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1. Summary

Plant rootmorphogenesjsincluding primary patterning, secondary development and
formation of lateral rootand root hairsdetermines root system architecture, aedce
theoverall plant growth angerformanceTheroot systemsnfluencethe efficiency of
water uptakeand acquisition of nutrientsand thereby plant adaptations to local
environments Therefore, decodinghe regulation ofroot morphogenesis of vital
ecological andagronomic importancePericycle cells are deeply embeddedn a
distinctive layerof root, surrounding the procambium (i.e. primary xylem and phloem)
and are crucial for the initiation gbme keyroot tissues/structureBarticularly,lateral

roots andphellogen(cork cambiun are initiatedand differentiatedrom pericycle cells
producingroot branching systems and a protective baofgplant orgartissuecalled
periderm Furthermore, secondary meristems indeed partially originate from pericycle
cellsthat give rise to xylem and phloerind ultimately contribute to the formation of
vascular cambium.

Root morphogenesis is largely determined by the balance of stem cell proliferation and
differentiation which are largelyregulated byphytohormonesSpecifically, auxin
mediatedsignalling networks are commonly known to buffer the proliferation and
differentiation ofstem cells in many development@intexts including lateral roos
development and vascular cambium establishmatriguingly, auxin is found to be
enriched in pericycle call However, it remains unclear whether and how auxin and its
downstream regulators coordinatedcontrol thecell fate decisionsf pericycle cells to

the formation of distinct root organs/tissues, i.e. vascular cambium and phellogen,
thereby promoting s®ndary growth.

Here, using the Arabidopsis root as a modledhowed that auxiims accumulated in
phellogerandplays an essential role in phellogen establishment and mainteBaseel.
onmy genetic and gene expression datiemonstrate distinctlAAs-ARFsmoduleand
downstreamtargets controllateral roo$ versus vascular cambium and phellogen.
Moreover, the initiation of the vascular cambium precedesl is prerequisit¢o
phellogen establishmerinterestingly after the establishment afascular cambium and
phellogen | found altering auxin signalling specifically in the phellogenaffects the

activity of the vascular cambiunhinting ata compensation mechanism balancing
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secondary growth output. further shoved that severalauxinmediated downstream
signalling regulators including KNATYBREVIPEDICELLUS (BP), WUSCHEL
RELATED HOMEOBOX 4(WOX4, ERECTA(ER), and AINTEGUMENTA(ANT),
accumulatesn thevascular cambiunand the phellogen.found thatER mayactasthe
upstreamregulatorof BP, WOX4 and ANT, and enlarges the girth of roofSissue
specific overexpressiaof BP andWOX4in thephellogenand vascular cambiutargely
increased the periderm layers and the girth of the réotshermore, ERANT module
promotes vascular cambium proliferation and directs its differentjatibichinfluence
phloem regulation and vascular cambium divisiamd largely increas the quantity of
phloem and vascularambiumcell numberwhereasER-ANT modulerepresses xylem
cell formationand decreases xylem area.

To sum upmy studies here collectivelemonstratéhatthespecificityof pericycle stem
cell fateis achieved bylistinctauxininduced modulesindthe results provideolecular
insights into howER-ANT module modifies vascular cambium proliferation and

differentiation.



2. Zusammenfassung

Die Morphogenese der Pflanzemrzel beinhaltet das priméd& und sekundae
Wachstum sowohl der Laterakls auch der Haarwurzeln und bestimmt damit
malyyeblich die Architektur des Wurzelsystems und des Pflanzenwachstums bzw. die
Gesundheit der Pflanze. Das Wurzelsystem ist aulerdemhendsnd fir die Wasser

und Nérstoffaufnahme und aulerdem fii die Anpassung der Pflanze an den jeweiligen
Standort. Das Verstadnis der Wurzelmorphogenese ist damit von grof®er &ologischer
und &onomischer Bedeutung. Perizykelzellen sitzen eingebetther bestimmten
Schicht der Wurzel und umschlief®n das Prokambium (d.h. prim&es Xylem und
Phloem) und sind wesentlich fir das Aktivieren von bestimmten Schlisselstrukturen
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.
Dariber hinausentsteht das sekundae Meristem teilweise aus Perizyklezellen, die die
Formation von Xylem und Phloem hervorrufen und so zur Ausbildung des vaskulden
Kambiums beitragen.

Die Wurzelmorphogenese wird zum grofen Teil von dem Gleichgewicht der
Vermehrung und Ausdifferenzierung von Stammzellen bestimmt, was haupts&hlich
von Phybhormonen reguliert wird. Besonders Auxin vermittelte Signalwege sind
gemeinhin daflr bekannt, die Vermehrung und Ausdifferenzierung von Stammzellen
in vielen Entwicklungszusammenhéngen, insbesondere auch von der lateralen
Wurzelbildung und des vaskuldeKambiums zu steuerrinteressanterweise wird
gefunden, dass Auxin in perizyklischen Zellen angereicherlistdings, wie genau
Perizykelzellen mittels von Auxin kontrollierten Regulatoren die bestimmte
Ausbildung von Pflanzenorganen steuert ist imrmarhnunklar und es ist weiterhin
unbekannt wie die zwei lateralen Meristeme (vaskul&es Kambium und Phellogen)
koordiniert und zum sekundden Wachstum angeregt werden.

In der vorliegenden Arbeit mit der Wurzel védrabidopsisals Modell konnte ich
zeigen, a@ss 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 -AM%s Module und
nachgeschaltete Objekte die Aushidd von entweder lateralen Wurzeln oder

Kambium und Phellogen steuern. Zudem, die Initilerung des vaskulden Kambiums ist



Voraussetzung fir die Bildung des Phellogeimxanach werden ein gut etabliertes
vaskuldes Kambium und Phellogen in den reifen Wurzepr&entiert
Interessanterweise beeinflusst ein veradertes Auxinsignal vor allem im Phellogen die
Aktivitd des vaskulden Kambiums, was auf einen Kompensationsmechanismus fir
das sekundde Wachstum spricht. Weiterhing konnte ich zeigen, dass mehréne Aux
gesteuerte Regulatoren, unter andereKNAT1/BREVIPEDICELLUS (BP),
WUSCHELRELATEDHOMEBOX 4WOX4, ERECTA(ER) undANTIGUEMENTA
(ANT), im vaskul&en Kambium und dem Phellogen angereichert werden. Meine
Ergebnisse zeigersR agiert im Signalweg oberhalb vdsP, WOX4und ANT und

erhdt den Umfang der Wurzeln. Gewebespezifische UberexpressiorBiRonnd
WOX4im Phellogen und dem vaskul#aeKambium zeigten eine Uberlappung und
bestimmte Signalziele, was zum Verstédnis der Stammzellenspezifitd beitrgt.
Aulerdem konnte gezeigt werden, E&NT Module regulieren daPhloemund das
vaskulde Kambium positiv, wdrend ERANT Module die Formationvon
Xylemzellen vermindert.

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

bringen weiterhin neue Erkenntnisse inwiefern-&RT nodule dasvaskulde

Kambium bilden und differenzieren.



3. Introduction

Root system architecture influences watertalge and nutrient acquisition, thereby
impacting plant development and adaptations to the fluctuating environingsitsts
threetypes of meristemare found, includingpot apical meristem (RAM), forming the
underground root systemshoot apical meristem (SAM) forming the abayeund
tissues and secondary meristems that contribute to secondary grosthqambium
[i.,e. phellog@] and vascularcambium) and hence radial thickening tbie plant
organs/tissueéSmit & Weijers, 2015Ragni & Greb, 2018; Campilhet al, 2020.
Root system architecture is largely determinedabtpvities ofRAM and secondary
meristemsthat is,main rootandsecondary root growttnat lead to theelongatiorand
increases ithe girth of the rogtrespectivelyParticularly pericyclecells (consist of
xylem pole pericycle (XPP) cells and phloem pole pericycle (PPP) asfi€mbedded
deeply in root asnelayered meristematicellsthatis surrounded by a threell layers
(epidermal, cortex, and endodermal cells) aself encircleshe central steléxylem
and phloem)in a typical Arabidopsisroot (Fig 1A). Pericycle cellsare essentially
meristematicells that give rise to variousistinctroot structures, such &seral roots
phellogen (cork cambium) and vascular camhiand are of particular importance in
regeneration processes, as an adaptation to the changing enviroffigeBj$Cheet
al., 2007;De Smetet al, 2007;Atta et al, 2009; Beeckman & De Smet, 208hang
et al, 2016; Shin & Seo, 201&ampilhoet al, 2020) However,it remains poorly
known howthe cell fate decisions in pericycle cells are specified and coordinated to
producedistinct root structures.

Auxin-centered regulatory networks are widely knowpley a major role in stem cell
establishment, maintenance and regenerationplant developmentin RAM,
phytohormones (such as auxin and cytokirrg key regulatorghat coordinatestem
cell proliferation and differentiation, thereby establishing tloe sgstemIintriguingly,
auxin isindeedfound to beenrichedn pericycle cellsvhere it also likelypromotes cell
proliferation and differentiatiorthat ultimately contributes to secondary thickening
(BarraJdimenez & Ragni, 2017; Ragni & Greb, 2018; Campéhal, 2020)
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Thereforejn this thesis, | endeavoured tovestigate how auxiooordinatesvith other
hormones and triggerseristemestablishmerdnd differentiation to form distinct plant
organs/tissuethat ultimately result isecondaryhickeningandthe formation ofateral
roots. To address thesé,summarisedhe current understanding of the patterning of
vascular cambium, periderm and lateral roahanfollowingthreesections: L)vascular
cambium establishmerind maintenance requ&r@uxin and its crosstalk with other
phytohormones; 2periderm a key potective organcontributes to secondary growth;
3). Lateral rootsformation is largely determined by IAARF modules.l also
highlightedsomeoutstanding 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 periderdifferentiation.

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

Secondary growth, the increase in girth of plant orgaogidesefficient longdistance
transportation of water, nutrient, salts, and pragsimilatesaand therebygontributes to
successful colonization of vascular plants on Eaftte woody part of the planis
essentiallythe result ofsecondary growtland providesthe ghysical suppor{Barra
Jimenez & Ragni, 2017; Ragni & Greb, 2018; Campidtoal, 2020) Therefore,
secondary growth in plamroduces the vast diversity tkes and partly shgpesthe
earthés bi ospher @heaeondarygrovwkhnisihe prindipal site af a y .
biomass accumulatigrin addition to its economic value in the forestry industry
provides a means for the durable sequestration of TR storage of CO2 in woods
alsoprovides a effective solution toaddressinglimate change and global warming
ontheearth.

Therefore, secondary growth is of pivotal importance to our humankindthend
sustainability of the planet we live in, however, the regulationeocbsdary growth
remains poorly understood evenmodel species

Secondary growtlis foundin root, branches, and stem in most woody dicotyledonous
plants and gymnospern{BarraJimenez & Ragni, 2017Jwo bilateral meristems.¢€.
vascular cambium and phellogen) give rise to secoridaikeningandproducanward
xylem and phelloderm and outward phloem and phellem/cork, respectivalyy

studies focused on how vascular cambium is established and indicatadxinat an



instrumental phytohormone in establishing vascular cambium and regsetiogdary
meristemactivitiesin Arabidopsis(Ragni & Greb, 2018

AUXIN RESPONSE FACTOR(ARF) and AUXIN/INDOLE3-ACETIC ACID
(Aux/IAA) proteinsare thekey playeran auxin regulatory networks$n Arabidopsis
AuXIAA gene family consists of 29 members encoding divatl transcriptional
repressors and is divided into seven subclé@@esrvoordeet al, 2005; Liet al, 2017)
Aux/IAA and ARF proteins formheterodmers whereinAux/IAA represses the
activities of ARF proteirat low auxinlevel (Tiwari et al, 2001) In Arabidopsis 23
ARF genes were described including one pseudog&R&23, and roughly divided
into 5 different subclades in phylogenetic analy®kushimaet al, 2005; Guilfoyle &
Hagen, 2007)5 out of 23ARFgenes ARF5 ARFG ARF7, ARF8 andARF19 work
as transcrippnal activators and the other 18RF genes were summarized as
transcriptional repressofgimasovet al, 1999; Tiwariet al, 2003) IAAs with ARF5
ARFG§ ARF7 ARF8 and ARF19 regulate many aspects of plant developmental
processes includinBAM establishmentsecondary growth andteral rootdnitiation
(Guilfoyle et al, 1998; Ulmasowet al, 1999; Tiwariet al, 2001)

Recent studies have revealed that Aux/IAégatively regulatesascular cambium
establishment(Uggla et al, 1998; Hamanret al, 2002 Smetanaet al, 2019) For
example BODENLOS(BDL)/IAA12 module regulates the vascular format{tlygla
et al, 1998; Hamanet al, 2002)andSHORTHYPOCOTYL ZASHY?2)/IAA3 module
controls cambial growth in Scots Ping(Biancg et al, 2013, indicating IAAs are
involved invascular cambium establishment.

MONOPTEROS(MP)/ARFS5, repressed by BDLdirectly binds to the promoter of
WUSCHEL HOMEOBOX RELATEDOWOX4 and regulates its activitiéBrackmann
et al, 2018) MP activatesTDIF/CLE41/44PXY/TDR signalling pathway which
promotes the expression WfOX4 promoting the cell proliferatio(Hirakawaet al,
2010; Sueet al, 2011; Etchell®t al, 2013) Additionally, WOX4 andits homologue
WOX14redundantly promote proliferation on vascular camb(itohellset al, 2013)
Moreover, MP also regulat&NATL(KNOTTEDIike from Arabidopsighaliana 1)/BP
(BREVIPEDICELLU$ which belongs to Class | KNOX transcription factdné-BP
isinvolved in meristem activities and promote many developmental processes in plants
including secondary growt{Ori et al, 2000; Hayet al, 2006) BP and WOX4work
asthe master cambial regulators and proenaascularcambiun establishmenand

proliferation(Liebschet al, 2014; Zhangpt al, 2019) Altogether, it appears amsn-



centered regulatory netwarklart controls vascular developmentdahgh IAAsMP
module and its main downstream targ@BsandWOX4

Auxin is involved in vascular cambium differentiatiadviP, ARF7, and ARF19the
downstreanregulatorsof IAA, induce fiveCLASS IlIHOMEODOMAINLEUCINE
ZIPPER(HD-ZIPIIIl) genes maintain cellular quiescence in the xylem and guide xylem
developmeni{Carlsbeckeret al, 2010; Niemineret al, 2015; Fischeet al, 2019;
Smetanat al, 2019)

Intriguingy, other hormones likeytokinin andSLsare involved in vascular cambium
proliferation and differentiation respectively. @tokinin has a positive role on
secondary growth via regulating cambial activitARGET OF MONOPTEROS5
(TMO5)/TMO5-LIKEL (T5L1) and LONESOME HIGHWAY (LHW), as heterodimer
complexes comprising two basic héligopi helix protein families, are master
transcriptional reglators of the initial process of vascular development. TMO5/LHW
are upregulated by cytokinimnd promote cell division and differentiation to form
cambial/precambial in embryos, root apical meristem (RAM), and maoaé root
(Ohashilto and Bergmann ZI¥; De Rybelet al., 2013; Ohashlto et al.,2013; De
Rybelet al.,2014; Ohashlto et al.,2014).Interestingly TMO5 is also stimulated by
MP, indicating auxin induces vascular cambium ancboperated withihe cytokinin
signallingpathway (Schlereth et al., 2010).

Cytokinin controls vascular cambium differentiatiomaiigh ER (ERECTAreceptor
kinases)and the transcription factorANT (AINTEGUMENTA. ER with its legend
(EPFLs) andpromotesphloem tissues regulatio(iTorii et al, 1996; Bergmanet al,
2004; Shpalet al, 2004;Shpaket al, 2005; Menget al, 2012; Uchida & Tasaka, 2013;
Ikematsuet al, 2017; Wanget al, 2019) ANT andthe cell cycle regulator CYCD3
(CYCLIN D3) act as wo cytokinin downstreantambium regulatorshat increag
cambium cell numbeaind vascular expansioRéndallet al,, 2015.

Strigolactones (SLs), a new hormone discoverdtieplant, regulates many growing
lists of the process including secondary growth andnigolved in auxin signalling
pathway(Waldie et al, 2014) more axillary branches {max1), as a SL biosynthesis
mutant, shows an increaigseshoot branching, while the mutant is fully rescued by SLs
treatment(Bennettet al, 2006; Crawfordet al, 2010) There are some studies
indicaing SLs play a importantrole in cambium activities, correlated witte auxin
signalling pathway (Agusti et al, 2011) Additionally, MAX1, MAX3, and MAX4

proteins are involed in the biosynthesis of carotenoids, a key prsgufor SLs. In



Arabidopsis maxt1, max21, max39, and max41l mutantsshowed reduction on
cambium activities andeducedsecondary growth. Inthe maxt1l mutant, auxin
concentrates in the stems at all positions, indicahegcooperatiometween SLs and
auxin. Interestingly the functionsof SLs on secondary growthith is conserved from
species to species, like Eucalyptus trees andAxpasti et al, 2011) indicating a long
co-evolution between auxin and Sitscontrolling vascular cambium proliferation
Altogether auxinwith other phytohormonesegulates I1AA-ARFs modules During
secondary growth, auxicenteredregulatory networks are involved in vascular
cambium establishment and promote vascular cambium differentiation, respectively.
However the following questioshave no answerthe bilateral vascular cambium can
differentiate into xylem or phloem, while it is unknoWwaw respective differentiation
is achievedmoreover, the correlation between xylem and phloem is undgahesis

will keep on following these questions.
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3.2 Peaiderm, 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 gymnospardss used as a
protective barrier, which is efficient on pathogen infestation, gas exchange, and water
loss(Grohet al, 2002; Lendzian, 2006)Periderm has been studiedootato and cork

oak due toits economicvalues,and cork is useful to produogine-stoppers and
insulating/building material@Esau, 1977; Campilhet al, 2020.

Recently many studies of periderimavefocused on the characteristiasd functions

but not the molecular mechanisim 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 yEaesi, 197). In some plant
species, periderm has evolved different functions including storing starch in phelloderm
and isolating salts in peridertgsau, 1977; Junét al, 2020)

Peridernreplacesheprimary protective tissuesich as the epidermasmd works as the
outer tissuesn stemsrootsand other planbrgangtissues whereashefirst phellogen

is originated from different tissueslepending on the plant organs and spedrethe
stems, the first phellogeis originated from the subepidermal layevhile in genus
Malus, Pyrus andOleander the first phellogen arises from the epidermis argkimus

Vitis, Pinus mugpAlnus glutinosahe first phellogen arises from tiplloem(Esau,

1965; Evert, 2006; Schweingruber and Bd&ne2018) In Arabidopsis the first
phellogeroriginates from the pericycle cells in the roots and hypocatyicontribues

to secondary growt(Fig 2). (Wunderlinget al, 2018;Ragni & Greb, 2018)

Based on our knowledgesenderm,similar to the vascular systeroomprises three
tissueg(Fig 3) (Ragni & Greb, 2018)However,the number of periderm layeraries

from species to speciesork oakcontains manyhellemlayers whereaghellodermis
missing is some speci@Ssay 1965 Roth, 1981;Evertet al, 2006; Gra@ et al,2015.

It is clear thatwe are short of knowledges ¢ime molecular mechanism periderm
developmentTo achieve thata functional model plant for periderm study is needed.

In our lab, Arabidopsisis a model forperiderm developmentn Arabidopsis the
periderm is found in both hypocotyl and rgand it is reminiscent of the peeicn of
woody plants, so we can use #abidopsishypocotyl andoots asa model to study

the mechanisms of periderm developmgiRagni & Greb, 2018) Periderm
development irArabidopsishypocotyl has been described into different stages which

are as followedi), the pericycle statito divide 2), a reduction on endodermal cells
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caused by programmed cell death (F@Bd the establishment of phellogen be@an;

the one/two layers of peridermere established with one or two endodermal cells
remained; 4), both inner cortex, outer cortex, and epidermatdtartollapse and are
detached from the periderm; %) matue peridermwasestablished and becomes the
new outer barrier of plarftvVunderlinget al, 2018)

In the more elaborated description time 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),threelayer periderm structure is formexhd
abscission occurs on the cortex and epidermal cells; 4), a ring of periderm is complete
and works as a barrieo protect theplant organs/tissueéWunderlinget al, 2018).
Eventually,periderm, replacing epidermal celind becoming the outer tissue of plant
organs/tissuegprotects it from abiotic or biotic pressure and offer a mechanical support
(Campilhoet al, 2020) Phellem containsyacromolecules, such as suberin and lignin,
which are accumulated in phellem to enhance the capabilities of periderm to protect
plants(Wunderlinget al, 2018) With a fully described developmental map, we can
use the annual Arabidopsisplant as a model to deeply understaride molecular
network in periderm developmefWunderlinget al, 2018) Interestingly manygenes

like MYB84, ANAC78, HORST KCR1, DAISY, and RALPH were expressed ithe
peridermand involved insuberin biosynthesis pathway, which may indicate their
functions on periderm developmdlYunderlinget 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 iArabidopsis Therefore, in my thesis, | will focus on how
phellogen iestablishedndfill the gapsof periderm study.
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3.3 Lateral roots formation is largely determined by IAA-ARF modules

Lateral roots arémportantfor increasing the surface area of root sysseohitecture
to explore heterogeneous soil environmentgpactingthe efficiency of water uptake
andacquisition of nutrientsUnderstanding the lateral roots developmernhéeefore
of vital biological andagronomic importancen Arabidopsis lateral rootsoriginate
primarily from one side of XPP cell;n an existent main root (Fi@ and Fig ¥
moreover, lateral rootsan bedivided intofour main steps(1) lateral rootpre-branch
site formation: XPP cells acquire founder cell (FC) identity J[§®ral rootinitiation:
an asymmetric cell division started, (Bteral rootprimordium formation, and (4)
lateral rootemergence (Fig) (Lavenuset al, 2013; Motteet al, 2019)

Treated with auxin transport inhibitof®NPA) in P. sativumplants lateral roots
formation islost which indicate the role of auxin in LR developme(tiinchee and
Rost, 1992Casimiroet al, 2001) Additionally, the phytohormone auxin functions in
promoting anticlinal cell division, specifying the XPP cell identity and modulating
lateral rootdormation( De Smett al, 2007 Casimiroet al, 2001)indication the role
of auxin in lateral roots development.

In the processsof lateral roos formation, Aux/IAA and ARFproteinsareexpressed
in LRP anddeeply participate itateral rootsdevelopmental process@Rogget al,
2001; Fukakiet al, 2002; Okushimat al, 2005; Overvoordet al, 2005; Okushima
et al, 2007; De Rybett al, 2010; De Smett al, 2010; Golet al, 2012; Leyser, 2018)
Many functionalanalysesn iaas or arfs mutants (overproducing or inhibitirigteral
rootg allow us to understand how the plants coordihatsveendistinct IAAs-ARFs
modules then contrdhateral rootsformation, shaping root architectuddlany IAA-
ARF modules promaetlateral rootgnitiation: for example, 1) IAA2BARFs module;
2) SOLITARY ROOT (SLR)/IAA14 ARF7i ARF19 module; 3) BDEMP module; 4)
SHY2i ARFs module. As the downstream targets of auxin, RuxfARF module not
only shages many aspects of plant growth but also contributésstarchitecturgystem.
Furthermore, distinct IAAs-ARFs modules coordinated during lateral roots
development.

IAA28 which isexpresedthe whole root, works as a transcriptional repressor targeting
auxirrinduced genes like ARF proteins (ARF5, ARF6, ARF7, AR¥F&l ARF19) and
repressi ng A Rhetbassitidnuegientofiramtrasd isidegraded under high
auxin level. Genetic datanderlines IAA28ARFs suppress the specification lateral
rootsfounder cell identity (LRFCJRogget al, 2001; De Rybeét al, 2010) GATA23
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transcription factor is expressed in XPP cells and actheadownstream target of
IAA28, regulating the LRFC identity il\rabidopsis(De Rybelet al, 2010) After
LRFC establishment, GATA23 is inwad inlateral rootgnitiation, and after that, it
decreases and finally disappears from primordia. IAABEIGATA23 module plays
a crucial inlateral rootriming and LRFC specification.

SLR-ARF7-ARF19 drivedateral rootsnitiation by activating several auxisponsive
genegFukakiet al, 2002; Vannestet al, 2005; Wilmothet al, 2005; Leest al, 2009)
Gain of function mutansolitary roott1 (slrl1-1) reduces gravity sensing mechanisms
and is devoid ofhelateral rootsslrl-1 inhibits XPP cell division blockingateral roots
initiation, showing the solitary phenotypes. SLRIgcalizes withARF7 and ARF19
including pericycle cellgXiao et al, 2020)and SLR protein interacts with ARF7 and
ARF19 protein forming the complex to negatively regulate auxin downstream genes,
repressindateral rootsnitiation. Moreover, theSLR-ARF7-ARF19 module as an early
auxin response moduigcrucial inthefirst XPPcell asymmetric divisions, succeeded
by BDL-MP module, whichpositively regulatesthe lateral rootsinitiation and
organogenesi®e Smeet al, 2010) Furthermorethe SHY2-ARF modulecooperates
with the SLR-ARF7-ARF19 module, indirectly reguliaig developmental stages thfe
lateral rootsdevelopment. In recent studieshy22, a gain of function mutant in
Arabidopsisshowed a reductiom lateral rootsnumbers and strongly inhibited the
processes dhelateral rootgprimordium and emergen¢&ian & Reed, 1999; Swarup
et al, 2008; Gotet al, 2012)

Exceptfor four typical IAAs-ARFsmodules, theraresome other IAA-ARFsmodules
participatingin lateral rootdormation such as CRANE/IAA8RF7-ARF19 module
and MSG2/IAA19ARF7 module(Tatematsuet al, 2004; Ueharaet al, 2008) In
Arabidopsis the SLR-ARF7-ARF19 module works as a core dateral roots
development, and coordinates with other BF®RFsmodules (BDEMP, SHY2ARFs,
MSG2ARF19, and CRANEARF7-ARF19), playingthe main role in positively
regulatinglateral root§ormation.

Finally, in Arabidopsis the lateral rootsareregulated by auxin and more specifically,
auxin modulates different IA®ARFs modules in ordercontrols lateral roots

developmental processes.
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4. Objectives

In plant, rootsystem architectures largely determined by the balance of stem cell
proliferation and differentiation during embryogenesis gabt embryogenesis.
Secondary growth, the increase in radial growth (girth) of a plant, represents a key
structural novelty that characterizes thulk of land plant diversit¢Vunderlinget al,
2018;Ragni & Greb, 2018; Campilhet 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, thbile are some outstanding
guestions that remain to be addressed. Hiistclear that vascular cambium/phellogen
aredivided into xylemphellemor phloem/phelloderm, whileery little is knownhow

the plans direct vascular cambium and phellogen d#fgration. Second, the
moleculametworks on periderm establishment @edelopment are still missing.

To answer the questioh,usedArabidopsisroot as the modelur preliminary data
suggestd that auxin may also contrghellogeninitiation and proliferation, sé am
interested in hovauxinis involvedin phellogenestablishment andifferentiation To
better understand the dynamics and which steps of periderm formation requiré auxin
will use transgeniauxinconcentration and activity reporter linesdiscover the auxin
distribution andaccumulation Next, | will obtain transgenic lines which can
manipulate auxin signi@éhg in a tissue/temporal specific mannevloreover,
preliminary datan our labsuggestd that severalAAsandARFsare expressed in the
phellogen Therefore,l will complete the analyses ®fAAs and ARFs expression
patterrs during secondary development in the raotll will study thegain of function

or loss of function mutants of th@AsandARFsduring secondary growth.
Furthermorepericyclecells give/partially giverise tolateral rootsphellogen and the
vascular cambiumwhile it is unknown the correlation among these three plant
organs/tissues. Thereforewill focus on understanding the molecular mechanisms
amongthese thre@lant organs/tissues.

| will complete the analyse$ secondary growteome plants thdack d lateral roots
Next, | 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 cambial wdl perform

transcriptome ana$ys inthese two transgenic linelswill analyse the possible auxin
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inducied candidates, which may give a clue on Iptant direct vascular cambium and
phellogen differentiation.

Altogether,our general interest is to better understand the genetic mechdumisrg
secondary growth. This understanding includesdastification of key factors, which
orchestrate secondary growth, how this important process is coordinated with other
plant organs/tissues (i.e vascular cambium pinellogen, and the spatigkemporal
regulatorsthat regulate secondary growth. aim to decipher the auximediated
regulatory hubs in the vascular cambium gitllogen 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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with mock or 1 uM NAA; t test (ns, not significant; n = 14-15).
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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

¢ CellPress

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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