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A B S T R A C T

Sugars are not only central metabolites in plants but also act as signalling molecules that coordinate growth, development, and physiology. In the green lineage 
(viridiplantae), the intermediate of trehalose biosynthesis, trehalose 6-phosphate (Tre6P), has emerged as a central regulator of carbon status. In angiosperms, Tre6P 
signalling is integrated with energy-sensing mediated by kinases such as SnRK1 and TOR to balance growth with metabolism and environmental factors. Here we 
review the current knowledge on the functions of sugar signalling components in the green lineage. We put a special emphasis on Tre6P signalling as genomic, 
transcriptomic, and metabolomic studies across algae, bryophytes, and vascular plants indicate that Tre6P’s role as a sugar signal predates the colonization of land 
and may have been instrumental during terrestrialization and the evolution of vascular systems. Functional studies in mosses, and angiosperms reveal conserved roles 
of Tre6P in vegetative growth, and the initiation of sexual reproduction, underscoring its potential as a conserved signalling metabolite. Taken together, these 
insights support the view that Tre6P has acted as a conserved and adaptable hub linking carbon availability to plant development and reproduction throughout plant 
evolution.

1. Introduction

As photoautotrophic organisms, all plants – from aquatic green algae 
to land plants – produce sugars by fixing atmospheric CO2. Efficient 
usage of the acquired carbon as well as coordinating it with the avail
ability of other nutrients is pivotal for the plant’s survival and fitness. 
We know that in angiosperms, sugars act not only as a source of carbon 
and energy, but also as important signalling molecules. Our knowledge 
in other plant lineages, however, remains limited. The main sugar in 
plants that is used for transport, storage, and stress protection is the non- 
reducing disaccharide sucrose. Trehalose is the only other non-reducing 
disaccharide in plants which has similar functions, and is used across all 
kingdoms of life (including fungi and non-vertebrates) (Paul et al., 2008; 
Lunn et al., 2014). In angiosperms, the intermediate of trehalose 
biosynthesis, trehalose 6-phosphate (Tre6P), has been established as an 
important signalling metabolite integrating metabolic status with 
developmental decision making (Figueroa and Lunn, 2016; Paul et al., 
2020; Fichtner and Lunn, 2021; Wingler and Henriques, 2022).

Additionally, Tre6P is an essential signal and negative feedback 
regulator of sucrose levels in angiosperms, maintaining sucrose levels 
within an optimal range (Martínez-Barajas et al., 2011; Yadav et al., 
2014; Annunziata et al., 2025). Two other important sugar signalling 

pathways are the energy-sensing kinase complexes 
Sucrose-Non-Fermenting 1-Related Kinase 1 (SnRK1) and TARGET OF 
RAPAMYCIN (TOR) kinase (Margalha et al., 2019; Baena-González and 
Lunn, 2020). SnRK1 operates as a cellular fuel gauge: under carbon or 
energy-limiting conditions, it reprograms metabolism and transcription 
to conserve resources (Baena-González et al., 2007; Broeckx et al., 
2016), while TOR promotes anabolism and growth when nutrients and 
sugars are sufficient (Dobrenel et al., 2016; Burkart and Brandizzi, 
2021). SnRK1, homologous to SNF1 in yeast and AMPK in animals, and 
TOR, homologous to TOR in yeast and mTOR in animals, are conserved 
energy sensing kinases across eukaryotes. However, their signalling 
roles and pathways differ between and within kingdoms (Shi et al., 
2018; Crepin and Rolland, 2019). It is therefore unknown if their spe
cific signalling mechanisms are conserved across the green lineage or if 
non-flowering plants have evolved convergent sugar signalling 
mechanisms.

2. Plant sugar signalling pathways across plant evolution

Tre6P is synthesised by Tre6P synthase (TPS) and dephosphorylated 
by Tre6P phosphatase (TPP) (Fig. 1a; Cabib and Leloir, 1958). TPS 
proteins fall into two classes: catalytically active class I TPS proteins 
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(Blázquez et al., 1998; Vandesteene et al., 2010; Delorge et al., 2015), 
which synthesise Tre6P, and catalytically inactive class II TPS(-like) 
proteins (Vandesteene et al., 2010; Fichtner and Lunn, 2021), which 
are suggested to act as Tre6P signalling pathway components. SnRK1 is a 
heterotrimeric kinase complex comprising a catalytic α subunit and two 
regulatory subunits, β and βγ (Broeckx et al., 2016). The TOR complex 1 
(TORC1) is composed of TOR, the regulatory subunits 
Regulatory-Associated Protein of TOR (RAPTOR) and Lethal with Sec 
Thirteen 8 (LST8) (Margalha et al., 2019; Henriques et al., 2022).

Extensive crosstalk occurs between these three pathways (Fig. 1a). 
Tre6P inhibits SnRK1 by directly binding the α subunit and preventing 
allosteric reorientation and phosphorylation of its activation (T) loop by 
SnRK1-activating kinases (Zhang et al., 2009; Zhai et al., 2018; Blanford 
et al., 2024). Class II TPS proteins also physically interact with SnRK1, 
modify its intracellular localisation and activity (Van Leene et al., 2022), 
probably dependent on Tre6P levels (Reis-Barata et al., 2025, bioRxiv, 
preprint). SnRK1, in turn, can inhibit TOR by phosphorylating RAPTOR, 
particularly under stress conditions (Nukarinen et al., 2016; Jamsheer K 
et al., 2022). In addition, plant-specific FCS-like zinc finger (FLZ) pro
teins act as scaffolds at the SnRK1-TOR interface, with several FLZs 

physically interacting with subunits of both complexes (Nietzsche et al., 
2014; Bortlik et al., 2024; Jamsheer et al., 2018a,b, 2019, Jamsheer K 
et al., 2022).

Over the past five years, several reviews have refined our under
standing of sugar signalling and Tre6P biology, and have summarised 
recent advances in energy signalling focussing on SnRK1 (Peixoto and 
Baena-González, 2022; Han et al., 2024), or TOR (Henriques et al., 
2022). Others took a broader sugar-centred (Yoon et al., 2021; Wingler 
and Henriques, 2022) or sink-dynamics point of view (Guo et al., 2023; 
Doidy et al., 2024). The Annual Review by Fichtner and Lunn (2021)
highlighted the function of Tre6P as both a sucrose homeostat and 
developmental signal that integrates source-sink signalling with organ 
growth. This review also discussed the connection to SnRK1 and the 
potential for TOR crosstalk, highlighting the vasculature as a hub for 
TOR/SnRK1 signalling and TPS1 expression. Fichtner (2025) extended 
these concepts in a recent Tansley Insight establishing cell-specific 
expression patterns for the different components of these sugar signal
ling pathways, and positioning Tre6P at the intersection of sugar, hor
monal, and developmental control. Several other reviews on sugar 
signalling include Miret et al. (2024) focussing on the role of sucrose 

Fig. 1. Predicted protein numbers of trehalose metabolism and central carbon regulators in selected species of the green lineage. (A) Trehalose 6-phosphate 
(Tre6P) synthesis and degradation via class I TPS (Tre6P synthase), TPP (Tre6P phosphatase) and TRE (trehalase). All TPS proteins have a TPS and an inactive TPP- 
like domain. Class I TPS proteins synthesise Tre6P while class II TPS proteins are inactive and likely involved in Tre6P signalling, for example via inhibition of SnRK1. 
SnRK1 and TORC can inhibit each other, partially involving FCS-like zinc finger (FLZ) proteins that act as scaffolds at the SnRK1-TOR interface. (B) Phylogenetic 
relationship based on Bowman et al. (2017) and de Vries and Archibald (2018), branch length not to scale. Protein shapes are simplified. Sequences were identified 
via blastp (phytozome.jgi, phycocosm.jgi and fernbase.org) with the arabidopsis sequences as query. Maize TPS, TPP and SnRK1 α protein numbers are based on Tran 
et al. (2025), Henry et al. (2015) and Wang et al. (2019). Abbreviations: trehalose-6-phosphate synthase, TPS; trehalose-6-phosphate phosphatase, TPP; trehalase, 
TRE; SNF1-related kinase 1, SnRK1; target of rapamycin complex, TORC. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.)
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homeostasis in crop improvement; Supriya et al. (2025) highlighting the 
different plant sugar sensors and their crosstalk including HEXOKI
NASE1, which is an enzyme and sensor for glucose availability; Wang 
et al. (2025) which focussed on the role of sugars in integrating internal 
and external cues to regulate shoot branching; Mae-Lin Kerbler et al. 
(2023) surveyed the TPP family across plants; and Rojas et al. (2023)
reviewed Tre6P metabolism in C4 plants. A cross-kingdom review 
further highlights that Tre6P targets differ between plants and fungi (Liu 
et al., 2025).

Building on this conceptual foundation, our Perspective explicitly 
adopts an evolutionary lens. We propose that the Tre6P module has been 
repeatedly co-opted and rewired on top of deeply conserved SnRK1/ 
TOR networks across major land-plant lineages. We further outline how 
key evolutionary innovations – such as the origin of vascular tissues, the 
establishment of long-distance source-sink transport, and the expansion 
of reproductive sink structures – may have shaped the diversification of 
sugar signalling pathways.

3. Trehalose 6-phosphate - a conserved regulator of carbon 
metabolism in the green lineage?

The green lineage (viridiplantae) comprises all green algae and land 
plants, and can be divided into chlorophytes (most green algae) and 
streptophytes (streptophyte algae and land plants) (de Vries and 
Archibald, 2018). Land plants (embryophytes) can be further subdivided 
into non-vascular (bryophytes) and vascular plants (tracheophytes) 
(Donoghue et al., 2021). Unlike aquatic environments, terrestrial habi
tats imposed new challenges requiring extensive physiological and 
metabolic adaptations (Becker et al., 2025). By developing a vascular 
system, terrestrial plants evolved to be less water-dependent and 
capable of growing larger, allowing access to new habitats. These 
changes required hormone signalling pathways to develop, integrating 
environmental signals with plant growth responses. For example, there 
is experimental evidence that the key components of the auxin signalling 
pathway are not only present but also functionally conserved between 
the bryophytes Marchantia polymorpha (Eklund et al., 2015; Suzuki et al., 
2023) and Physcomitrium patens (Coudert et al., 2015; Thelander et al., 
2022) and angiosperms (Matthes et al., 2019).

Similar to auxin, most plant hormone signalling pathways are 
already present in rudimentary forms in streptophyte algae (Bowman 
et al., 2019; Zegers et al., 2024). Signalling pathways then likely 
expanded as an adaptation to life on land (Blázquez et al., 2020). Gene 
duplications resulting from tandem duplication, transposition to new 
chromosomes, or whole-genome duplication (polyploidy) have long 
been recognized as an important contributor to the evolution of new 
gene functions (Birchler and Yang, 2022).

When did plants evolve sugar signalling pathways and did these 
expand with the adaptation to life on land? The genes encoding for 
Tre6P-related proteins, SnRK1 and TORC are present in the genomes of 
representative species across the green lineage suggesting sugar signal
ling – mediated by these pathways – is an ancient trait (Fig. 1, Fichtner 
et al., 2021). Chlorophyte and streptophyte algal genomes have genes 
encoding for class I TPS, class II TPS, and a TPP (Fig. 1b) potentially 
allowing for Tre6P synthesis, degradation, and signalling. Consistent 
with an ancient function of Tre6P, mutations in TPP1 in the chlorophyte 
alga Chlamydomonas reinhardtii led to increased Tre6P levels coinciding 
with accumulation of organic acids (Al Youssef et al., 2023), metabolic 
changes resembling those caused by elevated Tre6P levels in angio
sperms (Figueroa et al., 2016; Fichtner et al., 2017). These data suggest 
that changes in primary metabolism by Tre6P are somewhat conserved 
in viridiplantae. Gene expression data from the streptophyte alga Zyg
nema circumcarinatum (CoNekT, https://conekt.sbs.ntu.edu.sg, Proost 
and Mutwil, 2018; Feng et al., 2024) demonstrates diel dependent 
fluctuations in transcript abundances of one of its class I TPS genes. 
Expression of this class I TPS correlates with light availability, showing 
higher expression levels in the middle of the day and lower expression 

levels at night. This pattern suggests that transcript abundance of this 
TPS, and therefore potentially Tre6P levels, responds to changes in 
photosynthesis and therefore sugar availability. Furthermore, these 
findings indicate that Tre6P may have evolved as a signal for sugar 
availability in the green lineage far earlier than previously assumed 
(Lunn, 2007; Paul et al., 2008). Based on a selection of species repre
senting all major groups of the green lineage (Fig. 1), Tre6P-related 
genes have very low copy numbers in green algae, while their 
numbers greatly amplified during land plant evolution, especially with 
the emergence of vascular tissues and the need for long-distance trans
port (Fig. 1B–Box 1).

Similar to the potential role of Tre6P in sugar signalling in algae, 
homologs of a SnRK1 α-subunit and TOR kinase also show transcrip
tional responsiveness to diel fluctuations in the streptophyte alga 
Z. circumcarinatum (CoNekT, https://conekt.sbs.ntu.edu.sg, Proost and 
Mutwil, 2018; Feng et al., 2024). In contrast to the expanding numbers 
of TPS and TPP genes, however, the copy number of SnRK1 and TORC 
complex components has remained relatively low throughout plant 
evolution (typically one to three copies per subunit; Fig. 1b). We 
therefore propose that Tre6P synthesis and signalling via TPS and TPP, 
rather than modulation of the SnRK1 and TORC1 complexes, provided 
the cell and tissue-specific fine tuning of sugar signalling required for 
land plant colonialization.

4. Trehalose 6-phosphate is the metabolic intermediate of 
trehalose biosynthesis

In land plants, trehalose was long considered of negligible impor
tance due to its low concentrations (Paul et al., 2008; Lunn et al., 2014). 
Algae and angiosperms possess only one trehalase (TRE), the enzyme 
catalysing the hydrolysis of trehalose into two glucose moieties. Bryo
phytes, lycophytes, and ferns, however, have more copies which have 
potentially arisen from species or clade-specific expansion/duplications 
(Fig. 1b). Although experimental evidence is currently limited, the 
increased number of TREs in bryophytes, lycophytes, and ferns may 
indicate important functions for trehalose in these lineages, for example 
as an osmoprotectant. Consistent with this idea, certain trehalases from 
P. patens and M. polymorpha show high expression levels in 
desiccation-tolerant spores (PEATMoss, https://peatmoss.plantcode.cu 
p.uni-freiburg.de/expression_viewer/input, Fernandez-Pozo et al., 
2020; Marchantia eFP browser, https://bar.utoronto.ca/efp_marchan 
tia/cgi-bin/efpWeb.cgi, Winter et al., 2007). Trehalose is also a key 
osmolyte and carbon reserve in resurrection plants like the lycophyte 
Selaginella lepidophylla (Anselmino and Gilg, 1913) or the flowering 
plant Myrothamnus flabellifolia (Bianchi et al., 1993), and it is an 
important regulator of guard cell aperture in arabidopsis (Van Houtte 
et al., 2013).

In angiosperms, the low copy number of TRE suggests that trehalose 
may have lost its importance, except in guard cells, as it might have been 
replaced by other new stress-protection strategies like the deposition of 
suberin in roots (Zhou et al., 2024). Similarly, the evolution of a more 
complex vascular network and efficient water transport system in ferns 
and seed plants (euphyllophytes) (Fang et al., 2022; Ali et al., 2025), 
together with an increased water retention capacity of seed plant cuti
cles (Kong et al., 2020), likely enhanced drought tolerance, reducing 
reliance on trehalose-based protection.

5. Trehalose 6-phosphate as a conserved regulator of vegetative 
growth?

A study in the moss P. patens suggests a function for Tre6P signalling 
in growth regulation. Phan et al. showed that the knockout of the two 
catalytically active class I PpTPSs severely affected growth as double 
Pptps knockout plants formed significantly smaller colonies (Phan et al., 
2020). The growth of colonies and protonema filaments could partially 
be restored by sucrose or glucose feeding (Phan et al., 2020), supporting 
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the hypothesis that the growth defects resulted from a lack of energy or 
its proper allocation. Phan et al. also suggested a potential connection 
between Tre6P and hormonal growth regulation. The double Pptps 
knockout mutant was hypersensitive to cytokinins, and produced less 
caulonema cells, a phenotype that could not be restored by exogenous 
auxin application. Conversely, auxin treatments altered TPS and TPP 
expression patterns (Thelander et al., 2022). A P. patens double knockout 
of the SnRK1 α subunits showed the opposite effect; this mutant was 
hypersensitive to auxin but unresponsive to cytokinin treatments 
(Thelander et al., 2004). Similarly, treatments with TORC inhibitors and 
knocking down components of TORC in P. patens impacted vegetative 
growth (Saliba et al., 2025, bioRxiv, preprint). These studies suggest 
that (i) Tre6P, SnRK1 and TORC likely have ancient functions in plant 
growth regulation, (ii) the crosstalk between Tre6P and SnRK1 may be 
somewhat conserved, and (iii) the Tre6P-SnRK1 module may alter 
growth by interacting with hormone signalling pathways.

In angiosperms, TPS1 is expressed predominantly in the vasculature 
(Fichtner et al., 2020, 2025; Annunziata et al., 2025), placing Tre6P at 
the interface between source leaves and sink organs. In A. thaliana, 
AtTPS1, the primary, and likely only, source of Tre6P after germination 
(Paul et al., 2008; Figueroa and Lunn, 2016), is essential for develop
ment, as loss-of-function mutants are embryo-lethal (Eastmond et al., 
2002). Furthermore, modulating Tre6P levels in A. thaliana by consti
tutive or vascular-tissue specific overexpression of a bacterial TPS led to 
early flowering and increased branching, whereas overexpression of TPP 
homologs showed the opposite effect (Schluepmann et al., 2003; Wahl 
et al., 2013; Fichtner et al., 2021). Other studies have shown that Tre6P 
and sucrose are integrated with cytokinin and strigolactone signalling to 
control bud outgrowth and branching (Bertheloot et al., 2020; Cao et al., 
2023; Fichtner et al., 2024; Patil et al., 2022; Salam et al., 2021).

The regulatory link between Tre6P and shoot branching also appears 
to be conserved in monocots such as rice and maize. In rice, knockout of 
OsSTP15 was reported to increase tiller number, likely due to elevated 
sucrose and Tre6P levels in leaves (Li et al., 2024). In maize (Zea mays), 
the transcription factors GT1 (GRASSY TILLERS 1) and TB1 (TEOSINTE 
BRANCHED 1) have been suggested to act upstream of the Tre6P 
pathway, sucrose transport and catabolism to suppress bud outgrowth 
by modulating carbon signalling and allocation (Dong et al., 2019).

Besides meristems, roots represent another major sink tissue that 
depends on the import of carbon from source organs to sustain devel
opment and growth (Paul and Foyer, 2001). Roots, which have evolved 

at least twice independently in land plants, are essential organs for water 
uptake and nutrients (Raven and Edwards, 2001; Kudoyarova et al., 
2015). Recently, it was suggested in a preprint that altering Tre6P levels 
specifically within the vasculature of A. thaliana roots leads to signifi
cant changes in root size (Goebel et al., 2025; bioRxiv, preprint). 
Furthermore, it was shown that an increase in Tre6P levels in lateral root 
founder cells leads to an increase in root branching through coordinated 
inhibition of SnRK1 and activation of TOR (Morales-Herrera et al., 2023, 
2024). A role for Tre6P in modulating root growth and development 
might not be restricted to euphyllophytes as the lycophyte Selaginella 
moellendorffii shows high expression of SmTPS1 (Ferrari et al., 2020) 
specifically within roots (from CoNekT, https://conekt.sbs.ntu.edu.sg, 
Proost and Mutwil, 2018), suggesting that Tre6P signalling might also 
have a function in lycophyte roots.

The ferns Azolla filiculoides and Ceratopteris richardii both harbour 
three class I TPSs. The TPS with the highest sequence similarity to 
AtTPS1 is expressed in all fern tissues but shows a strong sporophyte- 
dominant tendency. Highest expression was detected in vegetative and 
non-vegetative fronds. In contrast to S. moellendorffii, where SmTPS1 
was strongly expressed in roots, expression of the fern TPS genes was the 
lowest in roots (Ali et al., 2025). However, some of the fern TPP genes 
show expression in the roots, suggesting that Tre6P is present in fern 
roots. In angiosperms, shoot-derived Tre6P has a strong influence on 
root growth (Goebel et al., 2025; bioRxiv, preprint), which might also be 
the case in ferns. As lycophyte roots developed independently from 
euphyllophyte roots (Singh et al., 2023), it is possible that the role and 
site of action of Tre6P signalling may be very different in these lineages. 
Based on these findings, we propose that Tre6P signalling may have 
been co-opted independently in different lineages and sink tissues to 
coordinate growth and development with carbon availability.

6. Trehalose 6-phosphate as a conserved regulator of sexual 
reproduction?

The initiation of sexual reproduction and the allocation of resources 
to reproductive structures poses a considerable commitment of carbon 
in a plant’s life cycle and thus requires tight regulation (Dorken et al., 
2025). While it is generally assumed that Tre6P and its related genes 
play a key role in coordinating carbon status with reproductive pro
cesses in angiosperms (Paul et al., 2017, 2020), we propose that this role 
is evolutionarily conserved and was crucial to ensure the reproductive 

Box 1
The Emergence of Vascular Tre6P Signalling as a Key Innovation in Source-Sink Communication?

In non-vascular plants like bryophytes, assimilates have to move only across short distances. As land plants increased in size and developed 
specialised organs, they required an effective transport system to distribute carbon and nutrients from source tissues that produce assimilates to 
sink tissues that rely on imported resources. The independent evolution of the vascular system in lycophytes and euphyllophytes (ferns and seed 
plants) was a key innovation that enabled long-distance transport of water, nutrients, and sugars (Raven and Edwards, 2001; Lucas et al., 2013). 
This structural advancement required the parallel evolution of signalling pathways capable of coordinating developmental processes across 
increasingly large body plans, particularly between source and sink organs (Yu et al., 2015). Consequently, in vascular plants the vasculature has 
become a central hub for systemic source-sink communication (Lucas et al., 2013; Notaguchi and Okamoto, 2015). The predominant Tre6P 
synthase, AtTPS1, shows a highly localised expression pattern in A. thaliana in the shoot and root vasculature, indicating that Tre6P signalling 
has become a specialised signal produced primarily in vascular tissues (Fichtner et al., 2020, 2025; Annunziata et al., 2025). If this 
vascular-specific expression pattern is conserved in other angiosperms, or even more broadly across vascular plants, remains to be tested 
experimentally. However, meta-analysis of single-cell RNAseq data shows that TPS and TPP genes of angiosperms might have a conserved 
expression pattern in vascular tissues. In Prunus mume, Oryza sativa (rice), Triticum aestivum (wheat), and Plantago major, TPS1-like transcripts 
are predominantly expressed in phloem-related cells, while TPPs are more broadly expressed in vascular and surrounding tissues (Zang et al., 
2011; Huang et al., 2019; T.-Q. Zhang et al., 2021; Y. Guo et al., 2024; Ke et al., 2025) The expression of TPS and TPP transcripts predominantly 
in vascular cell clusters across flowering plants points to a specific function of Tre6P metabolism and signalling specifically in the vasculature, 
suggesting that the coupling of sugar status with long-distance transport and signalling might have been an advantage in land plant evolution 
(Fig. 2). The vascular-specific expression of TPS1 might also have been an adaptation facilitating source-sink communication (Paul et al., 2017, 
2020). When Tre6P became a vascular-specific signal remains unclear. It may have emerged with the first vascular plants, such as the last 
common ancestor of lycophytes and euphyllophytes, or later during the evolution of vascular tissues in euphyllophytes (Fig. 2).
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success of early land plants.
Most of what is known about Tre6P signalling in reproduction is 

based on studies in angiosperms, particularly in A. thaliana and monocot 
crops like maize. Beyond its vascular expression pattern, AtTPS1 is also 
expressed in the flanks of the shoot apical meristem (Wahl et al., 2013; 
Fichtner et al., 2021). When the embryo-lethal tps1-2 null mutant was 
rescued past the embryonic stage using a chemically inducible AtTPS1 
construct, the resulting adult plants either failed to flower or flowered 
severely delayed (Van Dijken et al., 2004; Wahl et al., 2013; Zeng et al., 
2025). This link between Tre6P and flowering in A. thaliana was further 
resolved by showing that induction of the florigen FLOWERING LOCUS T 
(FT) in leaves depends on a functional TPS1, linking photoperiodic and 
sugar signalling to fine tune plant development (Wahl et al., 2013). 
Mutations in KIN10 and SNF4, the regulatory βγ subunit of SnRK1, 
suppress the embryo-lethality and non/late-flowering phenotype of 
tps1-2 plants (Zacharaki et al., 2022), providing genetic evidence that 
these two signalling pathways converge to modulate flowering time. 
However, the role of Tre6P extends beyond floral initiation. After suc
cessful fertilisation, the developing seeds need to be supplied by 
maternal tissues with essential nutrients, including sugars, and are 
therefore strong carbon sinks (Patrick and Offler, 2001). The regulation 
of seed filling in angiosperms is governed by a combination of hormonal 
and metabolic signalling pathways (Weber et al., 2005). As discussed in 
Miret et al. (2024), Tre6P and SnRK1 are key regulators of seed and 
grain filling in angiosperm species especially cereals (e.g. Martí
nez-Barajas et al., 2011; Nunes et al., 2013; Nuccio et al., 2015; Oszvald 
et al., 2018; Li et al., 2022) and have been associated with domestication 
traits in cereal crops (Paul et al., 2020).

To understand if this regulatory module is conserved, one must 
consider the evolution of land plants, which alternate between game
tophyte and sporophyte generations. While angiosperms are 
sporophyte-dominant, bryophytes are gametophyte-dominant (Becker 
et al., 2025). Independent of these differences in life cycle, the metabolic 
cost of generating a new reproductive structure remains high. Besides 
the aforementioned alterations in vegetative growth, class I Pptps null 
mutant P. patens plants fail to produce sporophytes (Phan et al., 2020), 
the structure in which spores are formed and dispersed from after fer
tilisation (Ligrone et al., 2012). This suggests that Tre6P regulates the 
production of the reproductive generation (sporophyte), similar to its 
regulatory role in the reproductive transition in angiosperms (flower
ing). Based on P. patens single nucleus RNA-seq data, one class I PpTPS is 
specifically expressed in daughter cells of the single meristematic apical 
cell, ergo very early in gametophore development (Hata et al., 2025). 
Additionally, a class II TPS and a TPP are strongly expressed in cells of 
the gametophore that undergo differentiation and organogenesis (Hata 
et al., 2025). In M. polymorpha, the single TPS1 homolog is highly 
expressed in the sexual reproductive organs (antheridiophores and 
archegoniophores) and in spores (Higo et al., 2016; Bowman et al., 
2017; Hisanaga et al., 2021), further suggesting a role for Tre6P in 
sexual reproduction in bryophytes. In the sporophyte-dominant lyco
phyte S. moellendorffii, SmTPS1 is highly expressed in strobili (Chan 
et al., 2008; Ferrari et al., 2020), the structures that produce spores. 
These spores germinate into gametophytes, which subsequently develop 
into a new sporophyte generation after fertilisation, suggesting a role for 
Tre6P in sexual reproduction across lineages.

Other sugar signalling components also show strong expression in 
sexual organs. In M. polymorpha, one of the genes encoding for a SnRK1 β 
subunit is highly expressed in sperm cells, while the gene encoding 
another β subunit is highly expressed in antheridia (Higo et al., 2016; 
Julca et al., 2021). Similar to SmTPS1, the transcripts of SnRK1 subunit 
genes are abundant in strobili of S. moellendorffii (from CoNekT, 
https://conekt.sbs.ntu.edu.sg, Proost and Mutwil, 2018). These expres
sion data indicate an essential role for sugar signalling in reproductive 
structures of lycophytes and bryophytes.

7. Trehalose 6-phosphate as a modulator of floral development

Beyond regulating reproductive transitions, Tre6P signalling plays 
crucial roles in the development of reproductive structures. The maize 
mutant ramosa3 (ra3), which is deficient in the TPP-encoding RA3, ex
hibits increased inflorescence branching (Klein et al., 2022; 
Satoh-Nagasawa et al., 2006; Sun et al., 2024). This branching pheno
type is largely independent of RA3’s catalytic activity, as complemen
tation with a catalytically inactive RA3 version can partially rescue the 
mutant. This suggests RA3 and its paralog TPP4 having a regulatory 
“moonlighting” function beyond their enzymatic role (Claeys et al., 
2019). In barley (Hordeum vulgare), a similar module involving HvTPS1 
and HvSRA (SISTER OF RAMOSA3) has been proposed to act as a 
determining factor of inflorescence branching (Vardanega et al., 2025).

Similar roles for TPPs in regulating reproductive development have 
been observed in heterodichogamous woody perennials. Hetero
dichogamy is a mating system where a species has two distinct recip
rocal flowering morphs. This strategy has likely evolved to prevent 
inbreeding and can be found in a diverse range of flowering plant genera 
(Endress, 2020; Renner, 2001). Recently, new insights into the genetic 
mechanisms of heterodichogamy have correlatively linked this trait to 
be in part regulated by genes of the trehalose pathway. In walnuts 
(Juglans) a TPP gene was found to be a strong functional candidate for 
conferring heterodichogamy (Groh et al., 2025). The proposed mecha
nism involves increased tissue-specific cis expression of the gene likely 
driven by multiple tandem repeats in its 3’ UTR. This would lead to 
decreased Tre6P levels in developing male flowers of female-first in
dividuals delaying male flower development (Groh et al., 2025). In 
Cyclocarya paliurus, another heterodichogamous member of the Juglan
daceae, analysis of differential methylation and transcriptional profiles 
of flowers links another TPP gene to the temporal separation of female 
and male flowers (Wang et al., 2025). In summary, the trehalose 
pathway genes have been found to be involved in regulating floral 
timing and architecture in a diverse range of angiosperm species. This 
sparks the hypothesis that the trehalose pathway has been co-opted 
multiple times during angiosperm evolution additionally to mediate 
transitional decisions and timing.

In addition to Tre6P, also SnRK1 signalling is important for correct 
floral organ development. For example, in A. thaliana, the SnRK1 βγ 
subunit is essential for proper mitochondria and peroxisome biogenesis 
and ROS signalling in pollen, enabling pollen hydration and germination 
on the stigma (Gao et al., 2016).

8. Conclusions and future perspectives

Taken together, the findings collated here highlight the potential role 
for Tre6P as a central link between carbon availability and (reproduc
tive) development across the green lineage. The Tre6P pathway appears 
to have been repeatedly co-opted to fine tune timing, architecture, and 
development of vegetative and reproductive growth strategies across 
plant species (Fig. 2). It can be speculated that Tre6P likely played a 
regulatory role earlier than previously assumed, maybe even predating 
the split between chlorophytes and streptophytes. Its integration with 
phytohormones, SnRK1, and TORC may have been essential for coor
dinating carbon status with growth and stress responses during terres
trialization. The duplication and neofunctionalization of class II TPS 
might have enabled fine tuning of the cross talk between the different 
sugar signalling pathways, while the expansion of the TPPs provided 
additional flexibility, enabling plants to deploy Tre6P turnover and 
signalling in growth-related processes across specific organs, cell types, 
and developmental stages. This expansion of regulatory capacity via 
Tre6P, while keeping the central energy-sensing kinases SnRK1 and 
TOR, and Tre6P synthases (class I TPSs) comparatively stable, may have 
been crucial for translating carbon status into appropriate develop
mental outputs throughout plant evolution.
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