
HAL Id: hal-04690214
https://hal.inrae.fr/hal-04690214v1

Submitted on 6 Sep 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Strigolactone signalling inhibits trehalose 6-phosphate
signalling independently of BRC1 to suppress shoot

branching
Franziska Fichtner, Jazmine L Humphreys, Francois F Barbier, Regina Feil,
Philipp Westhoff, Anna Moseler, John E Lunn, Steven M Smith, Christine A

Beveridge

To cite this version:
Franziska Fichtner, Jazmine L Humphreys, Francois F Barbier, Regina Feil, Philipp Westhoff, et al..
Strigolactone signalling inhibits trehalose 6-phosphate signalling independently of BRC1 to suppress
shoot branching. New Phytologist, 2024, 244 (3), pp.900-913. �10.1111/nph.20072�. �hal-04690214�

https://hal.inrae.fr/hal-04690214v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Strigolactone signalling inhibits trehalose 6-phosphate signalling
independently of BRC1 to suppress shoot branching

Franziska Fichtner1,2,3,4,5 , Jazmine L. Humphreys6* , Francois F. Barbier1,2,7* , Regina Feil5 ,

Philipp Westhoff4 , Anna Moseler8 , John E. Lunn5 , Steven M. Smith6 and Christine A. Beveridge1,2

1School of Agriculture and Food Sustainability, The University of Queensland, St Lucia, QLD, 4072, Australia; 2ARC Centre for Plant Success in Nature and Agriculture, The University of

Queensland, St Lucia, QLD, 4072, Australia; 3Faculty of Mathematics and Natural Sciences, Institute of Plant Biochemistry, Heinrich Heine University D€usseldorf, D€usseldorf, 40225,

Germany; 4Cluster of Excellence in Plant Science (CEPLAS), Heinrich Heine University, D€usseldorf, 40225, Germany; 5Max Planck Institute of Molecular Plant Physiology, Potsdam-

Golm, 14476, Germany; 6ARC Centre for Plant Success in Nature and Agriculture, School of Natural Sciences, University of Tasmania, Hobart, TAS, 7001, Australia; 7Institute for Plant

Sciences of Montpellier, University of Montpellier, CNRS, INRAe, Institut Agro, Montpellier, 34060, France; 8INRES-Chemical Signalling, University of Bonn, Bonn, 53113,

Germany

Authors for correspondence:
Franziska Fichtner

Email: franziska.fichtner@hhu.de

Christine A. Beveridge

Email: c.beveridge@uq.edu.au

Received: 10 April 2024
Accepted: 3 August 2024

New Phytologist (2024)
doi: 10.1111/nph.20072

Key words: Arabidopsis thaliana, garden
pea, plant architecture, shoot branching,
strigolactone, sugar signalling, trehalose 6-
phosphate.

Summary

� The phytohormone strigolactone (SL) inhibits shoot branching, whereas the signalling

metabolite trehalose 6-phosphate (Tre6P) promotes branching. How Tre6P and SL signalling

may interact and which molecular mechanisms might be involved remains largely unknown.
� Transcript profiling of Arabidopsis SL mutants revealed a cluster of differentially expressed

genes highly enriched in the Tre6P pathway compared with wild-type (WT) plants or brc1

mutants. Tre6P-related genes were also differentially expressed in axillary buds of garden pea

(Pisum sativum) SL mutants.
� Tre6P levels were elevated in the SL signalling mutant more axillary (max) growth 2 com-

pared with other SL mutants or WT plants indicating a role of MAX2-dependent SL signalling

in regulating Tre6P levels.
� A transgenic approach to increase Tre6P levels demonstrated that all SL mutant lines and

brc1 flowered earlier, showing all of these mutants were responsive to Tre6P. Elevated Tre6P

led to increased branching in WT plants but not in max2 and max4 mutants, indicating some

dependency between the SL pathway and Tre6P regulation of shoot branching. By contrast,

elevated Tre6P led to an enhanced branching phenotype in brc1 mutants indicating indepen-

dence between BRC1 and Tre6P. A model is proposed whereby SL signalling represses

branching via Tre6P and independently of the BRC1 pathway.

Introduction

Shoot branching is a complex developmental process by which
new shoots emerge from supressed axillary buds located in leaf
axils. The shoot tip suppresses branching by acting as a source of
the plant hormone auxin (Domagalska & Leyser, 2011; Barbier
et al., 2019b) and as a sink for photoassimilates (Mason
et al., 2014). Auxin produced by the growing shoot tip travels
basipetally towards the root and inhibits bud outgrowth. Auxin is
thought to act partly through inhibiting the synthesis of cytoki-
nins, which activate bud outgrowth, and partly via stimulating
synthesis of strigolactones (SLs), which inhibit bud outgrowth
(Barbier et al., 2019b). SL signalling is mediated by DWARF14
(D14), an a/b-fold hydrolase that binds SLs (Arite et al., 2009;
Hamiaux et al., 2012). Upon perception of SL, D14 binds to the
F-box protein MORE AXILLARY GROWTH2 (MAX2), which

is part of an SCF (SKP, Cullin, F-box) complex (Stirnberg
et al., 2007). Upon D14 binding, SCFMAX2 targets SUPPRES-
SOR OF MAX2-LIKE 6, 7 and 8 (SMXL6,7,8) proteins, which
are activators of branching, for polyubiquitination and degrada-
tion via the 26S proteasome (Jiang et al., 2013; Soundappan
et al., 2015; Wang et al., 2015). One known target of SMXL pro-
teins is BRC1, encoding a transcription factor that inhibits
branching (Aguilar-Mart�ınez et al., 2007; Wang et al., 2020). As
brc1 mutants do not branch as substantially as SL mutants, it has
been suggested that, notwithstanding redundancy, SL acts via an
additional BRC1 independent pathway(s) (Seale et al., 2017; Luo
et al., 2021).

Auxin also inhibits shoot branching by inhibiting the auxin
export of buds into the main auxin transport stream. In this
model, axillary bud outgrowth requires that axillary buds estab-
lish their own polar auxin transport stream to export auxin into
the main stem which, in turn, promotes their sustained growth
and regulates the outgrowth of other axillary buds (Prusinkiewicz
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et al., 2009; Domagalska & Leyser, 2011). In this model, SLs
mainly act by modulating the ease with which the polar auxin
transport can be established in each bud, by either increasing
(low SLs) or decreasing (high SLs) auxin transporter accumula-
tion at the plasma membrane (Bennett et al., 2006; Crawford
et al., 2010; Shinohara et al., 2013). MAX1, MAX2, D14 and
SMXL genes are highly expressed in the vasculature (xylem
and phloem as well as parenchyma cells) (Booker et al., 2005;
Stirnberg et al., 2007; Chevalier et al., 2014; Soundappan
et al., 2015). The expression of these genes in the xylem parench-
yma cells is consistent with the auxin canalisation model. Given
that the phloem transports and delivers many compounds
involved in growth and development, including sugars, it is possi-
ble that the vascular localisation of several SL genes has impor-
tance in addition to mediating auxin transport.

Several studies have now demonstrated that, after decapita-
tion of the shoot apex, auxin levels in the lower parts of the
shoot do not correspond well with the initial bud outgrowth
response, which is often referred to as bud release (Morris
et al., 2005; Mason et al., 2014; Cao et al., 2023). It has been
suggested that auxin canalisation is more important in later
stages of bud outgrowth and for the competition between buds
(Bennett et al., 2016a; Barbier et al., 2019b; Cao et al., 2023),
whereas sugar availability to the buds has emerged as a key
player in mediating bud release (Mason et al., 2014; Barbier
et al., 2015; Fichtner et al., 2017). In this model, the growing
shoot tip suppresses axillary bud outgrowth through its strong
sink strength, which deprives axillary buds of sugars (Mason
et al., 2014; Barbier et al., 2019b). Sugars can be sensed by dif-
ferent signalling systems thus allowing plants to adjust their
metabolism, growth and development to specific environmental
conditions (Fichtner et al., 2021b). Accordingly, it has now
been demonstrated in numerous studies that sugar availability is
a key regulator of bud release (Barbier et al., 2019b) and that
sugars interact with phytohormone signalling pathways to regu-
late bud outgrowth (Barbier et al., 2015, 2021; Bertheloot
et al., 2020; Salam et al., 2021; Cao et al., 2023). Notably,
sucrose was shown to alleviate the inhibitory effect of SLs on
bud outgrowth by transcriptional regulation of MAX2 (Barbier
et al., 2015; Bertheloot et al., 2020; Patil et al., 2022). Sucrose
was also suggested to increase cytokinin levels to trigger bud
release (Cao et al., 2023).

Trehalose 6-phosphate (Tre6P) is a signal of sucrose availabil-
ity in plants (Lunn et al., 2006; Fichtner & Lunn, 2021). Tre6P
levels increase very early after decapitation of the shoot apex and
this increase corresponds to the increase in bud size (Fichtner
et al., 2017). We later confirmed a local role of Tre6P in the reg-
ulation of axillary bud outgrowth by lowering Tre6P specifically
in axillary buds in Arabidopsis. Transgenic lines with lower levels
of Tre6P in the buds showed a strong delay in bud release (Ficht-
ner et al., 2021a). In addition, Tre6P also modulated branching
in a systemic manner as lines with an increase in Tre6P in the
vasculature had more branches (Fichtner et al., 2021a). It is likely
that increased levels of Tre6P in the vasculature promote branch-
ing through enhanced sucrose allocation towards the buds and
through transcriptional activation of FLOWERING LOCUS T

(Fichtner et al., 2021a). The interaction between Tre6P and phy-
tohormones is poorly understood.

There is evidence that MAX2 activity is inhibited by citrate, an
intermediate of the tricarboxylic acid (TCA) cycle (Tal
et al., 2022). A transient increase in Tre6P was shown to increase
citrate levels, by activating the anaplerotic flux of carbon into the
TCA cycle to stimulate organic acid and amino acid synthesis
(Figueroa et al., 2016). This is again consistent with the location
of SL and Tre6P synthesis and signalling in the phloem.

Here, we elucidated a connection between sugar signalling via
Tre6P and SL signalling in the control of shoot branching. We
identified the Tre6P pathway as a new downstream target of SL
signalling using an RNA sequencing (RNA-seq) approach. We
showed that Tre6P synthesis is activated in SL mutants and regu-
lators of Tre6P signalling are also transcriptionally altered. Using
a genetic approach, we demonstrated that increasing Tre6P in
the vasculature increased branching in brc1 mutants but did not
increase branching in SL mutants. Decreasing Tre6P in max2
plants inhibited and strongly delayed branching.

Materials and Methods

Plant material and growth

Arabidopsis thaliana (L.) Heynh. accession Columbia-0 (Col-0)
accessions and mutants in this background were used. Arabidop-
sis seeds were placed on agar plates containing ½-strength Mura-
shige & Skoog medium (½ MS), stratified for 72 h at 4°C in the
dark and then moved to a growth chamber. After 7 d in the light,
single plants were transferred to 6-cm diameter pots. LED lights
with an irradiance of either 75 or 150 lmol m�2 s�1 (higher
light intensity, also used for short-day experiment), and 16-h
photoperiods (8-h photoperiod for short-day experiment), and a
temperature of 22°C : 18°C, day : night were used. Arabidopsis
lines in the Col-0 background were those described in the accom-
panying references: brc1-2 (Aguilar-Mart�ınez et al., 2007), max2-
1 (Stirnberg et al., 2002), max4-1 (Sorefan et al., 2003), d14-1
(Chevalier et al., 2014), kai2-2 (Waters et al., 2015), smxl6,7,8 (-
smxl6-4,7-3,8-1) (Soundappan et al., 2015), pGLDPA:otsA (Line
1) (Fichtner et al., 2021a) and pGLDPA:CeTPP (Line 4) (Ficht-
ner et al., 2021a). Double and quadruple mutants were generated
in this study by crossing of the respective parental lines. Pisum
sativum cv. Torsdag (L107) wild-type (WT), ramosus1-2 (rms1-
2T) or rms4-1 (K164) mutants (Beveridge et al., 1997a,b) in the
L107 background were used and grown in a 16-h photoperiod,
with an irradiance of 200 to 300 lmol m�2 s�1 and 25°C :
20°C, day : night temperatures.

RNA-seq pre-data processing and differential gene
expression analysis

Five biological replicates per genotype were used to prepare
libraries (total 10 9 5 = 50 libraries) for each sample by Illu-
mina Stranded mRNA library prep (Illumina, San Diego, CA,
USA; www.illumina.com). RNA was extracted using the ISO-
LATE II RNA Mini Kit (Bioline, Memphis, TN, USA; www.
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bioline.com). Total RNA was quantified using a Qubit fluori-
meter (Thermo Fisher Scientific, Waltham, MA, USA; www.
thermofisher.com), and 2 lg of total RNA was sequenced at the
Ramaciotti Centre for Genomics, Sydney, Australia (www.
ramaciotti.unsw.edu.au). Paired end read libraries were generated
using NovaSeq 6000 S2 29100bp (each resulting library had
over 40 million read pairs). The raw RNA-seq data described in
this study have been deposited in the NCBI Short Read Archive
(SRA) database under http://www.ncbi.nlm.nih.gov/bioproject/
934161 (Submission ID: SUB12863317, BioProject ID:
PRJNA934161). The sequencing data were uploaded to the
Galaxy web platform (Afgan et al., 2016), and the public server
at usegalaxy.org was used for the following steps: Quality control
was carried out using FASTQC, adapter sequences were removed
before trimming and filtering by TRIMMOMATIC (Andrews, 2010),
and read counts were generated for each transcript/gene by Sal-
mon (Patro et al., 2017) (all libraries had > 90% mapping per-
centage using the Araport 11 genome annotation, Cheng
et al. (2017)). Read counts generated by Salmon were then down-
loaded and used as input for the R package DESEQ2. First, differ-
ential gene expression analysis was performed using DESEQ2
v.1.18.1 using a pairwise design formula (Love et al., 2014).
DESEQ2 normalises and removes low counts internally. A com-
plete list of DEGs for each mutant compared with the WT along
with the fold change, and adjusted P-values is available in Sup-
porting Information Tables S1–S3.

K-means clustering

Reads were normalised using DESEQ2’s median of ratios to
normalise the depth effect of each library and gene size. The nor-
malised expression matrix was scaled to a Z-scale matrix, and the
k-means function in Rstudio Desktop (www.posit.co) was used
to cluster genes with the following parameters (set.seed(200 000),
centres = n, iter.max = 30). Plots were generated with the R
packages GGPLOT2, DPLYR, TIDYR and PHEATMAP (www.cran.r-
project.org).

Gene Ontology term overrepresentation

Gene Ontology (GO) term enrichment was performed using the
clueGO cystoscope plugin (Bindea et al., 2009), identifying
enriched GO terms with adjusted P-values of < 0.05. A mini-
mum of three genes per cluster was required for enrichment to be
called.

Phylogenetic analyses

TREHALOSE-6-PHOSPHATE SYNTHASE (TPS) and
TREHALOSE-6-PHOSPHATE PHOSPHATASE (TPP) homo-
logues in pea were identified by BLASTP analysis of Arabidopsis
thaliana TPS and TPP sequences against the pea genome
(https://urgi.versailles.inra.fr/blast/) (Kreplak et al., 2019). Iden-
tified TPS and TPP sequences were aligned separately using the
global alignment tool (cost matrix Blosum80, gap open penalty
15, gap extension penalty 5, refine iterations 20) using geneious

(https://www.geneious.com/). Two consensus trees, one for TPS
and one for TPP, were constructed based on Bayesian methods
(MR BAYES 3.2.6 (Huelsenbeck & Ronquist, 2001) plugin for
geneious with otsA (TPS) or otsB (TPP) as outgroups, otherwise
standard parameters) and maximum likelihood (PHYML (Guin-
don et al., 2010) plugin for geneious with Blosum 62 as substitu-
tion model and 100 bootstrap replicates). Only clades with
bootstrap values and posterior probabilities of > 65% are shown.

Phenotyping

Primary rosette branches (R1) (shoots/inflorescences ≥ 0.5 cm)
that were initiated in the axils of rosette leaves (RL) were counted
and RL number was determined as a measure of flowering time
and to normalise primary rosette branch by leaf number (R1 : RL).

Metabolite extraction and measurements

Arabidopsis whole rosettes with a visible floral bud in the centre
of the rosette (c. 2 to 3 d before bolting), or single pea buds
(node 4) from 11-d-old pea plants were harvested 10 h after
dawn (zeitgeber time, ZT 10). For the short-day experiment,
whole Arabidopsis rosettes were harvested at the end of the day
(ZT 8). All plant tissue was rapidly quenched in liquid nitrogen
under ambient growth conditions and frozen plant tissue was
ground to a fine powder at liquid nitrogen temperature.
Water-soluble metabolites were extracted as described previously
(Lunn et al., 2006). Tre6P, other phosphorylated intermediates
and organic acids, were measured by anion-exchange
high-performance liquid chromatography (HPLC) coupled to
tandem mass spectrometry (Lunn et al., 2006; Figueroa
et al., 2016). Sucrose was measured enzymatically (Stitt
et al., 1989).

qRT-PCR analysis in garden pea

Single pea buds (node 4) from 11-d-old pea plants were harvested
at ZT 10. Five single-bud biological replicates from separate
plants were harvested per genotype. RNA was extracted from sin-
gle buds using a CTAB/PVP-based extraction method without
phenol or chloroform (Barbier et al., 2019a). Reverse transcrip-
tion was performed using iScript cDNA synthesis kit (cat no.:
170-8891; Bio-Rad). The polymerase chain reaction mix was
prepared using sensiFAST SYBR No-ROX Kit (cat no.: BIO-
98050; Meridian Bioscience, Memphis, TN, USA; www.bioline.
com), and quantitative reverse transcription polymerase chain
reaction was performed using the Qiagen Rotor-gene Q HRM
system. Gene expression was calculated using the DDCt method
adjusted for polymerase chain reaction efficiency. The geomean
of PsTUBULIN2, Ps18S and PsEF1a reference genes was used for
normalisation. All primers are listed in Table S4.

Statistical analysis and data visualisation

Data analyses and plotting were performed using Rstudio Desk-
top (www.posit.co) and the packages GGPLOT2, STATS and
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AGRICOLAE (www.cran.r-project.org) using an ANOVA-based post
hoc comparison of means test (Fisher’s least significant difference
(LSD) test, significance indicated by letters). Figures were com-
piled using Adobe Illustrator 2024.

Results

Arabidopsis strigolactone mutants have altered trehalose
6-phosphate synthesis and signalling

SLs are phytohormones with control over many developmental
processes (Brewer et al., 2013). Shoot branching is an important
and well-studied developmental process that is controlled by SLs.
However, our knowledge on SL downstream targets is limited
except for the well-established transcription factor BRC1, which
is transcriptionally repressed by SLs (Lantzouni et al., 2017;
Wang et al., 2020; Hellens et al., 2023). Here, we used an
RNA-seq approach in a variety of SL mutants to identify new SL
targets that are potentially involved in the regulation of shoot
branching. We used Arabidopsis mutants deficient in SL synth-
esis (max4), SL signalling (max2, d14), direct targets of SL signal-
ling (smxl6,7,8) and a downstream transcription factor target
(brc1). Whole Arabidopsis rosettes (shoots) were harvested just
before bolting so that they were at the same developmental stage,
to avoid artefacts due to differences in development. Clustering
analysis of all differentially expressed genes (DEGs) relative to

WT Col-0 plants revealed six distinct clusters (Fig. 1a; Table S1).
We then looked for clusters that have DEGs that are either upre-
gulated in max4, max2 and d14 and downregulated in smxl6,7,8,
or vice versa. This was the case for two clusters, 2 and 3 (Fig. 1a).

Cluster 2 contained the known target of SLs, BRC1, which
was downregulated in max4, max2 and d14, and strongly upregu-
lated in the smxl6,7,8 mutant (Fig. 1b), indicating that targets of
SLs were represented in this cluster. GO term enrichment
of Cluster 2 revealed that ‘trehalose biosynthetic process’ was
highly enriched (14.3%; Fig. 1c). Tre6P is of special interest as it
has previously been implicated in triggering axillary bud out-
growth in a local and systemic manner (Fichtner et al., 2017,
2021a). In accordance with Cluster 2 containing branching regu-
lators and potential downstream targets of the SL pathway, the
GO terms ‘gibberellin biosynthetic process’, ‘response to gibber-
ellin’ and ‘anthocyanin-containing compound biosynthetic pro-
cess’ were also significantly enriched (Fig. 1c). Gibberellins have
been demonstrated to have a function in in the later stages of
branch development, rather than in early bud outgrowth, and
their levels highly correlate with auxin levels (Cao et al., 2023).
Anthocyanin biosynthesis genes have also recently been identified
as SL downstream targets in Arabidopsis hypocotyls (Hellens
et al., 2023), indicating that Cluster 2 contains downstream tar-
gets of the SL pathway.

In accordance with the Tre6P biosynthesis pathway being a
target of SLs, we identified TREHALOSE-6-PHOSPHATE

Fig. 1 Transcriptional analysis of strigolactone
mutants reveals a connection to sugar signalling
via trehalose 6-phosphate. (a) K-means
clustering of Z-scores of the means of
transcriptional profiling (RNA-seq) of whole
Arabidopsis thaliana rosettes, just before bolting,
from strigolactone synthesis (max4), signalling
(max2, d14) and downstream signalling
(smxl6,7,8 and brc1) mutant plants. Hierarchical
clustering of the different genotypes is presented
by a dendrogram. (b) Normalised RNA-seq reads
(derived from DESEQ2 analysis) of BRANCHED1
(BRC1) in Arabidopsis wild-type (WT) and
mutant plants from (a). (c) Gene Ontology (GO)
term enrichment analysis of k-means Cluster 2.
Percentages represent % of terms in group. (d)
Normalised RNA-seq reads (derived from DESEQ2
analysis) of TREHALOSE-6-PHOSPHATE

SYNTHASE1 (TPS1) in Arabidopsis WT and
mutant plants from (a). (e) GO term enrichment
analysis of k-means Cluster 3. Percentages
represent % of terms in group. Letters represent
significant differences (P < 0.05) based on
ANOVA with post hoc least significant difference
(LSD) testing (mean � SE, n = 5). brc1,
branched1; d14, dwarf14;max,more axillary

growth; smxl6,7,8, suppressor of max2-like 6, 7
and 8.
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SYNTHASE1 (TPS1), as being significantly upregulated in
max4, max2 and d14 (Fig. 1d). TPS1 encodes the main Tre6P
synthase and is the predominant, perhaps only, source of Tre6P
in Arabidopsis beyond the seed stage (Fichtner et al., 2020). We
also analysed the expression of the 10 TPP genes in Arabidopsis
(Fig. S1). TPPD and TPPF were both significantly downregu-
lated in max2 and d14, with a similar but nonsignificant trend in
max4 (Fig. S1), but otherwise there was no consistent regulation
of TPP genes in max4, max2 and d14. TPPF was also signifi-
cantly upregulated in the smxl6,7,8 mutant, with TPPD showing
the same trend (Fig. S1). These differences in TPS1 and TPP
gene expression could potentially be translated into higher levels
of Tre6P in SL mutants, via concomitant stimulation of Tre6P
synthesis decreased Tre6P dephosphorylation.

TPS1 was part of Cluster 3, which showed the opposite trend
to Cluster 2. GO term enrichment of Cluster 3 revealed that
‘auxin transport’ was the most enriched GO category (31.6%;
Fig. 1d). As it is known that auxin transport is altered in SL
mutants (Bennett et al., 2006; Crawford et al., 2010; Shinohara
et al., 2013; Nahas et al., 2024), this confirms that the harvested
material (i.e. whole rosettes at the same developmental stage) and
our analysis successfully identified targets of the SL pathway.

In total, there were 41 DEGs in common in the SL mutants
max4, max2 and d14 (Fig. 2a; Table S2), and among these, we
found another gene involved in the Tre6P pathway,
TREHALOSE-6-PHOSPHATE SYNTHASE9 (TPS9). TPS9
encodes a catalytically inactive class II TPS protein (Vandesteene
et al., 2010; Fichtner & Lunn, 2021). Since class II TPS proteins
lack the ability to synthesise Tre6P, it has been speculated that
they might serve as Tre6P sensors rather than Tre6P metabolising
enzymes (Lunn, 2007; G€obel & Fichtner, 2023). The potential
sensor or signalling role of TPS9 is supported by evidence that it
binds to and modulates the activity of the SUCROSE-NON-
FERMENTING1-RELATED KINASE1 (SnRK1) in vitro (Van
Leene et al., 2022). However, how TPS9 acts in planta is
unknown. It has also been reported that orthologous class II TPS
proteins interact with the OsTPS1 protein in rice, potentially
modulating the enzyme’s activity (Zang et al., 2011). The TPS9
transcript is upregulated upon carbon starvation (Ramon
et al., 2009). As TPS9 was significantly downregulated in max4,
max2 and d14, and upregulated in smxl6,7,8 (Fig. 2b), this sug-
gests that SL mutants may have a high sugar availability and sig-
nalling. Significant downregulation of TPS9 expression in max2
and d14 was also reported in previous studies (Ha et al., 2014; Li
et al., 2020) consistent with our results. This pattern of expres-
sion suggests that Tre6P levels, especially signalling, are altered in
SL mutants.

Endogenous Tre6P levels were measured to test whether they
are affected by defects in SL biosynthesis or signalling. Strikingly,
Tre6P levels were twice as high in rosettes of the max2 mutant
than in WT plants (Fig. 2c). Sucrose and the Tre6P : sucrose ratio,
which is a proxy for the influence Tre6P has on sugar metabolism
(Yadav et al., 2014), were also increased in max2, while sucrose
was decreased in smxl6,7,8 (Fig. S2a). In parallel, SWEET11 and
SWEET12, encoding members of the SUGARS WILL EVEN-
TUALLY BE EXPORTED TRANSPORTER family responsible

for sucrose efflux in phloem parenchyma, were significantly upre-
gulated in max2 mutants, with SWEET11 showing a similar non-
significant trend in max4 and d14 (Fig. S2b). Similarly, the Class
II TPS5 transcript was upregulated in max2 mutants (Fig. 2d),
with TPS7 showing a similar behaviour (Fig. S3). In contrast to
TPS9, TPS5 and TPS7 are downregulated upon carbon starvation
(Ramon et al., 2009). The upregulation of TPS5 and TPS7 in
max2 therefore aligns with the increased sugar and Tre6P levels
and thus higher carbon availability in this mutant (Figs 2d, S2a).
Increased levels of Tre6P, the downregulation of TPS9, the upre-
gulation of TPS5 and TPS7, and of SWEET11 and SWEET12
transcripts suggest that sugar signalling and allocation are altered
in the max2mutant.

Trehalose 6-phosphate synthesis and signalling are altered
in axillary buds of garden pea strigolactone mutants

To test these conclusions specifically in axillary buds, we used
another model plant, garden pea, which has the advantage over
Arabidopsis that axillary buds are larger and easier to access. This

Fig. 2 Strigolactone mutants have alterations in trehalose 6-phosphate
(Tre6P). (a) Overlap of differentially expressed genes (DEGs) in a
strigolactone deficient (max4) and signalling (max2 and d14) mutant of
Arabidopsis thaliana. (b) Normalised RNA-seq reads (derived from DESEQ2
analysis) of TREHALOSE-6-PHOSPHATE SYNTHASE9 (TPS9) that is a DEG
in all SL mutants. (c) Tre6P measurements of whole rosettes of A. thaliana
strigolactone synthesis (max4), signalling (max2, d14) and downstream
signalling (smxl6,7,8 and brc1) mutant plants. (d) Normalised RNA-seq
reads (derived from DESEQ2 analysis) of TREHALOSE-6-PHOSPHATE
SYNTHASE5 (TPS5) which is a positive regulator of Tre6P signalling.
Letters represent significant differences (P < 0.05) based on ANOVA with
post hoc least significant difference (LSD) testing (mean � SE, n = 5
(RNA-seq), n = 6 (Tre6P)). brc1, branched1; d14, dwarf14;max,more
axillary growth; smxl6,7,8, suppressor of max2-like 6, 7 and 8.
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can also provide evidence on potential conservation of regulatory
relationships between SL and Tre6P. We monitored the expres-
sion of all pea TPS and TPP genes in node four axillary buds of
the garden pea SL mutants Psmax4 (rms1) and Psmax2 (rms4).
Homologues of the Arabidopsis TPS (Fig. S4a) and TPP
(Fig. S4b) proteins in garden pea were identified by BLAST analy-
sis on the pea proteome using the Arabidopsis homologues as
query sequences followed by phylogenetic analyses using Bayesian
and maximum likelihood approaches (Fig. S4; only clades with
bootstrap values/posterior probabilities of > 65% are shown).
These analyses revealed that there are three AtTPS1 homologues
in garden pea termed PsTPS1.1-3 (Fig. S4a). Corroborating our
results in Arabidopsis, the transcripts of all three TPS1 homolo-
gues were upregulated in axillary buds of Psmax2 and Psmax4
mutants when compared to WT plants (Fig. 3a). This upregula-
tion was much stronger than the one observed in Arabidopsis
further supporting that Tre6P likely increases specifically in axil-
lary buds. We also found two homologues of the AtTPS8/AtTP-
S9/AtTPS10 clade which we termed PsTPS9 (Fig. S4a). Again
corroborating our results in Arabidopsis rosettes, both TPS9
homologues were significantly downregulated in Psmax2 axillary
buds with PsTPS9.2 also significantly downregulated in Psmax4
(Fig. 3b). Lastly, to investigate whether SL mutants in pea also
have high Tre6P levels, we measured Tre6P in axillary buds.
Similar to results from Arabidopsis rosettes, Psmax2 had signifi-
cantly increased levels of Tre6P in axillary buds with Psmax4 hav-
ing the same trend (Fig. 3c). Due to the large variation in gene
expression, there was no clear trend in the regulation of the
PsTPP genes that were found to be expressed in axillary buds
(Fig. S5a). There was also no change in the transcripts encoding
the homologues of the class II TPS proteins AtTPS5, AtTPS6, or
AtTPS7, while a homologue of AtTPS11 was downregulated in
the Psmax2 pea mutant (Fig. S5b).

Strigolactone mutants have alterations in Tre6P under
certain conditions

The data in pea suggest that SL mutants have altered Tre6P levels
and signalling in axillary buds. To test whether the increase in
Tre6P is dependent on the light regime, Tre6P levels were also
determined in max4, max2 and brc1 Arabidopsis mutants grown
in long-day photoperiods with a decreased irradiance
(75 lmol m�2 s�1; Fig. S6a) and max4, max2, d14 and brc1 in
short-day photoperiods with the same irradiance as before
(150 lmol m�2 s�1; Fig. S6b). These analyses showed that
Tre6P was consistently higher in max2 mutants (Fig. S6). In
short-day photoperiods, Tre6P and sucrose were increased in
max2, max4 and d14 mutants when harvested at the end of the
day (Fig. S6b), showing that Tre6P is also increased in max4 and
d14 mutants under certain conditions.

Increased levels of Tre6P in the vasculature increase
branching in brc1 mutants but not in strigolactone mutants

We demonstrated previously that an increase in Tre6P in the vas-
culature of pGLDPA:otsA construct lines induces early flowering

and increases branching, likely via interaction with photoperiod
signalling pathways and by altering sucrose allocation (Fichtner
et al., 2021a). This line expresses OtsA/TPS from Escherichia coli
under the control of a vascular-tissue-specific promoter
GLYCINE-DECARBOXYLASE P-SUBUNIT A, GLDPA, from
Flaveria trinervia (hereafter referred to as the High Tre6P con-
struct). To test whether the developmental responses altered by
Tre6P are dependent on SL, we introgressed the high Tre6P con-
struct into max4, max2 and brc1 to increase the levels of Tre6P
in the vasculature (Fig. 4). We grew the resulting lines in two dif-
ferent irradiances (150 lmol m�2 s�1, Fig. 4a; and
75 lmol m�2 s�1, Fig. 4b). The High Tre6P construct resulted
in early flowering in WT plants, as expected (Fichtner
et al., 2021a), and also in all the mutant lines, showing that the

Fig. 3 Trehalose 6-phosphate (Tre6P) synthesis and signalling genes are
altered in axillary buds of pea strigolactone mutants. (a) Quantitative
reverse transcription polymerase chain reaction analysis of the genes
encoding for the three homologues of TREHALOSE-6-PHOSPHATE
SYNTHASE1 (TPS1) in garden pea (Pisum sativum) wild-type (WT) (L107)
and Psmax4 (rms1) and Psmax2 (rms4) mutant plants. (b) Quantitative
reverse transcription polymerase chain reaction analysis of the gene
encoding for the two homologues of TREHALOSE-6-PHOSPHATE
SYNTHASE9 (TPS9) in garden pea WT (L107) or Psmax4 (rms1) and
Psmax2 (rms4) mutant plants. (c) Tre6P measurements of single axillary
buds in garden pea WT (L107) and Psmax4 (rms1) and Psmax2 (rms4)
mutant plants. Letters represent significant differences (P < 0.05) based
on ANOVA with post hoc least significant difference (LSD) testing
(mean � SE, n = 5). Node 4 buds of 11-d-old pea plants were analysed.
max,more axillary growth; rms, ramosus.
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induction of early flowering by high vascular Tre6P is indepen-
dent of SL synthesis and signalling (Fig. 4c,d). This was also
independent of the irradiance as Tre6P induced early flowering
in both growth conditions.

To quantify shoot branching, we determined the number of
primary rosette branches (R1), defined as the inflorescences
(> 0.5 cm) that are initiated specifically from RL. Shoot branch-
ing was then expressed as the ratio R1 : RL since in SL mutants
the number of R1 branches is strongly influenced by the number
of RL (Fichtner et al., 2022).

As previously observed, the introduction of the High Tre6P
construct resulted in increased branching (R1 and R1 : RL) in
the WT (Fichtner et al., 2021a). The High Tre6P construct also
resulted in increased branching in brc1 mutant plants (Figs 4a,

b,e,f, S7). However, there was no increase in branching in
max4 or max2 containing the High Tre6P construct (Figs 4a,b,
e,f, S7) compared with the parental mutants, indicating that
loss of SL synthesis and signalling prevents Tre6P promotion
of branching. This lack of effect in SL mutants was not due to
some limit on the maximum number of branches in Arabidop-
sis as the brc1 mutant with the high Tre6P construct showed
significantly more branching (10% increase in R1 : RL in
150 lmol m�2 s�1, and 70% increase in R1 : RL
in 75 lmol m�2 s�1) than SL mutants (with or without the
High Tre6P construct; Fig. 4e,f). Similar to SL deficient and
perception mutants, the High Tre6P construct promoted flow-
ering in smxl6,7,8 mutants (Fig. S8a). The High Tre6P con-
struct promoted shoot branching in smxl6,7,8 mutants

Fig. 4 Trehalose 6-phosphate (Tre6P) acts
independently of brc1 but dependent on
strigolactone signalling in control of shoot
branching. (a) Visual phenotype of Arabidopsis
thalianaWT plants (Col-0), strigolactone
synthesis (max4), signalling (max2) and brc1

single mutant plants and plants with a construct
conferring high Tre6P in the vasculature (High
Tre6P, by expressing otsA using the vasculature-
specific pGLDPA promoter, bottom panel) when
grown in long days with an irradiance of
150 lmol photons m�2 s�1. (b) The same
genotypes grown under a lower irradiance of
75 lmol photons m�2 s�1. (c) Flowering time as
determined by the number of rosette leaves (RL)
from plants in (a). (d) Flowering time as
determined by RL from plants in (b). (e)
Branching represented as the number of primary
rosette branches (R1) normalised to RL (R1 : RL)
from plants in (a). (f) Branching represented as
R1 normalised to RL (R1 : RL) from plants in (b).
Letters represent significant differences
(P < 0.05) based on ANOVA with post hoc least
significant difference (LSD) testing (mean � SE,
n = 17–20).max,more axillary growth; otsA,
Tre6P synthase from Escherichia coli; pGLDPA,
GLYCINE-DECARBOXYLASE P-SUBUNIT A
promoter from Flaveria trinervia.
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(Fig. S8a), showing that the presence of SMXL proteins is not
required for the branching response to high Tre6P.

In view of the dual role of MAX2 in shoot branching and kar-
rikin signalling (Nelson et al., 2011, 2012), we investigated kai2,
a mutant deficient in karrikin perception. We tested for the
dependence of Tre6P on the karrikin signalling pathway by ana-
lysing branching in kai2 and in kai2 plants containing the High
Tre6P construct. We observed earlier flowering in kai2 mutants
expressing the High Tre6P construct, similar to other lines with
this construct (Fig. S8b). The kai2 high Tre6P lines did not have
significantly more R1 branches than WT Col-0, with or without
the High Tre6P construct, or than the kai2 parental mutant
(Fig. S8b).

Lowering Tre6P can inhibit branching inmax2mutant
plants

One potential explanation for the inability of the High Tre6P
construct to stimulate shoot branching in the SL synthesis or per-
ception mutants is that Tre6P synthesis and/or signalling are
already fully activated in these mutants. This could particularly
be the case for max2, which has significantly higher levels of
Tre6P than WT (Figs 2c, 3c, S6). To test this hypothesis, we gen-
erated a max2 line with lower Tre6P levels by introducing a
transgenic construct to express a Caenorhabditis elegans Tre6P
phosphatase under the control of the vasculature-specific GLDPA
promoter (Fichtner et al., 2021a) (hereafter referred to as the Low
Tre6P construct, Fig. 5a). The Low Tre6P construct delayed
flowering in both the WT and the max2 mutant (Fig. 5b). This
result is consistent with an SL-independent role of Tre6P in flow-
ering. Introduction of the Low Tre6P construct into WT and
max2 resulted in delayed branch emergence in both backgrounds
(Figs 5c,d, S9) and a decreased final number of R1 : RL branches
in max2 low Tre6P plants (Fig. 5c). To determine whether this
delay in branch emergence coincided with decreased Tre6P
levels, we determined Tre6P levels in max2 low Tre6P plants
(Fig. 5e). This confirmed that max2 low Tre6P plants had signifi-
cantly lower levels of Tre6P than max2 mutants (Fig. 5e). The
plants were also grown in lower light conditions
(75 lmol m�2 s�1, Fig. 5f). Flowering was delayed even further
in max2 low Tre6P plants under these conditions. (Fig. 5g) and
the delay in branch emergence was enhanced (Figs 5d,i, S9). At
14 d after bolting (dab), the max2 plants with the Low Tre6P
construct had only as many branches per leaf as WT plants, while
the max2 parental line had three times as many branches
(Fig. 5h). Furthermore, at 14 dab max2 with the Low Tre6P con-
struct had the same number of branches as max2 at 7 dab
(Fig. 5h), showing that Low Tre6P caused a 7-d delay in branch
emergence in max2 under these conditions.

Another way of lowering sugar availability to the plants is
growing them under carbon-limiting short-day conditions (8-h
photoperiod). Under these conditions, max2 containing the Low
Tre6P construct also has a reduced final number of branches
compared with max2 (Fig. S10a), consistent with the hypothesis
that lowering Tre6P in max2 limits branching, especially under
carbon-limiting conditions. Measurements of Tre6P in these

conditions confirmed that the Low Tre6P construct lowered
Tre6P in the max2 background (Fig. S10b).

Lastly, we analysed the impact of the High Tre6P and Low
Tre6P constructs on gene expression in WT and max2 mutants
by RNA-seq (Fig. 6a; Table S3). Hierarchical clustering of DEGs
in all genotypes revealed that max2 and max2 high Tre6P clus-
tered together, suggesting a very similar transcript profile, possi-
bly reflecting a predominant effect of the max2 mutation. By
contrast, max2 with Low Tre6P and WT with Low Tre6P formed
a separate cluster indicating that lowering Tre6P levels had a
similar major effect in both of these genotypes (Fig. 6a). Cluster
2 stood out especially, as genes in this cluster showed high expres-
sion in branched mutants (High Tre6P, max2, max2 high Tre6P )
and low expression in less branched mutants (Low Tre6P, max2
low Tre6P ). GO term enrichment of this cluster did not reveal
any consistently affected GO categories (Fig. S11); therefore, we
used KEGG pathway enrichment (Fig. 6b). This analysis showed
that metabolic pathways related to the ‘TCA cycle’ were highly
enriched (16.7%, Fig. 6b). In addition, KEGG pathways related
to amino acid synthesis were enriched. While gene expression
cannot be used to simply infer metabolic flux, it is tempting to
speculate that high Tre6P in the vasculature and in max2mutants
might activate the metabolic flux into the TCA cycle, while low
Tre6P in the vasculature has the opposite effect.

Discussion

The aim of this study was to understand how sugar signalling by
Tre6P interacts with SL signalling to regulate shoot branching in
Arabidopsis. We demonstrated that several genes related to
Tre6P synthesis and signalling are differentially expressed in SL
mutants in Arabidopsis and pea. We further observed that ele-
vated Tre6P does not trigger additional shoot branching in
mutants defective in SL biosynthesis (max4), perception (d14)
and signalling (max2), and that Low Tre6P inhibits branching
and strongly alters the transcript profile of max2. As Tre6P levels
can be increased by SL signalling but excess Tre6P is not additive
with SL deficiency, we suggest that the Tre6P pathway is one of
the targets of SLs in regulating shoot branching. All genotypes
tested showed early or delayed flowering in response to increased
or decreased Tre6P levels, respectively, showing that the inability
of Tre6P to promote branching in the SL mutants is not due to a
general disruption of the response to Tre6P in these lines, but is
specific to shoot branching.

Upon perception of SLs by D14, D14 forms an SCF complex
with MAX2 that results in the polyubiquitination of SMXL6, 7
and 8 and de-repression of their targets (Wang et al., 2022; Barb-
ier et al., 2023). One of these targets is the transcription factor
BRC1, which represses shoot branching (Aguilar-Mart�ınez
et al., 2007; van Es et al., 2024). However, SLs only partially act
via BRC1, as brc1 mutants are less branched than SL mutants
(Seale et al., 2017; Fichtner et al., 2022), suggesting a BRC1-
independent role of SL signalling in the regulation of shoot
branching. We showed here that the branch-promoting effect of
Tre6P was independent of the SMXL6,7,8-BRC1 pathway.
Indeed, our results showed that elevated Tre6P enhances shoot
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branching in smxl6,7,8 and brc1 mutants. BRC1-independent
regulation of shoot branching by SLs was previously reported by
different studies, notably in pea and Arabidopsis (Braun
et al., 2012; Seale et al., 2017). However, to our knowledge, no
study so far has reported a SMXL6,7,8-independent effect of SLs
on shoot branching. This could mean that there is another path-
way that operates without the involvement of SMXL6,7,8 and
that enables Tre6P to promote shoot branching. One such path-
way might be mediated by the activation of FLOWERING
LOCUS T and sucrose allocation via the SWEETs, as suggested
previously (Fichtner et al., 2021a) (Fig. 6c).

Our data showed that across different growth conditions,
max2 mutants consistently have elevated Tre6P levels, whereas
the picture was more mixed in the other mutants. This suggests
that MAX2 has an additional role in the regulation of Tre6P
levels, beyond its role in integrating the SL signal. Besides SL per-
ception, MAX2 mediates karrikin signalling through its interac-
tion with KAI2, the karrikin-like compound receptor (Nelson
et al., 2011; Dun et al., 2023). However, the kai2 mutant has
never been reported to have a shoot branching phenotype

(Bennett et al., 2016b), ruling out the involvement of KAI2 in
the regulation of this process. Surprisingly, High Tre6P did not
significantly increase shoot branching in the kai2 mutant. One
interpretation of this result is that, in the absence of KAI2, more
MAX2 protein is available for D14, reinforcing SL-derived sig-
nalling, and making it harder for Tre6P to alleviate the inhibitory
effect of SL on shoot branching. In line with this, previous stu-
dies have shown that sucrose antagonises the effect of SL to pro-
mote axillary bud outgrowth (Bertheloot et al., 2020; Patil
et al., 2022).

More recently, MAX2 was also reported to be involved in sto-
matal CO2 signalling (Kalliola et al., 2020) and to be inhibited
by the TCA cycle intermediate citrate, at least in vitro (Tal
et al., 2022). This highlights the complexity of MAX2-dependent
signalling and its central role in integrating hormonal and meta-
bolic signals (Barbier et al., 2023). During shoot branching,
OsMAX2 has been reported to be the target of sugars to promote
tillering in rice (Patil et al., 2022). The higher accumulation of
Tre6P in max2 than in the other SL mutants further implicates a
role for MAX2 in Tre6P-mediated carbon signalling during

Fig. 5 Lowering trehalose 6-phosphate (Tre6P)
inmax2 can inhibit branching. (a) Visual
phenotype of Arabidopsis thaliana plants with a
construct conferring low Tre6P in the
vasculature (Low Tre6P, by expressing CeTPP

using the vasculature-specific pGLDPA
promoter) andmax29 Low Tre6P plants at 3
wk after bolting grown in long days with an
irradiance of 150 lmol photons m�2 s�1. (b)
Flowering time as determined by the number of
rosette leaves (RL). (c) Branching represented as
the number of primary rosette branches (R1)
normalised to RL (R1 : RL) at 7 or 14 d after
bolting (dab), or at the end of the plant’s life
cycle (Final). (d) Magnified representation of (a)
showing the R1 branches ofmax29 Low Tre6P

plants. (e) Tre6P measurements of whole
rosettes of plants grown in (a) harvested before
bolting. (f) Visual phenotype of Low Tre6P and
max29 Low Tre6P plants at 3 wk after bolting
grown in long days with an irradiance of
75 lmol photons m�2 s�1. (g) Flowering time as
determined by RL. (h) Branching represented as
R1 normalised to RL (R1 : RL) at 7 or14 dab, or
at the end of the plant’s life cycle (Final). (i)
Magnified representation of (f) showing the R1
branches ofmax2 9 Low Tre6P plants under
lower light. Letters represent significant
differences (P < 0.05) based on ANOVA with
post hoc least significant difference (LSD) testing
(mean � SE, n = 11–17). CeTPP, Tre6P
phosphatase from Caenorhabditis elegans;max,
more axillary growth; pGLDPA, GLYCINE-
DECARBOXYLASE P-SUBUNIT A promoter from
Flaveria trinervia.
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shoot branching (Fig. 6c). Previous work has shown that a
transient increase in Tre6P in Arabidopsis rosettes activates the
anaplerotic flux of fixed carbon from photosynthesis into the
TCA cycle by activating phosphoenolpyruvate carboxylase
(PEPC). Isotope-labelling data suggested that the activation of
PEPC is likely to be accompanied by the activation of the mito-
chondrial pyruvate dehydrogenase to increase flux around the
TCA cycle (Figueroa et al., 2016). A similar metabolic response
was detected in axillary buds of garden pea after decapitation
(Fichtner et al., 2017). Tre6P increased rapidly in garden pea
axillary buds after decapitation, and this increase coincided with
a decrease in PEP and an increase in amino acids, suggesting
higher flux of carbon into the TCA cycle and amino acid synth-
esis (Fichtner et al., 2017). Citrate is readily transported between
the mitochondria, cytosol and the vacuole (Abadie et al., 2024).
Therefore, the increased flux of carbon into the TCA cycle in
response to higher Tre6P is likely to raise citrate levels in the
cytosol, from where it could readily move into the nucleus to
inhibit MAX2 activity (Barbier et al., 2023). In agreement,

inhibition of flux into the TCA cycle has been demonstrated to
inhibit lateral bud outgrowth in rose (Wang et al., 2021). Our
KEGG analysis in the SL mutants and Tre6P lines suggests that a
similar mechanism is also activated by high Tre6P levels in the
vasculature (Fig. 6b,c). This further supports the role of Tre6P in
modulating citrate levels and metabolism and opens the possibi-
lity for a feedback loop between MAX2 and Tre6P signalling
pathways (Fig. 6c). More work is needed to further test this
hypothesis.

Loss of BRC1 combined with High Tre6P results in a shoot
branching phenotype similar to that of SL mutants, as brc1 high
Tre6P mutants showed a strong increase in branching when com-
pared to brc1 single mutants. This is consistent with the hypoth-
esis that Tre6P signalling is downstream of SL signalling but acts
in parallel to the SMXL6,7,8-dependent inhibition of BRC1
(Fig. 6c). Loss of BRC1 together with high Tre6P levels would
therefore mimic a complete loss of SL signalling. It is worth not-
ing that brc1 high Tre6P mutants do not show any other of the
typical phenotypes of SL mutants, like dwarfism or a different

Fig. 6 Crosstalk between strigolactone, trehalose
6-phosphate (Tre6P) and sugar signalling
pathways in the regulation of shoot branching.
(a) K-means clustering of Z-scores of the means
of normalised reads (from RNA-seq) of whole
Arabidopsis thaliana rosettes of Col-0 plants,
max2, High Tre6P (by expressing otsA using the
vasculature-specific pGLDPA promoter) and Low

Tre6P (by expressing CeTPP using the
vasculature-specific pGLDPA promoter) mutants,
as well asmax29 High Tre6P andmax29 Low

Tre6P plants. Hierarchical clustering of the
different genotypes is presented by a
dendrogram. (b) KEGG pathway enrichment
analysis of k-means Cluster 2. Percentages
represent % of terms in group. (c) Schematic
representation of the relationship between
strigolactones, sucrose and Tre6P signalling.
Tre6P is shown as being downstream of
strigolactone signalling via a SUPPRESSOR OF
MAX2-LIKE (SMXL)-dependent and independent
pathway involving the inhibition of TRE6P
SYNTHASE1 (TPS1) and TPS9. Tre6P acts in
parallel to the know strigolactone signalling
pathways involving BRC1. Tre6P also influences
MAX2-dependent signalling by activating the
flux into citrate which would lead to the
inhibition of MAX2 on a protein level. This acts in
parallel to the inhibition ofMAX2 transcription by
sucrose. Inhibition and activation are presented
by blunt-ended blue or pointed red arrows,
respectively. Currently, unknown interaction or
interactions based on in vitro data are
represented by dashed arrows. Black arrows
represent processes. BRC1, BRANCHED1;
CeTPP, Tre6P phosphatase from Caenorhabditis
elegans;max,more axillary growth; otsA, Tre6P
synthase from Escherichia coli; pGLDPA,
GLYCINE-DECARBOXYLASE P-SUBUNIT A

promoter from Flaveria trinervia; SMXL,
SUPPRESSOR OF MAX2-LIKE.
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leaf shape, suggesting that the function of high Tre6P in the brc1
mutant specifically modulates shoot branching.

The increased expression of TPS1 in max4, max2 and d14
mutants in Arabidopsis is accompanied by increased Tre6P levels
in the mutants, under at least some growth conditions (Figs 2, 3,
5e). In a recent review, Barbier et al. describe SLs as playing a
central role in the control of plant shoot architecture by the
plant’s nutritional status and environment (Barbier et al., 2023).
Analyses of individual axillary buds from orthologous garden pea
SL mutants showed that expression of PsTPS1 genes was
increased in the buds themselves (Fig. 3a), compared with WT,
as were the levels of Tre6P (Fig. 3c). These results suggest that
MAX2-dependent SL signalling inhibits Tre6P synthesis in axil-
lary buds by inhibiting expression of TPS1 and its orthologs
in pea.

TPS9 expression was downregulated in max4, max2 and d14
mutants and the expression of genes encoding TPS9 homologues
in pea was also reduced in axillary buds, suggesting that TPS9 is a
target of SL signalling. This further supports the idea of the
Tre6P pathway being downstream of SLs in the regulation of
bud outgrowth. Similarly, transcriptional profiling of dormant
and vernalisation-released buds of the perennial model species
Arabis alpina showed decreased expression of AaTPS9 (Vayssi�eres
et al., 2020). In addition, TPS9 expression was upregulated in
the smxl6,7,8 mutants of Arabidopsis, indicating that SLs act
through these SMXLs to regulate TPS9 expression. In agreement
with this hypothesis, SMXL6 was found to bind to the 5´-UTR
of the TPS9 gene (Wang et al., 2020). Despite Tre6P acting
independently of SMXL6,7,8, Tre6P and SL signalling are intri-
cately interconnected (Fig. 6c). This is also in line with observa-
tions indicating that the BRC1/TB1 transcription factor targets
genes involved in Tre6P homeostasis (Dong et al., 2019). More
work is needed to unravel the specific molecular mechanisms
underpinning these interactions.

In conclusion, our study shows that SLs act partly via Tre6P to
control shoot branching in a BRC1-independent manner
(Fig. 6c). Since SL perception is controlled by sugar availability
and potentially by other metabolites from primary metabolism,
such as citrate, our study highlights the intricate connection
between SL and sugar signalling pathways during the control of
shoot branching. It is tempting to speculate that this link between
primary metabolism and hormonal regulation of shoot branching
evolved to guarantee the high responsiveness of shoot
branching to the environment (de Jong et al., 2014, 2019; Ficht-
ner et al., 2022; Kelly et al., 2023).
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Supporting Information section at the end of the article.

Fig. S1 Expression of Arabidopsis TREHALOSE-6-PHOS-
PHATE PHOSPHATASE genes in strigolactone mutants.
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Fig. S2 Sucrose and trehalose 6-phosphate : sucrose ratios in dif-
ferent strigolactone mutants.

Fig. S3 Expression of Arabidopsis TREHALOSE-6-PHOS-
PHATE SYNTHASE genes in strigolactone mutants.

Fig. S4 Identification of the TREHALOSE-6-PHOSPHATE
SYNTHASE and TREHALOSE-6-PHOSPHATE PHOSPHA-
TASE protein family in garden pea (Pisum sativum).

Fig. S5 Expression of trehalose 6-phosphate synthesis and signal-
ling genes in axillary buds of pea strigolactone mutants.

Fig. S6 Trehalose 6-phosphate levels, sucrose levels and Tre6P :
sucrose ratios in different strigolactone mutants.

Fig. S7 Trehalose 6-phosphate induces branching in brc1 but not
max4 or max2 mutants.

Fig. S8 Trehalose 6-phosphate induces branching in smxl6,7,8
but not kai2 mutants.

Fig. S9 Lowering trehalose 6-phosphate in max2 can inhibit
branching in long days.

Fig. S10 Lowering trehalose 6-phosphate inhibits branching in
max2 mutants in short-day conditions.

Fig. S11 GO term enrichment analysis of a k-means cluster that
contained genes that showed high expression in branched
mutants did not reveal any consistently affected GO categories.

Table S1 Differentially Expressed Genes in Col-0 compared with
strigolactone mutants.

Table S2 Overlap of all differentially Expressed Genes in the stri-
golactone mutants max4 (more axillary growth4), max2 and d14
(dwarf14).

Table S3 Differentially Expressed Genes in wild-type plants
compared with max2 (more axillary growth2) and trehalose 6-
phosphate mutants.

Table S4 List of all primers used in this study.
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