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A key question in biology is to understand how interspecies morphological

diversities originate. Plant roots present a huge interspecific phenotypical

variability, mostly because roots largely contribute to adaptation to different

kinds of soils. One example is the interspecific cortex layer number variabil-

ity, spanning from one to several. Here, we review the latest advances in the

understanding of the mechanisms expanding and/or restricting cortical

layer number in Arabidopsis thaliana and their involvement in cortex pattern

variability among multi-cortical layered species such as Cardamine hirsuta or

Oryza sativa.
1. Introduction
How different morphologies originate in nature is a fundamental question in

biology. Researchers in evolutionary developmental biology are trying to

shed light on the molecular mechanisms underlying the differences in shape

and anatomy that allow organisms to cope with the large diversity of environ-

ments on land. In this view, one challenge is the identification of feasible model

systems to study differences in development. A breakthrough approach to iso-

late the genetic mechanisms at the basis of phenotypical differences is the use of

comparative studies [1–3]. Most of the success of this strategy consists in the

identification of genetic differences underlying phenotypical diversity over a

short evolutionary scale, such as differences in gene activity and/or expression.

Plant roots represent an ideal model system for comparative anatomy

studies: (i) plant root anatomy largely varies among species; and (ii) roots are

transparent and have simple anatomy, allowing fine and precise microscopy

analysis of differences in anatomical traits between plant species. The roots of

most plants have a radial symmetry and can be represented by a series of con-

centric cylinders. Briefly, the outer cylinder represents the epidermis, and the

inner cylinders represent the cortex layer(s), the endodermis, the pericycle

and the vascular bundle [4,5]. Cortex(es) and the endodermis form all together

the ground tissue (GT) (figure 1) [4,5]. All root tissues originate from a set of

initials/stem cells located in specialized region at the tip of the root, called

root apical meristem (RAM) [6–8].

The extraordinary diffusion of plants in multiple different environments is

partly due to the fundamental role of roots in anchoring plants to soil and

allowing the uptake of water and nutrients. Root cortical tissue plays a funda-

mental role in permitting plants to cope with a variety of environments. In

plants living in wet soils, such as rice, the control of water/air ratio is deter-

mined by the formation of the aerenchyma, a specialized tissue derived from

root cortex secondary growth [9]. In plants such as turnip or horseradish

living in adverse weather conditions, root cortex originates storage parench-

yma, a tissue where simple carbohydrates are converted in starch [9]. In

legumes such as Medicago sativa and truncatula, the dedifferentiation processes

of cortex cells give rise to the symbiotic nodule, where the symbiosis with nitro-

gen-fixing rhyzobia takes place [10,11]. Moreover, it was recently shown that

plants such as Arabidopsis thaliana and Hakea actites uptake proteins from soil
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Figure 1. GT cell fate in different species. Cartoon representing longitudinal sections of (a) Arabidopsis thaliana, (b) Cardamine hirsuta, (c) Raphanus sativum,
(d ) Brachypodium distachyon, (e) Oryza sativa and ( f ) Pisum sativum root meristem. Abbreviations in colour key at top of figure: end, endodermis; cor, cortex;
CEM, mixed cortex and endodermis identity cell. Note that the number of cortex layers varies among species.
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and transfer them into cortex as nitrogen source [12]. Hence,

modulating the number of cortical layers, plants can model

their resistance to stresses and changes in the environment;

therefore, the understanding of the molecular mechanism

controlling cortex layer number is of primary interest in

plant biology.

Cortex origin and architecture largely vary depending on

the phyletic origin (monocots versus dicots) and on the type

of RAM: open RAM is characterized by the absence of

boundaries between specific tissues in the growing tip and

closed RAM has distinct boundaries between apical regions

that can be identified [13,14]. Some species of plants present-

ing a closed RAM (e.g. the model system A. thaliana) have one

cortex layer at seedling stage, whereas some other species

show multiple cortical layers (e.g. Cardamine hirsuta, Rapha-
nus sativus, Hordeum vulgare, Brachypodium distachyon or

Oryza sativa; figure 1) [15,16]. Furthermore, cortical layer

number can also vary in the same organism. Arabidopsis
acquires one cortex layer more, called middle cortex (MC),

during development [17,18], whereas O. sativa shows a com-

plicated cortex layer number pattern: rice embryo primary

roots (radicule) show five cortex layers, whereas the lateral

and crown roots show a variable number between 1 and 10

[15,19,20]. In species presenting an open meristem such as

Pisum sativum (pea), there are no specific tiers of cortical initi-

als [21]. Morphological analysis suggests that cortical initials

in pea are distributed in continuous layers located over the

columella [13] (figure 1).

Such interspecific variability of cortex layer number epit-

omizes an extraordinary resource for comparative anatomy

studies. The tremendous technological advance of recent

years made more approachable research on a huge variety

of model systems, enhancing the knowledge on root pattern-

ing. In this review, we aim to shed light on the differences in

molecular pathways subtending GT variability among
species based on (i) the most recent advances in understand-

ing the GT patterning in Arabidopsis and (ii) the latest findings

in understanding the mechanisms controlling cortical layer

number in Arabidopsis close and distant relatives.
2. Root cortex patterning in Arabidopsis
The GT (cortex and the endodermis) originates from the

RAM, a region located at the tip of the root where a set of

self-renewing stem cells divide producing all the root tissues.

In Arabidopsis, a stem cell, called cortex endodermis initial

(CEI), gives rise to the GT (figure 2). An asymmetric anticli-

nal division of CEI gives rise to a self-renewed stem cell

(CEI) and to a daughter cell (CEID) (figure 2). Subsequently,

a periclinal division occurs in the CEID generating endoder-

mis and cortex [4] (figure 2). The CEID periclinal division

occurs already in late embryo development, determining

the formation of an embryonic cortex and endodermis and,

therefore, defining the tissue organization of the primary

root [4]. During post-embryonic development, an additional

periclinal division occurs in the meristematic endodermis

giving rise to a novel cortex layer, the MC [17] (figure 2).

(a) A genetic network controls endodermis and cortex
patterning

In recent years, several genetic pathways controlling the

CEID periclinal division have been discovered in Arabidopsis.

GRAS family transcription factors SHORT-ROOT (SHR) and

SCARECROW (SCR) are the main fate determinant of the GT,

as suggested by monolayered GT in shr and scr mutants

[22,23]. Consistent with their fundamental role in GT devel-

opment, SHR is expressed in the vascular tissue, but moves

to the CEI, CEID and endodermis via plasmodesmata (PD)
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Figure 2. Model depicting the main pathways contributing to asymmetric cell division in Arabidopsis root. (a) Cartoon representing Arabidopsis CEI and endodermis
and cortex. In Arabidopsis CEI (in green), a SHR/SCR complex promotes ACD via activation of CYCD6;1 (CYCD6;1). High levels of Auxin (IAA) in the CEI contribute to
CYCD6 activation, whereas CYCD6 inactivates RBR, promoting SCR activity. In the endodermis cells (light blue), RBR binds to SCR inhibiting cell division, whereas SHR
instructs endodermis fate. In the cortex (yellow), SCZ promotes cortex fate and inhibits endodermis identity. SHR/SCR complex promotes miR165/6 expression
restricting PHB to the stele. (b) Nomarski differential contrast interference image depicting 10 days after germination of Arabidopsis root meristem. GT cells
are coloured: green (CEI), light blue (endodermis), yellow (cortex), white (QC), purple (MC). (c) Cartoon representing Arabidopsis endodermis and MC. In Arabidopsis
endodermis (light blue), SCR/LHP1 complex inhibits division. When MC ( purple) is forming, SCR in complex with SHR induces CYCD6 and, hence, ACD. SCL3, a target
of SCR and GA, inhibits ACD and sustains GA activity. GA inhibits ACD (dashed line).
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[24–27], whereas SCR is expressed in the CEI, CEID and

endodermis, and sequesters SHR to the nucleus in those

cells [22,24].

In the CEID, SHR directly activates SCR, increasing its

expression and regulating the periclinal division of the

CEID [28–31] (figure 2). Once that SCR sequesters SHR to

the nucleus, they form an active transcriptional complex

and together they regulate CEID division promoting the

expression of CYCLIND6;1 (CYCD6;1) [29,30]. The SHR/

SCR complex induces the expression of the BIRD Zinc

finger proteins NUTCRACKER (NUT), JACKDAW (JKD),

MAGPIE (MGP) and BALDIBIS (BIB) that act in concert

with SCR to reduce SHR movements, thus establishing and

maintaining the boundaries between stele and GT [26,30,32].

SHR/SCR module controls also the CEI to CEID tran-

sition acting via a bi-stable circuit that integrates radial and

longitudinal information and regulates cell cycle progression

[28,32–34].

Indeed, SCR directly interacts with the orthologue of the

animal cell cycle regulator RETINOBLASTOMA-RELATED

(RBR) protein. The RBR/SCR/SHR interaction reduces SHR/

SCR complex formation and hence inhibits CEI division [32].

The molecular mechanism guiding the periclinal division of

the CEID relies on the negative activity of the CYCD6;1 on

RBR: CYCD6;1 mediates RBR phosphorylation, and hence

its inactivation. CEID asymmetric cell division (ACD) and

GT fate specification depend also on hormone activity. The

longitudinal gradient of auxin, a plant hormone with morpho-

gen-like characteristics [35], positively influences CYCD6;1
transcription supporting SHR/SCR complex formation and

RBR phosphorylation. Subsequently, the decreased auxin

levels reduce CYCD6;1 expression, allowing RBR to negatively

regulate cell division and sustaining the acquirement of cortical

and endodermal cell fate.

Interestingly, whereas SHR is required for determining

endodermis specification, SCR is not involved in this process;

indeed, scr monolayered GT shows both cortical and endo-

dermal identity, whereas the shr one shows only cortex

identity. Recently, it has been proposed that SHR promotes

the expression of genes involved in Casparian strip formation

independently of SCR, confirming the central role of SHR in

determining endodermis identity [36].

Recent findings have also involved auxin in GT initiation

during embryogenesis, as the auxin-dependent transcription

factor MONOPTEROS (MP/AUXIN RESPONSIVE FACTOR

5/ARF5) promotes the establishment of the GT acting directly

on the progenitor cells of the GT [37]. Intriguingly, MP does

not require SHR/SCR module for initiating the GT,

suggesting that these genes are involved mostly in the regu-

lation of the formative divisions of a pre-formed GT layer

rather than in the formation of this tissue. Further studies

will be required to elucidate the molecular factors through

which MP regulates GT initiation. Also, Moller et al. [37]

suggest that MP activity is necessary for promoting SHR
and SCR expression, as those genes are strongly downregu-

lated in mp mutants, thus involving auxin also in the

maintenance of GT patterning. Nonetheless, lack of the GT

itself in mp mutants makes it difficult to understand whether
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(b) Restriction mechanism of ground tissue proliferation
The genetic mechanisms described above are necessary and

sufficient to initiate and maintain formative divisions. Never-

theless, other independent mechanisms determine the

confinement of the GT and fate division. One of the best-

known transcription factors involved in GT fate separation

is SCHIZORIZA (SCZ). SCZ is a transcription factor

member of the Heat Shock family genes necessary for root

cell fate separation and cortex identity (figure 2), as scz
loss-of-function mutants show extra layers in the root expres-

sing both epidermal, endodermal and cortical markers,

whereas SCZ overexpressors show ectopic cortex identity

specification [38,39]. Expression of SCZ in the cortex is suffi-

cient to rescue the cortex extra layer formation in scz mutant

background, suggesting that SCZ is required for cortex cell

fate specification [39]. Future studies will help to clarify

how SCZ controls fate separation and define cortex identity.

microRNAs (miRs), small RNA fragments acting as a

repressor, have largely been linked to the GT patterning

[40–42]. Mutants in genes involved in miRs biogenesis and

function, such as HYPONASTIC LEAVES (HYL1) and ARGO-
NAUTE1 (AGO1) involved in miRNA cleavage and target

recognition, respectively, exhibit additional layers in the GT

[41,43], suggesting an active role for miRs in GT boundary

definition. In Arabidopsis microRNA165/6 family, members

regulate the spatial distribution of HD-ZIPIII (HOMEO-

DOMAIN LEUCINE ZIPPER III) family transcription factors

such as PHABULOSA (PHB) and PHAVOLUTA (PHV).

miR165/6/PHB/PHV module is involved in GT develop-

ment, as transgenics with reduced miR165/6 activity and

miR165/6 insensitive PHB and PHV mutants show

additional cortical layers. It was shown that SHR regulates

the expression of the four miR165/6 loci expressed in the

GT (figure 2) [40]. Once produced in this tissue, miR165/6

migrates towards the stele via PD generating a radial gradient

with a maximum in the GT and a minimum in the stele [40].

This movement results in a miR165/6 dose-dependent restric-

tion of PHB expression that specify both xylem differentiation

and GT patterning (figure 2) [40,41]. The SHR-dependent

miR165/6 expression does not rule out the possibility of a par-

allel activity of miR165/6 to SHR and SCR in GT specification

as residual expression of miR165/6 is detectable in shr mutant

root [40–42]. Identification of additional components regulat-

ing miR165/6 in the GT will permit to better clarify the

involvement of these genes in GT development. Moreover,

it has been shown that PHB modulates CYCD6;1 expression

independently on SHR [43]. Nevertheless, how the two

pathways interact in the GT patterning is still an object of study.

Interestingly, small signalling molecules, such as peptides,

also contribute to boundaries formation via robust tran-

scription factor activity confinement [44]. In root, CLV3/

EMBRYO SURROUNDING REGION-RELATED (CLE) pep-

tides control root meristem size as their ectopic applications

cause root meristem size reductions and additional cortical

layer production [45]. PUB4, a plant U-box E3 ubiquitin

ligase, was isolated as a downstream factor of CLV peptides

in controlling ACDs timing [46]. Hence, cortical layer

number restriction is based on the establishment and mainten-

ance of positional information whose variation leads to a GT
patterning alteration. How all those mechanisms interact is

still a matter of discussion.
(c) Mechanisms controlling middle cortex development
In Arabidopsis, an additional cortex layer, called MC for its

anatomical position, is formed between 7 and 10 days after

germination [17,18,47]. Instead of originating from a peri-

clinal division occurring in the CEID, the MC originates

from a periclinal asynchronous division of an endodermis

cell far from the QC. This division gives rise to a new layer

with cortex identity [17] (figure 2).

SHR and SCR play a major role in MC formation, despite

acting antagonistically in this context [15,18,48]. SHR-

dependent reactivation of CYCD6;1 in the endodermis is

necessary and sufficient to drive a formative endodermal div-

ision that will give rise to the MC (figure 2) [29]. On the

contrary, SCR represses MC development (figure 2), as

shown by in scr hypomorphic mutants [18].

Interestingly, SCR presents a dichotomous behaviour

depending on its different interactors in the CEI and MC.

In MC development, the interaction between SCR and the

chromodomain-containing protein LIKE HETEROCHRO-

MATIN PROTEIN1 (LHP1) determines the repression of the

ACD in the GT responsible for MC formation. In accordance,

lhp1 mutants show premature formation of the second longi-

tudinal ACD similarly to scr mutants and several SHR/SCR

targets are repressed by this gene. Hence, SCR might

induce or repress formative divisions depending on the

amount of SCR interacting with SHR or with LHP1, respect-

ively [49]. Interestingly, LHP1 might act both as a positive

and negative regulator, as in the shoot it promotes the

expression of the auxin synthesis gene YUCCA4 [50].

Recent findings have shown that other epigenetic factors are

also involved in GT development, for example the histone

deacetylase (HDAC) family HDA19 interacts with SCR in

the CEI and thus affects cortical cell fate [51]. LHP1 and

HDA19 involvement in GT patterning highlights the major

contribution of epigenetic regulation in post-embryonic devel-

opment. In future, it will be interesting to understand how

epigenetic control interferes with patterning, and whether it

is related to plant ageing and/or growth environment.

Among the specific mechanisms for MC development, the

plant hormone gibberellin (GA) was found to have a signifi-

cant role in MC formation timing. Indeed, GA treatments are

sufficient to delay the formative division of the endodermis

from which the MC originates, whereas plants treated with

the GA inhibitor Paclobutrazol show premature formation

of MC [18,49]. SCR/SHR and GA pathways convey on the

regulation of the transcriptional regulator SCARECROW
LIKE 3 (SCL3) in MC development. Indeed, SCL3 is activated

by SHR/SCR and repressed by GA [28,52] (figure 2). Interest-

ingly, SCL3 regulates positively GA activity, controlling the

timing of MC formation (figure 2).

Recently, a vacuolar sorting protein involved in protein

recycling and interacting with SHR, SHRUBBY (SHBY), was

shown to play a role in integrating SCR/SHR and GA path-

ways [53]. SHBY inhibits SHR activity in the MC and

positively regulates GA signalling via an unidentified mech-

anism, preventing the formative division generating the MC

[53]. This interesting finding suggests that MC formation is

not only subject to a tight transcriptional regulation, but it

is also finely regulated by protein turnover.
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An interesting case in MC patterning is represented by the

role of SPINDLY (SPY). SPY is an O-linked glucosamine acet-

yltransferase with GA response–repressive functions [54].

Although spy mutants present high GA levels, premature

MC formation can be observed in this background [52].

Because SPY homologues in animals interact with histone

deacetylase [55], recent theories posit that SPY might control

MC formation epigenetically. Nevertheless, the lack of direct

evidence of SPY involvement in epigenetic MC control does

not exclude the possibility of additional molecular pathways

controlled by SPY. For instance, it was recently shown that

SPY has a role in maintaining cellular redox homeostasis

and that oxidative stress induces MC formation [56]. In par-

ticular, premature MC formation in the spy mutant is

suppressed by a reducing agent, while it is induced by

H2O2 treatment [54]. This suggests that the increase in the

number of cortex layers is a developmental response to oxi-

dative stress. In this way, this regulation of cortex

proliferation would result in a protective response carried

out by plants to limit the entry of harmful elements and

maintain a healthy redox state of the cell. In accordance,

spy mutant is more tolerant to high salt concentration in the

soil [57], supporting the idea that the cortex contributes to

counteracting soil-based abiotic stress [58].

(d) Mechanisms of cortex proliferation in species with
multiple cortex layer

In nature cortex, proliferation represents a chance for plants

to adapt to their ecological niches. In rice roots, overexpres-

sion of the NAC domain protein NAC10 results in

enhanced root diameter due to increased cortical, epidermal

and stele size. Intriguingly, those plants are better adapted

to stress than the wild-type ones, most probably thanks to

their cortical system [55]. Most of the species, from ferns to

angiosperms, present several cortical layers. The additional

formative divisions, at the basis of those multiple cortex

layer formation, happen in precise positions early in develop-

ment [13]. As the model system Arabidopsis develops only one

cortical layer, the isolation of a feasible model system for mul-

tiple cortex layer development is mandatory. In O. sativa, the

most diffused monocot model system, root architecture, is

compounded by a series of adventitious roots, called crown

roots, surrounding a primary root (radicule), carrying several

lateral roots [56]. All the roots of rice present similar anatomy

with the exception of different cortex layer number (one in

the lateral roots and over 10 in the crown roots) [15,20,59].

In the rice stem cell niche, the CEI gives rise to the epidermis

and the CEID. An additional formative division of the CEID

originates endodermis and cortex [15]. Subsequently, other

periclinal asymmetric divisions occur, giving rise to multiple

cortex layers [15]. Usage of immunohistochemical markers

suggests a different identity of inner and outer rice cortical

layers [20]. Future studies will clarify the physiological and

developmental differences among the two tissues.

In recent years, several findings have suggested an active

role for SHR in cortical layer number determination in rice.

Two orthologues of SHR and SCR are present in the rice

genome. In situ hybridization and two hybrid system exper-

iments on these genes support the idea that the OsSHR/

SCR module controls endodermis development similarly

to Arabidopsis, where SHR movements are limited to the

endodermis by the interaction with SCR determining the
identity of this tissue [28,60]. Nevertheless, it is still debated

whether SHR plays a central role in cortical layer number.

Corroborating this hypothesis, OsSHR2 or a B. distachyon
orthologue of SHR (BdSHR) in Arabidopsis is sufficient to gen-

erate extra layers with cortex identity in Arabidopsis [61]. In

Arabidopsis, OsSHR1/OsSHR2/BdSHR moves from the stele

to the cortex, triggering the SCR/CYCD6;1 circuit and,

hence, causing extra divisions in the GT [61]. Moreover, trans-

genic rice plants overexpressing SHR show an increase in

outer cortical layer number [62]. Immunolocalizations of

SHR2 in rice have shown that SHR2 protein is detectable in

both endodermis and outer cortical layers. These data suggest

that SHR might play a key role in multi-layered cortical pat-

terning; nevertheless, the lack of OsSHR1/2 and OsSCR1/2

mutants and tissue-specific complementation makes it diffi-

cult to understand the specific role of SHR/SCR in rice GT

development.

(e) Cardamine hirsuta, a model system for comparative
development studies: a future perspective

The usage of closely related species has emerged as a success-

ful strategy to understand the molecular differences that

underline interspecific variability [1,63–65]. Among the

close relative of Arabidopsis exhibiting multiple cortical

layers, C. hirsuta represents a breakthrough in our under-

standing of the genetic basis of root anatomical diversity. In

recent years, Cardamine emerged as a powerful system to

identify molecular mechanisms at the base of biological

diversity in leaf morphology and petal and fruit development

[66–73]. Cardamine suits most of the characteristic of a model

system. It is diploid, it possesses a completely sequenced and

annotated small genome (196 mega bases) [74,75], it is self-

compatible and it has a short life cycle (about four months)

[74]. Cardamine can be transformed via Agrobacterium tumefa-
ciens-based floral dip methodology with a high efficiency

[74]. The readiness of the genetic tractability of Cardamine per-

mits the exploitation of genetic screens and gene expression

analysis and manipulation. Cardamine and Arabidopsis present

several morphological divergent traits in the root [74]. Macro-

scopically, Cardamine primary root emerges from seed and

produces several adventitious roots about 6 days after germi-

nation. Microscopically, Cardamine primary root presents

anatomical traits divergent from Arabidopsis such as root mer-

istem size, statoliths distribution and number of cortical

layers [74]. Accurate analysis of Cardamine root GT patterning

demonstrated that Cardamine show two cortical layers (an

outer and an inner one) originating from a developmental

domain of mix cortex and endodermis identity (CEM)

absent in Arabidopsis. In this species, the CEI firstly divides

asymmetrically giving rise to a cortex layer and a CEM that

subsequently divides periclinally originating the endodermis

and an inner cortex (figure 2b) [43]. The Cardamine inner and

outer cortical layers are patterned by stereotypical division

happening during embryogenesis. We recently found out

that HD-ZIPIII members pattern Cardamine GT. In Cardamine,

as in Arabidopsis, five loci encoding five HD-ZIPIII transcrip-

tion factors (ChPHABULOSA; ChPHAVALUTA;

ChCORONA; ChREVOLUTA; ChHB8) are present. As in

Arabidopsis, their expression is modulated by the activity of

miR165/6. In Cardamine, knockdown of those transcription

factors results in the absence of the inner cortical layer,

suggesting that the activity of those genes is necessary for
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Cardamine additional cortex formation [43]. Intriguingly, in

Cardamine, miR165/6 activity is low in the CEM, generating

a broader expression domain of PHB that is therefore

expressed in this tissue [43]. As in Arabidopsis PHB directs

CYCD6;1 expression, it is tempting to speculate that PHB

directs formative divisions enriching Cardamine GT anatomy

via cell cycle regulation. However, further studies will eluci-

date how PHB and the other HD-ZIPIII are involved in

Cardamine GT patterning. Also, it will be interesting to

understand whether HD-ZIPIII are necessary for CEM for-

mation or whether their function is required only for

formative division regulation in the CEM. Future research

will shed light on the conservation of both patterning and

molecular processes underlying GT variability. Whether

the development of multiple cortical layers in plants is

dependent on the presence of additional stem cells, CEM

or both is still a matter for discussion. One possibility is

that in species showing several cortical layers, the outer

cortex depends on the activity of extra stem cells, whereas

the inner cortical layer originates from CEM (figure 1).

From this perspective, different molecular mechanisms

might act in controlling cortex proliferation. On the one

hand, SHR/SCR circuit might regulate additional CEI

activity, hence, generating the outer layers; on the other

hand, HD-ZIPIII might regulate additional divisions of the
inner cortical layers. This hypothesis is also supported by

recent findings showing that overexpression of SHR in rice

leads to an increment in outer cortical layer formation

[62]. Hence, it is fundamental to understand how SHR/

SCR and HD-ZIPIIIs coordinate their activity to determine

plant cortical layer variability. More studies on novel root

monocot and dicot model system showing multiple cortical

layers will permit to better elucidate the mechanisms at the

basis of the variability of cortex patterning. Also, whether

the knowledge acquired by studying close meristem species

such as rice and Cardamine is applicable also in open

meristem species such as pea is still completely unexplored.
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