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� Background and Aims Broomrapes (Orobanche spp.) are holoparasitic weeds that cause devastating losses in many
economically important crops. The molecular mechanisms that control early stages of host infection in Orobanche
are poorly understood, partly due to the lack of experimentally tractable in vitro systems that allow the efficient
application of molecular tools. Here an improved axenic system for the analysis of pre-infection stages in O. ramosa
in the absence of the host plant is described.
�Methods An optimized protocol for seed disinfection, based on formaldehyde, was developed. Orobanche ramosa
seeds were conditioned in Petri dishes with filter paper, stimulated by addition of the synthetic strigol analogue
GR24, and the percentage of germination as well as attachment-organ formation was determined.
� Key Results Treatment of O. ramosa seeds with tobacco-root exudate or with GR24 resulted in highly reproducible
germination rates around 70 %. A conditioning period of 8 d was both necessary and sufficient to allow optimal
germination in response to GR24. Conditioned seeds that were dehydrated for several months remained fully
responsive to GR24 without the need of a new conditioning period. Treatments as short as 5 min with GR24
were sufficient to fully and irreversibly induce the seed germination response. Approximately half of the germinated
seeds initiated attachment-organ development. Similar rates of attachment organ induction were also detected in the
rare cases of seeds that had germinated spontaneously on water.
� Conclusions The results suggest that the conditioning period produces persistent changes in the seeds required for
responsiveness to external stimulants. The rapid action of GR24 suggests that it may act via a receptor-mediated
signalling mechanism. While germination in O. ramosa is induced by exogenous stimuli, attachment organ dif-
ferentiation appears to be triggered by unknown endogenous signals. The new in vitro culture system will have
useful applications for the molecular analysis of early stages of parasitic development in Orobanche.

Key words: Attachment-organ formation, conditioning, germination, GR24, in vitro culture, Nicotiana tabacum,
Orobanche ramosa, parasitic, seed disinfection, signal.

INTRODUCTION

The ability of plants to fulfil their nutritional needs by
parasitizing other plants has originated several times during
the evolution of angiosperms, and about 4000 species in
22 dicot families are currently recognized as parasitic
(Nickrent et al., 1998). Species of the genus Orobanche
(broomrapes) are holoparasitic weeds that cause devastating
losses in many economically important crops (Parker and
Riches, 1993). Among these, O. ramosa attacks a wide
range of host plants including tobacco, tomato and potato
(Kreutz, 1995), as well as the model plant Arabidopsis
thaliana (Goldwasser et al., 2000).

Many crucial developmental processes in parasitic plants,
such as seed germination or differentiation of infection
organs, are regulated by signals from the host plant
(Bouwmeester et al., 2003). One of the keys to advance
our understanding of the molecular mechanisms underlying
these early infection processes is the availability of experi-
mentally tractable in vitro systems that take full advantage
of the increasing number of molecular tools at hand (Yoder,
1999). The advantages of in vitro culture systems include

the ability to obtain axenic cultures in the absence of
contamination by micro-organisms, the optimization and
standardization of environmental and nutritional conditions,
and, most importantly, the development of pre-infection
stages of the parasite in the absence of the host. The latter
point not only facilitates study of the developmental effects
of specific metabolites and substrates (Okonkwo, 1994), but
provides biological material exclusively from the parasitic
plant, without interference of the host tissue. This aspect is
particularly relevant for applications that are based on DNA,
RNA or protein extraction, during developmental stages
where the parasite is in intimate contact with the host,
and physical separation of the two organisms is difficult
to achieve.

In the present study, an efficient and reproducible in vitro
experimental system has been developed that allows the
study of molecular factors controlling germination and
pre-infection development of O. ramosa in the absence
of the host plant. The system has been employed to
study the role of endogenous and exogenous signals during
the early developmental stages of O. ramosa. The results
suggest that in this parasitic plant, similarly to Striga, seed
germination and attachment organ differentiation are* For correspondence. E-mail clara2gonzalez@yahoo.com

Annals of Botany 96: 1121–1127, 2005

doi:10.1093/aob/mci263, available online at www.aob.oxfordjournals.org

� The Author 2005. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.

For Permissions, please email: journals.permissions@oxfordjournals.org



independent processes that are controlled by distinct
signals. Evidence for the presence of an endogenous,
host-independent signal that triggers attachment-organ
formation of O. ramosa is provided.

MATERIALS AND METHODS

Viability test

Viability of Orobanche ramosa seeds was assessed by
detecting respiratory activity through staining with 2,3,
5-triphenyl tetrazolium chloride (TTC) (Sigma) following
a previously reported protocol (López Granados and Garcı́a
Torres, 1999) with the following modifications. Seventy
milligrams of seeds were placed in small tubes containing
a 1 % solution of TTC. Tubes were kept for 72 h at 37 �C in
the dark. To facilitate detection of the red colour, the testa of
the seeds was bleached with 10 % sodium hypochlorite. Red
or orange seeds were considered viable, while white seeds
were considered dead. Changes in metabolic activity during
O. ramosa germination were also detected by TTC staining
as described previously (Aalders and Pieters, 1985).

Seed sterilization

Orobanche ramosa seeds were collected from plants
parasitizing tobacco grown in fields located in Granada
(Spain), and surface-sterilized using two alternative meth-
ods. The first method was that described previously by
Batchvarova et al. (1999) with some modifications. This
disinfection protocol was used to obtain tubercles, and
consisted of treating seeds for 10 min with 5 % sodium
hypochlorite containing 0�1 % Tween 20 (both from
Panreac Quimica SA, Barcelona, Spain). The second
method was used for the germination assays: seeds were
treated for 2 h with a solution of 0�5 % formaldehyde
(37–38 % w/w, Panreac) and 0�1 % Tween 20, followed
by a 20 min incubation at 50 �C. Nicotiana tabacum
seeds were surface-sterilized by immersion in 70 % ethanol
for 2 min and 3�5 % sodium hypochlorite containing 0�1 %
Tween 20 for 10 min. In all cases, the seeds were rinsed
three times with sterile distilled water.

Antibiotics and fungicides

The following antibiotics and fungicides were tested for
their ability to prevent contamination by micro-organisms:
100· antibiotic antimycotic solution (Sigma A-5955) used
at a 1 : 100 dilution; ciprofloxacine (Cetraxal) used at 1, 5,
10, 20 or 50 mg L–1; amphotericin B (Sigma A-6804) used
at 0�25, 0�5 or 1 mg L–1; Nystatin (Sigma N-3603) used
at 5000, 10000 and 20000 U L–1; benzimidazol (Merck
821956) used at 125 mg L–1; benlate 50 % (Dupont) used
at 1 g L–1.

Seed conditioning, germination and development

Approximately 1000 O. ramosa seeds were sown on a
6-cm Petri dish containing a previously autoclaved moist

glass-fibre filter paper (Whatman). Seeds were maintained
at 24 �C in the dark for a conditioning period (usually 11 d,
unless otherwise stated), before adding 0�5 mL of a solution
of 0�034 mM GR24 (van Hezewijk et al., 1993), or of
tobacco-root exudates (obtained as described below).
GR24 was routinely purchased from University of
Nijmegen, The Netherlands. Water was used as a negative
control. Percentages of seed germination and differentiation
of attachment organ-like structures were determined using a
Leica DMR microscope, by counting four times 100 seeds
per plate on each of four independent plates per experiment
and by calculating the mean values and standard deviations.
Photographs were recorded with a Leica DC 300F digital
camera. All experiments were performed at least three times
with similar results.

Tobacco-root exudate

Tobacco plants were obtained from surface-sterilized
seeds (see above) and maintained in transparent boxes
with autoclaved vermiculite under growth chamber condi-
tions (24 �C, 16 h light). Plants were watered with Hoagland
nutrient solution (Hoagland and Arnon, 1950). After
1 month, the roots were washed with autoclaved distilled
water, submerged in a flask with autoclaved distilled water
at a proportion of 0�1 g roots (f. wt) per millilitre and
maintained at 24 �C for 4 h with gentle shaking. The liquid
containing the root exudate was collected and sterilized
through a Millipore filter (0�22 mm) before use.

In vivo germination assays

In vivo germination and attachment-organ development
of O. ramosa were performed as described previously
(Pérez de Luque et al., 2004). Briefly, tobacco seedlings
and disinfected O. ramosa seeds were simultaneously sown
in 9-cm Petri dishes with Perlite and glass-fibre filter paper,
and watered with Hoagland nutrient solution. Infected roots
were observed microscopically and photographs were
recorded as described above.

RESULTS AND DISCUSSION

Optimization of seed disinfection protocols for studying
in vitro development of O. ramosa

The seeds of Orobanche are usually severely contaminated
with different soil micro-organisms (Ben-Hod et al., 1991;
Batchvarova et al., 1999). For this reason it is impossible
to conduct controlled experiments in vitro, unless totally
axenic conditions can be obtained. Previously reported
methods for surface sterilization of Orobanche seeds
include the use of sodium hypochlorite (Joel and Losner-
Goshen, 1994; Westwood, 2000; Goldwasser and Yoder,
2001; Zhou et al., 2004) or the addition of antibiotics
(Ben-Hod et al., 1991; Losner-Goshen et al., 1996) or
fungicides (Batchvarova et al., 1999). These reported
protocols were tested with seeds of O. ramosa, but none
of them proved entirely effective under the present
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experimental conditions. Application of different antibiotics
and/or fungicides (antibiotic antimycotic solution, cipro-
floxacine, amphotericin B, Nystatin, benzimidazol and ben-
late) failed to eliminate fungal contaminations, and higher
concentrations of these compounds severely affected seed
germination (data not shown). Therefore, two alternative
methods were tested for their effectiveness in obtaining
axenic cultures. The first protocol, based on the use of
5 % sodium hypochlorite, produced totally axenic in vitro
cultures of O. ramosa. However, the viability of the disin-
fected seeds was only 31 % and the rate of GR24-induced
germination was <1 % when seeds were maintained on
glass-fibre filter paper (Table 1). Lower concentrations of
sodium hypochlorite failed to completely eliminate the
microbial contaminations. The low germination rate pre-
cluded the use of this protocol in seed germination experi-
ments, although it might be useful for different applications.
Indeed, under the culture conditions required for in vitro
tubercle formation (MS medium supplemented with suc-
rose), seed germination rates of up to 20 % were obtained
(results not shown).

To establish an axenic system that allows the analysis of
germination and early infection stages in Orobanche on the
glass-fibre filter paper, an alternative sterilization protocol,
based on the use of 0�5 % formaldehyde, was developed.
This protocol resulted in germination rates around 70 % in
O. ramosa while effectively eliminating bacterial or fungal
contaminations (Table 1). It was concluded that this disin-
fection protocol was appropriate for germination assays in
O. ramosa, where the support was glass-fibre filter paper
moistened with water.

Effect of the conditioning period on seed germination of
O. ramosa

Among the most critical steps during the life cycle of
Orobanche are those that precede physical contact and
penetration of the host. The molecular mechanisms that
control these early developmental stages of the parasite
remain largely unknown (Westwood, 2001). To validate
the utility of the host-free in vitro system for the analysis
of pre-infection development of Orobanche, it was decided
to focus on three crucial pre-infection steps: seed condition-
ing, seed germination, and attachment-organ formation.

The first of these steps is seed conditioning. Previous
studies have shown that a period of several days of moist

environment at permissive temperatures is required in order
to render the ripe seeds of Orobanche responsive to ger-
mination stimuli (Joel et al., 1995). The exact physiological
role of this preparatory phase, which has been termed con-
ditioning or pre-conditioning, are poorly understood. In this
respect, three distinct but not mutually exclusive hypotheses
could be considered. (1) Conditioning induces metabolic
changes that are necessary for the response to GR24. During
conditioning gibberellin, which is required for seed ger-
mination, is synthesized but is not yet present in the
seeds. Indeed, inhibitors of gibberellin synthesis were
shown to prevent germination after GR24 treatment and
this effect could be reversed by exogenous GA3 (Zehhar
et al., 2002). (2) During the conditioning period the receptor
proteins for GR24 or other natural stimulants are synthes-
ized. (3) Structural modifications occurring in the seeds
allow the stimulant to access its putative cellular target.
In any case, the effects of conditioning would be maintained
during a subsequent dry period. The effect of the condition-
ing period on germination of O. ramosa in the host-free
system was determined. Surface-sterilized seeds were sub-
jected to different time periods of conditioning before addi-
tion of the germination stimulant GR24. As shown in Fig. 1,
conditioning periods of 8 d or longer (studied up to 18 d)
produced an optimal germination response to GR24,
whereas shorter conditioning periods resulted in signific-
antly lower rates of germination. These results show that
a minimum conditioning period of 8 d is required to induce
optimal rates of germination in O. ramosa. Similar periods
of conditioning (7 d) were recently applied by Zhou et al.
(2004).

Next a test was carried out to see if the conditioned seeds
maintained their responsiveness to GR24 even after drying.
This is of high biological relevance because, under field
conditions, Orobanche seeds in the soil are submitted to
periods of high humidity, followed by dry periods, during
which seeds are dehydrated without having found an appro-
priate host plant. To experimentally simulate this process,
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F I G . 1. Percentage germination of Orobanche ramosa seeds conditioned
for different periods of time (filled squares), or conditioned for 11 d,
dehydrated for 2 months and resubmitted to different time periods of
conditioning (open squares). The mean values and standard deviations

are shown.

T A B L E 1. Effect of various disinfection protocols on
germination and viability, as determined by staining with

TTC, of Orobanche ramosa seeds

Disinfection treatment % seed germination % seed viability

None Mc* 846 3
3.5 % NaClO Mc 496 6
5 % NaClO 06 0 316 6
0.5 % formaldehyde 706 3 736 3

The mean values and standard deviations are shown (for details see
Materials and Methods).

* Microbial contamination.
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O. ramosa seeds were conditioned for 11 d, and then dried
completely in a sterile hood. The dehydrated seeds were
stored at room temperature for time periods up to 2 months,
and stimulated by adding GR24 after an additional condi-
tioning period ranging from 0 to 18 d. As shown in Fig. 1,
seeds that had been conditioned and then dried exhibited
germination rates comparable with those of freshly condi-
tioned seeds, without the need for a new conditioning per-
iod. These results indicate that the conditioning effect is
fully conserved throughout a prolonged dehydration period,
and thus supports the hypothesis that conditioning produces
structural changes that are required for seed responsiveness
to external stimulants.

Effect of exogenous stimulants on in vitro germination and
development of O. ramosa

Seed germination in Orobanche was shown previously to
be stimulated by host root exudate or by synthetic strigol
analogues such as GR24 (Joel and Losner-Goshen, 1994;
van Woerden et al., 1994). To study germination and early
development in the host-free in vitro system, conditioned
seeds of O. ramosa were stimulated by adding either
tobacco-root exudate (TRE) or GR24, and seed germina-
tion and development were followed daily by microscopic
observation. A high percentage of the stimulated seeds ger-
minated in the presence of TRE (Fig. 2A). Germination was
first visible 3 d after stimulation, when the radicle started to
emerge from the testa. However, microscopic examination
of seeds where the testa had been removed showed that
radicle emergence was visible as early as 40 h after addition
of the stimulant (results not shown). The germination rate
reached a maximum of 72 % after 9 d. Treatment of
O. ramosa seeds with the synthetic strigol analogue
GR24 produced a highly similar pattern of germination
(Fig. 2B), whereas in the absence of stimulation (water
controls), the germination rate was consistently below
0�1 % (data not shown). These results show that specific
exogenous compounds are required to trigger seed germina-
tion of O. ramosa under host-free in vitro conditions.

Microscopic examination of the O. ramosa seeds that had
germinated in vitro after stimulation with TRE or GR24,
revealed the presence of attachment organ-like structures
starting at 4 d after addition of the stimulant (Fig. 3). The
conical tip of the radicle gradually became enlarged and
differentiated into a structure reminiscent of the attachment
organ formed during root infection (Joel and Losner-
Goshen, 1994). Nine days after stimulation, the percentage
of the germinated seeds that had formed an attachment
organ reached a maximum of 50 % (corresponding to
37 % of the total seeds), and remained constant thereafter
(Fig. 2). The attachment organ-like structures were pro-
duced without the necessity of physical contact with the
substrate and exhibited a considerable variability in size
and morphology, including simple, lateral, bilobed and tri-
lobed structures (see Fig. 3A–C). To check whether the
morphology and the developmental pattern of these attach-
ment organ-like structures was comparable with that of the
organ produced during plant infection, seeds of O. ramosa

were germinated in the presence of tobacco roots in Petri
dishes containing glass-fibre filter paper on top of Perlite
(Pérez de Luque et al., 2004). After 12–14 d of contact with
the host roots, 80 % of O. ramosa seeds had germinated and
a significant fraction thereof had differentiated attachment
organs that were morphologically indistinguishable from
those produced in the in vitro system (Fig. 3D–F).

Taken together, these results indicate that seed germina-
tion and pre-infection development of O. ramosa in the
host-free in vitro system are comparable with those
observed under in vitro conditions. Radicles and attachment
organ were induced in vitro either by TRE or by GR24,
suggesting that they simulate the presence of the host plant.
For subsequent in vitro germination assays, GR24 was used
as it is a commercially available product.

Evidence for a rapid, receptor-mediated mode of action
of GR24

The cellular mechanisms that mediate the activity of
exogenous germination stimulants, such as GR24, in para-
sitic plants remain largely unknown. According to
Reizelman et al. (2003) structure–activity studies of natural
germination stimulants or their synthetic analogues GR7
and GR24 have shown that they are active at concentrations
as low as 10–7–10–15M (Wigchert and Zwanenburg, 1999),
that the bioactiphore resides in the CD-part of the molecules
(Magnus et al., 1992; Bergmann et al., 1993; Wigchert and
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F I G . 2. Percentage Orobanche ramosa seed germination (open squares)
and attachment-organ formation (filled squares) at different time points after
addition of tobacco-root exudate (A) or 0.034 mM GR24 (B). The mean

values and standard deviations are shown.

1124 González-Verdejo et al. — Improved Axenic System for Studying Orabanche



Zwanenburg, 1999), and that the absolute configuration of
this CD-moiety is crucial for germination activity (Thuring
et al., 1997a; Sugimoto et al., 1998). Taken together, these
results suggest that these compounds may induce ger-
mination via a receptor-mediated signalling mechanism
(Zwanenburg and Reizelman, 2001). It was reasoned that
if such a mechanism was indeed operating in Orobanche, it
should display an extremely rapid mode of action and, once
activated, result in an irreversible commitment to the ger-
mination programme, even after withdrawal of the initial
signal. To test this hypothesis, the minimum time required
for the stimulatory effect of GR24 was determined. Condi-
tioned seeds of O. ramosa were treated with GR24 for
different time periods ranging from 5 min to 36 h, and
then thoroughly washed with water plus 0�1 % Tween 20,
followed by five successive washes with water to remove all

traces of GR24. Seeds were then transferred to new Petri
dishes with glass-fibre filter paper containing only water.
As positive controls, seeds subjected to the same treat-
ments were transferred to plates with GR24 after washing.
As shown in Fig. 4, even the shortest time period tested
(5 min of exposure to GR24) was sufficient to trigger seed
germination levels comparable with those obtained by con-
tinuous treatment with the stimulant. To exclude the pos-
sibility that traces of GR24 remained trapped in the seeds,
the testa of 100 seeds was carefully removed before sub-
jecting them to a 5-min treatment with GR24 and the series
of washes described above. Again, levels of germination in
these seeds were highly similar to those of the positive
control (Fig. 4). TTC staining of the seeds stimulated
with GR24 for 5 min detected a significant increase in meta-
bolic activity 30 h after the treatment, before germination

A B C

D E F

F I G . 3. Light microscopy analysis of Orobanche ramosa seeds germinated in vitro after stimulation with GR24 (A–C) or in vivo in the presence of tobacco
roots (D–F). (A, D) Radicle; (B, E) attachment organ single lobed; (C, F) bilobed. Scale bars = 100 mm.

Time of treatment with GR24

G
er

m
in

at
io

n 
(%

)

5 min 1 h 3 h 6 h 12 h 25 h 36 h Continued 5 min
testa removed

0

10

20

30

40

50

60

70

F I G . 4. Percentage germination ofOrobanche ramosa seeds treated with GR24 for the time periods indicated, washed and transferred to plates with water. In
‘continued’ seeds were directly transferred to plates containing GR24. The mean values and standard deviations are shown.
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was visible at the seed level (data not shown). These results
show that GR24 acts extremely rapidly to induce seed
germination in O. ramosa and that, once activated, the
germination process is irreversible even if GR24 is
removed from the medium. Both lines of evidence support
the hypothesis that GR24 binds to a hypothetical receptor
present in conditioned seeds, and that this ligand-receptor
binding triggers a signal transduction cascade that results
in the activation of multiple genes involved in seed
germination.

Evidence for the presence of endogenous signals for
attachment-organ formation in O. ramosa

Once the seeds of parasitic angiosperms have germinated,
they need chemical or physical signals in order to initiate
development of the attachment organ. This process has been
studied in detail in Striga and Triphysaria, where at least
two steps of chemical host signal recognition have been
proposed (Chang and Lynn, 1986; Albrecht et al., 1999;
Keyes et al., 2000). The first acts at the level of germination
and is mediated by strigol analogues such as GR24, whereas
the second requires a distinct class of signalling compounds,
usually benzoquinones, which act as attachment organ ini-
tiators (Press et al., 1990). It has been suggested that the
benzoquinone signal may be generated through oxidation of
phenols of host origin by peroxidases present in parasitic
plants (Frick et al., 1996; Kim et al., 1998; Albrecht et al.,
1999). Whether a similar two-step signalling mechanism is
also operating in Orobanche remains unknown.

It was noted that, although GR24 in Orobanche has been
described mainly as a germination stimulant (Thuring et al.,
1997b), the application of this compound to O. ramosa
seeds consistently resulted both in germination and in
formation of the attachment organ (see Figs 2 and 3). It
was reasoned that GR24 might either be necessary and
sufficient to trigger both of these developmental processes,
or alternatively, induce only germination, whereas a distinct
signal would trigger attachment-organ development, similar
to that in Striga. To discriminate between these two hypo-
theses, advantage was taken of the fact that a very low
percentage (<0�1 %) of spontaneous germination was con-
sistently detected on the control plates of O. ramosa seeds,
which had been treated only with water. These spontan-
eously germinated seeds were transferred to new plates
supplemented either with GR24 or water (50 seeds each),
and attachment-organ formation was monitored. Interest-
ingly, the percentage of spontaneously germinated seeds
that developed an attachment organ on water (48 %) did
not differ significantly from that of seeds transferred to
GR24 (51 %), and both of these rates were highly similar
to those previously observed in seeds germinated after
stimulation with GR24 (see Fig. 2B). This result suggests
that GR24 specifically acts as a stimulant for seed germina-
tion in O. ramosa, but is not required to trigger attachment-
organ formation. Thus, both in O. ramosa and in Striga,
germination and attachment-organ development are medi-
ated by different types of signals. However, whereas in
Striga the attachment organ-inducing signals are thought

to be of host origin (Press et al., 1990), the present results
suggest that these signals in O. ramosa are endogenously
generated and, therefore, host plant-independent. However,
it cannot be excluded that the low percentage of seeds that
germinate spontaneously could be mutants in which GR24
response is constitutively activated. In this case, other
potential GR24-dependent processes such as attachment-
organ formation could also be constitutively activated in
these seedlings.

In summary, an axenic, host-free system for O. ramosa
based on a new seed disinfection protocol has been
developed, which provides reproducible germination rates
around 70 %, and results in developmental events such as
attachment organ differentiation that are highly similar to
those observed in vivo. The system has been applied to the
examination of the three key pre-infection stages in
O. ramosa: conditioning, germination and attachment-
organ differentiation. It was found that a conditioning
period of 8 d was both necessary and sufficient to allow
optimal germination, and that conditioned seeds could be
dehydrated and stored for several months without losing
their responsiveness to the stimulant. Evidence is provided
that GR24 uses an extremely rapid mechanism to fully and
irreversibly induce the seed germination response,
suggesting that it acts via a receptor-mediated signalling
mechanism. Finally, similar rates of attachment-organ dif-
ferentiation were found in seeds treated with different
exogenous stimulants and those that had germinated
spontaneously on water, suggesting that attachment-organ
differentiation is triggered by unknown endogenous signals.
It is predicted that the new in vitro culture system will have
useful applications for the molecular analysis of early stages
of parasitic development in Orobanche.
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