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ABSTRACT  

Roots are essential for anchoring plants to the soil and for the uptake of water and nutrients. 
Root branching significantly enhances the morphological adaptability of the root system in 
response to various biotic and abiotic factorsDespite significant findings in recent decades 
within the LR context, there remain major questions about the role of the endodermis during 
the emergence of the LRP. Our research has identified two important groups of auxin-
mediated enzymatic components (GDSL-type esterase/lipase proteins - GELPs) that 
regulate suberin polymerization and likely its degradation. Additionally, we have 
demonstrated that developmental plasticity of the endodermis is necessary for normal LR 
emergence. Higher order mutants, almost completely lacking suberization in the 
endodermis, were highly sensitive to stress conditions. The wild grass Brachypodium 
distachyon, with its small genome, short life cycle, and small stature, is suitable for genetic 
transformation and has been developed as a model organism for both laboratory and field 
studies. However, it presents considerable challenges for studying LRs in their early 
developmental stages. We adapted a clearing method that significantly reduces clearing 
time, is compatible with various fluorescence dyes, and allows deep imaging of early cell 
divisions in the LRP. Using this toolkit, we were able to systematically categorize each LRP 
stage similar to what is used in Arabidopsis. We also demonstrated that, unlike in 
Arabidopsis, in Brachypodium the endodermis reactivates the cell cycle during LR formation. 
Moreover, we could show that the LRP appears to modify its Casparian strips to allow the 
emergence of the new organ. Surprisingly, the auxin reporter DR5 was not detected in early 
stages of LR formation, which does not necessarily imply that auxin is not involved in the 
initiation steps since we observed expression of auxin transporters during LR initiation 
events. We employed a root tip excision (RTE) method to synchronize LR development in 
Brachypodium, revealing distinct responses between accessions Bd21 and Bd21-3. In the 
latter accession, LRs appeared to be delayed in their emergence towards the nutrient 
medium along the root axis compared to Bd21. Additionally, osmotic stresses and hormonal 
treatments significantly reduced LR number and size in Bd21-3. Histological analyses 
suggested that the observed challenges in LRP emergence could be caused by early 
lignification of the exodermis in Bd21-3, unlike Bd21, where a delayed lignification was 
associated with facilitated LRP emergence. Integrating RTE with RNA-seq analysis of 
selected time points revealed a rapid induction of genes with a predicted function in cell-wall 
modification following the synchronized LR formation. Further studies, such as single-cell 
sequencing, will be essential to investigate the genetic programs underlying cell wall 
remodelling during LRP emergence in Brachypodium. In conclusion, we believe that this 
thesis contributed to advance our understanding of LR development in a wild grass, 
particularly emphasizing the pivotal role of the endodermis and its interactions with hormonal 
pathways and suberin dynamics. 

Keywords: Lateral root (LR), endodermis, suberization, auxin, Brachypodium distachyon, 
root branching, Casparian strips, lignification, root tip excision (RTE), cell-wall modification. 

 

 

 

 

 

 

 

 



   

 

8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

9 

 

RÉSUMÉ  

Les racines sont essentielles pour ancrer les plantes au sol et pour l'absorption de l'eau et 
des nutriments. La ramification des racines améliore considérablement l'adaptabilité 
morphologique du système racinaire en réponse à divers facteurs biotiques et abiotiques. 
Notre compréhension de la formation des racines latérales (RL) provient principalement 
d'études sur Arabidopsis. L'endoderme joue un rôle crucial lors de l'émergence des 
primordiums des racines latérales (PRL). Malgré des découvertes importantes au cours des 
dernières décennies dans le contexte des RL, des questions majeures subsistent quant au 
rôle de l'endoderme lors de l'émergence des PRL. Nos recherches ont identifié deux 
groupes importants de composants enzymatiques médiés par l'auxine (protéines 
estérase/lipase de type GDSL - GELPs) qui régulent la polymérisation de la subérine et 
probablement sa dégradation. De plus, nous avons démontré que la plasticité 
développementale de l'endoderme est nécessaire pour une émergence normale des RL. 
Les mutants de haut rang, presque totalement dépourvus de subérisation dans l'endoderme, 
étaient très sensibles aux conditions de stress. L'herbe sauvage Brachypodium distachyon, 
avec son petit génome, son cycle de vie court et sa petite taille, est adaptée à la 
transformation génétique et a été développée comme organisme modèle pour les études 
en laboratoire et sur le terrain. Cependant, elle présente des défis considérables pour l'étude 
des RL à leurs premiers stades de développement. Nous avons adapté une méthode de 
clarification qui réduit considérablement le temps de clarification, est compatible avec divers 
colorants fluorescents, et permet l'imagerie en profondeur des premières divisions 
cellulaires dans les PRL. En utilisant cet outil, nous avons pu systématiquement catégoriser 
chaque étape des PRL, comme cela est utilisé chez Arabidopsis. Nous avons également 
démontré que, contrairement à Arabidopsis, chez Brachypodium, l'endoderme réactive le 
cycle cellulaire lors de la formation des RL. De plus, nous avons montré que les PRL 
semblent modifier leurs bandes de Caspary pour permettre l'émergence du nouvel organe. 
Fait surprenant, le rapporteur d'auxine DR5 n'a pas été détecté aux premiers stades de la 
formation des RL, ce qui n'implique pas nécessairement que l'auxine ne soit pas impliquée 
dans les étapes initiales, car nous avons observé l'expression de transporteurs d'auxine lors 
des événements d'initiation des RL. Nous avons utilisé une méthode d'excision de la pointe 
racinaire (RTE) pour synchroniser le développement des RL chez Brachypodium, révélant 
des réponses distinctes entre les accessions Bd21 et Bd21-3. Chez cette dernière 
accession, les RL semblaient être retardées dans leur émergence vers le milieu nutritif le 
long de l'axe racinaire par rapport à Bd21. De plus, les stress osmotiques et les traitements 
hormonaux ont considérablement réduit le nombre et la taille des RL chez Bd21-3. Des 
analyses histologiques ont suggéré que les difficultés observées dans l'émergence des PRL 
pourraient être causées par une lignification précoce de l'exoderme chez Bd21-3, 
contrairement à Bd21, où une lignification retardée était associée à une émergence facilitée 
des PRL. L'intégration de la RTE avec l'analyse RNA-seq de points temporels sélectionnés 
a révélé une induction rapide de gènes avec une fonction prédite dans la modification de la 
paroi cellulaire après la formation synchronisée des RL. Des études supplémentaires, telles 
que le séquençage à cellule unique, seront essentielles pour étudier les programmes 
génétiques sous-jacents au remodelage de la paroi cellulaire pendant l'émergence des PRL 
chez Brachypodium. En conclusion, nous pensons que cette thèse a contribué à faire 
progresser notre compréhension du développement des RL chez une herbe sauvage, en 
mettant particulièrement l'accent sur le rôle crucial de l'endoderme et ses interactions avec 
les voies hormonales et la dynamique de la subérine. 

Mots-clés : Racine latérale (RL), endoderme, subérisation, auxine, Brachypodium 
distachyon, ramification des racines, bandes de Caspary, lignification, excision de la pointe 
racinaire (RTE), modification de la paroi cellulaire. 
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THESIS OUTLINE 

Chapter 1 is an introduction to key concepts related to root system architecture (RSA) with 

a focus on comparing and contrasting LR development between dicots and monocots. Here, 

we also discuss the use of Brachypodium distachyon as a plant model for studying LR 

development and the major tools for circumventing the challenges of observing the initial 

LRP cell divisions in this plant model.  

Chapter 2 is team effort in which we show that specialized Arabidopsis endodermal cells 

respond to auxin by activating genes that remodel cell walls. We identified two groups of 

auxin-controlled GDSL lipases: one group is essential for the synthesis suberin, and the 

other breaks it down. These enzymes play crucial roles in modifying root suberin and also 

influencing LR formation.  

Chapter 4 demonstrates the successful application of the tools developed in Chapter 3. It 

describes the major stages of LRP development in Brachypodium and provides insights into 

auxin signaling and cell wall modifications during the emergence of the LRP. 

Chapter 5 employs the methodologies established in earlier chapters to explore a distinct 

RSA developmental pattern following the RTE-LR synchronization in two Brachypodium 

accessions. Through RNA-seq analysis, we demonstrate in this chapter the unique early 

and late responses in both accessions post-LR synchronization.  

Chapter 6 summarizes the main findings and presents perspectives for future research. 
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CHAPTER 1 

 

1. INTRODUCTION 

 

Cristovāo De Jesus Vieira Teixeira1 ; Joop E.M. Vermeer1 

1Laboratory of Molecular and Cellular Biology, Institute of Biology, University of Neuchâtel, 

Rue Emile Argand 11, CH-2000, Neuchâtel, Switzerland. 

Author contributions: Chapter 1 was fully written by Cristovāo De Jesus Vieira Teixeira with 

suggestions and corrections by Prof Dr. Joop E.M. Vermeer.  
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1.1 Importance of root system architecture (RSA) 

Currently, one of the most important challenges to achieve food security is the 

intensification of global food production. Crop plants, particularly cereals, are a vital, 

important food supply both directly and through use in animal feed: an estimated 75% of the 

human energy demand is fulfilled by cereal starch. According to FAO (2022), cereal crops 

production worldwide reached more the 2,6 million tons and wheat (monocot) contributes to 

one third of this total. However, hunger and malnutrition remain as major issues in many 

parts of the world even with the pronounced increase in cereal yield since the introduction 

of the Green Revolution technologies (Morris et al., 2017).  

Additionally, climate change can dramatically impact crop yields with long-term 

trends in average rainfall and extended drought periods (Kumar et al., 2019). Regardless of 

the numerous efforts to fully describe the response of crops to climate change, little is known 

about the complex mechanisms underlying plant adaptation to abiotic stresses (Jiang et al., 

2020). This is in part due to the fact that most research in plant biology has been focused 

on aboveground responses such as flowering and grain development although root system 

architecture (RSA) is also strongly affected by climate change (Jiang et al., 2020). A strong 

and well-developed RSA is also associated with plants that are better adapted to extreme 

conditions. Therefore, understanding how root systems of major crops grow and develop is 

crucial as it allows for a fundamental understanding of plant development that can address 

challenges in cereal breeding. 

1.2 Lateral root development is essential for RSA formation 

RSA is referred to as the 3D spatial arrangement of roots in the soil (Pandey et al., 

2021; Schäfer et al., 2022). The major components of RSA are root length, spread, number, 

and length of LRs. Allorhizic and homorhizic root types are the predominant root forms 

observed in plants (Orman-Ligeza et al., 2013; Amtmann, Bennett and Henry, 2022). In 

allorhizic, also known as dicotyledonous, the primary root is formed from the embryo and 

then LRs arise from the primary root (Figure 1A). RSA is also referred to as tap root systems 

since the primary root is the major originator of LRs. In less common cases, tap root systems 

also produce adventitious roots (hypocotyl or shoot-borne roots). In the case of homorhizic 

root systems also known as fibrous roots (in monocotyledonous), the primary root is also 

present, but embryonically formed seminal roots and adventitious roots are often present 

(Figure 1B) (Hochholdinger and Zimmermann, 2008; Sebastian et al., 2016). In later 

developmental stages, fibrous roots tend to lack the dominant axis and present a shallower 

growth pattern but with higher complexity compared to tap root systems (Fitter, 1987; 

Hochholdinger et al., 2004; Sebastian et al., 2016).  
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Figure 1. A to D, Schematics showing diversity in root system architecture at both seedling (left) and mature 
(right) stages in eudicots (A and C) and monocots (B and D). A, Arabidopsis thaliana (Arabidopsis) root system. 
B, Maize root system. C, Tomato root system (for clarity, stem-derived adventitious roots are only shown in the 
labeled region). D, Wheat root system. Modified from Atkinson et al. (2014). 

For instance, in cereals, these include two classes of nodal roots: the crown and 

brace roots, which develop from belowground and aboveground nodes, respectively (Figure 

1B and D). Crown roots in wheat (Figure 1D) form at the lower three to seven nodes, and 

in maize, they are organized on average into six underground whorls (Figure 1B). (Curtis, 

Rajaram and Macpherson, 2002). Maize also has two to three whorls of aboveground brace 

roots (also termed stilt or prop roots), which are functional for water and nutrient uptake and 

also important for support (Hostetler et al., 2022). In both monocots and dicots, the growth 

angle and number of LRs are central components of the overall architecture of the plant 

(Banda et al., 2019). LR formation is essential for RSA development as it increases the 

plant's capability to explore the soil for water and nutrients. Additionally, it enhances plant 

stress response and adaptation, improves anchorage and stability and facilitates interaction 

with microbes in the rhizosphere (Laskowski et al., 2006; Ambastha, Friedmann and 
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Leshem, 2020). Therefore, the importance of investigating the developmental mechanisms 

governing LR formation.  

1.3 The Role of Indole-3-Acetic Acid (IAA) in Lateral Root Organogenesis 

The plant hormone indole-3-acetic acid (IAA) or auxin is one of the major regulators 

of LR organogenesis. Intensive research efforts on understanding the mechanisms of RSA 

formation have validated the role of IAA (and other derived metabolites) as a major player 

in both embryonic (Mo and Weijers, 2009; Hao et al., 2021) and postembryonic 

developmental processes (Zazimalová, Petrasek and Benková, 2014). This knowledge also 

assisted the understanding of the molecular basis of the auxin-driven pathways, IAA 

production and transport thorough plant tissues (Blakely et al., 1988; Laskowski, 2013; 

Smetana et al., 2019; Israeli, Reed and Ori, 2020). IAA is a derivative from the tryptophan 

(Trp) pathway (Ursache et al., 2014; Israeli, Reed and Ori, 2020; Kou et al., 2022). Trp is 

firstly converted to indole-3-pyruvate (IPA) by the TRYPTOPHAN AMINOTRANSFERASE 

OF ARABIDOPSIS (TAA) family of amino transferases and subsequently IAA is produced 

from IPA by the YUCCA family of flavin monooxygenases (YUC gene family, named YUCCA 

after the yucca plant).  The two-step conversion of Trp to IAA is the main auxin biosynthesis 

pathway that plays an essential role in many developmental processes. Additionally, the 

TAA/YUC pathway is highly conserved in the plant kingdom as the main IAA biosynthesis 

pathway since its disturbance leads to various developmental and responsive events in 

several species (Péret et al., 2012; Zhao, 2012; Cheung et al., 2020). IAA is produced mostly 

in the above ground parts of the plant, in the root meristem and in small amounts at sites of 

LR formation (Cavallari, Artner and Benkova, 2021). Subsequently, the IAA efflux proteins 

PIN-FORMED (PIN), the IAA influx proteins AUXIN RESISTANT 1 (AUX1) and LIKE AUX1 

(LAX) facilitate the transport of IAA through plant tissues (Blilou et al., 2005). In opposite 

direction, a subset of ATP-binding cassette transporters/multidrug (ABCB) also function as 

auxin efflux carriers. However, recent data suggest that at least one of these ABCB 

transporters rather transports brassinosteroids, instead of IAA (Geisler and Murphy, 2006; 

Bailly et al., 2012; Cho et al., 2014; Ying et al., 2024). Once arriving at the sites of action, 

IAA is promptly sensed by a complex set of receptors, including the nuclear TRANSPORT 

INHIBITOR RESISTANT 1/AUXIN RESPONSE F-BOX (TIR1/AFB) F-box proteins, 

members of the SCFTIR1/AFB complex, which convey an auxin-induced transcriptional 

signal (Hayashi et al., 2008; Dindas et al., 2018). The auxin receptors form a co-receptor 

complex with the AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) transcriptional co-regulators 

that are ubiquitinated degraded by the proteasome after binding auxin (Ramos et al., 2001; 

Irina et al., 2012). This degradation relieves the repression of the AUXIN RESPONSE 

FACTOR (ARF) transcription factors by the Aux/IAA proteins (Zhou et al., 2018). ARFs have 
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a DNA-binding domain that interacts with the auxin response element (AuxRE) in promoters 

of auxin-responsive genes. When free from Aux/IAA interaction, ARF proteins act as either 

transcriptional activators or repressors of their target genes. This in turn guides the auxin 

response to the appropriate developmental output (Weijers and Wagner, 2016; Israeli, Reed 

and Ori, 2020). 

The synthetic DR5 promoter ‘Direct Repeat 5’ is widely used as a reporter of auxin 

response (Liao et al., 2015). It consists of 7-9 AuxRE repeats and marks sites of 

transcriptional auxin response by activating fused reporter genes such as β-glucuronidase 

(Ulmasov et al., 1997), fluorescent proteins (Vieten et al., 2003), or luciferase (Moreno-

risueno et al., 2010). Highly coordinated activity of auxin signalling reporter DR5 in the basal 

meristem and gradients of DR5 activities have been linked to LRFC specification and LR 

initiation, respectively (Dubrovsky et al., 2008; Swarup et al., 2008). Further work on the 

analysis of crystal structures of 2 functionally divergent ARFs revealed that the AuxRE in 

DR5 is not a high-affinity binding site. Therefore, it likely that the limited sensitivity of DR5 

reporters is due to its element being medium ARF affinity. A more updated version of a DR5 

reporter named DR5v2 that relies on the replacement of the 9 original AuxREs in the original 

DR5-rev promoter was engineered to address this question (Ulmasov, Hagen and Guilfoyle, 

2003; Liao et al., 2015). These additional DR5v2 expression domains matched the predicted 

auxin accumulation sites based on the convergence of polar auxin transporter localization 

(Scarpella et al., 2006). Although the addition of a novel binding site for ARF transcription 

factors shows promising results in increasing the sensitivity and precision of auxin response 

visualization, further work will be necessary to adapt this auxin reporter to other plant 

species, especially monocots. Another sensor to map auxin response is provided by DII-

VENUS (Liao et al., 2015). Conceptually different from the DR5 auxin sensor, it consists of 

a fusion of the auxin-dependent degradation domain II of an Aux/IAA protein to the Venus 

fluorescent protein. In this case, the absence of fluorescence reports auxin accumulation. 

Interfering with IAA biosynthesis, transport or response often leads to alterations in LR 

formation. Increased concentrations of IAA leads to higher numbers of LRs, while mutants 

impaired in auxin transport or one of the components of the signaling cascade form fewer 

LRs (Péret, Larrieu and Bennett, 2009). A large part of the knowledge about LR formation 

and its control by auxin comes from the model dicot Arabidopsis. Although some studies 

have been performed in rice (Smith and de Smet, 2012), it is still not clear whether these 

mechanisms are conserved in other Poaceae species.  

Auxin efflux transporters, for instance, PIN1, PIN3, PIN4, PIN6, and PIN7 (Benková 

et al., 2003; Marhavý et al., 2013), AUX1, and AUX3 (LAX3) (Marchant et al., 2002; Péret 

et al., 2012) also play a major role during LR formation. In pin1 mutants, LRP development 
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is delayed, and LR number is decreased (Benková et al., 2003). Loss of LAX3 function 

causes a delay in LRP emergence (Swarup et al., 2008). Additionally, the LATERAL ORGAN 

BOUNDARY REGION (LBD) genes are reported to disrupt LRP development in single and 

higher order mutants (Porco et al., 2016). The findings that LBD proteins directly or indirectly 

can promote the expression of auxin importers (AUX1 and LAX3) explains some of these 

phenotypes (Porco et al., 2016; Lee et al., 2017). In Arabidopsis, PROHIBITIN 3 (PHB3) 

was demonstrated to cause endogenous nitric oxide (NO) accumulation by regulating the 

expression of SHI-RELATED SEQUENCE5 (SRS5). The expression of SRS5 also leads to 

the degradation of IAA14 and IAA28, thereby increasing the expression of GATA23 and 

LBD16, ultimately regulating the development of LR formation (Luo et al., 2022). In 

monocots plants, the family of auxin transporters is expanded and frequently consists of 

duplicated genes that share a significant degree of sequence similarity. Certain proteins 

within these groups have undergone changes in function and structure, as well as in their 

expression patterns, particularly in organs like adventitious roots, panicles, tassels, and 

ears. Most of the current knowledge of the role and mechanisms of these auxin transporters 

in monocots come from rice, maize, sorghum, and Brachypodium. However, very little is 

known on their localization and function during LR formation.  

1.4 Lateral root development in Arabidopsis thaliana  

Arabidopsis thaliana (Arabidopsis) is the major plant model used for RSA studies 

(Atkinson et al., 2014; Bellini, Pacurar and Perrone, 2014). It presents a tap root system; 

therefore, a single primary root elongates and LR are formed later (Figure 2A). LR 

development in Arabidopsis initiates from the pericycle adjacent to the xylem, the so-called 

xylem pole pericycle (XPP) in the parent root (Figure 2C). Remarkably, before the first 

visible cell divisions in the differentiation zone, a range of pre-initiation events are reported 

in the basal meristem of Arabidopsis roots (Vanneste et al., 2005; De Smet et al., 2007; De 

Rybel et al., 2010; Pacheco-Villalobos et al., 2016). In this transition zone or oscillation zone 

(OZ), a sharp decrease in cell divisions and cell elongation is observed. Additionally, a 

process named “priming” is associated to the specification of XPP into pre-branch sites 

(Laskowski and ten Tusscher, 2017). LRs initiate from a pair of Lateral Root Founder Cells 

(LRFCs), and a series of highly coordinated cell divisions lead to the development of a new 

LR primordium (LRP) (Casero, Casimiro and Lloret, 1995; Ditengou et al., 2008; Stoeckle, 

Thellmann and Vermeer, 2018).  

 The first morphological event of LRP initiation takes place in the differentiation zone 

where LRFCs divide asymmetrically and anticlinal. Cell division and expansion of pericycle 

cells are tightly controlled by auxin and other plant hormones. The endodermis also plays 
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an important role during LRP formation due to the presence of lignified Caparian Strips (CS) 

and many other cell wall modifications (Lehman, Smertenko and Sanguinet, 2017; Vilches 

Barro et al., 2019; Ursache et al., 2021; Stöckle et al., 2022). For instance, the elimination 

of endodermal cells activates pericycle cells to re-enter the cell cycle and promotes periclinal 

cell divisions. Only when exogenous auxin is supplied, the endodermis elimination result sin 

LR initiation (Marhavý et al., 2016). Likewise, auxin (discussed later) is associated with the 

activation of transcription Gly-Asp-Ser-Leu (GDSL) lipases for suberin synthesis and 

degradation in the endodermis to facilitate the emergence of LRP (Ursache et al., 2021). 

Additionally, SHORT HYPOCOTYL 2 (SHY2)/IAA3 (member of the auxin-induced Aux/IAA 

gene family) is also known to be induced in endodermal cells overlying the LRP. Expression 

of its gain-of-function mutant only in the elongating endodermis (CASP1pro::shy2-2), to 

locally block Aux/IAA-mediated auxin signalling was shown to completely disrupt LR 

development (Vermeer et al., 2014; Vermeer and Geldner, 2015). Furthermore, a 

coordinated reorganization of the cytoskeleton in response to the phytohormone auxin in 

both the XPP and endodermis is required for normal LR morphogenesis (Vilches Barro et 

al., 2019; Stöckle et al., 2022). After several rounds of cell divisions, the LRP forms an 

ellipsoid-shape eventually reacting the outer layers and emerging from the root surface (Van 

Norman et al., 2013).  

 

Figure 2. Schematic representation of lateral root development in monocots and dicots. (A) Arabidopsis 
thaliana and (B) Barley (Hordeum vulgare). The stages of lateral root development are depicted for Arabidopsis 
(C) and Barley. Note: the image is not drawn to scale. Adapted from (Péret, Larrieu and Bennett, 2009; Orman-
Ligeza et al., 2013; Yue and Beeckman, 2014; Stoeckle, Thellmann and Vermeer, 2018) 
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Interestingly, Arabidopsis shows LR development on the side of the main root in 

contact with water in the soil or agar (Bao et al., 2014).This environmental stimulus known 

as hydropatterning was shown a conserved process in maize and rice and reveal the 

importance of auxin biosynthesis and transport in regulating this process (Bao et al., 2014).  

Additionally, it also involves a posttranslational modification of transcription factor 

ARF7 in Arabidopsis evidencing how environmental inputs modulate the auxin response 

machinery (Orosa-Puente et al., 2018). However, it remains unclear whether these and other 

developmental processes are fully or partially conserved in a wider range of plant species. 

1.5 Lateral root development in monocots and other plant species.  

In monocots, LRP initiate from pericycle cells associated with the phloem poles 

(Figure 2D) (Orman-Ligeza et al., 2013; Yu et al., 2016). This contrasts with dicot species 

like Arabidopsis where LRP arise exclusively from the XPP (Malamy and Benfey, 1997). The 

polyarchy stellar organization of cereal roots leads to LRP formation in several longitudinal 

files. Similar to Arabidopsis, LRP formation in monocots follows an acropetal sequence with 

younger LRs closer to the root tip; however, with higher variability due to formation of 

different LR types. Notably, in cereals and many other plant species, the endodermis cells 

adjacent to the diving pericycle dedifferentiate, undergo anticlinal divisions thereby 

contributing to the development of the LRP (Xiao et al., 2019). Later, cells derived from the 

endodermis further divide to generate the inner and outer layers of the root cap (Figure 2D). 

For instance, in barley, cortical cells also undergo cell division but their direct contribution to 

the LRP is still unclear (Kirschner et al., 2017). The endodermal and cortical cell divisions 

are thought to assist LR emergence, potentially facilitated by the loss of CS during the 

endodermal cell division. However, it is unclear which mechanisms regulate the 

dedifferentiation and cell cycle activation of the endodermis and the role of hormones, 

especially auxin, in this process. 

1.6 Utilizing Brachypodium as a model for studying lateral root development 

Arabidopsis LR development has been a model system to study root morphogenesis 

for the last two decades (Scheres and Wolkenfelt, 1998; Dubrovsky and Forde, 2012; Banda 

et al., 2019). Many of the genes involved in LR organogenesis have been identified over the 

last decade using forward and reverse genetic approaches (De Rybel et al., 2010; Lavenus 

et al., 2015; Banda et al., 2019). Although impressive progress has recently been made in 

crops such as rice, maize and barley (Ni et al., 2014; Sebastian et al., 2016; Kirschner et al., 

2017), Arabidopsis remains the main experimental system for studying LR development and 

the underlying hormone signalling pathways (Benková and Bielach, 2010; Orosa-Puente et 

al., 2018; Leftley et al., 2021). In monocots, LR studies have mostly been conducted on rice, 
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which is considered as a model plant for cereal crops (Wang et al., 2002; Uga et al., 2013; 

Lu et al., 2018; Meng et al., 2019). However, handling rice as a large, outbreeding plant with 

a long life-cycle and demanding growth requirements is quite problematic as model for high-

throughput LR studies. Instead, the non-domesticated, temperate grass Brachypodium 

distachyon (Brachypodium) has all the attributes to make it an excellent model to study root 

systems architecture in cereal crops (Vogel, 2008; Chochois, Vogel and Watt, 2012; Hardtke 

and Pacheco-Villalobos, 2015a). Important features such as relatively small genome size, 

simple growth conditions, fast regeneration time and self-pollination make this plant model 

a strong candidate for LR research in major monocots.  

 

Figure 3. Comparison of wheat (T. aestivum), Brachypodium distachyon, and A. thaliana root systems. 

Horizontal line, soil level. Abbreviations: CNR, coleoptile node axile root; LNR, leaf node axile root; PR, primary 

axile root; SNR, scutellar node axile root. Modified from (Catalan et al., 2014). 

This makes it very suitable to conduct studies and transfer the knowledge to, for 

instance, wheat, barley and maize (Vogel et al., 2006; van der Schuren et al., 2018). 

The Brachypodium root system presents a high degree of developmental and 

anatomical similarity to cereal crops, for instance wheat and maize, especially at the adult 

plant stages (Garvin, 2007), presented in a much less complex structure (Catalan et al., 

2014; Hardtke and Pacheco-Villalobos, 2015b; Scholthof et al., 2018) (Figure 3). The root 

system of Brachypodium (Bd21) has one primary axile root, two coleoptile node axile roots 

that emerge above the seed, and successive leaf node axile roots (Pacheco-Villalobos and 

Hardtke, 2012; Catalan et al., 2014; Scholthof et al., 2018). The Brachypodium vasculature 

system shows on average six to eight meta-xylem elements with two or three xylem poles 
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each and one central meta-xylem (eventually two). Phloem poles can be found in a similar 

number alternating with xylem tissues in the vascular cylinder (Figure 2D). Analogous to 

Arabidopsis, the inner vascular system is surrounded by a single layer of pericycle cells from 

which LRs are known to initiate. However, in contrast to Arabidopsis, in Brachypodium, the 

endodermis appears to become a part of the new LR primordium, similar as reported for 

maize (Bell and McCully, 1970; Jansen et al., 2012). However, still additional investigation 

is required to confirm the precise tissue coordination and developmental sequences during 

LR development in Brachypodium relative to the main vascular tissues. 

1.7 Tools for Observing Lateral Root Development in large species 

1.7.1 Tissue clearing 

Arabidopsis is a valuable model for studying plant roots because the simplicity of the 

tissue organization and almost transparent cell layers (Péret et al., 2009). In contrast, 

Brachypodium has thicker root layers with increased autofluorescence challenging 

visualization of deep tissues (van der Schuren et al., 2018). To study early LRP development 

in Brachypodium effectively, histological methods such sectioning and clearing will need to 

be employed. Sectioning tissues into thin slices has been the standard practice in histology 

(Yadav 2021). However, biological structures are inherently three-dimensional (3-D), 

therefore, the spatial information of the sample is lost after the sections are made. In 

contrast, clearing methods provide subcellular level optical access to intact tissues, organs, 

or entire specimens. When such approaches are combined, for instance with confocal 

microscopy and automated approaches for image processing, it can speed up research by 

increasing output and considerably lowering the costs in resources (Ursache et al., 2018; 

Piccinini, Nirina Ramamonjy and Ursache, 2024). Most of clearing methods were developed 

for mammalian tissues and subsequently adapted for other specimens, including plants 

(Pende et al., 2020; Ueda et al., 2020). Clearing tissues consists of reducing absorption by 

eliminating or changing the refraction index (RI) of pigments to make the tissue transparent 

without losing its integrity. Plants exhibit a wide diversity of cell types (e.g., parenchymal and 

epidermal cells), organelles (e.g., chloroplasts and amyloplasts), and components (e.g., 

waxes and pigments) with specific optical properties (Richardson et al., 2021). 

Consequently, these factors influence how light penetrates the tissue layers, thereby 

affecting light absorption and scattering. Clearing protocols for plant tissues are divided into 

two main categories (Figure 4). Solvent-based (SBC) clearing and Aqueous-based clearing 

(ABC).  



   

 

25 

 

 

Figure 4. Overview of clearing protocols (CPs) for plant tissues. Abbreviations: BABB, benzyl 

benzoate/benzyl alcohol; CTR: clearing tannic roots; ePro-ClearSee, enzymes 2 propanol ClearSee; iTOMEI: 

improved TOMEI; PEA CLARITY, plant-enzyme-assisted CLARITY; PFD, perfluorodecalin; PP11, 

perfluoroperhydrophenanthrene; SeeDB, See Deep Brain; TDE: 2,2′-thiodiethanol; TOMEI, transparent plant 

organ method for imaging – Modified from (Hériché et al., 2022). 

SBC approaches were the pioneering protocols for tissue clearing based on 

dehydration, lipid solvation, and incubation in a high-RI solution (Richardson and Lichtman, 

2015). However, the dehydration step is often associated with damaging of the tissue 

integrity. Additionally, most of SBC approaches are not compatible with fluorescent proteins 

(FP) or fluorescent dyes (FD). ABC methods offer alternatives that generally keep the 

stability of FP, increased compatibility with a diversity of FD, but slower clearing than the 

SBC methods (Yadav et al., 2021). ABC methods rely on the passive immersion, protein 

hyperhydration and hydrogel embedding of the sample (Ueda et al., 2020). For instance, 

CLARITY involves the infusion of a hydrogel matrix into the specimen, which supports the 

structural integrity of the tissue while allowing for the removal of lipids that contribute to light 

scattering and absorption (Palmer et al., 2015). PEA-CLARITY, a derivative of the CLARITY 

technique (Figure 4), further optimizes this process for plant tissues, which often require 

different conditions due to their unique composition and density (Palmer et al., 2015).  

The most recent and efficient method for clearing plant tissue is ClearSee (Kurihara 

et al., 2015). ClearSee is a water-based solution that offers effective clearing and is suitable 

for a wide range of endogenous FPs. It is compatible with many FDs and has been tested 

across various organs and plant species (Ursache et al., 2018). Specific variants of the 

ClearSee protocol have been created to meet particular needs. For instance, ePro-ClearSee 

was developed for immunostaining, and another variant was designed to enhance 
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compatibility with additional FDs (Nagaki, Yamaji and Murata, 2017). In the latest update of 

this protocol, named ClearSeeAlpha, a reductant, sodium sulphite, is added to prevent 

brown pigmentation caused by polyphenol oxidation (Kurihara et al., 2021). However, the 

addition of SS limits the compatibility of the clearing agent with some FDs, such as Basic 

Fuchsin, which is used for observing lignin (Kurihara et al., 2021). The original ClearSee 

protocol also induces browning issues in Brachypodium root tissue as reported in (Kurihara 

et al., 2021). Therefore, a combination and adaptation of other clearing protocols might be 

necessary for clearing Brachypodium roots and observed lignification within the same 

sample set while preserving the endogenous FP.  

1.7.2 Approaches for synchronizing LR development  

Understanding the formation of LR development can become a major challenge due 

to the small number of cells involved in the initiation events (Dubrovsky et al., 2006). This 

issue is aggravated by the lack of synchrony within the different initiation sites. A range of 

Lateral Root Inducible Systems (LRIS) has been developed to attempt to solve this problem. 

In Arabidopsis, LR initiation can be, for instance, induced mechanically either by gravitropic 

curvature or by the transient bending of a root by hand (Ditengou et al., 2008). In this case, 

the plant hormone auxin accumulates at the site of LR induction prior to initiation. Therefore, 

LRP tissue in different developmental stages can be harvested from zero to approximately 

42 hours after the bending. Although its simplicity, this approach generates a small amount 

of tissue sample and it has not been demonstrated to work in monocots. Another LR inducing 

system relies on seed germination in the presence of the auxin transport inhibitor N-1-

naphthylphthalamic acid (NPA) followed by transfer to growth medium containing the auxin 

1-naphthalene acetic acid (NAA) (Crombez et al., 2016). The latter method has also been 

demonstrated to be functional for maize (Jansen et al., 2012). Although this approach 

increases the number of LRPs at a specific stage, it remains unclear to what extent these 

early hormone treatments affect other plant hormones. (Jansen et al., 2013) also reports 

that seed germination is inefficient in the presence of NPA. Therefore, seeds would initially 

need to be grown in the absence of NPA and then transferred to NPA-treated plates 

potentially inducing LRP initiation before LR induction with NAA treatment increasing 

variability in the developmental stages of LRPs. An alternative method relies in the excision 

of the root tip and in the ability of compensatory root growth via LR formation (Kawai et al., 

2022). In rice, main root tip cutting induced LR development in the remaining proximal 

portions and promoted elongation of first-order LRs and higher-order branching (Sasaki et 

al., 1984; Kawai et al., 2017). Although this method presents the most straightforward 

approach for inducing LRP development, to this point, it has not been extensively tested in 

other plant species. 
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2.1 Brief introduction  

In parallel to the adventure of improving the methodology to better understand LR 

development in Brachypodium, a considerable part of my work also focused on helping to 

uncover the role of the GDSL-domain proteins (GELPS) in suberin deposition and 

degradation during root development. The findings of this research were published as 

Robertas Ursache, Cristovāo De Jesus Vieira Teixeira, Valérie Dénervaud Tendon, Kay 

Gully, Damien De Bellis1, Emanuel Schmid-Siegert, Tonni Grube Andersen, Vinay Shekhar, 

Sandra Calderon, Sylvain Pradervand, Christiane Nawrath, Niko Geldner, and Joop E. M. 

Vermeer to Nature Plants volume 7, pages 353–364 (2021).  

In this article, we show that differentiated endodermal cells have a distinct auxin-

mediated transcriptome. We analysed this dataset and identified a set of ten GDSL-motif-

containing enzymes that are differentially regulated after auxin treatment. We confirmed that 

all ten of these GDSL-motif containing enzymes were expressed in the endodermis, and 

were either repressed or induced during auxin treatment or LR formation. We showed that 

five of the auxin-repressed GDSL-motif-containing enzymes are redundantly required for 

suberin biosynthesis; the quintuple knockout of these enzymes essentially abrogated 

suberin accumulation in the endodermis. Among the five auxin-induced GDSL-motif-

containing genes, we identified enzymes that we demonstrated to be sufficient for suberin 

degradation and required for correct LR emergence. The quintuple mutants of the suberin-

biosynthetic, GDSL-motif-containing enzymes were highly sensitive to mild salt stress. 

Single-knockout mutants of members of the suberin-degrading class displayed delays in LR 

emergence. The enzymes identified in this work are strong candidates to be suberin 

polymerases and degradases in plants. This work advances our understanding of in vivo 

suberin formation, as well as the mechanisms underlying its developmental plasticity. 
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Extended Data Fig. 9 (not published – see more in the Chapter 5). Tetrazolium penetration assay indicates 

that the GELP quintuple mutation likely affects the synthesis of polymers involved in sealing the seed coat. 
GPAT5 was used as a positive control.   
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Extended data Fig. 10 (not published). GELP quintuple mutants show decreased lateral root development 

under mannitol treatments.  
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CHAPTER 3 

 

2. An updated toolset for observing lateral root development in Brachypodium 

distachyon 
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3.1 Abstract 

The study of plant organogenesis presents significant challenges due to the small number 

of cells involved in their initial stages. Observing the initial cell divisions becomes 

increasingly challenging when transitioning from Arabidopsis thaliana (Arabidopsis) to other 

species. Lateral root (LR) initiation is an essential process for enhancing a plant's ability to 

access water and nutrients. LR formation starts in the pericycle of the parent root, giving rise 

to a new meristem. Understanding the mechanisms coordinating LR development is 

important for improving plant resilience to biotic and abiotic stresses.  The prediction of the 

precise timing and location of LR initiation along the root axis remains challenging, even in 

Arabidopsis. This is magnified when attempting to observe LR development in crops. 

Brachypodium distachyon (Brachypodium) has emerged as a versatile model for cereal 

crops. However, studying Brachypodium LR development requires a revision of protocols 

and methodologies to be applied from seedling growth to root imaging. Here, we present 

updated protocols for seed preparation for in vitro growth and tissue clearing. Whereas 

ClearSee is unsuitable for rendering Brachypodium root tissues transparent in a reasonable 

incubation period, the DEEP-Clear method showed improved efficiency in tissue clearing 

and is compatible with major fluorescence proteins and dyes. Finally, we introduce a simple 

and straightforward approach to locally synchronizes LR development. These tools and 

methodologies are crucial for advancing our knowledge of plant root system architecture, 

transitioning from a model plant to agronomically important species.  
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3.2 Introduction 

Plant roots consist of various cell types arranged in concentric layers around the 

vascular tissues (Kenrick and Strullu-Derrien, 2014). In Arabidopsis, this vasculature is 

diarch, featuring two xylem and phloem poles (Dolan and Roberts, 1995; Malamy and 

Benfey, 1997). In contrast, plants like maize and rice have a polyarch vascular structure, 

containing multiple alternating xylem and phloem elements (Yu, Hochholdinger and Li, 

2019). The vascular tissues are enclosed by the pericycle, which is itself surrounded by the 

endodermal, cortical, and epidermal cell layers. Lateral root (LR) formation in angiosperms 

starts with a distinct group of pericycle cells known as founder cells (Beeckman and Eshel, 

2024). In Arabidopsis, as well as in onion, radish, and sunflower, these founder cells are 

situated at the xylem poles, while in maize, rice, and carrot, pericycle cells at the phloem 

poles are especially prone to initiating LRs (Casero, Casimiro and Lloret, 1995). The initial 

step in LR formation is an asymmetric anticlinal division that occurs simultaneously in three 

or more adjacent pericycle founder cells (Malamy and Benfey, 1997). Further periclinal and 

anticlinal divisions lead to the creation of a dome-shaped primordium that eventually 

emerges from the parent root (Stoeckle, Thellmann and Vermeer, 2018; Amtmann, Bennett 

and Henry, 2022).  However, the timing and location of these initial divisions are challenging 

to predict. The limited number of cells involved makes studying LR initiation particularly 

difficult (Péret, Larrieu and Bennett, 2009). This challenge increases when moving from 

Arabidopsis to larger plant species.  

Brachypodium was suggested as a plant model more than 20 years ago (Garvin, 

2007; Vogel, 2008; Raissig and Woods, 2021). Its versatility makes it an excellent choice for 

a wide range of plant biology research areas. It serves as a robust foundation for studying 

aspects such as plant diversity, molecular-level genome organization, plant responses to 

environmental stimuli and cell wall structures and their modification (Raissig and Woods, 

2021). These characteristics are particularly relevant for gaining insights into major 

developmental processes that can be applied to agricultural species. However, working with 

Brachypodium presents significant challenges compared to Arabidopsis, particularly in the 

context of LR formation. In this chapter, we present a detailed set of tools and updated 

protocols that are aimed to speed up and optimize the visualization of LR development in 

Brachypodium and likely other monocot species. Approaches such as improved growth 

conditions, seed preparation, LR synchronization and histological methods are presented 

as tools to enhance our understanding of LR development in Brachypodium.  
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3.3 RESULTS 

3.3.1 Brachypodium from seed to seed  

The initial step in establishing Brachypodium for in vitro growth involves ensuring that 

the seeds can grow uniformly and free from contamination. Brachypodium seeds (including 

Bd21 and Bd21-3) are encased in a husk which must be removed to expose the embryo 

(Figure 1A). This process is crucial for reducing contamination risks and enhancing 

germination rates. The seed husks can be efficiently removed using forceps taking care not 

to damage the embryo (Figure 1A). Viable seeds are typically darker and stiffer, whereas 

non-viable seeds are lighter and softer (Figure 1A). This allows for a pre-selection of seeds 

to ensure homogeneous germination.  

After husk removal, seeds require sterilization. We observed that gas sterilization, 

often used for Arabidopsis (Weigel & Glazebrook, 2002; Lindsey III et al., 2017), significantly 

reduces germination rates do not recommended this for Brachypodium seeds. Sterilization 

with ethanol also proved less effective under our conditions as it slightly reduced germination 

and many seeds still showed contamination. The most effective method that we tested was 

a 6% bleach and 0.1% Tween solution (Sauer and Burroughs, 1986). For this, we advise to 

use a Falcon tube of at least 15 ml to ensure the seeds are fully submerged (tubes can be 

re-used multiple times). Filling the tube to a maximum of 50% capacity with seeds is 

suggested to enhance sterilization efficiency. The tubes should be vigorously shaken to 

ensure each seed contacts the solution for at least 1 minute. After sterilization, remove the 

solution using a sterile 2 ml pipette (or similar) and wash the seeds at least five times with 

sterilized distilled water. A complete removal of the bleach solution is essential to ensure 

standard germination. for plating (Figure 1A). Before plating, rinse the seeds to remove any 

residual bleach. The seeds generally germinate and grow well on 12x12 cm plates using a 

0.8 to 1% plant agar medium supplemented with ½ Murashige and Skoog (MS) basal 

medium. Although some protocols recommend adding 0.3% sucrose, we opted not to use it 

in this study as the plants demonstrated satisfactory growth without it (reference to chemical 

specifications in the appendix). 

For root phenotyping, we recommend placing one row of no more than 15 seeds, 

positioned 2 cm from the top of the plate to allow proper shoot growth. When placing seeds, 

ensure the embryo faces upward and is not in contact with the medium to promote the 

correct growth direction (see Figure 1C). Afterwards, transfer the plates to growth chambers 

(continuous light and 22°C). Note that the plates should be angled approximately 20° angle 

to prevent roots from growing into or out of the medium. (Note: most Arabidopsis growth 

cabinets typically only accommodate a 15° angle). 
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Figure 1. Workflow from seed to imaging of Brachypodium LR development: A) Seed preparation is 

essential for growing Brachypodium in vitro: untreated seed (left), seed with husk removed (middle), and seed 
after 3 days at 4°C, ready for plating (right). B) Overview of the major steps in the protocol for Brachypodium 
root tissue preparation. C) Comparison of the ClearSee and DEEP-Clear protocols: root tissue transparency can 
be achieved in 5 to 10 days (highlighted in blue). D) Brachypodium root tissue treated with ClearSee and DEEP-

Clear after 3 and 10 days of incubation: DEEP-Clear achieves quicker tissue transparency compared to 
ClearSee. 
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Interestingly, Bd21-3 roots grow well parallel to the medium surface at a 15° angle 

while Bd21 seedlings frequently grow out of the medium at this angle. Therefore, special 

attention should be paid to the angle of inclination for Bd21 and likely to other genotypes.  

Following sterilization, leave the seeds in water in the dark for 2 to 4 days at 4°C. 

After this period, seeds are typically enlarged and the embryos become clearly visible 

indicating readiness Brachypodium seedlings can usually be grown up to 7 days before 

reaching the bottom of the 12x12cm squared plates. For longer experiments, larger plates 

are recommended (see appendix for details). Seeds can be also transferred directly to soil 

after sterilization. In this case, plants also grow well at 22°C with a 20-hour photoperiod in a 

growth room or greenhouse. To prolong the vegetative phase, plants can be grown under a 

16-hour photoperiod. This will require more growth space as the plants grow taller and 

produce more seeds. For faster seed settling, we suggest storing plates with 7-day-old 

seedlings in dark conditions at 4°C for about 10 days. Although this method reduces 

flowering time and accelerates seed production, it also decreases seed quantity. 

Brachypodium grows well in soil conditions like those for Arabidopsis but using a 4:1 

vermiculite mixture is advisable for better water retention. Brachypodium needs frequent 

watering especially during flowering necessitating daily monitoring at this stage. Fertilizing 

weekly starting from the fourth week is also recommended (See appendix). The growth cycle 

typically lasts 16 weeks, although a shorter 12-week cycle is possible with the above 

vernalization step. Plants need to be watered until they appear completely dry. Seeds should 

be harvested about two weeks after stopping watering; harvesting green or not fully dried 

seeds can reduce germination rates and increase chances of contamination. (Note: Remove 

seeds carefully from the spikelet and wear gloves, as the seeds can be sharp). After 

harvesting, place the seeds in paper bags at 37°C for at least two days to reduce humidity. 

Seeds can be stored in room conditions after being completely dried. Based on our results, 

5-year-old seeds still germinated well.  

3.3.2 CleaSee is unsuitable for clearing of Brachypodium root tissue 

High-resolution microscopy facilitates insights into numerous biological 

developmental processes (Keller, 2013). However, when applied to tissues or whole 

organisms, light microscopy often encounters limitations due to molecules and pigments that 

refract or absorb light. Clearing methods are known to render tissues transparent and enable 

the examination of cells in situ (Richardson et al., 2021). These methods strive to preserve 

fluorescent proteins and be compatible with histological stains (Kurihara et al., 2015; 

Piccinini, Nirina Ramamonjy and Ursache, 2024). In plants, challenges are heightened by 

the presence of chloroplasts, thick cell walls, and multiple cell layers depending on the organ 
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to be observed. Most plant (root) clearing methods were optimized for Arabidopsis, which 

has a relatively simple structure that allows a rather straightforward deep tissue imaging. On 

the other hand, Brachypodium presents up to five cortex cell layers at the LR primordia 

(LRP) initiation sites and exhibits strong autofluorescence (Van Der Schuren, 2019). This 

complexity makes live cell imaging of Brachypodium inner root tissues particularly 

challenging, underscoring the need for an effective clearing method to study LRs without 

resorting to laborious fixation and sectioning techniques. 

To characterize LRP development in Brachypodium, we first used the well-

established ClearSee protocol, adapted from (Kurihara et al., 2022), combined with 

histological stains as described by (Ursache et al., 2018a). For this study, we used 5-7 days 

old seedlings of genotypes Bd-21 and Bd-3. Intriguingly, Brachypodium roots (mainly Bd21-

3) begin to get brown upon exposure to air likely due to oxidation already mentioned above 

(Van Der Schuren, 2019). Consequently, roots needed to be immediately immersed in a 

fixative solution to prevent browning that can compromise the clearing efficacy. Here, we 

used a solution of 4% PFA in 1x PBS + 0.1% Tween for tissue fixation as in (Ursache et al., 

2018b). It is strongly recommended to use vacuum infiltration (3 to 5 rounds + max of total 

2 hours) to make sure the fixative reaches most of inner tissues. For clearing lines with 

fluorescent proteins (FPs), we recommend performing fixation in a cold room (4°C). 

Whenever possible, we recommend performing fixation in a cold room (4°C) for clearing 

lines expressing fluorescent proteins (FPs) to partially mitigate tissue browning and preserve 

the FP signal. 

Subsequently, samples were washed in 1x PBS for at least five times. The complete 

removal of the fixative is essential, especially for maintaining the integrity of FPs. One round 

of vacuum infiltration with 1x PBS is also recommended for this step. Afterwards, samples 

were transferred to the ClearSee solution. To enhance solution penetration, three rounds of 

soft vacuum were applied, and samples were agitated gently at room temperature for four 

weeks. The ClearSee solution required weekly replacement although it is also 

recommended to change the solution after 3 days in case of leaf tissue clearing. Finally, 

samples were stained with 0.1% Calcofluor White (dissolved in ClearSee solution) and 

examined using two-photon excitation microscopy. 

Tissue clearing with ClearSee is particularly suitable for analyzing thin roots, 

embryos, and leaves (Kurihara et al., 2015). However, despite repeated efforts, we were 

unable to establish a ClearSee-compatible procedure for investigating LR development in 

Brachypodium (Figure 2). Although ClearSee efficiently cleared the root tip and part of the 

root meristem, LRs in later developmental stages could not be consistently visualized 
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(Figure 2). Moreover, we observed significant shrinkage of the root tissue likely due to the 

high osmotic potential of the ClearSee solution and multiple vacuum steps. This issue was 

partially mitigated by preconditioning the root samples first in 25% ClearSee (diluted in 1x 

PBS) followed by a gradual increase to full strength. Nonetheless, this did not enhance 

tissue transparency in the LR emergence zone. A more recent version of the CleaSee 

(ClearSee + 50 mM sodium sulfite), named as ClearSeeAlpha, was shown to be efficient in 

removing the browning of the roots tissue in many plant species (Kurihara et al., 2021).  

 

Figure 2. Ineffectiveness of ClearSee for rapid clearing of Brachypodium roots. Brachypodium roots were 
cleared using the standard ClearSee protocol. Optical sectioning provided longitudinal (A) and orthogonal (B) 

views. The clearing efficiency varied along the root axis not allowing for consistent localization of LRPs in various 
developmental stages. The roots were stained with 0.1% Calcofluor white and examined using two-photon 
excitation microscopy. Scale bars: (A-B) 100 μm, (C) 1 cm. 

However, we observed that the ClearSeeAlpha protocol is incompatible with Basic 

Fuchsin (staining for labeling lignin) likely due to the adding of 50 mM sodium sulfite. These 

results suggest that the current ClearSee, and ClearSeeAlpha protocols are not effective to 

allow deep tissue imaging of Brachypodium roots while preserving tissue integrity and 

keeping compatibility to a range of fluorescent stains. 
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3.3.3 Deep-Clear is compatible with fluorescent proteins and -dyes  

Recently, chemical mixtures have been developed to reduce autofluorescence in 

mammalian tissue while preserving FPs (Hou et al., 2015; Ueda et al., 2020) . The ClearSee 

protocol, originally designed for mouse brain samples, serves as the basis for these 

methods. Although ClearSee has shown to provide satisfactory tissue transparency in many 

plant organs, we found it challenging to apply to Brachypodium root tissues. We have tested 

other methods (Warner et al., 2014; Richardson and Lichtman, 2015; Du et al., 2018; 

Kurihara et al., 2021) but most of them proved too laborious or incompatible with FPs and/or 

dyes. 

While searching for a suitable clearing method for Brachypodium roots, the 

DEpigmEntation-Plus-Clearing (DEEP-Clear) method stood out for its simplicity and 

reported efficiency in clearing animal tissues (Pende et al., 2018). The study showed optimal 

results for depigmenting tissue in small marine species and enabled deep tissue imaging of 

labeled structures, from whole-body light-sheet microscopy to high-resolution confocal 

microscopy. The full protocol is quite extensive but the core clearing steps resemble the 

ClearSee protocol (Figure 1C). Therefore, we decided to test an adapted version of the 

DEEP-Clear method on plant tissues. DEEP-Clear is a urea-based aqueous reagent similar 

to ClearSee that incorporates an aminoalcohol, N,N,N',N'-tetrakis (2-hydroxypropyl-

ethylenediamine (THEED), which decolorizes and solubilizes samples for increased 

transparency (Muntifering et al., 2018; Pende et al., 2018). We adapted DEEP-Clear 

protocol by replacing the ClearSee solution while keeping the same fixation and staining 

steps from (Ursache et al., 2018b; Kurihara et al., 2021) with minor modifications (Figure 

1C). 

We first tested the DEEP-Clear on Arabidopsis to confirm its capacity to clear to 

visualize root structures in 3D, assess FPs stability after clearing, and verify its compatibility 

with fluorescent dyes. We also applied the standard ClearSee protocol for comparison. 

DEEP-Clear produced similar clearing power compared to ClearSee achieving surprising 

tissue transparency already within the first 24 hours.  
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Figure 3. The Deep-Clear method is compatible with fluorescent proteins and -dyes. (A) Arabidopsis fully 

emerged LRP (left) and root tip expressing NLS::GFP with cell walls stained by Renaissance for cellulose (grey). 

(B) LRP at stage 4 and (C) stage 7, both stained sequentially with Renaissance (grey) and Fluorol Yellow (yellow) 

to highlight endodermal suberization. (D) LRP region stained sequentially with Basic Fuchsin for lignin (magenta) 

and Renaissance (grey). (E) NLS::GFP combined with Basic Fuchsin and Fluorol Yellow, illustrating Casparian 

strips as dot-like structures near a suberized endodermal cell covering a young LRP (arrowheads). Scale bars: 

20 μm. 
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By day three, both solutions produced similar clarity, with leaves fully depigmented 

and roots transparent (Figure 1D).  

Fluorescent protein stability and staining compatibility were confirmed through 3D 

imaging of Arabidopsis roots expressing a nuclear-localized reporter, NLS::GFP (Figure 3E) 

(Decaestecker et al., 2019). FP signals and fluorescent stains remained consistently visible 

throughout the root in tissues treated with either ClearSee or DEEP-Clear (Figure 3E). 

Surprisingly, Fluorol Yellow, which is not soluble in ClearSee, was compatible with DEEP-

Clear, providing consistent staining of endodermal suberization (Figures 3B, 3C). These 

findings suggest that DEEP-Clear enables sufficient transparency for two-photon 

microscopy and is compatible multicolor imaging with various FPs and dyes. 

3.3.4 DEEP-Clear facilitates Brachypodium root tissue clearing  

Deep tissue imaging is challenging due to the complex and multi-layered structure of 

the specimens. However, DEEP-Clear has demonstrated impressive results in clearing 

entire marine animals (Pende et al., 2018), and in our conditions, it proved compatible with 

plant tissues. Therefore, we aimed to determine if DEEP-Clear could improve deep imaging 

in Brachypodium roots. For this, we collected 7-day-old seedlings (Bd-21-3) and used our 

adapted DEEP-Clear protocol. Brachypodium roots often show damage during prolonged 

incubation in 6-well cell culture plates, which are commonly used in such protocols. Instead, 

we incubated the roots (3-4 cm long) in screw-cap glass tubes placed in a shaking incubator 

at 28°C (only recommended for samples with no FPs). This setup allowed vigorous shaking 

without damaging the roots. After 3 days of incubation, roots treated with ClearSee retained 

their usual brown pigment (Figure 1D), with no significant improvement even after seven 

more days of incubation (Figure 1D).  

Surprisingly, DEEP-Clear-treated roots showed a significant reduction in brown 

pigmentation within the first three days (Figure 1D). After ten days, they reached a level of 

transparency never observed in ClearSee-treated roots (Figure 1D). We then stained the 

cell walls of both samples using Renaissance (for cellulose) in ClearSee and DEEP-Clear 

solutions for three days. After staining, we washed the samples in their respective clearing 

agents for two days. Using two-photon microscopy, we found that ClearSee-treated samples 

allowed observation of the inner layers of the root tip, but only the DEEP-Clear treatment 

enabled precise identification of early LR primordia (LRP) sites and vascular development 

at later LRP stages (Figure 5). Surprisingly, DEEP-Clear was compatible with propidium 

iodide, allowing the tracking of early LRP development using a fluorescence microscope 

without needing a confocal apparatus for quick visualization (Figure 5). These findings 

suggest that DEEP-Clear enhances the transparency of Brachypodium roots and facilitates 
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detailed imaging of critical developmental stages without solely relying on confocal 

microscopy.  

3.3.5 LR synchronization in Brachypodium 

Understanding LR development is challenging due to the small number of cells 

involved in initiation and the lack of synchrony across different sites (Lavenus et al., 2013). 

Various LR Inducible Systems (LRIS) have been developed to address this challenge 

(Ditengou et al., 2008; Voß et al., 2015; Crombez et al., 2016). In Arabidopsis, LR initiation 

can be mechanically induced through gravitropic curvature or manually bending of the root 

(Ditengou et al., 2008). This mechanical bending causes auxin accumulation at the induction 

site leading to LR primordium formation within 42 hours. However, the method yields limited 

tissue, and we could not observe a clear LRP induction in the bending zone of Brachypodium 

roots. Another system uses seed germination in presence of the polar auxin transport 

inhibitor naphthylphthalamic acid (NPA), followed by growth on naphthalene acetic acid 

(NAA) containing medium (Crombez et al., 2016). This method efficiently first represses and 

subsequently induces LRP development, but the effect of early hormone treatments on 

many auxin induced or repressed genes is so far uncertain. Additionally, seeds are reported 

to not germinate well in presence of NPA (Crombez et al., 2016). Therefore, the need of pre-

growth without hormone treatment leads to an increasing variability in LRP stages.  

 

Figure 4. Compensatory LR growth following root tip excision as an LR Induction System (LRIs). (A) 

Representation of plants were grown on ½ MS medium for 7 days before the root tip was excised. (B, C) After 4 

days, LRs near the excision site showed visually homogeneous emergence. This observation prompted us to 

explore this method as a potential system for inducing lateral root formation. Scale bar: 3 mm. 
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A different method involves root tip excision (RTE) to stimulate compensatory LR 

growth. For instance, cutting the main root tip in rice promotes LR development and 

branching in the proximal sections (Sasaki et al., 1984; Kawai et al., 2017; Kawai et al., 

2022). Kawai et al. (2022) used this approach to analyze compensatory root growth in rice 

through RTE, but the authors did not perform any LRP morphological staging. The first 

question, therefore, is when to remove the root tip after germination. To investigate this, 

Bd21 and Bd21-3 plants were grown for 2, 3, 4, 5, 6, and 7 days. We then removed the root 

tip after each respective period of growth and plants were incubated an additional five days 

under standard growth conditions. Plants with shorter growth periods (2, 3, and 4 days) did 

not present emerged LRs but instead promoted the growth of adventitious roots. In contrast, 

plants that grew for at least five days produced LRs after RTE (Figure 4).  

Additionally, LR with similar sizes were observed in an area about 5 mm from the 

root tip (Figure 4C). This finding suggests that Brachypodium seedlings need to grow at 

least 5 to 7 days for optimal application of RTE as a LRIS and LRs formed closer to the root 

excision are more likely to exhibit a similar developmental stage.  

Next, the timing of LR initiation following root tip excision in Bd21-3 seedlings grown 

for six days was investigated. 15 seedlings per timepoints (0h, 1h, 2h, 4h, 6h, 8h, 12h, 16h, 

24h, and 32h) were grown and each experiment was repeated 3 times. After excising the 

root tips, seedlings were returned to the growth chamber, and 5 mm of root tissue above the 

cut was harvested at specified time points.  

The samples were fixed and cleared using the DEEP-Clear protocol and stained with 

propidium iodine to visualize nuclei. Notably, despite root tip removal, 100% of LRPs in 

Brachypodium develop predominantly from the phloem associated pericycle cells in contact 

with the growth medium. A LR staging system is described in detail in Chapter 4 and based 

on (Malamy and Benfey, 1997), was applied for classifying the developmental staging of 

LRPs.  Brachypodium LRP staging was performed consistently within the first 3 mm after 

RTE, with one LRP staged per segment of 1 mm. Most LRPs were fully emerged at 32 hours 

after root tip removal (Figure 5), while initial cell divisions in the pericycle were already 

observed after 1 hour (Figure 5). Cell divisions in the endodermis occurred after 2 hours 

(Figure 5), and by the 4-hour mark, divisions were also noted in the cortex near the LRP 

(Figure 5). Root cap formation typically occurred between 12 and 16 hours (Figure 5). 

Intriguingly, although many LRPs reached Stage 9 (approaching the exodermis) by earlier 

time points, crossing the exodermis was only accomplished at 32 hours after RTE. These 

results suggest that this approach offers a degree of synchronization of LR development in 

Brachypodium. 



   

 

72 

 

 

Figure 5: Root tip excision triggers cell divisions in the pericycle within 1 hour and LR emergence after 

approximately 32 hours. Root tip excision synchronizes LRP development at predefined time intervals following 

the removal of the root tip. Clearing with DEEP-Clear and staining with propidium iodide enables visualization of 

LRPs from the initial cell divisions in the pericycle, employing both fluorescence microscopy (FP) and confocal 

microscopy (CM). Yellow arrowheads indicate cell divisions in the pericycle; purple arrowheads denote cell 

divisions in the endodermis; blue arrowheads highlight the formation of the columella and root cap. Ep: 

Epidermis, En, E: Endodermis, P: Pericycle. Scale bars: 100 µm in FP and 100 µm CM. 
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4 Discussion and applications 

The advancement of plant transformation techniques has enabled the construction 

of a variety of mutants and reporter lines in Arabidopsis (Yaschenko, Alonso and Stepanova, 

2024). Despite initial challenges, mutants are gradually becoming available in the model 

plant Brachypodium (O’Connor et al., 2017; Raissig and Woods, 2021). In this chapter, we 

demonstrate that systematic preparation and sterilization of Brachypodium seeds are 

essential for standard growth and preventing contamination on agar plates. Similar 

approaches have been used for rice and barley (Inukai et al., 2005; Lou et al., 2022); 

however, adaptations are necessary to ensure Brachypodium roots grow parallel to the agar, 

such as careful attention to the angle of the plates. This is crucial to allow seedlings to grow 

on plates long enough to start producing LRs. Despite showing features that make it an 

excellent plant model for LR studies in lab-controlled conditions, Brachypodium roots have 

a more complex structure compared to Arabidopsis, which complicates live cell imaging of 

deep tissues such as the pericycle. We initially tested Clear-See (Kurihara et al., 2015) on 

Brachypodium roots. However, this was unsuccessful due to increased oxidation causing 

brown pigmentation in the roots, likely caused by the presence of sodium carboxylate in the 

original ClearSee protocol, as suggested by Richardson et al. (2021). Although ClearSee is 

compatible with a wide range of plant species, tissue browning has also been reported in 

tobacco and tomato (Kurihara et al., 2021). The authors of the original ClearSee protocol 

subsequently developed an adapted protocol named ClearSeeAlpha (Kurihara et al., 2021); 

however, we observed that this was incompatible with Basic Fuchsin (staining lignin). 

Although still being compatible with many FPs, the adding of sodium sulfite to the new 

protocol might have changed the compatibility of ClearSee with many fluorescence dyes as 

shown by (Ursache et al., 2018b) for the original protocol.  

 An adapted version of the DEEP-Clear protocol was used here yielding superior 

clearing compared to ClearSee and ClearSeeAlpha, while still being compatible with many 

fluorescent dyes, including Fluorol Yellow. The original DEEP-Clear protocol (Pende et al., 

2018) integrates specific elements for in-situ hybridization, although the core urea-based 

mixture is rather basic and we could show its compatibility with other steps in the ClearSee 

Protocol with minor changes. Despite the success in clearing Brachypodium roots, it still 

needs to be tested with a wider range of fluorescent proteins (FPs) and dyes, as well as in 

other plant species as in (Affaticati et al., 2018; Du et al., 2018; Muntifering et al., 2018; 

Ursache et al., 2018b; Kurihara et al., 2021).  

Finally, we presented a quick and simple method for synchronizing LR development 

that relies on root tip excision to stimulate compensatory LR growth with root tissue 
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harvested after predetermined time points based on (Kawai et al., 2022). We observed that 

phloem pole pericycle cells facing the half MS medium started to divide within the first hour 

after the root tip excision. Full emergence of the LRP was observed approximately 32 hours 

later. Compensatory LR growth induced by surgical excision of the main root tip has been 

reported in various plant species (Torrey 1950; Crossett et al. 1975; Biddington and 

Dearman 1984; Sasaki et al. 1984; Van Staden and Ntingane 1996; Vysotskaya et al.2001; 

Xu et al. 2017). In rice, root tip excision of the crown root tip promoted the development of 

L-type LRs (Sasaki et al. 1984), which are thick and long, and capable of producing higher-

order LR. However, to this date, an anatomical description of different stages of LRP was 

not performed using this method. Root bending (Ditengou et al., 2008) was also tested; 

however, no clear LRP induction in the bending region was observed as shown in 

Arabidopsis. The combination of NPA and NAA (Crombez et al., 2016) was tested for its 

effects on inhibiting and inducing LR development; although the approach is presented to 

be successful in maize, the impact of this manipulation on major auxin-responsive genes 

(Vermeer et al., 2014; Stöckle et al., 2021; Ursache et al., 2021) requires further exploration. 

In conclusion, improved growth conditions and histological approaches are essential for 

monitoring the expression patterns of specific genes during LR formation and for elucidating 

their roles in the process. The described LRI approach could be instrumental for high-

resolution transcriptome analysis of cells competent for LRP and subsequent developmental 

stages. 

3.5 APPENDIX: Step by step protocols and chemical references.  

Materials Required: 

Brachypodium seeds (Bd21, Bd21-3) 

 Forceps 

 15 ml Falcon tubes 

 6% bleach solution (with 0.1% Tween) 

 Sterile distilled water 

 0.8 - 1% plant agar medium 

 ½ Murashige and Skoog (MS) basal medium 

 Growth chambers (continuous light, 22°C) 

 Growth plates (12x12 cm) 

 Paper bags 

Husk Removal : 
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 Carefully remove the husks using forceps, avoiding embryo damage (see Figure 

1a). 

 Pre-select viable seeds by checking for darker and stiffer appearance (non-viable 

seeds are lighter and softer). 

Seed Sterilization : 

 Place seeds in a 15 ml Falcon tube filled to 50% capacity – (Tubes can be reused 

without the need of sterilization).  

 Add a 6% bleach solution with 0.1% Tween to fully submerge the seeds. 

 Vigorously shake the tube for at least 1 minute to ensure complete seed contact with 

the solution. 

 Remove the solution using a sterile 2 ml pipette (or similar) and wash seeds five 

times with autoclaved distilled water. 

 Ensure complete removal of the bleach solution for optimal germination. 

Stratification : 

 After sterilization, leave seeds in water in the dark at 4°C for 2-4 days. 

 Seeds should enlarge, and embryos become visible, indicating readiness for plating. 

Seed Plating : 

 Rinse seeds to remove residual bleach. 

 Prepare 12x12 cm plates with a 0.8-1% plant agar medium and ½ MS basal medium 

(no sucrose required). 

 For root phenotyping, position one row of no more than 15 seeds, 2 cm from the top 

of the plate. 

 Ensure the embryo faces upward and is not in contact with the medium (see Fig. 

1C). 

Incubation and Growth : 

 Transfer plates to growth chambers with continuous light at 22°C.  

 Angle the plates at approximately 20 degrees to prevent root growth into or out of 

the medium – 15° angle is enough for Bd21-3.  

 For Bd21 seeds, increase the angle to prevent roots from growing out of the medium. 

 For longer growth (up to 7 days), use larger plates (see appendix for details). 

 Alternatively, transfer sterilized seeds directly to soil for greenhouse growth (22°C, 

20-hour photoperiod). 

Growth in Soil : 

 Use a 4:1 vermiculite mixture for soil growth. 
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 Water frequently during flowering and fertilize weekly from the fourth week. 

 Extend the vegetative phase using a 16-hour photoperiod. 

Harvesting and Seed Storage : 

 Water plants until they appear completely dry and harvest seeds after two weeks. 

 Place seeds in paper bags at 37°C for at least two days to reduce humidity. 

 Store seeds at room temperature after complete drying. 

Notes: The growth cycle typically lasts 16 weeks but can be shortened to 12 weeks 

using vernalization. Proper seed handling and storage (e.g., wearing gloves during 

harvesting) can prolong seed viability for up to 5 years (as per my experience). 

Step-by-step summary for the adapted DEEP-Clear Protocol for plant tissues:  

Chemicals : 

 Urea (Sigma, CAS-No: 57-13-6)   

 Triton™ X-100 (Merck CAS-No: 9036-19-5)   

 Theed (Sigma, CAS-No.: 140-07-8, Ref: 87600-100ML)   

 Sodium sulfite (Sigma, CAS-No: 7757-83-7)   

 Calcofluor White M2R (Fluorescent brightener 28) (Polysciences, CAT#4359) 

 Rennaissance 

 Fluorol Yellow 

 Basic Fucsin   

 Propdium iodine 

 Paraformaldehyde (Merck, CAS-No: 30525-89-4)   

Other required materials : 

 Vacuum chamber and vacuum pump (for vacuum treatment, mostly for roots) 

 Soft brushes (for handling delicate samples) 

 Microscope slides chambers and coverslips 

 Parafilm or sealing film.  

DEEP-Clear solution preparation 

Combine the following chemicals in a suitable container:   

 25% Urea (w/v)   

 3% Triton™ X-100 (v/v)   

 6% Theed (v/v)   

 Sodium sulfite (final concentration: 50 mM) 

Note: Do not use Sodium sulfite in case you intend to stain your samples with Basic Fuchsin. 
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 Add deionized water to reach the final volume.   

 Mix well on a magnetic stirrer for 30 minutes to 1 hour until all chemicals are 

completely dissolved.   

4% PFA (paraformaldehyde) solution preparation.   

 Weigh out 4g of paraformaldehyde powder and add to 100 mL of 1X PBS to achieve 

a final concentration of 4%.   

 Place the solution on a magnetic stirrer and heat to approximately 60°C while stirring. 

Note: Do not exceed 70°C and avoid boiling.  

 Gradually increase the pH by adding KOH dropwise until the solution clears.   

 Recheck the pH and adjust to approximately 6.9 using HCl.   

 Cool the solution before use. Aliquot and store at +4°C for up to a week, or freeze at 

-20°C for up to two weeks. For best results, use fresh PFA. 

Fixation  

 Submerge samples in 4% PFA (paraformaldehyde) in 1X PBS for max 2 hour at 

room temperature with gentle agitation.   

 Apply vacuum infiltration: 3 to 5 rounds with slow release of the vaccum. For samples 

with fluorescent proteins (FPs), perform fixation in a cold room (4°C). 

Notes: Use a soft brush to push the samples into the fixative (in case they float) every 

vacuum round.  

Washing : 

 Wash fixed tissues at least 3 times for 1 minute each in 1X PBS. Removal of the 

fixative is crucial for effective clearing.  

 Apply one round of vacuum infiltration with 1x PBS in the last washing step. 

Clearing : 

 Transfer seedlings to DEEP-Clear solution and incubate at room temperature with 

gentle agitation. Apply again 3 rounds of gentle vacuum infiltration.  

Note: tissue clearing efficiency is optimized by incubating the samples at 28C at   100 

RPM. Use screw-cap glass tubes in a shaking incubator to avoid sample damage. 

This step is not recommended for samples with FPs.  

 Change the DEEP-Clear solution if it turns yellow or brown.   

Staining cell walls (Calcofluor White or Renaissance) 

 Prepare a 0.1% Calcofluor White or Renaissance solution directly in DEEP-Clear.   
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 Incubate samples in the stain for 2 hours (Apply 1 round of gentle vacuum infiltration 

for thicker root tissues). 

 Remove the staining solution and rinse once in DEEP-Clear.   

 Wash samples overnight in DEEP-Clear.   

Note: Both Calcofluor White or Renaissance are very stable and prolonged washing 

tend to reduce background noise during imaging acquisition.  

Mounting and Imaging : 

 Mount seedlings on chambered cover glasses with DEEP-Clear solution for imaging 

(only for inverted microscopes). 

Note: Chamber cover glasses are helpful to ensure tissue integrity during the 

mounting. Use slide spacers in case these chambers are not available.  

 Image Calcofluor White with a 405 nm excitation and detect at 425-475 nm.   

Note: The DEEP-Clear protocol is compatible with various staining methods. For 

more details on staining protocols.   

 

Step-by-step summary for RTE-LRIs 

Sample material : 

 Prepare at least double the number of Brachypodium seeds you estimate will be 

needed for your experiment, to accommodate variability in root growth. 

 Allow the seeds to germinate and grow for at least 6 days, ensuring they do not reach 

the bottom of the plates. 

Removing the root tip : 

 Open the plates inside a sterile flow hood. 

 Using a sterile scalpel, quickly cut the root tip at the point where root hairs begin to 

grow. Be careful not to push the root into the medium. Use back-and-forth 

movements with the scalpel to gently make the cut. 

 Seal the plate immediately. 

Sectioning, collecting root samples, and clearing: 

 After the respective time interval, carefully harvest approximately 5 mm of root tissue 

starting from the cut section. 

Note: Select the seedlings, align them so the root tips are even, and make a single 

cut across up to 10 seedlings at once. This method reduces exposure to air and 

speeds up handling time. 
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 Immediately after sectioning, transfer the root samples to a fixative solution. 

 Proceed to clear the samples as previously described to prepare them for 

microscopic examination. 

Image acquisition : 

 Mount the samples in DEEP-Clear using slide chambers or spacers to avoid 

damaging the samples. If using a confocal microscope, start imaging in an 

orthogonal view to localize the lateral root primordia (LRPs). 

Note: Begin examining samples from later time points to familiarize yourself with the 

localization of LRPs. Once comfortable, proceed to earlier time points to observe 

developmental stages. Lower resolution image acquisition can also be performed 

using a standard fluorescence microscope.  
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4.1 Abstract  

The root system of plants is a vital part for successful development and adaptation to 

different soil types and environments. A major determinant of the shape of a plant root 

system is the formation of lateral roots, allowing for expansion of the root system. 

Arabidopsis thaliana, with its simple root anatomy, has been extensively studied to reveal 

the genetic program underlying root branching. However, to get a more general 

understanding of lateral root development, comparative studies in species with a more 

complex root anatomy are required. Here, by combining optimized clearing methods and 

histology, we describe an atlas of lateral root development in Brachypodium distachyon, a 

wild, temperate grass species. We show that lateral roots initiate from enlarged phloem pole 

pericycle cells and that the overlying endodermis reactivates its cell cycle and eventually 

forms the root cap. In addition, auxin signaling reported by the DR5 reporter was not 

detected in the phloem pole pericycle cells or young primordia. In contrast, auxin signaling 

was activated in the overlying cell cortical layers, including the exodermis. Thus, 

Brachypodium is a valuable model to investigate how signaling pathways and cellular 

responses have been repurposed to facilitate lateral root organogenesis.  

 

 

Key words: Brachypodium distachyon, lateral roots, endodermis, exodermis, 

organogenesis.  
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4.2 Introduction 

Root branching is vital for plant survival as it facilitates the uptake of water and 

nutrients (Orosa-Puente et al., 2018). Root system architecture (RSA) consists of structural 

features like root length, spread, number, and length of lateral roots (LRs), among others 

(Bao et al., 2014; Morris et al., 2017; Kumar et al., 2019). RSA exhibits great plasticity in 

response to environmental changes and it is a desirable trait to breed more resilient crops 

(Ye et al., 2017; Yu, Hochholdinger and Li, 2019; Schäfer et al., 2022). In both monocots 

and dicots, the growth angle and number of LRs are the central components of the overall 

RSA (Atkinson et al., 2014; Roychoudhry et al., 2017). However, the molecular and cell 

biological program underlying root branching are less described for major crops due to the 

difficulty of observing the root system throughout the plant’s life cycle (Hochholdinger and 

Zimmermann, 2008).  

Due to the relatively simple organization of its root system, tissue transparency and 

extensive genetic tool box, Arabidopsis thaliana (Arabidopsis) has been the most 

characterized experimental system for dissecting the molecular mechanisms underlying LR 

development (Banda et al., 2019). In Arabidopsis, LRs initiate from Lateral Root Founder 

Cells (LRFCs), and a series of highly coordinated cell divisions leads to the development of 

a new LR primordium (LRP) (Casimiro et al., 2001; Ditengou et al., 2008; Stoeckle, 

Thellmann and Vermeer, 2018; Gala et al., 2021). In this case, LRFCs are patterned along 

the primary root axis with a regulated spacing, beginning from the basal root meristem 

(Lavenus et al., 2015; Chen et al., 2018; Kircher and Schopfer, 2018; Torres-Martínez et al., 

2020). Early stage LRP are more likely initiated closer to the root tip. The first morphological 

event of LR initiation takes place in the differentiation zone where LRFC founders cells divide 

asymmetrically and anticlinal (Malamy and Benfey, 1997). In addition, auxin signaling in the 

neighboring endodermis plays a major role during LRP formation as blocking auxin 

responses in this tissue abolishes LR formation (Vermeer, et al., 2014). Subsequent 

periclinal and anticlinal divisions give rise to an organized dome shaped LRP (Malamy and 

Benfey, 1997).  

In monocots, LR studies have mostly been conducted on rice and maize (Wang et 

al., 2002; Hochholdinger and Zimmermann, 2008; Jansen et al., 2012; Uga et al., 2013).  

Notably, LR initiation in monocots predominantly occurs in the phloem-associated pericycle 

(Jansen et al., 2013; Hardtke and Pacheco-Villalobos, 2015) and the underlying 

mechanisms governing the patterning of LR formation in these agriculturally important crops 

are not well described.  In contrast to Arabidopsis, in monocots and many other plant 

species, during LR development both the pericycle and endodermis undergo cell divisions, 
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thereby contributing to the formation of the new organ (Casero, Casimiro and Lloret, 1995; 

Rebouillat et al., 2009; Banda et al., 2019; Xiao et al., 2019). However, only few studies 

have investigated the auxin-mediated transcriptome changes underlying LRP formation in 

monocots (Stelpflug et al., 2016; Kortz, Hochholdinger and Yu, 2019). Moreover, it is still 

unknown which signal is regulating the cell divisions in the endodermis overlying the newly 

formed LR. 

The endodermis is the innermost cortical cell layer surrounding the vasculature 

(Geldner, 2013). Casparian strips (CS) and suberin lamellae (SL) formed in this layer were 

shown to be crucial in regulating the uptake of nutrients, in the response to osmotic stress 

and protection against pathogens (Ranathunge et al., 2008; Barberon et al., 2016). 

Additionally, a wide range of plant species have an extra apoplastic diffusion barrier localized 

just beneath the epidermis, known as the hypodermis or exodermis (Enstone, Peterson and 

Ma, 2002). The term exodermis is used when the hypodermis contains a localized 

lignification and suberin deposition in its cell walls, serving a similar barrier function as the 

endodermis (Enstone, Peterson and Ma, 2002; Kajala et al., 2021; Manzano et al., 2022). 

The exodermis differs from the endodermis in its pattern of differentiation. In maize roots for 

instance, the CS follows a synchronous development pattern, as ring-like structures, within 

the entire endodermis. In later stages of development, the CS increase in width, thereby 

enclosing the entire central cylinder (Enstone, Peterson and Ma, 2002). The SLs are 

deposited later, but less synchronously, starting from a patchy zone that will develop in a 

fully suberized endodermis (with exception from the passage cells), depending on the growth 

conditions (Enstone, Peterson and Ma, 2002; Kreszies et al., 2020; Andersen et al., 2021; 

Sexauer et al., 2021). In contrast, the development of the exodermis in maize is rather 

irregular in both radial and longitudinal directions (Líška et al., 2016). A recent study has 

also shown that suberization in the exodermis is essential for survival of tomato under 

drought conditions, revealing an important physiological function for this cell type (Cantó-

Pastor et al., 2024). However, we still lack insights on how these two layers are involved in 

the emergence of the LRP.  

Using crop plants for conducting LR studies is a challenging task due to their 

demanding growth requirements (Garvin, 2007; Scholthof et al., 2018). Instead, the wild 

grass Brachypodium distachyon (Brachypodium), possesses several characteristics that 

make it an excellent monocot model for studying LR development (Raissig and Woods, 

2021). Brachypodium has a relatively small genome size, simple growth requirements, fast 

regeneration time, and exhibits self-pollination. Its embryonic root anatomy consists of a 

single axial primary root with seminal and leaf node roots developing later depending on the 

growth conditions. The general radial organization of the primary root consists of an 
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epidermis, five cortex layers, and a single endodermis (Hardtke and Pacheco-Villalobos, 

2015). The stele is surrounded by a single pericycle, and the vasculature is arranged with 

alternating xylem and phloem poles. Most of the above features are closely similar to root 

anatomy described in major cereal crops (Chochois, Vogel and Watt, 2012; Hardtke and 

Pacheco-Villalobos, 2015; Raissig and Woods, 2021) including the site of LR initiation (Yu 

et al., 2016). For instance, in rice, maize and barley LRs initiate from cell divisions in 

pericycle cells associated to the protophloem, so-called phloem pole pericycle cells (Jansen 

et al., 2013; Ni et al., 2014; Xiao et al., 2019). Thus, the Brachypodium root system exhibits 

a high degree of developmental and anatomical similarity to important cereal crops, but with 

less complexity. 

In this study, we present a developmental atlas describing the developmental stages 

of LR development in Brachypodium. We show that the endodermis reactivates its cell cycle 

and appears to contribute to the formation of the root cap and the formation of columella 

cells of the emerged LRs. Furthermore, our results indicate the auxin signaling as reported 

by DR5 promoter activity is not evident in the phloem pole pericycle and during the early 

stages of LR development. Instead, auxin responses rather appear to be correlated with cell 

wall modifications during the emergence of the LRP. We show that early suberin deposition 

in roots appear to be controlled by water and nutrient availability and LRPs emerge towards 

the growth medium.  Finally, we show that the lignification pattern in the exodermis suggests 

a possible role in the timing of LRP emergence. 

RESULTS 

4.3.1 Lateral roots initiate from phloem pole pericycle cells in Brachypodium  

To characterize the sequential developmental stages during LR development in the 

Brachypodium accession Bd21-3, we adapted the DEEP-CLEAR (Pende et al., 2020) 

protocol for plant tissue to clear roots and used propidium iodide (PI) to visualize the nuclei 

of the cleared roots via multiphoton microscopy (Fig. 1, Fig. S1). To categorize the LRP 

development in Brachypodium, we used the model described for Arabidopsis (Malamy and 

Benfey, 1997) with a few adaptations in the later developmental stages: 

Stage I: Cell divisions occurring in pericycle cells adjacent to the phloem poles 

(between two xylem poles) are the first anatomical signs of LR initiation (Fig. 1B, C, Fig. 

S1B).  

Stage II: This stage is marked by the initiation of the first anticlinal cell divisions in 

the endodermal cells overlying a stage I LRP. Subsequently, the cells within the LRP 

undergo periclinal while endodermal cells continue to divide anticlinal (Fig. 1D, Fig. S1C).  
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Fig. 1. Different stages of LRP development in Brachypodium.  (A) Stage 0: No discernible cell divisions in 

the pericycle cells. (B) Stage I: White arrows indicate the first anticlinal cell division in the pericycle. (C) Stage I: 

Yellow arrows indicate the flattening of the endodermal cells preceding the cell divisions in the next stage. (D) 

Stage II: The endodermis starts to divide anticlinal (yellow arrows). (E) Stage III: Periclinal divisions take place 

at the center of the LRP resulting in three layers of cells. The red arrow indicates cell divisions in the overlying 

cortex. (F) Stage IV: The LRP undergoes radial expansion through constant anticlinal and periclinal cell divisions 

in the center of the LRP. Four pericycle cell layers can be observed. (G) Stage V: Five to six pericycle cell layers 

can still be distinguished. LRP boundaries are established, and the endodermis appears to become integrated 

in the LRP. Red arrows indicate more cell divisions in the cortex layer in the vicinity of the LRP. (H) Stage VI: 

The endodermal cells on the apex of the LRP start to divide again (green arrows). Pericycle cell layer counting 

is no longer used from this stage. (I) Stage VII: Formation of the root cap (white rectangular area. (J) Stage VIII: 

The LRP reaches the root exodermis. (K) Stage IX: Emerged: The LRP is fully formed and traverses the 

exodermis and epidermis. (Ex) Exodermis, (C) Cortex, (E) Endodermis, (P) Pericycle (Ph) Phloem. 

Representative images were obtained from 45 seedling roots from three independent replicates each consisting 

of at least 15 plants of Bd21-3. Samples were cleared with DEEP-Clear and stained with 0.01% propidium iodide. 

Scale bar = 20 μm.  
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Stage III:  Periclinal divisions occur in the center of the LRP resulting in the formation 

of three layers of cells. In parallel, the endodermis continues to divide anticlinal forming a 

boundary that span the entire LRP. Additionally, the innermost cortex cell layer, in contact 

with the endodermis, appears to flatten (Fig. 1E, Fig. S1D). 

Stage IV: This stage is characterized by ongoing radial expansion of the LRP through 

additional anticlinal and periclinal divisions in its central region (Fig. 1F).  

As a result, the canonical dome shape begins to become apparent, and four layers 

of cells can be counted. Furthermore, ongoing anticlinal cell divisions in the first cortex cell 

layer were observed, although these cells did not appear to become incorporated in the LRP 

(Fig. 1F).  

Stage V: Five distinct cortex cell layers remain discernible. The LRP boundaries 

become well-defined, and the cell divisions patterns indicate that the endodermis-derived 

cells are integrated within the LRP (Fig. 1G, Fig. S1E).  

Stage VI: In this stage the first periclinal endodermal cell divisions occur at the apex 

of the LRP suggesting the initiation of the lateral root cap formation (Fig. 1H, Fig. S1E). On 

average, LRP still have six to seven layers of cells. However, due to the increasing number 

of cell divisions in the central part of the LRP, it is impossible to apply the cell layer counting 

system for the remaining LRP developmental stages.  

Stage VII: The LRP resembles a mature root tip containing an early developmental 

stage of the lateral root cap that continues to divide anticlinal (Fig. 1I, Fig. S1F) 

Stage VIII: At this stage the LRP reaches the exodermis.  

Stage IX: The LRP crosses the exodermis and epidermis characterizing its full 

emergence towards the root surface. Fig. S2 shows an illustration for the LRP 

developmental stages in Brachypodium.  

4.3.2 DR5pro::ER-mRFP does not detect transcriptional auxin responses during 

early stages of LR development  

The phytohormone auxin plays a crucial role during all stages of LRP development 

in many plant species including important cereal crops such as rice (Lin and Sauter, 2019), 

maize (Yu, Hochholdinger and Li, 2019) and barley (Kirschner et al., 2017). However, most 

of the insights on how auxin signaling coordinates LR development comes from studies in 

Arabidopsis (Fukaki and Tasaka, 2009; Vermeer et al., 2014; Guseman et al., 2015; 

Cavallari, Artner and Benkova, 2021), and much less is known whether discrete auxin-driven 

developmental modules have a similar role in monocots. To characterize transcriptional 

responses to auxin during LR development, we utilized a DR5pro::ER-mRFP marker line 



   

 

90 

 

(van der Schuren et al., 2018). In contrast to what was described for LR initiation in maize 

(Jansen et al., 2013) we were unable to observe a clear DR5pro::ER-mRFP signal in phloem 

pole pericycle cells and in Stages I-II LRP (Fig. 2A, B); thus, making it challenging to 

correlate tissue specific changes in auxin responses with LRFC specification and LR 

initiation. We did observe a weak DR5pro::ER-mRFP signal in the endodermis and most 

inner cortex cells overlying stage I-II LRP (Fig. 2A, B). The earliest detectable DR5pro::ER-

mRFP signal in the LRP was only observed at Stage III, when the endodermis is already 

actively dividing (Fig. 2C). In later stages, the DR5pro::ER-mRFP signal was no longer 

detected in the endodermis but it gradually intensified at the apex of the growing LRP (Fig. 

2D). As the LRP developed (Stages IV to VIII), we observed an increased DR5pro::ER-

mRFP signal in the cortical cell layers overlying the developing LRP (Fig. 2D, E). Prior to 

and after to emergence, the DR5pro::ER-mRFP signal in the newly-formed LR exhibited an 

expression pattern comparable to the tip of the main root (Fig. 2E-G and Fig. S4). Notably, 

we also observed a clear DR5pro::ER-mRFP signal in the exodermis cells overlying the LRP 

(Fig. S4). Although we have observed that Brachypodium LR development is induced under 

auxin treatment (Fig. S6), we failed to detect a DR5pro::ER-mRFP signal in stage I LRP. 

   Based on these observations, we characterized whether SISTER of 

PIN-FORMED 1 (SoPIN1) and AUXIN RESISTANT 1 (AUX1), known transporters involved 

in auxin efflux and import, respectively, were expressed in early stage LRP (Marchant et al., 

2002; Reinhardt et al., 2003; O’Connor et al., 2017). Although we were unable to detect 

DR5pro::ER-mRFP during LR initiation, the presence of SoPIN1-Citrine was evident as early 

as Stage I (Fig. S5A). Later, signal was observed in the endodermis coinciding with its initial 

cell divisions in the endodermis Stage II (Fig. S5A). Subsequently, in later stages, SoPIN1-

Citrine expression became predominantly localized in the central region of the LRP (Fig. 

S5A). Conversely, AUX1-sGFP exhibited expression within the LRP starting from Stage I 

initially in the phloem-pole pericycle and in the flanking regions with its intensity increasing 

subsequently in both the vasculature and endodermis (Stages III to V). Robust expression 

within the vasculature was also observed in Stage V and VI (Fig. S5B). 
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Fig. 2. DR5pro::ER-mRFP activity during LR development in Brachypodium. (A) The DR5 signal is not 

evident in Stage I during the first pericycle cell divisions. (B) The DR5 signal could be observed in Stage II when 

the endodermis starts to divide (white arrowheads). (C, D) The DR5 signal is no longer observed in the 

endodermis but in the cortex cell layer in the vicinity of the LRP and in the central part of the LRP resembling 

vasculature. (E) The DR5 signal is intensified at the apex of the LRP, in the vasculature, and in the last cortex 

cell layer. (F, G) A fully emerged LR shows a similar DR5 pattern as usually observed in the primary root. 

Representative images were obtained from 45 seedlings from three independent replicates each consisting of 

at least 15 plants of Bd21-3. DR5pro::ER-mRFP (green) and cell walls stained with SCRI Renaissance (magenta) 

for cellulose. Scale = 50 μm.  
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4.3.3 Endodermal-derived cells form the root cap of new LRs.  

Next, we investigated whether the endodermal cells that reactivated their cell cycle 

and underwent anticlinal and periclinal divisions contribute to the formation of the columella 

of the LRP. Starch granule formation serves as a marker for differentiation of the columella 

cells (Guyomarc’h et al., 2012; Roychoudhry et al., 2023).  

Fig. 5.  Endodermal cells give rise to the columella cells of the root cap. (A-H). Starch granules (dark 

structures in boxed area) were detected using Lugol staining. The boxed area shows cell divisions in the 
endodermis and its progression in differentiating into columella cells from Stage VI (E) to Stage VII (H) marked 

by the sediments of starch granules (arrowheads) in the first cell layer on the apex of the LRP in Stage VI. 
Representative images were obtained from 30 seedlings from three independent replicates, each consisting of 
at least 10 plants of Bd21-3. The root cortex was mechanically removed with forceps preserving the LRPs 
integrity. Samples were cleared with DEEP-Clear and stained with Lugol. Scale = 50 µm. 

To assess columella formation, we utilized Lugol’s staining in conjunction with our 

histological clearing approach. Columella cells (Boxed area in Fig. 5) were characterised by 

the presence of sediments of amyloplasts. Even though the endodermis starts to undergo 

periclinal divisions from Stage V (Fig. 5B, C), starch accumulation was only observed in the 

first cell layer of the columella during late Stage VI-VII (Fig. 5E, F), following numerous 

rounds of periclinal cell divisions. The intensity of Lugol’s staining gradually intensified from 

Stage VII to the fully emerged LRP (Fig. 5H). 

4.3.4 Suberin deposition in the exodermis of Brachypodium roots is delayed 

compared to the endodermis. 

During the growth of Brachypodium seedlings on plate, we observed a very strong 

hydropatterning effect (Fig. S3) (Orosa-Puente et al., 2018). Basically, all LRs emerged on 

the side of the root in contact with the growth medium. It is proposed that hydropatterning 

serves to ensure roots have access with to water and nutrients (Möller, Xuan and Beeckman, 

2017).  
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Fig. 3. Pattern of endodermal suberization along the Brachypodium root axis adjacent to the nutrient 

medium growth. Cross-sections of Brachypodium primary root showing asymmetric suberization. Suberin 

lamellae (SL) developed unilaterally on the side of the root exposed to the air from the root apex, but not on the 

side exposed to nutrient medium. Representative images were obtained from 30 seedlings of Bd21-3 from three 

independent replicates, each consisting of at least 10 plants. Roots of similar length were positioned in parallel 

for consistency, and regions of interest of approximately 1 cm were sectioned. Scale = 20 μm. 

Brachypodium, like many monocots, has an additional cell layer that undergoes 

localized suberin deposition, the exodermis (Sexauer et al., 2021). Using Fluorol Yellow (FY) 

staining of cleared roots, we confirmed that the pattern of endodermal and exodermal 

suberization in Brachypodium also occurs after CS establishment initially with patchy zones 

for both the endodermis and exodermis (Fig. 3, Fig. S7B). This observation is consistent 

with the findings reported in rice, barley and tomato (Cai et al., 2011; Líška et al., 2016; 

Cantó-Pastor et al., 2024). Interestingly, suberization in the exodermis appeared delayed 

compared to suberin deposition in the endodermis (Fig. S7B). As previously reported in 

maize, Brachypodium, when grown vertically on agar plates, shows that endodermis and 

exodermis cells closest to the growth medium are the last to deposit suberin (Fig. 3). 

4.3.5 Dividing endodermal cells overlying the LRP appear not to establish a 

Casparian strip.  

The participation of the endodermis during LR organogenesis in Brachypodium is not 

unique, as it has been demonstrated already for a range of plant species (Xiao et al., 2019). 

Although we could not observe suberin deposition in the endodermis overlying the LRP 

under our growth conditions, the Casparian strip domain (CSD) and CS are already present 

in the overlying endodermis prior to LR initiation. However, little is known regarding the cell 

fate of the endodermis cells that reactivate their cell cycle and eventually become a part of 

the LRP. 
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Fig. 4.  Recently divided endodermal cells do not establish Casparian strips. (A-D) Cross-sections stained 

with BF (lignin) in magenta and Renaissance SR2200 (cellulose) in cyan. The images illustrate the progression 
of cell divisions in the endodermis and the distancing of the previously formed CS. (left) A graphical 
representation depicting the cell divisions in the endodermis and the separation of the CS is shown on the left. 
The arrows indicate the position of the CS. Roots of seedlings (6 DAG) with similar length were positioned in 
parallel for consistency, and regions of interest of approximately 1 cm from the root tip were sectioned.  
Representative images were obtained from 30 seedlings of Bd21-3 from three independent replicates, each 
consisting of at least 10 plants. Scale = 50 µm.        
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Do these cells after division establish a CSD that is attached to the CS? To address 

this, we used a histochemical staining for lignin (Basic Fuchsin) and cellulose (Calcofluor 

White) to counterstain cell walls. In root sections containing LRP, we observed that 

endodermal cells that underwent anticlinal divisions appear not to establish a CSD, similar 

to endodermal cells undergoing periclinal divisions, based on the absence of the 

characteristic lignified spot in the endodermal cross wall (Roppolo et al., 2011) (Fig. 4). From 

surface projections of root sections containing LRP in which the endodermis already 

underwent a few rounds of divisions, it appeared that no newly established CS were present 

in these endodermis cells (Fig. 4B-D). We observed that the CS appeared to undergo a 

regulated breaking like what was observed during Arabidopsis LR formation (Vermeer et al., 

2014). In addition, we observed that the CS appears to undergo a lateral detachment 

(“sliding”) to facilitate the outgrowth of the LRP (Fig. S8).   

4.4 Discussion  

In this study, we present an atlas describing the consecutive stages of LR 

development in Brachypodium based on the model utilized for Arabidopsis (Malamy and 

Benfey, 1997; Péret, Larrieu and Bennett, 2009; Van Norman et al., 2013; Vermeer and 

Geldner, 2015; Wachsman and Benfey, 2020). We show that in Brachypodium, like other 

monocots, pericycle cells adjacent to phloem are competent for LR organogenesis. 

However, to really map the origin and contribution of pericycle cells, a clonal analysis would 

be required. This approach was recently used to show that also phloem pole pericycle cells 

can contribute to LRP in Arabidopsis (Torres-Martínez et al., 2020). Thus, it would be 

interesting to use clonal analysis to determine whether the XPP could contribute to LR 

formation in Brachypodium, especially during later developmental stages. Furthermore, the 

endodermis undergoes mitotic activation soon after the initial pericycle cell divisions and 

overlying endodermal cells will become an integral part of the LRP in later developmental 

stages, as they will form the root cap (Fig. 1 and 5). While the inner-most cortex layer 

appears to undergo cell divisions, we could not confirm whether these cells become part of 

the LRP itself, like the overlying endodermal cells. In both cases, usage of clonal analysis 

would be very useful to trace the cell fate of the endodermis-derived cells during LR 

development. Alternatively, we hypothesize these divisions are required to accommodate 

the expansion growth of the LRP, thereby facilitating emergence. Although most of textbook 

knowledge regarding LR development is based on Arabidopsis studies, the mitotic 

reactivation and participation of the endodermis and derived cells are observed in a large 

number of plants species including barrel clover (Herrbach et al., 2014), maize (Jansen et 

al., 2013) barley (Orman-Ligeza et al., 2013) and many others (Xiao et al., 2019). It appears 

that absence of the incorporation of the endodermis during LRP growth could be specific for 
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the Brassicaceae (Xiao et al., 2019). Alternatively, we hypothesize that these divisions are 

necessary to accommodate the expansion growth of the LRP, potentially aiding in its 

emergence by facilitating growth through the overlying both the endodermis and adjacent 

cortex cell layers (Bell and McCully, 1970; Torres-Martínez et al., 2020). The mitotic 

reactivation of the endodermis raises important questions: What triggers this process and 

do the dividing endodermal cell change their identity and if so at what stage? At which stage 

do they obtain columella identity? To address these questions follow-up studies employing 

sectorial (mosaic) analyses and high-resolution expression analysis (single cell/ nuclei 

sequencing, spatial transcriptomics) (Birnbaum, 2018; Torres-Martínez et al., 2020; Liu et 

al., 2023) would be a logical step to track cell lineages and changes of cell identity during 

the LRP developmental process. 

Auxin serves as a crucial regulator of LR patterning, development and the DR5 

reporter is commonly employed to visualize auxin responses (Ulmasov et al., 1997; Liao et 

al., 2015).  In this study, we could not detect the DR5pro::ER-mRFP (DR5) signal in phloem 

pole pericycle cells during the formative cell divisions leading to a stage I LRP. However, 

there was induction of DR5 signal in the overlying endodermis and even more so in the 

cortex cells overlying the LRP. Interestingly, we also observed during later stages of LRP 

development, clear induction of the DR5 signal in the exodermis overlying the LRP. This 

suggests for a similar role of auxin signaling to regulate cell wall modifications to facilitate 

the emergence of the LRP (Swarup et al., 2008; Meng et al., 2019). The observed induction 

of the DR5 reporter in the overlying exodermis suggest for a possible role for auxin signaling 

to regulate cellular responses, such as modification of the lignin barrier, to accommodate 

emergence (Nakayama et al., 2017). 

Previous studies have reported the absence or presence of a weak DR5 signal during 

the first cell divisions in the pericycle of rice (Ni et al., 2014) barley (Kirschner et al., 2017) 

and maize (Jansen et al., 2012) opposite to what is commonly observed in Arabidopsis 

(Dubrovsky et al., 2000; Vanneste et al., 2005; Marhavý et al., 2013). Similarly, during many 

stages of Brachypodium embryo development, the DR5 signal was not or barely detected 

(Hao et al., 2021) counterintuitive compared to the observations during Arabidopsis 

embryogenesis (Mo and Weijers, 2009). The synthetic DR5 promoter contains direct repeats 

of a medium-affinity biding site for the AUXIN RESPONSE FACTORs (ARF) transcriptional 

regulators (Ulmasov et al., 1997; Boer et al., 2014). Therefore, it is likely that only part of the 

transcriptional response to auxin is reported. The use of higher affinity binding sites could 

provide a solution to better address the role of auxin during early developmental processes 

in Brachypodium (Liao et al., 2015; Hao et al., 2021). The same DR5 reporter has been used 

to monitor changes in auxin signaling during Brachypodium spikelet formation in the shoot 
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(O’Connor et al., 2017). In addition, we observed a clear DR5 signal during later stages of 

LRP development, including in the cortex and exodermis. A plausible explanation would be 

that a set of ARFs with reduced affinity for the DR5 promoter are regulating auxin responses 

during early stages of LR development in Brachypodium. It would also be important to test 

brighter and/or triple-fluorescent protein fusions that are targeted to the nucleus, or 

radiometric reporters such as R2D2 to might be better suited at reporting auxin signaling 

(Liao et al., 2015). It is clear that auxin can induce LR formation in Brachypodium (Pacheco-

Villalobos et al., 2013) and important regulators of auxin import and efflux are already 

expressed in stage I LRP (Fig. S5).  

The root endodermis serves as apoplastic barrier for the radial transport of water and 

nutrients to the plant's vascular system (Barberon et al., 2016). To fulfil this role, the 

endodermis relies on the formation of the lignified Casparian strips. Subsequently, suberin 

lamellae are deposited as a secondary cell wall modification surrounding the plasma 

membrane (Barbosa, Rojas-Murcia and Geldner, 2019). Moreover, many plant species have 

an extra barrier called the exodermis, which also exhibits lignin and suberin deposition 

(Kajala et al., 2021; Liu and Kreszies, 2023). Recent studies have reported that the 

exodermis functions in the tolerance to abiotic stresses (Cai et al., 2011; Kajala et al., 2021; 

Manzano et al., 2022; Cantó-Pastor et al., 2024). Here, we demonstrate that the daughter 

cells of divided endodermal cells do not appear to form a CSD in their cross walls (Fig. 4). 

Similar to what was described for Arabidopsis, the CS appears to be detached longitudinally 

and local breaks appear, likely facilitating the emergence of the LRP. While there is 

increasing interest in studying the function and formation of the CS in monocots such as rice 

and maize (Karahara et al., 2004; Wang et al., 2022), little is known whether the 

CASPARIAN STRIP DOMAIN PROTEINs (CASP) are degraded during LR development as 

described for Arabidopsis (Vermeer et al., 2014) to facilitate the reported “sliding” of the CS. 

In addition, it would be interesting to test whether Brachypodium has orthologs of the 

GAPLESS proteins that were identified in rice. These secreted proteins interact with 

OsCASP1 and are required for the tethering of the CS to the cell wall (Song et al., 2023). It 

will be interesting to test whether CASP/CSD degradation could be a general mechanism to 

break the GAPLESS-mediated tethering of the CS to the cell wall to allows for loosening 

and/or local breaking of the CS in plants during LR emergence. Moreover, Brachypodium 

has a lignified exodermis (Sexauer et al., 2021). However, under our experimental 

conditions, the exodermis in many cases showed still little lignification at the time of LR 

emergence.  
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4.5 CONCLUDING REMARKS 

Here we provide an atlas describing the various developmental stages of LRP 

development in Brachypodium and shed light on the potential roles of different cell types 

and molecular mechanisms involved to facilitate their development. This now provides a 

perfect starting point to dissect the trajectories of cell types and if there are regulatory 

mechanisms that could be part of conserved modules for root branching in general. 

Brachypodium LRP formation provides a beautiful (non-domesticated) plant model to 

investigate how the endodermis and cortex re-activate their cell cycle and contribute to 

organogenesis and emergence. In addition, it allows the investigation which (hormonal) 

signaling pathways are re-wired and which are conserved during developmental processes.  

4.6 MATERIALS AND METHODS  

Plant Materials and Growth Conditions 

Brachypodium distachyon seedlings (Bd-21-3) (Vogel and Hill, 2008) were grown vertically 

on 0.8% agar supplemented with half strength Murashige-Skoog (MS) pH 5.8 at 22° C under 

long day or constant light. 5 DAG seedlings were collected for analysis. After removal of the 

seed husk, seeds were surface sterilized using sodium hypochlorite 5% and 0.01% Triton 

for 4 min and rinsed at least four times in autoclaved desilted water. Seeds were placed on 

medium (prepared as described above) with embryo towards the bottom of the and facing 

the lid of the 120mm square plate to prevent shoots and roots growing into the media or in 

the wrong direction. Plates were placed into growth conditions at an angle of about 20° to 

ensure that roots grow on the medium and not into the air as described by (van der Schuren 

et al., 2018). After a maximum of 7 days in 22 C under long day or constant light, seedlings 

were harvested for clearing and analysis. The description of the Brachypodium LR 

developmental stages was based on representative images obtained from 45 seedlings from 

three independent replicates each consisting of at least 15 plants. 

Auxin Treatment 

A total of 45 seedlings (three independent biological replicates) of Brachypodium Bd-

21-3 were grown vertically under long day conditions for 5 days on standard ½ MS plates 

with 0.8% agar. The seedlings were then transferred to plates treated with 10 µM Indole-3-

Acetic Acid (IAA) (I0901, Duchefa Biochemie) from a 10mM stock in DMSO. Images were 

taken at 0, 3, and 7 days after the seedlings were transferred to auxin. 

Chemicals for clearing and staining solutions 
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The following chemicals were used in the DEEP-Clear (Pende et al., 2020) adapted 

version to plant tissues: PFA (paraformaldehyde) (CAS no. 30525-89-4, Merck, 

http://www.merck.com/), xylitol (CAS no. 87-99-0, Sigma, http://www.sigmaaldrich.com/), 

urea (CAS no. 57-13-6, Sigma), SR2200 (Renaissance Chemicals), Basic Fuchsin (CAS no. 

58969-01-0, Sigma), THEED (Sigma-Aldrich, 87600-100ML), 5% (v/v) Triton X-100 (Roth, 

3051.2).  

Preparation of hand-sectioned root samples 

For sectioning, seedlings roots (6 DAG) of similar length were placed in parallel and 

fragments of 1 cm with the region of interest were partitioned and embedded in 4% agarose. 

After solidified, agarose blocks containing the region of interest were glued on a hand 

microtome (www.daigger.com/hand-microtome) and sections of approximately 50 μm were 

prepared for clearing or immediate visualization. Representative images were obtained from 

at least 30 seedlings from three independent replicates 

Clearing and staining  

Clearing steps using DEEP-Clear were performed as described for ClearSee in 

(Kurihara et al., 2015) and adapted from (van der Schurenet al., 2018) for Brachypodium 

samples. DEEP-clear solution consists in 5 to 8% (v/v) THEED, 5% (v/v) Triton X-100, and 

25% (w/v) urea in water. Heating the solution is not recommended. 7 DAG old root seedlings 

were collected for clearing for full root treatment and/or for semi-thin sectioning.  Samples 

were fixed for 1 hour in 4% (w/v) paraformaldehyde in 1× phosphate‐buffered saline (PBS) 

with 3 rounds of soft vacuum infiltration. After, roots were washed five times in 1x PBS with 

another round vacuum to ensure the removal of PFA. Samples were then transferred to 

DEEP-Clear solution for clearing. Fixed root tissue was incubated at room temperature with 

gentle shaking and solution for 7-10 days and solution replaced twice. For staining of the 

fixed and cleared tissue, 1% stock solution of Basic Fuchsin (for lignin staining), Fluorol 

Yellow (for suberin staining), Renaissance and/or Calcofluor (for cell wall staining) were 

separately prepared directly in DEEP-Clear and stored at 4°C. Working solutions were 

prepared as in (Ursache et al., 2018). In order to combine multiple dyes, samples were 

incubated first in Basic F (0,1% in DEEP-Clear) for one 1 hour and washed in DEEP-Clear 

overnight. After, several rounds of washings, samples were transferred to Renaissance 

(0,1% in DEEP-Clear) for 2 days and washed overnight in DEEP-Clear. Finally, samples 

were transferred to Fluorol Yellow (FY) (0,01% in DEEP-Clear) for 1 hour and counterstained 

in aniline blue (0,5% in water) for 1 hour in the darkness. Samples prior FY staining can be 

stored in 50% glycerol at 4%.  FY solutions and FY-stained samples were kept in darkness 

to prevent bleaching.  
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Starch staining  

To observe starch granules in the LRPs of Brachypodium, the root cortex of a total 

of 30 seedlings (three independent biological replicates) was mechanically removed without 

damaging the LRPs. Roots were then cleared for 3 days in DEEP-Clear. After, roots were 

dipped in Lugol's staining solution (Sigma-Aldrich) for 5 minutes, washed with distilled water, 

and observed under 2-photon microscopy. 

Microscopy 

Roots were observed using Leica TCS SP8-MP equipped with a resonant scanner 

(8 kHz) using 25x, 40x and 63x water immersion objectives. Figures were arranged in Adobe 

Illustrator (Adobe Systems Inc., http://www.adobe.com/) or in PowerPoint (Microsoft 

Corporation) and the brightness was increased equally, without further modifications. The 

3D reconstruction was done using the Fiji package (Schindelin et al., 2012).  
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Fig. S1. Orthogonal view of developmental stages of LRP formation in Brachypodium. (A)  Stage 0: No 

evident swelling of the pericycle cells (white arrows). (B) Stage II: Recently divided pericycle cells promote the 

displacement of the endodermis. In (C and D) Stage II and III pericycle divides anticlinal and periclinal 

(rectangular area). (E and F) - Periclinal and anticlinal cell divisions are observed at the apex of the LRP (Stage 

V) following the establishment of the lateral root cap (Stage VII). Representative images were obtained from 30 

seedlings from three independent replicates, each consisting of at least 10 plants. Magenta: Xylem, Cyan: 

Endodermis, Yellow: Pericycle, Green: Root Cap. Scale: 50 µm. 
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Fig. S2. Schematic representation of LRP development in Brachypodium. (A) Representation of root cross 

section of Brachypodium. (B) Successive stages of LRP formation are illustrated. 
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Fig. S3. Brachypodium LRs emerge towards the agar medium. (A) Brachypodium seedlings grown on 

12x12 cm plates supplemented with half-strength MS solution. (B) Progression of lateral root emergence 

towards the agar after 7, 10, and 12 days after germination (DAG). (C) Side view illustration of lateral roots 

growing towards the agar medium. Representative images were obtained from 45 seedlings from three 

independent replicates, each consisting of at least 15 plants. Scale : (B) 3 mm. 
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Fig. S4. DR5pro::ER-mRFP is induced in the apex of the LRP and in the overlying exodermis. The white 

arrow indicates presence of the DR5 signal (green) confined to the overlying exodermis. Representative images 

were obtained from 15 seedlings from three independent replicates, each consisting of at least 5 plants. 

DR5pro::ER-mRFP (green) and cells walls stained with SCRI Renaissance (magenta) for cellulose. Ep: 

Epidermis, Ex: Exodermis. Scale bar = 20 µm.  
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Fig. S5. Localization of SoPIN1-Citrine and BdAUX1-sGFP during LR formation in Brachypodium. (A) 

SoPIN1-Citrine is observed from Stage I (white arrowhead) during the initial cell divisions in the endodermis. 

Later, expression is localized in the central region of the LRP. (B) Expression of AUX1-sGFP is observed in the 

vasculature of the primary root and in the LRP from Stage I (white arrowheads). During later stages of LR 

development, AUX1-sGFP signal is observed in the flanking regions of the LRP with its intensity increasing 

subsequently in both the vasculature and endodermis in Stage VI. Representative images were obtained from 

30 seedlings from three independent replicates, each consisting of at least 10 plants. SoPIN1-Citrine and 

BdAUX1-sGFP (green) and cells walls stained with SCRI Renaissance (magenta) for cellulose. Scale bar = 50 

μm.  
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Fig. S6. Exogenous auxin addition induces lateral root formation in Brachypodium. Seedlings were 

grown on standard ½ MS plates for 6 days and transferred to auxin treatment (10 µM IAA) for 0 (A), 3 (B), and 
7 days (C). Scale bar: 0.3 cm. Representative images were obtained from 45 seedlings from three independent 
replicates, each consisting of at least 15 plants of Bd21-3. Scale bar = 3 mm.  
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Fig. S7. The exodermis shows delayed suberization compared to the endodermis. Cross-sections of 

Brachypodium primary roots double stained for (A) lignin (BF) (B) suberin (FY) counter stained with Renaissance 

SR2200 (cellulose). Roots of seedlings (6 DAG) with similar length were positioned in parallel for consistency, 

and regions of interest of approximately 1 cm from the root tip were sectioned.  Representative images were 

obtained from 30 seedlings of Bd21-3 from three independent replicates, each consisting of at least 10 plants. 

Magenta = BF/lignin, Yellow = FY/suberin and gray = SR2200/cellulose. Scale bar: 50 µm.  
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Fig. S8. The CS undergoes lateral detachment during LRP development in Brachypodium. Maximum 

image projection of a cleared root stained with Basic Fuchsin. The CS breaks locally (white arrow) and appears 

to be laterally displaced (compare spacing between CS indicated overlying a LRP (green double arrow) and 

without the presence of a LRP (magenta double arrow) during the emergence of the LRP, outlined by dotted 

cyan line. Representative images were obtained from 15 seedlings of Bd21-3 from three independent replicates, 

each consisting of at least 5 plants. BF/lignin = gray. Scale bars = 20 µm.   
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5.1  ABSTRACT  

Root System Architecture (RSA) is vital for plant growth and development, especially under 

challenging environmental conditions. RSA encompasses structural characteristics such as 

root length, spread, and the number and length of lateral roots (LRs), which are essential for 

efficient water and nutrient uptake. RSA's adaptability, known as phenotypic plasticity, 

enables root systems to respond dynamically to soil resource availability, enhancing plant 

survival and productivity. This trait is particularly significant given the increasing water 

scarcity due to climate change and is crucial for developing resilient crop varieties. Despite 

its importance, the detailed molecular and cellular mechanisms governing RSA, particularly 

in major crops, are not well understood due to monitoring challenges. In monocotyledons, 

LR initiation occurs in phloem-associated pericycle cells. We employed the root tip excision 

(RTE) method to synchronize LR development in Brachypodium, thereby revealing distinct 

responses between accessions Bd21 and Bd21-3. In Bd21-3, LRs displayed delayed 

emergence along the root axis compared to Bd21. Additionally, osmotic stresses and 

hormonal treatments significantly reduced LR number and size in Bd21-3. Histological 

analyses suggested challenges in LRP emergence imposed by a lignified exodermis in 

Bd21-3, unlike Bd21, where delayed lignification was associated with facilitated LRP 

emergence. Integrating RTE with RNA-seq analysis of selected time points revealed a rapid 

induction of genes encoding for cell-wall remodelling enzymes following LR formation 

synchronization.   



   

 

117 

 

5.2 INTRODUCTION 

Root System Architecture (RSA) is essential for plant growth and development, 

particularly in challenging environmental conditions (Pandey and Bennett, 2024). RSA 

encompasses various structural characteristics including root length, spread, and the 

number and length of lateral roots (LRs), which are critical for efficient uptake of water and 

nutrients (Lynch, 1995). The adaptability of RSA, known as phenotypic plasticity, allows root 

systems to respond dynamically to spatiotemporal variations in soil resource availability 

(Uga et al., 2013; Leftley et al., 2021). This plasticity is crucial for enhancing the absorption 

capabilities of plants, thereby supporting their survival and productivity (Santos Teixeira and 

ten Tusscher, 2019; Ober et al., 2021). Phenotypic plasticity in roots is particularly significant 

in the context of increasing water scarcity as a direct consequence of climate change (Morris 

et al., 2017; Lombardi, De Gara and Loreto, 2021). It is a genetically regulated trait and is 

considered key to developing more resilient crop varieties (Zhang et al., 2019). Root 

branching, a major component of RSA, plays a vital role in this process by maximizing the 

efficiency of water and nutrient acquisition (Moreno-risueno et al., 2010; Atkinson et al., 

2014; Yu, Hochholdinger and Li, 2019).  The number of LRs and their growth angle are 

important traits in both monocotyledonous (monocots) and dicotyledonous (dicots) plants 

that determine the effectiveness of the root system (Waidmann, Sarkel and Kleine-Vehn, 

2020). Despite its critical importance, the detailed molecular and cellular mechanisms 

governing RSA are not well understood, especially in major crops (Yu, Hochholdinger and 

Li, 2019; Mehra et al., 2023). This gap in knowledge is primarily due to the difficulties 

associated with monitoring root systems throughout a plant’s lifespan (Atkinson et al., 2014). 

Therefore, the importance of the use of plant models to help us to enhance our 

understanding of root system development as an important step towards crop improvement.  

Arabidopsis thaliana (Arabidopsis) is a well-studied model for understanding the 

molecular mechanisms underlying LR development due to its simple root system, tissue 

transparency, and extensive genetic tools (Aceves-García et al., 2016; Tofanelli, Vijayan 

and Schneitz, 2019; Pardal and Heidstra, 2021). Lateral root primordia (LRP) in Arabidopsis 

initiate from LR Founder Cells (LRFCs) in the pericycle (Malamy and Benfey, 1997; Vermeer 

et al., 2014; Stoeckle, Thellmann and Vermeer, 2018). The pericycle is presented as a 

heterogeneous tissue with diarch symmetry with two distinct cell types positioned opposite 

to the xylem poles showing different cytological abilities (Beeckman, Burssens and Inzé, 

2001; Casimiro et al., 2001; Guyomarc’h et al., 2012; Pandey and Bennett, 2024). In this 

case, different from quiescent phloem-pole-pericycle (PPP) cells, xylem-pole-pericycle 

(XPP) cells are competent for LRP formation (Parizot et al., 2008). LRFCs are spatially 

patterned along the primary root axis with regulated spacing, beginning from the basal root 
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meristem. The first morphological event in LR initiation occurs in the differentiation zone 

where LRFCs divide asymmetrically and anticlinal (Malamy and Benfey, 1997). The first 

developmental stages are strongly influenced by auxin signalling in adjacent tissues 

(Guseman et al., 2015; Cavallari, Artner and Benkova, 2021; Perianez-Rodriguez et al., 

2021). For instance, the presence of a lignified Casparian strip network (CS) and other cell 

wall modifications, division and expansion of pericycle cells are strictly controlled by the 

endodermis responses (Vermeer et al., 2014; Ötvös and Benková, 2017; Barbosa, Rojas-

Murcia and Geldner, 2019). After several rounds of periclinal and anticlinal cell divisions the 

LRP advances through the overlying layers to emergence. Despite significant findings on 

pericycle-endodermis interactions during LR emergence in Arabidopsis, little is known about 

whether this interaction has similar important roles during LR development in other plant 

species. 

In monocotyledons, LR initiation typically occurs in the phloem-associated pericycle 

(Pacheco-Villalobos and Hardtke, 2012; Jansen et al., 2013; Crombez et al., 2016; Yu, 

Hochholdinger and Li, 2019). We previously showed (Chapter 3) that, unlike in Arabidopsis, 

LR development in Brachypodium involves cell divisions in both the pericycle and the 

endodermis, contributing to the formation of the new organ. This was also consistent with 

what is reported for other plant species (Jansen et al., 2012; Xiao et al., 2019). We 

demonstrated that the Casparian strip (CS) in the endodermis appears to become detached 

from the cell wall during the LR emergence. However, Brachypodium and many other plant 

species exhibit one or more additional barriers, functionally similar to the CS, called the 

exodermis (Enstone, Peterson and Ma, 2003; Sexauer et al., 2021; Liu and Kreszies, 2023). 

However, the contribution of the exodermis has been often overlooked in the context of LR 

development. A plausible explanation could be that the endodermis is ubiquitous for 

angiosperms, whereas the exodermis is absent in several species (Enstone, Peterson and 

Ma, 2003), particularly in the model plant Arabidopsis. Although the endodermis is found in 

almost all vascular plants, certain significant species such as Arabidopsis and crops 

including cultivated barley, soybean, and wheat lack an exodermis (Kreszies, Schreiber and 

Ranathunge, 2018; Liu and Kreszies, 2023). In Brachypodium, the exodermis becomes both 

lignified and suberized (Sexauer et al., 2021), and its response likely varies, depending on 

nutrient availability, as has been demonstrated in the exodermis of maize (Hose et al., 2001). 

However, we still lack a clear characterization of its function during the emergence of the 

LRP. 

In this study, we applied the root tip excision (RTE) method (Kawai, Shibata, et al., 

2022) as a system to synchronize LR development in Brachypodium. We observed that the 

RTE approach elicited distinct developmental responses between the Brachypodium 
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accessions Bd21 and Bd21-3. Although both accessions exhibit similar LR development 

near the RTE site, LRPs in Bd21-3 fail to progress in their growth along the root axis. 

Intriguingly, we also observed that the RTE-induced LR phenotype in Bd21-3 is not 

maintained when plants are transferred from one growth plate to another. Furthermore, both 

abiotic stresses and hormonal treatments result in a marked reduction in LR number and 

size in Bd21-3 when compared to Bd21. Histological analyses suggest that LRPs in Bd21-3 

likely face challenges in traversing a fully lignified exodermis; whereas in Bd21, LRP 

emergence appears to be facilitated by a significant delay in lignification. Additionally, by 

integrating RTE as a LR induction system (LRIS) with RNA-seq analysis, we demonstrated 

that genes related to cell-wall processes are rapidly induced following synchronization of LR 

formation. 

5. RESULTS  

5.3.1 Bd21 and Bd21-3 show distinct LR developmental responses after RTE 

Phenotypic plasticity is defined as the ability of an organism to alter its phenotype in 

response to environmental conditions (McCleery, Mohd-Radzman and Grieneisen, 2017). 

One notable example is root plasticity, which enables plants to explore soils for water and 

nutrients (Amtmann, Bennett and Henry, 2022). This capability heavily relies on the 

development of primary roots and LR growth (Kawai, 2022). Among many other factors, LR 

development is promoted when the elongation of the parent root is inhibited. In Chapter 2, 

we demonstrated that compensatory LR growth following RTE could serve as an alternative 

method for synchronizing early LR development in Brachypodium Bd21-3. We then 

questioned how this approach would function in other Brachypodium accessions. To further 

explore and better visualize LR development after RTE in Brachypodium, we selected the 

accessions Bd21 and Bd21-3 for detailed analyses. In the Bd21 accession, excision of the 

primary root tip resulted in consistent emergence of LRs along the root axis, with a marked 

decline in LR density near the root-shoot junction (Figures 1B and 1D). In contrast, plants 

of the Bd21-3 accession showed similar LR development in the first 1 cm of the root axis 

near the RTE site (Figure 1B-D); however, at 72hrs after RTE, LRs in the upper part of the 

primary root either failed to emerge or did not continue to grow towards the nutrient medium 

(Figure 1B-C – white arrows). We previously observed that it takes approximately 32-36 

hours for an LRP to fully emerge in Bd21-3 within the first 5 mm past the RTE region. High-

resolution images enabled us to identify a zone of LR formation where LRPs were either 

fully emerged or in early stages prior to emergence. Interestingly, there was no significant 

difference in the number of visible LRPs within 24 hours post-RTE between Bd21 and Bd21-

3 (Figure 1E).  
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Figure 1. Impaired LR development in Bd21-3 compared to Bd21 following root tip excision. (A, B) 

Comparison of LR emergence at 0, 2, 4, and 7 days post root tip excision (RTE). Red rectangles in the first row 

of images highlight the corresponding root regions shown in the second row. (C) Bd21 and Bd21-3 accessions 

72 hours after RTE. The magnification shows that LRPs are visible in Bd21-3 but fail to develop further 

approximately 1 cm from the RTE region. (D) Graph showing the density of fully emerged LRs along the root 

axis of Bd21 and Bd21-3. (E) Graph showing the total number of LRPs observed 24 hours after RTE. (F) Graph 

showing the total number of fully emerged and non-emerged LRs 72 hours post-RTE. (*) LRPs that crossed the 

exodermis but failed to continue growth were counted as non-emerged for Bd21 and Bd21-3. Scale bars: (A-B, 

upper panel: 5 mm; lower panel: 3 mm), (C: 3 mm). Values represent mean ± SD (n = 3 independent biological 

replicates). Different letters indicate significant differences among groups (P < 0.05).  
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Nevertheless, 72 hours after RTE, the majority of LRPs in Bd21-3 fail to continue 

their growth towards the medium (Figure 1F). This suggests that although RTE triggers LR 

initiation in both accessions, they display differential regulation of LR emergence.  

5.3.2 Brachypodium Bd21-3 shows delayed LR emergence under abiotic stresses 

and hormonal treatments.  

The development of lateral roots has been shown to be significantly affected by 

different abiotic stresses (Amtmann, Bennett and Henry, 2022; Pandey and Bennett, 2024). 

These stresses can significantly RSA and function, primarily through hormonal regulation 

(Khan, Gemenet and Villordon, 2016). Among the key hormones involved, auxin and 

abscisic acid play pivotal roles in mediating plant responses to environmental conditions 

(Signora et al., 2001; Cavallari, Artner and Benkova, 2021). Drought and osmotic stresses 

have also been reported to modulate LR development (Xiong et al., 2006; Uga et al., 2013). 

We hypothesized that exposing Bd21 and Bd21-3 to a diversity of hormonal and stress 

treatments would result in similar diferences in LR development. To investigate the effects 

of indole-3-acetic acid (IAA) and abscisic acid (ABA) treatment on Brachypodium LR 

development following RTE, seedlings (6 DAG) were transferred to plates supplemented 

with either 1 μM or 10 μM IAA, or 1 μM or 10 μM ABA. 

To simulate salt and osmotic stresses, another set of seedlings was transferred to 

plates containing 85 mM or 170 mM NaCl, and 170 mM or 340 mM mannitol, respectively. 

After 72 hours, LR number and size were quantified. Interestingly, differential LR emergence 

of Bd21-3 is lost after the plate transfer transfer (Figure 1). In this case, LR number and size 

were similar in both Bd21 and Bd21-3, displaying comparable LR densities (Figure 1). IAA 

treatments reduced the size of LRs in Bd21 but did not dramatically affect their density along 

the root axis (Figure 1A and 1C). Conversely, Bd21-3 exhibited a significant reduction in LR 

emergence and length at both 1 μM and 10 μM IAA concentrations (Figure 1A and 1C). 

ABA treatments strongly inhibited LRP development in both Bd21 and Bd21-3 at a 

concentration of 1 μM, with a more pronounced effect observed in Bd21-3 (Figure 1B and 

1D). At 10 μM ABA, both Bd21 and Bd21-3 showed a dramatic decrease in LRP emergence 

(Figure 1B and 1D). Exposure to NaCl resulted in reduced overall LR size and density at 

both 85 mM and 170 mM concentrations in both accessions (Figure 1D and 1E  
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Figure 2: Bd21-3 exhibits inhibition of LR development under hormonal and osmotic stress conditions. 

Six-day-old Bd21 and Bd21-3 seedlings, previously grown on regular ½ MS plates, were transferred to plates 

treated with (A) 1 µM and 10 µM IAA, (B) 1 µM and 10 µM ABA, (E) 85 mM and 170 mM NaCl, and (F) 170 mM 

and 340 mM mannitol and RTE was applied. Panels (C), (D), (G), and (H) display graphs showing LR density 

(fully emerged LRs/cm) along the root axis, comparing treatments to controls. Scale bars: (A-B, E-F: 5 mm). 

Values represent mean ± SD (n = 3 independent biological replicates). Different letters indicate significant 

differences among groups (P < 0.05).  
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Notably, Bd21 maintained a number of fully developed LRs at 85 mM NaCl, and many LRs 

still emerged at 170 mM NaCl (Figure 1E and 1G). 

However, no LRPs were detected in Bd21-3 at 170 mM NaCl (Figure 1E and 1G). 

For the mannitol treatments, there was a decrease in LR size but not in LR density for Bd21 

at 170 mM, and a mild decrease in LR density and LR emergence for Bd21-3 (Figure 1F 

and 1G). While Bd21 exhibited some LR emergence at 340 mM mannitol, this treatment 

dramatically reduced the number of emerged LRs in Bd21-3 (Figure 1F and 1H). These 

results suggest that although the RTE-LR phenotype observed in Bd21-3 in (Figure 1) is 

lost when transferring plants to new plates, both hormonal and abiotic treatments trigger a 

more pronounced decrease in LR number and size in Bd21-3 partially recovering the original 

RTE-LR phenotype.  

5.3.3 Exodermal lignification correlates with delayed LR emergence  

The exodermis and endodermis represent the outermost and innermost layers of the 

root cortex, respectively (Peterson & Cholewa, 1998; Steudle & Peterson, 1998). Previous 

studies have documented that structural features of the root exodermis and endodermis, 

such as Casparian strips, suberin lamellae, lignin deposition, and tertiary walls, are finely 

regulated in response to osmotic stress and tissue damage (Enstone et al., 2002; Henry et 

al., 2012; Geldner, 2013; Tylová et al., 2017). Therefore, lignin, a highly rigid compound less 

plastic than suberin, could potentially restrict the emergence of LRP upon reaching the 

exodermis in Brachypodium. We hypothesized that the lignification of root cell layers, 

especially the exodermis, along with other anatomical features, influences the ability of LRPs 

to emerge and continue their developmental process in Brachypodium Bd21-3. To test this 

hypothesis, we applied the RTE method and analysed plants 24 hours after RTE. To assess 

lignification, roots from Bd21 and Bd21-3 were stained with phloroglucinol-HCl. This staining 

reacts with coniferaldehyde residues in lignin in the presence of acid, generating a red 

condensation product known as the Wiesner reaction (Davidson et al., 1995). 

Phloroglucinol-HCl treated roots of Bd21 exhibited consistent clear, light red staining, slightly 

darker in the central vasculature (Figure 3A).  
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Figure 3. Bd21-3 displays earlier lignification in the exodermis. (A, B) Roots of Bd21 and Bd21-3 stained 

with Phloroglucinol-HCl exhibit a red-brown color. A red rectangle in the left images highlights the area magnified 

in the right panel. Black arrows indicate LRPs 36 hours post-RTE. Light brown-red staining is observed in the 

LRPs of Bd21, with enhanced color intensity in Bd21-3, especially in the LRPs and exodermis. (C, D, E, F) Basic 

Fuchsin-stained sections of Bd21 and Bd21-3 roots show lignin deposition in the vasculature and exodermis at 

distinct developmental stages of LRPs. The exodermis in Bd21-3 shows lignification before LRP emergence. A 

white vertical bar on the left side of each image marks the side facing the ½ MS medium. White arrowheads 

indicate the limits of exodermal lignification opposite to the LRP emergence side. Scale bars: (A-B: 2 mm, C-F: 

50 µm). (45 seedlings were analysed with 3 independent biological replicates for each staining approach).  
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In contrast, roots from Bd21-3 showed a darker red color throughout the root axis 

and vasculature (Figure 3B). Interestingly, the LRPs appeared transparent in color in Bd21 

(Figure 3A, dark arrows), while an intense red color was observed in LRPs and the overlying 

exodermis of Bd21-3. These results suggest a more pronounced overall lignification in Bd21-

3 roots.   

To further investigate endodermal and exodermal lignification in the LR emergence 

region of Bd21 and Bd21-3, we conducted an additional experiment using a second set of 

roots grown under the same conditions. Cross-sections of these roots were stained with 

Basic Fuchsin, a fluorescent dye that indicates the presence of lignin, and observed using 

confocal microscopy. Firstly, we observed that exodermal lignification in Brachypodium 

initiates similarly to Casparian strips and spans nearly the entire dimension of an anticlinal 

wall for both Bd21 and Bd21-3 (Figure S1). In Bd21, lignification was reported in the area 

where LRP emergence was anticipated by Stage IV (Figure 3c). By Stage XII, lignification 

was confined to the vicinity of the emergence zone. LRPs in Bd21 exhibited an elongated 

bell shape as typically observed in monocots such as rice and maize (Jansen et al., 2012; 

Ni et al., 2014). On the other hand, in Bd21-3, exodermal lignification was observed much 

earlier evident in the LRP emergence region. The exodermis was already fully lignified 

around Stage IV primordia with a likely passage cell opposite the LRP (Figure 3D, F). The 

shape of LRPs in Bd21-3 was rounded and less elongated compared to those in Bd21 

(Figure 3D, F). These results suggest that LRPs in Bd21-3 likely encounter difficulties in 

penetrating through a fully lignified exodermis, whereas LRP emergence is likely facilitated 

in Bd21 due to the absence of evident lignification. Although these observations strongly 

support our hypothesis regarding the LR phenotype observed in Bd21-3 following RTE, 

further insights into the molecular mechanisms underlying these changes, as well as the 

roles of other cell wall components in the emergence of LRPs in Brachypodium, are still 

needed. 

5.3.4 Cell-wall-related genes are rapidly induced after RTE 

The early steps in LR development require significant cell wall modifications to allow 

the new organ to emerge through the overlying tissues. To investigate whether difference in 

gene expression after RTE in Bd21 and Bd21-2 could explain the observed emergence 

phenotype, we performed transcriptome profiling of root sections collected at selected time 

points following RTE. Analysis of the results revealed significant differences in gene 

expression between Bd21 and Bd21-3 (Figure 4).  
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Figure 4. Overview of Differential Gene Expression (DGE) analysis in Brachypodium Bd21 and Bd21-3 

after root tip excision (RTE). (A-B) The scatter plot shows the first two principal components (PC1 and PC2) 

of RNA-seq data, with RNA extracted from root tissue collected at different time points (0h, 1h, 2h, 4h, 8h, and 

12h) after RTE, with four replicates per time point. Plots highlight the temporal changes in gene expression 

following RTE in both Brachypodium accessions.(C) Overlap between upregulated and downregulated genes at 

timepoints 1h, 2h, 4h, 8h, and 12h after RTE. Common upregulated genes are shown in the right panel for 4h, 

8h, and 12h. (D) Heatmap of TAIR orthologous lignin gene expression in Brachypodium Bd21 and Bd21-3 across 

different timepoints after RTE. (E) Representation of the main cell wall-related compounds and the percentage 

of upregulated and downregulated genes for Brachypodium Bd21 and Bd21-3. Log2FoldChange from timepoints 

1h and 12h after RTE. At least 30 seedlings per timepoint in 4 independent biological replicates.  
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A comprehensive analysis identified 13,214 and 14,093 differentially expressed 

genes (DEGs) in Bd21-3 and Bd21, respectively, with the majority of these genes (86% in 

Bd21-3 and 83% in Bd21) being differentially expressed at 12 hours post-RTE (Figure 4C). 

Principal component analysis (PCA) distinguished two major transcriptomic clusters 

corresponding to early (0-2 hours) and late (8-12 hours) time points, indicating distinct 

temporal responses (Figure 4A and B). The number of upregulated and downregulated 

genes increased progressively over time, with significant overlap observed at 4, 8, and 12-

hour time points (Figure 4C). Functional categorization revealed that genes associated with 

transcriptional regulation, hormone signaling, and cell-wall remodeling were prominently 

represented among the top 100 upregulated and downregulated genes (Figure S4). 

Notably, cell-wall remodeling enzymes, such as cellulases, pectinases, and peroxidases, 

which are crucial for loosening the primary root cell wall to allow new root emergence, 

showed significant differential expression (Figure 4E). Comparative analysis with 

Arabidopsis orthologous lignin biosynthesis genes revealed upregulation in Brachypodium 

at early time points of Bd21, whereas no corresponding expression was detected in Bd21-3 

(Figure 4D). This suggests species-specific regulatory mechanisms to one of the 

Brachypodium accessions. Overall, the data suggest a rapid activation of cell-wall-related 

genes following RTE, particularly at early and late time points, underscoring their role in LR 

development. However, further studies are needed to directly associate these gene 

expression changes with specific processes in LR formation. 

5.4 DISCUSSION 

Compensatory root growth might induce changes in Brachypodium LRP morphology  

Compensatory root growth is crucial for maintaining total root length and thus water 

and nutrient uptake in compacted soils (Kawai, Shibata, et al., 2022). In this study, we 

investigated LR development in Brachypodium using this principle. Our findings from the 

LR-RTE synchronization system show distinct LR developmental responses between 

Brachypodium accessions Bd21 and Bd21-3 (Figure 1 and 2). Bd21 demonstrates strong 

LR regenerative capabilities, while Bd21-3 displays altered LR emergence and elongation 

when grown vertically on plates. A similar method was used in rice identifying QHB/OsWOX5 

as a key regulator of root development (Kawai, Chen, et al., 2022; Kawai, Shibata, et al., 

2022). Rice genotypes exhibited compensatory root growth with altered LR distributions in 

response to RTE. This approach was also shown to increase the diameter of first-order LRs 

by enhancing the number of ground-tissue layers and the stele diameter, promoting 

elongation and higher-order LR emergence in proximal regions to RTE (Kawai, Chen, et al., 

2022). LRP morphology may also change in Brachypodium likely varying with the distance 
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from the cut site. More studies will be required to quantify the degree of change in LRP 

shape pre/post RTE along the root axis after RTE.  

LR formation in Bd21-3 is more sensitive to stress and hormone treatments compared 

to Bd21. 

We investigated the RTE-LR phenotype in Brachypodium Bd21 and Bd21-3 roots in 

response to osmotic stress and hormonal treatments. We identified the inhibition of LR 

number and growth in both Bd21 and Bd21-3 accessions. Our preliminary studies indicated 

that these treatments had a stronger overall effect on the Bd21-3 accession, in which LRs 

either failed to emerge or to continue their development.  ABA is a prime mediator of drought 

and plays an important role in regulating plant growth, development, and responses to 

several environmental stresses (Zhu, 2002; Boominathan et al., 2004). Drought-mediated 

inhibition of LR development appears to be partly mediated by ABA (Xiong et al., 2006). In 

our results, exogenous ABA had similar inhibitory effects on LR development as salt or 

osmotic stress (NaCl and mannitol) (Figure 1). The inhibitory effect of ABA on LR 

development has been reported (Signora et al., 2001). The hormone auxin (IAA) is known 

to inhibit root elongation and promote the initiation of LRs (Dharmasiri et al., 2005; De Smet, 

2012; Du and Scheres, 2018; Javed et al., 2023). We observed that IAA treatment reduced 

LR emergence in Bd21-3 compared to Bd21. The RTE approach was expected to decrease 

cell elongation since the root meristem is removed. If auxin also increased LR induction 

simultaneously, too many LRs could form on roots with decreased emergence. It may be 

that the levels of endogenous auxin in Bd21-3 are higher than in Bd21 and to some extent 

limit the emergence of elongation of the LRPs in combination with external auxin stimulus. 

Thus, ABA may have a general regulatory role in controlling LR development in 

Brachypodium. However, the complex hormone signaling regulating the cell-to-cell 

communication between LRP emergence and the overlying cell layers still remains unclear 

or unexplored in monocots. It would be useful to have reporters for auxin responses, such 

as DR5 or R2D2 to really compare the endogenous levels of auxin signalling in these two 

accessions (Ulmasov et al., 1997; Liao et al., 2015). 

Brachypodium natural accessions as a potential source to study genetic variability in 

LR emergence after RTE 

The present study reveals an unexpected root phenotype in Brachypodium Bd21-3. 

Interestingly, Bd21-3 was originally collected from the same location as the accession used 

to create the first reference genome, Bd21 (Vogel, 2008; Chochois, Vogel and Watt, 2012). 

However, Bd21-3 is not a descendant of Bd21, despite their close relationship (Bevan, 

Garvin and Vogel, 2010). Notably, they showed major differences in root phenotype after 
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RTE treatment. A large number of Brachypodium accessions have been collected 

throughout its native growth range in the Mediterranean and the Middle East (Garvin, 2007; 

Bourgeois et al., 2018; Mur, 2022). Our results suggest that the combination of the 

straightforward LR-RTE approach with the analysis of natural phenotypic variation in 

Brachypodium accessions could be a major tool for identifying single nucleotide 

polymorphisms (SNPs) linked with LR development through a genome wide association 

(GWAs) methodology (Huang and Han, 2014).  

Timing of exodermal lignification is associated with LR emergence 

The exodermis (hypodermis with Casparian bands) of plant roots represents a barrier 

of variable resistance to the radial flow of both water and solutes and may contribute 

significantly to overall resistance (Hose et al., 2001; Enstone, Peterson and Ma, 2003). A 

recent study suggests that in tomato, polymerized lignin impregnates the primary cell wall 

and serves as an apoplastic barrier dependent on its lignin composition unlike Casparian 

strips which are centrally localized (Manzano et al., 2022). Conversely, our results show that 

Brachypodium exodermis exhibits lignification similar to Casparian bands (Figure S1). One 

possible outcome is that the position of the initial lignin impregnation in the exodermis might 

confer different properties to the cell layer, such as altered rigidity (Enstone, Peterson and 

Ma, 2003). Similarly, our observations suggest that increased exodermal lignification in 

Bd21-3 likely acts as a mechanical barrier to LRP emergence; a feature less evident in Bd21. 

These results are, to some extent, consistent with a previously proposed framework 

(Enstone, Peterson and Ma, 2003) that discusses the functional adaptations of root cell walls 

in environmental interactions, but does not specifically address the role of the exodermis the 

LRP emergence background. Lignification is found in the secondary cell wall of all vascular 

plants and some red algae, imbuing cell walls with properties of rigidity and hydrophobicity 

and in some species in multiple exodermis can be formed (Barros et al., 2015). For instance, 

onions often lack LRs and have a dimorphic exodermis (Enstone, Peterson and Ma, 2003). 

Potentially, the extra exodermal layer could also limit the development of LRPs in a much 

earlier developmental stage in the root development. In the case of Brachypodium, it has 

been observed that although the exodermis shows earlier lignification in Bd21-3, the plants 

appear to be more sensitive to stress. However, more studies are necessary to confirm 

whether the Bd21-3 plants are not well developed because the exodermis is failing to block 

toxic compounds from the roots, or if the early lignification is mechanically repressing the 

emergence of the LRP and potentially limiting the transport of water and nutrients to the 

vasculature. 
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Transcriptome profiling of root sections after RTE aligns with an important role for 

cell wall modification during LR emergence  

Cell wall remodeling enzymes facilitates the process of LR emergence (Somssich, 

Khan and Persson, 2016). Enzymes such as cellulases, pectinases, and lipases play a 

pivotal role in modifying the composition and/or properties of cell walls, making them more 

flexible and extensible (Cheung et al., 2021). Here, we showed that early (0 to 2 hours) and 

late time points (4 to 12 hours) formed two major transcriptomic clusters. Although a 

significant number of genes were differentially expressed later in the time course, with the 

majority showing differential expression at 12 hours post-RTE, we were unable to directly 

associate function with specific LR developmental processes. However, the fact that a 

number of up- and down-regulated genes progressively increased over the time course 

suggests that it might be an association to the CW modifications usually observed during 

the emergence of the LRP. This is consistent to observations that genes related to 

transcriptional regulation, hormone signaling, and cell-wall remodeling, as well as many 

genes with unknown functions were observed among the top 100 up- and downregulated 

DEGs. However, the finding that many genes with a predicted role in ligninification were 

upregulated at early time points in Bd21 but not in Bd21-3 is a bit counterintuitive with the 

increased exodermal lignification observed in this accession. It might well be that we are 

simply lacking the resolution to pick up genes that regulate exodermal lignification and that 

we are rather looking at general regulators of lignification in the xylem. Furthermore, the 

RTE approach also triggers a cascade of wound-responsive genes (Matosevich and Efroni, 

2021). Despite our efforts to expedite the tissue collection and RNA extraction procedure, 

the early time points likely highlight numerous wound-induced genes. These processes are 

associated with local cell differentiation, focusing on protecting the root from any threats. 

Consequently, pinpointing gene expression associated with the initial cell divisions in the 

LRP in Brachypodium presents significant challenges. In this case, utilizing single-cell RNA 

sequencing (scRNAseq) on root tissues post-RTE would be an appropriate method to 

investigate the genetic programs underlying cell wall modifications and spatial 

accommodation changes during LRP emergence. 
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5.5 MATERIAL AND METHODS 

Plant Materials 

Brachypodium distachyon accessions Bd21 and Bd21-3 were used for all 

experiments (Vogel and Hill, 2008).  

Germination and Growth Conditions 

Seeds were germinated on solid half-strength Murashige and Skoog (MS) medium 

without sucrose. For microscopic analyses with histological staining, 6-day-old seedlings 

were used. Both Bd21 and Bd21-3 seeds were peeled and surface sterilized for 1 minute in 

a 6% bleaching solution, rinsed with water, and then sown on plates. The seeds were 

stratified by incubating the plates for 2 days at 4°C and then grown vertically (20 degrees) 

in growth chambers set at 22°C under continuous light (100 μE). 

Root tissue sampling for RNA-seq.  

For the RNA sequencing (RNAseq) experiment, root tips from 7-day-old seedlings 

were excised. After excision, the ½ MS square dishes were resealed and returned to the 

growth chambers. Root portions (3 mm) above the cut site were collected at intervals of 0, 

1, 2, 4, 8, and 12 hours post-excision to synchronize lateral root development. These 

samples were then immediately frozen in liquid nitrogen. 

Abiotic stresses and hormonal treatment 

A total of 45 seedlings (three independent biological replicates) of Brachypodium 

distachyon Bd-21-3 and Bd21 were grown vertically under long day conditions for 6 days on 

standard ½ MS plates with 0.8% agar. The seedlings were then transferred to media 

containing either 1 μM or 10 μM indole-3-acetic acid (IAA), 1 μM or 10 μM abscisic acid 

(ABA), 85 mM or 170 mM NaCl, or 170 mM or 340 mM mannitol. Afterwards, the plates were 

returned to growth conditions for 72 hours. LR number and size were quantified. 

Chemicals for clearing and staining solutions 

The following chemicals were used in the DEEP-Clear (Pende et al., 2020) adapted 

version to plant tissues: PFA (paraformaldehyde) (CAS no. 30525-89-4, Merck, 

http://www.merck.com/), xylitol (CAS no. 87-99-0, Sigma, http://www.sigmaaldrich.com/), 

urea (CAS no. 57-13-6, Sigma), SR2200 (Renaissance Chemicals), Basic Fuchsin (CAS no. 

58969-01-0, Sigma), THEED (Sigma-Aldrich, 87600-100ML), 5% (v/v) Triton X-100 (Roth, 

3051.2).  
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Preparation of hand-sectioned root samples.  

For sectioning, 6-day-old (DAG) root seedlings of similar length were placed in 

parallel, and 1 cm fragments containing the region of interest were partitioned and 

embedded in 4% agarose. After solidification, the agarose blocks containing the region of 

interest were glued to a hand microtome (www.daigger.com/hand-microtome), and sections 

of approximately 50 μm were prepared for clearing or immediate visualization. 

Representative images were obtained from at least 30 seedlings from three independent 

replicates. 

Clearing and staining  

Clearing steps using DEEP-Clear were performed as described for ClearSee in 

(Kurihara et al., 2015) and adapted from (van der Schuren et al., 2018) for Brachypodium 

samples. DEEP-Clear solution consists of 5 to 8% (v/v) THEED, 5% (v/v) Triton X-100, and 

25% (w/v) urea in water. Heating the solution is not recommended. Root seedlings that were 

7 days after germination (DAG) were collected for clearing for full root treatment and/or for 

semi-thin sectioning. Samples were fixed for 1 hour in 4% (w/v) paraformaldehyde in 1× 

phosphate-buffered saline (PBS) with 3 rounds of soft vacuum infiltration. Afterwards, roots 

were washed five times in 1× PBS with another round of vacuum to ensure the removal of 

paraformaldehyde. Samples were then transferred to DEEP-Clear solution for clearing. 

Fixed root tissue was incubated at room temperature with gentle shaking in the solution for 

7-10 days, with the solution replaced twice. For staining of the fixed and cleared tissue, 1% 

stock solutions of Basic Fuchsin (for lignin staining), Renaissance, and/or Calcofluor (for cell 

wall staining) were separately prepared directly in DEEP-Clear and stored at 4°C. Working 

solutions were prepared as described in (Ursache et al., 2018). To combine multiple dyes, 

samples were incubated first in Basic Fuchsin (0.1% in DEEP-Clear) for 1 hour and washed 

in DEEP-Clear overnight. After several rounds of washing, samples were transferred to 

Renaissance (0.1% in DEEP-Clear) for 2 days and washed overnight in DEEP-Clear. 

Microscopy 

Roots were observed using Leica TCS SP8-MP equipped with a resonant scanner 

(8 kHz) using 25x, 40x and 63x water immersion objectives. Figures were arranged in Adobe 

Illustrator (Adobe Systems Inc., http://www.adobe.com/) or in PowerPoint (Microsoft 

Corporation) and the brightness was increased equally, without further modifications. The 

3D reconstruction was done using the Fiji package (Schindelin et al., 2012).  
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RNA extraction, library preparation, sequencing, and quantification 

Total RNA was extracted from the root tips of Bd21 and Bd21-3 accessions using 

the SV Total RNA Isolation System (Promega), following the manufacturer’s instructions. 

The RNA samples were sent to Agilent Technologies for sequencing. The raw reads were 

filtered for polyA and TruSeq adapters using BBduk (BBMap suite version 38.96). The 

trimmed reads were aligned to the respective genome assemblies 

(BdistachyonBd21_3_537_v1.0 for Bd21-3, and Bdistachyon_314_v3 for Bd21) using STAR 

aligner version 2.7.10a. The genome index was built with strings of 12 bases, and reads 

were aligned allowing for multiple matches. The sorted BAM files were indexed with 

samtools version 1.15.1, and read counts were calculated using the union method with 

htseq-count (HTSeq suite version 2.0.2), using version 1.2 of the Bd21-3 genome annotation 

(BdistachyonBd21_3_537_v1.2.gene.gff3). 

Differential expression analysis 

Differential expression analysis was performed using R version 4.1.2 and the 

DESeq2 package version 1.32.0. Genes with null expression in more than 20% of the 

samples were filtered out. The data dispersion was estimated using the vst function 

implemented in DESeq2 package using a sample of 20,000 genes (nsub=20000). 

Differential expression across time-points was calculated on genes expressed in at least 

20% of the samples and with a total read count >= 10. We used the likelihood ratio test to 

estimate changes in gene expression across the kinetic and extracted results for each 

comparison using the Wald test implemented in DESeq2.  

 

 

 

 

 

 

 

 

 

 

 

 



   

 

134 

 

 

Supplemental Figure S1: Characterization of endodermal and exodermal Lignification in Brachypodium. 

Brachypodium root cross-sections (6 DAG) stained with basic fuchsin (purple) and Renaissance (cyan) for lignin 

and cellulose, respectively. Yellow arrows indicate lignification in the Casparian strips (CS), and white arrows 

indicate lignification in the exodermis. Images from confocal microscopy. En: Endodermis, Ex: Exodermis. Scale 

bar: 20 µm. Representative images from 45 seedlings from 3 independent biological replicates.  
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Supplementary Figure S2. RTE-mediated LR development in Bd21 and Bd21-3. LRPs present in the first 1 

mm, 2 mm, and 3 mm after the RTE excision were classified into stages for comparison. The proportion of stages 

per mm in both Bd21 and Bd21-3 did not differ in the analysed total root segment (3 mm). Staging performed in 

at least 45 seedlings from 3 independent biological replicates.  
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Supplementary Figure S3. Most of the genes showing differential expression compared to the time 0 after root 

tip excision are found at late times of the kinetic.  
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Supplementary Figure S4. Gene families with predicted functions related to transcriptional regulation, hormone 

signaling, and cell-wall remodeling are among the top 100 upregulated and downregulated.  

 

 

 

 

 

  



   

 

138 

 

REFERENCE LIST 

Affaticati, P. et al. (2018) ‘X-fact: Xenopus-fast clearing technique’, in Methods in Molecular Biology. Humana 

Press Inc., pp. 233–241. Available at: https://doi.org/10.1007/978-1-4939-8784-9_16. 

Amtmann, A., Bennett, M.J. and Henry, A. (2022) ‘Root Phenotypes for the Future’, Plant, Cell & Environment 

[Preprint]. Available at: https://doi.org/10.1111/PCE.14269. 

Beeckman, T. and Eshel, A. (2024) Plant Roots: The Hidden Half, Fifth Edition. CRC Press. Available at: 

https://books.google.ch/books?id=FmVx0AEACAAJ. 

Casero, P.J., Casimiro, I. and Lloret, P.G. (1995) ‘Lateral root initiation by asymmetrical transverse divisions of 

pericycle cells in four plant species:Raphanus sativus, Helianthus annuus, Zea mays, andDaucus carota’, 

Protoplasma, 188(1), pp. 49–58. Available at: https://doi.org/10.1007/BF01276795. 

Crombez, H. et al. (2016) ‘Lateral Root Inducible System in Arabidopsis and Maize’, J. Vis. Exp, 107, p. 53481. 

Available at: https://doi.org/10.3791/53481. 

Decaestecker, W. et al. (2019) ‘CRISPR-Tsko: A technique for efficient mutagenesis in specific cell types, 

tissues, or organs in Arabidopsis[open]’, Plant Cell, 31(12), pp. 2868–2887. Available at: 

https://doi.org/10.1105/tpc.19.00454. 

Ditengou, F.A. et al. (2008) ‘Mechanical induction of lateral root initiation in Arabidopsis thaliana’, Proceedings 

of the National Academy of Sciences of the United States of America, 105(48), pp. 18818–18823. Available at: 

https://doi.org/10.1073/pnas.0807814105. 

Dolan, L. and Roberts, K. (1995) ‘The Development of Cell Pattern in the Root Epidermis’, Philosophical 

Transactions: Biological Sciences, 350(1331), pp. 95–99. Available at: http://www.jstor.org/stable/56258. 

Du, H. et al. (2018) ‘Advances in CLARITY-based tissue clearing and imaging (Review)’, Experimental and 

Therapeutic Medicine [Preprint]. Available at: https://doi.org/10.3892/etm.2018.6374. 

Garvin, D.F. (2007) ‘Brachypodium: a new monocot model plant system emerges’, Journal of the Science of 

Food and Agriculture, 87(7), pp. 1177–1179. Available at: https://doi.org/10.1002/jsfa.2868. 

Hou, B. et al. (2015) ‘Scalable and DiI-compatible optical clearance of the mammalian brain’, Frontiers in 

neuroanatomy, 9, p. 19. Available at: https://doi.org/10.3389/fnana.2015.00019. 

Inukai, Y. et al. (2005) ‘Crown rootless1, which is essential for crown root formation in rice, is a target of an Auxin 

Response Factor in auxin signaling’, Plant Cell, 17(5), pp. 1387–1396. Available at: 

https://doi.org/10.1105/tpc.105.030981. 

Kawai, T. et al. (2022) ‘WUSCHEL-related homeobox family genes in rice control lateral root primordium size’, 

Proceedings of the National Academy of Sciences of the United States of America, 119(1). Available at: 

https://doi.org/10.1073/PNAS.2101846119/-/DCSUPPLEMENTAL. 

Keller, P.J. (2013) ‘Imaging Morphogenesis: Technological Advances and Biological Insights’, Science, 

340(6137). Available at: https://doi.org/10.1126/science.1234168. 

Kenrick, P. and Strullu-Derrien, C. (2014) ‘The Origin and Early Evolution of Roots’, PLANT PHYSIOLOGY, 

166(2), pp. 570–580. Available at: https://doi.org/10.1104/pp.114.244517. 

Kurihara, D. et al. (2015) ‘ClearSee: a rapid optical clearing reagent for whole-plant fluorescence imaging.’, 

Development (Cambridge, England), 142(23), pp. 4168–79. Available at: https://doi.org/10.1242/dev.127613. 

 

Kurihara, D. et al. (2021) ‘ClearSeeAlpha: Advanced Optical Clearing for Whole-Plant Imaging’, Plant and Cell 

Physiology [Preprint]. Available at: https://doi.org/10.1093/pcp/pcab033. 

Kurihara, D. et al. (2022) ‘Optical Clearing of Plant Tissues for Fluorescence Imaging’, JoVE (Journal of 

Visualized Experiments), 2021(179), p. e63428. Available at: https://doi.org/10.3791/63428. 

Lavenus, J. et al. (2013) ‘Lateral root development in Arabidopsis: Fifty shades of auxin’, Trends in Plant Science, 

18(8), pp. 1360–1385. Available at: https://doi.org/10.1016/j.tplants.2013.04.006. 

Lindsey III, B.E. et al. (2017) ‘Standardized Method for High-throughput Sterilization of Arabidopsis Seeds’, 

Journal of Visualized Experiments [Preprint], (128). Available at: https://doi.org/10.3791/56587. 



   

 

139 

 

Lou, H. et al. (2022) ‘The cellulose synthase-like F3 (CslF3) gene mediates cell wall polysaccharide synthesis 

and affects root growth and differentiation in barley’, The Plant Journal, 110(6), pp. 1681–1699. Available at: 

https://doi.org/10.1111/TPJ.15764. 

Malamy, J.E. and Benfey, P.N. (1997) ‘Organization and cell differentiation in lateral roots of Arabidopsis 

thaliana’, Development, 124(1), pp. 33 LP – 44. Available at: http://dev.biologists.org/content/124/1/33.abstract. 

Muntifering, M. et al. (2018) ‘Clearing for Deep Tissue Imaging’, Current Protocols in Cytometry, 86(1), pp. 1–

33. Available at: https://doi.org/10.1002/cpcy.38. 

O’Connor, D.L. et al. (2017) ‘Cross-species functional diversity within the PIN auxin efflux protein family’, eLife, 

6. Available at: https://doi.org/10.7554/eLife.31804. 

Pende, M. et al. (2018) ‘High-resolution ultramicroscopy of the developing and adult nervous system in optically 

cleared Drosophila melanogaster’, Nature Communications, 9(1), pp. 1–12. Available at: 

https://doi.org/10.1038/s41467-018-07192-z. 

Péret, B., Larrieu, A. and Bennett, M.J. (2009) ‘Lateral root emergence: A difficult birth’, Journal of Experimental 

Botany, 60(13), pp. 3637–3643. Available at: https://doi.org/10.1093/jxb/erp232. 

Piccinini, L., Nirina Ramamonjy, F. and Ursache, R. (2024) ‘Imaging plant cell walls using fluorescent stains: The 

beauty is in the details’, Journal of Microscopy [Preprint]. John Wiley and Sons Inc. Available at: 

https://doi.org/10.1111/jmi.13289. 

Raissig, M.T. and Woods, D.P. (2021) ‘The wild grass Brachypodium distachyon as a developmental model 

system’. Available at: https://zenodo.org/record/5548408. 

Richardson, D.S. et al. (2021) ‘Tissue clearing’, Nature Reviews Methods Primers, 1(1), p. 84. Available at: 

https://doi.org/10.1038/s43586-021-00080-9. 

Richardson, D.S. and Lichtman, J.W. (2015) ‘Clarifying Tissue Clearing’, Cell, 162(2), pp. 246–257. Available at: 

https://doi.org/10.1016/j.cell.2015.06.067. 

Sauer and Burroughs (1986) ‘Disinfection of Seed Surfaces with Sodium Hypochlorite ’, Journal of Plant Tech, 

6(1986), pp. 1–6. 

Van Der Schuren (2019) Characterization of Brachypodium distachyon Root Development. Available at: 

http://serval.unil.chhttp://serval.unil.ch. 

Stöckle, D. et al. (2021) ‘Microtubule-based perception of mechanical conflicts controls plant organ 

morphogenesis’, bioRxiv, p. 2021.09.09.459674. Available at: https://doi.org/10.1101/2021.09.09.459674. 

 

Stoeckle, D., Thellmann, M. and Vermeer, J.E. (2018) ‘Breakout — lateral root emergence in Arabidopsis 

thaliana’, Current Opinion in Plant Biology. Elsevier Ltd, pp. 67–72. Available at: 

https://doi.org/10.1016/j.pbi.2017.09.005. 

Ueda, H.R. et al. (2020) ‘Tissue clearing and its applications in neuroscience’, Nature Reviews Neuroscience. 

Nature Research, pp. 61–79. Available at: https://doi.org/10.1038/s41583-019-0250-1. 

Ursache, R. et al. (2018a) ‘A protocol for combining fluorescent proteins with histological stains for diverse cell 

wall components’, Plant Journal, 93(2), pp. 399–412. Available at: https://doi.org/10.1111/tpj.13784. 

Ursache, R. et al. (2018b) ‘A protocol for combining fluorescent proteins with histological stains for diverse cell 

wall components’, The Plant Journal, 93(2), pp. 399–412. Available at: https://doi.org/10.1111/tpj.13784. 

Ursache, R. et al. (2021) ‘GDSL-domain proteins have key roles in suberin polymerization and degradation’, 

Nature Plants, 7(3), pp. 353–364. Available at: https://doi.org/10.1038/s41477-021-00862-9. 

Vermeer, J.E.M. et al. (2014) ‘A spatial accommodation by neighboring cells is required for organ initiation in 

arabidopsis’, Science, 343(6167), pp. 178–183. Available at: https://doi.org/10.1126/SCIENCE.1245871. 

Vogel, J. (2008) ‘Unique aspects of the grass cell wall’, Current Opinion in Plant Biology, 11(3), pp. 301–307. 

Available at: https://doi.org/10.1016/j.pbi.2008.03.002. 

Voß, U. et al. (2015) ‘The circadian clock rephases during lateral root organ initiation in Arabidopsis thaliana’, 

Nature Communications, 6(1), p. 7641. Available at: https://doi.org/10.1038/ncomms8641. 



   

 

140 

 

Warner, C.A. et al. (2014) ‘An optical clearing technique for plant tissues allowing deep imaging and compatible 

with fluorescence microscopy’, Plant Physiology, 166(4), pp. 1684–1687. Available at: 

https://doi.org/10.1104/pp.114.244673. 

Weigel & Glazebrook (2002) ‘Arabidopsis: A Laboratory Manual. D. WEIGEL & J. GLAZEBROOK Cold Spring 

Harbor Laboratory Press. 2002. 354 pages. ISBN 0 87969 573 0.’, Genetical Research, 80(1), pp. 77–77. 

Available at: https://doi.org/10.1017/S0016672302215852. 

Yaschenko, A.E., Alonso, J.M. and Stepanova, A.N. (2024) ‘Arabidopsis as a model for translational research’, 

The Plant Cell [Preprint]. Available at: https://doi.org/10.1093/plcell/koae065. 

Yu, P., Hochholdinger, F. and Li, C. (2019) ‘Plasticity of Lateral Root Branching in Maize’, Frontiers in Plant 

Science, 10. Available at: https://doi.org/10.3389/fpls.2019.00363. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

141 

 

CHAPTER 6 

 

6. GENERAL DISCUSSION 

Cristovāo De Jesus Vieira Teixeira1 ; Joop E.M. Vermeer1 

 

Laboratory of Molecular and Cellular Biology, Institute of Biology, University of Neuchâtel, 

Rue Emile Argand 11, CH-2000, Neuchâtel, Switzerland. 

 

Chapter 6 was fully written by Cristovāo De Jesus Vieira Teixeira with suggestions and 

corrections by Prof Dr. Joop E.M. Vermeer.  



   

 

142 

 

6.1  INTRODUCTION 

In this study, we used the plant models Arabidopsis and Brachypodium to better 

understand cell-to-cell communication, cell wall (CW) modifications, and other processes 

related to lateral root primordia (LRP) development. Although Brachypodium has gained 

acceptance as a versatile research tool for studying plant development, substantial 

challenges remain in performing cell biological experiments coupled to functional genetics, 

especially related to the time required for stable transformation, histological approaches, 

and deep tissue (live) imaging in roots. This section is divided into two parts that discuss our 

findings obtained from studies in Arabidopsis and Brachypodium. 

Distinct auxin response profiles of differentiated endodermal cells revealed by tissue-

specific manipulation of signaling in Arabidopsis  

Auxin triggers different responses observed in organs or differentiated tissues (Mo 

and Weijers, 2009; Vermeer et al., 2014; Cavallari, Artner and Benkova, 2021; Das, Weijers 

and Borst, 2021). We demonstrated that differentiated endodermis cells are responsive to 

auxin treatment. We obtained a strong enrichment for auxin responsive genes in our target 

cell type, the endodermis, by employing and combining various auxin signaling mutants. 

This approach was also applied by (Schlereth et al., 2010) to better understand auxin 

signaling during Arabidopsis embryogenesis. Comparison of our present data set with other 

auxin induced transcriptomes derived either from sections or whole roots showed very little 

overlap between these datasets (Lewis et al., 2013; Voß et al., 2015). This represents the 

significance of obtaining auxin response profiles at a cell type specific resolution. 

Additionally, despite being qualitatively different from other auxin response profiles, 

including those in meristematic tissues, our endodermis-focused profile in differentiated root 

sections revealed significant differential expression of nearly a thousand genes, suggesting 

that auxin responses are not strongly attenuated in differentiated tissues. 

 

GDSL-domain containing genes are required for suberin homeostasis 

In the extensively studied Arabidopsis root endodermis, suberin is deposited as a 

hydrophobic layer between the plasma membrane and the primary cell wall(De Bellis et al., 

2022). Developmentally, suberin biosynthesis and deposition occur as the second step in 

endodermal differentiation, following the synthesis and deposition of the lignified Casparian 

strip (Shukla and Barberon, 2021). Suberin acts as both an apoplastic and transcellular 

barrier, thereby regulating the movement of water and solutes to the vascular cylinder 

(Barberon et al., 2016). The Arabidopsis genome contains over 100 GDSL-domain genes, 



   

 

143 

 

but only a small portion have been functionally linked to cell wall modification or 

demonstrated their ability to synthesize or degrade cell wall polymers (Naseer et al., 2012; 

Yeats et al., 2012). Recently, studies have identified several genes involved in suberin 

biosynthesis, as well as their transcriptional regulators (Belsson et al., 2007; Cohen et al., 

2020). Although suberin shares chemical similarities with cutin, significant differences exist 

in their composition and deposition within the cell wall (Mustroph and Bailey-Serres, 2010). 

Overall, the understanding of the genetic programming underlying suberin polymerization 

and degradation remains limited. The discovery that the GDSL-domain-containing protein 

CUTICLE DESTRUCTION FACTOR 1 (CDEF1) can degrade suberin when overexpressed 

in the endodermis suggested the potential of these genes to regulate suberin homeostasis 

(Naseer et al., 2012). However, to this date, no GDSL-domain-containing genes responsible 

for suberin polymerization in the endodermis had been identified. Our study now indicates 

that this was due to a high degree of functional redundancy. Only when five auxin-repressed 

GELPs were knocked out, roots without detectable suberin, based on Fluorol Yellow 

staining, were obtained. All five identified GELPs are predicted to be expressed in the 

endodermis and secreted, supporting a role in cell wall modification. 

GELPs are required for endodermal suberization and induced by ABA.  

Endodermal suberization has demonstrated a high degree of plasticity in response 

to various nutritional stress conditions (Andersen, Barberon and Geldner, 2015; Barberon et 

al., 2016). These conditions influence suberin through multiple phytohormones, notably 

including ABA signalling (Barberon et al., 2016; Lu et al., 2019; Friero et al., 2022). The 

finding that GELPs are required for suberin polymerization and induced by ABA treatment 

further support their specific role in suberization. Although an approximately 85% reduction 

in suberin monomers was revealed by the chemical analysis, we could not detect potential 

substrates for the suberin biosynthesis catalyzed by GELPs. Furthermore, the ultrastructural 

studies on the roots of the gelpquint-1 mutant also did not show evident agglomerations of 

unpolymerized material. Rather, a distinct, homogenous zone of low electron density was 

observed in place of the suberin lamellae. Whether this zone is composed of the remnant, 

non-polymerized lipidic suberin components (possibly becoming extracted during TEM 

processing) or whether this is matrix material of unknown, potentially polysaccharide nature 

remains to be investigated. Nevertheless, our findings clearly show that the five auxin-

repressed GELPs are required for forming endodermal suberin. Additionally, by using a 

functional GELP38 fusion, we demonstrated that the GELP38 localization and activity is in 

the apoplast surrounding the endodermis. Given the in vitro activity of CUTIN DEFICIENT 1 

(CD1), a tomato GELP involved in cutin polymerization, we hypothesize that the five 

identified Arabidopsis GELPs act as suberin synthases, facilitating the polymerization of 
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suberin precursors in the cell wall. It has been shown that the seed coats of GPAT5 mutants 

exhibit a significantly increased permeability to tetrazolium salts compared to wild-type seed 

coats (Belsson et al., 2007). Similarly, our results from tetrazolium red assays with the 

gelpquint-1 mutant revealed heightened seed permeability (Figure 1). These findings suggest 

that these GELPs are expressed in the seed coat, indicating their potential general roles in 

suberin synthesis in diverse plant tissues. 

Impaired suberin degradation could affect spatial accommodation responses in the 

endodermis. 

From the same dataset where we identified the GELPs involved in suberin 

polymerization, we also found five GELPs that behaved oppositely; these 5 GELPs were 

induced by auxin treatment. Our gain- and loss-of-function experiments indicate that the 

relationship between suberin degradation and LR emergence might be quite complex. 

Indeed, we demonstrated that suberin is degraded for three of the five auxin-induced 

GELPs, but only GELP72 seemed to play a role in LR emergence on its own (Figure 1 – 

Chapter 2). The hypothesis that suberin degradation is necessary to facilitate LR emergence 

is supported by the observation of a reduced number of LRs in the abcg2/abcg6/abcg20 

mutant, which exhibits higher levels of suberin in its roots (Yadav et al., 2014). A defect in 

suberin degradation could potentially disrupt the spatial accommodation responses in the 

endodermis, leading to delayed LRP emergence. Interestingly, both of the auxin-induced 

GELPs for which we could not show a direct role in suberin degradation (GELP73 and 

GELP81) displayed strong effects on LR emergence. Although the phenotypes clearly 

suggest that they are involved in LR emergence, follow-up studies are required to reveal if 

and how they modify suberin. Given that the expression of both genes peaks early during 

LR formation, it is plausible that they contribute to the remodeling of suberin to allow for the 

establishment of the cuticle on the LRP. This hypothesis is supported by findings that defects 

in this structure lead to altered LR emergence but differences in the phenotype (Berhin et 

al., 2019). Additionally, we found that several auxin-inducible GELPs were not only 

expressed in the endodermis but also induced in the outer layer of the LRP. This suggests 

that both the primordium and the endodermis require cell wall modifications leading to the 

formation of the LRC. The observation that overexpression of a single GELP can effectively 

degrade suberin supports the idea that regulating GELP expression is crucial for 

coordinating suberin lamellae degradation and the synthesis of a new cuticle structure. It 

would be interesting to investigate whether there is a functional hierarchy among the 

suberin-degrading GELPs.  
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Proanthocyanidin derivatives may cause brown pigmentation in Brachypodium roots 

after ClearSee treatment. 

The initial challenge of this project was to adapt a clearing method suitable for 

Brachypodium. ClearSee has proven effective for clearing various tissues in a range of plant 

species, including Arabidopsis (Nagaki, Yamaji and Murata, 2017), soybean (Okuda et al., 

2017), Eucalyptus (Eliyahu et al., 2020), rice (Chu et al., 2018), maize (Kelliher et al., 2017), 

Marchantia (Aki et al., 2019), barley (Ho et al., 2020), and many others (Kurihara et al., 

2021). Therefore, it was our first-choice method. Our results show that Brachypodium root 

samples treated with ClearSee exhibited oxidation of the root epidermis, leading to the 

formation of brown pigmentation. Fluorescent signals from FPs or fluorescent dyes were not 

detected in the regions of brown coloration, which instead appeared dark. Brown 

pigmentation after ClearSee treatment was also reported in siliques and seed coats 

(Debeaujon et al., 2003). The brown pigment on Brachypodium roots was similar to that 

obtained with vanillin staining in seed coats (Debeaujon et al., 2003). Vanillin staining can 

result in the visualization of proanthocyanidins as brown pigment due to oxidation. 

Proanthocyanidin derivatives accumulate in the seed coat during seed maturation after 

fertilization (Debeaujon et al., 2003). Therefore, it is likely that for some species, ClearSee 

treatment can induce the accumulation of proanthocyanidin derivatives causing the brown 

pigmentation. (Kurihara et al., 2021) also suggests that the quality of sodium deoxycholate 

may interfere with the clearing process. Some manufacturers' products have a pale-yellow 

color when dissolved, which interferes with optical clearing and fluorescence microscopy. 

Reducing agents such as sodium sulfite can suppress tissue oxidation (Kurihara et al., 

2021). In our conditions, the addition of sodium sulfite reduced the pigmentation caused by 

ClearSee. However, Brachypodium roots oxidized rapidly after the opening of plates. This 

prolonged the clearing process, taking up still to 3 months to complete tissue clearing for 

imaging and very often compromising tissue integrity.  

DEEP-Clear enables combined depigmentation and clearing of Brachypodium roots 

In this study we used an adapted version of the DEEP-Clear protocol (Pende et al., 

2020) that provided superior clearing of Brachypodium roots compared to ClearSee 

(Kurihara et al., 2015) and ClearSeeAlpha (Kurihara et al., 2021). Brachypodium roots 

achieved satisfactory tissue transparency after just 7 days. The original DEEP-Clear 

protocol includes elements for in-situ hybridization, but its core urea-based mixture is 

straightforward and compatible with other steps in the ClearSee protocol with minor 

modifications (Ursache et al., 2018; Kurihara et al., 2021). We show that DEEP-Clear is also 

compatible with many FPs and cell component dyes, including Fluorol Yellow used for 
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visualizing suberin and cutin. Despite its success in clearing Brachypodium roots, there are 

currently no references citing DEEP-Clear as a clearing agent for plant tissues. DEEP-Clear 

is reported to offer a novel, tailored clearing method that utilizes various strategies to remove 

different classes of poorly soluble pigments (including pterins, heme, ommochromes, 

carotenoids, and melanin) that are abundant in many animal tissues and across phyla 

(Pende et al., 2018). However, more tests as described by others are necessary to confirm 

its compatibility with a wider range of FPs, fluorescent dyes, plant tissues, as well as other 

plant species (Ursache et al., 2018; Sexauer et al., 2021). 

The polyarch organization structure of vascular tissues in Brachypodium may not 

allow gravitropic stimulation of LR formation. 

Predicting the localization and timing of the formation of the LRP is a challenging 

task (Van Norman et al., 2013). Some studies aimed to develop a LR inducing system (LRIS) 

in order to compare and correlate gene expression profiles during LR formation in different 

species (Ditengou et al., 2008; Crombez et al., 2016). Gravitropic stimulation is often used 

to synchronize the initiation of LRP at the site of root bending (Voß et al., 2015; Leftley et 

al., 2021). In Arabidopsis, tissue can be harvested at different timepoints after 

gravistimulation up to 42 hours prior to the emergence of the LRP (Ditengou et al., 2008). 

However, we were unable to observe induction of LRP at bending sites in Brachypodium. 

LRs of dicotyledonous plants originate from a subset of pericycle cells next to the xylem pole 

(Kircher and Schopfer, 2016). The roots of plants such as Arabidopsis are characterized by 

a bilaterally symmetric (diarch) organization of the vascular tissues (Ohashi-Ito and 

Bergmann, 2007). For instance, two xylem poles are localized in opposite sides of the stele 

and thus two opposite positions of xylem-adjoining pericycle cell files. In contrast, polyarch 

vascular bundles generally occur in monocots, with typically 6 to 8 xylem poles and one 

central metaxylem (Parizot et al., 2008). Therefore, it might be that the rigidity and 

organization of the vasculature of Brachypodium do not allow the roots to make a sharp 

bend after gravistimulation, which is required to create an auxin gradient to induce the 

formation of localized LRs as shown in Arabidopsis (Ditengou et al., 2008; Voß et al., 2015). 

An alternative method involves germinating seedlings on medium supplemented with NPA 

(an inhibitor of polar auxin transport) followed by a transfer to growth medium supplemented 

with IAA to induce massive LR development. Although synchronized LR induction was 

elegantly demonstrated in maize and Arabidopsis (Crombez et al., 2016), we chose not to 

adhere to this approach. Our concern was that these hormonal treatments might not provide 

a natural perspective on the developmental process of LRP.  
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Root tip excision (RTE) effectively induces LRP in Brachypodium. 

Compensatory LR formation can be induced in various plant species through root tip 

excision (RTE) (Torrey, 1950; Van Staden and Ntingane, 1996; Vysotskaya et al., 2001; Xu 

et al., 2017; Kawai, Shibata, et al., 2022). Here, we demonstrated that RTE is a simple and 

effective method for synchronizing LR development in Brachypodium. The development of 

LRP was predominantly synchronized within the first 5 mm after the RTE region. This 

approach also reduced extensive handling of seedlings, thereby decreasing root tissue 

oxidation when plates are opened. Although this method does not involve the addition of 

exogenous hormone treatments, the secondary effects of removing the meristematic zone 

of the primary root remain unclear for Brachypodium. For example, monocot plants produce 

two types of LRs: The S-type (short and thin) and the L-type (long, thick, and capable of 

further branching (Kawa and Brady, 2022). Due to their ability to produce higher-order 

branches, the formation of L-type LRs significantly contributes to efficient root system 

expansion (Kawai, Chen, et al., 2022). In rice, RTE induced L-type LR development in the 

remaining proximal portions and promoted elongation of first-order LRs and higher-order 

branching (Robin and Saha, 2015; Wu, Pagès and Wu, 2016). Additionally, this approach 

increased the diameter of first-order LRs by enhancing the number of ground-tissue layers 

and the stele diameter, further promoting elongation and higher-order LR emergence in 

proximal regions to the RTE (Kawai, Chen, et al., 2022). Transcriptome analysis suggested 

the upregulation of auxin signaling in L-type LRPs compared to S-types, possibly inducing 

the expression of OsWOX10 (a positive regulator of LR diameter) (Kawai, Shibata, et al., 

2022). Furthermore, observations of auxin signaling using the auxin-responsive promoter 

DR5 revealed upregulation on the convex side of curvature where L-type LRs develop after 

RTE (Lucob-Agustin et al., 2021). Therefore, besides being a useful tool as LRIs for studying 

LRs, the application of RTE may induce distinct auxin responses in Brachypodium leading 

to changes in the LRP morphology. More studies using auxin reporter lines after RTE, as in 

(Kawai, 2022), will be necessary to verify if these features are also conserved in 

Brachypodium. 

Pre-initiation events leading up to LR initiation are still unclear in Brachypodium. 

A major goal of this thesis was to characterize the early stages of LR development 

in Brachypodium. Using the DEEP-Clear adapted clearing protocol, we built an LR 

developmental atlas describing the consecutive LR developmental stages in Brachypodium 

based on the model suggested for Arabidopsis (Malamy and Benfey, 1997; Péret, Larrieu 

and Bennett, 2009; Van Norman et al., 2013; Vermeer and Geldner, 2015; Wachsman and 

Benfey, 2020). Brachypodium pericycle cells adjacent to the phloem initiate the first cell 
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divisions leading to the formation of the LRP as observed in many other plant species, 

including major cereal crops (Hochholdinger and Zimmermann, 2008; Yu, Hochholdinger 

and Li, 2019). Two types of LRP initiation have been described in Arabidopsis: longitudinal 

unicellular and longitudinal bi-cellular, in which a single or two adjacent pericycle founder 

cells in the longitudinal plane, respectively, participate in LRP initiation (Dubrovsky et al., 

2008). However, the most common type of initiation is considered to be longitudinal bi-

cellular (Casero et al., 1993; Casero, Casimiro and Lloret, 1995; De Rybel et al., 2010; Von 

Wangenheim et al., 2016). In the transverse plane, we observed that four to six phloem-

pericycle adjacent files seem to participate in the early stages of LRP formation in 

Brachypodium. Similar observations were also made in wheat, barley, and maize (Yu, 

Hochholdinger and Li, 2019). The most detailed analysis of pericycle participation in LRP 

morphogenesis has been performed in Arabidopsis (De Smet and Beeckman, 2011). For 

instance, clonal and anatomical analyses suggested that a single founder cell gradually 

recruits neighboring pericycle cells to become founder cells (Torres-Martínez et al., 2020). 

However, to date, little to nothing is known about the specification of pericycle founder cells 

or other pre-initiation processes before LRP initiation in other species, including monocots. 

The endodermis appears to dedifferentiate concomitantly or soon after the formative 

divisions in the pericycle 

We observed that the endodermis appears to dedifferentiates and reactivates the 

cell cycle after the first cell divisions in the pericycle. Cell divisions were also observed in 

the most inner cortex layer in the vicinity of the LRP; although we could not address a direct 

role of these cell divisions to formation of the LRP. In later stages, we observed that the 

endodermis divides periclinal, most likely to form the columella and root cap. LR formation 

involving cell divisions in both the pericycle and endodermis is presented as a common 

feature across a range of species (Xiao et al., 2019). Interestingly, in Brachypodium, 

Casparian strips (CS) are already present during the emergence of the LRP, and we could 

even observe the CS impregnations at late LRP stages. However, the new endodermal cell 

divisions do not present the formation of CS domain (CSD) that would tether the CS to the 

endodermal cell wall. A major study highlights the importance of the mechanism that allows 

pericycle-derived primordia to pass through the endodermis were done in Arabidopsis 

(Vermeer et al., 2014), where the endodermis does dedifferentiate during LRP formation. It 

is likely that other Brassicaceae species show the same mechanism (Beeckman and Eshel, 

2024). Divisions in the endodermis and cortex are likely to affect LRP formation in two 

directions: They could facilitate the passage of the LRP through the overlying tissues of the 

parental root by affecting the tethering of the CS to the cell wall or potentially provide an 

extra protection during the rise of the LRP.  In maize, the epidermis and root cap of LR are 
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both derived from endodermis-derived cells (Jansen et al., 2012; Kiryushkin et al., 2019). 

The participation of cortex cell divisions in the formation of new organs, such in LRs, is less 

frequently observed, as seen in M. truncatula (Herrbach, Maillet and Bensmihen, 2018; Xiao 

et al., 2019). Approaches for assessing the involvement of other tissues in the development 

of LR have mostly relied on anatomical observations or, in rare cases, on cell type identity 

markers (Torres-Martínez et al., 2019; Xiao et al., 2019). Follow-up studies employing 

sectorial (mosaic) analyses and high-resolution expression analysis methods such as 

single-cell/nuclei sequencing and spatial transcriptomics (Birnbaum, 2018; Torres-Martínez 

et al., 2020) would be the rational strategies to track cell lineages and identity changes 

during the LRP developmental process in Brachypodium. 

Diversity in auxin reporters are key to understanding LRP development in monocots. 

A range of pre-initiation events occur before LRP formation (Babé et al., 2012; Van 

Norman et al., 2013; Du and Scheres, 2017). Molecular markers are crucial in characterizing 

LR organogenesis from its earliest stages (Calloni et al., 2013). The steps in LR formation 

are often associated with transcriptional changes from auxin signaling pathways (Du and 

Scheres, 2017). Degradation of Aux/IAA proteins, regulated by their polyubiquitylation and 

targeting to the 26S proteasome, is essential for auxin-mediated transcriptional regulation 

(Figueiredo and Strader, 2022). The Aux/IAA family of transcriptional repressors modulates 

the activity of the AUXIN RESPONSIVE FACTOR (ARF) family of transcription factors 

(Figueiredo and Strader, 2022). A common reporter of ARF activity and LR formation is the 

DR5 promoter and its variants (Ulmasov et al., 1997; Liao et al., 2015). In this study, the 

DR5pro::ER-mRFP (DR5) signal was not detected in phloem pole pericycle cells during 

formative cell divisions leading to a stage I LRP in Brachypodium. However, DR5 signal 

induction was observed in the overlying endodermis and cortex cells. During later stages of 

LRP development, clear DR5 signal induction in the exodermis overlying the LRP suggested 

auxin signaling regulates cell wall modifications to likely facilitate LRP emergence (Swarup 

et al., 2008; Meng et al., 2019). This suggests auxin signaling regulates responses like lignin 

barrier modification to accommodate the LRP emergence (Nakayama et al., 2017). Weak or 

absent DR5 signals during initial cell divisions in the pericycle have been reported in rice (Ni 

et al., 2014), barley (Kirschner et al., 2017), and maize (Jansen et al., 2012). This contrasts 

with Arabidopsis, where a strong DR5 signal is typically detected during early LRP stages 

(Dubrovsky et al., 2000; Vanneste et al., 2005; Marhavý et al., 2013). The weak or absent 

DR5 signal in monocots suggests differences in auxin response mechanisms compared to 

Arabidopsis. This likely indicates a distinct set root developmental processes and alternative 

regulatory pathways in monocots. The synthetic DR5 promoter contains medium-affinity 

binding sites for ARF transcriptional regulators (Ulmasov et al., 1997; Boer et al., 2014). In 
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monocots, this likely captures only part of the transcriptional response to auxin. Thus, the 

DR5 promoter may not fully reflect auxin signaling nuances during early LRP development 

in Brachypodium. Nevertheless, we showed that auxin induces LRP formation in 

Brachypodium and expression of auxin transporters were detected in early LRP stages. 

Using promoters with higher affinity binding sites could improve understanding auxin 

transcriptional dynamics (Liao et al., 2015; Hao et al., 2021). More sensitive reporters could 

further enhance auxin signaling detection during early stages. Brighter and/or triple-

fluorescent protein fusions targeted to the nucleus, or ratiometric reporters like R2D2, may 

provide a more accurate and detailed representation of auxin signaling dynamics (Hao et 

al., 2021). These advanced reporters could capture subtle changes in auxin activity 

undetected by the standard DR5 reporter.  

Hydropatterning directs LR development and modulates suberization in 

Brachypodium. 

LR emergence is a complex process involving various cellular and tissue-specific 

interactions (Vermeer et al., 2014; Vermeer and Geldner, 2015). In Brachypodium, key 

tissues such as the endodermis and exodermis are involved in this process. Water 

availability is a potent regulator of plant development, including the establishment of suberin 

lamellae, and induces root branching through a process called hydropatterning (Robbins 

and Dinneny, 2018). Hydropatterning enables roots to position LRs toward regions of high-

water availability, such as wet soil or agar media, while preventing their emergence in areas 

with less water, such as air (Orman-Ligeza et al., 2018; Orosa-Puente et al., 2018). In this 

study, we demonstrate that Brachypodium roots initiate LRs in response to contact with 

nutrient medium. Furthermore, the lack of Fluorol Yellow signal (a probe for suberin) 

suggests that endodermal or exodermal suberization does not occur on the root side (close 

to meristematic zone) in contact with the nutrient medium. Hydropatterning has been shown 

to alter root architecture in response to water contact, eliciting SUMOylation of the auxin 

response factor ARF7 on air-exposed root sides of Arabidopsis (Orosa-Puente et al., 2018). 

Additionally, nutritional changes can promote endodermal differentiation, influenced by the 

suberization status of this cell layer (Barberon et al., 2016). Thus, it is likely that in 

Brachypodium, the suberization status of the endodermis is significantly influenced by 

hydropatterning and LR emergence. Furthermore, it is possible that the dynamics of suberin 

biosynthesis and degradation during LR formation in Brachypodium differ from those 

presented in some recent studies (Shukla and Barberon, 2021). Further studies could 

explore if the lack of suberization on the nutrient-contacting root side aids nutrient and water 

uptake, as well as LRP emergence. In addition, we still do not know if suberin degradation 

would be required locally at the LRP emergence site of Brachypodium roots when plants are 
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grown, such as in soil or hydroponics, where there is no direct contact with air as on medium 

plates.  

Dividing endodermal cells do not establish a Casparian Strip Domain. 

We demonstrate that the daughter cells of divided endodermal cells do not form a 

CSD in their cross walls.  Although the endodermis in Arabidopsis does not divide during 

LRP development, the Casparian Strip (CS) seems to detach longitudinally with local breaks. 

There is a growing interest in understanding the function and formation of the CS in 

monocots such as rice and maize (Karahara et al., 2004; Wang et al., 2022). However, most 

of the recent studies focus on the function of the apoplastic barriers of the endodermis and 

exodermis as osmotic stress defenses (Chen et al., 2022). In Arabidopsis, it has been 

described that CASPARIAN STRIP DOMAIN PROTEINs (CASP) proteins degrade to 

facilitate the "sliding" of the Casparian Strip during LR development (Vermeer et al., 2014). 

In rice, a recent study revealed a new family of proteins containing a glycine/alanine/proline-

rich domain, a lectin domain and a secretory signal peptide (GAPLESS) that mediates 

tethering of the plasma membrane to the CS (Song et al., 2023). It was shown that 

GAPLESS proteins are specifically localized in the CS of root endodermal cells, and their 

loss of function results in a non-functional cell–cell junction (suberin is deposition is observed 

where the CSD normally is formed) and disrupted nutrient homoeostasis. GAPLESS1 forms 

a tight complex with OsCASP1 in the plasma membrane, thereby mediating the tethering of 

the CS to the CSD (Song et al., 2023). Therefore, exploring whether Brachypodium 

orthologs of GAPLESS1 and/or CASPs are degraded during LR formation to facilitate the 

local breaking and sliding of the CS could provide important insights regarding LR growth 

through the endodermis.   

A role for the exodermis in Brachypodium as mechanical barrier to restrict LR 

emergence. 

The exodermis (hypodermis with Casparian bands) of plant roots is proposed to 

serve as a barrier with variable resistance to the radial flow of both water and solutes, 

contributing significantly to the overall structural resistance of the root (Hose et al., 2001; 

Enstone, Peterson and Ma, 2003). Our results indicate that Brachypodium exhibits 

exodermal lignification comparable to Casparian bands. Some studies suggest that the 

exodermis might be induced by particular environmental stresses (Tylová et al., 2017; Liu 

and Kreszies, 2023). The induction of an exodermis underscores its important role in helping 

plants cope with changing or extreme environments. For instance, exodermis development 

did not occur in the primary root of cotton seedlings grown in vermiculite with nutrient 

solution; however, exposure to 200 mM NaCl can induce the formation of the exodermis with 
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suberin lamellae and Casparian strips (Kotula et al., 2017). This raises the question of 

whether the Brachypodium exodermis is a natural feature of the species or if, in our 

conditions, it was induced by exposing one side of the root to the air on the nutrient medium 

plates or a secondary effect of the RTE approach. Conversely, in cultivated barley (Hordeum 

vulgare spp. vulgare), especially in seminal roots, an exodermis is commonly absent 

(Kreszies, Schreiber and Ranathunge, 2018). However, in some barley cultivars, an 

exodermis has been observed in adventitious (nodal) roots (Gierth, Stelzer and Lehmann, 

1998; Lehmann et al., 2000). Furthermore, seaside barley (Hordeum marinum), a 

waterlogging-tolerant species, induces an exodermis to prevent radial oxygen loss under 

hypoxic conditions (Kotula et al., 2017). The position and steps during exodermal lignification 

may also change depending on the plant species. In tomato, the exodermis undergoes two 

stages of differentiation: first, a polar lignin cap is deposited and localized on the epidermal 

face of exodermal cells (Manzano et al., 2022). In the context of LR formation, the position 

of the initial lignin impregnation in the exodermis might confer different properties to the cell 

layer, such as altered rigidity (Enstone, Peterson, and Ma, 2003). Our observations based 

on the Basic Fuchsin staining (a lignin probe) suggest increased exodermal lignification in 

Bd21-3 delays LR emergence, unlike Bd21, which shows absent lignification before LRP 

emergence. It would be interesting to determine if the polarly localized lignin barrier in the 

tomato exodermis has different mechanical effects during the emergence of the LRP, 

especially under abiotic stresses. Although this demonstrates the highly variable nature of 

the exodermis, not just under stress but also within and across plant species, our findings 

rely only on anatomical observations and histological staining. More studies will be 

necessary to uncover the molecular insights of the exodermis and its function during LRP 

emergence. 

6.2 CONCLUSION AND FUTURE PROSPECTS  

GDSL-domain proteins as great tools for understanding CW modifications 

Root branching is a major determinant for root system architecture (RSA) and plant 

adaptation across diverse environmental conditions (Bishopp and Bennett, 2019; Amtmann, 

Bennett and Henry, 2022). The primary focus of this thesis was to elucidate the mechanisms 

by which accommodation responses and cell wall modifications influence LR 

morphogenesis. Firstly, in Arabidopsis, we demonstrated that differentiated endodermal 

cells exhibit a specific auxin-mediated transcriptional response, primarily involving cell wall 

remodeling genes (Ursache et al., 2021). The Arabidopsis family of GELP proteins contains 

more than one hundred members, for which little functional information is available (Shi et 

al., 2011; Yeats et al., 2012). We demonstrate that five members of this family are essential 

for suberin formation. This highlights the need for further studies on other members, as they 
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may be involved in crucial biological roles in CW modifications during plant development or 

in response to abiotic and biotic stresses. Despite the significant functional redundancy 

within this family, modern gene-editing technologies now allow us to overcome these 

challenges, as demonstrated with the GELP cluster required for suberin polymerization. By 

using endodermal-specific promoters, we could relatively quickly verify which additional 

GELPs can synthesize or degrade suberin. Additionally, we could test if cutin synthases, 

such as CD1, are specific for cutin or whether they are also involved in the other suberin-

related pathways (Yeats et al., 2012). We propose that it is now clear that not all GELPs act 

redundantly. The findings on the suberin-degrading subgroups show great potential to 

broaden our understanding of how these lipases can act during cell wall changes in plant 

development. It also remains the question of their activity in other plant species such as in 

Brachypodium.  

Uncovering CW modifications during the LRP emergence in Brachypodium 

We showed in Brachypodium that the endodermis divides and they do not seem to 

undergo a related volume loss to get flattened, as reported in Arabidopsis. This finding raises 

fundamental questions about the mechanisms by which the already differentiated 

endodermal cells re-enter the cell cycle and change their identity. Although we were able to 

detect DR5pro::ER-mRFP fluorescence in the overlying dividing endodermis cells and 

subsequently in the overlying cortical cell layers, the DR5 signal was not evident in the 

pericycle during the early cell divisions. Furthermore, it is still unclear how these endodermal 

cells disassemble or bypass the CS in order to divide again and without necessarily forming 

a Casparian strip Domain (CSD). This raises further inquiries into the cellular and molecular 

mechanisms governing identity changes in the endodermis and how these cells can undergo 

such transitions twice within a single developmental sequence.  

To address some of these questions, ongoing work in comparative genomics and 

transcriptomics will analyze gene expression profiles and genomic sequences of 

Arabidopsis and Brachypodium. This project aims to identify conserved and divergent 

pathways involved in LR development. Furthermore, lineage tracing will be essential for 

tracking the fate of endodermal cells during LR formation. Using cell division markers like 

CYCB1::GUS could also help visualize and monitor the divisions of endodermal and cortical 

cells throughout the emergence of the new organ (Crombez et al., 2016). State-of-the-art 

approaches, such as single-cell RNA sequencing of root sections at various time points after 

RTE, could also provide a spatiotemporal resolution view of the genetic program driving 

spatial accommodation. This would then be focused on the de-differentiation of endodermis 

cells, reactivation of their cell cycle, and their eventual transformation into root cap cells. 
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Another critical point for further studies involves the potential extensive cell wall 

remodeling during the Brachypodium LRP emergence, not only in the endodermis but also 

in the overlying cell layers. As demonstrated in Arabidopsis (Vermeer et al., 2014), it is likely 

that there is direct cell-to-cell communication coordinating CW remodeling to facilitate LRP 

emergence in Brachypodium. This also includes the role of the exodermis in LRP 

emergence, as our findings suggest that auxin acts within this layer and increased 

lignification may limit or delay both the emergence and subsequent development of LRP. 

The use of expression data from scRNAseq experiments to identify exodermis-specific 

promoters (Cantó-Pastor et al., 2024) would be crucial to scrutinize the role of this layer 

during LRP emergence. Also, it would help to clarify whether, for instance, blocking auxin 

signaling in the exodermis influences LR emergence in a similar way as the endodermis in 

Arabidopsis (Vermeer et al., 2014). Or if the exodermis lignification indeed act a later 

modulator of LRP emergence as suggested for Bd21-3 in Chapter 5. To answer the other 

questions, the use of this single-cell atlas could help to select genes predicted to encode 

CW remodeling enzymes during the LRP emergence. A large collection of chemically-

induced mutants (some candidates already in-house) will be useful for forward genetics with 

focus on CW modifications during LR development. Alternatively, the generation of 

knockouts using CRISPR/Cas9 in Brachypodium could be an option since transformation 

protocols are getting more efficient. Complementing these methods, advanced CW 

immunohistochemistry, biochemistry, and microscopy will be essential for acquiring a 

detailed cellular and molecular analysis of each stage in the LRP development. Most of this 

work is planned for the coming months in the lab, led by Dr. Kevin Bellande and Dr. Thomas 

Badet, who are following up the results described in Chapter 5. 

6.3 Final remarks  

 The past few decades have seen extensive transcriptome analyses of root 

development in the plant model Arabidopsis. Recently, there has been a growing interest in 

extending these studies to crop species and/or closely related plant models, such as 

Brachypodium. In hand of the results of this thesis and forthcoming research, mutual 

comparisons between datasets from Arabidopsis and Brachypodium will likely help 

distinguish between false positives and true candidates, and cross-species comparisons will 

likely help to identify conserved developmental mechanisms related to LR development. As 

the number of datasets increases across different species, the resolution of the results will 

improve, leading to more refined conclusions.  

 A deeper examination of spatial accommodating responses also may uncover new 

research directions, such as root nodule formation during the symbiosis between 



   

 

155 

 

leguminous plants and Rhizobia bacteria. We believe that the tools we have developed, 

combined with expertise in transcriptome analysis and high-throughput phenotypic 

characterization of candidate regulators, will aid in identifying genes whose expression 

impacts LR development. Although our work focuses on the fundamental aspects of root 

development and may not immediately translate into new breeding strategies, 

understanding the molecular mechanisms by which these genes influence RSA formation 

could eventually help to generate or select better-performing plants for agricultural purposes.  
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