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Abstract
Strigolactones are known to be involved in the control of 
branching, particularly axillary bud outgrowth. However, the effect 
of strigolactone on adventitious bud development is presently 
unknown, and the interaction of strigolactone with cytokinin on bud 
outgrowth has not been fully understood. Using a germination assay, 
high strigolactone levels were detected in a low-branched cultivar 
(Best Gold) but was less abundant in a high-branched cultivar 
(Goldilocks), particularly at an early stage of the growth cycle when 
branching was not visibly evident. In contrast, the concentration 
of cytokinins directly correlated with branching, suggesting an 
antagonistic interaction between strigolactones and cytokinins on 
branching. Supporting this hypothesis, strigolactone reduced the 
cytokinin stimulation of both axillary and adventitious shoot number 
in Zantedeschia grown in vitro. The reduced cytokinin concentration 
in a phenotypically low branched cultivar may have been associated 
with the inhibition effect of strigolactones. Hence, the fact that the 
alteration of branching in Zantedeschia or other horticultural species 
depends on the hormonal balance between these two hormones is 
quite likely. The idea may be useful for the generation of plants of 
desired branching at least within the in vitro system.
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Introduction
Strigolactones (SLs) are a class of hormones; known to control 

shoot branching [1]. The branching of shoots involves a sequential 
process of initiation of axillary meristems, formation of axillary 
buds, bud release and subsequent growth of the axillary shoot 
[2]. While the interaction between different plant hormones such 
as auxin, cytokinins (CKs), and gibberellins on bud outgrowth 
(bud release and/or subsequent growth) have been widely studied, 
recent work has suggested that interactions between SLs and CKs 
may also be very important [3,4]. In Pisum sativum (pea), external 
application of SL inhibited both decapitation-induced [5] or CK-
induced [6] axillary shoot length, supporting the hypothesis of the 
likely interaction between CK and SL on subsequent growth of the 
released buds. However, the interaction between these two hormones 

on bud release per se is still unknown. It has been well established 
that CK is known to stimulate bud release in a range of different plant 
species. In Zantedeschia spp. K. Spreng, an ornamental plant [7], the 
CK, 6-benzylaminopurine (BAP), has been reported to stimulate 
branching in plants both in vitro [8,9] and in vivo [10]. As reported 
by Subbaraj et al. [10], the effect of CK in stimulating branching was 
more prominent early in the annual growth cycle of a low branched 
cultivar, ‘Best Gold’, of Zantedeschia. Hence, it was considered possible 
that in Zantedeschia, there is an interaction between SL and CK on 
bud release, at least at an early stage in the annual growth cycle. We 
therefore hypothesized that SL might act antagonistically with CK on 
bud release, subsequently affecting branching in Zantedeschia. 

As with axillary shoot development, the role of plant hormones 
such as CKs, gibberellins, auxin and the balance between these 
hormones in the formation and development of adventitious buds 
is well known [11]. Hence, the role of SL and its interaction with 
CK on the formation of adventitious shoots is also reported in this 
paper. In fact, prior to this study a role for SL in adventitious bud/
shoot formation had not been reported. Since CKs are well known 
for stimulating adventitious bud/shoot formation; as explored within 
this paper, it was of interest whether SL influences adventitious shoots 
as well as axillary shoots and, if so, how SL interacts with CK. In the 
research reported here, an in vitro technique was applied to study the 
interaction between SL and CK on both sources of shoot branching 
(i.e., axillary and adventitious) in Zantedeschia.

In our previous work, within Zantedeschia and some other 
horticultural species, we found less concentration of SLs in high 
branched cultivars compared to the low branched cultivars, at the 
growth stage before branching was visibly evident [12]. In this study, 
we have investigated the endogenous SLs and CKs within the high and 
low branched cultivars of Zantedeschia at different stages of annual 
growth cycle, thus to explore any relationship between the endogenous 
SLs and CKs on branching of Zantedeschia. 

Materials and Methods
Experiment one: Analysis of endogenous strigolactones and 
cytokinins

Plant growing conditions: The environmental and cultural 
conditions under which plants were grown were as described by 
Subbaraj et al. [10]. The flowering sized tubers of two cultivars – 
‘Goldilocks’ (phenotypically high branch frequency) and ‘Best Gold’ 
(low branch frequency) [13] were planted in a heated glasshouse at 
the Plant Growth Unit, Massey University, Palmerston North (40°22’S 
175°37’E) during spring (September). Guttation fluid, a naturally 
occurring sap flow in a plant due to positive hydrostatic pressure [14] 
was analysed for endogenous hormonal concentration. As described in 
Manandhar et al. [12], the fluid was collected from the fully expanded 
leaves of both cultivars at four different stages of the annual growth 
cycle i.e., leaf emergence, branching, flowering and foliage senescence, 
and stored at –20°C until hormonal analysis.

Germination assays for strigolactones analysis: Given the 
extremely minute quantities of SLs within plant systems [15,16], and 
the difficulties associated with using LC/MS-based systems to detect 
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material of the Zantedeschia cultivars ‘Best Gold, and, Goldilocks, 
were propagated in vitro via stem cuttings, which included the stem 
apex and swollen stem base, but with no roots. Based on preliminary 
trials to optimize concentration, the hormone treatments were applied 
to the basal agar medium as described in Manandhar et al. [18]. 

Experimental design and data analysis: The treatments 
comprised a (2 × 3 × 2) factorial arrangement of each of the two 
cultivars, three concentrations (0, 0.3 and 0.9 mg L-1) of BAP and two 
concentrations of (0 and 0.1 mg L-1) of GR24 (a synthetic strigolactone). 
Each treatment had four replications, represented by four culture 
vessels with eight stem cuttings per vessel. The number of axillary and 
adventitious shoots was counted at both four and eight weeks after the 
treatments were applied. In Zantedeschia, unlike axillary shoots which 
develop within leaf axils (Figure 1A) adventitious shoots develop from 
the stem/tuber tissue (Figure 1B). Data were analysed by a three-way 
ANOVA, using the GLM procedure of Minitab 16 (Minitab Inc., State 
College PA, USA). Mean separation were conducted at P ≤ 0.05 using 
the Duncan’s multiple range test method (DMRT). 

Results 
Strigolactones content in Zantedeschia

The low-branched cultivar (Best Gold) produced 40% more (P 
< 0.01) germinated seeds of O. minor than for the high branched 
cultivar (Goldilocks), during the early stage of growth when leaves 
on the primary shoot had just started to emerge (Figure 2). However, 
after branches were fully developed through until the stage of 
natural senescence, there was no difference between the germination 
percentages of the seeds within the guttation fluid of high and low-
branched cultivars. 

Cytokinins

Compared with the low branched ‘Best Gold’, ‘Goldilocks’ 
contained a considerably higher concentration of CKs, particularly 
trans zeatin riboside (t-ZR) by five hundreds folds and trans zeatin 
(t-Z) by more than a hundred fold (Table 1). Other forms of CKs 
such as 2iP, c-Z and c-ZR were detected to some level (1-7 ng mL-1) in 
‘Goldilocks’ but not in ‘Best Gold’.

Axillary shoots 

The presence of GR24 greatly reduced (by about half) the number 

these compounds, a germination assay utilising seeds of Orobanche 
minor was used [12]. While such assays lack chemical identification, 
they are a useful tool to detect and quantify endogenous SLs. In 
conducting the assay approximately 30 preconditioned seeds were 
spread inside a glass Petri dish (5 cm Ø) lined with a double layer 
of Whatman No.1 filter paper, wetted with 800 µl of guttation fluid. 
Seeds were then allowed to germinate at 25°C for 8 days in the dark. 
Microscopic observations of seeds were conducted after 8 days of 
exposure to treatment solutions. 

LC/MS-MS for cytokinin analysis: Cytokinin analysis was 
carried out using LC/MS-MS following the procedure described in 
Pilkington et al. [17], with some modifications. Zantedeschia guttation 
fluid samples, ‘Goldilocks’ and ‘Best Gold’ (stored at –80°C) were 
thawed and then spiked with 10 ng of a labelled internal standard mix 
([2H5] t-Z, [2H5] t-Z9G, [2H6] 2iP, [2H6] iPR, [2H5] t-ZR; OlchemIm 
Ltd, Olomouc, Czech Republic). Samples were acidified with formic 
acid to be equivalent to 1 M formic acid and vortexed for 1 min prior 
to column clean-up on a mixed mode, reverse-phase, cation-exchange 
cartridge (Oasis MCX 60 mg/3 mL; Waters, ON, Canada). Cartridges 
were activated using 3 mL acetonitrile and equilibrated using 3 mL 
1 M formic acid. After equilibration, the sample was loaded and 
washed with 3 mL of 1 M formic acid followed by 3 mL of water. 
Acidic plant hormones were eluted with 4 mL acetonitrile, and the 
cartridge was then washed with 2 mL of water followed by 4 mL of 
0.35 M ammonium hydroxide to elute nucleotide forms of cytokinins. 
Cytokinin-free base, ribosides and glucosides were then eluted with 
3 mL of 0.35 M ammonium hydroxide in 60% acetonitrile (analysis 
fraction). The analysis fraction eluate was evaporated to dryness 
using a CentriVap concentrator (Labcon) and stored at –20°C until 
analysis. Prior to mass spectrometric analysis, the eluted CKs were 
reconstituted with 200 μL of 10% methanol/water plus 1% acetic 
acid. LC-MS/MS experiments were performed on a 5500 QTrap triple 
quadrupole/linear ion trap (QqLIT) mass spectrometer equipped with 
a TurboIon-SprayTM interface (AB Sciex, ON, Canada) coupled to 
an Ultimate 3000 UHPLC (Dionex, CA, USA). CKs were separated 
on a Poroshell 120 SB-C18 2.7 µm 2.1 × 150 mm ID column (Agilent 
Technologies, CA, USA) maintained at 80°C. Solvents were (A) water 
+ 0.1% formic acid and (B) acetonitrile + 0.1% formic acid and the 
flow rate was 600 μL-1. The initial mobile phase, 0% B was ramped 
linearly to 3% B at 9 min, then to 10% B at 15 min and 100% B at 22 
min. The column was flushed at 100% B for 1 min before resetting to 
the original conditions. Injection size was 10 µL. MS data was acquired 
in the positive mode using a scheduled multiple reaction monitoring 
(MRM) method (Supplementary Table 1). The operating parameters 
were as follows: ion spray voltage, 4500 V; temperature, 600°C; curtain 
gas, 45 psi; ion source gas 1, 60 psi; ion source gas 2, 60 psi. 

Experimental design and data analysis: At each of the four stages 
of the annual growth cycle, guttation fluid was collected from twenty 
individual plants as subsamples of each cultivar. For hormone analysis, 
the fluid for each cultivar at each stage of growth was pooled. The 
percentage germination of O. minor seeds was interpreted as indicating 
the relative concentration of SLs as being either high or low [12]. Data 
were analyzed using the GLM procedure of Minitab 16 (Minitab Inc., 
State College Pennsylvania, USA). Comparison between the means 
was made at P ≤ 0.05 using Tukey’s method.

Experiment Two: Application of strigolactone and cytokinin 

Plant growing conditions and hormone application: Plant 

Figure 1: Shoots of Zantedeschia ‘Best Gold’ grown in vitro. Parts of shoots 
within red circles in Figure A & B are axillary (AX) and adventitious (AD) shoots. 
Axillary shoots arise through leaf axils (Figure A) whereas adventitious shoots 
arise from plant parts other than being subtended by leaf axils (Figure B).
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of axillary shoots stimulated by the lower concentration of BAP in the 
high branched cultivar, but not in the low branched cultivar (Figure 
3A) in week 4. However, by week 8, the reduction in the number of 
axillary shoots produced was only significant at 0.3 mg L-1 of BAP 
in both cultivars (Figure 3). In terms of changes in the number of 
axillary shoots, in the absence of GR24, the high branched cultivar 
(‘Goldilocks’) typically responded positively to the presence of BAP at 
the low concentration (0.3 mg L-1), and did not produce any additional 
axillary shoots at the higher concentration (0.9 mg L-1) beyond that 
produced at 0.3 mg L-1 (Figure 3B). In contrast, shoot numbers in the 

Figure 3: Number of axillary shoots per culture vessel (eight plants in each vessel) in two cultivars (A) Best Gold and (B) Goldilocks of Zantedeschia 
grown in vitro supplied with GR24 (±) (in mgL-1) and/or BAP (±) observed at four (1) and eight (2) weeks after treatment. The vertical bars indicate standard 
errors of the mean (n=4). For each cultivar, means with same letters do not differ significantly at P ≤ 0.05 using DMRT.
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Figure 2: Germination percentage (%) of seeds of O. minor as affected by 
guttation fluid of Zantedeschia cultivars at different stages of annual growth 
cycle. Only 1% or near to zero seeds germinated with the Control (Water). 
The vertical bars indicate standard errors of the mean (n=3). Within the graph, 
different letters indicate significant differences at P < 0.05 using Tukey’s test. 
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Cultivars
Cytokinin forms* (ng mL-1)

2iP t-Z c-Z iPR t-ZR DHZR iP9G c-ZR
‘Goldilocks’ 

(high branched) 1 164 3 6 568 nd nd 7

‘Best Gold’
(low branched) nd** 2 nd 0.1 9 nd nd nd

Table 1: Endogenous cytokinins (ng mL-1) within the guttation fluid of high and low 
branched cultivars of Zantedeschia during leaf emergence.

*DHZ, T-Z9G, t-ZOG, iPRMP, t-ZRMP, DHZR, iP9G, t-ZROG and DHZROG were 
not detected
**nd means not detected
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low branched cultivar (‘Best Gold’) nearly doubled with the increased 
concentration of BAP at 4 weeks, but the increase was not statistically 
significant at 8 weeks (Figure 3A). In both cultivars, few if any axillary 
shoots were produced in the absence of BAP, consequently the effect 
of GR24 in reducing axillary shoot numbers was only visible when 
BAP was present. 

Adventitious shoots 

In the presence of BAP, in vitro adventitious shoots arose from the 
swollen stem base in both cultivars. In the low branched cultivar (‘Best 
Gold’) after 8 weeks in the absence of GR24, the number of adventitious 
shoots were nearly double at 0.9 mg L-1 of BAP compared with 0.3 mg 
L-1 (Figure 4A). However, this effect was not evident with the highly 
branched ‘Goldilocks’ (Figure 4B), where approximately 80% more 
adventitious shoots formed in ‘Best Gold’ than in ‘Goldilocks’ (Figure 
4). Importantly, GR24 almost halved the formation of BAP-induced 
adventitious shoots in ‘Best Gold’ (Figure 4A). 

Discussion
At the leaf emergence stage, ‘Best Gold’ contained a higher 

concentration of SLs compared to ‘Goldilocks’ (Figure 2). This 
difference in concentration of SLs between the high and low-branched 
cultivars, before the branches had fully developed [19], supports 
the hypothesis that SLs are involved in inhibiting branching in this 
genus. At all subsequent stages of the annual growth cycle however, 
the concentration of SLs was not significantly different between the 
two cultivars (Figure 2). The presence of SLs in later stages may be 
due to that there are different forms of SLs [20] preferentially detected 
by germination assays, any particular form which influences shoot 
branching might not be present after the shoot branches have been 
fully developed. Supporting the existence of different forms of SLs at 
different stages of a growth cycle, Xie et al. [21] reported that the SL, 
‘7-oxoorobanchyl acetate’, was found in root exudates of rice during 
early growth, but not in later stages. It is possible that this form of SL 
may have a role in controlling the release of axillary buds. 

Since CK stimulated more axillary branches in ‘Best Gold’ 
when applied at the leaf emergence stage [10], it was suggested that 
reduced shoot branching in Zantedeschia was due to reduced CK, and 
vice versa. Supporting this hypothesis, guttation fluid of the highly 
branched ‘Goldilocks’ contained higher concentration of CKs than 
‘Best Gold’ (Table 1). It is quite likely that the higher concentration 
of endogenous SLs of low branched cultivar (Figure 2) may have 
suppressed the endogenous CKs concentration, resulting in inhibition 
of release of axillary buds. Since, SL may not inhibit the biosynthesis 
of CKs [6] it is possible that SL may reduce CK via increasing CK 
metabolism. To test this hypothesis, studies on the effect of SLs on the 
degradation of CKs would be useful. Overall, the differences in level 
of these two hormones might alter branching of Zantedeschia plants 
grown both in vivo and in vitro. 

The reduction in axillary shoot number in response to externally 
applied SL in Zantedeschia cultivars supports previous reports on 
the inhibitory influence of GR24 on axillary shoot number in high 
branched SL-deficient mutants of Arabidopsis and rice [1,4]. Likewise, 
Gomez-Roldan et al. [1] and Dun et al. [6] also observed inhibition 
of axillary bud growth by GR24 in pea plants, but only in terms of 
shoot length rather than bud release. However, in the experiment 
reported within this paper, in which the number of axillary shoots was 
considered, the effect of GR24 would be on bud release per se, but not 
on the further development of the released bud, i.e. the subsequent 
growth, hence demonstrating the specific important effect GR24 has 
on shoot branching. Any subsequent effect on length of the shoot is 
secondary, and probably via a different mechanism. 

Interestingly, in ‘Best Gold’, the effect of GR24 on the number of 
axillary shoots was not evident in the first four weeks (Figure 3A1) 
though GR24 significantly reduced shoot number after eight weeks 
(Figure 3A2). Hence, it appears that the response to GR24 by axillary 
buds of ‘Best Gold’ was slow compared with that evident in the highly 
branched ‘Goldilocks’, and that the rate of degradation of GR24 may 
differ between cultivars. 

SL reduced CK-induced axillary shoot number (Figure 3), 
supporting the model of an interaction between SL and CK at the early 
stage of shoot branching, i.e. during initiation of bud release. Dun et 
al. [6] also found an interaction in pea seedlings but, in their study, 
the parameter measured was shoot length rather than bud release, as 
SL reduced CK-induced shoot length suggesting that the interaction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 

b 

b 

cd 
de 

e 

A 
‘Best Gold’  (Week 

8) 

 

‘Goldilocks’  (Week 8) 

B 

ab 

a b 

ab
c 

Figure 4: Number of adventitious shoots per culture vessel (eight plants 
in each vessel) in two cultivars (A) ‘Best Gold’ and (B) ‘Goldilocks’ of 
Zantedeschia grown in vitro supplied with GR24 (±) and/or BAP (±) (in mg 
L-1) observed eight weeks after treatment. The vertical bars indicate SE of the 
mean (n=4). Within each cultivar only, means with same letters do not differ 
significantly at P ≤ 0.05 using DMRT. 
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between these two hormones was on the subsequent growth. Hence, 
it is possible that SL interacts with CK at a different stage of shoot 
branching in Zantedeschia but, due to the lack of data on SL and/or 
CK on axillary shoot length of Zantedeschia when grown in vitro, the 
interaction between these two hormones on axillary shoot length of 
Zantedeschia remains to be investigated. 

In contrast to the inhibition effect of GR24, Crawford et al. [22], 
Ward et al. [23] and Liang et al. [24] observed no inhibition of axillary 
shoot length in node/s of stem segments with basally-supplied GR24. 
In those studies, adding auxin to the cut upper internode, in the 
presence and/or absence of GR24, inhibited axillary shoot length. 
Hence, polar auxin transport (PAT) appears as the main cause of 
axillary bud inhibition via preventing auxin transport out of the buds 
to the main stem, which is crucial for bud release [25,26]. Contrary 
to this hypothesis, in the current experiment, despite the presence of 
auxin from the apical meristem, axillary buds (stimulated by BAP) 
were not inhibited. Wickson and Thimann [27] and Turnbull et 
al. [28] showed that CK could release the axillary bud, even in the 
presence of the apex. Thus, the lack of release was probably due to 
deficiency of CK rather than lack of auxin transport out of the axillary 
buds. Since GR24 inhibited the BAP stimulated axillary bud release, 
it is concluded that an antagonist interaction between CK and SL has 
occurred on release of buds.

Efforts by Liang et al. [24] and Ward et al. [23] to inhibit axillary 
shoot length with GR24 failed, possibly because application of GR24 
was insufficient to antagonize the effect of a higher level of CKs 
since effectiveness of GR24 might depend on relative amounts of CK 
available in axillary buds [6]. Such CKs, after removal of the apex, 
were contributed by de novo synthesized CK [3] and/or stored CK 
[29] near buds. On applying auxin to the decapitated stem, CK might 
be reduced due to the inhibitory effect of auxin on CK biosynthesis 
[30], thus allowing GR24 to begin to have an effect due to an increased 
SL/CK ratio [6]. Gomez-Roldan et al. [1] noted that applying GR24 
directly to the buds, as compared with via the vascular stream, might 
differ in their response to bud inhibition, with more effect via direct 
bud supply. In the current experiment, although GR24 was applied 
only in the basal medium, it is possible that GR24 was received 
directly by the axillary buds, as nodes present at the base of the 
stem cutting were completely immersed in the media. In addition, 
possibly the level of SL was higher due to the presence of apically-
derived auxin, and less availability of CKs. Supporting this hypothesis, 
at higher concentrations (0.9 mg L-1) of BAP, GR24 failed to inhibit 
axillary shoot number in both cultivars (Figure 3). 

BAP increased adventitious shoot number, but only in the 
‘Best Gold’ (Figure 4). Interestingly, GR24 significantly reduced the 
number of adventitious shoots induced by BAP. This is the first time 
the inhibitory effect of SL on adventitious shoot number has been 
reported, hence adding a new role for SL in plant canopy architecture. 
Reduction of CK-stimulated adventitious shoot number by externally 
applied SL in Zantedeschia grown in vitro, suggests these two 
hormones interact antagonistically with each other in the formation 
of adventitious buds. 

Conclusion
Endogenous SL analysis based on a germination assay of O. minor 

seeds, supports the hypothesis that in Zantedeschia the presence of SLs 
reduces shoot branching, at least during the early stage of the annual 
growth cycle before the visible evidence of branches. Additionally, it 

is likely that SL may inhibit the branching by reducing the level of 
cytokinin, suggesting an antagonistic interaction between these two 
hormones. Supporting this hypothesis, supply of SL in the media of 
Zantedeschia cuttings grown in vitro can inhibit both CK-stimulated 
axillary buds and the formation of CK-stimulated adventitious buds. 
Thus, the antagonistic relationship between CK and SL may explain 
the phenotypic differences between high branched and low branched 
cultivars. More importantly, the balance between these two hormones 
may have horticultural implication in generating plants of desired 
branching in Zantedeschia or other horticultural species at least 
within the in vitro system.
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