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Abstract

Shoot branching is essential in ornamental chrysanthemum production and determines final plant shape and quality. Auxin
is associated with apical dominance to indirectly inhibit bud outgrowth. Two non-mutually exclusive models exist for indi-
rect auxin inhibition. Basipetal auxin transport inhibits axillary bud outgrowth by limiting auxin export from buds to stem
(canalization model) or by increasing strigolactone levels (second messenger model). Here we analyzed bud outgrowth in
treatments with auxin (IAA), strigolactone (GR24) and auxin transport inhibitor (NPA) using a split-plate bioassay with
isolated chrysanthemum stem segments. Besides measuring bud length, dividing cell percentage was measured with flow
cytometry and RT-qPCR was used to monitor expression levels of genes involved in auxin transport (CmPINI) and signaling
(CmAXR?2), bud dormancy (CmBRC1, CmDRM1) and strigolactone biosynthesis (CmMAX1, CmMAX3). Treatments over a
5-day period showed bud outgrowth in the control and inhibition with IAA and IAA + GR24. Bud outgrowth in the control
coincided with high dividing cell percentage, decreased expression of CmBRCI and CmDRM 1 and increased CmPINI expres-
sion. Inhibition by IAA and IAA + GR24 coincided with low dividing cell percentage and unchanged or increased expres-
sions of CmBRC1, CmDRM1 and CmPIN]. Treatment with GR24 showed restricted bud outgrowth that was counteracted by
NPA. This restricted bud outgrowth was still concomitant with a high dividing cell percentage and coincided with decreased
expression of dormancy genes. These results indicate incomplete inhibition of bud outgrowth by GR24 treatment and suggest
involvement of auxin transport in the mechanism of bud inhibition by strigolactones, supporting the canalization model.
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Introduction economically important ornamental crop as cut flowers, gar-

den plants and potted plants. A great number of varieties and

Shoot architecture is a key aspect in the quality of orna-
mental plants. The garden mum and florist Chrysanthe-
mum, Chrysanthemum morifolium (Ramat), is worldwide an
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shapes are produced by breeding and pruning to influence
plant shape (Anderson 2007). Cut flowers require laborious
pruning, while garden and potted varieties need to be com-
pact and highly branched. Therefore investigating the physi-
ological and genetic regulation of axillary bud outgrowth
could offer potential treatments to control the branching pro-
cess or genetic markers for breeding. Chrysanthemum has
also been proposed as a suitable ornamental model plant for
in-vitro research due to genotype-independent phenotypic
plasticity (Shinoyama et al. 2006). The variety in plant habit
is largely determined by the formation of secondary axes
through axillary meristem development and shoot branch-
ing during post-embryonic growth, for review see McSteen
and Leyser (2005). The regulation of axillary meristem and
axillary bud outgrowth reflects the plasticity of the plant
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to the environment involving external cues (temperature,
light, nutrients, decapitation) and endogenous control (plant
hormones, sucrose). Domagalska and Leyser (2011) and
Rameau et al. (2015) extensively reviewed these interac-
tions. Endogenously, the main regulators that are ascribed to
the control of bud outgrowth are sucrose (Mason et al. 2014;
Barbier et al. 2015) and the cross-talk of plant hormones
auxins, cytokinins and strigolactones (Ongaro and Leyser
2008; Ferguson and Beveridge 2009). Strigolactone is the
most recent plant hormone that was proposed to play a part
in shoot branching (Gomez-Roldan et al. 2008; Umehara
et al. 2008); the exact control mechanism is still subject of
debate. The two most important hypotheses about the role of
strigolactone in shoot branching are the auxin canalization
model (Bennett and Leyser 2006; Leyser 2009) and the sec-
ond messenger model (Brewer et al. 2009). The canalization
model states that auxin transport canalization from the axil-
lary buds to the stem is necessary for bud outgrowth and that
auxin in the main stem, along with strigolactone, influences
auxin transport to inhibit bud outgrowth. The auxin transport
happens from shoot to root (basipetal) and is canalized by
the mobilization of PIN1 auxin efflux proteins in the basal
membrane of xylem parenchyma cells. In this way a polar
auxin transport (PAT) is established in the stem (Gilweiler
et al. 1998; Friml et al. 2003). Strigolactone transport hap-
pens from root to shoot (acropetal) (Kohlen et al. 2011; Xie
et al. 2015b) and involves PDR proteins as was shown in
Petunia and Nicotiana tabacum (Kretzschmar et al. 2012;
Xie et al. 2015a). According to the canalization model, the
ability to transport auxin to the stem determines the out-
growth of axillary buds and these compete with the PAT in
the stem and other axillary buds. The role of strigolactone in
this model is to dampen the mobilization of PIN1 proteins at
the axillary buds, and inhibits the auxin transport to the stem
and consequent bud outgrowth (Ongaro and Leyser 2008).
According to the second messenger model, auxin regulates
the production of strigolactones, which are transported to the
axillary buds to inhibit outgrowth through the involvement
of a bud-specific transcription factor BRC1 (Domagalska
and Leyser 2011). These models are not mutually exclu-
sive as there is experimental evidence in support of both
the canalization model (Prusinkiewicz et al. 2009; Crawford
et al. 2010; Shinohara et al. 2013) and the second messenger
model (Brewer et al. 2009, 2015; Dun et al. 2013). The main
arguments in support of the auxin canalization model are the
observation that auxin transport through the mobilization of
PIN1 proteins is dampened by strigolactone (Crawford et al.
2010; Shinohara et al. 2013) and the fact that a competing
auxin source is required to allow strigolactone inhibition of
axillary bud outgrowth (Prusinkiewicz et al. 2009; Liang
et al. 2010; Crawford et al. 2010). Conversely, in support
of the second messenger model, strigolactone was reported
to inhibit axillary bud outgrowth in Pisum sativum in the
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absence of an apical auxin source (Brewer et al. 2009, 2015;
Dun et al. 2013). Furthermore, treatments with the auxin
transport inhibitor naphtyl phthalamic acid (NPA) showed
that strigolactone could inhibit axillary bud outgrowth
regardless of auxin transport status (Brewer et al. 2015). In
chrysanthemum, previous reports had shown bud outgrowth
inhibition by strigolactone only in the presence of an apical
auxin source (Liang et al. 2010) corroborating the auxin
transport canalization model. In recent experiments we used
the synthetic strigolactone GR24 in experiments with Chry-
santhemum shoots. GR24 is a commercially available strigo-
lactone analogue that is widely used in germination assays
and is very active for repressing shoot branching (Zwanen-
burg and Pospisil 2013). We showed that in Chrysanthe-
mum stem segments with two axillary buds it was possible
to inhibit the outgrowth of both buds with strigolactone
GR24 without an apical auxin source (Dierck et al. 2016b).
Furthermore, we found that inhibition by GR24 treatment
could be counteracted by auxin transport inhibition with
NPA treatment. Both observations seem contradictory,
with the former being in support of the second messenger
model while the latter supports the auxin transport canaliza-
tion model. To further investigate these observations, we set
up a bioassay with Chrysanthemum stem segments treated
with the auxin indole acetic acid (IAA), the synthetic str-
igolactone GR24 and the auxin transport inhibitor NPA.
Aside from measuring bud outgrowth, the expression levels
of several branching genes in samples of axillary buds and
stems were used to indicate the status of bud development
and auxin transport. Several Chrysanthemum genes that are
involved in axillary bud outgrowth have been described,
including the strigolactone biosynthesis gene MAX4 (Liang
et al. 2010), strigolactone signaling genes MAX2 (Dong et al.
2013) and D14 (Wen et al. 2015) and the BRC1 gene (Chen
et al. 2013). In previous work we isolated several genes in
Chrysanthemum that are involved in bud dormancy and the
pathways of auxin, cytokinin and strigolactone biosynthesis
and regulation: CmDRM 1, CmSTM, CmMAX1, CmMAX3,
CmRR1, CmHK3a, CmHK3b, CmTIR3, CmPINI, CmAXRI,
CmTIR1, CmAXR6, CmIAAI2, CmAXR2 and CmIAAIl6
(Dierck et al. 2016a).

Five of these genes were selected for this study:
CmBRC1, CmDRMI1, CmMAXI, CmMAX3, CmAXR2, and
CmPINI. BRCI is a key integrator of branching signals that
is expressed in inhibited axillary buds (Aguilar-Martinez
et al. 2007). BRC1 transcription is also upregulated by str-
igolactone (Dun et al. 2012), making it an important strigo-
lactone target in the second messenger model (Domagalska
and Leyser 2011; Waldie et al. 2014; Brewer et al. 2015). In
Chrysanthemum, CmBRC1 has shown high expression in
dormant axillary buds and downregulation upon bud activa-
tion (Chen et al. 2013). In the same experiments, CmBRC]
expression was upregulated in treatments with auxin that
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inhibited bud outgrowth. DRM1 is a dormancy marker and
its expression, like BRCI, is associated with bud activ-
ity (Rae et al. 2013), showing downregulation upon bud
outgrowth (Aguilar-Martinez et al. 2007; Finlayson et al.
2010). The strigolactone biosynthesis genes MAX3 and
MAX4 encode carotenoid cleavage dioxygenases (CCD7
and CCD8) involved in forming carlactone from carotenoid
precursors. The MAX1 gene encodes a cytochrome P450
that converts carlactone to active strigolactones (reviewed
by Waldie et al. 2014). These genes are also known to
be expressed in the vascular tissue of the stem and their
mutants display increased branching phenotypes (Booker
et al. 2004). In Arabidopsis MAX3 expression decreased in
response to decapitation (Hayward et al. 2009). More recent
experiments with phosphate (Pi) starvation in Chrysanthe-
mum have shown a link between strigolactone biosynthesis
and the reduced branching under phosphate starvation (Xi
et al. 2015). Plants under Pi starvation showed a significant
decrease in bud outgrowth that coincided with increased lev-
els of strigolactone and increased expression of the MAX3
and MAX4 genes. Furthermore, they showed that bud out-
growth inhibition by auxin application also caused increased
expression of MAX3 and MAX4, as well as BRCI. AXR2 and
PINI expression are both upregulated by auxin (Nagpal et al.
2000; Vieten et al. 2005) and could therefore be useful as
markers for auxin accumulation. In a previous experiment
CmPINI expression showed upregulation in outgrowing
axillary buds (Dierck et al. 2016a).

In this work, we studied the axillary bud outgrowth upon
treatments with GR24, IAA and NPA over a period of 5 days
on stem segments bearing two nodes. At the start (D0), the
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Fig.1 Chrysanthemum split-plate assay with stem segments con-
taining two axillary buds. a Nodal positions under the apex that con-
tained dormant axillary buds (example in upper right corner in con-
trast with grown out buds in lower right corner) were excised from
defoliated chrysanthemum shoots. b Stem segments of 1.8 cm were

first day (D1) and the second day (D2) of the 5-day experi-
ment (D0-D4), samples of axillary buds and stems were
taken for gene expression analysis to unravel underlying
regulation of bud dormancy markers, strigolactone biosyn-
thesis and auxin transport.

Materials and methods
Plant material

Chrysanthemum morifolium Ramat. cuttings of a cut flower
genotype C17, were provided by Dekker Chrysanten BV.,
The Netherlands. Three batches of 825 cuttings were rooted
during 3 weeks at standard greenhouse conditions: 20 °C,
16:8 LD (SON-T, 100 umol m~2 s™1). Each batch was rooted
separately, with 1 week in between, to provide plant mate-
rial for three repetitions of the experiment in 3 consecutive
weeks. Nodal stem segments of 1.8 cm were cut, containing
two nodes with dormant axillary buds (Fig. 1 a, b). Leaves
and stipules were removed from the nodal stem segments.

Growth conditions, measurements and sampling

Split-plate experiments were set up as described in Dierck
et al. (2016b). The experiment consisted of five treatments (1:
Control, 2: 5 uM TAA, 3: 50 uM GR24, 4: 5 uM TAA + 50 uM
GR24 and 5: 10 pM NPA 4+ 50 uM GR?24) that were applied
over the course of 5 days with three repetitions in 3 consecu-
tive weeks. Treatments were given to the apical or basal end
of the stem segments by adding plant growth regulators from

c d

Upper node
stem + bud

Lower node
stem + bud

n=150 per treatment
per timepoint

cut from and placed in between two petri dishes to which a treatment
was applied. ¢ Samples of upper and lower node axillary buds and
stems were taken separately. d Measurement of axillary bud length on
stereomicroscopy pictures through ImageJ
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1 mg/ml stock solutions to the solidifying agar (0.7%) in the
top or bottom petri dish. IAA (5 uM) and NPA (10 uM) treat-
ments were applied apically, in line with the basipetal auxin
transport. GR24 (50 uM) was applied basally, in line with acro-
petal strigolactone transport (Fig. 1b). Plates containing stem
segments were placed in a growth chamber (20+1 °C, 19:5
LD) with fluorescent light (Philips TL-D Super 80 58W/840
cool white) with an intensity of 90 umol m~2 s~! at the height
of the nodal stem segments. At the start of the experiment (DO)
and on day 2 (D2) and day 4 (D4), axillary bud lengths were
measured on stereomicroscopic (Leica M165FC) images of
the stem segments using ImagelJ software (Fig. 1d). Twenty
nodal stem segments per treatment were measured in the 1st
week and 25 stem segments per treatment were measured in
the 2nd and 3rd week; as such data from a total of 70 stem
segments were obtained over the 3 weeks. On DO, D1 and D2
for each treatment, in each of the 3 weeks, axillary bud and
stem samples were taken for RT-qPCR on 150 stem segments.
The axillary buds and stems of the lower and upper node on
each stem segment were sampled separately (Fig. 1c) so that
at each time-point for each treatment there were four samples
(axillary buds and stems of both upper and lower node) with
each sample a pool of 150 axillary buds or stems.

Flow cytometry

Two separate flow cytometrical analyses of cell division were
performed in the second (week 2) and third (week 3) repetition
of the experiment. Samples for flow cytometry consisted of
excised shoot apices and axillary buds on D0 and axillary buds
on D2 of the control and the treatments. Because of the small
size of the axillary buds, ten buds were sampled (both lower
and upper axillary buds on five stem segments) and pooled
per analysis. For measurements on the shoot apices, 1 apex
was sampled and analyzed. Sampling and measurements were
repeated five times per treatment and per repeat. Sample prepa-
ration involved chopping of leaf tissue (Galbraith et al. 1983)
and 4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich,
Diegem, Belgium) staining according to Otto (1990). Flow
cytometrical cell cycle analysis was performed on a CyFlow
Space (Sysmex-Partec, Miinster, Germany) flow cytometer
equipped with a UV Light Emitting Diode and Flomax 2.9
software (Quantum Analysis, Miinster, Germany). Based on
the peak positions of cell count over fluorescence, the G1, S
and G2 phases of the cell cycle were delimited in the acquired
histograms. The number of nuclei analyzed in each phase was
counted. The percentage of cells in mitosis (mitotic index) was
represented by the sum of the percentages of cells in the S and
G2 phase (S1 and S2).

Number of nucleiin (S + G2)

% Cells in mitosis = —
Number of nucleiin (G1 + S + G2)
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Gene expression analysis

RNA extraction, using a modified CTAB protocol (Luy-
paert et al. 2017), was followed by cDNA synthesis includ-
ing no reverse transcriptase (noRT) samples for all genes
and gene expression analysis of branching genes (CmBRC,
CmDRM 1, CmMAXI, CmMAX3, CmAXR2, and CmPINI) as
described previously by Dierck et al. (2016a). Due to some
noRT problems (Cq differences < 5) using previously devel-
oped primers in the new dataset, a new RT-qPCR primerset
was developed for CmBRC1 (JX870411; Chen et al. 2013)
and CmMAXI (KT124645; Dierck et al. 2016a) (Online
Resource 1).

RNA concentration and quality was verified with a Nan-
oDrop spectrophotometer (Isogen Life Sciences) (Online
Resource 2) and Experion™ automated electrophoresis
using the StdSense analysis kit (Bio-Rad) was performed on
a subset of samples (Online Resource 3) as described in De
Keyser et al. (2013). Gene expression data from the Light-
Cycler® 480 (Roche) was analysed with gbase+ software
(Biogazelle; Hellemans et al. 2007). NTCs (no template
controls) were included for all genes; technical replicates
were omitted but all analysis was done on three biological
replicates (three repetitions). In case the difference between
the Cq of noRT and samples was smaller than 5, samples
were excluded from further analysis. Mean gene-specific
amplification efficiencies (Online Resource 4) were cal-
culated with LinRegPCR (Ramakers et al. 2003; Ruijter
et al. 2009). Gene expression results are presented as fold
changes, from D1 or D2 relative to DO, of calibrated nor-
malized relative quantities (CNRQ), normalised using three
reference genes for stem and apex/bud samples CmACT2,
CmUBC and CmUBQ10 (Online Resource 5), based on the
selection of optimal reference genes using Genorm (Vande-
sompele et al. 2002).

Statistical analysis

ANOVA, Mann Whitney U and Kruskal Wallis tests were
performed with SPSS statistical software (SPSS 23, IBM
Corp. Released 2015. IBM SPSS Statistics for Windows,
Version 23.0. Armonk, NY: IBM Corp.).

Results
Bud outgrowth

To measure the effect of plant growth regulators on bud
outgrowth, a modified split plate assay was used (Fig. 1).
This method was established for Chrysanthemum cuttings
in previous work to show bud outgrowth inhibition with str-
igolactone treatment and the influence of sucrose (Dierck
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et al. 2016b). With this approach it is possible to measure
effects on bud outgrowth within a 5-day period for a large
number of stem segments with similarly sized dormant axil-
lary buds (ca. 1 mm). Besides bud length measurements,
this allowed samples to be taken for analysis of cell division
and gene expression. Furthermore, plant growth regulators
can be applied basally or apically and the lower and upper
node can be measured and sampled separately. In total five
treatments were examined in this study: control (untreated),
auxin (IAA), strigolactone (GR24), auxin combined with
strigolactone (IAA 4+ GR?24) and an auxin transport inhibi-
tor in combination with strigolactone (NPA + GR24). The
initial bud length in all treatments was around 1 mm. On
day 4 (D4) axillary buds in the control treatment showed
the highest bud length (Online Resource 6). Apical treat-
ment with auxin and apical auxin treatment in combination
with a basal treatment with GR24 resulted in the lowest bud
length. Treatment with only basal GR24 showed a reduced
bud growth compared to the control treatment. The com-
bined treatment with basal GR24 and apical NPA showed
a more pronounced bud length compared to the treatment
with only GR24. In general, the bud growth of the axillary
buds at the upper node (UN) position was higher than at the
lower node (LN), except for the apical treatment with [AA.

Additional to bud outgrowth measurements, for two rep-
etitions of the experiment, samples of axillary buds were
taken on DO and D2 and analyzed with flow cytometry to
show the amount of dividing cells (Fig. 2 and "Appendix"
Table 1). As a reference for differentiated tissue and meris-
tematic tissue, samples were included of leaf and shoot apex
respectively ("Appendix" Fig. S7a, b). A high plateau at S
and a high peak at G2 indicate the cell divisions in the shoot
apex ("Appendix" Fig. 7b), and similarly in the growing

axillary buds ("Appendix" Fig. 7d, f, h). In the leaf, lower
amounts of mitotic cells are found ("Appendix" Fig. 7a),
similar to dormant buds and IAA treated buds ("Appendix"
Fig. 7c, e, g). In the first repetition of the experiment, the
percentage of dividing cells did not differ in dormant buds
on DO compared to the inhibited axillary buds from the
treatments with IAA and IAA + GR24 and was significantly
lower than the percentage of dividing cells in the shoot apex
and axillary buds of the control, GR24 and NPA + GR24
treatments on D2 (Fig. 2a).

The second repetition showed similar results except for
the treatments with TAA + GR24 and NPA + GR24 (Fig. 2b).
The percentage of dividing cells in the shoot apex and in the
control and GR24 treatment on D2 was significantly higher
than in the dormant axillary buds on DO and the IAA treat-
ment on D2. The treatment with IAA + GR24 showed a large
standard deviation and was not significantly different from
the shoot apex but did show a significantly lower percentage
of dividing cells than the control and GR24 treatment on D2.
Unlike in the first repetition, the percentage of dividing cells
in the NPA + GR24 treatment was not significantly higher
than in the dormant buds of control DO or the inhibited buds
of IAA and IAA + GR24 D2.

These results show bud outgrowth inhibition in treat-
ments with IAA, GR24 and IAA + GR24.

The inhibition by GR24 is weaker compared to treatments
with IAA and TAA + GR24. This is also reflected by the low
mitotic index of IAA treated segments compared to GR24
treatment.

Inhibition by GR24 treatment was reduced in combina-
tion with NPA treatment. With exception of the IAA treat-
ment, all treatments showed a stronger bud outgrowth of the
upper node compared to the lower node. To confirm the bud

Fig.2 Flow cytometrical
analysis of dividing cells in the ol a
split-plate assay with control,

IAA, GR24, GR24 +1AA and
GR24 + NPA on chrysanthe-
mum axillary buds. The flow
cytometry analysis was repeated
twice (a the first repetition in
week 2, b the second repetition
in week 3) (n=5 pools of 10
buds or 1 apex)+ SD. Letters
indicate homogenous subsets
(different for the two repeti-
tions) based on pairwise multi-
ple comparisons with the Tukey
post hoc test

%Dividing cells (%S+%G2)

[ Shoot apex b
3 Do
B D2 T 130

bc

> AN >

VY

¥ & x0<z~ XC,‘Z-
N éQv

Treatment
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outgrowth inhibition of the treatments, expression of dor-
mancy markers CmBRCI and CmDRM 1 was analyzed. The
expression of the MAX genes was followed to show local
effects on strigolactone biosynthesis regulation during bud
outgrowth inhibition. CmAXR2 and CmPINI were chosen to
show feedback to the auxin levels/transport.

Gene expression

In a previous study on shoot branching in Chrysanthemum, a
set of candidate branching genes was developed for expres-
sion analysis by RT-qPCR (Dierck et al. 2016a). A subset of
these genes was used in this study, including auxin signaling
and transport genes CmAXR2 and CmPINI, bud dormancy
genes CmBRCI and CmDRM 1 and strigolactone biosynthe-
sis genes CmMAXI and CmMAX3 (Figs. 3, 4, 5).
Expression of the auxin signaling gene CmAXR?2 showed
a different pattern in the axillary buds compared to stems
(Fig. 3). In both stem parts, the expression of CmAXR2
decreased in the control, GR24 and NPA + GR24 treatments.
A significantly increased expression was seen on D1 for the

BUD

a Upper Node b Lower Node

upper and lower node for the IAA treatment (Fig. 3c, d).
No significant differences compared to DO were seen in the
axillary bud samples, although a noticeable increase was
observed in the IAA treatment on D2 (Fig. 3a, b). For the
expression of the auxin transport gene CmPINI the most
pronounced change was seen in the axillary buds (Fig. 3e,
f). Generally, the treatments with IAA had lower fold
changes compared to the other treatments in both upper
and lower nodes and the highest fold changes were seen
in the treatment with NPA 4+ GR24, especially in the upper
node. Significantly increased expression was observed on
D1 and D2 for both upper and lower nodes in the control,
GR24 and NPA 4+ GR24 treatments. In the IAA treatment,
CmPIN] expression did not change significantly from DO
in the upper node, but in the lower node this gene showed
a significant difference on D1. The GR24 4+ TAA treatment
showed a significant change in CmPINI expression on D2
in the upper node and on D1 and D2 in the lower node. In
the stem samples a different CmPINI expression pattern was
seen with generally low fold changes (Fig. 3g, h). In con-
trast with the axillary buds, the highest fold changes were

STEM

c Upper Node d Lower Node

mmmm D1
2 D2

CmAXR?2 (Fold changes vs. D0)

[CINC) & ) & S &
X v X ?3( ?Yj( VX YY:( v~)(
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Fig.3 RT-qPCR expression analysis of Chrysanthemum auxin sig-
nalling gene CmAXR?2 and auxin transport gene CmPINI. Expression
of CmAXR2 and CmPINI is shown in the control, 5 uM TAA, 50 uM
GR24, 5 uM TAA+50 pM GR24 and 10 uM NPA +50 uM GR24
treatments. Data are fold changes of mean CNRQ gene expression val-
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ues (n=3 pools of 150 axillary buds or 150 stems) on D1 and D2 rela-
tive to DO. Significant differences between CNRQ values on D1 and
D2 against DO are indicated with arterisk (Kruskal Wallis test, p<0.05)
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Fig.4 RT-qPCR gene expression analysis of Chrysanthemum bud
dormancy genes CmBRCI and CmDRM. Expression of CmBRCI
and CmDRM]I in the control, 5 uM IAA, 50 uM GR24, 5 uM
TAA +50 uM GR24 and 10 pM NPA +50 uM GR24 treatments. Data

seen in the IJAA and IAA 4+ GR24 treatments. Significant
CmPIN1 downregulation was seen in the upper node stem
at control D1 and GR24 D1 and in the lower node stem at
GR24 D1 and NPA + GR24 D2. Significant CmPIN1 upreg-
ulation was seen in the upper node stem part at [TAA D1 and
NPA +GR24 D1 and D2 and in the lower node stem at con-
trol D2, and for IAA and GR24 +TAA at both time points.
The dormancy marker genes CmBRC1 and CmDRM 1
showed similar expression patterns in the axillary buds of
upper and lower nodes with decreased expression in the con-
trol and the treatments with GR24 (Fig. 4a, b, e, ). In the
stem, CmBRCI and CmDRM1 generally showed increased
expression in the treatments with IAA (Fig. 4c, d, g, h).
Expression of CmBRC1 decreased significantly com-
pared to DO in the upper and lower node axillary buds on
D1 and D2 in the control, GR24 and NPA + GR24 treat-
ments. Increased expression was seen in the [AA and
IAA + GR24 treatments, but was only significant on D2
for the IAA + GR24 treatment (Fig. 4a, b). In the stem sig-
nificantly increased expressions of CmBRC1I were seen in
the upper node on D1 and D2 for the TAA, TAA + GR24

are fold changes of mean CNRQ gene expression values (n=3 pools
of 150 axillary buds or 150 stems) on D1 and D2 relative to DO. Sig-
nificant differences between CNRQ values on D1 and D2 against DO
are indicated with asterisk (Kruskal Wallis test, p<0.05)

and NPA + GR24 treatments. In the lower node, increased
expression was significant on D1 for the IAA treatment and
on D1 and D2 for the IAA + GR24 treatment (Fig. 4c, d).
CmBRCI expression in the upper node stem for the control
and GR24 treatment, and in the lower node stem for the con-
trol, GR24 and NPA + GR24, remained virtually unchanged
with only a slight decrease in the control on D1.

Significantly decreased expression of CmDRM] in the
axillary buds was seen in both upper and lower node buds
for the control and NPA 4+ GR24 treatment at both time
points, and for the GR24 treatment only on D1 (Fig. 4e,
f). In the stem CmDRM I expression was only significantly
increased in the upper node on D2 for the treatments with
IAA (Fig. 4g, h).

Expression of the strigolactone biosynthesis gene CmMAX3
gene showed a general decrease in all treatments in both stem
parts (Fig. 5c, d). In the axillary buds an increased expres-
sion was generally seen in the treatments with [AA while a
decreased expression was seen in the other treatments (Fig. Sa,
b). In the upper node axillary buds, expression increased sig-
nificantly in the IAA treatment on D1 and D2 and a significant

@ Springer



30

Plant Growth Regulation (2018) 86:23-36

BUD
b Lower Node

a Upper Node

STEM

¢ Upper Node d Lower Node

CmMAX3 (Fold changes vs. D0)

CmMAX1 (Fold changes vs. D0)

N NN N NN N Mk aX N NS
S & L L O P P S &F P P C & QP
& ¥ x(g& XQ% o°°\ \V?cg& xcg& xcg& Ooo\ ¥ g xcg& x0<e~ 00(\\ ¥ xoe XC’Q
N éz\? ¥ ézv N e‘?\} N é?v
Treatment

Fig.5 RT-qPCR gene expression analysis of Chrysanthemum str-
igolactone biosynthesis genes CmMAXI and CmMAX3. Expression
of CmMAX1 and CmMAX3 in the control, 5 pM TAA, 50 uM GR24,
5 uM IAA+50 uM GR24 and 10 uM NPA+50 uM GR24 treat-

decrease in expression was seen for the treatment with GR24
(Fig. 5a). In the lower node axillary buds, expression
decreased significant on D1 and D2 for the control, GR24 and
NPA + GR24 treatment and only on D1 for the IAA treatment
(Fig. 5b). CmMAX1 expression in the axillary bud showed a
similar response as CmMAX3 to IAA treatment, but only in
the upper node differences compared to DO were significant
in the TAA and GR24 +TAA treatments on D2 (Fig. 5Se). In
the lower node there were no significant differences (Fig. 5f)
and a general increased expression was measured in both stem
parts (Fig. 5g, h).

Discussion

In their study on pea axillary buds, Devitt and Stafstrom
(1995) used flow cytometry to measure an increase in divid-
ing cells within 24 h after decapitation, which coincided
with an increased expression of cell cycle genes. For chry-
santhemum, previous reports have also shown a differential
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ments. Data are fold changes of mean CNRQ gene expression values
(n=3 pools of 150 axillary buds or 150 stems) on D1 and D2 relative
to DO. Significant differences between CNRQ values on D1 and D2
against DO are indicated with asterisk (Kruskal Wallis test, p<0.05)

expression of several shoot architecture genes during the
outgrowth of axillary buds (Chen et al. 2013; Dierck et al.
2016a). In this study a modified split plate assay (Dierck
et al. 2016b) was used to induce a controlled axillary bud
outgrowth under influence of hormone treatments. Bud out-
growth was followed using a combination of flow cytometri-
cal analysis of dividing cells and the expression analysis
of chrysanthemum genes as markers for bud dormancy and
hormonal regulation.

The results of bud outgrowth that were presented here
correspond with previous experiments described in Dierck
et al. (2016b), where a basal application with GR24 inhib-
ited axillary bud outgrowth in both buds of a two-nodal stem
segment without an apical auxin source and where applica-
tion with the auxin transport inhibitor NPA in combination
with GR24 showed a reduced inhibition compared to the
treatment with only basal GR24. However, it must be noted
that this restricted outgrowth is not a complete inhibition
as could be seen in the treatment with apical IAA. Further-
more, the lower node axillary bud was more inhibited than
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the upper node axillary bud. This was also the case in the
treatment with IAA + GR24 (Online Resource 6).

The incomplete inhibition of axillary bud outgrowth by
GR24 treatment was also reflected in the measurement of the
mitotic index. Dormant chrysanthemum axillary buds and
buds that were inhibited by IAA and IAA + GR24 treatment
on D2 had a significantly lower percentage of dividing cells
than growing axillary buds in the control on D2. Axillary
buds in the treatment with GR24, however, had a higher
mitotic index compared to the dormant and inhibited buds,
which was also seen in the axillary buds in the treatment
with NPA + GR24 and the control treatment. These results
indicate an incomplete restriction of axillary bud outgrowth
by strigolactone when compared to the inhibition by auxin
treatment. It has been shown that strigolactone treatment
can promote or inhibit axillary bud outgrowth depending
on the auxin transport status (Shinohara et al. 2013) and
this could be a possible explanation for the bud outgrowth
that was still observed in the GR24 treatment. Since strigo-
lactone inhibits the mobilization of PIN1 proteins it could
be argued that auxin transport is hindered both in the stem
(polar auxin transport stream), which would promote bud
outgrowth, and in the buds, which would inhibit bud out-
growth, allowing an intermediate restricted bud outgrowth.
Furthermore, in our study, the combination of GR24 with
IAA or NPA showed variation between both repetitions for
the percentage of mitotic cells, which could indicate a deli-
cate balance in between strigolactone and auxin, although
more repetitions in both upper and lower node axillary buds
would be necessary to confirm this.

Axillary bud outgrowth or bud outgrowth inhibition in the
first 2 days (D1, D2) after decapitation (DO) also coincided
with altered expression of several chrysanthemum candi-
date branching genes: auxin response gene CmAXR2, auxin
transport gene CmPINI, bud dormancy genes CmBRCI and
CmDRM| and strigolactone biosynthesis genes CmMAX1
and CmMAX3.

AXR?2 is an AUX/IAA gene involved in the auxin response;
its expression is induced by auxin and therefore useful as a
marker for auxin (Abel and Theologis 1996; Nagpal et al.
2000). PIN1 is the main transport protein for basipetal auxin
transport and its expression is upregulated in a positive feed-
back mechanism by auxin (Vieten et al. 2005). Expression of
CmPIN1 therefore gives information about the auxin presence
but also about the auxin transport canalization. Bud outgrowth
on D1 and D2 in the control treatment was accompanied by
a decreased expression of CmAXR?2 in lower and upper node
stem samples (Fig. 3c, d). This effect was also observed in
the NPA + GR24 treatment (most notable in the lower node)
and in the GR24 treatment (most notable in the upper node),
where bud outgrowth was restricted. On the other hand, inhibi-
tion of axillary bud outgrowth in the treatment with IAA coin-
cided with an increased expression of CmAXR2. The CmAXR2

expression pattern in the stem indicates that in the nodal stem
segments, there is an increased auxin concentration following
the IAA treatments and a reduced auxin level in the control,
the GR24 and NPA + GR24 treatment. This coincided with
either axillary bud growth (control, NPA + GR24) or with the
restricted axillary bud outgrowth that occurred in the GR24
treatment. These observations reflect a reduced polar auxin
transport in the decapitated stem segments that allows axil-
lary bud outgrowth, while apical IAA application maintains
polar auxin transport and inhibits bud outgrowth. This cor-
responds with the auxin transport canalization mechanism of
bud outgrowth, in which auxin produced by activated buds is
canalized to the stem by upregulating auxin transport proteins
(Sauer et al. 2006). In the treatment with strigolactone GR24 it
can be noted that there is also a reduced CmAXR2 expression
that could indicate a reduced polar auxin transport. Strigolac-
tone has been shown to reduce polar auxin transport by damp-
ening PIN1 mobilization (Shinohara et al. 2013). In this case
a reduced expression of CmAXR?2 could reflect the reduced
auxin transport as a consequence of strigolactone treatment.

The expression of CmPINI further reflects auxin levels
and transport and showed a somewhat differential expression
pattern in axillary buds and stem. In the axillary buds, high
fold changes corresponded with the treatments that showed
axillary bud outgrowth (control, GR24, NPA + GR24).
Conversely, in the stem, increased expression was generally
seen in the treatments that inhibited bud outgrowth (IAA,
IAA + GR24). This observation corresponds with the func-
tion of PIN1 in the auxin transport canalization model,
where axillary buds must export auxin in order to grow out
(Prusinkiewicz et al. 2009; Crawford et al. 2010; Balla et al.
2011; Domagalska and Leyser 2011). In the stem, CmPINI
expression increased in the IAA treatments, reflecting the
upregulation by the increased auxin levels. These results also
correspond with our earlier observations of gene expression
in chrysanthemum, where CmPIN1 expression was increased
in axillary buds during outgrowth and CmAXR?2 expression
increased in stem samples from plants with strong apical
dominance but not in samples from plants during bud out-
growth (Dierck et al. 2016a).

In the treatment with GR24 it is remarkable that CmPIN1
expression in the buds was also increased, as it was hypothe-
sized in the auxin canalization model that strigolactone inhib-
its axillary bud outgrowth by restricting the polar auxin trans-
port and increasing competition between buds for the auxin
sink (Crawford et al. 2010; Domagalska and Leyser 2011;
Shinohara et al. 2013). When considering the incomplete
inhibition of axillary bud outgrowth in the GR24 treatment,
which was reflected by the high percentage of dividing cells,
it is possible to consider the axillary buds as outgrowing buds
with a restricted growth. This could be a possible explana-
tion for the increased CmPINI expression. Furthermore, the
action of strigolactone on the mobilization of PIN1 proteins
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is known to be independent of new protein synthesis (Shino-
hara et al. 2013), indicating that CmPINI expression more
likely reflects auxin levels and not the effect of GR24 on the
PIN1 mobilization that is associated with restricted bud out-
growth. PIN1 expression levels also do not correspond reli-
ably to the protein accumulation (Bennett et al. 2006, 2016).

In previous reports on the action of the strigolactone
GR24 on shoot branching, basal application with GR24 could
only inhibit bud outgrowth in the presence of an auxin source
(Liang et al. 2010; Crawford et al. 2010). In these cases, there
was also a competition between axillary buds with one bud
growing out and dominating the dormant lower bud. In our
treatment with GR24 there was similarly a slight difference
between the two axillary buds, with the upper node showing
higher bud length growth. Therefore, as was previously men-
tioned, it can be argued that strigolactone treatment could
result in an intermediate, restricted bud growth by restricting
auxin transport in both axillary bud and stem.

Expression of the dormancy markers CmBRCI and
CmDRM 1 was generally decreased in the axillary buds of
the control and the treatments with GR24 and NPA + GR24
(Fig. 4a, b, e, f), whereas increased expression was found
in the stem in the treatments with IAA (Fig. 4c, d, g, h).
The decreased expression during axillary bud outgrowth is
consistent with earlier reports of expression and bud activ-
ity (Rae et al. 2013; Chen et al. 2013). These genes also
showed a general downregulation during axillary bud out-
growth in chrysanthemum plants (Dierck et al. 2016a). For
the treatment with GR24 it can be noted that the trend of
decreased expression is similar to the control treatment. This
seems contradictory to the role of strigolactone to inhibit
axillary bud outgrowth and one would expect an increase
or no change in expression compared to dormant buds on
DO. Furthermore BRC/ is also regarded to be downstream of
strigolactones in inhibiting bud outgrowth (Aguilar-Martinez
et al. 2007; Minakuchi et al. 2010) and therefore it could
be expected that treatments with strigolactone would induce
CmBRC1 expression. However, this relation between BRC1
and strigolactones can be different, as was observed in rice,
where strigolactone treatments do not alter BRC1 expression
(Arite et al. 2007; Minakuchi et al. 2010). As was mentioned
earlier, some, albeit restricted, bud outgrowth did occur in the
treatment with GR24, which was also reflected in the percent-
age of dividing cells. This furthers explains the increased
expression of CmDRM 1 and CmBRC1 as these dormancy
markers have been shown to be involved in blocking G1/S
phase transition in dormant axillary buds (Wood et al. 2013;
Gonzalez-Grandio et al. 2013). Another possible explana-
tion could be that the decreased expression of CmBRCI is
induced by decapitation and dominates GR24 impingement.

CmMAX3 expression in the axillary buds was generally
increased in the treatments with IAA and decreased in the
control, GR24 and NPA + GR24 treatment (Fig. 5a, b). In
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the stem a general decreased expression was seen (Fig. Sc,
d). The upregulation of CmMAX3 in the treatments with IAA
and the downregulation that coincided with bud outgrowth,
corresponds to the MAX3 expression seen in Arabidopsis
during bud outgrowth or inhibition by IAA (Hayward et al.
2009). Reduction of MAX3 expression by strigolactone treat-
ment has also been reported as a feedback mechanism in
Arabidopsis (Mashiguchi et al. 2009) but it is more likely that
the decreased CmMAX3 expression, similarly to the CmBRC!
and CmDRM 1 expression, reflects the restricted bud out-
growth in the GR24 treatment. Likewise, for CmMAXI
expression in the upper node axillary buds, lower fold
changes coincided with the bud outgrowth of control, GR24
and NPA + GR24 treatments. It was further noted that in the
TAA treatment, the CmMAX3 expression in the upper axillary
bud was higher than in the lower bud and that this expression
increased from D1 to D2. This was similarly observed in the
expression of the strigolactone biosynthesis gene CmMAX]
(Fig. 5e). A possible explanation for this observation could
be that the auxin treatment causes the upregulation of strigo-
lactone biosynthesis genes, but this is established first in the
upper axillary bud that is closest to the apical auxin source
and only later in the lower axillary bud.

Conclusions

Our results have demonstrated a split plate bioassay in chry-
santhemum where treatment with IAA and IAA + GR24
inhibited bud outgrowth, application with strigolactone
GR24 restricted bud outgrowth and NPA application
reduced the restricted outgrowth by GR24 (Fig. 6). These
results were in line with the auxin transport canalization
model. The bud outgrowth status was reflected by flow cyto-
metrical measurements of cell divisions in the axillary buds
and the expression of dormancy markers genes CmBRC1 and
CmDRM]1 as well as the strigolactone biosynthesis genes
CmMAX3 and CmMAX]I. The auxin transport status dur-
ing bud outgrowth was reflected by CmAXR2 and CmPIN1
expression with an increased CmPIN1 expression in the axil-
lary buds coinciding with bud outgrowth.

The buds in the GR24 treatment were not completely
inhibited as in the IAA treatment and the amount of divid-
ing cells as well as the downregulation of CmBRCI and
CmDRM1 dormancy markers suggested bud outgrowth,
although restricted when compared to bud lengths in the
control. This could be seen as an intermediate bud outgrowth
state, considering strigolactone to inhibit or promote axil-
lary bud outgrowth depending on the auxin transport status
according to the auxin transport canalization model. Due
to the large amount of samples needed for gene expression
analysis, this study was limited to five treatments and could
not include hormone measurements. Further investigations
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Fig.6 Schematic overview of experimental results obtained from bud
outgrowth measurements, flow-cytometry and gene expression analy-
sis on axillary buds and stem segments. a Scheme of a stem segment
under the control treatment in the split-plate assay. Predicted auxin
flow, according to the canalization model, is represented by blue arrows.
Decapitation in the stem segments reduces auxin flow in the stem (indi-
cated by a dashed arrow) and facilitates auxin export from the axillary
buds (blue arrows), resulting in axillary bud outgrowth (green arrows).
The upper node (UN) auxin flow creates competition in the stem and
reduces the lower node (LN) auxin transport (dashed arrow), resulting
in stronger bud outgrowth in the UN compared to the LN (dashed green
arrow). b Scheme of a stem segment under the IAA treatment. Apical
TAA treatment induces a strong auxin flow in the stem (blue arrow) and
inhibits auxin export from the axillary buds (indicated by red lines on the
blue arrows), resulting in dormant axillary buds. ¢ Scheme of a stem seg-
ment under the GR24 treatment in the split-plate assay. Basal GR24 is
transported upwards (orange arrow) and reduces auxin flow from axillary
buds to the stem (dashed red lines on blue arrows), resulting in restricted

could include a combination of auxin measurements with
PIN1 localization together with bud outgrowth measure-
ments, flow cytometry and gene expression analysis. Addi-
tional treatments, such as the use of strigolactone inhibitors,
like TIS108, would also be interesting to elucidate the exact
GR24 inhibition mechanism and the role of auxin transport.

Acknowledgements This research was funded by the Institute for the
Promotion of Innovation through Science and Technology in Flanders
(IWT-Vlaanderen Grant No. 110771). The authors would like to thank

—
—

ot

axillary buds and stem segments compared to DO

PIN11 PIN1? PIN11
BRC1{ BRC1t BRC1|
DRM1| MAX11 DRM1|
PIN1,  MAX3| PIN1T PIN1?  MAX3|
BRC1] BRC11 BRC1]
DRM1| DRM1]
AXR2| MAX11 BRC1t MAX11 PIN1T  MAX1t
PIN1} DRM11 BRC11
MAX3| MAX3| MAX3|
PIN1} PIN1t  MAX11t AXR2| MAX11
MAX3| BRC11 PIN1}
MAX11 MAX3| MAX3|

outgrowth of axillary buds (small, dashed, green arrows). d Scheme of a
stem segment under the IAA+GR24 treatment. IAA treatment induces
a strong auxin flow in the stem (blue arrow) and together with GR24
(orange arrow) inhibits auxin export from the axillary buds (indicated
by red lines on the blue arrows), resulting in dormant axillary buds. e
Scheme of a stem segment under the NPA+GR24 treatment. Decapi-
tation and apical NPA strongly reduces auxin flow in the stem (dotted
blue arrow). The weaker auxin flow reduces competition for auxin trans-
port of the buds to the stem (blue arrows) and allows a less restricted
bud outgrowth by GR24 (big dashed green arrows). f Change in the
mitotic index of axillary buds corresponding to the different treatments
on D2 compared to DO. An increase is indicated by a green plus sign,
while equivalent levels are indicated by an equals sign. g Fold changes
(p<0.05) in gene expression (D1 and D2 compared to DO) in buds (oval)
and stem segments (square) corresponding to the different treatments.
Positive fold changes are indicated by an upward arrow and negative fold
changes are indicated by a downward arrow. (Color figure online)

Magali Losschaert for technical assistance with gene expression analy-
sis and Laurence Desmet, Jorien Oomen, Veerle Buysens, Katrijn Van
Laere and Evelien Calsyn for their help in preparing the split-plate
assays and sampling of plant tissue. Frederik Delbeke, Roger Dobb-
elaere and Jo De Groote are acknowledged for maintenance of the plant
material in the greenhouse.

Author contributions RD conceptualized and performed the experi-
ments and wrote the manuscript. LL performed flow cytometry analy-
sis. EDK, LL, DVDS, ED, JVH and JDR assisted in conceptualizing
the experiment and proofread and revised the manuscript.

@ Springer



34

Plant Growth Regulation (2018) 86:23-36

Appendix

See Fig. 7 and Table 1.
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Fig. 7 The mitotic index (percentage of dividing cells) is represented
by the sum of the amount of cells in the S and G2 phase divided by
the total number of nuclei analyzed (G1 + S + G2), as was delineated
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Table 1 Flow cytometrical

Treatment Repetition 1 (week 2) Repetition 2 (week 3)

measurements of the percentage

of cells in the G1, S or G2 %Gl SD %S SD %G2 SD %Gl SD %S SD  %G2 SD

phase for the 2 repetitions of the

experiment Shoot Apex 81.17 1.17 1093 0.63 790 0.81 8221 249 10.09 190 7.69 0.88
Control DO 87.00 224 9.00 263 400 097 89.24 161 746 1.11 330 0.59
Control D2 75.17 1.79 14.06 2.06 10.77 0.87 7856 0.79 11.04 095 10.40 0.52
IAA D2 87.37 3.79 800 332 464 051 89.60 2.03 6.86 1.74 3.54 0.55
GR24 D2 76.64 225 1252 1.68 10.84 0.87 7886 197 1146 1.70 9.68 0.83
IAA+GR24D2 9030 1.70 545 0.61 425 1.79 8424 503 11.07 411 4.68 1.70
NPA+GR24D2 8150 1.88 10.30 1.05 820 1.02 8672 248 7.70 1.19 558 1.42
The data are means (n=5+SD) of the percentage of nuclei in G1, S or G2 phase in axillary bud or shoot
apex samples
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