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Abstract 

Crop architecture, which is important for crop productivity, is mainly determined 

by shoot branching. Recently, a new hormone has been postulated as being a 

strigolactone-type compound that is involved in the control of shoot branching. 

Strigolactones in different horticultural crop species exhibiting different 

branching phenotypes were investigated using a specific germination assay based 

on the parasitic weed seed Orobanche minor, which requires strigolactones for its 

germination. Strigolactones were found in all horticultural crop species studied 

but not in all varieties within the species. Highly branched varieties showed little 

or no strigolactone suggesting that strigolactones may influence branching 

inhibition. In Zantedeschia, a commercially important species for cut flower 

production, a good correlation between strigolactone content and branching was 

observed during leaf emergence, early in the annual growth cycle, but not in later 

stages: the highly branched variety also produced high levels of strigolactones in 

later stages of the annual growth cycle. As there are many different strigolactones 

a specific branching assay is being developed, in addition to physico-chemical 

methods like mass spectrometry, in order to identify the strigolactone or related 

compound responsible for branching inhibition. Production of strigolactones in 

later stages of development also indicates that strigolactones may have other 

physiological roles.  
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Introduction 

 

Strigolactones (SL), recently proposed as a branch inhibiting hormone 

(Gomez-Roldan et al., 2008; Umehara et al., 2008) are the carotenoid-derived 

compounds produced by action of CAROTENOID CLEAVAGE 

DIOXYGENASES, CCD7 and CCD8 (Matusova et al., 2005). These 

compounds are also known to trigger the germination of parasitic plant seeds of 

Striga spp. and Orobanche spp. (Bouwmeester et al., 2003; Matusova et al., 

2005; Muller et al., 1992) and stimulate symbiotic fungi (Besserer et al., 2006). 

It is likely that SL are mainly synthesized in roots as one of the SL 

‘Orobanchol’ has been detected in xylem sap (Kohlen et al., 2011).  

As SLs or closely associated compounds are involved in shoot branch 

inhibition, study on this novel hormone is important for horticultural crops as 

the degree of branching are major factors determining production yield and 

quality (Gomez-Roldan et al., 2008). Several horticultural crops like Actinidia 

Lindl. (kiwifruit), have been considered as crops of architectural interest 

(Seleznyova et al., 2002) with regard to branching. Recent investigation has 

detected SL synthesizing genes that encode CCD8 and CCD7 in kiwifruit 

(Ledger et al., 2010), Dendranthema grandiflorum (chrysanthemum) (Liang et 

al., 2010) and Solanum lycopersicum (tomato) (Vogel et al., 2010). However, 

the precise physiological relationship between natural SL and shoot branching 

is still unknown. This paper will focus on the existence of SL in different 

annual and perennial horticultural plants having different branching 

phenotypes, using a germination assay of Orobanche minor Sm. In this study, a 

synthetic strigolactone ‘GR24’ has been used as a standard for developing a 

dose response curve in order to quantify SL present in plant samples of some 

species investigated.  

 

 

Materials and Methods 

 

Plant Selection 

Different horticultural species were selected that included Zantedeschia 

spp. K. Spreng, Actinidia chinensis and deliciosa Lindl. (kiwifruit), Malus 

domestica Borkh (apple) and Acer palmatum Thunb. (Japanese maple). 

Selected varieties of each of these species, and descriptive growth 

characteristics, were: 

 

 Zantedeschia: ‘Goldilocks’ (highly branched) and ‘GE45’ (less 

branched) 

 Kiwifruit: ‘Hort16A’(A. chinensis) and ‘Hayward’(A. deliciosa) - 

both varieties have vigorous shoot growth with more proleptic 

shoots (shoots of previous season) and less or no sylleptic shoots 

(shoots that developed from current season buds)  

 Apple: ‘Royal Gala’ (‘RG’) (vigorous shoot growth) and ‘M9’ 

(dwarfing growth habit) 
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 Acer: ‘Red Emperor’ (less branched) and ‘Sango Kaku’ (highly 

branched) 

 

Sample Preparation and Purification 

Guttation Fluid Collection - Zantedeschia 

Xylem exudate collected as guttation fluid of Zantedeschia was obtained 

from ten plants per variety, and pooled together for subsequent analysis 

utilising a germination assay method as described by (Matusova et al., 2005). 

Guttation fluid was collected early in the annual growth cycle commencing 45 

days after planting tubers, and on five further occasions at intervals of one 

month. At the first date of collection, the plants were at the leaf emergence 

stage with one to two fully opened leaves, by the second date they had started 

branching, third date plants were flowering and, during the last two dates the 

plants had progressed to early senescence and late senescence, respectively. 

For collecting samples, plastic ‘zip locks’ bags were used to envelop a group of 

two to eight leaves per plant, depending upon variety. Collection bags were put 

in place late afternoon, with the accumulated guttation fluid collected the 

following morning.  

 

Xylem Sap Collection - Acer, Kiwifruit and Apple 

For Acer, kiwifruit and apple, extraction of xylem sap was carried out as 

described by Bollard (1953) in early summer (November) for both kiwifruit 

and apple, both summer (December) and winter (June) for Acer.  

One day before extraction, the plants were fully watered and sap extraction 

was done by inserting the proximal end of the shoot into a vial placed in a 

sealed Buchner flask connected to a vacuum pump (Hivac, Auckland, New 

Zealand). Starting from the distal end, 100 mm of shoot was removed with 

pruning shears every five seconds. The flow of xylem sap was allowed to drip 

into the vial until the entire shoot was cut.  

 

Preparation of GR24 Solutions 

Ten mls of GR24 (298.29 molecular weight, Chiralix, The Netherlands) 

stock solution of 100 mgL
-1

 was prepared in 10% acetone and diluted with 

distilled water to obtain 10  mgL
-1

 to 10
-7

 mgL
-1

 final concentrations. 

 

Germination Assay  

Based on the germination assay described by Matusova et al. (2005), 

Orobanche minor seeds that were preconditioned at 21
○
C for 14 days were  

allowed to germinate at 25 
○
C in the dark after the seeds were treated with the 

samples. Distilled water was used as a control. A dose-response curve for 

‘GR24’ was obtained over the concentration range 10
-7

 to 100 mgL
-1

 (Figure 

1). For both the dose response curve and plant samples analysed, the 

germination assay was based on 30 seeds and the data analysed using a Chi-

square test. To estimate the amount of SL present in the guttation fluid of 

Zantedeschia, the resulting germination percentage of O. minor was converted 

to GR24 equivalents from the dose-response curve (Figure 1).  
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Figure 1. Dose response on germination of O. minor seeds at different 

concentrations of GR24 

 
 

Results and Discussion 

 

Dose-response Curve of GR24 

The dose-response curve showed maximum germination in 1 mgL
-1

 of 

GR24, and above this concentration the germination activity started reducing 

(Figure 1). The fact that higher concentrations can inhibit parasitic seed 

germination was supported by several other authors (Economou et al., 2007; 

Wigchert et al., 1999; Malik et al., 2010; Matusova et al., 2004; Joel et al., 

1995). The dose- response also clearly indicated that the seed was sensitive to 

GR24 at concentrations as low as 0.0000001 mgL
-1

 (i.e. 10
-7

), suggesting that 

GR24 is highly effective at very low concentrations.  This is also supported by 

Malik et al. (2010) who suggested that GR24 could stimulate germination from 

10
-10 

to 10
-12 

molL
-1

. It also indicates that detection of SLs using a germination 

assay is a highly sensitive technique as the response of Orobanche spp. seeds 

to SL are at least 100 fold more sensitive for the detection of SLs, as compared 

with chromatography and mass spectrometry (Yoneyama et al., 2010). 

 

Strigolactone content in guttation fluid of Zantedeschia at different stages of 

growth  

In both varieties of Zantedeschia, the SL content varied between the 

different stages of development (Table 1), a finding which is supported by 
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Ledger et al. (2010). They found varied expression of AcCCD7 and AcCCD8 

in kiwifruit plants at different stages of their annual growth cycle. At the time 

of first sampling when the plants were at leaf emergence, guttation fluid of 

‘GE45’ contained about 70 times more SL concentration than ‘Goldilocks’, 

supporting the hypothesis of SL involvement in inhibition of branching. If so, it 

could also be predicted that higher concentration of SL may be responsible for 

reduced cytokinin level in Zantedeschia plants, as external application of 

cytokinin can enhance branching in the less branched variety ‘Best Gold’ 

during leaf emergence (Subbaraj et al. 2010). 

In contrast, guttation fluid collected from ‘Goldilocks’ when branching 

was visibly evident seemed to have the highest SL concentration of about 

100,000 fold more than that produced in leaf emergence,
 
though this variety is 

characterized by naturally being highly branched (Table 1). Hence it becomes 

apparent that the amount of SL present in Zantedeschia was potentially 

correlated with shoot branching during leaf expansion prior to when branching 

was evident, but not when branching had already occurred. A high 

concentration of SL in ‘Goldilocks’ at the visible branching stage may be 

because of basipetal supply of a high amount of auxin generated from the 

higher number of leaves developed by these plants (a function of the 

comparatively greater number of stems and branches with this variety). This 

high level of auxin may lead to enhanced production of SL in roots, as the SL 

synthesis genes that encode CCD7 and CCD8 are positively regulated by 

apically derived auxin (Beveridge, 2006; Dun et al., 2006). In addition, recent 

studies have found several other physiological roles for SL in the plant system 

apart from inhibition of shoot branching (Cardoso et al., 2011), and the 

presence of different forms of SL (Yoneyama et al., 2009) with different 

biological activity have also been noted (Kisugi et al., 2013). Thus, it could be 

predicted that different forms of SL could have different physiological roles 

(Kisugi et al, 2013), though the relationships between chemical structure and 

function are still unknown.  

 

Table 1.  Calculated concentration of strigolactones (expressed as ng L
-1 

of 

GR24 equivalent) present in guttation fluid of three different varieties of 

Zantedeschia in different growth stages. (Number in parenthesis is germination 

percentage of O. minor) 

Varieties of 

Zantedeschia 

Nov 2010 

Emergence 

stage 

Dec 2010 

Branching 

stage 

Jan 2011 

Flowering 

stage 

Feb 2011 

Early 

Senescence 

Mar 2011 

Late 

Senescence 

Goldilocks 

(highly 

branching) 

0.18 

(34) 

20000 

(93) 

1.9 

(50) 

90 

(69) 

20 

(63) 

GE 45 

(less 

branching) 

130 

(71) 

0.16 

(33) 

100 

(70) 

5 

(57) 

0 

(0) 

 

 

http://www.plantphysiol.org/content/150/1/482.full#ref-13
http://www.plantphysiol.org/content/150/1/482.full#ref-26
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As an extension of this emerging discussion, a specific branching assay is 

being developed in addition to liquid chromatography/ mass spectrometry 

(LC/MS) in order to identify a bio-active compound that may be either a 

strigolactone or its derivatives. In doing so, this acknowledges the fact that 

while the germination bioassay may be more sensitive, it is not necessarily 

specific to branching. In addition, the relationship between SL, cytokinin and 

auxin needs to be developed further in Zantedeschia, so as to better understand 

the hormonal influence upon the shoot branching mechanism.  

The variety ‘GE45’ seemed to have little or no SL during leaf senescence 

as the germination of O. minor seeds was greatly reduced at this stage of 

development (Table 1). As bud dormancy associated with leaf senescence 

ensues rapidly after cessation of new leaf production (Subbaraj et al., 2010), it 

is possible that SL content could be high but  lack of seed germination may be 

due to high levels of abscisic acid (ABA), produced in plants entering  

dormancy (Ofir & Kigel, 1998; Yamazaki et al., 2002).. This argument is 

supported by the fact that abscisic acid at concentrations of 10
-5 

M and 10
-6 

M 

has been found to reduce the germination percentage of Striga seeds 

(Orobanche family) when applied in the presence of germination stimulants 

(Yoneyama et al., 1998).  

 

Figure 2. Germination of O. minor seeds as affected by xylem sap of different 

horticultural species 
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Strigolactones in xylem sap of Acer, kiwifruit and apple 

Xylem sap of the Acer variety exhibiting less branching, i.e. ‘Red 

Emperor’, induced higher germination of O. minor seeds as compared to those 

of ‘Sango Kaku’ (Figure 2). However, repeated experiments using the Acer sap 

collected in summer showed that sap from ‘Sango Kaku’ also achieved 30% 

seed germination, suggesting that the production of SL could vary at different 

stages of development like that noted in Zantedeschia (Table 1) and kiwifruit 

(Ledger et al., 2010).  

Sap of the dwarfing ‘M9’ apple plants also showed more germination 

activity than the vigorous variety ‘RG’ (Figure 2). This finding supports the 

hypothesis of a direct relationship between SL and branching inhibition, as 

‘M9’ used as a dwarfing rootstock greatly reduces scion branching (van 

Hooijdonk et al., 2010, 2011). However, further investigations are required to 

determine whether the level of SL varies in different developmental stages of 

apple growth, as seen in Zantedeschia and Acer. Kiwifruit sap of both 

‘Hayward’ and ‘Hort16A’ stimulated germination to a similar level (Figure 2), 

suggesting the existence of SL in different kiwifruit species. The result also 

suggests both species of kiwifruit characterised with similar shoot vigour, but 

lack of sylleptic branching, might contain similar levels of SLs at particular 

stages of development.  

These overall results indicate that the germination assay can be a powerful 

tool to detect and quantify the level of SL. However, this method would be 

improved if the germination percentage can be converted into GR24 

equivalents using a dose response curve as in SL quantification in 

Zantedeschia (Table 1).  

In summary, branching of different horticultural crops appears to correlate 

with the level of SL as detected by O. minor germination assay, but 

consideration has also to be given to both the developmental stage of the plant 

and hormonal response to branching or the transduction pathway. Further 

research is required in order to establish the physiological relationship between 

different forms of natural SL and branching, by using a specific branching 

assay.    

The potential exists that the level of SL can be used as a marker for early 

selection of plants that exhibit desirable branching phenotype. As evident with 

other crop species, marker assisted selection can reduce some of the limitations 

of the traditional population breeding and selection method based on 

phenotypic traits (Collard & Mackill, 2008; Foolad & Panthee, 2012). 
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