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SUMMARY

Plant post-embryonic development is characterized by the unceasing generation of new tissues and organs 

that allow plants to adapt their growth and architecture to environmental conditions. Primary root indetermi

nate growth is sustained by the activity of the root apical meristem (RAM), an organized structure containing 

stem cells that continuously divide to generate new tissues. RAM, thanks to its simple and symmetric struc

ture, is an excellent system for studying how hormone distributions and interactions regulate growth. Plant 

hormones are pivotal actors in establishing and maintaining RAM patterning, and their developmental out

puts are dependent on their integrated activities. In this review, we discuss recent findings on hormonal 

crosstalk that shapes the root meristem, focusing our attention on both the root radial and longitudinal axes.

INTRODUCTION

Plant hormones are endogenous signals that play a pivotal role in 

coordinating plant indeterminate growth in response to internal 

and external inputs, contributing to a robust but also plastic 

development, necessary to adapt the plant architecture to 

variable environmental conditions.1 Post-embryonically, the 

generation of new structures and organs is due to the activity 

of meristems, organized structures containing stem cells that 

continuously self-renew and produce a population of transit- 

amplifying cells that eventually differentiate and give rise to 

new tissues and organs.2 In this review, we focus on the role of 

hormones in coordinating Arabidopsis thaliana primary root 

growth, which is sustained by the activity of the root apical mer

istem (RAM). The RAM is located at the root tip and has a simple 

structure, and cells of different lineages and developmental 

stages can be easily followed during development, based on 

their cell position, shape, and dimension3,4 (Figure 1). Different 

tissues are distributed in concentric layers with the most external 

tissue, the epidermis, followed by the cortex, endodermis, peri

cycle, and, most internal, the vascular tissues (Figure 1B). 

Apically, the RAM is surrounded by the root cap, composed by 

the columella at the very root tip and the lateral root cap (LRC). 

RAM presents two main developmental axes: the longitudinal 

axis, extending from the root tip through the root-shoot junction, 

and the radial axis, across which different tissues are distributed 

in concentric layers.3,5,6 All root tissues are generated by the ac

tivity of stem cells contained in the stem cell niche (SCN) present 

at the tip. The SCN is composed of an organizer, the quiescent 

center (QC), surrounded by five sets of cell-lineage-specific 

stem cells: the epidermis and LRC initials, cortex and endo

dermis initials (CEIs), pericycle initials, vasculature initials, and 

columella initials3,5,7(Figure 1C). The QC is enveloped by these 

groups of stem cells, and it functions to preserve their stemness 

by cell-to-cell contact.7 Asymmetric and anticlinal divisions of 

stem cells in the RAM generate daughter cells that give rise to 

both the proximodistal and radial axes, through stereotypical di

visions. Tissue organization in concentric layers on the radial axis 

of the root is achieved through periclinal divisions of stem cell 

daughter cells, which leads to the development of tissues with 

distinct identities. Additionally, radial expansion of the root mer

istem is achieved through periclinal divisions, which increase the 

number of procambium cells in the stele, and through tangential 

divisions, which add new cell files to specific tissues.6

Among the longitudinal axes (Figure 1A), cells of different tis

sues show a coordinated developmental stage, generating pro

gressive developmental zones: in the SCN, stem cells divide 

asymmetrically producing a population of transit-amplifying cells 

that undergo a fixed number of divisions along the longitudinal 

axis, forming the meristematic zone (MZ). The MZ is followed 

by the elongation zone (EZ), where cells stop dividing and start 

to elongate longitudinally. In the EZ, the differentiation processes 

begin and are eventually completed in the differentiation zone 

(DZ), where cells develop the lineage-specific characteristics of 

the different root tissues. The boundary between the MZ and 

EZ is the transition zone (TZ), where cells coordinately change 

their cellular state from division to differentiation.3,4 Indeed, 

along the longitudinal axis, the TZ is a fundamental develop

mental boundary, and its positioning is finely tuned to guarantee 

the correct balance between division and differentiation neces

sary to sustain root growth.4,8,9

Hormones are fundamental actors in root patterning, and their 

activity is integrated into a complex network of interactions that 

is dependent on their spatiotemporal distribution.1,10–12 The 

peculiar distribution and site of activity of different hormones 

are achieved through hormone-specific biosynthesis, degrada

tion, transduction, and transport pathways.10,13–15

Different hormones can establish synergistic or antagonistic 

interactions in a context-specific manner. These outputs can 

be achieved through different mechanisms such as, for example, 
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the direct regulation of specific proteins or a common set of 

genes or, more indirectly, by modulating another hormone’s 

metabolism, signal transduction, and transport.1

In this review, we focus on the well-characterized molecular 

pathways that are controlled by auxin, cytokinin (CK), gibberel

lins (GAs), brassinosteroids (BRs), abscisic acid (ABA), and 

ethylene and their role in RAM development in both the longitu

dinal and radial axes.

Hormonal crosstalk among the longitudinal axes

To sustain indeterminate root growth, proliferation, elongation, 

and differentiation processes occurring along the RAM longitudi

nal axis are finely coordinated to maintain the correct balance 

between cell division and differentiation rates.3,16,17 At 5 days 

post-germination, a steady state between division and differen

tiation processes is established, resulting in TZ positioning.17,18

Hormones and their interactions are fundamental for instructing 

and maintaining the molecular networks necessary to establish 

cell activity and root zonation.4,9,18–20

Auxin plays a major role in root patterning and development: 

this hormone shows morphogenetic activities and is shaped in 

a gradient along the longitudinal axis of the RAM. This gradient 

peaks at the SCN, exhibits intermediate levels in the MZ, reaches 

its minimum at the TZ, and rises again in the EZs and DZs8,21,22

(Figure 2B).

It has been shown that the auxin maximum is necessary to po

sition and maintain the activities of the SCN,21,23,24 while the 

auxin minimum is necessary to position and maintain the TZ.8

Auxin distribution depends on PIN-FORMED (PIN) transporters, 

which direct polar auxin flux through the meristem, depending on 

their expression pattern and position in the cell plasma mem

brane. PIN1, PIN3, and PIN7 in the vascular tissues and PIN2 

in the cortex direct auxin through the root tip, whereas PIN2 

from the epidermis cells redirects auxin through the internal 

tissues.22,23 Interestingly, a recent study demonstrated that 

different PIN proteins not only have a specific membrane distri

Figure 1. Representation of the Arabidopsis 

root tip structure 

(A) Representation of a longitudinal section of the 

RAM. The color-coded bar on the left represents 

root zonation among the longitudinal axes: SCN, 

stem cell niche; MZ, meristematic zone; TZ, tran

sition zone; EZ, elongation zone; DZ, differentia

tion zone. Tissues of the root are represented in 

different colors. 

(B) Representation of the radial section in the RAM 

where root tissues, highlighted by different colors, 

are distributed in concentric layers. 

(C) Representation of the SCN of RAM showing 

the QC and the 5 sets of initials that give rise to all 

the root tissues.

bution but also show specific transport 

rates that contribute to the regulation of 

auxin directional flux. For example, PIN2 

shows a slower rate compared to PIN1 

and PIN3. This difference in auxin trans

port rate may be crucial to regulate 

proper auxin distribution through the apex. For instance, the au

thors showed that PIN2 slower transport rate is important for 

root gravitropism, probably as it allows auxin perdurance in 

epidermis cells to direct root bending.25

In shaping the auxin gradient, and thus root zonation, the 

antagonistic interaction of auxin with another hormone, CK, is 

fundamental.9 The auxin-CK antagonistic interaction is well char

acterized (Figure 2B1): CK contributes to the auxin minimum for

mation in the uppermost meristematic cells of the meristem, 

inducing cell differentiation and positioning the TZ.8,9 CK at 

the TZ regulates both auxin transport and degradation by 

activating a two-component signaling pathway that involves 

the ARABIDOPSIS HISTIDINE KINASE 3 (AHK3) CK receptor 

and the primary CK-responsive transcription factor (TF) 

ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1). CK, binding 

to AHK3, prompts a series of phosphorylation events that lead 

to ARR1 activation in the nucleus. ARR1 then directly induces 

the expression of the auxin signaling repressor SHORT 

HYPOCOTYL2/INDOLE-3-ACETIC ACID INDUCIBLE 3 (SHY2/ 

IAA3) in the vasculature of the TZ and the GRETCHEN HAGEN 

3.17 (GH3.17) auxin-conjugating enzyme in the epidermis and 

LRC. SHY2 downregulates PIN1, 3, and 7 in the vasculature, 

thus inhibiting auxin flux in this domain, whereas GH3.17, acting 

specifically from the LRC at the TZ, directs auxin to degradation, 

catalyzing its irreversible conjugation to glutamate.8,9,26 In addi

tion, ARR1, specifically in the LRC, activates the expression of 

PIN5, an auxin intracellular transporter that pumps auxin from 

the cytosol in the endoplasmic reticulum (ER). Thus, the LRC con

trols auxin levels through both GH3.17-mediated degradation and 

PIN5-dependent sequestration in the ER. Indeed, the LRC seems 

to play a prominent role in shaping the auxin gradient, acting as an 

auxin sink that regulates the entire auxin flux through the meri

stem.26 In this way, the ARR1/PINs/GH3.17 networks positions 

an auxin minimum in the last meristematic cells.

In the TZ, CK promotes the expansion of cells entering the EZ, 

providing them the competence to differentiate. Specifically, CK 
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induces pH-dependent cell expansion via ARR1, which induces 

the member of expansin family EXPANSIN A1 (EXPA1) and the 

proton pumps AHA1 and AHA2. EXPA1 is a pH-dependent 

cell-wall-remodeling enzyme, which, in the presence of AHA1 

and AHA2 activity, leads to apoplast acidification and mediates 

cell expansion.27 Furthermore, recent studies have shown that 

CK plays a role in mediating the transition from elongation to dif

ferentiation by inducing growth cessation in upper EZ cells, when 

cells reach their final size. Interestingly, in this region, CK pro

motes cell wall stiffening through the auxin influx carrier AUXIN 

TRANSPORTER PROTEIN 1 (AUX1), suggesting that CK may 

induce growth cessation by facilitating auxin accumulation in 

the last elongating cells.28

The regulation of CK levels is essential for maintaining the cor

rect balance between division and differentiation in the meri

stem,9,17 and its production is therefore finely regulated. CK 

biosynthesis in the meristem is promoted by PHABULOSA 

(PHB), a member of the Class III Homeodomain Leucine 

Zipper TFs (HDZIPIII), which directly induces ISOPENTENYL 

TRANSFERASE 1 and 7 (IPT1 and IPT7) biosynthetic enzymes.29

PHB-mediated CK biosynthesis is sufficient to activate the 

ARR1/PINs module to position the TZ.29 On the other hand, 

ARR1 downregulates both PHB and its inhibitors miR165/6, 

creating a negative incoherent feedforward loop, probably as a 

mechanism to maintain the correct cell differentiation rate.29

Interestingly, the PHB/mir165-166/ARR1 module is also impor

tant for controlling root plastic development in response to 

external stimuli, such as salt stress. Indeed, when plants are 

treated with salt, the levels of miR165/166 decrease, leading to 

an increase in the expression of PHB. The elevated PHB levels, 

in turn, promote the expression of IPTs, resulting in higher CK 

levels, promoting the root meristem shortening.29

Besides the auxin/CK antagonistic interaction, a drop of the 

PLETHORA (PLT) TFs is needed at the TZ to induce cell differen

tiation. PLTs are key determinants of root identity and are ex

pressed from embryogenesis in an auxin-dependent manner. 

Their distribution across the meristem mirrors the auxin gradient, 

and they control root zonation in a dose-dependent manner, 

following the same trend of auxin: high PLT levels in the SCN 

are necessary to maintain stem cell activity, intermediate levels 

promote rapid cell proliferation, and a drop at the TZ is necessary 

to allow cell differentiation.30–32

It has been shown that the mutual inhibition between the PLTs 

and the CK-responsive TFs ARR1 and ARR12 is necessary to 

establish and position the TZ, contributing to root zonation.33,34

During the early stages of root development (Figure 2A), an 
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Figure 2. Hormonal crosstalk along the longitudinal axis 

Representation of the RAM at 3 dpg (growth phase) (A) and 5 dpg (adult meristem) (B) showing the developmental zones highlighted by different colors (SCN in 

red, MZ in yellow, TZ in dark blue, EZ in light blue, and DZ in green). (A) Hormonal interactions involved in meristem expansion. CK, via AHK3, activates ARR12 

enabling early TZ formation. The reciprocal inhibition between PLTs and ARR12 confines their expression at the SCN and at the TZ, respectively. GA inhibits RGA 

thus preventing ARR1 expression and TZ stabilization. In this way, PLT, CK, and GA activities enable meristem expansion. (B) Hormonal interactions involved in 

maintaining meristem activity. In the color-coded boxes are represented the auxin (red/blue to white) and BR (green to white) gradients. (B1) Hormonal in

teractions in division-elongation transition: ethylene interacts with auxin promoting its basipetal transport and biosynthesis to regulate elongation. BRs activate 

auxin biosynthetic genes but repress auxin transcriptional output to finely tune division and elongation processes. (B2) Auxin-CK interaction in TZ positioning: CK 

regulates auxin minimum formation activating ARR1 at the TZ via AHK3. ARR1 activates specifically the TZ, GH3.17, and SHY2 expression, thus inducing auxin 

catabolism and PIN-mediated transport inhibition. A mutual inhibition between PLT2 and ARR1 is also established, maintaining PLT and ARR1 in separate 

domains of activity. (B3) Auxin-BR antagonistic interaction at the QC regulates cell renewal. BRs and auxin show opposite effects on BZR1 nuclear accumulation 

in QC cells: BZR1 enhances its nuclear localization while auxin inhibits it.
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antagonistic ARR12/PLT2 network regulates meristem growth 

and is responsible for early TZ formation: cell divisions lead to a 

PLT drop that enables differentiation processes to start. The 

PLT drop allows ARR12 activation at the TZ, and, in turn, 

ARR12 inhibits PLTs. This reciprocal inhibition regulates meristem 

expansion. TZ positioning depends on ARR1 activation occurring 

at 5 days post-seed germination (dpg): at this time, ARR1 inhibits 

cell-cycle progression by activating the expression of the cell-cy

cle inhibitor KIP-RELATED PROTEIN 2 (KRP2), and the mutual in

hibition between PLT2 and ARR1 is established, maintaining PLT 

and ARR1 in separate activity domains.33,34 This ARR1/PLT 

network (Figure 2B2) enables a stable TZ positioning and contrib

utes to maintain root zonation by separating division and differen

tiation processes.33–35 Also, GAs are a class of hormones involved 

in meristem size setting, acting as positive regulators of meristem 

longitudinal expansion, especially at early stages of RAM 

development, when they are present at high levels to rapidly 

decline between 3 and 5 dpg.14 GAs promote meristem growth 

by repressing ARR1 expression through DELLA PROTEIN 

REPRESSOR OF GA (RGA) degradation (Figure 2A). Conversely, 

when GAs decrease at 5 dpg, RGA levels increase, thus enabling 

ARR1 expression and meristem size setting.18 Moreover, RGA 

stability is also positively regulated by SCARECROW (SCR), a 

TF expressed in the QC and endodermis, which is involved in 

stem cell maintenance and ARR1 repression in the SCN. From 

the endodermis, SCR sustains GA signal directly activating 

SNEEZY (SNE), an F box involved in RGA protein degrada

tion.7,36,37 GAs are also known to be involved in cell proliferation 

control: in particular, GAs accumulate in the endodermis38 and 

control cell proliferation specifically from this tissue by restraining 

the activity of the cell-cycle inhibitors KRP2 and SIAMESE 

(SIM).39,40

In recent years, increasing interest has been directed toward 

dissecting and integrating the roles of BRs in regulating root 

development. Along the longitudinal axis, BRs act in a tissue- 

specific and dose-dependent manner in coordinating root 

zonation.20,41 The spatial distribution of BRs response in the 

RAM was uncovered by evaluating the nuclear accumulation 

of fluorescently tagged BRASSINAZOLE RESISTANT 1 

(BZR1) and BRI1-EMS- SUPPRESSOR 1 (BES) TFs that are 

key effectors of BR signaling pathway. BZR1/BES1 nuclear 

accumulation correlates with BR signaling strength and is 

distributed along the longitudinal axis exhibiting a maximum 

in the epidermis of the EZ and lower levels in the MZ20

(Figure 2A). Concordantly, this BR signaling maximum overlaps 

with the primary site of BR biosynthesis in the RAM.42 The 

graded pattern of BR activity through different developmental 

zones is required for optimal growth, demonstrating a dose- 

dependent effect of BRs on RAM development.20,43 In partic

ular, the presence of high levels and activity of BRs in the EZ 

regulates the correct transition from division to differentiation: 

in the EZ, BRs promote cell longitudinal expansion, regulating 

microtubules orientation and cell wall deposition and remodel

ing.13 Recently, single-cell RNA sequencing approaches were 

used to identify gene regulatory networks controlling BR 

response in the Arabidopsis root with a spatiotemporal resolu

tion. These analyses revealed that BRs are involved in regu

lating the shift from division to elongation by inducing cell- 

wall-related genes in the cortex.44,45 Two TFs, HOMEOBOX 

FROM ARABIDOPSIS THALIANA 7 (HAT7) and GT-2-LIKE 1 

(GTL1), were identified as BR-induced factors along cortex 

developmental trajectories that regulate cell elongation. 

Notably, GTL1 was found to regulate cell-wall-related genes, 

suggesting that BRs control cortex cell wall remodeling during 

cell elongation via this TF.45

In the MZ, BR signaling, arising specifically from the epidermis, 

promotes cell expansion and mitotic activity, acting as a positive 

regulator of meristem size.43 The spatial shaping of BR signaling 

is complementary to auxin distribution, and it has been shown 

that these two hormones exert overall opposite activities in 

RAM development, regulating in opposite directions a common 

set of genes through the different developmental zones.20 How

ever, auxin and BRs show both positive and negative interac

tions (Figure 2B). For example, BRs induce auxin biosynthesis 

in the epidermis and LRC but repress its transcriptional 

output, probably as a feedback mechanism to maintain the cor

rect balance between BR-promoted cell elongation processes 

and auxin-driven division in the meristem19,20 (Figure 2B1). 

Conversely, BRs and auxin show an antagonistic interaction 

in regulating BZR1 nuclear accumulation in the QC, a site 

where BRs were shown to promote QC cell division20,43,46

(Figure 1B3). Specifically, BRs are involved in regulating QC 

cell renewal by inhibiting BRASSINOSTEROIDS AT VASCULAR 

AND ORGANIZING CENTER (BRAVO), a TF factor that 

represses QC divisions. BRs regulate QC division cell-autono

mously by activating the BES1 effector via the membrane BR 

receptor BRASSINOSTEROID INSENSITIVE 1 (BRI1). Subse

quently, BES1 directly represses BRAVO expression.46,47

Among the plant hormones that regulate growth and phys

iology, ethylene and ABA have been found to influence root 

development, particularly through interactions with other 

hormones. Ethylene is a gaseous hormone that negatively 

regulates primary root growth by controlling both cell prolifer

ation and cell elongation.48,49 Specifically, ethylene affects 

meristem activity by inducing irregular divisions in the QC50

and inhibiting cell expansion in epidermal tissue, thus 

reducing cell proliferation in the MZ and affecting cell elonga

tion in the EZ.

In inhibiting cell proliferation and elongation, ethylene acts 

synergistically with auxin by promoting its biosynthesis and 

basipetal transport through the EZ, leading to auxin-depen

dent cell growth inhibition.49,51 Interestingly, ETHYLENE 

INSENSITIVE 3 (EIN3), a key TF in the ethylene response, 

has been found to positively regulate both auxin biosyn

thesis52,53 and basipetal auxin transport via PIN2 modula

tion.54 ABA affects primary root growth in a concentration- 

dependent manner: low ABA levels promote root growth, 

while higher concentrations inhibit it.55 Auxin and ethylene 

mediate the biphasic effect of ABA, with auxin primarily 

driving its promotive effect, while both auxin and ethylene 

contribute to growth inhibition.55 At inhibitory concentrations, 

ABA reduces auxin levels in roots by downregulating transport 

genes such as AUX1 and PINs and inhibiting auxin signaling 

components.55 Additionally, high ABA levels decrease PLT1 

and PLT2 expression.56,57 Ethylene signaling is also required 

for ABA-induced root growth inhibition. In this context, ABA 
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promotes ethylene biosynthesis that mediates root growth 

suppression.58

Hormonal crosstalk among the radial axes

Timing and spatial triggering of periclinal divisions are crucial for 

proper root radial patterning, as they enable formation of tissues 

with distinct identities in specific positions.6,59 This regulation 

also drives radial root expansion by continuously introducing 

new cell files to specific tissues, such as the procambium in 

the stele.60,61 Hence, it is not surprising that the precise crosstalk 

between TFs and different hormonal pathways is fundamental to 

fine-tuning asymmetric cell division during development.

One of the best characterized mechanisms involved in radial 

axis formation is the one generating the cortex and the endo

dermis root tissues. These tissues arise from the CEI, which di

vides first anticlinally to produce a daughter cell (cortex and 

endodermis initial daughter cell, CEID). Then, the CEID divides 

periclinally to generate two distinct tissues with different identi

ties: the cortex and endodermis5,62–65 (Figure 3C). The combina

tion of cortex and endodermis is named ground tissue (GT). In 

Arabidopsis, a molecular network conveying on the regulation 

of SHR and SCR TFs and the cell-cycle regulator CYCLIND6;1 

(CYCD6;1) is crucial to pattern GT.65,66 In this molecular network, 

hormonal interplays largely contribute to regulate SHR/SCR and 

CYCD6; 1 module, which is fundamental to trigger CEID pericli

nal divisions that generate both endodermis and cortex tissues.

In particular, SHR is a mobile intercellular TF that is produced 

in the vasculature of the root and moves outward into adjacent 

cells, including the endodermis, and the CEID. In the CEID, 

SHR induces SCR expression, and together they form a complex 

that induces the expression of CYCD6; 162,65–67 (Figure 3C). The 

interplay between SHR/SCR and CYCD6; 1 constitutes a bista

ble molecular network that position asymmetric cell division in 

the GT. High levels of SHR/SCR heterodimers promotes CEID 

asymmetric cell division inducing high levels of CYCD6; 1, which 

in turn inhibits retinoblastoma-related (RBR) activity via phos

phorylation. On the contrary, low levels of these heterodimers 

diminish CYCD6; 1 activity, thus promoting RBR activity and 

hence blocking asymmetric cell divisions.63 Auxin maximum in 

the SCN defines this bistable circuit as this hormone promotes 

CYCD6; 1 expression, generating a flip flop mechanism between 

CEI, CEID, and CEID daughters.63

Notably, recent findings indicate that low levels of SHR and 

SCR operate at early stages during the cell cycle to alter the 

orientation of the CEID division plane.64 In particular a window 

of sensitivity to these TFs during G1 and early S phases aligns 

with the activity of D-type cyclins, such as CYCD6; 1, in phos

phorylating RBR during the transition from G1 to S phase.63

The activation of these D-type cyclins initiates the bistable 

switch prompting an irreversible progression through mitosis.68

Interestingly, SHR induction cannot initiate formative division 

outside of the meristem, suggesting that SHR alone is not 

enough to independently trigger cell division.64 This might occur 

because of low levels of auxin and/or of SCR outside of the 

meristem.

Additional TFs can induce asymmetric cell divisions in 

the GT by promoting CYCD6; 1 independently of the SHR/SCR 

pathway. One such example is the HDZIPIII member 

PHABULOSA (PHB). This TF indirectly supports CYCD6;1 

expression, as gain-of-function mutants of PHB lead to ectopic 

Figure 3. Model depicting the main path

ways contributing to asymmetric cell divi

sion in Arabidopsis root 

(A) A schematic representation of RAM longitudi

nal section. Different cell types are indicated by 

colors. 

(B) Model of middle cortex formation. miR165/6 

levels decrease at 8 dpg, resulting in higher 

HDZIPIII levels in the vasculature. High HDZIPIII 

levels promote the expression of GA2OX2, which 

in turn causes GA degradation and consequent 

stabilization of GAI proteins in the endodermis, 

essential for the reactivation of CYCD6; 1 and the 

formation of the MC. GAZ, serving as a convergent 

point for the interaction between the ABA and GA 

pathways, plays a role in maintaining a constant 

flux of ABA and GA, which in turn modulates the 

timing of MC formation during GT maturation. 

High levels of GAs at 5 dpg support SHR levels in 

the endodermis, which at high concentrations 

inhibit the activity of CYCD6; 1 and, hence, the 

periclinal division. 

(C) Model of cortex-endodermis formation. In the 

Arabidopsis root, CEI (dark green box) divides 

anticlinally to generate the CEID (light green box); 

an SHR/SCR complex in CEID promotes PD via 

activation of CYCD6; 1. High levels of auxin (IAA) in 

the CEID contribute to CYCD6; 1 activation, whereas CYCD6; 1 inactivates RBR, in turn promoting SCR activity. Besides activating CYCD6; 1, SHR/SCR also 

induce the transcription of miRNA165/6, restricting HDZIPIII expression in the vasculature. As the expression of PHB in the endodermis results in ectopic CYCD6; 

1 activation, some other factor might mediate the PHB-dependent CYCD6; 1 activation. In the endodermis cells (light blue), RBR binds to SCR inhibiting cell 

division, whereas SHR instructs endodermis fate. In the cortex (yellow), SHR/SCR complex promotes miR165/6 expression restricting PHB to the stele.
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CYCD6; 1 activation, triggering additional periclinal divisions in 

the GT59 (Figure 3C). In Arabidopsis, the GT undergoes dynamic 

changes during post-embryonic development. Specifically, be

tween 7 and 10 dpg, a new cortical layer, the middle cortex 

(MC), is formed69 (Figure 3B). This layer originates from sporadic 

asymmetric cell divisions in endodermal cells.62 MC formation 

largely depends on SHR levels; high levels of SHR inhibit MC for

mation, whereas low levels promote that.70 SHR levels in the GT 

are defined by GAs,71 whose physiological level decreased with 

the aging of the root.18,72,73 Several studies have highlighted the 

central role of GAs in regulating the timing of MC formation, with 

high levels of GAs acting as repressor.73–76

Time-dependent GA levels in the root are regulated by PHB 

and its homolog PHAVOLUTA (PHV). The expression of these 

TFs increases in the vasculature at 7 dpg, enhancing the expres

sion of the GA2ox2 gene, which encodes an enzyme involved in 

GA catabolism. This regulation allows PHB and PHV to promote 

MC formation cell non-autonomously, by inducing CYCD6; 1 

expression in MC progenitors75,77 (Figure 3B). Interestingly, the 

time-dependent expression of PHB and PHV is linked to reduced 

miR165 and miR166 levels in the endodermis, which, in turn, are 

regulated by GA levels. Recently it has been suggested that 

regulation of RLK proteins such as ARH1, FEI1, and FEI2 by 

SHR and SCR is also necessary for maintaining high levels of 

GAs during early root development, hence repressing MC 

formation.78

Research indicates that ethylene also plays a significant role in 

regulating radial root patterning, controlling cortical cell prolifer

ation. This gaseous phytohormone, along with GAs and ABA, in

fluences cortex proliferation through complex regulatory mech

anisms. Notably, enhanced ethylene signaling, as observed in 

the eto1 mutant, leads to an anticipated MC phenotype in Arabi

dopsis roots.76

Similarly to GAs, ABA also acts as a suppressor of MC forma

tion in Arabidopsis. Loss-of-function ABA biosynthesis mutants, 

such as aba2-2, display anticipated MC formation, whereas 

exogenous ABA application inhibits periclinal divisions required 

to form the MC layer. This pattern regulation is mediated through 

GA- AND ABA-RESPONSIVE ZINC FINGER (GAZ), a zinc-finger 

TF responsive to both ABA and GAs. GAZ integrates ABA and 

GA signaling to fine-tune the timing of asymmetric cell divisions 

in the GT, ensuring proper root development.74,79

It is suggested that HDZIPIII TFs may contribute to ABA 

biosynthesis: PHB has been shown to directly induce the 

expression of BETA-1,3-GLUCANASE 1 (BG1), which converts 

ABA-glucose ester into bioactive ABA.80 While this has not 

been explicitly demonstrated in roots, it is plausible that a similar 

regulatory mechanism might exists in the GT, where HDZIPIII 

factors could modulate both ABA and GAs levels, thereby influ

encing radial root development. Remarkably, recent studies 

have revealed that asymmetric cell divisions in the root meristem 

are also regulated by miR156 and its targets, the SQUAMOSA 

PROMOTER BINDING PROTEIN-LIKE (SPL) TFs.81 These TFs 

are well known for their role in controlling the transition from ju

venile to adult phases in plants.82 Interestingly, increased 

expression of SPL13—either through misexpression or through 

the repression of miR156—promotes the formation of additional 

cortical layers by triggering periclinal divisions in endodermal 

cells. Conversely, reduced SPL activity, as observed in spl mu

tants or miR156 overexpression lines, suppresses these divi

sions, resulting in the maintenance of a single cortical layer.81

These findings open new avenues for understanding the age- 

dependent regulation of root patterning.

Another important step toward root radial axis establishment 

is the development of the vascular bundle. In Arabidopsis, the 

root vasculature consists of an inner xylem bundle (metaxylem 

in the center and protoxylem aside) with two juxtaposed phloe

matic bundles5 generated by the procambium meristematic tis

sue (Figure 4A).

Procambial cells divide periclinally to increase the number of 

vascular cell files. This developmental process, crucial for gener

ating the correct number of vascular cell files, is regulated by the 

combined activities of various TFs and phytohormones, 

including auxin and CK.

Auxin and CK signals occupy distinct and complementary do

mains: high auxin signaling is necessary for xylem identity cells, 

while adjacent undifferentiated procambial and phloem cells 

exhibit high CK signaling.83,84

During xylem development, auxin elicits the activity of the 

MONOPTEROS (MP) TF. MP directly triggers the activation of 

TARGET OF MONOPTEROS 5 (TMO5) a basic-helix-loop-helix 

(bHLH) TF. Within xylem cells, TMO5 creates heterodimers 

with another TF, called LONESOME HIGHWAY (LHW). The re

sulting TMO5/LHW heterodimers activates transcription of the 

LONELY GUY3 and 4 (LOG3,4) responsible of catalyzing the final 

step of CK biosynthesis.85,86 CK produced locally in the xylem 

diffuses to nearby procambial cells inducing their periclinal divi

sion87 (Figure 4B).

High CK levels in procambial cells regulate and coordinate the 

polar localization of the auxin efflux transporter PIN1, PIN3, and 

PIN7. PIN relocalization directs auxin toward the xylem, ensuring 

a continuous auxin signal in the xylem.84,85,88,89 Even though xy

lem cells serve as a CK source, CK response is precluded in 

these cells. Indeed, MP, activated by auxin, not only activates 

TMO5 but also directly induces the expression of ARABIDOPSIS 

HISTIDINE PHOSPHOTRANSFERASE6 (AHP6), a gene that en

codes for a CK signaling inhibitor (Figure 4B). AHP6 acts cell- 

autonomously to block CK signaling in the protoxylem cells 

(the outermost cell in the primary xylem).84 However, it remains 

unclear whether a similar CK signaling suppressor exists in the 

metaxylem position (the inner cells in the primary xylem).

Several different negative feedback loops limit TMO5/LHW 

activity: TMO5/LHW heterodimers, besides activating the 

LOG3,4 CK biosynthesis genes, also activates transcription of 

SUPPRESSOR OF ACAULIS LIKE (SACL) genes and MYB12, 

both encoding for unusual bHLH proteins.90,91 The SACL pro

teins and MYB12 can form heterodimers with LHW and TMO5, 

respectively. These heterodimers, possessing a different or no 

DNA-binding domain, move on different transcriptional network 

contexts than the TMO5/LHW heterodimers, preventing TMO5/ 

LHW activity.90,91 In the xylem, TMO5/LHW triggers the expres

sion of SHR. SHR moves into adjacent procambial cells to acti

vate transcription of a CK-degrading enzyme, the CYTOKININ 

OXIDASE3 (CKX3) gene (Figure 4B). In this way, the TMO5/ 

LHW heterodimers control CK level in the procambium thus 

contributing to its activity.92
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In addition, there are several other molecular networks that 

control vascular development by acting on CK biosynthesis or 

signaling.

It was recently demonstrated that CK activity in the procam

bium also depends on the expression of the GATA TF, HA

NABA-TARANU (HAN). HAN is induced by CK, but it has a nega

tive role in CK signaling (Figure 4B), potentially by offsetting the 

CK response type-B ARR.93

The radial gradient of HDZIPIIIs is sufficient to pattern xylem 

fate specification, as high HDZPIII levels promote metaxylem 

formation, whereas low levels promote protoxylem. miR165/ 

166 plays a crucial role in patterning this gradient.88 They are 

produced in the endodermis, and from here they move several 

cells away toward the stele, to limit the expression domain of 

the HDZIPIII genes. They, in turn, regulate vascular patterning 

and ensure its proper development.94

To control vascular development, the HDZIPIII-microRNA 

(miRNA) module controls CK activities.84 In the stele, PHB con

trols the biosynthesis and activity of the phytohormone CK 

directly activating the CK biosynthesis gene IPT7 by binding to 

its promoter29 (Figure 4B).

Interestingly, exogenous BR application suppresses the CK 

response in xylem cells. The suppression of xylem cell division 

by BRs is caused by HDZIPIIIs that mediate the transcriptional 

activation of CONSTITUTIVE PHOTOMORPHOGENIC DWARF 

(CPD), a BR biosynthesis gene in the RAM vascular cells95

(Figure 4B). On the other hand, it has been shown that HDZIPIII en

hances CK biosynthesis by increasing IPT7 expression in the root 

TZ.29 These facts point to the existence of strict location-depen

dent regulation of BRs and CK by HDZIPIII TFs even in the RAM.95

This intricate process secures precise control over CK levels 

and response in the xylem and procambium, ensuring the estab

lishment and proliferation of those cell types, which serve as the 

precursors for radial growth.

Hormonal regulation of root development in different 

plants

Hormonal interactions are increasingly well characterized in Ara

bidopsis, but our understanding of these processes remains 

fragmented for other species. The evolution of the root system 

across plant lineages has been shaped by both conserved and 

independently derived developmental mechanisms. Roots are 

believed to have evolved independently in lycophytes and eu

phyllophytes (which include ferns, gymnosperms, and angio

sperms), suggesting that distinct genetic programs were re

cruited to generate similar organ structures.96,97 Despite these 

independent origins, modern vascular plants share fundamental 

regulatory modules, particularly in hormonal control of root 

patterning.98

Generally, in angiosperms, auxin promotes root elongation, 

while CKs inhibit it.98,99 Similarly, GAs promote meristematic 

cell division, whereas ethylene restricts it by reducing bioactive 

GA levels.100 BRs show dose-dependent effects in regulating 

root elongation.101,102

Auxin response factors regulating auxin-mediated gene 

expression and auxin transporters like AUX1 and PINs modu

lating its distribution have been found in many different angio

sperms such as rice, maize, wheat, and Populus.103–112 In mono

cots, PIN family is more expanded compared to Arabidopsis, 

suggesting functional diversification.103

Although most of the discoveries have been made using Ara

bidopsis as a model system, significant insights into the hormon

al regulation of root development have emerged from studies on 

Figure 4. Hormonal crosstalk controlling 

vascular radial patterning 

(A) A schematic representation of a RAM cross- 

section. Different cell types are indicated by colors. 

(B) Model and spatial distribution of hormones/TFs/ 

miRNAs that ensure the correct positioning of 

divisional activity during procambial development. 

High auxin activity in the metaxylem (light-green 

box) leads to local production of CK through the 

TMO5-LHW-LOG4 pathway. In parallel, auxin in

duces HDZIPIII TF expression and IPT7 that help 

increase CK levels in the xylem, so promoting 

periclinal divisions (PDs). Moreover, TMO5/LHW 

heterodimer also induces SHR expression, a mo

bile TF that migrates to the surrounding procambial 

cells (pink box) and promotes the expression of 

CKX3, to control CK levels in this cell type. TMO5/ 

LHW heterodimer level is also controlled by 2 

different negative feedback loops, with one being 

the induction of SACLs, which sequestrate LHW, 

mediated by ACL5 and second MYB12 that phys

ically interact with TMO5. Another negative feed

back loop that regulates hormone level, and spe

cifically CK in the procambium, involves the HAN 

protein, which inhibits the type-B ARR response. 

High CK level in the procambium not only promotes proper cell proliferation by inducing PDs, but also enhances auxin influx into xylem cells by regulating the 

expression of PIN1 and PIN7. Here, locally produced CKs also induce the PD and xylem cell proliferation, but their effect is strongly downregulated by BRs, produced 

by CPD, in turn activated by HDZIPIII and AHP6.
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rice, a key model organism for monocots, showing conserved 

mechanisms.

In rice, CK signaling shares similar two-component 

elements with Arabidopsis, including histidine kinases and phos

photransferase proteins. However, while both possess the same 

types of response regulators, rice exhibits significant lineage-spe

cific expansions, contributing to genome plasticity, allowing func

tional overlap and the potential emergence of new functions.113

In rice, auxin modulates CK levels by suppressing OsIPT7 and 

inducing OsCKX4, while promoting LOG expression to activate 

CKs.114,115 This highlights a conserved auxin-CK interplay in 

angiosperm root development. However, in ferns like Azolla fili

culoides, with a determinate root meristem, CKs promote meri

stem activity while auxin restricts it,116 suggesting evolutionary 

shifts in auxin-CK signaling.

The integration of BR signaling in rice root longitudinal devel

opment has also been investigated. As in Arabidopsis, experi

mental evidence has demonstrated that low BR levels promote 

root elongation, while high concentrations suppress root 

growth.43,101,102,117

Recent studies have elucidated another hormonal interplay 

conserved between rice and Arabidopsis: in rice high ethylene 

production leads to reduced bioactive GA levels, which in 

turn inhibit cell proliferation in the root meristem, gradually 

suppressing primary root elongation. This regulation involves 

the ethylene signaling TF ETHYLENE INSENSITIVE1-LIKE 

(OsEIL1), which activates GA catabolic genes, leading to 

decreased GA activity and subsequent inhibition of meristematic 

cell division.100,118

Root radial axis patterning has been extensively studied in 

rice, which is characterized by multiple cortical layers. In rice, 

the SHR/SCR interaction is conserved,.62,119 Various studies 

suggest that SHR movement is not restricted to the CEI and 

endodermis as in Arabidopsis but extends to the inner cortical 

layers, where it promotes the formation of multiple cortical 

layers by activating CYCD6; 1 expression.120–122 In maize, 

SHR protein has been found to exhibit notable mobility, extend

ing several layers deep into the cortex. Higher-order SHR mu

tants in both maize and Setaria display a reduction in cortical 

layer number formation, highlighting the role of the SHR 

pathway in promoting cortical patterning.123 Interestingly, 

studies in Selaginella moellendorffii, a lycophyte, indicate that, 

while SHR and SCR are present, their interaction and mobility 

differ from their function in seed plants, suggesting modifica

tions in the deployment of this module.124 Similarly, spatial 

transcriptomics in Isoetes, a basal lycophyte, have revealed 

partial conservation of root regulatory networks but with 

distinct hormonal integration.125

Also the regulation of HDZIPIII by miR165/166 is conserved 

across land plants,126 yet species-specific spatial modifications 

generate diverse formative gradients. In Cardamine hirsuta, a 

close relative of Arabidopsis, HDZIPIII TFs contribute to the for

mation of a second cortical layer. Here, the narrower expression 

domain of miR165/166 leads to an expanded PHB activity, high

lighting a key regulatory shift in cortical layer patterning.59

Hormonal crosstalk might be key for functional adaptation of 

roots to the environment. In rice, ethylene is important for radial 

root expansion under mechanical stress. Its accumulation in

duces ABA biosynthesis, which, together with auxin, promotes 

cortical cell expansion and increases root diameter, enabling 

roots to penetrate compacted soil. Mutants deficient in ABA 

biosynthesis fail to undergo radial expansion, highlighting the 

role of ABA-ethylene crosstalk in mechano-adaptive root 

growth.127

CONCLUSIONS

Hormones play a pivotal role in root development, generating a 

complex network of molecular pathways that act and intersect 

along the longitudinal and radial axes.

Hormones can interact, in a spatiotemporal regulated manner, 

at various stages of hormones signaling, by either modulating 

biosynthesis and transport or regulating key TFs.

For instance, CK shapes the auxin gradient among the longitu

dinal axes generating the auxin minimum that triggers cell to dif

ferentiation by inhibiting auxin transport and promoting its 

degradation.8,17 Adding another layer to the regulation of auxin 

levels, BRs positively regulate its biosynthesis in the root outer 

tissues to finely tune the transition from mitotic activity to cell 

expansion.19 Hormonal signaling output frequently converges 

on the fine regulation of key TF activity and localization at spe

cific stages of development. For example, during meristem for

mation, CK-responsive ARRs and auxin-dependent PLTs 

interact and establish mutual inhibition across the different 

phases of RAM development4,34 to regulate the balance from di

vision to differentiation,17 a process that is further modulated by 

GA and BR activity.13,39

Moreover, as exposed in this review, research has elucidated 

how hormonal networks regulate developmental zonation along 

the longitudinal and radial axes, but an integrate view of how 

these hormonal networks intersect to coordinate the develop

ment of the two axes remains elusive. To this aim, computational 

models offer powerful tools to integrate multi-level data and un

cover these intricate processes. Another fundamental aspect is 

that, althogh extensive research has been performed in Arabi

dopsis, studies in other angiosperms have shown that the core 

hormonal framework underlying RAM development remains 

largely conserved. The auxin-CK antagonistic interaction, GA- 

mediated expansion, and the SHR/SCR regulatory module serve 

as fundamental mechanisms across angiosperms. However, the 

mobility of key TFs, hormonal gradients, and environmental 

responsiveness have been evolutionarily tuned to optimize root 

architecture in different species probably according to the envi

ronment in which they evolved. Understanding these variations 

will be crucial for future efforts to enhance crop resilience and 

productivity by exploiting the plasticity of hormonal regulatory 

networks. This comparative approach could reveal evolutionary 

adaptations in root development that are functional to improve 

fitness of crop.
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43. González-Garcı́a, M.-P., Vilarrasa-Blasi, J., Zhiponova, M., Divol, F., 

Mora-Garcı́a, S., Russinova, E., and Caño-Delgado, A.I. (2011). Brassi

nosteroids control meristem size by promoting cell cycle progression in 

Arabidopsis roots. Development 138, 849–859. https://doi.org/10.1242/ 

dev.057331.

44. Graeff, M., Rana, S., Wendrich, J.R., Dorier, J., Eekhout, T., Aliaga Fan

dino, A.C., Guex, N., Bassel, G.W., De Rybel, B., and Hardtke, C.S. 

(2021). A single-cell morpho-transcriptomic map of brassinosteroid ac

tion in the Arabidopsis root. Mol. Plant 14, 1985–1999. https://doi.org/ 

10.1016/j.molp.2021.07.021.

45. Nolan, T.M., Vuka�sinovi�c, N., Hsu, C.-W., Zhang, J., Vanhoutte, I., Sha

han, R., Taylor, I.W., Greenstreet, L., Heitz, M., Afanassiev, A., et al. 

(2023). Brassinosteroid gene regulatory networks at cellular resolution 

in the Arabidopsis root. Science 379, eadf4721. https://doi.org/10. 

1126/science.adf4721.
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Alexiou, K.G., López-Bigas, N., Rivas, S., Jauneau, A., Lohmann, J.U., 

Benfey, P.N., et al. (2014). Regulation of Plant Stem Cell Quiescence 

by a Brassinosteroid Signaling Module. Dev. Cell 30, 36–47. https://doi. 

org/10.1016/j.devcel.2014.05.020.

47. Lozano-Elena, F., Planas-Riverola, A., Vilarrasa-Blasi, J., Schwab, R., 

and Caño-Delgado, A.I. (2018). Paracrine brassinosteroid signaling at 

the stem cell niche controls cellular regeneration. J. Cell Sci. 131, 

jcs204065. https://doi.org/10.1242/jcs.204065.

48. Street, I.H., Aman, S., Zubo, Y., Ramzan, A., Wang, X., Shakeel, S.N., 

Kieber, J.J., and Schaller, G.E. (2015). Ethylene Inhibits Cell Proliferation 

of the Arabidopsis Root Meristem. Plant Physiol. 169, 338–350. https:// 

doi.org/10.1104/pp.15.00415.

49. R�u�zi�cka, K., Ljung, K., Vanneste, S., Podhorská, R., Beeckman, T., Friml, 
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