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Abstract Axillary bud outgrowth is regulated by both

environmental cues and internal plant hormone signaling.

Central to this regulation is the balance between auxins,

cytokinins, and strigolactones. Auxins are transported

basipetally and inhibit the axillary bud outgrowth indirectly

by either restricting auxin export from the axillary buds to

the stem (canalization model) or inducing strigolactone

biosynthesis and limiting cytokinin levels (second mes-

senger model). Both models have supporting evidence and

are not mutually exclusive. In this study, we used a mod-

ified split-plate bioassay to apply different plant growth

regulators to isolated stem segments of chrysanthemum

and measure their effect on axillary bud growth. Results

showed axillary bud outgrowth in the bioassay within

5 days after nodal stem excision. Treatments with apical

auxin (IAA) inhibited bud outgrowth which was counter-

acted by treatments with basal cytokinins (TDZ, zeatin,

2-ip). Treatments with basal strigolactone (GR24) could

inhibit axillary bud growth without an apical auxin treat-

ment. GR24 inhibition of axillary buds could be counter-

acted with auxin transport inhibitors (TIBA and NPA).

Treatments with sucrose in the medium resulted in stronger

axillary bud growth, which could be inhibited with apical

auxin treatment but not with basal strigolactone treatment.

These observations provide support for both the canaliza-

tion model and the second messenger model with, on the

one hand, the influence of auxin transport on strigolactone

inhibition of axillary buds and, on the other hand, the

inhibition of axillary bud growth by strigolactone without

an apical auxin source. The inability of GR24 to inhibit bud

growth in a sucrose treatment raises an interesting question

about the role of strigolactone and sucrose in axillary bud

outgrowth and calls for further investigation.

Keywords Chrysanthemum � Shoot branching � Axillary

bud � Strigolactone � Auxin � Split-plate assay

Introduction

The above ground architecture of plants is post-embryon-

ically determined by the outgrowth of axillary buds which

develop from axillary meristems formed in the axils of

leaves. Interaction of the plant hormones auxin, cytokinins,

and strigolactones is prominent in the physiological control

of bud outgrowth regulation (Domagalska and Leyser

2011). The main mechanism of bud outgrowth regulation is

attributed to the action of auxin and cytokinin, the balance

of which controls apical dominance (Sachs and Thimann

1967; Cline 1991). Auxin is produced in the young

expanding leaves of the shoot apex (Ljung et al. 2001) and

is transported towards the roots in the stem (Friml et al.

2003). This basipetal transport is facilitated by PIN and

ABCB auxin efflux proteins with basipetal transport mainly

established by the PIN1 proteins in the basal membranes of

the xylem parenchyma cells (Petrásek and Friml 2009).
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The further action of auxin to inhibit axillary bud out-

growth happens indirectly (Ongaro and Leyser 2008).

Evidence exists for two non-mutually exclusive models:

the second messenger model and the canalization model

(Domagalska and Leyser 2011). The second messenger

model puts another signal or hormone downstream from

auxin to directly influence bud outgrowth. Both cytokinin

and strigolactone fit in this model as cytokinin biosynthesis

was shown to be downregulated by auxin (Tanaka et al.

2006), while strigolactone biosynthesis was upregulated by

auxin (Foo et al. 2005; Mashiguchi et al. 2009). Strigo-

lactone was further reported to be able to inhibit axillary

bud outgrowth by direct application to the bud (Gomez-

Roldan et al. 2008). The canalization model attributes the

inhibitive action of auxin to a source–sink relationship

between the shoot apex, axillary buds, and stem. The apex

and axillary buds compete for the availability to export

auxin to the stem. Outcompeted axillary buds are deprived

of auxin export to the stem and do not grow out. Strigo-

lactone’s proposed function is to restrict the auxin transport

from bud to stem by interfering with the mobilization of the

PIN1 transport proteins in the basal membranes of the

xylem parenchyma cells (Ongaro and Leyser 2008). Sup-

porting evidence is that application of exogenous strigo-

lactone could increase axillary bud competition by

suppressing PIN1 auxin transport (Crawford et al. 2010;

Shinohara et al. 2013).

Recently, the role of sucrose in the control of apical

dominance has also been reevaluated and sucrose was

proposed, over auxin, as the initial regulator of apical

dominance and bud outgrowth after loss of apical domi-

nance (Mason et al. 2014; Barbier et al. 2015). The main

argument for this case is the observation that bud out-

growth occurred in decapitated pea plants, prior to changes

in auxin content in the stem (Morris et al. 2005). It is

further argued that sugar also functions as a signaling

molecule to trigger bud outgrowth. This is evidenced by

non-metabolizable sucrose analogues that are able to trig-

ger bud outgrowth (Rabot et al. 2012). Furthermore,

sucrose has been reported to upregulate auxin (Mishra et al.

2009) and cytokinin biosynthesis (Kushwah and Laxmi

2014).

To study the effects of plant hormones or other external

treatments on axillary bud outgrowth, a split-plate assay

can be used. The concept of the assay is to put an excised

nodal stem segment, with one or more axillary buds, in a

petri dish between two pieces of agar. In this way, axillary

bud growth can be measured with different treatments of

plant hormones, or other chemicals, that can be added

either to the top or bottom piece of agar. This method was

first described by Chatfield et al. (2000) in a study on the

shoot branching of Arabidopsis (Arabidopsis thaliana),

demonstrating that apical auxin treatment could inhibit

axillary bud growth and that basal cytokinin treatments

could release auxin inhibition.

The same method has been used in several other studies

with different species, including red clover (Van Min-

nebruggen et al. 2013), pea (Young et al. 2014; Brewer

et al. 2015), and chrysanthemum (Liang et al. 2010; Chen

et al. 2013). Liang et al. (2010) showed inhibition of only

basal axillary buds in two-node stem segments treated with

5 lM of the synthetic strigolactone GR24. Furthermore,

they observed inhibition of bud growth in one-node seg-

ments treated with GR24 only in combination with an

apical auxin treatment. Also in chrysanthemum, Chen et al.

(2013) reported that axillary bud inhibition by apical auxin

NAA was weakened by basal cytokinin (BAP).

In this study, we used a modified split-plate assay to

analyze bud outgrowth in chrysanthemum and to test the

effect of different plant growth regulators on the bud out-

growth. The effect of the auxin indole acetic acid (IAA)

and cytokinin (zeatin, thidiazuron (TDZ), 2-isopenteny-

ladenine (2-iP) treatments was verified to show auxin

cytokinin antagonism in axillary bud outgrowth. Strigo-

lactone (GR24) treatments were tested separately and in

combination with auxin transport inhibitors [1-N-naph-

thylphthalamic acid (NPA) and 2,3,5-triiodobenzoic acid

(TIBA)] to investigate the role of basipetal auxin transport

in the inhibitory action of strigolactone. Furthermore, we

combined sucrose treatments with auxin and strigolactone

to address the role of sucrose in apical dominance. In our

modified assay, we tested apical and basal treatments on

defoliated nodal stem segments by adding plant growth

regulators to a top or bottom agar plate without nutrients or

sucrose. This way the different treatments could be easily

combined, and effects on bud growth could be measured in

a period of just 5 days. Furthermore, possible influences of

plant hormones or assimilates from leaves on axillary bud

growth could be avoided.

Materials and methods

Plant material

Chrysanthemum morifolium Ramat. cut flower genotype

C17 (provided by Dekker Chrysanten BV., The Nether-

lands) was used in this study. Cuttings were rooted in a

standard greenhouse at 20 �C under long day light (16 h

SON-T 100 lmol/m2s) conditions for 3 weeks. Nodal stem

segments of 1.8 cm, bearing two nodes, were cut from the

young shoots. To obtain comparable segments in the same

physiological status, we selected nodal positions 5–6 and

7–8 (starting from the nodal position with the first fully

unfolded leaf under the shoot apex) (Fig. 1a). These posi-

tions contained axillary buds of roughly the same size that
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were inhibited by apical dominance. Leaves and stipules

were removed from the segments.

Split-plate assay

Split-plate experiments were set up according to Chat-

field et al. (2000) with minor modifications. Stem seg-

ments were sandwiched between two petri dishes with

15 ml of 0.7% agar medium, so that about 2 mm of the

stem segment went into the agar at each end (Fig. 1b, c).

Treatments were given to the apical or basal end of the

stem segments by adding plant growth regulators from

1-mg/ml stock solutions to the solidifying agar in the top

or bottom petri dish. IAA (0.5, 2, 5, 20 lM), NPA (5,

10 lM), and TIBA (5 lM) treatments were given api-

cally and treatments with TDZ (1 lM), zeatin (20 lM),

2-iP (20 lM), and GR24 (5, 15, 25, 50 lM) were given

basally. Sucrose treatments (1.5%) were given in both

top and bottom petri dish. Table 1 gives an overview of

the different treatment combinations that were used in

the experiments.

Growth conditions and measurements

Plates containing stem segments were placed in a growth

chamber (20 ± 1 �C, 19 h day length) with fluorescent

light (Philips TL-D Super 80 58 W/840 cool white) with an

intensity of 90 lmol * m-2 s-1 at the height of the nodal

stem segments inside the petri dish. Axillary bud lengths

were measured on stereomicroscopy (Leica M165FC)

pictures of the stem segments with ImageJ software

(Fig. 1d). For all experiments, five nodal stem segments

were used per treatment. Each nodal stem segment con-

tained two axillary buds. Bud outgrowth rate (BOR) was

calculated as the difference in bud length between two

subsequent days divided by the interval of days (2)

between these measurements.

Statistical analysis

For all the experiments, a two-way ANOVA (SPSS 23,

IBM Corp. Released 2015. IBM SPSS Statistics for Win-

dows, Version 23.0. Armonk, NY: IBM Corp.) was used to

Fig. 1 Experimental setup of the modified split-plate assay with

chrysanthemum nodal stem segments. a The nodal positions that were

excised to form 1.8-cm nodal stem segments. b, c Stem segments

were placed in between two petri dishes. d Axillary bud length was

measured with imageJ

Table 1 Combinations of

apical and basal treatments with

plant growth regulators used in

the different experiments

Apical Basal Apical ? basal

Figure IAA NPA TIBA TDZ ZEATIN 2-iP GR24 Sucrose

Figure 2 0.5–5 lM

Figure 3a 5 lM 1 lM

Figure 3a 5 lM 20 lM

Figure 3b 5 lM 20 lM

Figure 3c 5 lM 5 lM

Figure 4c 5 lM

Figure 4d 5 lM 5 lM

Figure 5a 15–50 lM

Figure 5b 10 lM 50 lM

Figure 5c 5 lM 50 lM

Figure 6a 5 lM 1.50%

Figure 6b 50 lM 1.50%

Figure 6b 20 lM 1.50%
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test interaction effects between the treatments and the

position of the axillary bud on the stem segment (lower bud

versus upper bud). There was no significant interaction

between treatment and axillary bud position in any of the

reported experiments, except for the treatment with 5-lM

basal GR24 (Fig. 4c). In all experiments, the data are,

therefore, represented as mean axillary bud lengths ±

standard error (SE) of 10 axillary buds per treatment (five

nodal stem segments with each two axillary buds). In

Fig. 4, the axillary bud length is shown separately for the

lower and upper axillary buds for each treatment.

Results

Axillary bud outgrowth inhibition with IAA

The initial bud length in all treatments was around 1 mm at

day 1. In the 0 lM IAA control treatment, axillary bud

outgrowth occurred over the 12-day period (Fig. 2a) with a

visible change from bud to unfolded leaf at days 4 and 5

(Fig. 2c). Treatments with 0.5, 2, and 5 lM IAA, over the

period of 12 days, showed an inhibition of axillary bud

growth compared to the 0 lM IAA control treatment

(Fig. 2a) with significant differences between control and

IAA treatments from day 3 to day 12. This inhibition was

stronger with increasing concentrations of IAA, culminat-

ing with 5 lM IAA. In the 5 lM IAA treatment, bud

growth was strongly inhibited in the first 5 days of

recording. After day 5, limited bud growth occurred with

leaf expansion and visible outgrowth from day 8 onwards.

The bud outgrowth rate was consistently higher in the

control treatment during the first 5 days compared to the

other treatments, where BOR decreased with each increase

in IAA concentration (Fig. 2b). The control treatment also

showed a peak of BOR at day 4. This indicated that in this

experimental setup, the highest bud growth response

occurred in the first 5 days. Based on these results, we used

Fig. 2 Axillary bud length in the split-plate assay with IAA

treatments on chrysanthemum nodal stem segments Apical treatments

(marked with A in the legend) with 0-lM IAA, 0.5 lM, 2-lM IAA,

and 5-lM IAA were assessed by measuring axillary bud outgrowth

every 24 h for 12 consecutive days. a Bud length on the y-axis

measured for 12 days. b Bud outgrowth rate between two subsequent

days on the y-axis starting from day 2. c Images of one single axillary

bud measured over 12 days for the 0-lM IAA treatment and the 5-lM

IAA treatment
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5 lM IAA as the concentration to inhibit axillary bud

outgrowth and measured axillary bud growth in five con-

secutive days in the experiments that followed.

Cytokinin and NPA mitigate IAA axillary bud

outgrowth inhibition

The treatment with 5-lM IAA inhibited axillary bud out-

growth (Fig. 3a). Treatments with a combination of 5-lM

IAA and cytokinins 1 lM TDZ, 20 lM zeatin (Fig. 3a) or

20 lM 2-iP (Fig. 3b) showed reduced bud outgrowth

inhibition compared to 5 lM IAA. A similar reaction was

also observed for treatment with 5 lM of the auxin trans-

port inhibitor NPA combined with 5 lM IAA (Fig. 3c).

Axillary bud outgrowth inhibition with strigolactone

GR24

For the experiment with GR24, a significant difference

between the lower and upper bud at day 4 and day 5 was

observed. Therefore, the axillary bud lengths were split up

in the lower node (LN) and the upper node (UN) (Fig. 4).

Treatment with 5-lM GR24 showed an inhibiting effect

only in the lowest axillary bud of the two buds on the stem

segment. In the control treatment (Fig. 4a), both the LN

and UN axillary buds grew out in equal lengths. The

treatment with 5-lM IAA (Fig. 4b) and the treatment with

5-lM IAA and 5-lM GR24 (Fig. 4d) showed both LN and

UN buds to be equally inhibited. The treatment with 5-lM

GR24 (Fig. 4c) showed outgrowth of the UN bud and

inhibition of the LN bud.

Basal treatments with a concentration gradient of GR24

were tested to achieve inhibition of both axillary buds on

the stem segment (Fig. 5a). The treatment with 50-lM

GR24 showed the strongest inhibition of bud outgrowth

with no significant differences between lower and upper

nodes. Hence, this concentration was subsequently used in

further tests with GR24.

TIBA and NPA mitigate GR24 axillary bud

outgrowth inhibition

Basal applications with 50-lM GR24 were combined in two

experiments with apical treatments with the auxin transport

inhibitors NPA (Fig. 5b) and TIBA (Fig. 5c). An application

of 10-lM apical NPA combined with 50-lM basal GR24

increased the bud length growth compared to the 50-lM

GR24 treatment but bud length growth was lower than in the

control treatment (Fig. 5b). The application of 5-lM apical

TIBA together with 50-lM basal GR24 showed an increased

bud length growth, similar to the control treatment, com-

pared to the restricted growth in the 50-lM GR24 treatment

(Fig. 5c). Treatments with either NPA or TIBA were inclu-

ded as a reference for the effect of these auxin transport

inhibitors on bud outgrowth (S. 1). Treatment with 10-lM

NPA or 20-lM TIBA showed a slight decrease in bud out-

growth compared to control treatment.

Increased axillary bud outgrowth with sucrose

is inhibited by IAA but not by GR24 treatment

Treatment with 1.5% sucrose showed increased axillary

bud growth compared to the control without sucrose. When

5-lM IAA was applied in the 1.5% sucrose treatment, there

was an inhibition of bud outgrowth compared to the 1.5%

sucrose control but the bud outgrowth was not inhibited

beyond the no sucrose control (Fig. 6a). Treatment of 1.5%

sucrose with 20-lM IAA showed inhibition of bud growth

compared to the other treatments except the no sucrose

5-lM IAA treatment, which showed the strongest

Fig. 3 Axillary bud length in the split-plate assay with cytokinin and

NPA treatments on chrysanthemum nodal stem segments. Bud length

is shown on the y-axis measured over 5 days on day 1, day 3, and day

5 for the different treatments. a 5-lM apical IAA combined with

2-lM basal zeatin or 1-lM basal TDZ. b 5-lM apical IAA combined

with 20-lM basal 2-iP. c 5-lM apical IAA combined with 5-lM

apical NPA. Apical and basal treatments are marked in the legend

with A or B, respectively
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inhibition of bud outgrowth. The treatment with 1.5%

sucrose and 50-lM GR24 showed no inhibition of axillary

bud outgrowth (Fig. 6b).

Discussion

Bud outgrowth assay

In the experiment where apical auxin was applied for

12 days (Fig. 2), bud outgrowth occurred in the control

treatment during the 12-day period that was measured

(Fig. 2a). The rate of this bud outgrowth decreased after

reaching a peak at day 4 (Fig. 2b). The axillary bud length

itself reached a plateau at day 10. This indicates that after

reaching a growth peak within the first 5 days, axillary bud

growth decreased and halted. The arrested growth after the

initial 5 days might be explained by the fact that no sucrose

or other nutrients were added to the medium and that also

the leaves were removed. In previous reports, it was shown

that defoliation could have effects on bud outgrowth. In

sorghum, defoliation led to an inhibition of axillary bud

Fig. 4 Axillary bud length in the split-plate assay with GR24 and

IAA treatments on chrysanthemum nodal stem segments Bud length

is shown on the y-axis measured over 5 days with separate upper node

bud length (UN) and lower node bud length (LN). a Control

treatment. b Apical treatment with 5-lM IAA. c Basal treatment with

5-lM GR24. d Apical treatment with 5-lM IAA and basal treatment

with 5-lM GR24. Significant difference (t test) between LN and UN

is marked in the figure with *
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outgrowth (Kebrom et al. 2010). Similarly, defoliated pea

plants showed inhibited axillary bud growth after decapi-

tation (Mason et al. 2014). These observations have been

suggested to be linked with sugar requirements of the

growing buds (Rameau et al. 2015). Differences in leaf

area could therefore influence the capacity of axillary buds

to grow out (Kebrom and Mullet 2015). Accordingly, in

our experiments, defoliated stem segments were used to

eliminate the influence of auxin or sucrose from the leaves.

The defoliation did not restrict the capability of the axillary

buds to grow out, evidenced by the observed bud out-

growth occurring in a 5-day period in the control

treatments.

Auxin and cytokinin bud outgrowth physiology

The apical treatment with auxin showed a correlation

between the inhibition of axillary bud outgrowth and the

concentration of apical IAA (Fig. 2). During the first

5 days, there was complete inhibition of axillary bud

Fig. 5 Axillary bud length in the split-plate assay with GR24, NPA,

and TIBA treatments on chrysanthemum nodal stem segments. Bud

length is shown on the y-axis measured over 5 days on day 1, day 3,

and day 5 for the different treatments. a 5,- 15-, 25-, and 50-lM basal

GR24. b 50-lM basal GR24 combined with 10-lM apical NPA. c 50-

lM basal GR24 combined with 5-lM apical TIBA

Fig. 6 Axillary bud length in the split-plate assay with sucrose, IAA

and GR24 treatments on chrysanthemum nodal stem segments. Bud

length is shown on the y-axis measured over 5 days on day 1, day 3,

and day 5 for the different treatments. All treatments with sucrose had

1.5% sucrose in the basal and apical medium. a 1.5% sucrose with

5-lM apical IAA. b 1.5% sucrose in combination with 20-lM apical

IAA or 50-lM basal GR24
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outgrowth with 5-lM IAA. After day 5, the axillary buds

started expanding and showed bud outgrowth from day 8 to

day 12. This demonstrated that the auxin treatment caused

a delayed axillary bud outgrowth with initial inhibition.

This has also been observed in Arabidopsis stem segments

treated with NAA, and it has been argued that the eventual

outgrowth could be due to synthesis of cytokinins in the cut

stem (Chatfield et al. 2000). Another possibility could be

that a decapitation signal, besides auxin, could induce the

bud outgrowth (Morris et al. 2005).

The results with auxins and cytokinins showed that the

inhibitory effect of IAA could be alleviated with basal

application of three cytokinins, zeatin, TDZ and 2iP

(Fig. 3). These observations are in line with previous

reports in Arabidopsis (Chatfield et al. 2000) and

chrysanthemum (Chen et al. 2013) where basal treatment

with the cytokinin BA could reduce the inhibition of apical

treatment with the auxin NAA. Apical treatment with the

auxin transport inhibitor NPA showed a similar alleviation

of axillary bud inhibition by apical IAA. NPA blocks

ABCB and PIN auxin transport proteins that enable the

polar auxin transport (Petrásek et al. 2006; Blakeslee et al.

2007). These results were also consistent with alleviation

of NAA inhibition of axillary bud outgrowth by NPA in

Arabidopsis (Chatfield et al. 2000).

Strigolactone bud outgrowth physiology

In the first experiment with GR24, 5 lM was applied

basally and both the length of the upper and lower node

was recorded (Fig. 4). A clear difference in outgrowth

was observed: the upper node axillary bud grew out while

the lower node axillary bud was inhibited. These results

showed that 5-lM GR24 was not sufficient to inhibit the

axillary bud outgrowth in both nodes of the stem segment.

This confirms the results of a previous report of a treat-

ment with 5 lM on chrysanthemum (Liang et al. 2010). A

possible explanation could be that the physiological

action of strigolactone is dependent on an apical auxin

source, as proposed in the canalization model. The action

of GR24 would dampen polar auxin transport by con-

straining accumulation of PIN1 auxin transport proteins.

This would limit the amount of auxin that can be trans-

ported from axillary bud to stem and is required for the

outgrowth of the bud. Furthermore, a competition would

occur between the two adjacent axillary buds for the

ability to transport auxin into the stem (Crawford et al.

2010). In our treatment with 5-lM GR24, the UN bud

grew out (Fig. 4c). This would then, together with the

basal GR24, limit the availability of auxin export for the

LN bud, causing it to be fully inhibited. Similar obser-

vations that show strigolactone inhibition only in the

presence of an apical auxin source have been made in

Arabidopsis and pea (Bennett and Leyser 2006; Ongaro

and Leyser 2008; Crawford et al. 2010).

When GR24 was applied at high concentrations

(50 lM), axillary bud outgrowth was inhibited without the

addition of an apical auxin source (Fig. 5a). This corre-

sponds with the results in other experiments with pea and

Arabidopsis (Brewer et al. 2009, 2015; Dun et al. 2013)

where basal GR24 treatments could also inhibit axillary

buds in the absence of an apical auxin source. This new

observation in chrysanthemum is in line with the second

messenger model where the action of strigolactone is

proposed to be downstream and independent of auxin

transport capacity. In both the canalization model and the

second messenger model, the action of strigolactone is

downstream of auxin; the difference being that in the

second messenger model, the strigolactones can act inde-

pendently of auxin, while in the canalization model, the

action of strigolactone is auxin dependent. Thus, one could

reason that if the upstream auxin signal is weakened by

polar auxin transport inhibitors, the axillary bud inhibition

by strigolactone would be weakened in the case of the

canalization mechanism. Therefore, basal application of

GR24 was combined with apical application of the auxin

transport inhibitors NPA and TIBA. TIBA was proposed to

compete with natural IAA for transport and binding sites

without showing auxin activity (Katekar and Geissler

1977). Apical application with NPA or TIBA, in combi-

nation with basal GR24, showed reduced inhibition of

axillary bud growth when compared to the basal GR24

treatment alone (Fig. 5b, c). These results seem to con-

tradict the observation that GR24 could inhibit bud out-

growth independent of an apical auxin source since, when

auxin transport is restricted, the inhibitive effect of GR24 is

alleviated and could be seen as support for the auxin

canalization model. From another perspective, the

increased bud outgrowth that was observed in the treatment

with GR24 in combination with NPA could be explained

by previous observations that strigolactones inhibit or

promote axillary bud outgrowth depending on the auxin

transport status (Shinohara et al. 2013). There it was shown

that in stems that are already deprived of auxin transport,

which is the case in NPA-treated plants, strigolactone can

actually promote axillary bud outgrowth. This also fits into

the canalization model (Waldie et al. 2014).

The difference between intact plants and the isolated

stem segments that are used in this study could also have

effects on the action of auxin to inhibit axillary bud growth.

It was shown in decapitated strigolactone deficient pea

plants that apical auxin application could not inhibit axil-

lary bud growth (Beveridge et al. 2000). Consistently,

intact Arabidopsis mutant plants with increased auxin

biosynthesis (yuc1D) showed decreased branching,

whereas double mutants with increased auxin biosynthesis
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(yuc1D) and strigolactone deficiency (max3) showed an

increased branching similar to max3 plants (Brewer et al.

2015). This demonstrated that strigolactone is required for

the inhibition of axillary buds by auxin, fitting to the sec-

ondary messenger model. In contrast, in isolated stem

segments of strigolactone deficient pea plants, apical auxin

treatment could inhibit bud outgrowth (Young et al. 2014).

The fact that auxin could not inhibit bud growth in the

intact plants has been ascribed to the cytokinins provided

by the roots that would counteract auxin and promote bud

outgrowth (Foo et al. 2007; Young et al. 2014). In the

isolated stems, the reported strigolactone independent bud

growth inhibition could then be caused by auxin sup-

pressing cytokinin biosynthesis (Young et al. 2014).

Sucrose bud outgrowth physiology

In the treatments with sucrose, stem segments on 1.5%

sucrose medium showed stronger axillary bud growth com-

pared to stem segments on sucrose free medium. Stem pieces

treated with 5-lM IAA in sucrose medium showed inhibition

of axillary bud outgrowth compared to stems on 1.5%

sucrose but a similar extent of bud growth as compared to the

sucrose free control (Fig. 6a). It should be noted that the

5-lM IAA treatment in sucrose medium inhibited bud

growth until day 3, while at day 5, the bud growth of the IAA-

treated stems surpassed that of the control treatment. This

indicates that the apical IAA induced an initial inhibition of

bud outgrowth but, compared to IAA treatments in sucrose

free medium, bud outgrowth occurred with a shorter delay.

This shows that apical auxin maintained an inhibitory effect

on axillary bud outgrowth but that sucrose decreased the

delay period of outgrowth. These observations are still in line

with a central role of auxin in the regulation of axillary bud

outgrowth but also show the importance of the interaction

with sucrose requirement.

Unlike IAA application, GR24 treatment in combination

with sucrose did not result in axillary bud outgrowth

inhibition (Fig. 6b). This observation contrasts with the

bud outgrowth inhibition that was seen in treatment with

GR24 in the sucrose free medium. This indicates that the

effect of GR24 alone could not inhibit axillary bud growth

when sucrose was supplied to the plant. Interestingly, in the

sucrose medium, treatment with apical auxin could still

restrict axillary bud growth compared to the control. These

observations do not comply with the second messenger

model. According to this model the action of strigolactone

is downstream of auxin so at least some bud growth inhi-

bition would be expected. A possible explanation could be

that other factors would play a more influential role on bud

outgrowth in decapitated plants than strigolactones.

Strigolactone could also be upstream from sucrose, making

GR24 treatment ineffective in bud inhibition. The

inhibition that was seen with IAA treatment could then

have been due to strigolactone independent factors, like

repressed cytokinin biosynthesis (Young et al. 2014) or

reduced sink strength of the stem for auxin transport from

the axillary buds according to the canalization model.

In addition to the canalization and second messenger

model, these observations could be explained by consid-

ering separate bud outgrowth mechanisms for intact plants

and for decapitated plants (Mason et al. 2014). In intact

plants, the hormonal balance between auxins, strigolac-

tones, and cytokinins would maintain the apical dominance

and control over outgrowth of axillary buds. In decapitated

plants a more rapid response would occur (Morris et al.

2005), making sucrose available for axillary buds that

could subsequently grow out. After bud outgrowth these

axillary shoots would become a new source of auxin,

reestablishing the hormonal balance. Stem segments that

were supplied with sucrose in the assay presented here

would in this way represent decapitated plants with a rapid

bud outgrowth response, independent from hormonal con-

trol, explaining the ineffectiveness of GR24 to inhibit bud

growth. This, however, leaves out an explanation for the

bud growth inhibition that was still seen in treatments with

apical IAA and sucrose that fits best with the auxin

canalization model.

Conclusions

In this work, a modified split-plate assay for chrysanthe-

mum nodal stem segments was used and axillary bud

outgrowth with applications of IAA, cytokinins (TDZ,

zeatin, 2-iP) strigolactone (GR24), and sucrose were

examined. Apical IAA treatments inhibited axillary bud

outgrowth within a 5-day period and severely delayed bud

growth after 8 days. Basal cytokinin treatments, as well as

apical NPA treatment, could reduce bud growth inhibition

by apical IAA. Treatment with 5-lM GR24 showed inhi-

bition of the lower axillary bud and outgrowth of the upper

axillary bud, consistent with the auxin canalization model.

On the other hand, treatment with 50-lM GR24 could

inhibit both LN and UN axillary bud growth without an

apical auxin source, which is in line with the second

messenger model. However, limiting the polar auxin

transport with NPA and TIBA reduced the inhibition by

50-lM GR24, a result that also fits the auxin canalization

model. With application of sucrose, apical IAA application

could inhibit bud outgrowth, unlike basal GR24 treatment.

These observations have raised some important questions

about the inhibition mechanisms of auxin and strigolac-

tone. The observed lack of bud outgrowth inhibition in

stem segments treated with GR24 and sucrose warrants

further investigation. For this purpose, the split-plate

Acta Physiol Plant (2016) 38:271 Page 9 of 11 271

123



bioassay offers an easy and practical method which can be

combined with hormone measurements, gene expression

analysis and in situ hybridization to reveal the underlying

molecular mechanisms.
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