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ABSTRACT

Adventitious rooting is essential for the survival of numerous species from vascular cryptogams to
monocots, and is required for successful micropropagation. The tissues involved in AR initiation may differ
in planta and in in vitro systems. For example, in Arabidopsis thaliana, ARs originate from the hypocotyl
pericycle in planta and the stem endodermis in in vitro cultured thin cell layers. The formation of
adventitious roots (ARs) depends on numerous factors, among which the hormones, auxin, in particular. In
both primary and lateral roots, growth depends on a functional stem cell niche in the apex, maintained by
an active quiescent center (QC), and involving the expression of genes controlled by auxin and cytokinin.
This review summarizes current knowledge about auxin and cytokinin control on genes involved in the
definition and maintenance of QC, and stem cell niche, in the apex of Arabidopsis ARs in planta and in

longitudinal thin cell layers.
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Introduction
What are the adventitious roots, and what do they do?

Adventitious roots (ARs) are post-embryonic roots formed by
the aerial organs, i.e., stem and leaves, and roots in secondary
structure." ARs are essential for survival in numerous plants,
e.g., cereals. In collaboration with lateral roots (LRs), ARs pro-
vide anchorage to the substrate, water-use efficiency and
extraction of nutrients from the soil, and storage of food
reserves. LRs are post-embryonic as the ARs, but, differently
from the ARs arise from the primary root (PR) pericycle. Both
types of post-embryonic roots are able to form LRs, with this
event further contributing to the development of the root sys-
tem." Moreover, the regulation of LR and/or AR organogenesis
provides a flexible way for plants to alter form and resource
allocation in response to environmental changes or after
injury.” Also the roots formed by in vitro cultured explants are
generally adventitious, and their induction is crucial for suc-
cessful in vitro micropropagation and for breeding programs.>”

Arabidopsis thaliana, today the main model dicot for molec-
ular plant biology studies, forms one/two ARs in planta by the

hypocotyl pericycle cells located at the collet, i.e., the junction
region between the hypocotyl and the PR,® however, mutants
overproducing ARs, e.g., superroot2-1, are well known for this
species.” Arabidopsis thaliana forms numerous ARs also in
vitro, when cultured under specific conditions, which change
with the explant type.*” The tissue initiating the ARs also
changes in explants coming from the same organ, e.g., entire
segments of the inflorescence stem form ARs from the vascular
cambium, * whereas explants formed by the superficial stem tis-
sues only, i.e. the longitudinal thin cell layers (ITCLs), form
ARs from the stem endodermis, as described in a following
paragraph.

The stem cells in the primary and lateral root apical
meristem: a shared story

The indeterminate growth of the plant is maintained by the
activity of stem cells, forming a niche in the shoot and root api-
cal meristems.'® As in animals, the plant stem cells are defined
by their ability to both renew themselves and produce daughter
cells, fated to develop into the differentiated tissues of the plant
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primary body.11 Moreover, in comparison with animals, the
lack of cell migration in plants allows to easily track the cell lin-
eages coming from a specific initial cell.'* For example, in the
root apical meristem (RAM) of the PR, the daughter cells of
each cell lineage undergo a definite number of divisions before
elongating at a specific distance from the niche, i.e., at the tran-
sition zone. The differentiation zone, containing the elongated
cells that have acquired their destined cell fates, follows, with
its beginning usually marked by the appearance of root hairs.'?
Thus, the apical meristems dynamically govern the indetermi-
nate growth, causing at the same time the development of the
primary body, by a co-ordinated cell renewal, growth and dif-
ferentiation, controlled by the stem cell niche.

In Arabidopsis, the RAM in the PR shows a stem niche of
initial cells surrounding a small group of rarely dividing cells
(usually four cells), termed the quiescent center (Q0)." QC
formation occurs in the embryo."”” The QC cells promote the
stem cell status in the niche, because they are the source of sig-
nals that inhibit differentiation in the contacting initials,'*'®
exactly as occurs in nearly every animal stem cell niche sys-
tem,'”” but also behave as stem cells in their own right.'®
Numerous experiments have shown that the ectopic specifica-
tion of QC cells correlates with ectopic respecification of stem
cells, sustaining that QC identity may be sufficient to specify
stem cell identity in the RAM."

The stem cell niche definition, and functioning, is repeated
in the apical meristem of the LRs, showing that its construction,
and activity, is not a prerogative of the RAM of embryonic ori-
gin.zo In accordance, in both PR and LRs, the combined activi-
ties of phytohormones, transcription factors (TFs), miRNAs,
and peptide signaling pathways are involved in the stem cell
niche specification and maintenance.'® Among the phytohor-
mones, auxin and cytokinin are the main actors.”'** Auxin
influences the specification of the QC, and the location of the
stem cell niche in the RAM of the PR, from embryogenesis
onward, and is also necessary for the formation of the entire
embryonic root, by causing the expression of numerous TFs
necessary for patterned organ specification.* It has been shown
that an antagonistic interaction between auxin and cytokinin is
critical for specifying the stem cell niche in the root pole of the
embryo.** In the PR, cytokinin is synthesized in the tip, cap
cells in particular, and exported acropetally through the
xylem,”® however there is also a basipetal transport, through
the phloem, which regulates the polar auxin transport in the
RAM.?® Cytokinin transport is essential for maintaining RAM
size and for ensuring PR growth, which depends on RAM activ-
ity. In fact, cytokinin downregulates the expression of several
key regulatory genes in the RAM, e.g., SCARECROW (SCR),
AtWUSCHEL RELATED HOMEOBOX5 (WOX5), AUXIN
RESISTANT1 (AUX1), and the auxin-efflux carrier PIN-
FORMED1 (PIN1),””*® and causes the transition to elongation/
differentiation of the derivative cells. The hormone is perceived
by receptors which activate cytokinin response TFs, e.g., ARA-
BIDOPSIS RESPONSE REGULATOR 1 (ARR1), causing the
expression of SHORT HYPOCOTYL 2 (SHY2) gene. SHY2, in
turn, negatively regulates numerous PIN genes, limiting auxin
transport and distribution, and causing cell elongation/differ-
entiation. Conversely, auxin mediates SHY2 degradation, sus-
taining PIN activities, and cell division in the RAM, and

maintains the expression of SCR which represses ARRI in the
QGC, sustaining stem cell activity.zg'3 !

Auxin and cytokinin also regulate LR organogenesis positively
and negatively, respectively. By the use of a cytokinin-sensitive
two-component output sensor reporter and a DR5:GUS auxin-
responsive reporter sensor, it has been shown that the two hor-
mones tend to occupy complementary domains and to modulate
their activities mutually.”> Auxin promotes the earliest events
related to LR organogenesis, including priming in the pericycle
cells of the PR,* and founder cell specification and initiation.**
> The same hormone is also positively involved in the later
phases of primordium formation and emergence.”®® In contrast,
cytokinin contrains both LR initiation and development.*

Critical for the auxin activity is the regulation of its polar
transport. The transport of auxin promotes the definition of an
auxin maximum centered in the QC and columella cells, with
this maximum required for QC functionality, in both PR and
LRS.19’35

The auxin efflux carrier PIN1 is involved in generating auxin
maximum, and QC positioning, in PR and LRs,” even if a
functional redundancy among various PIN proteins supports
the involvement of also other members of the family in the
same process.”> By regulating PINI expression level and the
size of the PIN1 expression domain, auxin determines the effi-
ciency of its own transport, and by controlling PIN1 polarity,
also the directions of its own streams.”® However, the auxin-
efflux carriers alone cannot create the pattern of auxin distribu-
tion in the RAM, and AUXI1/LAX influx carriers are also
required.” AUX1 and LIKE AUXIN RESISTANT3 (LAX3) of
the AUXIN1 (AUXI1)-LIKE AUX1 (AUX/LAX) family are
auxin influx carriers with specific roles in various plant pro-
cesses, such as root gravitropism and regulation of vascular pat-
terning, and in Arabidopsis are also necessary for QC
organization in the embryonic root pole.*” In the RAM, it has
been demonstrated that AUX1 facilitates both the acropetal
and the basipetal auxin transport through an activity in differ-
ent cell types.*' AUX1 and LAX3 are also involved in LR organ-
ogenesis, performing distinct functions, i.e., auxin maximum
definition and maintenance,** and LR emergence,”® respec-
tively. Moreover, both PINI and LAX3 are auxin inducible *%*
In addition to transport, a local biosynthesis of auxin is also
needed for auxin maximum in the PR and LR tips,** with
YUCCAG6 (YUCS), a gene of the tryptophan-dependent indole-
3-acetic acid (IAA) biosynthesis, possibly involved.*>*®

SCARECROW (SCR) is a TF of the GRAS family controlled
by auxin.’® With SHORT ROOT (SHR), another TF of the
same family, SCR is involved in the definition of the radial pat-
terning of Arabidopsis PR and LRs. However, both TFs are also
implicated in the specification of QC identity and, conse-
quently, in stem cell niche and meristem maintenance of PR
and LRs.*”° SHR activity is necessary for full SCR expres-
sion,”" and also controls the expression of the auxin-influx car-
rier LAX3.°> Two PLETHORA (PLT) genes, ie., PLTI and
PLT?2, encoding AP2 TFs, are expressed in the root pole of the
embryo, and in the RAM niche. These genes are also stimulated
by auxin, and required for QC and stem cell positioning and
maintenance, with an overlap with the expression domains of
SHR and SCR.* Studies on the regeneration of the QC after
laser ablation have shown that the re-specification the QC is



associated with an auxin-maximum shift, and a re-patterning of
the expression of PLTs, SHR and SCR, which in turn regulates
the expression and polar localization of PINS, stabilizing the
reconstituted auxin distribution in the RAM.”* Interestingly, in
addition to directly suppressing ARRI in the QC, sustaining
stem cell activities in the RAM (see above), SCR also controls
ARRI levels at the transition zone via auxin and gibberellin,
thus contributing to the definition of the total size of the
RAM.>"** WOX5 is another TF expressed in the QC of the PR,
with the function of inhibiting differentiation in the distal ini-
tial cells, thus contributing to maintain the stem cell niche and
its boundaries.”® Moreover, the expression of WOX5 couples
with the QC identity acquisition in the hypophyseal cell in the
embryo."> WOXS5 is auxin inducible, acts downstream of auxin
distribution,*® and seems to be involved in the maintenance of
the auxin maximum at the PR tip.”” Moreover, a relationship
between auxin and WOX5 seems to exist also during the speci-
fication of the QC in the LRs.”® In fact, it has been demon-
strated that PINI expression gradually decreases in the outer
layers of stage-IV LR primordia, with this event being followed
by the beginning of the WOX5 localization in the central cells
of the outermost derivatives of the LRP, and the pre-specifica-
tion of the QC.>>*® WOX5 expression is dependent on SCR,>
and both genes are downregulated by cytokinin in the QC of
the RAM.”® WOX5 establishes quiescence by restraining cell
division in the QC at the root pole of the embryo and in the
RAM. Besides, WOX5 has a role in modulating the expression
of tryptophan-dependent auxin biosynthetic genes, thereby
contributing to apical auxin production.” *°

In both PR and LRs, the QC identity is also evidenced by the
same QC promoter traps, e.g., QC25 and pAGAMOUS LIKE
42 (pAGL42),'¥'”°! reinforcing the concept that the same
genetic control affects the definition of the QC and stem cell
niche in both embryonic-in-origin PR and post-embryonic LRs.

What about the stem cells in the adventitious root apical
meristem?

ARs are post-embryonic roots, but, differently from LRs, the
establishment of QC and stem cell niche has remained an open
question up to recent years. However, as for LRs, auxin is a cen-
tral player in the control of adventitious rooting.®*

In Arabidopsis, as in other plants, mutants affected in both
LR and AR formation have been identified, including mutants
with regular LR formation, but impaired in AR formation.®>°
Altogether these results have suggested genetic networks in com-
mon between the two post-embryonic rooting processes, in par-
ticular for stem cell niche and QC definition and maintenance.
The following paragraphs summarize recent advances about the
establishment and maintenance of a functional QC, and a stem
cell niche, and the genetic and hormonal network involved, in
the apical meristem of Arabidopsis thaliana ARs, developed in
planta and de novo formed in in vitro cultured TCLs.**%

The adventitious rooting process in planta

Arabidopsis seedlings generally form one-two ARs at the hypo-
cotyl base.® These roots are also named anchor roots.” Even if
this AR number is low, it is possible to increase it causing AR
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formation along the hypocotyl through a seedling growth under
specific conditions. These conditions include the sowing of ver-
nalized seeds in Petri dishes containing an agarized medium
with MS salts °® and the application of sucrose (usually 1% w/
v). A 6-h exposure to white light is needed to induce germina-
tion, and is followed by continuous darkness for two weeks at
2242°C. The plates must be maintained in a vertical position
to cause a constant contact of the hypocotyl with the
medium.®*® Under these conditions, ARs originate from a
unique tissue, the pericycle of the hypocotyls.**® The develop-
ment of the ARs repeats the developmental stages of LR forma-
tion from the PR pericycle, including the stage at which QC
and stem cell niche are defined. The histological stages of AR
formation have been indicated by Roman numbers, as in the
case of LR formation.”™® Briefly, the pericycle founder cells
divide anticlinally (stage I), and then periclinally (stage II),
forming two layers of derivative cells (Fig. 1A). The outer layer
divides periclinally before the inner one (stages III and IV,
respectively). Anticlinal divisions then occur in the central cells
of the de novo formed layers (stage V), and the AR primordium
(ARP) acquires a dome shape, specifying the protoderm (stage
VI, Fig. 1B). The QC is defined soon after (stage VII, Fig. 1C),
and ARP protrusion follows. The identity of the QC cells has
been verified by the expression of the same QC promoter traps,
e.g., QC25 and pAGL42 (Fig. 1D), previously utilized for identi-
fying the QC in the RAM and LR tip."*'*¢!

In the PR of Arabidopsis, the accumulation of endogenous
indole acetic acid (IAA) is an early event in LR formation. In
fact, by the use of the auxin-responsive reporter sensor DR5::
GUS, auxin has been detected in the LR founder cells, and in
the initial cells anticlinally derived from them.*® This early
auxin accumulation also occurs in AR formation. In fact, IAA
presence, monitored by the DR5::GUS system, is shown in the
hypocotyl pericycle cells before the appearance of AR-forming
divisions (Fig. 1E), and is maintained in the founder cells and
their anticlinal derivatives. Endogenous auxin continues to be
present at further ARP stages, progressively localizing at the
ARP tip, where an auxin maximum is defined (stage VII,
Fig. 1F), and further maintained.*®

An increase of the auxin signal in the pericycle founder cells
along the hypocotyl, and an increase in AR production, occur
with the addition of natural/synthetic auxins to the medium,
ie, IBA (10 uM) or NAA (2 uM), or by the addition of IBA
(10 uM) combined with a cytokinin (0.1 ©#M Kinetin, Kin). By
contrast, auxin signal, and AR formation, highly decrease when
the cytokinin is applied alone.®® The intensity of the DR5 signal
similarly increases in the formative divisions of LRs after the
exogenous application of IAA or NAA.* The auxin accumula-
tion in the early AR events couples well with the expression
pattern of PIN1 and AUX1 auxin carriers. In fact, the efflux car-
rier PINI is initially expressed in the hypocotyl vasculature and
in the pericycle AR founder cells (Fig. 1G), and continues to be
expressed in first anticlinal derivatives, whereas the expression
of the influx-carrier AUX1 begins at stage I (Fig. 1H).%6"%” This
suggests that PIN1 and AUXI1 are coordinated to cause an
auxin flux from specific perivascular cells, i.e. those cells located
near the protoxylem poles, to the confining pericycle cells,
inducing auxin levels sufficient for AR initiation in the latter
(Fig. 2A). The expression pattern of the two genes during the
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pSCR::GFP VIl

Figure 1. Adventitious rooting in the hypocotyl of Arabidopsis seedling, expression of some of the genes involved, and IAA and cytokinin localization. (A) Stage Il of the AR
process showing two layers of pericycle derivative cells. (B) Stage-VI-ARP with protoderm differentiation (arrow). (C) Definition of the QC (asterisks) at stage VII. (D) Expression
of the QC promoter trap pAGL42 (green fluorescence) in the QC at stage VIl (pAGL42:GFP line). (E-F) IAA presence (blue color) in the hypocotyl pericycle cells at the transition
zone before AR formation (E), and in a stage-VII-ARP (F). The intense staining in the ARP tip in (F) shows the apical auxin maximum (DR5:GUS line). (G) Expression (blue color)
of the efflux carrier PINT in the hypocotyl vasculature and pericycle (PINT:GUS line). (H) Expression (blue color) of the influx-carrier AUXT in the pericycle anticlinal derivatives
(stage I, AUX1:: GUS line). (I-)) Expression (blue color) of the influx carrier LAX3 at stage Il (I), and at stage VIl in the basal part of the ARP only (J) (LAX3:: GUS line). (K-L) Expres-
sion pattern (blue color) of AUXT (K), and of PINT (L) in the ARPs from stage VIl (K) onwards (L) (AUX7:: GUS and PIN7:GUS line, respectively). (M) SCR expression (green fluores-
cence) at stage VII in the QC, endodermis/cortical initial cells and their derivatives leading to endodermis formation (pSCR:GFP line). (N-O) WOX5 expression (green
fluorescence) at stage Ill (N), and in the ARP tip, marking the QC and the niche at stage VI (O) (pWOX5:GFP line). (P) Trans-zeatin riboside immunolocalization in an ARP before
protrusion. The immunostaining marks the protoderm, in particular. (Q) In situ hybridization showing YUC6 transcription in a not yet protruded ARP. A-C, Histological longitudi-
nal radial sections stained with toluidine blue (A, C, Wassilewskija ecotype, B, Columbia ecotype). Insets in the fluorescence pictures (D, M-O) show corresponding bright-field
images. All transgenic lines are in the Columbia background, except for pSCR:GFP, in the Wassilewskija background. 14 days of seedling growth under continuous darkness.
Bars = 10 .«m (A, H), 20 um (B-G, I-M, P-Q and insets in D, M, 0), 30 .um (N-O and inset in N).

following AR-stages sustain their common involvement also in
the definition and maintenance of the apical auxin maximum
in the ARP (Fig. 2B-C). However, another auxin-influx carrier,
LAX3, is active in the AR process. The expression of LAX3 ini-
tiates at stage II (Figs. 11, and 2B), and continues during the fol-
lowing stages. At stage VII, it becomes stronger in the basal part

of the ARP, but disappears at the tip (Fig. 1]), where, instead,
AUXI (Fig. 1K), and PINI (Fig. 1L) remain expressed. More-
over, LAX3 expression is also present in the hypocotyl periph-
eral tissues surrounding the protruding ARP (Fig. 2C), exactly
as occurs in the PR tissues surrounding the protruding
LRP.**%%7 The treatments with the exogenous auxins increase
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Figure 2. Model of auxin (IAA) flow and biosynthesis, gene expression and cytokinin (trans-zeatin riboside) localization during AR formation from the hypocotyl of entire
seedlings of Arabidopsis thaliana. (A) At stage | auxin is diverted from the basipetal flow along the hypocotyl vascular parenchyma (vp) adjacent to the protoxylem (x)
toward the pericycle (P) by the activity of the auxin-efflux-carrier PIN1. The influx of the hormone into the P cells is caused by the activity of the AUX1 auxin-influx-carrier,
causing an auxin accumulation (blue color) in the AR-founder cells, their anticlinal division, and SCR expression. (B) At stage II, auxin is maintained in the first-formed inner
and outer derivative layers by PINT and AUX1 activities, together with the expression of SCR. At this stage, another auxin-influx-carrier, LAX3, and the TF WOX5 are
expressed. (C) At stage VII, PINT and AUX1 activities in the middle cell files drive the auxin flow toward the ARP tip, whereas cytokinin (pink color) downregulates PINT in
the protoderm and peripheral ARP layers. Cytokinin also contrasts LAX3, limiting the carrier activity at the ARP base (up to the dotted line). The auxin flow throughout
the middle cell files sustains the apical auxin maximum (blue color), limiting WOX5 and SCR expression at the ARP tip, and here establishing the position of the QC in the
niche. SCR expression also marks the endodermis/cortical initial cells and the endodermal derivatives (red color). Auxin biosynthesis by YUC6 (green diamonds) contrib-
utes to auxin maximum in the tip. LAX3 is also active in the hypocotyl endodermis (End), cortex (C) and epidermis (Epi) around the ARP, possibly for favoring its protru-

sion. (Modified from Della Rovere et al.%%).

PINI and LAX3 expression, in accordance with their known
auxin-inducibility,’®** whereas the treatment with exogenous
cytokinin alone attenuates their expression,”® in accordance
with the known cytokinin-induced downregulation of auxin-
influx and efflux carriers in the RAM.*®

In the first anticlinal derivatives of the hypocotyl pericycle
founder cells (stage I) SCR signal also appears.”” An early
expression of this TF also occurs during LR formation,?°
strengthening the similarity in the genetic control of the initia-
tion of the two post-embryonic rooting processes. It is known
that SHR activity is necessary for the full expression of SCR in
the RAM and in LRs,”' and that the AR production is
strongly reduced in scr-1 and shrl mutants.®” Thus, SHR might
activate SCR, and the SHR/SCR complex trigger AR formation
in the hypocotyl pericycle founder cells (Fig. 2A), as in the PR
and LRs (see the previous paragraph). Furthermore, because
SCR is induced by auxin,” and AUXI is expressed in the AR-
initiating cells (Fig. 1H), as SCR, whereas PIN1 also in the con-
fining perivascular cells (Figs. 1G and 2A), it is possible that the
priming activity of the SHR/SCR complex in AR formation is
affected by AUX1,% acting downstream to PINI (Fig. 2A). At
stage VII, SCR is expressed in the ARP tip marking the QC, the
endodermis/cortical initial cells and their derivatives leading to
endodermis (Fig. 1M), and continues to be expressed in the
same cell types, and in the differentiated endodermis, in the
mature AR’ In accordance, the very few macroscopic ARs
produced by the scr-1 mutant show no QC definition, altered
stem cell niche, and anomalous apical differentiation. The same
defects occur in the shr1 mutant.®” The latter mutant is known
to be perturbed in auxin abundance, and its incapacity to build

up normal roots has been associated with a progressive reduc-
tion in the abundance of auxin-efflux carriers, e.g. PIN1.*
Thus, the SHR-SCR activity seems also required for QC specifi-
cation and maintenance in the AR tip, ’ exactly as in the RAM
and LR tip,**° but the AR QC also requires AUX1 and PIN1
activities (Fig. 2C).

Another QC-specific gene, WOX35, begins to be expressed at
stage II, and reinforces at stage III (Fig. IN). WOX5 is known
to be expressed in the direct precursors of the QC in the early
globular embryo," but also in the cells founding the LRs.”® In
the latter process, it has been suggested that auxin, present in
the founder cells, acts very early to specify the QC, through the
auxin-inducible WOX5 expression.”” As for SCR, also the
expression of WOX5, initially diffuse, becomes progressively
restricted toward the ARP tip, marking the QC and the niche at
stage VI-VII (Figs. 10, and 2C). Coupling the expression pat-
terns of WOX5, PINI and AUXI, with the localization of the
auxin maximum at stage VI, it is possible to hypothesize that
an auxin flow, directed toward the ARP tip, causes the restric-
tion of the expression domain of WOX5 up to positioning it in
the QC of the ARP. Accordingly, the activity of specific auxin-
response factors repress WOX5 transcription, restricting it to
the QC in the PR.>® After stage VII, SCR and WOX5 expression
are maintained in the QC and niche cells by a persistent auxin
maximum requiring the coordinated action of PINI1, AUXI,
and LAX3, but also the activity of cytokinin, and the presence
of a local auxin biosynthesis.

Trans-zeatin riboside, an important endogenous cytokinin,”®
has been immunolocalized in the ARP. It appears at stage IV,
but becomes strongly present from stage VII onwards, and
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mainly in the protoderm (Fig. 1P), where LAX3 and PINI are
not expressed (Fig. 1] and L).°® In the PR, cytokinin antago-
nizes auxin by downregulating the PIN proteins (e.g., PIN1)
through SHY?2 activity.”® Thus, the down-regulation of PINI in
the protoderm of the ARP (Fig. 1L) could result into a better
directioning of auxin to the tip by the PIN1 located along the
central longitudinal axis of the ARP, sustaining the auxin maxi-
mum at the tip, and QC specification (Fig. 2C). In accordance,
cytokinin has been recently demonstrated to control the auxin
stream directionality by a differential reduction of PIN1 activity
during LR organogenesis.”' On the other hand, cytokinin is
capable of promoting auxin biosynthesis in Arabidopsis PR.”?
Moreover, the reduction in the cytokinin-stimulated accumula-
tion of auxin in the auxI mutant sustains that AUX1 is critical
to the multifaceted interaction between the two hormones (i.e.,
redistribution and accumulation).”?

To verify whether auxin biosynthesis occurred during AR
development, either to compensate the inhibitory action of
cytokinin on auxin-carriers or to demonstrate an in loco cytoki-
nin-induced auxin biosynthesis, the transcription of the YUC6
gene, involved in the tryptophan-dependent IAA biosynthesis
pathway,”*”® has been investigated.® YUCG6 is detected before
QC establishment (stage IV), but its expression increases at
stage VII, and in the whole ARP, and is maintained onwards
(Fig. 1Q). This result suggests that YUC6 warrants IAA supply
for the ARP, contributing to the auxin homeostasis at the tip
(Fig. 2C), but also suggests that a prolonged auxin biosynthesis
by YUCS in the apex of the mature AR contributes to the per-
sistence of the auxin maximum at the tip, and QC and stem
cell niche maintenance.®®

Adventitious rooting from ITCLs cultured in vitro

It has been almost 45 years since the technique of in vitro culture
of TCLs was first developed to obtain de novo formation of
organs, ie., flowers, vegetative buds, and ARs in numerous
plants.”®”” The formation of organs in this system is obtained
regulating the auxin/cytokinin ratio, the carbohydrate supply,
and the environmental conditions.”® The TCLs are small-sized

explants excised from different plant organs, ie. stem, leaves,
cotyledons and hypocotyls and epicotyls, and both transversally
(tTCLs) and longitudinally (ITCLs).”® Even being very thin
explants, the two TCL types are formed by a different number
and types of tissues. Regarding the stem, tTCLs usually consist
of epidermis, cortical parenchyma, vascular system including
cambium, and pith,”” whereas ITCLs include only the superficial
tissues, e.g., the epidermis and the subepidermal chlorenchyma,
as the two-layered system of tobacco,”* or all the superficial tis-
sues external to the vascular system, as in Arabidopsis.>**"* In
detail, the ITCLs excised from the inflorescence stem (Fig. 3A) of
Arabidopsis consist of epidermis, three layers of cortical paren-
chyma, a monolayered starch sheath, ie, stem endodermis,®
and one or two layers of fibers (Fig. 3B-C). The ITCL system
has helped to analyze the influence of light regimens, hormones
(auxin, cytokinin, jasmonate), and polyamines on the reactiva-
tion of cell division and formation of meristemoids and organs,
by tissues which are differentiated and unable to express these
competences in the context of the entire plant. The latter tissues
are also inhibited to express organogenesis in in vitro culture
when in the explant are also present meristematic cells with
stem activity, as the procambial/cambial cells, because the latter
cells are prompt to readily change their activity and fate.” For
example, in Arabidopsis, ARs are formed by the vascular cam-
bium of the petiole in excised leaves ** and by that of the stem
in the inflorescence segments.” However, in the same plant, also
the inflorescence stem explants formed by the tissues external to
the vasculature, ie., the ITCls, produce ARs (Fig. 3D), when cul-
tured with IBA (10 uM) and Kin (0.1 «M) under darkness,
with the stem endodermis able to initiate the process in the place
of cambium.®® Thus, the stem endodermis re-programmes itself
under the exogenous hormonal input, divides periclinally, and
organizes meristematic cell clusters (Fig. 4A), further developing
into root meristemoids (Fig. 4B). These root meristemoids
develop into ARPs (Figs. 3D, and 4C), opening their way
through the cortex and epidermis of the ITCL, and then elongat-
ing to become mature ARs (Figs. 3D, and 4D). The ARPs and
ARs exhibit a QC and a stem cell niche exactly as in planta
(Fig. 4E). The QC is defined at a stage equivalent to the stage

Figure 3. The ITCL explant system of Arabidopsis and its rhizogenic response. (A) 35-days-old plants from which the inflorescence stem internodes (shown by the paren-
theses) are excised. (B) Cross section of an internode coming from the inflorescence stem (arrows in A) showing the tissues forming the ITCL explant (parenthesis). (C)
Radial longitudinal section of an ITCL at the excision time. (D) Stereomicroscope image of an ITCL with callus and emerged ARPs (arrowheads) and ARs (arrows) at the
end (day 22) of culture under continuous darkness on MS'62 medium with 10 uM IBA and 0.1 uM Kin.®® Uniseriate epidermis (e), cortical parenchyma layers (cp), stem

endodermis (end), and fibers (f). Bars = 20 pm (C), 30 zem (B), 500 um (D).
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Figure 4. Adventitious rooting in Arabidopsis ITCLs cultured in the presence of IBA (10 M) and Kin (0.1 M), genes involved, and IAA localization and transport. (A-B)
Expanded cortical cells and superimposed layers of stem endodermis derivative cells organizing meristematic cell clusters (A, arrow), and meristemoids (B, arrow). (C-D)
Not-yet-protruded ARP (C), and elongated AR (D) originated by root meristemoids. (E) QC definition (asterisks) in an ARP. (F) ARP showing the appearance of the expres-
sion of the pAGL42 QC-marker (green fluorescence) in the QC cells (pAGL42::GFP line). (G) WOX5 expression (green fluorescence) in a meristemoid (pWOX5::GFP line). (H-1)
Protruding ARP (H) and elongated AR (I) showing SCR expression (green fluorescence) in the QC, endodermis/cortical initial cells, their derivatives, and forming endoder-
mis (I) (pSCR::GFP line). (J-K) Initial AR-stages (J) and late stages, i.e., protruding ARPs (K), in ITCLs from the shr-1 (J) and scr-1 (K) mutants. The arrow in (J) shows a meriste-
matic cell cluster originated from the innermost cortical layer which initiates the AR-process in the place of the lacking endodermis. (L) Meristemoid showing IAA presence
detected by DR5::GUS expression (DR5::GUS line). (M) AR with LAX3 expression localized in the vasculature and procambium, but excluded by the apex (LAX3:: GUS line).
(N-O) AUX1::GUS expression in the meristematic cell clusters (N) and in early-staged ARPs (O) (AUX1::GUS line). (P) Elongated, but not yet protruded, ARPs showing a PINT
continuous signal from the forming vasculature to the tip (PIN7::GUS line). A-E (Columbia ecotype) and J-K (shr-1 and scr-1) histological longitudinal radial sections stained
with toluidine blue. Insets in the fluorescence pictures (F-I) show corresponding bright-field images. All transgenic lines are in the Columbia background, except for pSCR:
GFP, in the Wassilewskija background. Wassilewskija is the wild type of homozygous scr-1 and shr-7 null mutants. 22 days of culture under continuous darkness. Bars =

20 pem (E,N), 40 um (A, H-L and insets in G-I), 60 um (B-C, F-G, M, O-P and inset in F), 100 um (D).

VII of the development in planta, and shows the expression of
the same QC markers, ie., pAGL42::GFP (Fig. 4F) and QC25:
GUS.*® In addition, as for the early phases of AR formation in
planta, also in the ITCLs WOX5 and SCR are expressed very
early, i.e. in the meristematic cell clusters and the meristemoids
(Fig. 4G). Both genes continue to be expressed in protruding
and elongating ARs, with the same localization as in the AR
apex in planta, i.e., in the QC and niche cells, and, in the case of
SCR, also in the root endodermis (Fig. 4H-I). Moreover, the
behavior of the ITCLs from scr-1 and shr-1 mutants is of interest.
In these mutants the stem endodermis is missing,*” thus their
ITCLs lack the tissue responsible for AR initiation. In both
mutants, AR response is very low, in accordance with the role of
the SHR/SCR complex on AR formation in planta, and the spo-
radic ARs originate from the innermost cortical layer (Fig. 4J).
This means that even if irregular, this cortical tissue is able to re-
program itself substituting the endodermis in AR development
(Fig. 4K).”

By the use of the DR5::GUS ITCLs, it has been demon-
strated that JAA accumulates in the stem endodermal cells
before the AR-forming divisions, and increases in the

meristematic cell clusters/meristemoids (Fig. 4L),°® in con-

comitance with the appearance of AUXI expression
(Fig. 4N).” This suggests that AUXI creates the initial
endogenous IAA distribution essential for AR initiation by
SHR/SCR complex, as in planta (Fig. 2A). Also LAX3 is
active during AR formation in the 1TCLs, with a diffuse sig-
nal in the meristemoids, and with a signal in the ARPs and
ARs localized in the vasculature and procambium up to the
elongation zone, but excluded from the apex (Fig. 4M), as
in planta. SCR, AUXI and PINI expressions are highly
detected in the meristemoids, and, from early-staged ARPs
(Fig. 40) onwards, repeat the expression pattern observed
in planta in the same culture condition (Fig. 4P).°*%”
Altogether, the activities of the auxin-influx/efflux carriers,
and of the TFs (SCR, SHR, WOX35) responsible of the forma-
tion of ARs with a functional QC and niche in the apex, are
similarly present in planta and in vitro cultured 1TCLs, inde-
pendently of the founding tissue, and with the same require-
ment of an early auxin accumulation. In the case of the
ITCLs, auxin comes from the medium, because endogenous
IAA is quite undetectable in these explants at the excision
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time, as verified in different species, i.e., tobacco 84 and Arabi-
dopsis (Altamura et al., unpublished results). However, as in
planta, a local biosynthesis in the AR tips also occurs, and
involves YUC6.%

Conclusions and perspectives

In conclusion, Arabidopsis ARs organize a QC and a stem cell
niche as the LRs, ie., the other type of post-embryonic roots.
The establishment and maintenance of the QC, and stem cell
niche, are independent of the origin of the AR founder cells. A
coordinated action of auxin and cytokinin is needed, and
involves expression of specific genes, which are the same that
control QC and niche definition and functioning in the RAM
and LR tip.

The knowledge of the molecular and developmental biol-
ogy of the adventitious rooting process opens the way to
understanding the genetic basis of AR recalcitrance in
planta, and in in vitro cultured cuttings, and to optimizing
root production in vitro as a tool for a multifaceted
biotechnology.
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