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1. Summary

Plant root morphogenesis, including primary patterning, secondary development and
formation of lateral roots and root hairs, determines root system architecture, and hence
the overall plant growth and performance. The root systems influence the efficiency of
water uptake and acquisition of nutrients, and thereby plant adaptations to local
environments. Therefore, decoding the regulation of root morphogenesis is of vital
ecological and agronomic importance. Pericycle cells are deeply embedded in a
distinctive layer of root, surrounding the procambium (i.e. primary xylem and phloem)
and are crucial for the initiation of some key root tissues/structures. Particularly, lateral
roots and phellogen (cork cambium) are initiated and differentiated from pericycle cells,
producing root branching systems and a protective barrier of plant organ/tissue called
periderm. Furthermore, secondary meristems indeed partially originate from pericycle
cells that give rise to xylem and phloem, and ultimately contribute to the formation of
vascular cambium.

Root morphogenesis is largely determined by the balance of stem cell proliferation and
differentiation, which are largely regulated by phytohormones. Specifically, auxin-
mediated signalling networks are commonly known to buffer the proliferation and
differentiation of stem cells in many developmental contexts, including lateral roots
development and vascular cambium establishment. Intriguingly, auxin is found to be
enriched in pericycle cells. However, it remains unclear whether and how auxin and its
downstream regulators coordinate and control the cell fate decisions of pericycle cells to
the formation of distinct root organs/tissues, i.e. vascular cambium and phellogen,
thereby promoting secondary growth.

Here, using the Arabidopsis root as a model, |1 showed that auxin is accumulated in
phellogen and plays an essential role in phellogen establishment and maintenance. Based
on my genetic and gene expression data, | demonstrated distinct IAAs-ARFs module and
downstream targets control lateral roots versus vascular cambium and phellogen.
Moreover, the initiation of the vascular cambium precedes, and is prerequisite to
phellogen establishment. Interestingly, after the establishment of vascular cambium and
phellogen, | found altering auxin signalling specifically in the phellogen affects the

activity of the vascular cambium, hinting at a compensation mechanism balancing
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secondary growth output. | further showed that several auxin-mediated downstream
signalling regulators, including KNAT1/BREVIPEDICELLUS (BP), WUSCHEL-
RELATED HOMEOBOX 4 (WOX4), ERECTA (ER), and AINTEGUMENTA (ANT),
accumulates in the vascular cambium and the phellogen. | found that ER may act as the
upstream regulator of BP, WOX4, and ANT, and enlarges the girth of roots. Tissue
specific overexpression of BP and WOX4 in the phellogen and vascular cambium largely
increased the periderm layers and the girth of the roots. Furthermore, ER-ANT module
promotes vascular cambium proliferation and directs its differentiation, which influence
phloem regulation and vascular cambium division, and largely increase the quantity of
phloem and vascular cambium cell number, whereas ER-ANT module represses xylem
cell formation and decreases xylem area.

To sum up, my studies here collectively demonstrate that the specificity of pericycle stem
cell fate is achieved by distinct auxin induced modules; and the results provide molecular
insights into how ER-ANT module modifies vascular cambium proliferation and

differentiation.



2. Zusammenfassung

Die Morphogenese der Pflanzenwurzel beinhaltet das prim&a- und sekund&e
Wachstum sowohl der Lateral- als auch der Haarwurzeln und bestimmt damit
malyeblich die Architektur des Wurzelsystems und des Pflanzenwachstums bzw. die
Gesundheit der Pflanze. Das Wurzelsystem ist auf®rdem entscheidend fUr die Wasser-
und Né&rstoffaufnahme und auf®rdem fCr die Anpassung der Pflanze an den jeweiligen
Standort. Das Verstandnis der Wurzelmorphogenese ist damit von grofr ckologischer
und &onomischer Bedeutung. Perizykelzellen sitzen eingebettet in einer bestimmten
Schicht der Wurzel und umschlief&n das Prokambium (d.h. prim&es Xylem und
Phloem) und sind wesentlich fUr das Aktivieren von bestimmten SchlUsselstrukturen
verantwortlich. Genauer, laterale Wurzeln und das Phellogen (Korkkambium) werden
von Perizykelzellen dazu angeregt ein System aus Seitentrieben und einer schiizenden
Barriere zu bilden und auszudifferenzieren. Dieses System wird auch Peridem genannt.
Dartber hinaus entsteht das sekund&e Meristem teilweise aus Perizyklezellen, die die
Formation von Xylem und Phloem hervorrufen und so zur Ausbildung des vaskul&en
Kambiums beitragen.

Die Wurzelmorphogenese wird zum grof®n Teil von dem Gleichgewicht der
Vermehrung und Ausdifferenzierung von Stammzellen bestimmt, was haupts&hlich
von Phytohormonen reguliert wird. Besonders Auxin vermittelte Signalwege sind
gemeinhin dafUr bekannt, die Vermehrung und Ausdifferenzierung von Stammzellen
in vielen Entwicklungszusammenh&ngen, insbesondere auch von der lateralen
Wourzelbildung und des vaskul&en Kambiums zu steuern. Interessanterweise wird
gefunden, dass Auxin in perizyklischen Zellen angereichert ist. Allerdings, wie genau
Perizykelzellen mittels von Auxin Kkontrollierten Regulatoren die bestimmte
Ausbildung von Pflanzenorganen steuert ist immer noch unklar und es ist weiterhin
unbekannt wie die zwei lateralen Meristeme (vaskul&es Kambium und Phellogen)
koordiniert und zum sekund&en Wachstum angeregt werden.

In der vorliegenden Arbeit mit der Wurzel von Arabidopsis als Modell konnte ich
zeigen, dass Auxin im Phellogen angereichert wird und somit eine wichtige Rolle in
der Ausbildung und dem Erhalt des Phellogens spielt. Basierend auf unseren
genetischen Daten konnte ich zeigen, dass bestimmte 1AAs-ARF Module und
nachgeschaltete Objekte die Ausbildung von entweder lateralen Wurzeln oder

Kambium und Phellogen steuern. Zudem, die Initiierung des vaskul&en Kambiums ist



Voraussetzung fUr die Bildung des Phellogens. Danach werden ein gut etabliertes
vaskulaes Kambium wund Phellogen in den reifen Wurzeln pr&entiert.
Interessanterweise beeinflusst ein ver&ndertes Auxinsignal vor allem im Phellogen die
Aktivit& des vaskul&en Kambiums, was auf einen Kompensationsmechanismus fUr
das sekund&e Wachstum spricht. Weiterhing konnte ich zeigen, dass mehrere Auxin
gesteuerte  Regulatoren, unter anderem KNAT1/BREVIPEDICELLUS (BP),
WUSCHEL-RELATED HOMEBOX 4 (WOX4), ERECTA (ER) und ANTIGUEMENTA
(ANT), im vaskul&en Kambium und dem Phellogen angereichert werden. Meine
Ergebnisse zeigen, ER agiert im Signalweg oberhalb von BP, WOX4 und ANT und
erhéht den Umfang der Wurzeln. Gewebespezifische Uberexpression von BP und
WOX4 im Phellogen und dem vaskul&en Kambium zeigten eine Uberlappung und
bestimmte Signalziele, was zum Verst&ndnis der Stammzellenspezifit& beitr&gt.
AufZrdem konnte gezeigt werden, ER-ANT Module regulieren das Phloem und das
vaskuld&e Kambium positiv, wérend ER-ANT Module die Formation von
Xylemzellen vermindert.

Zusammenfassend zeigen meine Studien einerseits, dass die Spezifitd von
Perizykelsammzellen von bestimmten Auxinabh&ngigen Modulen gesteuert wird und

bringen weiterhin neue Erkenntnisse inwiefern ER-ANT module das vaskul&e

Kambium bilden und differenzieren.



3. Introduction

Root system architecture influences water up-take and nutrient acquisition, thereby
impacting plant development and adaptations to the fluctuating environments. In plants,
three types of meristems are found, including root apical meristem (RAM), forming the
underground root system, shoot apical meristem (SAM) forming the above-ground
tissues, and secondary meristems that contribute to secondary growth (cork cambium
[i.e. phellogen] and vascular cambium) and hence radial thickening of the plant
organs/tissues (Smit & Weijers, 2015; Ragni & Greb, 2018; Campilho et al., 2020).
Root system architecture is largely determined by activities of RAM and secondary
meristems, that is, main root and secondary root growth that leads to the elongation and
increases in the girth of the root, respectively. Particularly, pericycle cells (consist of
xylem pole pericycle (XPP) cells and phloem pole pericycle (PPP) cells) are embedded
deeply in root as one-layered meristematic cells that is surrounded by a three-cell layers
(epidermal, cortex, and endodermal cells) and itself encircles the central stele (xylem
and phloem) in a typical Arabidopsis root (Fig 1A). Pericycle cells are essentially
meristematic cells that give rise to various distinct root structures, such as lateral roots,
phellogen (cork cambium) and vascular cambium, and are of particular importance in
regeneration processes, as an adaptation to the changing environments (Fig 2) (Che et
al., 2007; De Smet et al., 2007; Atta et al., 2009; Beeckman & De Smet, 2014; Shang
et al., 2016; Shin & Seo, 2018; Campilho et al., 2020). However, it remains poorly
known how the cell fate decisions in pericycle cells are specified and coordinated to
produce distinct root structures.

Auxin-centered regulatory networks are widely known to play a major role in stem cell
establishment, maintenance and regeneration in plant development. In RAM,
phytohormones (such as auxin and cytokinin) are key regulators that coordinate stem
cell proliferation and differentiation, thereby establishing the root system. Intriguingly,
auxin is indeed found to be enriched in pericycle cells where it also likely promotes cell
proliferation and differentiation that ultimately contributes to secondary thickening
(Barra-Jimenez & Ragni, 2017; Ragni & Greb, 2018; Campilho et al., 2020).
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Therefore, in this thesis, | endeavoured to investigate how auxin coordinates with other
hormones and triggers meristem establishment and differentiation to form distinct plant
organs/tissues that ultimately result in secondary thickening and the formation of lateral
roots. To address these, | summarised the current understanding of the patterning of
vascular cambium, periderm and lateral root in the following three sections: 1). vascular
cambium establishment and maintenance requires auxin and its crosstalk with other
phytohormones; 2). periderm, a key protective organ, contributes to secondary growth;
3). Lateral roots formation is largely determined by IAA-ARF modules. | also
highlighted some outstanding questions that remain to be addressed which are also the
focus of this thesis: how periderm is established and how auxin directs bilateral
meristem (i.e. vascular cambium and periderm) differentiation.

3.1 Vascular cambium establishment and maintenance requires auxin and its
crosstalk with other phytohormones

Secondary growth, the increase in girth of plant organs provides efficient long-distance
transportation of water, nutrient, salts, and photo-assimilates and thereby contributes to
successful colonization of vascular plants on Earth. The woody part of the plant is
essentially the result of secondary growth and provides the physical support (Barra-
Jimenez & Ragni, 2017; Ragni & Greb, 2018; Campilho et al., 2020). Therefore,
secondary growth in plant produces the vast diversity of trees and partly shapes the
earth’s biosphere as we know it today. The secondary growth is the principal site of
biomass accumulation, in addition to its economic value in the forestry industry,
provides a means for the durable sequestration of CO2. The storage of CO2 in woods
also provides an effective solution to addressing climate change and global warming
on the earth.

Therefore, secondary growth is of pivotal importance to our humankind and the
sustainability of the planet we live in, however, the regulation of secondary growth
remains poorly understood even in model species.

Secondary growth is found in root, branches, and stem in most woody dicotyledonous
plants and gymnosperms (Barra-Jimenez & Ragni, 2017). Two bilateral meristems (i.e.
vascular cambium and phellogen) give rise to secondary thickening and produce inward
xylem and phelloderm and outward phloem and phellem/cork, respectively. Many

studies focused on how vascular cambium is established and indicated that auxin is an



instrumental phytohormone in establishing vascular cambium and regulating secondary
meristem activities in Arabidopsis (Ragni & Greb, 2018).

AUXIN RESPONSE FACTOR (ARF) and AUXIN/INDOLE-3-ACETIC ACID
(Aux/IAA) proteins are the key players in auxin regulatory networks. In Arabidopsis,
Aux/IAA gene family consists of 29 members encoding short-lived transcriptional
repressors and is divided into seven subclades (Overvoorde et al., 2005; Li et al., 2017).
Aux/IAA and ARF proteins form heterodimers wherein Aux/IAA represses the
activities of ARF protein at low auxin level (Tiwari et al., 2001). In Arabidopsis, 23
ARF genes were described including one pseudogene (ARF23), and roughly divided
into 5 different subclades in phylogenetic analysis (Okushima et al., 2005; Guilfoyle &
Hagen, 2007). 5 out of 23 ARF genes (ARF5, ARF6, ARF7, ARF8, and ARF19) work
as transcriptional activators and the other 18 ARF genes were summarized as
transcriptional repressors (Ulmasov et al., 1999; Tiwari et al., 2003). IAAs with ARF5,
ARF6, ARF7, ARF8, and ARF19 regulate many aspects of plant developmental
processes including RAM establishment, secondary growth and lateral roots initiation
(Guilfoyle et al., 1998; Ulmasov et al., 1999; Tiwari et al., 2001).

Recent studies have revealed that Aux/IAA negatively regulates vascular cambium
establishment (Uggla et al., 1998; Hamann et al., 2002, Smetana et al., 2019). For
example, BODENLOS (BDL)/IAA12 module regulates the vascular formation (Uggla
et al., 1998; Hamann et al., 2002) and SHORTHYPOCOTYL 2 (SHY2)/IAA3 module
controls cambial growth in Scots Pine (Bianco, et al., 2013), indicating 1AAs are
involved in vascular cambium establishment.

MONOPTERQOS (MP)/ARF5, repressed by BDL, directly binds to the promoter of
WUSCHEL HOMEOBOX RELATED 4 (WOX4) and regulates its activities (Brackmann
et al., 2018). MP activates TDIF/CLE41/44-PXY/TDR signalling pathway, which
promotes the expression of WOX4, promoting the cell proliferation (Hirakawa et al.,
2010; Suer et al., 2011; Etchells et al., 2013). Additionally, WOX4 and its homologue
WOX14 redundantly promote proliferation on vascular cambium (Etchells et al., 2013).
Moreover, MP also regulates KNAT1 (KNOTTED-like from Arabidopsis thaliana 1)/BP
(BREVIPEDICELLUS), which belongs to Class | KNOX transcription factors. MP-BP
is involved in meristem activities and promote many developmental processes in plants
including secondary growth (Ori et al., 2000; Hay et al., 2006). BP and WOX4 work
as the master cambial regulators and promote vascular cambium establishment and

proliferation (Liebsch et al., 2014; Zhang et al., 2019). Altogether, it appears an auxin-



centered regulatory network: plant controls vascular development through IAAs-MP
module and its main downstream targets BP and WOX4.

Auxin is involved in vascular cambium differentiation. MP, ARF7, and ARF19, the
downstream regulators of 1AA, induce five CLASS 11l HOMEODOMAIN-LEUCINE
ZIPPER (HD-ZIPIII) genes maintain cellular quiescence in the xylem and guide xylem
development (Carlsbecker et al., 2010; Nieminen et al., 2015; Fischer et al., 2019;
Smetana et al., 2019).

Intriguingly, other hormones like cytokinin and SLs are involved in vascular cambium
proliferation and differentiation, respectively. Cytokinin has a positive role on
secondary growth via regulating cambial activity. TARGET OF MONOPTEROS5
(TMO5)/TMO5-LIKE1 (T5L1) and LONESOME HIGHWAY (LHW), as heterodimer
complexes comprising two basic helix-loop—helix protein families, are master
transcriptional regulators of the initial process of vascular development. TMO5/LHW
are upregulated by cytokinin and promote cell division and differentiation to form
cambial/pro-cambial in embryos, root apical meristem (RAM), and mature main root
(Ohashi-Ito and Bergmann 2007; De Rybel et al., 2013; Ohashi-Ito et al., 2013; De
Rybel et al., 2014; Ohashi-Ito et al., 2014). Interestingly, TMO5 is also stimulated by
MP, indicating auxin induces vascular cambium and is cooperated with the cytokinin
signalling pathway (Schlereth et al., 2010).

Cytokinin controls vascular cambium differentiation through ER (ERECTA receptor
kinases) and the transcription factor ANT (AINTEGUMENTA). ER with its legend
(EPFLs) and promotes phloem tissues regulation (Torii et al., 1996; Bergmann et al.,
2004; Shpak et al., 2004; Shpak et al., 2005; Meng et al., 2012; Uchida & Tasaka, 2013;
Ikematsu et al., 2017; Wang et al., 2019). ANT and the cell cycle regulator CYCD3
(CYCLIN D3) act as two cytokinin downstream cambium regulators that increase
cambium cell number and vascular expansion (Randall et al., 2015).

Strigolactones (SLs), a new hormone discovered in the plant, regulates many growing
lists of the process including secondary growth and is involved in auxin signalling
pathway (Waldie et al., 2014). more axillary branches 1 (max1), as a SL biosynthesis
mutant, shows an increase in shoot branching, while the mutant is fully rescued by SLs
treatment (Bennett et al., 2006; Crawford et al., 2010). There are some studies
indicating SLs play an important role in cambium activities, correlated with the auxin
signalling pathway (Agusti et al., 2011). Additionally, MAX1, MAXS, and MAX4
proteins are involved in the biosynthesis of carotenoids, a key precursor for SLs. In



Arabidopsis, max1-1, max2-1, max3-9, and max4-1 mutants showed reduction on
cambium activities and reduced secondary growth. In the max1-1 mutant, auxin
concentrates in the stems at all positions, indicating the cooperation between SLs and
auxin. Interestingly, the functions of SLs on secondary growth with is conserved from
species to species, like Eucalyptus trees and pea (Agusti et al., 2011), indicating a long
co-evolution between auxin and SLs in controlling vascular cambium proliferation.

Altogether, auxin with other phytohormones, regulates IAAs-ARFs modules. During
secondary growth, auxin-centered regulatory networks are involved in vascular
cambium establishment and promote vascular cambium differentiation, respectively.
However, the following questions have no answers: the bilateral vascular cambium can
differentiate into xylem or phloem, while it is unknown how respective differentiation
is achieved; moreover, the correlation between xylem and phloem is unclear. My thesis

will keep on following these questions.

10



3.2 Periderm, a key protective organ, contributes to secondary growth

Periderm, replacing the epidermis as an outer layer of a plant organ, is formed in the
root and the stem of woody eudicotyledons and gymnosperms and is used as a
protective barrier, which is efficient on pathogen infestation, gas exchange, and water
loss (Groh et al., 2002; Lendzian, 2006). Periderm has been studied in potato and cork
oak due to its economic values, and cork is useful to produce wine-stoppers and
insulating/building materials (Esau, 1977; Campilho et al., 2020).

Recently, many studies of periderm have focused on the characteristics and functions
but not the molecular mechanism. In many woody plants, periderm was forced to break
due to biotic or abiotic stresses, it is replaced by a neo periderm formed underneath,
and in turn is replaced by another periderm over the years (Esau, 1977). In some plant
species, periderm has evolved different functions including storing starch in phelloderm
and isolating salts in periderm (Esau, 1977; Junli et al., 2020).

Periderm replaces the primary protective tissues such as the epidermis and works as the
outer tissues on stems, roots and other plant organs/tissues, whereas the first phellogen
is originated from different tissues depending on the plant organs and species. In the
stems, the first phellogen is originated from the subepidermal layer, while in genus
Malus, Pyrus, and Oleander, the first phellogen arises from the epidermis and in genus
Vitis, Pinus mugo, Alnus glutinosa the first phellogen arises from the phloem (Esau.,
1965; Evert, 2006; Schweingruber and Bd&mner., 2018). In Arabidopsis, the first
phellogen originates from the pericycle cells in the roots and hypocotyl and contributes
to secondary growth (Fig 2). (Wunderling et al., 2018; Ragni & Greb, 2018).

Based on our knowledges, periderm, similar to the vascular system, comprises three
tissues (Fig 3) (Ragni & Greb, 2018). However, the number of periderm layer varies
from species to species: cork oak contains many phellem layers whereas phelloderm is
missing is some species (Esau, 1965; Roth, 1981; Evert et al., 2006; Grag et al.,2015).
It is clear that we are short of knowledges on the molecular mechanism of periderm
development. To achieve that, a functional model plant for periderm study is needed.
In our lab, Arabidopsis is a model for periderm development. In Arabidopsis, the
periderm is found in both hypocotyl and roots, and it is reminiscent of the periderm of
woody plants, so we can use the Arabidopsis hypocotyl and roots as a model to study
the mechanisms of periderm development (Ragni & Greb, 2018). Periderm
development in Arabidopsis hypocotyl has been described into different stages which

are as followed: 1), the pericycle started to divide; 2), a reduction on endodermal cells
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caused by programmed cell death (PCD) and the establishment of phellogen began; 3),
the one/two layers of periderm were established with one or two endodermal cells
remained; 4), both inner cortex, outer cortex, and epidermal started to collapse and are
detached from the periderm; 5), a mature periderm was established and becomes the
new outer barrier of plant (Wunderling et al., 2018).

In the more elaborated description on the root, periderm development is divided into
serval developmental processes: 1), pericycle cells start anticlinal division with the
expansion of endodermal cells; 2), pericycle cells start periclinal division and
endodermal cells undergo PCD; 3), a three-layer periderm structure is formed and
abscission occurs on the cortex and epidermal cells; 4), a ring of periderm is complete
and works as a barrier to protect the plant organs/tissues (Wunderling et al., 2018).
Eventually, periderm, replacing epidermal cells and becoming the outer tissue of plant
organs/tissues, protects it from abiotic or biotic pressure and offer a mechanical support
(Campilho et al., 2020). Phellem contains macromolecules, such as suberin and lignin,
which are accumulated in phellem to enhance the capabilities of periderm to protect
plants (Wunderling et al., 2018). With a fully described developmental map, we can
use the annual Arabidopsis plant as a model to deeply understand the molecular
network in periderm development (Wunderling et al., 2018). Interestingly, many genes
like MYB84, ANAC78, HORST, KCR1, DAISY, and RALPH were expressed in the
periderm and involved in suberin biosynthesis pathway, which may indicate their
functions on periderm development (Wunderling et al., 2018).

To sum it, we noticed the biological importance of periderm in plant and economical
value of human being, However, it is unclear about the molecular mechanism of
periderm development in Arabidopsis. Therefore, in my thesis, | will focus on how
phellogen is established and fill the gaps of periderm study.

12
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3.3 Lateral roots formation is largely determined by IAA-ARF modules.

Lateral roots are important for increasing the surface area of root system architecture
to explore heterogeneous soil environments, impacting the efficiency of water uptake
and acquisition of nutrients. Understanding the lateral roots development is therefore
of vital biological and agronomic importance. In Arabidopsis, lateral roots originate
primarily from one side of XPP cells in an existent main root (Fig 1 and Fig 4);
moreover, lateral roots can be divided into four main steps: (1) lateral root pre-branch
site formation: XPP cells acquire founder cell (FC) identity, (2) lateral root initiation:
an asymmetric cell division started, (3) lateral root primordium formation, and (4)
lateral root emergence (Fig 4) (Lavenus et al., 2013; Motte et al., 2019).

Treated with auxin transport inhibitors (NPA) in P. sativum plants, lateral roots
formation is lost which indicates the role of auxin in LR development (Hinchee and
Rost, 1992; Casimiro et al., 2001). Additionally, the phytohormone auxin functions in
promoting anticlinal cell division, specifying the XPP cell identity and modulating
lateral roots formation ( De Smet et al., 2007; Casimiro et al., 2001) indication the role
of auxin in lateral roots development.

In the processes of lateral roots formation, Aux/IAA and ARF proteins are expressed
in LRP and deeply participate in lateral roots developmental processes (Rogg et al.,
2001; Fukaki et al., 2002; Okushima et al., 2005; Overvoorde et al., 2005; Okushima
etal., 2007; De Rybel et al., 2010; De Smet et al., 2010; Goh et al., 2012; Leyser, 2018).
Many functional analyses on iaas or arfs mutants (overproducing or inhibiting lateral
roots) allow us to understand how the plants coordinate between distinct IAAs-ARFs
modules then control lateral roots formation, shaping root architecture. Many 1AA-
ARF modules promote lateral roots initiation: for example, 1) IAA28-ARFs module;
2) SOLITARY ROOT (SLR)/IAA14-ARF7-ARF19 module; 3) BDL-MP module; 4)
SHY2-ARFs module. As the downstream targets of auxin, Aux/IAA-ARF module not
only shapes many aspects of plant growth but also contributes to the architecture system.
Furthermore, distinct 1AAs-ARFs modules coordinated during lateral roots
development.

IAA28 which is expressed the whole root, works as a transcriptional repressor targeting
auxin-induced genes like ARF proteins (ARF5, ARF6, ARF7, ARF8, and ARF19) and
repressing ARF’s functions in the transition region of root and is degraded under high
auxin level. Genetic data underlines IAA28-ARFs suppress the specification of lateral
roots founder cell identity (LRFC) (Rogg et al., 2001; De Rybel et al., 2010). GATA23

14



transcription factor is expressed in XPP cells and acts as the downstream target of
IAA28, regulating the LRFC identity in Arabidopsis (De Rybel et al., 2010). After
LRFC establishment, GATAZ23 is involved in lateral roots initiation, and after that, it
decreases and finally disappears from primordia. IAA28-ARFs/GATA23 module plays
a crucial in lateral roots priming and LRFC specification.

SLR-ARF7-ARF19 drives lateral roots initiation by activating several auxin-responsive
genes (Fukaki et al., 2002; Vanneste et al., 2005; Wilmoth et al., 2005; Lee et al., 2009).
Gain of function mutant solitary rootl-1 (slr1-1) reduces gravity sensing mechanisms
and is devoid of the lateral roots. slr1-1 inhibits XPP cell division blocking lateral roots
initiation, showing the solitary phenotypes. SLR co-localizes with ARF7 and ARF19
including pericycle cells (Xiao et al., 2020) and SLR protein interacts with ARF7 and
ARF19 protein forming the complex to negatively regulate auxin downstream genes,
repressing lateral roots initiation. Moreover, the SLR-ARF7-ARF19 module as an early
auxin response module is crucial in the first XPP cell asymmetric divisions, succeeded
by BDL-MP module, which positively regulates the lateral roots initiation and
organogenesis (De Smet et al., 2010). Furthermore, the SHY2-ARF module cooperates
with the SLR-ARF7-ARF19 module, indirectly regulating developmental stages of the
lateral roots development. In recent studies, shy2-2, a gain of function mutant in
Arabidopsis showed a reduction in lateral roots numbers and strongly inhibited the
processes of the lateral roots primordium and emergence (Tian & Reed, 1999; Swarup
et al., 2008; Goh et al., 2012).

Except for four typical IAAs-ARFs modules, there are some other IAAs-ARFs modules
participating in lateral roots formation such as CRANE/IAA18-ARF7-ARF19 module
and MSG2/IAA19-ARF7 module (Tatematsu et al., 2004; Uehara et al., 2008). In
Arabidopsis, the SLR-ARF7-ARF19 module works as a core on lateral roots
development, and coordinates with other IAAs-ARFs modules (BDL-MP, SHY 2-ARFs,
MSG2-ARF19, and CRANE-ARF7-ARF19), playing the main role in positively
regulating lateral roots formation.

Finally, in Arabidopsis, the lateral roots are regulated by auxin and more specifically,
auxin modulates different IAAs-ARFs modules in order controls lateral roots

developmental processes.
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4. Objectives

In plant, root system architecture is largely determined by the balance of stem cell
proliferation and differentiation during embryogenesis and post embryogenesis.
Secondary growth, the increase in radial growth (girth) of a plant, represents a key
structural novelty that characterizes the bulk of land plant diversity (Wunderling et al.,
2018; Ragni & Greb, 2018; Campilho et al., 2020). The bilateral meristems (vascular
cambium and phellogen) trigger secondary growth and shapes radical root system
architecture.

Many studies have been shown on secondary growth, while there are some outstanding
questions that remain to be addressed. First, it is clear that vascular cambium/phellogen
are divided into xylem/phellem or phloem/phelloderm, while very little is known how
the plants direct vascular cambium and phellogen differentiation. Second, the
molecular networks on periderm establishment and development are still missing.

To answer the question, | used Arabidopsis root as the model. Our preliminary data
suggested that auxin may also control phellogen initiation and proliferation, so | am
interested in how auxin is involved in phellogen establishment and differentiation. To
better understand the dynamics and which steps of periderm formation require auxin, |
will use transgenic auxin concentration and activity reporter lines to discover the auxin
distribution and accumulation. Next, | will obtain transgenic lines which | can
manipulate auxin signalling in a tissue/temporal specific manner. Moreover,
preliminary data in our lab suggested that several 1AAs and ARFs are expressed in the
phellogen. Therefore, 1 will complete the analyses of IAAs and ARFs expression
patterns during secondary development in the root and I will study the gain of function
or loss of function mutants of the 1AAs and ARFs during secondary growth.
Furthermore, pericycle cells give/partially give rise to lateral roots, phellogen, and the
vascular cambium, while it is unknown the correlation among these three plant
organs/tissues. Therefore, | will focus on understanding the molecular mechanisms
among these three plant organs/tissues.

I will complete the analyses of secondary growth some plants that lack of lateral roots.
Next, I will obtain transgenic line that blocks auxin signalling in vascular cambium and
another transgenic line that blocks auxin signalling in cork cambium, which allow me
to separate auxin regulatory networks in these two cambia, so | will perform

transcriptome analysis in these two transgenic lines. | will analyse the possible auxin
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inducted candidates, which may give a clue on how plant direct vascular cambium and
phellogen differentiation.

Altogether, our general interest is to better understand the genetic mechanism during
secondary growth. This understanding includes the identification of key factors, which
orchestrate secondary growth, how this important process is coordinated with other
plant organs/tissues (i.e vascular cambium and phellogen), and the spatial-temporal
regulators that regulate secondary growth. | aim to decipher the auxin-mediated
regulatory hubs in the vascular cambium and phellogen, providing the basis for
understanding stem cell specificity in different tissues and unveiling the correlating in

different plant organs/tissues.
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SUMMARY

During post-embryonic development, the pericycle specifies the stem cells that give rise to both lateral roots
(LRs) and the periderm, a suberized barrier that protects the plant against biotic and abiotic stresses. Com-
parable auxin-mediated signaling hubs regulate meristem establishment in many developmental contexts;
however, it is unknown how specific outputs are achieved. Using the Arabidopsis root as a model, we
show that while LR formation is the main auxin-induced program after de-etiolation, plants with age become
competent to form a periderm in response to auxin. The establishment of the vascular cambium acts as the
developmental switch required to trigger auxin-mediated periderm initiation. Moreover, distinct auxin
signaling components and targets control LR versus periderm formation. Among the periderm-specific-pro-
moting transcription factors, WUSCHEL-RELATED HOMEOBOX 4 (WOX4) and KNAT1/BREVIPEDICELLUS
(BP) stand out as their specific overexpression in the periderm results in an increased number of periderm
layers, a trait of agronomical importance in breeding programs targeting stress tolerance. These findings
reveal that specificity in pericycle stem cell fate is achieved by the integration of developmental cues into

distinct regulatory modules.

INTRODUCTION

The plant body consists of developmental units that are
constantly produced by the stem cells located at the meristems.
Primary meristems, such as the shoot and the root apical meri-
stems, are formed during embryogenesis, while secondary mer-
istems arise from differentiated cells or a mixture of differentiated
and undifferentiated tissues that reacquire pluripotency during
plant growth. Examples of secondary meristems are the vascular
cambium and the phellogen/cork cambium, which are respon-
sible for the increase in the girth of plant organs [1]. Both meri-
stems divide bidirectionally, producing inward wood and phello-
derm and outward phloem and phellem/cork, respectively [1, 2]
(Figure 1A). While the vascular cambium in trees remains active
throughout a tree’s life, the phellogen may be replaced every
year or after several years from the tissue underneath [3]. The
phellogen, the phelloderm, and the phellem are usually referred
to as the periderm. Phellem cells are highly suberized and ligni-
fied and act as a barrier, which restricts gas exchange, water
loss, and pathogen attack [1, 3-5]. In most plant species, the
stem phellogen originates from the subepidermal layer, whereas
in roots, including Arabidopsis, root phellogen arises from the
pericycle, an inner tissue that is surrounded by several cell layers
(endodermis, cortex, and epidermis). If the first phellogen is su-
perficial (as in stems), then only small amounts of primary tissues

are shed during periderm growth, whereas deeper periderms
slough away large amounts of primary tissues (as in roots). In
the Arabidopsis root, periderm development can be dissected
in 5 distinct stages in connection with the fate of the tissues sur-
rounding the pericycle (Figures 1A and S1A).

Briefly, at stage 1, the pericycle cells located at the xylem
poles start to proliferate, and then anticlinal cell divisions extend
to the whole pericycle [3, 6]. At stage 2, the pericycle divides also
periclinally, forming the meristematic ring comprising the phel-
logen, whereas the endodermis undergoes programmed cell
death (PCD) [3, 6]. During stages 3 to 5, cork cells differentiate,
and the epidermis and the cortex are sloughed away [3, 6].
Lateral roots (LRs), and to a lesser extent, the vascular cambium,
also arise from xylem pole pericycle cells, highlighting the unique
pluripotency capacity of this tissue [7, 8]. An auxin maxima spec-
ifies LRs in the region above the root apical meristem, and the
first formative divisions occur before the onset of secondary
growth; thus, LR formation precedes periderm initiation [9]. Dur-
ing LR emergence, similar to periderm development, the endo-
dermis loses volume and can undergo PCD, whereas the
epidermis and the cortex are pushed away to accommodate
primordia outgrowth [10, 11].

It is known that conserved regulatory networks, including
those triggered by auxin, play a major role in stem cell establish-
ment and maintenance in the embryo, shoot and root apical
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Figure 1. Auxin Promotes Phellogen Establishment from the Pericycle

(A) Periderm development in the Arabidopsis root can be followed along the root. Schematic of periderm development stages (pale yellow: pericycle; orange:
phelloderm, dark yellow: phellogen, and red: phellem).

(B) Ratio of the relative intensities of D2-Venus/mD2-dTomato of the pictures shown in Figure S1B.

(C) Orthogonal view of z stacks of a DR5v2::ER-YFP root at the positions corresponding to stage 1 (bottom), stage 3/4 (center), and stage 5 (top) (12 days old).

(legend continued on next page)
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meristems, and the vascular cambium [12, 13]. Specific auxin-
mediated signaling modules are active in different organs/tis-
sues [8, 12, 14-17]; however, our understanding about how
tissue output specificity is achieved is limited. Here, we investi-
gated how two independent developmental programs, LR and
periderm formation, are initiated from the same tissue.

RESULTS

Auxin Is Required for Periderm Establishment from the
Pericycle

As the regulatory networks underlying periderm formation are
largely unknown, we assessed whether auxin plays a role during
phellogen establishment. Periderm development can be fol-
lowed over space along the same root (which represents a devel-
opmental gradient) or over time in the same zone of the root (e.g.,
the most mature close to the hypocotyl) (Figures 1A and S1A) [6].
We mapped auxin distribution and activity at 3 representative
stages of periderm formation, exploiting the genetically encoded
biosensors R2D2 and DR5v2 [18]. R2D2 is based on the auxin-
induced degradation of a fluorophore (RPS5A::D2-Venus)
coupled to a nondegradable internal control (RPS5A::m-dTo-
mato). Hence, the ratio between the 2 fluorescent signals reports
auxin cellular concentrations. We found that auxin accumulates
in the xylem pole pericycle cells during periderm initiation (stage
1) and in the phellogen during periderm development (stage 3/4)
(Figures 1B, S1B, and S1C). In a mature periderm, auxin levels
peak in both phellogen and phelloderm. Consistently, an auxin
minimum was detected in phellem cells (Figures 1B, S1B, and
S1C). In line with this, auxin activity, as shown by DR5v2::ER-
YFP, is high in the phellogen and phelloderm and low in the
phellem (stages 3/4 and 5) (Figure 1C). Next, we blocked polar
auxin transport by treating plants (7 days old), initiating periderm
formation with N-1-naphthylphthalamic acid (NPA) for 5 days. In
mock-treated plants, % of the root (~2.5 cm), was covered by the
phellem, whereas in NPA-treated plants, both phellem length
and phellem ratio were significantly reduced (Figures 1D, 1E,
and S1D). In addition, phellem (red dots) differentiation was
incomplete in NPA-treated roots, indicating a delay in periderm
development (Figure 1E). By contrast, treatment with auxin (1-
Naphthaleneacetic acid [NAA], Indole-3-acetic acid [IAA], or
2,4-Dichlorophenoxyacetic acid [2,4-D]) promoted periderm for-
mation as shown by an increased phellem length and phellem ra-
tio (Figures 1F and S1E-S1G). Moreover, in cross-sections of
NAA-treated plants, we observed that phellem cells were already
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differentiated and covered the whole root, whereas in the mock
control, only a few phellem cells were present (Figure 1F). These
results highlight the importance of auxin for periderm growth and
initiation.

To further dissect the role of auxin during periderm develop-
ment, we engineered plants to specifically block auxin signaling
in the pericycle at the onset of periderm formation and in the
phellogen at periderm maturity. This was achieved by using
spatial and temporal controlled expression of stabilized Aux/
IAA variants [19]. The XYLEM POLE PERICYCLE (XPP) promoter
is active at the onset of periderm initiation in the xylem pole peri-
cycle cells [20], whereas the PEROXIDASE15 (PER15) promoter
is expressed in the whole pericycle at stage 1 and in both
phellem and phellogen at stage 5 of periderm development (Fig-
ures STH and S1l). We observed that prolonged induction of
XPP::shy2-2-GR and PER15::sIr-1-GR (7-12 days) resulted in
reduced phellem length, phellem ratio, and disorganized peri-
derm (Figures S2A and S2B). Consistently, hindering the tran-
scriptional auxin response precisely at the onset of periderm
development abolished cell divisions in the pericycle and the
expression of the periderm marker MYB84 [6] (Figures 1G, 1H,
and S2C-S2E), indicating that auxin signaling is required to
trigger periderm initiation. Next, we investigated whether auxin
is necessary to maintain stem cell activity in the phellogen, by
inducing the PER15::slr-1-GR construct in a fully differentiated
periderm (12 days old) (Figure S2F). A prolonged dexametha-
sone (DEX) induction (8 days) resulted in the loss of phellogen ac-
tivity and MYB84 expression (Figure S2F). As expected, cork
cells were still suberized (Figure S2G), showing that stem cell
activity can be stopped but cells cannot dedifferentiate. In sum-
mary, our results demonstrate that auxin-mediated transcrip-
tional reprogramming is required for periderm establishment
and development. Thus, auxin promotes both LR and periderm
programs from the pericycle, raising the question of how auxin
output specificity is achieved.

LR Formation Is the Main Auxin-Induced Program in the
Pericycle after Plant Greening, whereas Plants with
Aging Become Competent to Respond to Auxin to Form
the Periderm

To investigate auxin specificity, we tested whether the dynamics
of auxin responses differ during LR and periderm development.
We studied the effect of a short auxin treatment (48 h) in plants
before (4 day old), at (6 day old), and after the onset of periderm
formation (8 day old) [6]. Auxin treatment resulted in roots with an

(D) Schematic representation of an Arabidopsis root showing how phellem length (phellem L. [cm]) and phellem ratio (phellem length [cm]/root length [cm]) are
measured.

(E) Top: quantification of phellem length in 12-day-old WT roots. Seven-day-old plants were treated for 5 days with mock, 5 uM NPA, or 10 uM NPA; t test (n = 15).
Lower panels: cross-sections (plastic embedding) of the uppermost part of 12-day-old WT roots. Seven-day-old plants were transferred for 5 days to mock or
10 uM NPA plates.

(F) Top: quantification of phellem ratio in 10-day-old WT roots. Seven-day-old plants were transferred to mock, 0.1 uM, or 1 uM NAA plates for 3 days; t test (n =
15). Bottom: cross-sections (plastic embedding) of the uppermost part of 10-day-old WT roots. Seven-day-old plants were transferred to mock or 1 uM NAA
plates for 3 days.

(G) Cross-sections (plastic embedding) of the uppermost part of XPP::shy2-2-GR (in MYB84::NLS-3xGFP W131Y;#1) roots. Four- and 6-day-old plants were
treated for 2 days with mock or 10 uM DEX.

(H) Quantification of number of pericycle/periderm cells of (G). One-way ANOVA (95% confidence interval [CI], post hoc: Tamhane, n = 15-21).

The pale yellow arrows indicate the pericycle, the dark yellow arrows indicate the phellogen, the red arrows indicate the phellem, and the orange arrows indicate
the phelloderm. The red dots represent the phellem cells and the yellow dots represent the pericycle cells. Black and white scale bars: 20 um.

See also Figures S1 and S2 and Data S2.
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Figure 2. Auxin Is Not Sufficient to Induce Periderm Formation
(A and B) Quantification of phellem length (A) and phellem ratio (B) in WT (MYB84::NLS-3xGFP W131Y) roots. Four-, 6-, and 8-day-old plants were treated for 48 h

with mock or 1 uM NAA; t test (ns, not significant; n = 14-15).

4 Current Biology 30, 1-15, November 16, 2020

(legend continued on next page)

23



Please cite this article in press as: Xiao et al., Pluripotent Pericycle Cells Trigger Different Growth Outputs by Integrating Developmental Cues into
Distinct Regulatory Modules, Current Biology (2020), https://doi.org/10.1016/j.cub.2020.08.053

Current Biology

increased phellem length and phellem ratio only when plants
were treated upon periderm initiation time or later (Figures 2A
and 2B). In contrast, auxin induced LR formation independent
of the plant developmental stage after the body of the plant is es-
tablished (after de-etiolation/greening occurred: hypocotyl has
stopped elongation and the cotyledons are opened) (Figures
2C and S3A-S3C). Consistently, the periderm marker MYB84
[6] is not expressed in 4-day-old auxin-treated plants, indicating
that the periderm program is not triggered (Figure S3D). In line
with this, we observed that a 20-h auxin treatment was sufficient
to increase the number of pericycle divisions (quantified using
the microtubule marker 35S::GFP-TUAG [21]) at the onset of peri-
derm formation (6-day-old plants) but not before (Figures S3E
and S3F). Auxin did not induce periderm formation in 4-day-old
plants, even when auxin treatment was prolonged to 4 days (Fig-
ures 2D and 2E). These plants kept producing LRs and no peri-
derm was initiated, while mock roots had already started the
periderm program (Figures 2F and S3G), pointing out that plants
with age become competent to establish periderm in response
to auxin.

To corroborate our results, we investigated periderm develop-
ment in the auxin-overproducing mutant superroot1/rooty1(rty1-
1) [22, 23]. In line with our auxin-feeding experiments, in rty1
mutants periderm growth was almost blocked as seen by a
drastic reduction in phellem length and phellem ratio and by
the absence of pericycle divisions in the majority of the observed
roots (Figures 2G-2I). These results suggest that LR formation is
the main developmental program activated by auxin in the peri-
cycle (after greening), and that periderm initiation requires the
integration of additional developmental cues.

Blocking LR Initiation Has a Positive Effect on Periderm
Growth

We next asked whether blocking LR formation in the zone of the
root where periderm initiation occurs acts as a trigger for the
periderm program. Thus, we quantified periderm growth in 2 in-
dependent genetic backgrounds, which lack LRs without
altering auxin signaling in the periderm. In CASP1::shy2-2 plants,
LR initiation is arrested by blocking auxin signaling in the endo-
dermis, whereas in gLBD16-SRDX lines, LATERAL ORGAN
BOUNDARIES-DOMAIN 16 (LBD16), a transcription factor (TF)
that acts downstream of auxin to promote LRs, is turned into a
repressor [10, 24-26]. In both lines, we observed a mild increase
in phellem length and phellem ratio when compared to wild type
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(WT), whereas upon auxin induction (7 days + 5 days), they were
indistinguishable from WT, suggesting that the lack of LRs in-
duces early periderm onset (Figures 2J, 2K, S3H, and S3l). To
confirm it, we quantified the number of pericycle cells at the
onset of periderm formation. In 6-day-old roots, the pericycle
cell number was higher in both CASP1::shy2-2 and gLBD16-
SRDX compared to WT, and the effect was larger in 8-day-old
plants (Figures 2L and S3K-S3M). However, the absence of
LRs did not confer early competence to auxin to form a periderm,
indicating that precocious periderm initiation in these lines may
be indirectly triggered by other factors (Figures 2L and S3K-
S3M). Supporting this, the number of vascular cells was also
increased in CASPI1:shy2-2 and gLBD16-SRDX roots
(Figure S3N).

The Establishment of the Vascular Cambium Acts as the
Developmental Switch That Triggers the Auxin-
Mediated Periderm Program

We noticed that in CASP1::shy2-2 and gLBD16-SRDX, the
establishment of the vascular cambium occurs earlier (Fig-
ure S3N), while in rty7 mutants it is delayed (Figure 21). We hy-
pothesized that the formation of the vascular cambium may
act as the developmental switch that is required to elicit periderm
formation. In support of this hypothesis, a periderm is present
only in species that undergo massive secondary growth [3, 4].
The onset of periderm development follows the first divisions in
the pro-cambium, and the 2 meristems appear to develop simul-
taneously (Figure S4A). To validate this experimentally, we
tested the effect of impaired cambium activity on periderm
development. Loss of function of the master regulator of cambial
activity PHLOEM INTERCALATED WITH XYLEM/ TDIF RECEP-
TOR (PXY/TDR), which is not expressed in the periderm (Fig-
ure S4B), results in altered cambium patterning and decreased
cambium proliferation [27, 28]; thus, we inspected pxy-3 mutants
for periderm phenotypes. At 8 days, the whole pericycle is
dividing in WT plants and the first periclinal divisions have
already occurred, whereas in pxy mutants only a few divisions
took place (Figures 3A and 3B). Moreover, phellem length,
phellem ratio, and the periderm auxin response were highly
reduced in pxy mutants (Figures 3C and S4C), suggesting that
the vascular cambium is necessary for periderm formation. To
further substantiate these findings, we exploited the fact that
blocking auxin-mediated transcriptional responses in the PXY
expression domain arrests cambium activity [14] without altering

(C) Quantification of LR density of WT (MYB84::NLS-3xGFP W131Y) roots. Four-, 6-, and 8-day-old plants were treated for 48 h with mock or 1 uM NAA; ttest (n =

14-15).

(D-F) Quantification of phellem length (D), phellem ratio (E), and lateral root density (F) in WT roots. Four-day-old plants were treated for 96 h with mock or 1 uM

NAA; t test (ns: not significant, n = 15).

(G and H) Quantification of phellem length (G) and phellem ratio (H) in 12-day-old WT and rty roots; t test (n = 15).
(I) Cross-sections (plastic embedding) of the uppermost part of 12-day-old WT and rty7 roots.
(J) Quantification of phellem ratio in 12-day-old WT and gL BD76-SRDX roots. Seven-day-old plants were treated for 5 days with mock or 1 uM NAA. One-way

ANOVA (95% Cl, post hoc: Tamhane, n = 15).

(K) Quantification of phellem ratio in 12-day-old WT and CASP1::shy2-2 roots. Seven-day-old plants were treated for 5 days with mock or 1 uM NAA. One-way

ANOVA (95% ClI, post hoc: Bonferroni, n = 14-15).

(L) Cross-sections (plastic embedding) of the uppermost part of 6-day-old WT, gLBD16-SRDX, and CASP1::shy2-2 roots. Four-day-old plants were treated for
48 h with mock or 1 uM NAA. As WT roots when treated with NAA keep forming LRs, it is rare (3/12) to have sections without LRs.
The yellow dots represent pericycle cells, the black dots represent periderm cells, and the double-headed black arrows indicate periderm extension. The yellow

arrowheads indicate pericycle cell divisions. Black scale bars: 20 pm.
See also Figure S3 and Data S2.
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Figure 3. A Functional Vascular Cambium Is Required to Drive the Auxin-Induced Periderm Program

(A) Cross-sections (plastic embedding) of the uppermost part of 8-day-old WT and pxy-3 roots.

(B) Quantification of number of pericycle/periderm cells in the experiment presented in (A); t test (n = 10-11).

(C) Quantification of phellem ratio in 12-day-old WT and pxy-3 roots. Seven-day-old plants were treated for 5 days with mock or 1 uM NAA. One-way ANOVA
(95% Cl, post hoc: Tamhane, n = 14-15).

(D) Quantification of phellem ratio in 12-day-old roots of PXY::shy2-2-GR roots (in MYB84::NLS-3xGFP W131Y). Seven-day-old plants were treated for 5 days
with mock, 1 uM NAA, 10 uM DEX, or 10 uM DEX + 1 uM NAA. One-way ANOVA (95% ClI, post hoc: Tamhane, n = 15).

(E) Cross-sections (plastic embedding) of the uppermost part of PXY::shy2-2-GR (in MYB84::NLS-3xGFP W131Y) roots. Six-day-old plants were treated for 48 h
with mock, 1 uM NAA, 10 uM DEX, or 10 uM DEX + 1 uM NAA.

(F) Quantification of number of pericycle/periderm cells in the experiment presented in (E). One-way ANOVA (95% ClI, post hoc: Tamhane, n = 7-13) and t test.
(G) Cross-sections (plastic embedding) of the uppermost part of 6-day-old PXY::BP-GR roots. Four-day-old plants were treated for 48 h with mock, 10 uM DEX,
10 uM NPA, or 10 uM DEX + 10 uM NPA.

(H) Cross-sections (plastic embedding) of the uppermost part of 6-day-old WT and mol1 roots. Four-day-old plants were treated for 48 h with mock or 10 uM NPA.

(legend continued on next page)
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the auxin response in the periderm. Prolonged induction (5 days)
of PXY::shy2-2-GR from 7 days onward resulted in delayed peri-
derm formation and abolished auxin responses in the periderm
(Figures 3D, S4D, and S4F). Consistently, 2-day induction at
the onset of periderm/cambium initiation arrested both cambium
and periderm formation, even in the presence of auxin, indicating
that the establishment of the vascular cambium is required for
periderm development (Figures 3E and 3F).

Next, we assumed that if the initiation of the vascular cambium
renders the pericycle competent to form the periderm, high
vascular cambium activity should promote periderm growth.
To test this, we specifically overexpressed a master cambial
regulator [29, 30] in the vascular cambium with temporal control
(PXY::BP-GR). Induction of BREVIPEDICELLUS/KNAT1 (BP)
from day 7 onward resulted in an increase in phellem length
and phellem ratio (Figures S4G and S4H). Consistently, a short
induction in the vascular cambium at the onset of periderm
development was sufficient to promote both programs and this
effect was attenuated by blocking auxin polar transport (Figures
3G and S4l). We reinforced these findings by investigating more
lateral growth1 (mol71-1) mutants, which are characterized by
enhanced vascular cambium activity [31]. MOLT is solely ex-
pressed in the phloem and pro-cambium before the initiation of
periderm development [31] (Figure S4J). At 6 days, mol1-1 mu-
tants already showed many pericycle cell divisions, and the total
number of pericycle cells was increased compared to WT, indi-
cating that periderm initiation occurred earlier (Figures 3H and
3l). NPA treatment suppressed the mol7-1 phenotypes, high-
lighting the importance of auxin for both programs (Figures 3H,
3l, and S4K).

In summary, our results demonstrate that the vascular cam-
bium is required and sufficient to promote periderm initiation.
Thus, it may act as the developmental cue that renders the xylem
pole pericycle competent to initiate the periderm program.

Distinct Targets Downstream of Auxin Orchestrate
Periderm and LR Formation

We hypothesized that output distinction among the 2 develop-
mental programs is also mediated by specificity in the auxin
responses. To test this, we investigated whether the key
auxin signaling components that regulate LR formation act dur-
ing periderm development. Different auxin signaling modules
comprising Aux/IAAs and auxin response factors (ARFs) regu-
lated LR formation [12,26 32-38]. By mean of fluorescent re-
porters, we observed the activity of JAA3/SHORT HYPOCOTYL
2 (SHY2), IAA12/BODENLOS (BDL), IAA28, and IAA14/SOLI-
TARY ROOT (SLR) promoters at all stages of periderm develop-
ment (Figures 4A-4D). Genetic analysis exploiting gain-of-func-
tion mutants (stabilized versions) of the expressed IAAs [32-36]
confirmed their role during periderm development. All of the mu-
tants displayed decreased phellem length, decreased phellem
ratio, and an impaired auxin response (Figures 4E-4G and
S5A-S5C), with bdl-2 and shy2-101 being the most affected (Fig-
ures 4E). Also, at the anatomical level, bdl-2 and shy2-101 roots
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showed the strongest phenotype, with only 1-2 formed periderm
layers and reduced overall secondary growth (Figures 4H-4J). In,
sir-1, which totally lacks LRs [33] (Figure S5M) and displays only
a mild reduction in the number of periderm layers (Figure 4l), the
positive effect on blocking LR initiation on the periderm growth is
suppressed/masked by altered auxin signaling in the periderm
and/or by the absence of enhanced cambial activity.

Next, we examined whether ARF5/MONOPTEROS (MP),
ARF6, ARF7/NPH4, ARF8, and ARF19, which regulate LR devel-
opment [26, 32, 34, 37, 38], also contribute to periderm growth.
We showed that all of these ARFs are expressed in the periderm,
albeit not at all periderm developmental stages (Figures 5A-5E,
S5D, and S5E). We detected the activity of ARF5 and ARF8 pro-
moters in a few phellogen cells only during late (stage 5) periderm
development (Figures 5D, 5E, S5D, and S5E), whereas ARF6,
ARF7, and ARF19 promoter activity was observed during all
stages of periderm development, including the first divisions in
the pericycle (Figures 5A-5C). The comparison of the expression
levels of these ARFs in the pericycle in the root at the positions
corresponding to LR initiations and periderm initiation points
out that ARF19 acts predominantly during LR formation,
whereas ARF6 and ARF7 act in both processes. As ARF5 and
ARF8 are very weakly expressed [8, 37, 39] and were at the
border of detection at both positions, no assumptions could be
made.

To further study whether output specificity is encoded by
different ARFs, we investigated periderm development in ARF
loss-of-function mutants. Our genetic studies revealed that
ARF8 and MP/ARF5 are the major ARFs contributing to periderm
formation, despite their low abundance (Figures 5F-5I, S5B, and
S5F-S5I). Both an induced amiMP line (mp/arf5 mutant fails to
form aroot, so we used an inducible artificial microRNA [miRNA]
targeting MP/ARF5 [8]) and the arf8-2 single mutant showed a
reduction in phellem length, phellem ratio, and auxin response
(Figures 5F, 5G, S5F, and S5G). In addition, the number of peri-
derm layers was reduced in the induced amiMP roots, whereas
LR formation was not altered (Figures 5H, 51, S5J, and S5K). In
line with this, prolonged induction of MP at the onset of periderm
formation resulted in increased phellem length, phellem ratio,
and periderm layers (Figures 5J-5L and S5L). ARF5/MP, which
contributes the most to periderm development, is known to
activate vascular cambium formation in the root and repress
cambium activity in the stem [8, 14], highlighting regulatory con-
servation between the 2 meristems. By contrast, the arf7-1
arf19-1 double mutant, which totally lacks LRs (Figure S5M),
showed normal cambium [8] and periderm growth, except for a
reduced auxin response (Figures 4F, 5M, 5N, and S5B), high-
lighting that distinct auxin signaling modules do not equally
contribute to periderm, LR, and cambium formation. Consid-
ering that the analyzed ARF loss-of-function mutants show
only mild periderm defects, compared to IAA gain-of-function
mutants, it is reasonable to think that either the analyzed ARFs
work redundantly and/or additional ARFs are involved. To
conclude, pericycle output specificity is only partially resolved

(I) Quantification of number of pericycle cells in the experiment presented in (H). One-way ANOVA (95% Cl, post hoc: Tamhane, n = 13-16).
The yellow dots represent the pericycle cells, the black dots represent the periderm cells, and the yellow arrowheads indicate the pericycle divisions. Black scale

bars: 20 um.
See also Figure S4 and Data S2.
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by differences in the auxin signaling machinery involved in the 2
processes (Figures 4K and 50).

Furthermore, we tested whether auxin-induced LR regulators
function during periderm formation. The GATA23 TF specifies
LR founder cell identity in xylem pole pericycle cells [32],
whereas LBD16 together with other auxin-induced-LBD TFs
regulate LR initiation, primordium growth, and emergence
[24-26]. We determined their expression pattern during peri-
derm development. The activity of GATA23 and LBD16 pro-
moters was observed in the pericycle during LR initiation (Fig-
ures 6A and S6A) [26, 32], whereas it was at the border of
detection in the pericycle at the onset of periderm initiation
(Figures 6A and S6A). Consistently, the expression of
GATA23 and LBD16 was not reduced in the periderm of
XPP::shy-2-2-GR-induced roots as expected for an auxin target
gene, and gLBD16-SRDX roots do not show any defects in the
periderm, indicating that they do not play a major role during
periderm development (Figure 6B). In the quest for factors
downstream of auxin that regulate periderm growth, we
selected known and putative MP/ARFS5 targets [14, 40], restrict-
ing the list to WOX4 and BP/KNAT1 based on their expression
during secondary growth [29, 41, 42]. We confirmed that both
WOX4 and BP are expressed all through periderm development
(Figures S6B and S6C) and their expression is reduced in the
periderm of XPP::shy2-2-GR-induced roots (Figure 6B).
WOX4 expression is excluded from the pericycle during LR
initiation, whereas BP could still be detected, albeit at lower
levels (Figures 6C and S6D).

To further explore their role during periderm development,
we analyzed BP and WOX4 loss-of-function mutants. Both
the wox4-1 and bp-9 mutants displayed a reduction in phellem
length and phellem ratio and impaired auxin response when
compared to WT (Figures 6D and S6E). At the anatomical level,
the number of periderm layers was reduced (Figures S6F and
S6G), indicating that WOX4 and BP control phellogen activity.
In line with their specific role during secondary growth, wox4-
1 and bp-9 mutants do not display any obvious LR phenotype
(Figures S6H and S6l). To further confirm the specific contribu-
tion of WOX4 and BP during periderm development, we gener-
ated PER15::BP-GR and PER15::W0OX4-GR plants. Inducing
WOX4 and BP expression in the periderm of WT plants from
7 days onward (at the onset of periderm formation) resulted
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in roots with an increased phellem length, phellem ratio, and
periderm layers compared to mock controls, confirming that
WOX4 and BP are periderm-positive regulators (Figures 6E-
6H, S6J, and S6K).

DISCUSSION

Our genetic and gene expression data demonstrate that auxin
promotes both LR and periderm initiation from the same tissue:
the pericycle. LRs and the periderm arise by the reactivation of
cell divisions in the pericycle at distinct root zones, and their initi-
ation displays different temporal dynamics. While auxin signaling
is required for the first formative cell divisions at the xylem pole
pericycle of both developmental programs, auxin is not sufficient
to elicit periderm inception, indicating that LR production is the
main auxin-induced program (after plant greening/plant body
establishment), and additional developmental cues are needed
to trigger periderm development. In fact, the establishment of
the vascular cambium is a prerequisite for auxin-activated peri-
derm initiation, and precocious activation of the vascular cam-
bium is sufficient to trigger periderm initiation. Moreover, the
positive effect of blocking LR formation on periderm initiation
may be related to cambium establishment, as in plants that
lack LRs; precocious periderm initiation was accompanied by
enhanced cambial activity. We suggest that a non-cell-autono-
mous signal (hormone/peptide/small RNA/mobile TF) triggered
by the cambium renders the xylem pole pericycle competent
to form a periderm by either directly specifying periderm identity
or by amplifying the endogenous cues required for periderm
specification. Alternatively, the establishment of the vascular
cambium and the consequence radial expansion may generate
mechanical forces on the pericycle, which could drive periderm
initiation (Figure 7).

Recently, clonal analyses experiments showed that the
vascular cambium arises from cells that are adjacent to the xy-
lem, including xylem pole pericycle cells. Thus, the portion of
the cambium in correspondence with the original xylem poles
derives from the pericycle, whereas the remaining part originates
from pro-cambial cells, which are near the xylem [8]. Xylem prox-
imity is a prerequisite only for vascular cambium formation and
not for phellogen establishment, while auxin signaling is required
in both processes, adding another level of complexity to the

Figure 4. Distinct IAAs Contribute to Periderm Development

(A-D) Orthogonal view of z stacks of BDL/IAA12::NLS-3xGFP W131Y (A), SHY2/IAA3::NLS-3xm-Venus (B), IAA28::NLS-3xm-Cherry W131Y (C), and SLR/
IAA14::NLS-3xm-Cherry W131Y (D). Twelve-day-old roots at the positions corresponding to stage 1 (left panel), stages 3/4 (center panel), and stage 5 (right panel)
of periderm development.

(E) Quantification of phellem ratio in 12-day-old WT, bdl-2, and shy2-201 roots. Seven-day-old plants were treated for 5 days with mock or 1 uM NAA. One-way
ANOVA (95% ClI, post hoc: Tamhane, n = 8-14).

(F) Quantification of phellem ratio in 12-day-old WT, sir-1, and arf7-1 arf19-1 roots. Seven-day-old plants were treated for 5 days with mock or 1 M NAA. One-
way ANOVA (95% ClI, post hoc: Tamhane, n = 14-15).

(G) Quantification of phellem ratio in 10-day-old WT (Ws and Col) and iaa28-1(Ws) roots. Seven-day-old plants were treated for 3 days with mock or 1 uM NAA.
One-way ANOVA (95% Cl, post hoc: Tamhane, n = 14).

(H) Cross-sections (plastic embedding) of the uppermost part of 12-day-old WT, bdl-2, shy2-201, sir-1, WT (WS), and iaa28-1 roots.

(I and J) Quantification of the number of periderm layers of (H).

(K) Table comparing /AA root phenotypes. Mutant phenotypes were normalized to WT, which was set to 1. LRD, lateral root density; PR, phellem ratio; NAA, auxin
response (PR mock/PR NAA); and P.L., number of periderm layers.

The white arrows indicate the pericycle/phellogen, the double-headed black arrows indicate the periderm extension, and the black dots indicate the periderm
layers. Black and white scale bars: 20 pm.

See also Figure S5 and Data S2.
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Figure 5. Distinct ARFs Contribute to Periderm Development

(A-C) Orthogonal view of z stacks of ARF6::NLS-3xGFP W131Y (A), ARF7::NLS-3xGFP W131Y (B), and ARF19::NLS-3xGFP W131Y (C) 12-day-old roots at the
positions corresponding to stage 1 (left panels), stages 3/4 (center panels), and stage 5 (right panels) of periderm development.
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system [8]. Studies with single-cell resolution and temporal dy-
namics are necessary to further dissect how the 3 programs
are connected, and, especially, whether LRs influence the estab-
lishment of the vascular cambium and how the phellogen and the
vascular cambium are specified from xylem pole pericycle cells.
In addition, LR initiation is strongly controlled by nutrient avail-
ability; therefore, it will be interesting to explore whether environ-
mental stimuli influence pericycle developmental transitions.

We highlighted that distinct signaling pathways, downstream
of auxin, orchestrate periderm and LR formation. We showed
that MP, which also regulates cambium activity via WOX4 [8,
14], and ARF8 are the majors ARFs contributing to periderm
formation, whereas the key LR module SLR-ARF7-ARF19 [26,
38] plays only a minor role during periderm growth. However,
it is likely that other ARFs or other ARF combinations partici-
pate in periderm development, as the loss of function of
ARF8 or conditionally knocking down MP only lead to mild peri-
derm phenotypes. We found that downstream of ARFs during
periderm development, WOX4 and BP play a prominent role
in controlling meristem activity, highlighting distinction from
the LR program and major overlaps between the vascular cam-
bium and the phellogen networks (Figure 7). Periderm-specific
overexpression of WOX4 and BP provides a novel approach for
increasing periderm layers, a trait that is known to contribute to
stress tolerance [3, 43]. Another key aspect for breeding pro-
grams is that WOX4 and BP are sufficient to increase cambial
activity [30], paving the way for programs targeting simulta-
neously biomass and resistance to abiotic stresses. In this re-
gard, it would be interesting to further decipher the complex
molecular mechanisms coordinating the activity of the phel-
logen and the vascular cambium.
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(D and E), Orthogonal view of z stacks of ARF5/MP::NLS-3xGFP W131Y (D) and ARF8::NLS-3xGFP W131Y (E). Twelve-day-old roots at the position corre-

sponding to stage 5 of periderm development.

(F) Quantification of phellem ratio in 12-day-old WT, arf6-1, and arf8-2 roots. Seven-day-old plants were treated for 5 days with mock or 1 1M NAA. One-way

ANOVA (95% Cl, post hoc: Tamhane, n = 15-16).

(G) Quantification of phellem ratio in UBI10::XVE>>amiMP lines. Seven-day-old plants were treated for 5 days with mock, 1 uM NAA, 5 1M B-estradiol (B-Estr) or
5 uM B-Estr + 1 uM NAA. One-way ANOVA (95% ClI, post hoc: Tamhane, n = 12-14).
(H) Cross-sections (plastic embedding) of the uppermost part of 12-day-old amiMP (#13) roots. Seven-day-old plants were treated for 5 days with mock or 5 uM

B-Estr.

(I) Quantification of the number of periderm layers of the experiment shown in (H).

(J) Quantification of phellem ratio in 35S::GR-MP roots. Seven-day-old plants were treated for 5 days with mock or 10 uM DEX; t test (n = 15).

(K) Quantification of the number of periderm layers of the experiment shown in (L).

(L) Cross-sections (plastic embedding) of the uppermost part of 12-day-old 35S::GR-MP roots. Seven-day-old plants were treated for 5 days with mock or 10 uM

DEX.

(M) Cross-sections roots (plastic embedding) of the uppermost part of WT and arf7-1-arf19-1 12-day-old roots.
(N) Quantification of the number of periderm layers of the experiment shown in (M).

(O) Table comparing ARF phenotypes in the root. Mutant phenotypes were normalized to WT, which was set to 1. LRD, lateral root density; PR, phellem ratio;
NAA, auxin response (PR mock/PR NAA); and P.L., number of periderm layers.

The white arrows indicate the pericycle/phellogen, the double-headed black arrows indicate the periderm extension, and the black dots indicate the periderm
layers. Black and white scale bars: 20 pm.

See also Figure S5 and Data S2.
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Figure 6. Distinct Targets Downstream of Auxin Orchestrate Periderm and LR Formation
(A) Orthogonal view of z stacks of a GATA23::NLS-GFP-GUS W131Y 7-day-old root at the positions corresponding to LR primordia (bottom) and stage 1 of
periderm development (top).
(B) Relative expression of LBD16, GATA23, WOX4, and BP/KNAT1 in the periderm of XPP::shy2-2-GR (in MYB84::NLS-3xGFP W131Y; #1) roots. Seven-day-old
plants were treated for 2 days with mock or 10 M DEX. The bars represent the means and the error bars represent +2 SE; t test (ns, not significant; n = 3-4).
(C) Orthogonal view of z stacks of a WOX4::ER-YFP 7-day-old root at the positions corresponding to LR primordia (bottom) and stage 1 (top).

(legend continued on next page)

12 Current Biology 30, 1-15, November 16, 2020

31



Please cite this article in press as: Xiao et al., Pluripotent Pericycle Cells Trigger Different Growth Outputs by Integrating Developmental Cues into
Distinct Regulatory Modules, Current Biology (2020), https://doi.org/10.1016/j.cub.2020.08.053

Current Biology @ CellPress

Vascular cambium Phellogen 2‘3,“,,'; s;;c'}’};‘?;' ER0Y  Taowe
LRs, the phellogen, and part of the vascular
cambium arise from reactivation of divisions in the
pericycle. Auxin promotes these 3 programs. LR
formation is the main auxin-induced program in
the pericycle after the plant body is established.
ARF7 and ARF19 are the main ARFs that activate
GATA23 and LBDs, and thus the LR program.
Auxin promotes phellogen formation via ARF5 and

ARF8 (and probably other ARFs) and through the

GATA23 LBD16 WOX4 PXY HD-ZIPs WOXx4 BP activation of WOX4 and BP. The establishment of

T T T the vascular cambium, which is also regulated by

auxin via MP, WOX4, PXY, and HD-ZIPs, is

ARF7 ARF19 ARF5ARF7 ARF19 ARF5 required for periderm formation (the vascular
+ARFs +ARFs +ARFs cambium scheme is based on data in [8]).

The double-headed black arrow indicates the
T T T zone of the root where LR are specified and initi-

ated, the double-headed red arrow indicates the
1AA 1AA 1AA zone of the root where periderm establishment
occurs, and the double-headed brown arrow is
where the vascular cambium is established. Gene
names and arrows in gray indicate proposed in-
teractions. The pericycle cells are depicted in pale
green, the cells derived from the pericycle are
depicted in green, the pro-cambial cells are in pale
brown, and the cells derived from the pro-cam-
bium are depicted in brown.
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Bacterial and Virus Strains

Escherichia coli DH5alfa Widely distributed N/A

Agrobacterium tumefaciens Widely distributed N/A

GV3101

Chemicals, Peptides, and Recombinant Proteins

Indole-3-acetic acid (IAA) Duchefa Cat# 10901

1-Naphthaleneacetic acid Duchefa Cat# N0903

(NAA)

N-1-naphthylphthalamic Duchefa Cat# N0926

acid (NPA)

Dexamethasone (DEX) Sigma Cat# D1756

B-Estradiol (B-Estr.) Sigma Cat# E8875

Propidium lodide (PI) Sigma Cat# P4864

Murashige and Skoog Basal Duchefa Cat# M0255

Medium (MS)
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2,4-Dichlorophenoxyacetic Sigma Cati# D-7299

acid (2,4 D)
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The Universal RNA Roboklon Cat# E3598-02

Purification Kit

AMV Reverse Transcriptase Roboklon Cat# E1372-01

Native

MESA blue Eurogentec Cat# RT-SYS2X-
03+NRWOUB

Experimental Models: Organisms/Strains

Arabidopsis: Col-0 Widely distributed N/A

Arabidopsis: Ws Widely distributed N/A

Arabidopsis: MYB84::NLS- [6] N/A

3XGFP in W131Y

Arabidopsis: UBQ10::eYFP- [44] N/A

NPSN12 (W131Y)

Arabidopsis: R2D2 [18] N/A

(RPS5A::m-D2-dTomato>>

RPS5A::D2VENUS) in Col-0

Arabidopsis: ARF7::NLS- [45] NASC: N67080

3xGFP in Col-0

Arabidopsis: ARF19::NLS- [45] NASC: N67104

3xGFP in Col-0

Arabidopsis: ARF8::NLS- [45] NASC: N67082

3xGFP in Col-0
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Arabidopsis: 35S::TUA6- [21] NASC: N6551
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W131Y

Arabidopsis: bp-9 in Col-0 [47] N/A
Arabidopsis: wox4-1 in Col-0 [42] N/A
Arabidopsis: WOX4::ER-YFP [42] N/A

in Col-0

Arabidopsis: BP/ This manuscript N/A

KNAT1::NLS-3xm-Cherry in
MYB84::NLS-3xGFP in
W131Y
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Arabidopsis: XPP::m-Citrine- [20] N/A
SYP122 in Col-0

Arabidopsis: PER15::W0OX4- This manuscript N/A

GR in W131Y

Arabidopsis: PER15::BP-GR This manuscript N/A

in Col-0

Arabidopsis: PXY::shy2-2- This manuscript N/A

GR in W131Y

Arabidopsis: pxy-3 in Col-0 [20] NASC: N9871
Arabidopsis: PXY::ER-CFPin [48] N/A

Col-0

Arabidopsis: mol1-1 in Col-0 [31] N/A
Arabidopsis: pMOL1::ER- [49] N/A

YFP in PXY::ER-CFP

Arabidopsis: PXY::BP-GR in This manuscript N/A

W131Y

Arabidopsis: 35S::GR-MP in [14] N/A

Col-0

Arabidopsis: gL BD16-SRDX [50] N/A

in Col-0

Arabidopsis: rty1-1/+ in [22] NASC: N16708
DR5::GUS

Arabidopsis: DR5::GUS in [51] from segregation of N16708
Col-0

Oligonucleotides

See Table S1 Sigma N/A
Recombinant DNA

PER15::slr-1-GR This manuscript See Data S1
XPP::shy2-2-GR This manuscript See Data S1
IAA28::NLS-3xm-Cherry This manuscript See Data S1
IAA14/SLR::NLS-3xm- This manuscript See Data S1
Cherry

BP::NLS-3xm-Cherry This manuscript See Data S1
PER15::BP-GR This manuscript See Data S1
PER15::WOX4-GR This manuscript See Data S1
PER15::H2B-3xm-Cherry This manuscript See Data S1
PXY::shy2-2-GR This manuscript See Data S1
PXY::BP-GR This manuscript See Data S1

Software and Algorithms

ZEN Black (Zen 2.3 SP1) Zeiss https://www.zeiss.de
Fiji [52] https://fiji.sc/

IBM SPSS Statistics version 1BM https://www.ibm.com/
24-25-26 products/spss-statistics
CFX Maestro BIO-RAD www.bio-rad.com
RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Laura Ragni (laura.

ragni@zmbp.uni-tuebingen.de).
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Materials Availability
There are no restrictions to the availability of the newly generated resources.

Data and Code Availability
This study did not generate any unique code. This study did not produce any unique NGS sequencing/ protein structure/microarray
data.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana transgenic and mutant lines were used to performed experiments. The ecotype and the background of each line/
mutant is specified in the Key Resources Table. GFP-based fluorescent reporters were crossed to the W131Y line to outline the cells
and experiments were performed with F2 segregating and/or F3 homozygous populations. Plants were grown in continuous light
condition in vitro on Y2 MS plates supplemented with 1% sugar and 0.8% plant agar. For long auxin and NPA treatments, plants
were grown on Y2 MS and transferred after 7 days (unless it is specified otherwise in the text or figures) on ¥2 MS supplemented
with 1uM NAA or 1uM IAA or 1uM 2,4D or 10uM NPA respectively. For B-Estradiol induction, plants were grown on 2 MS and trans-
ferred after 7 days on plates supplemented with 5uM B-Estradiol. For DEX induction, plants were grown on > MS and after 7days
transferred (unless it is specified otherwise in the text or figures on plates supplemented with 10 uM DEX.

METHOD DETAILS

Molecular Cloning

All constructs have been obtained using the modular green gate technology [53]. Promoters were amplified from genomic DNA and
the BP/KNAT1 coding sequence from root c-DNA with the primers listed in Data S1. If a BSAI site was present in the sequence, it was
replaced as previously described in [54]. All modules and vectors used in this study are described in Data S1. The module assembly
strategy is described in Data S1. All final plasmids were transformed into Agrobacterium tumefaciens GV3101. Arabidopsis thaliana
plants were transformed via floral dipping. Homozygous T3 lines were used unless specified otherwise.

Histology and Fluorescent Stainings

Root samples for plastic embedding were taken 0.5mm from the root junction unless stated otherwise. Thin plastic cross-sections
were obtained as described in [55], using Technovit 7100. 5-7 um plastic sections were stained with 0.1% toluidine blue and imaged
with a Zeiss Axio M2 imager microscope or a Zeiss Axiophot microscope. Fluorol yellow (FY) staining for suberin deposition was per-
formed as described in [56] using Fluorol yellow. Propidium lodide (PI) staining was achieved by directly mounting the root in a 10-
20 pg/ml solution. GUS staining was performed as described in [6] using X-Glux. Roots were mounted in chloral hydrate solution
(8:3:1; Chloral hydrate: Water: Glycerol).

Confocal Microscopy

Confocal images were acquired from whole-mount samples using a Zeiss LSM880 with the following settings. For Cyan fluorescent
protein (CFP): excitation wavelength (ex.) 458 nm; emission (em.) 464—-499 nm; For green fluorescent protein (GFP): ex. 488 nm; em
490-510 nm. For yellow fluorescent protein (YFP), mCitrine and Venus: ex. 514 nm; em. 520-540 nm. For mCherry, d-Tomato and PI:
ex. 561 nm; em. 570-630 nm. For FY: ex. 488nm; em 490-540nm. For phellem autofluorescence: ex. 405 nm; em. 420-460 nm. 3D
reconstructions, Orthogonal views of a Z stack and the ratio images of R2D2 were obtained using the ZEN Black software (Zen 2.3
SP1).

Periderm Quantification and Image Analyses

No statistical methods were used to predetermine sample size. The experiments were not randomized. Only few experiments were
performed and analyzed blindly. Phellem length and Phellem ratio were measured as described in [6] using Fiji (https://fiji.sc/) [52]. At
least 2-3 independent experiments were performed and the graphs of one representative experiment each are presented. The num-
ber of periderm layers was calculated as follow: the minimum and the maximum number of periderm layers per cross-section/sample
was measured. For every genotype 9-20 cross-sections, coming from independent plants, were analyzed. According to the min and
max number of layers, a sample was assigned to a certain class. For instance, if a sample has minimum 3 layers and maximum 4
layers, it was assigned to class 3-4. The frequency for each class was calculated and displayed as percentage. At least 2-3 indepen-
dent experiments were performed and the graphs of one representative experiment is presented. The number of pericycle divisions
upon auxin induction, was calculates using the 35S::TUA6-GFP marker. Confocal Z stack images of two regions of the uppermost
part of the root were acquired using the tile function (with 5% overlap). 8-9 roots per conditions were analyzed. The number of peri-
cycle cells divisions per region of interest (ROI:(3x1 tiles: =600 um) was quantified using the cell counter plugin of Fiji. The experiment
was repeated twice and one representative is presented. The number of pericycle/periderm cells was quantified, measuring the num-
ber of pericycle/periderm cells in a cross-section using the cell counter plug in of Fidi for 10-12 roots.
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Lateral Root Density
Lateral root density was measured counting the number of lateral root primordia present in 7-day-old roots and dividing it by the root
length in cm or by counting the number of emerged lateral root in present in 12-day-old roots and dividing it by the root length in cm.

q-PCR

RNA was extracted from upper most 3cm of at least 30 roots for each genotype/treatment using the Universal RNA Purification Kit
(Roboklon, E3598-02) according to the manufacturer protocol. C-DNA was synthetized using AMV Reverse Transcriptase Native
(Roboklon, E1372-01) according to manufacturer protocol. g°PCR was performed using MESA blue (Eurogentec, RT-SYS2X-03-
+NRWOUB) in a CFX96 Real-Time System machine (BIO-RAD). Primers used for gPCR are listed in Table S1. The relative expression
was calculated using CFX Maestro software (BIO-RAD) and the sample were normalized against EF1. gqPCR experiments were
repeated at least 3 times and one experiment is shown.

Gene List
The gene number and the full name of all genes mention in this study is presented in Data S1.

QUANTIFICATION AND STATISTICAL ANALYSES

We performed statistical analyses using IBM SPSS Statistics version 24-25-26 (IBM). The datasets were at first tested for homoge-
neity of variances using the Levene’s Test. Then the significant differences between two datasets were calculated using a Welch’s t
test in case of a non-homogeneous variance or a Student’s t test if the variance was homogeneous. The threshold for significance is
indicated with P in the graphs. For multiple sample comparison, we calculated the significant differences between each dataset using
One-way ANOVA with Tamhane’s post hoc (equal variance not assumed) or a Bonferroni correction (equal variance assumed). The
statistical analyses of the root length relative to phellem ratio and lateral root density measurement can be found in Data S2.
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Figure S1. The phellogen is a site of auxin accumulation and auxin promotes
periderm development. Related to Figure 1. (A) Periderm development in the
Arabidopsis root can be followed over time. Distinct periderm development stages in
the uppermost part of roots at different ages. Periderm development starts at around
6 days (d) and a fully developed periderm is present in the uppermost part of 12-d-old
roots or older roots. (B) Auxin accumulates in the phellogen. Orthogonal view of Z-
stacks of a R2D2 root showing RPS5A::D2VENUS (D2-VENUS) channel (left panels)
and RPS5A::m-D2-dTomato (mD2-dTomato) channel (right panels) at the positions
corresponding to stage 1 (lower panels), stage 3/4 (middle panels) and stage 5 (upper
panels) (12-d-old; White signal that outline the cells: autofluorescence) relative to
Figure 1B. (C) Overlay of D2-VENUS and mD2-dTomato channels of (B). (D)
Quantification of phellem length in 12-d-old mock, 5yM NPA and 104M NPA treated
roots. 7-d-old plants were treated for 5-d with mock, 5¢M NPA or 10yM NPA. One-
way ANOVA (Cl95%, Post-Hoc: Bonferroni, n =15). (E-F) Quantification of phellem
length, root length and phellem ratio in 12-d-old mock, 1M NAA, 1uM IAA and 1uM
2,4D treated roots. 7-d-old plants were treated for 5-d with mock, NAA, 1AA or 2,4D.
One-way ANOVA (Cl95%, Post-Hoc: Bonferroni, n =10-15). (G) Quantification of
phellem length in 10-d-old mock, 0.1yM NAA and 1M NAA treated roots. T-test (n
=15). (H) Orthogonal view of Z-stacks of XPP.:m-Citrine-SYP122 roots at 4, 6 and 8
days (uppermost part of the root). (l) Left panels: orthogonal view of Z-stacks of
PER15::H2B-3xm-Cherry W131Y roots at the positions corresponding to stage 1
(lower panel), stage 3/4 (middle panel) and stage 5 (upper panel) (12-d-old). Right
panels: orthogonal view of Z-stacks of PER15:: H2B-3xm-Cherry W131Y roots at
6,8,10 and 20 days (uppermost part of the root). White arrows indicate fluorescence
signal of the XPP::m-Citrine-SYP122 marker at the xylem pole pericycle. Pale yellow
arrows indicate the pericycle, dark yellow the phellogen, red arrows the phellem and

orange arrows the phelloderm. White scale bars: 20pum.
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Figure S2. Auxin signaling is required for phellogen establishment and
maintenance. Related to Figure 1. (A) Quantification of phellem length (left panel)
and phellem ratio (middle panel) in 3 independent XPP::shy2-2-GR (in MYB84.::NLS-
3xGFP W131Y) lines. 7-day-old (d-old) plants were treated for 5-d with mock or 10pM
DEX. T-test (n =15). Right panels: orthogonal view of Z-stacks of XPP::shy2-2-GR
MYB84::NLS-3xGFP W131Y (#1) 12-d-old roots (uppermost part of the root). 6-d-old
plants were treated for 6-d with mock or 10yM DEX. (B) Quantification of phellem
length (left panel) and phellem ratio (middle panel) in 3 independent PER15::sir-1-GR
(in MYB84::NLS-3xGFP W131Y) lines. 7-d-old plants were treated for 5-d with mock
or 10uM DEX. T-test (n =15). Right panels: orthogonal view of Z-stacks of PER15::slr-
1-GR MYB84::NLS-3xGFP W131Y (#4) 12-old roots (uppermost part of the root). 6-d-
old plants were treated for 6-d with mock or 10yM DEX. (C) Orthogonal view of Z-
stacks of XPP::shy2-2-GR MYB84::NLS-3xGFP W131Y (#1) roots at 6 and 8 days
(uppermost part of the root). 4-d-old and 6-d-old plants were treated for 48h with mock
or 10uM DEX. (D) Cross-sections (plastic embedding) of the upper most part of
PER15::slr-1-GR (in MYB84::NLS-3xGFP W131Y; #1) roots. 4-d-old and 6-d-old were
treated for 48h with mock or 10uM DEX. (E) Quantification of the number of
pericycle/periderm cells in (D). One-way ANOVA (CI95%, Post-Hoc: Tamhane, n =17-
20). (F) Orthogonal view of Z-stacks of PER15::slr-1-GR MYB84:NLS-3xGFP W131Y
(#4) roots at 12 days (left panel) and 20 days (middle and right panels) (uppermost
part of the root). 12-d-old plants were treated for 8-d with mock (middle panel) or 10pM
DEX (right panel). (G) 3D reconstruction of Z-stacks of 20-d-old PER15::slr-1-GR
MYB84::NLS-3xGFP W131Y (#4) roots stained with Fluorol yellow (FY). 12-d-old
plants were treated for 8-d with mock (left panel) or 10uM DEX (right panel). White
arrows indicate MYB84 expression in the pericycle/phellogen, yellow dots indicate
pericycle cells and black dots periderm cells. Black and white scale bars: 20pym and

yellow scale bars: 50um.
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Figure S3. Auxin is not sufficient to trigger periderm formation. Related to Figure
2. (A) Quantification of lateral root numbers in WT (MYB84::NLS-3xGFP W131Y)
roots. 4-day-old (d-old), 6-d-old and 8d-old plants were treated for 48h with mock or
1uM NAA. T-test (n =14-15). (B-C) Quantification of lateral root number and lateral
root density in WT roots. 1-d-old, 2-d-old, 3-d-old and 4-d-old plants were treated for
24h with mock or 1uM NAA. T-test (ns: not significant, n =15). (D) Orthogonal view of
Z-stacks of MYB84::NLS-3xGFP W131Y roots (uppermost part of the root). 4-d-old,
6-d-old and 8d-old plants were treated for 48h with mock or 1uM NAA. (E) 3D
reconstructions of Z-stacks of 35S:: TUA6-GFP roots. 4-d-old, 6-d-old plants were
treated for 24h with mock or 1uM NAA. Red arrows indicate cell divisions in the
pericycle. (F) Quantification of number of pericycle cell divisions in the experiment
presented in (E) T -test (ns: not significant, n =8-9). (G) Quantification of lateral root
number in WT roots. 4-d-old plants were treated for 96h with mock or 1M NAA. T-
test (n =15). (H) Quantification of phellem length in WT and gLBD16-SRDX roots. 7-
d-old plants were treated for 5-d with mock or 14M NAA. One-way ANOVA (CI195%,
Post-Hoc: Tamhane, n =15). (I) Quantification of phellem length in WT and
CASP1::shy2-2roots. 7-d-old plants were treated for 5-d with mock or 1M NAA. One-
way ANOVA (CI95%, Post-Hoc: Bonferroni, n =14-15). (J) Panel relative to Figure 2L.
cross-section of a 4-d-old WT root treated for 48h with NAA, showing that in the
majority of the sections LR primordia are formed. (K) Cross-sections (plastic
embedding) of the upper most part of 8-d-old WT, CASP1::shy2-2and gLBD16-SRDX
roots. 6-d-old plants were treated for 2-d with mock or 1uM NAA. (L) Quantification of
number of pericycle/periderm cells in the experiment presented in Figure 2L. T-test
(ns: not significant, n =8-20). As WT roots when treated with IAA keep forming LR, it
is rare (3/12) to have sections without LRs, thus we did not quantify pericycle cells for
the WT auxin treated sample. (M) Quantification of humber of pericycle/periderm cells
in the experiment presented in (K). T-test (ns: not significant, n =12-19). (N)
Quantification of vascular cells in the experiment presented in Figure 2L and 2K. One-
way ANOVA (CI95%, Post-Hoc: Tamhane, n = 12-20) and T-Test. Black and white
scale bars: 20um. Green scale bars: 100pym. White arrows indicate MYB84 expression
in the pericycle/phellogen, yellow dots indicate pericycle cells and black dots periderm

cells.
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Figure S4. A functional vascular cambium is required for periderm
development. Related to Figure 3. (A) Secondary growth progression. Cross-
sections of an 8-day-old (d-old) WT root at the positions indicated in the sketch (plastic
embedding). (B) Left panels: orthogonal views of Z-stacks of PXY::ER-CFP W131Y
12-d-old roots at the positions corresponding to stage 1 (lower panel), stage 3/4
(middle panel) and stage 5 (upper panel) of periderm development. Right panels:
orthogonal view of Z-stacks of PXY:ER-CFP W131Y roots at 6, 8 and 20 days
(uppermost part of the root). Blue arrows indicate PXY expression in the pro-
cambium/cambium, white arrows indicate the pericycle/periderm. (C) Quantification of
phellem length in 12-d-old WT and pxy roots. 7-d-old plants were treated for 5-d with
mock or 1uM NAA. One-way ANOVA (CI95%, Post-Hoc: Tamhane, n =15). (D-E)
Quantification of phellem length and phellem ratio in 3 independent PXY::shy2-2-GR
lines. 7-d-old plants were treated for 5-d with mock or 10yM DEX. T-test (n =15). (F)
Quantification of phellem length in 12-d-old PXY::shy2-2-GR (#9) roots. 7-d-old plants
were treated for 5-d with mock, 14M NAA, 10uM DEX or 10uM DEX+1uM NAA. One-
way ANOVA (CI95%, Post-Hoc: Tamhane, n =15). (G-H) Quantification of phellem
length and phellem ratio in 3 independent PXY::BP-GR lines. 7-d-old plants were
treated for 5-d with mock or 10yM DEX. T-test (n =15). (l) Quantification of number of
vascular and pericycle/periderm cells in the experiment presented in Figure 3G. One-
way ANOVA (Cl95%, Post-Hoc: Tamhane, n =10-12) and T-test. (J) Orthogonal view
of Z-stacks of MOL1::ER-YFP roots at 4, 6, and 8 days (uppermost part of the root).
Green arrows indicate MOL1 expression in the phloem, white arrows indicate the
pericycle/periderm. (K) Quantification of number of vascular cells in the experiment
presented in Figure 3H. One-way ANOVA (CI95%, Post-Hoc: Bonferroni, n =13-16).
Brown arrowheads indicate pro-cambium divisions and yellow arrowheads indicate
pericycle cell divisions. Yellow dots indicate pericycle cells. Black and white scale bars:
20pm.
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Figure S5. Distinct auxin signaling components regulate periderm and LR
development. Related to Figure 4 and Figure 5. (A-B) Quantification of phellem
length in 12-d-old (d-old) WT, bdl-2, shy2-201, sir-1 and arf7-1 arf19-1 roots. 7-d-old
plants were treated for 5-d with mock or 1uM NAA. One-way ANOVA (C195%, Post-
Hoc: Tamhane, n =8-15). (C) Quantification of phellem length in 10-d-old WT (Ws and
Col) and iaa28-1(Ws) roots. 7-d-old plants were treated for 3-d with mock or 1M NAA.
One-way ANOVA (CI95%, Post-Hoc: Tamhane, n =14). (D) Orthogonal view of Z-
stacks of ARFs::NLS-3xGFP W131Y 7d-old root at the positions corresponding to
lateral root primordia (black lower panels) and periderm stage 1 (yellow upper panels).
(E) Table summarizing ARFs expression pattern. (F) Quantification of phellem length
in UBI10::XVE>>amiMP lines. 7-d-old plants were treated for 5-d with mock, 1M
NAA, 5uM B-Estradiol (B-Estr) or 5uM B-Estradiol+1yM NAA. One-way ANOVA
(Cl95%, Post-Hoc: Tamhane, n =12-14). (G) Quantification of phellem ratio in 12-d-
old WT, arf6-1 and arf8-2 roots. 7-d-old plants were treated for 5-d with mock or 1M
NAA. One-way ANOVA (Cl95%, Post-Hoc: Tamhane, n = 15-16). (H) Quantification
of the number of periderm layers of the experiment showed in (l). (I) Cross-sections of
the upper most part of 12-d-old roots (plastic embedding): WT (left panel), arf6-1
(middle panel) and arf8-2 (right panel). (J-K) Quantification of lateral root density and
emerged lateral root number in 12-day-old UBI10::XVE>>amiMP roots. 7-d-old plants
were treated for 5-d with mock or 5uM B-Estradiol (B-Estr). T-test (ns: not significant,
n =15). (L) Quantification of phellem ratio in 12-d-old 35S::GR-MP roots. 7-d-old plants
were treated for 5-d with mock or 10yM DEX. T-test (n =15). (M) Quantification of
lateral root density in 12-d-old WT (Col), bdl-2, shy2-201, sir-1, arf6-2,arf8-2,arf7-
1arf19-1, CASP1:shy2-2, WT (Ws) and iaa28-1 roots. One-way ANOVA (Cl95%, Post-
Hoc: Tamhane, n =14-15). White arrows indicate the pericycle, double black arrows
indicate periderm extension and black dots periderm layers. Black and white scale

bars: 20um.
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Figure S6. WOX4 and BP promote periderm development downstream auxin.
Related to Figure 6. (A) Images of GUS staining of 7-day-old (d-old) LBD16::GUS
roots at the positions corresponding to lateral root primordia (black lower panels) and
periderm stage 1 (yellow upper panels). (B) Orthogonal view of Z-stacks of
WOX4::ER-YFP 12-d-old roots at the positions corresponding to stage 1 (lower panel),
stage 3/4 (middle panel) and stage 5 (upper panel) of periderm development. (C)
Orthogonal view of Z-stacks of BP/KNAT1::NLS-3xm-Cherry W131Y 12-d-old roots
the at the positions corresponding to stage 1 (lower panel), stage 3/4 (middle panel)
and stage 5 (upper panel) of periderm development. (D) Orthogonal view of Z-stacks
of a BP/KNAT1::NLS-3xm-Cherry W131Y 7d-old root at the positions corresponding
to lateral root primordia (black lower panel) and periderm stage 1 (yellow upper panel).
(E) Quantification of phellem length in 12-d-old WT, wox4-1 and bp-9 roots. 7-d-old
plants were treated for 5-d with mock or 1yM NAA. One-way ANOVA (Cl95%, Post-
Hoc: Bonferroni, n =15-16). (F) Cross-sections of the upper most part of 12-d-old roots
(plastic embedding): WT (left panel), wox4-1 (middle panel), bp-9 (right panel). (G)
Quantification of the number of periderm layers in WT, wox4-1 and bp-9 of the
experiment showed in (F). (H-1) Quantification of lateral root density and lateral root
primordium number in 7-d-old roots of WT, wox4-1 and bp-9. One-way ANOVA
(Cl195%, Post-Hoc: Bonferroni, n =16). (J) Quantification of phellem length in 3
independent PER15::WOX4-GR (in W131Y) T2 lines. 7-d-old plants were treated for
5-d with mock or 104M DEX. T-test (n =14-16). (K) Quantification of phellem length in
3 independent PER15::BP-GR lines. 7-d-old plants were treated for 5-d with mock or
10uM DEX. T-test (n =14-15). Double black arrows indicate periderm extension and
black dots periderm layers. White arrows indicate the phellogen/ pericycle. Black scale

bars: 504m and white scale bars: 20um.
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Summary

Secondary growth, the increase in radial growth (girth) of a plant, represents a
key structural novelty that characterizes the bulk of land plant diversity and
shapes the world as we know today. The secondary meristems (cork cambium and
vascular cambium) are divided bilaterally and contributes to secondary growth.
However, how secondary meristems coordinate their activity and how these
bilateral meristems direct differentiation are still unknown. Here, using the
Arabidopsis root as a model, we show that auxin plays an essential role in
maintaining cork cambium identity and direct cork cambium differentiation.
Interestingly, specifically hindering auxin signalling in the cork cambium,
ectopically enhances also the activity of the vascular cambium, suggesting a
compensation mechanism balancing secondary growth output. We further show
that ER (ERECTA) receptor kinase and ANT (AINTEGUMENTA) transcriptional
factor that act as auxin-mediated downstream signalling regulators, promote
vascular cambium proliferation and direct differentiation from vascular cambium
to phloem. Cork cambium and vascular cambium specific induction of ER, ANT
and ANT-SRDX expression revealed overlapping and distinct downstream targets
paving the way for understanding stem cell specificity in secondary growth.
Altogether, our results decipher the auxin-mediated regulatory hubs in the
vascular cambium and cork cambium, providing the basis for understanding how

auxin directs differentiation of bilateral meristems.

Introduction

Secondary growth, the increase in girth of plant organs contributed to the large success
of seed plants, providing efficient long-distance transportation of water, nutrient, salts,
and photo-assimilates. Secondary growth is largely determined by the phytohormones
induced proliferation or differentiation of stem cells/meristems, which are the vascular
cambium and the cork cambium (phellogen). Particularly, the first cork cambium is
initiated and differentiated from pericycle cells whereas the first vascular cambium
generates from vascular cambium and pro-cambia (Wunderling et al., 2018; Smetana
et al., 2019; Zhang et al., 2019). These two bilateral meristems produce inward xylem
and phelloderm and outward phloem and phellem/cork, respectively. Secondary
vascular (consists of secondary xylem, vascular cambium, and phloem) facilitates the

transportation of organic and/or inorganic nutrients throughout the plant vasculature,
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while periderm (consists of phelloderm, cork cambium and cork) as a barrier protects
plants from abiotic and biotic stresses (Barra-Jimenez & Ragni, 2017; Wunderling et
al., 2018; Ragni & Greb, 2018; Zhang et al., 2019; Campilho et al., 2020).

Briefly, an elaborate corelation between vascular cambium and the cork cambium has
been demonstrated: the establishment of the vascular cambium is a required for auxin-
activated periderm initiation, and precocious initiation of the vascular cambium is
sufficient to trigger periderm development (Xiao et al., 2020). In Arabidopsis, auxin-
induced regulators MONOPTEROS (MP) is repressed by BDL (BODENLOS), and
activates in secondary growth in plant. Moreover, MP works as a center to activate
BREVIPEDICELLUS (BP), WUSCHEL-RELATED HOMEOBOX 4 (WOX4), WOX14,
HD-ZIPs, and PHLOEM INTERCALATED WITH XYLEM/TDIF RECEPTOR
(PXY/TDR), promote proliferation on vascular cambium and xylem development
(Etchells et al., 2013; Barra-Jimenez & Ragni, 2017; Wunderling et al., 2018; Ragni &
Greb, 2018; Smetana et al., 2019; Zhang et al., 2019; Campilho et al., 2020; Xiao et
al., 2020).

Intriguingly, ER (ERECTA receptor kinases) and ANT (AINTEGUMENTA) are the
downstream of cytokinin and involved in vascular cambium proliferation or phloem
regulation. In Arabidopsis, the ER gene family contains three paralogues: ER, ER-
LIKE1 (ERL1), and ERL2 (Shpak et al., 2004). In the stem, ER, ERL1, and ERL2 are
involved in cytokinin signalling and regulate phloem expansion (Ragni et al., 2011;
Ikematsu et al., 2017; Wang et al., 2019). Interestingly, ANT coupled with CYCD3;1
promotes secondary thickening in roots (Randall et al., 2015). Both ER and ANT are
involved in secondary thickening and phloem regulation; moreover, previous studies
mentioned that ER and ANT are expressed in vascular cambium (Uchida & Tasaka,
2013; Wang et al., 2019; Zhang et al., 2019; Xiao et al., 2020). It is known that
conserved phytohormones-centered regulatory networks play a major role in two
cambia establishment and maintenance; whereas how phytohormones direct the
differentiation of these two cambia is still missing.

In this study, using the Arabidopsis root as a model, we showed that auxin activating
BP, WOX4, ER, and ANT, played an essential role in vascular cambium and cork
cambium establishment and maintenance (Zhang et al., 2019; Xiao et al., 2020). We
compared auxin responses in both vascular cambium and cork cambium and we found
that auxin is the key to maintain cork cambium identity and direct differentiation from

cork cambium into phelloderm. Interestingly, specifically hindering auxin signalling in
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the cork cambium, had a positive effect on the activity of the vascular cambium,
suggesting a compensation mechanism balancing secondary growth output. We further
showed that ER acted as auxin-mediated downstream signalling regulators activating
vascular cambium/cork cambium proliferation and direct its differentiation into
phloem/phelloderm. Moreover, we found both ER and ANT regulate vascular cambium
output specificity and influence vascular cambium division. Vascular cambium specific
induction of ANT repressed xylem cell formation whereas ANT-SRDX had a positive
effect. Altogether, our results deciphered the auxin-mediated regulatory hubs in the
vascular cambium and cork cambium, providing the basis for understanding bilateral

meristems specificity in differentiating into different cell types.

Results

Auxin promotes vascular cambium and cork cambium proliferation and directs
cork cambium differentiation.

As auxin is involved in many aspects of plant development, including secondary growth
in roots, we assessed auxin signalling has a tissue/temporal specific manner in between
vascular cambium and cork cambium. To further dissect the role of auxin in non-
meristematic tissues (cork and endodermis), and meristematic tissues (cork cambium
and vascular cambium), we engineered plants to specifically block auxin signalling in
the endodermis and cork with stabilized Aux/IAA variants (Ramakrishna et al., 2019).
The GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANSFERASE 5 (GPATS5) promoter is
active in the endodermis and cork (Figure S1A-B), PEROXIDASE15 (PER15) promoter
is expressed in both cork and cork cambium, and PXY/TDR is localized in vascular
cambium (Xiao et al., 2020). We observed that prolonged induction of GPAT5::shy2-
2-GR, XPP::shy2-2-GR and PER15::slr-1-GR resulted to further understand the
function of auxin in non-meristematic tissues and meristematic tissues during
secondary growth. First, we used GPAT5::shy2-2-GR plants to understand auxin’s
function in non-meristem tissues during secondary growth. In the initiation of
secondary growth, blocking transcriptional auxin response at endodermis in
GPATS5::shy2-2-GR plants doesn’t abolish pericycle and pro-cambium division (Figure
S2A-B). Next, we observed that the prolonged induction (7-12d or 12-8d
dexamethasone (DEX) treatment) in GPAT5::shy2-2-GR line shows no affection on
root length, phellem length, phellem ratio, secondary growth, and suberin deposition

(Figure S1C and Figure S2C-E). It indicates auxin doesn’t accumulate in the cork and
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12+8d

Periderm develo

@)

Treatment

P=if0] S

DEX

Periderm Area/Total Area
S

PER15::sI-GR PXY::shy2-2-GR

PXY::shy2-2-GR

Figure 1. Blocking auxin signalling impairs secondary growth in root.

A, Cross-sections (plastic embedding) of the uppermost part of PER15::slr-1-GR (in
MYB84::NLS-3xGFP W131Y; #1) roots. 12-d-old plants were transferred for 8-d on Mock
(upper panels) or 10uM DEX (lower panels) plates. B, Cross-sections (plastic embedding) of
the uppermost part of PXY::shy2-2-GR (in MYB84::NLS-3xGFP W131Y) roots. 12-d-old plants
were transferred for 8-d on Mock (upper panels) or 10uM DEX (lower panels) plates. C,
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Quantification of periderm area/total area of the experiment shown in (A-B). T-test (n =12-13).
Yellow triangular arrow indicates cork cambium. Red triangular arrow indicates vascular

cambium. Black scale bars: 50um.
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Figure 2. A compensate mechanism on secondary growth between periderm and
vascular.

A, Cross-sections (plastic embedding) of the uppermost part of PER15::slr-1-GR (in
MYB84::NLS-3xGFP W131Y; #1) roots. 12-d-old plants were transferred for 21-d on soil,
watering with Mock (upper panels) or 10uM DEX (lower panels) water. B, Cross-sections
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(plastic embedding) of the uppermost part of PXY::shy2-2-GR (in MYB84::NLS-3xGFP W131Y)
roots. 12-d-old plants were transferred for 21-d on soil, watering with Mock (upper panels) or
10uM DEX (lower panels) water. C, Quantification of peridermal cell number/periderm area
of the experiment shown in (A-B). T-test (n =10-13). Yellow triangular arrow indicates cork

cambium. Red triangular arrow indicates vascular cambium. Black scale bars: 100um.

To further validate how the auxin regulates cork cambium and vascular cambium
proliferation and differentiation, we designed experiments with prolonged induction
(7+5d and 12+8 DEX treatment) in PER15::slr-GR and PXY::shy2-2-GR plants.
Blocking auxin signalling in cork cambium shows an abolishment on periderm
development (Figure 1A and S3B); while impairing auxin signalling in vascular
cambium shows a strong reduction in the girth of the roots, leading a delay on secondary
growth (Figure 1B and S3C) (Xiao et al., 2020). Furthermore, a prolonged DEX
induction (8 days) in the PER15::slr-GR resulted in a blenching on cork cambium
(Figure S3D). Consistently, blocking auxin signalling in cork cambium enlarged the
cork cambium cell size and cork cambium was differentiated into the cork-like cells
with suberin deposition. Interestingly, blocking auxin signalling in vascular cambium
only delayed the progression of secondary growth, while blocking auxin signalling in
cork cambium destroyed the cork cambium, which indicated different functions in
auxin between these two cambia. These results highlighted the importance of auxin for
secondary growth and maintaining cork cambium identity in meristematic tissues.

To further dissect secondary growth in roots, we quantify total area, vascular area,
xylem area, phloem area (consists of phloem and vascular cambium), and periderm area
on root plastic cross-section (Figure S3A). With this measurement approach, we deeply
dissected the contribution of vascular cambium and cork cambium during secondary
growth. A prolonged DEX induction (8 days) in the PER15::slr-GR line shows no
difference in total area and periderm area compared with Mock, while a strong
reduction on both total area, vascular area, and periderm area compared with Mock in
PXY::shy2-2-GR plants (Figure S4A). Hindering the transcriptional auxin response in
vascular cambium increases the percentage of periderm area in total area (Figure 1C),
showing a rescue strategy was occurring when the plant is under stress. We analysed
whether secondary growth is influenced by auxin and understand the interconnection
between vascular cambium and cork cambium after premature bolting. To understand

the functions of auxin in a long-treated period, we designed to transfer the plants into
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the soil. First of all, we sowed the seeds on plates, and we transferred the seedling from
plates to soils on 12-d. Before plants were transferred to soil, we collected the samples
of PER15::slr-GR and PXY::shy2-2-GR root, shown a well-established cork cambium
and vascular cambium (Figure S4B). After the transferring process, we performed a
prolonged DEX water induction (21 days) on PER15::slr-GR and PXY::shy2-2-GR
plants. Compared with Mock treatment, hindering auxin signalling shows a strong
reduction on secondary growth in both PER15::slr-GR and PXY::shy2-2-GR root cross-
section (Figure 2A-B). In PER15::slr-GR plants, blocking auxin signalling on cork
cambium caused the xylem fiber deposition on vascular cambium (Figure 2A). It
indicated the unexpected stresses on the root, causing the plant to reinforce the root
structure by xylem fiber deposition. Furthermore, the plant sensed a malfunction in one
of the cambia and activated another cambium to recover from unsatisfactory growth
condition, while it can’t fully rescue the plant, causing a reduction in secondary growth
in the root (Figure 2C and S4C). Moreover, blocking the transcriptional auxin response
in cork cambium shows an inhibition on peridermal cell proliferation, while blocking
the transcriptional auxin response in vascular cambium increases peridermal cell
numbers (Figure 2C). Altogether, these results indicate a possible compensation
mechanism upon these two cambia, which means plants reinforce and are against the
unsatisfactory situation. Moreover, auxin direct cork cambium cell fate, differentiating
into phelloderm.

Auxin signalling within the vascular cambium and cork cambium shares a similar
regulatory network.

To identify the potential cambial regulators involved in the regulation of the secondary
growth in both cambia, we performed RNA sequencing (RNA-seq) of 24 h Mock/DEX-
treated on PER15::sIr-GR and PXY::shy2-2-GR roots. In RNA-seq data, we identified
371 genes were downregulated in both PER15::slr-GR and PXY::shy2-2-GR roots
(log2FC > 0.5; padj < 0.05), while 292 genes upregulated (log2FC > 0.5; padj < 0.05)
(Figure 3A). Anthocyanin-containing compound biosynthesis process, syncytium
formation, and cell cycle process were the most enriched pathways among the genes
expressed in the PER15::slr-GR plants; however, cell cycle process, microtubule-based
process and nuclear division were the most enriched pathways among the genes
expressed in the PXY::shy2-2-GR roots, supporting their distinct cellular activities

(Figure S5C-D). Next, we identified some regulators which have been found to be
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required for cambial meristematic activity in our dataset (Figure 3B) (Zhang et al., 2019;
Xiao et al., 2020). Interestingly, among these candidates, we selected interested
candidates like BP, WOX4, ER and, ANT for the next step in our RNA-seq datasets
(Figure 3B). Therefore, we decided to understand how these 4 auxin-induced regulators
work and corporate in secondary growth, unveiling the correlation between vascular

cambium and cork cambium.

PER15::slr-GR PXY::shy2-2-GR
Down regulated gene Up regulated gene

PERI15::slr-GR

Up regulated gene Down regulated gene

B
Gene PERI15::slr-GR Log,FC PXY::shy2-2-GR LOG,FC
BP
WOX4 -1.39
ANT -1.16

ER -1.3
PIN4 -1.05117
WOX14

Figure 3. Differentially expressed genes among different treatment.
A, Venn diagram shows the overlap of genes up regulated or genes down regulated in
PER15::sIr-1-GR and PXY::shy2-2-GR in Mock or 10uM DEX treatment. B, Expression

heatmap showing expression patterns.
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ERECTA receptor kinase promotes secondary growth and xylem formation.

Based on RNA seq data, we hypothesized that ER positively regulates cork cambium
and vascular cambium activities, especially on differentiation and proliferation. To
answer this, we first determined the expression pattern of ER during secondary growth.
By mean of fluorescent reporters, we observed the activity of ER promoters at all stages
of secondary growth (Wang et al., 2019; Uchida & Tasaka, 2013) (Figure 4A). To
further discover the role of ER in secondary growth, thus, we inspected ER loss of
function mutant for secondary growth phenotypes. Moreover, we noticed that ER is
involved in auxin signalling during periderm and vascular development (Ben-Targem
etal., 2021; Dalby, 2021); thus, we inspected er-105 mutants for periderm and vascular
phenotypes under NAA treatment. At 8 days, er-105 mutants already showed many
pericycle cell divisions and the vascular cell divisions was similar compared to Col0,
and both Col0 and er-105 mutants are activated by NAA treatment (Figure S6A-B). In
Arabidopsis, former study showed that er erl1 erl2 triple mutant has stronger repression
on plant growth, lacking of secondary growth, thus we used er erl2 double mutant
instead (Shpak et al., 2004). At 8 days, er erl2 double mutant started normal secondary
growth compared to Col0, while er erl2 double mutant show less response compared
with Col0 under NAA treatment (Figure S6C-D). To further dissect the specific
contribution of ER during secondary growth, we obtain BIR-ER complex that the
extracellular LRR domain of BIR3 (BAKI1-INTERACTING RECEPTOR-LIKE
KINASE3) is fused to the cytoplasmic kinase domains of the SERK-dependent LRR-
RKs ERECTA to form tight complexes, independently from ligand stimulus (Hohmann
et al., 2020). Using this module, we generated PER15::BIR-ER and PXY::BIR-ER
plants with permanent receptor activation of ER. In 12-d plants, PER15::BIR-ER
showed a reduction in total area, vascular area, and periderm area compared with ColO,
which indicated the plants decreased the girth of root; while PXY:: BIR-ER plants
showed an amazing phenotype, and largely increase the girth of the root and proportion
of vascular cambium; moreover, we observed an increase on xylem cell formation and
ectopic xylem formation in the phloem region, indicating ER had affection on vascular
cambium cell fate (Figure 4B-C, STA-F, S7H-I). Interestingly, both PER15::BIR-ER
and PXY::BIR-ER plants increase cork cell numbers (Figure S7G). Altogether, these
results indicate that ER is a downstream regulator of auxin signalling, promotes

secondary growth, and partially controls vascular cambium cell fate.
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Figure 4. ERECTA promotes secondary growth in root.

A, Orthogonal view of z stacks of pER::3xVenus-N7. 12-day-old roots at the positions
corresponding to stage 1 (lower panel), stages 3/4 (center panel), and stage 5 (up panel) of
periderm development. B, Cross-sections (plastic embedding) of the uppermost part of 12-d-
old Col0 (up panel), PER15::BIR-ER (center panel), and PXY::BIR-ER (lower panel) roots. C,

Quantification of xylem cell number of the experiment shown in (A-B). T-test (n =10-15). Blue



triangular arrow indicates xylem cells. Black scale bars: 20um. D, Relative expression of BP,
WOX4, and ANT in the Col0 and PXY::BIR-ER roots. 14-d-old roots for collection. T-test (n
:3)

ANT (AINTEGUMENTA) specific overexpression in the vascular cambium
promotes xylem formation.

To further understand the functions of WOX4 and BP during secondary growth, we
generated transgenic lines: transcriptional factor fused with EAR-repression domain
(SRDX) to generate a chimeric repressor line (PER15::BP-SRDX-GR, PXY::BP-
SRDX-GR, PER15::WOX4-SRDX-GR, and PXY::WOX4-SRDX-GR plants) (Mahfouz
etal., 2012). Inducing BP-SRDX expression in the cork cambium of WT plants resulted
in root with an increase in total area and periderm area, while in WOX4-SRDX
expression in the cork cambium showed a promotion in total area, vascular area,
phloem area, and periderm area (Figure S8A, S8C, S9A, and S9C). Both WOX4-SRDX
and BP-SRDX promote periderm development, but in vascular cambium, PXY::BP-
SRDX-GR and PXY::WOX4-SRDX-GR plants showed no affection on secondary
growth compared with Mock (Figure S8A-C and S9A-C). It indicates a bi-function of
WOX4 and BP during periderm development in all 5 areas measurement. (However, we
haven’t proved that the lines are really functional and working as a chimeric repressor,
and we will prove it in the future.)

We further hypothesized that ANT plays a crucial role during secondary growth. To test
this, we first investigated expression pattern of ANT during secondary growth. By mean
of fluorescent reporters, we observed the activity of ANT promoters at all stages of
secondary growth (Zhang et al., 2019) (Figure 5A) and its expression is reduced in the
secondary growth of PER15::sIr-GR and PXY::shy2-2-GR induced roots (Figure 3B).
To uncover the functions of ANT, we obtained transgenic lines (PER15::ANT-GR,
PXY::ANT-GR, PER15::ANT-SRDX-GR, and PXY::ANT-SRDX-GR plants). Inducing
ANT or ANT-SRDX in the cork cambium of WT plants resulted in root with an increase
in periderm development (Figure S10A-B and S11A-B). It may indicate ANT contains
multiple roles during periderm development and promotes periderm layer formation.
Interestingly, inducing ANT or ANT-SRDX in the vascular cambium of WT plants,
affects the balancing of vascular cambium differentiation, repressing xylem cell
formation but increasing the vascular cambium (Figure 5B-D). Moreover, the

overexpression of ANT or ANT-SRDX in vascular cambium disturbed the balance of
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xylem and phloem cell formation, causing a reduction on secondary growth (Figure
S11A-B). Altogether, these results indicate ANT is involved in secondary growth and

determines vascular cambium cell fate, repressing xylem cell differentiation.

B
£
<
]
: v
= <
= ~
O]
=
Tt
)
~
| PANT::H2B-YFP. Pl or Autofl.
D
25
) <
E 20
3 P<0.001 <0001
g 15 Os E
)
>
- = —
2' ; Treatment
5 CIMock
MDEX

0 PXY-ANT-GR 733 PXY::ANT-SRDX-GR T2.8

Figure 5. ANT promotes xylem differentiation in vascular cambium.

A, Orthogonal view of z stacks of pANT::ANT-H2B-YFP. 12-day-old roots at the positions
corresponding to stage 1 (lower panel), stages 3/4 (center panel), and stage 5 (up panel) of
periderm development. B, Cross-sections (plastic embedding) of the uppermost part of
PXY::ANT-GR (in MYB84::NLS-3xGFP W13L1Y) roots. 7-d-old plants were transferred for 5-d
on Mock (left panels) or 10uM DEX (right panels) plates. C, Cross-sections (plastic embedding)
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of the uppermost part of PXY::ANT-SRDX-GR (in W131Y) roots. 12-d-old plants were grown
on Mock (left panels) or 10uM DEX (right panels) plates. D, Quantification of xylem cell
number of the experiment shown in (A-B). T-test (n =11-15). Blue triangular arrow indicates

xylem cells. Black scale bars: 20pum.

Discussion

Our genetic and gene expression data demonstrate that auxin as one of the key
phytohormones is involved in both vascular cambium and cork cambium establishment
and maintenance by activating distinct regulators (Zhang et al., 2019; Xiao et al., 2020)
(Figure 6). Interestingly, in the root, auxin signalling is required for cork cambium
proliferation and maintenance, promoting its differentiation into the phelloderm cells,
while auxin is required for vascular cambium proliferation and xylem differentiation.
It indicates auxin has a different affection on vascular cambium and cork cambium.
Moreover, we suggested a compensation mechanism for vascular cambium and cork
cambium: a stress on one of the cambia, the plants tried to recover from the
unsatisfactory situation by activating another cambium.

We highlighted that auxin signalling pathways, orchestrate secondary growth by
promoting BP, WOX4, ER, and ANT, then manipulate proliferation and cell fate in
vascular cambium and cork cambium (Zhang et al., 2019; Xiao et al., 2020) (Figure 6).
In our auxin responsive networks, ER and ANT serve as the core nodes that shape the
patterns of secondary growth (Figure 6). We confirmed that vascular cambium specific
overexpression of BIR-ER and ANT decrease xylem formation, which indicates that
ER-ANT module has an effect on vascular cambium proliferation and direct cambia
differentiation in the Arabidopsis root (Figure 4B, 5B, 6). These findings allowed us to
generate a model where auxin signalling in root activates ER and ANT, promotes
vascular cambium proliferation and finally determines vascular cadmium cell fate
(Figure 6).

However, induction of ANT or ANT-SRDX in the vascular cambium represses or
accelerates xylem cell divisions, while the girth of the root is strongly reduced (Figure
5B-D, S11A-B). It indicates plant needs to keep a balance of these two distinct cell
types. Interestingly, plants need to sense the various surroundings and decide the correct
ratio of phloem and the xylem in a changeable environment, like drought or dry. It is
very crucial to understand how plants keep dynamic balance of the phloem and the

xylem to against unsuitable environment. In this regard, it would be interesting to
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further decipher the complex molecular mechanisms coordinating the best ratio of the
phloem and the xylem under distinct environment.

In plants, it remains to be determined whether other plant hormones or other regulators
are involved in this balancing of the phloem and the xylem. Thus, the downstream
regulators of ANT and ER with hormonal pathways appear complex and warrants
further investigation. Thus, the ER-ANT module is regulated by auxin signalling and
may be a potentially universal molecular toolkit for xylem cell formation. Furthermore,
cytokinin signalling is also critical player in activating regulators like BP, WOX4, ER,
and ANT during secondary growth (Randall et al., 2015; Zhang et al., 2019) (Figure 6),
which provides an idea to further investigate how the plants shape their own root

structure by controlling different phytohormones.

Auxin 4= = =» Cytokinin

| .~/

— WOX4
ERECTA ~ === The girth of root
1 BP
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—
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Figure 6. Model explaining vascular cambium output specificity.
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Method details

Plant material and growth

The mutants and transgenic lines (F2 segregating and/or F3 homozygous populations)
used in this study are described in Supplementary Table 1. The plants were grown on
1/2MS with 1% sugar plates (0.8% plant agar), DEX plates (10puM, Sigma, D1756), or
NAA plates (1M, Duchefa, N0903). The plants were grown on 1/2MS with 1% sugar
plates under continuous light until sampling, or in soil with long day conditions (16
hours light versus 8 hours dark). For DEX or NAA treatment, the plates were grown on
1/2MS with 1% sugar plates, transferred on DEX plates or NAA plates.

Molecular cloning

Promoters were cloned from Arabidopsis thaliana DNA and proteins coding sequence
from Arabidopsis thaliana root cDNA with the primers in Supplementary Table 2. All
transgenic constructs were assembled with the modular green gate technology
(Lampropoulos et al., 2013). If promoters or protein coding sequences contain BSA
sites, it need to be replaced as followed in (Schurholz et al., 2018). In Supplementary
Table 3, it contains all the modulars and constructs in this study. In Supplementary
Table 4, it contains all the module assembly strategies. Agrobacterium tumefaciens
GV3101 was used for transformation and Arabidopsis thaliana plants were transformed

via floral dipping. Heterozygous T2 or Homozygous T3 line were used in this study.

Histology and fluorescent staining
The root samples have been collected from root junction (0.5-1 cm) for plastic

embedding. The plastic cross-sections were followed instruction on (de Reuille &
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Ragni, 2017), using Technovit 7100 (Heraeus Kulzer; 64709003). The plastic sections
(5-8 um) were stained with 0.1 % toluidine blue (Sigma; T3260). The pictures were
imaged with a Zeiss Axio M2 imager microscope or a Zeiss Axiophot microscope,
modified by ZEN Blue software (version 3.4). Suberin deposition were stained by
Fluorol yellow (FY), followed the instruction in (Naseer et al., 2012) using Fluorol
yellow (Santa Cruz, sc-215052). Propidium lodide (PI) staining was achieved by
directly mounting the root in a 10-30 ug/ml solution (Sigma, P4864).

Confocal Microscopy

Zeiss confocal (LSM880) was used for acquiring the confocal images with sepcific
settings. For GFP (green fluorescent protein): ex. 488 nm; em. 485-505 nm. For YFP
(yellow fluorescent protein), mCitrine and Venus: ex. 514 nm; em. 515-545 nm. For
mCherry, mCherry and PI: ex. 561 nm; em. 570-630 nm. For FY: ex. 488nm; em 480-
550nm. Orthogonal views of a Z stack were modified by ZEN Black software (Zen 2.3
SP1).

RNA sequence

RNA was extract from 14-day old plants, up most 1.5 cm- 2cm for each sample with
Mock or DEX treatment (Approximately 100 plants for each sample), using Universal
RNA Purification Kit (Roboklon, E3598-02) for RNA extraction. RNA samples were
qualified by Agilent RNA Bioanalyzer chip traces and quantified by Nanodrop 2000.
The enrichment of mRNA by oligo-dT pull-down was used the NEBNext Poly(A)
MRNA Magnetic Isolation Module (NEB #E7490L), and the construction of RNA
libraries were used NEBNext Ultra Il RNA Library Prep Kit for Illumina (NEB
#E7530L) with NEBNext Multiplex Oligos for Illumina (Index Primers Set 1 to Set 4).
Finally, the RNA library size and quality were measured on DNA High Sensitivity
Bioanalyzer chip (Agilent), and RNA libraries were quantified by the NEBNext Library
Quant Kit for Illumina (NEB #E7630S).

gPCR
RNA was extracted from upper most 1.5cm of at least 60 roots for each
genotype/treatment using the Universal RNA Purification Kit (Roboklon, E3598-02)

according to the manufacturer protocol. C-DNA was synthetized using AMV Reverse
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Transcriptase Native (Roboklon, E1372-01) according to manufacturer protocol. gPCR
was performed using MESA blue (Eurogentec, RT-SYS2X-03-+NRWOUB) in a
CFX96 Real-Time System machine (BIO-RAD). Primers used for gPCR are listed in
Table S2A. The relative expression was calculated using CFX Maestro software (BIO-
RAD) and the sample were normalized against EF1. qPCR experiments were repeated

at least 3 times and one experiment is shown.

Statistical analyses

IBM SPSS Statistics version 25-26 (IBM) was used for statistical analyses. The
Levene's Test was used for homogeneity of variances testing. The significant
differences between two datasets were calculated by a student’s t-test (homogeneous)
and Welch’s t-test (non-homogenous). One-way ANOVA with a Bonferroni correction
(equal variance assumed) or Tamhane’s post (equal variance not assumed) hoc was

used for multiple datasets.

Periderm quantification, area quantification and image analyses

The quantification of phellem length and phellem ratio was described on (Wunderling
et al., 2018), measured by Fiji (https:/fiji.sc/) (Schindelin et al., 2012). 3 independent
experiments were performed and only one results has been presented. The area
quantification was performed by Fiji. For every genotype, 10-25 cross-sections from
independent plants were analysed. 2 independent experiments were performed and only
one results were presented for cross-section. The pericycle/periderm cell division was

calculated by cell counter plugin of Fiji.
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Table S1. Plant Material used in this study.

Plants Background Ref. Obtained from
MYB84::NLS-3xGFP Col (Wunderling et al., 2018) Laura Ragni
UBQ10::eYFP-NPSN12 (W131Y) | Col (Geldner et al., 2009) Niko Geldner
PER15::slr-1-GR MYB84::NLS-3xGFP; W131Y (Xiao et al., 2020) Laura Ragni
PXY::shy2-2-GR W131Y (Xiao et al., 2020) Laura Ragni
PER::3xVenus-N7 Col (Kai  Wang &  Sascha | Martin Bayer
Laubinger, 2020)
PER15::BIR-ER W131Y This study This study
PXY::BIR-ER W131Y This study This study
GPAT5::CITRINE Col (Barberon et al., 2016) Niko Geldner
GPATS5::shy2-2-GR MYB84::NLS-3xGFP; W131Y This study This study
er-105 Col (Wang et al., 2019b) Peter Etchells
ererl2 Col (Wang et al., 2019b) Peter Etchells
PER15::BP-SRDX-GR W131Y This study This study
PXY::BP-SRDX-GR W131Y This study This study
PER15::WOX4-SRDX-GR W131Y This study This study
PXY::WOX4-SRDX-GR W131Y This study This study
PER15::ANT-GR W131Y This study This study
PXY::ANT-GR W131Y This study This study
PER15::ANT-SRDX-GR W131Y This study This study
PXY::ANT-SRDX-GR W131Y This study This study

Table S2A. Primers used for molecular cloning.

Element Primer Sequence
SRDX-GR Dr-SDRX-GR part 1 F GATTTGGATTTGGAATTGAGATTGGGTTTTGCTGAAGCTCGAAAAACA
Dr-SDRX-GR part 2 F AACAGGTCTCATCAGGTAAGGGTTTGGATTTGGATTTGGAATTGAGA
BIR-ER C-BIR3 F AACAGGTCTCAGGCTCAATGAAGAAGATCTTCATCACAC
Dr-ERR AACAGGTCTCACTGACTCACTGTTCTGAGAAATAACTTG
ANT C-ANTF AACAGGTCTCAGGCTCAATGAAGTCTTTTTGTGATAATGATGA
Dr-ANT R AACAGGTCTCACTGAAGAATCAGCCCAAGCAGC
BP-gPCR BP-qPCR-F TCCCATTCACATCCTCAACA
BP-gPCR-R CCCCTCCGCTGTTATTCTCT
WOX4-gPCR WOX4 gqPCR F CCTCCGGCGTCACTTCAG
WOX4 gPCR R GGGTTCCACCTTGTCCCTC
ANT-gPCR ANT-qPCR-F AAGGAAGAGCAGTGGTTTCTC
ANT-gqPCR-R ACTCTACCAATCCGTGCTTG
ERF-gPCR EF1F AAGGCTCAAACGCCATCAAAGTTTTAAGAA
EF1R AGGTCACCAAGGCTGCAGTGAAGAA

Table S2B. GG vectors used in this study.

GG modules/vectors Ref. Obtained
pGG-A0 (Lampropoulos et al., 2013) Jan Lohmann
pGG-CO (Lampropoulos et al., 2013) Jan Lohmann
pZ03 (Lampropoulos et al., 2013) Jan Lohmann
pGG-A-pPXY (Suer et al., 2011) Thomas Greb
pGG-A-pPER15 (Xiao et al., 2020) Laura Ragni

pGG-B03 (B-dummy)

(Lampropoulos et al., 2013)
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pGG-B05 (NLS)
pGG-B-H2B
pGG-C-BIR-ER
pGG-C-shy-2-2
pGG-C-sir-1
pGG-C-WOX4
pGG-C-BP/KNAT1
pGG-ANT
pGG-D-GR
pGG-D2 (D-dummy)
pGG-D-SRDX-GR

pGG-E1 (pea RBCS terminator)

(Lampropoulos et al., 2013)
(Ramakrishna et al., 2019)
This study

(Ramakrishna et al., 2019)
(Ramakrishna et al., 2019)
(Suer et al., 2011)

This study

This study

(Ramakrishna et al., 2019)
(Lampropoulos et al., 2013)
This study

(Lampropoulos et al., 2013)

Jan Lohmann
Alexis Maizel
This study
Alexis Maizel
Alexis Maizel
Thomas Greb
This study
This study
Thomas Greb
Jan Lohmann
This study
Jan Lohmann
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pGG-F-FR (FASTRED) (Vilches et al., 2019) Alexis Maizel
Table 2C. GG Assembly strategy.
Final vector (in pZ03) A B © D E F
PER15::slr-1-GR pPER15 B3 slr-1 GR El F12
PXY::shy2-2-GR pPXY B3 shy2-2 GR El F5
PER15::BIR-ER pPER15 B3 BIR-ER D2 El FR
PXY::BIR-ER pPXY B3 BIR-ER D2 El FR
PER15::BP-SRDX-GR pPER15 B3 BP SRDX-GR El FR
PXY::BP-SRDX-GR pPXY B3 BP SRDX-GR E1 FR
PER15::WOX4-SRDX-GR pPER15 B3 WOX4 SRDX-GR El FR
PXY::WOX4-SRDX-GR pPXY B3 WOX4 SRDX-GR E1 FR
PER15::ANT-GR pPER15 B3 ANT GR El FR
PXY::ANT-GR pPXY B3 ANT GR El FR
PER15::ANT-SRDX-GR pPER15 B3 ANT SRDX-GR El FR
PXY::ANT-SRDX-GR pPXY B3 ANT SRDX-GR E1 FR
Table S2E. Genes used in this study.
Gene Abbreviation ~ Gene Name Gene
Number
MYB84 MYB DOMAIN PROTEIN 84/ REGULATOR OF AXILLARY AT3G49690
MERISTEMS 3
PER15 PEROXIDASE 15 AT2G18150
PXY/TDR PHLOEM INTERCALATED WITH XYLEM/ TDIF RECEPTOR AT5G61480
BDL/IAA12 BODENLOS/ INDOLE-3-ACETIC ACID INDUCIBLE 12 AT1G04550
SLR/ 1AA14 SOLITARY ROOT/ INDOLE-3-ACETIC ACID INDUCIBLE 14 AT4G14550
BIR3 BAK1-INTERACTING RECEPTOR-LIKE KINASE 3 AT1G27190
WOX4 WUSCHEL RELATED HOMEOBOX 4 AT1G46480
BP/KNAT1 BREVIPEDICELLUS/ KNOTTED-LIKE FROM  ARABIDOPSIS AT4G08150
THALIANA 1
EF1 ELONGATION FACTOR 1 ALPHA AT5G60390
ANT AINTEGUMENTA AT4G37750
ER ERECTA AT2G26330
ERL2 ERECTA-LIKE 2 AT5G07180
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Figure S1. GPAT5 expression patterns and phenotypic characterization of
GPAT::shy2-2-GR roots.

A, Orthogonal view of Z-stacks of GPAT5::CITRINE roots at the positions
corresponding to stage 1 (lower panel), stage 3/4 (middle panel) and stage 5 (upper
panel) (12-d-old). B, Orthogonal view of Z-stacks of GPAT5::CITRINE roots at 6,8,10
and 20 days (uppermost part of the root). C, Upper panels: orthogonal view of Z-stacks
of GPAT5::shy2-2-GR (in MYB84::NLS-3xGFP W131Y) roots at 12 days. Lower
panels: 3D reconstruction of Z-stacks of 12-d-old GPAT5::shy2-2-GR (in
MYB84::NLS-3xGFP W131Y) roots stained with Fluorol yellow (FY). 6-d-old plants
were treated for 6-d with Mock (left panels) or 10uM DEX (right panels). Red arrows
indicate the cork cambium and white arrows indicate MYB84 expression. White scale

bars: 20um and yellow scale bars: 50um.
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Figure S2. Blocking auxin signalling in no-meristematic tissues does not affect
secondary growth initiation and maintaining.

A, Cross-sections (plastic embedding) of the uppermost part of GPAT5::shy2-2-GR (in
MYB84::NLS-3xGFP W131Y) roots. 6-d-old plants were transferred for 2-d on Mock
(left panels) or 10uM DEX (right panels). B, Quantification of pericycle cell number
of the experiment shown in (A). T-test (n =10-15). C, Quantification of root length,
phellem length, and phellem ratio in 3 independent GPAT5::shy2-2-GR (in
MYB84::NLS-3xGFP W131Y) lines. 7-d-old plants were treated for 5-d with mock or
10uM DEX. T-test (n =15). D, Orthogonal view of Z-stacks of GPAT5::shy2-2-GR (in
MYB84::NLS-3xGFP W131Y) roots at 20 days. 12-d-old plants were treated for 8-d
with Mock (upper panels) or 10uM DEX (lower panels). E, 3D reconstruction of Z-
stacks of 20-d-old GPAT5::shy2-2-GR (in MYB84::NLS-3xGFP W131Y) roots stained
with Fluorol yellow (FY). 6-d-old plants were treated for 6-d with Mock (upper panels)
or 10uM DEX (lower panels). White arrows indicate MYB84 expression. White and

black scale bars: 20um and yellow scale bars: 50pm.
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Figure S3. Auxin is needed for secondary growth and cork cambium
establishment.

A, The sketch of area measurement: total area, vascular area, phloem area (including
phloem and vascular cambium), xylem area, and periderm area. B, Cross-sections
(plastic embedding) of the uppermost part of PER15::slr-1-GR (in MYB84::NLS-
3XGFP W131Y; #1) roots. 7-d-old plants were transferred for 5-d on Mock (upper
panels) or 10uM DEX (lower panels) plates. C, Cross-sections (plastic embedding) of
the uppermost part of PXY::shy2-2-GR (in MYB84::NLS-3xGFP W131Y) roots. 7-d-old
plants were transferred for 5-d on Mock (left panels) or 10uM DEX (right panels) plates.
D, Left panels: collecting the upper most part of PER15::slr-1-GR (in MYB84::NLS-
3XGFP W13L1Y; #1) roots for cross-sections (plastic embedding) with Fluorol yellow
(FY). Right panels: collecting the upper most part of PXY::shy2-2-GR (in
MYB84::NLS-3xGFP W131Y) roots for cross-sections (plastic embedding) with Fluorol
yellow (FY). 12-d-old plants were transferred for 8-d on Mock (upper panels) or 10uM
DEX (lower panels) plates. Yellow arrows indicate FY. Black scale bars: 20um and

yellow scale bars: 50um.
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Figure S4. Blocking auxin signalling in vascular cambium and cork cambium
represses secondary growth.

A, Quantification of total area (left panels) and periderm area (right panels) of the
experiment shown in (Figure 1A-B). T-test (n =12-13). B, Left panels: cross-sections
(plastic embedding) of the uppermost part of 12-d-old PER15::slr-1-GR (in
MYB84::NLS-3xGFP W131Y; #1) roots. Right panels: cross-sections (plastic
embedding) of the uppermost part of 12-d-old PXY::shy2-2-GR (in MYB84::NLS-
3XxGFP W13L1Y) roots. C, Quantification of total area (left panels) and periderm area
(right panels) of the experiment shown in (Figure 2A-B). T-test (n =10-13). Black scale
bars: 20um.
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Figure S5. Blocking auxin signalling helps cork cambium to maintain its cell
identity.

A, Left panels: cross-sections (plastic embedding) of the uppermost part of PER15::slr-
1-GR (in MYB84::NLS-3xGFP W131Y; #1) roots. 12-d-old plants were transferred for
2-d on Mock (upper panels) or 10uM DEX (lower panels) plates. Right panels: ¢ cross-
sections (plastic embedding) of the uppermost part of PER15::slr-1-GR (in
MYB84::NLS-3xGFP W131Y; #1) roots. 12-d-old plants were transferred for 4-d on
Mock (upper panels) or 10uM DEX (lower panels) plates. B, The sketch of RNA-seq
sample collecting: 12-d-old plants were transferred for 24h on Mock or 10uM DEX
plates, and collect up most 1.5 cm- 2cm for each sample. C-D, GO analysis of
PER15::slr-1-GR and PXY::shy2-2-GR (log2FC < 0.5; padj < 0.05). Black scale bars:
20pum.
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Figure S6. ERECTA receptor kinases are related to auxin signalling.

A, Cross-sections (plastic embedding) of the uppermost part of Col0 (upper panels) and
er-105 (lower panels) roots. 6-d-old plants were transferred for 2-d on Mock (left panels)
or luM NAA (middle panels) plates. B, Quantification of pericycle cell number (upper
panels) and vascular cell number (lower panels) of the experiment shown in (A). One-
way ANOVA (CI95%, Post-Hoc: Tamhane, n = 10-15). C, Cross-sections (plastic
embedding) of the uppermost part of ColO (upper panels) and er er2 (lower panels)
roots. 6-d-old plants were transferred for 2-d on Mock (left panels) or 1uM NAA
(middle panels) plates. D, Quantification of pericycle cell number (upper panels) and
vascular cell number (lower panels) of the experiment shown in (C). One-way ANOVA
(C195%, Post-Hoc: Tamhane, n = 11-14). Black scale bars: 20pm.
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Figure S7. ERECTA receptor kinases are related to secondary growth.

A-E, Quantification of total area, vascular area, phloem area, xylem area, and periderm
area of the experiment shown in (Figure 4B). F, Quantification of periderm area/total
area of the experiment shown in (A and E). T-test (n =12-13). One-way ANOVA
(C195%, Post-Hoc: Tamhane, n = 12-18). G-I, Quantification of pericycle cell number
(upper panels) and vascular cell number (lower panels) of the experiment shown in
(Figure 4B). One-way ANOVA (CI95%, Post-Hoc: Tamhane, n = 12-17).
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Figure S8. BP-SRDX promotes periderm development.

A, Cross-sections (plastic embedding) of the uppermost part of PER15::BP-SRDX-GR
(in W131Y) roots. 12-d-old plants on Mock (left panels) or 10uM DEX (right panels)
plates. B, Cross-sections (plastic embedding) of the uppermost part of PXY::BP-SRDX-
GR (in W131Y) roots. 12-d-old plants on Mock (left panels) or 10uM DEX (right panels)
plates. C-G, Quantification of total area, vascular area, phloem area, xylem area, and
periderm area of the experiment shown in (A-B). T-test (n =10-13). Black scale bars:

20pm.
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Figure S9. WOX4-SRDX promotes periderm development.

A, Cross-sections (plastic embedding) of the uppermost part of PER15::WOX4-SRDX-

GR (in W131Y) roots. 12-d-old plants on Mock (left panels) or 10uM DEX (right panels)
plates. B, Cross-sections (plastic embedding) of the uppermost part of PXY::WOX4-

SRDX-GR (in W131Y) roots. 12-d-old plants on Mock (left panels) or 10uM DEX (right

panels) plates. C-G, Quantification of total area, vascular area, phloem area, xylem area,
and periderm area of the experiment shown in (A-B). T-test (n =10-13). Black scale

bars: 20pum.
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Figure S10. ANT is related to secondary growth.

A, Cross-sections (plastic embedding) of the uppermost part of PER15::ANT-GR (in
W131Y) roots. 7-d-old plants were transferred for 5-d on Mock (left panels) or 10uM
DEX (right panels) plates. B, Cross-sections (plastic embedding) of the uppermost part
of PER15::ANT-SRDX-GR (in W131Y) roots. 12-d-old plants on Mock (left panels) or
10uM DEX (right panels) plates. Black scale bars: 20um.
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Figure S11. ANT is related to xylem cell formation.

A-E, Quantification of total area, vascular area, phloem area, xylem area, and periderm
area of the experiment shown in (Figure 5B and S10A). T-test (n =10-16). F-J,
Quantification of total area, vascular area, phloem area, xylem area, and periderm area
of the experiment shown in (Figure 5C and S10B). T-test (n =10-18).
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6 Conclusion and Discussion

Embryonic development transforms the seed into a multicellular organism, whereas the
complexity of plant morphogenesis needs post embryonic development. Plants control
the processes of embryonic development and post embryonic development by
phytohormones including auxin and cytokinin. In the post embryonic development,
both auxin and cytokinin signalling affect plant morphogenesis by generating lateral
tissues. In the plant root and stem, secondary growth as one of the lateral tissues
contributes to root architecture system. Previous studies have shown that auxin and
cytokinin are the crucial phytohormones during secondary growth, maintaining the
proliferation and directing differentiation of meristematic tissues (Ragni & Greb, 2018;
Smetana et al., 2019; Zhang et al., 2019; Campilho et al., 2020). Our results suggest
that auxin distribution and activity are mandatory for maintaining phellogen
proliferation and leading differentiation.

Auxin is one of the essential phytohormones and is specified pericycle cell
differentiation, generating lateral roots development, periderm development and
vascular development, respectively. Interestingly, our results demonstrate a complex
auxin induced regulatory mechanism on these three plant organs/tissues: blocking
lateral roots have a positive effect on periderm initiation; precocious vascular cambium
is the prerequisite of periderm initiation. In the meanwhile, both vascular cambium and
phellogen are initiated/partially initiated from pericycle cells, which gives us a clue to
further dissect the role of auxin independently in these two cambia.

Furthermore, to elaborate root structure against various environment, plants shape plant
architecture system by selecting the appropriate plant organs/tissues during the growth
by activating distinct auxin-induced modules. BP and WOX4 as master cambium
regulators are activated by BDL-MP module, promoting the vascular cambium and
phellogen proliferation and division; while SLR-ARF7ARF19 module regulates
GATA23 and LBD16, controlling the lateral roots formation. Altogether, these findings
allow us to generate a model (Figure 2) in which elevate auxin signalling in the root
development leads different IAAs-ARFs modules with specific downstream targets to
initiate and then maintain distinct plant organs/tissues (Fukaki et al., 2002; Lee et al.,
2009; De Rybel et al., 2010; Hirakawa et al., 2010; Suer et al., 2011; Fan et al., 2012;
Etchells et al., 2013; Ito et al., 2016; Smetana et al., 2019; Zhang et al., 2019; Xiao et

al., 2020). In this work, we fully demonstrated how specificity in pericycle stem cell
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fate is achieved and vascular cambium establishment is a positive factor on cork
cambium initiation (Xiao et al., 2020).

Although we deeply dissect the function of auxin during periderm initiation and
different downstream targets of auxin in controlling the establishment of lateral roots,
phellogen, the vascular cambium, it is still unclear about the coordinating activity of
the phellogen and the vascular cambium. Therefore, we deeply dissect the auxin
signalling in both the phellogen and the vascular cambium. Our genetic and gene
expression data demonstrate that auxin is essential for maintain cork cambium identity.
Next, under stresses on one of the cambia, the plants activate another cambium,
suggesting a compensation mechanism between periderm and vascular. Moreover, we
found that these two cambia shared many auxin-related regulators including BP, WOX4,
ANT, ER, and many other peptides like CLE and EPFL peptides, which were involved
in secondary growth, enforcing vascular organization and radial patterning (Hirakawa
et al., 2010; Suer et al., 2011; Etchells et al., 2013; Ragni & Greb, 2018). ER receptor
kinase and ANT transcriptional factor are expressed in Arabidopsis root and positive
regulate secondary growth; furthermore, ER-ANT module determines the
differentiation of vascular cambium and promotes phloem development (Torii et al.,
1996; Bergmann et al., 2004; Shpak et al., 2004; Shpak et al., 2005; Meng et al., 2012;
Uchida & Tasaka, 2013; Randall et al., 2015; Ikematsu et al., 2017; Wang et al., 2019).
Taken all together, we show that auxin signalling in meristematic tissues triggers
proliferation and differentiation in secondary growth patterning, maintaining both fate
and rate of proliferation and differentiation through the activation of distinct auxin
inducible transcriptional regulators. Finally, we provide insights into the auxin-induced
regulatory network underlying secondary growth plasticity in Arabidopsis. Eventually,
we highlight that distinct signalling pathways, downstream of auxin and cytokinin,
orchestrate periderm and vascular formation: BP, WOX4, ANT, and ER as key factors
are involved in secondary growth.

We demonstrated a compensated mechanism exists on the vascular cambium and
phellogen. We suggest that a non-cell-autonomous signal (hormone/peptide/small
RNA/mobile TF) between these two cambia. The communication and cooperation
between these two cambia allow the plants to keep on recovering and growing even in
an unsatisfied growth condition, and produce the next generation. Moreover, the weight
of stem could also be the physical forces on the vascular cambium or phellogen, which

could drive the vascular or periderm development. It would be interesting to further
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decipher how these two cambia connect.

Recently, many studies reported plants manipulate different plants hormones to
precisely control the balance of the plant growth and resistance in different
developmental stages. We highlighted that ER-ANT module alter the ratio between the
phloem and the xylem causing a strong reduction on secondary growth. We suggest
that the plants need to keep the balance of the phloem and the xylem to reach best
growth condition. Phellogen and vascular cambium specific overexpression of BIR-ER
and ANT-SRDX provide a novel approach for disturbing the ratio of the phloem and
xylem, a trait that is known to contribute to stress tolerance.

Moreover, many other plant hormones have been shown that they participate in
secondary growth including cytokinin, gibberillic acids (GA), strigolactones (SLs), and
etc. During secondary growth, we find these plant hormones contain a crosstalk and co-
control the development the processes together. It implies a possible cooperation among
these plant hormones. For example, BP, WOX4 and ANT work as the downstream
targets of both auxin and cytokinin; and ARF6 and ARF8 are co-regulated by auxin and
GA signalling (Randall et al., 2015; Smetana et al., 2019; Zhang et al., 2019; Ben-
Targem et al., 2021; Ye et al., 2021). Although, plants control their behaviour through
distinct plant hormones interaction by affecting similar downstream regulators.

In our work, we utilize the tissue specific promoters to further point out the vascular
cambium, phellogen and phellem, which greatly improve our knowledge on
secondary growth (Xiao et al., 2020). However, the xylem, phloem and phelloderm
are lack of a functional marker to highlight their precise location. Therefore, it is
important to obtain a specific mark on these tissues.

Altogether, our studies dissect auxin regulatory hub during secondary growth and
unveil the processes of vascular cambium differentiation and provide an idea to further
investigate how the plants shape their own root structure by controlling different

phytohormones.
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