from a maize field in 1994 (Kibos, Kenya), and S. hermonthica

seeds used in germination bioassaywith sorghum root exudateswere collected

from a sorghum field in Sudan in 1995 and were obtained from Bob Vasey.

Orobanche crenata seeds were obtained from D.M. Joel (Newe-Ya’ar Research

Center, Ramat Yishay, Israel).

The following inhibitors of isoprenoid pathways were used: mevastatin

(Sigma-Aldrich), fosmidomycin (Molecular Probes), fluridone (Ducheva),

amitrole (3-amino-1,2,4-triazole), naproxen [(S)-6-methoxy-a-methyl-2-naph-

thaleneacetic acid sodium salt], sodium tungstate, dihydrate, and (6)-abscisic

acid (all from Sigma-Aldrich). The synthetic germination stimulant strigolac-

tone analog GR24 was kindly provided by B. Zwanenburg (University of

Nijmegen, Nijmegen, The Netherlands).

Root Exudate Production

Seeds of maize were sterilized in 4% sodium hypochlorite containing

0.02% (v/v) Tween 20, rinsed thoroughly with sterile water, and imbibed for

24 h onmoistened filter paper at 25�C. Plants were grown in autoclaved perlite

in separate tubes or in 1-L pots (15-cm diameter) at 25�C in a climate room

with a 16/8-h photoperiod at 28 mmol photons�m22�s21. To grow plants under

dim light, plants were grown in a box covered by several layers of cheesecloth

and aluminum foil with holes (0.5 mmol photons�m22�s21). The plants were

watered with tap water (control, carotenoid mutants) or with solutions of

abscisic acid or inhibitors. Depending on the vigor, mutants were grown for

8 to 11 d. After several days, depending on the experiment, seedlings were

removed from perlite and carefully cleaned from perlite. Plants were put into

about 8 mL of tap water in glass tubes at 25�C to collect root exudates. Tubes

were covered with aluminum foil to exclude light. After 6 to 24 h, root

exudates were collected, and root fresh weight of each seedling was de-

termined. Exudates were diluted to equal concentrations (milliliters of

exudate per gram of roots) within each experiment and subsequently used

in a bioassay. Seeds of cowpea were imbibed for 24 h on moistened filter paper

at 25�C in darkness. Imbibed seeds were sown in pots containing a mixture of

vermiculite and perlite (1:1). Plants were grown in a climate room with a 16/

8-h photoperiod at 28mmol photons�m22�s21 at 25�C. The plants were regularly

watered for 4 d. Subsequently, seedlings were watered with water (control) or

with 10 mM fluridone for 5 d. Root fresh weight and amount of root exudate

were determined. Exudates were diluted to equal concentration (milliliters of

exudate per gram of roots) and used for bioassay. Seeds of sorghum were

germinated for 3 d at 28�C in autoclaved vermiculate and watered with 40%

modified Long Ashton nutrient solution (Gurney et al., 2002). Small seedlings

were transferred to glass tubes to grow hydroponically in a phytotron 14/10-h

photoperiod at 250 mmol photons�m22�s21 at 28/23�C. Twelve-day-old seed-

lings were transferred into clean tubes containing 40% Long Ashton nutrient

solution without/with 4 mM fluridone. Five days later, plants were transferred

into glass tubes with sterile demineralized water, and root exudates were

collected for 24 h. The exudates were diluted to the same concentration of

grams of root fresh weight per milliliter root exudates, and induction of

S. hermonthica (collected from sorghum field) germination was tested.

Experiments with Inhibitors

W22 seedlings were grown in perlite in separate tubes for 3 d at 25�C.
Tubes were covered with aluminum foil, and the plants were watered with tap

water. Solutions of inhibitors were applied, and seedlings were grown in the

presence of inhibitors for an additional 5 d. Mevastatin (10 mM) and

fosmidomycin (100 mM) were used to inhibit isoprenoid formation in the

cytosol and plastids, respectively, and 25 mM fluridone was used to block

carotenoid formation. After 5 d, seedlings were taken from the perlite, and any

perlite clinging to the roots was carefully removed. Plants were put into tap

water in glass tubes for 6 h at 25�C. A dilution of 70 mg root fresh weight/mL

root exudate was used for the bioassay. Root exudates from 10 individual

plants for each treatment were tested. Exudates were assessed in duplicate,

50 mL/disk. For amitrole experiments, germinated seeds of maize inbred line

Dent were sown in perlite in pots and grown at 21�C for 11 d. Control plants

were watered with tap water, and amitrole-treated plants were watered with

200 mM amitrole. Root exudates were collected in tap water for 8 h. Naproxen-

and sodium-tungstate-treated maize inbred line Dent plants were sown in

perlite in pots and grown at 25�C for 10 d. Control plants were watered with

tap water, and naproxen-treated plants were watered with 0.1 and 1 mM

naproxen. Sodium-tungstate-treated plants were watered with 0.1 and 1 mM

solutions. Abscisic-acid-treated plants were watered with 0.02 and 0.2 mM

abscisic acid without/with 10 mM fluridone. Root exudates from eight in-

dividual seedlings/treatment were collected in tap water for 18 h.
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Germination Bioassay

Root exudates produced by individual plants were tested by bioassay. The

seeds of Orobanche and Striga spp. require preconditioning (or warm strati-

fication) for a certain period of time at a suitable temperature before the seeds

become responsive to germination stimulants (Matusova et al., 2004). Pre-

conditioning was performed under sterile conditions. The seeds were surface

sterilized in 2% sodium hypochlorite containing 0.02% (v/v) Tween 20 for

5 min and rinsed thoroughly with sterile demineralized water. Subsequently,

the seeds were dried for 30 min in a laminar air flow cabinet. Approximately

50 to 100 seeds were spread on a glass fiber filter paper disk

(9-mm diameter) and put into sterile petri dishes (9-cm diameter) lined with

Whatman filter paper wetted with 3 mL of demineralized water. Petri dishes

were sealed with parafilm and incubated for preconditioning. S. hermonthica

seeds were preconditioned at 30�C in darkness for 10 to 12 d, and O. crenata

seeds were preconditioned at 21�C in darkness for 14 d. After the precondi-

tioning period, the glass fiber filter paper diskswith S. hermonthica orO. crenata

seeds were removed from the petri dish and dried for 20 min to remove

surplus moisture. The disks were transferred to another petri dish within

a filter paper ring (outer diameter of 9 cm; inner diameter of 8 cm) wetted with

0.9 mL of water, which maintained a moist environment during the germi-

nation bioassay. Fifty microliters of the test solutions were added to duplicate

or triplicate disks, depending on the experiment. The synthetic germination

stimulant GR24 (0.01 and 0.1 mg�L21 GR24) as a positive control and water as

a negative control were included in each bioassay. Seeds were incubated at

30�C (S. hermonthica) or 25�C (O. crenata) in darkness for 2 d (S. hermonthica) or

6 d (O. crenata). The germinated and nongerminated seeds were counted using

a binocular. Seeds were considered germinated when the radicle protruded

through the seed coat. To test any inhibitory effect of root exudates from

fluridone-treated seedlings, a control combining root exudates of maize,

cowpea, and sorghum with GR24 was included in the germination bioassays.

Root exudates and GR24 were diluted with water to the same final concen-

tration of root exudates used without GR24 and a nonsaturating concentration

of GR24. Use of nonsaturated concentration of GR24 ensures that any

inhibitory (negative) effect of root exudates from fluridone-treated cowpea

seedlings will be visible.

Carotenoid Analysis

The shoots and roots of maize seedlings were frozen in liquid nitrogen

and ground to a fine powder. Carotenoids were extracted from 1.5 g of roots

and 0.5 g of shoots essentially as described before (Bino et al., 2005). HPLC

analysis was performed according to Fraser et al. (2000). Identification of

carotenoids was based on retention time and spectral characteristics of the

standards.

Statistical Analysis

The generalized linear mixed model method was used for statistical

analysis of all germination bioassay results using Genstat, procedure IRREML

(Payne and Lanne, 1993).

Note Added in Proof

During the reviewing process of this paper, a paper by Akiyama et al.

appeared inNature (K. Akiyama, K. Matsuzaki, H. Hayashi [2005] Nature 435:

824–827). In their paper, the authors describe the isolation of the strigolactone,

5-deoxy-strigol, as the mycorrhizal branching factor from Lotus japonicus.

Also, other strigolactones tested, such as strigol, and even GR24 exhibited

mycorrhizal branching factor activity at extremely low concentrations. This

means that the strigolactones play an important role in establishing the

beneficial relationship between plants and mycorrhiza. It shows that the

strigolactones do have an important function in plants and explains why these

compounds were not selected against during evolution, which would be

expected if they were only responsible for the induction of germination of

parasitic plants. It also shows that the relationship between mycorrhizal

colonization and the reduction of germination of parasitic plant seeds, as we

discuss it in the present paper, may reflect a more direct causal relationship

than we here postulate, for example, down-regulation of mycorrhizal branch-

ing factor formation after mycorrhizal colonization.
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