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1. Summary 

 

The periderm is a crucial protective barrier that plays a vital role in secondary growth. It is a 

multi-layered tissue composed anatomically of three layers: the phellem or cork, the phellogen 

or cork cambium, and the phelloderm. The phellogen, a meristematic layer, undergoes bifacial 

divisions, generating the phellem outward and the phelloderm inward. The phellem comprises 

specialized cells that accumulate substantial amounts of suberin and lignin, providing it with 

an exceptional protective capacity. This accumulation holds significant potential for plant 

breeding and biotechnological applications. However, there is still very little knowledge 

regarding the regulatory mechanisms governing phellem differentiation and the specific 

accumulation of apoplastic barriers. Arabidopsis root has emerged as a significant model for 

studying the periderm, facilitating the understanding of this process. In our research, we 

explore the role of the MYB68 clade transcription factor in regulating phellem differentiation 

in the Arabidopsis periderm. Our findings reveal that overexpression of MYB68 in the 

periderm triggers phellem differentiation. This differentiation process involves an increase in 

suberin deposition, facilitated by the upregulation of genes related to suberin polymerization 

and biosynthesis. Additionally, our study demonstrates that aside from regulating apoplastic 

barriers, MYB68 deactivates the meristematic activity of the phellogen. Notably, in certain 

loss-of-function mutants of this clade, we observe a delay in phellem differentiation. As a 

complementary aspect of our research, we seek to gain a better understanding of the 

significance of apoplastic barrier establishment in the periderm. Firstly, we explore whether 

the periderm can respond to issues affecting the apoplastic barrier. In our research, we suggest 

that the Schengen pathway plays two pivotal roles: first, in the specific polymerization of the 

apoplastic barrier in the phellem, and second, in serving as a part of a surveillance system that 

monitors barrier integrity. Secondly, we demonstrate the importance of the aromatic monomers 

produced in the phenylproanoid pathway for the proper establishment of apoplastic barriers in 

the phellem. This work contributes to our understanding of the molecular mechanisms 

underlying periderm development, particularly in relation to phellem differentiation and the 

establishment of apoplastic barriers. We aim to provide useful tools and concepts that will aid 

in the design of new biotechnological tools to improve agricultural activities and offer 

sustainable alternatives for production. 
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2.Zusammenfassung 

 

Die Periderm ist eine entscheidende Schutzbarriere, die eine wesentliche Rolle im sekundären 

Wachstum spielt. Es handelt sich dabei anatomisch um ein mehrschichtiges Gewebe, bestehend 

aus drei Schichten: dem Phellem oder Kork, dem Phellogen oder Korkkambium und dem 

Phelloderm. Das Phellogen, eine meristematische Schicht, durchläuft bifaziale Teilungen, 

wobei er das Phellem nach außen und das Phelloderm nach innen erzeugt. Das Phellem besteht 

aus spezialisierten Zellen, die erhebliche Mengen an Suberin und Lignin ansammeln und ihm 

außergewöhnliche Schutzeigenschaften verleihen. Diese Anreicherung birgt erhebliches 

Potenzial für Pflanzenzüchtung und biotechnologische Anwendungen. Es gibt jedoch noch 

sehr wenig Wissen über die regulatorischen Mechanismen, die die Differenzierung des 

Phellems und die spezifische Anhäufung apoplastischer Barrieren steuern. Die Arabidopsis-

Wurzel hat sich als ein bedeutendes Modell für die Erforschung der Periderm herausgestellt, 

was das Verständnis dieses Prozesses erleichtert. In unserer Forschung untersuchen wir die 

Rolle des MYB68-clade-Transkriptionsfaktors bei der Regulation der Phellem-

Differenzierung in der Arabidopsis-Periderm. Unsere Ergebnisse zeigen, dass die 

Überexpression von MYB68 in der Periderm die Phellem-Differenzierung auslöst. Dieser 

Differenzierungsprozess umfasst eine Zunahme der Suberin-Ablagerung, erleichtert durch die 

Hochregulation von Genen, die mit der Suberin-Polymerisation und -Biosynthese 

zusammenhängen. Darüber hinaus zeigt unsere Studie, dass MYB68 neben der Regulation 

apoplastischer Barrieren auch die meristematische Aktivität des Phellogen deaktiviert. 

Bemerkenswert ist, dass in bestimmten loss-of-function-Mutanten dieser Klade eine 

Verzögerung der Phellem-Differenzierung beobachtet wird. Als ergänzenden Aspekt unserer 

Forschung streben wir ein besseres Verständnis der Bedeutung der apoplastischen Barrieren 

im Periderm an. Zunächst untersuchen wir, ob das Periderm auf Probleme mit der 

apoplastischen Barriere reagieren kann. In unserer Forschung schlagen wir vor, dass der 

Schengen-Weg zwei entscheidende Rollen spielt: erstens bei der spezifischen Polymerisation 

der apoplastischen Barriere im Phellem und zweitens als Teil eines Überwachungssystems, das 

die Integrität der Barriere überwacht. Zweitens zeigen wir die Bedeutung der im 

Phenylproanoid-Weg produzierten aromatischen Monomere für die ordnungsgemäße Bildung 

apoplastischer Barrieren im Phellem ist es notwending. Diese Arbeit trägt zu unserem 

Verständnis der molekularen Mechanismen der Periderm-Entwicklung bei, insbesondere in 

Bezug auf die Phellem-Differenzierung und die Bildung apoplastischer Barrieren. Wir streben 

danach, nützliche Werkzeuge und Konzepte bereitzustellen, die die Gestaltung neuer 
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biotechnologischer Instrumente zur Verbesserung landwirtschaftlicher Aktivitäten 

ermöglichen und nachhaltige Alternativen für die Produktion bieten sollen. 
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3. Introduction  

 

3.1 Apoplastic barriers in plants 
 

Apoplastic barriers are identified as evolutionary adaptations which help plants in surviving 

and thriving in demanding environments. These are located within the apoplast, which is 

defined as the intercellular spaces between cell membranes, separating plant tissues and shield 

them from the external environment.  (Nawrath et al., 2013; Farvardin et al., 2020). In this 

context, apoplastic barriers could also be identified as diffusion barriers because they reinforce 

the polysaccharide-based cell wall with hydrophobic materials such as suberin and lignin 

blocking the movement of hydrophilic substances (Franke & Schreiber, 2007). Apoplastic 

barriers could be found in many plant organs and at different developmental stages. For 

instance, during primary growth stage, the surface of epidermal cells is protected by the cuticle. 

In the root's primary tissues, the most well-known examples include Casparian strips and 

suberin lamellae in the endodermis and exodermis. These are recognized as dynamic 

hydrophobic modifications of the cell wall during plant development capable of responding to 

specific environmental cues (Nawrath et al., 2013; Barberon & Geldner, 2014). In secondary 

growth, apoplastic barriers reinforce the phellem of the periderm in both root and shoots. In 

contrast to the endodermis, there is little information available on how these diffusion barriers 

are specifically produced and accumulated in the periderm. Recent studies have contributed to 

a better understanding of the significant importance of these barriers within the periderm. For 

instance, in Arabidopsis, the specific repression of the phenylpropanoid pathway, responsible 

for producing lignin monomers and the aromatic fraction of suberin, leads to the collapse of 

the phellem and results in a dramatic reduction in salt stress tolerance (Andersen et al., 2021; 

Franke & Schreiber, 2007). Moreover, apoplastic barriers can seal tissues and create structures 

that aid in the effective separation of organs, like the abscission zone of siliques, as well as 

after wounding. Furthermore, specialized diffusion barriers, such as cutin or suberin, have been 

reported to play a role in the protection of pollen and seeds. (Coen et al., 2019; Lee et al., 

2018a). 

3.1.1 Suberin and lignin 
 

Suberin and lignin are biopolymers present in nearly all plants and they have a significant 

impact on the planet. In fact, after cellulose, lignin is the second-largest carbon sink in plants, 

representing 30% of the total biomass produced on Earth (Boerjan et al., 2003; Weng & 

Chapple, 2010). From a chemical perspective, lignin and suberin share both similarities and 
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differences. Both contain aromatic compounds in their structures, produced by the 

phenylpropanoid pathway, but they require different monomers. (Graça, 2015; Serra & 

Geldner, 2022). One crucial distinction is that suberin has an aliphatic polyester portion, 

whereas lignin is primarily composed of monolignols. Although the structure of suberin is not 

entirely clear, some research utilizing several approaches and technologies has provided 

valuable insights that help us speculate on its structure (Serra & Geldner, 2022). Briefly, 

suberin is believed to consist of two domains: aromatic and aliphatic domains. The aliphatic 

domain contains oxygenated long chain fatty acid (C16-C24) derivatives such as fatty acids, 

ω-hydroxyacids and α,ω -diacids and fatty alcohols, and glycerol, which is the main component 

of suberin polyester. The final large macromolecule is formed by the creation of ester linkages 

among them (Franke & Schreiber, 2007; Graça, 2015; Serra & Geldner, 2022). On the other 

hand, the aromatic portion suberin is mostly composed of ferulic acid as the primary aromatic 

monomer in suberin, along with hydroxycinnamic acids. The organization of these monomers 

is still a mystery, and further exploration in this aspect is needed  (Bernards, 2002; Kolattukudy, 

1980; Pollard et al., 2008; Serra & Geldner, 2022). While the debate about the structure 

remains ongoing, several molecular suberin genes have been identified in recent years. For 

instance, GPAT5 was the first suberin biosynthetic gene to be discovered. This enzyme 

transfers a very long-chain aliphatics (C20–C24) to a glycerol based receptor during suberin 

biosynthesis (Belsson et al., 2007; Vishwanath et al., 2015). The  gpat5 mutants show a 

significant decrease of very long fatty acids (C20-C24) in roots and seed coats (Belsson et al., 

2007; Yonghua Li et al., 2007). Following the discovery of GPAT5, a significant number of 

enzymes and transcriptional regulators have been identified as suberin-related genes. Recent 

research has highlighted the essential role of GDSL-motif esterase/acyltransferase/lipase 

(GDSLs/GELPs) alongside biosynthetic enzymes, transporters, and transcriptional regulators 

in suberin polymerization within cell walls. These GDSLs/GELPs are active in the process and 

play a pivotal role. For instance, in the gelp22 gelp38 gelp51 gelp49 gelp9 quintuple mutant, 

it has been observed that the suberin lamella cannot be established in the endodermis. (Ursache 

et al., 2021). All this has provided us with a robust genetic framework, enhancing our 

understanding of how suberin aliphatic monomers are produced and transported to the apoplast 

(Figure X)  (Serra & Geldner, 2022).  
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Figure X: It shows the suberin biosynthesis pathway including genes/enzymes involved in 

suberin polyaliphatic monomers (blue), suberin polyphenolic monomers (pink), suberin 

monomer polymerization (orange), suberin monomer transport (gray) and regulation of the 

suberin pathway (red) (Nomberg et al., 2022). 

 

On the other hand, the lignin is a biopolymer formed primarily from monolignols especially 

hydroxycinnamyl alcohols, characteristically p-coumaryl, coniferyl, and sinapyl alcohols. 

Lignins derived from these hydroxycinnamyl alcohols are commonly classified as 

hydroxyphenyl (H), guaiacyl (G) and syringyl (S) lignin (Weng & Chapple, 2010). These 

monolignols are synthesized in the cytoplasm and transported across the cell membrane to the 

apoplast as building blocks.  In the final step, two major groups of enzymes, laccases and 

peroxidases, play a pivotal role. These enzymes facilitate the oxidative radical-radical coupling 

of monolignols in the apoplastic spaces, leading to the final lignification (Sangha et al., 2012). 

The biosynthesis of lignin is entirely dependent on the phenylpropanoid pathway. This pathway 

not only produces primary metabolites for lignin and the aromatic portion of suberin 

biosynthesis but also serves as a precursor for certain secondary metabolites, including 

flavonoids, coumarins, and lignans (Vogt, 2010). The phenylpropanoid pathway starts with 

three reactions leading to the synthesis of 4-coumaroyl CoA. Alterations in these reactions 

result in dramatic phenotypes characterized by strong changes in lignin and suberin deposition 

and composition (Andersen et al., 2021; Fraser & Chapple, 2011). For instance, PAL gene 
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family (PAL1,2,3 and 4) catalyzes the initial step in which phenylalanine undergoes 

deamination to produce trans-cinnamic acid. In Arabidopsis, pal1 pal2 mutant plants exhibit a 

considerable reduction in lignin, and overaccumulation of phenylalanine (Raes et al., 2003; 

Rohde et al., 2004). Although the Phenylpropanoid pathway has been elucidated for many 

years and is relatively well understood, important questions still remain open. For instance, the 

polar specificity polymerization, or the oxidation step in the final stages of polymerization is 

unknown. Nevertheless, some information has been provided, especially regarding the 

Casparian strip formation in the endodermis. For instance, SHORT-ROOT (SHR) has been 

identified as a Casparian strip master regulator via the activation of MYB36 and 

SCARECROW (SCR). MYB36 in turn directly and positively regulates Casparian strip genes 

(Casparian strip machinery) such as transmembrane Casparian strip membrane domain 

proteins (CASPs), peroxidases (i.e PER64) and the dirigent-like protein ESB1 (Kamiya et al., 

2015a; Li et al., 2018). The formation of Casparian strips begins with the specific subcellular 

localization of CASPs proteins in the plasma membrane where the final lignin barrier will be 

constructed. CASPs establish a highly scaffolded transmembrane protein platform that recruits 

NADPH oxidase RBOH (SGN4), certain peroxidases, very likely PER64, and ESB1, which 

co-localize for the polymerization of lignin (Fujita et al., 2020; Kamiya et al., 2015; Rojas-

Murcia et al., 2020). Very recently, dirigent proteins (DIR) such as DIR9, DIR24, DIR16, and 

DIR18 have been described, along with ESB1, as pivotal proteins in the specific initiation of 

lignin polymerization. Casparian strip analysis in double and higher-order mutants of this 

family showed defective Casparian strip formation, with a different phenotype shown in the 

esb1 single mutant. All of this indicates the cooperative activity of MYB36 regulation, which 

initiates Casparian strip formation, and the pivotal role of the Schengen pathway in enhancing 

the polymerization of lignin to close the gap in the developing Casparian strip (Gao et al., 

2023). 

3.1.2 Schengen-pathway for monitoring and building the diffusion barrier  
 

The protective capacity of the diffusion barrier relies on the integrity of the apoplastic barrier. 

The plant’s ability to monitor the integrity of the apoplastic barrier was initially observed in 

the endodermis of Arabidopsis. Researcher were able to demonstrate using genetic, 

microscopic, and chemical methods, that in myb36 plants, Casparin strip polymerization is 

diminished, resulting in early accumulation of suberin and ectopic lignification in the 

endodermis. In concordance with this, esb1 and casp1casp3, downstream targets of MYB36, 

also exhibited similar phenotype that myb36 (Kamiya et al., 2015a; Reyt et al., 2021). 
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Additionally, significant defects in Casparian strips were observed in a knockout mutant of the 

receptor kinase SGN3, which exhibits strong expression in the endodermis. Interestingly, in 

this case, no early compensatory suberization was detected in the endodermis (Pfister et al., 

2014). Based on this and other evidence, researchers have proposed the existence of a barrier 

surveillance system known today as the 'Schengen pathway,' which monitors the integrity of 

Casparian strips and suberin lamella in the endodermis. In the endodermis, this pathway serves 

not only as a surveillance system but is also essential for the formation of contiguous Casparian 

strips in roots (Doblas et al., 2017; Nakayama et al., 2017).  This surveillance system relies on 

the tightly regulated interaction of the ligand peptides CASPARIAN STRIP INTEGRITY 

FACTORS 1 and 2 (CIF1 and CIF2), and a leucine-rich repeat receptor like kinase 

SCHENGEN3 (SGN3, also called GSO1). The perception of the peptide is mediated by 

SCHENGEN3 (SGN1) kinase protein, and it triggers a signalling cascade that includes the 

activation of NADPH oxidase RBOHF (SGN4) leading to the production of ROS necessary 

for lignin polymerization (Figure Y) (Doblas et al., 2017; Fujita et al., 2020a; Nakayama et al., 

2017; Reyt et al., 2021). In the endodermis, single mutant versions of these components disrupt 

Casparian strip formation without triggering suberin compensation, indicating the 

collaborative nature of this pathway (Fujita et al., 2020a). The ligand peptides CIF1 and CIF2 

are produced in the stele and then transported through the apoplast to reach the permeable 

endodermis, where they bind to the SGN3 receptor. In contrast, the receptor, along with the 

SGN1 kinase, exhibits highly precise sub-cellular localization. SGN3 is localized to the 

endodermal plasma membrane, occupying positions on both sides of the Casparian strip, while 

SGN1 is polarly located on the outer plasma membrane facing the cortex. All of these processes 

including the MYB36 activation of the Casparian strip machinery induce its formation, 

ultimately blocking peptide diffusion and deactivating the Schengen pathway. This 

phenomenon also explains the excessive accumulation of suberin in the endodermis of mutants 

with impaired Casparian strip formation (Alassimone et al., 2016; Doblas et al., 2017; Fujita 

et al., 2020a; Kamiya et al., 2015c; Pfister et al., 2014; Reyt et al., 2021) 
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Figure Y:  Schengen pathway illustration in the endodermis, shows the activation of the SGN3 

receptor after the diffusion of the ligand peptides CIF from the stele through the apoplast for 

the formation of Casparian strips. (modified from Fujita et al., 2020) 

 

 It's important to note the receptors' ability to sense the ligand peptides. The affinity is based 

on the large spiral-shaped ectodomain of SGN3 and GSO2. CIF peptides are tyrosine-sulfated 

peptides, and their unsulfated form shows a dramatic reduction in affinity (Doblas et al., 2017; 

Doll et al., 2020; Komori et al., 2009). For instance, nonsulfated CIF2nsY64 exhibits 

significantly reduced binding affinity, approximately 100- to 1,000-fold, in its interaction with 

the GSO1/SGN3 ectodomain (Komori et al., 2009). In this context, the tyrosyl-protein 

sulfotransferase (TPST/SGN2) plays a pivotal role in tyrosine sulfation, which, along with 

proline hydroxylation and hydroxyproline arabinosylation, is a common posttranslational 

modification found in ligand peptides (Doblas et al., 2017; Komori et al., 2009). For example, 

tpst / sgn2 mutant displays a similar phenotype than sgn3 and sgn1 in the endodermis. 

Therefore, TPST/SGN2 is recognize as an important component for the activation of the 

Schengen pathway.  

This pathway is not exclusive to the endodermis, and new roles and components have been 

described in various plant tissues and environmental contexts. For instance, the formation of 

the plant embryonic cuticle requires two kinase receptors, SGN3 (GSO1) and GSO2, along 

with another SGN3 binding peptide, TWISTED SEED1 (TWS1), in collaboration with ALE1, 

a protease from the subtilase family, and TPST. Loss of function plants such as gso1 gso2 and 

ale1, exhibit a permeable cuticle that is unable to protect the plant from water loss, 

compromising its survival (Creff et al., 2019; Doll et al., 2020; Fiume et al., 2016). Another 

example of the importance of Schengen components is observed in the pollen grains. In this 
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context, SGN3 (GSO1) and GSO2 bind to CIF3 and CIF4 peptides to ensure proper tapetum 

function. This is crucial for the formation of the pollen wall, which is rich in the biopolymer 

sporopollenin, and serves to protect the developing pollen (Truskina et al., 2022). 

 

3.2 Phellem, phellogen and phelloderm: the periderm 
 

Vascular plants undergo through secondary growth in addition to primary growth. Secondary 

growth can be simply defined as an increase in the thickness of the roots and stems. It is thought 

that secondary growth arose as an evolutionary fine-tuning adaptation in some seed plants, 

allowing them to better adapt to land environments. For instance, vascular tissues facilitate the 

transport of water, nutrients, and signalling molecules throughout the plant while also 

providing mechanical support (Fischer et al., 2019;De Rybel et al., 2016).  Secondary growth 

is characterized by the increase of thickness of stems and roots, as well as the presence of 

specialized cell types with thickened cell walls. The increase of plant thickness is primarily 

facilitated by two meristematic layers: the vascular cambium and the phellogen, also known as 

cork cambium. The vascular cambium develops from the procambium, located between the 

differentiated xylem and phloem. In the end, this process results in the formation of a ring of 

meristematic cells that have the capability to divide and generate secondary xylem inward and 

secondary phloem outward (Nieminen et al., 2015). The secondary xylem and secondary 

phloem cells are the primary specialized cell types originated from the vascular cambium at 

the onset of secondary growth. In general, it is well-known that phloem plays a crucial role in 

the transport of photo-assimilates, solutes, signalling molecules, and plant hormones from 

shoots to roots, while xylem is responsible for water transport from roots to shoots and provides 

structural support (Fischer et al., 2019).  On the other hand, the phellogen is the second 

meristematic layer that enters the scene during secondary growth. It gives rise to the periderm, 

which not only contributes to the plant's expansion but also, owing to its highly specialized 

cells, provides protection against water loss, potential pathogen attacks, and wounding (Ragni 

& Greb, 2018). The periderm is a protective tissue that plays a crucial role in secondary growth. 

It replaces the epidermis in roots, stems, and other plant organs in tight coordination with the 

plant's expansion. The periderm is anatomically divided into three layers: the phellem or cork, 

the phellogen or cork cambium, and the phelloderm (Barra-Jiménez & Ragni, 2017; Campilho 

et al., 2020; Evert, 2006). The middle layer of the periderm is the phellogen or cork cambium. 

This is a meristematic ring that divides bifacially to form outward the phellem and inward the 

phelloderm. The phellem consists of specialized cells that accumulate very high amounts of 
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suberin and lignin. This high degree of specialization gives the phellem its protective capacity 

and has drawn the attention of researchers due to its economic importance as a raw material 

and its potential biotechnological benefits (Campilho et al., 2020; Serra et al., 2022) . For 

instance, a variety of potato with more phellem layers and high rate if suberization is resistant 

to common scab (Thangave et al., 2016). Lastly, little information exists regarding the 

phelloderm, which is likely composed of parenchymatous tissue responsible for nutrient 

transport and storage. 

In stems, the periderm does not have a unique origin and can develop from several tissues, 

including the epidermal layers, subepidermal layers, or phloem (Fischer et al., 2019; Serra et 

al., 2022a).  In contrast, in roots, periderm (developmental periderm), as lateral roots, develops 

from the pericycle, the layer between endodermal cells and the vasculature in primary growth 

(Beeckman & De Smet, 2014; Wunderling et al., 2018). Another type of periderm, called the 

wound periderm, can be develop under specific conditions typically after wounding to repair 

and seal the affected plant tissue (Serra et al., 2022a). Periderm development has been 

pioneered studied in Arabidopsis roots, and we can define some key developmental stages. It 

begins with the first anticlinal divisions in the pericycle cells close to the xylem pole pericycle. 

These divisions continue throughout all the pericycle cells, establishing one ring of periderm 

cells. Then periclinal divisions continue subsequently in some periderm cells until a second 

layer of new periderm cells is form. Initially, these second layer can be identified as developing 

phellem cells, which do not yet contain suberin and lignin. As these new developing phellem 

cells mature and accumulate suberin and lignin, the cortex and epidermis detach from the same 

positions. Ongoing periclinal divisions of the phellogen result in the formation of phelloderm 

cells inward stablishing the three characteristic layers of the periderm. Finally, the cortex and 

the epidermis are completely detached, and a single functional mature layer of phellem will be 

stablish. The phellogen and the cambium continue to divide, generating new layers of cells and 

expanding the plant's girth(Serra et al., 2022a; Wunderling et al., 2018).  

Periderm development, as we have seen, is a highly coordinated process that involves the 

orchestration of phellogen division, the deposition of diffusion barriers, specialized polymers 

that block apoplastic spaces, the detachment of primary tissue, and the continuous production 

of new cells in coordination with the cambium. In comparison with the cambium, there is 

limited information available about the key regulators of periderm development. Nevertheless, 

recent efforts have identified some molecular players with a pivotal role in the periderm. For 

instance, auxin, a plant hormone reported in most growth and developmental processes  

(Weijers et al., 2018), plays a crucial role in the establishment of the first phellogen cells and 
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the maintenance of their meristematic activity. For example, blocking polar auxin transport 

using N-1-naphthylphthalamic acid (NPA) significantly reduces periderm development 

compared to mock plants (Xiao et al., 2020). Furthermore, it was shown that specific auxin 

response factors (ARFs) independently regulate periderm and lateral root formation. For 

instance, ARF5 and ARF8 control phellogen activity through the activation of WUSCHEL-

RELATED HOMEOBOX 4 (WOX4) and KNAT1/BREVIPEDICELLUS (BP) (Serra et al., 

2022a; Xiao et al., 2020). Finally, periderm development can be influenced by environmental 

conditions, depending on the plant species. Factors such as water availability, temperature, and 

light intensity all affect the timing of periderm development (Evert, 2006). For example, in 

Arabidopsis, it is suggested that short light and continuous light conditions influence the timing 

of phellogen development (Wunderling et al., 2018) . 

3.2.1 Phellem establishment and development 
 

Phellem is a specialized tissue originate from the outer side of the phellogen (Serra et al., 

2022a). One of the main characteristics is the significant presence of suberin, lignin, and waxes. 

These play a crucial role as they ensure the periderm's protective function. For instance, suberin 

acts as a physical barrier against pathogens and dehydration. This is because suberin makes the 

apoplastic spaces hydrophobic, rendering cell walls impermeable and preventing excessive 

water loss from the root. The differentiation of the phellem involves the establishment of 

apoplastic barriers, together with cell expansion and the accumulation of polar and nonpolar 

soluble compounds. In the final stage of development, phellem cells remodel the chromatin 

and activate programmed cell death (PCD) as part of their developmental process (Inácio et al., 

2018; Wunderling et al., 2018; Serra et al., 2022). Interestingly, genes related to programmed 

cell death (PCD), suberin and lignin biosynthesis, and proanthocyanidin biosynthesis were 

found in both developing periderm and wound periderm, but with some specific differences. 

For example, the wound periderm tends to accumulate proanthocyanidins earlier and in 

different cellular compartments. In contrast, developing phellem undergoes strict 

developmental PCD. All of these differences between developing phellem and wound phellem 

can result in variations in their barrier properties (Inácio et al., 2018, 2021). 

3.2.2 Molecular regulators for phellem differentiation 
 

Phellem development requires the participation of molecular regulators to coordinate the cell 

changes. Little is known about regulatory networks that enhance the change of identity of 

phellem cells (Serra et al., 2022). Transcriptomic analysis in different plant species has 

revealed a limited number of putative regulators. For instance, in Arabidopsis, it was shown 
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that ANAC046 is expressed in the periderm and can induce suberization in the periderm when 

overexpressed (Mahmood et al., 2019) In addition, transcriptomic datasets often provide a 

significant number of characterized suberin or lignin-related genes that are not exclusive to the 

phellem but also have a role in the endodermis and seed coat. For example, characterized 

suberin genes such as the suberin biosynthetic FERULOYL TRANSFERASE (FHT), 

HYDROXYLASE OF ROOT SUBERIZED TISSUE (HORST/ CYP86A1), or ALIPHATIC 

SUBERIN FERULOYL TRANSFERASE (ASFT) (Boher et al., 2013; Höfer et al., 2008; 

Molina et al., 2009). Other research approaches, such as chromatin immunoprecipitation 

(ChIP) followed by high-throughput DNA sequencing (ChIP-Seq) in Cork oak, found that 

QsMYB1 directly regulates genes necessary for suberin and lignin biosynthesis, as well as 

presumably cork formation and differentiation (Capote et al., 2018). Recently, ribosome 

affinity purification followed by mRNA sequencing (TRAP-SEQ) was conducted to monitor 

the initiation and progression of phellem differentiation in Arabidopsis roots. Putative 

regulators were identified, including genes associated with suberin and lignin, as well as WOX, 

NAC, and MYB transcription factors. Additionally, the identified genes are involved in various 

metabolic processes, such as the synthesis and transport of cell wall components, response to 

stresses, and energy production (Leal et al., 2022).  

3.4.2 Apoplastic barriers in the phellem 
 

In the periderm, the deposition of suberin and lignin is crucial for the development and function 

of the tissue. Both polymers reinforce the phellem, where they accumulate and envelop the 

entire phellem cell.  Suberization process occurs quickly in phellem cells. In fact, the feruloyl 

transferase (FHT) protein accumulates already in the phellogen (Boher et al., 2013) 

While the amount of suberin deposited in the phellem varies depending on plant organs, plant 

species, and environmental conditions, suberin remains a crucial component in all scenarios, 

constituting a substantial portion of periderm mass (Serra et al., 2022). For instance, in the 

potato periderm, suberin could represent up to 50% of the total dried weight  (Mattinen et al., 

2009). On the other hand, lignin also constitutes a significant portion of the periderm's 

composition. Primarily, the monolignol units, guaiacyl (G), and to a lesser extent, syringyl (S), 

are the principal components of lignin. Interestingly, the lignin present in the phellem cells 

differs in monolignol composition from the lignin found in the xylem (Fagerstedt et al., 2015). 

In addition of suberin and lignin, aliphatic waxes are also present in the periderm. They have 

an important role in the formation of diffusion barriers in the periderm and cuticle (Nawrath et 

al., 2013; Schreiber et al., 2005).  Interestingly, the amount of suberin and lignin found in the 
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periderm of Arabidopsis roots is much greater than that found in the endodermis (Ranathunge 

& Schreiber., 2011) This contrast highlights the limited available data regarding the regulation, 

deposition, and response of apoplastic barriers in the periderm when compared to the 

endodermis. 

3.3 MYB transcription factors, potential regulators of the periderm 
 

Transcriptional regulation is a critical biological process that orchestrates gene activities, 

defining cell and tissue identity during development, and coordinating many cellular activities 

in response to a diversity of intra- and extracellular signals. One of the largest families of 

transcription factors in plants is the V-myb myeloblastosis viral oncogene homolog (MYB) 

proteins, and they are represented in all major eukaryotic lineages (Dubos et al., 2010).  

Initially, MYB transcription factors were associated with the regulation of cell proliferation 

and differentiation, but today it is known that they are involved in various aspects of 

development such as stress responds and metabolic regulation (Kranz et al., 1998; Stracke et 

al., 2001; Dubos et al., 2010; Liu et al., 2015) . The main characteristic of MYB transcription 

factors is the highly conserved MYB domain, which consists of up to four imperfect amino 

acid sequence repeats (R) of approximately 52 amino acids each, with each forming three α-

helices. MYB transcription factors have been classified into four groups based on the 

organization of their repeated sequences, or MYB domains, adjacent to each other. For 

instance, R2R3-MYB class is characterized by possessing two repeats (R2 and R3) of the 

prototypic MYB protein c-Myb (Dubos et al., 2010). In plants, the majority of MYBs belong 

to the R2R3-MYB group. Generally, this group is characterized by having a DNA binding 

domain (MYB domain) in the N-terminal part of the proteins and an activation or repression 

domain in the C-terminus (Dubos et al., 2010; Wu et al., 2022). Based on the high conservation 

of the MYB domain and amino acid motifs in the C-terminal domains, 25 sub-groups (or 

clades) have been defined. (Dubos et al., 2010; Stracke et al., 2001). The initial classification 

was primarily based on Arabidopsis MYB proteins, but new evidence indicates that these 

groups can be conserved in other angiosperms. Interestingly, in some cases, these clades are 

extended and even exclusive to certain plant species with potentially putative specialized 

functions (Dubos et al., 2010; Jiang et al., 2004). For instance, in Populus trichocarpa, the 

comprehensive characterization of the R2R3-MYB family has revealed some exclusive new 

subgroups not found in Arabidopsis. These subgroups may contribute to lineage-specific 

phenotypic innovations. (Wilkins et al., 2009). The number of members of this type of R2R3-

MYB transcription factors, in some cases exceeding hundred members, is in line with their 
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pivotal role in plant-specific processes. These processes encompass cell fate identity, primary 

and secondary metabolism, developmental regulation, and stress responses (Dubos et al., 

2010).  

3.3.1 MYB68 transcription factor clade  
 

In cork oak (Quercus suber L.), it was previously described that QsMYB1, the closest 

homologue of Arabidopsis MYB68 and MYB84, had a putative role in periderm 

developmental regulation, including activities related to lignin and suberin deposition 

(Almeida et al., 2013; Capote et al., 2018). The MYB68 clade (clade 14 in Kranz et al., 1998 

and  Stracke et al.,2001), or at least some of its members, has been studied for approximately 

20 years in many plant species, and some roles have been designated to them. This clade is 

composed of six members in Arabidopsis: MYB36, MYB37, MYB38, MYB68, MYB84, and 

MYB87 (Stracke et al., 2001).  Phylogenetic analysis of the members of this clade shows that 

all of them are homologous to the tomato (Solanum lycopersicum) BlIND, and they are 

characterized by an additional amino acid between the first and the second conserved Trp 

residues of the R2 repeat. Interestingly, only MYB68 and MYB84 show conservation outside 

the MYB domain.  Furthermore, transcriptional analysis reveals that MYB37, MYB38, 

MYB84, and MYB87 transcripts can be detected in different plant organs. In contrast, MYB36 

and MYB68 expression is mostly limited to the root (Müller et al., 2006). MYB68 and its 

closest homologue, MYB84, were postulated to share overlapping expression in the pericycle 

cells. The initial evidence suggested possible redundant roles in root development and 

responses to environmental cues, especially related to temperature changes (Feng et al., 2004). 

New evidence suggests that MYB68 and MYB84 have different, or at least additional, 

functions and localization in the root regulating development in both primary and secondary 

growth. For example, it has shown that MYB84 is expressed in the root and hypocotyl periderm 

of Arabidopsis (Wunderling et al., 2018). 

MYB37, MYB38, and MYB84 were the first members of this clade to be postulated as specific 

developmental regulators. These MYBs were initially defined based on their first identified 

functions as REGULATORS OF AXILLARY MERISTEMS (RAX) (Müller et al., 2006) 

Among these, evidence shows that MYB37 (RAX1) and CUP-SHAPED COTYLEDON 

(CUC) genes promote the early stages of axillary meristem formation (Keller et al., 2006). 

Later on, double and triple mutants of MYB37 (RAX1), MYB38 (RAX), and MYB84 (RAX3) 

show that they have redundant functions in the formation of axillary meristems, with some 

specificity depending on the phases of vegetative development (Dubos et al., 2010; Müller et 
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al., 2006). Recently, it has been proposed that AtMYB2 diminishes the formation of axillary 

meristems by directly downregulating MYB37 (RAX1), especially in specific environmental 

contexts. For instance, it has been shown that salt stress and drought stress enhance the 

expression of MYB92. (Jia et al., 2020). In secondary growth, using vascular cambium cell-

specific transcript profiling and genetic analyses, it has been shown that MYB87, together with 

other transcription factors such as WUSCHEL-RELATED HOMEOBOX 4 (WOX4), 

KNOTTED-like from Arabidopsis thaliana 1 (KNAT1; also known as BREVIPEDICELLUS 

or BP), NAC DOMAIN CONTAINING PROTEIN 15 (ANAC015), LOB DOMAIN-

CONTAINING PROTEIN 3 (LBD3), SHORT VEGETATIVE PHASE (SVP), PETAL LOSS 

(PTL), RESPONSE TO ABA AND SALT 1 (RAS1), regulates cambial activity. On one side, 

WOX4, ANAC015, BP, and LBD3 promote cambial division, while SVP, PTL, RAS1, and 

MYB87 repress this activity. For instance, Overexpression of MYB87 in the vascular cambium 

dramatically reduces its division, thereby truncating the expansion of the root (J. Zhang et al., 

2019). 

The most well-known member of this clade is MYB36, recognized as a master regulator of 

Casparian strips (Kamiya et al., 2015). MYB36 is directly activated by SCARECROW (SCR) 

downstream of SHORTROOT (SHR) activation. In this context, MYB36 not only activates the 

Casparian strip formation machinery but also regulates the developmental switch from a 

proliferative state to differentiation. This developmental switch is based on the repression of 

genes involved in controlling the specificity and division of new cells, such as SCR, 

JACKDAW (JKD), MAGPIE (MGP), and NUTCRACKER (NUC), which pattern the cortical 

and endodermal progeny. (Liberman et al., 2015). We further explore the role of MYB36 in 

Casparian strip regulation and formation in the apoplastic barrier section. 

3.3.2 Other MYBs of interest 
 

In the periderm, considering the numerous processes involved in the establishment of the 

phellem and its maturation, it is likely that other transcription factor may play a role. The 

activity of these MYBs could be related with a generic function in specific pathway regardless 

of the plant organ involved. For example, MYB41 regulates suberin biosynthesis in different 

plant organs. MYB41 was the first transcription factor suggested to play a role in the molecular 

regulation of suberin biosynthetic genes. It was initially reported as a cuticle regulator in 

response to abiotic stress, and its overexpression was found to alter cuticle conformation 

(Cominelli et al., 2008). Subsequently, MYB41 was identified as a master regulator of suberin 

biosynthesis, capable of coordinating the expression of numerous genes involved in the 
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synthesis of both aromatic and aliphatic suberin monomers. This is not the case for GPAT5, 

which only slightly increases the accumulation of some suberin monomers. Furthermore, 

ectopic overexpression of MYB41 in Nicotiana leaves can lead to a significant increase in 

suberin monomers, surpassing the proportion of cuticle monomers (Kosma et al., 2014). After 

further investigation, researchers using several approaches were able to identify a set of MYB 

transcription factors that can activate suberin biosynthetic genes. This set includes MYB41, 

MYB9, MYB39, MYB41, MYB53, MYB92, MYB93, and MYB107. Briefly, MYB39 is 

expressed in the endodermis and is identified as a regulator of endodermis suberization during 

development (Cohen et al., 2020). Although its upregulation promotes the expression of 

suberin biosynthetic, transport, and regulatory genes, the single mutant version of MYB39 

shows a mild phenotype, suggesting the existence of redundant regulators (Shukla et al., 2021). 

MYB53, MYB92, and MYB93 form an independent subgroup of MYB transcription factors, 

and together with MYB9 and MYB107, they are able to directly activate the BIOTIN 

CARBOXYL CARRIER PROTEIN2 (BCCP2) and other fatty acid biosynthetic genes. (To et 

al., 2020). This initial evidence and further research suggest that these transcription factor could 

have a role in suberin regulation. Furthermore, it was demonstrated that MYB9 and MYB107 

coordinate the biosynthesis, transport, and polymerization of suberin in the seed's outer 

integument layer. Single versions of myb9 or myb107 show a significant reduction in suberin 

monomers, increased permeability, reduced stress resistance, and reduced germination under 

osmotic and salt stress (Gou et al., 2017; Lashbrooke et al., 2016). Furthermore, the myb41 

myb53 myb92 myb93 quadruple mutant demonstrates the pivotal role of these genes in 

endodermis suberization during development and  in response to stress. In addition, it is worth 

noting that these transcription factors act downstream of either the Schengen pathway or ABA 

signalling response, two independent processes, to activate suberin biosynthetic genes without 

altering the formation of Casparian strips (Shukla et al., 2021). 
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4. Objectives  

 

Secondary growth is a dynamic process that integrates various developmental mechanisms and 

responds to physiological, molecular, and environmental cues (Groover and Robischson, 

2006). One of the most distinctive tissues in secondary growth is the periderm, a multilayer 

barrier capable of protecting plant roots and stems against abiotic and biotic stresses while 

simultaneously regulating plant growth expansion. The central layer of the periderm, called the 

phellogen or cork cambium, possesses a meristematic nature and divides in both directions. 

Outward, it forms the phellem, also called cork, while inward, it forms the phelloderm. The 

phellem functions as the protective layer and undergoes dramatic cell wall modifications 

generally characterized by the presence of suberin, lignin and aliphatic waxes. Together, they 

grant the protective barrier properties to the phellem. Problems with the integrity of the phellem 

can negatively impact plant growth especially if the barrier is not established or repaired. 

 

Understanding the regulation of the periderm is complex due to the distinct characteristics of 

each layer, and the limited number of identified regulators. Until today it was shown the pivotal 

role of auxin in phellogen formation and maintenance. In addition, few suberin related genes 

involved in biosynthesis and polymerization have been identified, although their functions are 

not exclusive to the periderm and could express in other tissues as the endodermis. Therefore, 

our central scientific question focuses on identifying and characterizing molecular regulators 

of the phellem differentiation. Previous research has suggested that QsMYB1, homolog of 

MYB84 and MYB68 transcription factors in Arabidopsis, control phellem establishment in 

Quercus. Using Arabidopsis roots as a model, we investigate the role of the MYB68 clade in 

controlling phellem differentiation, which includes accumulating apoplastic barriers and 

reducing the meristematic capacity of the phellogen. We utilize a range of approaches, 

including suberin staining combined with confocal or fluorescence microscopy and chemical 

analysis of suberin using gas chromatography–mass spectrometry (GCMS), to investigate root 

suberinization. Our goal is to develop new, easily replicable methods for analyzing phellem 

differentiation, with a focus on gaining a better understanding of the spatiotemporal 

polymerization and deposition of apoplastic barriers along the Arabidopsis root during phellem 

differentiation. Additionally, we aim to investigate the importance of phellem integrity and 

whether a surveillance system exists to monitor periderm integrity. 
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All things considered, this work will help us investigate further the ways in which 

environmental and physiological signals positively influence phellem establishment as barrier. 

The importance of this research is not restricted to Arabidopsis; the knowledge gained also 

extends to other plant species, including trees, and environmental contexts, which may have 

implications for agriculture and sustainable production. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



20 
 

 

5. Results in Form of Manuscripts  

  

5.1 Draft manuscript 1: A Cluster of MYB Transcription Factors Regulate Stem 

Cell Proliferation and Cork Differentiation During Periderm Development. 
 

D.M. and L.R. planned the majority of the experiments. N.R, X.Z, WX conducted preliminary 

experiments. D.M conducted the majority of the experiments. D.R. made the vibratome 

sections. D.M and L.R. acquired the confocal images. D.M, L.R., D.R, N.R, W.X, T.A, XZ did 

the molecular cloning and generated the plant lines. D.M. performed the Fluorol Yellow (FY) 

experiments. D.M and S.H. conduct the plant embedding and characterized pPXY:MYB87-

GR. D.M. measured the number of phellogen and periderm. D.M. conducted the RNA related 

experiments. D.R. and D.M helped in generating the T3 lines. L.R. wrote the paper with the 

help of D.M and T.A. 
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Abstract : 

Plants have developed specialized barriers to protect and isolate the inner tissues from the environment 

while maintaining plant homeostasis. Different barriers are present in various plant organs and at different 

growth stages. During secondary growth, the periderm acts as the protective tissue, covering roots, stems, 

and branches while they get thicker. The periderm is a dynamic barrier comprising a stem cell niche known 

as cork cambium, which bifacially divides to generate phelloderm inward and cork outward. Cork cells have 

a unique cell well impregnated with suberin and lignin polymers, essential for the barrier function. 

The differentiation process that forms new cork cells from the cork cambium is largely unknown despite its 

importance. In this work, we identify members of the MYB36-subclade transcription factors, such as 

MYB68, as master regulators of cork differentiation. On the one hand, this set of MYBs promotes suberin 

deposition by inducing the expression of enzymes involved in all the steps of suberin biosynthesis, including 

the recently discovered suberin polymerizing enzymes GDSLipases; on the other hand, it represses cork 

cambium proliferation, possibly by interfering with WOX4 and BP activity. Furthermore, we demonstrated 

that suberin deposition in the cork is a robust process regulated by a complex network of transcription 

factors, including other MYB transcription factors that promote suberin deposition in the endodermis. 

However, only members of the MYB36 subclade can repress cell proliferation in different developmental 

contexts, highlighting general and specific functions for MYB transcription factors in the cork. Finally, 

tissues specific manipulation of MYB activity can be used to obtain thicker periderms and more suberized 

cork layers, traits of biotechnological interest, and to asses how these traits affect plant performance in 

response to stresses. 
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Introduction: 

Plant barriers, like our skin, protect and isolate the vasculature from the environment, regulating 

nutrient assimilation, gas exchange, water loss, and pathogen penetration (Serra et al., 2022b). Depending 

on the plant family/species and developmental stages, different barriers occur in roots. During primary 

growth, the endodermis, present in all vascular plants, and the exodermis, present in many flowering plants, 

are the central protective tissues of roots (Barberon et al., 2016; Doblas et al., 2017; Enstone et al., 2002; 

Serra et al., 2022b). The periderm replaces the endodermis in the older part of the roots, undergoing 

extensive radial thickening. This is typical of trees, but it also occurs in many herbaceous plants, such as 

Arabidopsis (Kosma et al., 2015; Serra et al., 2022b). The periderm, in contrast to the other barriers, 

comprises a stem cell niche, the cork cambium, that allows the barrier to follow the radial growth of the 

organs. The cork cambium can remain active for many years or throughout plant life, producing the cork 

tissue toward the environment and the phelloderm toward the vasculature (Campilho et al., 2020; Evert, 

2006; Serra et al., 2022b) 

Common to all root barriers is the presence of specialized polymers such as suberin and lignin that 

impregnate the cell walls (Serra et al., 2022b). The endodermis is characterized by localized lignin 

depositions, “the Casparian strips,” and a suberin lamella, which accumulates later in development(Doblas 

et al., 2017; Naseer et al., 2012). Similarly, the exodermis is a ligno-suberized layer in which lignin 

deposition in a U-shaped fashion precedes suberin accumulation (Cantó-Pastor et al., 2022; Manzano et al., 

2022). The cork cell wall is also impregnated with both polymers  (Kosma et al., 2015; Serra et al., 2022b). 

Plants with lower suberin contents in the endodermis and or periderm are less resistant to abiotic stresses, 

highlighting these polymers' protective function, while periderm thickness correlates with the ability to 

withstand wildfire and pathogen penetration (Andersen et al., 2021; Barberon et al., 2016; Graves et al., 

2014). 

The recalcitrant nature of suberin, which is even more resistant than lignin in soil, has sparked a 

great interest in the molecular regulation of polymer accumulation in root barriers for biotechnological 

purposes (Harman-Ware et al., 2021). The molecular network underlying the different steps of endodermis 

differentiation is well characterized, and different transcription factors regulate the specific steps. MYB36 

is the key regulator of Casparian strip formation, and it directly activates PEROXIDASES, scaffold proteins 

such as CASPs and ESB1 and RBOH required for polar lignin deposition (Kamiya et al., 2015; Liberman 

et al., 2015; Wang et al., 2022). Suberin deposition in the endodermis is promoted by a large array of MYB 

TFs belonging to different subclades(Dubos et al., 2010), such as the S10 (MYB9, MYB39, MYB107), the 

S11 (MYB41, MYB74) and S24 subclade (MYB53, MYB92, MYB93), (Cohen et al., 2020; Kosma et al., 

2014; Lashbrooke et al., 2016; Shukla et al., 2021; Wang et al., 2020; Xu et al., 2022). Suberin is highly 

dynamic, and several hormones such as Abscisic acid (ABA), Ethylene, and Gibberellins and nutrient status 

determine suberin homeostasis (Barberon et al., 2016; Binenbaum et al., 2023; Wei et al., 2019). For 
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instance, ABA is well known to trigger suberin deposition via the activation of MYBs and suberin 

biosynthesis enzymes (Shukla et al., 2021; Wei et al., 2019), while Ethylene application and iron deficiency 

have a repressive effect in suberin deposition (Barberon et al., 2016).  

Less is known about periderm ontogenesis and cork differentiation. Recently, we showed that auxin 

is required for the first formative divisions in the pericycle, which gives rise to the cork cambium; in 

addition, auxin is necessary to maintain an active cork cambium (Xiao et al., 2020). Downstream of auxin 

act, the transcription factors WOX4 and BP, to promote cork cambium proliferation(Xiao et al., 2020). 

However, how the stem cells of the cork cambium differentiate into the cork cell and what regulates suberin 

deposition in the cork is still largely unknown. QsMYB1 (ortholog of MYB84/MYB68) has been proposed 

to control cork differentiation (Almeida et al., 2013; Capote et al., 2018). However, functional 

characterization is still missing due to limitations in working with cork oak trees. Interestingly, MYB84 has 

been previously employed as a periderm marker in Arabidopsis root (Wunderling et al., 2018; Xiao et al., 

2020) MYB84 and MYB68 belong to the S14 subclade of R2-R3 MYB transcription factors (from now on 

referred to as the MYB36 subclade)(Dubos et al., 2010), which included the master regulator of Casparian 

strips MYB36.  

Here, we explored the role of the MYB36 clade transcription factors during cork differentiation. 

We showed that MYB68 and, to a lesser extent, other members of the clade regulated suberin deposition in 

the cork via the activation of suberin polymerizing and biosynthesis genes. Moreover, induction of MYB68 

in the cork is sufficient to increase suberin levels, while induction in the periderm results in plants with an 

extra cork layer, traits of biotechnological interest in programs aiming to improve soil carbon sequestration. 

Interestingly this set of MYBs also represses cork cambium proliferation. This stem cell repressive 

differentiation behavior is limited to the MYB36 subclade, while MYBs of neighboring clades also 

contribute to regulating cork suberin levels, highlighting that suberin deposition in the cork is a robust 

process controlled by multiple sets of MYB transcription factors. 

 

Results : 

 

All members of the MYB36 subclade are expressed during periderm development 

MYB36 subclade comprises six members: MYB36, MYB37, MYB38, MYB68, MYB84 and MYB87. We 

first focused on MYB68 and MYB84, which represent the closest orthologs of QsMYB1 in Arabidopsis, 

and mapped their expression pattern during the early and late steps of periderm development by employing 

promoter-fluorophore reporter lines. Both MYBs were expressed during periderm formation (Fig. S1A ), 

and their expression is maintained in the periderm of old roots (Fig. 1A and S1A). MYB68 was expressed 

predominantly in the cork cambium and a few cork cells, whereas the expression of MYB84 was broader 

toward the cork (Fig1.A S1A,C). Both MYB68 and MYB84 expression overlaps with PEROXIDASE 15, a 
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marker for early cork differentiation/ cork cambium, and partially with WOX4 in the cork cambium (a 

regulator of cork cambium proliferation) and GPAT5 in the cork (a suberin biosynthesis gene) 

(S1C)(Wunderling et al., 2018; Xiao et al., 2020). Notably, this expression pattern is consistent with a role 

for MYB68 and MYB84 in the early steps of cork differentiation. 

Interestingly, we found that the other members of the S14 subclade were also expressed during periderm 

formation in overlapping and distinct domains. MYB37/RAX1 and MYB38/RAX2 expression encompassed 

all periderm layers, whereas MYB36 was more restricted to the mature cork, while MYB87 was 

predominantly expressed in the cork cambium suggesting that MYB S14 subclade contributes to periderm 

formation and differentiation with distinct and overlapping roles (FigS1A-B). 

 

A set of MYB TFs promotes suberin deposition in the cork 

The hallmark of cork differentiation is suberin deposition, which can be easily imaged by 

fluorescent staining. Fluorol yellow (FY) staining, compared to analytical approaches, is a quick method to 

quantify suberin deposition and allows spatial resolution (Lux et al., 2005; Ursache et al., 2018; Wunderling 

et al., 2018). Thus, to investigate the role of S14-subclade MYBs in suberin deposition, we employed 

FY.staining in myb loss of function mutants. In the mature cork of roots of myb68, myb84, myb87, myb36 

single mutants, myb68 myb87 double mutant, and myb37 myb38 myb84 triple mutants, we observed normal 

suberin deposition (Figure S1D) suggesting redundancy among the different members of clade S14. In 

agreement, the inactivation of both MYB68 and MYB84 led to a mild reduction of suberin, while only in the 

myb37 myb38 myb68 myb84 quadruple mutant (myb quadr.) we detected a drastic decrease in suberin 

deposition in the cork (Figure 1B). 

Interestingly, when we explored the suberin deposition pattern in the whole cork (Andersen et al., 

2021), we noticed a reduction of the relative-mature-cork region compared to the developing-cork region in 

myb68 single mutants, while myb87, myb84, myb37 myb38 myb84, and myb36 do not show any phenotypes 

(Figure S2A). myb68 myb87 double mutants were indistinguishable from myb68 single mutants, whereas 

myb68 myb84 double mutants and the myb quadruple mutants showed a stronger reduction (Figure 1C, 

S2A). Importantly, these observations cannot be explained by impaired primary root growth or delay in 

periderm development in mybs mutants as these mutants display a root length comparable to WT (or even 

slightly longer) and a slightly higher cork ratio, suggesting normal primary growth and periderm 

development (Figure S2B-C). Altogether, the analysis of MYB loss of function mutants suggests that 

MYB68 and, to a lesser extent, MYB84, MYB37, and MYB38 contribute to cork differentiation. Consistent 

with a major role for MYB68 in promoting suberin deposition, cork-specific induction of MYB68 

(pGPAT5:MYB68-GR) was sufficient to rescue the myb68 myb84 suberin phenotypes (Fig S2D-E). 

Suberin is a complex polymer based on ester-bond linked glycerol, fatty acids, their oxidized 

derivates, and ferulic acid (Serra and Geldner, 2022). Recent work showed that although ferulic acid 
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represents only a tiny fraction of the total components, it is crucial for de novo suberin deposition (Andersen 

et al., 2021). We performed GS-MS analysis to investigate whether suberin chemical composition is affected 

in the myb37 myb38 myb68 myb84 quadruple mutants. In the myb37 myb38 myb68 myb84 quadruple mutant, 

we observed a reduction of most of the aliphatic components compared to WT, while aromatic acids, such 

as ferulic acid, were unchanged or slightly increased, indicating that MYB68, MYB84, MYB37, and 

MYB38 regulate the core suberin biosynthesis pathway (Figure 1D). In agreement with this, we did not 

observe any decrease of lignin accumulation in the cork of the myb68 myb84 double mutants and myb 

quadruple mutants as quantified by basic fuchsin staining (Figure S2F). Next, we wondered if  MYB68 is 

sufficient to promote suberin deposition in the cork. To tackle this, we generated tissue-specific inducible 

lines using the pGPAT5 promoter, which is strongly expressed in the cork during periderm development. 

Upon induction of MYB68 in the cork, we detected an increase of FY signal in the cork, proving that 

MYB68 is sufficient to trigger suberin accumulation (Figure 1E, S2G).    

It is known that reduced suberin deposition impacts barrier functionality and permeability, and thus, suberin 

mutants are less resistant to salt stress (Andersen et al., 2021; Ursache et al., 2021). We assessed the 

physiological impact of reduced suberin deposition of myb quadr. mutants, by exposing the root region 

encompassing the periderm to salt stress (by employing split plates). This is a fundamental requirement to 

study periderm-specific responses as salt stress strongly impacts primary root growth and suberin 

accumulation in the endodermis (Andersen et al., 2021; Barberon et al., 2016; Duan et al., 2015; Julkowska 

et al., 2014; Ursache et al., 2021), which may lead to indirect effects in the periderm. Primary root length 

in treated or untreated plants was comparable (Figure 1F and S2G; however, the shoots of the myb37 myb38 

myb68 myb84 quadruple mutants were smaller and more compact in the salt-treated plants, showing that 

impaired cork differentiation affects tolerance to salt (Figure 1) (Figure 1F and S2H).  

Overall, we showed that members of the MYB36 clade, except for MYB36, promote suberin deposition in 

the cork, with MYB68 playing a major role. 

 

MYB68 promotes the expression of suberin biosynthesis and polymerizing enzymes 

To explore how MYBs promote suberin deposition, we investigated the transcript profiling of myb68 my84 

double mutants. To avoid developmental heterogeneity, we sampled only the uppermost two cm of 18-day-

old roots, representing a uniform growth stage with a fully established periderm. Among the downregulated 

genes in myb68 myb84, we found many suberin biosynthesis enzymes, such as CYTOCHROME P450 

FAMILY 86 (CYP86A1)/HORST, CYP86B1/RALPH, GLYCEROL-3-PHOSPHATE-SN-2-

ACYLTRANSFERASE 5 (GPAT5), FATTY ACID REDUCTASEs (FARs), 3-KETOACYL-COENZYME A 

SYNTHASE (KCSs)(Figure S3A), which are expressed in the cork (Leal et al., 2022; Serra et al., 2022a; 

Wunderling et al., 2018). In this group, we also noticed the recently characterized endodermal GDSL-type 

esterase/lipase proteins (GELP38, GELP51, GELP49, and GELP96), which polymerize suberin in the 
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apoplast (Ursache et al., 2021). In accordance with the idea that GELPs may also act in the cork, many 

GELPS that were downregulated in myb68 myb84 are enriched in cork tissue versus whole-root tissues (Leal 

et al., 2022), and we could confirm that GELP38, GELP51, and GELP96 and GELP49 are expressed in the 

cork by employing fluorescent reporters (Figure 2A). Furthermore, the loss of function of five GELPs 

(gelp22 gelp38 gelp51 gelp49 gelp96: gelp q.) resulted in roots that almost lacked FY signal (Figure 2B-C), 

pointing out that GELPs are also required for suberin polymerization in the cork. Notably, the expression 

of GELP51 under a cork-specific promoter (pGPAT5:GELP51) in myb68 myb84 could totally rescue 

suberin deposition in the mature cork (Figure 2D) and partially the cork differentiation quantified as 

(developing versus mature cork region) (Figure 2E), highlighting the importance of GELP in suberin 

deposition.  

Interestingly, the expression of other MYB TFs belonging to the MYB41 and MYB39 subgroups (subcade 

S11 and subclade S10), which are known to control suberin deposition in the root endodermis and in the 

seed coat (Cohen et al., 2020; Kosma et al., 2014; Lashbrooke et al., 2016; Shukla et al., 2021), was 

unchanged or increased in myb68 myb84 with exception for MYB53,  indicating that MYB68 acts directly 

on suberin biosynthesis and or that compensatory regulatory mechanism occurs. 

To confirm that MYB68 activates the expression of suberin-associated genes in the cork, we exploited a 

complementary approach: we induced the expression of MYB68 in the periderm (pPER15:MYB68-GR) and 

checked the expression of a set of genes by qPCR. FAR4, HORST/CYP86A1, GPAT5, GELP8, GELP51, 

GELP96, GELP38 and MYB53 were upregulated upon MYB68 induction indicating that MYB68 activates 

the suberin pathway at multiple steps (Figure 2F). In agreement, the expression of MYB68 in tobacco leaves 

triggered the activation of luminescent reporters for suberin biosynthesis enzymes (pGPAT5:nnLUX, 

pFAR4:nnLUX; FiG S3B-C), suberin polymerizing enzymes (pGELP8:nnLUX, pGELP38:nnLUX, 

pGELP51:nnLUX; FIG2 G) and suberin regulatory genes (pMYB53:nnLUX; FigS3E) suggesting that 

MYB68 directly activate them. Interestingly, MYB36 was able to promote the expression of pFAR4:nnLUX 

and pCASP2:nnLUX ( CASP2 is a known MYB36 target (Kamiya et al., 2015)) only (FigS3E), while 

MYB68 could not activate the expression of pCASP2:nnLux (FigS3E) highlighting the specificity among 

these TFs. 

Altogether, these results show that MYB68 and, to a lesser extent, other members of the subclade with the 

exception of MYB36, regulate suberin deposition in the cork. 

 

A specific set of MYBs represses stem cell proliferation in the cork cambium 

The fact that MYB68, MYB84, MYB37, MYB38, and MYB87 expression pattern encompasses the cork 

cambium (Figure S1A-C), prompted us to investigate whether these TFs play additional roles in the 

periderm. First, we quantified cambium proliferation and differentiation rate in loss of function mutants by 

measuring the number of periderm cells per cross-section and ratio of cork cells per number of peridermal 
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cells (Cork ratio), respectively. myb84, myb87, and myb37 myb38 myb84 triple mutant do not display any 

difference in the total number of periderm cells and cork ratio compared to WT (FigSA-F), whereas myb68 

single mutants, myb68 myb87, and myb68 myb84 double mutants showed reduced cork cells number per 

total periderm cell number ratio. In myb68 myb84, we observed a trend toward more periderm cells 

(significant in 6 experiments out 8), and this phenotype was stronger in myb37 myb38 myb68 myb84 

quadruple mutants, indicating that MYB68 and, to a lesser extent, MYB84, MYB37 and MYB38 repress 

stem cell proliferation in the cork cambium. Interestingly, in myb68 myb84 and myb37 myb38 myb68 myb84 

mutants, we observed gaps (Fig S4G; red arrowheads) in the autofluorescent signal coming from the 

aromatic components of differentiated cork cells compared to WT (Figure 5), further highlighting the role 

of these MYBs in promoting cork differentiation and repressing stem cell proliferation. 

In agreement, periderm-specific induction of MYB68 (PER15:MYB68-GR) resulted in a decrease in the total 

number of periderm cells, a higher cork cells per total periderm cells ratio, and the formation of an extra 

suberized cork layer, confirming a dual role for MYB68 in promoting differentiation and repressing 

proliferation of the cork cambium (Figure 3D). To exclude that the effect of MYB68 on stem cell 

proliferation is an indirect consequence of altered suberin content in the cork, we analyzed lines with 

reduced suberin deposition in the cork for cell proliferation phenotypes. The suberin biosynthesis mutants 

ralph horst (Salas-González et al., 2021), which mimic myb68 myb84 mutants regarding FY staining (Figure 

S4H-I ), were undistinguishable from WT in terms of periderm cell number and cork per total number of 

periderm cells (FiG3G-H). In addition, gelp quintuple mutants, which almost lack suberin in the cork, 

displayed an increase of cork per periderm cell ratio and reduced periderm cell number (FiG3G-H), which 

is the opposite phenotype of myb37 myb38 myb68 myb84 mutants supporting the idea that this group of 

MYBs plays a specific function in regulating stem cell proliferation.  

 

MYB68 and MYB84 regulate stem cell proliferation via WOX4 and BP. 

Auxin plays a pivotal role in orchestrating cork cambium initiation and maintenance (Xiao et al., 2020), 

which begs the question of whether MYB68, MYB84, MYB37 and MYB38 converge on the auxin signaling 

network of the periderm. To tackle this, we took advantage of the fact that blocking polar auxin transport 

via pharmacological interference (NPA treatment) results in delayed periderm formation/growth (Xiao et 

al., 2020) and tested whether NPA treatment suppresses the periderm overproliferation phenotype of myb37 

myb38 myb68 myb84 quadruple mutants. NPA treatment in WT decreased periderm cell numbers, while in 

myb quadruple mutants, no effect was visible. Mechanistically, there could be two alternative explanations: 

these MYBs act in a totally independent pathway, or crosstalk with auxin-induced periderm program occurs 

downstream of the auxin signaling perception machinery. To disentangle this, we tested whether MYB68 

and MYB84 genetically interact with WOX4 and BP, two known downstream of auxin cork cambium 

regulators (Xiao et al., 2020). For this purpose, we obtained wox4 myb68 my84 and bp myb68 myb84 triple 
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mutants.  

Wox4 and bp mutants showed a reduction of total periderm cell number compared to WT, confirming 

previous findings. The inactivation of BP in myb68 myb84 resulted in a reduction of the total number of 

periderm cells compared to myb68 my84 double mutants. Similarly, the loss of function of WOX4 in myb68 

my84 led to a decrease in periderm cell number. These results showed that WOX4 and BP are necessary for 

the increased proliferation rate/periderm cell number of the myb68 myb84. Interestingly, WOX4 expression 

was unchanged in myb68 myb84 double mutant, and BP was only mildly upregulated, suggesting that 

MYB68 and MYB84 do not directly repress WOX4 and BP expression. 

 

Several groups of MYBs regulate suberin deposition in the cork, but stem cell repression is restricted 

to MYB36 clade.  

We next wondered whether MYBs belonging to other subclades, which regulate suberin in other 

developmental contexts (Cohen et al., 2020; Kosma et al., 2014; Lashbrooke et al., 2016; Shukla et al., 

2021; Wang et al., 2020; Xu et al., 2022), also act in the cork. Interestingly, MYB39 has been reported to 

be expressed in the cork (Cohen et al., 2020), and by exploiting available transcriptomic data for cork-

enriched expression (Leal et al., 2022) and fluorescent reporters, we could show that MYB41, MYB53, 

MYB92 and MYB93 are expressed in the cork (Fig5A and S3A). Thus, we analyzed suberin deposition in 

the myb41 myb53 myb92 myb93 quadruple mutants. Loss of function in MYB41, MYB53, MYB92, and 

MYB93 resulted in decreased suberin accumulation in the cork, and in a reduction of the relative-mature-

cork region compared to the developing-cork region (FIG5B-C), highlighting that suberin deposition in the 

cork is regulated by several groups of MYBs belonging to different subclades. However, myb41 myb53 

myb92 myb93 quadruple mutant did not show an increased number of periderm cells, reduced cork to 

periderm cell ratio, and gaps of undifferentiated cork as observed in myb quadr. mutants, suggesting that 

they do not repress stem cell proliferation in the cork cambium (FIG5D-F).  

Finally, we investigate whether MYB68 can promote differentiation/repress cell proliferation in other 

developmental contexts. As MYB87 has been previously described as a repressor of vascular cambium 

activity, and overexpression of MYB87 leads to reduced radial growth (Zhang et al., 2019), we tested 

whether MYB68 can repress vascular cambium proliferation. 

Vascular cambium-specific overexpression of both MYB87 and MYB68 (PXY:MYB68-GR and 

PXY:MYB87-GR) resulted in an increase of xylem vessel numbers due to enhanced differentiation and 

reduced proliferation of the vascular cambium, showing that MYB68 can repress vascular cambium activity 

(FIG5G-H; S4J). Altogether, these findings showed that suberin deposition in the cork is a robust process 

that is regulated by multiple MYBs transcription factors belonging to different subclades, while only MYBs 

of the MYB36-sub clade represses stem cell proliferation. 
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Discussion 

The plant body is covered and protected from biotic and abiotic stress by different protective/barrier tissues 

depending on the organ, plant species, and age. The periderm, the protective tissue of the organs undergoing 

radial thickening, has been extensively described in many plant species; however, only recently it has started 

to be characterized at the molecular level thanks to advances in omics technologies and the establishment 

of the Arabidopsis as a model for studying periderm development and cell biology (Wunderling et al., 2018). 

The periderm is a dynamic barrier, including a stem cell population, which can remain active for many years 

or throughout the entire plant life. Auxin and vascular cambium initiation are critical signals for the 

establishment and maintenance of the cork cambium, and the transcription factors WOX4 and BP/KNAT1 

act downstream of auxin, regulating cork cambium proliferation (Xiao et al., 2020). However, how cork 

cells differentiate from the stem cells of the cork cambium and become highly suberized and lignified is 

largely unknown. Suberin and lignin depositions in the cork are important for barrier function and cork cell 

integrity, as plants with reduced suberin and lignin levels have collapsed cork cells and are more susceptible 

to salinity stress (Andersen et al., 2021). 

Our findings revealed that MYB68 and other members of its subclade orchestrate cork differentiation by 

repressing the proliferation of the cork cambium and promoting suberin deposition of the cork. MYB68 

regulates suberin deposition at many levels: it promotes the expression of other transcription factors, such 

as MYB53, known to regulate suberin deposition (Shukla et al., 2021), and of enzymes important in the 

synthesis of the aliphatic suberin components and in suberin polymerization in the apoplast such as GDSL 

lipases/GELPs. Ursache and colleagues have recently shown that five GELPs are required for suberin 

deposition in the endodermis (Ursache et al., 2021). Interestingly, our genetic analysis revealed that the 

same GELPs are essential for suberin accumulation in the cork and are the major targets of MYB68. 

Surprisingly, the expression of a single GELP was sufficient to restore the suberin phenotype of myb68 

myb84 double mutants, highlighting redundancy in the family and their importance in suberin deposition. 

In contrast to MYB36, MYB68 is able to trigger the expression of the suberin network and induce extra 

accumulation of suberin in the cork, revealing specificity among closely related transcription factors. 

However, we could show that other MYBs that belong to different subclades and promote suberin in other 

developmental contexts, such as MYB39, MYB41, MYB92, and MYB93, also act in the cork, implying that 

suberin deposition is a robust process controlled by a complex network of transcription factors.  

Unique to the MYB36 subclade is the role of supporting differentiation by repressing cell proliferation. In 

fact, only combined loss of function of MYB68, MYB84, MYB37, and MYB38  and not of other MYBs 

promoting suberin results in extra not differentiated periderm layers and, in general, in more peridermal 

cells. In addition, overexpression of MYB68 in the periderm triggers the exhaustion of the cork cambium 

and the production of more cork differentiated layers, a trait of agroeconomic interest as extra cork layers 

correlate with resistance to common scab disease in potato tuber and periderm thickness to wildfire survival 
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in trees (Graves et al., 2014; Thangavel et al., 2016). The cell proliferation repression is not restricted to 

MYB68, but it encompasses the whole subclade as MYB87 has been show to restrain vascular cambium 

activity (Zhang et al., 2019), while myb36 mutants are characterized by extra ground tissue layers at the root 

tip (Kamiya et al., 2015; Liberman et al., 2015). Ectopic expression of MYB68 in the vascular cambium 

mimics MYB87 overexpression: consumption to the vascular cambium and extra xylem vessels, suggesting 

that MYB68 can replace the function of MYB87, highlighting their conserved function. In the cork 

cambium, MYB68 represses proliferation in parallel/ downstream of auxin, which is required for cork 

cambium maintenance and initiation, as interfering with auxin accumulation does not impede the formation 

of a thick periderm in myb qudr. mutants. However, WOX4 and BP genetically interact with MYB68 and 

MYB84 as they are required for the extra periderm layers that are produced by the cork cambium of myb68 

myb84 double knock-outs. Interestingly, MYB68 does not seem to regulate the expression of WOX4 and 

BP directly. Possible explanations are that MYBs interact at the protein level with regulators of WOX4 and 

BP or that MYB68 and MYB84 bind to WOX4 and BP, interfering with normal WOX4 and BP 

transcriptional outputs. This is a likely scenario as MYB transcription factors are known to form 

homodimers heterodimers and to interact with other classes of transcription factors to regulate 

developmental processes such as stomata formation and trichome differentiation (Pattanaik et al., 2014) 

(Refs). 

In conclusion, our work illustrates the importance of MYB transcription factors in orchestrating the different 

steps of cork differentiation, highlighting subclade-specific and unspecific functions. The notion that 

orthologs of MYB68 are expressed in cork cells of the stems of several trees and during wound potato 

supports the idea that there are conserved mechanisms between root, stem, and wound-induced cork 

differentiation. Supporting even a broader role for MYB68, it has been recently proposed to regulate suberin 

deposition in the endodermis and during fruit russeting (Xu et al., 2022; Xu et al., 2023). 

In conclusion, our work provides novel targets to engineer and manipulate barrier properties, such as the 

number of barrier cell layers and polymer deposition. Moreover, it will pave the way to dissect how the 

different barrier traits affect plant performance during development and in specific stress conditions. 
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Materials and Methods 

 

Plant Material and Growth 

Unless stated otherwise, plants were grown in vitro in 1/2MS media at 22C in continuous light. All 

Arabidopsis thaliana lines are in the Columbia background. Details of mutant alleles and transgenic lines 

are described in Supl file S1. For DEX (Sigma, Cat# D1756) induction, plants were initially grown and then, 

after either 9 or 14 days, transferred to 1/2MS media supplemented with 10μM DEX. For NPA (Duchefa 

Cat# N0926)  treatments, plants were grown for 9 days on 1/2MS and then transferred to 1/2MS media 

supplemented with 10μM NPA. For salt stress experiments, plants were grown for 12 days on 1/2MS, then 

transferred to four-well split plates supplemented with 100mM NaCl in one of the chambers. For all 

pharmacological treatments, unless specified otherwise, plants were treated for 5 days. For the qPCR 

experiments, 17-day-old plants were treated for 24 hours on 1/2MS media supplemented with 10μM DEX. 

 

Histological Techniques. 

For the analysis of root suberin, Fluorol Yellow (Santa Cruz Cat# sc-215052) was employed. Complete 

roots (for assessing root suberin coverage) or root periderm sections (for confocal suberin analysis) were 

first collected and placed in water. Subsequently, they were incubated in a solution of Fluorol Yellow 088 

(0.01% dissolved in lactic acid) in the dark for 30 minutes at 70°C. The stained material was subsequently 

washed twice with water and incubated in a solution of aniline blue (0.5% in water) for counterstaining. 

After staining, plant material was mounted with 10% glycerol on glass slides for analysis using 

epifluorescence or confocal microscopy. As for plastic sections, the procedure remained the same, except 

in this case, Fluorol Yellow was dissolved in water, and the FY incubation was carried out at room 

temperature in the dark.  

For periderm lignin studies, roots were collected in water and then stained in a solution of Basic Fuchsin 

(Sigma, 857343-100G) (0.5% in water) for 5 minutes. Afterward, they were washed three times with water, 

mounted with water on glass slides, and observed under the microscope.  

For periderm anatomy studies, 1 cm root samples from the root junction were collected in water. Thin plastic 

cross-sections were obtained following the protocol described in (de Reuille and Ragni, 2017) using 

Technovit 7100 (Heraeus Kulzer Cat# 64709003). 5-7 mm. Plastic sections were stained with 0.1% toluidine 

blue and imaged with a Zeiss Axio M2 imager microscope. 

For gene expression analysis, we employed two approaches: vibratome cross-sections and whole-mounts. 

First, in the case of vibratome cross-sections, 1cm-root sample (0.5 cm below the root junction) were 

collected in water and then fixed using a 4% PFA solution (in 1xPBS) following the protocol described in 

(Ursache et al., 2018). The fixation was performed under vacuum for 1-2 hours, and after this, the root parts 

were rinsed twice for 1 min in 1xPBS. The root samples were embedded in agarose blocks to obtain cross-
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sections with the vibratome. Approximately 20 vibratome cross-sections were collected in water, and then 

transfer to clearing solution (ClearSee), as described in (Ursache et al., 2018). Staining of vibratome cross-

sections was prepared following the protocol described in (Wunderling et al., 2018). The cross-sections 

were collected in water and stained with either Direct Red or Calcoflour White for subsequent examination. 

For Calcoflour White staining, vibratome cross-sections were stained with a 0.05% Calcoflour White 

solution (in ClearSee) for 5 minutes. As for Direct Red staining, vibrotome sections were incubated for 30 

minutes in a 0.05% Direct Red solution (in ClearSee). In both cases, the cross-sections were subsequently 

washed three times for 5 minutes each with the clearing solution and mounted on a glass slide using 

ClearSee. For whole-mounts, root sections were directly mounted on a solution of Propidium Iodide (PI, 

10-20 mg/ml) for subsequent analysis. 

 

Confocal Laser Scanning Microscopy Imaging 

Confocal pictures were obtained using a Zeiss LSM 880 CLS microscope. Whole mount roots, roots 

virbratome sections, plastic cross-sections or clear sections cross-sections were imaged with a Zeiss 

LSM880 with the following settings: cork autofluorescence (ex.405 nm; em. 420-460 nm), Basic Fuchsin 

(ex.566 nm; em.570-630 nm). FY (ex.488nm, em. 490- 540 nm), GFP (488nm, 490 -510 nm), Venus and 

Citrine: (ex. 514 nm; em. 520–540 nm) and  Calcofluor white (ex.475 nm, em 405-425nm). 3D 

reconstructions and Orthogonal views of a Z stack were obtained using the ZEN Black software. 

 

Suberin quantification 

For the determination of suberin content in the periderm, GC-MS (Gas Chromatography-Mass 

Spectrometry) was employed. Sample collection and the suberin extraction were conducted following the 

protocol described in (Andersen et al., 2021). In brief, root sections of approximately 2 cm from the root 

junction were collected from 19-day-old plants. Most lateral roots were removed from the samples. 

Enzymatic treatment was utilized for cell wall degradation, followed by Soxhlet extraction with a 

chloroform: methanol mixture (1:1; v/v) for 2 days to remove unbound lipids. In order to quantify (μg/mg 

dried sample) the suberin monomers detected by GC-MS, 25 μl of C32 alkane internal standard (13,5 mg/50 

ml) was added to each sample.  

 

Image Analyses 

In periderm anatomy studies, plastic cross-sections were used to quantify the number of periderm and cork 

cells. Initially, bright-field cross-section images were used to determine the total count of periderm cells. 

Subsequently, fluorescent microscopy was applied to the same plastic cross-sections to ascertain the number 

of cork cells. Cross-sections were exposed to UV excitation through a 365 nm DAPI filter to observe the 

intrinsic autofluorescence of mature cork cells. The total number of periderm cells and the ratio of phellem 
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cells to the total number of periderm cells are presented in the results. Three independent experiments were 

conducted, and only one was presented. The cork ratio: cork length in cm / total root length in cm was 

measured as described in (Wunderling et al., 2018). 

 

Molecular Cloning 

Green gate cloning system, described in (Lampropoulos et al., 2013), was used to create the majority of 

constructs used in this study. Promoters were amplified from genomic DNA and the coding sequences from 

root c-DNA. Primers used for the cloning are listed in Data S5. All modules and vectors used in this study 

are described in Data S3. The module assembly strategy is described in Data S4. The promoter of MYB87 

was cloned using Gateway technology in pDNOR207 and then introduced into a final destination vector 

containing NLS-GFP. All final constructs were transformed into Agrobacterium tumefaciens GV3101 

together with pSoup for final transformation via floral dipping or transactivation assays  

 

Genome editing  

The cloning of plasmids used for genome editing of MYB87 via CRISPR-Cas9 was conducted following 

the procedure outlined in (Fauser et al., 2014). The following gRNA was used: 

attgACCGTGCTGCGACAAGATGG. MYB87 sgRNA primers are listed in Data5. In brief, oligos were 

annealed and subsequently ligated into BbsI-linearized Gateway-entry plasmid pEn-Chimera. Finally, 

MYB87 sgRNA was introduced into the Crispr-Cas9 using a Gateway reaction. The final constructs were 

introduced into Col-0 plants using floral dipping. Positive Fast-red-T1 seeds were selected, cultivated in 

soil, and genotyped. T2 seeds without the Crispr-Cas9 construct were selected (no red fluorescent seeds), 

propagated, and genotyped to obtain homozygous MYB87 mutant plants. For genotyping, we amplified the 

region of interest with the primers described in DataS5 and analyzed it by sequencing. 

 

Sample preparation for RNA-seq and qPCR experiments 

RNA was extracted from root sections of approximately 2 cm from the root junction. Lateral roots were 

excised, and the samples were promptly collected in a tube submerged in liquid nitrogen to preserve RNA 

integrity. To create one single RNA sample, between 40 and 50 root sections were pooled together. The 

RNA extraction was done using the Universal RNA Purification Kit (Roboklon, E3598-02) according to the 

manufacturer's protocol.  

 

RNAseq data processing and analysis. 

RNA sequencing (pair-end 150bp) was performed at Novogene. Raw data sequences will be available after 

publishing. Data processing and data analysis were performed using the Galaxy platform 

(https://usegalaxy.eu/)(Afgan et al., 2018). Adaptors were removed with Trim Galore using default 
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parameters, and read quality was assessed with FastQC. Reads were aligned to the TAIR10 genome using 

HISAT2 using default parameters. Reads were counted using featureCounts, and differential gene 

expression analysis was performed using DESeq2 and can be queried in DataS6. 

 

qPCR analysis 

C-DNA was synthesized using AMV Reverse Transcriptase Native (Roboklon, E1372-01). qPCR was 

performed using MESA blue (Eurogentec, RT-SYS2X-03- +NRWOUB) in a CFX96 Real-Time System 

machine (BIO-RAD). Primers used for qPCR are listed in Table S5. The relative expression was calculated 

using CFX Maestro software (BIO-RAD), and the samples were normalized against EF1. qPCR experiments 

were repeated at least 3 times, and one experiment was shown. 

 

Transient Transactivation Studies in Nicotiana benthamiana Leaves 

Using the GreenGate cloning system, we constructed a vector containing the 35s promoter and our 

transcription factor of interest, tagged with mCherry at the C-terminus. Subsequently, we generated 

additional GreenGate vectors where the fungal luciferase (N. nambi luciferase, nnLuz) was expressed 

downstream of our promoter of interest. These vectors were then transformed into GV3101 Agrobacterium 

strains and cultured overnight until reaching an OD 600 of 0.8. To transiently express both the luciferase 

and transcription factor, we infiltrated 3-week-old N. benthamiana leaves via co-infiltration with the P336-

FBP_11 vector from (Khakhar et al., 2020) (Available from AddGene (#139702)), which contains the 

luciferin production and recycling pathway. For co-infiltration, the Agrobacterium culture of each vector 

was diluted to an OD of 0.250, resulting in a total OD of 0.750 for each leaf. The mixture was washed with 

water twice and then resuspended in an infiltration medium composed of 10mM MgCl2, 1mM MES, and 

100μM Acetosyringone. The resuspended solution was incubated for 1 hour and subsequently infiltrated 

into tobacco leaves. 

After 3 days post-infiltration (dpi), the infiltrated leaves were evaluated for luminescence using a CCD 

camera (Amersham 600 gel imager) following a 3-minute exposure. 

 

Quantitative Analysis 

No statistical method was emplyed to predetermine the sample size. The experiments were not randomized. 

IBM SPSS Statistics version 24-25-26 (IBM) was used to make statistical analysis. The number of periderm 

and phellem cells, the root length, and the root suberin coverage was determined using imageJ / Fiji5. The 

Root length and Root Suberin Coverage were measured according to (Andersen et al., 2021). For the suberin 

root coverage quantification in old roots that comprised the periderm, the statistic was performed separately 

for each root zone. 

For multiple sample comparisons, a oneway ANOVA with Tukeys’s post hoc (equal variance not assumed) 
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test was performed unless otherwise stated. For GC-MS and periderm experiments, statistical analyses were 

performed with IBM SPSS Statistics version 25 (IBM). First, the datasets were tested for the homogeneity 

of variances using the Levene’s Test. The significant differences between the two datasets were calculated 

using a Welch’s two-tailed t-test in case of a non-homogeneous variance or a Student’s two-tailed t test if 

the variance was homogeneous. For the detailed suberin quantification of each compound/category of 

compounds via GC-MS, the statistic was performed separately for each compound/category (indicated by 

the absence or presence of ’;’’; close to the letter).  
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Figures: 

 

Figure 1: (A) Schematics drown of a periderm, the different tissue layers are highlighted in distinct 

colors: cork; green: cork cambium; beige: phelloderm. (B) Confocal microscopy images of vibratome 

cross-sections of 19-day-old roots showing the expression of MYB68 (pMYB68: NLS-3xGFP; Green) 

and MYB84 (pMYB84:NLS-3xGFP; Green) in the cork (white arrows) the cells are outlined by 

Calcofluor White staining (magenta). (C and D) Suberin quantification by Fluorol yellow (FY) staining 

and suberin coverage in the cork of wild type (WT), myb68 myb84, and myb quad (myb37 myb38 myb84 

myb68) roots. (C) Representative images showing fluorescence relative intensities of cork cells stained 

with FY (14-day-old plants). (D) Suberin deposition in the Arabidopsis root periderm can be divided 

into two distinct stages. In the Developing cork (light orange) region, only a few cork cells are suberized, 

while in the mature cork (dark orange) region, all cork cells are already differentiated. Relative 

quantification of developing and mature cork suberin regions in 19-day-old plants. (E) Quantification 

of suberin constituents (µg/ mg dry sample) via GC-MS in the cork of WT and myb quadr. Suberin 

constituents include DCA (α,ω-dicarboxylic acids), ω-OH (ω-hydroxy fatty acids), Alcohol (fatty 

alcohols), Acid (fatty acids) and aromatic compounds (cis-ferulic acid, p-coumaric acid and trans-ferulic 

acid). (F) Representative images showing fluorescence relative intensities of FY signal in the cork of 

pGPAT5:MYB68-GR, induced and not induced roots. 9-day-old plants were treated for 5 days with 

mock or 10µM DEX. (G and H) NaCl effect on myb quadr. and WT growth. (G) Plants were grown for 

9 days prior to transfer to split plates (Most upper part is supplemented with 150 mm NaCl or mock) 

for 5 days. H) Quantification of the rosette area (cm²) of (G). In (D) One-way ANOVA (95% CI, post 

hoc: Tukey HSD, n = 10–14). In (E) Student T-Test (*: P<0.05, n:3-4). In (H) Two-way ANOVA, G*T: 

Genotype (WT or myb quadr.) treatment (mock or Wt) (95% CI, *:P<0.05, n = 16-18). Black bars: 1cm, 

white scale bars: 20µM, yellow scale bars: 10µM 
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Figure 1 

 

 

 

 



39 
 

 

Figure 2: (A) Orthogonal view of z stacks showing the expression of GELP38  (pGELP38:NLS-

3xVenus), GELP96 (pGELP96:NLS-3xVenus), GELP51(pGELP51:NLS-3xVenus) and GELP49 

(pGELP49:NLS-3xVenus) in the cork (white arrows) (14 day- old plants). (B) Representative images 

showing fluorescence relative intensities of FY signal in the cork of WT, gelp q1 and gelp q2 (gelp38 

gelp51 gelp49 gelp96 gelp22) (14-day-old-plants). (C) Relative quantification of developing and mature 

cork suberin regions of WT, gelp q1 and gelp q2 19-day-old roots. (D) Representative images showing 

fluorescence relative intensities of FY signal of 14-day-old WT, myb68 myb84 and pGPAT5:GELP51 

myb68 myb84 roots. (E) Relative quantification of developing and mature cork suberin regions of 19-

day-old WT, myb68 myb84 and pGPAT5:GELP51 myb68 myb84 plants. (F) Log2 Fold Change of 

relative expression of selected suberin biosynthesis, polymerizing, and regulating genes, upon induction 

of MYB68 in the periderm (pPER15:MYB68-GR; plants were grown 17 days prior to treatment with 

mock or 10 µM DEX for 24h.). Data were obtained by qPCR as described in the methods section. p 

values (P val.) are based on Student’s t test mock vs DEX. (G) Transactivation studies in N. benthamiana 

leaves using luciferase reporting system. Upper panels show the luminescence intensities of leaves co-

infiltrated with an effector construct (p35S:mCherry, p35S:MYB68-mCherry, p35S:MYB84-mCherry), 

a reporter construct (promoter of interest fused with LUZ reporter (pGELP8:LUX, pGELP38:LUX and 

pGELP51:LUX), and the FBP12 construct (encoding the fungal bioluminescent pathway. Lower panels 

show the RGB images of the same leaves. (C and E) One-way ANOVA (95% confidence interval [CI], 

post hoc: Tukey HSD, n = 10-14). Black scale bars: 1cm and white scale bars: 20µm. 
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Figure 2 
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Figure 3: (A) Cross-sections (plastic embedding) of the uppermost part of 14-day-old WT, myb68 

myb84, and myb quadr. roots. (B) Quantification of the total number of periderm cells of the experiment 

is presented in (A). (C) Quantification of the ratio of the number of cork cells/number of periderm cells 

in the experiment presented in (A). (D) Cross-sections and fluorol yellow staining of the uppermost part 

of 14-day-old pPER15:MYB68-GR roots. 9-day-old plants were treated for 5 days with mock or 10 µM 

DEX. The white arrows highlight the two layers of cork. (E and F) Ratio of the number of cork 

cells/number of periderm cells and the total number of periderm cells of the experiment presented in 

(D). (G) Cross-sections of the uppermost part of 14-day-old WT, ralph horst, and gelp q1 roots. (H) 

Quantification of the ratio of the number of cork cells/number of periderm cells in the experiment 

presented in (G). (B, C and H). One-way ANOVA (95% confidence interval [CI], post hoc: Tukey HSD, 

n = 15-20). (E and F) Student T-Test ( *: P<0.05, n:15-20). Black and yellow scale bars: 20µm. Red 

dots indicate cork cells, and the whole periderm is highlighted in green. 
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Figure 3 
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Figure 4: (A) Cross-sections (plastic embedding) of the uppermost part of 14-day-old WT and myb 

quadr. roots treated with N-1-naphthylphthalamic acid (NPA). 9-day-old plants were treated for 5 days 

with mock or 10μM NPA. (B and C) Quantification of the ratio of the number of cork cells/number of 

periderm cells and the total number of periderm cells in the experiment presented in (A). (D) Cross-

sections of the uppermost part of 14-day-old WT, myb68 myb84, wox4 and wox4 myb68 myb84. (E) 

Quantification of the total number of periderm cells of the experiment presented in (D). (F) Cross-

sections of the uppermost part of 14-day-old WT, myb68 myb84, bp and bp myb68 myb84. (G) 

Quantification of the total number of periderm cells of the experiment presented in (F). In (B, C, E, and 

F) Two-tailed Students T-Test ( *: P<0.05, n:15-20). Black scale bars: 20µm. The whole periderm is 

highlighted in green. 
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Figure 4 
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Figure 5 (A) Orthogonal view of z stacks showing the expression of MYB41 (pMB41:NLS-3xVenus), 

MYB53 (pMYB53:NLS-3xVenus), and MYB93 (pMYB93:NLS-3xVenus) in the cork (red arrowheads) 

of 14 day-old plants. (B and C) Suberin quantification by Fluorol yellow (FY) staining and suberin 

coverage in the cork of WT, myb41myb53 myb92 myb93, and myb quadr. roots. (B) Relative 

quantification of developing and mature cork suberin regions of 19-day-old plants. (C) Representative 

images of the relative intensity of FY signal c (14-day-old plants). (D) Cross-sections (plastic 

embedding) of the uppermost part of 14-day-old WT and myb41 myb53 myb92 myb93 and myb quadr. 

roots. The upper panels show bright field pictures and the lower panels show autofluorescence (DAPI 

filter) in response to UV radiation of cork cells. The red arrowheads indicate the absence of 

differentiated cork cells. (E and F) Quantification of the ratio of the number of cork cells/number of 

periderm cells and the total number of periderm cells of the experiment presented in (D). (G) 

Quantification of the number of xylem vessels upon induction of MYB68 and MYB87 in the vascular 

cambium (pPXY:MYB68-GR and pPXY:MYB87-GR; 9-day-old plants were treated for 5 days with mock 

or 10μM DEX) in the cross-sections shown in (H and S). (H) Cross-sections of the uppermost part of 

14-day-old pPXY:MYB68-GR roots. (B, E and F) One-way ANOVA (95% confidence interval [CI], 

post hoc: Tukey HSD, (B) n = 10-14, (E and F) n=15-20. (G) Student T-Test ( *: P<0.05, n:15-20). 

Black scale bars: 20µm. The whole periderm is highlighted in green.  
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Figure 5 
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Supplemental figures: 

 

Figure S1 (A) Orthogonal view of z stacks showing the expression of MYB68 (pMYB68:NLS-3xGFP 

W13Y), MYB84 (MYB84:NLS-3xGFP W13Y), MYB87 (pMYB87:NLS-GFP), 

MYB37(pMYB37:NLS-GFP ), MYB38 (pMYB38:NLS-Scarlet) and MYB36 (pMYB36g:NLS-GFP 

myb36) at two periderm developmental stages (14-day-old roots). W131Y (a ubiquitous plasma 

membrane marker), Pi, or the intrinsic autofluorescence of cork cells was employed to outlay cells. The 

white arrows indicate the expression in the cork. (B) Confocal microscopy images of vibratome cross-

sections of 19-day-old roots showing the expression of MYB37, MYB38, MYB36, and MYB87 in the 

periderm using the same lines used in (A). The white arrowheads indicate the expression in the cork. 

(C) Orthogonal view of z stacks showing the expression of MYB68 and MYB84 together with Cork 

(GPAT5:mCitrine-SYP122) differentiating cork/cork cambium (PER15:mCherry-SYP122), and cork 

cambium/phelloderm WOX4 (WOX4:YFPer) cambium and phelloderm) reporters. (D and E) 

Representative images of the relative intensity of FY signal in the cork. (D) WT, myb68, myb84, myb87 

and myb37 myb38 myb84. (E), WT and myb36. White scale bars: 20µm.  
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Supplemental figure 1 
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Figure S2 (A) Representative images of the fluorescence relative intensities of fluorol yellow signal in 

the periderm of 14-day-old WT, myb68 myb87, myb68 myb84, and myb quadr. roots. (B, C, and D) 

Quantification of percentage coverage of developing and mature cork of 19-day-old WT, myb36, myb68, 

myb84, myb87, myb68 myb87, myb68 myb84, myb37 myb38 myb84 and myb quadr. roots.  (E) Root 

length (cm) of 14-day-old WT, myb68 myb84, and myb quadr. roots (F) Quantification of cork ratio of 

14-day-old WT, myb68 myb84, and myb quadr. roots. Data were obtained as described in the methods 

section (G) Relative quantification of developing and mature cork suberin regions of 19-day-old WT 

and pGPAT5:MYB68-GR myb68 myb84 roots. 9-day-old plants were treated for 5 days with mock or 

10μM DEX. (H) Representative images of the fluorescence relative intensities of fluorol yellow signal 

in the periderm of 14-day-old WT and pGPAT5:MYB68-GR myb68myb84 roots. 9-day-old plants were 

treated for 5 days with mock or 10μM DEX. (I) Representative images of the fluorescence relative 

intensities of basic fuchsin signal of 14-day-old WT, myb68myb84, and myb quadr roots. (C, E, F and 

G) One-way ANOVA (95% confidence interval [CI], post hoc: Tukey HSD, (n = 10-14) (B and D) 

Two-tailed Students T-Test ( *: P<0.05, n:15-20) White scale bars: 20µm.    
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Supplemental figure  2 
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Figure S3 (A) Set of differentially expressed genes in WT vs. myb68 myb84, and Cork enriched gene 

vs All tissues (data from (Leal et al., 2022)). The log 2 fold changes and adjusted P value are highlighted 

by a color code. (B,C, D and E). Transactivation studies in N. benthamiana leaves using luciferase 

reporting system. Upper panels show the luminescence intensities of leaves co-infiltrated with an 

effector construct (p35S:mCherry, p35S:MYB68-mCherry, p35S:MYB84-mCherry), a reporter 

construct (promoter of interest fused with LUZ reporter pFAR4:LUX, pGPAT5:LUX, pMYB53:LUX 

and pCASP2:LUX), and the FBP11 construct (encoding the fungal bioluminescent pathway). Lower 

panels show the RGB images of the same leaves. Black scale bars: 1cm 
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Supplemental figures 3 
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Figure S4 (A) Cross-sections (plastic embedding) of the uppermost part of 14-day-old WT and myb37 my38 

myb84.  Black double-headed arrows show the periderm area. (B and C) Quantification of the ratio of the 

number of cork cells/number of periderm cells and the total number of periderm cells of the experiment is 

presented in (A). (D) Cross-sections of the uppermost part of 14-day-old WT, myb87, myb68, myb84, 

myb68myb87, myb68myb84, myb quadr. Black double-headed arrows show the periderm area. (E and F ) 

Quantification of the ratio of the number of cork cells/number of periderm cells and the total number of 

periderm cells of the experiment presented in (D). (G) Cross-sections of 14-day-old WT, myb68myb84, and 

myb quadr. roots. It shows autofluorescence in response to UV radiation excitation of phellem cells. Red 

arrows show the developing cork characterized by the lack of fluorescence. (H and I) Fluorol Yellow (FY.) 

Staining and Cork suberin coverage of WT and ralph horst roots. (H) Relative quantification of developing 

and mature cork suberin regions of 19-day-old plants. (I) Fluorescence relative intensities of fluorol yellow 

signal in the periderm of 14-day-old plants. (J) Cross-sections of the uppermost part of 14-day-old 

pPXY:MYB68-GR and pPXY:MYB87-GR. Two independent lines of pPXY:MYB87-GR are shown. 9-day-

old plants were treated for 5 days with mock or 10μM DEX. (B, C, and H) Two-tailed Students T-Test ( *: 

P<0.05, (B and C) n:15-20, (H) n:10-15). (E and F) One-way ANOVA (95% confidence interval [CI], post 

hoc: Tukey HSD, (n = 15-20) Scale bars (black and white) in cross sections 20µm. 
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Supplemental figures 4 
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Supplemental tables: 

Table S1 Transgenic lines used in this study 

Arabidopsis Lines Obtained from/by Described in 

MYB84:NLS-3xGFP Our work (Wunderling et al. 2018) 

MYB68:NLS-3xGFP This study This study 

MYB87:NLS-GFP This study This study 

MYB37:NLS-3xGFP This study This study 

MYB38:NLS-3xScarlet This study This study 

MYB36g-GFP in myb36-1 N69051  

MYB68:NLS-3XGFP 

WOX4:ER-YFP 

Crossing This study 

(Suer et al. 2011) 

MYB68:NLS-3XGFP 

GPAT5:mCitrine-SYP122 

Crossing (Wunderling et al. 2018) 

(Barberon et al. 2016) 

MYB84:NLS-GFP-GUS 

WOX4:ER-YFP 

Crossing (Wunderling et al. 2018) 

(Suer et al. 2011) 

MYB84:NLS-GFP-GUS 

GPAT5:mCitrine-SYP122 

Crossing (Wunderling et al. 2018) 

(Barberon et al. 2016) 

GPAT5:MYB68-GR in 

MYB84:NLS-GFP GUS 

GPAT5:mCitrine-SYP122 

PER15:mCherry-SYP122   

This study This study 

GPAT5:MYB87-GR in 

MYB84:NLS-GFP GUS 

GPAT5:mCitrine-SYP122 

PER15:mCherry-SYP122   

This study This study 

GPAT5:MYB84-GR This study This study 

GPAT5:MYB36-GR This study This study 

GPAT5:MYB37-GR This study This study 

GPAT5:MYB38-GR This study This study 

GPAT5:MYB68-GR in 

myb68-2-4 myb84-1 

This study This study 

PER15:MYB68-GR This study This study 

PER15:MYB36-GR  This study This study 

PER15:MYB84-GR This study This study 
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GPAT5:GELP51 in myb68-2-4 

myb84-1 

This study This study 

GELP22:NLS-3xmVenus Robertas Ursache  (Ursache et al. 2021) 

GELP38:NLS-3xmVenus Robertas Ursache  (Ursache et al. 2021) 

GELP49:NLS-3xmVenus Robertas Ursache  (Ursache et al. 2021) 

GELP51:NLS-3xmVenus Robertas Ursache  (Ursache et al. 2021) 

GELP96:NLS-3xmVenus Robertas Ursache  (Ursache et al. 2021) 

MYB41:NLS-3xmVenus Marie Barberon (Shukla et al. 2021) 

MYB93:NLS-3xmVenus Marie Barberob (Shukla et al. 2021) 

ELTP:MYB41 Marie Barberob (Shukla et al. 2021) 

 

Table S2 Mutant alleles used in this study 

Name 

used in 

the 

paper 

Allele Atg Type Obtained 

from/by 

Described 

in 

myb84 myb84-1 AT3G49690 Salk_141918C N653820 (Feng et al. 

2004) 

myb68 myb68-2-4 AT5G65790 CRISPR CRISPR in 

Col 

This study 

myb87 myb87-3a AT4G37780 CRISPR CRISPR in 

Col 

This study 

myb36 myb36-1 AT5G57620 EMS   

myb37 

myb38 

myb84 

rax1-3 

rax2-1 

rax3-1  

AT3G49690 

AT5G23000  

AT5G65790 

SALK_071748C 

Wisconsin line; rax3 

En-1 

Sonia 

Gosalves 

(Muller et 

al. 2006) 

myb68 

myb84 

myb68-2-4 

myb84-1 

AT3G49690 

AT5G65790 

CRISPR 

Salk_141918C 

Crossing This study 

myb68 

myb87 

myb68-2-4 

myb87-3b 

AT3G49690 

AT5G65790 

CRISPR CRISPR in 

myb68-2-24 

This study 

myb 

quad. 

rax1-3 rax2-1 

rax3-1 myb68-

2-4 

AT3G49690 

AT5G23000 

AT5G23000 

AT5G65790 

SALK_071748C 

Wisconsin line; rax3 

En-1 

CRISPR 

Crossing This study 
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horst 

ralph 

horst-1 ralph-1 At5g58860/C

YP86A1 

At5g23190/ 

CYP86B1 

SALK_107454 

SM.37066 

 

Rochus 

Franke 

(Salas-

González et 

al. 2021) 

gelp q1 gelp22-c1 

gelp38-c3 

gelp49-c1 

gelp51-c1 

gelp96-c1 

AT1G54000 

AT1G74460 

AT2G19050 

AT2G23540 

AT5G37690 

 

CRISPR Robertas 

Ursache  

(Ursache et 

al. 2021) 

gelp q2 gelp22-c1 

gelp38-c3 

gelp49-c1 

gelp51-c1 

gelp96-c1 

AT1G54000 

AT1G74460 

AT2G19050 

AT2G23540 

AT5G37690 

 

CRISPR Robertas 

Ursache  

(Ursache et 

al. 2021) 

wox4 wox4-1 AT1G46480 GK_462GO1 Thomas Greb (Suer et al. 

2011) 

bp bp-9 AT4G08150 Transposon insertion Pautot 

Veronique 

(Mele et al. 

2003) 

myb68 

myb84 

bp 

myb68-2-4 

myb84-1 bp-9 

AT3G49690 

AT5G65790 

AT4G08150 

CRISPR 

Salk_141918C 

Transposon insertion 

Crossing This study 

myb68 

myb84 

wox4 

myb68 2-4 

myb84-1 

wox4-1 

AT3G49690 

AT5G65790 

AT1G46480 

CRISPR 

Salk_141918C 

GK_462GO1 

Crossing This study 

myb41 

myb53 

myb92 

myb93 

myb41_c2-

myb53_c1-

myb92_c1-

myb93_c1 

AT4G28110 

AT5G65230 

AT5G10280 

AT1G34670 

CRISPR Marie 

Barberon 

(Shukla et 

al. 2021) 
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Table S3 Greengate cloning mudles used in this study 

 

Table S4 GreenGate assembly of final constrcuct used in this study 

Final vector  (in pZO2) A B C D E F 

MYB68:NLS-3xGFP pMYB68 B5 C25 D2 E1 F5 

MYB84:NLS-3xGFP pMYB84 B3 C25 D2 E1 F5 

MYB37:NLS-3xGFP pMYB37 B5 C25 D2 E1 F5 

GPAT5:MYB68-GR pGPAT5 B3 MYB68 GR E1 FR 

GPAT5:MYB36-GR pGPAT5 B3 MYB36 GR E1 FR 

PER15:MYB68-GR pPER15 B3 MYB68 GR E1 FR 

GPAT5:GELP51 pGPAT5 B3 GELP51 D2 E1 FR 

GG modules/vectors 

used in this study 

 Ref. Obtained 

pGG-A0 (Lampropoulos et al. 2013) Jan Lohmann 

pGG-C0 (Lampropoulos et al. 2013) Jan Lohmann 

pZ03 (Lampropoulos et al. 2013) Jan Lohmann 

pGG-A-pGPAT5  This study This study 

pGG-A-pPER15  (Xiao et al. 2020) Our group 

pGG-A-pMYB68  This study This study 

pGG-A-pMYB84  This study This study 

pGG-A-pMYB37  This study This study 

pGG-B03 (B-dummy) (Lampropoulos et al. 2013) Jan Lohmann 

pGG-B05 (NLS) (Lampropoulos et al. 2013) Jan Lohmann 

pGG-C25 (3xGFP) (Lampropoulos et al. 2013) Jan Lohmann 

pGG-C-MYB68  This study This study 

pGG-C-MYB36  This study This study 

pGG-C-GELP51 This study This study 

pGG-D-GR (Ramakrishna et al. 2019) Thomas Greb 

pGG-D2 (D-dummy) (Lampropoulos et al. 2013) Jan Lohmann 

pGG-E1 (pea RBCS 

terminator) 

(Lampropoulos et al. 2013) Jan Lohmann 

pGG-F5 (Hygro R) (Lampropoulos et al. 2013) Jan Lohmann 

pGG-F12 (Sulfo R) (Lampropoulos et al. 2013) Alexis Maizel 

pGG-F-FR (FASTRED) (Vilches Barro et al. 2019) Alexis Maizel 
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Table S5 Oligos used in this study 

Element Primer for 

cloning  

Sequence 

pMYB68 A-pMYB68 F AACAGGTCTCAACCTAATACGATGCTACTCTGTTGTT 

 Br-pMYB68 R AACAGGTCTCATGTTAGGAGGATGGTGTATGATAATG 

pMYB84 A-pMYB84 F AACAGGTCTCAACCTCGTGGACTTGGACTTGTTTA 

 Br-pMYB84 R AACAGGTCTCATGTTACTTGTACTCCTAGTGAAGTCTTG 

pMYB37 A-pMYB37 F AACAGGTCTCAACCTGTACTTCACATGATAACACG 

 Br-pMYB37 R AACAGGTCTCATGTTTCTCGTTAGTGAATTGAAG 

pGPAT5 A-pGPAT5 F AACAGGTCTCAACCTTCGCAAACGTCAATGGTCTAT 

 Br-pGPAT5 R AACAGGTCTCATGTTTTCTTTTGTTTTTTGCTCGAATATT

A 

MYB68 C-MYB68 F AACAGGTCTCAGGCTCAATGGGAAGAGCACCGTGTTGT 

 Dr-MYB68P R AACAGGTCTCACTGACACATGATTTGGCGCATTGAA 

MYB36 C-MYB36 F AACAGGTCTCAGGCTCAATGGGAAGAGCTCCATGCT 

 Dr-MYB36 R AACAGGTCTCACTGAAACACTGTGGTAGCTCATCTGAG 

GELP51 C-GELP51 F AACAGGTCTCAGGCTCAATGGCCACAAGAGCTTCTA 

 Dr-GELP51 R AACAGGTCTCACTGATCACATATCTCTAAGTTTGC 

pMYB38   

   

pMYB87 1/2B1pMYB87 F AAAAAGCAGGCTGGGTATAAGTACAGCCCAAGT 

 1/2B2pMYB87 R AGAAAGCTGGGTATCTTGTTCTCTAGGTATTTATC 

gRNA  MYB87 gRNA B 

F ATTGGAAAGGGCCATGGTCGACGG 

MYB87 MYB87 gRNA B 

R AAACCCGTCGACCATGGCCCTTTC 

gRNA    

MYB68   
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Allele Primer for 

genotyping  

Sequence 

myb84-1 WT : AACAGGTCTCAACCTAATACGATGCTACTCTGTTGTT 

 Mut: AACAGGTCTCATGTTAGGAGGATGGTGTATGATAATG 

rax1-3 WT : AACAGGTCTCAACCTCGTGGACTTGGACTTGTTTA 

 Mut: AACAGGTCTCATGTTACTTGTACTCCTAGTGAAGTCTTG 

rax2-1 WT : 
 

 Mut: 
 

rax3-1 WT : AACAGGTCTCAACCTTCGCAAACGTCAATGGTCTAT 

 Mut: AACAGGTCTCATGTTTTCTTTTGTTTTTTGCTCGAATATT

A 

Wox4-1 WT : AACAGGTCTCAGGCTCAATGGGAAGAGCACCGTGTTGT 

 Mut: AACAGGTCTCACTGACACATGATTTGGCGCATTGAA 

bp-9 WT : AACAGGTCTCAGGCTCAATGGGAAGAGCTCCATGCT 

 Mut: AACAGGTCTCACTGAAACACTGTGGTAGCTCATCTGAG 

myb68-2-

4 

WT : 
AACAGGTCTCAGGCTCAATGGCCACAAGAGCTTCTA 

 Mut: AACAGGTCTCACTGATCACATATCTCTAAGTTTGC 

myb87-3 

Seq. 

GGTTAGAGGTGCATGGTGGA 

 

AAATAGCTCGGCCTGGAAAT 

 

TCATTGCCTTTTTCTCACCA 
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Summary  
 

Apoplastic barriers play a vital role in plant homeostasis, growth, and development. The 

proper function of these barriers is monitored by surveillance mechanisms that ensure plant 

protection. Until now, the only well-documented example is the SCHENGEN pathway. It 

regulates and monitors Casparian strip formation, guarantees the proper embryonic cuticle 

formation during seed development and, orchestrates modifications of pollen wall 

components within the anther locule. The activation of this pathway involves the perception 

of peptide ligands released into the plant apoplast by leucine‐rich repeat receptor‐like 

kinases (LRR‐RLKs) and a cytoplasmic kinase specifically localized. Altogether this leads 

to the proper deposition of suberin, lignin, or cutin, depending on the developmental 

contexts. In Arabidopsis lines with impaired suberin or lignin deposition, such as 

pELTP:MYB and gelp22 gelp38 gelp51 gelp49 gelp9 mutants, we observed a 

compensation mechanism that includes an increase in apoplastic barrier production and the 

upregulation of several suberin and lignin related genes. To understand this better, we 

identified the specific expression pattern for Schengen pathway components in the 

periderm. For example, SGN3/GSO1 and GSO2 receptor kinases are specifically expressed 

in the periderm, while certain peptide ligands, such as TWS1 or CIF4, are expressed in the 

surrounding tissues, including the phellogen. Additionally, in the gso1gso2 double receptor 

mutant and tws1 ligand mutant, we observed a delay in phellem differentiation. 

Furthermore, the Arabidopsis periderm exhibits a response to the exogenous application of 

CIF2 and TWS1 ligand peptides. This response involves the upregulation of suberin and 

lignin-related genes, indicating an active state of the surveillance system after the initial 

establishment of phellem apoplastic barriers. In conclusion, we propose that the continuous 

monitoring of the phellem by the SCHENGEN pathway ensures the periderm's role as 

armor by maintaining its protective capacity during development and in emergency 

situations. This discovery provides researchers with new tools for the study of apoplastic 

barrier establishment and new strategies to generate more resistant plants 

 

Keywords: Schengen pathway, suberin, lignin, periderm, phellem 
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Introduction 
 

Apoplastic barriers such as suberin or lignin, are identified as evolutionary adaptations which help 

plants in surviving and thriving in demanding environments (Nawrath et al., 2013).  For example, 

phylogenetic analysis of 18 representative species show that suberin related genes evolved through 

the duplication of genes functioning in other processes, and that suberin lamella is exclusive of 

seed plants (Su et al., 2023). Suberin is an aromatic and aliphatic polymeric material that consists 

of oxygenated long-chain fatty acids (C16-C24), glycerol, and aromatic monomers such as ferulic 

acid (Bernards, 2002; Kolattukudy, 1980; Pollard et al., 2008; Serra and Geldner, 2022). The 

biosynthesis and regulation of suberin deposition in Arabidopsis are relatively well understood 

(Nomberg et al., 2022). On the other hand, lignin is composed of p-hydroxyphenyl (H), guaiacyl 

(G), and syringyl (S) units derived from the polymerization of monolignols originating in the 

phenylpropanoid pathway, especially hydroxycinnamyl alcohols, with p-coumaryl, coniferyl, and 

sinapyl alcohols being the most common (Vanholme et al., 2019; Weng & Chapple, 2010).  The 

final polymerization of lignin in the cell walls involves the activation of cell-wall-localized 

oxidation systems, such as laccase/O2 and/or peroxidase/H2O2, for combinatorial radical coupling 

to form the final lignin polymers. (Tobimatsu & Schuetz, 2019). Lignin and suberin accumulate in 

the cell walls of many organs and plant species, with the endodermis being one of the most common 

and well-studied examples. For instance, Casparian strips (CS) are made by lignin and in the 

endodermis block apoplastic spaces, preventing the diffusion of solutes between outer and inner 

tissues and forcing them to pass through the symplast of endodermal cells (Geldner, 2013; Naseer 

et al., 2012a). The integrity of the apoplastic barrier is essential for its protective capacity. In the 

past years, it was discovered that in Arabidopsis, the Schengen pathway, in cooperation of MYB36, 

controls precise lignification of Casparian strip, in the endodermis while also serving as a 

surveillance system to monitor the integrity of the barrier. This pathway in the endodermis 

comprises the interaction of CASPARIAN STRIP INTEGRITY FACTORS 2 peptides (CIF1 and 

CIF2), SCHENGEN3 (SGN1) kinase protein and a leucine-rich repeat receptor-like kinase 

SCHENGEN3 (SGN3/GSO1). This triggers a signaling pathway that increases ROS (Reactive 

Oxygen Species) production, which is necessary for lignin polymerization (Alassimone et al., 

2016; Doblas et al., 2017; Fujita et al., 2020b).  In Arabidopsis, CIF1, CIF2, CIF3, CIF4, and TWS1 

are ligands that interact with two Shengen kinase receptors, SGN3 (GSO1) and GSO2 (Doblas et 

al., 2017; Doll et al., 2020; Fujita et al., 2020b; Nakayama et al., 2017; Truskina, Brück B, et al., 
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2022). Today, we know that this pathway regulates and monitors the integrity of the Casparian 

strips formation, guarantees the proper embryonic cuticle formation during seed development, and 

orchestrates modifications of pollen wall components to ensure proper tapetum within the anther 

locule. (Truskina et al., 2022; Doll et al., 2020). In secondary growth, apoplastic barriers reinforce 

the periderm in both roots and shoots. The periderm is the outermost tissue in secondary growth, 

serving as a barrier that protects the plant against various stresses to keep homeostasis. It is 

composed of three layers: the phellogen, phellem (also known as cork), and phelloderm. The 

phellogen is a meristematic tissue that divides bidirectionally to form the phelloderm inward and 

the phellem outward. The phelloderm is thought to store nutrients, while the phellem is 

characterized by the significant presence of suberin and lignin, which make up a substantial portion 

of the periderm's mass (Serra et al., 2022).  Despite this, in contrast to the endodermis, there is 

limited information available on how these diffusion barriers are specifically produced and 

accumulated during periderm development. Previous research using ribosome affinity purification 

followed by mRNA sequencing (TRAP-SEQ) has shown that the early onset of phellem 

suberization takes place following phellogen division and involves the upregulation of suberin and 

lignin related genes, WOX, NAC, and MYB transcription factors and other putative regulators 

(Leal et al., 2022). We postulate that, in addition to other regulators, the Schengen pathway plays 

a pivotal role in orchestrating the deposition of both suberin and lignin in phellem. We found that 

the components of the Schengen pathway are expressed in the periderm with a little difference with 

those described in the endodermis. TWS1 and CIF4 emerge as the most promising ligand peptide 

candidates for activating both receptors, SGN3 and GSO2, expressed in the phellem. We show that 

periderm development in the Schengen loss-of-function mutants is delayed, and the apoplastic 

barriers are not properly established. Furthermore, our findings suggest that the Schengen pathway 

can activate periderm specific downstream enzymes, such as peroxidases, potentially influencing 

lignin polymerization in the onset of phellem differentiation. However, certain questions, including 

those related to peptide processing and movement, necessitate further investigation. This work 

uncovers a novel role of the Schengen pathway in establishing the apoplastic barrier in the 

periderm. 
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Results: 
 

As a Compensatory Surveillance Response, Periderm Increases Apoplastic Barriers 

Deposition. 
 

To investigate the periderm response resulting from compromised apoplastic barrier integrity, we 

examined two plant lines with deficient apoplastic barrier establishment. Previous research has 

shown that pELTP:MYB4 leads to a collapsed phellem due to decreased suberin and lignin 

deposition (Andersen et al., 2021b).  This line, in combination with the suberin reporter pGPAT5: 

mCitrine-SYP122, allowed us to assess both the quality of the barrier and the expression of 

GPAT5, which correlates with suberin deposition  (Barberon et al., 2016). As reported, the phellem 

in pELTP:MYB4 exhibits a disrupted layer with poorly defined cell walls (Figure 1b). 

Interestingly, our analysis of GPAT5 expression revealed a marked upregulation in pELTP:MYB4 

(Figure 1b). This suggests that despite the challenges and limitations in the production of suberin 

and lignin monomers in pELTP:MYB4, the plant is able to upregulate suberin genes probably to 

compensate the barrier issues.  

In addition, we examined gelp22 gelp38 gelp51 gelp49 gelp9 quintuple mutant, which has been 

shown to be incapable of suberin polymerization in cell walls (Ursache et al., 2021). In this mutant, 

biosynthesis is not affected, and only the last step of suberin polymerization is compromised, in 

contrast to the situation observed in pELTP:MYB4. The periderm of gelp22 gelp38 gelp51 gelp49 

gelp9 quintuple mutant showed a strong reduction of suberin deposition as we expected. 

Interestingly, it appears that lignin deposition in this mutant is much higher in comparison with 

WT plants (Figure 1c).  This could be interpreted as an expected Schengen response, which could 

be found in similar scenarios in the endodermis (Reyt et al., 2021). Further analysis using other 

approaches, especially analytical methods, is needed in order to confirm the overproduction of 

lignin in the tissues. 

It was shown that Piperonylic Acid (PA) suppresses the phenylpropanoid pathway by inactivating 

CYP73A cytochrome P450 enzyme. This inactivation reduces dramatically the cinnamic acid 

accumulation in the beginning of the phenylpropanoid pathway affecting the final monolignol 

production (Schalk et al., 1998). PA was previously used to diminish the establishment of 

Casparian strips (Naseer et al., 2012a). Then, we decided to block the phenylpropanoid pathway in 

the periderm of Col-0 (WT) using PA, and we checked the expression of suberin and lignin related 

genes. Our analysis revealed a significant upregulation of suberin and lignin related genes in the 
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plants treated with PA (Figure 1d).  This reinforces the idea of the existence of a surveillance 

system in the periderm that senses and triggers the upregulation of genes to repair or establish the 

phellem. 

 

Figure 1: Compensatory Surveillance Response in the periderm. (A) Schematics drown of a 

periderm, it shows the position of the differentiated phellem along the root and includes a cross-

section highlighting the phellem layer where suberin and lignin accumulate. (B) Representative 

images showing the GPAT5:mCitrine signal in the cork indicate a much stronger signal in the 

pELTP:MYB4 line. (C) Representative images illustrating lignin deposition in both WT and the 

gelp22 gelp38 gelp51 gelp49 gelp9 quintuple mutant, the mutant plant shows a stronger signal. (D) 

Log2 Fold Change of relative expression of selected suberin and lignin related genes, upon 

induction of 10 μM PA for 24h.). Data were obtained by qPCR as described in the methods section. 

Yellow scale bars: 50µm. White scale bars:  60µm. 
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Suberin and Lignin do not Exhibit the Same Deposition Pattern During Phellem 

Differentiation. 
 

To understand how lignification occurs during phellem differentiation, we analysed the lignin 

deposition at different stages of phellem differentiation. Based on the developmental stages defined 

by Wunderling et al. (2018), we analyzed stages 1/2, 3/4, and 4/5. We observed that lignification 

occurs in a gradient manner, with the major zone of lignification being the upper part close to the 

hypocotyl. As we descend in the root, our analysis shows that lignification is reduced, especially 

in the early stages of development (Stage 1/2) (Fig. Supl. 1). Interestingly, we observed that 

lignification in the early stages is polarly localized in the new undifferentiated phellem cell. This 

suggests that lignification is not random and may require molecular specifiers for polar deposition. 

Next, we were curious about whether suberin deposition follows the same pattern as lignin. To 

explore this, we employed a combination of suberin and lignin staining, as demonstrated in 

(Sexauer et al., 2021). By simultaneously using Basic Fuchsin and Fluorol Yellow, we observed 

that suberin is deposited uniformly around the cell, displaying a non-polarized pattern (Fig. Supl, 

2). These findings suggest that, unlike suberization, lignification within the phellem cells during 

the initial steps of differentiation is achieve gradually.  

Schengen Pathway Components, and Suberin and Lignin Related Genes are  Expressed in 

the Periderm at Different Steps of Differentiation.  
 

To identify possible genes that may elucidate this barrier compensation response, we analysed and 

compared transcriptomic datasets from two sources: one by Leal et al. (2022) and another from a 

cork trans-differentiation system developed in our group by Xiao et al. (unpublished). This system 

enables the study of phellem differentiation in an elegant and controllable manner, enhancing 

phellem differentiation in a spatial-temporal manner. In our analysis, we initially looked for well-

known suberin and lignin-related genes. The phellem differentiation in the cork trans-

differentiation was previously done by Xiao et al. (unpublished) at two time points, 24h and 48h. 

After comparing the dataset, we identified a significant number of lignin-related genes such as 

PAL4, RBOH2, PER (Fujita et al., 2020b; Kamiya et al., 2015b; Vanholme et al., 2019), suberin 

genes involved in biosynthesis such as HORST and GPAT5 (Belsson et al., 2007; Höfer et al., 

2008), suberin transcription factors like MYB41, MYB93, MYB53 (Shukla et al., 2021), and genes 

involved in the polarization of suberin within the cell walls like GDSLs genes (Nomberg et al., 

2022; Ursache et al., 2021). Interestingly, this analysis also displayed the upregulation of 

GSO1/SGN3 receptor (Figure 2a). GSO1/SGN3 is a kinase receptor that in collaboration of SGN1 
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kinase protein, together with MYB36, controls the specific formation of Casparian strips (CS). 

Briefly, SGN1 facilitates the transmission of the activation signal from the CIF2 secreted peptide 

to the SGN3 receptor. SGN1 induces localized production of reactive oxygen species (ROS) at the 

Casparian strip by directly phosphorylating NADPH oxidases (Doblas et al., 2017; Fujita et al., 

2020b; Kamiya et al., 2015b; Nakayama et al., 2017). These observations suggest that the Schengen 

pathway may also play a role in the periderm by regulating suberin and lignin deposition. 

Then, we wondered whether we could confirm the presence of the Schengen pathway components 

in the periderm. By employing fluorescent reporter lines, we confirmed that the components 

express in the periderm, and we could define the expression pattern of both receptors, GSO1/SGN3 

and GSO2, along with the expression of the kinase protein SGN1. Additionally, ligands TWS1 and 

CIF4 (Doll et al., 2020; Okuda et al., 2020) were also expressed in the periderm (Figure 2b). 

Interestingly, both receptors GSO1/SGN3 and GSO2 were expressed mostly in the phellem of the 

periderm, although GSO2 was also present in the vasculature. Regarding the ligand peptides, CIF4 

was observed in periderm and cortex. On the other hand, TWS1 was mostly expressed in the 

phellogen, phelloderm, and vasculature. It was not possible to identify expression in the phellem. 

It seems that both ligand peptides and the receptors partially share a pattern of expression, but it is 

also clear that each may have specificities. Finally, SGN1 kinase protein was also found in the 

periderm (Figure 2b). The expression of nearly all known components of the Schengen pathway 

strongly suggests that it could play a role in the establishment of apoplastic barriers in the periderm. 

Next, as in the endodermis SGN3 protein polarly localized, we explored the localization of 

GSO1/SGN3 protein using the SGN3:SGN3-VENUS reporter line in the periderm. We analyzed 

the protein localization at two developmental stages, as defined by Wunderling et al. (2018): stages 

2/3 and 4/5. The first one shows a partial differentiation, while in the other, the phellem is 

completely differentiated. We observed a specific polar localization of GSO1/SGN3 (Figure 2c). 

In the younger stages, this receptor was situated perpendicular to the phellogen’s long axis in 

between the new phellem cells, which are not yet differentiated and still covered by the cortex and 

epidermis. In the older stage, GSO1/SGN3 maintained this specific localization (Figure 2b) 

although it was not possible to see expression in fully differentiated phellem. It is important to 

mention that GSO1/SGN3 is expressed at low levels, and the signal could be mask by the intrinsic 

strong autofluorescence displayed by the phellem. Furthermore, we observed that in the 

undifferentiated phellem, lignin shared the same localization pattern as GSO1/SGN3. This strongly 

suggests that the Schengen pathway can precisely define the site of lignification during phellem 
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differentiation in the first stages of differentiation. 

 

Figure 2: Schengen components are present in the periderm (A) Venn diagram showing 

suberin/lignin-related genes expressed in the phellem induced in the cork trans-differentiation 

system, at two times of induction (Xiao et al. unpublished), and the cork-enriched analysis by Leal 

et al. 2020. (B) Orthogonal view of z stacks showing the expression of GSO1/SGN3 

(pGSO1/SGN3:NLS-3xVenus), GSO2 (pGSO2:NLS-3xVenus), SGN1(pSGN1:NLS-GFP-GUS),  

TWS1 (pTWS1:NLS-3xVenus), and CIF4 (pCIF4:NLS-3xVenus)  (14 day- old plants). (C) 

Orthogonal view of z stacks showing the protein localization of SGN3 (pSGN3:SGN3-Venus). 

Red scale bars: 20µm. 

Mutants in the Schengen Pathway Show Altered Phellem Differentiation. 

  
To confirm a possible role of the Schengen pathway in phellem differentiation, we analyzed how 

the phellem is established in loss-of-function mutants of the Schengen pathway components. First, 

using Basic Fuchsin staining, we analyzed how lignin is deposited in the phellem of 14-day-old 

WT (Col-0) and the gso1/sgn3 gso2 double mutant plants. The gso1/sgn3 gso2 double mutant 

showed irregular deposition of lignin in comparison with WT. Additionally, based on the signal 

intensity, we could also infer that lignin is deposited in very small amounts compared with WT 

plants, although further analytical analysis is needed. Then, we wondered if  the onset of phellem 

differentiation is delayed in gso1/sgn3 gso2 double mutant and tws1 ligand peptide mutants, so we 
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decided to analyse the suberin deposition phellem differentiation along the root, which correlates 

with the phellem differentiation. We used a similar approach shown in (Andersen et al., 2021b). 

Using Fluorol Yellow (FY), a classic suberin staining, we could distinguish two developmental 

stages of the phellem: the mature phellem and the developing phellem. When we compared Col-0 

plants against the gso1/sgn3 gso2 and tws1 mutant plants, we could see a significant reduction in 

the total phellem area in both mutant lines (Figure 3b). It means that indeed the onset of phellem 

differentiation in the mutants is delayed in comparison with Col-0. In addition, we could observe 

that both developmental stages were proportionally reduced. It could mean that the differentiation 

program of the phellem cells is delayed but not abolished. 

Previously, it was shown that the external treatment of Arabidopsis roots with the CIF2 peptide 

can induce early suberization and upregulation of suberin and lignin genes in the endodermis 

(Fujita et al., 2020b; Reyt et al., 2021). Thus, we wondered if it is possible to induce in the periderm 

suberin accumulation and upregulation of genes of interest by the external treatment with CIF2 or 

TWS1. In order to address this question, we used two different approaches. First, we treated 11-

day-old Arabidopsis WT plants with 450 nM TWS1 peptide for 96 hours, and we analyzed the 

onset of phellem differentiation. We found that the treatment with TWS1 significantly increased 

both periderm areas, the mature phellem and the developing phellem (Figure 3c). It could mean 

that the peptide by itself can active downstream signallers to enhance phellem differentiation. Then, 

we used a similar set-up to analyze this induction at the transcriptional level using qPCR. The main 

difference here was that we treated 13-day-old plants for 24 hours with CIF2 peptide. We collected 

the periderm sections without lateral roots and analyzed it using qPCR. We found that in WT plants, 

there was a notable upregulation of suberin and lignin-related genes (Figure 3d). These results 

suggest that the periderm in Arabidopsis can respond to several inputs, including the application 

of synthetic peptides. All this suggests the presence or absence of some components in the periderm 

will alter the phellem differentiation rate suggesting a pivotal role of the Schengen pathway in 

phellem differentiation. 
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Figure 3: Apoplastic barriers in phellem are defective in Schengen loss-of-function mutants. (A) 

Representative images illustrate lignin deposition in both WT and the gso1/sgn3 gso2 double 

mutant receptor, where lignin deposition is reduced and irregular. (B and C) Suberin deposition in 

the phellem, showing developing phellem (light orange) and mature phellem (dark orange). (B) 

Relative quantification of developing and mature phellem in WT, gso1/sgn3 gso2, and tws1 

mutants, mutants display a marked reduction. (C) Relative quantification of developing and mature 

phellem in WT plants treated with 450nM of TWS1, inducing phellem differentiation. (D) Log2 

Fold Change of relative expression of selected suberin and lignin related genes upon induction of 

450nM of CIF2 for 24h, measured by qPCR. (B and C) Students T-Test ( *: P<0.05, n:10-15) 

Yellow scale bars: 40µm. 

A Set of Periderm Peroxidases is Induced by TWS1 Ligand Peptide 
 

Then we wondered whether the Schengen pathway response shares similarities between the 

endodermis and the periderm. To address this question, we performed RNA-seq using periderm 

and endodermis root material. We treated 13-day-old WT plants for 24 hours with 450nM TWS1 

and collected periderm and endodermis root regions without lateral roots (Figure 4a). Comparison 

of the differentially expressed genes (DEGs) from both showed that the most strongly induced 
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genes are peroxidases and laccases, both necessary for the final step of the polymerization of lignin. 

Additionally, we found that some of these genes were exclusively induced in the endodermis (270), 

phellem (799), and some were present in both tissues (234) (Figure 4b). It has been shown that the 

formation of Casparian strips requires exclusively the participation of peroxidases, with a minor 

role of laccases (Rojas-Murcia et al., 2020). In our analysis, similarly to the endodermis, a 

significant number of peroxidases were much more induced than laccases. Interestingly, we found 

that the number of peroxidases was higher in the periderm than in the endodermis (Figure 4c). In 

addition, we could see that some of the peroxidases found in the periderm were not found 

previously in the endodermis. All this could mean two things: first, that the lignin deposited in the 

phellem could share a similar chemical nature with the ones that build the Casparian strips, and 

second, that the final polymerization requires specific enzymes for both tissues 

 

Figure 4: RNAseq analysis of TWS1 induction in Arabidopsis root: (A) Schematic diagram of the 

setup used for TWS1 induction. (B) A Venn diagram illustrating genes upregulated in the 

endodermis (270), periderm (799), and genes commonly upregulated in both tissues (234). (C) Fold 

change of selected peroxidases (PER) and laccases (LAC) (P < 0.05 and log2(fold change)) after 

TWS1 treatment in the periderm. The degree of fold changes is shown in a color code as indicated. 

 

Discussion 
 

Phellem establishment is a crucial process in plants. The protection capacity of the phellem relies 

on the integrity of apoplastic barriers. Issues in the deposition of suberin and lignin could lead to 

limitations in plant growth or, in extreme cases, lethality (Andersen et al., 2021b). While the 
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understanding of how apoplastic barriers are formed in the endodermis is better established, 

information regarding this process in the periderm is very limited. Recently, Arabidopsis has 

provided new research opportunities to understand secondary growth including the periderm. For 

example, it is now known that the phellogen requires auxin for its formation and maintenance (Xiao 

et al., 2020). The study of apoplastic barrier establishment in Arabidopsis root during secondary 

growth also has been facilitated. Combining lignin and suberin stainings and analyzing different 

developmental stages of phellem differentiation, we found that suberin and lignin do not follow the 

same pattern. Lignin is mostly polarized to specific positions within the phellem cell walls. 

Additionally, the development of new molecular tools has greatly increased the identification of 

candidates for phellem differentiation. For example, the cork trans-differentiation system has 

provided us with an advantage in studying phellem differentiation, as it enhances phellem 

differentiation without directly influencing the expression of suberin or lignin-related genes. It 

operates by reducing the meristematic capacity of the phellogen, allowing us to study apoplastic 

barrier deposition independently (Xiao, unplublished). Moreover, the use of mutant lines or 

specific engineering approaches that reduce or block the deposition of suberin and lignin in the 

periderm has helped us identify the constant monitoring of barrier integrity by the plant and the 

consequences when it is exposed to stresses. 

 

Furthermore, the phellem can differentiate under two scenarios: as part of the normal 

developmental program or as a response in case of an emergency, for instance, in the case of 

wounding (Evert, 2006; Serra et al., 2022a). We show that when the apoplastic barrier is deficient, 

the periderm can increase the production of suberin or lignin as a compensatory mechanism. In 

addition, we found that lignification in the early steps of phellem differentiation follows a specific 

pattern. It has been shown that the Schengen pathway plays a dual role in the endodermis. First, it 

defines precise lignification for the formation of Casparian strips, and second, it acts as a 

surveillance system to monitor the integrity of the barrier and induce the production of suberin or 

lignin polymerization. (Fujita et al., 2020b). Interestingly, we found that both receptors 

GSO1/SGN3 and GSO2, SGN1 kinase proteins and the two ligand peptides TWS1 and CIF4 

express in the periderm. Our results also show that in some Schengen loss-of-function mutants, 

phellem differentiation is delayed, and the deposition of the apoplastic barrier is partially 

diminished. Together with other evidence, we suggest that the Schengen Pathway regulates and 

specifies both lignification and suberization in the phellem. 
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The ectodomain of GSO1/SGN3 and GSO2 influences the affinity of CIF peptides (including 

TWS1). These peptides require a tyrosine sulfation by the tyrosyl-protein sulfotransferase 

(TPST/SGN2), important posttranlational modification to become active (Komori et al., 2009; 

Okuda et al., 2020). These modifications occur in distinct tissues depending on the developmental 

process (Doblas et al., 2017; Doll et al., 2020; Komori et al., 2009).  In this context, post-

translational modifications of peptides, which we did not analyze in this work, are a priority in 

research to outline how the Schengen pathway specifically functions in the periderm. Recent 

research, both public and unpublished, (Michael Hothorn personal communication), highlights that 

the ectodomain of receptors can impact peptide affinity, subsequently defining specific signaling 

cascades (Doll et al., 2020; Truskina, et al., 2022). For instance, GSO2 exhibits high affinity for 

TWS1 and CIF3, while GSO1 has an affinity for CIF2 and CIF4. This suggests that, even though 

both receptors can detect the five described ligand peptides (Doblas et al., 2017; Doll et al., 2020; 

Nakayama et al., 2017; Okuda et al., 2020), the receptor's high affinity for a specific ligand may 

influence the signaling cascade. In the periderm, this could explain lignification and suberization 

in both the normal phellem developmental program and the emergency establishment of barriers. 

In this context, although further analysis is necessary to provide a robust explanation, we can 

speculate that TWS1, together with GSO2, might act in parallel to CIF4 and GSO1/SGN3, defining 

different developmental responses. 

 

In addition, it is important to highlight the fact that periderm and endodermis could have differences 

regarding the downstream signaling molecules they trigger. In comparison with the endodermis, 

the periderm triggers the expression of a higher number of peroxidases and laccases. It suggests 

that the mechanism could be conserved between both tissues, but with specifications. Furthermore, 

this new characterization of the Schengen pathway in the periderm, along with recent discoveries, 

suggests a Schengen well-conserved mechanism to specifically establish apoplastic barriers 

depending on the plant necessities. Recently, new specific roles of the Schengen pathway have 

been proposed. For example, it is involved in the formation of the plant embryonic cuticle (Doll et 

al., 2020) and the formation of the pollen wall to ensure proper tapetum function (Truskina, Brück, 

et al., 2022). Nevertheless, the potential of the Schengen pathway in defining specific 

polymerization of apoplastic barriers could also help us understand some other plant processes. For 

example, it has been shown that floral organ abscission requires the activation of HAESA (HAE) 
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and HAESA-LIKE2 (HSL2) receptors by the IDA ligand peptide (Butenko et al., 2003; Jinn et al., 

2000; Ki Cho et al., 2008). Later on, it was demonstrated that abscission requires the specific 

formation of a cuticle layer and a lignin mechanical brace to localize cell wall breakdown and limit 

abscising cells in the receptacle as residuum cells (RECs) and the separated organs as secession 

cells (SECs). This lignin brace acts as an apoplastic barrier, restricting the diffusion of cell wall 

enzymes. (Lee et al., 2018b). How this precise lignification occurs is not yet described. 

Interestingly, the transcriptional analysis of SECs and RECs shows that in addition to other 

receptors, GSO1/SGN3 is strongly upregulated together with an important number of peroxidases, 

laccases, and transcription factors involved in cuticle and lignin polymerization.  

 

We can extend our analysis to more bigger contexts, for example the conservation among plant 

species. Very recently it has been shown by Su et al. (2023) that genes necessary for suberin 

formation are highly conserved among seed plants. On the other hand, there is very little 

information about the role of the Schengen Pathway in other plant species. Recently, the rice 

homologs of Arabidopsis CIF1, CIF2, and GSO1/SGN3 were characterized, named OsCIF1, 

OsCIF2, OsSGN3a, and OsSGN3b (B. Zhang et al., 2023). They reported that these genes also 

participate in the formation and monitoring of the Casparian strip in rice. Furthermore, the ectopic 

expression of OsCIF2 could induce suberin deposition and the formation of Casparian strips in 

cortical cells. This reinforces the idea that the Schengen pathway can adapt their mechanism to 

control multiple specific lignification processes, and that the downstream signalling molecules 

could be conserved, for example, among seed plants. Newly, it is suggested that the role of the 

Schengen pathway is not limited to apoplastic barrier formation. It has been shown that the 

GSO1/SGN3 receptor is involved in cellular Na+ regulation. Under salt stress, GSO1 accumulates 

specifically in endodermal cells without fully established Casparian strips, activating defence 

mechanisms. The Schengen pathway promotes Casparian strip establishment, while GSO1 

activates the SOS2-SOS1 module, part of the SOS pathway, for salt extrusion. Additionally, an 

uncharacterized family of peptides, the Salt-Induced Factors (SIF), is postulated to play a role 

(Chen et al., 2023). In the context of the periderm, it is very likely that, in addition to the 

establishment of apoplastic barriers in the phellem, more mechanisms could be involved. Further 

investigation and evidence are required to understand and provide additional roles of the Schengen 

pathway in the periderm. 
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These previous and new studies, together with our work, strongly suggest a conserved mechanism 

of apoplastic barrier formation in different plant organs and plant species. This does not rule out 

the specialization of this pathway for specific organs, although it seems that the outputs, such as 

the upregulation of suberin-related genes, are highly conserved among plants. For example, it 

appears that suberization is highly conserved among angiosperms and gymnosperms, with 

conserved molecular regulators. (Nomberg et al., 2022; Su et al., 2023). Understanding this 

pathway in different developmental and environmental contexts will shed light on a very influential 

process of plant growth. The elegant and versatile manner in which the Schengen pathway operates 

and adapts can contribute to engineering new biotechnological tools and new strategies for plant 

breeding. 
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Method details 
 

Plant Material and Growth. 
Unless stated otherwise, plants were grown in vitro in 1/2MS media at 22C in continuous light. All 

Arabidopsis lines are in the Columbia background. Details of mutant alleles and transgenic lines 

are described in Supl file S1. For TWS1 (PEPMIC, China) and CIF2 (PEPMIC, China) induction, 

plants were initially grown and then, after either 9 or 13 days, transferred to 1/2MS media 

supplemented with 450nM TWS1 or CIF2. For PA (Sigma Aldrich, Cat# P49805-5G)  treatments, 

plants were grown for 9 days on 1/2MS and then transferred to 1/2MS media supplemented with 

10μM PA. For all pharmacological treatments, unless specified otherwise, plants were treated for 

5 days.  
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Histological Techniques. 
For the analysis of root suberin, Fluorol Yellow (Santa Cruz Cat# sc-215052) was employed. 

Complete roots (for assessing root suberin coverage) were first collected and placed in water. 

Subsequently, they were incubated in a solution of Fluorol Yellow 088 (0.01% dissolved in lactic 

acid) for 30 minutes at 70°C in the dark. The stained material was washed with water and incubated 

in a solution of aniline blue (0.5% in water) for counterstaining. After staining, plant material was 

mounted with 10% glycerol on glass slides for analysis using epifluorescence.  

For periderm lignin studies, roots were collected in water and then stained in a solution of Basic 

Fuchsin (Sigma, 857343-100G) (0.5% in water) for 5 minutes. Afterward, they were washed with 

water, mounted with water on glass slides, and observed under the microscope.  

For gene lignin pattern analysis, either vibratome cross-sections or whole-mounts were utilized. In 

the case of vibratome sections, 1 cm root samples from the root junction were first collected in 

water and then fixed using a 4% PFA solution (in 1xPBS) as is indicated in Ursache et al., 2018. 

The fixation took 1 hour, and after this, the seedlings were rinsed twice for 1 min in 1xPBS and 

subsequently transferred to the clearing solution (ClearSee) as described in (Ursache et al., 2018). 

Vibratome cross-sections were prepared following the protocol described in (Wunderling et al., 

2018). The sections were collected in water and stained with Basic Fuchsin or Fluorol Yellow for 

subsequent examination following (Ursache et al., 2018). For whole-mounts, root sections were 

directly mounted on glass slides for analysis. 

Confocal Laser Scanning Microscopy Imaging. 
Confocal pictures were obtained using a Zeiss LSM 880 CLS microscope. Whole mount roots and 

roots virbratome sections were imaged with a Zeiss LSM880 with the following settings: cork 

autofluorescence (ex.405 nm; em. 420-460 nm), Basic Fuchsin (ex.566 nm; em.570-630 nm). FY 

(ex.488nm, em. 490- 540 nm), GFP (488nm, 490 -510 nm), Venus and Citrine: (ex. 514 nm; em. 

520–540 nm) and Calcofluor white (ex.475 nm, em 405-425nm). 3D reconstructions and 

Orthogonal views of a Z stack were obtained using the ZEN Black software. 

Sample preparation for RNA-seq and qPCR experiments. 
RNA was extracted from root sections of approximately 2 cm from the root junction.  Lateral roots 

were excised, and the samples were promptly collected in a tube submerged in liquid nitrogen to 

preserve RNA integrity. To create one single RNA sample, between 40 and 50 root sections were 

pooled together. The RNA extraction was done using using the Universal RNA Purification Kit 

(Roboklon, E3598-02) according to the manufacturer protocol.  
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RNAseq data processing and analysis. 
RNA sequencing (pair end 150bp) was performed at Novogene. Raw data sequences will be 

available at after publisching. Data processing and data analysis was performed using the Galaxy 

platform (https://usegalaxy.eu/)(Afgan et al., 2018). Adaptors were removed with Trim Galore 

using default parameters, read quality was assesed with FastQC. Reads were aligned to TAIR10 

genome using HISAT2 using default parameters. Reads were counted using featureCounts and 

differential gene expression analysis was performed using DESeq2 and can be query in DataS6. 

qPCR analysis. 
C-DNA was synthetized using AMV Reverse Transcriptase Native (Roboklon, E1372-01). qPCR 

was performed using MESA blue (Eurogentec, RT-SYS2X-03- +NRWOUB) in a CFX96 Real-

Time System machine (BIO-RAD). Primers used for qPCR are listed in Table S2. The relative 

expression was calculated using CFX Maestro software (BIO-RAD) and the sample were 

normalized against EF1.  

Quantitative  Analysis. 
No statistical methods were used to predetermine sample size. The experiments were not 

randomized. IBM SPSS Statistics version 24-25-26 (IBM) were used to make statistical analysis. 

The root suberin coverage was determined using imageJ / Fiji5. The Root length and Root Suberin 

Coverage was done according (Andersen et al., 2021). For the suberin root coverage quantification 

in old roots that comprised the periderm, statistic was performed separately for each root zone. 
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Supplemental material 
 

Figure S1: Lignification deposition during phellem differentiation. A schematic diagram of the 

three analysed developmental stages of periderm. In yellow, stage 4/5 is shown; in blue, stage 3/4; 

and in red, stage 2. Stage 2 exhibits lower lignification in comparison with the other stages. White 

scale bar: 60µm. 

 

Figure S2: Basic Fuchsin and Fluorol Yellow do not share a deposition pattern in the initial stages 

of differentiation. The left image displays the Fluorol Yellow signal (suberin) in the phellem, while 

the middle image shows the Basic Fuchsin signal (lignin), comparison with differentiated phellem, 

lignin is polarly localized in the undifferentiated phellem (red arrows). On the right, Fluorol 

Yellow, Basic Fuchsin, and bright-field pictures are merged together. This composite image 

illustrates differentiated and undifferentiated phellem, characterized by the continued coverage of 

cortex and epidermis:  
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Table S1: Lines used in the research  

Arabidopsis Lines Obtained from/by Described in 

ELTP.MYB4 in pGPAT4:mCitine-

SYP122 

Andersen Tonni (Andersen et al., 2021b) 

gso1gso2 Ingram, G. / Gelder, N. (Doll et al., 2020) 

tws1 Ingram, G. / Gelder, N. (Doll et al., 2020) 

pGSO1/SGN3:NLS-3xVenus Niko Geldner Doll et al., 2020) 

pGSO2:NLS-3xVenus Ingram, G. (Truskina, Brück, et al., 2022) 

pSGN1:NLS-GFP-GUS Niko Geldner  

pTWS1:NLS-3xVenus Ingram, G. Doll et al., 2020) 

pCIF4:NLS-3xVenus Ingram, G. (Truskina, Brück, et al., 2022) 

pSGN3:SGN3-Venus Ingram, G. Doll et al., 2020) 

gelp22 gelp38 gelp51 gelp49 gelp9 Ursache R / Geldner N (Ursache et al., 2021) 

 

Table S2: Primers used in the research 

Element Primer Sequence 

PAL1 PAL1 qPCR F aagtggctgcgatctcaactattgg 

 PAL1 qPCR R gtggcttgtttctttcgtgcttcc 

PAL4 PAL4 qPCR F ccgaggaacggacagttatggag 

 PAL4 qPCR R gcacggagtgatttcgtggttg 

PER15 PER15 qPCR F3 gacgacgacgagagtaacta 

 PER15 qPCR R4 cagtaactatactcccactggt 

MYB36 MYB36 qPCR F ccaagcttcatccattgctc 

 MYB36 qPCR R tgatgatcaacgttaactcctaaag 

KCS2 KCS2 qPCR F ccttcgttatcggctatgatcgtga 

 KCS2 qPCR R tgcagtttgagagaagcattgatcg 

FAR4 FAR4 qPCR F catgcaacggtttcacagtgaggt 

 FAR4 qPCR R tgagcggtccaaatgtgttgacg 

FACT FACT  qPCR F cagtcctgaaggaaagatcgctgtg 

 FACT  qPCR R ctcggcccaagagttgaggaac 

ASFT ASFT qPCR F cccgatcctgaaactctagggaagc 

 ASFT qPCR R ccgagaacaaaccctccacatttga 

HORST HORST qPCR F ggagacacgtggcaatgatcagga 

 HORST qPCR R gtcgagcctcttggcacgaaagt 

GPAT5 GPAT5 qPCR F accgtgtcgctaatttgtttgttgg 

 GPAT5 qPCR R ccgtcgtgaaatatcaccggaagt 

MYB41 MYB41qPCR F gtacgctccccaaaaatgctggac 

 MYB41 qPCR R gcggctattgctgaccacttgtttc 

MYB93 MYB93  qPCR F gctcgcagatttgaataggtgtgga 

 MYB93  qPCR R tgcgtcgcaatagctgaccattt 
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6. Conclusion and Discussion 

 

The coordinated expression and interaction of genes under specific biological contexts regulate 

growth and development. In Arabidopsis, approximately 6% of genes are transcription factors, with 

9% being MYBs, playing a pivotal role in plant development, including secondary growth  

(Riechmann et al., 2000). Secondary growth involves the increase of plant thickness, as well as the 

presence of specialized cell types. This process is facilitated by two meristematic rings: the vascular 

cambium and the phellogen, also known as cork cambium. The study of secondary growth in trees 

is complex for several reasons such as the very long period of growth, the difficulty in creating 

transgenic lines, and the limited bioinformatic background. In this context, Arabidopsis has played 

a crucial role in advancing our understanding of secondary growth, including periderm 

development. Arabidopsis is an annual herbaceous plant that was previously considered not very 

comparable to long-lived woody perennial plants, such as forest trees (Wilkins et al., 2009).  The 

main differences postulated between trees and herbaceous plants include the fact that Arabidopsis 

lacks a self-supporting structure, has a short lifespan, and exhibits general differences in secondary 

growth. Today, we know that Arabidopsis undergoes secondary growth and develops a well-

organized and conserved periderm in hypocotyls, stems, and roots. The periderm in Arabidopsis 

roots exhibits the three characteristic layers of the periderm, which include an active phellogen 

layer in the middle, phellem inward, and a fully functional phellem with high deposition of suberin, 

lignin, and waxes. Despite the reduced number of periderm layers found in Arabidopsis, its 

anatomical structure is comparable to trees, making Arabidopsis a suitable model for studying 

periderm development. Additionally, in Arabidopsis roots, we can observe, with relative ease, the 

multiple stages of phellem differentiation, including cell wall suberization, cell expansion, and 

programmed cell death. We know, based on molecular evidence, that the early onset of phellem 

suberization takes place following phellogen (cork cambium) division (Leal et al., 2022). In our 

research, we extended this analysis by investigating suberin deposition along the Arabidopsis roots.  

During secondary growth, the upper part of the root shows more differentiation, and close to the 

endodermis, it is common to observe few or even a single differentiated cell, suggesting a gradual 

differentiation process. In this context, we suggest that phellem differentiation could be understood 

as both an increase in the amount of apoplastic barriers in the phellem cells and the rise of newly 

differentiated phellem cells along the periderm. This understanding would be useful in applying 
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this knowledge to specific plants of interest, where it is crucial to increase not only suberin in the 

phellem but also the rate of phellem differentiation.  

 

Recent research has suggested that periderm regulators could be highly conserved among plant 

species, including Arabidopsis and tress. For instance, QsMYB1 in cork oak is homologue of 

MYB84 and MYB68 in Arabidopsis, and it has been proposed as a putative regulator of the 

periderm (Capote et al., 2018). Furthermore, in the study by Leal et al., 2022, a TRAP-SEQ study 

identified novel putative phellem regulators, including a significant number of MYB transcription 

factors, some of which were previously associated with suberin regulation. Interestingly, the 

dataset includes MYB84, MYB37, and MYB87, although specific roles were not suggested for any 

of them. These MYBs, along with MYB38, MYB68, and MYB36, constitute the MYB clade 14. 

In our research, we demonstrate that MYB68 and other MYBs from this clade regulate division by 

modulating the rate of phellem differentiation. This means that phellogen cells are capable of 

dividing until key regulators activate the phellem differentiation process. In our research, we 

identified MYB68 and other MYBs as central regulators of phellem differentiation, particularly 

associated with the establishment of the diffusion barriers.  Surprisingly, we did not find evidence 

indicating a crucial role for the Casparian strip master regulator, MYB36, in phellem 

differentiation. Phellem differentiation is highly regulated, and any disruption in this equilibrium 

will change the balance of the periderm cells, resulting in a non-functional periderm. For instance, 

the specific overexpression of MYB68 in the phellogen and phellem using pPER15:MYB68-GR 

leads to a formation of a second or  third layer of phellem. It's worth noting that the phenotypic 

changes in this line depend on when and how long this overexpression occurs. Early expression of 

MYB68 in the first periderm cells leads to more dramatic phenotypes and a reduction in the number 

of phellogen cells, which limits plant expansion. It appears that production of new potential 

phellem cells and the maturation of them are two independent processes. For example, in myb37 

myb38 myb68 myb84 quadruple mutants, the formation of the new phellem cells is not altered, but 

maturation in this line is delayed or, in some cases, not achieved at all. This suggests that both 

processes are independent but coordinated upstream by MYB68. For instance, MYB68, by itself, 

can induce over-suberization by the expression of suberin biosynthesis genes such as GPAT5, 

FAR4, HORST, and a significant number of suberin polymerizing enzymes, (GDSL/GELPs) 

(Ursache et al., 2021). Furthermore, in other plant species such as Malus x domestica cv. “Cox 

Orange Pippin,” it was shown that MdMYB68 can trigger the expression of gene clusters 
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associated with cell wall modification, including phenylpropanoid and suberin biosynthesis 

regulators. Interestingly, MdMYB68, in Nicotiana leaves, also induces the expression of a large 

number of orthologous GELP genes in Arabidopsis such as GELP38, GELP51, GELP72, and 

GELP96 (Xu et al., 2023). This clearly demonstrates the regulatory capacity of MYB68 in suberin 

regulation. The substantial increase in suberization resulting from the overexpression of MYB68 

becomes evident when combining suberin-specific staining, such as fluorol yellow, with 

fluorescent and confocal microscopy. Furthermore, this process involves the rearrangement of the 

cell wall, leading to an increase in the size and a change in the shape of phellem cells. This suggests 

that MYB68 regulates not only suberin deposition in the phellem but also its expansion, potentially 

influencing two different developmental outcomes. 

 

In addition to genes related to suberin and lignin, our research suggests that MYB68 regulation 

may extend to both the activation and repression of genes associated with meristematic activity. 

This regulatory mechanism aims to reduce the division capacity following phellogen division. 

Previously, WOX4 and BP were identified as phellogen regulators; the loss-of-function mutants of 

both showed a reduced number of phellogen cells (Xiao et al., 2020).  In our research, it is evident 

that in the myb68 myb84 double mutant, the number of phellogen cells increased, indicating a lack 

of differentiation. Interestingly, in bp myb68 myb84 and wox4 myb68 myb84 triple mutants, this 

increase was diminished. This implies that MYB68 and others from this clade might inhibit 

phellogen meristematic activity, possibly by reducing WOX4 and BP activity. Surprinsigly, 

MYB68 and MYB84 were not able to repress the expression of WOX and BP significantly. This 

could mean that MYB68 does not regulate directly WOX4 or BP, and there could be another player 

that, together with MYB68, regulates the reduction of meristematic activity. Moreover, we 

demonstrate that MYB68 is capable of promoting cell differentiation in other tissues. For example, 

when we overexpress MYB68 or MYB87 using a specific vascular cambium promoter 

(pPXY:MYB68-GR or pPXY:MYB87-GR), we observed a significant increase in the number of 

xylem vessels. It is important to mention that the increase in suberin can lead to changes in cell 

identity. For instance, MYB41 ectopic overexpression can induce suberization and changes in cell 

size and shape in Nicotiana leaves (Kosma et al., 2014).   In the case of MYB68, we demonstrate 

that MYB68 is capable of promoting cell differentiation not only by increasing suberin deposition. 

For example, in the myb41 myb53 myb92 myb93 quadruple mutant, which lacks suberin in the 

endodermis (Shukla et al., 2021), we observed contrasting effects compared to the myb37 myb38 
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myb68 myb84 mutant. The myb41 myb53 myb92 myb93 quadruple mutant shows a similar phellem 

differentiation rate to Col-0; this is opposite to what happens in myb37 myb38 myb68 myb84, which 

exhibited a significant increase in phellogen and periderm cells, along with a notable reduction in 

phellem differentiation.  

 

Furthermore, the regulation of meristematic activity by MYB68 and other members of this clade 

has not been elucidated yet. One explanation that we propose is the regulation of plant hormone 

concentrations within the cells by MYB68. Recent unpublished data from our lab suggests the 

possible role of hormones such as cytokinins in phellem differentiation. In addition, the specific 

expression of MYB68 in the phellogen and phellem using pPER15:MYB68-GR results in a 

significant downregulation of enzymes involved in cytokinin biosynthesis. Interestingly, we could 

observe this only when MYB68 is expressed in both phellem and phellogen. When MYB68 is 

overexpressed only in the phellem, we do not see a downregulation of any genes related to plant 

hormones. This suggests that the modulation of cytokinin levels might play a crucial role in phellem 

differentiation. Although the role of cytokinin in the periderm is not elucidated yet, it is known that 

in vascular development, it plays a pivotal role. Cytokinin in this context has two identified roles. 

First, it represses the formation of protoxylem, which is the part of the primary xylem that develops 

first, consisting of narrow, thin-walled cells and characterized by high auxin but also by low 

cytokinin responses. Second, it promotes periclinal division (De Rybel et al., 2016; Mähönen et 

al., 2006; Nieminen et al., 2015) The modulation of cytokinins by MYB68 could also explain the 

significant increase in the number of xylem vessels in pPXY:MYB68-GR or pPXY:MYB87-GR. 

In our context, it is highly plausible that a reduction in hormone biosynthesis might be necessary 

as a component of the differentiation program for the phellem, although further investigation is 

required to clarify this process. 

 

On the other hand, the Arabidopsis root, as a periderm model, also facilitates the study of plant 

apoplastic barriers and its regulation in response to  stresses or environmental cues. Recent data 

from our lab suggest that the Arabidopsis root periderm can respond to NaCl by increasing the rate 

of phellem differentiation and suberin deposition.  Furthermore, it has been shown in Quercus that 

heat and drought stress lead to an upregulation of QsMYB1, enhaicing phellem differentiation 

(Almeida et al., 2013). This suggests that the phellem differentiation regulatory network may 

incorporate abiotic stress as triggering factors. This could imply that early phellem differentiation 
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serves as an emergency mechanism employed by plants to establish a barrier in response to stress.  

Previous research was mostly focused on how the alteration of periderm functionality, principally 

related to the capacity of suberin deposition, affects plant stability. This research was 

predominantly focused on potatoes. For example, in the phellem of potato tubers, the silencing of 

StCYP86A33, a suberin biosynthetic enzyme, leads to a significant reduction in suberin, mainly 

C18:1 diacids and ω-hydroxyacids monomers, increasing the water permeability due to changes is 

suberin deposition, and affecting the tuber resistance (Serra et al., 2009).  In our research, we 

observed that overexpression of MYB4 under the ELTP promoter resulted in the collapse of the 

phellem barrier, increasing its permeability. MYB4 negatively regulates the expression of 

CINNAMATE 4-HYDROXYLASE (C4H), which is involved in the transformation of cinnamate 

into p-coumarate, the second step in the phenylpropanoid pathway. The specific overexpression of 

MYB4 leads to a dramatic reduction in aromatic monomers produced in the phenylpropanoid 

pathway, consequently reducing lignin and suberin monomers, which ultimately affects the 

establishment of the barrier (Andersen et al., 2021). This also highlights the pivotal participation 

of aromatic monomers produced in the phenylpropanoid pathway, which seems to be structurally 

necessary for the polymerization and accumulation of apoplastic barriers within cell walls. 

Furthermore, we demonstrate that both lignin and suberin are necessary for maintaining the 

functionality of the phellem. We propose that blocking the polymerization of either of them will 

impact phellem stability. For instance, in the gelp22 gelp38 gelp51 gelp49 gelp9 quintuple mutant 

(Ursache et al., 2021),  the drastic reduction in suberin deposition in the periderm significantly 

increases its permeability, affecting plant homeostasis. These findings also raise new questions, 

particularly regarding the sensing of environmental cues and the early activation of the phellem 

differentiation program in response to streses. 

 

Finally, our research also focuses on understanding how apoplastic barriers are specifically formed 

in the phellem and the regulators that control this process. This process has been extensively studied 

in other plant organs, for example, the comprehension of the formation of Casparian strips in the 

endodermis. On the contrary, the precise lignification and suberization in the phellem remain a 

mystery. In Arabidopsis, the formation of Casparian strips, orchestrated by MYB36, involves the 

activation of the Schengen pathway, with key components including CIF2, SGN1, and SGN3 

(Alassimone et al., 2016; Doblas et al., 2017; Fujita et al., 2020; Kamiya et al., 2015; Naseer et al., 

2012). The analysis of how the Schengen components interact and coordinate the formation of 
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diffusion barriers in plant organs presents some complexity. In Arabidopsis, the presence of five 

ligand peptides (CIF1, CIF2, CIF3, CIF4, and TWS1), two receptor kinases (GSO1/SGN3 and 

GSO2), along with other participants in this pathway increases the possible scenarios about the 

specific roles and mechanisms in determined plant organs (Doblas et al., 2017; Doll et al., 2020; 

Fujita et al., 2020b; Nakayama et al., 2017; Truskina, Brück B, et al., 2022). Through extensive 

efforts in Arabidopsis, it is now relatively clear where the components of the Schengen pathway 

are expressed and how they interact and collaborate in the precise formation of Casparian strips, 

plant embryonic cuticle, and pollen grain cell walls.  In our research, we propose that, in addition 

to the previously described processes, the Schengen pathway plays a role in the periderm. We show 

that the kinase receptors GSO1/SGN3 and GSO2, the protein kinase SGN1, and the ligand peptides 

CIF4 and TWS1 are expressed during secondary growth. Surprisingly, in the periderm context, the 

production of these ligands is not limited to one face of the periderm. For instance, TWS1 shows 

strong expression in the vasculature and the phellogen, while CIF4 expresses in the vasculature 

and cortex. Although both ligand peptides are expressed during secondary growth, it might not 

imply a redundant function. Furthermore, it is thought that RR-RKs GSO1/SGN3 and GSO2 have 

evolved specific peptide binding properties that allow them to specifically control several 

developmental processes in different plant organs. For example, in the endodermis, the exogenous 

application of TWS1 can induce early suberization in the endodermis, but with much lower 

efficiency than the one induced by CIF2 (Doll et al., 2020; Okuda et al., 2020; Truskina, Brück, et 

al., 2022).  This could be the case for the periderm, in which both receptors and two ligands are 

present. In our research, we propose that the establishment of apoplastic barriers in the phellem 

could occur under two scenarios: first, in the onset of phellem differentiation, and second, as a 

surveillance mechanism to maintain the integrity of the barrier. We suggest that the establishment 

of a functional phellem involves a fine-tuned coordination between primary and secondary growth. 

This coordination is probably focused on a few specific cells in the onset of phellem differentiation 

and is coordinated by the Schengen pathway. Indeed, this was evident in the gso1/sgn3 gso2 

mutants, which could not establish regular apoplastic barriers and showed a delay in phellem 

differentiation. Additionally, Arabidopsis lines with defective production and polymerization of 

apoplastic barriers clearly show a specific phellem response. We observe similar responses to those 

triggered by the Schengen pathway in the endodermis. This reinforces the idea of an active 

surveillance system that monitors the phellem and is able to trigger responses to correct any issues. 
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In our analysis, we mostly focused on the role of GSO1 and GSO2 for diffusion barriers 

establishment, but we did not do a deep analysis in other aspects that could be involved in the plant 

defense. For instance, it has been recently shown that the GSO1/SGN3 receptor is also involved in 

cellular Na+ extrusion. Salt stress enhances the specific accumulation of GSO1 in endodermal cells 

where the Casparian strip is either not formed or not completely established, mostly in the 

differentiation zone and in the meristematic zone (Chen et al., 2023). This accumulation activates 

two defense mechanisms. First, the Schengen pathway promotes the rapid establishment of 

Casparian strips. Second, GSO1 directly activates the SOS2-SOS1 module, a part of the Salt Overly 

Sensitive (SOS) pathway, to induce salt extrusion. It is believed that GSO1 triggers a cascade, 

including the phosphorylation of SOS2 and SOS1, facilitating cellular Na+ detoxification. 

Interestingly, it is postulated that under this scenario, another uncharacterized family of peptides 

plays a role. These are the Salt-Induced Factors (SIF) peptides, and there is limited information 

about them (Chen et al., 2023). We can speculate that the periderm, as a barrier, probably not only 

regulates its apoplastic barriers as a defense mechanism but also other undescribed processes, such 

as salt extrusion, in order to maintain the homeostasis of the plant. This new perspectives open new 

questions regarding the capacity of the periderm to sense and respond. Understanding what 

influences and controls phellem differentiation is essential not only for plant breeding and 

enhancing plant resistance to stresses but also for exploring numerous biotechnological 

applications. These applications extend beyond conventional concerns to include opportunities for 

generating raw materials in a more intelligent and sustainable manner, or storing CO2 in complex 

biopolymers such as suberin. For example, the Salk's Ideal Plants initiative aims to create bigger 

and more robust root systems capable of significantly storing CO2 as suberin for much longer 

periods of time. 
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