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Abstract

Vascular tissues serve a dual function in plants providing both physical support as well as
controlling the transport of nutrients, water, hormones and other small signaling molecules. Xylem
tissues transport water from root to shoot; phloem tissues transfer photosynthates from shoot

to root; while divisions of the (pro)cambium increase the number of xylem and phloem cells.
Although vascular development constitutes a continuous process from primary growth in the early
embryo and meristem regions to secondary growth in the mature plant organs, it can be artificially
separated into distinct processes including cell type specification, proliferation, patterning and
differentiation. In this review, we focus our attention to how hormonal signals orchestrate the
molecular regulation of vascular development in the Arabidopsis thaliana primary root meristem.
Although auxin and cytokinin have taken center stage in this aspect since their discovery, other
hormones including brassinosteroids, abscisic acid and jasmonic acid are also taking up leading
roles during vascular development. All these hormonal cues synergistically or antagonistically
participate in the development of vascular tissues, forming a complex hormonal control network.
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Introduction

Over the course of hundreds of millions of years, multicellular land plants evolved from
a green algal ancestor (Strother and Foster, 2021; Woudenberg et al., 2022). During this
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evolutionary process, the acquisition of a long distance transporting system contributed to
the ability of land plants to escape the constraints of their aquatic environment and grow
taller than ever before. This transporting system consisting of water- and food-conducting
cells is best studied in the vascular plant lineage (tracheophytes) where these tissues

are known as xylem and phloem tissues respectively. Despite the enormous diversity in
shape and size of transporting tissues in tracheophytes, most of our knowledge on the
molecular pathways that control vascular tissue development comes from the study of
Arabidopsis thaliana. Here, vascular tissues are initially formed during the early globular
stage of embryogenesis from four inner procambium precursor cells (Scheres et al.,

1994). Additional rounds of oriented divisions eventually generate all the cell types of
xylem, phloem and (pro)cambium in both the root and hypocotyl. Vascular tissues in

the shoot however, originate from the shoot apical meristem (Weigel and Jiirgens, 2002).

A characteristic diarch patterning is found in the primary and lateral root meristems,
characterized by a central xylem axis flanked by two phloem poles and intervening
procambium (Figure 1). This well described organization is however rather specific to root
meristems, as the patterning in other organs or even the same organ but in a different
development stage varies dramatically. For example, in roots undergoing secondary growth,
concentric rings are observed of xylem, cambium and phloem (Baum et a/., 2002; Ragni and
Greb, 2018). Leaf vascular tissues are organized with xylem on the adaxial side and phloem
on the abaxial side (De Rybel et al., 2016; Scarpella and Meijer, 2004).

Over the past decades, our understanding of the key molecular regulators that control
vascular development has been steadily increasing by applying biochemical, genetic and
genomic strategies. In many cases, connections to hormonal signals as indispensable
regulatory factors in vascular development have been revealed (reviewed in (Cho et al,
2017; Dettmer et al., 2009; Ramachandran et a/., 2020)). Although a role for auxin

and cytokinin in virtually all aspects of vascular development has been clear from the
moment these hormones were identified and described (Agusti and Blazquez, 2020; De
Rybel et al., 2016; Smet and De Rybel, 2016), important roles for other hormones in
vascular development are also being discovered. These hormones also rarely act alone and
their signaling pathways intersect in an intricate hormonal network controlling vascular
development. Given the complex nature of these interactions, we will focus our attention to
the hormonal control of vascular development during primary root meristem development in
Arabidopsis thaliana.

cytokinin: the yin and yang of vascular development

The role of auxin and cytokinin is intimately connected to virtually all developmental
processes. It is thus no surprise that most of the literature dealing with hormonal control
of vascular development implicates these two main phytohormones. Here, we will discuss
the most important events during the development of vascular tissues in a chronological
order from specification of vascular identity, touching upon proliferation and patterning,
and ending with differentiation of specialized structures to fulfil both the transporting and
structural support function of these tissues.
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Specification of vascular identity during early embryogenesis

Cells with a vascular identity are first specified during the globular stage of embryogenesis.
The four provascular initial cells each undergo an oriented cell division which generates

the ground tissue layer (which will later split up into cortex and endodermis) and

the pre-provascular tissues. Another round of oriented divisions generates the pericycle

and the provascular cells (De Rybel et al., 2013; Scheres et al., 1994; Yoshida et al.,

2014). Mutations in MONOPTEROS/AUXIN RESPONSE FACTOR 5 (MP/ARF5) and its
inhibitor BODENLOS/INDOLE-3-ACETIC ACID INDUCIBLE 12 (BDL/IAA12) lead to
abnormal division orientation in the provascular initial cells (Berleth and Jurgens, 1993;
Hardtke and Berleth, 1998). A similar phenotype is observed in PIN-FORMED (PIN) family
mutants, which fail to form a correct auxin gradient during early embryo development
(Friml et al., 2003). As such, auxin signaling and transport are critically required to
overwrite the default division rule, thus allowing asymmetric divisions which create the
provascular initial cells. An initially broad MP expression domain gets gradually confined to
the vascular region, which is consistent with the auxin response maximum produced by PIN
mediated auxin concentration (Friml et a/, 2003; Hardtke and Berleth, 1998). Moreover,
MP expression can be activated by auxin and P/NZ expression is reduced in mp, suggest a
positive feedback loop between auxin, PIN and MP to create a stable auxin maximum in

the provascular tissues during embryogenesis (Schlereth et af, 2010; Weijers et al., 2006;
Wenzel et al., 2007).

Although defects in vascular specification are mostly associated with auxin-related mutants,
it is to be expected that similar effects will be found in cytokinin-related mutants given the
tight interaction between auxin and cytokinin during vascular development.

An auxin/cytokinin interplay controls vascular cell proliferation and patterning

Cytokinin perception and signaling play key roles during cell proliferation and patterning.
The wooden leg (wol) mutant defective in the gene encoding for the cytokinin receptor
ARABIDOPSIS HISTIDINE KINASE 4 (AHK4, also known as CYTOKININ RESPONSE
1(CREZ1)), exhibits a strong reduction in the number of vascular cell files which all
differentiate as protoxylem (Mahonen et al., 2000; Scheres et al., 1995). Similar phenotypes
are found in arabidopsis response regulator (arr1, 10, 12) triple mutants (Argyros et al.,
2008; Yokoyama et al., 2007) involved in cytokinin signaling, and higher order mutations in
LONELY GUY (LOG) family members defective in the final step of cytokinin biosynthesis
(De Rybel et al,, 2014). Auxin interacts with these factors via inducing the MP-dependent
basic helix-loop—helix (bHLH) transcription factor TARGET OF MONOPTEROS 5
(7MOb5) (Schlereth et al., 2010). TMO5is first expressed in the four provascular initial
cells (De Rybel et al., 2014; Schlereth et al., 2010), where it is sufficient to rescue the
provascular defects found in mp (De Rybel et al, 2013). TMO5 and its close homologs
form heterodimeric complexes with members from another bHLH subclade consisting

of LONESOME HIGHWAY (LHW) and its close homologs. The TMOS5/LHW dimer is
both required and sufficient to trigger periclinal and radial cell division activity, and as

such controls meristem width (De Rybel et af., 2013; Ohashi-Ito et a/., 2013; Ohashi-Ito

et al., 2014). The TMOS5/LHW dimers directly bind to the promoter regions of LOGS3,
LOG4and BETA GLUCOSIDASE 44 (BGLU44) (De Rybel et al., 2014; Ohashi-Ito et
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al,, 2014), thereby increasing the levels of active cytokinin in the xylem axis (Figure 1).
This xylem-derived cytokinin was proposed to influence the root hair responses in the
epidermis upon phosphate limiting conditions (Wendrich et al.,, 2020). Moreover, different
TMOS/LHW heterodimer complex variations are suggested to perform the cytokinin
biosynthesis inducing activity throughout the plant body in all meristem regions, not just

in the root apical meristem (Mor et al., 2022). In the primary root meristem, TMOS5/LHW is
restricted to the xylem axis (De Rybel et al,, 2013). As such, the active cytokinin produced
in these xylem cells is thought to diffuse to the neighboring procambium cells. Here, it
triggers cell proliferation together with cytokinin delivered to these cells by the phloem
tissues (Bishopp et a/., 2011b). Auxin and cytokinin thus establish a mutually excluding
negative feedback loop forming distinct domains of hormone responses with high cytokinin
signaling in the procambium cells and high auxin signaling in the central xylem axis in
order to correctly pattern the vascular cylinder (Bishopp et al,, 2011a; De Rybel et al., 2014;
Ohashi-Ito et al.,, 2014). This auxin response maximum in the xylem axis is maintained

by cytokinin-mediated effects on P/ expression and their subcellular localization. Indeed,
PIN expression is reduced and PIN1 polarity is affected in cytokinin receptor mutants
(Bishopp et al., 2011a; Marhavy et al., 2011; Marhavy et al., 2014) (Figure 1). Moreover, the
class 111 homeodomain-leucine zipper (HD-ZIP 111) transcription factor REVOLUTA (REV),
was found to directly promote the expression of auxin influx carriers AUX1, LAXZ, and
LAX3(Baima et al., 2014). The triple auxZ /axI /ax2 mutant displayed aberrant protoxylem
formation (el-Showk et al., 2015), indicating that both auxin efflux and influx are required
to maintain the auxin maximum in the xylem axis. Additionally, the auxin-induced TMO5-
LIKEL/LHW (T5L1/LHW) heterodimer induces expression of AHP6 in the protoxylem and
adjacent pericycle cells, where it antagonizes cytokinin signaling and maintains protoxylem
identity (Mahonen et al., 2006; Ohashi-Ito et al,, 2014). Conversely, AHP6 expression was
suppressed by cytokinin signaling via FUMONISIN B1-RESISTANT12 (FBR12), which
encodes a eukaryotic translation initiation factor 5A (Ren et al., 2013) (Figure 1).

TMOS/LHW finetunes its own activity by inducing expression of repressors of the dimer
activity. As a first example, SUPPRESSOR OF ACAULIS 51(SAC51) and SAC51-LIKE
(SACL) homologs form alternative heterodimers with LHW, thereby competing with TMO5
for the binding to LHW and repressing TMOS5/LHW dimer activity (Katayama et af., 2015;
\era-Sirera et al., 2015). The SACL factors themselves are controlled by the MP-dependent
thermospermine synthase ACAULIS5 (ACL5) which represses the inhibitory action of
upstream Open Reading Frames (UORFs) onto the main ORF of SACL genes (Katayama

et al,, 2015; Vera-Sirera et al., 2015). MYB12is another example where TMO5/LHW
induces expression of its own repressors. The cytokinin-dependent MYB12 interacts with
TMOS5 and reduces expression of TMOS5/LHW target genes, resulting in a second negative
feed-back loop to ensure optimal TMOS5/LHW levels during vascular proliferation (Wybouw
et al., 2023). Finally, T5L1/LHW induces expression of YUCCA4 (YUC4), a key auxin
biosynthesis gene. Conversely, auxin biosynthesis is required for maintaining the expression
levels of T5L1 and LHW in order to initiate xylem development (Ohashi-Ito et a/., 2019)
(Figure 1). As such, local auxin biosynthesis also forms a positive feedback loop for fine-
tuning the level of T5L1/LHW dimers.
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Downstream of TMO5/LHW, the cytokinin inducible DOF-type transcription factor DOF2.1
is also sufficient to trigger ectopic cell proliferation. Loss of function of the non-mobile
DOF2.1 and its two close homologs TMO6 and DOF6 reduces the number of a specific
subset of outer procambium vascular cell files (Smet et a/., 2019). Expression of related
mobile DOF-type transcription factors collectively called PHLOEM EARLY DOF (PEAR)
genes is induced by cytokinin and the respective proteins diffuse through plasmodesmata
forming a short-range concentration gradient that peaks at the protophloem sieve elements
(SE) and induces periclinal divisions in and around the phloem pole SE (Miyashima et al.,
2019) (Figure 1). SUPPRESSOR OF MAX2 1-LIKE3 (SMXL3) was found to be a direct
target of PEAR and is expressed in the phloem pole and surrounding procambium cells.
Ectopic overexpression of SMXL3 was also able to induce periclinal cell division in the
vascular bundle (Miyashima et al., 2019). Besides controlling proliferation, PEAR proteins
also seem to regulate division orientation to promote protophloem SE lineage bifurcation via
RHO OF PLANTS (ROP) GTPase signaling by inducing two protophloem expressed ROP
Guanine nucleotide Exchange Factors, ROPGEF3 and ROPGEF5 (Roszak et al., 2021).

In addition, both expression and movement of PEAR proteins are antagonized by members
of the HD-ZIP 111 proteins: PHABULOSA (PHB), PHAVOLUTA (PHV), REV, CORONA
(CNA)/ATHB15 and ARABIDOPSIS THALIANA HOMEOBOX 8 (ATHBS) (Baima et af.,
1995; Carlsbecker et al., 2010). Triple mutants show ectopic protoxylem partly replacing
metaxylem, and mutants lacking all five HD-ZIP 111 transcription factors fail to differentiate
xylem (Carlsbecker et al., 2010). HD-Z/P /11 expression in the phloem pole SE is promoted
by PEAR proteins, thus creating a negative-feedback loop which instructs robust boundaries
between dividing an non-dividing cells in the phloem pole (Miyashima et al., 2019) (Figure
1). As such, cytokinin induces members of the DOF-type transcription factor family, which
control cell proliferation in distinct subdomains of the vascular bundle in a cell autonomous
(DOF2.1, (Smet et al.,, 2019)) and cell non-autonomous (PEARS, (Miyashima et a/., 2019))
manner.

Furthermore, HD-ZIP 11/ expression is concentrated in the central vascular domain by
activity of miRNA165/166 (Carlsbecker et al., 2010; Muller et al.,, 2016; Muraro et al.,
2014; Schlereth et al., 2010; Ursache et al., 2014). Vascular expressed SHORT ROOT
(SHR) moves towards the endodermis, where it is sequestered into the nucleus by binding

to SCRAECROW (SCR). This activates expression of miRNA165/166 (Carlsbecker et al.,
2010; Cui et al., 2007; Helariutta et a/., 2000; Nakajima et a/., 2001). The endodermis
synthesized miRNA165/166 diffuses to create an inward gradient, resulting in high miRNA
concentrations at the periphery of the xylem axis in the protoxylem positions and low level
in the central metaxylem position. These miRNAs degrade the HD-ZIP 11 family transcripts
and as such define protoxylem and metaxylem positions (Carlsbecker et al., 2010; Lee et al.,
2006) (Figure 1). Auxin biosynthesis is required for HD-ZIP 111-mediated xylem patterning,
as defects in metaxylem development were observed in auxin biosynthesis mutants (Ursache
et al., 2014). Furthermore, PHB induces expression of AMPand its inhibitors /JAAZ20and
IAA30 (Muller et al., 2016). Since MP also directly regulates expression of /AA20 (Krogan
et al., 2014), this forms a feed-forward loop that stabilizes the auxin response during
vascular patterning and the differentiation of xylem cell types (Muller et al., 2016). SHR was
more recently also shown to be a direct target of TMOS5/LHW (Yang et al,, 2021). SHR is
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hypothesized to move to the neighboring procambium cells, where it binds to the promoter
region of CYTOKININ OXIDASE 3 (CKX3) and activates its expression (Cui et al., 2011;
Hao and Cui, 2012). This cytokinin degrading enzyme counteracts the increase in active
cytokinin levels via the LOG3/4 and BGLU44 enzymes which are also under TMO5/LHW
control in order to achieve optimal levels of active cytokinin in the vascular cells, allowing
normal cell proliferation (Yang ef al., 2021) (Figure 1).

A pair of transcription factors, AT-HOOK MOTIF NUCLEAR LOCALIZED PROTEIN 3
(AHL3) and AHL4, have been reported to be involved in the regulation of vascular tissue
boundaries in Arabidopsis root. Mutants show a misspecification of tissue boundaries with
ectopic xylem being formed in the procambium domain. As AHL4 was showed to be
cytokinin inducible and exogenous application of cytokinin abolished extra protoxylem in
ahl4-1 mutants, these results suggest that cytokinin plays an important role in controlling
tissue boundaries partially via, or parallel to, these AT-HOOK mediated pathway (Zhou

et al, 2013). In addition, the cytokinin-induced GATA-type transcription factor HANABA
TARANU (HAN) was shown to finetune the proliferation position and frequency in the
vascular bundle together with B-type ARRSs. It is suggested that this activity shapes the
mechanical stresses in the vascular bundle and help to control tissue boundaries (Fujiwara et
al.,, 2023).

Auxin and cytokinin regulate vascular differentiation

In order to become functional as transporting tissues, xylem and phloem cells undergo
drastic morphological changes accompanied with the formation of tissue-specific secondary
cell walls. The process in which xylem cells differentiate into tracheary elements (TE)

and phloem cells into SE is highly controlled by molecular networks and peptide-receptor
interactions (reviewed in (Blob et a/,, 2018; Heo et al, 2017; Ruonala et af., 2017; Sun et
al., 2022)). The typical feature of TE differentiation is programmed cell death, which occurs
after secondary cell wall deposition, when unknown signals induce rupture of the tonoplast
membrane and cessation of cytoplasmic flow (Escamez and Tuominen, 2014). During SE
differentiation, cells enucleate and lose most of their organelles while they interconnect
through generating sieve plates (Heo et al, 2017). SE remain alive by establishing multiple
cytoplasmic connections through plasmodesmata with the neighboring companion cells (Lee
and Frank, 2018). Although the transcriptional networks controlling the different steps of
xylem differentiation are well known, the link to auxin control remains sparse. As one
example, plants overexpressing the auxin-inducible TS5L1/LHW heterodimer show ectopic
TE differentiation in various root tissues, similar to that of the ac/5 mutant (Katayama et al.,
2015; Vera-Sirera et al., 2015). ACLS5 was found to negatively regulate TE differentiation by
inhibiting programmed cell death (Muniz et a/., 2008).

Recently, the role of auxin and cytokinin in SE differentiation have become more clear
and we will thus focus our attention to this topic. The MY B-type transcription factor
ALTERED PHLOEM DEVELOPMENT (APL) plays an important role in promoting
phloem differentiation and inhibiting xylem differentiation during vascular development
(Bonke et al., 2003) (Figure 1). The cytokinin dependent PEAR proteins were recently
shown to directly promote APL expression, while PLETHORA (PLT) transcription factors
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repress APL expression (Roszak ef al., 2021). The auxin-dependent PLT1 shows a gradient
with highest expression in the stem cell niche. As such, the auxin gradient in the root apical
meristem instructs PLT and PEAR transcription factors to antagonistically control the zone
of APL expression leading to SE differentiation (Roszak et al., 2021).

Another important hormonal controlled regulator in SE is BREVIS RADIX (BRX),

which co-localizes with PIN proteins at the rootward end of protophloem SE cells
(Marhava et al., 2018; Scacchi et al., 2009; Scacchi et al., 2010). BRX-mediated
protophloem differentiation antagonizes the pathway regulated by CLAVATA 3/EMBRYO
SURROUNDING REGION 45 (CLE45) and its receptor BARELY ANY MERISTEM3
(BAM3) (Breda et al., 2019; Depuydt et al., 2013; Rodriguez-Villalon et al., 2014).

Auxin induces BRX transcription via MP, but negatively regulates BRX protein abundance
and plasma-membrane localization (Mouchel et al., 2006; Scacchi et al., 2009). The
D6PK/D6PKL-related kinase PROTEIN KINASE ASSOCIATED WITH BRX (PAX) was
identified as interactor of BRX (Marhava et al., 2018). D6PK-family kinases can activate
auxin efflux by mediating PIN phosphorylation (Weller et al., 2017; Zourelidou et al.,
2014). This activity is dampened by BRX (Marhava et al., 2018). PAX is required for
efficient BRX plasma-membrane localization, but auxin negatively regulates this process
and promote PAX activity in a dynamic steady state equilibrium. This ensures a fine-tuned
PIN activity to modulate auxin flux through the developing protophloem cell file which is
required for protophloem SE differentiation (Marhava et a/., 2018). Fitting with this, brx
and pax mutants display discontinuous protophloem strand (Marhava et a/., 2018; Moret
et al., 2020). These “gap” cells created by discontinuous differentiation of protophloem
are not random and can be explained by a fate-determining bi-stability generated by

auxin competition between neighboring cells (Moret et al., 2020). Cytokinin antagonizes
the auxin effect on BRX activity in developing protophloem cells. Both cytokinin and
auxin induce SHORT HYPOCOTYL 2 (SHY?2) expression (Abel et al.,, 1995; loio et

al., 2008), an AUXIN/INDOLE-ACETIC ACID (AUX/IAA) that negatively regulates the
activity of AUXIN RESPONSE FACTORS (ARFs). Interestingly, BRX is required for
proper SHYZ2expression, reflecting a feedback mechanism on auxin response. As such,
this cross-regulatory antagonism between BRX and SHY?2 might determine ARF activity in
protophloem cells (Scacchi et al., 2010).

Brassinosteroids complete the holy trinity of hormonal control

Brassinosteroids (BR) have also emerged as important hormonal regulators of vascular
patterning and differentiation. This notion has been fueled by the development of an ectopic
induction system for phloem differentiation named Vascular cell Induction culture System
Using Arabidopsis Leaves (VISUAL) (Kondo et a/., 2015). In this system, Arabidopsis leaf
mesophyll cells are reprogrammed into vascular procambium cells, and then differentiate
into xylem TE and phloem SE (Kondo et a/., 2015). In the VISUAL system, auxin and
cytokinin are applied together with a specific GLYCOGEN SYNTHASE KINASE 3 (GSK3)
inhibitor which activates BR signaling called bikinin (De Rybel et a/., 2009) to trigger
vascular differentiation. Although the results obtained using the artificial VISUAL system
need to be validated in the respective endogenous developmental and tissue contexts, as
just one example, NAC20 was identified as a regulator of the master transcription factor
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APL (Kondo et al., 2016). Furthermore, BRI1-EMS-SUPPRESSOR1(BES1) and its closest
homolog BRASSINAZOLE RESISTANT1 (BZR1) were shown to act as key regulators
that, redundantly and positively, regulate both xylem and phloem cell differentiation from
vascular stem cells (Saito ef a/., 2018). By modifying the VISUAL method, a specific
system for inducing companion cell (CC)-like cell differentiation named VISUAL-CC was
developed (Tamaki et al., 2020). A comprehensive gene expression analysis revealed that
GSK3 kinase activity plays an important role in determining the SE/CC ratio, which may
define a cell fate switch during phloem development (Tamaki et al., 2020).

Mutations in BRASSINOSTEROID INSENSITIVEL (BRI1), one of the BR receptors, result
in ectopic xylem formation in procambial positions. This abnormal vascular patterning is
independent from the canonical BR signaling and involves the BRI interacting partner
RECEPTOR-LIKE PROTEIN 44 (RLP44). RLP44 is itself required for expression of the
peptide hormone phytosulfokine (PSK) receptor (Figure 1). PSK signaling is required for
maintenance of procambial cell identity, as mutants in this pathway phenocopy the ectopic
xylem phenotype seen in the briZ mutant. However, the exact mechanisms that BR signaling
uses to mediate vascular patterning in the Arabidopsis root meristem remains obscure
(Holzwart et al., 2018). Arabidopsis plants carrying mutations in three of the BR receptor
kinases BRI1, BRI1-LIKE 1 (BRL1) and BRL3 (br7 triple) display severe patterning

and differentiation defects, including disturbances in protophloem SE differentiation. This
phenotype can however be partially rescued by protophloem-specific BRI1 expression,
suggesting BR perception in the protophloem is required for normal phloem development
(Kang et al., 2017). Interestingly, this rescued phenotype by phloem specific expressed BRI1
is related to the antagonism of CLE45 peptide signaling in the protophloem. Knockout

of CLEA45 perception in the bri triple mutant background can rescue proper phloem
development, although the dwarf phenotype is still retained in such lines, indicating BR-
regulated protophloem differentiation is depended on CLE45/BAMS3 signal pathway (Graeff
et al., 2020)

Loss-of-function mutants in OCTOPUS (OPS) show similar vascular defects as brx (Bauby
et al., 2007; Nagawa et al., 2006). OPS has been suggested to act as an “insulator”

to antagonize CLE45 signals through physical interactions with BAM3, thus promoting
differentiation of developing protophloem (Breda et a/., 2019) (Figure 1). In another

aspect, OPS is also a positive regulator of the BR signaling pathway upstream of the key
transcription factors BES1 and BZR1, which accumulate with unphosphorylated forms in
the nucleus to induce BR responses. BRASSINOSTEROID-INSENSITIVE 2 (BIN2), a
GSK3 that phosphorylates BES1 and BZR1 to induce their degradation, can directly interact
with OPS and be restricted in the plasma membrane. In addition, treatment of bikinin as well
as downstream dominant mutants bes-Dand bzrI-D can rescue the phloem defects of gps
mutants, indicating that OPS antagonizes BIN2 to promote phloem differentiation (Anne et
al, 2015).

The brx mutant root phenotype is due to a root specific deficiency of BR caused

by decreased expression of the BRX-dependent rate-limiting enzyme CONSTITUTIVE
PHOTOMORPHOGENESIS AND DWARF (CPD). Moreover, the application of BR during
embryonic or post-embryonic growth could rescue the 6rx phenotype (Mouchel et al.,
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2006). Further, auxin responsiveness is globally reduced in brx mutants, demonstrating
that BRX-mediated BR levels are rate-limiting for auxin response. Moreover, brx mutants
show enhanced ABA-mediated inhibition of root growth (Rodrigues et al., 2009), BRX
transcription is induced by auxin and suppressed by BR, suggesting that BRX acts at nexus
of multiple hormones, including a feedback loop that controls BR levels to allow for an
optimal auxin response in phloem cells (Mouchel et al., 2006; Rodrigues et al., 2009).

Abscisic acid regulates xylem patterning and differentiation

Exogenous abscisic acid (ABA) application induces supernumerary protoxylem and
metaxylem strands in wild type Arabidopsis roots, whereas this abnormal patterning was
not observed when ABA signaling is compromised. Although the endogenous role of

ABA in vascular development needs more examination, ABA is likely required for proper
xylem patterning (Ramachandran et al., 2018). ABA acts through non-cell-autonomous
signaling as inhibition of ABA signaling in the endodermis cell layer displayed defects

in xylem continuity (Ramachandran et a/, 2018). In the endodermis cell layer, ABA
induces mMiRNA165/166 biosynthesis and at the same time inhibits expression of ZW/LLE/
ARGONAUTE 10(ZLL/AGO10), a suppressor of miR165/166 (Bloch et al., 2019) (Figure
1). As described previously, miRNA165/166 degrades HD-ZIPIII transcripts, forming a
gradient that defines protoxylem and metaxylem positions (Carlsbecker et a/., 2010). In
addition, ABA triggers excessive protoxylem in the metaxylem position via inducing
expression of the transcription factor VASCULAR-RELATED NAC DOMAIN7 (VND7)
(Ramachandran et al., 2021). Together with its close homolog, VNDS6, these plant-specific
NAC-type transcription factors were identified as key transcriptional switches for proto-
and metaxylem cell fate (Kubo et a/, 2005). Additionally, expression of HD-ZIP 111 genes
REVand PHB is negatively regulated by VND7 during protoxylem TE differentiation
(Taylor-Teeples et al., 2015).

In addition to VND6 and VND7, other members of this TF family, including VND1-5, are
also involved in regulating TE differentiation by inducing genes related to secondary cell
wall formation and programmed cell death (Tan et a/,, 2018; Zhou et al., 2014). Moreover,
VND2 and VND3 were identified as positive regulators of metaxylem differentiation in
response to ABA and drought stress (Augstein, 2022; Ramachandran et al., 2021). ABA
treatment and water limitation not only promote xylem cell fate changes but also accelerate
the xylem differentiation rate (Ramachandran et af., 2021).

Jasmonic acid at the nexus of hormone cross-talk

Despite the fact that the role of endogenous JA in xylem development remains poorly
studied, exogenous jasmonic acid (JA) application is able to trigger formation of extra
protoxylem strands in the root of Arabidopsis wild type and JA biosynthetic mutants.
However, this effect is abolished in JA signaling mutants, suggesting that JA responses
play a positive role in regulating xylem development (Jang et a/., 2017). This effect
depends on Arabidopsis amine oxidase (AtAO1) dependent H,0, production (Ghuge

et al., 2015). Intriguingly, JA treatment reduces cytokinin responses in the vasculature
tissues and exogenous cytokinin application counteracts the xylem induction effect of JA.
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At a molecular level, the JA responsive transcription factor MY C2 regulates expression

of ARABIDOPSIS HISTIDINE PHOSPHO-TRANSFER PROTEIN 6 (AHP6), which
suppresses cytokinin-regulated xylem formation (Jang et al., 2017) . As such, JA and
cytokinin signaling act as antagonists in regulating xylem development (Figure 1). Because
drought increases JA and decreases cytokinin responses, drought stress-induced xylem
formation may involve in this antagonistic pathway (Jang and Choi, 2018). Besides

its interaction with the cytokinin signaling pathway, JA reduces PIN7 expression and
overexpression of PIN7 suppressed the formation of extra xylem in response to JA. This
suggests that JA regulation of xylem development also requires polar auxin transport (Jang
et al, 2019). Given the auxin response maximum in the xylem axis is maintained by
cytokinin-mediated effects on PIN expression and their subcellular localization (Bishopp et
al., 2011a; Marhavy et al., 2011; Marhavy et al., 2014), xylem development clearly involves
cross-talk between multiple hormones.

Wait, what about the others?

Outlook

Although clear roles for (gibberellic acid) GA, strigolactones (SL) and ethylene have been
reported for vascular development during secondary growth in Arabidopsis (Agusti et al,
2011; Ben-Targem et al., 2021; Carlsbecker and Augstein, 2021; Etchells et a/, 2012; Hu
et al., 2022; Makila et al., 2022; Ragni et al., 2011; Yang et al., 2020), very little has

been shown for primary vascular development in the Arabidopsis root meristem. In one of
the few reports, xylem development has been shown to be affected by high concentration
of salt, including the formation of additional protoxylem cells; protoxylem gaps and early
differentiation of the inner metaxylem (Augstein and Carlsbecker, 2022). The additional
protoxylem and early inner metaxylem differentiation phenotype are ABA-dependent,
whereas the protoxylem gaps are regulated by GA signaling (Augstein and Carlsbecker,
2022; Ramachandran et al., 2021). As such, GA is a negative regulator of protoxylem
differentiation under high-salt conditions. GA has also been reported as a positive regulator
of procambium cell formation. Light is required for procambium cell formation in the
VISUAL system, but this can be replaced by GA application in dark conditions (Yamazaki
et al., 2018). Although light did not elevate the endogenous GA content, both GA and

light could reduce the accumulation of DELLA proteins, which suppresses procambium cell
formation during vascular development in the VISUAL system (Yamazaki et al., 2018).

In this review, we have summarised the current knowledge of how plant hormones impinge
on the molecular regulators of vascular development. Although auxin and cytokinin have
been the classically described as the main players, recent literature highlights an increasingly
important role for other hormones as well. Our understanding of vascular tissue development
is thus likely to develop into an intricate network of hormonal cross-talk influencing the
molecular players depending on the developmental stage and environmental conditions. This
connects to one of the major unresolved issues in vascular development: the fragmentation
of available information in specific developmental stages, tissues and organs. Given that
vascular tissues form one connected network throughout the plant body and vascular
development is in reality a continuous process, this fragmented data on the function of
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molecular regulators and the hormonal control mechanisms will need to connected at some
point into a holistic model. Untangling this complex regulatory system over multiple tissue
types will require technological advancements in the form of high resolution spatiotemporal
information provided by emerging single cell applications such as single cell and spatial
transcriptomics, metabolomics and proteomics (Seyfferth et al,, 2021).

The plant vascular system transports water, sugars and nutrients throughout the plant body
and generates almost all of the material that makes up wood in trees. Therefore, modifying
the number or type of vascular cells in plants can improve source to sink transport,
biomassproduction to sequester atmospheric CO,, or plant characteristics for producing
bio-fuels. Moreover, specifically modulating xylem characteristics, such as cell number and
size, have been shown to assist plants in coping with drought and other stresses (Arend and
Fromm, 2007; Henry et al., 2012; Prince et al., 2017; Richards and Passioura, 1989; Tang
et al., 2018). As such, vascular characteristics are promising, yet underutilised, targets for
crop breeding or editing efforts. Considering the complex hormonal cross-talk, the mobility
of hormones and molecular players, cell-to-cell communications and multiple feed-back/
feed-forward connections between the molecular regulators underlying these processes; a
multidisciplinary systems biology approach will be required to first understand the system
and then modulate it to create, select or breed plants with optimal characteristics to thrive in
a changing climate.
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Figurel. Hormones control the molecular regulation of vascular development in the primary
root meristem of Arabidopsis.

A cross-section through a primary root meristem is shown (A) illustrating the known
hormones, molecular regulators and their interactions in the phloem (B) and xylem (C)
regions. Hormones are indicated in red; dotted lines illustrate mobility of the hormone or
molecular regulator. Please note that the presence and locations of some regulators and
hormones on the realistic tissue template are not exact to keep the image orderly and

due to space limitations. This image also does not represent accurate hormone levels and
distributions across the tissue for the same reasons.
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