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Abstract

Plant growth and development rely on the transport and use of sugars produced

during photosynthesis. Sugars have a dual function as nutrients and signal molecules

in the cell. Many factors maintaining sugar homeostasis and signaling are now identi-

fied, but our understanding of the mechanisms involved in coordinating intracellular

and intercellular sugar translocation is still limited. We also know little about the

interplay between sugar transport and signaling and the formation of the vascular

system, which controls long-distance sugar translocation. Sugar signaling has been

proposed to play a role; however, evidence to support this hypothesis is still limited.

Here, we exploited recent transcriptomics datasets produced in aerial organs of

Arabidopsis to identify genes coding for sugar transporters or signaling components

expressed in the vascular cells. We identified genes belonging to sugar transport and

signaling for which no information is available regarding a role in vasculature devel-

opment. In addition, the transcriptomics datasets obtained from sugar-treated

Arabidopsis seedlings were used to assess the sugar-responsiveness of known genes

involved in vascular differentiation. Interestingly, several key regulators of vascular

development were found to be regulated by either sucrose or glucose. Especially

CLE41, which controls the procambial cell fate, was oppositely regulated by sucrose

or glucose in these datasets. Even if more experimental data are necessary to confirm

these findings, this survey supports a link between sugar transport/signaling and

vascular system development.

1 | INTRODUCTION

Through photosynthesis, higher plants synthesize carbohydrates from

atmospheric carbon dioxide, water, and sunlight. Carbohydrates can

then be (1) used as intermediates in the primary and specialized

metabolisms, in energetic metabolism, (2) stored as starch in the vacu-

ole or plastids, and finally (3) be sequestered as cell wall polysaccha-

rides. Because the availability of carbohydrates is central to all cellular

processes, including cell maintenance, division, expansion, and differ-

entiation, variations of cytosolic sugar content are sensed by cells to

modulate a large variety of biochemical and developmental processes

(e.g. embryogenesis, germination, seedling development, reproduction,

and senescence). Biochemical and genetic evidence has shown that

sugar-sensing processes are conditioned by the dual action of

SNF1-RELATED PROTEIN KINASE 1/TARGET OF RAPAMYCIN

(SnRK1/TOR) kinases together with the glucose-binding sensor

HEXOKINASE1 (HXK1), and other signaling pathways recruiting the

REGULATOR OF G-PROTEIN SIGNALING1 (RGS1) and TREHALOSE

6-PHOSPHATE SYNTHASE (TPS1) (Li et al., 2021). In addition, sugars

are transported cell-to-cell or long-distance via the phloem. This sugar

transport between photosynthetic and heterotrophic cells and tissues

involves symplasmic (i.e. via plasmodesmata) and apoplasmic (i.e.

recruiting sugar transporters) pathways. Because sucrose, glucose,

and fructose have different roles in plant cell functioning, a complex

set of enzymes (i.e. kinases, glycoside hydrolases, glycoside transfer-

ases, phosphatases, synthases) and transporters (i.e. sugar facilitators,
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sucrose and hexoses symporters, inositol transporters, tonoplastic

sugar antiporters, and symporters) are responsible for maintaining

sugar homeostasis, which will impact plant development and growth,

and ultimately plant yield (Patrick et al., 2013). Therefore, sugar trans-

port and signaling coordination represent a cornerstone in plant

development.

As the main vehicle for long-distance sugar transport, the vascular

system (i.e. phloem and xylem) is also responsible for transporting

specialized metabolites, proteins, mRNA, ions, and hormones. In

Arabidopsis thaliana, the vascular system of roots and hypocotyls origi-

nates from embryonic provascular cells, whereas stems developed

from the shoot apical meristem (SAM) (De Rybel et al., 2016). Thanks

to an intense research investment, our understanding of the molecular

network controlling vascular system development at the embryonic

and post-embryonic stages has progressed (Fukuda & Ohashi-

Ito, 2019). Especially, a network of transcription factors (TFs), under

transcriptional control of both environmental (e.g. mechanical stress,

drought, temperature, salt) and endogenous cues (e.g. auxin, cytoki-

nins), have been shown to regulate vascular development (Agustí &

Blázquez, 2020). However, a remaining open question is whether

plants can adjust their vascular development program depending on

the sugar availability in the vascular cells' initials.

The hypothesis of a role of sugar signaling, in particular sucrose,

in vascular tissues differentiation was first supported by several stud-

ies showing, on the callus, the induction of phloem/xylem differentia-

tion by sucrose (for review Krishnamurthy et al., 1999). Moreover, the

existence of shifts in sugar concentrations, sugar-related enzymatic

activities, and expression of genes related to sugar metabolism across

the phloem-cambium-xylem continuum in poplar stem during wood

formation (Abreu et al., 2020; Roach et al., 2017) and in the hypocotyl

of castor bean during the early development of seedlings (Verscht

et al., 2006) further supported a potential role of sugars in vasculature

development (Figure 1). Finally, a disruption of the facilitated sugar

transport mediated by SUGAR WILL EVENTUALLY BE EXPORTED

(SWEET) transporters, is leading to defectuous stem vascular system

development and distribution of sucrose between vascular tissues in

Arabidopsis hypocotyls (Guendel et al., 2018; Le Hir et al., 2015).

However, we still do not know whether there is a direct/indirect link

between sugar transport/signaling and vascular system development

and which molecular actors could be involved. Although glucose and

sucrose have been shown to regulate the expression of many genes at

the transcriptional level (Han et al., 2015; Solfanelli et al., 2006), we

do not know whether genes coding for TFs, involved in vascular

development, are regulated by sugars.

Here, we took advantage of recent transcriptomic databases from

different aerial organs in Arabidopsis thaliana to address these ques-

tions and delve into the possible link between sugar transport/

signaling and vasculature development in the shoot. Overall, this

exploration allowed us to obtain a more comprehensive view of the

genes expressed in the vascular tissues and coding for sugar transport

and signaling components. It supports the hypothesis that a tight gene

network controls sugar homeostasis in the vascular tissues upstream

of the sugar transport in the vasculature, which potentially triggers

feedback loops in vascular system development. Identifying such net-

works might help understand how modifying sugar transport/signaling

impacts vascular system development.

2 | DATABASES EXPLOITED TO IDENTIFY
SUGAR-RESPONSIVE VASCULAR GENE
NETWORKS OR VASCULAR DEVELOPMENT-
RELATED GENES

To get new insights into sugar signaling in vascular development, we

first addressed whether key factors involved in vascular tissue devel-

opment are affected by sugar levels. We used a set of 287 genes

shown to be part of the PHLOEM INTERCALATED WITH XYLEM

(PXY)-mediated transcriptional regulatory network controlling the vas-

cular system development in Arabidopsis (Smit et al., 2020, supple-

mental dataset 3). This set was identified with a yeast one-hybrid

screening using promoters of genes regulating PXY-mediated devel-

opment as bait and TFs expressed in the stele as prey. PXY, one of the

central regulator genes for vascular development expressed in the

procambium, was one of the prey. We added several additional mas-

ter genes described in the literature and involved in the development

F IGURE 1 Model for shifts in soluble sugars, auxin, and cytokinin
across the vascular system in stems. Transverse cross-section of a
stem in which the phloem is colored in blue, the cambium in green,
and the xylem in orange. The graphs below display the theoretical
levels of sucrose (Suc), glucose (Glu), fructose (Fru), IAA (indole
3-acetic acid), and ZR (zeatin riboside) occurring between the
different vascular tissues, reconstructed from data obtained from
scotpine (Pinus sylvestris) wood (Uggla et al., 2001), castor bean
hypocotyl (Verscht et al., 2006), and aspen wood (Abreu et al., 2020;
Roach et al., 2017)
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of the vascular tissues (Agustí & Blázquez, 2020). Overall, we ended

up with a list of 337 vascular factors: transcriptional regulators and

factors involved in vascular formation (Table S1). This list of genes

was used to query the large Arabidopsis transcriptome datasets focus-

ing on the early responses of seedlings subjected to exogenously-

supplied sucrose (Gonzali et al., 2006; Solfanelli et al., 2006) or glu-

cose (Han et al., 2015; Price et al., 2004). For sucrose-responsiveness,

Arabidopsis seedlings were grown in a liquid medium for 72 h with

90 mM sucrose (Gonzali et al., 2006; Solfanelli et al., 2006). We

selected genes with decreased (D) or increased (I) expression in both

biological replicates according to the analysis provided in Table S1 in

Solfanelli et al. (2006) or in TableS2 in Gonzali et al. (2006). For glu-

cose responsiveness, we took advantage of the transcription profiling

of Arabidopsis seedlings grown either in a solid medium for 6 days in

the presence of 5% glucose (Han et al., 2015) or liquid medium for 3 h

with 167mM (about 3%) glucose (Price et al., 2004). We selected TFs

with a 2-fold change in gene expression (provided in Table8 in Han

et al. [2015]) and genes responsive to short-term presence of glucose

(provided in TableS2 in Price et al. [2004]).

Transcriptomic datasets obtained at the organ, tissue, and cell

levels (Table 1) also represent important genomic resources for identi-

fying candidate genes differentially expressed in the vascular tissues.

These datasets cover various developmental stages and organs, from

the embryo and apical meristems to vascular tissues in inflorescence

stem or leaf. In Arabidopsis thaliana, four processes lead to vascular sys-

tem development: specification, establishment (including growth and

patterning), maintenance, and differentiation (De Rybel et al., 2016).

The specification step, during which the cells acquire their vascular

identity from undifferentiated cells, occurs during the early phases of

embryo development. At the early globular stage, two cells are consid-

ered as vascular initials, while four cells comprise the provascular tis-

sues at the late globular stage. Thanks to fluorescence-activated nuclei

sorting combined with single-nucleus (sn)RNA-seq analysis, Kao

et al. (2021) identified genes enriched or depleted in the different cell

types of the globular-stage embryo, including these four provascular

initials (cluster 11 related to vascular initials, named “vas” in Table S3A).

At later stages, the formation of the provascular tissues in the meriste-

matic zones at the shoot apex (SAM) or root apex (RAM) depends on

the activity of stem cells. Three zones characterize the SAM: (1) the

central zone (CZ), where the stem cells are present, (2) the peripheral

zone, responsible for the organ initiation, and (3) rib meristem (RM or

RZ), which gives rise to the central tissues of the shoot axis (including

the vascular system). Again, the power of fluorescence-activated cell

sorting allowed Yadav et al. (2014) to generate gene expression profiles

of 10 cell populations of these vegetative SAM cell layers and func-

tional domains based on the expression pattern of fluorescent marker

lines (Table S1 in Yadav et al., 2014). The features of the provascular

cells in the SAM were recently refined with the use of single-cell

RNA-seq analysis (Zhang, Chen, & Wang, 2021), which identified

genes expressed in the rib zone of the SAM and the subtending

provasculature (i.e. phloem and xylem lineages). These genes were

gathered in the reconstructed vascular cells populations displayed in

TableS4 of Zhang, Wang, et al. (2021). These studies completed the

pioneer ChIP-seq study of the genes expressed in the SAM of the

inflorescence stem and interacting with the BEL1-like TALE

homeodomain (BLH) TF REPLUMLESS (RPL). RPL is expressed in the rib

and CZs of the SAM but not in leaf boundaries, nor in floral primordia

(Andrés et al., 2015; Smith & Hake, 2003) and controls the rib zone

TABLE 1 Transcriptomic datasets available for the identification of genes expressed in the vascular tissues in the Arabidopsis shoot

Organ Tissue or cell types Resolution level Technique used References

Embryo Provascular initials Single nucleus Fluorescence-activated nucleus sorting

combined with snRNA-seq

Kao et al. (2021)

Shoot apical meristem Rib meristem, vascular

initials

Tissue layers/

domains

Fluorescence-activated nucleus sorting and

whole-genome microarray version 5

Yadav et al. (2014)

Shoot apical meristem Vascular cells Single cell Protoplasts generation combined with scRNA-

seq

Zhang, Chen, and Wang (2021)

Shoot apical meristem Shoot apex Dissected

inflorescence

apices

Targets of homeodomain protein REPLUMLESS

(RPL) by chromatin immunoprecipitation and

high-throughput sequencing

Bencivenga et al. (2016)

Inflorescence stem Phloem cap, vascular

bundles, pith

Tissue Fluorescence-activated nucleus sorting and

laser-capture microdissection combined with

RNA-seq

Shi et al. (2021)

Leaf Vascular cells Single cell Vascular protoplast generation combined with

scRNA-seq

Kim et al. (2021)

Floral stem series

Inflorescence stem Beginning, middle, and

late stem growth

Organ Oligonucleotide microarray version 1.0 Ehlting et al. (2005)

Inflorescence stem Beginning, middle, and

late stem growth

Organ Whole-genome microarray version 3 Vanholme et al. (2012)

Inflorescence stem Beginning, middle, and

late stem growth

Organ Whole-genome microarray version 5 Hall and Ellis (2013)
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development and stem growth (Bencivenga et al., 2016). We used the list

of interacting partners of RPL displayed in TableS1 of Bencivenga

et al. (2016) to query genes involved in sugar transport and signaling.

In mature organs, transcriptomic data related to the vasculature are

sketchier. In Arabidopsis inflorescence stem, primary growth relies on

vascular bundles (VBs) development, with phloem and xylem surround-

ing a fascicular (pro)cambium. The establishment of cambia between pri-

mary bundles, also known as interfascicular cambia, characterizes the onset

of secondary stem growth (Ragni & Greb, 2018). The recent study of Shi

et al. (2021), which used a combination of laser capturemicrodissection and

RNA-seq analysis, identified transcripts present either in the phloem cap,

pith, or VB in Arabidopsis inflorescence stem during the secondary growth

(data are available in Tables S1 and S13 in Shi et al. [2021]). In addition,

despite not being performed at the cell or tissue level, we also took

advantage of the three transcriptomics datasets produced in

Arabidopsis inflorescence stem (Ehlting et al., 2005; Hall & Ellis, 2013;

Vanholme et al., 2012). These transcriptomic resources have been

made at different primary and secondary growth stages during the

inflorescence stem development. These stages correspond to xylem

lignification, and they could also be associated with vascular system

development since the vasculature is an important sink for sequestra-

tion of carbon skeletons. More precisely, differentially expressed

genes (p<0.05) were extracted from TableS1 in Ehlting et al. (2005),

Dataset S2 in Vanholme et al. (2012) and Tables S2– S4 in Hall and

Ellis (2013). The three gene lists were used to generate a Venn diagram

by an online tool (https://bioinformatics.psb.ugent.be/webtools/Venn/).

Finally, a comprehensive transcriptomic resource has been recently pro-

duced by Kim et al. (2021), who used a single-cell RNA-seq approach to

uncover the genes specifically enriched in each vascular cell type of the

Arabidopsismature rosette leaves (source organs). This included procam-

bium cells, companion cells, S-type cells, phloem and xylem parenchyma,

and bundle sheath (data are available in dataset S4 in Kim et al. [2021]).

To identify genes differentially expressed across the vascular sys-

tem development or specifically enriched in the different vascular cell

types, the abovementioned datasets (Table 1) were queried with a

selection of 76 genes belonging to the main families of sugar trans-

porters (Table 2; Table S2). This list includes the following transporters

families: POLYOL/MONOSACCHARIDE TRANSPORTER (PMT),

SUGAR WILL EVENTUALLY BE EXPORTED (SWEET), SUCROSE

TRANSPORTER (SUC), SUGAR TRANSPORTER PROTEIN (STP),

VACUOLAR GLUCOSE TRANSPORTER (VGT), INOSITOL TRANSPORTER

(INT), EARLY RESPONSIVE TO DEHYDRATION 6-LIKE (ERDL/ESL),

SUGAR-PORTER (SFP) and TONOPLAST SUGAR TRANSPORTER

(TST/TMT). The same approach was applied for known components of

three main sugar signaling pathways, including TOR, SnRK, REGULATORY-

ASSOCIATED PROTEIN OF TOR (RAPTOR), LETHAL WITH SEC13

PROTEIN 8 (LST8), RGS1, and RGS1-HXK1 INTERACTING PROTEIN

1 (RHIP1), together with enzymes of the sugar metabolism shown or

proposed to be important in the sugar signaling pathways, as described in

Li et al. (2021), i.e. SUCROSE SYNTHASE (SUS), HEXOKINASE

(HXK), TREHALOSE-6-PHOSPHATE SYNTHASE (TPS), TREHALOSE-

6-PHOSPHATASE (TPP), and FRUCTOSE-1,6-BIPHOSPHATASE (FBPase)

(Table 2; Table S2).

3 | SUGAR-MEDIATED REGULATION OF
THE EXPRESSION OF FACTORS INVOLVED
IN VASCULAR SYSTEM DEVELOPMENT

An intricate network of TFs, peptides, and transcription regulators are

involved in the vascular system development at embryonic and post-

embryonic stages (Agustí & Blázquez, 2020; Smit et al., 2020). They

control successive processes, including primary vascular tissues

TABLE 2 List of genes used to query the different transcriptomic
datasets

Biological process Gene names

Sugar transport Sugar facilitators: SWEET1, SWEET2, SWEET3,

SWEET4, SWEET5, SWEET6, SWEET7, SWEET8,

SWEET9, SWEET10, SWEET11, SWEET12,

SWEET13, SWEET14, SWEET15, SWEET16,

SWEET17

Sucrose transporters: SUC1, SUC2, SUC3, SUC4,

SUC5, SUC6, SUC7, SUC8, SUC9

Sugar transport proteins: STP1, STP2, STP3, STP4,

STP5, STP6, STP7, STP8, STP9, STP10, STP11,

STP12, STP13, STP14

Polyol/monosaccharide transporters: PMT1,

PMT2, PMT3, PMT4, PMT5, PMT6

Inositol/sugar transporters: INT1, INT2, INT3,

INT4

Vacuolar glucose transporters: VGT1, VGT2,

VGT3

Tonoplast monosaccharide transporters: TST1/

TMT1, TST2/TMT2, TST3/TMT3

Monosaccharide facilitators: ERD6, ERDL1/

ESL3.08, ERDL2/ESL3.05, ERDL3/ESL1/,

ESL3.07, ERDL4/ESL1.01, ERDL5/ESL3.01,

ERDL6/ESL1.02, ERDL7/ESL2.01, ERDL8/

ESL2.02, ERDL9, ERDL10/ESL3.11, ERDL11,

ERDL12/ESL3.10, ERDL13/ESL3.04, ERDL14/

ESL3.02, ERDL15/ESL3.03, ERDL16/ESL2.03,

SFP1/ESL3.13, SFP2/ESL3.14

Sugar metabolism Sucrose synthases: SUS1, SUS2, SUS3, SUS4,

SUS5, SUS6

Fructose 1,6-bisphosphate phosphatase: FBPase,

cFBPase

Sugar signaling Trehalose phosphate synthase: TPS1, TPS2, TPS3,

TPS4, TPS5, TPS6, TPS7, TPS8, TPS9, TPS10,

TPS11

Trehalose phosphate phosphatase: TPPA, TPPB,

TPPC, TPPD, TPPE, TPPF, TPPG, TPPH, TPPI,

TPPJ

TOR signaling: RGS1, RHIP1, TOR, LST8-1,

LST8-2, AtRaptor1, AtRaptor2

SnRK signaling: SnRK1,1/KIN10, SnRK1,2,

SnRK2,1, SnRK2,2

Hexokinases: HXK1, HXK2

Note: AGI numbers for each gene can be found in Table S2.
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formation, vascular patterning, cambial activity, and xylem and phloem

specification, during embryo/ root/ hypocotyl/ leaf/stem develop-

ment. A role of sugars in regulating cambial activity and the develop-

ment of the vascular tissues has been proposed for a long time.

However, the processes involved are not known so far. Several lines

of evidence support such a role: (1) concentration gradients of solu-

ble sugars in the vascular tissues (Abreu et al., 2020; Roach

et al., 2017; Uggla et al., 2001; Verscht et al., 2006) (Figure 1),

(2) modification of sucrose and fructose metabolism alter the devel-

opment of vascular tissues (Granot et al., 2013), (3) effects of tree

girdling on carbon allocation, i.e. alteration of wood formation

(Winkler & Oberhuber, 2017), (4) induction of phloem and xylem ele-

ments by sucrose in callus during in vitro culture (Wetmore &

Rier, 1963; Jeffs & Northcote, 1966, 1967; Wilson et al. Warren

et al., 1994), and (5) modification of sugar homeostasis in the vascu-

lar tissue alter xylem development (Aubry et al., 2022; Gerber

et al., 2014; Mahboubi et al., 2013; Unda et al., 2017). These obser-

vations raise the question of how the development of the vascular

tissues can adjust to carbon availability and whether sugar signaling

pathways are acting upstream of master genes involved in the vascu-

lar development. While the phloem contributes to the supply of

sugars to distant organs by long-distance transport, a large amount

F IGURE 2 Genes associated with vascular development in Arabidopsis and regulated by sugars. Venn diagram comparing the genes for which
expression is regulated by sucrose (Gonzali et al., 2006; Solfanelli et al., 2006) (A) or by glucose (Han et al., 2015; Price et al., 2004) (B). When
available, the expression in response to sugars, increase (I) or decrease (D), is mentioned in brackets after the gene name. The genes are ranked in
alphabetical order. The genes in red are regulated by both sucrose and glucose. The AGI number for each gene can be found in Table S1
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of sugars is also transported to the adjacent tissues (Gould

et al., 2012), in particular for cambial activity and xylem cell develop-

ment, which are large energy sinks and depend on a continuous sup-

ply of soluble sugars (Hansen & Beck, 1994; Muller et al., 2011;

Oribe et al., 2003; Spicer, 2014).

From Solfanelli et al. (2006), we found 77 genes differentially

expressed in response to sucrose. Among these, 34 were also found in

the study of Gonzali et al. (2006), suggesting that these TFs are likely to

be sucrose-responsive (Figure 2A). In this list, it is worth mentioning the

presence of genes coding for the peptides CLAVATA3/ESR-

RELATED41/ CLAVATA3/ESR-RELATED44 (CLE41/44) that are

expressed in the phloem, promote the (pro)cambial division, and inhibit

xylem differentiation (Etchells & Turner, 2010; Hirakawa et al., 2010;

Yuan & Wang, 2021). While CLE41/44 have been shown to additively

regulate procambium cells division (Yamaguchi et al., 2017), they display

a differential response to exogenous sucrose. Indeed, the expression of

CLE41 is induced in response to sucrose, while CLE44 is decreased

(Figure 2) (Solfanelli et al., 2006). Additionally, induction of PHLOEM

INTERCALATED WITH XYLEM-LIKE 2 (PXL2) expression, coding for a

receptor-like kinase involved in the regulation of vascular development

(Fisher & Turner, 2007), by sucrose is also likely (Figure 2A). Among the

other sucrose-responsive TFs identified in these studies (Gonzali

et al., 2006; Solfanelli et al., 2006), we found OBF BINDING PROTEIN2

(OBP2) and PHAVOLUTA (PHV) (Figure 2A). OBP2 belongs to the

PHLOEM EARLY DOF (PEAR) group of mobile TFs expressed in the

phloem and involved in radial growth (Miyashima et al., 2019). PHV

belongs to the HOMEODOMAIN LEUCINE ZIPPER HD-ZIP III genes

encoding the polarity TFs critical for the formation of the vascular tissues

(Ilegems et al., 2010; Smetana et al., 2019) and shown to antagonize

PEAR TFs (Miyashima et al., 2019) for radial growth. Identifying these

genes as potential targets of sugar signaling suggests a potential link

between radial growth and sugar signaling. The BR-activated TF BRASSI-

NAZOLE RESISTANT1 (BZR1), which is a transcriptional activator of

SHORT ROOT (SHR) (Tian et al., 2022), was also identified as sucrose-

responsive (Figure 2A). BZR1 promotes periclinal cell divisions and is

expressed in the same cells as SHR in the root stele (Qi et al., 2019). In

addition, it has been shown that BRASSINOSTEROID-INSENSITIVE2

(BIN2) acts togetherwith BZR1 and independently from the sugar sensor

HXK1 and TOR during seedling growth (Zhang, Sun, et al., 2021). This

study, therefore, established a link between sugar and brassinosteroid

signaling. Additional transcriptional activators were also identified as

sucrose-responsive, including NAC DOMAIN (NAC) genes (NAC003,

NAC010, NAC029, NAC056, NAC059), MYB DOMAIN PROTEIN (MYB)

TFs (MYB3, MYB4, MYB6, MYB14, MYB20, MYB34, and MYB91). Few

factors involved in auxin or CK signaling were also identified, such as

AUXIN RESPONSE FACTOR4 (ARF4), INDOLEACETIC ACID-INDUCED

PROTEIN (IAA1, IAA4, IAA7, IAA29), and the CYTOKININ RESPONSE1/

WOODEN LEG (CRE1/WOL) cytokinin receptor (Mähönen et al., 2006)

(Figure 2A). With these few examples, our study indicates that several

master genes expressed in the vascular tissue layers and acting in their

formation or on the division or specification of surrounding cells are reg-

ulated by sucrose. Whether this suggests a feedback loop by sucrose

remains to be tested.

Out of the TFs responding to the long-term presence of glucose (Han

et al., 2015), six of them are related either to primary or secondary cell wall

synthesis (ETHYLENE RESPONSE FACTOR038, ERF035, MYB29, HSFA7A,

HSFA6A, and WIND3) (Nakata et al., 2021; Saelim et al., 2019; Sakamoto

et al., 2018; Smit et al., 2020; Taylor-Teeples et al., 2015). It is interesting

to note that glucose-responsive factors belong to cellular processes

related to the synthesis of the cell wall, which is an important sink for car-

bon. The TFs WIND3, which is involved in vascular reconnection (Iwase

et al., 2021), and NAC036, which displays a vascular-specific expression

(Kato et al., 2010; Figure 2B), were also identified in this list. Interestingly,

31 genes not identified by Han et al. (2015) (Figure 2B) were identified in

the report of Price et al. (2004) describing early transcriptional responses

to glucose (3%of glucose for 3 h). Among them, half (17 over 31)were reg-

ulated both by sucrose and glucose (Figure 2). They include the gene cod-

ing for the peptide CLE41 that is involved in vascular system development

(Yuan&Wang,2021), also identified in the surveysof Solfanelli et al. (2006)

and Gonzali et al. (2006). In addition, two genes coding for TFs related to

light were identified, namely LONG HYPOCOTYL IN FAR-RED (HFR1), a

key TF involved in light signaling (Yang et al., 2005), and CONSTANS-like

9 (COL9), responding to changes in light intensities (Kumari et al., 2019),

providing a possible link between sugar signaling and the modulation

of vascular development by light regimes (Agustí & Blázquez, 2020).

Even though these studies have been performed in different conditions

and further experiments need to be performed to confirm these findings,

these results suggest that sucrose and glucose signaling could be involved

in regulating TFs and activators participating in the formation or the differ-

entiation of vascular tissues. Thus, this analysis provides new evidence for

a sugar-mediated regulation of vascular tissue development. This issue

should be considered to complete our understanding of the endogenous

factorsmodulating vasculature development.

Together with soluble sugars, plant hormones act also as signal mol-

ecules and play a role as developmental regulators (Li et al., 2021). More-

over, previous works showed that the concentration maxima of auxin

and cytokinin are spatially different from that of soluble sugars (Figure 1)

(Abreu et al., 2020; Uggla et al., 2001), suggesting that hormone and

sugar signaling pathways might be independent. We queried in the Ara-

bidopsis databases the transcriptional responses of glucose- and

sucrose-responsive vascular factors to IAA or Zeatin application. We

observed that more than 80% of these sugar-responsive genes are not

affected by either cytokinin or auxin (Table S3). Our findings support the

hypothesis that the sugar-mediated signaling pathway could be indepen-

dent of auxin and cytokinin signaling, which are central for regulating

vascular tissue differentiation.

4 | IDENTIFICATION OF NEW
CANDIDATES INVOLVED IN SUGAR
TRANSPORT/HOMEOSTASIS AND
POTENTIALLY INVOLVED IN THE VASCULAR
SYSTEM DEVELOPMENT AND FUNCTIONING

Phloem functions are intertwined with the long-distance transport of

sugars by mass flow, with sucrose being the main form of
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translocation in many species. As initially shown in potato for StSUT1

(Riesmeier et al., 1993, 1994), the Arabidopsis sucrose/symporter

SUC2 is involved in phloem sucrose loading in minor veins (Sauer &

Stolz, 1994; Truernit & Sauer, 1995) in addition to sucrose retrieval

into the phloem transport pathway (Gould et al., 2012). Recently, two

additional sugar facilitators belonging to the SWEET family,

SWEET11/SWEET12, were shown to act together with SUC2 for

sugar export from the parenchyma cells into the apoplasm vasculature

(Chen, 2014). In addition to these major players in phloem loading,

other sugar transporters have been identified and located either in

phloem, xylem, (pro)cambium cells, or vascular parenchyma cells.

These transporters are involved in intracellular or intercellular trans-

port to fulfill the high carbohydrates demand of vascular cells (Aubry

et al., 2019). Some of these sugar transporters have also been pro-

posed to participate in recircularizing sugars from the xylem (van

Bel, 2021). This suggests fine-tuned sugar transport between the vari-

ous vascular cell layers and between the vascular tissues and sur-

rounding tissues. But many actors are still missing on this scheme, and

we still do not understand how this is coordinated and which signaling

pathways are involved.

In mature leaves, sugar loading occurs in the minor veins, while

phloem cells from the main and second-order veins participate in

sugar delivery to axial sinks and the retrieval of sugars after leakage

from the sieve tubes (Haritatos et al., 2000). In the recent survey of

gene networks expressed in Arabidopsis matures leaves and enriched

in the various vascular cell types (Kim et al., 2021), the cluster related

to the companion cells and associated with SUC2, which specifically

accumulates in phloem companion cells in Arabidopsis (Stadler &

Sauer, 1996), gathered the genes coding the inositol transporter INT4

as well as the sugar transporters SWEET1 and SWEET4. This is con-

sistent with the expression of INT4 in the phloem companion cells

(Schneider et al., 2006), of SWEET4 in the vascular system of leaves

(Liu et al., 2016), and our unpublished data regarding the expression

of SWEET1, which codes for a glucose transporter (Park et al., 2022),

in the phloem cells (Le Hir, unpublished data). A second cluster,

enriched in genes expressed in the phloem parenchyma cells and the

phloem-cambium-xylem interface, gathered SWEET11, SWEET12 and

SWEET13. An expression of SWEET13, coding for a sugar and gibber-

ellin transporter, has indeed been shown in the leaf vascular system

(Han et al., 2017; Kanno et al., 2016). The presence of SWEET11 and

SWEET12 in this cluster is also consistent with their functional charac-

terization that confirmed a specific expression in vascular parenchyma

cells in leaves (Cayla et al., 2019; Chen et al., 2012; Kim et al., 2021).

Both proteins are also involved in the export of sugars between the

phloem parenchyma cells and companion cells, hinting to a key role in

sugar loading of the minor veins (Chen et al., 2012). Interestingly, a

third cluster assigned to phloem and xylem parenchyma cells gathered

SWEET11, SWEET12, SWEET13 and STP13. SWEET11 and SWEET12

are indeed expressed in the xylem parenchyma cells of the inflores-

cence stem (Le Hir et al., 2015). The gene coding for the monosaccha-

ride transporter SFP2/ESL3.14, whose function is unknown yet

(Quirino et al., 2001; Slawinski, Israel, Artault, et al., 2021), was

enriched in an additional cluster assigned to xylem parenchyma cells.

Finally, Kim et al. (2021) identified two distinct procambium

populations (PC) corresponding to the differentiation of phloem cells

on one side and xylem cells on the other side. Interestingly, SUC1,

which codes for a sucrose symporter, was the only gene enriched in

procambium cells closely related to developing xylem cells. In procam-

bial cells, SUC1 could uptake sucrose released into the apoplast.

In Arabidopsis, during stem development, the vasculature is an

important sink for sequestration of carbon skeletons. Therefore, inter-

rogating transcriptomics datasets produced during inflorescence stem

development represents a resource worth exploiting to decipher the

relationship between sugars and vascular development. Ehlting

et al. (2005) performed a transcript profiling of Arabidopsis primary

stems at different stages of the VB and interfascicular fibers differen-

tiation. Over the 76 genes queried, 21 were differentially expressed

across the stem development. Four genes code for members of the

SWEET transporters family involved in the facilitated transport of

sucrose and hexoses (SWEET2, SWEET3, SWEET11, and SWEET12),

one codes for the sucrose/H+ symporter SUC2, five for members of

the monosaccharides/H+ symporter family (STP2, STP3, STP7, STP8,

and STP11), PMT6 codes for a polyol/monosaccharide transporter,

INT3 codes for an inositol transporter and several genes code for

tonoplast-localized sugar transporters (VGT1, VGT2, ESL3.07, ERDL11,

ESL3.10, ESL3.02, ESL3.03, TST1, and TST3). While a reverse genetic

approach confirmed that SWEET11 and SWEET12 are involved in the

vascular system development of Arabidopsis stem (Le Hir et al., 2015),

no such report exists for the other genes identified in these datasets.

To provide insight into the lignin biosynthesis, Vanholme et al. (2012)

analyzed Arabidopsis wild-type inflorescence stem at four develop-

mental stages to evaluate transcriptomic shifts and identified gene

clusters during its development. Especially, the genes coding for vacu-

olar sugar transporters (ESL2.02, ESL3.04, ESL3.02, and TST1) were

gathered in a cluster associated with earlier developmental stages and

high metabolic rate and enriched in primary metabolism. Despite a

recent phylogenetic analysis of the ERDL/ESL transporter family

(Slawinski, Israel, Paillot, et al., 2021), no data are available on the

localization and functional characterization for most members of

the ERDL/ESL vacuolar sugar transporters family. Genes coding for

the inositol transporter INT2 (Schneider et al., 2007) and the mono-

saccharide symporter STP1 (Büttner & Sauer, 2000) were found in a

cluster with genes related to defense response, cell death, and lignifi-

cation process. This is consistent with the role of inositol and mono-

saccharide as building blocks in cell wall synthesis (Strobl et al., 2018;

Verbančič et al., 2018). Most of the genes coding for sugar trans-

porters identified in this dataset, namely SWEET11, SWEET12, SUC1,

STP13, STP14, PMT5, ESL3.08, and ESL3.01, were present in a cluster

gathering genes involved in auxin transport, identifying new candi-

dates to explore further the well-known link between sugar and auxin

in the vascular system development (Mishra et al., 2021). A similar

approach was carried out by Hall and Ellis (2013), with global tran-

script profiles at four distinct phases of stem growth. We queried this

dataset and identified SWEET3, SWEET12, SWEET17, SUC2, SUC4,

SUC8, STP4, STP5, STP12, STP13, PMT5, INT4, VGT1, VGT3, ESL3.08,

ESL3.07, ESL3.01, ERDL9, ERDL11, ESL3.10, ESL3.03 and ESL3.14 as
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differentially expressed across these different developmental phases.

Further, the cross-referencing of these three datasets, performed at

the organ level, allows us to identify SUC2, VGT1, ERDL11, ESL3.10,

and SWEET12 as differentially expressed across Arabidopsis stem

development (Figure 3). These findings indicate a developmental regu-

lation of the expression of these genes, which may be related to the

higher demand for sugars used as carbon skeletons for the cell wall

polysaccharides synthesis. Indeed, an increase in cell wall synthesis is

observed during the transition from primary-to-secondary growth in

the vascular system of the floral stem. At the tissue level in the inflo-

rescence stem, Shi et al. (2021) identified transcripts present either in

the phloem cap, pith, or VB (Figure 4). While no indication of expres-

sion of SWEET8, SWEET9, SWEET15, SUC7, SUC8, SUC9, STP2, STP10,

PMT1, PMT2, INT3, and ESL3.03 was found in this survey, few genes

were identified as preferentially expressed in the VBs, including

SWEET1, SWEET12, SWEET13 and SWEET14, PMT4, PMT6, INT4,

TST1, ESL3.07, ESL2.01, ERDL11, ESL3.04, and ERDL3.13 (Figure 4).

Moreover, 10 sugar transporter genes were up-regulated in the pith

compared to the VB, i.e. STP3, STP4, STP7, INT2, ESL3.08, ESL1.01,

ESL3.01, ERDL11, ESL2.03, and ESL3.14 (Figure 4), which raises the

question of the role of the pith in the stem regarding sugar storage or

sequestration. Could this tissue be important in maintaining sugar

homeostasis in normal conditions or in response to modifications of

the environmental conditions? The study of Shi et al. (2021) also pro-

vides data at the cell-specific level by using fluorescence-activated

nucleus sorting coupled with next-generation RNA sequencing. The

interrogation of this dataset only identified SWEET11 and ESL3.11 as

significantly enriched in fiber cells (NST3pro-positive nuclei) and early

xylem vessels (VND7pro-positive nuclei), respectively.

The SAM and the embryo are connected to the surrounding tis-

sues by plasmodesmata (Kim et al., 2005; Kitagawa & Jackson, 2017;

Stadler et al., 2005). It has been shown that symplasmic transport

plays a key role in delivering phloem mobile sugars in the SAM (Gisel

et al., 1999, 2002). Nonetheless, regarding the expression of sugar

transport-related genes in provascular cells in the SAM or the embryo,

few were significantly enriched in the vascular cell population com-

pared to the L2 cell layer (i.e. STP1, SUC2, PMT3, ESL2.01, SWEET11,

SWEET12, SWEET13, and SWEET14 (Yadav et al., 2014). Some of

them were confirmed by the recent study of SAM cell lineages

(Zhang, Chen, & Wang, 2021), in phloem lineages cells, including

SWEET11, SWEET12 and SUC2, in xylem lineage cells, namely

SWEET17 (belonging to a tracheary element [TE]-specific cluster),

SUC1 and PMT3, while STP1 was shown to be enriched in dividing

cells. The presence of these sugar transporters in the SAM should be

tempered. In both studies, the SAM samples also include leaf

primordia that likely contain provascular cells and protophloem and

protoxylem. Nonetheless, several genes coding for sugar transporters

(i.e. ESL3.07, ESL2.02, ERDL9, ESL3.11, ERDL11, ESL3.10, ERDL3.13,

INT4, SUC1, SUC4, SWEET1, SWEET2, SWEET14, and SWEET17) were

also identified as potential targets of REPLUMLESS TF, which is spe-

cifically expressed in the central and rib zones of the SAM (Andrés

et al., 2015; Bencivenga et al., 2016). Since SWEET17 codes for a

fructose-specific tonoplastic transporter, its expression in meriste-

matic cell populations related to differentiating TE raises the question

of the importance of fructose exchanges between cytosol and vacuole

during this process. Similarly, the early expression of SWEET11,

SWEET12, and SUC2 in meristematic cell populations related to differ-

entiating phloem indicates that sugar loading could be operational at

very early developmental stages. In Arabidopsis, the expression of

SUC2 in the vascular system of inflorescence apices and floral pri-

mordia (Goetz et al., 2021) supports the idea that SUC2 could partici-

pate in sucrose retrieval in differentiating protophloem (transport

phloem in that case) (Gould et al., 2012). The presence of SWEET11

and SWEET12 transcripts, also part of the phloem complex, may

also reflect their participation in this process. Interestingly, in

the survey of genes expressed in the embryo (Kao et al., 2021),

the expression of several genes was enriched in the vascular

initials, including STP1, STP12, ERDL4/ESL1.01, SUC1, TMT2, and

SWEET7. The presence of genes coding for the plasma membrane

monosaccharide transporters STP1, STP12 and SWEET7 (Boorer

et al., 1994; Rottmann et al., 2018; Zhang, Wang, et al., 2021)

raised the question of the role of hexoses in embryo development.

Similarly, the presence of ESL1.01 and TMT2 in these datasets,

both coding for tonoplast-localized transporters, likely respectively

exporting monosaccharides or importing sucrose via an antiport

mechanism (Jung et al., 2015; Niño-González et al., 2019;

Schulz et al., 2011; Wormit et al., 2006), suggests a tight control of

cytosolic sugar signal in the embryo.

Altogether, this analysis indicates that several members of the

ERDL/ESL, PMT, and STP transporters families as well as SUC1, SUC4,

SWEET1, SWEET4, SWEET11-14 have a preferential expression in the

vascular initials or vascular tissues, as shown by different approaches

and at various stages of specification or differentiation of vascular

cells; however, the function of most of them is unknown.

F IGURE 3 Genes involved in sugar transport and signaling are
differentially expressed in the inflorescence stem. Venn diagram
comparing the genes differentially expressed during stem
development in the following databases: (Ehlting et al., 2005; Hall &
Ellis, 2013; Vanholme et al., 2012). Genes involved in sugar transport
are colored in blue, sugar metabolism in black and sugar signaling
in red
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5 | FACTORS ACTING IN SUGAR
SIGNALING IDENTIFIED IN THE
VASCULATURE AND POTENTIALLY
INVOLVED IN ITS DEVELOPMENT/
FUNCTIONING

Several sugar-signaling genes were found in the companion cells clus-

ter in mature leaves, including SUS1, TPS1, TPPJ, and SUC2 (Kim

et al., 2021). In phloem parenchyma and phloem-cambium-xylem

interface clusters, we also found TPS1, TPPE, and TPPH genes,

together with SWEET11/SWEET12. In the cluster assigned to phloem

and xylem parenchyma cells, we found TPS1, TPS5, TPPE, and TPPH.

Furthermore, the expression of TPPE was enriched in xylem paren-

chyma cells cluster. The preferential expression in the vascular paren-

chyma cells of several genes related to the T6P signaling suggests an

unsuspected role of the signaling pathway in the xylem parenchyma.

Phloem parenchyma transfer cells have recently been proposed to

work as a central hub for controlling phloem loading (Wei

et al., 2021). However, the function of xylem parenchyma is still

poorly understood.

In the transcriptome surveys of Arabidopsis inflorescence stem

during its development, we also found TPS8, TPS9, TPS10, SUS1,

SUS4, SnRK2.2, and FBPase commonly expressed in the three datasets

(Ehlting et al., 2005; Hall & Ellis, 2013; Vanholme et al., 2012)

(Figure 3). In addition, the study of Vanholme et al. (2012) identified

HXK1 in a cluster enriched in genes related to the primary metabolism

and cells with high metabolic rate, while SUS1, TPS10 and ESL3.10

were identified in a cluster gathering genes related to secondary cell

wall development. Some of these genes were confirmed by the recent

study of Shi et al. (2021) (Figure 4). Interestingly, several members of

the TPP family were found to be preferentially expressed in the VB

(including the phloem cap) compared to the pith (i.e. TPPA, TPPB,

TPPD, TPPG, TPPJ, and TPPH) (Figure 4). In addition, TPS5 and TPPI

were enriched in fiber cells (NST3pro-positive nuclei) and the proximal

cambium/xylem interface (PXYpro-positive nuclei), respectively (Shi

et al., 2021).

F IGURE 4 Overview of the genes involved in sugar transport and signaling linked to the vascular system development. In the different
sketches, the phloem is colored in purple, the xylem in orange and the interfascicular fibers in gray. CC, companion cells; CZ, central zone; PC,
procambium; Ph, phloem; PP, phloem parenchyma; RZ, rib zone; SAM, shoot apical meristem; SE, sieve element; TE, tracheary element; VB,
vascular bundle; XP, xylem parenchyma; Xy, xylem. Genes involved in sugar transport are colored in blue, sugar metabolism in black and sugar
signaling in red
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In the survey of genes expressed in the embryo (Kao et al., 2021),

the expression of nine genes was enriched in the vascular initials,

namely TPS1, TPS6, TPPI, TOR, HXK1, HXK2, LST8-1, AtRaptor1 and

AtRaptor2. On the other hand, in the survey done on the SAM, the

expression of TPS1 and TPS5 appeared enriched in vascular cell

populations compared to the L2 cell layer (Yadav et al., 2014). In SAM

cell subpopulations (Zhang, Chen, & Wang, 2021), the expression of

TPS1, TPPH, TPPJ was enriched in phloem lineages cells, while the

expression of SUS5 was enriched in a sieve-element (SE) specific clus-

ter. Consistently, the accumulation of SUS5 was recently confirmed in

immature and mature phloem SE (Yao et al., 2020). Both works per-

formed by Yadav et al. (2014) and Zhang, Chen, and Wang (2021)

highlighted an enrichment of TPS1. In agreement with this result,

TPS1 has a confirmed expression in the SAM rib zone and the sub-

tending provasculature and in the leaf and stem vasculature (Fichtner

et al., 2021). In addition, modification of T6P levels in the vasculature,

especially through the action of TPS1, is involved in the regulation of

shoot branching (Fichtner et al., 2021). These findings support a key

role of TPS1 (and T6P) in vascular system development (Fichtner

et al., 2020). Interestingly, five genes linked to T6P signaling compo-

nents (i.e. TPPA, TPPE, TPPH, TPPI, TPPJ), in addition to TPS1 and

SUS3, were also identified as targets of RPL during shoot morphogen-

esis in the SAM rib zone, which potentially overlap with vascular ini-

tials (Bencivenga et al., 2016). Together with the data obtained at the

cell-specific level in the SAM, these findings confirm that the regula-

tion of sugar signaling via the T6P pathway and the sugar exchanges

at both the intracellular and intercellular levels are important at the

early stages of the vascular system differentiation. Interestingly, we

currently lack functional characterization, including spatio-temporal

localization data for most of these genes.

6 | CONCLUSIONS AND PERSPECTIVES

Exploring recent transcriptomics datasets produced at the organ, tis-

sue, and cell level of Arabidopsis shoot and describing expression data

in vascular cells now provide a more comprehensive view of the genes

involved in sugar transport and signaling (Figure 4). It offers new evi-

dence in Arabidopsis thaliana for a role of sugars in vasculature forma-

tion or functioning: (1) a spatio-temporal specificity of the expression

of genes related to sugar transport in vascular cells during develop-

ment; (2) a spatio-temporal specificity of the expression of genes

related to sugar signaling, in vascular cells during development; (3) a

co-regulation of genes involved in sugar transport and signaling with

factors associated with the differentiation of vascular cells; (4) a regu-

lation by sucrose, glucose or both of several key factors involved in

the vascular formation.

To progress in this area, an important issue that should be

addressed in Arabidopsis is the local concentration of sugars on both

sides of the (pro)cambium, creating potentially a gradient of sucrose,

glucose and fructose in the floral stem but also the leaf and the apical

meristems, as described in the hypocotyl of castor bean and the stem

of poplar and scot pine (Abreu et al., 2020; Roach et al., 2017; Uggla

et al., 2001; Verscht et al., 2006). Nonetheless, the presence of sev-

eral proteins, which transport sugars along the concentration gradient

and are expressed in the vascular system, is consistent with the exis-

tence of a gradation in sugar contents either between vascular cells or

between subcellular compartments in these cells (apoplasm, vacuole,

or cytosol).

In addition, it is worth mentioning that plasmodesmata also con-

tribute to the cell-to-cell transport of sugars and that a complete

scheme should integrate both pathways (i.e. apoplasmic and

symplasmic). Especially, the symplasmic transport plays a key role in

delivering phloem-mobile sugars to root/SAM and developing leaves

(Gisel et al., 1999, 2002; Ross-Elliott et al., 2017; Schulz, 2005). It

probably also contributes, together with the apoplasmic transport, to

the release of sugars from the vasculature to the adjacent tissues in

stems and roots (van Bel, 2021). Noticeably, Kim et al. (2021) identi-

fied several genes coding for plasmodesmal proteins in leaves

(e.g. PLASMODESMATA-LOCATED PROTEIN and MULTIPLE C2

DOMAINS AND TRANSMEMBRANE REGION PROTEIN), whose role

in regulating symplasmic sugar transport still need to be elucidated.

Further, our study highlights the need for new approaches to dis-

criminate the metabolic role of sugars from their signaling role in the vas-

cular tissues in which sugars are abundant. It should be emphasized that

we did not analyze the role of other sugars, such as fructose, which

emerges as an additional signal molecule in the regulation of plant devel-

opment (Aubry et al., 2022; Stein & Granot, 2018; Valifard et al., 2021).

Strikingly, we found very little evidence for the role of genes

related to the TOR/SnRK signaling pathways during vascular develop-

ment, except in the vascular initials of the embryo, suggesting that tran-

scriptional regulation of these genes does not occur in these tissues. In

contrast, many genes related to the T6P signaling, including TPS and

TPP, were enriched in vascular cell initials in the SAM and across the

stem development (Figures 3 and 4). Systematic analysis of Arabidopsis

mutants defective in the expression of TPS and TPP genes will provide

new clues about their role in vascular system development. In addition,

our analysis identified new candidate genes (e.g. ERDL/ESL, STP, and

SWEET) coding for sugar transporters that could also be important to

study in terms of vasculature development and functioning.

To conclude, these data support the hypothesis of regulation by

sucrose or glucose of several TFs involved in vascular development,

suggesting that variations of intracellular or intercellular sugars con-

tents could impact fine the vascular system development. However,

we do not know whether similar conclusions could be drawn in roots,

for which the symplasmic sugar transport likely plays a more signifi-

cant role than in the inflorescence stem or leaf. Further metadata

analysis will have to be performed to explore this issue.
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