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1. Summary 

Plant root morphogenesis, including primary patterning, secondary development and 

formation of lateral roots and root hairs, determines root system architecture, and hence 

the overall plant growth and performance. The root systems influence the efficiency of 

water uptake and acquisition of nutrients, and thereby plant adaptations to local 

environments. Therefore, decoding the regulation of root morphogenesis is of vital 

ecological and agronomic importance. Pericycle cells are deeply embedded in a 

distinctive layer of root, surrounding the procambium (i.e. primary xylem and phloem) 

and are crucial for the initiation of some key root tissues/structures. Particularly, lateral 

roots and phellogen (cork cambium) are initiated and differentiated from pericycle cells, 

producing root branching systems and a protective barrier of plant organ/tissue called 

periderm. Furthermore, secondary meristems indeed partially originate from pericycle 

cells that give rise to xylem and phloem, and ultimately contribute to the formation of 

vascular cambium.  

Root morphogenesis is largely determined by the balance of stem cell proliferation and 

differentiation, which are largely regulated by phytohormones. Specifically, auxin-

mediated signalling networks are commonly known to buffer the proliferation and 

differentiation of stem cells in many developmental contexts, including lateral roots 

development and vascular cambium establishment. Intriguingly, auxin is found to be 

enriched in pericycle cells. However, it remains unclear whether and how auxin and its 

downstream regulators coordinate and control the cell fate decisions of pericycle cells to 

the formation of distinct root organs/tissues, i.e. vascular cambium and phellogen, 

thereby promoting secondary growth. 

Here, using the Arabidopsis root as a model, I showed that auxin is accumulated in 

phellogen and plays an essential role in phellogen establishment and maintenance. Based 

on my genetic and gene expression data, I demonstrated distinct IAAs-ARFs module and 

downstream targets control lateral roots versus vascular cambium and phellogen. 

Moreover, the initiation of the vascular cambium precedes, and is prerequisite to 

phellogen establishment. Interestingly, after the establishment of vascular cambium and 

phellogen, I found altering auxin signalling specifically in the phellogen affects the 

activity of the vascular cambium, hinting at a compensation mechanism balancing 
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secondary growth output. I further showed that several auxin-mediated downstream 

signalling regulators, including KNAT1/BREVIPEDICELLUS (BP), WUSCHEL-

RELATED HOMEOBOX 4 (WOX4), ERECTA (ER), and AINTEGUMENTA (ANT), 

accumulates in the vascular cambium and the phellogen. I found that ER may act as the 

upstream regulator of BP, WOX4, and ANT, and enlarges the girth of roots. Tissue 

specific overexpression of BP and WOX4 in the phellogen and vascular cambium largely 

increased the periderm layers and the girth of the roots. Furthermore, ER-ANT module 

promotes vascular cambium proliferation and directs its differentiation, which influence 

phloem regulation and vascular cambium division, and largely increase the quantity of 

phloem and vascular cambium cell number, whereas ER-ANT module represses xylem 

cell formation and decreases xylem area.  

To sum up, my studies here collectively demonstrate that the specificity of pericycle stem 

cell fate is achieved by distinct auxin induced modules; and the results provide molecular 

insights into how ER-ANT module modifies vascular cambium proliferation and 

differentiation.  
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2. Zusammenfassung 

Die Morphogenese der Pflanzenwurzel beinhaltet das primär- und sekundäre 

Wachstum sowohl der Lateral- als auch der Haarwurzeln und bestimmt damit 

maßgeblich die Architektur des Wurzelsystems und des Pflanzenwachstums bzw. die 

Gesundheit der Pflanze. Das Wurzelsystem ist außerdem entscheidend für die Wasser- 

und Nährstoffaufnahme und außerdem für die Anpassung der Pflanze an den jeweiligen 

Standort. Das Verständnis der Wurzelmorphogenese ist damit von großer ökologischer 

und ökonomischer Bedeutung. Perizykelzellen sitzen eingebettet in einer bestimmten 

Schicht der Wurzel und umschließen das Prokambium (d.h. primäres Xylem und 

Phloem) und sind wesentlich für das Aktivieren von bestimmten Schlüsselstrukturen 

verantwortlich. Genauer, laterale Wurzeln und das Phellogen (Korkkambium) werden 

von Perizykelzellen dazu angeregt ein System aus Seitentrieben und einer schützenden 

Barriere zu bilden und auszudifferenzieren. Dieses System wird auch Peridem genannt. 

Darüber hinaus entsteht das sekundäre Meristem teilweise aus Perizyklezellen, die die 

Formation von Xylem und Phloem hervorrufen und so zur Ausbildung des vaskulären 

Kambiums beitragen. 

 Die Wurzelmorphogenese wird zum großen Teil von dem Gleichgewicht der 

Vermehrung und Ausdifferenzierung von Stammzellen bestimmt, was hauptsächlich 

von Phytohormonen reguliert wird. Besonders Auxin vermittelte Signalwege sind 

gemeinhin dafür bekannt, die Vermehrung und Ausdifferenzierung von Stammzellen 

in vielen Entwicklungszusammenhängen, insbesondere auch von der lateralen 

Wurzelbildung und des vaskulären Kambiums zu steuern. Interessanterweise wird 

gefunden, dass Auxin in perizyklischen Zellen angereichert ist. Allerdings, wie genau 

Perizykelzellen mittels von Auxin kontrollierten Regulatoren die bestimmte 

Ausbildung von Pflanzenorganen steuert ist immer noch unklar und es ist weiterhin 

unbekannt wie die zwei lateralen Meristeme (vaskuläres Kambium und Phellogen) 

koordiniert und zum sekundären Wachstum angeregt werden. 

In der vorliegenden Arbeit mit der Wurzel von Arabidopsis als Modell konnte ich 

zeigen, dass Auxin im Phellogen angereichert wird und somit eine wichtige Rolle in 

der Ausbildung und dem Erhalt des Phellogens spielt. Basierend auf unseren 

genetischen Daten konnte ich zeigen, dass bestimmte IAAs-ARF Module und 

nachgeschaltete Objekte die Ausbildung von entweder lateralen Wurzeln oder 

Kambium und Phellogen steuern. Zudem, die Initiierung des vaskulären Kambiums ist 
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Voraussetzung für die Bildung des Phellogens. Danach werden ein gut etabliertes 

vaskuläres Kambium und Phellogen in den reifen Wurzeln präsentiert. 

Interessanterweise beeinflusst ein verändertes Auxinsignal vor allem im Phellogen die 

Aktivität des vaskulären Kambiums, was auf einen Kompensationsmechanismus für 

das sekundäre Wachstum spricht. Weiterhing konnte ich zeigen, dass mehrere Auxin 

gesteuerte Regulatoren, unter anderem KNAT1/BREVIPEDICELLUS (BP), 

WUSCHEL-RELATED HOMEBOX 4 (WOX4), ERECTA (ER) und ANTIGUEMENTA 

(ANT), im vaskulären Kambium und dem Phellogen angereichert werden. Meine 

Ergebnisse zeigen, ER agiert im Signalweg oberhalb von BP, WOX4 und ANT und 

erhöht den Umfang der Wurzeln. Gewebespezifische Überexpression von BP und 

WOX4 im Phellogen und dem vaskulären Kambium zeigten eine Überlappung und 

bestimmte Signalziele, was zum Verständnis der Stammzellenspezifität beiträgt. 

Außerdem konnte gezeigt werden, ER-ANT Module regulieren das Phloem und das 

vaskuläre Kambium positiv, während ER-ANT Module die Formation von 

Xylemzellen vermindert.  

Zusammenfassend zeigen meine Studien einerseits, dass die Spezifität von 

Perizykelsammzellen von bestimmten Auxinabhängigen Modulen gesteuert wird und 

bringen weiterhin neue Erkenntnisse inwiefern ER-ANT module das vaskuläre 

Kambium bilden und differenzieren. 
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3. Introduction  

Root system architecture influences water up-take and nutrient acquisition, thereby 

impacting plant development and adaptations to the fluctuating environments. In plants, 

three types of meristems are found, including root apical meristem (RAM), forming the 

underground root system, shoot apical meristem (SAM) forming the above-ground 

tissues, and secondary meristems that contribute to secondary growth (cork cambium 

[i.e. phellogen] and vascular cambium) and hence radial thickening of the plant 

organs/tissues (Smit & Weijers, 2015; Ragni & Greb, 2018; Campilho et al., 2020). 

Root system architecture is largely determined by activities of RAM and secondary 

meristems, that is, main root and secondary root growth that leads to the elongation and 

increases in the girth of the root, respectively. Particularly, pericycle cells (consist of 

xylem pole pericycle (XPP) cells and phloem pole pericycle (PPP) cells) are embedded 

deeply in root as one-layered meristematic cells that is surrounded by a three-cell layers 

(epidermal, cortex, and endodermal cells) and itself encircles the central stele (xylem 

and phloem) in a typical Arabidopsis root (Fig 1A). Pericycle cells are essentially 

meristematic cells that give rise to various distinct root structures, such as lateral roots, 

phellogen (cork cambium) and vascular cambium, and are of particular importance in 

regeneration processes, as an adaptation to the changing environments (Fig 2) (Che et 

al., 2007; De Smet et al., 2007; Atta et al., 2009; Beeckman & De Smet, 2014; Shang 

et al., 2016; Shin & Seo, 2018; Campilho et al., 2020). However, it remains poorly 

known how the cell fate decisions in pericycle cells are specified and coordinated to 

produce distinct root structures. 

Auxin-centered regulatory networks are widely known to play a major role in stem cell 

establishment, maintenance and regeneration in plant development. In RAM, 

phytohormones (such as auxin and cytokinin) are key regulators that coordinate stem 

cell proliferation and differentiation, thereby establishing the root system. Intriguingly, 

auxin is indeed found to be enriched in pericycle cells where it also likely promotes cell 

proliferation and differentiation that ultimately contributes to secondary thickening 

(Barra-Jimenez & Ragni, 2017; Ragni & Greb, 2018; Campilho et al., 2020).  
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Figure 1. Morphological changes during lateral roots (Jing & Strader, 2019).  

Figure 2. Model explaining pericycle output specificity, modified from (Xiao et al., 

2020) 
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Therefore, in this thesis, I endeavoured to investigate how auxin coordinates with other 

hormones and triggers meristem establishment and differentiation to form distinct plant 

organs/tissues that ultimately result in secondary thickening and the formation of lateral 

roots. To address these, I summarised the current understanding of the patterning of 

vascular cambium, periderm and lateral root in the following three sections: 1). vascular 

cambium establishment and maintenance requires auxin and its crosstalk with other 

phytohormones; 2). periderm, a key protective organ, contributes to secondary growth; 

3). Lateral roots formation is largely determined by IAA-ARF modules. I also 

highlighted some outstanding questions that remain to be addressed which are also the 

focus of this thesis: how periderm is established and how auxin directs bilateral 

meristem (i.e. vascular cambium and periderm) differentiation.  

3.1 Vascular cambium establishment and maintenance requires auxin and its 

crosstalk with other phytohormones  

Secondary growth, the increase in girth of plant organs provides efficient long-distance 

transportation of water, nutrient, salts, and photo-assimilates and thereby contributes to 

successful colonization of vascular plants on Earth. The woody part of the plant is 

essentially the result of secondary growth and provides the physical support (Barra-

Jimenez & Ragni, 2017; Ragni & Greb, 2018; Campilho et al., 2020). Therefore, 

secondary growth in plant produces the vast diversity of trees and partly shapes the 

earthôs biosphere as we know it today. The secondary growth is the principal site of 

biomass accumulation, in addition to its economic value in the forestry industry, 

provides a means for the durable sequestration of CO2. The storage of CO2 in woods 

also provides an effective solution to addressing climate change and global warming 

on the earth.  

Therefore, secondary growth is of pivotal importance to our humankind and the 

sustainability of the planet we live in, however, the regulation of secondary growth 

remains poorly understood even in model species.  

Secondary growth is found in root, branches, and stem in most woody dicotyledonous 

plants and gymnosperms (Barra-Jimenez & Ragni, 2017). Two bilateral meristems (i.e. 

vascular cambium and phellogen) give rise to secondary thickening and produce inward 

xylem and phelloderm and outward phloem and phellem/cork, respectively. Many 

studies focused on how vascular cambium is established and indicated that auxin is an 
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instrumental phytohormone in establishing vascular cambium and regulating secondary 

meristem activities in Arabidopsis (Ragni & Greb, 2018).  

AUXIN RESPONSE FACTOR (ARF) and AUXIN/INDOLE-3-ACETIC ACID 

(Aux/IAA) proteins are the key players in auxin regulatory networks. In Arabidopsis, 

Aux/IAA gene family consists of 29 members encoding short-lived transcriptional 

repressors and is divided into seven subclades (Overvoorde et al., 2005; Li et al., 2017). 

Aux/IAA and ARF proteins form heterodimers wherein Aux/IAA represses the 

activities of ARF protein at low auxin level (Tiwari et al., 2001). In Arabidopsis, 23 

ARF genes were described including one pseudogene (ARF23), and roughly divided 

into 5 different subclades in phylogenetic analysis (Okushima et al., 2005; Guilfoyle & 

Hagen, 2007). 5 out of 23 ARF genes (ARF5, ARF6, ARF7, ARF8, and ARF19) work 

as transcriptional activators and the other 18 ARF genes were summarized as 

transcriptional repressors (Ulmasov et al., 1999; Tiwari et al., 2003). IAAs with ARF5, 

ARF6, ARF7, ARF8, and ARF19 regulate many aspects of plant developmental 

processes including RAM establishment, secondary growth and lateral roots initiation 

(Guilfoyle et al., 1998; Ulmasov et al., 1999; Tiwari et al., 2001). 

Recent studies have revealed that Aux/IAA negatively regulates vascular cambium 

establishment  (Uggla et al., 1998; Hamann et al., 2002, Smetana et al., 2019). For 

example, BODENLOS (BDL)/IAA12 module regulates the vascular formation (Uggla 

et al., 1998; Hamann et al., 2002) and SHORTHYPOCOTYL 2 (SHY2)/IAA3 module 

controls cambial growth in Scots Pine (Bianco, et al., 2013), indicating IAAs are 

involved in vascular cambium establishment. 

MONOPTEROS (MP)/ARF5, repressed by BDL, directly binds to the promoter of 

WUSCHEL HOMEOBOX RELATED 4 (WOX4) and regulates its activities (Brackmann 

et al., 2018). MP activates TDIF/CLE41/44-PXY/TDR signalling pathway, which 

promotes the expression of WOX4, promoting the cell proliferation (Hirakawa et al., 

2010; Suer et al., 2011; Etchells et al., 2013). Additionally, WOX4 and its homologue 

WOX14 redundantly promote proliferation on vascular cambium (Etchells et al., 2013). 

Moreover, MP also regulates KNAT1 (KNOTTED-like from Arabidopsis thaliana 1)/BP 

(BREVIPEDICELLUS), which belongs to Class I KNOX transcription factors. MP-BP 

is involved in meristem activities and promote many developmental processes in plants 

including secondary growth (Ori et al., 2000; Hay et al., 2006). BP and WOX4 work 

as the master cambial regulators and promote vascular cambium establishment and 

proliferation (Liebsch et al., 2014; Zhang et al., 2019). Altogether, it appears an auxin-
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centered regulatory network: plant controls vascular development through IAAs-MP 

module and its main downstream targets BP and WOX4.  

Auxin is involved in vascular cambium differentiation. MP, ARF7, and ARF19, the 

downstream regulators of IAA, induce five CLASS III HOMEODOMAIN-LEUCINE 

ZIPPER (HD-ZIPIII ) genes maintain cellular quiescence in the xylem and guide xylem 

development (Carlsbecker et al., 2010; Nieminen et al., 2015; Fischer et al., 2019; 

Smetana et al., 2019). 

Intriguingly, other hormones like cytokinin and SLs are involved in vascular cambium 

proliferation and differentiation, respectively. Cytokinin has a positive role on 

secondary growth via regulating cambial activity. TARGET OF MONOPTEROS5 

(TMO5)/TMO5-LIKE1 (T5L1) and LONESOME HIGHWAY (LHW), as heterodimer 

complexes comprising two basic helixïloopïhelix protein families, are master 

transcriptional regulators of the initial process of vascular development. TMO5/LHW 

are upregulated by cytokinin and promote cell division and differentiation to form 

cambial/pro-cambial in embryos, root apical meristem (RAM), and mature main root 

(Ohashi-Ito and Bergmann 2007; De Rybel et al., 2013; Ohashi-Ito et al., 2013; De 

Rybel et al., 2014; Ohashi-Ito et al., 2014). Interestingly, TMO5 is also stimulated by 

MP, indicating auxin induces vascular cambium and is cooperated with the cytokinin 

signalling pathway (Schlereth et al., 2010).  

Cytokinin controls vascular cambium differentiation through ER (ERECTA receptor 

kinases) and the transcription factor ANT (AINTEGUMENTA). ER with its legend 

(EPFLs) and promotes phloem tissues regulation  (Torii et al., 1996; Bergmann et al., 

2004; Shpak et al., 2004; Shpak et al., 2005; Meng et al., 2012; Uchida & Tasaka, 2013; 

Ikematsu et al., 2017; Wang et al., 2019). ANT and the cell cycle regulator CYCD3 

(CYCLIN D3) act as two cytokinin downstream cambium regulators that increase 

cambium cell number and vascular expansion (Randall et al., 2015).  

Strigolactones (SLs), a new hormone discovered in the plant, regulates many growing 

lists of the process including secondary growth and is involved in auxin signalling 

pathway (Waldie et al., 2014). more axillary branches 1 (max1), as a SL biosynthesis 

mutant, shows an increase in shoot branching, while the mutant is fully rescued by SLs 

treatment (Bennett et al., 2006; Crawford et al., 2010). There are some studies 

indicating SLs play an important role in cambium activities, correlated with the auxin 

signalling pathway (Agusti et al., 2011). Additionally, MAX1, MAX3, and MAX4 

proteins are involved in the biosynthesis of carotenoids, a key precursor for SLs. In 
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Arabidopsis, max1-1, max2-1, max3-9, and max4-1 mutants showed reduction on 

cambium activities and reduced secondary growth. In the max1-1 mutant, auxin 

concentrates in the stems at all positions, indicating the cooperation between SLs and 

auxin. Interestingly, the functions of SLs on secondary growth with is conserved from 

species to species, like Eucalyptus trees and pea (Agusti et al., 2011), indicating a long 

co-evolution between auxin and SLs in controlling vascular cambium proliferation. 

Altogether, auxin with other phytohormones, regulates IAAs-ARFs modules. During 

secondary growth, auxin-centered regulatory networks are involved in vascular 

cambium establishment and promote vascular cambium differentiation, respectively. 

However, the following questions have no answers: the bilateral vascular cambium can 

differentiate into xylem or phloem, while it is unknown how respective differentiation 

is achieved; moreover, the correlation between xylem and phloem is unclear. My thesis 

will keep on following these questions. 
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3.2 Periderm, a key protective organ, contributes to secondary growth  

Periderm, replacing the epidermis as an outer layer of a plant organ, is formed in the 

root and the stem of woody eudicotyledons and gymnosperms and is used as a 

protective barrier, which is efficient on pathogen infestation, gas exchange, and water 

loss (Groh et al., 2002; Lendzian, 2006).  Periderm has been studied in potato and cork 

oak due to its economic values, and cork is useful to produce wine-stoppers and 

insulating/building materials (Esau, 1977; Campilho et al., 2020). 

Recently, many studies of periderm have focused on the characteristics and functions 

but not the molecular mechanism. In many woody plants, periderm was forced to break 

due to biotic or abiotic stresses, it is replaced by a neo periderm formed underneath, 

and in turn is replaced by another periderm over the years (Esau, 1977).  In some plant 

species, periderm has evolved different functions including storing starch in phelloderm 

and isolating salts in periderm (Esau, 1977; Junli et al., 2020).  

Periderm replaces the primary protective tissues such as the epidermis and works as the 

outer tissues on stems, roots and other plant organs/tissues, whereas the first phellogen 

is originated from different tissues depending on the plant organs and species. In the 

stems, the first phellogen is originated from the subepidermal layer, while in genus 

Malus, Pyrus, and Oleander, the first phellogen arises from the epidermis and in genus 

Vitis, Pinus mugo, Alnus glutinosa the first phellogen arises from the phloem (Esau., 

1965; Evert, 2006; Schweingruber and Börner., 2018). In Arabidopsis, the first 

phellogen originates from the pericycle cells in the roots and hypocotyl and contributes 

to secondary growth (Fig 2). (Wunderling et al., 2018; Ragni & Greb, 2018).  

Based on our knowledges, periderm, similar to the vascular system, comprises three 

tissues (Fig 3) (Ragni & Greb, 2018). However, the number of periderm layer varies 

from species to species: cork oak contains many phellem layers whereas phelloderm is 

missing is some species (Esau, 1965; Roth, 1981; Evert et al., 2006; Graça et al.,2015). 

It is clear that we are short of knowledges on the molecular mechanism of periderm 

development. To achieve that, a functional model plant for periderm study is needed. 

In our lab, Arabidopsis is a model for periderm development. In Arabidopsis, the 

periderm is found in both hypocotyl and roots, and it is reminiscent of the periderm of 

woody plants, so we can use the Arabidopsis hypocotyl and roots as a model to study 

the mechanisms of periderm development (Ragni & Greb, 2018). Periderm 

development in Arabidopsis hypocotyl has been described into different stages which 

are as followed: 1), the pericycle started to divide; 2), a reduction on endodermal cells 
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caused by programmed cell death (PCD) and the establishment of phellogen began; 3), 

the one/two layers of periderm were established with one or two endodermal cells 

remained; 4), both inner cortex, outer cortex, and epidermal started to collapse and are 

detached from the periderm; 5), a mature periderm was established and becomes the 

new outer barrier of plant (Wunderling et al., 2018). 

In the more elaborated description on the root, periderm development is divided into 

serval developmental processes: 1), pericycle cells start anticlinal division with the 

expansion of endodermal cells; 2), pericycle cells start periclinal division and 

endodermal cells undergo PCD; 3), a three-layer periderm structure is formed and 

abscission occurs on the cortex and epidermal cells; 4), a ring of periderm is complete 

and works as a barrier to protect the plant organs/tissues (Wunderling et al., 2018). 

Eventually, periderm, replacing epidermal cells and becoming the outer tissue of plant 

organs/tissues, protects it from abiotic or biotic pressure and offer a mechanical support 

(Campilho et al., 2020). Phellem contains macromolecules, such as suberin and lignin, 

which are accumulated in phellem to enhance the capabilities of periderm to protect 

plants (Wunderling et al., 2018). With a fully described developmental map, we can 

use the annual Arabidopsis plant as a model to deeply understand the molecular 

network in periderm development (Wunderling et al., 2018). Interestingly, many genes 

like MYB84, ANAC78, HORST, KCR1, DAISY, and RALPH were expressed in the 

periderm and involved in suberin biosynthesis pathway, which may indicate their 

functions on periderm development (Wunderling et al., 2018).  

To sum it, we noticed the biological importance of periderm in plant and economical 

value of human being, However, it is unclear about the molecular mechanism of 

periderm development in Arabidopsis. Therefore, in my thesis, I will focus on how 

phellogen is established and fill the gaps of periderm study.   
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Figure 3. Anatomy of a tissue undergoing secondary growth (Campilho et al., 2020). 

 

 

 

Figure 4. developmental processes of lateral roots formation (Jing & Strader, 2019).  
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3.3 Lateral roots formation is largely determined by IAA-ARF modules. 

Lateral roots are important for increasing the surface area of root system architecture 

to explore heterogeneous soil environments, impacting the efficiency of water uptake 

and acquisition of nutrients. Understanding the lateral roots development is therefore 

of vital biological and agronomic importance. In Arabidopsis, lateral roots originate 

primarily from one side of XPP cells in an existent main root (Fig 1 and Fig 4); 

moreover, lateral roots can be divided into four main steps: (1) lateral root pre-branch 

site formation: XPP cells acquire founder cell (FC) identity, (2) lateral root initiation: 

an asymmetric cell division started, (3) lateral root primordium formation, and (4) 

lateral root emergence (Fig 4) (Lavenus et al., 2013; Motte et al., 2019).  

Treated with auxin transport inhibitors (NPA) in P. sativum plants, lateral roots 

formation is lost which indicates the role of auxin in LR development (Hinchee and 

Rost, 1992; Casimiro et al., 2001). Additionally, the phytohormone auxin functions in 

promoting anticlinal cell division, specifying the XPP cell identity and modulating 

lateral roots formation ( De Smet et al., 2007; Casimiro et al., 2001) indication the role 

of auxin in lateral roots development.    

In the processes of lateral roots formation, Aux/IAA and ARF proteins are expressed 

in LRP and deeply participate in lateral roots developmental processes (Rogg et al., 

2001; Fukaki et al., 2002; Okushima et al., 2005; Overvoorde et al., 2005; Okushima 

et al., 2007; De Rybel et al., 2010; De Smet et al., 2010; Goh et al., 2012; Leyser, 2018). 

Many functional analyses on iaas or arfs mutants (overproducing or inhibiting lateral 

roots) allow us to understand how the plants coordinate between distinct IAAs-ARFs 

modules then control lateral roots formation, shaping root architecture. Many IAA-

ARF modules promote lateral roots initiation: for example, 1) IAA28ïARFs module; 

2) SOLITARY ROOT (SLR)/IAA14ïARF7ïARF19 module; 3) BDL-MP module; 4) 

SHY2ïARFs module. As the downstream targets of auxin, Aux/IAA -ARF module not 

only shapes many aspects of plant growth but also contributes to the architecture system. 

Furthermore, distinct IAA s-ARFs modules coordinated during lateral roots 

development.  

IAA28 which is expressed the whole root, works as a transcriptional repressor targeting 

auxin-induced genes like ARF proteins (ARF5, ARF6, ARF7, ARF8, and ARF19) and 

repressing ARFôs functions in the transition region of root and is degraded under high 

auxin level. Genetic data underlines IAA28-ARFs suppress the specification of lateral 

roots founder cell identity (LRFC) (Rogg et al., 2001; De Rybel et al., 2010). GATA23 
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transcription factor is expressed in XPP cells and acts as the downstream target of 

IAA28, regulating the LRFC identity in Arabidopsis (De Rybel et al., 2010). After 

LRFC establishment, GATA23 is involved in lateral roots initiation, and after that, it 

decreases and finally disappears from primordia. IAA28-ARFs/GATA23 module plays 

a crucial in lateral roots priming and LRFC specification. 

SLR-ARF7-ARF19 drives lateral roots initiation by activating several auxin-responsive 

genes (Fukaki et al., 2002; Vanneste et al., 2005; Wilmoth et al., 2005; Lee et al., 2009). 

Gain of function mutant solitary root1-1 (slr1-1) reduces gravity sensing mechanisms 

and is devoid of the lateral roots. slr1-1 inhibits XPP cell division blocking lateral roots 

initiation, showing the solitary phenotypes. SLR co-localizes with ARF7 and ARF19 

including pericycle cells (Xiao et al., 2020) and SLR protein interacts with ARF7 and 

ARF19 protein forming the complex to negatively regulate auxin downstream genes, 

repressing lateral roots initiation. Moreover, the SLR-ARF7-ARF19 module as an early 

auxin response module is crucial in the first XPP cell asymmetric divisions, succeeded 

by BDL-MP module, which positively regulates the lateral roots initiation and 

organogenesis (De Smet et al., 2010). Furthermore, the SHY2-ARF module cooperates 

with the SLR-ARF7-ARF19 module, indirectly regulating developmental stages of the 

lateral roots development. In recent studies, shy2-2, a gain of function mutant in 

Arabidopsis showed a reduction in lateral roots numbers and strongly inhibited the 

processes of the lateral roots primordium and emergence (Tian & Reed, 1999; Swarup 

et al., 2008; Goh et al., 2012). 

Except for four typical IAAs-ARFs modules, there are some other IAAs-ARFs modules 

participating in lateral roots formation such as CRANE/IAA18-ARF7-ARF19 module 

and MSG2/IAA19-ARF7 module (Tatematsu et al., 2004; Uehara et al., 2008). In 

Arabidopsis, the SLR-ARF7-ARF19 module works as a core on lateral roots 

development, and coordinates with other IAAs-ARFs modules (BDL-MP, SHY2-ARFs, 

MSG2-ARF19, and CRANE-ARF7-ARF19), playing the main role in positively 

regulating lateral roots formation.  

Finally, in Arabidopsis, the lateral roots are regulated by auxin and more specifically, 

auxin modulates different IAAs-ARFs modules in order controls lateral roots 

developmental processes. 
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4. Objectives  

In plant, root system architecture is largely determined by the balance of stem cell 

proliferation and differentiation during embryogenesis and post embryogenesis.  

Secondary growth, the increase in radial growth (girth) of a plant, represents a key 

structural novelty that characterizes the bulk of land plant diversity (Wunderling et al., 

2018; Ragni & Greb, 2018; Campilho et al., 2020). The bilateral meristems (vascular 

cambium and phellogen) trigger secondary growth and shapes radical root system 

architecture.  

Many studies have been shown on secondary growth, while there are some outstanding 

questions that remain to be addressed. First, it is clear that vascular cambium/phellogen 

are divided into xylem/phellem or phloem/phelloderm, while very little is known how 

the plants direct vascular cambium and phellogen differentiation. Second, the 

molecular networks on periderm establishment and development are still missing.  

To answer the question, I used Arabidopsis root as the model. Our preliminary data 

suggested that auxin may also control phellogen initiation and proliferation, so I am 

interested in how auxin is involved in phellogen establishment and differentiation. To 

better understand the dynamics and which steps of periderm formation require auxin, I 

will use transgenic auxin concentration and activity reporter lines to discover the auxin 

distribution and accumulation. Next, I will obtain transgenic lines which I can 

manipulate auxin signalling in a tissue/temporal specific manner. Moreover, 

preliminary data in our lab suggested that several IAAs and ARFs are expressed in the 

phellogen. Therefore, I will complete the analyses of IAAs and ARFs expression 

patterns during secondary development in the root and I will study the gain of function 

or loss of function mutants of the IAAs and ARFs during secondary growth. 

Furthermore, pericycle cells give/partially give rise to lateral roots, phellogen, and the 

vascular cambium, while it is unknown the correlation among these three plant 

organs/tissues. Therefore, I will focus on understanding the molecular mechanisms 

among these three plant organs/tissues.  

I will complete the analyses of secondary growth some plants that lack of lateral roots. 

Next, I will obtain transgenic line that blocks auxin signalling in vascular cambium and  

another transgenic line that blocks auxin signalling in cork cambium, which allow me 

to separate auxin regulatory networks in these two cambia, so I will perform 

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

phellogen differentiation.  

Altogether, our general interest is to better understand the genetic mechanism during 

secondary growth. This understanding includes the identification of key factors, which 

orchestrate secondary growth, how this important process is coordinated with other 

plant organs/tissues (i.e vascular cambium and phellogen), and the spatial-temporal 

regulators that regulate secondary growth. I aim to decipher the auxin-mediated 

regulatory hubs in the vascular cambium and phellogen, providing the basis for 

understanding stem cell specificity in different tissues and unveiling the correlating in 

different plant organs/tissues. 
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5. Manuscripts  

5.1 Published manuscript 1: 

Pluripotent Pericycle Cells Trigger Different Growth Outputs by Integrating 

Developmental Cues into Distinct Regulatory Modules 

 

W.X. planned and conducted the majority of the experiments with input from L.R. L.R. 

and W.X. acquired the confocal images. A.W. conducted the initial experiments on the 

arf and iaa mutants. D.M., L.R., and W.X. did the molecular cloning and generated the 

plant lines. D.M. conducted the Fluorol Yellow (FY) experiments. W.X. and D.M. 

measured the number of periderm layers. A.W., W.X., and D.M. conducted the phellem 

ratio experiments. D.R. helped in generating the T3 lines and in the embedding of some 

experiments. J.E.M.V. provided the PER15 promoter and significant input to the project. 

L.R. wrote the manuscript, with the help of W.X., D.M., A.W., and J.E.M 
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