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Abstract

The orchestration of a plant’s growth and development is dependent on an complex web of signalling
pathways, with sugars emerging as a central player. Plants are autotrophic organisms which means that
they rely on sugars that are derived from photosynthesis, which are crucial for the plant’s growth. Recent
studies have emphasised the evolution of mechanisms that allow the plant to perceive sugars, revealing
their dual role in metabolism and signalling. Sugar signalling allows the plants to integrate external as well
as internal cues, maintaining nutrient homeostasis and respond to stresses. There is evidence of many
environmental stresses that utilise sugar signals. Some examples are drought, salt and cold stress. Short-
distance sugar signalling mechanisms have been well documented; however, long-distance sugar signalling
remains largely unexplored. The lack of studies exploring long-distance sugar signals could be attributed
to the fact that signalling networks are very complex and are often interconnected with different signalling
networks making it difficult to study especially when talking about long-distance signalling. Sugars are
dynamic molecules which means that changes in their levels is rapid when responding to changes in
environmental stimuli. A lot of these signalling sugar pathways work intracellularly so putting them in the
context of long-distance signalling makes it a lot more complicated. In this literature review | researched
the established short-distance sugar signalling pathways, shed light on the mechanisms that orchestrate
physiological responses in plants and investigated if there is any evidence of these signalling pathways
working in the long-distance context. Also, in this review | suggest that the crosstalk between sugar
signalling pathways and other signalling pathways and molecules could contribute to long-distance sugar
signalling.

Layman’s Summary

Plant have developed many complex ways to help them communicate information. In order to survive, plant
have to photosynthesise, which is the process in which plant make food using light from the sun. Plants
capture the sunlight, absorb water from their roots and take carbon dioxide form the air, resulting in the
production of glucose and the release of oxygen back into the atmosphere. Glucose is a sugar and the main
energy source for plants. Just like how our bodies produce signals to be able to response to different changes,
plants do the same. Plants have developed these signalling networks to communicate and respond to their
environment in an effective way. Sugar signalling refers to the communication system where sugars have a
role as a signalling molecule beyond just being mere sources of energy. The networks allow plants to adapt
to different changes like light, temperature and nutrient levels. Sugars have been found to act as messengers,
relaying information about these changes in the plant’s environment. These signalling networks allow the
plant to coordinate responses in order to help the plant adapt to changing circumstances and potentially
enhancing the plant’s resilience. These networks allow them to adapt to changes, such as light, temperature,
and nutrient levels. Signalling helps plants coordinate various processes like growth, defense against pests,
and the allocation of resources. Essentially, these networks enable plants to "sense" their surroundings and
make adjustments to survive and thrive in different conditions. A lot of research can be found about how
these networks work in short distance, which means within the plant’s cells or over small distances but little
is known about sugar signalling when it comes to relaying information from the one end of the plant to the
other.



Introduction

Sugars are fundamental molecules for supporting life on Earth. Plants are autotrophic organisms as they
photosynthesise in order to generate carbon skeletons, producing sugars which are crucial for structural
components as well as providing energy for the plant (Wang et al., 2020). Plants have evolved complex
mechanisms to sense different sugars like sucrose, trehalose and hexoses (Sakr et al. 2018). Traditionally,
sugars are known to be components of metabolic pathways, however, it is now being established that sugars
can act as signalling molecules. Sugar signalling is important for plants as they have to integrate internal as
well as external cues, maintain nutrient homeostasis, mediate developmental programs and orchestrate
responses to biotic and abiotic stresses (Roland et al., 2002). Some of these signalling pathways are ancient
and have originated in primitive eukaryotes even before plants, animals and fungi diverged. Recent studies
have revealed a correlation between growth rate and overall sugar levels, and it has been suggested that
growth rate is controlled by metabolic signals rather than the availability of these metabolic substrates (Sakr
et al. 2018). By this | mean that while the availability of key nutrients and fixed carbon is undoubtedly crucial,
the control mechanism for growth lies more in the signals that are produced by these metabolic processes
rather than just the sheer abundance of the metabolic substrates. Therefore, sugars are not only an energy
source that have a role in metabolism but also act as important signals for coordinating the plant’s growth
and development with the everchanging environmental conditions.

Before setting off to explore all the different sugar signalling pathways it’s important to establish what
signalling is, what makes a signal, and what comprises a signalling pathway. In order for plants to be able to
respond to environmental stimuli, plants employ various signal transduction pathways, series of coordinated
events that occur in responses to a specific signal. These pathways allow the transmission of information
from the site of signal perception to the target cellular components where a response is triggered (Mulligan
et al., 1997). They often involve a cascade of molecular interactions and changes in gene expression that
ultimately lead to specific biochemical and physiological responses in the plant. In the context of signalling,
the signal is a molecular cue or stimulus that initiates a response in the plant. Signals can be physical stimuli,
hormones or secondary messengers. To meet the definition of a signal, it needs to be recognised by specific
receptors in the plant cells, which then transmit the signal though a series of molecular events in the
signalling pathway. In other words, for a molecule or a stimulus to be able to act as a signal depends on its
capacity to convey information and elicit a response within the plant’s molecular and cellular processes
(Alberts et al.,2002).

Carbohydrates that are derived from the shoot are transported to the sink tissues (roots, tubers, fruit, seeds
etc.) through the phloem, together with other metabolites and signalling molecules (Turgeon and Wolf,
2009). As mentioned before, carbohydrates have a role as intermediate substrates for metabolism, providing
carbon backbones and energy necessary for the growth and development of sink tissues. In their role as
signalling molecules, carbohydrates can either promote or inhibit growth. Some of the signalling cascades
that promote growth involve trehalose 6-phosphate (T6P) signal and hexokinase Glc sensor. Examples of
growth inhibiting signals involve SNF1-Related Protein Kinase 1(SnRK1) and bZIP transcription factors
(Smeekens et al., 2010). | will expand on each example later in this literature review. The most common
carbohydrate found in the phloem is sucrose, however, a sucrose-specific sensor has not yet been found
although it has been shown that there are sucrose dependent signalling pathways (Wind et al., 2010). Short-
distance signalling has been described for several sugars; however long-distance signalling remains an
unexplored area.

Photoautrophy or the production of food through light presents significant regulatory challenges, especially
in multicellular plants. Carbon fixation is confined in specific plant cells that change in number and location
during the plant’s development. The cells have to share their metabolic products with the distant parts of
the plant, necessitating a functional equilibrium in order to maintain a metabolic balance. Throughout the



day plants have to balance metabolic demands and cope with the daily fluctuations of carbon fixation rates
in the whole plant. During the daytime, growth is dependent on the sugars produced through photosynthesis
while during the night, growth depends on the starch stored during the day (Wiese et al., 2007).
Understanding how plants communicate carbon status over long distance is a missing piece in
comprehending the plants’ integrate systems.

My hypothesis is that while there may not be direct evidence confirming the existence of long-distance sugar
signals, the interplay of already established sugar signalling pathways, coupled with their interactions with
other signalling pathways, contributes significantly to the potential phenomenon of long-distance sugar
signalling in plants. In this review | wanted to explore the established sugar signalling pathways that have
been well-characterised as well as crosstalk of these pathways with other signalling pathways and if there
could be evidence that these could functionally provide long-distance sugar signalling. | especially set out to
address the following questions:

- Question 1: Do the well-established sugar signalling pathways have a role in long distance sugar
signalling as well?

- Question 2: Does the crosstalk of sugar signalling pathways and other signalling pathways attribute
to long-distance sugar signalling?

Disaccharide Sugar Signalling

Sucrose

Motivated by the essential role of sucrose in plant physiology and its known signalling functions, | first
explored the possibility of sucrose's involvement in long-distance sugar signalling. Plants acquire carbon from
atmospheric carbon dioxide producing sugar phosphates during photosynthetic assimilation for plant growth
and development (Chen et al., 2012; Stadler et al., 2015; Gottwald et al., 2000). Excess photo assimilates are
stored in the form of starch and low levels of sucrose undergo turnover during the day and storage at night
(Chen et al., 2012; Stadler et al., 2015; Gottwald et al., 2000). Enhanced photosynthesis leads to an increase
in sucrose phloem loading, maintaining balance between the source and sink tissues under favourable
conditions (Chen et al., 2012).

Sucrose is one of the main transported sugars but also has a dual role as it also acts as a signalling entity. This
was proven by many experiments that revealed that non-metabolised sucrose analogs can mimic the effects
of sucrose while hexose derivative like fructose and glucose had very low efficiency (Chiou et al., 1998; Loreti
et al., 2000 et al.; Fernie et al., 2001; Teng et al., 2005). The proton-coupled sucrose symporter called Sucrose
Transporter (SUT) mediates phloem loading which is a crucial part of assimilate partitioning (Giaquinta et al.,
1983; Bush et al., 1992; Riessmeier et al. 1994). The activity of symporters is regulated by the sucrose-
dependent signalling pathway in response to the sucrose levels in the leaves. This regulation is specific to
sucrose and is dependent on its concentration which is linked to change in the transcript abundance and vice
versa. The alanine symporter activity and facilitated glucose transport remains unaffected by sucrose, which
points to the specificity to the sucrose symporter (Chiou et al.,, 1998). Changes in gene expression are
commonly sugar dependent for this phenomenon, integrating cellular responses to changing resource
allocation and utilisation. The messenger RNA levels of the symporter decrease with sucrose transport
activity which could suggest regulation at the transcriptional level. Sucrose-dependent signalling pathway
could involve the transcriptional regulation and protein turnover, impacting symporter gene expression and
protein synthesis (Chiou et al., 1998). A well-known example is the down regulation of BvSUT1 (Beta vulgaris
Sucrose Transporter 1) which is sucrose specific. Beta vulgaris Sucrose Transporter (BvSUT1), a gene encoding
a sucrose transporter, specifically in response to sucrose, not hexoses, highlights the control mechanisms in



plants. This regulation occurs at the phloem loading site, influencing the distribution of photo-assimilates
between source and sink tissues. While the exact mechanism of sucrose perception remains elusive, studies
suggest the involvement of proteins like AtSUT2/SUC3 and SUT4 in sugar signaling pathways. Downstream of
sucrose sensing, calcium-related proteins and protein kinases are implicated in transmitting sucrose signals
(Chiou et al., 1998).

Sucrose has emerged as a signalling entity as well as being an important metabolite in plants. This
disaccharide, has great potential to also act as a sugar signal in long-distances as it is mobile and is able to
travel easily through the phloem from its production site to wherever it is needed, even all the way down to
the root system. It is also relatively stable, meaning that it doesn’t break down so easily when it gets
transported which makes me think that its signalling function can be maintained and extended over long-
distances. It seems that sucrose doesn’t sense changes in sugar levels itself, however, there is emerging
evidence suggesting that it is involved in transcriptional regulation and protein turnover which affects protein
synthesis and gene expression of symporters, therefore, further research could reveal the effect of sucrose
in regulating the transcription and expression of other genes that are potentially involved in long-distance
sugar signalling.

Trehalose-6-phosphate (T6P)

Intrigued by the central role of Trehalose-6-phosphate (T6P) in sugar signalling and its regulatory functions,
| wanted to next explore its potential involvement in long-distance sugar signalling. Trehalose 6-phosphate
(Tre6P) is a signal metabolite that regulates sucrose metabolism in plants which connects growth and
development to metabolic status (Leyman et al., 2001). The interplay between sucrose and trehalose 6P (T6P)
emerges as a critical regulatory mechanism in plants, impacting cell metabolism, growth, and responses to
stress (Paul et al., 2008; Yadav et al., 2014; Figueroa et al., 2018; Fichtner et al., 2007). T6P, synthesized from
UDP-glucose and glucose 6-phosphate, closely linked to sucrose levels, forming the basis of the Suc-T6P nexus
model (Cabib et al., 1958). This model proposes T6P as both a signal and a negative feedback regulator of
sucrose levels, ensuring optimal sucrose concentrations based on developmental stages and environmental
cues (Figueroa et al., 2016). The intricate balance between sucrose and T6P is further supported by the
observation that T6P levels mirror sucrose levels, underscoring the significance of these molecules in
coordinating plant growth and development with carbon availability. The regulatory roles of T6P and sucrose
are intertwined, suggesting a sophisticated network of sugar signaling pathways that orchestrate plant
responses to varying physiological and environmental conditions. The complexity of these interactions
underscores the need for further research to elucidate the complete sucrose signaling pathway and its impact
on plant physiology. T6P also has been found to have a role in influencing the strength of the sink by
regulating the expression of genes that have a role in sink growth and carbon metabolism. Sink tissues like
roots and fruits have a high demand for assimilates. High T6P levels correlate with active growth and
development while in low levels indicate a stunt in growth and a transition into reproductive stages (Figueroa
et al., 2016).

T6P is a phosphorylated disaccharide precursor, involved in the synthesis of trehalose. The synthesis of
trehalose in eukaryotes happens via T6P, the phosphorylated intermediate which is produced by Tre6P
synthases (TPS). Trehalose-6-Phosphate Synthase 1 (TPS1) has an extra N-terminal domain which has an
inhibitory function and its mainly localised in the vasculature, which positions T6P synthesis in a location
where it is poised for signalling long-distance between source and sink tissues (Fichtner et al., 2020). There
is a correlation between T6P levels and sucrose levels in source and sink (Zhang et al., 2009; O’Hara et al.,
2012; Schluepmann et al., 2012), confirmed from sugar feeding experiments in Arabidopsis, and T6P is
considered a signal reflecting sucrose status (Yadav et al.,2014). When the plant is experiencing nitrogen
starvation, T6P is affected (Yadav et al.,2014) but the correlation of T6P with sucrose suggests that these
changes are explained by altered sucrose levels. TPS1 enzymatic activity is negatively regulated by sucrose



and T6P is a negative feedback regulator, redirecting the carbon flux towards organic and amino acid
synthesis (Yadav et al.,2014; Figueroa et al., 2016; Carillo et al., 2013). From the studies discussed above, T6P
has many regulatory functions making T6P a potential key player in long-distance sugar signalling. The
utilization of sucrose for the growth of developing tissues is significantly shaped by the opposing actions of
two protein kinases: SUC-NON-FERMENTING-1-RELATED KINASE1 (SnRK1) and TARGET OF RAPAMYCIN (TOR)
(more on these protein kinases will be discussed later in this review.). The interplay between T6P and SnRK1
in developing tissues has yet to be elucidated, encompassing both direct and indirect mechanisms, as well
as displaying both positive and negative effects (Figueroa et al., 2016). A direct association between T6P and
TOR has not been established to date, but more studies will help characterise and understand these
relationship, possibly attributing evidence of long-distance sugar signalling (Figueroa et al., 2016).

While sucrose remains the primary long-distance sugar that is transported in the phloem, T6P is also mobile
and is able to travel down the phloem which makes it a good candidate as long-distance sugar signal. T6P is
also sensitive to changes in sugar levels, especially sucrose. This sensitivity could reflect its involvement in
the overall sugar status of the plant. One of its regulatory roles is its influence on sink strength, therefore, his
strong involvement in the below part of the plants gives promising evidence a long-distance sugar signal.
More research should be done to elucidate the exact mechanisms in which T6P acts over long-distances.

Hexokinase Dependent Sugar Signalling

Next, | explored the role of hexokinase in sugar metabolism and its suggested involvement in sugar sensing
as well as its potential contribution to long-distance sugar signalling. Hexokinase (HXK) is an enzyme that is
involved in the first step of glycolysis, which is a central metabolic pathway in cells. HXK catalyses the
phosphorylation of hexoses, like glucose, by using ATP to produce hexose-6-phosphate and ADP. This
phosphorylation is a crucial step in trapping glucose within the cell, hence initiating metabolism (Barbier et
al., 2021). In addition to its role in metabolism, it has been suggested that HXK has a role is sugar sensing and
signalling, possessing both regulatory and catalytic functions.

Several studies have been conducted, revealing the physiological roles of HXK genes. This has been done by
exposing the enzyme to exogenous sugars, modifying HXK expression in transgenic plants and analysing these
mutants (Xiao et al., 2000). A study showed that maize protoplasts that were exposed to sugars, repressed
photosynthetic gene expression, indicating sugar sensing (Jang and Sheen, 1994). The repression of
photosynthetic genes by HXK is independent of downstream metabolism of glucose 6-phosphate (G6P) and
fructose 6-phosphate (F6P) (Jang and Sheen,1997; Jang et al., 1997), which supports a signalling role for HXK.
Sugar sensing mediated by AtHXK1 involves a complex with VHA-B1 and RPT5B, possibly altering gene
expression (Moore et al., 2003). As mentioned above HXK1 is a glucose sensor integrating nutrient and
hormonal signal in order to control gene expression and plant growth in response to different environmental
cues. A study by Cho et al., explored the mechanism in which HXK1 mediates glucose signalling. They revealed
that two nuclear-specific HXK1 unconventional partners using proteomic and binary interactions screens. The
two nuclear-specific partners were identified as vacuolar H+-ATPase (VHA-B1) and 19S regulatory particle of
proteasome subunit (RPT5B). Chromatin immunoprecipitation and genetic analysis has suggested that
nuclear HXK1 forms a glucose signalling complex core with VHA-B1 and RPT5B. This complex directly
modulates specific target gene transcription independently to glucose metabolism. (Cho et al., 2006).

Sucrose transporter 2 (SUC2) has a central role in the phloem loading of sucrose and is essential for high
performance sucrose transport from source to sink organs. A paper by Tong et al., revealed that SUC2 be
regulated by another sugar, glucose by the HXK1-EIN3-SUC2 module (Tong et al., 2022). This module has been
found to promote sucrose phloem loading, raising sucrose levels in the roots facilitating glucose signalling
mediated root growth. Ethylene Insensitive 3 (EIN3) is a transcription factor involved in ethylene signalling



pathway in plants. EIN3 acts downstream of Arabidopsis hexokinasel (HXK1), an enzyme that is involved in
the first step of glycolysis, the metabolic pathway that converts glucose into energy. The transcription factor
EIN3 binds directly to the SUC2 promoter, inhibiting SUC2 expression which suppresses root growth. This
module therefore has been found to promote the phloem loading of sucrose in the source tissues, ultimately
raising the levels of sucrose in the roots. This results in glucose signalling mediated root growth (Tong et al.,
2022). When it comes to the Beta vulgaris SUC1 transporter is that sucrose negatively regulates the transport
of sucrose and the steady state of the mRNA levels. This is in contrast to the increase in sucrose and glucose
accumulation observed in Arabidopsis. (Vaughn et al., 2002) Excess glucose found in the source tissues trigger
ethylene production which leads to an increase in EIN3 levels which consequently led to the inhibition of
SUC2 activity delaying root growth (Tong et al., 2022).

To conclude, HXK has a multifaceted role contributing to the plant’s growth and development. Hexokinase
has the ability to form protein complexes that affect gene expression and that can promote root growth as
shown in the evidence presented in this review. There is a possibility that it is able to form protein complexes
with other molecules that are involved in sensing sugar levels over a long distance. Although HXK functions
primarily intracellularly which might not necessarily seem the obvious choice to suggest it as a long-distance
sugar signal however it is known that it can modulate specific target gene transcription which allows it to
participate in complex regulatory networks that control the plant’s growth and development. Also, its role in
the regulation of sucrose transport, potentially, with more research, could reveal a signalling complex
involving HXK that contribute to long-distance sugar signalling.

Target Of Rapamycin (TOR)

Another pathway of the sugar signalling network in plants that | wanted to explore was Target of Rapamycin
(TOR). TOR's pivotal role as a master regulator in plant growth and its responsiveness to sugar could possibly
make it part of long-distance sugar signalling as well (Kravchenko et al.,2015). Target of rapamycin (TOR)
kinase is evolutionarily conserved in eukaryotic organisms and it’s a key protein kinase that integrates
information about nutrients, hormone levels, energy and transduces into growth and developmental
decisions (Kravchenko et al.,2015). In plants, TOR-kinase forms a complex with Regulatory-Associated Protein
of TOR (RAPTOR) and (Leucine Sensing Transporter 8 or GBL (LST8) called the TOR complex 1 (TORC1).
RAPTOR is a multidomain protein that regulates the catalytic activity, stability as well as the substrate binding
TORCL1. LST8 is a WD40-domain protein stabilising the TOR kinase domain, serving as a scaffold for protein
interaction (Burkart et al., 2021). This complex regulates metabolism and growth through the synthesis of
proteins in a positive manner (Kravchenko et al., 2015). This complex is activated by sugars, auxins, light, ATP,
inorganic nutrients and amino acids. (Pacheco et al. 2021; Liu and Xiong 2022; Artins and Caldana 2022) is
inhibited by energy deprivation, starvation and stresses in plants. (Dobrenel et al., 2016a; Gonzalez and Hall,
2017; Saxton and Sabatini, 2017; Xiong and Sheen, 2015).

A study that caught my eye was a study by Yuan et al., where as part of their investigation they wanted to
reveal the role of PIN2 and how it is involved in the regulation of glucose-TOR of the auxin gradient. PIN2 is
a protein that serves as transporter of auxin, mediating the transport of auxin shootward in the roots (Xu et
al., 2005). When glucose was depleted or TOR was inhibited in the primary root, PIN2-GFP level was strongly
diminished in the differentiation and the elongation zones while PIN2’S polarised location still maintained.
Investigating the pPIN2::PIn2-GFP reporter line revealed that TOR glucose signalling affects PIN2 localisation
and expression in the roots and regulates PIN2 degradation (Yuan et al., 2020). There is a direct interaction
between TOR kinase and the central hydrophilic loop domain of PIN2, and TOR is a PIN2 stabiliser. This
signalling pathway is important in order to be able to maintain a low auxin response region in the elongation
zone, promoting cell expansion by regulating PIN2 expression. When the TOR signalling pathway is inhibited,



it leads to a decrease in polar PIN2 region and leads to the blockage of auxin transport from the elongation
to the differentiation zone, resulting in high auxin accumulation as well as root expansion inhibition (Yuan et
al., 2020). In this study it was revealed that PIN2 is a substrate of TOR, as TOR can phosphorylate and stabilise
PIN2. TOR stabilises and phosphorylates PIN2, influencing the gradient distribution of PIN2 in the primary
root of Arabidopsis. Glucose-TOR signalling is important for maintaining a low auxin response region in the
elongation zone so that cell expansion is promoted by regulating the expression of PIN2. They proposed that
when glucose-TOR signalling is inhibited the region where polarised PIN2 is located in the elongation zone
decreases largely and so the transport of auxin from the elongation zone to the differentiation zone is
blocked. This led to a high accumulation of auxin in the elongation zone and the inhibition of expansion in
Arabidopsis root (Yuan et al., 2020).

Proposing TOR as a long-distance sugar signal seems quite unlikely as glucose isn’t found in the phloem and
TOR signalling as well as glucose functions intracellularly. However, the activity of TORC1 intracellularly, has
systemic impacts affecting whole-plant growth and development and | do think that further investigations
could possibly reveal its role in sugar signalling also in the context of long distance. A common theme with
TOR is that it interacts with hormonal pathways which | discuss more in detail later in this review.

SNF1-related protein kinase 1 (SnRK1)

SNF1-related protein kinase 1 (SnRK1) is one of the well-established sugar signalling pathways and | set out
to see if there is any evidence that this pathway also acts in long-distance. AtKIN10/AtKIN11/SnRK1 stands
as a serine/threonine kinase, exhibiting significant sequence similarity to yeast SnF1 and mammalian AMPK
(50 AMP-activated Protein Kinase). This kinase serves as a key energy signalling hub which regulates
numerous proteins (Broeck et al., 2016; Simon et al., 2018). SnRK1’s evolutionary conservation of its function
is evident by looking at its structure, which is heterotrimeric, consisting of a catalytic a-subunit and two
regulatory B and y subunits (Polge et al., 2007). This kinase has an essential role in the metabolic
reprogramming, growth and development adjustments and responses to various abiotic and biotic stresses
(Broeck et al., 2016). It controls the expression of over a thousand genes, including transcription factors and
proteins that are involved in chromatin remodelling. It also exerts post-transcriptional regulation on key
metabolic enzymes and specific transcription factors (Sugden et al., 1999; Harthill et al.,, 2006; Baena-
Gonzalez et al., 2007, Coello et al., 2010; Hey et al., 2009). The expression profile that is regulated by SnRK1
correlates positively with genes that are regulated by sugar starvation (Baena Gonzalez et al., 2007). Research
has revealed that the phosphorylation of a conserved threonine residue near the active site in the catalytic
a-subunit is essential for regulating the activity and signalling of SnRK1. PP2C phosphatases dephosphorylate
SnRK1a, possibly, reversing the activation loop which provides mechanisms for integrating environmental
cues (Rodrigues et al., 2013). SnRKs are known to interact with ABA signalling, and the interplay of SnRK2/ABA
and SnRK1 with PP2C phosphatases is demonstrated by both kinase types sharing common downstream
targets such as various bZIP transcription factors (Hey et al., 2009). Furthermore, the potential involvement
of microRNAs in SnRK1-mediated signal transduction is noteworthy (Confraria et al., 2013).

As | was exploring any evidence that could support the notion that SnRK1 could be involved in long-distance
sugar signalling | stumbled upon a recent paper that has some very interesting findings about how SnRK1 in
peaches plays a role in sucrose-mediated root growth though auxin signalling. This study was conducted on
peaches and it revealed PpSnRK1 participates in the sucrose-mediated root growth through auxin signalling
(Zhang et al., 2020). Lateral roots are important as they increase the surface area for absorption in the root
system. There are several factors that affect the development of lateral roots. Examples include nutrients,
plant hormones like auxin, biotic and abiotic stresses. Sugar found exogenously, in particular sucrose plays a
vital role in the formation of lateral roots. Sucrose affects auxin transport and its distribution which



consequently influences hypocotyl elongation. Their study revealed that SnRK1 (SNF1/AMPK/SnRK1 protein
kinase) is conserved and regulates glucose metabolism. When the roots were subjected to 5% sucrose
treatment SnRK1 activity was upregulated. T6P inhibits the activity of SnRK1 and sucrose reverses this
inhibitory effect of trehalose on SnRK1 and the growth of roots. In the study they overexpressed PpSnRK1 in
Arabidopsis and they found that total root surface as well as number of lateral roots had increased. Also, the
overexpression led to the upregulation of the genes involved in the auxin transport and synthesis. There is
an interaction between PpSnRK1 and IAA12 as well as PIN-LIKE6 proteins in the auxin signalling pathway.
Sucrose upregulates the expression of IAA12 and PIN6 genes, whereas trehalose inhibits their expression.
Sucrose dismisses the inhibition that is induced by trehalose when they were applied together. SnRK1 is
regulated by sucrose promoting the gene expression of auxin-related as well as interacting with auxin related
proteins. SnRK1 acts as an intermediate signal connecting auxin and sucrose signals which regulate the
growth of roots in peaches (Zhang et al., 2020).

SnRK1 controls the expression of thousands of genes and transcription factors as well as regulating post-
transcription of key metabolic enzymes of specific transcription factors which makes me believe that it could
possibly be also controlling the expression of genes and the transcription of genes that are involved in the
sugar signalling over a long distance. SnRK1 like TOR appear to have a role in sugar signalling by interacting
with different hormones like auxin, which | go into more detail below.
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Figure 1. A simple schematic representation of sugar metabolism (green lettering) and signaling (blue lettering) pathways that have
been discussed in this literature review. Glucose sensors like Hexokinase (HXK), Downstream of sugar perception are two energy
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Cross-talk Between Sugar Signalling and Plant Hormones

In the sugar signalling literature | reviewed there was a common theme of crosstalk between different
signalling pathways, and growing evidence establishing the crosstalk of sugar signalling with plant hormones.
| explored this idea to see if any of this crosstalk could potentially attribute to sugar signalling in the context
of long distance. Sucrose, auxin and cytokinin have been identified to have strong links with sucrose signalling
and sensing. They can function as both short and long-distance signalling molecules which suggests that they
have a role in integrating growth and development for between shoots to roots. However, these interactions
are not well-studied, even in Arabidopsis. There is a connection between the production of auxin and sucrose



(Le et al., 2010; Lilley et al., 2012; Sairanen et al., 2012) which makes it a good candidate for a long-distance
signal as it promotes the production of lateral roots. Auxin (indole-3-3 acetic acid, 1AA) is a plant hormone
that has a crucial role in several growth and development processes (Olatunki et al., 2017; Majda et al.,2018;
Tian et al., 2018).

Sugar contents fluctuate throughout the day, and these fluctuations are correlated with auxin levels (Sairanen
et al. 20120), the circadian clocks gates (Covington et al., 2007) and the sensitivity to auxin treatment. The
supplementation of sucrose induces YUCCA9 (Lilley et al., 2012; Covington et al. 2007) in the shoots but not
in the roots which suggests that sugars might have an impact in the transportation of auxin as well as
conjugation pathways. YUCCA9 belongs to the gene family of YUCCA (Cao et al., 2019). These genes are
involved in the biosynthesis of auxin. The effect sucrose has on the promotion of growth is probable through
the impact it has on auxin, as it can be partly imitated by adding auxin and can be blocked by adding polar
auxin inhibitors. An example of the link between auxin signalling and sugar metabolism is shown in the down-
regulation of the tomato auxin response repressor Auxin Response Factor 4 (SIARF4) which results in an
increase in number of chloroplasts and starch and sugar content in the fruit (Sagar et al., 2013).

Another example showcasing the crosstalk between sugar and auxin is a study by Moore et al., involving I1AA
metabolism. They revealed that Arabidopsis hypocotyl explants of hxk/gin2 were insensitive to auxin
induction, which revealed the relationship between sugars and auxin (Moore et al., 2003). It was shown that
mutants that were resistant to auxin are insensitive to high glucose concentrations (Moore et al., 2003). This
interaction of auxin and sugars influence various plant processes including cell differentiation, hypocotyl,
anther development (Wang et al., 2013; Eveland et al., 2011; Min et al., 2016; Li et al., 2016; Moreno-Ortega
et al., 2014). The negative effect of auxin on sugar responsive genes was further confirmed by investigating
hookless mutant (hl/s1) which was found to show resistance to both auxin and sugar responses (Ohto et al.,
2006). In addition to that, transcriptomic experiments have shown glucose regulation of auxin-related genes
and demonstrated the crosstalk of glucose and auxin which influences root architecture (Mishra et al., 2009;
Eveland et al., 2011; Jain et al., 2007; MacGregor et al.,2008; Kircher et al., 2012). Transcription factors like
S1bZIP11-related transcription factors were identified as negatively regulating auxin-mediated primary root
growth, responding to changes in sugar levels and low energy through the activity of SnRK1 kinase (Weiste
et al., 2017). The interplay in root growth between glucose and auxin involves the heterotrimeric G-protein,
TOR-kinase signalling pathway and MED12/MED13 which are subunits of the MEDIATOR (multi-subunit
protein complex that plays a crucial role in transcriptional regulation) complex. PIF (Phytochrome-Interacting
Factors) transcription factors also have a role in connecting auxin accumulation and sugar signalling during
the elongation of hypocotyl (Raya- Gonzalez et al., 2017) which impacts the plant’s development. In general,
auxin and sugar have a crucial, entangled role in the plant growth and development working on an individual
as well as a cooperative level.

Cytokinins are a class of hormones, essential for plant growth, senescence and stress tolerance (Albacete et
al., 2014). A study on rice has revealed that when the cytokinin biosynthetic gene Isopentenyl Transferase
(IPT) was overexpressed under a stress-induced promoter increasing the stress tolerance of rice under
drought (Reguera et al., 2013). This is associated with an increase in sucrose content and maintained by the
nitrate acquisition in the root system. Other evidence includes high levels of carbon dioxide in Arabidopsis
seedlings, increase the growth of the roots especially under abiotic stress conditions, which is associated
with changes in the levels of cytokinin, glucose, starch, auxin and sucrose (Hachiya et al. 2014). A study on
tomato gave evidence of a link between cytokinin biosynthesis and storage-organ formation (Eviatar et al.,
2013). They revealed that the overexpression of the LONELY GUY 1 (LOG1), a gene involved in cytokinin
biosynthesis, induced the formation of tuber-like organs from the axillary meristems. There is an interaction
of sugars and cytokinins during growth and development which affect developmental pathway and stress
responses. Transcript profiling of Arabidopsis seedlings showed that after the seeds were treated with
cytokinin and glucose they showed agonists and antagonistic effects on gene expression, particularly glucose



affecting genes that are involved in the signalling and metabolism of cytokinin (Kushwah et al., 2014). When
the plant suffers from cytokinin deficiency, which is caused by the constituent overexpression of cytokinin
oxidase (CKX) genes it leads to drastic changes in the root and shoot growth which involves the alterations in
the cell cycle, carbohydrate distribution, photosynthetic activity and source/sink relations (Werner et al.,
2008).

There is overwhelming evidence supporting the crosstalk between sugar signalling pathways and hormonal
pathways, so, it would make sense that these interactions act over long distances as well. Acting as both
short and long-distance signalling molecules, auxin and also cytokinins to some extent, exhibit connections
with growth and development, particularly between shoots and roots. Plant hormones regulate the plant’s
growth and development on a systemic level, they are mobile so they can travel over distance, the connection
of sugars and hormones contributing to root growth and the correlation with changes in sugar levels make
plant hormones a big part of the sugar signalling network. The evidence presented makes me believe that a
substantial portion of long-distance sugar signalling likely relies on the interplay between hormonal and sugar
signalling pathways.

Abiotic stress and its effect on long distance sugar signalling

Sugar signalling pathways have the purpose of adjusting and sensing changes in sugar levels in response to
changes in the plant’s environment. Therefore, it only felt appropriate to also explore the effect different
abiotic stresses have on sugar signalling and potentially identifying any evidence that could be linked to long-
distance sugar signalling as many of these stresses directly affect the root system of the plant. In order for
roots to grow, they depend on sucrose that is derived from the shoot of the plant. When the plant is under
stress the availability of sucrose becomes limited due to insufficient photosynthesis and accumulation of
sugar in the shoot (Thalmann et al., 2017). Under abiotic stress, sucrose allocation to the root’s changes.
Sucrose transport in Arabidopsis takes place in the phloem and is regulated mostly by two sugar transporters
Sugar Will Eventually be Exported Transporters 11 and 12 (SWEET11 and 12) (Chen et al., 2012). These two
sugar transporters channel sucrose from the parenchyma cells which are located in the phloem, to the
apoplast. SUC2 transports apoplastic sucrose into the companion cells in the phloem (Chen et al., 2012;
Gottwald et al. 2000; Xu et al., 2020). Once the sucrose reaches the roots, sucrose can be unloaded
apoplastically and symplastically. ELONGATED HYPOCOTYLS5 (HY5) is a bZIP-type transcription factor that
regulates various biological and physiological processes like root growth, nutrient acquisition,
photomorphogenesis and responses to abiotic stress. HY5 promotes the expression of SWEET11 and
SWEET12 in order to enhance sucrose loading in the phloem in the light (Chen et al., 2016). This is an example
of integration of light cues from shoot-to-root by a mobile transcription factor HY5 to sucrose distribution,
but still, HY5 does not fully act as a long-distance sugar signal. When the plant is exposed to light or is under
nutrient-deficient conditions it has increased levels of sucrose in the phloem as it wants to invest in root
growth. Sucrose and glucose that are derived from the shoot are crucial for root growth, and HEXOKINASE 1,
ARABIDOSIS PROTEIN KINASEs, and TOR are vital for root growth and perception of sucrose and glucose
(Chen et al.,, 2016). This requires communication between the shoot and the roots to coordinate
developmental and physiological processes. Sucrose is not a rapid signal as it depends on photosynthesis and
its involvement in several molecular processes (Tognetti et al., 2013). HY5 gets transmitted form the shoot to
the root through the phloem and has a role in promoting root growth as well as nitrate uptake by the
activation of NRT2.1 by light (Chen et al., 2016). It was revealed that light induces HY5 in the shoot and that
in turn upregulates the expression of PHYTOENE SYNTHASE, TREHALOSE-6-PHOSPHATE SYNTHASE, SWEET11,
and SWEET12, involved in carbon fixation as well as the translocation of photosynthates from shoot to root
which suggests that HY5 has a role as a mobile signal that coordinates growth of the shoot and root in a light
dependent manner (Chen et al., 2016).



Under salt and drought stress, ABA-induced transcription factors Abscisic Acid-Responsive Element-Binding
Protein 3 (AREB3) and Abscisic Acid-Insensitive 5 (ABI5) bind to the promoter of AtSUCI inhibiting its
expression through ABA signalling (Hoth et al., 2010). As salt and drought stress lead to limited carbon status,
so this process affects the sucrose transport to the sinks via ABA. Salt stress induces Basic Leucine Zipper 1
(bZIP1) and Basic Leucine Zipper 53 (bZIP53) expression downstream of SnRK1, which is crucial for the
metabolic reprogramming of primary carbohydrates in Arabidopsis roots (Hartmann et al., 2015). Low energy
signalling of SnRK1 activates Basic Leucine Zipper 11 (bZIP11) which directly activates INDOLE-3-ACETIC ACID
INDUCIBLE 3/SHORT HYPOCOTYL 2 (IAA3/SHY2) SHY2/IAA3 transcription in the root which leads to a
decrease in auxin transport as well as limited primary root growth. In the lateral roots, WUSCHEL RELATED
HOMEOBOX 7 (WOX7) suppresses the initiation of lateral roots in a sucrose-dependent manner through the
repression of CYCD6;1. Root primordia initiation is regulated by WOX7, working downstream of LATERAL
ORGAN BOUNDARIES-DOMAIN 16 (LBD16) and WOX11/12 in an auxin-dependent manner (Hu et al., 2016).
To summarise, SNRK1 signalling and sucrose originating from the shoot affect root development in response
to environmental cues. Under water deficit conditions, enhanced carbon export from the shoot to the root
supports deeper rooting. A possible scenario is SnRK1-TOR energy signalling pathway and its interaction with
auxin and ABA signalling contributes to altered root growth under sugar-limited conditions (Margalha et al.,
2019).

In light of the evidence presented, the dependency of root growth on sucrose derived from the shoot, the
alterations in sucrose transport and regulation under abiotic stress, and the crosstalk between hormonal
pathways, particularly involving SnRK1, TOR, and auxin signalling, strongly suggest that these work in
combination to communicate sugar status long-distance in plants. Further research on different stresses
could help reveal more details about long-distance sugar signalling and the connections between these
signalling pathways.

| Metabolic Status |

Low

! !

| Growth Response

Figure 2. Sugar signalling pathways play a crucial role in regulating the plant’s growth and development. Nutrient stress activates
SnRK1 which leads to the inhibition of growth. SnRK1 target genes are governed by C/S1-Bzip transcription factors. Metabolic
status is heightened by sucrose and this is correlated with T6P levels in plants. T6P inhibits the activity of SnRK1, while TOR kinase
stimulates growth and translation processes. Sucrose has inhibitory effects on translating S1-group bZIP mRNAs. Adapted from:
Lastdrager et al., 2014.



Conclusion

In this review | set out to review the well-established sugar signalling pathways and their crosstalk with other
signalling pathways hoping for evidence that could point to the existence of a long-distance sugar signal or
their involvement in long-distance sugar signalling. There was no direct evidence of a long-distance sugar
signal in plants, however, by closely analysing literature involving these established sugar pathways | started
to see the potential they have being part of long-distance sugar signalling. These signalling pathways and
their interactions are so complex, that studying them over a long distance can be very complicated. With
advancements in technology and interdisciplinary approaches, light can be shed on long-distance sugar
signalling. Sugar signalling is fundamental for the plant’s growth and development and having a better
understanding of long-distance sugar signalling is essential for unravelling the coordination between the
different parts of the plants, specifically shoots and roots as well as the integration of developmental and
metabolic processes. Also, it will shed more light on the role of sugars as signals. Plants have to face
everchanging environmental conditions, therefore, having a deep understanding of long-distance signalling
will help with optimising plant health and their survival strategies.
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