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1. Summary

A periderm is developed by most dicotyledons and gymnosperms to protect the vascular
cylinder against the environment and replaces the epidermis once it cannot accommodate the
radial thickening during secondary growth anymore. The periderm consists of the cork
cambium producing inwards the phelloderm and outwards the phellem or cork. Phellem cells
are highly suberized and develop into dead cells. Despite its biological and economic
importance, the molecular mechanisms of periderm development are largely unknown.

To shed light on the periderm development of Arabidopsis, marker lines for phellem and cork
cambium cells were developed. Six stages of periderm growth in the root and hypocotyl were
defined in this study. At stage O the pericycle is surrounded by the endodermis, cortex and
epidermis cell layers while at stage 6 the differentiated periderm is the outside tissue of root
and hypocotyl. In addition to the periderm development, these stages reveal the fate of the
outside layers (endodermis, cortex and epidermis). The loosening of the outside layers follows
a specific pattern that involves programmed cell death and cell abscission. Furthermore, this
study shows that perturbing the cell number and identity and cell wall composition of these
outside layers has an effect on the periderm development, demonstrating that a mechanical
interaction occurs between the periderm cells and the outer layers. In contrast, there seems to
be some kind of competition between the lateral root formation and the periderm development.
In this regard, it was demonstrated that auxin plays an important role in the periderm
development and many auxin-dependent early LR regulators are expressed in the periderm and

are involved in its development.



2. Zusammenfassung

Ein Periderm schiitzt den vaskuldren Zylinder der meisten Dikotylen und Gymnospermen vor
Umwelteinfliissen und ersetzt die Epidermis, sobald sich diese nicht mehr an das sekundére
Wachstum der Pflanze anpassen kann. Das Periderm besteht aus drei unterschiedlichen
Gewebetypen: Das Korkkambium gibt nach innen das Phelloderm und nach auf3en das Phellem
oder Kork ab. Phellemzellen sind stark suberinisiert und sterben mit der Zeit ab. Trotz der
biologischen und wirtschaftlichen Bedeutung von Kork sind die molekularen Mechanismen der
Peridermentwicklung weitgehend unbekannt.

Um der Peridermentwicklung in Arabidopsis auf den Grund zu gehen, wurden in dieser
Dissertation Markerlinien fiir das Phellem und Korkkambium entwickelt und sechs
verschiedene Stadien des Peridermwachstums in Wurzel und Hypokotyl definiert. Im Stadium
0 ist der Perizykel von Endodermis-, Kortex- und Epidermiszellschichten umgeben wéhrend
im Stadium 6 das ausdifferenzierte Periderm das &duBerste Gewebe der Wurzel und des
Hypokotyls bildet. Zusitzlich zur Peridermentwicklung enthiillen diese Stadien das Schicksal
der @uBeren Zellschichten (Endodermis, Kortex und Epidermis). Das Ablosen dieser duf3eren
Zellschichten folgt einem bestimmten Muster, welches den programmierten Zelltod sowie
Zellabszission einschlieft. Auflerdem fanden wir heraus, dass die Eigenschaften und
Zellwandkomponenten der dulleren Zellschichten einen Einfluss auf die Peridermentwicklung
haben. Dies weist auf die Existenz einer mechanischen Interaktion zwischen Peridermzellen
und den dufleren Zellschichten hin. Im Gegensatz dazu scheint eine Konkurrenz zwischen
lateraler Wurzelbildung und der Peridermentwicklung vorzuliegen. In diesem Zusammenhang
konnten wir zeigen, dass Auxin eine wichtige Rolle in der Peridermentwicklung spielt. Viele
auxinabhingige, frithe Regulatoren der lateralen Wurzelbildung werden im Periderm

exprimiert und sind an dessen Entwicklung beteiligt.
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5. Introduction
5.1 Secondary growth of plants

Secondary growth, the radial thickening of plant organs, is essential for an efficient long-
distance transport of water, solutes and photo-assimilates. But secondary growth also shapes
the plant in response to a changing environment and thus enabled the striking success of
vascular plants during their evolution (Spicer & Groover, 2010). The production of wood is one
process of secondary growth and represents the major source of biomass accumulation in
perennial dicotyledons and gymnosperms (Demura & Ye, 2010). Secondary growth is driven
by a post-embryonic meristem, the vascular cambium. The vascular cambium is formed of a
ring of undifferentiated meristematic cells. Upon cell division, these cells differentiate into
xylem cells to the inside, producing wood, and phloem cells to the outside, forming bast.
Secondary growth occurs in stems, branches and roots of most woody dicotyledonous plants
and gymnosperms (Spicer and Groover, 2010; Ragni and Hardtke, 2014; Zhang et al., 2014).
Even in the herbaceous dicotyledonous model plant species Arabidopsis thaliana
(Arabidopsis), secondary growth of the vasculature can be found in the root, hypocotyl and
stem. In the Arabidopsis hypocotyl secondary growth progression is uncoupled from the
elongation process and thus can be followed over time. Furthermore, the organization of the
vasculature is similar in the Arabidopsis hypocotyl and tree stems. These characteristics render
the Arabidopsis hypocotyl a good model to study secondary growth (Chaffey et al., 2002; Ragni
and Hardtke, 2014). Secondary growth of the hypocotyl can be divided into two phases based
on cell morphology and proliferation rate: an early phase when the xylem mainly comprises
water-conducting cells and parenchyma cells and a later phase of xylem expansion in which
xylem area increases and fibers differentiate (Chaffey et al., 2002; Sibout et al., 2008). To date,
it has been shown that Arabidopsis shares a common regulatory network of the vascular
cambium with woody species (Barra-Jimenez & Ragni, 2017). An example is the regulatory
module involving the receptor like kinases PHLOEM INTERCALATED WITH
XYLEM/TDIF RECEPTOR (PXY/TDR), the small peptide CLAVATA3 (CLV3)/EMBRYO
SURROUNDING REGION-RELATED 41/44 (CLE41/CLE44) and the transcription factor
(TF) WUSCHEL HOMEOBOX 4 (WOX4). This module controls vascular cambium
proliferation in several species including Arabidopsis and poplar (Etchells et al., 2015;

Hirakawa & Bowman, 2015; Kucukoglu et al., 2017).



5.2 Periderm in plants

Another lateral meristem, contributing to secondary growth of plants, is the phellogen; also
known as cork cambium. The phellogen divides in a strictly bidirectional manner to produce
inwards the phelloderm cells and outwards the phellem cells, also called cork (Esau, 1977). The
three tissues phellogen, phelloderm and phellem together are referred to as the periderm (Fig.
1). The periderm is a barrier organ that surrounds the vascular cylinder. It replaces the epidermis
in stems, branches, and roots of most dicotyledons and gymnosperms once the epidermis can
no longer accommodate to radial growth. Similar to the epidermis during primary development,
the periderm protects the plant against biotic and abiotic stresses during secondary growth. It
effectively restricts gas exchange, water loss and pathogen infestation (Lulai & Freeman, 2001;
Groh et al.,, 2002; Lendzian, 2006). Furthermore, the parenchymatic components of the

phelloderm fulfill a function in storing starch (Esau, 1977)

Phellem (cork)

Phellogen

(cork cambium)
\ ! ! __B<— Phelloderm

b \/, DU s — Phloem

Periderm

Fig. 1: Schematic representation of the periderm comprising the phellem (cork), the
phellogen (cork cambium) and the phelloderm. (Adapted from Wunderling et al., 2018)

In most woody eudicotyledons and gymnosperms a periderm is formed in the root and the stem
(Esau, 1977). Also in underground stems, such as the potato tuber, an extensive periderm can
be found. In the stem of most trees the first phellogen arises in the sub-epidermal layer. While
in the roots of most plant species the phellogen is derived from the pericycle, in some species
it arises from the epidermis or phloem (Esau, 1977). The number of cell layers of different
periderm tissues varies among species. Usually only 1-2 layers of phelloderm cells are present
in the periderm, whereas several cell layers of phellem cells are differentiated (Esau, 1977;
Pereira, 2007). In trees, the phellogen can be replaced every year by a new phellogen or can
remain active for several years (Esau, 1977; Pereira, 2007). For example the phellogen of cork
oak is functional for many years and remains viable throughout the life of a tree while its activity
decreases with age (Waisel, 1995; Pereira, 2007). Furthermore, the phellogen activity in trees

undergoes seasonal changes and fluctuates with climatic variations (Waisel, 1995; Caritat et al.,

10



2000; Pereira, 2007). Cold spells and drought lead to a decreased phellogen activity while
periods of warm weather result in an increased phellogen activity (Waisel, 1995; Caritat et al.,
2000; Pereira, 2007). A special form of periderm is the so called “wound” periderm. It covers
damaged or necrotic tissues in case of a mechanical injury, a shedding of branches and leaves
(Tucker, 1975; Thomson et al., 1995; Oven et al., 1999; Neubauer et al., 2012; Khanal et al.,
2013) or during pathogen infections (Lulai & Corsini, 1998; Thangavel et al., 2016).

The barrier function of the periderm is mainly fulfilled by macromolecules, such as suberin,
that are the major components of the phellem cell walls (Pereira, 1988). Because of the
economic importance of potato and cork oak, the chemical and physical properties of phellem
cell walls have been extensively studied in these plant species. This is due to the relevance of
improving potato conservation (Neubauer et al., 2013) and of phellem as a source for wine
bottle stoppers as well as building and insulating material (Silva et al., 2005). Suberin extracted
from the phellem is also used for industrial applications such as the production of hybrid co-
polymers like polyurethanes (Cordeiro et al., 1999), thermoset resins (Torron et al., 2014) and
high-resistant fibers (de Geus et al., 2010). Suberin is a complex glycerol based heteropolymer
comprised of aliphatic and phenolic fractions and it often has non-covalently associated waxes
(Vishwanath et al., 2015). The amount and composition of phellem suberin and waxes varies
among species and throughout the plant development, e.g. in the phellem of cork oak the suberin
content can reach up to 40% of the dry weight (Pereira, 1988; Pinto et al., 2009; Kosma et al.,
2015). Like in xylem cell walls, lignin is also deposited in phellem cell walls but displays a
different monolignol composition compared to wood (Marques & Pereira, 2013; Fagerstedt et

al., 2015; Lourenco et al., 2016).

The periderm can be isolated from the potato tuber in sufficient amounts for chemical analyses
which renders potato a good model species to study suberin biosynthesis and periderm water
permeability (Serra et al., 2009a). Reverse genetic studies point out that a reduction of ferulic
acids in the potato periderm leads to an increased water permeability and a defective periderm
maturation (Serra et al., 2010). Reducing the aliphatic suberin contents results in similar
phenotypes; suggesting that both suberin composition and quantity is important for the water
barrier function of the phellem (Serra et al., 2009a; Serra et al., 2009b; Serra et al., 2010).
Suberin biosynthesis genes have been extensively characterized, also in Arabidopsis, with focus
on the chemical composition of the whole root, endodermis and seed coat (Beisson et al., 2007;
Hofer et al., 2008; Compagnon et al., 2009; Molina et al., 2009; Domergue et al., 2010; Kosma
et al., 2012). It has been shown that ALIPHATIC SUBERIN FERULOYL TRANSFERASE
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(ASFT) as well as FATTY ACYL-COA REDUCTASES 1 (FARI), FAR4 and FARS5 genes are
expressed within the phellem cells of the Arabidopsis root (Molina et al., 2009; Vishwanath et
al., 2013). However, the suberin lamellae in the periderm are undisturbed in asft mutants

(Molina et al., 2009).

Despite the progress in understanding the molecular mechanisms underlying vascular cambium
development, very few regulators controlling phellogen establishment and activity have been
identified so far. The transcription factor (TF) SHORT-ROOQOT-like 2B (PttSHRL2B) has been
shown to regulate phellogen activity in poplar (Miguel et al., 2016) and it has been suggested
that the TF QsMYB1 (ortholog of Arabidopsis MYB84), coordinates phellogen activity in
response to drought and heat in cork oak (Almeida et al., 2013a; Almeida et al., 2013b). One
possible explanation for the lack of knowledge about the periderm could be that it has mainly
been studied in non-model species. In contrast, the knowledge about the basic mechanisms of
vascular cambium activity is primarily derived from research within Arabidopsis. However,
also the periderm can be studied in the root and hypocotyl of Arabidopsis to gain new insights

into its development and regulation (Dolan and Roberts, 1995; Chaffey et al., 2002).

5.3 Lateral root formation in Arabidopsis

The periderm development shares a mutual characteristic with lateral root (LR) formation in
Arabidopsis as LRs and the periderm both arise from the pericycle (Malamy and Benfey, 1997;
Esau, 1977). LRs are derived from pairs of pericycle cells; the so- called LR founder cells. They
are located next to the xylem poles (Malamy and Benfey, 1997) and develop close to the root
tip within the basal meristem of the root (De Smet et al., 2007; Moreno-Risueno et al., 2010;
Van Norman et al., 2013) (Fig. 2). The nuclei of the LR founder cells move towards the common
cell walls after the founder cell priming. Both cells divide in an asymmetric anticlinal manner
(De Smet et al., 2007; De Rybel et al., 2010; Goh et al., 2012) and the stage I LR primordium
is established. A change in the division planes from anticlinal to periclinal results in a two-
layered LR primordium and Stage II. More periclinal divisions lead to a multilayered LR
primordium (Stage III to VII). This primordium protrudes into the cell layers of the ground
tissue and epidermis (Malamy and Benfey, 1997; Lucas et al., 2013). Finally, the LR emerges

and the meristem is activated leading to LR elongation.
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| 1l 1] \'/ \'/ Vi Vil VI

Fig: 2: Eight developmental stages of lateral root formation in Arabidopsis (I-VIII;
Adapted from Porco et al., 2016)

The processes of LR formation from LR priming to emergence are controlled by the
phytohormone auxin (Lavenus et al., 2013). Thus, LR formation is regulated by auxin signaling
modules and each module is formed by co-expressed and interacting Aux/ INDOLE-3-ACETIC
ACID INDUCIBLE (Aux/IAA) and AUXIN RESPONSE FACTOR (ARF) proteins regulating
auxin responsive genes (De Rybel et al., 2010) (Fig.3). Aux/IAA proteins are short-living,

nuclear proteins that repress the expression of ARF genes (Tiwari et al. 2004).
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Fig. 3 Regulators of lateral root initiation and patterning. (Adapted and modified from
Atkinson et al., 2014)
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The following auxin signaling modules are important in the LR regulation of Arabidopsis:
LR priming is controlled by an IAA28-dependent auxin signaling module. One target is
GATA23, encoding a transcription factor that triggers the acquisition of the lateral root founder
cell identity (De Rybel et al., 2010). The founder cell polarization is regulated by an auxin
signaling module that involves IAA14/SLR, ARF7 and ARF19 (Fukaki et al., 2005; Okushima
et al., 2005a, 2007; Wilmoth et al., 2005; Lee et al., 2009; Goh et al., 2012). Signaling targets
are genes encoding the LBD transcription factors LBD16, 18, 29, and 33 as well as ARF19
itself (Okushima et al., 2005a, 2007). Together with a third module of IAA12/BDL and
ARF5/MP, the IAA14/SLR module is also important for LR initiation and LR primordia
patterning (Vanneste et al., 2005; De Smet, 2010). Furthermore, Aux/IAA genes IAA3 (Tian and
Reed, 1999), IAA18 (Uehara et al., 2008), IAA19 (Tatematsu et al., 2004), and JAA28 (Rogg et

al., 2001) were found to be related to lateral root formation.
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6. Objectives

Molecular mechanisms of periderm development are largely uninvestigated and should be
revealed within this study. So far the periderm has been examined mainly in trees like poplar
and cork oak or in potato. However, the periderm can also be studied in the root and hypocotyl
of Arabidopsis (Dolan and Roberts, 1995; Chaffey et al., 2002). In this thesis the molecular
mechanisms of periderm development should be investigated in the Arabidopsis root and

hypocotyl.

In most plant species the periderm arises from the pericycle, an inner cell layer, and will finally
build the outside tissue of roots, stems and branches (Esau, 1977). In order to determine
molecular regulators of the periderm development in Arabidopsis, periderm reporter lines were
generated and their expression patterns explored. Additionally, these reporter lines were used
to establish an atlas with stages of periderm development. Here, the fate of the outside cell
layers (endodermis, cortex/inner and outer cortex and epidermis) surrounding the pericycle of
Arabidopsis has to be considered as well. Furthermore, it should be examined if and in which
way the pericycle/periderm and the outside layers communicate or interact with each other. For
that reason, the periderm development of mutant plant lines displaying an impaired ground
tissue or altered chemical composition of ground tissue cell walls was analyzed. To gain an
even deeper understanding of the molecular frameworks controlling periderm development it
was determined whether auxin signaling could be part of the network as auxin plays a role in
many plant developmental processes like vascular stem cell initiation (Hardtke and Berleth
1998; Friml et al., 2003) or lateral root formation (Lavenus et al., 2013). Therefore, transgenic
auxin concentration (D2VENUS) and activity (DR5) reporter lines were analyzed regarding to
the periderm tissues. Additionally, we examined the periderm development in mutants that
display defects in auxin-dependent early LR regulators or harbor an impaired auxin signaling
specifically in the pericycle/periderm. Furthermore, periderm development and LR formation
share the same characteristic of arising from the pericycle (Esau, 1977; Malamy and Benfey,
1997). Since many LR regulators are already published, one aim of this thesis was to show
whether these regulators are also involved in the periderm development or if LR and periderm
formation are competing processes. In order to answer this question the periderm formation of
plant lines showing an impairment in lateral root formation (decreased LR density or absence

of LRs) or an over-proliferation of lateral roots was examined.

15



7. Results and Discussion

7.1 A molecular framework to study periderm formation in Arabidopsis (Wunderling et al.,
2018)

To improve investigations of periderm development in the future, we aimed to determine the
molecular framework underlying periderm formation of Arabidopsis roots and hypocotyls. We
found that the Arabidopsis periderm displays characteristics similar to those of woody
eudicotyledonous periderms and putative regulators are conserved among species. A main
characteristic of phellem cell walls is the high degree of suberization and many suberin
biosynthesis genes are expressed in the phellem of cork oak as well as the root and the hypocotyl
of Arabidopsis (Molina et al., 2009; Kosma et al., 2012; Vishwanath et al., 2013). We could
confirm that that the phellem cell walls of Arabidopsis are suberized and lignified as well and
the phellem tissue is even partially composed of dead cells. Also on a molecular level the
periderm of Arabidopsis shares characteristics with trees and potato as some regulators are
conserved among species. Transcriptomic datasets once revealed that MYB and NAC
transcription factor families are expressed in the phellem of poplar and potato (Soler et al.,
2007, 2011; Ginzberg et al., 2009; Rains et al., 2017; Vulavala et al., 2017). For example,
OsMYB1/MYB84/RAX3 is expressed in the phellem of cork oak and the expression responds to
drought and heat stress (Almeida et al., 2013b). We found that the Arabidopsis homologue
MYBS84/RAX3 is also expressed in the Arabidopsis periderm and ANAC78 as member of the
NAC TF family is expressed in the periderm and in the phloem of the hypocotyl and root.
Additionally the suberin/wax biosynthesis genes GPATS5, KCR1, HORST, DAISY, RALPH and
ASFT are expressed in the phellem of cork oak, potato and poplar (Soler et al., 2007, 2011;
Serra et al., 2009a,b, 2010; Rains et al., 2017) and we found it also to be expressed in the

Arabidopsis phellem of both root and hypocotyl.

For further analyzation of the periderm development, we established marker lines for the
phellem and the cork cambium and identified six stages of periderm growth in the root and
hypocotyl. The periderm development is temporally separated with an accelerated development
in the root compared to the hypocotyl. Furthermore, the periderm development can be analyzed
only over time in the hypocotyl but followed gradually along a root. In both, hypocotyl and
root, the periderm arises from the pericycle. The pericycle is an inner tissue that is surrounded
to the outside by three or four cell layers in root or hypocotyl at stage 0, and becomes the
external tissue when periderm cells are differentiated (stage 6). The duration of the periderm

development in root and hypocotyl depends on the growing conditions. We identified STAGE
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0 as the state before the first division of a pericycle cells occurs but after hypocotyl elongation.
The vasculature is already arranged with a central metaxylem and two phloem poles. The
pericycle comprises in the hypocotyl 13—14 cells surrounded by eight endodermal cells,
approximately eight inner cortex cells, 14 outer cortex cells, and 33—34 epidermis cells. During
STAGE 1 the xylem pole pericycle cells undergo their first anticlinal divisions and the cell
divisions expand to the neighboring pericycle cells. Simultaneously the endodermal cells
become flattened. STAGE 2 is marked by a reduction in endodermal cell number resulting in
four to six cells being left at the sites of the xylem poles. At the same time pericycle cells divide
periclinally and the pericycle then consists of two cell layers in some regions and is in these
regions referred to as the phellogen. The pericycle/periderm of STAGE 3 comprises at least two
layers of cells and one or two endodermal cells are still left at the xylem poles. The number of
cortical and epidermal cells stays consistent. At STAGE 4 all endodermal cells are gone and
the first phellem cells are differentiated from the phellogen. During STAGE 4A, the inner cortex
most of the times starts to disappear from the phloem poles and a few more phellem cells are
differentiated. In STAGE 4B the inner cortex is missing and a ring of phellem cells is formed.
At STAGE 5 the epidermis and outer cortex start to break at one site and get detached from the
periderm. Finally, STAGE 6 is marked by a mature periderm as the outer tissue with a
completely detached epidermis and cortex. It consists of four to five cell layers comprising the

phellem, the phellogen and the phelloderm in the hypocotyl.

The periderm development of the Arabidopsis root mainly follows the same stages but with a
few differences in some of the stages probably due to the distinct anatomy compared to the
hypocotyl. At STAGE 0 the root has only one cortex cell layer while the hypocotyl has an inner
and outer one. Root epidermis and cortex are shed earlier in plant development than in the
hypocotyl. The position of each stage and the length of the root part per stage vary by the age
of plants and growth conditions. STAGE 0 in roots is positioned directly above the lateral root
initiation zone. Similar to the hypocotyl, the root vasculature has a central xylem axis and two
phloem poles. The pericycle is surrounded by the endodermis (~ eight cells), the cortex (12—14
cells) and the epidermis (23 cells). STAGE 1 is located in the region above STAGE 0 and the
pericycle cells divide anticlinally at the xylem poles. At STAGE 2 one or two endodermal cells
are lost most of the times at the phloem poles and the first periclinal divisions of a pericycle
cell occur, leading to the two-layered phellogen. There is only one large STAGE 3/4 defined in
the root as the characteristics cannot be locally distinguished and the cellular events often
happen coincidentally and stochastically. During STAGE 3/4, the pericycle divides periclinally

while the number of endodermal cells decreases. The cortex and epidermis break primarily at
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the site where the endodermal cells disappeared and phellem cells are differentiating
simultaneously at these sites. The periderm of STAGE 5 is completely differentiated while the
phellem is still partially covered with patches of epidermis and cortex cells. Finally, at STAGE
6 epidermis and cortex are shed whereas the periderm forms the new, three or four cell layer
comprising, outside tissue. We furthermore found that overall, the periderm formation in lateral
roots occurs similarly to the main root. Most probably one layer of phelloderm cells is formed
in Arabidopsis roots and hypocotyls. In addition to the periderm development, the defined
stages reveal the fate of the outside layers (endodermis, cortex and epidermis) demonstrating
that the loosening of the outside layers follows a specific pattern that involves cell death and
cell abscission. We found that the endodermis cells undergo PCD in the root and hypocotyl as
well as the inner cortex in the hypocotyl. The first cells undergoing PCD are located at the sites
of the phloem poles and PCD expands from there to neighboring endodermis/inner cortex cells.
The last two remaining endodermal cells are generally located at the sites of the original xylem
poles. The mature endodermis is a highly suberized tissue and the amount of suberin is modified
according to the nutrient availability (Barberon et al., 2016). We found that suberin amount and
length of endodermal cells is reduced prior to endodermal PCD. Upon endodermal/inner cortex
PCD, the cortex/outer cortex cell layer is abscised from the root and hypocotyl while the
cortical/epidermal cell layers get detached. This abscission starts with a breaking point of
cortex/outer cortex and epidermis primarily at the site where the endodermal cells disappeared.

Simultaneously, phellem cells are differentiating at these sites.

Our results demonstrate that periderm growth is tightly connected to the fate of the outside
tissues and particularly to endodermal PCD and cortex/outer cortex cell abscission. The
unraveling of the periderm development on a cellular level by defining its stages and the
uncovering of the first regulators now facilitates the molecular investigation of the periderm
development. Additionally, these results show that insights gained from investigating the

Arabidopsis periderm might also be transferable to trees as both have shared characteristics.

7.2 Communication between periderm and ground tissue cells

The loosening of the outside tissues is a controlled mechanism that follows a predetermined
pattern during periderm development. A tight connection exists between the periderm
development and the fate of the outside tissues, particularly endodermal PCD and the abscission
of cortex/outer cortex cell layers. Due to this tight connection, we wondered if these outer layers
have an effect on the periderm development. Therefore, we investigated the periderm

development of mutants that exhibit ground tissue (endodermis and cortex) defects.
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7.2.1 An impaired ground tissue effects the periderm development

To examine if the ground tissue cell layers effect the periderm development, at first we analyzed
if mutants with a defective endodermis or cortex also have an altered periderm development.
In the CASPARIAN STRIP MEMBRANE PROTEIN 1I::callose synthase 3m (CASP1::cals3m)
mutant plasmodesmatal transport between endodermis and pericycle or periderm cells is
blocked by an excess of callose deposition in endodermal plasmodesmata (Vermeer et al.,
2014). We determined periderm extension in roots by measuring the length of the phellem-
covered root part and normalizing it to the root length. This method was used to investigate
periderm formation dynamics, as an increased or decreased ratio of phellem length to root
length indicates faster or slower periderm development compared to control plants. We found
a decreased periderm extension for CASPI::cals3m compared to Col-0 (Fig. 2c) indicating a
delayed periderm development. In root cross-sections the phellogen is still visible in
CASP1::cals3m (Fig. 2h) when a few phellem cells are already differentiated in Col-0 (Fig. 2g)
and the pericycle is still present in CASP1::cals3m hypocotyls (Fig. 2f) when a phellogen is
already formed in the Col-0 control plants (Fig. 21). This confirms the decelerated periderm

development of CASPI::cals3m mutants.

We next studied the periderm development in scarecrow (scr) and short root (shr) mutants.
SCR and SHR together control the first asymmetric cell divisions in the ground tissue founder
cells and the scr-3 mutant is characterized by a single layer of ground tissue with a hybrid
identity of endodermis and cortex cells (Di Laurenzio et al., 1996; Helariutta et al., 2000;
Sozzani et al., 2010). Primary root growth is strongly affected in scr because SCR 1is involved
in the maintenance of the root meristem stem cell niche (Di Laurenzio et al., 1996; Goh et al.,
2016; Moubayidin et al., 2016). Primary root growth is even more effected in shr-2 mutants
and in addition they exhibit a single layer of ground tissue with cortex characteristics (Benfey
et al., 1993). We were able to observe the published scr-3 (Fig. 2i) and shr-2 (Fig. 2j)
phenotypes showing a single layer of ground tissue cells. The periderm extension was increased
in scr-3 (Fig. 2c) suggesting an accelerated periderm development. This was confirmed by an
increased periderm extension in an inducible pSCR::SCR:GR scr-4 line (Fig. 2f). The periderm
extension for shr is very variable. Beside, we cannot draw conclusions about the effects of
altered outside layers on the periderm of the shr mutant because we found SHR expression in
the periderm and not exclusively in the outer layers. Therefore a direct effect of the shr mutation
on the periderm could be possible and not only a secondary effect due to the altered outer layers.

In scr-3 root cross-sections, some pericycle cells are still present (Fig. 2i red arrows) but not in
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Col-0 (Fig. 2g). In shr-2 root cross-sections we found missing periderm cells at an original
phloem pole (Fig. 2j red arrows). Moreover the scr-3 and shr-2 hypocotyls show a starlike
vasculature (Fig. 2 m,n black arrows) and disorganized pericycle/periderm tissues with

abnormal division planes of periderm cells (Fig. 2 m,n red arrows) compared to Col-0 (Fig. 2k).

However, we can conclude that a blocked plasmodesmatal transport between the endodermis
and pericycle or periderm (CASPI::cals3m) decelerates the periderm development while
messing up the identity of outer cell layers in combination with a reduced number of outer layer
cells (scr-3) leads to an accelerated and disorganized periderm development. This indicates that
a disorganized ground tissue indeed affects the periderm development and the likely existence

of a communication between the cell layers or some kind of interaction of the periderm with

the ground tissue cell layers.
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Fig. 4: Altered outer layers effect the periderm development. (a-f) Plots of the root length
(a,d), length of the phellem-covered root part (b,e) and ratio of phellem length to root length
(c,f) 15-d-old Col-0, CASPI::cals3m and scr-3 roots (a-c) and 12-d-old induced and non-
induced pSCR::SCR:GR scr-4 roots (d-f). (g-n) Plastic cross-sections of 9-d-old Col-0 (g.k),
CASPI::cals3m (h,)), scr-3 (i,m) and shr-2 (j,n) roots (g-j) and hypocotyls (k-n).Box plots: the
dark line in the middle of the boxes is the median, the bottom and top of the box indicates the
25" and 75" percentiles, whiskers are within 1.5 times the interquartile range, the empty dots
are outliers, the black stars are extreme outliers. (a-f) Student’s t-test (p < 0.05; n =15 (a-c),
n=11-16 (d-f)). Black scale bars, 50 um.

7.2.2 An altered cell wall composition influences the periderm

As we found that a communication or interaction occurs between the periderm and the ground
tissue cell layers, next we wanted to know if this communication happens on a mechanical
and/or molecular level. A mechanical communication could possibly be explained by a space
limit or tension due to the outer layers forming a constraint for the increasing number of
periderm cells. Hence, we analyzed the periderm of plants with an altered cell wall composition
of the endodermis for changes. We wondered if an increased deposition of suberin and lignin
in the endodermis cell wall leads to an increased tension or constraint on the pericycle/periderm
leading to a decelerated periderm development. We also analyzed mutants that possess an
altered chemical composition of cell walls of the outer layers. The myb36-2 mutant shows an
altered casparian strip formation by over-lignification/suberization (Kamiya et al., 2015) while
the esbl mutation and caspl-1 casp3-1 double mutation leads to an ectopic lignin deposition
around the casparian strip domain and ectopic suberin deposition (Hosmani et al., 2013). We
performed periderm extension experiments on the mutants and found for myb36-2 a tendency
towards a decreased periderm extension in 9 out of 11 independent repetitions with one
statistically significant decrease (Fig. 3c) (twice not statistically significant increase). So the
periderm formation seems to be decelerated in myb36-2 mutants. In contrast, for the caspl-1
casp3-1 and esb1-1 mutants, the periderm extension experiments are very variable (results not
shown). The decelerated periderm development in myb36-2 indicates that an increased suberin
and lignin deposition in the casparian strip of the endodermis cell wall leads to an increased
tension or constraint on the pericycle/periderm. This suggests that at least the mechanical forces
contribute to the communication between the periderm and outer layers. To really draw
conclusions about the effect of the increased suberization and lignification of the outer layers
on the periderm it will be necessary to confirm the myb36-2 results by repeating the experiments
with different lines that bear mutations in other genes leading to an over-lignification and -

suberization.
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To further confirm if the mechanical forces indeed have an influence on the communication
between the periderm and the outer layers, we investigated the opposite situation of an increased
suberin and lignin deposition in the outer layer cell walls, namely a decreased suberin
deposition. We thus analyzed lines with mutations in suberin biosynthesis genes leading to a
reduced amount of suberin deposition in their cell walls (gpat5-1, horst-1 ralph-1, asft-1). In
periderm extension experiments gpat5-1 shows an increased periderm extension (in 7 biological
replicates 4x significantly increased, 3x increase not statistically significant) in the root (Fig.
3f) while in case of horst-1 ralph-1 (3x significantly increased, 4x increase not statistically
significant) and asft-1 (1x significantly increased, 6x increase not statistically significant) there
was a tendency of increased periderm extension compared to the Col-0 control. Nevertheless,
the increased periderm extension of gpat5-1 and the tendency towards an increased periderm
extension of horst-1 ralph-1 and asft-1 suggests an accelerated periderm development. This
indicates that a decreased suberin content in the outer layer (or endodermis) cell wall leads to a
decreased tension or constraint on the pericycle/periderm resulting in an accelerated periderm
development. This further confirms that there is a mechanical component of communication

between the periderm and outer cell layers.
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Fig. 5: An altered cell wall composition influences the periderm development. (a-f) Plots
of the root length (a,d), length of the phellem-covered root part (b,e) and ratio of phellem length
to root length (c,f) of 12-d-old Col-0 and myb36 roots (a-c) and of 9-d-old Col-0, horst-1 ralph-
1, gpat5-1 and asft-1 roots (d-f). Box plots: the dark line in the middle of the boxes is the
median, the bottom and top of the box indicates the 25" and 75™ percentiles, whiskers are within
1.5 times the interquartile range, the empty dots are outliers, the black stars are extreme outliers.
Student’s t-test (p < 0.05; n =9-15 (a-c), n=8-10 (d-f)).
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7.2.3 Conclusions

Taken together these results demonstrate that there is an interaction or communication between
the outer cell layers disappearing upon periderm formation and the pericycle/periderm itself.
This communication is on a mechanical level due to space limits and tensions which is indicated
by the fact that CASPI::cals3m and scr mutants having defects in the endodermis or cortex also
have a decelerated and accelerated periderm development, respectively. As a matter of fact, this
shows that the disorganized ground tissue affects the periderm development and that there
might be some kind of communication. The decelerated periderm formation of the myb36-2
mutant (with an increased suberin/lignin deposition in the casparian strip) as well as the
accelerated periderm development of suberin mutants horst-1 ralph-1, gpat5-1 and asft-1 (with
an decreased suberin content in the outer layers) further suggest that this communication
between the pericycle/periderm and the outer layers takes place on a mechanical level. Probably
the space limit of the outer layers due to the increasing number and space of periderm cells as
well as the tension decrease after endodermal PCD acts as mechanical signals. Nevertheless, it
still would be interesting to analyze if there is also a molecular component of the interaction
additionally to the mechanical signals. This mechanical communication between the cell layers
might also be involved in the loosening of the outer tissues as a controlled mechanism that
follows a predetermined pattern (Wunderling et al. 2018). It could also play a role in the tight
connection between the periderm development and the fate of the outside tissues and
particularly endodermal PCD (Wunderling et al. 2018). Already in 2013 it was proposed that
lateral root primordia were to some extent shaped by the regulation of the mechanical properties
of overlying cell layers (Lucas et al., 2013) analogous to the periderm being shaped by the
mechanical properties of the overlying endodermis and cortex cell layers. This fits in line with
the proposition of Vermeer et al. (2014) that “pericycle cells perceive a nonresponsive
endodermis through an increased resistance to its expansion growth” and this mechanical stress
then leads to a block of lateral root initiation. Our results fortify this idea because actually an
increased suberin/lignin deposition in the casparian strip leads to a decelerated periderm
formation as well as a decreased suberin content in the outer layers results in an accelerated
periderm development. It would be interesting to see if the periderm can be completely
abolished with an even more increased suberin/lignin deposition in the casparian strip leading
to pericycle maintenance. We would expect that the pericycle cells are not even able to divide
under increased mechanical stress by the outer layers, as accommodating responses are even
required for initiation of cell division during LR formation (Vermeer et al., 2014). Vermeer et

al. (2014) also showed that it is specifically the endodermis that plays a key role in lateral root
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formation and emergence. This is similar to our findings of the endodermis playing an important

role during periderm development.

The periderm-endodermis/cortex interaction that we have uncovered could contribute to
examine how plant cells perceive and accommodate to the growth or loss of their neighboring
cells. In addition to the periderm development, a similar mechanical communication is essential
for lateral root formation (Vermeer et al., Science 2014) and also the growth of the shoot apical
meristem is shaped by perceiving mechanical stresses at surface cell layers (Hamant et al.,
2008). Mechanical communications might furthermore be of importance in root apical
meristems (Potocka et al., 2011) and for secondary vascular growth (Carvalho et al., 2013), as
well as for pollen tubes (Burri et al., 2018) and fungi to enter plant tissues (Kumamoto 2008).
Generally, the use of mechanical communication by a coordinated accommodation in response
to turgor and/or volume loss or increase might be widespread and happen wherever cell division

and growth of inner layers occur.

7.2.4 Outlook

In order to prove the interaction or communication between the outer layers and the
pericycle/periderm on a mechanical level due to space limits and tensions some experiments
have to be repeated with a different setup. To achieve a statistically significant decrease in
phellem extension of myb36-2 it will be necessary to measure the periderm extension of late
stages of periderm development or a larger sample size. Furthermore, the experiments have to
be replicated with different lines that bear mutations in other genes leading to an over-
lignification and —suberization to see if they also show a decrease in phellem extension.
Additionally, the experiments with horst-1 ralph-1 and asft-1 have to be repeated to achieve a
significantly increased periderm extension maybe also by measuring a larger sample size or late

stages of periderm development.

7.2.5 Materials and Methods

Plant material and growth

Transgenic plant lines are in Col-0 background unless it is specified otherwise in the text or

figures. The plants used for microscopy and periderm extension experiments were grown under

continuous light condition in vitro on 1/2MS plates supplemented with 1% sugar. For NAA

treatments, plants were transferred after 7 days of growth on 1/2MS 1% sugar to 1/2MS 1%

sugar + 0,1 uM NAA / 1uM NAA / mock respectively. scr-1 (N8539), shr-2 (N2972), pH7-

CASPI::cals3m (from Joop Vermeer), myb36-2 (N355390 or GK-543B11), esbl (from David
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E.Salt; Kamiya et al., 2015), horst-1 ralph-1 (from Rocus B.Franke), gpat5-1 (N673974;
Beisson et al., 2007), asft-1 (N656472; Molina et al., 2009).

Histology and staining

Plastic Root and hypocotyl plastic cross-sections were obtained as described in (Barbier de
Reuille & Ragni, 2017) 0.5 mm below or above the hypocotyl-root-junction from the most
mature part of a root or directly above the hypocotyl-root-junction in the hypocotyl, stained
with 0.1 % toluidine blue and imaged with a Zeiss Axio M2 imager microscope or a Zeiss

Axiophot microscope.
Image analyses and statistical analyses

The periderm extension was measured as described in Wunderling et al., 2018. The ratio of
phellem length to root length was calculated from at least 15 roots per time point and plant line.
The root diameter and periderm cell layers were measured on plastic cross-sections of most
mature root parts. All statistical analyses were performed using IBM SPSS Statistics version 24
(IBM). The datasets were at first tested for homogeneity of variances using Levene's Test of
Equality of Variances. Then the significant differences between two datasets were calculated
using a Welch’s t-test in case of a non-homogenous variance or a Student’s t-test if the variance

is homogeneous. The threshold for significance was set to a p-value < 0.05.

7.3 Auxin signaling regulates periderm development in Arabidopsis thaliana (manuscript
draft)

Periderm development shares mutual characteristics with LR formation. On the one hand both,
LRs and periderm, arise from the pericycle (Wunderling et al., 2018 and Malamy and Benfey,
1997) and on the other hand cell elimination contributes to organ growth during both processes.
When phellem cells are differentiating from the phellogen, the overlying endodermal cells
undergo PCD (Wunderling et al., 2018) and similarly during LR emergence a subset of
endodermal cells overlying the LR primordia undergo cell death (Escamez et al., 2018). Due to
these mutual characteristics between periderm and LR development, we investigated if these

processes share common molecular regulators.

We demonstrated auxin accumulation at high levels in the phellogen, at lower levels in the
phellem and that an auxin response takes place in the phellogen. Furthermore NPA-treatment
severely inhibited auxin transport and signaling, leading to a reduced periderm development.

In contrast, a high auxin concentrations and increased auxin signaling (by exogenous NAA-
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application) promote the periderm development. These results indicate that auxin plays a role

in the periderm development.

In support of the previous results, many auxin signaling dependent regulators of the early LR
formation were expressed in periderm tissues. These are GATA23, ARF7,ARF19, ARF8, ARF6
and LBD16. Consequently, plants displaying defects in the auxin dependent early LR regulators
show defects in their periderm development as well. The periderm development is decelerated
for iaa28-1 and GATA23 RNAIi lines while the periderm of iaa28-1 and arf7 arfl9 is not able
to respond to an exogenous auxin application. Again, these results emphasize that auxin plays
a very important, positive role for periderm development. The periderm seems to share some
regulators with LR formation, e.g IAA28, GATA23, ARF7 and ARFI9. In contrast to the
previous results, we found an increased periderm development in plants with severe defects in
LR formation leading to a decreased LR density or absence of LRs (iaal8, slr-1 and
CASPI::shy2-2). A possible explanation could be no expression of JAAI8 and IAA14/SLR in
the periderm (preliminary results) and perturbed auxin signaling only in the endodermis in
CASP1::shy2-2. Additionally, surl displaying an over-proliferation of adventitious roots due
to auxin overproduction in the hypocotyl (Pacurar et al., 2014), shows a nearly abolished
periderm in hypocotyl and root. Furthermore, plants with impaired auxin-signaling (shy2.2
Vermeer et al., 2014) specifically in the pericycle (PER15::shy2-2), develop LRs but have a
severely disorganized periderm. Taken together, our results hint towards a competition between
lateral/adventitious root formation and the periderm development possibly with a molecular

switch in between both processes.

7.3.1 Outlook

To further investigate the periderm regarding to the role of auxin and lateral root regulators, the
following experiments would be interesting to perform. The LR density of PERI5::shy2-2
plants is slightly reduced maybe caused by the residual shy2-2 expression in endodermis cells
as the PER15 promoter is weakly active in the endodermis (data not shown). Thus, it will be
necessary to generate plant lines expressing shy2-2 only in the pericycle and periderm, not in
the endodermis to repeat the experiments. These plant lines are generated by cloning a DEX-
inducible dominant active shy2-2 version under the control of a MYB84 promoter with an
activation restricted to the pericycle and periderm. As controls, the GPATS (active in the
endodermis and phellem) and GATA23 (active in LRs and the periderm) promoters will be used.

Induced MYB&4::shy2-2 lines are expected to show a disorganized periderm but lateral root
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growth like non-induced plants. If this is the case, plants of these transgenic lines will be treated

with 1uM NAA to analyze if the periderm is still able to respond to auxin.

In case of surl we found an over-proliferation of adventitious roots but not of LRs. The primary
roots of these mutants are much shorter than of Col-0 and the LR density is significantly
reduced. Therefore, it would be interesting to find out if the over-production of auxin takes
place only in the hypocotyl and not in roots by expressing auxin reporters in surl or treating

surl with exogenous applied 1luM NAA.

In addition, it will be necessary to repeat the embedding and phellem extension experiments of
slr-1, arf7 arfl9 (N24629), CASPI::shy2-2, iaal8-1 (in Ler) and iaa28-1 (in Ws) for a third
biological replicate. Also the embedding and phellem extension experiments of the auxin-
treatments of CASP1::shy2-2, arf7 arfl9, and pCASP::shy2-2 have to be repeated for more
biological replicates. Here, PERI5:shy2-2 —GR:term, GATA23::shy2-2-GR:term and
Xpp:Shy2-2-GR:term (provided by Alexis Maizel) will be included as auxin signaling is
specifically and inducible impaired in the periderm (PERI5), periderm and LRs (GATA23) or
the xylem pole pericycle (Xpp promoter) in these lines. It would further be interesting to
measure the phellem extension and to repeat the embedding of axrl-12, alf4-1, bdl-2, axr-3-1
and mp-$319. Moreover embedding and phellem extension experiments should be carried out
on PLASMODESMAL (PD)-LOCALIZED B-1,3 GLUCANASEI (PDBGI) overexpression,
pdbgl,2 double mutant and PD-CALLOSE BINDING PROTEINI (PDCBI) overexpression
lines. These lines have a reduced (PdBGI OE) or increased (pdbgl,2; PDCBI OFE) LR
primordia density due to defects in the plasmodesmata callose deposition and thus the defects
are independent of the auxin signaling pathway in the pericycle/periderm. Finally, it will be

important to analyze if other LR regulators like SLR are expressed in the periderm.

7.4 Closing remarks

In the course of this study, different aspects of the molecular networks of Arabidopsis periderm
were addressed, including the developmental stages and molecular regulators. We gained
insight into how the periderm interacts with surrounding tissues and also identified a

competition with LR formation.

The periderm development is tightly regulated in Arabidopsis and is effected by seemingly
periderm-independent processes. Upon periderm formation, the endodermis and inner cortex
cells undergo PCD followed by cortex and epidermis cells being abscised from root and

hypocotyl in a predetermined pattern (Wunderling et al., 2018). During these processes cells of
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developing periderm tissues interact with cells of the ground tissue, most probably mainly with
the endodermis, via a mechanical communication. This mechanical communication could be
on the one hand due to a space limit and growing tension because of the outer layers forming a
constraint for the increasing number and volume of periderm and vascular cells. On the other
hand it could be due to a decreasing tension when the endodermis cells undergo PCD. It remains

to be unknown if there is also a communication on a molecular level.

As in many plant processes, like in lateral root formation (Lavenus et al., 2013), vascular stem
cell initiation (Hardtke CS, Berleth T 1998; Friml et al., 2003) auxin plays a role in the periderm
development as well (Wunderling et al., unpublished). But periderm development has more
characteristics in common with LR formation. LRs and the periderm both arise from the
pericycle (Wunderling et al. 2018; Malamy and Benfey, 1997), cell elimination contributes to
organ growth during both processes (Wunderling et al. 2018; Escamez et al. 2018), and some
of the LR regulators (e.g. IAA28, GATA23, ARF7, ARF19) are involved in both processes. In
contrast, the LR formation and periderm development are also competing processes

(Wunderling et al., unpublished).

As we found that auxin plays an important role in the periderm development and a mechanical
communication exists between the pericycle/periderm and the outer cell layers, most probably
the endodermis, the effect of auxin on the periderm development might partly be indirect due
to auxin regulation of aquaporins or ion channels in the endodermis. This is indicated by the
finding of Péret et al. (2012) that the auxin-mediated regulation of aquaporins contributes to
LR emergence (Péret et al., 2012). It would be interesting to specifically manipulate aquaporins
(e.g. PIP2;1) or ion channels in the endodermis and study their effects on endodermal shrinkage

and periderm development.

An example for a response to mechanical stimuli is the strong and rapid upregulation of
Arabidopsistouch3 (TCH3) in response to touch and wind (Antosiewicz et al., 1995). Elevated
levels of TCH3 were found in the developing periderm but are “restricted to the most internal
one or two cells of the periderm” (Antosiewicz et al., 1995) (looks like the phellogen). TCH3
accumulates at high levels in periderm regions of developing LRs and is most abundant in
periderm cells located at the opposite sides of LRs (Antosiewicz et al., 1995). Furthermore,
TCH3 accumulation closely correlates with the process of cellular expansion and with tissues
where an auxin response is thought to take place. Additionally, TCH3 is up-regulated in
response to low levels of exogenous indole-3-acetic acid (IAA) and thus auxin levels may
regulate TCH3 expression (Antosiewicz et al., 1995) during the periderm development. Hence,
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TCH3 could possibly be upregulated in response to an increasing constraint before endodermis

PCD.

As a next step genes that are important for the periderm development should be determine by
unraveling the periderm transcriptome. This could be conducted by micro-dissection of the
hypocotyl and mature root periderm and subsequent purification of RNA, followed by RNAseq
of mRNA. By comparison with the mRNA of the whole mature root part or the hypocotyl, the

periderm-specific transcriptome could be determined.

Then again, it would be interesting to investigate how molecular signals such as plant hormones
and reactive oxygen species but also environmental stress conditions, like drought, heat or
osmotic stress may modulate periderm development and response of molecular periderm
regulators. It was already published that environmental stress has an effect on the suberin
deposition in the plant root endodermis (Aroca et al., 2012; Domergue et al., 2010) and
periderm (Beckman, 2000; Lulai et al., 2016). Aroca et al. (2012) proposed that environmental
stresses may modify a number of cellular properties, which may change the concentration of
reactive oxygen species (ROS) or hormones. This may in the end modify suberin deposition
and aquaporin activity of the root endodermis leading to a root water uptake regulation (Aroca
et al., 2012). Yadav et al. (2014) found that for the formation of an effective suberin barrier in
the root endodermis and seed coats of Arabidopsis, ATP binding cassette (ABC)G half-
transporters (ABCG2, ABCG6, and ABCG20) are required and abcg2 abcgb abcg20 triple
mutant plants show a decreased suberin content. Roots of these triple mutants were more
permeable to water and salt with a distorted lamellar structure of the suberin and reduced
proportions of aliphatic components as well as few lateral roots and early secondary growth in
primary roots (Yadav et al., 2014). It would be interesting to analyze this triple mutant or ABCG
overexpression lines for a periderm phenotype, also under stress conditions. Furthermore FARI,
FAR4 and FAR)5 (expressed in the Arabidopsis periderm) are transcriptionally induced in the
root endodermal cells by wounding and salt stress (Domergue et al., 2010). Additionally, it was
proposed by Beckman (2000) that environmental stress leads to an accumulation of IAA and
ethylene resulting in growth responses to produce a peridermal defense. In 2016 it was shown
by Lulai et al. that wounding induces changes in cytokinin and auxin content in potato tuber
followed by a wound periderm formation. Furthermore, plant hormones like jasmonic acid (JA)
and abscisic acid (ABA) as well as chemical substances e.g. the metal cadmium or salts like
Phosphite compounds, have been shown to either induce periderm formation or molecular

modifications of the periderm in Arabidopsis, potato and Merwilla plumbea (Eshraghi et al.
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2011; Lulai and Suttle 2009; Lux et al., 2011; Olivieria et al., 2012). In total these experiments
suggest that also plant hormones like JA, ABA and cytokinin or substances such as cadmium
and phosphite as well as environmental stress might have an effect on periderm development
in Arabidopsis and it would be interesting to examine how treatments with differnet

hormones/substances/stresses effect the periderm.

Remarkably, a periderm is formed in all mutant lines we tested in this study, even with multiple
knock- out lines of candidate genes in periderm regulation (MYB and NAC TFs, results not
shown), and under all available growing conditions. Thus, the periderm seems to be crucial for

plant survival and there are possibly a lot of back-up strategies to ensure periderm formation.
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Abstract

Secondary growth occurs in dicotyledons and gymnosperms, and results in an increased girth of plant organs. It
is driven primarily by the vascular cambium, which produces thousands of cells throughout the life of several plant
species. For instance, even in the small herbaceous model plant Arabidopsis, manual quantification of this mas-
sive process is impractical. Here, we provide a comprehensive overview of current methods used to measure radial
growth. We discuss the issues and problematics related to its quantification. We highlight recent advances and tools
developed for automated cellular phenotyping and its future applications.

Key words: Arabidopsis, automated cellular phenotyping, machine learning, quantitative histology, secondary growth.

Introduction

Secondary growth, the radial thickening of plant organs, is
a large-scale process: thousands of cells are produced by the
vascular cambium throughout the life of most woody dicot-
yledonous plants and gymnosperms (Spicer and Groover,
2010; Ragni and Hardtke, 2014; Zhang et al., 2014). It occurs
in the root, hypocotyl and stem of the herbaceous model spe-
cies Arabidopsis thaliana (Arabidopsis). However, even in this
relatively small model plant, soon after secondary growth
begins, cell abundance is too large to perform manual quanti-
fications effectively (Sankar et al., 2014).

Vascular anatomical disposition differs throughout the
plant kingdom, depending on the species, the organ consid-
ered, and even the developmental stage. For instance, during
secondary growth in Arabidopsis, the root and hypocotyl
rearrange their vasculature from a diarch symmetry (with
two opposite initial phloem and xylem poles) to a fully radial
symmetry (with a ring of cambial cells that produces inward
daughter cells, which will differentiate into xylem and out-
ward daughter cells that will develop into phloem) (Esau,

1977; Dolan and Roberts, 1995; Chaffey et al, 2002; Ragni
and Hardtke, 2014). In contrast, in the stem, secondary
growth arises with the formation of the fascicular cambia in
the 7-8 collateral bundles and later with the formation of an
interfascicular cambium, which connects the bundles (Esau,
1977; Altamura et al., 2001; Ragni and Hardtke, 2014).

Another lateral meristem that contributes to the increase
in girth of plant organs is the cork cambium or phellogen.
It produces the phelloderm on the inner side and the cork or
phellem tissues on the outer side. In many plant species, cork
cells develop into suberized dead cells at maturity. Together
with the phellogen, the phelloderm and phellem form the
periderm (Esau, 1977). The periderm replaces the epidermis
in stems, branches, and roots of most dicotyledons, and gym-
nosperms once the latter can no longer accommodate radial
growth. The periderm acts as a protective barrier against
biotic and abiotic stress (Pereira, 2011). Furthermore, the
parenchymatic components of the phelloderm fulfill a func-
tion in storing starch (Esau, 1977).
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The periderm can be studied in the root and hypocotyl
of Arabidopsis (Dolan and Roberts, 1995; Chaffey et al.,
2002). Working with the Arabidopsis hypocotyl offers sev-
eral advantages because radial growth progression can be
easily followed over time (as elongation and secondary
growth are uncoupled) and the disposition of the vascu-
lature is reminiscent of trees. Together these features make
the Arabidopsis hypocotyl a good model to study sec-
ondary growth (Chaffey et al., 2002; Ragni and Hardtke,
2014). Briefly, hypocotyl secondary growth can be divided
into two phases based on cell morphology and prolifera-
tion rate: an early phase in which xylem mainly comprises
water-conducting cells and parenchyma, and a later phase
of so-called xylem expansion in which xylem occupancy
is increased and fibers differentiate (Chaffey et al., 2002;
Sibout et al., 2008).

Many factors controlling vascular secondary growth have
been identified (see the following reviews for more detail:
Furuta et al, 2014; Zhang et al., 2014; Jouannet et al.,
2015; De Rybel et al., 2016). However, not all the players are
known, and the spatio-temporal regulation of radial growth
is far from being understood. In this review, we will provide
an overview of the issues posed by secondary growth quanti-
fication. Moreover, we will present approaches and tools that
have the potential to advance the field.

Current approaches for the quantification
of secondary growth

In tree species, overall secondary growth is traditionally quan-
tified as stem diameter at reference internode positions, while
more accurate analyses are achieved by measuring tissue
widths, number of cells per tissue files, distances between tis-
sues (i.e. distance from the outer bark to the pith), or a com-
bination of these measurements (such as the ratio between
the width of the wood and the stem radius) (Nieminen et al.,
2008; Etchells et al, 2015; Miguel et al., 2016). Similarly,
in the model plant Arabidopsis, overall secondary growth
is quantified as diameter or the area of the different organs
(the stem, the root, and the hypocotyl) (Altamura ez al., 2001;
Chalffey et al., 2002).

More specific parameters can be used to quantify
Arabidopsis stem radial growth as the number of cells per
vascular bundle, the tangential over radial ratio of vascu-
lar bundles, the lateral extension of the tissue produced by
the interfascicular cambium, and the acropetal progression
of interfascicular cambium initiation along the stem (Sehr
et al.,2010; Agusti et al., 2011a, b; Etchells et al., 2012, 2013)
(Fig. 1A). For the Arabidopsis hypocotyl and root, valid
alternatives to diameter length are the xylem over total area
ratio (xylem occupancy) (Fig. 1B) or the xylem over phloem
area ratio (Sibout et al., 2008). More insights on xylem com-
position can be obtained by macerating woody samples
to estimate the relative number of different cell types and
their characteristics, such as shape and size (Franklin, 1945;
Chaftey et al., 2002; Muiiz et al., 2008; Ragni et al., 2011)
or by measuring the so-called “xylem 1’ (vessels and paren-
chyma) and ‘xylem 2’ (fibers and vessels) (Fig. 1C) (Chaffey
et al., 2002; Liebsch et al., 2014).

Challenges of secondary growth
quantification

Many of the previously mentioned approaches only coarsely
describe radial growth and do not capture its complexity at the
morphological and temporal level. For instance, a reduction
of hypocotyl area does not always reflect an overall reduction
in cell proliferation. It could be due to small changes in cell
sizes that cannot be easily detected by eye, or by an increased/
decreased proliferation rate in one specific tissue. Along the
same lines, both the presence of larger xylem vessels and
more cell divisions could account for higher xylem occupancy
in the hypocotyl radial section (Sankar et al., 2014; Lehmann
and Hardtke, 2016). To be able to account for these growth
patterns, it is necessary to track and quantify growth at a cel-
lular level (Sankar et al., 2014).

However, manual quantification of secondary growth
morphodynamics is impractical even in the tiny Arabidopsis
plant, as there are >15 000 cell files in a mature hypocotyl.
Moreover, the quantification of vascular morphodynamics is
hampered not only by the scale of the process but also by
the inaccessibility of certain tissues due to their deep location

(| o— A,

Fig. 1. Examples of secondary growth quantification. Cross-sections of plastic-embedded Arabidopsis: (A) Col-0 stem, 0.5 cm from the base of a
9-week-old plant; (B) Col-0 hypocotyl at 12 d after flowering. X/A, ratio between the xylem area and the total area; ICD, interfascicular cambium-derived
tissue; * vascular bundle. (C) Vibratome section of Arabidopsis hypocotyl (Col-0, 15 d after flowering) stained with phluoroglucinol (in red) showing how

‘xylem 1’ (X1) and ‘xylem 2’ (X2) are measured. Scale bar=200 pum.
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such as the xylem. Consequently, live imaging is challenging,
and the majority of the measurements are achieved on cross-
sections of embedded fixed samples. Thus, temporal resolu-
tion is also limited by sample preparation.

A further aspect to consider is that severe defects in radial
growth often coincide with decreased plant viability. This ren-
ders the isolation of such plants challenging and the interpre-
tation of those results even more difficult, as it is arduous to
distinguish the direct contribution to secondary growth from
pleiotropic effects. Thus, many studies rely on weak alleles
or partially redundant contexts, in which plant fitness is not
affected and phenotypes are mild. Therefore, quantification
of secondary growth will benefit from novel tools for auto-
mated cellular phenotyping (Sankar et al., 2014; Lehmann
and Hardtke, 2016).

Finally, it is important to emphasize that secondary growth
studies in Arabidopsis should be normalized to the develop-
mental stage rather than to absolute age, as flowering greatly
influences secondary growth progression. For instance, it trig-
gers xylem expansion and fiber formation in the root and in
the hypocotyl (Sibout et al., 2008; Ragni et al., 2011; Ragni
and Hardtke, 2014).

Quantitative histology

In the last few years, the increasing volume of genotyp-
ing data, generated using low-cost sequencing technology,
has shifted attention from more efficient genotyping to
more automated and precise phenotyping. However, while
high-throughput plant phenotyping is well developed for
laboratory and field experiments in model and crop plants,
automated cellular phenotyping is still a novel field and it
has only recently been applied to secondary growth (Sankar
et al., 2014; Hall et al., 2016; Lehmann and Hardtke, 2016).
Sankar et al. (2014) define ‘quantitative histology’ as an auto-
mated identification/quantification of cell types and cellular
morphological descriptors in a tissue.

Several pipelines, such as RootScan, RootAnalyzer, PHIV-
RootCell, and the method of Montengro-Johnson and col-
leagues exist for the characterization and quantification of
primary root growth (Burton et al., 2012; Chopin et al., 2015;
Lartaud et al., 2015; Montenegro-Johnson et al., 2015). These
tools were developed to classify rice, wheat, and Arabidopsis
roots, respectively. To ensure a high quality classification,
these methods exploit a priori knowledge of root architecture
(Burton et al., 2012; Chopin et al., 2015; Lartaud et al., 2015;
Montenegro-Johnson et al., 2015). This renders their usage

very specific and not easy to adapt to other species or organs.
More recently, two methods for automating cell extraction,
quantitative shape analysis and cell type classification (in any
2D tissue of interest), were developed independently (Sankar
et al., 2014; Hall et al, 2016). Relying on generic machine
learning (ML) methods, these protocols can be generalized
and applied to tissues other than those used in the respective
studies. For this reason, these methods can really form the
basis of the so-called ‘quantitative histology’.

In more detail, both approaches rely on similar methodol-
ogy, splitting the task into four steps: (i) image acquisition;
(i1) image pre-processing; (iii) image segmentation and fea-
ture extraction; and (iv) cell type classification (Sankar ez al.,
2014; Hall et al., 2016) (Table 1; Fig. 2).

Image acquisition is one of the most critical steps, and its
importance has often been underestimated. The quality and
the nature of the pictures acquired greatly influence the ease
with which the other steps in the pipeline can be performed
(i.e. images that are suited for segmentation required less
pre-processing). A related point is the standardization of the
image acquisition process among experiments; parameters
will not change if the images are acquired in the same way and
in the same conditions, allowing large-scale samples. Due to
the fact that live imaging of thick organs, such as the hypoco-
tyl during secondary growth, is still impossible with conven-
tional microscopy, both methods rely on grayscale images
of cross-sections of fixed samples. Thus, an additional step
of sample preparation is required. The approach of Sankar
et al. (2014) uses high-resolution images of plastic-embedded
sections of fixed material, acquired using the tiling/stitching
function of a microscope with a motorized stage (Fig. 2A).
In contrast, Hall and colleagues use laser scanning confocal
images of vibratome sections in which cell borders were out-
lined by fluorescent staining of the cell wall (Hall ez al., 2016).
Both strategies have advantages and disadvantages. Sample
preparation for the first approach is easier at young develop-
mental stages, and image resolution is higher, whereas the seg-
mentation/pre-processing processes are slightly more difficult
compared with confocal images (confocal images have less
background and shadows). Moreover, only the procedure of
Hall and colleagues allows the measurement of an additional
fluorescent signal. A minor limitation of both protocols and
still a general issue of secondary growth quantification is that
radial growth is normally measured in cross-sections, and
thus only in 2D (Lehmann and Hardtke, 2016).

After acquisition, the pre-processing transforms the images
to improve the segmentation. This step is tightly linked to the

Table 1. Key steps of ‘quantitative histology’ methods for secondary growth

Step Description Sankar et al. (2014) Hall et al. (2016)

0 Sample preparation Microtome sections Plastic-embedded tissue  Vibratome sections Calcofluor white staining

1 Image acquisition Light microscopy Stitching/tiling Laser confocal microscopy

2 Image pre-processing Gamma contrast Gaussian blur Gaussian blur

3 Segmentation and features extraction =~ Watershed algorithm Morphometric features Watershed algorithm Morphometric features Fluorescence signal
intensity

4 Cell type classification Machine learning (SVM) Machine learning (random Forest)
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Fig. 2. Example of the ‘quantitative histology’ approach. In (A-C) the same Arabidopsis hypocotyl section (Col-0 21 d after germination) is presented.

(A) Row image, red box magnification showing details of the xylem, blue box magnification showing details of phloem. (B) Image after pre-processing

and segmentation with a watershed algorithm; each color basin represents one cell. (C) Labeled image using a machine learning (ML) approach. Every
color represents a cell type: yellow, xylem vessels (Xv); cyan, cambium (Cb); magenta, phloem elements (Phe); green, xylem parenchyma (Xp); blue,
phloem parenchyma (Php); brown, periderm (Pe). (D) Rose diagram of the incline angles of the xylem vessels measured in (C). For instance, a value of O
represents radial/anticlinal orientation, and a value of /2 represents orthoradial/periclinal orientation. (E) Rose diagram of the incline angles of the cambial
cells measured in (C). (F) Average of some features [eccentricity (Ec), area, perimeter (Per)] and cell numbers (n Cell) for each cell type measured in (C).

Scale bar=100 pm.

imaging method and to the segmentation algorithm used.
Both methods apply a series of filters to remove or reduce
noise and reinforce the contrast. For instance, Sankar et al.
(2014) use a Gaussian blur to filter out high-frequency noise,
followed by a gamma adjustment to improve the general con-
trast of the image, while Hall ez al. (2016) use only a blur for
denoizing.

The segmentation is the process in which objects (in our
case cells) are identified and extracted from the background
and from each other. More precisely, a label is assigned to
every pixel of the image, and pixels with the same label share
certain characteristics (i.e. belong to the same cell). The two
approaches rely on a common algorithm for the segmenta-
tion of grayscale images: the watershed algorithm (Fig. 2B)
(Vincent and Soille, 1991; Yoo et al., 2002; Barbier de Reuille
et al., 2005, 2015; Pound et al., 2012). Briefly, the watershed
algorithm is based on the geographical concept of the water-
shed and catchment basin. In geography, a catchment basin is
a region of a map in which water flows into the same lake or
basin, while the watersheds are the limits at which water would
enter different catchment basins. An image can be seen as a
topographical surface where high pixel intensity corresponds
to ‘high’ regions and low pixel intensity refers to ‘low’ regions;
thus we can apply the same geographical definitions to this
virtual map. For instance, if the cell wall is brighter than the
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cell content, we can identify cells as catchment basins for the
segmentation process (Fig. 2B) (Vincent and Soille, 1991).

The accuracy of the segmentation is critical, as mis-seg-
mented cells are likely to be wrongly classified. After the
segmentation, cellular features/descriptors such as cell area,
cell perimeter, position of the cell, and cell eccentricity are
computed for every cell. The computation of the features
is achieved using conceptually similar toolboxes (Pau et al.,
2010) (http://www.diplib.org/main). Moreover, the incline
angle—the angle formed by the major axis of the cell with the
radius of the sample—is calculated in both protocols (Sankar
et al., 2014; Hall et al., 2016). In addition, Hall et al. (2016)
measured cell lumen area, and the cell wall area.

Cell type classification is achieved through an ML approach
(Fig. 2C). The basic principle of ML is to teach computers to: (i)
analyze existing data effectively; (i) extract underlying similarity/
differences; and (iil) generate a classifier/pattern to apply to new
data (Bastanlar and Ozuysal, 2014; Ma et al., 2014; Libbrecht
and Noble, 2015; Angermueller ez al., 2016; Singh et al., 2016).
The first step is the creation of a training set, a set of images that
is used to learn the model, in which the cell types of interest are
manually labeled. The second step is the choice of the features
that better describe each class of cells. Then, different algorithms
for supervised classification can be used to create the classifier.
Sankar and colleagues used a Support Vectors Machine (SVM)
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algorithm, whereas Hall and colleagues reported to have better
performances using a random Forest algorithm (please refer to
the followingreviews for a comprehensive overview on ML algo-
rithms: Bastanlar and Ozuysal, 2014; Ma et al., 2014; Libbrecht
and Noble, 2015; Angermueller et al., 2016; Singh et al., 2016).
Then, the classifier performances are tested against the so-called
test set, a fraction of the training set, until they are satisfactory
(several rounds of optimization may be necessary). Finally, the
classifier is used to label cells (identify the different cell types) on
a running set (a set of segmented images that was not manually
labeled) (Fig. 2C). Sankar and colleagues also proposed an auto-
mated filter to correct mislabeled cells. Indeed, they reported
that at later developmental stages, in some cases xylem identity
was assigned to phloem parenchymatic cells. In such cases an
automated quality check, based on manually created masks of
the total area and of the xylem area, was implemented and used
(Sankar et al., 2014).

In summary, the final output of the two approaches regard-
ing identification of the cell type is rather comparable as both
methods allow the quantification of similar features and cell
types with accuracy >85% (Fig. 2F). However, the choice of
the method should be dictated by the research focus/inter-
ests. For instance, we recommend the method of Hall and
colleagues to study problems related to cell wall integrity,
whereas we suggest the method of Sankar ez al. for temporal
analyses (developmental series with several time points).

Current and futures applications of
‘quantitative histology’

A proof of concept of ‘quantitative histology’ approaches is
the detailed characterization of two Arabidopsis accessions
that display differences in secondary growth progression: Ler
and Col-0 (Ragni et al., 2011). The characterization of the
morphodynamics between Ler and Col-0 revealed that overall
secondary growth is more prominent in Col-0, whereas xylem
occupancy is higher in Ler. This is not primarily due to cell size,
although xylem cells in Ler are slightly bigger, but rather due to
a decrease in phloem proliferation in Ler (Sankar et al., 2014).
Another remarkable observation is that the spatio-temporal
dynamics of the incline angles reflect the different phases of
secondary growth of the Arabidopsis hypocotyl. For instance,
at young stages (15 d), the inclines are uniformly distributed.
At ~20 d, xylem cells are radial and cambial cells orthoradial,
and the overall distribution starts to be bi-modal (Fig. 2D, E)
(Sankar et al., 2014). In addition, this type of analysis pointed
out some unexpected findings such as that the cambium pro-
duces more overall phloem than xylem, even though xylem
occupancy is increasing during plant development, and that the
enhanced xylem occupancy in Ler is not due to an increase of
xylem cell numbers but mainly due to a decrease in phloem area.

Hall et al. (2016) validated their approach characterizing
knottedl-like 1 (knatl)lbrevipedicellus (bp) loss-of-function
mutants. The knatl mutant is suitable for a test as it exhibits
reduced fiber cell number, combined with a decrease in xylem
vessel area and altered cell wall deposition (Liebsch et al.,
2014). In addition, they quantified xylan abundance across
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different cell types, coupling the intensity of a fluorescent
signal (immunostaining of the xylan) with the cell type clas-
sification and the morphometric data. Other components of
the cell walls (such as cellulose, lignin, and callose), which can
be visualized by immunolabeling techniques, could be easily
measured together with the cell morphological descriptors,
paving the way for the analyses of the chemical composition
of the cell wall with spatial resolution (Hall et al., 2016).

Another future application is to combine the automated
cellular phenotyping with genome-wide association studies
(GWAY). Strikingly, natural variation is still a largely untapped
resource for the study of secondary growth. However, a
large degree of variability in radial growth-related traits was
observed in the hypocotyl of a small collection of Arabidopsis
accessions, confirming the potential of this approach (Sibout
et al., 2008; Ragni et al., 2011). Another aspect of secondary
growth that can be further explored with more accurate pheno-
typing techniques is how secondary growth is modulated dur-
ing changes of environmental conditioned and abiotic stresses.

So far, Sankar er al. (2014) and Hall et al. (2016) have
tested their approaches only in the Arabidopsis hypoco-
tyls. However, we expect to see the ‘quantitative histology’
approaches exploited in other plant species (tomato, pop-
lar, etc.), as they are quite versatile and easy to adapt. For
instance, we foresee minor tuning of the segmentation and
machine learning parameters for the application to other
organisms (as long as the images can be easily segmented).
In addition, Hall et al. (2016) provide their method as a
MATLAB package, with a graphical interface, and thus it
does not require any coding by the user. Along the same
lines, the ‘quantitative histology’ approach by Sankar
et al. (2014) was recently implemented in the open source
platform LithoGraphX [www.lithographx.org; a fork of
MorphoGraphX (Barbier de Reuille ez al., 2015)] to render it
accessible to biologists. Other advantages of the implementa-
tion on this platform are: (i) the reduced computational time
for the segmentation process; (ii) the possibility to use several
types of images as input (laser confocal images, grayscale
images, and color images) and several pre-processing tools;
and (iii) the choice between the two ML algorithms (Barbier
de Reuille and Ragni, 2017). Moreover, in LithoGraphX
it is possible to perform the Hall et al. approach or other
protocols, as LithoGraphX was initially developed for the
analyses of confocal images and offers a variety of tools for
measuring fluorescent signal intensity.

A possible future implementation is to add tissue-specific fea-
tures to improve cell type classification of problematic tissues.
For instance, phloem companion cells and sieve elements are
difficult to distinguish from one another (Sankar et al., 2014).
In fact the morphology of these cell types is nearly identical,
which hampers the ML recognition process. Adding tissue-spe-
cific features such as the number of neighboring cells, cell wall
thickness, or a particular stain should resolve this problem.

Conclusions and perspectives

In summary, it is fair to conclude that secondary growth char-
acterization will benefit from precise quantification at the
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cellular level. ‘Quantitative histology’ paves the way towards
the study of secondary growth with good spatio-temporal
resolution: it facilitates the measurement of complex traits
and mild phenotypes. We foresee that automated cellular phe-
notyping will boost natural variation studies and will soon be
applied to other species.

To date, the rate-limiting step of ‘quantitative histology
methods is sample preparation/image acquisition. This is
especially true for secondary growth studies where sam-
ple preparation is laborious and not yet automatized. Any
improvements in this direction will contribute to render
the ‘quantitative histology’ approaches routine protocols.
A major breakthrough will be to image live secondary growth
progression. This will open the door to the study of second-
ary growth in 3D and 4D.
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Summary

e During secondary growth in most eudicots and gymnosperms, the periderm replaces the
epidermis as the frontier tissue protecting the vasculature from biotic and abiotic stresses.
Despite its importance, the mechanisms underlying periderm establishment and formation are
largely unknown.

e The herbaceous Arabidopsis thaliana undergoes secondary growth, including periderm for-
mation in the root and hypocotyl. Thus, we focused on these two organs to establish a frame-
work to study periderm development in a model organism.

o We identified a set of characteristic developmental stages describing periderm growth from
the first cell division in the pericycle to the shedding of the cortex and epidermis. We highlight
that two independent mechanisms are involved in the loosening of the outer tissues as the
endodermis undergoes programmed cell death, whereas the epidermis and the cortex are
abscised. Moreover, the phellem of Arabidopsis, as in trees, is suberized, lignified and peels
off. In addition, putative regulators from oak and potato are also expressed in the Arabidopsis
periderm.

e Collectively, the periderm of Arabidopsis shares many characteristics/features of woody
and tuberous periderms, rendering Arabidopsis thaliana an attractive model for cork biology.

Introduction

Secondary growth, the increase in girth of plant organs, is not
only a prerequisite for efficient long-distance transport of water,
solutes and photo-assimilates but also shapes the plant body in
response to an ever-changing environment. In fact, the emer-
gence of radial thickening contributed to the striking success of
vascular plants during evolution (Spicer & Groover, 2010).
Moreover, wood represents the major source of biomass accumu-
lation in perennial dicotyledons and gymnosperms (Demura &
Ye, 2010). The post-embryonic meristem that drives this process
is the vascular cambium. The vascular cambium consists of a ring
of undifferentiated meristematic cells that upon division differen-
tiate into xylem (wood) and phloem (bast). Another lateral meris-
tem that contributes to radial thickening and to the protection of
the vascular cylinder is the phellogen, also known as cork cam-
bium. The phellogen divides in a strictly bidirectional manner,
producing inward the phelloderm and outward the phellem
(cork). These three tissues, phellogen, phelloderm and phellem,
are collectively referred to as periderm (Fig. 1a).

The periderm is a frontier tissue and its main function is to
protect the plant against biotic and abiotic stress, similar to the
epidermis during primary development. In particular, it effec-
tively restricts: gas exchange, water loss and pathogen attack
(Lulai & Freeman, 2001; Groh ez al.,, 2002; Lendzian, 20006).

216 New Phytologist (2018) 219: 216-229
www.newphytologist.com

Most woody eudicots and gymnosperms form a periderm in the
root and the stem, and likewise, underground stems such as potato
tubers form an extensive periderm. In the stem of most trees, the
first phellogen is formed in the sub-epidermal layer, but in certain
species it arises from the epidermis or the phloem. By contrast, in
most roots the periderm derives from the pericycle (Esau, 1977).
The number of cell layers comprising the periderm varies among
species. Usually only one to two layers of phelloderm cell are pre-
sent in the periderm, whereas several cell layers of phellem differ-
entiate (Esau, 1977; Pereira, 2007). In trees, the phellogen can
remain active for several years and/or it can be replaced each year
by a new phellogen (Esau, 1977; Pereira, 2007). The phellogen of
cork oak, for example, is functional for many years and remains
viable throughout the life of a tree, although its activity decreases
with age (Waisel, 1995; Pereira, 2007). Furthermore, phellogen
activity in trees undergoes seasonal changes and it fluctuates with
climatic variations (Waisel, 1995; Caritat etal, 2000; Pereira,
2007). For instance, cold spells and drought cause a decrease in
phellogen activity, whereas periods of warm weather result in high
activity (Waisel, 1995; Caritat eral, 2000; Pereira, 2007). A
‘wound’ periderm develops close to damaged or necrotic tissue
after mechanical injury (e.g. shedding of branches and leaves)
(Tucker, 1975; Thomson etal, 1995; Oven etal, 1999;
Neubauer ezal, 2012; Khanal ezal, 2013) or pathogen infection
(Lulai & Corsini, 1998; Thangavel ez al., 2016).

© 2018 The Authors
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development in the Arabidopsis thaliana :
hypocotyl. (a) lllustration of the periderm, F i
which comprises the phellem/cork, the
phellogen/cork cambium and the
phelloderm. (b—i) Plastic cross-sections of
Col-0 hypocotyls, grown in soil under long
day (LD) conditions at different time points:
(b) 4 d after sowing (das), (c) 8 das, (d)

11 das, (e) 13 das, (f) 16 das, (g) 18 das,

(h) 21 das and (i) 27 das. (b) STAGE 0, the
stage before the pericycle starts to divide.

W
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(d) Oc

(c) STAGE 1, the pericycle divides anticlinally
and endodermal cells become flatter.

(d) vSTAGE 2 is characterized by four to six
endodermal cells and by periclinal division in
the pericycle, which we refer to as phellogen.
(e) STAGE 3: only two endodermal cells in
correspondence of the xylem poles subsist.
(f) STAGE 4A is characterized by a lack of
endodermis and by the differentiation of the
first phellem cells. (g) STAGE 4b lacks the
inner cortex and exhibits a ring of phellem

(e)
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STAGE 4a

cells. (h) During STAGE 5, the cortex and the

epidermis break and become detached
(white arrow). (i) At STAGE®6 the periderm is
the outside tissue that protects the
vasculature. (j) Quantification of cell number
in the epidermis (Ep), outer cortex (Oc), inner
cortex (Ic), endodermis (En) and pericycle/
periderm (Pe) at different time points (mean
cell number + 2 SE). Blue squares,
endodermal cells; red dots, pericycle/
periderm; black dots, phellem cells; red
brackets, periderm. Bars, 20 um.
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To fulfill its barrier role, specialized macromolecules such as
suberin are the major components of the phellem cell wall
(Pereira, 1988). The chemical and physical properties of phellem
have been extensively studied in potato and cork oak, due to the
economic importance of improving potato conservation
(Neubauer ez al., 2013) and of phellem as a material for wine bot-
tle corks and building/insulating. Suberin extracted from the
phellem also has industrial applications (Silva ezal., 2005) such
as the production of hybrid co-polymers (e.g. polyurethanes)
(Cordeiro etal, 1999), thermoset resins (Torron etal, 2014)
and high-resistance fibers (de Geus ezral, 2010). Suberin is a
complex glycerol-based heteropolymer, comprising aliphatic and
phenolic fractions and often noncovalently associated waxes (re-
viewed by Vishwanath ez al.,, 2015). The amount/composition of
phellem suberin and waxes varies among species and throughout
development; for example, in cork oak it can reach up to 40% of
the dry weight (Pereira, 1988; Pinto eral., 2009; Kosma ezal.,
2015). Lignin is also deposited in the cell wall of the phellem,
but it displays a different monolignol composition compared to

© 2018 The Authors
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wood (Marques & Pereira, 2013;
Lourenco et al., 2016).
Potato has proven to be a good model to study suberin biosyn-

Fagerstedt eral, 2015;

thesis and periderm water permeability, as periderm can be easily
isolated from the tuber in sufficient amounts for chemical analy-
ses. Furthermore, it is possible to measure peridermal transpira-
tion rates (Schreiber ez al.,, 2005). In fact, reverse genetic studies
indicate that a reduction of ferulic acid in the potato periderm
results in an increased water permeability and defective periderm
maturation (Serra eral., 2010). Reducing aliphatic suberin con-
tents results in similar phenotypes, suggesting that both suberin
composition and quantity are important for water barrier func-
tion (Serra ez al., 2009a,b, 2010). Suberin biosynthesis genes have
been extensively characterized also in Arabidopsis, with particular
regard to the chemical composition of the whole root, the endo-
dermis and the seed coat (Beisson ez al., 2007; Hofer ez al., 2008;
Compagnon eral., 2009; Molina ez al., 2009; Domergue e al.,
2010; Kosma ez al., 2012). Furthermore, it has been shown that
ALIPHATIC SUBERIN FERULOYL TRANSFERASE (ASFT)
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and FATTY ACYL-COA REDUCTASES 1 (FARI), FAR4 and
FARS are expressed in the phellem of roots (Molina ez al., 2009;
Vishwanath ezal, 2013). However, the suberin lamella in the
periderm is not disturbed in asff mutants (Molina ez /., 2009)

Despite the huge progress in understanding the molecular
mechanisms underlying cambium and vascular development,
very few regulators controlling phellogen establishment and activ-
ity have been identified. As far as we know, only the transcription
factor (TF) SHORT-ROOT-like 2B (PttSHRL2B) has been
shown to regulate phellogen activity in poplar (Miguel ezal.,
2016), whereas it has been suggested that the TF QsMYBI
(ortholog of Arabidopsis MYB84) coordinates phellogen action
in response to drought and heat (Almeida ezal, 2013a,b). One
possible explanation for this lack of knowledge is that periderm
has been mainly studied in nonmodel/amenable species. In con-
trast to periderm development, our current understanding of the
basic mechanisms of cambium activity in woody species is mainly
derived from pioneering works in Arabidopsis. In fact, this herba-
ceous eudicot model plant undergoes secondary growth in the
stem, root and hypocotyl and shares common regulatory
networks with woody species (reviewed by Barra-Jimenez &
Ragni, 2017). The most striking example is the regulatory
module involving the receptor-like kinases PHLOEM
INTERCALATED WITH XYLEM/TDIF RECEPTOR (PXY/
TDR), the small peptide CLV3/EMBRYO SURROUNDING
REGION 41/44 (CLE41/CLE44) and the TF WUSCHEL
HOMEOBOX 4 (WOX4), which controls cambium prolifera-
tion in several species including poplar (Etchells eral, 2015;
Hirakawa & Bowman, 2015; Kucukoglu ez al., 2017).

Here, we propose a framework to study periderm growth in
Arabidopsis thaliana. We provide a suite of tools to study perid-
erm development, including tissue-specific reporters. In particu-
lar, we define distinct stages of periderm growth, considering
periderm ontogenesis and the fate of the surrounding tissues. We
thus show that periderm growth is tightly connected to the devel-
opment of the outside tissues and particularly to endodermal pro-
grammed cell death (PCD). Finally, we highlight that the
Arabidopsis periderm displays characteristics similar to those of a
woody eudicot periderm, and that putative regulators are con-
served among species. These results are setting the stage for mech-
anistic insights into periderm growth.

Materials and Methods

Plant material and growth

All lines used are in A. thaliana Col-0 background unless other-
wise specified. All plants used for confocal microscopy were
grown in vitro on ¥2 MS 1% sugar plates under continuous
light, unless it is otherwise specified. For the other experiments,
light and growing conditions are stated in the text/figure.
GPAT5:mCITRINE-SYP122 (Barberon etal, 2016), UBQIO:
eYFP-NPSN12 (W131Y) (Geldner etal, 2009), ASFT:NLS-
GFP-GUS, GPAT5:NLS-GFP-GUS, KCRI:NLS-GFP-GUS,
RALPH(CYP86B1):NLS-GFP-GUS, FAR4:NLS-GFP-GUS,
HORST:NLS-GFP-GUS, DAISY:NLS-GFP-GUS (Naseer et al.,
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2012) and CASPI1:CASP1-mCherry (Vermeer eral., 2014) were
gifts from N. Geldner (University of Lausanne, Switzerland).
ESBI:ESBI-mCherry was kindly provided by D. Salt
(University of Aberdeen, UK) and is described by Hosmani
eral. (2013). FARI:GUS, FAR5:GUS were described by
Domergue eral. (2010) and kindly provided by F. Domergue
(CNRS, FR). PASPA3:H2A-GFP, Rxml:H2A-GFP, SCPL48:
H2A-GFP, DPM4:H2A-GFP, EXI1:H2A-GFP were gifts from
M. Nowack (VIB, Belgium) and are described by Fendrych
eral. (2014; Olvera-Carrillo ezal., 2015). The socl full mutants
were described by Melzer eral. (2008). SCR:H2B-2xmCherry
(N2106153) was obtained from the NASC and is described by
Marques-Bueno etal. (2016). The CASP2:NLS-GFP-GUS was
obtained by the NASC (N69050) and described by Liberman
et al. (2015).

Histology and staining

Thin plastic sections were obtained as described by Barbier de
Reuille & Ragni (2017) and stained with 0.1% toluidine blue
and imaged with a Zeiss Axio M2 imager microscope or a
Zeiss Axiophot microscope. Vibratome sections (50—80 pm)
were obtained, embedding the hypocotyl and/or the root in
6% agarose block, and then cut with a Leica VT-1000
vibratome and collected/visualized in water. For suberin stain-
ing, Fluorol yellow 088 (FY) (sc-215052; Santa Cruz, CA,
USA) staining was performed as described by Naseer ezal.
(2012). For lignin staining, 0.5% Basic Fuchsin (Sigma) aque-
ous solution was applied to the root or hypocotyl for 5 min,
and samples were then rinsed and mounted in 10% glycerol.
Phloroglucinol staining was performed applying a ready solu-
tion (26337.180; VWR, Radnor, PA, USA) directly to the
vibratome section. For pectin staining, ruthenium red (R2751;
Sigma), 0.01% aqueous
vibratome sections for 4 min, and sections were then rinsed

solution was applied to fresh
and mounted in 10% glycerol. Clearing, before autofluores-
cence detection of the casparian strips, was performed as
described by Naseer eral. (2012). GUS assays were performed
as described by Beisson etal (2007).

Confocal microscopy

All confocal images where acquired as whole-mounts unless spec-
ified in the figure legend that vibratome sections were used.
Images were acquired with a Leica SP8 with resonant scan or
with a Zeiss LSM880 microscope. For FY, green fluorescent pro-
tein (GFP) and fluorescein diacetate (FDA): excitation wave-
length (ex.) 488 nm; emission (em.) 490-510 nm for yellow
fluorescent protein (YFP) and mCitrine: ex. 514 nm; em. 520—
540 nm; for propidium iodide (PI), mCherry and Basic Fuchsin:
ex. 561 nm; em. 570630 nm; for phellem autofluorescence: ex.
405 nm; em. 420-500 nm or ex. 405 nm; em. 420460 nm if
combined with GFP or YFP; for phelloderm autofluorescence:
ex. 561 nm; em. 576-625 nm. Three-dimensional reconstruc-
tions and Ortho Views of a Z-stack were obtained using the ZEN
BLACK PRO software.

© 2018 The Authors
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Image analyses and statistical analyses

The number of cells in the different tissues was quantified using
the plug-in CeLL CoUNTER of Fit (Schindelin ezal, 2012), and
cell eccentricity was measured using LITHOGRAPHX (www.lithogra
phx.org) and according to the protocol described by Barbier de
Reuille & Ragni (2017). To measure the length of root covered by
phellem, whole roots were mounted in water on a microscope
slide. Using light microscopy, the point closest to the root tip,
where phellem cells begin to be the outside tissue, was marked on
the coverslip. The whole root was then traced on the coverslip and
the coverslips were subsequently scanned. Phellem length and root
length were then measured with the software Fi1 (Schindelin
etal., 2012). The ratio of phellem length : root length was calcu-
lated from at least 15 roots per time point and plant line. To quan-
tify phellem and endodermis cell length and area, Z-stacks of the
reporter line GPAT5:mCITRINE-SYP122 were used. Images were
exported with the Ortho View function from the ZEN Brack PrO
software and measured with Fij1 (Schindelin ez al, 2012). More
than 50 cells from at least three independent roots were measured
per time point and/or root part. At least three independent experi-
ments were performed and the graphs of one representative experi-
ment each are presented. Statistical analyses were performed using
IBM spss Statistics version 24. We first tested all datasets for
homogeneity of variances using Levene’s Test of Equality of Vari-
ances. We calculated the significant differences between two
datasets using a Welch’s z-test (not homogenous variance) or a
Student’s #test (homogeneous variance). The significance thresh-
old was set to P<0.05 (shown by a red asterisk in the figures).

Molecular cloning

The MYB84 and the ANAC78 promoters were amplified from
genomic DNA with the primers: A-pMYB84F (AACAGGTCT
CAACCTCGTGGACTTGGACTTGTTTA)  Br-pMYB84R
(AACAGGTCTCATGTTACTTGTACTCCTAGTGAAGTC
TTG) and A-pANAC78F (AACAGGTCTCAACCTGATCAT
TTCAAAGGCATTGTGT) Br-pANAC78R (AACAGGTCTC
ATGTTCAATCGGTGAAAACCAGAACTTG), respectively,
and cloned into pGG-AO using the GreenGate technology (Lam-
propoulos ezal., 2013). The B-glucuronidase coding sequence
was recloned into pGG-DO0. To obtain the lines MYB84:NLS-
GFP-GUS, MYB84:NLS-3xGFP and ANAC78:NLS-GFP-GUS,
the final GreenGate reaction was performed including some of
the published and publicly available modules: NLS, 3XGFP and
GFP (Lampropoulos ez al., 2013).

Results

Periderm is formed in the root and in the hypocotyl of
Arabidopsis thaliana under various environmental condi-
tions

To set up a framework to study periderm development, we first
investigated in which organs/conditions a periderm is established
in Arabidopsis. In Arabidopsis plants that had undergone

© 2018 The Authors
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extensive secondary growth, the hypocotyl was fully covered by
the phellem (Supporting Information Fig. Sla), whereas in
mature primary root, the periderm covered the uppermost part
spanning ¢. 20-30% of the root length (Fig. S1b,c). Likewise, a
periderm surrounded the oldest part of lateral roots (Fig. S1d).
Although most gymnosperms and eudicots produce a periderm
in the stem, no periderm has been reported in the Arabidopsis
stem (Altamura ezal., 2001; Agusti ezal., 2011; Mazur & Kur-
czynska, 2012). Consistently, a periderm was not observed at the
base of the stem of 12-wk-old plants of commonly used Ara-
bidopsis strains such as Col-0, Ler and Ws (Fig. Sle—h). No peri-
derm was detected in the stem of the 24-wk-old socI fi/I double
mutant (grown under long day (LD) conditions), which is char-
acterized by extended secondary growth and life span (Fig. S1j-1)
(Melzer eral., 2008; Davin et al., 2016). Because the periderm is
not present in the Arabidopsis stem, we continued periderm char-
acterization focusing on the root and hypocotyl.

We analyzed whether periderm development is influenced by
photoperiods or growing conditions in the Arabidopsis root and
hypocotyl. Plants grown 7z vitro (on medium supplemented with
(Fig. S2a) or without (Fig. S2b) sugar) in soil (Fig. S2¢,d) and
under several light conditions (continuous light (CL) (Fig. S2a,b,e),
LD (Fig. S2¢,f) or short day (SD) conditions (Fig. S2d)) pro-
duced a periderm. In general, periderm development reflected
plant growth progression: for instance, a periderm was estab-
lished earlier in plants grown in CL than in LD conditions and
in media supplemented with sugar than in media without sugar
(Fig. $2). In Arabidopsis, flowering has a major influence on sec-
ondary growth progression, as it triggers the ‘xylem expansion’
phase (xylary fiber production and higher xylem-to-phloem ratio)
(Sibout ezal., 2008). Therefore, we analyzed the temporal rela-
tionship between xylem expansion and periderm growth. Under
all tested conditions, the periderm was differentiated before flow-
ering occurred and thus establishment of the periderm precedes
xylem expansion (Fig. S2g).

Periderm formation follows a predetermined pattern, which
can be summarized by six distinct stages

Periderm development in the hypocotyl and in the root was tem-
porally separated, formation occurring much more slowly in the
hypocotyl than in the root (Figs 1, S1b,c). As a result, in an 8-d-
old plant, the hypocotyl displayed no phellem (Fig. 1c), whereas
in the mature part of the primary root (close to the hypocotyl-
root junction) some phellem cells were present (Fig. Slb,c).
Moreover, as a root represents a gradient of secondary growth,
periderm development can be followed along the same root
(Fig. 2a), whereas in the hypocotyl it can be analyzed only over
time series with plants in different developmental stages (Fig. 1).
In both organs the periderm arises from the pericycle — an inner
tissue — surrounded by three to four cell layers and it becomes the
external tissue once it is fully differentiated. We therefore charac-
terized periderm growth throughout development, considering
the fate of the surrounding tissues.

We were able to identify six characteristic stages of periderm
development in the hypocotyl and we found that the duration of
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each stage was influenced by the growing conditions (Fig. S3a—h).
STAGE 0 was designated as the stage before the first division in
the pericycle (after hypocotyl elongation occurred). Here, the vas-
culature was already arranged with a central metaxylem and two
phloem poles. The pericycle comprised ¢. 13—14 cells and it was
surrounded by eight endodermal, approximately eight inner cor-
tex, ¢. 14 outer cortex and ¢ 33-34 epidermis cells. In the
hypocotyl, this stage was present for instance in 3- to 6-d-old
plants grown in LD conditions (Fig. 1b,j). In the course of
STAGE 1, the pericycle starts to divide (Fig. 1c,j). The first anti-
clinal divisions occurred at the xylem pole pericycle cells
(Fig. S3i). Shortly thereafter, the divisions expanded to the rest of
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the pericycle cells. Simultaneously, the endodermal cells became
flatter, as shown by a decrease in their eccentricity (Figs lc, S3j).
We defined STAGE 2 as the stage marked by a reduction in the
number of endodermal cells (the endodermis comprises four to
six cells) as well as by pericycle proliferation (Fig. 1d,j). In more
detail, the endodermal cells located at the sites of the phloem
poles were missing. The pericycle began to divide periclinally and
thus, in some regions, it was possible to distinguish two layers of
cells, which hereafter we refer to as phellogen. We classified a
periderm to be in STAGE 3 when only one/two endodermal cells
located at the xylem poles were still present and the periderm
comprised at least two layers of cells. Interestingly, the number of
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Fig. 2 Periderm development in the Arabidopsis thaliana root. (a) lllustration of an Arabidopsis root showing the positions corresponding to the different
stages. (b—g) Cross-sections of 14-d-old roots (plastic embedding) at different positions of the root corresponding to STAGES 0-6. (b) STAGE O: the stage
before the pericycle starts to divide. (c) STAGE 1: the pericycle divides anticlinally. (d) STAGE 2 is characterized by a reduction in endodermal cells and
pericycle proliferation. (e) STAGE 3/4: the cortex and the epidermis break and the periderm is the outmost tissue, whereas some endodermal cells are still
present on the opposite side. (f) STAGE 5: the endodermis is no longer present and a ring of phellem cells is visible. (g) STAGE 6: the periderm is the outside
tissue. Ep, epidermis; Co, cortex; blue squares, endodermal cells; red dots, pericycle/phellogen cells; black dots, phellem cells; red brackets, periderm. The
yellow arrow indicates the absence of an endodermal cell, the red arrow points toward the remaining endodermal cells and the white arrow shows the
emerging phellem. (h) Quantification of the cell number in different tissues (epidermis, cortex, endodermis and pericycle) at different periderm stages
(0-2). Cross-sections of plants from independent experiments were measured (n =33 STAGE 0; n=52 STAGE 1; and n=31 STAGE 2; error bars are &2
SE). (i, j) Ortho View of Z-stacks of SCR:NLS-2xmCherry W131Y roots at the positions corresponding to (i) STAGE 2 and (j) STAGE 3/4. For each stage, the
same cross-section is shown, with the corresponding longitudinal section on endodermal cells (left) and periderm cells (right). (k, I) Ortho View of Z-stacks
of MYB84:NLS-GFP-GUS W137Y roots at the positions corresponding to (k) STAGE 3/4 and (I) STAGE 5. Bars, 20 um.
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cortical cells and of epidermal cells did not vary (Fig. le,j).
STAGE 4 was characterized by the absence of the endodermis
and the differentiation of first phellem cells from the phellogen.
This stage can be divided in two sub-stages: in STAGE 4A, the
inner cortex started to disappear from the phloem poles (in the
majority of cases; Fig. S3k) and only a few phellem cells are dif-
ferentiated (Fig. 1f), whereas in STAGE 4B, the inner cortex is
missing and a ring of phellem cells starts to be visible (phellem
cells are larger and rounder than phellogen cells) (Fig. 1g). At
STAGE 5, the epidermis and the outer cortex broke on one side
and progressively became detached from the periderm (Fig. 1h).
Breaking of the cortex and of the epidermis occurred at random
positions (Fig. S31). Finally, STAGE 6 corresponded to a mature
periderm in which the epidermis and the cortex were completely
detached, and the periderm was the outer tissue protecting the
vasculature (Fig. 1i). In a mature periderm we were able to distin-
guish four to five cell layers comprising the phellem, the phel-
logen and the phelloderm.

In roots, periderm development mainly followed the same
stages defined for the hypocotyl, although we observed some dif-
ferences possibly due to the distinct anatomy of the two organs
(root at STAGE 0: one cell layer of cortex, hypocotyl at STAGE
0: two cell layers). In fact, the epidermis and the cortex broke and
were shed earlier in development of the root. The exact position
of each stage within the root and the length of the root corre-
sponding to each stage vary with the age of the plant and the
growing conditions (Figs S1b,c, S2e,f).

In roots, STAGE 0 occurred in the region with emerged and
elongated lateral roots directly above the lateral root initiation
zone (Fig. 2a,b). Similar to the hypocotyl, the vasculature of this
region was already arranged with a central xylem axis and two
phloem poles. In this part of the root, the pericycle was sur-
rounded by the endodermis (approximately eight cells), the cor-
tex (12—14 cells) and the epidermis (c. 23 cells) (Fig. 2b,h). In the
region above STAGE 0, the pericycle began to divide at the
xylem poles (STAGE 1) (Figs 2c, S3m). STAGE 2 is character-
ized by the loss of one to two endodermal cells at the phloem
poles (in most cases) (Figs 2d, S4n) and by the first periclinal
division in the pericycle, which from now can be termed phel-
logen (Fig. 2d).

In contrast to the hypocotyl, in the root we defined only one
large stage, STAGE 3/4, as the events defining stage 3 and 4 can-
not be precisely distinguished and often occur coincidentally and
stochastically. During STAGE 3/4, the pericycle divided pericli-
nally, while the number of endodermal cells decreased. The cor-
tex and the epidermis broke primarily at the site where the
endodermal cells disappeared and, at this location, phellem cells
began to be visible (Fig. 2¢). At STAGE 5, the periderm was fully
differentiated and the phellem was the main external tissue, still
partially covered with patches of epidermis and cortex (Fig. 2f).
Finally, at STAGE 6 the epidermis and the cortex were com-
pletely shed and the periderm comprised three to four cell layers
(Fig. 2g). Overall, periderm formation in lateral roots occurs sim-
ilarly to the main root (Figs S1d, S4a—c).

To corroborate the histological analyses we visualized the most
distinctive stages by live imaging. We followed endodermis fate
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using the marker SCR:H2B-2xmCherry (Di Laurenzio etal.,
1996; Marques-Bueno ez al.,, 2016) and tracked periderm growth
in MYB84:NLS-3xGFP roots (MYB84 is the Arabidopsis
ortholog of QSMYBI). Given that PI does not normally pene-
trate the endodermis, both reporters were crossed to the ubiqui-
tously expressed plasma membrane marker line W131Y (UBQ10:
eYFP-NPSN12) to outline the different cell types (Geldner ez 4l.,
2009; Alassimone et al., 2010). We clearly observed areas of the
root where the SCR expression domain was interrupted by cells
with periderm morphology (Fig. 2i,j) and regions where the peri-
derm marker MYB84 was flanked by endodermal cells (Fig. 2k),
validating our histological analyses. Consistently, in the upper
part of the root we could no longer identify endodermal cells
(Fig. 21).

Based solely on morphology and size, phelloderm cells can be
difficult to differentiate from phloem parenchyma cells. To
address this issue, several staining methods that label phelloderm
cells in other species were tested in Arabidopsis. Classical tolu-
idine blue staining, which has been useful in helping to distin-
guish the three periderm tissues in potato (Sabba & Lulai, 2005),
stained uniformly the periderm of Arabidopsis (Fig. S4d). How-
ever, a thicker cell wall between two cell layers was visible and
may represent the boundary between the periderm and the
phloem (Fig. S4e,f). To confirm this, we checked whether we
could observe a different degree of esterification of pectins, which
is used to distinguish the phelloderm in potato (Sabba & Lulai,
2002), at the presumptive boundary line. In root vibratome sec-
tions stained with ruthenium red, a pale red staining was visible
in the cell layer below the phellem, whereas it was stronger at the
presumptive boundary, supporting our hypothesis (Fig. S4g).
These data also fic with the autofluorescence pattern in the red
spectrum (ex. 561 nm, em. 570—-630 nm), which in roots from
15-d-old plants grown under continuous light showed a strong
intracellular autofluorescence mainly in the presumptive phello-
derm (Fig. S4h). Together, these results suggested that one layer
of phelloderm cells is formed in Arabidopsis, which can be con-
firmed by the development of tissue-specific markers and/or
clonal analyses in the future.

Cortex and epidermis are abscised while endodermis
undergoes PCD during periderm growth

We showed that the tissues that surround the periderm are pro-
gressively lost following a predefined pattern, so we next investi-
gated the mechanisms underlying this process. In particular, we
investigated whether it involves abscission (shedding of plant
organs or parts that are no longer necessary), PCD or if the cells
simply collapse.

We first studied how the epidermis and the cortex are progres-
sively removed. The breaking of the cortex and epidermis was
not an artifact of the embedding methods as we were able to
observe it during live cell imaging (Fig. 3a—f). Along a mature
root, we observed isolated areas in which the cortex and the epi-
dermis broke and the phellem became the external tissue, fol-
lowed by a zone where the phellem was the outer tissue with
stretches of cortex and epidermis still attached (Fig. 3a,b).
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Moreover, most of the epidermal and cortex cells that still sur-
round the periderm after the first break are still alive, as seen by
PI and FDA staining (Fig. 3g,h). In fact, PI stains the nuclei of
dead cells, whereas FDA becomes fluorescent when cleaved by
esterases inside living cells. These results indicate that the epider-
mis and the cortex are abscised and do not undergo PCD.

We next characterized the course/fate of endodermal cells
during periderm growth and assessed the viability of endoder-
mal cells during root development. It was previously shown
that 20 min of incubation is sufficient for FDA uptake into
the endodermis and stele of the root differentiation zone (Bar-
beron etal., 2016). This was also the case in older root in the
regions where lateral roots are emerged and elongated (Figs 4h,
S4i). At early STAGE 2, PI was detected in a few nuclei of
the endodermis in which FDA was excluded, while the neigh-
boring endodermal cells showed only FDA in the nuclei
(Fig. 4a). To better visualize dying vs alive endodermal cells,
we repeated the PI staining using the endodermis reporter
CASP2:NLS-GFP-GUS ~ (CASPARIAN  STRIP DOMAIN
PROTEIN 2) (Roppolo eral., 2011). We observed PI staining
in the nuclei of endodermal cells, which were flanked by endo-
dermal cells expressing the CASP2 reporter, confirming our
previous results (Fig. 4b). Furthermore, we analyzed the expres-
sion of a set of genes whose expression has been associated
with developmental PCD (Fendrych eral, 2014; Olvera-
Carrillo etal, 2015). The PCD markers RIBONUCLEASE 3
(RNS3), EXITUS 1 (EXII) and DOMAIN OF UNKNOWN
FUNCTIONG79 MEMBRANE PROTEIN 4 (DMP4) were
broadly expressed in the endodermis from STAGE 1 onwards
(as long as the endodermis is present) in both root and
hypocotyl and only in the inner cortex of the hypocotyl during
STAGE 4 (Figs4c—e, S4j-1, S5a—f). In summary, these data
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indicate that the endodermis and the inner cortex (in the
hypocotyl) undergo PCD.

Next, we investigated whether the endodermis alters its chemi-
cal/physical properties before PCD. The two major features of a
mature endodermis are casparian strips (CSs) and suberin lamel-
lac. We first analyzed the expression of the CS markers ESBI:
ESB1-mCherry (ENHANCED SUBERINI) and CASPI:CASPI-
mcherry during root development. Both proteins are required for
proper CS assembly and accumulate at the plasma membrane
domain underlying the CS (casparian strip membrane domain
CSD) in the root differentiation zone (Roppolo eral., 2011;
Hosmani eral, 2013). A similar pattern was observed for the
endodermis in the region of the main root where lateral roots
were already emergent and elongated (Figs 4h, S4m,n). Similarly
ESBI still accumulated at the CSD in mature endodermis (re-
gion of the root that precedes endodermis PCD; Fig. 4h)
(Fig. S40), whereas CASP1 in the mature endodermis was no
longer localized to the CSD (Fig. S4p), suggesting that CSs are
maintained throughout endodermis development. To confirm
that CSs are not degraded before endodermis PCD, we verified
whether the typical autofluorescence pattern of CSs (Alassimone
eral., 2010) (Fig.4f) was present in the mature endodermis
(Fig. 4g). No difference in the pattern of autofluorescence of the
CSs was observed, suggesting that CSs are still present when the
endodermis undergoes PCD. The mature endodermis is a highly
suberized tissue, and the amount of suberin is modified accord-
ing to nutrient availability (Barberon ezal, 2016) and in
response to hormones. For instance, sulfur and potassium defi-
ciency enhances suberization, whereas iron, magnesium and zinc
starvation promotes suberin degradation and reduces the expres-
sion of suberin biosynthesis genes (Barberon eral, 2016).
Because suberin accumulation in the endodermis is a dynamic
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Fig. 3 The epidermis and cortex of Arabidopsis root and hypocotyl are abscised together. (a—d) 3D reconstructions of a Z-stack GPAT5:NLS-GFP-GUS and
propidium iodide (PI), 13-d-old root. (b) GPAT5:mCITRINE-SYP122 and PI, 13-d-old root. (c) GPAT5:NLS-GFP-GUS and PI, 25-d-old hypocotyl.

(d) GPAT5:mCITRINE-SYP122 and P, 25-d-old hypocotyl. (e) Cross-section (Ortho View of a Z-stack) of (a). (f) Cross-section (Ortho View of a Z-stack) of
(b). The cortex and the epidermis become detached in some areas of the root and the hypocotyl. Phellem cells (orange arrow), expressing the suberin
biosynthesis gene GPATS5, are the outer tissue in certain regions, whereas the flanking areas remain covered by the epidermis and the cortex (red arrow).
(g) Cross-section (Ortho View of a Z-stack) of a 17-d-old root, W131Y and PI. (h) Cross-section (Ortho View of a Z-stack) of a 17-d-old root stained with
fluorescein diacetate (FDA) and PI. (g, h) Most epidermis and cortex cells are still alive before detachment. Dead cells (white arrow) do not express the
W131Y marker (g) and do not show FDA signal (h, green) but are still stained by PI. Bars: (a—f) 50 um; (g, h) 20 um. Ep, epidermis; Co, cortex.
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Fig. 4 The endodermis of Arabidopsis undergoes programmed cell death (PCD). (a) Cross and longitudinal sections (Ortho View of a Z-stack) of a 13-d-old
root stained with fluorescein diacetate (FDA) and propidium iodide (PI) in early STAGE 2. The endodermis is undergoing PCD, as shown by Pl staining of
the nuclei (white arrow) and absence of FDA in the endodermis. (b) CASP2:NLS-GFP-GUS W137Y. Cross and longitudinal section (Ortho View of a
Z-stack) of a 13-d-old root stained with PI. (c) RNS3:H2A-GFP W131Y. (d) EXI1:H2A-GFP W131Y. (e) DPM4:H2A-GFP W1317Y. (c-e) Developmental
PCD markers are expressed in the endodermis before PCD (red arrows indicate GFP signal in the nuclei of endodermal cells). Cross-sections (Ortho View of
a Z-stack) of 14-d-old roots in STAGE 1. (f, g) Autofluorescence of the casparian strips (CSs) in the region of the endodermis where lateral roots emerge
and become elongated (f; EndoA) and in the region before PCD (g; EndoB). (h) Scheme of an Arabidopsis root showing the positions along the root where
the images where acquired. (i, j) Relative intensity of fluorol yellow (FY) staining in the region of the endodermis where lateral roots emerge and become
elongated (i; EndoA) and in the region before PCD (j; EndoB) of a 14-d-old root, showing a reduction of suberin in the more mature part. (k, I) GPAT5:
mCITRINE-SYP122 SCR:NLS-2xmCherry of 12-d-old roots in the region where lateral roots emerge (k; EndoA) and in the region before PCD (I; EndoB).
(m) Quantification of endodermal cell length of 12-d-old roots. Welch's t-test (red asterisk: P<0.001; n =97-39). Box plot: the dark line in the middle of
the boxes is the median, the bottom and top of the boxes indicate the 25" and 75'" percentiles, whiskers (T-bars) are within 1.5 times the interquartile
range, the empty dots are outliers and the black stars are extreme outliers. Bars: (a—g) 20 pm; (h-1) 50 um.

process, we investigated whether suberin content varies before
endodermis PCD. For this, we analyzed FY staining along the
root, from the region of emergence of the lateral roots to where
the endodermis undergoes PCD. A small decrease in suberin
deposition was observed in the uppermost part of the endodermis
(Fig. 4i,j). Consistently, a decrease in the expression of the
suberin biosynthesis reporter GPAT5:mCITRINE-SYP122 was
detected in the mature endodermis, suggesting that endodermal
PCD is promoted by a reduction of suberin (Fig. 4k,l). We also
observed that endodermal cells are shorter in the more mature
part of the root. A complication here is that suberin biosynthesis
genes are expressed in both cell types, and thus the two cell types

© 2018 The Authors
New Phytologist © 2018 New Phytologist Trust

are difficult to distinguish at the endodermis—phellem transition
zone. Therefore, we confirm a reduction in endodermal cell
length before PCD, quantifying cell length in cells expressing
both the endodermal marker SCR:H2B-2xmCherry and the
GPAT5:mCITRINE-SYP122 (Fig. 4m).

The phellem of Arabidopsis thaliana is suberized, lignified
and partially composed of dead cells

One of the essential characteristics of phellem is the high degree
of suberization, and consequently many suberin biosynthesis
genes are expressed in the phellem of cork oak as well as the root
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and the hypocotyl of Arabidopsis (Molina ezal., 2009; Kosma
etal., 2012; Vishwanath ez al., 2013) (this work) (Figs 3a—d, S6).
FY staining decorated the outside surface of phellem cells in both
roots (Fig. 5a) and hypocotyls (Fig. S7a,b). However, suberin is
not the only polymer present in the phellem, as lignin impreg-
nates the phellem of trees (Marques & Pereira, 2013; Fagerstedt
etal., 2015; Lourenco et al., 2016).

To investigate whether the phellem of Arabidopsis comprises
lignin, we stained phellem cells with Basic fuchsin and Phloroglu-
cinol. These two stains revealed the presence of lignin in the
phellem and the lignin deposition patterns partially matched the
suberin impregnation (Figs 5b,c, S7c—e,g,i). Phellem cells were
characterized by a strong extracellular autofluorescence in the
blue—green spectrum (ex. 405 nm and em. 425-500 nm) that
coincided with the lignin/suberin deposition pattern (Figs 5d,
S7d,fi). This particular chemical composition renders the
phellem an impermeable barrier because dyes such as PI were
unable to enter the phellem tissue (Fig. 3e,f). Given that the outer
phellem cell layers die and peel off in woody species, we investi-
gated whether it also occurs in Arabidopsis. Indeed, the develop-
mental PCD marker genes RNS3, EXI1 and DPM4 were also
expressed in phellem cells (Fig. 5e—g). Moreover, the aspartic
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protease PASPA3 and SERINE CARBOXY- PEPTIDASE-
LIKE48 (SCPL48) genes were expressed in phellem, as well
(Fig. 5h,i). Phellem cell viability was then analyzed by FDA/PI
staining, and indicated that most phellem cells were alive as
shown by the FDA fluorescence (Fig. 5j). However, we observed
a few cells where FDA was excluded while PI stained the nuclei.
These cells were larger, suggesting that morphological changes
might anticipate phellem cell death (Fig. 5j). Thus, phellem cell
size was investigated in more detail. Although phellem cell length
was fairly homogeneous (Fig. S7j), when we quantified phellem
length in the uppermost region of the root of 12- and 17-d-old
plants, we observed a reduction of phellem cell length with age
(Fig. 6a—c,e). Consistently, we detected a reduction in cell length
when we compared the lower and upper part of the phellem
(Fig. 6a,c,d,f). By contrast, phellem cell area was more heteroge-
neous with most cells having an area of 200-300 um” and few
cells with an area larger than 500 ptm? (Fig. S7j). Moreover, the
number of cells with a ‘large’ area increased with periderm devel-
opment (Fig. 6g,h). As both cell length and cell area vary during
phellem maturation, we estimated the volume. Although phellem
cell volume was highly variable (Fig. 6i,j) we observed that cells
with an area of >500 um?® were associated with a large volume
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Fig. 5 Chemical composition and morphology of the phellem in the Arabidopsis root. (a) The phellem is suberized as shown by fluorol yellow (FY) staining
of the uppermost part of a 17-d-old root (3D reconstruction of a Z-stack). (b) Vibratome section of the uppermost part of a 20-d-old root stained with
Phloroglucinol (lignin staining). The black arrow indicates lignin staining of phellem cells. (c) The phellem contains lignin as shown by Basic Fuchsin staining
of the uppermost part of a 17-d-old root (3D reconstruction of a Z-stack). (d) Autofluorescence (excitation wavelength (ex.) 405 nm; emission (em.) 420—
500 nm) of phellem cell of the uppermost part of a 17-d-old root (3D reconstruction of a Z-stack). (e-i) Developmental PCD markers are expressed in
phellem cells (red arrows indicate GFP signal in the nuclei of phellem cells). Cross-sections (Ortho View of a Z-stack) of the phellem region of 12-d-old
roots. () RNS3:H2A-GFP W131Y. (f) EXI1:H2A-GFP W131Y. (g) DPM4:H2A-GFP W131Y. (h) SCPL48:H2A-GFP W1317Y. (i) PASPA3:H2A-GFP W131Y.
(j) Phellem cells die (white arrow) and peel off, as shown by fluorescein diacetate (FDA) and propidium iodide (PI) staining in the uppermost part of a 14-d-
old root (Ortho View of a Z-stack). Yellow arrow indicates a large living phellem cell. Bars: (a, ¢, d) 50 um; (b) 100 pm; (e—j) 20 um.
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and with the most mature part of the phellem, suggesting that an
increase in volume preceded phellem death (Fig. 61,j).

Conservation of periderm regulators in Arabidopsis
thaliana

The periderm of Arabidopsis seems to share features with the
phellem of trees, but it is not known if this conservation
persists at the molecular level. Very few regulators of periderm
growth have been identified so far, and no specific expression
data for the phellogen and phelloderm exists. Nevertheless, sev-
eral transcriptome datasets noted the importance of some TF
families such as the MYBs and the NACs in phellem (Soler
eral, 2007, 2011; Ginzberg eral, 2009; Rains etal, 2017;
Vulavala etal, 2017). For instance, in cork oak, QsMYB1/
MYB84/RAX3 is expressed in the phellem and expression
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responds to drought and heat stress (Almeida eral, 2013b).
Moreover, the expression of these genes is enriched in the
phellem of poplar (Rains ezal., 2017).

We analyzed the expression of MYB84/RAX3 and ANAC7S
throughout the Arabidopsis periderm. MYB84/RAX3 was
expressed in the whole periderm circumference (Figs 2k,l, 7a,d)
whereas ANAC78 was expressed in the periderm and in the
phloem of the hypocotyl and root (Fig. 7b,e). The suberin/wax
biosynthesis genes GPATS5, KCR1, HORST, DAISY, RALPH and
ASFT, which are expressed in the phellem of oak, potato and
poplar (Soler ez al., 2007, 2011; Serra ez al., 2009a,b, 2010; Rains
eral., 2017), were expressed in the Arabidopsis phellem in both
root and hypocotyl (Molina eral, 2009) (Figs 7c,f=1, S6a,e).
Thus, it seems that a certain degree of conservation exists between
Arabidopsis and other species.

N % N N 5
o
- 0 - - o
S S S
» 8 ' 9 » g
o o () o 3
£5s £ =
s E = S E
9 () G2
s £ 3
a5 £ a5
QA N Q an~
© & ] (O
(f)
120 *
£ £ T
=4 - L}
g o B 2
2 90 o g0 E Q00
N - L — % ® i F
% . 1g | = 2% SO
2 &0 = E 2 600- |
5 = ™ = £° [
£ 30 1 £ 30 : £ 300 ’:l —
|:| il = — faaas i J ﬂ - i - |
12 17 Lower  Upper 12 17
(h) Tirme (d) (i) Phellem regian () Time (d)
1200 * . 1200 o 1200
" ; ] : £
_5 000 = _ 900 '=;., 900
| - B i L
o : YE s E
R E Ll r o -
E 3 600 i 55 i Ah Di'ﬁ 55 600 . Part
= 1 3 § =12 | % * Lower
é’ 3001 — ] é 00 i 17 E 300 - Upper
o i o 50 000 0% 50 000
Lower  Upper Phellem cell Phellem cell
Phellem region volume (um?) volume {pm’)

Fig. 6 Phellem cell morphology in Arabidopsis root. (a) Scheme of a root showing the upper and the lower phellem regions. (b—d) 3D reconstructions of
Z-stacks of GPAT5:mCITRINE-SYP122 roots. GPAT5:mCITRINE-SYP122 is used to visualize phellem cells. Phellem cells at different developmental stages
showing how phellem cell length decreases with age. (b) Upper region of the phellem of a 12-d-old root. (c) Upper region of the phellem of a 17-d-old
root. (d) Lower region of the phellem of a 17-d-old root. (e) Quantification of phellem cell length measured in the upper region of the phellem of 12- and
17-d-old roots, showing that phellem length decreased during development. Welch's ¢-test (red asterisk: P <0.001; n =69-125). (f) Quantification of
phellem cell length measured in the upper and lower region of the phellem of 17-d-old roots, showing that phellem cell length decreases with age. Welch's
t-test (red asterisk: P <0.001; n=89-125). (g) Quantification of phellem cell area measured in the upper region of the phellem of 12- and 17-d-old roots,
showing that the number of phellem cells of large area increases during development. Student's t-test (red asterisk: P=0.012; n=69-125). (h)
Quantification of the phellem cell area measured in the upper and lower region of the phellem of 17-d-old roots, showing that the number of phellem cells
of large area increases during development. Student's t-test (red asterisk: P=0.001; n=89-125). (e-h) Box plots: the dark line in the middle of the boxes is
the median, the bottom and top of the box indicates the 25" and 75" percentiles, whiskers (T-bars) are within 1.5 times the interquartile range, the empty
dots are outliers and the black stars are extreme outliers. (i, j) Plots of phellem cell volume vs phellem cell area. Bars, 50 um.
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Discussion

Periderm development in Arabidopsis thaliana root and
hypocotyl

In this study, we set up a means to study periderm biology in
Arabidopsis thaliana, providing a suite of tools and a detailed
characterization of periderm growth in the form of identifiable
stages. It was previously reported that a periderm is established in
the root and in the hypocotyl of Arabidopsis. Consistently, we
show that the stems of the most commonly used Arabidopsis
strains lack a periderm. In addition, enhanced longevity and sec-
ondary growth do not trigger periderm formation in the stem of
socl full plants grown in standard growing conditions, indicating
that the epidermis in stems can adapt to a large amount of radial
expansion. However, we cannot rule out that in extreme growing
conditions or in other strains, which push the life span of
Arabidopsis even further, a periderm could be produced in the
stem.

In Arabidopsis hypocotyl and root, periderm growth is not a
minor localized process, as the periderm covers one-third of the
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length of a mature primary root, the uppermost part of lateral
roots and the whole hypocotyl of a flowering plant. Periderm
growth occurs under different photoperiods and growing condi-
tions and it mainly follows plant growth progression, in the sense
that it is formed earlier in plants in which growth is accelerated.
This combination of features makes Arabidopsis a robust model
to study the molecular mechanisms of phellogen establishment
and maintenance. In both root and hypocotyl, the periderm
arises from an inner tissue to become an external barrier, which
can be considered to be a complex process. For a better under-
standing of this process, we visualized periderm growth and
defined a set of six stages that cover several intermediate steps
from the onset of pericycle divisions that establish the meristem-
atic phellogen to phellem maturation. These stages will help to
compare periderm growth in different genetic backgrounds,
paving the way for understanding the periderm regulatory
network.

In woody species, phellem cells are characterized by lignin in
addition to a higher content of suberin and undergo a maturation
process that leads to death and peeling off. The presence of
lignin, suberin and associated waxes in the phellem gives the

Vi

HORST:NLS-GFP-GUS
s . !

Fig. 7 Periderm-associated gene expression
in Arabidopsis. (a—c, g—i) Plastic cross-
sections of GUS staining of 17- to 19-d-old
hypocotyls (STAGE 4). (d—f, j-I) Cross and
longitudinal sections (Ortho View of a Z-
stack) of 12- to 15-d-old roots (STAGE 5/6).
(d, e) The MYB84 and the ANAC78 reporters
lines were crossed to the W131Y line, to

i
' outline all cells. (f, j-I) Autofluorescence
(excitation wavelength (ex.) 405 nm,
i emission (em.) 420-460 nm) is used to
; visualize the phellem. (a, d) MYB84 is
S specifically expressed in the periderm of the
S/‘ | hypocotyl (a) and the root (d). (b, €)

ANAC78 is expressed in the phellem and the
phloem of the hypocotyl (b) and the root (e).
(c, f) HORST is expressed in the phellem of
the hypocotyl (c) and the root (f). (g, j) KCR1
is expressed in the phellem of the hypocotyl
(g) and the root (j). (h, k) DAISY is expressed
in the phellem of the hypocotyl (h) and the
root (k). (i, I) RALPH is expressed in the
phellem of the hypocotyl (i) and root (I). Bars:
(d-f, j-1) 50 um; (a—c, g—i) 100 um.
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periderm barrier properties. It offers protection against pathogens
(Lulai & Corsini, 1998; Thangavel etal., 2016) and it reduces
water and solute losses (Beisson efal, 2007). For instance, a
somaclonal variant of potato resistant to pathogenic Strepromyces
is characterized by an increased number of phellem cell layers
and suberin deposition (Thangavel ez al., 2016).

As in trees, in Arabidopsis, the phellem is highly suberized
and many of the genes coding for suberin biosynthesis enzymes
are expressed in this tissue (Molina ezal, 2009; Vishwanath
etal., 2013) (this work) and therefore can be used as reporters
for the phellem. Similarly, we show that Arabidopsis phellem
is also lignified and it undergoes a maturation process that
results in an increase of cell volume and ultimately in cell
death, keeping a constant number of phellem cell layers. In
summary, Arabidopsis can be used in pioneering works to
study phellem biology in response to biotic and abiotic stresses
for breeding programs.

Only a few transcription factors are known to regulate phel-
logen and phellem production in trees. Remarkably they are also
expressed in Arabidopsis, suggesting a conserved gene core that
controls periderm growth. Among them, QsMYBI/MYB84/
RAX3 is upregulated in the phellem of cork oak upon heat and
drought stress (Almeida ez /., 2013b) and it also accumulates in
the poplar phellem (Rains ezal, 2017). In Arabidopsis, it was
previously reported that MYB84/RAX3 regulates axillary meris-
tem formation together with its closest homologs MYB37/RAX1
and MYB38/RAX2 (Muller ez al., 2006) and it may control lateral
root formation (Feng etal, 2004). The specific expression pat-
tern and conservation among species renders MYB84/RAX3 a
good marker to study periderm development and it will be inter-
esting to further study its function in the Arabidopsis root.

PCD shapes periderm growth

Many plant developmental programs, for example xylem vessel
and anther differentiation, involve a step of PCD (Olvera-
Carrillo et al., 2015). Here, we reveal that PCD is a crucial event
during periderm development. As the periderm arises from the
pericycle to become the outer protective barrier, the epidermis,
the cortex and the endodermis have to accommodate periderm
growth and are finally removed. This process follows a predeter-
mined pattern and includes two independent mechanisms: PCD
and abscission.

In the root, the endodermis undergoes PCD, whereas the epi-
dermis and the cortex break and are abscised from the periderm.
Consistently a set of genes, identified as developmental PCD
markers (Olvera-Carrillo ez al., 2015), were expressed exclusively
in the endodermis and the phellem (which is also dying) and the
epidermis and cortex were still alive when they become detached
from the periderm. Endodermal PCD is a gradual event as it does
not occur in all endodermal cells at the same time and it is pre-
ceded by a reduction in cell length and suberin deposition.
Remarkably, in the hypocotyl both the endodermis and the inner
cortex undergo PCD sequentially, whereas the outer cortex and
the epidermis are detached. PCD starts in the endodermal cells
located at the phloem poles, it expands to the neighboring
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endodermal cells, it then occurs in the endodermal cells at the

xylem poles and finally it reaches the inner cortex. These succes-
sive steps suggest a complex mechanism of regulation and com-
munication between tissues. Mechanical tensions may play a key
role, as suggested by the elliptical shapes of the hypocotyl. In fact,
the phloem poles (where PCD starts) can be considered as the
foci of the ellipse. Future studies directed to the alteration of the
physical/chemical properties of the cell walls of the outer tissues
may highlight the mechanical regulation of this process. More-
over, the cortex in the hypocotyl represents the ideal cell type to
study this communication aspect because the two cell layers of
the same tissue (same cell identity) share different fates: the inner
cortex undergoes PCD while the outer cortex is abscised.
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Fig. S1 Periderm formation in Arabidopsis.

(a) 3D reconstruction of a Z-stack of a 25-day-old hypocotyl stained with PI. PI stains the outer
side of phellem cells (as it does not penetrate the phellem). Phellem cells (orange arrow) cover
the hypocotyl entirely. (b) A periderm is formed in the uppermost part of the root. Quantification
of root length and phellem length in Col-0 plants at different days after sowing (das) (in vitro;
continuous light) (6 das n=17; 8 das n=17; 13 das n=17; 17 das n=18). (c) Periderm extension
can be quantified as the ratio of phellem length/ root length. Ratio of phellem length/ root length
of b. (d) 3D reconstruction of a Z-stack of a 25-day-old root stained with PI showing a primary
and a lateral root. Phellem cells (orange arrow) cover both the lateral and primary root. (e-h)
Plastic cross-sections of the base of 3-month-old stems. Plants were grown in soil under long day
conditions (LD). (e) Col-0. (f) Ler-0. (g) Ws-2. (h) Ws-4. A periderm is not formed and the
epidermis is still visible (black arrow). (i-1) Plastic cross-sections of the stem base: (i) Col-0 (3-
month-old), (j) socl-2 full-2 (6-month-old), (k) Ler-0 (3-month-old) and (1) soci-1 full-1 (3-

month-old). Plants were grown in soil LD. A periderm is not even formed in soc/ full double



mutants (epidermis: black arrow). White and black scale bar: 100pum. Yellow asterisk: vascular
bundle.

(9)
Conditions Flowering time Periderm
CL; in vitro (1/2MS | 20-21d At 10-12d in the uppermost part of the
with 1% sugar) root, the phellem is the outer tissue.

In the hypocotyl, a ring of phellem cells is
already present at 15d.

LD; soil 30-32d In the hypocotyl, a ring of phellem cells is
already present at 21d.

SD; soil More than 42d In the hypocotyl, a ring of phellem cells is
already present at 28d.

Fig. S2 Periderm establishment in the hypocotyl and in the root grown under different
conditions.

(a-d) Plastic cross-sections of Col-0 hypocotyls grown under different conditions. (a) /n vitro on
1/2 MS agar with 1% sugar under continuous light (CL). (b) In vitro on 1/2 MS agar (without
sugar) under CL. (c) On soil under long day (LD). (d) On soil under short day (SD). (e-f) Plastic
cross-sections of Col-0 roots grown under different conditions. (e) In vitro on 1/2 MS agar
(without sugar) under CL. (f) In vitro on 1/2 MS agar (without sugar) under LD. (g) Table of
flowering time and periderm formation. The periderm is established before flowering. Black

scale bar: 100um, white scale bar: 20pum. Red bracket: periderm.
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Fig. S3 Stages of periderm development in the hypocotyl of plants grown under different
conditions.

(a-d) Plastic cross-sections of hypocotyls grown in soil under short day (SD) conditions at
different time points. (a) 14-day-after-sowing (das)/STAGE 1. (b) 21das/STAGE 2. (c) 28
das/STAGE 4. (d) 35 das/STAGE 5. (e-h) Plastic cross-sections of hypocotyls grown in vitro on
1/2 MS with 1% sugar under continuous light (CL) at different time points. (e) 6-day-
old/STAGE 1. (f) 9-day-0old/STAGE 2. (g) 12-day-old/STAGE 3. (h) 15-day-old/STAGE4. Red

bracket: periderm, red dot: pericycle/phellogen, blue square: endodermis, black square: phellem,



Ep: epidermis, Oc: outer cortex, Ic: inner cortex. (i) Plastic cross-section of a 4 day-old
hypocotyl at STAGE 1 showing that the first pericycle divisions occur at the xylem poles (red
arrow, pp: phloem poles). (j) Quantification of the eccentricity of endodermal cells of 7-day-old
and 10-day-old hypocotyls (soil; long day) Welch’s t-test (red asterisk: p=<0.001; n=120-128).
(k) Quantification of the occurrence of PCD in the inner cortex at different positions. We defined
8 possible positions in the hypocotyl: 2 phloem poles (Pp), 2 xylem poles (Xp) and 4 in between
poles positions (Other), thus in a random distribution, we expect 25% at Pp, 50% at Other and
25% at Xp Cross-sections from independent experiments from plants grown under different
conditions were used for the quantification (n=106). (1) Quantification of the position of cortex
and epidermis breaking in the hypocotyl performed as in k (n=56). (m) Cross-section of a 14-
day-old root at STAGE 1 showing that the first pericycle divisions occur at the xylem poles (red
arrow, pp: phloem poles). (n) Quantification of the occurrence of PCD in the root endodermis at

different positions, performed as in k (n= 77). Black scale bar: 100um, white scale bar: 20pm.



W131Y EndoB

W131Y EndoB

W131Y EndoB

Fig. S4 Periderm formation in lateral roots, phelloderm stainings and programmed cell death in
the root endodermis.

(a-c) Periderm formation in lateral roots occurs like in the main root and it is possible to identify
the same stages. Plastic cross-sections of an old lateral root (LR) from a 25-day-old plant (1/2MS
1% sugar continuous light (CL)) stained with Toludine Blue (TB). Red bracket: periderm, red
dot: pericycle/phellogen, blue square: endodermis, black square: phellem, Ep: epidermis, Co:
cortex. (d) Vibratome section of the uppermost part of a 24-day-old root stained with TB. (e-f)
Plastic sections of the uppermost part of 16-17-old-day roots stained with TB ((e) black and
white picture; (f) color picture). (g) Vibratome section of the uppermost part of a 24-day-old root
stained with Ruthenium Red. (h) Orthoview of a Z-stack of a 17-day-old root. Autofluorescence



in the red spectrum (ex. 561nm; em. 570-630nm; white arrow) and reporter line W131Y. The
black arrow indicates the presumptive phelloderm-to-phloem border. pl: phellem ph: phellogen
and pd: phelloderm. (i) Cross and longitudinal sections (Ortho View of a Z-stack) of a 13-day-
old root stained with FDA in the region of the endodermis where lateral root are emerged
(EndoA). FDA stains the epidermis, the cortex, the endodermis and the pericycle. (j) RNS3:H2A-
GFP Wi31Y. (k) EXI1:H2A-GFP W131Y. (1) DPM4:H2A-GFP W131Y. (j-1) Confocal images of
12-day-old roots. Developmental programmed cell death (PCD) markers are expressed broadly
in the endodermis at STAGEI (EndoB: region of the root prior to endodermis PCD). (m-o0) Cross
and longitudinal sections (Ortho View of a Z-stack) of 12-day-old roots. Expression of
ESB1:ESB1-mCherry (m-o0) and CASP1:CASP1-mCherry (n-p) in the region of the endodermis
where lateral root are emerged (m and n; EndoA) and in the region prior to endodermis PCD (o
and p; EndoB). White and black scale bar: 20um, red scale bar: 25pum and yellow scale bar: 100

pm.



Fig. S5 Programmed cell death in the hypocotyl during periderm growth. (a-k) Developmental
programmed cell death (PCD) markers are expressed (red arrows) in the endodermis (a-c), in the
inner cortex (d-f) and in the phellem (g-k) in the hypocotyl prior to PCD. Vibratome sections of
the hypocotyl of RNS3:H2A-GFP (a,d,g), EXI1:H2A-GFP (b,e,h) and DPM4:H2A-GFP (c.f,i) at
12, 18 and 21 das respectively. Vibratome sections of the hypocotyl of SCPL48:H2A-GFP (j)
and PASPA3:H2A-GFP (k) at 21 das. White scale bar: 20pum, black scale bar: 100pm.



Fig. S6 Several suberin biosynthesis genes are expressed in the phellem.

Plastic cross-sections of GUS staining of 17-day-old hypocotyls (a-d) and roots (e-h). Plants
were grown in vitro on 1/2MS with 1% sugar under continuous light. (a,e) ASFT:NLS-GFP-
GUS. (b,f) FARI:GUS. (c,g) FAR4:NLS-GFP-GUS. (d,h) FAR5:GUS. Black scale bar: 100um.
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Fig. S7 Chemical composition of hypocotyl phellem cells.

(a,c,e-f) 35-day-old hypocotyls at STAGE 6 of periderm development. Plants were grown in soil
under long day conditions. (b,d,g-i) Hypocotyls at STAGE 4 of periderm development.
Vibratome sections of 19-day-old plants. (a,e-f) 3D reconstruction of a Z—stack. (a-b) Fluorol
yellow (FY) staining shows suberin deposition in phellem cells. (b) Confocal image of FY
staining. Upper panel: FY channel, Lower panel: overlay of the transmitted light and FY
channels (c-d) Vibratome sections stained with Phloroglucinol (lignin staining, purple

coloration). (e,g) Basic Fuchsin staining shows lignin deposition in phellem cells. (f}h)



Autofluorescence (ex. 405nm; em. 420-500nm) of phellem cells. (g-i) Confocal images of Basic
Fuchsin staining. (g) Basic Fuchsin channel. (h) Autofluorescence channel. (i) Overlay of the
autofluorescence, transmitted light and Basic Fuchsin channels. (j) Plot of phellem cell length vs.
phellem cell area. White bar: 100um, black scale bar: 50pm and yellow scale bar: 20um. The

black and the white arrows indicate phellem cells. Ep: epidermis, Oc: outer cortex.
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Summary

e The periderm surrounds the vascular cylinder and acts as the first line of defense during
secondary growth.

e Auxin accumulates in the phellogen and auxin signaling is required for periderm
formation.

e Both Lateral roots (LR) and the phellogen arise from the pericycle and many LR
regulators are expressed during periderm development and mutants in early LR
regulators such as IAA28, GATA23, ARF7 ARF 19 display altered periderm formation.

e However, a periderm can be formed even in the absence of LRs and LRs can develop
in plants with an impaired periderm although both organs arise from the pericycle.

e Periderm development and lateral root formation are competing processes.

Keywords: Arabidopsis, Endodermis, Periderm, Phellem, Secondary growth, Lateral root

formation, Auxin.



Introduction

The periderm surrounds the vascular cylinder and acts as the first line of defense of plants
during secondary growth. It is formed by a lateral meristem, the phellogen/ cork cambium, that
divides in a bidirectional manner to produce inwards the phelloderm cells and outwards the
phellem/cork cells (Esau, 1977). These three tissues together are referred to as the periderm.
Likewise the epidermis during the primary development, the periderm is a protection against
biotic and abiotic stress during secondary growth. It effectively restricts gas exchange, water

loss and pathogen infestation (Groh et al., 2002; Lendzian, 2006; Lulai and Freeman, 2001).

Stems, branches, and roots of most woody eudicotyledons, and gymnosperms develop a
periderm that replaces the epidermis once it can no longer accommodate to radial growth. Also
underground stems such as the potato tuber can form a periderm. In the herbaceous model plant
species Arabidopsis, a periderm is present in the mature main root, lateral roots and the
hypocotyl, whereas it has not been reported in stems (Wunderling et al. 2018). Periderm
development can be followed along the same root as it represents a gradient of secondary
growth. Root periderm of most plant species including Arabidopsis arises from the pericycle,
an inner tissue that is surrounded by several cell layers (ground tissues and epidermis), and
becomes the external tissue protecting the vasculature (Wunderling et al., 2018; Esau, 1977).
In Arabidopsis, we recently described 5 distinct stages of periderm development taking also in
consideration the fate of the epidermis, cortex and endodermis. For instance, the endodermis
undergoes programmed cell death during stage 2 whereas the epidermis and the cortex break
during stage 3/4 and are abscised from the root in stage 5. At maturity (stage 6) the periderm
consists of three to four cell layers comprising the phellem, the phellogen and one layer of
phelloderm cells. Upon periderm formation the endodermis undergoes PCD while the

epidermis and the cortex/outer cortex are abscised from the root.

Periderm development shares some mutual characteristics with lateral root (LR) formation
however it is not known whether they share the same regulatory networks. LRs and the periderm
both arise from the pericycle (Wunderling et al., 2018; Malamy and Benfey, 1997) and cell
elimination contributes to organ growth during both processes. Endodermal cells undergo PCD
during periderm development (Wunderling et al., 2018) and similarly during LR emergence,

some LR primordia- overlying endodermal cells undergo cell death (Escamez et al., 2018).

LRs are formed from xylem pole pericycle cells, the so-called founder cells (Malamy and

Benfey, 1997). The LR founder cells are primed by auxin (De Smet et al., 2007; Moreno-



Risueno et al., 2010; Van Norman et al., 2013) and auxin plays a critical root during the lateral

root development (Lavenus et al., 2013).

Different auxin signaling modules, consisting of Aux/ INDOLE-3-ACETIC ACID
INDUCIBLEs (Aux/IAA) and AUXIN RESPONSE FACTOR (ARF) proteins regulate
different steps of lateral root formation (De Rybel et al., 2010). LR priming is controlled by an
IAA28-dependent auxin signaling module. One target of this group is GATA23, encoding a
transcription factor that triggers the acquisition of lateral root founder cell identity (De Rybel
et al., 2010). The divisions of LR founder cells are regulated by an auxin signaling module that
involves IAA14/SLR, ARF7 and ARF19 (Fukaki et al., 2005; Okushima et al., 2005a, 2007,
Wilmoth et al., 2005; Lee et al., 2009; Goh et al., 2012). Signaling targets of this group are
genes encoding the LBD transcription factors LBD16, 18, 29, and 33 as well as ARF19 itself
(Okushima et al., 2005a, 2007). Together with a third group consisting of IAA12/BDL and
ARF5/MP, the IAA14/SLR module is also important for LR initiation and LR primordia
patterning (Vanneste et al., 2005; De Smet, 2010). ARF6 and ARFS is predicted to positively

regulate a group of genes involved in lateral root fomation. (Lavenus et al., 2015)

Auxin signaling is not only involved in LR formation but also in vascular stem cell initiation
and cambium maintenance. For example the auxin responsive transcription factor
MONOPTEROS (MP)/AUXIN RESPONSE FACTORS5 (ARF5) is essential for the
specification of vascular stem cells during embryogenesis (Hardtke and Berleth, 1998) and
plays a role in cambium homeostasis by restricting the number of stem cells in a cell-

autonomous fashion (Brackmann et al., 2018)

The similarities between LR formation and periderm development as well as the fact that auxin
signaling is involved in secondary growth led us to investigate the role of auxin and LR
regulators during periderm development. Here we demonstrate that in the Arabidopsis root
auxin accumulates within the phellogen and auxin signaling is required for periderm formation
as locally impaired auxin signaling results in periderm disorganization. Furthermore, many LR
regulators are expressed during periderm development (GATA23, ARF7, ARF19,ARF17, ARF6
and LBD16). However only mutants in early LR regulators such as [AA28, GATA23, ARF7
ARF19 display periderm phenotypes. In case of iaal8, slr-1 and CASPI::shy2.2 the periderm
development is accelerated and decelerated for iaa28 and GATA23 RNAi as well as nearly
abolished in sur/ mutants. Furthermore the periderm of iaa28-1 is not and of arf7 arf19 very
weakly able to respond to an exogenous auxin application. In contrast, a periderm can be formed

even in the absence of lateral roots and lateral roots can develop in plants with an impaired



periderm although both organs arise from the pericycle. This indicates that periderm

development and lateral root formation are competing processes.

Materials and Methods
Plant material and growth

Transgenic plant lines are in Col-0 background unless it is specified otherwise in the text or
figures. Plants used for microscopy and periderm extension experiments were grown under
continuous light condition in vitro on 1/2MS plates supplemented with 1% sugar unless it is
specified otherwise in the text or figures (on soil under long-day conditions). For NAA and
NPA treatments, plants were transferred after 7 days of growth on 1/2MS 1% sugar to 1/2MS
1% sugar SuM NPA/ 10uM NPA /0,1 uM NAA / 1uM NAA / mock respectively. 355::D2-
VENUS (N799173 Brunoud et al., 2012), 35S5::m-D2-VENUS (N799174 Brunoud et al., 2012),
R2D2 (RPS5A::m-D2-dTomato RPS5A::D2VENUS) (from Dolf Wejers; Liao et al., 2015),
DR5::ERGFP (Ulmasov et al., 1997), GATA23::NLS-GFP-GUS (from Bert de Rybel; De
Rybel et al., 2010) UBQ10:eYFP-NPSN12 (W131Y) (Geldner et al., 2009), ARF7::NLS-3xGFP
(N67080; Rademacher et al., 2011) Wi31Y, ARF19::NLS-3xGFP (N67104; Rademacher et al.,
2011), ARF17::NLS-3xGFP (N67100; Rademacher et al., 2011) Wi31Y, ARFS8::NLS-3xGFP
(N67082; Rademacher et al., 2011) ARF6::ARF6-GFP (from Dolf Weijers) WI31Y,
LBD16::GUS (N68141), PERI15::NLS-GFP-GUS (from Joop Vermeer),slr-1 (from Charles
Melnyk), bdl-.2 (from Charles Melnyk), iaal8-1 (from Charles Melnyk; Ploense et al., 2009),
iaa28-1 (from Charles Melnyk; Rogg et al., 2001), axr3-1 (from Charles Melnyk; N57504),
alf4-1 (from Charles Melnyk; DiDonato et al., 2004), axrl-12 (from Charles Melnyk; Timpte
etal., 1995), arf7 arfl19 (N24629; Okushima et al., 2007), surl-1/rtyl-1 +DR5::GUS (N16708;
Stepanova et al., 2007), CASPI::shy2-2 and PERI5::shy2.2 were gifts from J. Vermeer
(University of Zurich, Switzerland), GATA23 RNAIi line 1-2 and 7-3 (from Tom Beeckman; De
Rybel et al., 2010), .

Histology and staining

Root and hypocotyl plastic cross-sections were obtained as described in (Barbier de Reuille &
Ragni, 2017) 0.5 mm below or above the hypocotyl-root-junction, stained with 0.1 % toluidine
blue and imaged with a Zeiss Axio M2 imager microscope or a Zeiss Axiophot microscope.

The GUS assay was performed according to (Beisson et al., 2007).

Confocal Microscopy



Confocal images where acquired from whole-mount samples with a Zeiss LSM880. For green
fluorescent protein (GFP): excitation wavelength (ex.) 488 nm; emission (em.) 490-510 nm.
For yellow fluorescent protein (YFP) and mCitrine: ex. 514 nm; em. 520-540 nm. For mCherry:
ex. 561 nm; em. 570-630 nm. For phellem autofluorescence: ex. 405 nm; em. 420-500 nm or
ex. 405 nm; em. 420-460 nm if combined with GFP or YFP. 3D reconstructions and Ortho

Views of a Z-stack were obtained using the ZEN Black pro software.
Image analyses and statistical analyses

Periderm extension was measured as described in Wunderling et al., 2018. The ratio of phellem
length to root length was calculated from at least 15 roots per time point and plant line. Root
diameter and periderm cell layers were measured on plastic cross-sections of most mature root
parts. All statistical analyses were performed using IBM SPSS Statistics version 24 (IBM).
Datasets were at first tested for homogeneity of variances using Levene's Test of Equality of
Variances. Then the significant differences between two datasets were calculated using a
Welch’s t-test in case of a non-homogenous variance or a Student’s t-test if the variance is

homogeneous. The threshold for significance was set to a p-value < 0.05.
Molecular cloning

The PERI5 promoter was amplified from genomic DNA with the primers: A-pPERIS5
(AACAGGTCTCAACCTCATAACCTCTGAATTAAGCCA) and Br-pPERI5R
(AACAGGTCTCATGTTTGTCAAATTTTCCGCTAGCTA) and cloned into pGG-AO using
the GreenGate cloning system (Lampropoulos et al., 2013). The SYP122 coding sequence was
recloned into pGG-D0. To obtain the line PERI5::mCherry-SYPI122, the final GreenGate
reaction was assembled in pGGZ003 using also the published and publicly available modules:

pGGB003, pGGCO15, pGGEOOI and pGGF005 (Lampropoulos et al., 2013).

Results
Auxin promotes the periderm development

To determine whether auxin signaling regulates periderm development in Arabidopsis, at first
we analyzed the auxin concentration and activity pattern during periderm formation. Therefore
we examined several transgenic auxin concentration and activity reporter lines using confocal
fluorescence microscopy. The ratiometric auxin sensor reporter R2D2 shows that auxin

accumulates at high levels in the phellogen (red arrows) and in the stele of a mature root (Fig.



1b,c), whereas in the phellem auxin levels are lower. Consistently, auxin signaling takes place
within phellogen cells (black arrows) and stele as demonstrated by DR5::ERGFP expression
(Fig. 1d). To investigate whether auxin is required for proper periderm development, we first
tested the effect of NPA, auxin transport inhibitor, on periderm growth. Consistently with
previous results, NPA-treated plants had significantly shorter roots (Fig. 1e) and ceased to form
LRs. We analyzed periderm extension using the ratio of phellem length to root length as an
indirect measurement of periderm dynamics. Periderm extension was significantly reduced in
10uM NPA- treated plants compared to mock control and SuM NPA- treated plants (Fig. 1g).
However, both 5 and 10 uM NPA-treated plants display the same root length that was
significantly shorter than for the mock control (Fig. 1e). Root cross-sections of plants of both
NPA treatments show a smaller root diameter (Fig. 1i,j) compared to untreated Col-0 plants
(Fig. 1h) and have still some cortex and epidermis cells attached to the periderm (Fig. 11,j) while
the periderm is already the outside tissue in mock-treated plants (Fig. 1h). This suggests that a

severely inhibited auxin transport and signaling leads to a reduced periderm development.

To corroborate these results we examined the opposite situation using an exogenous auxin
application. Therefore we treated plants with NAA, a synthetic auxin that effects an over-
proliferation of lateral roots. The periderm extension is significantly higher in 1luM NAA-
treated plants than in mock- or 0.1 pM NAA- treated plants (Fig. 1m) and also the phellem
length itself is significantly larger in 1uM NAA- treated plants than in mock- treated plants (Fig
11) although the root length is significantly shorter (Fig. 1k). 1uM NAA-treated plants show a
closed ring of phellem cells in root cross-sections (Fig. 1p) at a stage when the ring is not yet
closed in mock- or 0.1 uM NAA-treated plants (Fig. In,0). This indicates that a high
concentration of auxin and increased auxin signaling accelerates periderm development. In
conclusion, an altered auxin signaling indeed effects periderm development suggesting that the

periderm is regulated by auxin.
LR regulators are expressed during periderm development

As we have shown that auxin accumulates in the phellogen and has an effect on periderm
development we further analyzed if the periderm shares more molecular regulators with LR
formation. At first we determined if molecular regulators of lateral root formation are expressed
in the periderm (Fig. 2). IAA28, which controls LR priming is expressed in the periderm only
in the root and not in the hypocotyl (preliminary). GATA23 was shown to control lateral root
founder cell specification downstream of IAA28 (De Rybel et al., 2010) and is expressed in the
periderm of roots (Fig. 2a,d) and hypocotyls (Fig. 2e,f) throughout periderm development.



ARF7 and ARF19 are involved in several steps of LR formation and are also expressed
throughout root periderm development (Fig. 2b,c). LBD16 is a target of ARF7 and ARF19 in
LR formation (Okushima et al., 2007) and is expressed in the periderm of root (Fig. 2i) and
hypocotyl (Fig. 2j). ARF6 and ARFS are promoting adventitituous root formation and are also
expressed in the phellem and phellogen of roots (Fig. 2g).

Mutants in early LR regulators show periderm defects

As several LR regulators are expressed in the periderm we determined their role during
periderm development. Therefore we used transgenic plant lines that are mutated in regulatory
genes of the auxin-dependent early LR formation. At first we investigated the dominant mutant
iaa28-1, which suppresses LR initiation as the protein cannot be degraded in the presence of
auxin (Rogg et al., 2001). iaa28-1 plants show a significantly decreased periderm extension
(Suppl. Fig. 1c) and a delay in periderm development in the root with only few differentiated
phellem cells in cross-sections (Fig. 3b) while the Ws control already has a ring of phellem cells
(Fig. 3a). GATA23 controls LR founder cell identity downstream of IAA28 and GATA23 RNAi
lines have a decreased LR density (De Rybel et al., 2010). In the strongest line we could observe
a mild reduction in periderm extension (white box Fig. 5 o, line 1-2 stronger, 7-3 weaker)
compared to Col-0 suggesting a decelerated periderm development (preliminary results). The
gain-of-function mutation s/r-1 decreases auxin-inducible gene expression (Fukaki et al, 2002)
and s/r-1 mutants do not have lateral roots. Periderm extension is significantly increased in sir-
1 compared to Col-0 (Suppl. Fig. 1i) indicating an accelerated periderm development sir-1
plants show a disorganized xylem in root cross-sections (Fig. 3f) although the overall secondary
growth is comparable to Col-0 (Fig. 3e) with a tendency to a larger root diameter than Col-0
(Suppl. Fig. 2a) but the same number of periderm cell layers (4 layers in slr-1 and Col-0) and a
normally developed periderm in root cross-sections (Fig. 3f). Also plants with the gain-of-
function mutation iaal8 show a significantly increased periderm extension (Suppl. Fig. 1f) and
the periderm in root cross-sections already shows a ring of phellem cells (Fig 3d), which is not
yet closed in Ler control roots (Fig. 3c) suggesting an accelerated periderm development.
TIAA18, IAA14 and most likely IAA28 negatively regulate ARF7 and ARF19 transcriptional
activators that positively regulate lateral root formation (Uehara et al. 2008). In the arf7 arf19
double mutant, several auxin-responsive genes (e.g. IAA5, LBD16, LBD29 and LBD33) are no
longer up-regulated by auxin and thus, LR formation is not initiated. We were able to show that
these plants still have a normally developed periderm with phellem cell differentiation in root
cross-sections (Fig. 3h) like Col-0 (Fig. 3g). The periderm extension of arf7 arfl19 (Suppl Fig.

11) 1s similar to Col-0 whereas the arf7 arfl9 root diameter has a tendency to be smaller than in



Col-0 (Suppl. Fig. 2a) and the number of periderm cell layers is reduced in arf7 arf19 (3 -4
layers) roots than in Col-0 (4 layers). Furthermore we found a periderm present in roots of
plants with defects in less important regulators of LR formation, alf4-1, axrl-12, bdl-2 and
axr3-1 (Suppl. Fig3). In root cross-sections of alf4-1 the periderm seems to comprise one more

cell layer than in Col-0 and the periderm area seems to be larger (preliminary results).

A transgenic line with an impaired auxin-signaling pathway outside of the pericycle/periderm
is CASP1::shy2-2. It harbors a dominant version of short hypocotyl 2 (shy2)/iaa3 that cannot
be degraded and is expressed in the endodermis. This causes endodermis cells to stay turgid
and block lateral root emergence and thus lateral roots are not even initiated (Vermeer et al.,
2014). We found the periderm extension to be increased in CASP1::shy2-2 compared to Col-0
plants (Fig. 4c) while the root length is the same for both (Fig. 4a). In root cross-sections
CASP1::shy2-2 plants show a normal periderm that even develops faster than in Col-0 with an
early phellem cell differentiation (Fig. 4e red arrows: phellem cells). At a later stage the ring of
phellem is normally differentiated (Fig. 4f,g). Additionally, the root diameter of CASP1::shy2-
2 cross-sections is larger than in Col-0 plants (Suppl. Fig. 2b) with an increased number of
periderm cell layers (3 or 4 in CASPI::shy2-2, 3 in Col-0). These results indicate that the
periderm development of CASP1::shy2-2 is accelerated compared to Col-0.

In conclusion, plants with impaired auxin-dependent early LR regulators develop a periderm
but show some periderm phenotypes like an accelerated (iaal8, slr-1) or decelerated (iaa28)
periderm development compared to control plants or an additional periderm cell layer (alf-4-

1).

Since many mutants and transgenic lines with no emerged lateral roots display a normal
periderm organization, we next examined whether their periderm could still respond to an auxin
treatment. Periderm extension is significantly increased with 1 pM NAA treatment compared
to mock in iaal8-1 roots and the increase is comparable to the NAA-induced increase in Ler
control plants (Fig 5c). In contrast, periderm extension does not increase with the NAA
treatment in iaa28-1 roots while there is a significant increase of periderm extension in Ws-
control roots upon NAA treatment (Fig. 5c). Furthermore, CASP1::shy2-2 roots display a strong
increase in periderm extension upon NAA treatment like the Col-0 control but there is only a
mild increase in arf 7 arf 19 double mutant roots (Fig. 51). Additionally both GATA23 RNAi
lines show an increased periderm extension in roots upon NAA treatment like the Col-0 control

(Fig. 50). These results suggest that the periderm of iaal8-1, CASP1::shy2-2 and GATA23 RNAi



lines is still able to respond to auxin while the periderm of iaa28-1 and arf7 arfl9 is not able to

respond to auxin.
Over-proliferation of adventitious roots nearly eliminates periderm

Next, we examined the periderm of superroot 1 (surl) mutants that display an over-proliferation
of adventitious roots due to an overproduction of auxin in the hypocotyl (Pacurar et al., 2014).
Periderm extension is strongly reduced in the root of sur/ mutants compared to Col-0 (Suppl.
Fig. 11). Cross-sections show that secondary growth and also periderm development is very
delayed in surl mutants compared to wild type plants in the root (Fig. 6b) and in the hypocotyl
(Fig. 6d). Because of the abundance of adventitious roots in the hypocotyl, a periderm cannot
be distinguished in cross-sections (Fig. 6d). This suggests that the over-proliferation of
adventitious roots caused by auxin overproduction in the hypocotyl inhibit the periderm

formation.

Locally blocking auxin signaling in the periderm results in a disorganized/delayed

periderm development

Next we examined plants that have an altered auxin signaling in the periderm using the
periderm-specific promoter PEROXIDASE 15 (PERI15) to express the dominant version of
SHY2/IAA3 that cannot be degraded in presence of auxin. The PERI5 promoter is mainly
active in the pericycle when periderm formation begins and at later stages in the phellem and
phellogen of roots (Suppl. Fig 4a,b) and hypocotyls (Suppl. Fig 4c). PERI15:shy2-2 plants
displayed a normal root growth with an even longer primary root length compared to Col-0
plants (Fig. 7a). However lateral root density was slightly reduced in PERI5::shy2-2 plants
(Suppl. Fig. 4p) and the distribution of lateral root stages was shifted towards early stages in
PERI5::shy2.2 compared to Col-0. The mild defects in LR formation may be explained by the
fact that the PER15 promoter is active in the endodermis when lateral roots are emerging, thus
it partially recapitulates the phenotype of CASP1:shy2-2 plants (Vermeer et al., 2014). But still,
periderm extension was strongly decreased in PERI5::shy2-2 plants compared to Col-0 (Fig.
7c). Analyzing cross-sections, at an early stage when the pericycle is still present, no obvious
phenotype is visible between the hypocotyl of PERI5::shy2-2 (Suppl. Fig. 4e) and Col-0
(Suppl. Fig. 4d). At a later stage, we found missing periderm cells at phloem poles and abnormal
division planes of cells in the periderm of the root (Fig. 7e,g, red arrows) and hypocotyl (Suppl.
Fig. 4g,i red arrows). At very late stages of periderm development, the periderm became even
more disorganized in PER15::shy2-2 roots (Fig. 7g) and hypocotyls (Suppl. Fig. 41,k,m). Even

the vascular cambium cells were missing at the sites in correspondence with the original xylem



poles in PERI::shy2-2 roots (Fig. 7g black arrows) and hypocotyls (Suppl. Fig. 4i black
arrows). We furthermore found that the mentioned characteristics of the PERI5::shy2-2
phenotype were stronger on soil than in vitro. Additionally, PER15::shy2-2 plants were not
resistant to mechanical stress. When the shoot reached around 15cm, plants were falling to one
side pulling their roots out of the soil from even the lightest touch (Suppl. Fig. 4r red arrow).
Overall, these results show that blocking auxin signaling in the pericycle and phellogen leads
to a severely disorganized periderm suggesting that auxin plays an important role in periderm

development.

Discussion
Auxin promotes periderm development

Auxin is involved in many plant developmental programs such as lateral root development
(Lavenus et al., 2013) and vascular stem cell initiation (Hardtke CS, Berleth T 1998; Friml et
al., 2003). It has for example a pivotal role in promoting cambium activity and auxin-dependent
cambium stimulation requires the homeobox transcription factor WUSCHEL RELATED
HOMEOBOX 4 (WOX4) (Suer et al., 2011). The auxin responsive transcription factor
MONOPTEROS (MP)/ARFS is essential for the specification of vascular stem cells. It is
expressed in the procambial cells during early embryogenesis and its expression is upregulated
by auxin (Hardtke and Berleth 1998). Furthermore, the major auxin efflux carrier, PIN-
FORMEDI1 (PIN1) protein, is polarly localized in the inner cells of the pro-embryo before they
turn into procambial cells during early embryogenesis (Friml, 2003). It furthermore was
proposed by Beckman (2000) that during stress response an accumulation of IAA leads to a
reaction of the periderm inducing peridermal defense. And also in 2016 it was shown by Lulai
et al. that wounding induces changes of the auxin content in potato tubers followed by a wound
periderm formation. This is in line with the results of this study that auxin plays a role in
periderm development. In this study we found that auxin accumulates in the phellogen and
phellem and an auxin response takes place in the phellogen. Furthermore plants with an altered
auxin signaling specifically in the pericycle/periderm display a severely disorganized periderm

(PERI5::shy2-2). This indicates that auxin also plays a role in the periderm development.
Periderm development shares molecular regulators of LR formation

Thus, periderm development shares auxin as a molecular regulator with LR formation in

addition to previously known mutual characteristics. Our results furthermore demonstrate that



also many auxin signaling dependent LR regulators are expressed in periderm tissues: GATA23,
ARF7,ARF19,ARF17,ARF6 and LBD16. Consequently, plants with defects in auxin signaling
dependent LR regulators show differences in periderm development compared to control plants.
Periderm development is decelerated for iaa28 and GATA23 RNAi. Furthermore the periderm
of iaa28-1 and arf7 arfl9 does not respond to exogenous auxin application. These results
demonstrate that auxin plays an important role not only in lateral root formation but has also a
very important positive role for the periderm development. Furthermore the periderm seems to

share some of the LR regulators, e.g IAA28, GATA23, ARF7, ARF19.
Competition between periderm and LRs

Both processes of LR formation and periderm development are regulated by auxin and display
some developmental molecular regulators in common. Nevertheless it is striking thatperiderm
development is accelerated in plants with severe defects in LR formation leading to a severely
decreased LR density or absence of LRs (iaal8, slr-1 and CASP1::shy2-2). Maybe this is the
case because IAAI8 and IAAI4/SLR are not expressed in the periderm (preliminary) and
CASP1::shy2-2 does not perturb auxin signaling in the periderm but only in the endodermis. In
contrast, surl displays an over-proliferation of adventitious roots accompanied by a nearly
abolished periderm. Additionally, plants with an impaired auxin-signaling specifically in the
pericycle (PER15::shy2-2) display a very disorganized periderm but nearly normal lateral root
formation. These results indicate a competition between lateral/adventitious root formation and

periderm development possibly with a molecular switch in between both processes.

A competition and molecular switch between periderm development and LR formation would
be reasonable for a fast adaptation of the plant to respond to its environment. This adaptation
potentially includes a change from increasing water-uptake by LR growth to increasing
protection by periderm growth and vice versa. It has been shown indeed that environmental
factors like drought or salt stress lead to an increased suberization of apoplastic transport
barriers in the root endodermis (North and Nobel, 1994; Reinhardt and Rost, 1995).
Furthermore an increase in suberin contents was observed in endodermal and/or exodermal root
cells of Castor bean (Ricinus communis L.) plants after exposure to salt conditions (Schreiber
et al., 2005). With this increase in suberin contents in roots Castor bean plants increase their
apoplastic transport barriers in adaptation to salt stress in order to minimize NaCl uptake
(Schreiber et al., 2005). It would be interesting to investigate periderm development and suberin

content as well as LR number and density of stress-treated plants compared to control plants.



It further would be interesting to investigate the competition between periderm development
and LR formation on a molecular level regarding a molecular switch. A competition between
cell fates has already been found in the Arabidopsis root epidermis, where MYB transcription
factors WEREWOLF (WER) and CAPRICE (CPC) compete about nonhair cell fate (WER) and
hair cell fate (CPC) (Song et al., 2011). Even auxin could be involved in this competition as
Lavenus et al., 2015 have shown that an auxin-dependent switch could control the
differentiation between meristematic cells and flank cells of LR primordia. Furthermore,
alternative positive feedback loops within cell types coupled by inhibitory pathways connecting
neighboring cells are a part of developmental decisions as different as the choice between lysis
and lysogeny in bacteriophage A, heterocyst differentiation in blue-green algae, macrochaete
differentiation in Drosophila, and epidermal patterning systems in plants (Larkin et al., 2003).
Likewise, a molecular switch between phellogen and LR primordial cell fate/identity of the
pericycle could also be formed by different transcription factors (MYB and/or NAC), an auxin
signaling network of ARFs and IAAs and involve positive feedback loops within cell types
coupled by inhibitory pathways.
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Figure legends

Fig. 1: An auxin response takes place in the periderm. (a) 355::D2VENUS (b) 35s::mD2VENUS
(control) (c) R2D2 (RPS5A::D2VENUS RPS5A::mD2-Tomato) (d) DR5::ERGFP WI31Y.
(a,b,c,d) Cross and longitudinal sections (Ortho View of a Z-stack) of 14-d-old roots. (e-g) Box
plots of the root length (e), length of the phellem-covered root part (f) and ratio of phellem
length to root length (g) of mock, SuM and 10uM NPA-treated Col-0 12-d-old roots shown in
h-j. (h-j) Plastic cross-sections of (h) mock, (i) SuM and (j) 10uM NPA-treated 12-d-old Col-0



roots. (k-m) Box plots of the root length (k), length of the phellem-covered root part (1) and
ratio of phellem length to root length (m) of mock, 0.1uM and 1uM NAA-treated 12-d-old Col-
0 roots shown in n-p. (n-p) Plastic cross-sections of (n) mock, (0) 0.1uM and (p) 1uM NAA-
treated 12-d-old Col-0 roots. Box plots: the dark line in the middle of the boxes is the median,
the bottom and top of the box indicates the 25" and 75™ percentiles, whiskers are within 1.5
times the interquartile range, the empty dots are outliers. (e-g, k-m) Student’s t-test (p < 0.05;
n =19-21). Black scale bars, 50 um. White scale bars 20um.

Fig. 2: Regulators of lateral root formation are expressed in the periderm. (a,d-f)
GATA23::NLS-GFP-GUS WI131Y, (b) ARF7::NLS-3xGFP WI131Y, (c) ARFI19::NLS-3xGFP
autofluorescence, (g) ARFS8::NLS-3xGFP WI31Y, (h) ARF6::ARF6-GFP WI31Y, (i)
LBDI16::GUS. (a-c,h) Cross and longitudinal sections (Ortho View of a Z-stack) of 12-d-old
roots, (g) 3D reconstruction of Z-Stacks of 12-d-old roots. (d-f, i,j) Plastic cross-sections of
GUS-stained 12-d-old (d,e,i,j) and 17-d-old (f,k) roots (d,i) and hypocotyls (e,f,j). Black scale
bars, 50 pm. White scale bars 20um.

Fig. 3: Plants with defects in regulators of the auxin-dependent LR formation still develop a
normal periderm. (a, b) Plastic cross-sections of 12-d-old Ws-2 (a) and iaa28-1 (b) roots. (c,d)
Plastic cross-sections of 12-d-old Ler (c¢) and iaal8-1 (d) roots. (e-h) Plastic cross-sections of
19-d-old (e,f) Col-0 (e), slr-1 (f) and 15-d-old (g,h) Col-0 (g) and arf7 arfl9 (h) roots. Scale
bars, 50 um.

Fig. 4: Plants with an impaired auxin-signaling pathway outside of the pericycle/periderm show
an accelerated periderm development. (a-d) Plastic cross-sections of 9-d-old (a,b) and 15-d-old
(c,d) Col-0 (a, c) and CASP1::shy2.2 (b, d) roots. (e-h) Box plots of the root length (e), length
of the phellem-covered root part (f) and ratio of phellem length to root length (g) of 12-d-old
Col-0 and CASP1::shy2.2 roots (n=20). Student’s t-test p < 0.05. Box plots: the dark line in the
middle of the boxes is the median, the bottom and top of the box indicates the 25% and 75%
percentiles, whiskers are within 1.5 times the interquartile range. (a-d) Bars, 50 um.

Fig. 5: The response of the periderm of auxin-impaired plants to an exogeous auxin-treatment.
(a-0) Box plots of the root length (a,j,m), length of the phellem-covered root part (b,k,n) and
ratio of phellem length to root length (c,l,0) of 12-d-old Ws, iaa28-1, Ler and iaal8-1 (a-c,
n=16-21), 12-d-old Col-0, arf7 arfl9 and CASPI::shy2.2 roots (j-1; n=20) and 13-d-old Col-0
and two independent GATA23 RNAIi lines (/-2 and 7-3) (m-o; n=14-20). Student’s t-test p <
0.05. Box plots: the dark line in the middle of the boxes is the median, the bottom and top of
the box indicates the 25" and 75" percentiles, whiskers are within 1.5 times the interquartile
range, the empty dots are outliers.

Fig. 6: Plants with over-proliferation of adventitious roots are nearly without periderm. (a-d)
Plastic cross-sections of 19-d-old Col-0 (a,c) and surl (b,d) roots (a,b) and hypocotyls (c,d).
Scale bars, 50 um.

Fig. 7: A perturbed auxin signaling in pericycle and periderm leads to a severely disorganized
periderm. (a-c) Box plots of the root length (a), length of the phellem-covered root part (b) and
ratio of phellem length to root length (c) of 12-d-old PERI5::shy2.2 and Col-0 roots. (d-g)
Plastic cross-sections of 9-d-old (d,e) and 15-d-old (f,g) roots of PERIS5::shy2.2 (e,g; red
arrows: missing periderm cells; g: black arrows: missing vascular cambium cells) and Col-0
(d,f). Box plots: the dark line in the middle of the boxes is the median, the bottom and top of
the box indicates the 25™ and 75™ percentiles, whiskers are within 1.5 times the interquartile
range, the empty dots are outliers. Student’s t-test (p < 0.05; n =19-21). Black scale bars, 50
um.
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The following Supporting Information is available for this article:
Fig. S1: Periderm extension of auxin-signaling impaired mutants.
Fig. S2: Altered root diameter of plants with impaired auxin-dependent LR-regularors.

Fig. S3: Plants with defects in less important regulators of the auxin-dependent LR formation

develop a periderm.

Fig. S4: PER15 expression pattern and PER15::shy2.2 phenotype.
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Fig. S1: Periderm extension of auxin-signaling impaired mutants. Box- plots of the root length

(a,d,g,)), length of the phellem-covered root part (b,e,h,k) and ratio of phellem length to root
length (c,f,i,1) of 12-d-old Ws-2 and iaa28-1 roots (a-c, n=20), 12-d-old Ler and iaal8-1 roots
(d-f, n=14,20), 12-d-old Col-0, sir-1 and arf7 arfl9 roots (g-i, n=20-28), 19-d-old Col-0 and
surl roots (j-1, n=20). Student’s t-test p < 0.05. Box plots: the dark line in the middle of the
boxes is the median, the bottom and top of the box indicates the 25" and 75™ percentiles,
whiskers are within 1.5 times the interquartile range, the empty dots are outliers.
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Fig. S2: Altered root diameter of plants with impaired auxin-dependent LR-regularors. (a,b)
Root diameter of (a) 12-d-old Col-0, sir-1 and arf7 arfl9 (n=9-18) and (b) 11-d-old Col-0 and
CASPI::shy2.2 (n=8). Student’s t-test p < 0.05. Box plots: the dark line in the middle of the
boxes is the median, the bottom and top of the box indicates the 25™ and 75" percentiles,
whiskers are within 1.5 times the interquartile range.



axrit-12

Fig. S3: Plants with defects in less important regulators of the auxin-dependent LR formation
develop a periderm. Plastic cross-sections of 14-d-old (a-c) Col-0 (a), alf4-1 (b) and axrl-12
(c) and 19-d-old (d-f) Col-0 (d), bdl-2 (e) and axr3-1 (f) roots.
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Fig. S4: PERI5 expression pattern and PERI5::shy2.2 phenotype. (a) PERI15::mCherry-
SYPI122, (b,c) PERI15::NLS-GFP-GUS (a) Cross and longitudinal sections (Ortho View of a Z-
stack) of a 12-d-old root. (b,c) Plastic cross-sections of a GUS-stained 22-d-old root (b) 17-d-
old hypocotyl (c). (d-m) Plastic cross-sections of 7 (d,e), 14 (f,g), 21 (h,i), 28 (j,k), 35 (I,m) -d-
old hypocotyls of Col-0 (d,f,h,j,1) and PERI15::shy2.2 (e,g,i,k,m; red arrows: missing periderm
cell; black arrows: missing vascular cambium cells) plants grown on soil under long day
conditions. (n-p) Box plots of root length (n), number of emerged LRs (o) and LR density (p)
of 12-d-old PERI5::shy2.2 and Col-0 roots (n=10, 2 repetitions). (q) Number of stages of LR
in 12-d-old PER15::shy2.2 (grey bars) and Col-0 (white bars) roots (n=10, 2 repetitions). (1)
PERI5::shy2.2 (red arrowhead) plant showing a lodging phenotype (black arrowhead: Col-0).



Student’s t-test (p < 0.05). Box plots: the dark line in the middle of the boxes is the median, the
bottom and top of the box indicates the 25" and 75" percentiles, whiskers are within 1.5 times
the interquartile range, the empty dots are outliers and the black stars are extreme outliers. (a)
White scale bar 20 um. (b-m) Black scale bars, 50 um



