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Abstract 

The 3-dimensional shape of a root system is of crucial importance to its ability to take 

up nutrients and water. As these resources are heterogeneously distributed in the soil, 

plants need to adapt their root growth to aid foraging. One such adaptive response is 

termed lateral root (LR) hydropatterning where roots branch towards areas with higher 

water availability.  

 

The main aim of this thesis is to investigate how plant roots sense water distribution 

and which regulatory pathways control lateral root branching towards available water 

using the model plant Arabidopsis thaliana. We observed that the choice of lateral root 

founder cells (LRFC) in the pericycle cell layer they originate from is influenced by 

external water availability. This allows lateral roots to angle towards water from the 

very first round of formative cell divisions. Additionally, the emerging lateral root 

primordium grows towards water availability through asymmetric rounds of cell division 

in its primordium flanks.  

 

LR hydropatterning is genetically regulated through a major regulator of LR initiation 

AUXIN RESPONSE FACTOR7 (ARF7). Knock-out mutants lose the ability to branch 

towards water and do not asymmetrically express the key transcription factor LBD16-

GFP, a direct target for ARF7. This mechanism is regulated through post-translational 

regulation of ARF7. The ARF7 sequence contains four sites that can be SUMOylated. 

Transgenic lines expressing ARF7 with mutations in each of these four SUMO sites 

cannot rescue arf7-1 LR hydropatterning, revealing a key role for SUMOylation 

controlling water sensing by roots.  

 

ARF7 SUMO status appears to be controlled by SUMO protease OVERLY TOLERANT TO 

SALT1 (OTS1). Double knock-out mutants in OTS1 and its close homolog OTS2 have 

severely delayed root development and a LR hydropatterning defect. Additionally, ots1 

ots2 mutants display reduced LR initiation and emergence defects that can be restored 

to Wild-Type levels by expressing an OTS1-Venus transgene. OTS1-Venus can be 

detected from the late elongation zone onwards in root pericycle cells and is stably 
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expressed in the primordia. However, no asymmetrical localisation of OTS1-Venus is 

observed after a hydropatterning cue suggesting that SUMO protease activity, rather 

than stability, controls LR hydropatterning. This thesis highlights the early response of 

lateral roots to asymmetrical water distribution and role the deSUMOylation machinery 

plays in its molecular regulation. 
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Vermeer, J.E.M., Vernoux, T., Dinneny, J.R., French, A.P., Bishopp, A., Sadanandom, A., 

Bennett, M.J., 2018. Root branching toward water involves posttranslational 

modification of transcription factor ARF7. Science  362, 1407–1410.  
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1 INTRODUCTION 

 

Parts of this introduction were published in: Banda, J., Bellande, K., von Wangenheim, 

D., Goh, T., Guyomarc’h, S., Laplaze, L., Bennett, M.J., 2019. Lateral Root Formation in 

Arabidopsis: A Well-Ordered LRexit. Trends in Plant Science 24, 826–839. 

 

1.1 Roots for sustainable plant growth 

A growing demand for food, a limited amount of fertilizers and an increased frequency 

of extreme weather events, these are some of the most important challenges we face 

for crop production world-wide (Godfray et al. 2010; Wheeler and von Braun 2013; 

Lobell et al. 2011). In the recent past, agricultural productivity has significantly 

increased thanks to the success of the First Green Revolution (Borlaug and Dowswell 

2003). During this Revolution the focus was on the introduction of semi-dwarf varieties 

in combination with high fertilisation to make a huge impact on crop yield in developed 

countries (Borlaug and Dowswell 2003; Godfray et al. 2010). However, this approach 

often did not reach farmers in developing countries, who do not have access to a stable 

supply of fertilisers and often farmed nutrient poor and eroded soils (Lynch 2007). 

Additionally, the varieties were bred for high input agriculture and dwarf shoot 

phenotypes, thereby indirectly selecting against root traits which are instrumental for 

growth in low input environments (Lynch 2007; White et al. 2013). In order to address 

this challenge, we need a second, sustainable Green Revolution, also termed ‘Evergreen 

Revolution’, in which the focus lies on decreasing inputs whilst maintaining crop 

productivity (White et al. 2013). 

 

Improved uptake of nutrients and water by the root system is necessary to optimise 

resource capture and reduce the use of fertilisers. Soil exploration plays a crucial part 

in resource capture as it allows the plant root to access new areas with untapped 

resources. Many root architectural traits aid in soil foraging and are vital for resource 

acquisition such as primary root length, root hair density and lateral branching (Lynch 

2007). Other traits such as aerenchyma formation and secondary development are 

important for reducing the metabolic costs of soil exploration (Lynch 2007). Next to 
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resource capture, a well-developed root system can go a long way in combatting 

extreme weather events such as drought. The FAO global drought map (1984-2017) in 

Fig. 1.1 shows the frequency of drought events that affected 30% of the cropland in that 

region. Regions such as southern Africa, India and Australia, experience severe drought 

on an almost yearly basis. Global climate change is expected to make droughts even 

more severe, by changes to rain fall pattern and increased temperatures (Wheeler and 

von Braun 2013; Lobell et al. 2011). In addition, fresh water sources, used for irrigation, 

are depleted in an alarmingly fast rate (Cotterman et al. 2017). Without fresh water 

sources, drought will have an even greater impact on crop survival and yield. To combat 

drought damage to crops, the world requires more drought tolerant crops. Therefore, 

the soil exploration by a root is an essential trait for crop breeders as it defines the 

amount of water that can be captured. However, to make a real impact we have to first 

need to understand the underlying mechanisms for how roots sense and respond to soil 

resource availability. Only by understanding these mechanisms can gene directed 

breeding make a major improvement in soil exploration to optimize water and nutrient 

acquisition. 

 

Figure 1-1 Data from FAO showing areas in the world where >30% of the cropland has been affected 

by severe drought for a complete season over the period 1984 till 2018. 
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1.2 Root system architecture 

Roots forage the heterogenous soil to acquire valuable resources like nutrients and 

water. It is therefore no surprise that these invaluable resources also drive the 3D root 

architecture by controlling how and where roots grow and branch (Morris et al., 2017). 

The heterogenous soil structure is driven by processes such as type of soil and tillage 

practice (Mangalassery et al. 2014), which determine the size and connectivity of pores. 

These pores are crucial for roots as they provide a channel to grow through and supply 

the growing root with water, gas, and nutrients to absorb. The patchiness of nutrients 

can be driven by decomposition of organic materials, which are spread out through the 

soil (Hodge 2004). Nutrients also differ in their mobility. Nitrate is highly soluble in water 

and will quickly leak to lower depths, whilst phosphate forms insoluble complexes and 

stays near the topsoil (Hodge 2004). Water distribution is also highly varied in soil. The 

topsoil layer will dry quickly due to evaporation, whilst deeper layers of the soil are 

spared from this (Tracy et al. 2015). Additionally, soil pore size affects the ability to 

retain water. Micropores (<30mm) will hold less water more readily, yet macropores 

(>1,000 mm) will allow for efficient drainage of water from the topsoil (Luxmoore 1981). 

Responding to the complex mix of environmental signals ensures optimal resource 

capture by the root system, resulting in an infinite number of root architectures 

reflecting the infinite number of different soil environments that can be found 

worldwide. 

 

Increased exploration of soil can have a big impact on a plant’s efficiency to take up 

water and mobile nutrients such as nitrate (Trachsel et al. 2013). A root’s architecture 

is mostly determined by four shape parameters: growth, branching, surface area and 

angle. These parameters are all under environmental and genetic regulation to 

underpin resource capture from their surroundings. The surrounding soil consists of air 

and water filled pores, localised patches of nutrients and varying soil texture, making 

the environment a real maze for a root to navigate. To optimize resource uptake some 

species have adapted their rooting system to their environment. Pearl millet is one of 

these species, which has evolved a steep root architecture to increase water uptake 

from the deeper soil (Passot et al. 2016). In A. thaliana, a similar adaptation was seen 
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in which the gravitropic set point angle of lateral roots was increased under water 

deficiency (Rellán-Álvarez et al. 2015). This novel adaptive trait, termed xerotropism, 

allows plants to explore deeper soil levels for potential water sources. Additionally, the 

primary root can grow towards available water using hydrotropism (Dietrich et al. 

2017). This abscisic acid (ABA) mediated response assures the optimal capture of water 

as the location of water in the soil can vary due to weather, seasons and human 

interference (Atkinson et al. 2009). The plasticity of a root system to change its growth 

and branching is therefore of crucial importance to survive in these challenging and 

changing soil conditions. 

 

Root systems attributes can vary between plants species. The eudicot model A. thaliana 

exhibits a simple primary and lateral root system architecture. In this model species the 

embryo derived primary root stays active throughout the plant life cycle. The primary 

root consists of four growth zones: (I) the root apical meristem where cells divide; (II) 

basal meristem where root cells finish dividing and start elongating; (III) elongation zone 

where cells rapidly expand; and (IV) differentiation zone where cell elongation ceases 

and root hairs form (Verbelen et al. 2006). Lateral roots are primed in the basal 

meristem and eventually emerge from the differentiation zone, where they serve to 

increase root surface area and volume of soil being explored. In contrast, adventitious 

roots originate from the hypocotyl post-embryonically and are often formed during 

prolonged plant stress (Steffens and Rasmussen 2016). Legume and monocot species 

form additional classes of root organs such as seminal and crown roots that aid 

exploration of topsoil, especially for immobile nutrients like phosphate (Lynch 2011). 

These latter classes of roots also help stabilize plants in soil to counteract lodging 

(Rogers and Benfey 2015). 

 

In this thesis I will mainly focus on the relatively simple root architecture of A. thaliana. 

Its simple root system will help me to delve into the relationship between root 

branching and water availability. A response that seems very logical from a resource 

acquisition point of view but is poorly understood from a genetic and mechanistic 

perspective. 
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1.3 Auxin signalling 

1.3.1 Auxin signalling pathway 

Many root developmental processes are regulated by the phytohormone auxin. The 

nuclear auxin response pathway has been studied in great detail and is dependent on 

three classes of proteins. Firstly, this consists of the Aux/IAAs as repressors of the auxin 

response pathway. Secondly, the DNA binding transcription factors Auxin Response 

Factors (ARFs). Lastly, to abolish the repression of the ARFs by Aux/IAAs the system uses 

the SCF (TIR1/AFB) ubiquitin ligases. These auxin receptors increase their affinity for 

Aux/IAA proteins when bound to auxin, leading to 26S proteasomal degradation of 

Aux/IAAs (Gray et al. 2001; Zenser et al. 2001). Degradation of the suppressors leads to 

activation of ARF gene transcription and thereby the nuclear auxin induced response 

output (Fig. 1.2). 

 

Although the nuclear auxin response pathway might be simple given its composed of 

only three classes, the outputs of the system can greatly vary as indicated by the wide 

variety of developmental responses controlled by auxin (Vanneste and Friml 2009). This 

is partially explained by the number of family members in each of these three classes of 

components, with the ARF gene family containing 23 members in flowering plants such 

as A. thaliana, 29 Aux/IAA members and six AFB members (Mutte et al. 2018). The 

diversity of spatial expression pattern and the cell specific stability of different 

components has a major impact on local auxin response (Rademacher et al. 2011, 

2012). Another difference in auxin response can be generated by the biochemical 

properties of the different components. Binding assays using purified TIR1 and Aux/IAA 

proteins revealed different complex combinations have distinct affinities for auxin 

(Calderón Villalobos et al. 2012). This difference could partially be explained by the DII 

sequence of the Aux/IAA proteins, which is crucial for auxin binding with TIR1/AFB co-

receptors (Calderón Villalobos et al. 2012). The many different components and 

variations within the protein sequences in these families forms the basis for explaining 

the complexity of the auxin signalling pathway and its differential response outputs. 
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The TIR1/AFB proteins are part of four-subunit ubiquitin ligase SCFTIR1/AFB that resides in 

the nucleus (Gray et al. 1999, 2002). The TIR1/AFB part of this complex is crucial for the 

binding of auxin through its N-terminal located leucine-rich-repeat region (Dharmasiri 

et al. 2005a). Mutants in the TIR1/AFB family display different levels of auxin resistance 

in accordance with their role in auxin perception (Dharmasiri et al. 2005b; Parry et al. 

2009). The SCFTIR1/AFB complex consists of other components whose mutants cause a 

similar auxin resistant phenotype by stabilizing Aux/IAAs such as ARABIDOPSIS SKP1 

HOMOLOGUE (ASK1), CULLIN 1 (CUL1) and RING-BOX 1 (RBX1) (Gray et al. 1999, 

2002)(Fig. 1.2). These components are necessary for the binding of E2 ubiquitin 

conjugation enzymes that control the ubiquitination of Aux/IAAs after auxin binding, 

leading to their degradation. By solving the crystal structure of the TIR1-ASK1 complex, 

researchers could demonstrate the importance of the leucine-rich-repeat region as 

auxin binding pocket and the C-terminal located F-box domain as the binding region for 

ASK1 (Tan et al. 2007). The leucine-rich-repeat region is also in contact with Aux/IAA 

proteins, which might be necessary for stabilizing the interaction between auxin, 

TIR1/AFB and Aux/IAA. 

 

Members of the Aux/IAA family interact with ARFs to supress gene transcription. 

Aux/IAA and ARF bind through their highly similar C-terminal domain named Phox and 

Bem1 (PB1). The PB1 domain mediates homo- and heterodimerization between family 

members of ARFs and Aux/IAAs (Han et al. 2014a). Repression is thought to be 

dependent on the multimerization of Aux/IAAs when bound to ARFs PB1 domain 

(Korasick et al. 2014). The significance of this oligomerization is still unknown, yet it 

could determine the speed or affinity with which the Aux/IAA binds the SCFTIR1/AFB 

complex. Over-expressing a stabilized Aux/IAA16 led to stunted growth in A. thaliana. 

The researchers modified the Aux/IAA in such a way that it could only bind one other 

PB1 domain. This led to a new form of Aux/IAA that could bind ARF yet not form any 

multimers with other Aux/IAAs. Transforming this mutated version into A. thaliana did 

not lead to stunted growth, indicating the necessity of multimerization in Aux/IAA 

repression of ARFs (Korasick et al. 2014).  
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Repression of Aux/IAAs is also dependent on the recruitment of corepressors to form a 

complex. The two N-terminal located ETHYLENE- RESPONSIVE ELEMENT BINDING 

FACTOR–ASSOCIATED REPRESSOR (EAR) domains (also called degron or DI and DII) are 

required for binding with several partners (Ke et al. 2015). The EAR motif 1 (DI) binds to 

co-suppressors such as the Tup1/Groucho/TLE family proteins called TOPLESS (TPL) or 

TOPLESS RELATED (TPR) (Szemenyei et al. 2008; Causier et al. 2012; Ke et al. 2015). TPL 

represses auxin induced gene expression by recruiting histone deacetylases (HDACs) 

such as HDA19 (Long et al. 2006)(Fig 1.2). These HDAC proteins remove acetyl groups 

from lysines on histones, which leads to condensed chromatins and reduced binding of 

a multitude of transcription factors to induce gene expression (Eberharter and Becker 

2002). Knock-out mutants in hda19 could partially restore the phenotype of Aux/IAA 

gain-of-function mutations, suggesting a role downstream of AUX/IAA (Long et al. 

2006). Furthermore, both TPL and HDA19 are bound to ARFs especially during low auxin 

conditions (Szemenyei et al. 2008; Wu et al. 2015). When auxin concentration in the 

cells rise, Aux/IAA proteins will be degraded and TPL and HDA19 dissociate from the 

chromatin (Wu et al. 2015). 

 

The second EAR domain (DII) is important for AUX/IAA protein stability as this region is 

involved in auxin-dependent binding with the auxin co-receptor TIR1/AFB (Tan et al. 

2007). Mutations in this domain results in strong or complete auxin insensitive 

phenotypes (Tian and Reed 1999; Rogg et al. 2001). Some variation in this domain exists 

within the different Aux/IAA family members, which leads to a variation in auxin 

sensitivity (Dreher et al. 2006). Next to the DII region, also other regions regulate auxin 

sensitivity such as the conserved pair of lysine (K) and arginine (R) between EAR domain 

1 and 2, and the polar amino acids downstream of the DII (Dreher et al. 2006; Moss et 

al. 2015). When mutated or absent these two regions can significantly alter the auxin 

sensitivity and lead to gain-of-function phenotypes. 

 

Conservation of the different motifs on Aux/IAA is crucial for its functioning. There is a 

big difference between the half-lives of different Aux/IAA ranging from minutes to 

hours, which translates into different auxin binding affinities for TIR1/AFB (Zenser et al. 

2001; Dreher et al. 2006). Binding of TIR1 and IAA7 DII domain was weaker than the 
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binding of TIR1 with full IAA7 protein (Calderón Villalobos et al. 2012). This data suggests 

that other domains on Aux/IAA mediate some parts of the binding with the receptor 

and partially mediate the stability of Aux/IAAs. 

 

Figure 1.2 – The main auxin signalling components. When auxin levels are low, Aux/IAA proteins bind 

through their shared PB1 to ARF proteins. This prevents the induction of ARFs downstream genes 

through co-repressors such as TPL and binding of HDAC proteins that close the access through 

chromatin condensation. When auxin levels in the cell are high, auxin enables the binding of Aux/IAA 
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and TIR1/AFB receptor of the SCFTIR1/AFB complex. This binding leads to the ubiquitination of Aux/IAA 

and its subsequent degradation. This releases the repression of ARFs and increased transcription of 

downstream genes. ARFs can also dimerize with other ARFS through their Dimerization Domain to 

mediate transcriptional activity. 

 

1.3.2 Auxin Response factors 

Auxin transcriptional activity is regulated by 23 ARF genes that make up this family in A. 

thaliana (Okushima et al. 2005). These 23 genes fall into three classes, termed A, B and 

C of which only class A (ARF5, 6, 7, 8, 19) consist of transcriptional activators (Tiwari et 

al. 2003). Mutations in these class A-ARFs can lead to severe phenotypes in both shoot 

and root tissues. Research on promoter swaps between the ARFs together with analysis 

of knock-out mutants has demonstrated that these are not interchangeable and, 

although these ARFs are very similar in domains structure, they all play distinct roles in 

auxin signalling (Rademacher et al. 2011, 2012). Furthermore, the open chromatin 

configuration of the class A-ARFs implies that these can actively be transcribed during 

multiple developmental stages and tissues (Truskina et al. 2020). Class A-ARFs are 

mostly regulated by a set of transcriptional repressors, which supports a model where 

transcriptional repressors inhibit transcription by binding to the open chromatin of 

these ARFs, thereby repressing transcription (Truskina et al. 2020).  

 

In turn, ARFs can also regulate the chromatin state. In one such case ARF5 controls 

histone modification through interaction with SWI/SNF chromatin remodellers 

BRHAMA (BRM) and SPLAYED (SYD) (Wu et al. 2015). These SWI/SNF remodellers 

compete for binding on ARF5 with Aux/IAA (Wu et al. 2015). High auxin levels lead to 

breakdown of Aux/IAAs and binding of SWI-SNF to ARF5 which actively opens up the 

chromatin around ARF5 DNA binding sites enabling transcription of ARF5 downstream 

targets (Wu et al. 2015). On the contrary, chromatin remodelling can also negatively 

affect ARF signalling as is seen in the regulation of ARF7 and ARF19 by IAA14 and PICKLE 

(PKL) (Fukaki et al. 2006). slr-1 gain-of-function mutants are well known for the absence 

of lateral root formation (Fukaki et al. 2002). However, through use of a suppressor 

screen researchers found a gene that could restore lateral roots in slr-1. This gene 

termed PKL, is a homologue of an animal chromatin-remodelling factor. The restoration 
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of LRs in double mutants indicates PKL represses transcription by ARF7 and ARF19 

(Fukaki et al. 2006). 

 

All class A-ARFs consists of three domains; the N-terminal DNA-binding domain (DBD), 

the middle region (MR) and the C-terminal located PB1 domain that was discussed 

earlier (Boer et al. 2014). The N-terminal DBD domain is highly conserved between all 

the ARFs (Boer et al. 2014). The crystal structures of the DBD of two of these ARFs, ARF1 

and ARF5, showed the existence of three sub-domains on the DBD (Boer et al. 2014). 

Firstly, the B3 subdomain controls binding of ARF onto DNA. Secondly, the dimerization 

domain (DD) allows homo- and hetero-dimerization of ARFs. Thirdly, a Tudor-like 

ancillary domain which function is unknown, but might be involved in dimerization 

together with the DD. As transcription factors, ARFs main function is to activate gene 

expression by binding to auxin-responsive elements (AuxRE) in the promoter of auxin 

inducible genes (Ballas et al. 1993; Li et al. 1994; Ulmasov et al. 1997a). Further work 

highlighted the importance of the DNA-binding motif TGTCTC as interactor with the ARF 

DBD (Boer et al. 2014; Ulmasov et al. 1997a). However, this motif did not have the 

highest affinity for ARF binding. Additional work demonstrated higher affinity for 

TCTCGG motif (Boer et al. 2014; Franco-Zorrilla et al. 2014). Another high affinitive 

motif, TGTCGG, was picked up when analysing in vitro binding of ARF2 and ARF5 

(O’Malley et al. 2016). There is some evidence to suggest a correlation between the 

AuxRE motif and its function in specific developmental processes to steer a particular 

auxin response pathway (Zemlyanskaya et al. 2016). However, not only the motif 

sequence plays a role in the binding affinity. Another important part is the space 

between two AuxREs. ARF1 and ARF5 had different binding affinities depending on the 

space between two motifs (Boer et al. 2014). This introduced the idea of co-operative 

binding of two AuxRE elements by ARFs forming homo- or hetero-dimers. The binding 

of the first ARF could increase the affinity for a second ARF to bind through dimerization 

and thus strengthen the ARF gene expression response. Even the orientation of the 

repeat motifs and the number of repeats can affect ARF binding specificity and affinity 

(Berendzen et al. 2012; O’Malley et al. 2016). 
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The middle region (MR) of the ARFs is much less conserved than its DBD. However, it 

does seem to be important for the classification of the ARFs into activating and 

repressing types. The activating class A-ARFs contain a MR that is enriched in 

glutamines, contrasting with the enrichment of serines, prolines and threonines in class 

B- and C-ARFs. However, the exact mechanism how the difference in sequence relates 

to its activating or supressing role is still unknown. Interestingly, the MR in activating 

ARFs consists of long stretches of intrinsic disorder (ID) (Roosjen et al. 2018). These 

regions of high ID permit the fast 3-dimensional change in protein conformation, 

necessary to rapidly response to changing conditions (Liu et al. 2006). Most known 

proteins that contain IDs are related to processes such as cell cycle, DNA metabolism, 

RNA splicing and signalling (Pietrosemoli et al. 2013), indicating that these regions still 

serve a crucial function. Another function of this ID regions could be to form the basis 

for post-translational modification (Xie et al. 2007). These modifications could lead to 

changes in 3D protein shape that enhance or diminish the activity of ARFs. 

 

The third domain structure, PB1, is the C-terminal domain that interacts with the PB1 

domain on Aux/IAA (Ulmasov et al. 1997b). The affinity to form heterodimer ARF-

Aux/IAA complexes is 10 to 100 times greater than to form ARF-ARF homodimers, 

suggesting a strong trend towards heterodimerization (Han 2014). Previous studies 

using yeast two-hybrid (Y2H) have determined that many combinations are possible 

between the family members of ARFs and Aux/IAA proteins (Vernoux et al. 2011; Piya 

et al. 2014). Surprisingly, not many class B- and C- ARFs showed interaction with 

Aux/IAAs indicating limited regulation of the repressor ARFs by auxin signalling. 

Potentially, these repressing ARFs function by competing for binding sites of the 

activating ARFs, thereby limiting auxin induced gene expression? Or is this the result of 

an artefact of Y2H and do these ARFs bind in planta by use of co-factors? More research 

needs to focus on the interplay between B- and C-class ARFs with Aux/IAA to further 

clarify their relationship. Surprisingly, a truncated ARF5 lacking a PB1 domain showed 

reduced binding to DNA in vitro, suggesting a role for the PB1 domain in more than just 

repression (Ulmasov et al. 1997a). 
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1.3 Auxin controls multiple facets of lateral root formation 

1.3.1 Lateral root morphogenesis in Arabidopsis thaliana 

Lateral roots originate primarily from the pericycle tissue in angiosperm species 

(Casimiro et al., 2003; Torres-Martínez et al., 2019). The pericycle consists of a single 

cell layer surrounding the vascular tissues, which is overlain by endodermal, cortex and 

epidermal tissues (Fig. 1.3A). In A. thaliana, lateral roots are derived from pairs of 

pericycle cells overlaying the xylem pole (Casero et al. 1993; Laskowski et al. 1995; Von 

Wangenheim et al. 2016). Phloem-pole pericycle (PPP) cells are reported to be 

mitotically dormant, whilst xylem-pole-pericycle (XPP) cells retain stem cell activity 

after leaving the primary root meristem and can consequently form LRs (Parizot et al. 

2008). The meristematic abilities of XPP cells are hypothesized to be dependent on the 

adjacent vasculature cells, since the Rm1007 and J0121 enhancer trap lines are 

specifically expressed in xylem-pole associated pericycle cells (Parizot et al. 2008). 

Further proof of concept comes from research on AHP6, a negative regulator of 

cytokinin signalling, which is involved in protoxylem formation (Mähönen et al. 2006). 

AHP6 is expressed in protoxylem and adjacent pericycle cells from the very first 

pericycle initials, suggesting that the regulation of XPP cell identity is made in a very 

early stage. 

 

A. thaliana lateral root development can be divided in five main steps: (1) pre-branch 

site formation which takes place in the basal meristem/elongation zone (De Smet et al. 

2007; Moreno-Risueno et al. 2010); (2) LR initiation which features pericycle nuclear 

migration to a common cell wall between pairs of lateral root founder cells (LRFCs) 

followed by an asymmetric cell division in the differentiation zone (Casimiro et al., 2001; 

Goh et al., 2012); (3) LR morphogenesis in which the LRFCs divide further to form a 

lateral root primordium (LRP) that eventually acquires a root meristem organization 

(Goh et al., 2016; Malamy and Benfey, 1997); (4) concomitant LR emergence where the 

new organ grows through overlaying tissue layers to emerge from the parent root in 

the differentiation zone (Du and Scheres 2017) and finally (5) LR meristem activation 

corresponding to the initiation of cell divisions in the newly emerged lateral root 

meristem (Celenza et al., 1995; Fig 1.3A). Recent advancement in microscopy and image 
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analysis now allows us to visualize these five key steps in LR development in more detail 

(Fig 1.3B). This can help distinguish the spatial and temporal changes that LRs undergo 

during these five main development steps and how these changes are affected by the 

roots local environment (Goh 2019; Ovečka et al. 2018). 

 

Figure 1.3 – The birth of a new lateral root primordia. The longitudinal section of the root showcases 

the five main steps of LR formation (A). This process begins with the formation of a pre-branch site in 
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the basal meristem and elongation zone. Followed by the selection of the LR founder cells and the first 

anticlinal division in the differentiation zone. These rounds of cell division continue laterally and 

radially during LR morphogenesis to form a LRP. The growing LRP then has to emerge through the 

overlying tissue layers of the endodermis, cortex and epidermis, before emerging and gaining an active 

meristem. These 5 steps are also visualized radially to show the contribution of the multiple pericycle 

cells to the 3-dimensional shape of the LRP (B). Note that adjacent pericycle cells are in two distinct 

colour to highlight the difference in contribution of each cell file to the growing LRP (Banda et al., 

2019).s 

 

1.3.2 Pre-branch site oscillations 

The first phase of lateral root formation starts in the basal meristem where pre-branch 

sites are formed. The first evidence of this process comes from the recurring expression 

of DR5 (DIRECT REPEAT5) auxin-responsive GUS reporter (De Smet et al. 2007). The DR5 

signal can be observed every 15 hr in protoxylem cells starting from the basal meristem 

and correlates with subsequent formation of primordia. How the formation of an auxin 

response in protoxylem develops into initiation of a primordium in the adjacent 

pericycle cells is still unknown. A similar oscillation pattern was observed by fusion of 

DR5 promoter to a luciferase (LUC) reporter (Moreno-Risueno et al. 2010). This DR5-

LUC oscillatory behaviour was observed from the basal meristem up to the elongation 

zone and termed the oscillatory region. DR5 oscillatory peaks in this zone were termed 

pre-branch sites and have the potential to develop into LRP (Fig. 1.4). Although this work 

focusses on auxin response, exogenous applied auxin could not increase the number of 

pre-branch sites (Moreno-Risueno et al. 2010), suggesting that auxin responsiveness is 

dependent on more than just cellular auxin levels. Several important lateral root 

developmental transcription factors were shown to oscillate, such as AUXIN 

RESPONSIVE FACTOR7 (ARF7) and LATERAL ORGAN BOUNDARIES DOMAIN16 (LBD16) 

(Okushima et al. 2007; Moreno-Risueno et al. 2010). Knock-out mutant in ARF7 

demonstrated irregular formation of pre-branch sites, indicating the crucial role for this 

transcription factor in oscillatory gene expression (Moreno-Risueno et al. 2010). 

Recently new evidence emerged that ARF7 regulates DR5 oscillations through 

heterodimerization with IAA18/POTENT (Perianez-rodriguez et al. 2021). Expression of 

a mutated IAA18, which increased protein stability, caused an increased in the 
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formation of LRFCs and a reduction in spacing of pre-branch sites. Likely, ARF7 is 

regulated both by IAA28, which controls oscillation amplitude and intensity, and by 

IAA18, which controls the oscillations periodicity. Without degradation of IAA18 by 

auxin influx in the basal meristem, the pre-branch site spacing gets distorted leading to 

increased LRFC formation (Perianez-rodriguez et al. 2021). The influx of auxin into this 

regulatory loop could be distorted by external stimuli, which in turn can control pre-

branch site spacing and LR formation. 

 

Auxin distribution in the root tip is thought to be instrumental in formation of the DR5 

expressing pre-branch sites. Blocking polar auxin transport by application of NPA 

reduced or completely abolished LR initiation due to reduced transport from root tip to 

basal tissues (Casimiro et al. 2001). Key to this transport is the auxin influx carrier AUX1, 

which drives the epidermal auxin flux from tip to basal meristem (Bennett et al. 1996; 

Swarup et al. 2005). Mutations in AUX1 severely decrease LR density and positioning, 

and also diminished DR5 expression and oscillation (De Smet et al. 2007). The disruption 

in LR patterning could be restored by solely expressing AUX1 in the epidermal and 

Lateral Root Cap (LRC) cells. These results suggest that AUX1 expression in the pericycle 

is not crucial for loading basal meristem cells with auxin necessary for establishing pre-

branch sites and directing LR spacing (Laskowski et al. 2008; De Smet et al. 2007). 

 

Another vital component of the oscillating pre-branch site formation is the conversion 

of IBA-to-IAA in the root cap. This enzymatic step was first revealed important in LR 

patterning by a small-molecule screen (De Rybel et al. 2012). This screen identified 

naxillin as stimulator of LR formation by promotion of the conversion of auxin precursor 

IBA into the active auxin IAA in the root cap (De Rybel et al. 2012). Naxilin specifically 

induced DR5-GUS activity in the basal meristem and induced a subset of specific auxin 

responsive genes (De Rybel et al. 2012). Mutations in genes involved in IBA-to-IAA 

conversion, the IBA-RESPONSE (IBR) genes, caused a decrease in DR5-LUC frequency 

and amplitude, suggesting this conversion directly affects pre-branch site oscillation 

(Xuan et al. 2015). By tissue specific expression of IBR3 in the outer cells of the LRC, the 

IBA-derived IAA transport towards the  oscillation zone could be restored which led to 

the restoration of LR formation (Xuan et al. 2015). The timing of IBA-derived IAA 
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transport correlates with recurrent program cell death in the LRC cells (Xuan et al. 

2016). Programmed cell death of these LRC cells is thought to release pulses of auxin 

into the adjacent peridermal cells, establishing the oscillation signal for pre-branch site 

formation. How this auxin is subsequently transported radially into protoxylem or xylem 

pole pericycle cells remains elusive, but likely this is due to a combination of carrier-

dependent and plasmodesmatal-mediated transport of auxin (Xuan et al. 2016; Mellor 

et al. 2020). 

 

1.3.3 The birth of lateral root founder cells 

When a pre-branch sites receives more activating than inhibitor signals it enters the 

next stage of development, the initiation of LRFC (Fig 1.4). Not all pre-branch sites will 

further develop into a LRFC. This is thought to be dependent on secondary signals that 

are linked to a root’s direct environment. This assures an extra regulatory step before 

resources are wasted in creating a new root organ. In this scenario pre-branch sites are 

continuously made in the oscillation zone but are only activated for further 

development in late elongation or differentiation zone.  

 

One candidate for the specification of LRFCs is the transcription factor GATA23. Its 

patchy expression pattern in a subset of XPP cells indicates strong oscillatory regulation 

(De Rybel et al. 2010). GATA23 acts in an auxin dependent signalling cascade together 

with AUX/IAA28 and class A (activating) ARFs (ARF5, 6, 7, 8, and 19). Analysis of 

pGATA23-GUS revealed expression just behind the basal meristem in the early 

elongation zone. Both GATA23 knock-out and gain-of-function mutations led to 

alterations in numbers and spacing of LRP (De Rybel et al. 2010). Its oscillatory 

expression, localisation, and role in LR numbers makes it a strong candidate for 

coordination of the transition from pre-branch site to LRFC. 
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Figure 1.4 – Auxin signalling modules are key in all steps of lateral root formation. LR pre-branch sites 

are formed in the basal meristem or oscillation zone, where cells are primed by slightly increased auxin 

response through IAA28- ARF5,6,7,8,19 module. In the older root tissue, LR initiation start by the 

selection of xylem-pole pericycle cells that will become LR founder cells (LRFCs). These cells are 

specified by auxin accumulation and controlled by IAA14/SLR and ARF7,19 module. The auxin 

accumulation drives the migration of LR founder cell nuclei to a common cell wall. LR initiation is then 

modulated by two auxin modules, the IAA14/SLR– ARF7,19 and the IAA12/BDL–ARF5 modules. This 

starts as the LRFCs undergo the first round of asymmetric divisions. These two modules also regulate 

the development of the LR primordium. When the LRP starts to push against the overlaying tissue 

layers, auxin modules induce localized cell shrinking and cell wall remodelling in the endodermis 

through IAA3/SHY2 –ARF7 module. Whereas in the cortex and epidermis cell wall remodelling enzymes 

are mostly activated through IAA14/SLR- ARF7,19 module, which induces different gene targets than 

in LRP development (Lavenus et al., 2013). 

Another candidate for regulating this pre-branch site transition is MEMBRANE-

ASSOCIATED KINASE REGULATOR4 (MAKR4). MAKR4 is a downstream component 

important for the conversion of IBA to IAA (Xuan et al. 2015). This gene is lowly 

expressed in the oscillation zone, but strongly induced in the newly formed pre-branch 

sites, which corresponds with the oscillation time of DR5 in the oscillation zone. MAKR4 

is localized on the plasma membrane of pericycle cells prior to nuclear migration. 

MAKR4 amiRNAi knock-down lines, displayed a normal number of pre-branch sites, but 

a reduction in LRP (Xuan et al. 2015). The opposite was true for over-expression lines of 

MAKR4 that showed increased LR formation. This indicates a promising role for MAKR4 

in the specification and activation of LRFC. 
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1.3.4 Primordia morphogenesis 

After a pre-branch site is activated, the next phase starts with nuclear migration 

towards a common cell wall and the swelling of the nuclei into a sphere shape. This 

developmental process coincides with swelling of the two LRFCs prior to division 

(Vermeer et al. 2014). The phase ends after the first asymmetrical division in the 

pericycle generates two short and two longer daughter cells (De Smet et al. 2006). New 

research suggests that LRP initiate from a single LRFC, which recruits neighbouring XPP 

cells to become FCs, both longitudinally and radially (Torres-Martinez et al., 2020). 

These cells then recruit their neighbouring cells within a couple of hours through auxin 

signalling and transport (Torres-Martínez et al. 2020). In the end even the PPP cells are 

recruited, potentially to form part of the vasculature system of the new LR (Torres-

Martínez et al. 2020). Auxin levels in LRFC are increased by synthesis and transport. 

Transcription factors FUSCA3 (FUS3) and LEAFY COTYLEDON (LEC2) induce transcription 

of YUCCA4, an auxin biosynthesis gene, in LRFCs (Tang et al. 2017). In parallel, auxin 

transport directs the flow of auxin towards LRFCs. A major component of this auxin 

movement is induction of PIN3 in overlying endodermal cells during nuclear migration 

(Marhavý et al. 2013). The pin3 mutant exhibits a delay in very early stages of LR 

initiation (Marhavý et al. 2013). PIN3 directs the flow of auxin from endodermis to LRFC 

as is observed by the localisation of PIN3 on the inner membrane adjacent to the LRFC 

(Marhavý et al. 2013). Likely this is to boost the influx of auxin into the LRFC to induce 

rounds of cell division.  

 

Auxin signalling in overlying tissues also regulates LR initiation (Fig 1.4). The major 

regulator of the endodermal auxin response is SHOOT HYPOCOTYL2 (SHY2)/IAA3. By 

using the strong endodermal promoter of CASP1 to drive the expression of the gain of 

function mutation shy2-2, Vermeer et al., observed strong inhibition of LR initiation 

(Vermeer et al. 2014). The authors observed that endodermal cells overlaying LRP did 

not shrink, blocking anticlinal LRFC division (Vermeer et al. 2014). Hence, SHY2 

degradation in endodermal cells induces the volume loss necessary to allow cell division 

in the initiating LRP. Related research from Marhavy et al., (2016) showed a similar role 

for the endodermis. Ablation of the overlying endodermis cell triggers mitoses in the 

underlying XPP cells (Marhavy 2016). However, this ablation does not lead to formation 
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of a functioning LRP, for that auxin co-treatment is necessary. This experimental 

approach neatly demonstrated the importance of a reduction in size of the overlaying 

endodermal layer coupled with functional enhanced auxin signalling as a prerequisite 

for lateral root organogenesis (Marhavy 2016). Both results demonstrate the 

importance of pericycle and endodermal feedback that allows for the initiation of 

primordia. 

The activation of anticlinal division is dependent on a second auxin module involving 

SLR/IAA14, ARF7 and ARF19, and its downstream targets such as LBD16 and LBD29 

(Fukaki et al., 2005, 2002; Okushima et al., 2007; Fig 1.4). Mutants in SLR and ARF7 

ARF19 lack lateral roots, indicating their importance in this process. De-repression of 

ARFs, by auxin induced breakdown of AUX/IAA, triggers transcriptional activation of 

LBD16 specifically in LRFCs adjacent to the XPP (Goh et al. 2012a). LBD16 is vital for 

nuclear migration to a common cell wall which precedes the first asymmetrical cell 

division as this is blocked in LBD16-SRDX dominant repressor lines (Goh et al. 2012a). In 

addition, several other LBD family members are involved in breaking of cell asymmetry. 

LBD18 and LBD33 proteins function as dimers to bind the promoter of cell cycle 

transcriptional activator E2Fa, which also regulates the first asymmetric cell division 

(Berckmans et al. 2011). Overexpression of LBD18 could even promote LR formation in 

arf7 arf19 mutants (Lee et al. 2009). Interestingly, LBD16 and LBD18 might work in 

tandem as the double lbd16 lbd18 mutant has a stronger reduction in LR emergence 

than either of the single mutants (Lee et al. 2009).  

 

Evidence is emerging that next to auxin also several signalling peptides are involved in 

LR initiation (Fernandez et al. 2013). One well studied peptide is GLV6. This member of 

the GROWTH FACTOR/CLE-like (GLV/RGF/CLEL) family is expressed before the first 

asymmetric division in LRFCs and controls the patterning of the first pericycle divisions 

(Fernandez et al. 2015). Loss-of-function mutants in GLV6 and its close homologue 

GLV10 increases asymmetric cell divisions during lateral root initiation (Fernandez et al. 

2020). glv6 glv10 double mutants showed increased initiation events in the pericycle, 

indicating these GLV’s function as inhibitors of cell division. The authors hypothesize 

this inhibitory effect might be a way to block adjacent pericycle cells from initiating cell 
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division, thereby creating a central LRFC and delimiting cell divisions in the pericycle 

layer (Fernandez et al. 2020). 

 

In addition, cell wall remodelling enzymes from the EXPANSIN (EXPA) family modulate 

the mechanical properties of the pericycle cell wall during LR initiation. Mutants in 

expa1 displayed defects in the positioning of the first anticlinal divisions as well as 

swelling of the LRFCs (Ramakrishna 2019). In expa1 mutants LRFCs swell across the 

whole cell length, instead of locally near the common cell wall. This in turn affects where 

the first anticlinal division takes place. Hence, localized radial expansion is required for 

the right positioning of the first anticlinal division plane during LR initiation. 

Furthermore, EXPA14 and EXPA17 play a role in later LR developmental stages and are 

LBD18 inducible (Lee HW 2013a;Lee HW 2013b). Knocking down levels of EXPA17 by 

using RNAi demonstrated the importance of this gene in stage 2 and 3 of LRP 

development, where there is a delay in organ emergence (lee 2013). Contrastingly, 

overexpressing EXPA14 and EXPA17 results in an increase in LR density, demonstrating 

that the enzymatic modification of the cell wall is of crucial importance to the speed of 

LR emergence, potentially through modulating cell swelling. 

 

1.3.5 Patterning under pressure 

After the LR initiation stage and the first asymmetric division within the  pericycle cells, 

the newly formed LRP has to grow through overlying endodermal, cortical and 

epidermal tissues before emerging (Swarup et al. 2008). This involves complex 

biomechanical interactions between the overlying tissues and primordium that impact 

organ initiation and morphogenesis (Kumpf et al. 2013; Lucas et al. 2013; Péret et al. 

2012; Vermeer et al. 2014). This involves the adaptation and remodelling of both the 

expanding dome-shaped LRP as well as the overlying endodermal tissue, which is the 

first tissue layer encountered by the growing primordia (Lucas 2013). The endodermal 

layer also contains the hydrophobic impermeable barrier, the Casparian strip (Naseer 

et al. 2012; Lee et al. 2013b). Simultaneously, the overlaying cells have to shrink and 

degrade the Casparian strip. To progress through this diffusional barrier it has to be 
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locally degraded at the tip of the LRP (Vermeer et al. 2014). This allows passage of the 

growing LRP yet protects the vasculature.  

 

The shrinkage of the endodermal cells is possibly facilitated through transport of water 

via plasmodesmata or aquaporins (discussed in more detail in subchapter 1.5). During 

development the primordium becomes increasingly more isolated from the overlaying 

layer through callose deposition, blocking cell-to-cell transport via plasmodesmata 

(Benitez-Alfonso 2013). This development might block the diffusion of water back into 

the shrinking endodermal cells. Furthermore, aquaporins passively move water across 

the cell membrane following the direction of the osmotic pressure. Some classes of 

aquaporins are excluded from the developing primordium possibly to retain water and 

block water from flowing back to the shrinking overlying endodermal cells. Mutating 

several aquaporins localised to the tonoplast and plasma membrane severely delay LR 

emergence, indicating a prime role for aquaporins in LRP outgrowth (Peret 2012; 

Reinhardt 2016). 

 

Emerging LRP have to pass through the overlying endodermal, cortex and epidermal 

tissues which are tightly linked together by cell walls. To break these strong bonds, 

specialised cell wall enzymes are needed which are induced through a signalling 

network involving peptides. One of these is the signal peptide INFLORESCENCE 

DEFICIENT IN ABSCISSION (IDA) and its leucine rich repeat receptor-like kinases HAESA 

(HAE) and HAESA-LIKE2 (HSL2) (Kumpf et al. 2013). Mutations in these three genes 

impairs LRP emergence especially through the cortex and epidermis (Kumpf et al. 2013). 

The IDA peptide is induced by auxin flow originating from the growing primordia and 

facilitated by the LIKE-AUXIN3 (LAX3) transporter in first cortex and subsequently 

epidermis cells overlying the LRP. This causes breakdown of Aux/IAAs repressors and 

de-repression of ARF7 and, in turn, induction of IDA. The IDA receptors HAE and HSL2 

regulate the expression of several polygalacturonases which hydrolyze pectins 

(González-Carranza et al. 2007; Kumpf et al. 2013). The simultaneous increase of several 

other cell wall degrading enzymes such as pectate lyase (Laskowski et al. 2006; Swarup 

et al. 2008) and xyloglucan endotransglucosylase/hydrolase (Swarup et al. 2008) loosen 

cell-cell connections, enabling cell separation in advance of the emerging LRP. 
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Interestingly, these enzymes do not affect the LRP itself. This might be explained by the 

difference in cell wall composition in which the cell walls in the LRP are mostly 

methylated, while the overlying cells have become demethylated through action of the 

pectin methyl esterases (Laskowski et al. 2006). Another possibility is that suberin 

lamellae, deposited on the primordium when developing through the endodermis, 

protects it from the action of cell wall degrading enzymes (Martinka et al. 2012). This 

restricts cell wall enzymes action specifically to the overlying cortex and epidermis 

tissues. 

 

Recent work has highlighted a potential role for cell death in cells overlaying the LRP. 

The expression of several marker genes for developmental cell death were detected in 

a subset of cells overlaying the LRP (Escamez et al. 2020). Stains and live-imaging were 

used to confirm dead of overlying LRP cells. Cell death of the overlaying endodermis 

was in some cases observed before the developing LRP had crossed this layer. When 

cell death was distorted by a mutation in ORESARA1/ ANAC092 (ORE1), a transcription 

factor contributing to activation of downstream cell death related genes, LRP 

emergence was delayed (Escamez et al. 2020). This delay could be restored by laser 

ablation of the overlaying endodermis or expression of a cell-death promoting factor, 

indicating an important role for induced cell death in emergence of the LRP. This data 

is in conflict with what was earlier demonstrated by Vermeer et al., (2014) in which the 

endodermal cells seemed to shrink to allow the emerging LRP through. Likely, both 

processes occur in a seedling during LRP development. This might be influenced by the 

overlaying endodermis. Potentially if the LRP is overlain by one endodermis, shrinking 

of this one cell will not be enough to allow emergence of the LRP and the build-up of 

mechanical forces by the growing LRP can induce cell death when reaching a certain 

threshold. However, if the primordium is overlain by two endodermal cells, shrinkage 

might be enough to allow passage through without cell death being induced. Therefore, 

LRP emergence is a highly plastic process, which can impact the overlaying tissue layers 

in several ways. 

 

LAX3 is a crucial driver of auxin influx from the primordium apex into the overlying 

tissues (Swarup et al. 2008). LAX3 is induced in cortex and endodermal cells overlying 
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LRP to selectively promote auxin influx (Swarup et al. 2008). An ARF7 and LBD29 signal 

transduction pathway underlies the induction of LAX3 in these tissues (Porco et al. 

2016).  LAX3 expression is often restricted to two cortex and epidermal cells files to 

ensure local cell wall separation (Peret et al. 2013). The LAX3 auxin influx is induced 

with the auxin efflux carrier PIN3 to create a reflux loop between overlaying tissues and 

developing LRP (Peret et al. 2013). The auxin that moves from the XPP cells to the 

overlaying cell files activates PIN3 in the cortex that then causes signal efflux into the 

epidermis (Peret et al. 2013). The two cortex cells overlaying the LRP accumulate the 

most auxin which slowly induces LAX3 and facilitates greater auxin accumulation. This 

then triggers cell wall remodelling enzymes induction that cause localised cell 

separation. 

 

Another source of a signalling molecule that has been proposed to function during LR 

emergence is ROS. The addition of ROS to media increased LR density and can restore 

the formation of LRs in aux1 lax3 mutants (Orman-Ligeza et al. 2016). These results 

indicate a role for ROS in inducing cell wall remodelling and cell separation. ROS was 

detected in the middle lamellae of cells overlying LRPs (Orman-Ligeza et al. 2016). 

Mutation of ROS producer RESPIRATORY BURST OXIDASE HOMOLOGS (RBOH) led to the 

deceleration of LRP emergence. Hence, RBOH-mediated ROS production mediates cell 

wall remodelling of overlying tissues. However, the direct target or receptor of this 

signal is still unknown. In turn, ROS levels are balanced through control of RBOHs and 

ROS scavengers such as peroxides (Manzano et al. 2014). Several peroxidases have been 

shown to be induced in developing LRP (Manzano et al. 2014). A subset of these 

peroxidases are controlled by the transcription factor MYB36, which is expressed in cells 

surrounding the LRP (Fernández-Marcos et al. 2017). Mutants in MYB36 display 

deformed LRPs and a delay in their emergence (Fernández-Marcos et al. 2017). 

Interestingly, LR emergence could be restored to Col-0 levels by reducing the levels of 

hydrogen peroxide, indicating a role for MYB36 in balancing ROS levels to define the 

LRP boundary (Fernández-Marcos et al. 2017). However, has to be noted that MYB36 

mutants display increased levels of lignification similar to other mutants in Casparian 

strip formation such as: esb1-1 and casp1-1/casp3-1 (Lucas et al. 2013). The LR 

emergence delay might therefore be a result of increased lignification of the 
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endodermis overlaying the LRP, which first has to be degraded before the LRP can 

penetrate this layer. 

 

1.3.6 Lateral root meristem activation 

The final step in LR formation involves activation of the LR meristem. A large number of 

genes that regulate the root apical meristem (RAM) also controls this process in LRP. 

This includes members of the transcription factor family of AP2/ERF PLETHORA (PLT) 

(Scheres and Krizek 2018). These genes are expressed in LRP, where they control 

spacing and emergence (Hofhuis et al. 2013). In this family, PLT3, PLT5 and PLT7 

regulate expression of other members (PLT1, PLT2 and PLT4) in LRP development 

(Hofhuis et al. 2013). Creation of the triple null plt3 plt5 plt7 mutant resulted in defects 

in the very first anticlinal division of LRFC (Du and Scheres 2017). Furthermore, these 

LRP were deformed and did not have a defined meristem. This phenotype could be 

restored by expression of any of these three PLTs (Du and Scheres 2017). This result 

demonstrates that these PLTs act redundantly to organize LR initiation and LRP 

meristem activation. 

 

Another established regulator of meristem activation is the GRAS-family member 

SCARECROW (SCR). Disruption of this gene alters periclinal divisions in LRP and 

obstructs quiescence centre (QC) formation (Goh et al. 2016). SCR expression is 

especially important for patterning in the outer layer of stage II LRP (Goh et al. 2016). 

This is the start of early QC morphogenesis until stage V LRP where positioning of QC is 

defined, and meristem formation phase begins. Both the role of SHR and PLT shows the 

high degree of similarity between meristem organisation in the root apex and the 

activation of a new LRP QC. 

 

1.4 Lateral root adaptive responses to water availability 

1.4.1 Xerobranching: root branching inhibition during absence of water 

Soil consists of heterogeneously available water and other nutrients that roots need to 

acquire. Roots have developed adaptive mechanisms to locate and respond to local 

water availability. In soil, water is bound by pores or adheres to soil particles (Luxmoore 
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1981). During drought pores will slowly release water and increase the proportion of 

gas filled pores. It is crucial for a root to access water rich pores, so plants have 

developed several adaptive mechanisms designed to guide root growth and branch 

towards available water. For example, barley and maize roots growing through air filled 

macropores exhibit a complete inhibition of branching (Orman-Ligeza et al. 2018). This 

adaptive response, termed xerobranching, was first observed in aeroponically grown 

maize and barley roots exposed to a transient water deficient (Babe et al. 2012). This 

root response conserves water and resources necessary for the development of LRs in 

more favourable areas (Fig. 1.5A). Intriguingly, LR initiation in water deficient barley was 

blocked at the very first stage of asymmetrical cell division (Babe et al. 2012). This 

indicated that LR repression acts upon a very early developmental stage sensed near 

the root tip (Babe et al. 2012). LR inhibition could be partially restored by treatment 

with auxin analogue, IBA (Babe et al. 2012). This demonstrated that root cells in this 

developmental zone did not lose their competency to form LRs, but might experience 

reduced auxin accumulation necessary to promote asymmetric cell division. A similar 

lack of LR initiation was observed when barley roots were treated with ABA using 

aeroponics (Orman-Ligeza et al. 2018). Phytohormone measurement in root tissues 

exposed to water deficit revealed a significant increase in ABA levels compared to well-

watered plants (Orman-Ligeza et al. 2018). The ABA response is regulated by 

PYR/PYL/RCAR family of ABA receptors (Gonzalez-Guzman et al. 2012). Higher-order A. 

thaliana mutants in PYR/PYL exhibited a loss of the LR suppression when treated with 

ABA (Orman-Ligeza et al. 2018). Interestingly, the plasma-membrane permeable NAA 

could fully restore LR initiation yet treatment with actively transported IAA could only 

partially restore LR number. Active auxin transport might therefore be crucial for ABA 

mediated LR suppression. Additionally, profiling auxin precursors and conjugates in the 

competent zone revealed a decrease in free IAA levels and an increase in auxin 

conjugates (Orman-Ligeza et al. 2018). Auxin response was monitored using the DR5-

Luciferase reporter, which showed decreased pre-branch site formation. These results 

led the authors to speculate that ABA accumulation in the water deficit zone supresses 

the formation of pre-branch sites by impairing either auxin response or accumulation. 
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1.4.2 Hydropatterning: root branching towards external water 

When a primary root is exposed to asymmetric water availability across its 

circumferential axis, lateral roots emerge on the side the water source is located (Fig. 

1.5A). This adaptive response has been observed in A. thaliana and several monocots 

and termed lateral root hydropatterning (Bao et al. 2014). This assures branching in 

areas of available water. For the LR hydropatterning response to sense water location 

it requires external water influx. Hydropatterning was supressed when primary root 

growth was blocked by chemical inhibitors, suggesting that the rate of water influx is 

crucial for water sensing. Mathematical modelling of water uptake and distribution in 

maize demonstrated that local water availability drives a change in internal water 

hydraulics controlling the hydropatterning response (Robbins and Dinneny 2018). This 

ability of roots was termed the “sense-by-growth” mechanism in which external water 

influx in the zone of elongation perceives localisation of water availability (Fig. 1.5B). 

This mechanism proposes that the elongation zone is the site where water is perceived, 

as also recently proposed for the hydrotropism response (Dietrich et al. 2017).  

Focussing in on this zone could help unravel the molecular mechanisms that lead to 

perception of the hydropatterning stimuli and the origin of the signalling cascade which 

leads to LR emergence on the side of roots exposed to water. 

 

The genetic mechanism explaining how plant roots respond to a hydropatterning stimuli 

is still being elucidated. In contrast to xerobranching, where pyr/pyl ABA receptor 

mutants exhibited a xerobranching defect (Orman-Ligeza et al. 2018), no suppression 

of LR hydropatterning response was observed (Bao et al. 2014), indicating these 

responses are distinct. Instead hydropatterning is controlled by attenuating auxin 

signalling. Mutants in auxin biosynthesis (wei8-1) and auxin transport (pin2/3/7) 

increased the proportion of laterals emerged towards the air versus agar, suggesting 

this hormone regulates root hydropatterning (Bao et al. 2014). Recent research 

validated the importance of auxin during hydropatterning, demonstrating that AUXIN 

RESPONSE FACTOR 7 (ARF7) knock-out mutants could no longer orientate their lateral 

roots towards agar (Orosa-Puente et al. 2018). This thesis will expand on this finding 

and explore how ARF7 regulates LR hydropatterning. 
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Figure 1.5 – Lateral root adaptive responses in soil regulated through water availability. Xerobranching 

is the adaptive response in which lateral root initiation is blocked when a root grows through an air 

gap (A). This response is regulated through accumulation of ABA, which binds to its receptor the family 

of PYR/PYL proteins. This binding indirectly leads to the conjugation of auxin and therefore the 

inhibition of the auxin response. The lateral root hydropatterning response directs root branching 

towards soil containing available water (A).  SUMOylated ARF7 on the root side exposed to air causes 

binding to IAA3 repressor proteins that lead to ubiquitination and degradation of ARF7. However, on 

the side exposed to water deSUMOylated ARF7 is active and transcribes downstream targets to induce 

LR formation. Water is thought to be perceived in the fast growing elongation zone where a root 

acquires the signal to initiate or inhibit lateral root formation (B)(Banda et al., 2019). 
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1.5 Water transport and movement 

1.5.1 Soil water uptake 

Water uptake and shootwards transport is driven by leaf transpiration and xylem 

hydraulic conductance. Hydraulic conductivity describes the ease with which water 

flows through the xylem by means of high capillary force and surface tension of water 

molecules. This can be directly affected by radial expansion of the vasculature. Water 

moves through the xylem from high to low water potential. Shoot transpiration creates 

a negative water potential in the shoot and forces water in via the root, where it is 

transported via the vasculature xylem towards the shoot (Kramer and Boyer 1995). In 

natural conditions, water potential is modulated by changing atmospheric humidity and 

soil water content. In the plant, water potential varies per organ and is dependent on 

local tissue pressure, osmotic, gravimetric, air pressure and matric potentials. Roots 

need a water potential that is lower than that of the surrounding soil to take up water, 

but not too low as to limit transport to shoot tissue. Internal changes in long distance 

water potential can be mediated by regulation of hydraulic (Cochard et al. 2007), 

stomatal conductance (Tardieu and Davies 1993), and osmotic adjustment through 

build-up of solutes. Between different plant tissues the water potential is often kept in 

equilibrium. However, the local soil environment can directly influence tissue water 

potentials. During hydropatterning, when one side of the root is in contact with water, 

the water potential across the root circumference is strongly variable (Robbins and 

Dinneny 2018). This change in water potential observed during hydropatterning could 

be part of the sensory mechanism, which controls this adaptive response. 

 

Other than internal adaptations to optimize water uptake, plants also display 

morphological responses. The three-dimensional shape of the root system dictates the 

availability of external water, yet not all classes of roots take up the same rate of water. 

Research using neutron radiography revealed in lupin and maize roots water is mostly 

taken up by the proximal zone compared to the distal zone (Zarebanadkouki et al. 2013; 

Ahmed et al. 2016). In these experiments water uptake was tracked using D2O (heavy 

water), as a proxy for water, and imaged using neutron radiography. Water uptake by 

lateral roots was much higher than seminal roots in two week old maize plants. 
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However, in five-week old maize plants most water was take up by crown roots and only 

a minor fraction by laterals (Ahmed et al. 2018). There results indicate that in maize 

laterals are crucial for water uptake in early plant life, but this is taken over by other 

classes of roots when more mature. 

 

1.5.2 Symplastic transport through plasmodesmata 

There are multiple routes for water to travel through root tissues; the apoplastic and 

the symplastic pathway (Fig. 1.6A). In the apoplastic pathway water never enters the 

cells but travels through the apoplastic space between membrane and cell wall. In the 

symplastic pathway water moves from cell-to-cell through water channels termed 

plasmodesmata (PD). PD are channels spanning cell walls and directly connecting two 

cell’s cytosol with each other (Fig. 1.6B). Primary PDs are formed during cell division and 

consist of part of the endoplasmic reticulum (ER) which gets stuck between the newly 

formed cell wall. PDs formed after cell division between existing cell walls are called 

secondary PDs (Ehlers and Kollmann 2001). PD allow cytosolic molecules to move freely 

between two neighbouring cells through diffusion as long as molecules are small 

enough. Research has shown that this size is roughly between 60 - 70 kD, but this can 

be influenced by age, tissue and environmental conditions (Kim et al. 2005; Paultre et 

al. 2016). Molecules that can move across PD include transcription factors (TFs) (Rim et 

al. 2011), RNAs (Furuta et al. 2012) and phytohormones (Rutschow et al. 2011). 

In A. thaliana the phytohormone auxin, with a size of ~200 Da, can be symplastically 

transported through PD (Rutschow et al. 2011). This flux is under fast control of internal 

signals such as hydrogen peroxide (Rutschow et al. 2011). Auxin can also directly 

regulate its own transport through PD by affecting callose deposition (Han et al. 2014b). 

The quantity of callose (β-1,3-glucan) deposition on the PD controls the size of the 

molecules that can freely flow through. Higher callose deposition excludes larger 

molecules from diffusional flow through the PD (Iglesias and Meins 2000; Vatén et al. 

2011). Through callose deposition PD flow can be finely regulated spatially and 

temporally.  
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Auxin regulates callose deposition through GLUCAN SYNTHASE-LIKE 8 (GSL8), a callose 

synthase, which was shown to control the uneven distribution of auxin after 

phototropic bending. (Han et al. 2014b). Knocking down GSL8 levels disrupted the 

ability to create an asymmetrical concentration gradient which is necessary for tropic 

bending. The observed asymmetrical gradient was not regulated by active polar auxin 

transport (PAT), since blocking PAT did not disturb it. Since earlier studies have shown 

that PIN3 mediated auxin transport was also involved in phototropic bending (Friml et 

al. 2002), tight regulation of PAT and symplastic auxin diffusion must exist. 

 

Many other proteins regulate levels of callose on PD. β-(1,3)-glucanases break down the 

callose and increased intracellular connectivity (Levy et al. 2007). Two of these enzymes, 

Plasmodesmata β-(1,3)-glucanase 1 (PdBG1) and PdBG2, are localized at PD and 

expressed in the root (Benitez-Alfonso et al. 2013). pdbg1,2 double mutants exhibited 

increased callose deposition, resulting in decreased PD dependent transport. These 

mutants displayed increased LR density and distorted primordia patterning. Decreased 

symplastic flow of auxin due to increased callose formation could contribute to local 

auxin accumulation, essential for lateral root initiation. Following the first asymmetric 

cell division LRP become increasingly isolated from overlying cells due to callose 

accumulation on PD, which was visualized using the carboxyfluorescein diacetate 

(CFDA) dye. In Wild-Type A. thaliana the dye was blocked between developing 

primordium and overlying tissue. However, in PdBG1 over-expressors the dye was 

clearly visible in the LRP, indicating that PdBG1 lessens callose formation, thereby 

disrupting PD isolation between LRP and overlaying cells. Symplastic transport is likely 

to be crucial for regulating movement of mobile TF’s or peptides that can inhibit LR 

formation in adjacent XPP cells, thereby controlling LR spacing and DR5 oscillation 

(Moreno-Risueno et al., 2010). 

 

Members of the plasmodesmata-localized protein (PDLP) family induce the formation 

of callose on PD. PDLPs are located to the PD by a single transmembrane domain (Lee 

et al. 2011; Thomas et al. 2008). Lines overexpressing PDLP1 and PDLP5 limit symplastic 

protein trafficking and induce the formation of callose on PD (Lee et al. 2011; Caillaud 

et al. 2014). During LRP development, auxin induced PDLP5 is expressed in cells 
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overlaying the LRP (Sager et al. 2020). PDLP5 localizes to the plasmodesmata where it 

controls callose deposition and negatively regulates LRP emergence. The authors 

suggest that the symplastic isolation of LRP at early stages in development might be 

necessary to build up turgor pressure in the swelling LRP cells. 
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Figure 1.6 – The symplastic water flow in plants is controlled by plasmodesmata and aquaporins. Water 

in plants can follow two pathways, the apoplastic and symplastic pathway (Pearson Education 2001). 

In the apoplastic pathway water flows in the extracellular space between cell wall and membrane (A). 

This pathway is blocked by the lignified endodermis border termed the Casparian strip, blocking water 
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flow from cortex to pericycle. In the symplastic pathway water flows from cell-to-cell using 

plasmodesmata and aquaporins driven by osmotic pressure. Plasmodesmata are channels that directly 

connects the cytosol of two neighbouring cells Plasmodesmata (Atlas of plant and animal histology; 

https://mmegias.webs.uvigo.es/02-english/5-celulas/ampliaciones/3-plasmodesmos.php). The size of 

this opening can be adjusted by the level of callose deposition on the neck area (B). Reduced size can 

exclude bigger molecules from crossing the plasmodesmata. Aquaporins are part of a big family of 

channel proteins that form pores in the membrane to accommodate water flux (Litwack 2020)(C). The 

six transmembrane helices of this protein form a major part of this membrane channel. 

1.5.3 Transcellular water transport through aquaporins 

Another form of cell-to-cell water transport is established through water channels in 

the cell membrane termed aquaporins (Agre et al., 1993; Maurel, 1997; Fig. 1.6C). 

Aquaporins belong to the superfamily of Major Intrinsic Proteins (MIPs) consisting of 

four subfamilies conserved across plant species: plasma membrane intrinsic proteins 

(PIPs), tonoplast intrinsic proteins (TIPs), nodulin 26 like intrinsic proteins (NIPs), small 

basic intrinsic proteins (SIPs). However, some plant species evolved a new class of 

aquaporins termed X intrinsic proteins (XIPs), which are uncharacterized and distantly 

related to PIPs (Gustavsson et al. 2005). Aquaporins consist of six transmembrane 

helices with the protein N- and C-terminal on the cytoplasmic side of the membrane 

(Gomes et al. 2009). Four monomers dimerize together through hydrogen bonds to 

form a tetrameric complex. Each monomer can function as a single channel. The major 

subgroups of aquaporins are located at the plasma membrane and tonoplast. In 

addition to water transport these channels can also transport several small molecules, 

such as glycerol and H2O2, and small neutral solutes and ions (Gomes et al. 2009; 

Dynowski et al. 2008). Due to their localisation, aquaporins are believed to control cell 

expansion and water homeostasis. 

 

Aquaporins expression and regulation are mechanisms to cope with environmental 

stresses.  Waterlogging stress in the root of Sorghum led to differential expression of 

PIP2-6, PIP2-7, TIP2-2, TIP4-4, and TIP5-1 in tolerant compared to sensitive genotypes 

(Kadam et al. 2017). This data suggests that aquaporins can react to changing water 

levels and this could be associated with the degree of waterlogging tolerance. However, 

the transcript level of aquaporin might not be an accurate measurement of water 

transport capability as recent observation showed that higher expression of PIPs does 
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not always lead to higher water uptake rate (Xu et al. 2017). This is due to multiple 

regulatory processes that control aquaporin functioning, such as phosphorylation and 

dephosphorylation (Maurel et al. 1995),  ROS levels (Kapilan et al. 2018), cytosolic pH 

(Tournaire-Roux et al. 2003), vesicle trafficking (Vera-Estrella et al. 2004) and 

methylation (Santoni et al. 2006). These processes control localisation as well as 

opening and closing of the channels, increasing the complexity of the flux regulation by 

aquaporins. 

 

During drought stress, A. thaliana overexpressing PIP1;4 or PIP2;5 displayed accelerated 

water loss, which reduced growth and survival rate (Jang et al. 2007). Overexpressing 

of these PIPs led to differential expression of other PIPs, suggesting a feedback 

mechanism that helps to regulate PIP levels during stress. Overexpressing the same two 

genes, AtPIP1;4 or AtPIP2;5, in Tobacco could increase plant growth rate, transpiration 

rate and photosynthetic efficiency under favourable conditions, whilst negatively 

affecting growth under drought stress (Aharon et al. 2003). These results suggest a tight 

control by aquaporins in controlling water homeostasis that is crucial for plant 

responses to drought. 

 

Not only do aquaporins manage plant stress response, but they are also involved in local 

development of new organs. pip2;1 mutants and overexpressing of PIP2;1 disrupted the 

dome shape of LRP leading to a delay in emergence (Péret et al., 2012). Auxin caused a 

repression in the expression of multiple PIPs, which is under regulation of ARF7 as arf7 

mutants exhibited increased PIP2;1 transcript and protein levels (Péret et al. 2012). As 

the LRP is increasingly symplastically isolated during development, it is likely that 

aquaporin transport is blocked within primordium cells, where auxin response is high, 

and increased in surrounding cells. This in order to stimulate water transport to the 

growing LRP and away from the overlying tissue layer. In addition to PIP also TIPs play a 

significant role in LRP emergence (Reinhardt et al. 2016). The tip1;1,tip1;2,tip2;1 triple 

mutant displayed a delay in LR emergence, which could be rescued by complementation 

with TIP2;1. TIP2;1 showed expression in the base of the LRP and might be mediating 

turgor pressure increase in early stages of LRP development (Reinhardt et al. 2016). PIPs 
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and TIPS thus work together to regulate turgor pressure in the developing primordium 

and overlying endodermis to facilitate emergence. 

 

1.6 Sensing water availability at a cellular scale 

Water is crucial for plant growth and development, yet not much is known on how it is 

perceived by plants. Most of the cell water resides within the vacuole accounting for 

nearly 80% of the cells volume (Haswell and Verslues 2015). The vacuole is one of the 

main drivers of turgor pressure in which the elastic plasma membrane, and all it 

encapsulates, pushes against the rigid cell wall. Turgor pressure is sustained by external 

water uptake and internal osmotic difference that is the results of solutes. The term 

osmo-sensing thus refers to the perception of the external or internal osmotic 

environment that drives water fluxes. As water is so freely available in cells it cannot 

alone be sensed by a simple receptor-based sensing mechanism. Multiple models for 

water or osmo-sensing have been described in literature and will be discussed below. 

 

One of the most discussed water sensors are the membrane-bound mechano-sensitive 

(MS) ion channels (Fig. 1.7A). These can directly translate changes in hydraulic stimuli 

into chemical signals (Christmann et al. 2013; Hamilton et al. 2015). Tension changes in 

the membrane caused by the change in cellular turgor pressure could open MS ion 

channels. In plants multiple families of MS channels have been identified. One of the 

more well studied ion channels is the OSCA/TMEM63 family. The first plant identified 

member of this family, REDUCED HYPEROSMOLALITY-INDUCED [Ca2+]i INCREASE1 

(OSCA1), encodes a calcium channel that is osmo-sensitive (Yuan et al. 2014). Mutants 

in osca1 displayed reduced root growth and stomatal closure after osmotic stress 

resulting from impaired Ca2+ signalling. OSCA1 is part of a family containing 15 

homologs, one other member, OSCA1.2, also displayed osmotic stress induced Ca2+ 

influx (Hou et al. 2014). Further research concluded that this MS channel can be 

regulated through pressure, linking both mechanical regulation with a role as fast Ca2+ 

signalling component (Murthy et al. 2018). The recently revealed crystal structure of 

OSCA1.2 might give a better understanding of how the channel opening could be 

regulated (Liu et al. 2018).  
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Another MS Ca2+ channel candidate are the Mid1-complementing activity (MCA) 

proteins. In yeast studies MCA1 was shown to be located to the plasma membrane and 

function in Ca2+ influx (Nakagawa et al. 2007). Overexpressing this gene led to a failure 

to penetrate hard agar mediums, indicating a possible MS angle to MCA1. 

Overexpression of this gene’s ortholog in rice, OsMCA1, led to activation of NADPH 

oxidases through binding to their EF-hand region. This binding led to the generation of 

ROS and could be the beginning of a signalling cascade on the osmo-status of the cell 

(Kurusu et al. 2012). 

 

A second way of sensing osmotic changes is through detecting changes in cell wall 

composition as observed in yeast (Monshausen and Haswell, 2013; Fig. 1.7B). Receptor-

Like Kinases (RLK) represent promising targets to fulfil this role. In general, RLKs are 

involved in early signal transductions and are located at the plasma membrane. Two of 

these RLK families are the WAK-Associated Kinases (WAK) family and Catharanthus 

roseus RLK family (crRLK). The WAK family contains an extracellular domain that is 

capable of binding pectin in the cell wall (Kohorn and Kohorn 2012). Pectin is an 

important structural component of the cell wall and therefore any change in 

composition could function as a signal for stress. Furthermore, wak1 and wak2 mutants 

exhibit reduced cell size and root growth on low osmotic media (Lally et al. 2001; Kohorn 

et al. 2006). These proteins seem important for cell wall expansion, but more research 

needs to elaborate if they sense changes in osmotic potential through their binding with 

pectin.  

 

Another candidate for this type of cell wall integrity sensor is the crRLK FERONIA (FER). 

Mutations in this gene lead to defects in root growth, root hair development and 

penetrating hard agar (Guo et al. 2009; Duan et al. 2010; Haruta et al. 2014). 

Furthermore, fer mutants have a reduction of Ca2+ induction after touch or bending 

response (Shih et al. 2014). FER was also shown to be involved in sensing salt stress 

through monitoring the damage done to pectin cross-linking in the cell wall by high 

salinity (Feng et al. 2018). Pectin composition is sensed by the extracellular domain of 

FER that directly interacts with pectin (Feng et al. 2018). Damage to the cell wall is 

thought to be transmitted to the nucleus through interaction of FER with a calcium 
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channel, explaining the reduction in Ca2+ induction in mutants. Other members of this 

family such as THESUS, ANXUR1 and ANXUR2 have an extracellular maltose binding 

domain that might monitor similar changes in cell wall composition (Hématy et al. 2007; 

Boisson-Dernier et al. 2009; Miyazaki et al. 2009). 

 

Other potential mechanisms of water sensing have also been proposed. A recent study 

showed proteins with high levels of intrinsic disorder (ID) are restructured during water 

deficient conditions (Cuevas-Velazquez et al., 2016; Fig. 1.7C). In this study the late 

embryogenesis abundant (LEA) proteins, which contain regions of ID, were shown to 

change from unstructured to structured depending on the level of water deficiency 

(Cuevas-Velazquez et al. 2016). This could be a direct way of changing protein activity 

or localisation due to a direct change in conformation. 

 

Figure 1.7 – Potential osmo-sensor models to detect changes in cellular water levels in plants. 

Mechano-sensitive (MS) ion channels are affected by a change in turgor pressure levels that affects cell 

membrane tension causing the opening and closing of these channels (A). Receptor-Like Kinases (RLKs) 

contain an extracellular domain that binds cell wall components such as maltose or pectin. Changes in 

the cell wall composition can signal drought and subsequently lead to phosphorylation and further 

signal transduction (B) Intrinsic-disorder (ID) domains can change their 3-dimensional shape due to 

changes in water potential and attain new functions (C). (Scharwies and Dinneny 2019). 
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Finally, instead of measuring plasma membrane and cell wall components, could the 

cell measure a change in water flux? Water itself would not be the ideal component to 

measure as it is so ubiquitously present. However, could water flux be measured 

through the movement of a signal molecule dissolved in water? One such water proxy 

could be Reactive Oxygen Species (ROS). These formerly known toxic by-products have 

recently been linked to a role as abiotic signalling molecules (reviewed in Baxter et al. 

2014; Gilroy et al. 2014). ROS can easily move from cell-to-cell through plasmodesmata 

and can even control the flux by affecting callose accumulation (Benitez-Alfonso and 

Jackson 2009). Additionally, ROS and class III peroxidases are localized near the 

plasmodesmata, indicating some sort of ROS regulation of these water channels (Ehlers 

and van Bel 2010). Furthermore, ROS can also be transported from cell-to-cell via 

certain members of the TIPS and PIPs protein family, adding a secondary layer of fine-

tuning ROS fluxes (Bienert et al. 2007; Hooijmaijers et al. 2012). A possible receptor to 

measure this flux is yet unknown. Likely candidates for this role are Cysteine-rich 

Receptor Kinases (CRKs). This family appears to be involved in detecting and transducing 

extracellular ROS signals (Idänheimo et al. 2014; Bourdais et al. 2015). Multiple other 

Leucine-Rich Repeat (LRR) RLKs have  been implied to function in a similar manner and 

provide the plant with a valuable  set of receptors to sense stress (Hua et al. 2012; 

Bourdais et al. 2015). 

 

1.7 Could SUMOylation provide a water stress sensing mechanism? 

1.7.1 The SUMOylation cycle 

SUMO, or Small Ubiquitin-like Modifier, is a small polypeptide of approximately 11 kDa, 

found in both plant and eukaryotic cells. SUMO is bound to its substrate via a lysine 

residue in a process called SUMOylation, which enables plants to quickly respond to 

biotic and abiotic stress. In A. thaliana >1000 proteins are targets for SUMOylation, 

many of which are nuclear localised (Rytz et al. 2018). These proteins include 

transcription factors, coactivators, repressors and chromatin modifying proteins (Rytz 

et al. 2018). SUMOylation of a protein can cause a variety of responses including: (I) 

new protein-protein interaction, (II) a change in subcellular localisation, (III) a change in 

protein structure and activity, (IV) a blockage of protein-protein interaction, (V) SUMO-
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targeted ubiquitin ligases (STuBLs) protein mediated ubiquitination and protein 

degradation, (VI) or a blockage of a ubiquitination site thereby inhibiting ubiquitination 

(Morrell and Sadanandom 2019). New protein interactions can be formed through non-

covalent SUMO bonds with SIM sites (SUMO-interacting motif), thereby presenting the 

SUMOylated protein with a new range of interaction partners (Johnson 2004). 

Alternatively, SUMOylation can also prevent interaction by binding in a protein-protein 

interaction domain. The outcome of SUMOylation is not only dependent on the location 

of the SUMO binding site, but also on the number of SUMOs bound to a protein and the 

formation of poly-SUMO chains. This leads to a high variety of developmental responses 

all catalysed by the binding of one more SUMO peptides to a protein. 

 

The SUMO cycle is highly dynamic with many parallels to the ubiquitination pathway, 

consisting of activation, conjugation, and ligation (Fig. 1.8). It starts with the 

transcription and translation of inactive preSUMO that becomes activated through 

cleavage by SUMO proteases, exposing a glycine residue (Kurepa et al. 2003). The A. 

thaliana genomes encodes eight SUMO isoforms of which only four appear to be 

expressed (SUMO1, SUMO2, SUMO3 and SUMO5). Of these four, the highly similar 

SUMO1 and SUMO2 are dominant as they are both highly expressed and highly 

efficiently conjugated (Castaño-Miquel et al. 2011). The active SUMO can be bound by 

the E1 activation enzyme, which consists of a heterodimer of SAE1 and SAE2. Both 

SAE1a and SAE1b can be used to create the E1 complex, which needs ATP to form a high 

energy thioester bond between SUMO and SAE2. Activated SUMO is then transferred 

from E1 activation enzyme to the cysteine residue in the E2 conjugation enzyme, SCE1 

which catalyses SUMOylation onto lysines (K) of target protein/substrates. This 

conjugation enzyme recognizes the SUMO site by its motif: ψKXE/D, in which ψ denotes 

a large hydrophobic residue, K the acceptor lysine, X any amino acid, and E (glutamate) 

or D (aspartate).  

 

SIZ1 and HPY2 E3 ligase enzymes, interact with SCE1 to assist in the transfer of SUMO 

to substrates. However, SUMOylation can occur without E3 ligases, which begs the 

question of what the exact function of these E3 ligases is? Additionally, SUMO proteins 

can form poly-SUMO chains, leading to specific interactions with regulatory proteins 
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containing multiple SIM motifs (Aguilar-Martinez et al. 2015). This step is catalysed by 

E4 ligases of which two were identified in the A. thaliana genome, PIAL1 and PIAL2 

(Tomanov et al. 2014). These polySUMO chains are direct targets for STUbL binding, a 

new class of ubiquitin E4 ligases (Elrouby et al. 2013). Binding of STUbLs to poly-

SUMOylated substrate leads to ubiquitination and degradation of the substrate 

(Elrouby et al. 2013). At the end of the SUMO cycle, SUMO can be cleaved off of a 

substrate by deSUMOylating enzymes (isopeptidase activity). This refills the pool of free 

SUMO, as well as reverting the substrate into its prior non-SUMOylated state. These 

deSUMOylating enzymes are also crucial for maturing preSUMO at the start of the cycle 

by cleaving of the c-terminal peptide (peptidase activity).  

 

In plants deSUMOylation is believed to be the key process in response to sensing stress. 

This is due to three main reasons. First, levels of free SUMO in the cell are low, therefor 

most SUMO in the cell is believed to be conjugated to a substrate (Johnson 2004). 

Second, a limited number of SUMO E1 activators and E2 conjugators are found in the A. 

thaliana genome and they showed no specificity for the various SUMO proteins, thus 

these do not discriminate during conjugation reactions (Chosed et al., 2006). Third, in 

contrast to E2 and E3 enzymes, 14 SUMO proteases have been characterized in the A. 

thaliana genome. These SUMO proteases have diverse levels of isopeptidase and 

peptidase activity (Chosed et al. 2006). Additionally, the proteases cannot cleave the 

same SUMO’s, indicating possible diverse functions for some of these genes (Chosed et 

al. 2006). It is therefore proposed that in plants deSUMOylation provides the specificity 

to the SUMO system and plays a key role in regulation of stress responses. 
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Figure 1.8 – A schematic representation of the SUMOylation pathway with the correlating gene names 

in plants. This pathway starts with an inactive pre-SUMO, which is activated by SUMO proteases. Free 

SUMO is then bound, at the expenditure of one ATP molecule, by the E1 activating enzyme complex. 

The E1 activating enzyme transfers the SUMO peptide to the E2 conjugating enzyme (SCE1) which binds 

target substrate, of which there are over a 200, and needs the help of the E3 ligase to form the covalent 

bond between substrate and SUMO. The substrate can be SUMOylated multiple times with the help E4 

ligating enzymes, thereby forming a polySUMO chain. These polySUMO chains are targeted by 

ubiquitin E4 ligases termed STUbLs, which leads to substrate ubiquitination and degradation of the 

SUMOylated substrate. Lastly these SUMO bonds can be cleaved by SUMO proteases, after which the 

SUMO can be recycled. 

1.7.2 Environmental stress controls SUMO protease stability 

SUMOylation has been shown to be involved in development and responses to multiple 

stresses. Studies addressing the core SUMO machinery established that mutations in 

SAE1, SAE2, and SCE1 single mutants, and SUMO1 SUMO 2 and SIZ1 HPY2 (MMS21) 

double mutants were embryo lethal, indicating how essential SUMOylation is for plant 

developmental (Saracco et al. 2007; Ishida et al. 2012). However, single mutants for 
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some of this components and mutants in deSUMOylation genes have aided our 

understanding of how SUMO mediates stress responses, such as heat and cold stress, 

drought and salt stress, nutrient imbalance (Castro et al. 2012). 

 

During stress responses the level of SUMO conjugates rises rapidly, as observed first 

during heat and oxidative stress (Augustine et al. 2016). Putting plants back to normal 

temperature allowed for the slow reduction in SUMO conjugates, which illustrates the 

reversibility of this process. Genetically increasing the pool of available SUMO could 

increase level of SUMO conjugates levels (Kurepa et al. 2003). This provides evidence 

that the amount of SUMO is often the limited factor during a stress response. 

Proteomics studies revealed that under stress conditions the abundance of existing 

SUMO conjugates is often increased instead of SUMOylation of new targets (Miller et 

al. 2013). This might suggest the forming of SUMO chains is more important during 

stress. 

 

During drought stress the level of SUMO conjugates rapidly increase (Catala et al. 2007). 

This increase is partially dependent on the E3 ligase enzyme SIZ1 as level of SUMO 

conjugates are lowered in the siz1-3 knock-out mutant (Catala et al. 2007). Levels of 

crucial genes induced by drought stress were reduced in siz1-3, suggesting that 

SUMOylation affects the expression levels of these gene potentially by SUMOylation 

and activation of transcription factors (Catala et al. 2007). Additionally, siz1-2 and siz1-

3 showed increased drought resistance, potentially through negatively regulating 

stomatal aperture (Miura et al. 2013; Kim 2017). However, two independent 

publications showed decreased tolerance to drought after reducing SUMO conjugation, 

indicating that this is dependent on experimental conditions (Catala et al. 2007; 

Castaño-Miquel et al. 2017). Interestingly, under drought stress SIZ1 is SUMOylated 

potentially as a feedback mechanism to control E3 ligase activity (Kim et al., 2017). 

Another class of proteins that have been studied under drought stress are the OTS 

SUMO proteases. Knocking out OTS1/2 in rice exhibited drought tolerance, whilst 

overexpression led to drought sensitive plants and ABA accumulation (Srivastava et al. 

2017). The authors showed that OsOTS1 interacts with the OsBZIP23 transcription 

factor that regulated ABA and drought responses. In the OsOTS1 RNAi lines higher levels 
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of SUMOylated OsBZIP23 were found, resulting in more stable protein and increased 

expression of drought tolerant genes. OsOTS1 was degraded after drought stress and 

ABA treatment, suggesting that ABA accumulation leads to OTS1 degradation, which 

allows for the accumulation of SUMOylated OSBZIP23 and drought induced gene 

transcription (Srivastava et al. 2017). 

 

1.8 Aims 

The main aim of this thesis is to investigate how plant roots sense water distribution 

and which genetic pathways regulate lateral root branching towards available water, ie. 

the lateral root hydropatterning response. 

 

In Chapter 2 I will give an overview of all the techniques and materials used for this 

study. 

 

In Chapter 3 I first characterize the cellular and tissue scale processes that control LR 

hydropatterning, demonstrating that both LR initiation and primordium emergence are 

controlled by external water availability. 

 

To elucidate the role of ARF7 SUMOylation on lateral root hydropatterning transgenic 

ARF7 constructs with mutated SUMO sites were constructed. In Chapter 4 I 

demonstrated that SUMOylation of ARF7 is crucial for the asymmetrical expression of 

its direct downstream target LBD16. In addition, I demonstrated that LBD16 is expressed 

in cells underneath the pericycle, the xylem-procambium cells. 

 

After demonstrating that ARF7 SUMOylation is crucial for LR hydropatterning, I 

investigated which genes regulate the ARF7 SUMO status. The results in Chapter 5 

demonstrate a role for the SUMO protease OVERLY TOLERANT TO SALT 1 (OTS1) in 

regulating ARF7 deSUMOylation (Fig. 1.9). I characterize the role of OTS1 as a putative 

water sensor by examining its expression and protein localisation. I observed that OTS1 

is expressed in the pericycle, but does not exhibited an asymmetrical localisation akin 
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to LBD16. Instead, I propose that OTS1 controls ARF7 SUMO status and LR 

hydropatterning by an activity gradient. 

 

In Chapter 6 I review the regulatory pathway controlling LR hydropatterning that has 

been elucidated in this thesis and discuss the impact of my observations and the future 

direction of this research. 

 

 

Figure 1.9 – The hypothesizes role of SUMO protease OTS1 in the lateral root hydropatterning 

signalling pathway. On the root side exposed to air ARF7 is SUMOylated, which causes recruitment of 

IAA3 repressor proteins through SUMO and SIM interaction. This leads to ubiquitination of ARF7 and 

subsequent degradation by the proteasome. On the root side exposed to water ARF7 is 

deSUMOylated through activity of OTS1 causing ARF7 to actively transcribe target genes such as 

LBD16 to drive LR initiation. 
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2  MATERIALS & METHODS 

 

2.1 Plant lines and growth conditions 

2.1.1 Arabidopsis thaliana material 

Arabidopsis thaliana, ecotype Columbia (Col-0), was used as the control for all 

experiments. The following mutant alleles were used in these experiments: 

Table 1 - Mutants and primers used in this thesis 

Mutants Insert ID FW genotyping primer RV genotyping primer 

arf7-1 SALK_040394 AGCACATCACCATTTAGGTGC CAGCTAGATCGTTCGAAATGG 

lbd16-1 SALK_095791 TTTCTTCCTTTTTGCTTTGCC CAATGGCCAGTGACTTAAAGC 

lbd18-1 SALK_038125   

lbd29-1 SALK_071133   

ots1-1 SALK_022798 GATGATGCAAGGAGGCTAGTG GTAGGATCAGCGAAGCTGTTG 

ots1-2gk GK-207D11-
014550 

GTGCAAAGCAGTTTGATTCTGG CACAAACGGACCACAATCAA 

ots2-1 SALK_001579 GCTTCTTCCGGTTTAAACCAC TTTTTCTTCTGGCGACTCATG 
 

siz1-3 SALK_034008 ATCCTTGAGTGGAGGTGACG AATGACGCAAACAGAAAAGACA 

 

The OTS and siz1-3 mutants were kindly provided by Prof. Ari Sadanandom (The 

University of Durham). The ots1-2gk was supplied by the Nottingham Arabidopsis Stock 

Centre (NASC). pLBD16::gLBD16:GFP and 35S::gLBD16 (LBD16 OE) was donated by 

Tatsuaki Goh (Goh et al., 2012). 

2.1.2 A. thaliana growth 

A. thaliana seeds were sterilized using 30 % (v/v) bleach for 4 minutes and afterwards 

washed with 0.0001 % Triton followed by five washes with sterile water and then plated 

out on agar. The plates were sealed with micropore tap and stratified at 4 °C for 24 

hours in the dark. Seeds were germinated on media containing ½ MS (2.2 g/L) 

(Murashige and Skoog media, Sigma), 0.5 g/L MES, 0.5 % sucrose and 1 % Bacto agar at 

pH 5.8. Seedlings were grown in Conviron growth cabinets in a continuous temperature 

of 23 °C with a 16 h photoperiod (120 μmol m−2 s−1). 

 



55 
 

2.2 Plant phenotyping analysis 

2.2.1 LR hydropatterning phenotyping bioassay 

In order to quantify the orientation of the lateral root emergence in respect to the agar 

surface on the plate, the LR hydropatterning phenotyping bioassay was used described 

in Bao et al., (2014) and Orosa-Puente et al., 2018. In short, a light microscope (8x 

magnification) was used to determine emergence orientation of lateral roots from 

twelve day old seedlings. Images of whole plates were taken using a Canon digital 

camera. Primary root length was measured using the NeuronJ plugin in ImageJ. LR 

number was counted manually and LR density was calculated in Excel. 

2.2.2 Bending assay 

Plates containing 5 day old seedlings were turned 90°. Seedlings were transferred after 

18 hours and 48 hours into labelled petri dishes containing acidified methanol (0.24 M 

HCL in 20 % MeOH) and placed into a 55 °C incubator for 15 min.  The solution was 

replaced with a 7 % NaOH solution containing 60 % EtOH for another 15 mins.  The roots 

were then further rehydrated in a series of EtOH solutions (40 %, 20 % and 10 %) for 10 

mins each. They were then put in 50% glycerol solution and stored in 4 °C in the dark. 

Seedlings were transferred to a microscope slide and LRP stage development analysed 

on a brightfield microscope (Zeiss) with 40x magnification. 

2.2.3 Plant growth on salt media 

Seeds were germinated on ½ MS media. 5 dpg seedlings were transferred to mock (½ 

MS media) plates or plates containing ½ MS media and 100 mM NaCl (added before 

autoclaving). After transfer to fresh plates, the primary root growth was marked to be 

able to distinguish growth after transfer from growth before transfer. 7 days after 

transfer images were taken and root parameters (i.e. primary too growth, LR number 

and density) measured using Fiji software. 

2.2.4 Plant growth on auxin media 

Seeds were germinated on ½ MS media. 5 dpg seedlings were transferred to mock (½ 

MS media plus 0.01% EtOH) plates or plates containing ½ M media and 50 nM NAA 

(dissolved in 100% EtOH, final concentration 0.01%) or 200nM NAA (added after 

autoclaving). After transfer to fresh plates, the primary root growth was marked to be 
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able to distinguish growth after transfer from growth before transfer. 7 days after 

transfer images were taken and root parameters (i.e. primary too growth, LR number 

and density) measured using Fiji software. 

2.2.2 Lateral root staging 

Seedlings were grown and transferred similarly as in section 2.2.4 on ½ MS media plus 

0.01% EtOH and 50nM NAA plus 0.01% EtOH. Primary roots were cut off from the 

section just above the first fully emerged lateral root. This root sections was then 

cleared following the same protocol as in section 2.2.2. Roots were then transferred to 

a microscope slide and LRP stage development analysed on a brightfield microscope 

(Zeiss) with 40x magnification. 

2.3 DNA extraction and genotyping 

2.3.1 DNA extraction 

Leaves of three week old A. thaliana seedlings were harvested in Eppendorf tubes 

containing 200 µl DNA extraction buffer. This buffer consists of 200 mM Tris-HCl (pH 

7.5), 250 mM NaCl, 25 mM EDTA, and 0.5% SDS diluted ten times with 10 mM Tris-HCl 

(pH 8) and 1 mM EDTA buffer. The leave tissue is then crushed against the tube walls 

by use of a P1000 pipette tip. Plant residues are removed by centrifugation at 14,000 

rpm for 5 min. Afterwards the supernatant containing the DNA can be transferred to a 

clean tube. 1µl of extracted DNA solution can be used in 20 µl PCR reactions. 

2.3.2 PCR set-up 

PCR reaction mixtures contained 2 µl of 10X PCR reaction buffer (Sigma), 0.4 µl dNTPS 

(Sigma), 1 µl of each primer, 0.4 µl JumpStart taq polymerase, 1 µl sample DNA solution 

and 14.2 µl of deionized water. PCR strips were placed into PCR machine running the 

following program: 2 min on 94 °C then 35 cycles of 30 s on 94 °C, 30 s on primer specific 

temperature and flexible time, depending on product size, on 72 °C. These cycles were 

followed by an extra DNA extension time of 10 min on 72°C and finished on a 

temperature of 4 °C at which point it can be taken out. 

2.3.3 Gel electrophoresis 

To run the PCR product a 1% agarose (Sigma) gel was made using 1X TBE buffer solution. 

The solution was heated up until all agarose particles were dissolved and cooled down 
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before adding 0.01% Ethidium Bromide and pouring it into a mould. The gel was then 

placed inside of the gel electrophoresis tank. Before loading of the PCR product, 6 µl of 

loading buffer was added to the sample and mixed in. 10 µl of the resulting sample was 

loaded and run on 100 V for 40 min. Next, the gel was imaged using a UV light box (trans-

illuminator). 

2.3.4 PCR purification 

5 µl of PCR product was run on a gel to check product size and specific primer binding. 

The remaining 15 µl of PCR product was purified using PCR purification kit (GeneJET, 

Thermo Scientific). Purified product was diluted in elution buffer and stored at -20°C. 

2.3.5 DNA gel extraction 

The DNA was briefly visualized using a UV light box and excised. Excised DNA was then 

purified using a gel extraction kit (GeneJET, Thermo Scientific). Purified DNA was eluted 

in elution buffer provided with the kit. 

2.3.6 DNA sequencing 

Plasmid DNA and PCR products were prepared for sequencing in accordance with 

Source Bioscience guidelines (www.sourcebioscience.com/services/genomics/sanger-

sequencing-service/). 

2.4 Gene cloning and construct design 

2.4.1 Multisite Gateway cloning 

pOTS1::3xVenus was made using Multisite Gateway. pOTS1 was amplified using A. 

thaliana DNA, whilst OTS1 CDS was amplified using A. thaliana cDNA. PCR fragments 

were cloned into Gateway compatible pENTRY vectors. Recombination with Gateway 

recombinant cloning technology) assembled the multiple DNA fragments into the 

pk7m34gw0_rc destination vector.  

 

 

 

http://www.sourcebioscience.com/services/genomics/sanger-sequencing-service/
http://www.sourcebioscience.com/services/genomics/sanger-sequencing-service/
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Table 2 - Gateway vectors used 

Gene/con
struct 
name 

Box FW primer RV primer 

pOTS1 Box1 GGGGACAACTTTGTATAGAAAAGTTGCTA
GTAGTGAATTGCTTTGGAGTC 

GGGGACTGCTTTTTTGTACAAACTT
GCCACCTTAGAACTTCTGTCCACCT
CCTG 

pENTR_3
xVENUS_
N7 

Box2 Multisite Gateway kit 
 

OTS1 
(CDS) 

Box2 GGGGACAAGTTTGTACAAAAAAGCAGGC
TATGACGAAGAGGAAGAAGGAAGTAATA
GATG 

GGGGACCACTTTGTACAAGAAAGC
TGGGTcCTCTGTCTGGTCACTGACA
CGG 

nosT 
(Terminat
or) 

Box3 Multisite Gateway kit 
 

OTS1 
(CDS) 

Box3 aacaggtctcgaacaATGACGAAGAGGAAGA
AGGAA 

aacaggtctctagccCTCTGTCTGGTCA
CTGACACG 

VENUS_N
7 

Box3 Multisite Gateway kit 
 

 

2.4.2 GreenGate cloning 

pOTS1::OTS1:mVenus, pOTS1::gOTS1:GFP and pOTS1::gOTS1:mCherry were made 

using GreenGate cloning. pOTS1 and gOTS1 were cloned into GreenGate compatible 

pENTRY vectors. Recombination using GreenGate technology was used to assemble 

final constructs in pGGZ003 or pGGZ003-RMM destination vectors. The Greengate 

pENTRY vectors were supplied by Lampropoulos et al (2013) via Addgene. 
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Table 3 - GreenGate vectors used 

Gene/cons
truct name 

Modu
le 

FW primer RV primer 

pOTS1 A AACAGGTCTCGACCTctagtagtgaattgcttt
ggag 

ACCAGGTCTCGTGTTttccgagagaga
acgaagg 

B-dummy B GreenGate cloning kit 
 

mVenus (N-
tag) 

B GreenGate cloning kit 
 

gOTS1 C ACCAGGTCTCGGGCTTTATGACGAAGA
GGAAGAAGGA 

AACAGGTCTCTCTGACTCTGTCTGG
TCACTGACA 

mCherry D GreenGate cloning kit 
 

GFP D GreenGate cloning kit 
 

mVenus (C-
tag) 

D GreenGate cloning kit 
 

D-dummy D GreenGate cloning kit 
 

RBCS 
Terminator 

E GreenGate cloning kit 
 

Hygromyci
n 

F GreenGate cloning kit 
 

 

2.4.3 Plasmid DNA isolation 

Liquid cultures of colonies containing construct were incubated in a 37 °C shaker 

overnight. Plasmid was extracted using the plasmid mini-prep kit (GeneJET, Thermo 

Scientific). Extracted plasmid was eluted in elution buffer provided with the kit and 

stored at -20°C 

 

2.4.4 Floral dipping protocol 

The resulting plasmid was transformed into Agrobacterium tumefaciens GV3101 strain 

by electroporation and transformed into A. thaliana plants by the floral dip method 

described in (Clough and Bent 1998). T1 seedlings were selected through plating on 

media containing ½ MS, 1% bacto-agar and the appropriate concentration of antibiotic. 

2.4.5 Construct data storage 

DNA sequences, primers, sequence alignments and plasmid maps were stored on 

Benchling.com.  
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2.5 Confocal microscopy 

2.5.1 Lateral root deviation angle measurements 

A. thaliana seedlings were carefully (without moving them) glued on the media plate 

using 1% agarose. Root segments (2 cm in length from the root tip) were cut out 

(including the gel) and transferred to a sample holder as previously described. The 

entire volume of the root was captured, including the gel substrate, using a 405-nm 

laser (laser intensity in ZEN set to 35%). Autofluorescence was filtered between 505 and 

545 nm. The angles of the xylem pole axis and of the lateral root relative to the surface 

of the medium were measured in a cross-section using ImageJ/Fiji (ImageJ). Agar was 

visualized by a difference in contrast between water and agar. The image was then 

rotated to position the agar at the bottom of the image in parallel with the horizon. The 

angle between agar and xylem pole initiation site could then be measured using the 

angle tool on Fiji software by drawing one line between both xylem poles, which are 

characterized by a high level of auto-fluorescence resulting in two bright dots. Another 

line was drawn from the agar with a straight bend (90°) up to the xylem pole furthest 

from the LRP. The angle between these lines is termed the initiation site angle since it 

points towards the xylem pole wherefrom a LRP initiates. A third line was drawn 

between initiation site near the xylem pole and the centre of the LRP (yellow line in Fig. 

3.1C). The angle between this line and the xylem pole axis line results in the LRP 

deviation angle, as it measures the deviation between xylem pole axis and LRP 

emergence. The LRP deviation angle are presented as follows: orientations towards the 

gel have positive values and those away from the gel have negative values.  

2.5.2 Multi-view imaging employing Light Sheet Fluorescent Microscopy for 

investigating lateral root hydropatterning 

A. thaliana seedlings expressing pOTS1::OTS1-mVenus, pOTS1::mVenus-OTS1 and 

pLBD16::gLBD16:GFP were grown on the surface of media plates. Roots were covered 

with 1% agarose containing fluorescent beads (PS-Speck, fluorescent beads, 

ThermoFisher, Catalog number: P7220). two cm root segments from the root tip were 

cut out, including the media and transferred to a sample holder similar to the protocol 

previously described. Roots were imaged with a Zeiss Light Sheet Fluorescent 

Microscope Z1. Images were captured using the W Plan-Apochromat 20x/1.0 and the 
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PCO.edge camera module (CMOS, 1920x1920 pixel). Excitation wavelengths: 488 nm 

for GFP and 514 nm for YFP. Emission filter: Bandpass 505-545 nm for GFP and Bandpass 

525-545 nm for YFP. Multi-view images were set up using the Quick-Setup option in the 

ZEN software. Single views were fused using the bead-based registration using the Fiji 

plugin Multiview Reconstruction (Preibisch et al. 2010, 2014). 

2.5.3 Confocal microscopy using the Leica SP5 and SP8 

A. thaliana seedlings were grown on the surface of media for 5 days. Seedlings were 

carefully transferred to a microscope slide and covered by a cover slip. For cell wall 

staining propidium iodide solution (15 μg ml-1) was used before the addition of a cover 

slip. Confocal microscopy was performed using a Leica SP5 or SP8 confocal laser 

scanning microscope (Leica Microsystems). Roots were imaged from the root tip to the 

shoot using the argon 488 nm laser (GFP) or 514 laser (Venus). Emission was detected 

at 505 – 550 nm for GFP, 525 – 560 nm for mVenus and 600 – 650 nm for pi. 

2.5.4 Relative fluorescence measurements. 

Relative fluorescence, or intensity, was measured using ImageJ software. In the case of 

LBD16-GFP and OTS1-Venus asymmetry study, the relative fluorescence of 10 nuclei on 

either side were analysed and averaged using the max projection images. The mean 

fluorescence and standard error were then plotted in box plots. In case of the LBD16-

GFP vasculature vs pericycle data, the relative fluorescence of two vasculature and two 

pericycle nuclei were measured in each dataset and averaged. 

2.6 Gene expression analysis 

2.6.1 Plant growth and harvest 

Total RNA was extracted from five day-old seedlings grown on ½ MS media. The roots 

were cut two cm up from the tip and pooled together with a total of 12 roots per sample 

tube and three samples per independent line. 

2.6.2 RNA extraction and RT qPCR 

RNA was extracted by snap-freezing roots in liquid nitrogen and grinding before 

treatment with Trizol and chloroform followed by use of the column from the Qiagen 

RNeasy kit and a DNAse treatment. RNA levels were measured using a NanoDropTM 

1000 Spectrophotometer (Thermo Scientific) and stored at -80 °C. Total RNA 
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concentration per sample was then normalized before cDNA synthesis using the 

SuperScript™ II Reverse transcriptase kit (Invitrogen) and oligo dT primers (Invitrogen). 

The cDNA was stored for a month in -20°C. RT-qPCR was performed using the Roche 

Lightcycler 480 system and software. Reactions contained 5 µl cDNA, 6 µl 2x SYBR Green 

Mastermix (Roche), 0.1 µl of forward and reverse primer (100 µM) and 0.8 µl RNA-free 

water. The following default PCR program (40 cycles) was run: 95 °C for 10 min (first 

denaturation), 95 °C for 10 s, 60 °C for 30 s (amplification), 95 °C for 1 min, 60 °C for 30 

s and 95 °C continuous (dissociation curve).  Average CT values were derived from 3 

technical replicates. Relative transcript abundance was calculated using the 

comparative CT method (Livak and Schmittgen 2001). Expression was normalised by 

comparing with ACTIN7 (At5g09810) expression. Gene expression in plots are relative 

to corresponding gene expression in Col-0. 

Primers shown here were designed using Roche universal probe library online software 

(https://lifescience.roche.com/en_gb/brands/universal-probe-library.html#assay-

design-center). 

Table 4 - RT qPCR primers used 

Gene FW primer RV primer 

ACT CCGCTCTTTCTTTCCAAG CCGGTACCATTGTCA 

ARF7 tagctgtcaacgatgctgga agcctcgtttttgcacctt 

LBD16 AGCCGCCGGAGATCTAAGACA CACTAGTTTGTTGCCACGTCATAAAC 

OTS1.1 CGTAGAGTTTTAGAAGGCTCGAA GCGGTAAAACATCTGAACCTG 

OTS1.2 TCAGCGAAGCTGTTGTTCAG CACAAACGGACCACAATCAA 

OTS2 tcccaatatgatcaacgaagc aaacgtcttatgaagaagagcagaa 

2.7 Hormone treatments 

2.7.1 General hormone treatment 

5-day old A. thaliana seedlings containing pOTS1::OTS1-mVENUS; pOTS1::mVENUS-

OTS1 and pOTS1::3xmVenus were treated with a drop of mock (0.1% DMSO), 1µM 1-

Naphthaleneacetic acid (NAA, auxin), 10 µM abscisic acid (ABA), 10 µM 6-

Benzylaminopurine (BA, cytokinin), 10 µM salicylic acid (SA) and 10 µM 1-

Aminocyclopropane-1-carboxylic acid (ACC, ethylene) on the root tip (1cm). These 

hormones were all dissolved in DMSO and had a final concentration of DMSO of ≤ 0.1%. 

Roots were scanned after 4 hours of treatment. Root meristems of OTS1-Venus lines 

https://lifescience.roche.com/en_gb/brands/universal-probe-library.html#assay-design-center
https://lifescience.roche.com/en_gb/brands/universal-probe-library.html#assay-design-center
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were scanned on the SP8, root meristems of pOTS1::3xmVenus were scanned on the 

SP5. Within experiments the same laser power, pinhole and digital gain were used. 

2.7.2 Relative fluorescence measurements 

The relative fluorescence after hormonal treatment of pOTS1::OTS1-mVenus and 

pOTS1::mVenus-OTS1 lines was measured by measuring fluorescence per area. The 

integrated density of a square on the epidermis was measured and divided by the total 

area of the measured square to gain the fluorescence per area of the OTS1 expression 

nuclei in the epidermis layer. 

In the case of pOTS1::3xmVenus, a square was measured incorporating the quiescent 

centre and columella cells. Integrated density and area were then used to calculate 

relative fluorescence per area. 

2.8 Phylogeny reconstruction 

Full-length ARF protein sequences were downloaded from multiple online databases 

(table 5). These sequences were aligned using MUSCLE alignment (Edgar 2004) and data 

viewed with Mview (Brown et al. 1998). 

Table 5 - Species, gene codes and databases used for ARF phylogeny 

Species Gene code Database 

Mesotaenium caldariorum Mcaldo2048527 (proto-ARF A/B) 1000 plants (1KP) project 

Marcantia polymorpha Mapoly0019s0045.1 (MpARF1) Phytozome 

Physcomitrella patens  Pp3c1_14480 (PpARFa1) 
Pp3c2_25890 (PpARFa3) 
Pp3c13_4720 (PpARFa4) 

Phytozome 

Selaginella moellendorffii Selmo117217 (SmARFa1) 
Selmo424114 (SmARFa2) 
Selmo181406 (SmARFa3) 

Phytozome 

Picea abies Pabies00020544 (ARF-AI) 
Pabies00012050 (ARF-AII) 
Pabies00010949 (ARF-AIII) 

PLAZA  

Arabidopsis thaliana AT5G20730.1 (ARF7) 
AT1G19220.1 (ARF19) 
AT1G19850.1 (ARF5) 
AT1G30330.2 (ARF6) 
AT5G37020.1 (ARF8) 

Phytozome 
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The same approach was used to align LBD16 (AT2G42430), LBD17 (AT2G42440), LBD18 

(AT2G45420), LBD29 (AT3G58190) and LBD33 (AT5G06080). Bootstrap values were 

generated in MEGA-X software. 

2.9 Statistical analysis 

Data was plotted using GraphPad PRISM v8. The statistical tests were performed using 

IBM SPSS v24 software. Data was analysed using student T-test when two groups were 

compared or one-way Analyses of Variances (ANOVA) followed by Tukey’s honestly 

significant difference (HSD) post hoc test (p ≤ 0.05; 95% confidence interval) when more 

than two groups were compared. Statistically similar groups are indicated by similar 

letters. Bivariate Pearson correlation was used to test the linear relationship in Chapter 

3. 
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3  EARLY DEVELOPMENTAL PLASTICITY OF LATERAL 

ROOTS IN RESPONSE TO ASYMMETRIC WATER 

AVAILABILITY 

Jason Banda and Daniel von Wangenheim  

Parts of this chapter have been published as: von Wangenheim, D., Banda, J., Schmitz, 

A., Boland, J., Bishopp, A., Maizel, A., Stelzer, E.H.K., Bennett, M., 2020. Early 

developmental plasticity of lateral roots in response to asymmetric water availability. 

Nature Plants 6, 73–77. 

3.1 Introduction 

Root branching is influenced by its local soil environment and displays a high level of 

plasticity. The heterogenous soil and distribution of its resources makes it crucial for a 

plant to branch specifically in locations containing nutrients and water. Plants have 

adapted multiple mechanisms to find resources and branch towards them, for example 

branching is induced in nutrient rich patches (Drew 1975) and reduced in water limiting 

areas (Babe et al. 2012; Orman-Ligeza et al. 2018). When water is asymmetrically 

available on one side of the root, the branching is specifically directed to the water 

exposed root side, termed lateral root (LR) hydropatterning (Bao et al. 2014). This 

response is regulated through auxin response and mediated through a ARF7-LBD16 

dependent pathway (Orosa-Puente et al. 2018). The authors visualized that 70-80% of 

the emerged lateral roots are orientated towards the agar. However, it remains unclear 

whether the bias in water availability directs LR initiation or emergence. 

A. thaliana roots are built up of a diarch system containing two xylem and two phloem 

poles (Casero et al. 1993). LRs primarily stem from one of three Xylem-Pole Pericycle 

(XPP) cells on top of one of these xylem poles (Blakely et al. 1982; Casero et al. 1993). 

These XPP cells retain their meristematic abilities and can re-enter the cell cycle (Parizot 

et al. 2008). This idea is based on the characterization of small vacuoles, dense 

cytoplasm and ribosomes in XPP cells and ability to remain longer in the G2 phase of 

the cell cycle (Beeckman et al. 2001; Himanen et al. 2004; Parizot et al. 2008). In 

contrast, Phloem-Pole Pericylce (PPP) cells, overlaying the phloem poles, retain no 
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meristematic ability (Parizot et al. 2008). A set of two longitudinally adjacent XPP cells 

in the differentiation zone, termed lateral root founder cells (LRFCs) undergo anticlinal 

division to start the initiation of a new LRP (Malamy and Benfey 1997; Van Norman et 

al. 2013). The first division is anticlinal (along the shoot-root axis), afterwards the LRFCs 

divide periclinal (along the radial axis) to form a dome-shaped primordium. Although 

new research on this topic demonstrated that possibly only one FC starts to divide and 

forms the stage 0 of LRP development (Torres-Martínez et al. 2020). After which the 

immediate neighbours, both longitudinal and radial, are recruited. These pericycle cells 

will be the ground layer for an entire LRP that can consist out of five to eight radially 

orientated pericycle cell files (Casero et al. 1993; Laskowski et al. 1995; Von 

Wangenheim et al. 2016). There is some variation in number of cell files that make up 

the LRP and how these contribute to the complete LRP and its development. However, 

data suggests that LRP morphogenesis is based on an extensive set of rules that 

determine cell growth and division orientation (Von Wangenheim et al. 2016). There is 

a great level of plasticity in the regulation of cell growth and division needed to explain 

the LRP growth dynamics after the first anticlinal division. How this plasticity in growth 

and division of LRP is regulated remains unknown.  

After the LRFC initiation stage, LRP emerge through overlying tissue layers; namely the 

endodermis, cortex and epidermis (Malamy and Benfey 1997). The endodermis is the 

first layer that the developing LRP must cross. The overlaying endodermis cells receives 

signals from swelling LRFC’s to promote cells volume loss, change shape and locally 

degrade the Casparian strip in the overlying endodermal cells. These developmental 

steps allow the LRP to grow through the first barrier (Vermeer et al. 2014). In turn, the 

endodermis signals back to the LRFCs for them to start swelling and enter cell division. 

This cellular cross talk is under tight regulation of the phytohormone auxin. After LRFC 

specification, a PIN3 driven auxin reflux from the overlying endodermis is required to 

progress the LRFC to the next initiation phase (Marhavý et al. 2013). Key to this it the 

polar re-localisation of PIN3 towards the plasma membrane facing the LRFC, to drive 

efflux of endodermal auxin towards the LRFCs. Additionally, auxin originating from the 

initiating LRFC’s can induce cell wall modification and cell separation in the overlaying 

tissue (Swarup et al. 2008). The sequentially induction of PIN3 auxin efflux carrier 
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followed by the influx carrier LAX3, was shown to select two cortex cells for separation 

to allow emergence growth (Peret et al. 2013). Thus, auxin signalling between the 

overlying cells is of high importance for the outgrowth direction of the developing LRP.  

Auxin signalling in the overlying endodermal cells can directly affect LR initiation in the 

XPP cells. Vermeer et al., (2014) demonstrated this by over-expressing a shy2-2 gain-of-

function mutant, IAA3, in the elongating endodermal cells specifically using the CASP1 

promoter. shy2-2 gain-of-function mutants have a missense mutation in domain II, 

which causes it to become less degradable (Tian et al. 2002). Without auxin-mediated 

degradation of SHY2/IAA3, ARF transcription factors will stay inactive and the plant 

becomes unable to activate auxin responses resulting in a number of phenotypes, 

including a reduction in the number of LRs. By expressing the shy2-2 allele solely in the 

endodermis, the auxin-IAA3 response is specifically blocked in endodermal tissue 

(Vermeer et al. 2014). Experiments with this line revealed that a functional de-

repression of auxin response, through auxin mediated degradation of SHY2, is necessary 

to allow for the loss of volume and cell shape change needed for LRP emergence 

through the endodermis (Vermeer et al. 2014). Without functional auxin signalling in 

the endodermis and feedback from this to the LRFCs in the XPP cells, the LRFC will not 

enter the cell cycle nor start swelling. This result revealed a strong signalling feedback 

from two neighbouring tissue types in initiation of LRs. 

The volume changes seen in the LRP development are likely caused by the intercellular 

connectivity between these cells and neighbouring cells under control of auxin. 

Coordination of aquaporin expression and plasmodesmata opening and closing due to 

callose deposition are instrumental in building up turgor pressure in the LRP, whilst 

reducing the volume in the overlaying endodermis (Péret et al. 2012; Benitez-Alfonso 

et al. 2013). Exogenous auxin treatment represses the expression of almost every 

aquaporin, whilst the expression of the aquaporin PIP2;1 is solely maintained at the 

base and underlying vasculature. This might be increasingly important as developing 

LRP slowly become symplastically isolated through closure of plasmodesmata (Benitez-

Alfonso et al. 2013). LRP reach complete symplastic isolation at stage 4 of LRP 

development. Overlying LRP cells are also targets for plasmodesmatal modification. 

Auxin in these cells controls the spatiotemporal distribution of PLASMODESMATA-
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LOCATED PROTEIN5 (PDLP5). pdlp5 knock-out mutants displayed increased callose 

deposition on the plasmodesmata, whilst overexpression has the opposite effect (Lee 

et al. 2011). In the overlying cells, PDLP5 moves to the plasma membrane to restrict 

cell-to-cell movement of water in an auxin mediated way (Sager et al. 2020). Symplastic 

isolation of the LRP and overlying cells would increase the importance of water 

transport during the swelling of the LRP through aquaporins. Based on mathematical 

modelling and experimental validation, Péret et al., (2012) constructed a model in which 

water uptake of the overlying cells is reduced and transport is promoted towards the 

swelling primordium (Péret et al. 2012). However, it remains unclear which proteins 

contribute to this change in waterflow and how water flow from the external 

environment can impact LRP emergence direction. 

In this chapter Light Sheet Fluorescence Microscopy (LSFM) is applied to understand 

which stage of LRP development is affected by the non-uniform distribution of water. 

This demonstrated a strong regulation of LR emergence towards the water containing 

agar when the initiation site was close to the air exposed side. The observed LR 

deviation angle is driven by growth and division of lateral root flanking cells that steer 

the LR quiescent centre into the direction of water. Additionally, use of 

LBD16pro::gLBD16-GFP showed a high level of flexibility in positioning of the LRFC 

initiation site. This creates early development angle towards agar even in the case when 

the initiation site is distal to the agar. Results suggest that both initiation site positioning 

in XPP cells and LRP angling during emergence are steered by external water availability.  
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3.2 Results 

3.2.1 Light Sheet Fluorescence Microscopy as a tool to visualize LRP emergence 

angle. 

To visualize the LRP initiation site and emergence angle when grown on agar, we 

deployed a LSFM approach. A. thaliana roots were first glued onto the agar using 1% 

low-melting agarose. Primary root and agar sections were cut from the early 

differentiation zone, where the LRP are in early stages of development, through to the 

full emergence of the youngest lateral root (Fig. 3.1A). In this way we can focus solely 

on non-emerged LRP. The root and agar section were then placed upon a LSFM holder 

and put into the Light Sheet chamber filled with water (Fig. 3.1B). The entire root 

volume was captured using the 405-nm laser (laser intensity 35%). Autofluorescence 

was filtered from 505 till 545-nm. Agar was visualized by a difference in contrast 

between water and agar. The image was then rotated to position the agar at the bottom 

of the image in parallel with the horizon. The angle between agar and xylem pole 

initiation site could then be measured using the angle tool in Fiji software by drawing 

one line between both xylem poles (white dotted line in Fig. 3.1C), which are 

characterized by a high level of auto-fluorescence resulting in two bright dots. Another 

line was drawn from the agar with a straight bend (90°) up to the xylem pole furthest 

from the LRP (purple dotted line in Fig. 3.1C). The angle between these lines is termed 

the initiation site angle since it points towards the xylem pole from where a LRP 

initiates. A third line was drawn between initiation site near the xylem pole and the 

centre of the LRP (yellow line in Fig. 3.1C). The angle between this line and the xylem 

pole axis line results in the LRP deviation angle, as it measures the deviation between 

xylem pole axis and LRP emergence. LRP that grew towards the agar were given a 

positive value, whilst LRP emerging away from the agar a negative value, indicating if a 

LRP angles towards or away from the water source. 
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Figure 3.1 – Light Sheet Fluorescence Microscopy (LSFM) set-up for imaging lateral root deviation 

angles. Root and agar sections were cut from A. thaliana plants grown for 12 days (A). These sections 

were placed on a holder and glued on with low melting agarose (B).  The holder and sample were placed 

into the Light Sheet chamber and z-stacks scanned with the 405 laser (C). We were then able to visualize 

the agar (left of the green line), xylem pole axis (white dotted line) and lateral root primordium (orange 

field and yellow line) by the difference in contrast. These were then used to measure the angle between 

agar and xylem pole initiation site (black dotted angle) and the angle between xylem pole axis and 

lateral root primordium (yellow dotted line). 
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3.2.2 Lateral root initiation and emergence angle is influenced by the availability 

of water 

The three-dimensional (3D) image stacks were used to investigate xylem pole axis and 

LRP emergence angles relative to agar. This demonstrated that the orientation of the 

xylem pole axis in comparison with the agar was completely random and not influenced 

by the position of the agar (Fig. 3.2A). Likewise, the initiation site of LRP, where the 

yellow line meets the purple line, was not affected by the availability of water. 54% of 

the LRP initiations sites were nearer to the agar vs 46% towards the air exposed root 

side (Fig. 3.1B). In contrast, 79% of the LRP angle towards the agar when considering 

initiation site and LRP angle (end of the yellow line in Fig. 3.2A). The schematic of LRP 

outgrowth suggests that when LRP initiate on the air side, they bend towards the agar 

to secure optimal water uptake by the new organ. Furthermore, when a root initiates 

on the agar side, the lateral root bends away from the agar. To further assess this 

bending behaviour the angle of the LRP relative to the xylem pole axis was measured 

and termed the LRP deviation angle. In case of no deviation angle (0°), the LRP would 

initiate and emerge in a straight line from the xylem pole axis (Fig. 3.2C). When the LRP 

would emerge in a strong, almost 90°, angle away from the xylem pole axis we termed 

this as a strong deviation angle (Fig. 3.2C). To classify all the possible initiation sites and 

LRP deviation angles, we plotted these out against each other. Four classifications were 

made depending on the position on the graph: (I) initiation site on the xylem pole 

closest to agar and LRP deviation away from agar (bottom left), (II) initiation site away 

from agar and deviation away from agar (top left), (III) initiation site away from agar and 

LRP deviation towards agar (top right), and lastly (IV) initiation site near agar and LRP 

deviation towards agar (bottom right) (Fig. 3.2D). There was a clear trend visible in 

which most initiation sites near the agar have LRP deviation angles away from the agar 

towards the agar surface. In contrast, when a primordium initiates on the xylem pole 

distant from the agar it tends to bend towards the agar. This positive correlation was 

tested by Pearson correlation coefficient and found to be robust, with r = 0.6901(P = 

<0.0001; two-tailed test). These results indicate a highly plastic organ emergence 

steered by the position of agar. 
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To investigate if LRP initiation and emergence angle is truly controlled by the availability 

of water, the initiation sites and LRP deviation angle were measured when roots were 

grown in water (hydroponics) or through agar. This set-up would provide the root with 

a uniform mechanical and aqueous environment. Results revealed an unbiased 

initiation in relation to the agar when roots are fully surrounded by water or agar (Fig. 

3.2E, F). Furthermore, lateral root primordia emergence showed an unbiased angle of 

LRP emergence (Fig. 3.2F). This is in contrast with what was earlier observed in Col-0 

growing on agar, where LRP developed towards agar through a deviation in the LRP 

angle. Part of this reduction could be explained by the significant reduction in LRP 

deviation angle when grown in water or agar (Fig. 3.2G). This data suggests that when 

water is uniformly available along the radial root axis, lateral root outgrowth is more in 

line with the xylem pole axis. 
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Figure 3.2 – A. thaliana lateral root emergence is influenced by water availability. A schematic 

representation of xylem pole axis (purple line) and lateral root primordium (yellow line) positioning in 

accordance with the position of the agar in 87 lateral root primordia in Col-0 (A).  The percentage of 

initiation sites (purple bar) and lateral root primordia (yellow bar) pointing towards the agar/gel, 

indicating no bias towards water during initiation but a strong bias of lateral root emergence towards 

the agar (B). Schematic example of a lateral root primordium without deviation angle and one with a 

strong deviation angle (C). Lateral root deviation angle plotted against the position of the initiation site 

(D). Lateral root primordia orientate towards the agar when initiation occurs on the airside (upper 

right) and away from the agar when initiation faces the contact side (lower left). No lateral root 

primordia are orientated towards the air when initiation occurs on the airside (upper left) and only few 

lateral root primordia emerge towards the agar when initiated towards the agar. In total, 352 primordia 

from 42 plants were analysed. The plants used for this experiment came from were grown in 5 different 

batches in the same growth chamber. Bivariate Pearson correlation was used to test the linear 

relationship between the position of the xylem pole and the lateral root outgrowth angle. A strong 

positive correlation was found, with r = 0.6901(P = <0.0001; two-tailed test). Lateral root primordia 

initiating and emerging in complete agar or water (in hydroponics) showed a more distributed initiation 

and emergence of lateral root primordia compared to a root grown on agar (E). The bias towards LRP 

emergence towards agar is absent when roots were grown in hydroponics (in water) or in agar (F). The 

lateral root deviation angles of the three treatments are depicted in the boxplot and showed a 

significant reduction in angle deviation when grown in agar or water compared to grown on agar (G). 

Data points are plotted as yellow circles. Statistical differences were analysed using one-way analysis 

of variance and Tukey’s Honestly Significant Difference test (P < 0.0001; 95% confidence interval). 

Statistically similar groups are indicated by the same letters. Data collected and analysed by D. von 

Wangenheim and J. Banda 

3.2.3 Lateral root primordium emergence angle is flexible at all primordium 

developmental stages 

Former LRP growth datasets were re-analysed to understand at what developmental 

stage the angling of the LRP is regulated (Von Wangenheim et al. 2016). The role of the 

different cell files making up a primordium and how these cell files contribute to the 

emergence angle was examined. The contribution of each cell files was assessed by 

tracking cell contours in a transversal cross-section of LRP near emergence stage in two 

independent experiments. This revealed contribution of all cell files to the dome shape 

of the primordium, but increased contribution of the flanking cell files during 

emergence growth (Fig. 3.3A). These flanking cells demonstrated a high variety in the 

number of cells and volume compared to the central cell file, containing the LRP 
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quiescent centre. These results highlight the importance the flanking cells and not the 

central cell file in steering the direction of primordium emergence (Fig. 3.3B). 

To address if the difference in flanking cell file volume growth is due to cell division or 

growth, the radial division pattern was closely examined in five LRP dataset (Von 

Wangenheim et al. 2016). In these datasets the radial and anticlinal divisions in the LRP 

varied greatly. Especially in datasets 121211 and 130607 (shown in Fig 3.3C), radial 

divisions occurred preferentially on one side of the primordium, which resulted in a 

bend in LRP emergence. Although it must be specified that these samples were 

submerged as they were grown in a light sheet chamber. LRs of plant roots grown in 

uniform aqueous environment exhibited decreased deviation angle in previous 

experiments and the number of radial cell divisions therefore might be more extreme 

in roots grown on agar. Taken together this data indicates that the direction of LRP 

outgrowth is strongly affected by radial division in the flanking cell files. 

An early lateral root marker, pLBD16::gLBD16-GFP (Goh et al. 2012a), was used to 

investigate if external water availability can affect the early stages of LR development. 

The expression of the gLBD16-GFP and the autofluorescence of the root were captured 

during different stages of LRP development (Fig. 3.3D-G). These two illumination 

channels were combined to give a clear image of lateral root initiation relative to the 

xylem pole axis. The datasets consisted of 39 LRP of which 13 primordia showed 

gLBD16-GFP expression not on top of the xylem pole. Already during the very first stage 

of lateral root initiation, the first anticlinal cell divisions, a significant deviation from the 

xylem pole was observed (Fig. 3.3E). The deviation of initiation site positioning also 

seemed to affect the direction of the gLBD16-GFP signal and thus LRP growth in later 

stages (Fig. 3.3F,G). These findings reveal that developmental plasticity already exists in 

very early stages of LRP development and that selection of pericycle initiation sites 

deviate much more than earlier thought (Casimiro et al. 2001). 
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Figure 3.3 – Lateral root primordium development is flexible at all stages of development. Cell file 

tracking from 3D LSFM time-course datasets (121204 and 121211)12 of two biologically independent 

experiments (A). The colour of the cell file indicates which group of cells are derived from the same 

mother cell. Here, the green cells represent the central cell file. They derive from the cell that 
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undergoes the first periclinal division on its way to becoming a lateral root primordium. This figure 

illustrates that the contribution of flanking cell files (yellow and blue cell files) increases over time and 

pushes the central cell file out of the primary root. Four individual roots show the expression pattern 

of LBD16pro::gLBD16-GFP during the first stages of lateral root development (B-E) That is, indicated by 

blue arrowheads, the migration of nuclei before the first cell division (d), the first anticlinal cell division 

(e), the first periclinal division (f) and a stage IV primordium (g). The central file is not strictly above the 

xylem pole. The dashed pink lines indicate the xylem pole axis. The upper panels show a longitudinal 

section of a 50-µm thick central section of the root (maximum intensity projection); the lower panels 

show a transversal cross section spanning a 100-µm long segment of the root (maximum intensity 

projection). A total of 39 primordia were scanned in three independent experiments. For these 

experiments, the number of times that the central file was not in line with the xylem pole axis was 14. 

Scale bars, 50 µm. Note, panel A-C contains data produced and analysed by D. von Wangenheim. 

 

3.2.4 LBD16 over-expression reduces lateral root primordium deviation angle  

LBD16 encodes a transcription factor that regulates early stages of lateral root initiation 

(Goh et al. 2012a). We tested the role of this regulator during hydropatterning by 

examining whether LBD16 knock-out and over-expression lines were affected in lateral 

root outgrowth towards available water. lbd16-1 showed a very similar linear trend as 

Col-0 in which xylem pole axis appears random, whilst LRP angle towards the horizontal 

plane (Fig. 3.4A). This is observed in more detail when plotting lateral root deviation 

angle against position of the xylem pole initiation site (Fig. 3.4B). A similar positive 

correlation was observed in lbd16-1, r=0.3965 (P=0.0014 ; two-tailed test), as with Col-

0. When the initiation site was parallel to the agar (90°) the deviation angle was near 

zero, whilst initiation site near the agar or opposite the agar leads to strong deviation 

angles. In contrast, the LBD16 over-expression (OE) line showed a more uniform 

distribution of LRP emergence angle, with some LRP emerging straight into the air (Fig. 

3.4C). The positive linear correlation between position of xylem pole and lateral root 

deviation angle is perturbed in this OE line r=0.1437 (P=0.2387 ; two-tailed test) (Fig. 

3.4D). Further investigation revealed that the initiation site was not affected in both 

lbd16-1 and LBD16 OE and was still similar to Col-0 (Fig. 3.4E). However, the strong LRP 

angling towards the agar detected in Col-0 was diminished in lbd16-1 and more strongly 

in LBD16 OE lines (Fig. 3.4E). In the case of LBD16 OE this was caused by a significant 

reduction in LRP deviation angle (Fig. 3.4F). In the LBD16 OE line LRP initiating on the 
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side opposite the agar cannot achieve the same level of angling as Col-0 to emerge 

towards the agar. This reveals radial expression of LBD16 plays a key role regulating the 

deviation angle towards available water. 

 

Figure 3.4 – LBD16 over-expression causes a defect in lateral root angling towards available water. 

Cross-sections root schematics show the initiation site (where purple line meets yellow line) and 

emergence angle of growing LRP (yellow line). Distribution of lateral root primordia initiation site and 
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LRP angle is not affected in lbd16-1 mutants (A). A significant linear correlation was present between 

LR deviation angle and position of the xylem pole initiation site r=0.3965 (P=0.0014 ; two-tailed test; 

B) However, in LBD16 over-expression (OE) lines more laterals emerge away from the agar, into the air 

and a linear correlation was absent r=0.1437 (P=0.2387 ; two-tailed test) (C,D). This is more clearly 

visible in the graph comparing percentage of initiation sites and lateral root primordia angling towards 

agar (E). Col-0 data from Fig. 3.2 was combined with data from lbd16-1 and LBD16 OE lines to 

demonstrate the lack of difference in initiation site angle, but the strong LRP angle defect in LBD16 OE 

and a mild defect in lbd16-1. The LR deviation angle is significantly lower in LBD16 OE lines compared 

to Col-0 and lbd16-1. Deviation data points are plotted as yellow circles. Statistical differences were 

analysed using one-way analysis of variance and Tukey’s Honestly Significant Difference test (P < 0.05; 

95% confidence interval). Statistically similar groups are indicated by the same letters. 

3.3 Discussion  

3.3.1 The external hydrological landscape influences LR primordia positioning  

Water availability can have a striking effect on root system architecture (Morris et al. 

2017). Water availability drives root growth direction via hydrotopism (Dietrich et al. 

2017). Additionally, air-filled gaps in soil can abolish lateral root primordium (LRP) 

development via xerobranching (Orman-Ligeza et al. 2018). Hydropatterning represents 

another adaptive root response enabling plant roots to increase water uptake by 

promoting lateral root emergence towards soil water availability (Bao et al. 2014; 

Orosa-Puente et al. 2018). Previous studies have focussed on identifying the 

hydropatterning response in maize and A. thaliana and characterising its underlying 

molecular basis. This thesis chapter revealed that hydropatterning is also regulated by 

cell and tissues scale mechanisms designed to steer new LRs in the direction of external 

water sources. 

Previous research on hydropatterning reported preferential LR emergence towards 

agar, but these experiments only considered emerged lateral roots (Bao et al. 2014; 

Orosa-Puente et al. 2018). In this chapter, experiments focussed on the positioning of 

initiation sites and LRP outgrowth angle relative to agar and xylem pole axis. Light Sheet 

Fluorescent Microscopy (LSFM) proved an ideal technique to distinguish new branches 

initiating on agar versus air side of roots and enabled us to analyse LRP before 

emergence. Primordia originate from xylem-pole pericycle (XPP) cells overlaying one of 

two xylem poles in A. thaliana roots. The orientation of the xylem pole axis was 
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completely random when grown on an agar surface. LRP were observed to initiate on 

either side of the xylem pole, unbiased by the availability of agar or water. This 

alternation in LRP position is under regulation of an oscillating transcriptional 

mechanism that operates as the driving force behind alternating left-right LR patterning 

(De Smet et al. 2007; Moreno-Risueno et al. 2010). This oscillation mechanism causes 

the spacing of pre-branch sites and was followed by monitoring DR5 reporters. The 

oscillation of DR5 reporter occurs from basal meristem until elongation zone, which is 

termed the oscillation zone (OZ). The use of DR5:GUS reporters revealed tissue specific 

DR5 expression in both the protoxylem cells during oscillations (De Smet et al. 2007). 

Cells with high DR5 expression were termed pre-branch sites and can obtain LRFC 

identity. However, not all these pre-branch sites become LRFCs, suggesting another step 

of regulation is necessary potentially through environmental cues or additional auxin 

signalling components. Experimental data in this chapter demonstrate that the left-

right alternation of LRFCs is not altered by the external availability of water, but the 

selection of which XPP cell files become LRFCs is. 

Results reported in this chapter revealed that the selection of XPP cell files that gain 

lateral root founder cell (LRFC) identity are influenced by external water availability. 

Reporter analysis employing the early LRP marker, pLBD16::gLBD16-GFP, revealed a 

great level of flexibility in positioning of new LRP. Although, a strong deviation angle 

(90°), where the LRFC initiates on top of the phloem pole pericycle cells, is never 

observed, indicating a strong role for the pluripotent xylem-pole pericycle cells in LRFC 

initiation position. Additionally, LBD16 over-expression (OE) lines displayed distorted LR 

patterning and diminished LRP deviation angles. These results demonstrated that the 

positioning of LRFC can deviate from the xylem pole axis and that process is partly 

regulated through cell specific expression of LBD16. It has to be noted that the lateral 

root deviation angle is a combination of angling during the selection of LRFCs and the 

emergence angle. These cannot yet be separated with our experimental approach as 

the Light Sheet imaging chamber is under water and long term tracking with a biased 

water cue is therefore impossible. What can be deduced from data in this chapter is 

that both selection of XPP cell files and the radial divisions in flanking cell files of the 

primordium create the observed LRP angling (Fig. 3.3A-G). LDB16 is involved in polar 
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nuclear migration before the first round of asymmetrical cell division (Goh et al. 2012a). 

It is likely that over-expressing LBD16 leads to non-specific selection of XPP cells to 

undergo cell division, diminishing the effect of local water availability on this process. 

Interestingly, lbd16-1 mutants exhibited no alteration in LRP deviation angle, but did 

show reduced outgrow towards the agar (Fig. 3.4E,F). This mild phenotype might be 

explained by genetic redundancy amongst LBD family members in A. thaliana (Goh et 

al. 2012a). Together these results reveal an important role for spatial regulation of 

LBD16 expression in controlling LRP deviation towards external water. 

The flexibility in XPP cell selection provides the plant with a rapid way of responding to 

local water availability during early stages of LR formation. External water appears to 

be sensed by the root in the elongation zone, where it possibly connected to LRFC 

positioning in the pericycle (Bao et al, 2014; Orosa-Puente et al, 2018; Robbins & 

Dinneny, 2018). The localisation of LRFCs is established in the early differentiation zone, 

where DR5 reporter in the XPP indicates a high auxin response in pre-branch sites 

(Dubrovsky et al. 2008). DR5 induction at first in protoxylem cells followed by XPP cells 

suggests there might be interconnectivity between these cell types, possibly through 

exchange of mobile signals via plasmodesmata. Intriguingly, disruption of 

plasmodesmata transport by mutating callose degradation in plasmodesmal- localized 

β-1,3-glucanase1 (pdbg1) pdbg2 double-mutants severely impacts longitudinal LRFC 

patterning (Benitez-Alfonso et al. 2013). However, it is currently unclear if 

plasmodesmata mutants affect radial positioning of LRFCs after a hydropatterning 

stimulus. Another option for movement between protoxylem and XPP cells is the 

movement of auxin through transport mediated by PIN efflux carriers (Benkova et al. 

2003). PIN directed transport could cause a flux of auxin towards LRFCs to select them 

for initiation. Furthermore, PIN auxin transport is crucial for the spacing of LRP by 

driving auxin in a small group of XPP cells, thereby promoting local cell division and 

inhibiting adjacent cells from undergoing LR initiation (Laskowski et al. 2008). The role 

of these PIN proteins in hydropatterning has to be further elucidated. 

Future research should also focus on auxin signalling components that regulate LRFC 

identity, such as GATA23. This gene is part of the AUX/IAA28 and ARFs signalling module 

that coordinates the transition from pre-branch site into LRFC  and acts prior to LBD16 
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(De Rybel et al. 2010). Another interesting candidate gene is MAKR4 which regulates 

the conversion of IBA to IAA (Xuan et al. 2015). MAKR4 is involved in the specification 

of LRFC cells from pre-branch sites as MAKR4 amiRNAi lines have normal levels of pre-

branch sites, but a reduced number of LRPs. Analysing mutants in these genes would 

confirm if the deviation angle is regulated through LRFC specification via cell specific 

expression of GATA23 or MAKR4 in XPP cells of the elongation zone. This hypothesis fits 

well with modelling studies which indicated that the elongation zone is crucial for water 

sensing and LR hydropatterning (Robbins and Dinneny 2018).  

The overlying endodermal tissue could influence the expression of GATA23 and MAKR4 

during XPP LRFC specification. Laser ablation of endodermal cells induced pericycle cell 

division, yet these symmetric (as opposed to asymmetric, formative) divisions did not 

result in LRP formation (Marhavý et al. 2016). However, exogenous addition of auxin 

after endodermal cell laser ablation could trigger LRFC specification and LRP formative 

cell divisions (Marhavý et al. 2016). Conversely, expressing a non-degradable variant of 

AUX/IAA3 termed shy2-2 solely in the overlying endodermal cells could block the first 

anticlinal division (Vermeer et al. 2014). These results indicate the importance of early 

auxin signalling between pericycle and endodermis in specifying LRFCs. IAA3 and ARF 

mediated responses in the endodermis might be crucial for early expression of LRFC 

markers such as GATA23 during lateral root hydropatterning.  

How could external water availability impact the signalling pathway that regulates LRFC 

specification? One theory is that external radial water inflow through plasmodesmata 

(symplastic transport) promotes co-transport of signalling molecules as water moves 

from outer epidermal to inner xylem pole cells. Such signalling molecules could 

comprise of hormones like auxin which is predicted to accumulate in elongating 

epidermal cells and able to be transported through plasmodesmata (Band et al. 2014; 

Mellor et al. 2020). Alternatively, ions such as calcium might play a role in a comparable 

way as during physical bending of the root, which increases levels of Ca2+ on the root 

convex side, but not on the concave side (Richter et al. 2009). Additionally, blockage of 

calcium channel by LA3+ treatment, could abolish bend-induced Ca2+ rise and inhibit LR 

development, indicating a direct effect of calcium influx and LR formation. 

Contrastingly, water flow on the ‘air’ side of the root will be reduced, which might 
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increase the build-up of inhibitory signalling molecules that affect LRFC induction such 

as ABA (Orman et al, 2018). Such water transported signalling molecules (which can be 

termed Hydrosignals) might therefore play a promising role in defining radial 

positioning of LRFCs in response to external water availability. 

3.3.2 External hydrological landscape determines primordium emergence angle 

Results presented in this chapter revealed that LRP which initiated near the air side 

exhibited a strong emergence deviation towards the agar (Fig 3.2A). This results in the 

high percentage of LR emergence on the agar side of the root as reported in previous 

research (Bao et al. 2014; Orosa-Puente et al. 2018). In contrast, LRP initiated at the 

xylem pole opposite the agar side exhibited strong deviation towards the air side. This 

suggests that either the osmotic potential or mechanical constraint of the agar might 

prove to be a barrier for LR emergence. The osmotic potential difference in a radial cross 

section of a root varies between agar and air side. Mathematical modelling approaches 

suggest a water potential difference of 1 MPA in the LR competent zone in Maize root 

models with a 1 mm cylindrical diameter (Robbins and Dinneny 2018). Highest water 

potential was visualized when in direct contact with the agar, whilst near the air side of 

the root the water potential dropped. This would drive water transport from the agar 

(high water potential) into adjacent root tissue (lower water potential) and through root 

tissue towards the air side of the root (lowest water potential), causing a water potential 

gradient across the root circumference. In A. thaliana root absorption of water from the 

meniscus would play an increasingly important role compared to the thicker maize root. 

However, the exact size of the meniscus has not yet been confirmed for growing A. 

thaliana roots. It is hypothesized to extend to near half the roots diameter, severely 

increasing the circumferential water uptake area of A. thaliana roots. Combining 

meniscus contribution and water potential root modelling data, suggests that the root 

might take up more water from the meniscus contact area where the water potential 

difference is greatest. This would be in accordance with our results which showed a 

strong trend towards LRs emergence parallel to the agar surface. 

How are new LRP able to deviate their angle of emergence? Our results suggest this is 

a consequence of the variability of anticlinal and radial divisions observed during 

emergence. The primordia originate from between five to eight adjacent pericycle cell 



84 
 

files (Von Wangenheim et al. 2016). The central cell file undergoes the very first 

anticlinal division and later forms the LR quiescent centre once a four layered primordia 

is formed (Goh et al. 2016). The central cell file contributes most of the volume when 

LRP reaches emergence, however the adjacent flanking cell files contribute the most 

mass at the base of the primordia (Fig. 3.3A). Cell file contour tracking of LRP 

development over time demonstrated preferential radial divisions on one side of the 

primordium, causing an asymmetry increased in LRP width. Although these datasets 

were grown submerged in a light sheet microscope chamber, it does reveal how the 

plasticity we observed in lateral root deviation angle can be generated by an asymmetry 

in radial divisions. The division and expansion of cells on one side of the primordium 

bends it towards the opposing side. These results identify that the asymmetry in radial 

divisions in central and flanking cell files control the LRP outgrowth angle.  

How is the division pattern in the LRP controlled? The first asymmetrical division of 

LRFCs is tightly regulated, but the following round of division follow no pre-determined 

pattern (Von Wangenheim et al. 2016). Further rounds of cell division are dependent 

on proliferation of the central cell file and changes in volume of the overlying 

endodermal cells (Lucas et al. 2013). These round of cell divisions are instrumental in 

creating the dome shape of a primordium. Possibly feedback from the overlying tissue 

has a directing role in LRP deviation angle. Symplastic transport between endodermis 

and pericycle is reduced after stage 2 and 3 of primordium development (Benitez-

Alfonso et al. 2013). This is partly due to increased levels of callose deposition, which 

reaches a maximum at stage 4 and 5 (Benitez-Alfonso et al. 2013). This blocks passive 

diffusion between developing LRP and endodermis, however active transport is still 

possible. In very early LRP stages active auxin transport via PIN3 directs auxin from 

endodermis into LRFCs (Marhavý et al. 2013). This induces rounds of cell division and 

could be important for early changes in LRP outgrowth direction. In later stages auxin 

from the growing primordium gets transported into overlying endodermal and cortex 

cells through a PIN3 and LAX3 reflux loop to coordinate expression of cell wall 

remodelling enzymes (Peret et al. 2013). This creates a path for the LRP to emerge 

through. These two auxin carriers might be controlled by water availability to steer 

primordium emergence. Mutant analysis of PIN3 and LAX3 lines using our light sheet 
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set-up can identify if these mutants have a defect in forming LRP deviation angles. 

Furthermore, fluorescent reporters of these genes could help identify the radial 

expression pattern in endodermal and cortex cells and if this is affected by water 

availability. 

Another driver of the LR deviation angle could be a mechanical sensing mechanism. We 

observed a strong LRP deviation angle when the initiation side was near the agar. 

Additionally, roots grown in agar, showed a similar uniform LRP emergence pattern and 

deviation angle as roots grown in water. These results indicate a possible role for 

mechano-sensing in hydropatterning. The agar side of the root is in direct contact with 

moisture, this might result in increased turgor pressure. In contrast, the turgor pressure 

on the air side might be lower as it has no direct water source. This could be investigated 

by use of vacuole and tonoplast markers employing our LSFM approach. The reduction 

in turgor pressure can cause the activation of mechanosensitive channels that act upon 

dissociation of plasma membrane from the cell wall or RLK’s that monitor changes in 

cell wall integrity (Feng et al. 2016). Mechanosensitive channels function by opening or 

closing after changes in membrane tension, whilst mechanosensitive RLKs monitor cell 

wall integrity (Hamant and Haswell 2017). Cell wall integrity is based on structural 

components such as pectin, maltose and cellulose microfibrils (Marín-Rodríguez et al. 

2002; Hamant et al. 2008). The mechanical properties of the cell wall and plasma 

membrane are directly influenced by changes in environmental osmotic potential. The 

mechanosensitive calcium channel OSCA1 is affected by stress and regulated through 

pressure sensing (Yuan et al. 2014; Murthy et al. 2018). The RLK FERIONA is reported to 

sense osmotic changes via changes in pectin content in the cell wall (Guo et al. 2009; 

Duan et al. 2010; Haruta et al. 2014). Future research using mutants in these mechano-

sensitive components should reveal the contribution of mechano-sensing during a 

hydropatterning stimuli.  

The non-stereotypical growth after the first LRFC asymmetrical division suggests 

possible influence of environmental factors that determine LRP outgrowth angle. This 

corresponds with what is shown in this chapter and could be controlled by external 

water availability. This is supported by further studies of LRP emergence when faced 

with a uniform distribution of mechanical constraints and aqueous environment, by 
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growing roots in hydroponics and in agar. Roots grown in agar and water showed a 

uniform radial distribution of LRP emergence and a significant decrease in LRP deviation 

angle (Fig. 3.2E,F). The deviation angle is thus dependent on the distribution of water in 

the environment and can steer the organs emergence towards water. In conclusion, 

results in this chapter reveal that the positioning of first asymmetrical division in the 

XPP cells and subsequent radial divisions in the LRP are controlled by, and subsequently 

steer emergence towards, external water availability.  
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4  LATERAL ROOT HYDROPATTERNING DEPENDS ON 

ARF7 SUMOYLATION  

Jason Banda, Nicky Leftley, Daniel von Wangenheim and Beatriz Orosa-Puente 

Parts of this chapter have been published as: Orosa-Puente, B., Leftley, N., von 

Wangenheim, D., Banda, J., Srivastava, A.K., Hill, K., Truskina, J., Bhosale, R., Morris, E., 

Srivastava, M., Kümpers, B., Goh, T., Fukaki, H., Vermeer, J.E.M., Vernoux, T., Dinneny, 

J.R., French, A.P., Bishopp, A., Sadanandom, A., Bennett, M.J., 2018. Root branching 

toward water involves posttranslational modification of transcription factor ARF7. 

Science  362, 1407–1410. 

4.1 Introduction 

Root system architecture is crucial for exploration of soil and foraging for 

heterogeneously distributed resources such as water (Hodge 2004; Morris et al. 2017). 

To help acquire water, roots need to increase their surface area when in direct contact. 

Roots do this by branching in the direction of the water source. This adaptive response 

is called lateral root hydropatterning and enables plants to regulate branching at a local 

scale (Bao et al. 2014; Robbins and Dinneny 2018). However, the molecular mechanism 

plants employ to control their branching towards water is still unknown. Similarly, what 

stage of lateral root initiation or development is affected by local availability of water 

in the surrounding root environment is also unclear. 

A role for the hormone auxin has been reported during LR hydropatterning (Bao et al. 

2014). Rice seedlings expressing the auxin response reporter ProDR5:GUS showed 

preferential reporter activity in root cells in contact with agar (versus those oriented 

towards the air). Mutants in the auxin transcription factor AUXIN RESPONSE FACTOR7 

(ARF7) have been reported to disrupt roots ability to preferentially orient a high 

percentage of their LRs towards water (Orosa-Puente et al. 2018). Mutant alleles 

defective for 3 of the other 4 activating ARF’s were also tested, but exhibited no defect, 

indicating that the LR hydropatterning response is ARF7 dependent. These experiments 

were executed on agar plates, with agar representing the primary water source for 

these plants. In the case of Col-0, approximately 80% of emerged lateral roots grew 
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towards the agar, while 20% emerged into the air yet often bend towards the agar after 

emergence. However, arf7 loss-of-function mutant alleles disrupt the ability to 

hydropattern, as they exhibit a 60/40 distribution of water/air directional lateral root 

emergence. Multiple studies have linked ARF7 with lateral root development, as the 

ARF7 –ARF19 auxin signalling module is crucial for lateral root organogenesis (Fukaki et 

al. 2002; Okushima et al. 2005, 2007; Wilmoth et al. 2005; Goh et al. 2012b).  

Interestingly, over-expressing ARF7 in arf7-1 can restore a Col-0 hydropatterning 

phenotype (Orosa-Puente 2018). This result revealed two key points. First, the ARF7 

protein is crucial for LR hydropatterning. Second, the ARF7 gene does not need to be 

expressed under its own promoter to rescue the Col-0 LR hydropatterning phenotype. 

Hence, in the case of LR hydropatterning we can hypothesize that regulation of ARF7 

protein activity, rather than transcription, is most critical. Still, it remains unknown how 

ARF7 activity is controlled by water distribution in its local environment. 

This chapter aims to analyse ARF7 activity by focussing on its downstream genes. Gene 

regulatory network inference using time series transcriptomics analysed using an 

mathematical algorithm (termed TDCor) has identified downstream genes controlled by 

ARF7 during lateral root development (Lavenus et al. 2015). LBD16, LBD29, IAA19 and 

ARF19 were identified and confirmed as primary targets of ARF7, validated by 

chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR). LATERAL ORGAN 

BOUNDARY DOMAIN 16 (LBD16) / ASYMMETRIC LEAVES2-LIKE18 (ASL18 ) and LBD29 

are both auxin inducible members of the AS2/LATERAL ORGAN BOUNDARY (LOB) family 

of transcription factors. This family of proteins, from here on called LBD,  consists of 42 

members and are involved in many aspects of plant development, including embryo, 

root, leaf, pollen, photomorphogenesis, secondary growth, plant defence, plant 

regeneration, and inflorescence development (Iwakawa et al. 2002; Xu et al. 2016). 

Members of this family have a conserved LOB domain at the N terminus. This LOB 

domain, entailing 100 base pairs, comprises a ‘C-block’ containing four cysteine 

required for DNA-binding activity, a Gly-Ala-Ser (GAS) block and a leucine zipper-like 

coiled-coil motif crucial for LBD protein dimerization and biological function (Shuai et 

al. 2002; Lee et al. 2017). The C-terminal domain of LBD18 contains a transcriptional 

activation domain (TAD) that can induce expression of downstream targets. One of the 
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biological functions of this protein family is regulation of lateral root initiation and 

development by auxin inducible family members LBD16, LBD17, LBD18, LBD29 and 

LBD33 (Okushima et al. 2007; Lee et al. 2009; Majer & Hochholdinger 2011). All are 

expressed in the lateral root primordia, although levels of expression greatly vary (Lee 

et al. 2009; Goh et al. 2012a).  

An extensive amount of work has focussed on the role of LBD16 in lateral root 

development as a transcriptional activator and direct target of ARF7 (Lavenus et al. 

2015). Less is known about a parallel pathway that induces LR formation through LBD16 

and WUSCHEL-RELATED HOMEOBOX11 (WOX11) (Sheng et al. 2017). WOX11 directly 

binds the LBD16 promoter to activate transcription. Interestingly, WOX11 did not seem 

important for LR induction on A. thaliana seedlings grown on plates but might play a 

role in soil grown seedlings. WOX11-SDRX, dominant repressors, grown in soil showed 

reduced formation of LRs (Sheng et al. 2017). Furthermore, increased expression of 

WOX11-GUS was observed in roots grown in soil (Sheng et al. 2017). These results 

suggest there is more than one pathway to induce LBD16-mediated LR formation. 

Potentially environmental factors decide which pathway is initiated in the root 

increasing the roots plasticity. 

When re-engineered to become a transcriptional repressor (termed LBD16-SRDX), Goh 

et al., observed transgenic roots underwent normal lateral root founder cell 

establishment, but repressed nuclear migration and asymmetric cell division (Goh et al., 

2012). This elegantly demonstrated LBD16 is required in xylem pole pericycle cells to 

regulate polar nuclear migration and asymmetric cell division during lateral root 

initiation. Homodimerization of LBD16 (like LBD18) is crucial for its function (Lee et al. 

2017). Mutation of the Leucine, Valine, or Isoleucine residues of the coiled-coil motif 

into Proline eliminates homodimerization and limits restoration of lateral root initiation 

in lbd16 and lbd18 mutants (Lee et al. 2017). LBD16 controls genes such as PUCHI, 

MAKR4, TARGET OF LBD SIXTEEN 2 (TOLS2) and GATA23 which play key roles later in 

the lateral root developmental programme (Goh et al. 2012a; Toyokura et al. 2019; Goh 

et al. 2019). 

LBD29 represents another LBD member playing a major role in lateral root 

development. A SALK insertion in the AuxRE motif nearest to the transcription start site 
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on the LBD29 promoter reduced numbers of lateral root primordia (Liu et al. 2010; Feng 

et al. 2012). Whilst this T-DNA insert did not affect the coding sequence of the gene, it 

blocked LBD29 auxin-inducibility, significantly lowering transcript levels (Porco et al. 

2016). LBD29 expression was correlated with cell cycle-related gene expression, which 

potentially controls the mitotic potential of the pericycle during lateral root primordia 

initiation and development (Feng et al. 2012). Furthermore, LBD29 can bind the LAX3 

promoter, which triggers the auxin-dependent induction of this auxin influx carrier in 

cells overlying LRP (Porco et al. 2016). LAX3 can in turn switch on genes that degrade 

pectin to aid cell wall remodelling in cells overlying LRP (Swarup et al. 2008). Through 

this network of sequential gene induction, LBD29 can promote LRP emergence. 

LBD18 and LBD33 work cooperatively to regulate lateral root initiation. These two LBD 

genes dimerize and induce E2Fa expression (Berckmans et al. 2011). The transcription 

factor E2Fa promotes cell cycle activation and asymmetric division in the pericycle cells 

and expression of E2Fa under the LBD18 promoter can restore the impaired number of 

lateral roots in lbd18-1 mutants (Berckmans et al. 2011). Additionally, LBD18 was shown 

to induce expression of LAX3 and the cell wall remodelling genes, EXP14 and EXP17 (Lee 

et al. 2013a; Lee and Kim 2013). All these five LBD’s thus have their own specific niche 

in regulating LR initiation and/or development, although all are directly or indirectly 

controlled by ARF7 and ARF19. 

The role of LBD17 in LR development remains unclear. Although expressed in lateral 

root primordia levels of LBD17 are quickly repressed after LR initiation, suggesting a 

possible role for LBD17 in LR initiation, but a limited role in LRP emergence (Goh et al. 

2012a; Lavenus et al. 2015). Additionally, no known loss-of-function allele is available 

for this gene. 

This chapter aims to characterise (1) if LBD16 is required for hydropatterning, (2) if 

LBD16 is expressed asymmetrically during hydropatterning and (3) to test how post-

translational modification of the ARF7 transcription factor controls its ability to bind 

target genes like LBD16 and regulate LR hydropatterning. 
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4.2 Results 

4.2.1 Hydropatterning is regulated by an ARF7 and LBD16 dependent pathway 

To investigate the role of ARF7 regulated genes during LR hydropatterning, we 

characterised this adaptive response in multiple mutants from the LBD family involved 

in LR formation and targets for ARF7 transcriptional activity (Lavenus et al. 2015). To 

assess the role of these LBD’s on LR hydropatterning a bioassay in which plants grew 

vertically on agar was employed (Fig. 4.1A). After 12 days, the length of the primary root 

and the number of lateral roots emerging towards the agar and dry sides were 

quantified. Using this bioassay, the hydropatterning response of the loss-of-function 

allele lbd16-1, the LBD16 translational reporter line LBD16pro::gLBD16-GFP lbd16-1 

(Goh et al. 2012) and two independent LBD16 over-expresser lines (LBD16 OX 72 and 

73) was characterized. Knocking out LBD16 expression resulted in a reduction of 

primary root length, whilst in arf7-1 primary root growth is similar to Col-0 (Fig. 4.1.B). 

However, this reduction in lbd16-1 primary root growth was not consistently shown in 

repeats of this experiments and might have been the results of plate conditions. Lateral 

root number and density was reduced in both lbd16-1 and arf7-1 mutants, indicating 

they both perform important functions during lateral root development (Fig. 4.1C,D). 

Like arf7-1, lateral root hydropatterning was also significantly impaired in lbd16-1 (Fig. 

4.1E). Complementation of lbd16-1 with the genomic LBD16 construct tagged with GFP 

(gLBD16-GFP), can rescue primary root length to Col-0 levels and lateral root density 

and number to significantly higher numbers (Fig. 4.1B-D). Additionally, the LR 

hydropatterning response can be rescued to Col-0 levels in this complementation line 

(Fig. 4.1E).  

Overexpressing LBD16 using the 35S promoter had a severe effect on root system 

architecture (Fig. 4.1A-E). Primary root length was strongly reduced and lateral root 

number and density were significantly lower than Col-0. Surprisingly, hydropatterning 

was more strongly affected in the lbd16-1 mutant, with LR emergence of approximately 

50% towards the agar. This revealed LBD16 over-expressing lines exhibited no bias 

towards water or air, highlighting how important its spatial regulation by ARF7 is during 

hydropatterning. 
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Mutants in LBD18 and LBD29 showed no hydropatterning defect, indicating that 

hydropatterning is not dependent on these two LBD family members (Supp. Fig. S4.1A, 

B). 
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Figure 4.1 – LBD16 knock-out and two independent LBD16 over-expression (OE) lines have a 

hydropatterning defect. The LBD16 protein sequence contains multiple domains of which the LOB 

domain is present in all LBD family members (A). This LOB domain consists of a :C-block’ containing 

four cysteine required for DNA-binding activity, a Gly-Ala-Ser (GAS) block and a leucine zipper-like 

coiled-coil motif (CC) crucial for LBD protein dimerization and biological function. This domain is 

followed by a transcriptional activation domain (TAD) on the C-terminal. Both the lbd16-1 knock-out 

and LBD16 OE lines have impaired primary root length (A, B), reduced number of emerged lateral roots 

(C) as well as a reduced lateral root density (D). The LBD16-GFP translational fusion in lbd16-1 

background can rescue most of these developmental defects, proving its functionality. Knock-out and 

OE lines also display a significant defect in their lateral root hydropatterning response (E). In the 

independent LBD16 OE lines 72 and 73 this is most severe. Box plots show data distribution. Different 

letters indicate a significant different (p≤0.05, one-way ANOVA, Tukey’s HSD test) n=10-15 seedlings.  

4.2.2 Employing light sheet fluorescent microscopy to study lateral root 

hydropatterning 

To test if the spatial availability of water impacts expression of early lateral root 

primordia (LRP) genes like LBD16, we imaged the gLBD16-GFP reporter exposed to a 

hydropatterning stimulus (Goh et al. 2012a).  

The first challenge was how to 3D image the root in such a way that we could identify 

the root side facing the agar and the side facing air. This was addressed by distinguishing 

between root cells in contact with agar versus air by employing fluorescent beads to 

demark the side of the root facing the air (Fig. 4.2. A-I). By adding these fluorescent 

beads to 1% low melting agarose mix and pipetting them on top of the primary root, we 

were able to distinguish air side (with fluorescent beads) from agar side (no beads). 

These beads fluoresce at the same wavelength as GFP, aiding co-imaging. The 

elongation and early differentiation zones of the primary root were excised and placed 

inside a 1 mm glass capillary. This capillary was then filled with fluorescent bead 

containing agarose to hold the sample, plus a plunger to position each sample in place 

and then push the sample out into the LSFM imaging chamber before imaging. 

The second challenge was to develop a way to image cells through the entire radius of 

an A. thaliana root. Regular confocal microscope imaging of root tissues suffers from 

light scattering, reducing image quality for several reasons. For example, light scattering 

causes the side furthest away from the laser source to experience lower excitation of 

GFP molecules and thus emit lower fluorescence. The effect of light scattering was 
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countered by using the Multi-View Imaging software on the Zeiss Z1 Light Sheet 

Fluorescence Microscope. This involves rotating the sample six times in six equal angles 

around the primary root. These six z-stacks were then fused together based on the 

location of the beads in every angle stack using ImageJ Multi-View reconstruction 

software (Preibisch et al. 2010, 2014)(Fig. 4.2H,I). This resulted in a crisp radial image 

across root elongation zone tissues and eliminated the light scattering effect (Fig. 4.2). 
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Figure 4.2 – Light Sheet Fluorescence Microscopy (LSFM) protocol used in imaging LR hydropatterning 

using gLBD16-GFP. Plant roots were overlain with low melting agarose containing fluorescent beads 

(A, B). The root was then cut above the elongation zone together with the surrounding agar in a 

rectangular shape (C). To fit the capillary the section of root and agar have to be cut even thinner (D). 

The cut section will then be picked up with a blade and placed into the 1 mm glass capillary (E, F). A 

plunger will be inserted at the top to create a vacuum and keep the sample stable (G). When the sample 

is inserted into the LSFM chamber, the plunger is pushed down to push the agar and root sample out 

into the water filled chamber. We then used Multi view imaging to image the sample from six different 

angles creating a high resolution radial image relative to single sided illumination (H).  The six z-stacks 

from different angles are shown here in different colours (I), before they are fuses together using the 

Multiview Reconstruction tool from ImageJ (J).  

4.2.3 The asymmetrical localisation of gLBD16-GFP in root elongation zone is 

dependent on ARF7 

The LSFM hydropatterning protocol was employed to address if gLBD16-GFP is either: 

(1) expressed more strongly on the side in contact with agar or (2) switched on earlier 

on the agar side compared to the air side.  

gLBD16-GFP expression was first observed in the late root elongation (Fig. 4.3A). The 

fused images acquired from this zone were then radially cross sectioned and the 

maximum intensity projection was rendered to separate the gLBD16-GFP signal 

originating from the xylem pole near the agar and the distant xylem pole (Fig. 4.3B-D). 

The spatial difference between the onset of the fluorescent signal on the agar xylem 

pole and air xylem pole was measured and termed as the index of asymmetry (Fig. 4.3C). 

Measuring this index for the gLBD16-GFP reporter revealed a high level of signal 

asymmetry (Fig 4.3D,F). However, the level of fluorescence between gLBD16-GFP 

fluorescence on the air and on the agar side was very similar (Fig 4.3D,G). This result 

suggests that gLBD16-GFP might initiate or stabilize on one side first, but that both sides 

will eventually reach the same signal level. 

To assess if ARF7 was necessary to generate this asymmetrical localisation of gLBD16-

GFP, a cross was made with the arf7-1 loss-of-function knock-out mutant. This gLBD16-

GFP lbd16-1 arf7-1 line was scanned using the LSFM hydropatterning protocol. This line 

exhibited a low level of gLBD16-GFP signal asymmetry (Fig 4.3E,F). Additionally, the level 

of fluorescence in gLBD16-GFP was significantly lower in the arf7-1 lbd16-1 background 
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compared to lbd16-1. However, no difference between the intensity of gLBD16-GFP on 

agar and air side was observed (Fig 4.3E,G). Hence, gLBD16-GFP asymmetry in the root 

elongation zone appears to be dependent on ARF7. 

 

Figure 4.3 – ARF7 SUMOylation is crucial for lateral root hydropatterning by triggering the asymmetric 

localisation of LBD16. Confocal image showing the onset of LBD16-GFP fluorescence in the late root 

elongation zone (A). In order to distinguish the onset of the nuclear LBD16-GFP signal on the agar 
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(contact) and air side we split the root in half (pink line), separating the two xylem poles according to 

which one is closest to the agar (B). Creating an agar side of the root, left from the pink dashed line, 

and an air side of the root, on the right side of the pink dashed line. Distance between the onset (first 

visible nucleus) was then measured in µm and displayed as the index of asymmetry (C). Maximal 

intensity projections from radial reslices taken using the LSFM of LBD16-GFP in lbd16-1 (D) and lbd16-

1 arf7-1 (E) background, were used to unravel the localisation of LBD16-GFP on the agar and air side of 

the primary root. The index of asymmetry indicates the level of asymmetry between first nuclear 

LBD16-GFP signal on the agar compared to the air side (H). The intensity of these nuclei on agar and air 

side were also measured and compared (I). Asterisk indicates significant differences (p<0.05) with 

LBD16-GFP lbd16-1 using one-way ANOVA (F) or two-sided Student T-test (G) n=8. Scale bar represents 

50 µm. 

4.2.4 Asymmetric gLBD16-GFP expression is dependent on ARF7 SUMOylation 

Next, we addressed how the asymmetric pattern of gLBD16-GFP expression was 

regulated by ARF7. Significantly, 35S driven ARF7 could restore LR hydropatterning in 

arf7-1, indicating a possible role for ARF7 post-translational (rather than transcriptional) 

regulation. Additionally, no asymmetry was detected in roots when using an gARF7-

Venus translational reporter when exposed to a hydropatterning stimulus (Orosa-

Puente et al. 2018), further supporting the likelihood of a post-translational 

modification (PTM) regulating ARF7 activity during LR hydropatterning. In collaboration 

with Ari Sadanandom’s team (University of Durham) it was directly established that 

ARF7 is a PTM target for Small Ubiquitin-like MOdifier (SUMO). SUMO site prediction 

software identified 4 SUMO sites on the ARF7 protein sequence including one located 

in the DNA binding domain (Fig 4.4A). These four SUMO sites are numbered after the 

lysine amino acid position in ARF7, namely K104, K151, K283 and K890. By mutating the 

lysine (K) into an arginine (R) in the SUMO site (which disrupts formation of the 

isopeptide bond between this lysine and the SUMO carboxyl terminal glycine), 

SUMOylation of these ARF7 residues is blocked. This was shown by transiently co-

expressing SUMO-HA and either ARF7 WT-YFP (ARF7-WT refers to ARF7 gene from Col-

0 ecotype) or ARF7 4KR (with the 4 lysines mutated to an arginine) (Orosa-Puente et al. 

2018). ARF7 SUMOylation was abolished when all 4 lysines were mutated. When the 

ARF74KR transgene, driven under its own promoter, was transformed into arf7-1, the 

resulting line was unable to rescue the mutant’s lateral root hydropatterning defect. In 

contrast, complementation with the ARF7WT transgene could rescue LR hydropatterning 
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to Col-0 levels (Orosa-Puente et al. 2018). These results suggest that ARF7 SUMOylation 

controls LR hydropatterning. 

To verify this model, we tested if SUMOylation of ARF7 also regulates the asymmetrical 

expression of gLBD16-GFP during LR hydropatterning. A cross between gLBD16-GFP 

lbd16-1 arf7-1 and either ARF7WT or ARF74KR was made. To confirm homozygosity of the 

ARF7 transgene in the F3 we genotyped six lines of both ARF74KR and ARF7WT with a 

primer pair spanning the arf7-1 SALK insertion, to avoid amplifying the genomic ARF7. 

This confirmed that all plants were homozygous for the insert (Fig. 4.4C). From these 

amplicons the four SUMO sites were sequenced and confirmed (Fig. 4.4B). gLBD16-GFP 

homozygosity of lines was confirmed by confocal microscopy analysis of multiple 

seedlings from individual lines, and in there was no segregation of individual plants 

without GFP. 

The hydropatterning response of these new crosses was first tested to confirm the same 

phenotypic response was present in both LBD16-GFP ARF74KR and LBD16-GFP ARF7WT 

lines as earlier recorded. The cross with ARF7WT could fully restore LR hydropatterning, 

while the cross with ARF74KR could not (Fig. 4.5A), which aligns with the published data 

(Orosa-Puente et al. 2018). Next, we addressed if ARF7 SUMOylation could regulate 

asymmetrical localisation of gLBD16-GFP during LR hydropatterning. Lines 

complementing gLBD16-GFP lbd16-1 arf7-1 with ARF7WT revealed a strong recovery in 

gLBD16-GFP asymmetry, whilst ARF74KR complementation lines had, on average, a low 

level of asymmetry (Fig. 4.5B-D). This indicates that the ARF74KR line is unable to direct 

a bias in response to a hydropatterning stimulus. Hence, ARF7 SUMOylation appears to 

regulate asymmetrical localisation of gLBD16-GFP during LR hydropatterning. 

Comparing the average relative fluorescence of gLBD16-GFP in the nuclei of these two 

lines with gLBD16-GFP in lbd16-1 and lbd16-1 arf7-1 backgrounds, revealed that only 

ARF74KR could restore Col-0 relative fluorescence levels in the nuclei. In contrast, both 

gLBD16-GFP arf7-1 and gLBD16-GFP arf7-1 ARF7 WT had a lower relative fluorescence in 

the root elongation zone (Fig 4.5E). Comparing the level of gLBD16-GFP fluorescence 

between agar and dry sides of the root in all these lines resulted in no measurable 

difference. These results suggest that the non-SUMOylatable version of ARF7 is more 

active in inducing expression of LBD16 in the root elongation zone. 
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Figure 4.4 – Location and mutation of the four SUMO sites on ARF7.  Bioinformatics work in Durham 

on the ARF7 gene resulted in the identification of four SUMO sites, named after the lysine and amino 

acid number they are on: K104, K151, K283 and K830 (A). The gene map also shows localisation of the 

arf7-1 SALK insertion and primer pairs used to sequence SUMO sites and identify the mutations in the 

ARF7 4KR line. LBD16-GFP lbd16-1 arf7-1 crosses with WT ARF7 arf7-1 and 4KR ARF7 arf7-1 mutation 

sites were checked using the earlier mentioned primers (B). Genotype confirmation of ARF7 transgene 

using ARF7 LP and RP primer pair spanning the SALK insertion site to avoid amplifying genomic ARF7 

(C). The homozygosity of the lbd16-1 SALK insert was also verified in WT ARF7 (D) and 4KR ARF7 (E). 

Note that in WT ARF7 a two primer approach is used to visualize the lbd16-1 SALK insert, whilst in 4KR 

genotyping this was a three primer approach.  
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Figure 4.5 – LBD16 asymmetric localisation is dependent on ARF7 SUMOylation status. LBD16-GFP 

arf7-1 lbd16-1 4KR lines exhibit a defect LR hydropatterning response, while the WT ARF7 transgene 

can fully restore the hydropatterning response to Col-0 level (A). Restoring WT ARF7 gene in arf7-1 

lbd16-1 background can restore asymmetrical distribution of LBD16-GFP (B, D). Restoring ARF7 with 
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mutated SUMO sites, 4KR ARF7, cannot rescue Col-0 level of LBD16-GFP asymmetry (C-D).  Nuclei 

relative fluorescence was measured in all these lines on agar and air side and compared. Asterisk 

indicates significant differences (p<0.05, 95% confidence interval) with LBD16-GFP lbd16-1 

measurements using one-way ANOVA (D) n=8. Scale bar represents 50 µm.  

4.2.5 Early gLBD16-GFP signal in vascular procambium cells. 

Previous research characterising gLBD16-GFP expression reported reporter localisation 

in the pericycle and LRP during lateral root development (Goh et al. 2012a). However, 

closer examination of early gLBD16-GFP expression using LSFM gave us a new insight 

into the radial localisation of LBD16. Analysing radial images of gLBD16-GFP in the root 

elongation zone revealed an earlier weak expression pattern. Propidium iodide was 

used to stain cell walls and gain a tissue specific localisation pattern of LBD16. Cross 

sections suggested that the earliest gLBD16-GFP fluorescent signal could be observed 

in cells underlying the xylem pole pericycle, termed xylem-procambium cells (Fig. 4.6A, 

B). Fluorescence could be detected in three or four xylem-procambium cells, but often 

not in the same 2D cross section, which is why a z-projection was made to visualize the 

expression pattern. The longitudinal difference in gLBD16-GFP localisation might reflect 

a difference in nuclear subcellular localisation or difference in cell elongation between 

these cells.  This very early expression was significantly lower than the fluorescence in 

XPP cells and therefore might have been missed in earlier experiments (Fig. 4.7C). It is 

unknown if the gLBD16-GFP fluorescent signal, originating from these xylem-

procambium cells, has a direct link to the expression seen in overlying XPP cells.  
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Figure 4.6 – LBD16 is early expressed in the xylem-procambium cells. Longitudinal root section taken 

on the LSFM showed strong LBD16-GFP signal (green nuclei) located in pericycle cell of the elongation 

zone. Weak expression was visible earlier in the elongation zone in three xylem-procambium cells 

visible in this z-projection of a 100 radial sections (A). Propidium iodide (red) was used to stain cell 

walls. Schematic representation of a root cross section demonstrates the nuclear LBD16-GFP 

expression in xylem-procambium cells (green highlighted area). This early signal is significantly weaker 
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than previously observed signal in the pericycle (C). The asterisk demonstrates a significant difference 

between the intensity measurements tested using Student T-test (p<0.05). Scale bar represents 50 µm.  

4.2.6 SUMO site K151 and K282 on ARF7 are evolutionary highly conserved 

To identify which of the four SUMOylation sites performs a key function in auxin 

signalling, the evolutionary conservation of these four sites was studied. Firstly, the 

domain structure of ARF7 was identified, to visualize which domains are influenced by 

SUMOylation (Guilfoyle 2015; Fig. 4.6A). SUMO site, K104, sits on the flanking region of 

Dimerization domain 1 (DD1), important for hetero- and homodimerization with other 

ARFs. K151 sits on the B3 DNA-interaction Domain (B3 DBD) and K282 sits on the 

Ancillary Domain (AD), both are highly conserved domains across the ARF family 

members in A. thaliana. The last SUMO site, K890, sits on the 3’ end of the middle 

region, near the PB1 domain. Secondly, we checked the alignment of ARF7 like proteins 

in multiple sequence alignments based on taxa from divergent plant lineages. A recent 

paper of Mutte et al, (2018) was used as the blueprint for the evolution of A-class ARFs, 

of which ARF7 is a member, as are ARF5, ARF6, ARF8 and ARF19 (Mutte et al. 2018). 

Focus lay on extracting Class A-ARF protein sequences from available proteomic data in 

several evolutionary clades. The ARF protein sequence in multiple evolutionary lineages 

were used in this alignment analysis. The following species were used in this sequence 

analysis: Arabidopsis thaliana (to represent angiosperms), Picea abies (to represent 

gymnosperms), Selaginella moellendorffii (to represent Lycophytes), Physcomitrella 

patens (to represent Mosses), Marchantia polymorpha (to represent Liverworts) and 

Mesotaenium caldariorum (to represent Charophytes). Protein sequences of ARFs were 

obtained from Phytozome (Goodstein et al. 2012), PLAZA (Van Bel et al. 2018) and  M. 

caldariorum from 1000 plants (1KP) project (Matasci et al. 2014). Proteins were chosen 

for further alignment on the basis of blast score and Expectation value (E value) relative 

to the A. thaliana ARF7 protein sequence. The blast score relates to the highest 

alignment without gaps that is possible between input sequence and query, where 

higher scores indicates better alignments. The E-value relates to the chance of getting 

an alignment with the same or a better alignment score than the query, the lower the 

E-value, the higher the significance. The subset of chosen proteins of each lineage with 

the highest scores (up to three proteins with the exception of A. thaliana) were then 

aligned using MUSCLE alignment  (Edgar 2004) and results displayed using MView 
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(Brown et al. 1998). ARF proteins of S. moellendorffii and M. polymorpha were named 

as in  Lavy et al. (2016). The focus of this alignment was on the conservation of the lysine 

as the core residue in a SUMO site. Alignment results showed highest conservation of 

K151 and K282 (Fig. 4.6B, C). These two lysine residues are present up till the 

Marchantia polymorpha (liverworts), indicating a possible functional importance of the 

SUMOylation of these lysine residues through land plant evolution. The lysine K282 was 

also conserved in the proto-ARF of M. caldariorum. However, the flanking residues are 

completely different, which indicates that this would likely not function as a SUMO site. 

K890 showed a similar degree of lysine conservation but more variability of residues in 

the flanking sites, which will likely impact SUMOylation of this site (Fig. 4.6D). In 

contrast, SUMO sites K104 showed no conservation of the lysine residue within the 

different evolutionary clades (Fig. 4.6B). 

In contrast to A. thaliana, M. polymorpha genome contains only three ARFs, one class 

A, one class B and a class C. Our earlier results showed that the class A ARF in M. 

polymorpha contained a high degree of conservation of SUMO sites K151 and K282 and 

some conservation of K890 when aligned with A. thaliana ARF7. We further studied if 

this conservation was present when aligning all three classes of ARFs from M. 

polymorpha (Fig. 4.6E, F). Class B contained the lysine core residue important for SUMO 

binding at site K282 and K890. However, the flanking amino acids in both these cases 

were distinct from the class A-ARF, suggesting low likelihood of a conserved SUMO 

motif. The class-C ARF in M. polymorpha showed low conservation at the SUMO site. 

These results reveal that the SUMO sites of only class A-ARF in M. polymorpha is 

conserved. 
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Figure 4.7 – SUMO sites K151 and K282 are highly conserved in multiple evolutionary lineages. Domain 

structure of the ARF7 protein indicates the localisation of four SUMO sites (A). Protein alignment of 

ARFs in Arabidopsis thaliana (angionsperms), Picea abies (Gymnosperms), Selaginella moellendorffii 

(Lycophytes), Physcomitrella patens (Mosses), Marcantia polymorpha (Liverworts) and Mesotaenium 

caldariorum (Charophytes) visualized the evolutionary conservation of the four SUMO sites on K104 

(B), K151 (B), K282 (C) and K890 (D). Black boxes indicate SUMO sites and red boxes indicate 

conservation of the crucial lysine necessary for SUMO binding. Furthermore, the crucial lysine residue 

and flanking sites of SUMO site K151, K282 and K809 where not conserved in class B and class C-ARF’s 

in M. polymorpha and only present in the class A-ARF (E, F, G). The ‘cov’ percentage applies to full 

alignment coverage between target alignment and M. caldariorum ARF protein sequence, whilst ‘pid’ 
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percentage indicates the identical residues in the covered alignment between M. caldariorum ARF and 

target alignment. Abbreviations: DD1&2: Dimerization domains 1 and 2. B3 DBD: B3 DNA-interaction 

Domain. AD: Ancillary Domain. MR: Middle Region. PB1: Phox and Bem 1.  

4.3 Discussion 

4.3.1 Lateral root hydropatterning is regulated by an ARF7-LBD16 dependent 

pathway 

Lateral roots are crucial for the exploration of soil for water and nutrients (Morris et al. 

2017). LRs preferentially emerge towards water employing an adaptive response 

termed LR hydropatterning (Bao et al. 2014; Orosa-Puente et al. 2018). In this chapter, 

the importance of ARF7 SUMOylation on asymmetric expression of its target, the 

transcription factor LBD16, in the root elongation zone during LR hydropatterning is 

shown.  

The lbd16-1 loss-of-function mutant exhibits a clear LR hydropatterning defect similar 

to arf7-1 mutants. However, mutants in other LBD family members involved in lateral 

root formation with confirmed knock-out alleles, such as lbd18-1 and lbd29-1, did not 

show a hydropatterning defect (Supp. Fig. S4.1A, B). Future studies should assess LR 

hydropatterning in higher order LBD mutants to evaluate the role gene redundancy 

might play in this family of transcription factors. Of the LR expressed LBD genes, only 

LBD16, LBD18 and LBD29 have been confirmed as direct targets of ARF7, whilst other 

family members such as LBD17, and LBD33 are likely indirect targets (Lavenus et al. 

2015; Pandey et al. 2018). If these five LBD’s are regulated directly or indirectly by ARF7 

then why is LR hydropatterning only dependent on LBD16?  

One possibility that could explain why LBD16 is so important during LR hydropatterning 

is its expression pattern. GUS expression analysis of the five LBD genes involved in LR 

formation, LBD16, LBD17, LBD18, LBD29 and LBD33, revealed varying levels of 

expression in LRP. LBD33 is the outlier in this list of LBD genes as it exhibits a strongly 

reduced expression and is not found in the adjacent vasculature (Lee et al. 2009; Goh 

et al. 2012a). Furthermore, LBD16 GUS reporter intensity is stronger compared to other 

LBD genes, suggesting there is a difference in promoter activity, rather than spatial 

expression pattern. Together this expression data suggests limited difference in 
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expression pattern between the five LBDs. Thus, the expression of these genes does not 

explain the importance of LBD16 in LR hydropatterning. 

Another possibility is a difference in protein stability or activity due to a difference in 

protein sequence between the four LR expressed LBDs. Interestingly, all five previously 

mentioned LBD members can be classified in the same class (IA) and same subtype (C), 

indicating a high degree of sequence similarity between lateral root developmental LBD 

genes (Iwakawa et al. 2002). Interestingly, LBD16 and LBD29 are a result of a gene 

duplication event 24-40 million years ago and thus contain a very similar LOB domains 

(Blanc et al. 2003; Matsumura et al. 2009). Similarly, LBD17 showed the greatest 

sequence similarity with LBD29. Additionally, LBD17 is located next to LBD16 on the 

genome and thus LBD29 and LBD17 are likely to be the result of a more recent gene 

duplication event.  The N-terminal LOB domain of these three genes are quite similar, 

however the C-terminal domains are very different shown by the difference in tree scale 

comparing the LOB domain and the C-terminal phylogenetic tree (Fig 4.8A-C) 

(Matsumura et al. 2009). The variable C-terminal could explain the difference seen in 

transcriptional control of downstream genes. Research on multiple orthologs of the LBD 

family suggested possible transcriptional activation domains on the C-terminal as well 

as a possible role in inhibition of LOB dependent homodimerization (Liu et al. 2005; 

Majer et al. 2012). Further analysis of the C-terminal sequence similarity showed 

highest similarity between LBD17 and LBD29 of 38%, whilst between LBD16 and LBD29 

this is only 23% (Matsumura et al. 2009). The C-terminal of LBD16 is thus very different 

from most other LBD gene duplicates and, according to MUSCLE alignment, most closely 

related to LBD18 (Fig 4.8C). Additionally, LBD16 targets have potential binding sites for 

both LBD16 or LBD18, indicating similar DNA binding sites (O’Malley et al. 2016; Goh et 

al. 2019). Yet not all transcriptional targets of LBD18 are also regulated by LBD16, 

suggesting  some level of distinction in DNA binding motif (Lee et al. 2013a). Research 

related to LBD18’s C-terminal domain showed its importance in binding to the PB1 

domain on ARF7 and ARF19 to enhance transcriptional activity (Lee et al. 2017; Pandey 

et al. 2018). This binding was also shown to compete with the binding of IAA repressor 

protein on ARF (Pandey et al. 2018), revealing a possible positive feedback loop to 

construct a robust feedback mechanism during lateral root development. Future 
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research will have to reveal if the C-terminal domain of LBD16 contributes in a similar 

way as LBD18’s to stabilize ARF7 and if this provides a positive feedback loop during LR 

hydropatterning. LBD16 and LBD18 might bind similar DNA motifs, their C-terminal 

domain varies greatly which might explain differences in gene targets and clarify why 

LBD16 is key during LR hydropatterning. 
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Figure 4.8 – Protein sequence alignment of LBD family members involved in lateral root primordia 

initiation and development. Comparison of LBD16, LBD17, LBD18, LBD29 and LBD33 full protein 

sequence (A), LOB domain sequence (B) and C-terminal sequence (C) alignment using MUSCLE 

alignment. Phylogenetic trees were made using iTol software (Letunic and Bork 2019). Tree scale 
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indicates the branch length, representing the evolutionary time between two nodes. Numbers near 

nodes indicate bootstrap value, the times out of a 100 tests the same tree was constructed.  

4.3.2 SUMOylation regulates ARF7 activity during lateral root hydropatterning  

The transcription factor ARF7 directly binds to the promoter of LBD16, thereby 

regulating its auxin inducible asymmetric gene expression pattern during LR 

hydropatterning. Both ARF7-Venus and gLBD16-GFP translational reporters were used 

to study if localisation differs between the agar and the air side of the root during a 

hydropatterning stimuli. A new Light Sheet Fluorescent Microscopy (LSFM) protocol was 

employed to distinguish the agar and air sides of roots grown on agar. Use of these tools 

demonstrated that all root cells expressed ARF7-Venus and no difference in relative 

fluorescence between agar and air side was apparent (Orosa-Puente et al. 2018). 

However, gLBD16-GFP displayed a strong asymmetrical expression in root elongation 

zone pericycle cells, indicating an early preference for one xylem pole that promotes LR 

initiation.  

To assess the role of ARF7 on gLBD16-GFP asymmetrical expression, a cross was made 

between arf7-1 and gLBD16-GFP. This line showed a strong reduction in asymmetry of 

the GFP signal. This result revealed two key points. Firstly, hydropatterning is 

dependent on a functional ARF7-LBD16 pathway to create an asymmetrical localisation 

of LBD16. This data is supported by earlier research showing a loss of oscillation of DR5 

expression in arf7-1 mutants, which resulted in irregular locations of pre branch sites 

(Moreno-Risueno et al. 2010). Demonstrating the importance of ARF7 in regulation of 

periodic oscillations in order to space out LRP initiation sites, possibly doing so by 

asymmetrical expression of downstream targets. Secondly, all root cells contain 

stabilized ARF7, as demonstrated with the ARF7-Venus line, but not all root cells actively 

transcribe LBD16. Additionally, the hydropatterning response could be restored by over 

expressing ARF7, indicating that neither the level nor expression pattern is crucial for 

hydropatterning (Orosa-Puente et al. 2018). Instead, it suggests that ARF7 activity is 

regulated during LR hydropatterning. 

The previous results led to research on possible post-translational modification of ARF7 

(Orosa-Puente et al. 2018). Post-translational modification (PTM) of proteins represents 

a major field of study, with >100 types being described to date (Barber and Rinehart 



114 
 

2018). One of these classes of PTM, SUMOylation, was shown to be critical for 

controlling ARF7 during hydropatterning. Sequence analysis of ARF7 identified four 

lysines that can bind SUMO, so called SUMO sites (Orosa-Puente et al. 2018). Mutating 

all of these SUMO sites resulted in the creation of a non-SUMOylatable ARF74KR protein 

(Orosa-Puente et al. 2018). Additionally, when both ARF7WT (containing the Col-0 ARF7 

coding sequence) and ARF74KR were transformed into arf7-1 mutants, the 

hydropatterning response could only be restored with the ARF7WT transgene (Orosa-

Puente et al. 2018), thereby demonstrating the necessity of SUMOylation of ARF7 

during LR hydropatterning.  

To further analyse how SUMOylation affects ARF7 function, we analysed in which 

domains these sites were located. The first SUMO site on the ARF7 protein sequence, 

K104, is located in the flanking region of the dimerization domain 1 (DD1). This domain 

together with DD2 regulates ARF dimerization which might be critical for biological 

function (Boer et al. 2014). SUMOylation of this residue might affect the dimerization 

ability of ARFs thereby potentially preventing regulation of transcription by ARF dimers. 

The next SUMO site, K151, is sited in the B3 DNA-interaction domain (B3 DBD), which is 

critical for interaction with AuxRE motifs (Boer et al. 2014). Hypothetically SUMOylation 

of this site might distort DNA binding ability of ARF7 and therefore reduce 

transcriptional output. The ARF74KR showed increased AuxRE binding on LBD29 and 

LBD16 promoter compared to ARF7WT, suggesting that the unSUMOylatable version of 

ARF7 has a higher DNA binding affinity (Orosa-Puente et al. 2018). However, this result 

does not distinguish between the role of the multiple SUMO sites on ARF7. Further work 

on combinations of 1K/R and 3K/R ARF7 lines will reveal the importance of each SUMO 

site on ARF7 transcriptional activity. The SUMO site K282 is positioned on the Ancillary 

Domain (AD) of ARF7. The function of this domain is still unknown, although it is thought 

to tightly interact with the DD1 and 2 domains. SUMOylation of K282 might therefor 

also affect homo and hetero-dimerization of ARFs to control transcriptional activity. The 

last SUMO site, K890, sits in the 3’ end of the middle region, near the PB1 domain. The 

middle region is important for the transcriptional activity of A class ARFs and is highly 

distinct from Class B and C ARFs (Ulmasov et al. 1999). SUMOylation of K890 might 

affect binding of SWI/SNF chromatin remodellers, which binds on the middle region in 
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ARF5 (Wu et al. 2015). The SWI/SNF complex is important for opening up the chromatin 

around the DNA binding site to allow transcription. Without binding of these important 

complexes ARF transcription activity will be diminished. The SUMOylation of ARF on 

these four SUMO sites might be a way of rapidly controlling auxin response levels. 

SUMOylation could also serve as an extra checkpoint in which an auxin response can 

only occur when auxin is available and ARFs are deSUMOylated.  

To further study the effect of SUMOylation on downstream targets of ARF7, the ARF7WT 

and ARF74KR transgenics were crossed with gLBD16-GFP. The asymmetrical localisation 

of LBD16 could be restored by complementing with the ARF7 WT transgene, yet not by 

complementing with the ARF74KR. Additional ChIP and expression data revealed a 

stronger binding and induction of ARF7 direct targets, such as LBD16, LBD29 and IAA19, 

in the ARF74KR line compared to the ARF7WT. This fits with fluorescence data shown here 

(Fig. 4.5E) that demonstrate a higher level of relative fluorescence in gLBD16-GFP ARF7 

4KR compared to ARF7 WT. Thus, we hypothesize that SUMOylation of ARF7 causes a 

reduction in transcriptional activity.  

How is the SUMO status of ARF7 controlled and how does this affect the activity of the 

protein? ARF7 is rapidly SUMOylated when roots are removed from agar plates and 

placed on paper (Orosa-Puente et al. 2018). Hence, ARF7 SUMOylation status is 

responsive to local moisture levels. Mathematical modelling predicts that growth 

sustained by uptake and elongation of cells in the elongation zone serves as a 

biophysical cue to determine where to pattern the roots (Robbins and Dinneny 2018). 

This theory was verified by treating maize roots with growth inhibitors and observing a 

direct negative correlation between root growth and LR hydropatterning. Differences 

in water potential between air and agar exposed side was especially severe near the, as 

the authors termed, competent zone of maize roots, what equates to the elongation 

zone in A. thaliana roots. In the elongation zone water uptake directly affects cell 

elongation, making this an excellent zone for integration of water availability cues. The 

radial difference in water potential in this zone could be the driving force behind the 

formation of a gradient of SUMOylated ARF7 across the root radial axis, with high 

SUMOylated ARF7 on the air side and free active ARF7 on the agar side. 
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The activity of ARF7 is dependent on binding to AUX/IAA repressor proteins, which 

prevents activation of auxin induced genes when auxin levels are low (Goh et al. 2012b). 

Binding of ARF7 and IAA3 was shown to be dependent on SUMOylation of ARF7 as the 

4KR non-SUMOylatable version of ARF7 showed decreased interaction with IAA3, whilst 

still being able to bind IAA14 (Orosa-Puente et al. 2018). Analysis of IAA3 and IAA14 

protein sequences revealed a SIM site in the former, but not latter. This could promote 

interaction between SUMOylated ARF7 and SIM containing IAA3 proteins. Mutating the 

SIM site in IAA3 completely abolished IAA3 and ARF7 interaction. Further analysis 

uncovered that the SIM site was localized in the PB1 domain. This domain shares high 

homology with the PB1 domain of ARF7 and regulates the interaction between Aux/IAA 

and ARF (Chapman and Estelle 2009). Mutating the SUMO sites on ARF7 can abolish 

SUMO and SIM binding. However, binding between the two PB1 domains is still 

possible. However, mutating the IAA3 SIM site completely blocked ARF7 binding and 

IAA3 interaction, indicating a more profound effect of SIM mutation on this interaction. 

This mutation might block SUMO-SIM interaction as well as prevent PB1 binding, 

preventing all ARF7 and IAA3 interactions. SUMOylation thus inhibits ARF7 activity by 

binding to IAA3 repressor proteins through SIM, causing it to become inactive. 

Interestingly, in the case of ARF74KR-GFP, auxin (NAA) treatment could still strongly 

increase promoter binding to LBD16 and LBD29 than without NAA (Orosa-Puente et al. 

2018). This suggests that the combination of deSUMOylated ARF7 and auxin treatment 

have an additive effect on the expression of downstream targets. Thus, ARF7 

SUMOylation provides the plant with a wider range of regulatory options to control 

auxin response output. 

This leads to the following model in which SUMOylated ARF7 on the air side of the 

primary root will recruit IAA3 and repress expression of auxin responsive genes like 

LBD16 associated with LR initiation. On the agar side ARF7 is free from SUMO and 

activates LBD16 as seen in this chapter.  

 

4.3.3 Asymmetric LBD16 expression is key to lateral root hydropatterning 

The asymmetric expression of LBD16 by ARF7 appears to be critical during a LR 

hydropatterning response. Significantly, lines over-expressing LBD16 (LBD16 OE) 
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showed the strongest hydropatterning defect seen in published and unpublished work. 

Indeed, LBD16 OE lines shared a lot of similarities with ARF7 4KR. This prompted studying 

the radial expression of LBD16 in more detail. Both lines showed an increased LBD16 

expression and hydropatterning defect. This could be caused by an inability to create 

an asymmetric gLBD16-GFP expression pattern, causing an unbiased initiation of LRs. In 

this case the hyperactive ARF74KR works in a similar fashion as over-expressing LBD16, 

but on a smaller scale as ARF7 activity is controlled by more than SUMO alone. Likely 

the longitudinal and radial specific expression of LBD16 is key to re-programme specific 

XPP cells to differentiate and form LR Founder cells (LRFCs). Without proper cell specific 

induction of LBD16 expression, environmental cues cannot be translated into 

developmental outputs. Non-specific selection of LRFCs through over-expressing LBD16 

thus leads to a uniform distribution of LRs and a strong defect in hydropatterning.  

Alternatively, the strong defect in LBD16 OE could be caused by impaired root and shoot 

growth. Robbins and Dinneny established that when root growth is severely impaired, 

this in turn impairs the LR hydropatterning response (Robbins and Dinneny 2018). 

Potentially this is caused by the loss of water uptake at the root elongation zone, which 

is thought to be the region where water cues are detected. Without the proper inflow 

of water, that drives cell elongation in this zone, the root cannot establish where the 

water is available and would thus demonstrate a defect in its LR hydropatterning 

response.  

Detailed analysis of the gLBD16-GFP LSFM datasets revealed another novel observation. 

Re-analysing the spatial localisation of gLBD16-GFP, we found a weak nuclear signal in 

vascular procambium cells next to the pericycle. These cells have recently been 

renamed as xylem-procambium cells (Smetana et al. 2019). Xylem-procambium cells, 

together with XPP cells, act as stem cells during vascular cambium formation. 

Interestingly, ARF genes, such as ARF7, promote the formation of these stem cells and 

likely induce LBD16 expression in a similar pattern to lateral root primordia formation. 

However, the formation of cambium is initiated at a later root developmental stage than 

the initiation of LRFCs (Smetana et al. 2019). It is likely that these two developmental 

processes, cambium formation and LRFC initiation, deploy a similar genetic pathway for 

cell division and differentiation.  
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The remaining question is if and how the localisation of LBD16 in these cells contribute 

to the selection of LRFC? Is the expression of the LBD16 in both neighbouring cells 

independent of each other or is there some movement of this protein between xylem-

procambium and pericycle cells that orchestrates the positioning of LRFC’s according to 

the availability of water in the surroundings. Another possibility is that LBD16 drives 

expression of target genes, which then move to neighbouring cells. To test the first 

hypothesis, we are collaborating with Joop Vermeer (Université de Neuchâtel, 

previously University of Zurich) to construct a 3xmCherry tagged LBD16 construct to 

block plasmodesmatal transport of this protein. The transcription factor LBD16 is a 

relatively small protein with 245 amino acids and protein size of approximately 27 kDa. 

According to studies on plasmodesmatal transport in the root tip, the size exclusion 

limit of proteins moving freely is ~16 kDa, but movement from the endodermis to 

pericycle and vasculature is limited to proteins which are ~60 kDa (Rim et al. 2011). This 

research classifies LBD16 as a protein with limited movement. Fusing LBD16 coding 

sequence with GFP increases its size to 54 kDa, which should theoretically still be able 

to move through the plasmodesmata and fit the same size exclusion limit classification. 

However, when LBD16 is tagged with 3xmCherry the resulting protein size becomes 108 

kDa. At this size plasmodesmatal transport of LBD16-3xmCherry would be blocked, 

allowing us to distinguish between transport of LBD16 protein and the site of LBD16 

expression. Transforming LBD16-3xmCherry into ldb16-1 background will allow us to 

assess if the immobile form of LBD16 can restore the LR number to Col-0 levels similar 

to LBD16-GFP. If LR number is not restored in LBD16-3xmCherry lines than the mobility 

of this protein is crucial for LR formation. Furthermore, dipping LBD16-3xmCherry in 

LBD16-GFP reporter lines will aid in understanding in which cell types LBD16 is 

expressed (where mCherry is present) and where it moves to (where the GFP is 

present). This experiment will inform us in which stage of LRP development the mobility 

of LBD16 is important. These future experiments will aid our understanding of the role 

of mobile transcription factors in LR formation.  
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4.3.4 Evolutionary conservation of ARF SUMOylation 

To assess if SUMOylation of ARFs is a more recent modification or if this is conserved 

across different plant lineages, A-class ARFs of multiple evolutionary lineages were 

aligned. Thereafter, the conservation of the A. thaliana SUMO sites was assessed. This 

analysis revealed strong conservation of two SUMO sites, K151 and K282, which were 

conserved in a variety of evolutionary lineages from the Liverworts onwards. K151 sits 

in the B3 DNA-binding domain, whilst K282 is located in the ancillary domain. Likely the 

K151 SUMO site affects DNA binding ability of ARF7. This could explain the increased 

binding of ARF7 4KR to the promoters of LBD16 and LBD29 and the increased level of 

fluorescence in gLBD16-GFP ARF7 4KR. In this model, SUMOylation of K151 results in 

decreased binding efficiency to AuxRE. K282 is located in the ancillary domain of 

unknown function, which might be involved in interaction with the dimerization domain 

(Roosjen et al., 2018). Likely dimerization is important for ARF activity, as the mutation 

of the dimerization domain in ARF5 could not restore the phenotype of loss-of-function 

mutants (Boer et al., 2014). K890 showed high conservation of the lysine residue, but 

high variability in the two flanking residues, which could affect SUMOylation of this site. 

K890 is located on the middle region near the PB1 domain. Potentially K890 could affect 

binding with the SIM on the PB1 domain of IAA3/SHY2. This SUMO-SIM interaction 

might strengthen the binding affinity between these two proteins. Another possibility 

is that SUMOylation of K890 affects binding of chromatin regulatory proteins such as 

SWI/SNF chromatin remodelling ATPases that were shown to bind to the middle region 

of ARF5. Blocking the binding of SWI/SNF complex will affect the open chromatin state 

and reduce transcriptional activity. In contrast, K104 exhibits low conservation. This site 

is located between DD1 and B3 DBD and as a result might impact ARF hetero- and 

homodimerization in a similar manner as previously described for K282. As this site is 

only conserved in ARF7 and ARF19 it likely evolved most recent. Potentially 

SUMOylation of K104 acts to strengthen the regulation of ARF7 and ARF19 dimerization 

during abiotic stress. Future work with point mutations in each of these SUMO sites will 

have to decipher the precise contribution each site plays in regulating ARF7 activity.  

Only the charophycean algae Mesotaenium caldariorum showed no conservation of the 

lysine residue at K151 and K282. Possibly the proto-ARF in this species does not function 
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as an ARF. Charophytes, Klebsormidium nitens and Spirogyra pratensis showed a strong 

transcriptional responses to auxin treatment, even though some charophytes in this 

study contained no auxin signalling pathway components (i.e. TIR1/AFB, Aux/IAA and 

ARF) (Mutte et al. 2018). It is likely this response is not specific to auxin treatment but 

due to the similarity of auxin to indole and tryptophan, which instead could lead to a 

metabolic response towards nutrient acquisition (Mutte et al. 2018). Future studies 

should increase the number of protein sequence databases used, to confirm if these 

residues are conserved in other species within the lineages. 

In the liverwort M. polymorpha, the genome contains all three auxin signalling 

components; one TIR1, one Aux/IAA and four ARFs (one from each class and a non-

coding ARF that does not contain the B3 DBD domain). The limited number of auxin 

signalling genes makes this an ideal model species to investigate the distinct biological 

functions of the ARF classes. The M. polymorpha class A-ARF, MpARF1, was confirmed 

as a transcriptional activator (Kato et al. 2015) and mutations in MpARF1 led to a 

reduced auxin sensitivity and developmental defects (Kato et al. 2017). In contrast, 

MpARF2 classified as a transcriptional repressor (Kato et al. 2017) and potentially 

functions by competing for the same DNA binding sites as MpARF1 and repressing 

transcription by binding TPL co-repressors (Kato et al. 2020). MpARF3 mutants exhibit 

developmental defects, this mutation has no effect on the auxin response (Kato et al. 

2020). Likely C-class ARFs have an auxin independent function in plants as in A. thaliana 

this class has a weak affinity for Aux/IAAs (Piya et al. 2014). Intriguingly, only MpARF1 

contained a conserved lysine on K151, K282 and K890 when aligned with A. thaliana 

ARF7, whilst MpARF2 and MpARF3 had low conservation at these sites. Could 

deSUMOylation of activating ARFs have evolved as a rapid on/ off switch for the auxin 

response. ARF7 4KR is more transcriptionally active than ARF WT, but these experiments 

did not reveal which sites of ARF7 are SUMOylated in planta in a given cell or tissue at 

a given time. This problem would be solved by making a constitutively SUMOylated 

ARF7, but this is, at this time, impossible. More likely SUMOylation is a tool to fine-tune 

the auxin response. Likely ARF7 is mostly SUMOylated in cells as pools of free SUMO are 

low (Johnson 2004), allowing a diminished auxin response. When an increased auxin 

response is necessary, ARF7 can rapidly be deSUMOylated, thereby activating an 
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increased auxin response. Hence, deSUMOylation might be important in managing the 

amplitude of the auxin response. It could also be used to quickly shut down the auxin 

response through SUMOylation of key domains when the plant perceives stress (Kurepa 

et al. 2003). SUMOylation of ARFs might have enabled plants to rapidly regulate the 

level of auxin response, which is a critical for controlling transcriptional activators. 
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Supplemental figure 

 

 

Figure S4.1 – lbd18-1 and lbd29-1 mutants exhibited Col-0 levels of LR hydropatterning. In two separate 

experiments both lbd18-1 (A) and lbd29-1 (B) did not show an altered LR hydropatterning response 

compared to Col-0. Box plots were used to display data distribution. Different letters indicate 

significant difference between lines (p≤0.05, one-way ANOVA, Tukey’s HSD test) n=9-12 seedlings.  
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5. SUMO protease OTS1 regulates hydropatterning 

5.1 Introduction 

Plants have evolved root adaptive responses to forage the heterogenous soil 

environment more efficiently for resources such as water and nutrients (Gruber et al. 

2013; Orman-Ligeza et al. 2018). For example, a barley root growing through a 

macropore, devoid of contact with water, adapts by blocking branching using its 

xerobranching response (Orman-Ligeza et al. 2018), whilst maize growing along a 

macropore only exhibit branching towards the water containing soil using its lateral root 

hydropatterning response (Bao et al. 2014). Recent work has demonstrated lateral root 

hydropatterning is dependent on the SUMO-mediated post-translational modification 

of the key regulator ARF7 (Orosa-Puente et al. 2018). We hypothesize that in root cells 

exposed on the air side (i.e. the side opposite to the agar) ARF7 is SUMOylated and 

therefore inactive, whereas ARF7 is un-modified in root cells in contact with agar. 

However, how ARF7 SUMOylation status is asymmetrically controlled by external water 

availability remains unclear.  

SUMOylation status is controlled by the rate of addition and cleavage of SUMO peptides 

from its target proteins. This requires the maturation of immature SUMO, followed by 

the activation, conjugation and ligation of SUMO to target substates (Morrell and 

Sadanandom 2019). This is potentially followed by poly-SUMO formation involving PIAL 

proteins or deSUMOylation by SUMO proteases. Together these steps form the SUMO 

cycle as discussed in more detail in Chapter 1. As most cellular SUMO consists in a 

conjugated state, it is believed that deSUMOylation of substrates is key to how SUMO 

regulates cellular processes (Johnson 2004). Additionally, a limited number of SUMO E1 

activators and E2 conjugators are found in the A. thaliana genome. SUMO E1 activators 

and E2 conjugators showed no specificity for the various SUMO proteins, thus these do 

not discriminate during conjugation reactions (Chosed et al. 2006). In contrast, 14 

SUMO proteases have been identified in the A. thaliana genome, although not all have 

confirmed SUMO peptidase activity (Morrell and Sadanandom 2019). In plants all 

identified SUMO proteases are cysteine proteases, which are named after the cysteine 

residue in the heart of their catalytic site functioning as a nucleophile during proteolytic 
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cleavage (Gillies and Hochstrasser 2012; Mossessova and Lima 2000). They can be split 

up in two families based on the amino acid order of the active site: ULP and DeSI. The 

DeSI family in A. thaliana remains largely understudied due to its quite recent 

identification in mouse (Shin et al. 2012). Recent studies have confirmed the role of 

DeSI3a in the immune response, indicating DeSI have confirmed isopeptidase activity in 

plants (Orosa et al. 2018). 

The ULP family of SUMO proteases are evolutionary distinct from DeSI’s. They can be 

subdivided into four classes: (I) ELS, (II) OTS, (III) SPF and (IV) FUG types (Castro et al. 

2018). Exact evolutionary classification between these classes is difficult due to their 

amino acid sequence divergence. A lot of variation in activity exist between these 

classes as the OTS type have confirmed isopeptidase (SUMO cleavage of substrate) and 

peptidase activity (SUMO maturation) for SUMO1 and 2, whilst the SPF type have 

medium isopeptidase and low peptidase activity for SUMO1 and cannot process SUMO2 

(Conti et al. 2008; Liu et al. 2017). Likely, different classes of ULP proteases are involved 

with maturation and deSUMOylation of particular SUMO proteins, thereby regulating 

their specific functioning. Additional specificity to the SUMO machinery is provided by 

subcellular localisation signals determined by their N-terminal sequences ( Li & 

Hochstrasser, 2003; Kroetz et al., 2009). Most ULP proteases are localised in the nucleus 

or nuclear envelop, where they can directly control deSUMOylation of nuclear proteins 

like transcription factors. However, ELS1 is specifically expressed in the cytoplasm, 

suggesting this protease has distinct targets. Another level of specificity is provided by 

expression of these proteases. SUMO proteases are expressed ubiquitously in A. 

thaliana (Morrell and Sadanandom 2019). However, the level of expression of the 

different genes varies per organ, suggesting different developmental roles for the 

different classes.  

The OTS class of deSUMOylating proteases has a strong link with environmental 

regulation.  The role of these proteases was first identified through use of an activation-

tagging screen where enhanced expression of OTS1 led to increased resilience to salt 

stress (Conti et al. 2008). This phenotype appeared due to a reduction in 

SUMO1/SUMO2 conjugates found in OTS1 over-expression lines. The closest 

homologue to OTS1 was OTS2, with 56% of its amino acid identical to OTS1 and 72% 
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identical to the OTS1 protease domain. These two homologues are more distant related 

to other SUMO proteases (Morrell and Sadanandom 2019). In contrast to OTS1 over-

expression lines, the ots1-1 ots2-1 double mutant exhibited an increased sensitivity to 

salt, whilst single mutants showed a Col-0 phenotype (Conti et al. 2008). This revealed 

the genetic redundancy between both OTS SUMO proteases in response to salt stress. 

Salt exposure did not alter OTS1 transcript levels, but increased proteasome mediated 

degradation of OTS1, which as a result enhanced levels of SUMO conjugates (Conti et 

al. 2008). As OTS proteases are exclusively located in the nucleoplasm, increased levels 

of SUMOylation of transcription factors can affect gene expression during salt exposure. 

Potentially, the increased SUMOylation response could decrease gene transcription and 

decelerate plant growth to cope with local stress. Further evidence in favour of this 

model, revealed that over-expression of SUMO1 in ots1-1 ots2-1 background could 

severely limit growth similar to salt-stressed ots1-1 ots2-1 plants (Conti et al. 2009). 

Interestingly, OTS1 and OTS2 activity only affected SUMO1/2 conjugation upon salt 

stress and no effect on SUMO3 conjugate levels was observed (Conti et al. 2008). This 

suggests that different classes of SUMO proteases can have different SUMO targets to 

control during abiotic and biotic stress responses. Subsequently, the difference in 

protease-to-target specificity may also reflect the organ and sub-cellular localisation of 

distinct SUMO proteases. Especially the organ specific expression pattern of the SUMO 

proteases remains unresolved and might reveal tissue specific protease-substrate 

interactions. 

The OTS1 rice ortholog, OsOTS1, controls salt tolerance in a similar manner, where high 

salt exposure results in a breakdown of OsOTS1 (Srivastava et al. 2016b). Similar to A. 

thaliana, rice plants over-expressing OsOTS1 had increased salt resilience, whilst RNAi 

lines repressing OsOTS1 protein levels had decreased resilience (Srivastava et al. 

2016a). In contrast, researchers observed a drought sensitive phenotype of rice lines 

over-expression OsOTS1, whilst OsOTS1-RNAi lines were more drought resilient 

(Srivastava et al. 2017). OsOTS1 levels dropped significantly after treatment with 

drought and ABA, a major regulator of drought response. The drought sensitivity of 

OTS1 abundance makes it a likely candidate for a role during lateral root 

hydropatterning. 
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In this chapter, loss-of-function mutants in both OTS1 and OTS2 are analysed to 

establish their role in LR hydropatterning. The ots1-1 ots2-1 double mutant exhibited a 

severe defect in LR hydropatterning, and LR initiation and emergence. 

Complementation of the double mutant with OTS1-mVenus could partially restore Col-

0 phenotype and fully restore LR hydropatterning. Additionally, OTS1 expression could 

be visualized in pericycle cells of the late elongation zone involved in LRFC initiation. 

However, OTS1-mVenus levels were not affected by external water distribution in this 

zone. Data in this chapter suggests LR hydropatterning is dependent on OTS1 activity 

rather than OTS1 than stability. 

5.2 Results 

5.2.1 Mutants in OTS1 and OTS2 exhibit a hydropatterning defect  

To decipher which gene(s) control ARF7 deSUMOylation, we re-analysed expression of 

ULP SUMO proteases in LR formation using a transcriptomic time course data set of LR 

development (Voß et al. 2015). This data revealed highest expression in LRP of OTS1 

and no relative change of expression during LR development (Supp. Fig. S5.1A,B). As it 

was earlier observed that OTS1 plays a role in abiotic stress responses (Conti et al. 

2008), we decided to further study OTS1 and its close homolog OTS2’s role in LR 

hydropatterning. ots1-1 ots2-1 double mutants were provided by prof. Ari Sadanandom 

and genotyped for the SALK insertion (Supp Fig. S5.2A-D).  

Double mutants with SALK insertions in two highly related SUMO proteases, OTS1 and 

OTS2, exhibited severe root phenotypes including wavy primary roots, impaired primary 

root growth as well as a decrease in lateral root emergence and density (Fig 5.1 A-D). 

Additionally, ots1-1 ots2-1 seedlings exhibit a significant hydropatterning defect (Fig 5.1 

E). Expression data for each root zone revealed OTS1 transcripts are detected in 

elongation and differentiation zones where LRs initiate, whereas OTS2 is mainly 

expressed in the lateral root zone where LRP develop and emerge (Supp. Fig. S5.3A). As 

hydropatterning is sensed in the elongation and early differentiation zone, we 

specifically focused on OTS1. Interestingly, both OTS genes had comparable expression 

in roots of arf7 arf19 mutant compared to Col-0, indicating limited control by ARF7 and 

ARF19 on OTS1 expression (Supp. Fig. S5.3B).   
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To determine the spatial-temporal regulation of the OTS1 protein, we constructed a 

OTS1 (coding sequence only) translational reporters fused to mVENUS. To validate if 

either of the OTS1-mVENUS reporters were functional, complementation assays in the 

ots1-1 ots2-1 background were performed. pOTS1::mVenus:OTS1 (N-terminal tagged 

reporter) and a pOTS1::OTS1::mVenus (C-terminal tagged reporter) were constructed 

and transformed into ots1-1 ots2-1 plants. Lines expressing either transgene exhibited 

partial restoration of primary root length and complete restoration of lateral root 

number, density and hydropatterning, indicating these LR traits were dependent on 

OTS1 (Fig 5.1 A,B,E; Supp. Fig. S5.4A-D). Furthermore, the complementation lines 

showed similar phenotypes, indicating no effect of the position of the mVenus tag on 

OTS1 protein function. Expression analysis shows partial restoration of OTS1 transcript 

levels in complementation lines compared to ots1-1 ots2-1 mutant (Fig. 5.1F). 

Surprisingly, over-expression of OTS1 does not affect root growth nor LR 

hydropatterning, suggesting either strong regulation of OTS1 mRNA translation or OTS1 

protein stability and/or activity as key in hydropatterning rather than OTS1 transcript 

abundance (Fig. 5.1A-F). Taken together these results reveal that OTS1 is crucial for LR 

hydropatterning and suggests possible regulation of LR hydropatterning through OTS1 

protein abundance and/or activity.  
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Figure 5.1 – The ots1 ots2 double mutant displays a severe impairment in root growth and is defective 

in its lateral root hydropatterning. The ots1 ot2 double mutant exhibits reduced primary root growth 
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and lateral root emergence (A, B). This is restored in the OTS1-Venus and Venus-OTS1 

complementation lines (A, B). The genome map indicates the T-DNA insertion positions on OTS1 (C) 

and OTS2 (D) and the location of the enzymatic domain containing the C48 peptidase. FW1, RV1, FW3 

and RV2 indicate the position of RT-qPCR primers used in this chapter. The double mutant has a 

significant defect in lateral root patterning, which is rescued by complementation with the OTS1-Venus 

construct (E). Overexpressing OTS1 does not seem to have an impact on hydropatterning (E). 

Expression analysis of these lines indicates that OTS1 has decreased expression in ots1-1 ots2-1 

mutants and this is only partly restored in the complementation line OTS1-Venus (F). The OX lines 

clearly showed an enhanced expression of OTS1 (F). Different letters indicate significant difference 

between lines (error bars are SEM, p≤0.05, one-way ANOVA, Tukey’s HSD test, n=10-14. Expression 

analysis was done on three biological replicates each containing 15 whole roots. Scale bars represents 

1 cm. 

To confirm whether regulation of LR hydropatterning by OTS1 is crucial, a second 

independent OTS1 allele was characterised. This second allele, termed ots1-2 gk, 

contained a Gabi-Kat (GK) insertion in the 6th exon, whereas the ots1-1 allele features a 

mutation in its last exon (Fig. 5.2A). ots1-2 gk mutants exhibited a significant reduction 

in primary root growth and lateral root density, whilst ots1-1 single mutants showed no 

difference compared to Col-0 (Fig. 5.2B-D). This new allele also showed a significant 

defect in LR hydropatterning comparable to ots1-1 ots2-1 double mutants (Fig. 5.2E), 

strengthening the evidence that LR hydropatterning is dependent on OTS1 (and to a 

lesser extent on OTS2). 

Further investigation was necessary to explain the difference in hydropatterning 

response visible in the two single mutants, ots1-1 and ots1-2 GK. Expression analysis of 

OTS1 in both these alleles, using FW1 and RV1 primers located at the 5’ end of the 

transcript, led to the surprising discovery that ots1-1 had decreased levels of OTS1, but 

in ots1-2 GK expression levels were increased (Fig. 5.3A). To confirm that the expression 

change is uniform in the entire transcript and not only increased the transcript levels 

upstream of the GK insertion, a second RT-qPCR primer pair (FW3 + RV2) was used that 

amplifies the 3’ end of the transcript. This second primer pair displayed similar OTS1 

transcript levels in Col-0, ots1-1 and ots1-1 ots2-1 mutants as the 5’ primer pair, which 

confirmed earlier expression results. However, OTS1 3’ transcript levels where even 

higher than the over expression already visible in the 5’ end of the transcript in ots1-2 
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GK. This data suggests that the GABI-KAT insert causes an over-expression of the gene 

and might cause a gain-of-function mutation. 

To verify the position of the GK insert, GK specific border primer and OTS1 gene specific 

primers were used. T-DNA map of GK insert (https://www.gabi-kat.de/) was used to 

find a border primer named o8760 (Fig. 5.3C). To investigate the position and direction 

of the T-DNA insert PCR was employed by using two OTS1 gene specific primers, one 

that amplifies towards the 3’ end and one amplifying towards the 5’ end (Fig. 5.3B). 

Surprisingly, both primer pairs resulted in a PCR product, suggesting a possible double 

GK insertion in the same location (Fig. 5.3D). Sequencing and alignment of both PCR 

products highlighted the same location on the OTS1 gene map as the position of the GK 

insert (Fig. 5.3B,E). In contrast with what was defined as the position of the insert on 

TAIR, this insert is located further downstream in the 7th intron. Potentially, the 35CaMV 

promoter from the first GK insert drives the over-expression of the enzymatic domain 

(ULP protease) of OTS1, thus leading to the increased expression of the 3’ end.  

Further analysis showed no new in-frame ATG codes in the sequencing results. 

However, exon 8 contains two in-frame ATG codes that could potentially start 

translation and form 90% of the protease domain, without the entire OTS1 N-terminal. 

Taken together, this data shows a potential for ots1-2 GK as a gain-of-function mutant, 

resulting in over-expression of the C terminal OTS1 protease domain.  

  

https://www.gabi-kat.de/
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Figure 5.2 – Newly established ots1-2gk allele has a severe hydropatterning defect. The Gabi-Kat 

insertion of the ots1-2 GK allele is, according to TAIR database, positioned on the sixth exon of OTS1 

(A). ots1-2gk displays an impaired root growth and reduced LR density (B-D). Additionally, this new 

allele has a significant defect in its lateral root hydropatterning (E). Different letters indicate significant 

difference between lines (error bars are SEM, p≤0.05, one-way ANOVA, Tukey’s HSD test, n=12-15 roots 

replicates containing a minimal of 6 lateral roots. Scale bar represents 1 cm. 
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Figure 5.3 – The ots1-2gk allele causes a gain-of-function mutation which results in over-expression of 

OTS1 transcript. OTS1 expression in ots1-1 and ots1-1 ots2-1 mutants is repressed, whilst expression 



133 
 

is increased in ots1-2gk (A). The genome map visualizes the location of SALK insertion and new 

location of the GK insert, location of RT-qPCR primers used as well as the primer used to sequence GK 

insertion position on OTS1 (B). Overview of the T-DNA used in GABI-KAT lines, including left border 

primer used in sequencing of the insertion position (data from https://www.gabi-kat.de/)(C). PCR 

amplification using OTS1 gene specific and GK insert specific primers used for sequencing of insert 

position (D). Note that both use of FW and RV gene specific primers in combination with the Gabi-Kat 

specific primer results in a band. Alignment of sequencing results on OTS1 gene map (E).   

5.2.2 Lateral root initiation is dependent on OTS1 

Next, the effect of OTS mutations on LRP initiation and development was investigated. 

All OTS mutant lines were subjected to a 90 degrees ‘root bending’ assay, in which 

lateral root initiation is induced and synchronized at the resulting root bend (Péret et 

al. 2012). Roots were harvested at 18 hours and 42 hours after a gravitropic stimulus to 

examine the speed of initiation and development of LRP. LR initiation was strongly 

reduced in ots1-1 ots2-1 double mutants, revealing a role for the OTS class of SUMO 

proteases in LR initiation, specifically in early stages of division of the LRP (Fig. 5.4A, B). 

LRP in the single mutants initiated in a Col-0 manner. Complementation with OTS1-

Venus transgene could restore LR initiation in ots1-1 ots2-1 background.  

Data for the second 42 hour timepoint provides an indication about how fast the 

primordium emerges through overlaying tissue layers. In addition to abnormal LRP 

initiation in ots1-1 ots2-1, this mutant also displayed delayed LR emergence (Fig. 5.4C, 

D). However, this delay is possibly a consequence of the delay in LR initiation. 

Surprisingly, ots1-1 and ots2-1 single mutants showed a slight increase in speed of 

emergence compared to Col-0. The same is true for the mVenus-OTS1 and OTS1-

mVenus rescue lines. Interestingly, the ots1-2 GK line exhibited an accumulation of 

stage 3 and stage 4 LRP, suggesting a problem with passing through the endodermis. 

Taken together, data presented here reveals an important role for OTS proteases in 

regulating LRP initiation and emergence processes. 

A more detailed histological study assessed which LRP stages were specifically affected 

in the various ots mutant lines. LRP were staged according to Malamy and Benfey’s 

criterion (1997) (Malamy and Benfey 1997). This data was visualized as the LRP density 

per stage per mutant. Only two lines significantly differed from Col-0, ots1-1 and ots1-

https://www.gabi-kat.de/
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2gk. ots1-1 displayed an increased initiation of LRP that caused significant increased LRP 

density of stage1, 2, 3, 4, 6 and 7. Likely this is caused by an increase in initiation events 

that results in increased number of subsequent stages. In the case of ots1-2gk it was 

specifically stage 3 and 4 that were significantly increased in LRP density compared to 

Col-0. Stage 3 and 4 are often highlighted as having an important role in endodermis 

and LRP signalling. Data suggest this signalling might be defective in these mutants, 

causing accumulation of stage 3 and 4 LRP. 
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Figure 5.4 – Lateral root initiation is delayed in ots1-1 ots2-1 double mutants and emergence is delayed 

in ots1-1 ots2-1 and the ots1-2gk mutant. To synchronize LR development plates containing several 

OTS mutants were bent 90°. LRP initiation and development was then analysed at 18 and 48 hour after 

bending and classified in LRP developmental stages as described in Malamy and Benfey (1997). 18 

hours after bending the Col-0 showed accumulation of stage 1 and stage 2 primordia, while ots1-1 ots2-

1 double mutants showed a greater number of non-initiated LR (A). LRP images illustrate the 

developmental stage in which the median of the measurement of each line is 18 hours after bending 

(B) and 42 hours after bending (D). 42 hours after bending the root, LRP in Col-0 are in stage 4 or 5 of 

development, while ots1-1 ots2-1 mutants still lag behind. Furthermore, ots1-2gk lines show a decrease 

in emergence rate and are found mostly in stage 3 and 4 of LRP development. Bars indicate the 

frequency of seedlings with a LRP in a certain stage of development 18 hours after bending (A, C). 

Different colours indicate different stages of LRP development. Number of seedings is indicated on the 

right side of the bar for every line. The density of all primordium stages based on Malamy and Benfey 

(1997) in the various OTS mutants grown for 12 days on 1/2MS media (E). Bars show means, error bars 

are SEM. Data of mutants was statistically compared to Col-0 and analysed using one-way ANOVA, 

p≤0.05, n=7-15 seedlings. Scale bars, 50µm. 
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5.2.3 ots1-2gk is a gain of function mutation causing OTS1 overexpression 

To understand the molecular basis for the contrasting lateral root phenotypes of ots1-

1 versus ots1-2 gk, levels of OTS1 transcripts in various ots1 mutant backgrounds were 

quantified. Additionally, expression of OTS1 in arf7-1 was analysed as hydropatterning 

is dependent on the SUMOylation of ARF7 and might feedback to OTS1 transcript levels 

(Orosa-Puente et al. 2018). OTS1 levels in arf7-1 were comparable to Col-0, which 

suggests that ARF7 does not control OTS1 levels (Fig. 5.5A). As expected, expression of 

OTS1 was reduced in the ots1-1 single and ots1-1 ots2-1 double mutant and partially 

restored in the mVenus-OTS1 and OTS1-mVENUS complementation lines. In contrast, 

in the ots1-2 gk line the expression was increased 9-fold, marking this as a potential 

gain-of-function mutation. Furthermore, the expression of OTS2 is significantly reduced 

in ots1-2 gk, whilst increased in ots1-1 (Fig. 5.5B). These results further highlight that 

each ots1 mutation have an opposing effect on OTS1 expression. Additionally, OTS1 and 

OTS2 show partial redundancy, as OTS2 levels are increased in ots1-1, but no increase 

of OTS1 expression is visible in ots2-1. This result suggests a possible role for OTS1 in 

feedback regulation of OTS2 expression. 

Next, the expression of key genes involved in LR hydropatterning, such as ARF7 and 

LBD16, were analysed in various ots1 mutant backgrounds to assess their possible 

genetic regulation. Levels of ARF7 expression were stable in all OTS mutants (Fig. 5.5C). 

Although a slight (1.6-fold) increase in expression was visible in ots1-2 GK. The 

expression of LBD16 (a direct ARF7 downstream target) was altered in ots1 mutants 

(Fig. 5.5D). As expected, arf7-1 exhibited a reduced expression of LBD16. The reduction 

in expression in ots1-1 ots2-1 could be restored to Col-0 levels by complementation with 

mVenus-OTS1 or OTS1-mVenus. Opposite to ots1-1, ots1-2 GK line exhibited increased 

levels of LBD16. Hence, OTS1 can affect levels of LBD16 expression in a similar level as 

arf7-1 mutants. 
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Figure 5.5 – The new ots1-2gk allele is a possible gain-of-function mutation with increased levels of 

OTS1 expression in the root. Expression levels of OTS1 decrease in ots1-1 ots2-1 double mutants but 
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increase in ots1-2gk (A). In contrast, levels of OTS2 go down in ots1-2gk (B). Levels of ARF7 expression 

are stable in the multiple OTS mutants (C). The level of LBD16 transcript drops in arf7-1 and ots1-1 ots2-

1 mutants but are restored in the translational reporter lines (D). However, in the ots1-2gk lines the 

levels of LBD16 are increased (D). Values are relative to Col-0 expression. Asterisks indicate significant 

difference between mutant line and Col-0 (error bars are SEM, p≤0.05, one-way ANOVA, Tukey’s HSD 

test, n=3 replicates containing ~15 roots per sample.   

5.2.4 OTS1 OE and ots1-2gk lines exhibit increased salt tolerance 

OTS1 and OTS2 were first identified as being involved in the regulation of the salt stress 

response (Conti et al. 2008). Therefore, salt stress would be a valid way of testing the 

functional complementation of the mVenus-OTS1 and OTS1-mVenus translational 

reporters, while also investigating how salt stress affects the new gain-of-function ots1-

2 gk line. All assembled lines were grown for 5 days on normal ½ MS media, after 5 days 

plants were transferred to plates containing either ½ MS (Mock) or 100mM of NaCl. 

After 7 days of growth, a total of 12 days, plates were imaged, and several root 

parameters measured (Fig. 5.6A, B). Raw data of primary root growth, LR number and 

LR density was analysed as well as the relative change in these parameters between 

mock and 100mM NaCl treatment.  

ots1-1 and ots2-1 single mutants exhibited Col-0 growth of primary root and number 

and density of LRs under normal (mock) conditions (Fig. 5.6C, E, G). However, ots2-1 

showed a significant increase in number and density of LRs when treated with salt, 

suggesting a higher degree of salt tolerance (Fig. 5.6E, G). This trend was not observed 

in the relative data (Fig. 5.6F, H). The ots1-1 ots2-1 double mutant exhibits severe root 

growth defects in mock conditions but responded similar to salt treatment as Col-0 as 

seen by the relative growth and LR number (Fig. 5.6C-H). Complementation with 

mVenus-OTS1 and OTS1-mVenus could partially restore primary root growth and fully 

restore LR number and density under control conditions (Fig. 5.6C, E, G). The effect of 

salt response was similar to Col-0, implying full functionality of these transgenes (Fig. 

5.6D, F, H). 

The gain-of-function mutant ots1-2gk showed decreased primary root growth and a 

slight decrease in LR number under mock conditions (Fig. 5.6C, E, G). However, ots1-2gk 

was less affected by salt treatment, shown by the significant increase in relative growth 
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of primary root and number and density of LRs (Fig. 5.6D, F, H). This trend is very similar 

to what is observed in the OTS1 OE line, where a relative increase in LR number and 

density was observed after salt treatment (Fig. 5.6F, H). This data suggests that ots1-

2gk and OTS1 OE are less sensitive to salt treatment. 
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Figure 5.6 – ots1-2gk and OTS1 OE are more tolerant to salt stress. Seedlings were germinated on 

1/2MS and transferred 5 dpg to plates containing mock or 100mM NaCl. These seedlings were grown 

for another 7 days before images were taken (A, B) and root parameters, i.e. primary root growth, 



142 
 

lateral root number and lateral root density, analysed. ots1-1 ots2-1, mVenus-OTS1, OTS1-Venus and 

ots1-2gk lines showed reduced primary root growth (A). On salt (100mM NaCl) media ots1-2gk and 

OTS1 OE exhibit stronger tolerance to salt resulting in increased primary root growth and LR formation 

(B). Root parameters where analysed in two ways, absolute data and relative data comparing to mock 

treatment. ots1-1 ots2-1 exhibits significant primary root growth reduction compared to Col-0 in both 

mock and salt treatment (C). However, relatively this is not statistically significant (D). Only ots1-2gk 

showed a significant increase in primary root growth under salt stress. Number of LRs is significantly 

increased in ots2-1 mutants, yet this does not lead to a significant relative increase in LR number (E). 

ots1-2gk and OTS1 OE lines, in comparison, have a significant increase in relative LR number (F). Again 

ots2-1 and ots1-2gk display increased LR density under salt stress conditions compared to Col-0 (G). 

However, only ots1-2gk and OTS1 OE have a relative increase in LR density (H). Bars of absolute data 

show means, error bars are SEM. Black bars indicate mock transferred and grown seedlings, while 

white bars indicate seedlings transferred to plates containing (100mM NaCl). Violin plots show relative 

data distribution. Data of mutants was statistically compared to Col-0 grown in the same conditions 

and analysed using one-way ANOVA, * p≤0.05, ** p≤0.01, *** p≤0.001, n=8-10 seedlings. Scale bars 

indicate 1cm.  

5.2.5 OTS1 is expressed in meristem, elongation zone and lateral root primordia  

OTS1 transcription was visualized by fusing a nuclear localized 3xmVenus reporter to 

the OTS1 promoter sequence, employing a ~2Kb promoter fragment upstream of the 

OTS1 open reading frame’s start codon. Note that this regulatory sequence included 

the first intron of OTS1 (263 bp) and 5’ untranslated sequence up until the start of the 

second exon (Fig. 5.7A). The first intron was included since this can potentially enhance 

or change many gene’s expression patterns (Truskina et al. 2020). Transgenic roots 

expressing the OTS1pro::3xmVenus transcriptional fusion showed strong expression in 

the meristematic zone, especially epidermal and cortex cells, whereas weaker 

expression was visible in elongation and differentiation zone epidermal cells. 

Furthermore, OTS1 in the elongation zone was also expressed in inner root tissues.  

OTS1 translational reporter fusions were constructed by tagging either the N- or C-

terminal of the OTS1 coding sequence (Fig. 5.7C). As the enzymatic ULP domain is 

located near the C-terminal, possible interference of the mVenus tag with protein 

function may occur (Fig. 5.7C). Plants expressing these OTS1-mVenus and mVenus-OTS1 

construct in ots1-1 ots2-1 double mutant background exhibited partial rescue of OTS1 

expression levels (Fig. 5.4A). Phenotypically, partial restoration of primary root growth, 
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and full restoration of LR hydropatterning and lateral root initiation and emergence 

defects were observed (Fig. 5. 1A,B,E and Fig. 5.5 A-B). Analysis of the fluorescent signal 

in reporter lines employing confocal microscopy detected very weak marker expression 

(Fig. 5.7D), consistent with low OTS1 expression in complementation lines (Fig 5.4A). 

This could potentially be due to the use (largely) of the exonic OTS1 coding sequence, 

instead of the full genomic (intron/exon) sequence. Expression of OTS1 was strongest 

in the meristem epidermal cells, although expression was also visible in meristematic 

cortex cells (Fig. 5.7D). In the late elongation and differentiation zone the expression 

moved into the vasculature and possibly the pericycle. The signal was only sporadically 

found in the epidermis in these two root zones. 

To confirm whether pOTS1::3xmVenus and OTS1-mVenus were expressed in the 

pericycle, Light Sheet Fluorescent Microscopy (LSFM) was employed to give a detailed 

view of radial localisation. Similar to the hydropatterning assay in Chapter 4, six images 

were made in different angles around the root on the LSFM. These were then fused 

using multi-view reconstruction software in Fiji. Propidium iodide (PI) was used to stain 

cell walls in these images. Expression of the transcriptional reporter for OTS1 was 

observed in all cell types in the basal meristem (Fig. 5.8A, D). In this max projection cross 

section the PI staining is not greatly visible, probably due to the close proximity of so 

many cells in the meristem. Next a cross section was taken through the early elongation 

zone (Fig. 5.8C) where expression was observed in epidermal cells, cortical and 

endodermal cells. At the top of the elongation zone, expression was reduced in the 

epidermis and weakly visible in endodermis and pericycle (Fig. 5.8B).  
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Figure 5.7 – OTS1 is expressed at the root tip meristem cortex and epidermis cells as shown by the 

transcriptional and translational reporter lines. Transcriptional reporter was constructed using a ~2Kb 

promoter upstream from translational start codon plus the addition of first exon, first intron and part 

of second exon of OTS1 (A). Confocal image visualizing OTS1 expression in meristem, elongation and 

early differentiation zone (B). Translational reporter was constructed using OTS1 coding sequence and 

tagged with mVenus fluorophore (C). Nuclear expression of OTS1-mVenus was visible in meristem, late 

elongation zone and the differentiation zone (D). Scale bar represents 50 µm. 
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Figure 5.8 – Light Sheet Fluorescent Microscopy (LSFM) was used to visualize radial expression of the 

pOTS1::3xmVenus (yellow) transcriptional reporter. Longitudinally, OTS1 is highly expressed in the 

basal meristem in multiple tissue layers, while this expression is reduced in the elongation zone (A).  

Max projections of radial cross sections were analysed to observe tissue specific expression. In the 

basal meristem OTS1 expression can be found in all tissue layers except the central pro-vasculature 

cells (D). Levels of expression are reduced in the early elongation zone and expression minimized to 

epidermis, cortex and endodermis (C). In the later elongation zone expression is found in epidermis 
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and low levels in endodermis and pericycle (B). Propidium iodide (red) was used to stain the cell 

walls. Scale bar represents 50 µm. 

  

Detailed LSFM analysis of the transgenic roots expressing the OTS1-mVenus 

translational fusion detected the reporter in quiescent centre, cortex and epidermal 

cells in the root meristem zone (Fig. 5.9A). Radial cross sections strengthen this 

observation (Fig. 5.9B, C). Note that the red membrane marker is a genetically encoded 

membrane marker (pUBQ10:: RCI2A-tdTomato; Segonzac et al., 2012) crossed into 

OTS1-mVenus. This enhances the contrast and gives clearer cell outlines, especially in 

elongation and differentiation zones. Analysis of the weak OTS1-mVenus signal in the 

late elongation zone, revealed expression confined to the epidermis and vasculature 

cells (Fig. 5.9D). Radial cross and maximum projections aided in visualizing OTS1-

mVenus in the protoxylem and pericycle (Fig. 5.9E, F). 

Furthermore, OTS1 reporter expression was detected during multiple stages of LRP 

development. Confocal analysis using both transcriptional and translation OTS1 

reporters detected nuclear expression at all stages of LRP development and in every 

primordia cell (Fig. 5.10 A-F), revealing a potential role for OTS1 in regulating LR 

initiation and development.  
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Figure 5.9 – LSFM was used to visualize radial expression of the pOTS1::OTS1-mVenus x Red Membrane 

Marker (yellow) translational reporter. In the meristematic root zone, OTS1-mVenus is expressed in 

quiescence centre, proto vasculature cells, epidermis, and cortex cells (A, B, C). In the late elongation 

zone OTS1-mVenus is localised in protoxylem cells, pericycle cells and sporadically in the epidermis (D, 

E, F). Maximum projection radial cross sections more clearly demonstrate the radial localisation 

pattern (B, C, E, F). Scale bar represents 50 µm. 
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Figure 5.10 – pOTS1::3xmVenus and pOTS1::OTS1-mVenus expression in LR primordia stages. 

Confocal microscopy images demonstrating the localisation of the transcriptional reporter of OTS1 

(pOTS1-3xmVenus) in several stages of LRP (A, B ,C). The translational reporter, POTS1::OTS1-

mVenus, showed expression in the very first stage of primordia development and in subsequent 

stage 2 and 6 (D,E,F). Upper image displays confocal images, bottom images were taken using 

brightfield. Scale bar represents 50 µm. 

 5.2.6 OTS1 stability is not affected by external water distribution 

The OTS1 translational reporter was next used to investigate if levels of OTS1 expression 

are influenced by external water distribution. An LSFM approach was adopted identical 

to that used in Chapter 4 with the gLBD16-GFP translational reporter (Fig. 4.2). Low 

levels of nuclear fluorescence can be detected in two cell files in the late elongation 

zone. The elongation zone is considered to sense changes in water potential driven by 

the external water environment. These nuclei are in the tissue overlaying either xylem 

pole pericycle (XPP), the protoxylem and pericycle (Fig. 5.11A). Results revealed stable 

expression of OTS1-mVenus on both sides of the xylem pole, near and distant to the 

agar (Fig 5.11B). Furthermore, analysis of relative fluorescence of these nuclei 

demonstrated no change in expression levels of OTS1-mVenus between agar and air 

side of the root (Fig 5.11C). Hence, results suggest that OTS1 expression and/or stability 

is not affected by external water availability. 
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Figure 5.11 – OTS1-mVenus is not asymmetrically expressed in the elongation zone. OTS1-mVenus is 

expressed in protoxylem and pericycle cells in the late elongation and differentiation zone (A). The 

yellow border indicates the location of the late elongation zone in which Multiview images were taken 

using LSFM. Multiview images from six angles were fused and radially sliced to separate based on xylem 

pole position relative to the agar. Maximum projections reveal no asymmetric expression of OTS1-

mVenus in the late elongation zone (B). Relative fluorescence measurements comparing nuclei on the 

agar and air side display no difference, indicating similar levels of OTS1-mVenus fluorescence (C). n=8.  

Scale bar represents 50 µm. 
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5.2.7 Auxin induced lateral root formation in ots2-1 mutants 

Auxin is a major regulator of LR formation (Casimiro et al, 2001). As ots1-1 ots2-1 

mutants showed such a strong LR initiation defect, we further wanted to investigate 

how these mutants respond to increased exogenous auxin levels. For this, a similar 

approach was used as with the salt stress experiment. Plants were germinated on 

1/2MS plates and after 5 days transferred to mock, 50nM NAA (medium doses) or 

200nM NAA (high doses) plates. After seven days of growth these plates were imaged, 

and several root traits assessed (Fig. 5.12A, B, C).  

Col-0 showed reduced primary root growth after auxin addition, an increase of LR 

number after 50 NAA treatment and increased LR density after 50 and 200nM NAA 

treatment (Fig. 5.12D, G, I). ots1-1 single mutants exhibited a similar trend in all these 

root traits (Fig. 5.12D-J). In contrast, ots2-1 single mutants showed significantly 

increased primary root growth after 200nM NAA treatment, as well as increased LR 

formation and increased LR density after 50nM NAA treatment (Fig. 5.12D, G, I). 

Indicating less auxin sensitivity in the primary, but increased auxin inducibility of LR 

formation. This did not result in a significant relative increase in these parameters (Fig. 

5.12F, H, J). ots1-1 ots2-1 double mutants showed an increase in primary root growth 

after 50nM NAA treatment and reduction after 200nM NAA (Fig. 5.12D, G, I). LR 

formation was also shown to be inducible in these double mutants after auxin 

treatment, indicated by a strong relative increase in LR number. The complementation 

lines mVenus-OTS1 and OTS1-mVenus showed a similar root response to auxin as Col-

0, suggesting these proteins are fully functional (Fig. 5.12D-J). ots1-2gk lines showed 

similar response to both Col-0 and ots1-1 (Fig. 5.12D-J). In contrast, OTS1 over-

expression led to increased primary root growth after 200nM NAA treatment (Fig. 

5.12D, F). Furthermore, a strong relative increase in LR number and density was 

observed when these lines were treated with both auxin concentrations (Fig. 5.12G-J). 

This data indicates a stronger auxin inducibility of LR formation when OTS1 is over-

expressed. 
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Figure 5.12 – ots1-1 ots2-1 mutants are still able to form auxin induced LRs. Seedlings were germinated 

on 1/2MS and transferred 5 dpg to plates containing mock (A) or 50nM NAA (B) or 200nM NAA (C) 

plates. These seedlings were grown for another 7 days before images were taken and root parameters, 
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i.e. primary root growth, lateral root number and lateral root density, analysed. All mutant lines 

showed a reduction in primary root growth after auxin treatment, except the ots1-1 ots2-1 mutants 

which showed increased primary root growth after 50nM NAA treatment compared to mock treatment 

(D). OTS1 OE had a significantly higher primary root growth after growth on 200nM NAA plates 

compared to Col-0 in the same conditions observed both in absolute and relative data (F). LR numbers 

significantly increased in ots2-1 mutants after 50nM NAA treatment and OTS1 OE after 200nM NAA 

treatment (G). In ots1-1 ots2-1 background the absolute number of LRs was significantly lower than 

Col-0, but relatively they grew more LRs (H). The LR density increased in ots2-1 after 50nM treatment, 

and in mVenus-OTS1 after 200nM NAA treatment, while ots1-1 ots2-1 had significantly decreased 

number of LR density after 200nM NAA treatment (I). Only OTS1 OE has significantly increased relative 

LR density after both auxin treatment compared to Col-0 (J). Bars of absolute data show means, error 

bars are SEM. Black bars indicate mock transferred and grown seedlings, while grey bars indicate 50nM 

NAA and white bars indicate seedlings transferred to plates containing 200nM NAA. Same bar colour 

scheme was used for the relative data minus the mock data. Data of mutants was statistically compared 

to Col-0 grown in the same conditions and analysed using one-way ANOVA, * p≤0.05, ** p≤0.01, *** 

p≤0.001, n=8-10 seedlings. Scale bars indicate 1cm. 

To further analyse if the difference observed in LR number is due to an increase or 

decrease in LR initiation, the root zone below the last emerged LR was cut out and 

cleared. Afterwards LRP in this zone were counted and compared to auxin treated roots. 

A significant increase in the number and density of LRP was observed in ots1-1 grown 

on mock plates compared to Col-0 (Fig. 5.13A). In contrast, ots1-1 did not show a 

significant increase in LR number, suggesting this mutation specifically impacts number 

of initiation events. After treatment with 50nM NAA LR number and density were 

comparable to Col-0 (Fig. 5.13C, D). In contrast, ots1-2 showed Col-0 levels of LR 

formation in mock conditions, but increased LR and LRP formation after auxin addition 

(Fig. 5.13C). Hence, ots1-1 and ots2-1 have opposing effects as a response to auxin 

treatment. The ots1-1 ots2-1 double mutant exhibited reduced number of LRs and LRP, 

but no difference compared to Col-0 when looking at LR and LRP density (Fig. 5.13A, B). 

Auxin treatment of ots1-1 ots2-1 lines revealed limited auxin inducibility of LR and LRP 

formation as numbers were significantly reduced (Fig. 5.13C, D). LR density was 

comparable to Col-0, whilst LRP density was significant decreased after auxin 

treatment, suggesting a limited auxin inducibility of LRP in this line. 
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Complementation of ots1-1 ots2-1 with mVenus-OTS1 and OTS1-mVenus restored 

levels of LR and LRP number and density to Col-0 levels after mock treatment, but could 

not restore the auxin induced LRP formation and density (Fig. 5.13A-D). This data 

reveals partial restoration of the auxin induced LRP induction in complementation lines. 

ots1-2gk lines showed increased levels of LRP density in control conditions similar to 

ots1-1(Fig. 5.13A, B). However, no difference was observed after auxin treatment in LR 

and LRP formation or density (Fig. 5.13C, D). OTS1 OE lines displayed Col-0 levels of LR 

number and density after mock and auxin treatment (Fig. 5.13A-D). 
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Figure 5.13 – LRP density is increased in ots1-1 and ots1-2gk mutants. Number of LRs and LRP and the 

density of LRs and LRP in the root zone below the first fully emerged LR in OTS mutants (A, B) and on 

50nM NAA (C, D). The number of LRP and the LRP density significantly increases in ots1-1 mutants in 

comparison with Col-0 (A, B). ots1-1 ots2-1 mutants showed decreased LR and LRP numbers, but no 

significant difference in LR or LRP density. 50nM NAA treated seedlings showed significant reduced 

LRP number and density in ots1-1 ots2-1, mVenus-OTS1 and OTS1-mVenus lines (C, D). Contrary, ots2-

1 mutants showed increased LRP number and density after 50nM NAA treatment. Stacked bars show 

means, error bars are SEM. White bars indicate number or density of LRs, while black bars indicate 

number or density of LRP. LR data of mutants was statistically compared to Col-0 LR number and the 

LRP were compared to Col-0 LRP number and density. This data was analysed using one-way ANOVA, 

* p≤0.05, ** p≤0.01, *** p≤0.001, n=8-10 seedlings.  
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5.2.8 OTS1 exhibits differential stability to selected hormone signals  

To determine if OTS1 expression, localisation and/or stability is controlled by 

phytohormone signalling pathways, OTS1 transcriptional and translational reporters 

were subjected to treatment with the following phytohormones: Auxin (NAA), Abscisic 

acid (ABA), Cytokinin (BA), Salicylic acid (SA) and an Ethylene precursor (ACC). A drop 

(~20 µl) of phytohormone or mock solution was added to the root tip, covering the 

meristem and elongation zone, of OTS1 transcriptional and translational reporters. 

After four hours of treatment, confocal microscopy was employed to take z-stacks of 

root meristems. Relative fluorescence levels were measured over an area in the 

epidermis using ImageJ/Fiji software. 

Relative fluorescence in the two independent transcriptional reporter lines, line 1-2-1 

and 2-2-3, were analysed based on expression in the epidermal cells in the centre of the 

root. None of the used phytohormones had any significant effect on the expression 

levels of OTS1 (Fig. 5.14A, B). Additionally, the expression pattern remained unaltered 

after hormone treatment (Fig. 5.14C). These results indicate that OTS1 is not directly 

regulated by any of the tested phytohormones. 

Subsequently, the regulation of OTS1 protein level by the same hormones was 

investigated. Both the N-terminal and C-terminal OTS1 translational reporters were 

used in this study. BA (cytokinin) treatment significantly lowered the expression of both 

mVenus-OTS1 and OTS1-mvenus in epidermal cells of the root meristem (Fig. 5.15A, B). 

ABA and SA treatment significantly lowered expression in the mVenus-OTS1 lines, yet 

not in the OTS1-mVenus line. Other hormone treatment had limited influence on level 

or pattern of the translational reporters (Fig. 5.15B). This data reveals a novel OTS1 

protein degradation mediated by cytokinin and potentially ABA signalling. 
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Figure 5.14 – Expression level of OTS1 remains unchanged after phytohormone treatment when 

measuring fluorescence in the epidermal tissue. The mean fluorescence in an equal area containing 

10 nuclei of the epidermis at the centre of the root was measured after treatment. Four hour 

treatment with 1 µM NAA, 10µM ABA, 10 µM BA, 10 µM SA and 10 µM ACC had no effect on relative 

fluorescence levels of pOTS1::3xmVenus in two independent reporter (1-2-1 and 2-2-3) lines 

compared to mock treatment (A, B). Furthermore, tissue specific expression pattern remained 

unaltered by hormonal treatment (B). Data presented in box-plots with n=7. Scale bar represents 50 

µm. Data of different hormone treatments was statistically compared to mock treatment and 

analysed using one-way ANOVA, asterisks indicate p≤0.05. 
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Figure 5.15 – Expression levels of the OTS1 translational reporter are reduced after cytokinin (BA) 

treatment. The mean fluorescence in an equal area of the epidermis at the root side near the laser 

was measured after hormone treatment. Four hour treatment with 1 µM NAA, 10µM ABA, 10 µM SA 

and 10 µM ACC had no effect on OTS1-mVenus fluorescence levels (A). However, 10 µM BA treatment 

caused a drop in fluorescence level of OTS1-mVenus. A clear reduction of OTS1-mVenus nuclear 

fluorescence levels was visible after BA treatment, whilst the pattern is not affected after the other 

hormone treatments. n=7. Scale bar represents 50 µm. Data of different hormone treatments was 

statistically compared to mock treatment and analysed using one-way ANOVA, asterisks indicate 

p≤0.05.  

5.3 Discussion 

5.3.1 Lateral root hydropatterning is dependent on OTS1 

Plants use an adaptive response termed lateral root hydropatterning to branch only 

when in contact with water. Branching towards available water is regulated by 

SUMOylation of ARF7.  On the primary root side opposing the water, termed here the 

air side, ARF7 is predicted to be in a SUMOylated state. SUMOylated ARF7 has repressed 

transcriptional activity (via interaction with the SIM site on the Aux/IAA repressor IAA3) 

leading to reduced expression of ARF7 targets like LR activator LBD16. In contrast, on 

the root side in contact with water, ARF7 is unmodified by SUMO and free to transcribe 

its downstream gene targets and activate LR initiation. Exactly how the SUMOylation 

status of ARF7 is controlled by external water availability remains unclear. In this 

chapter we demonstrate that lateral root initiation and hydropatterning is dependent 

on the SUMO protease OTS1. We propose a model in which OTS1 preferentially 

deSUMOylates ARF7 on the root side in contact with water, thereby activating ARF-

dependent auxin response and LR initiation.  

Hydropatterning analysis of multiple mutants in the OTS SUMO protease class 

demonstrated a significant defect in the ots1-1 ots2-1 double mutant. ots1-1 ots2-1 

seedlings exhibited a general delay in seedling development with reduced primary root 

length and lateral root number. In contrast, ots1-1 and ots2-1 single mutants did not 

show a strong phenotypic difference from Col-0. This could be attributed to redundancy 

between these OTS genes. Consistent with this, ots1-1 roots featured increased OTS2 

expression. However, ots2-1 showed Col-0 levels of OTS1 transcripts. This result 
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suggests that OTS2 is not as critical for root development as OTS1 and therefore does 

not need increased levels of OTS1 in the ots2-1 mutants. It might also indicate a 

feedback loop between these two OTS genes in which OTS1 indirectly reduced OTS2 

expression. Taken together these results suggest a major role for OTS1 in root 

development. 

Complementation of ots1-1 ots2-1 with pOTS1::mVenus-OTS1 and pOTS1::OTS1-

mVenus could restore LR formation, LR density and partially restore primary root 

growth. Additionally, these transgenes could fully restore ots1-1 ots2-1 hydropatterning 

to Col-0 levels, indicating that solely restoring OTS1 expression is sufficient. This result 

also demonstrated that OTS1 function was not disrupted by the mVenus tag, as both N- 

and C-terminal tagged OTS1-Venus restore ots1-1 ots2-1 phenotypes to Col-0. 

Furthermore, salt and auxin treatment showed similar root phenotypic responses as 

Col-0, indicating a functional OTS1 protein. Interestingly, OTS1 transcript levels were 

not fully restored to Col-0 levels in either of the two complementation lines. This could 

be a consequence of using only the OTS1 coding sequence, as introns in the genomic 

sequence might enhance expression or alter tissue specific expression pattern (Truskina 

et al. 2020). This could also be the basis for the partial rescue of primary root growth in 

complementation lines. In contrast to the translational reporter, the transcriptional 

reporter line showed increased expression in the meristem, especially in pro-

vasculature cells (Note: the transcriptional reporter employed 3x Venus, which might 

explain the differences observed in meristematic OTS1 expression with translational 

reporters). The transcriptional reporter of OTS1 did include the first intron, which might 

drive expression in the meristematic zone. Surprisingly, the two translational 

complementation lines displayed recovery of LBD16 expression, indicating that OTS1 

expression in LR related tissues, such as the pericycle, was restored. Future work should 

focus on constructing a genomic OTS1 transgene to determine if inclusion of introns 

could restore OTS1 expression to Col-0 levels and (potentially) fully restore primary root 

growth.  

ARF7 and OTS1 have been demonstrated to interact in vivo (Orosa-Puente et al. 2018). 

It is likely that OTS1 deSUMOylates ARF7 in root cells facing the agar side, thereby 

removing SUMO-dependent suppression by IAA3 and activating expression of ARF7 
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downstream targets such as LBD16. Consistent with this model, LBD16 expression 

decreased in ots1-1, ots2-1 and the double mutant, equivalent to the arf7-1 knock-out. 

This reduction in LBD16 expression could be restored in the mVenus-OTS1 and OTS1-

mVenus complementation lines validating a regulatory role for OTS1 on LBD16 

expression. Additionally, ARF7 transcript levels did not alter in these OTS mutants. This 

implies that OTS1 affects downstream targets of ARF7, potentially by deSUMOylation 

and re-activation of ARF7 transcriptional ability. 

Intriguingly, over-expressing OTS1 did not disrupt LR hydropatterning. According to our 

hypothesized model of hydropatterning (where a gradient of OTS1 protein exists that 

mirrors water availability), overexpressing OTS1 should deSUMOylate and activate ARF7 

on both agar and air side, resulting in defective LR hydropatterning. However, the 

opposite response is seen experimentally. This could either be due to OTS1 SUMO 

protease activity, rather than abundance, controlling LR hydropatterning. What form of 

post-translational modification OTS1 undergoes remains unclear (Barber and Rinehart 

2018).  

5.3.2 A gradient of OTS1 activity rather than stability appears to regulate 

hydropatterning 

To explore whether OTS1 SUMO protease activity, rather than abundance, controls LR 

hydropatterning, OTS1 translational reporter lines (mVenus-OTS1 and OTS1-mVenus) 

were exposed to a hydropatterning stimuli. The LSFM protocol (developed in Chapter 

4) was employed to image mVenus-OTS1 and OTS1-mVenus roots in the late elongation 

and early differentiation zones. This revealed no clearly asymmetric reporter signal on 

wet versus air sides of the root for either reporter, suggesting OTS1 stability is not 

affected by external water availability. This result, when combined with phenotypic 

data for OTS1 over-expressing lines (detailed above), independently validated that a 

gradient of OTS1 protein stability on air versus water side does not control LR 

hydropatterning. Instead, a gradient of OTS1 SUMO protease activity could provide the 

basis for its role during the LR hydropatterning response. 

OTS1, is a cysteine protease, which are known to be affected by the cellular redox 

environment as the thiol group of the cysteine is a target for oxidation (Berlett and 
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Stadtman 1997). Oxidation of the cysteine can lead to reversible and irreversible 

changes to protein function (Stankovic-Valentin and Melchior 2018). A close ULP family 

member in humans, SENP3, can recruit the chaperone protein (Hsp90) after oxidation 

of two of its cysteines (Yan et al. 2010). SENP3 was also shown to re-localize from the 

nucleolus to the nucleoplasm after hydrogen peroxide treatment, enabling it to act on 

new targets after mild oxidative stress (Huang et al. 2009). These results suggest a 

potential OTS1 activity gradient may exist which is regulated through the oxidation of 

cysteines, potentially involving a redox gradient between agar and air side of the 

primary root. Further proteomic-based studies on cell specific OTS1 redox status needs 

to be performed to address this question.  

5.3.3 OTS1 promotes early initiation of lateral root primordia 

Both OTS1 and OTS2 play important roles during lateral root branching. The ots1-1 ots2-

1 double mutants exhibit a severe reduction in LR number due to a severe delay in LR 

initiation. The ots1-1 and ots2-1 single mutants have no LR initiation defect, revealing 

redundancy. However, complementation of ots1-1 ots2-1 with mVenus-OTS1 and OTS1-

mVenus could restore initiation of LRP to Col-0 levels, suggesting OTS1 is important 

during LR initiation. As OTS1 binds ARF7, we hypothesize that OTS1 deSUMOylation of 

ARF7 appears necessary for the activation of LRFC through the IAA3-ARF-LBD module 

(Orosa-Puente et al. 2018).  

Staging data revealed a distinct effect of mutating OTS1. ots1-1 displayed a significant 

increase in LRP density in ots1-1, yet no difference in LR number was observed. This 

observation suggests that the spacing of lateral roots is altered, as no difference is 

observed between primary root length of ots1-1 and Col-0. Treating ots1-1 with 50nM 

NAA increased the LRP number and density but abolished the difference between Col-

0 and ots1-1. This result might indicate an increase in pre-branch site formation or LR 

initiation by higher levels of endogenous NAA in ots1-1 roots. The difference in NAA 

level or auxin response between ots1-1 and Col-0 is reduced after exogenous 

application of NAA. Interestingly, ots1-2gk demonstrated a similar increase in LRP 

density as ots1-1, implying this response is specific to alterations in OTS1.  
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Contrary to ots1-1, ots2-1 single mutants exhibited increased LRP number and LRP 

density when treated with 50nM NAA. This mutant seemed to be hypersensitive to 

auxin in LR initiation yet has only a limited primary root response to auxin. Furthermore, 

OTS1 expression levels are not enhanced in ots2-1 under normal growth conditions, 

indicating a less vital role for OTS2 in LR formation. Potentially, OTS1 expression is auxin 

inducible over longer time frames then were observed in these experiments (4hr), 

which would explain why ots2-1 but not ots1-1 mutants show auxin induced LRP 

formation. The auxin inducible promoter element could potentially lie in the first intron, 

explaining why the OTS1 complementation lines only showed partial restoration of LRP 

induction after exogenous auxin treatment. 

To further specify which LR developmental process OTS1 is involved in, the translational 

reporter was imaged in root tip tissues. This revealed OTS1-mVenus expression from 

late elongation zone onwards in protoxylem and xylem-pole pericycle (XPP) cells. This 

coincides with the tissue specific expression of DR5::GUS in protoxylem and XPP cells 

(De Smet et al. 2007). One important difference is that DR5::GUS expression starts in 

the basal meristem, whilst OTS1 showed transcription in this zone, but no translational 

reporter expression. This might be explained by slow maturation time of mVenus in 

comparison to GUS reporter lines. Hence, OTS1 might play a role in the LR oscillation 

zone, but this will have to be further confirmed by crossing it with DR5::Luc lines and 

observing pre-branch site formation. 

Lateral root developmental stages were imaged to determine OTS1-mVenus 

localisation during lateral root initiation and development. OTS1-mVenus showed 

expression in all stages of LRP, starting from stage 1 after the first asymmetric cell 

division. Imaging reveal that both pOTS1::3xmVenus and OTS1-mVenus are detected 

after the first asymmetric cell division (De Rybel et al. 2010). This fits with the model in 

which OTS1 deSUMOylates ARF7, activating transcription of LR regulatory genes and 

primordium development. However, from this confocal data we cannot conclude if 

OTS1 is stable in early LRFCs and regulates nuclear migration.  

OTS1 and OTS2 appeared to play a role during LRP emergence. In addition to a severely 

diminished rate of initiation in ots1-1 ots2-1, this double mutant also displayed a strong 
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delay in LR development. In contrast, ots1-1 and ots2-1 showed very similar emergence 

to Col-0, which revealed redundancy between OTS1 and OTS2. The gain-of-function 

mutation ots1-2 gk resulted in an accumulation of stage 3 and 4 primordia. These stages 

correspond with when the LRP has to grow through the overlying endodermis. This 

process involves auxin crosstalk between the growing LRP and the endodermis. This was 

visualised by creating the pCASP::shy2-2 line that makes use of an undegradable 

Aux/IAA expressed in the endodermis resulting in an unresponsive endodermis 

(Vermeer et al. 2014). Over-expressing a truncated form of OTS1 could affect 

deSUMOylating of many proteins that might be controlling auxin induced or cell wall 

related processes. Key to the exact role of OTS1 in the endodermis would be to make 

tissue specific expressed OTS1 lines that only express OTS1 only in the pericycle and 

endodermis. This would allow investigation of tissue specific functioning of 

deSUMOylation. Results in this chapter clearly demonstrate the crucial role of OTS-class 

proteases on LR initiation and, to a lesser extent, LR emergence. 

5.3.4 Could other SUMO proteases affect lateral root hydropatterning? 

This chapter has mostly focussed on the OTS class of SUMO proteases, as OTS1 is the 

highest expressed ULP protease in root tissues. However, other SUMO proteases could 

contribute to ARF7 deSUMOylation. Of the six ULP family members tested for iso- and 

peptidase activity, ESD4, OTS1 and OTS2 have both high peptidase and isopeptidase 

activity on SUMO1 and SUMO2 (Chosed et al. 2006; Conti et al. 2008). ELS1 has a greater 

peptidase activity than isopeptidase, suggesting a limited role in SUMO deconjugation 

(Chosed et al. 2006; Hermkes et al. 2011). Likely, SPF1 and SPF2 mature only SUMO1 

and have isopeptidase activity limited to the inflorescence (Liu et al. 2017). Contrary to 

the ULP family, the DeSI family did not show any peptidase activity in mouse and are 

hypothesized to be only involved in SUMO deconjugating  (Shin et al. 2012; Suh et al. 

2012). The only functionally studied DeSI member in plants, DeSI3a, suggests a similar 

deconjugating function in plants (Orosa et al. 2018). Further analysis of under studied 

ULP and DeSI’s family members could highlight potential unknown roles for these 

deSUMOylation protease in root development. 
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Next to the specificity of SUMO proteases, other components of the SUMOylation 

machinery could affect LR hydropatterning. In our hydropatterning bioassay no defect 

was found in siz1-3 knock-out mutants, encoding a SUMO E3 ligase (Supp. Fig. S5.5A-

D). However, no detailed analysis of hpy2 mutants has been conducted yet. 

Additionally, no study has been undertaken in assessing the role of the E2 SUMO 

conjugator SCE1 in LR hydropatterning. This is mainly due to the embryo lethality when 

knocking out SCE1 expression, demonstrating the importance of SUMOylation in 

embryo development (Saracco et al. 2007). Three T-DNA lines in the promoter of SCE1 

are available for further root development analysis, as these displayed reduced SCE1 

transcript and protein levels as well as exhibit reduced levels of SUMOylated 

conjugates. However, these mutants did not show an altered phenotype and this 

suggests that the reduced levels of SCE1 can be tolerated (Saracco et al. 2007). A lot of 

questions still remain unanswered about components of the SUMO machinery and their 

importance in LR hydropatterning. Studying the effect of mutants in the SUMO pathway 

and resolving their expression pattern in the root will reveal the importance of 

SUMOylation in root development and LR hydropatterning.  
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Supplemental figures 

 

Figure S5.1 – Normalized and relative expression data of ULP1 proteases during LR development. 

Normalized expression of all eight ULP1 SUMO proteases during LR development, which was 

synchronised by a gravitropic stimuli (A). Relative expression of the same gene targets relative to time 

point 0h. Expression data was shared from previously published material (Voβ et al., 2015). 
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Figure S5.2 – Genotyping for confirming SALK insertion lines. For primers used see Chapter 2. Note 

that no bands are visible in OTS1 restoration transgenics as the OTS1_RV primer is located in the 3’ 

region.  
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Figure S5.3 – Expression profile of SUMO related genes in specific root zones. The Brady (2007) 

microarray root dataset was re-analysed to visualize relative expression of SUMO related genes from 

meristematic zone (Z1) until lateral root zone (Z5). Different colours indicate difference in relative 

expression of each SUMO gene within the five zones compared to the average expression of that 

gene (A). The expression of these SUMO genes was also analysed in the arf7 arf19 five zone root 

dataset (B).  
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Figure S5.4 – mVenus-OTS1 and OTS1-mVenus transgene partially restores primary root growth and 

full restores lateral root number and density and contact orientated LRs. Primary root growth of 

mVenus-OTS1 and OTS1-mVenus is increased compared to ots1-1 ots2-1 but not to Col-0 levels (A). 

mVenus-OTS1 and OTS1-mVenus exhibits a restoration of number of LR (B), LR density (C) and LR 

hydropatterning (D) to Col-0 levels. Violin plots show relative data distribution. Different letters 

indicate significant difference between lines, p≤0.05, one-way ANOVA, Tukey’s HSD test, n=8-10.   
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Figure 5.5 – siz1-3 mutants display reduced number and density of LRs, but do not have a LR 

hydropatterning defect. Primary root growth of Col-0, arf7-1 and siz1-3 is similar (A). siz1-3 exhibits a 

decreased number of LR (B) and LR density (C) but does not have a hydropatterning defect (D). Violin 

plots show relative data distribution. Different letters indicate significant difference between lines, 

p≤0.05, one-way ANOVA, Tukey’s HSD test, n=10-12.  
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6.   GENERAL DISCUSSION 

The root system is crucial for plants to forage in soil for nutrient and water resources. 

The high plasticity of root development in response to the distribution of resources in 

soil enables plants to forage efficiently. Developmental plasticity in roots is controlled 

by multiple environmental sensing mechanisms. For example, several studies have 

discovered root adaptive traits that regulate root development plasticity in response to 

water distribution. Two of these water-related adaptive responses regulate root angle: 

hydrotropism controls primary root bending towards regions of high moisture content 

(Dietrich et al. 2017), whilst xerotropism contributes to the steepness of lateral root 

growth in response to drought conditions (Rellán-Álvarez et al. 2015). Both responses 

allow longitudinal changes in root growth direction in order to access areas of high 

water availability. Other related adaptive responses regulate lateral root branching. In 

the case of xerobranching, root exposure to an air gap inhibits lateral root initiation 

from the very first stage of development, thus preventing the plant from forming 

branches in zones without water (Orman-Ligeza et al. 2018). When a root is exposed to 

water on only one side, lateral roots preferentially emerge on this side, employing the 

adaptive mechanism termed lateral root hydropatterning (Bao et al. 2014). The 

combination of these and other root adaptive responses mould 3D root system 

architecture to improve its ability to efficiently forage for soil resources. In this thesis 

we focused on elucidating molecular, cellular and tissue scale pathways regulating 

lateral root hydropatterning. 

6.1 Hydropatterning regulates lateral root initiation and emergence 

Hydropatterning represents a fascinating water-related root adaptive response. Earlier 

work demonstrated that lateral roots preferentially emerge towards agar when 

seedling roots are grown along the surface of vertical petri plates (Bao et al. 2014). This 

study highlighted two working models for hydropatterning. In the first, xylem pole 

selection and LRFC specification are independent of water, leaving LR initiation and 

emergence to steer new root branches towards water. The second model predicts that 

the local radial water bias directs the selection of xylem pole and LRFC specification. 

Surprisingly, my thesis studies found that both models appeared incorrect. Light Sheet 
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Fluorescence Microscopy (LSFM) enabled imaging of LRP initiation and emergence 

relative to roots growing along vertical agar surfaces. This method revealed no bias in 

lateral root initiation between the xylem pole near agar and the pole near the air 

exposed side. This was further supported by the asymmetrical expression of gLBD16-

GFP in the elongation zone. Instead, LRP have a higher degree of flexibility in terms of 

initiation and outgrowth angle. LRP did not initiate and emerge in a straight line with 

the xylem pole axis but could deviate significantly from this axis. When a LRP initiated 

near the xylem pole on the air side, the LRP showed a high degree of bending leading 

to emergence on the agar side. This LRP angle from the xylem pole axis was termed 

lateral root deviation angle. The LR deviation angle is a product of two developmental 

processes. Firstly, work with the gLBD16-GFP reporter displayed cases of strong 

deviation angles observed from the onset of LR initiation. This data implies that the 

selection of XPP cells to form LRFCs is highly flexible. Secondly, a bias in radial cell 

divisions in one flank of the developing LRP can steer LRP outgrowth. The combination 

of these developmental processes directs organ outgrowth. 

The LR deviation angle is strongly affected by water availability, as roots grown in water 

or agar exhibited reduced deviation angles. LRP initiating in parallel to the agar surface 

displayed the smallest deviation angle, whilst LRP initiating near the agar or air side 

displayed strong deviations. This horizontal outgrowth of LRs could be caused by high 

water uptake through the meniscus. Potentially, signalling molecules that flow from the 

external environment towards the xylem pole driven by water influx influence LR angle. 

One target molecule for this role is auxin for two main reasons. Firstly, auxin levels 

accumulate in epidermal cells in the basal meristem and elongation zone (Band et al. 

2014). Radial water influx may then co-mobilise water and auxin towards the inner root 

tissue via symplastic transport. Another reason is that auxin distribution has been 

shown to be affected by plasmodesmatal (PD) transport in the root apex, which is likely 

how water moves from epidermis to xylem pole tissues (Mellor et al. 2020). This led to 

a new model for LR hydropatterning (Fig. 6.1A) in which auxin, originating from 

epidermal cells in the elongation zone, moves through PD towards XPP cells driven by 

water influx from the meniscus. This would allow auxin accumulation in XPP cells in line 
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with the meniscus and would account for the flexibility of XPP selection observed in our 

assay. 

The genetic pathway regulating LR hydropatterning still needs further elucidation. We 

began by assessing the hydropatterning response in ARF regulated genes as LR 

hydropatterning was shown to be dependent on auxin signalling (Bao et al. 2014). 

Multiple LBD knock-out mutants were screened as these genes are direct or indirect 

targets of ARF7 (Lavenus et al. 2015). Only lbd16-1 mutants exhibited a hydropatterning 

defect on our plate based bioassay. Analysis of LBD16 over-expression lines 

demonstrated a loss of LR hydropatterning more severe than observed in lbd16-1 

mutants. LSFM work demonstrated that LBD16 over-expression reduced LRP deviation 

angle, which explains why this line exhibits such a strong LR hydropatterning phenotype 

as it cannot angle its LRP towards the agar when LRFCs are specified on the air side. 

Interestingly, no LRP deviation angle defect was observed in lbd16-1, suggesting genetic 

redundancy within this gene family. LBD16 is key in initiating nuclear migration and the 

coordination of the first asymmetric division of the LRFCs (Goh et al. 2012a). However, 

LBD16 has no established role in LRFC selection. The LBD16 OE data indicates cell 

specific expression of LBD16 in XPP cells is necessary to promote LR deviation but likely 

LBD16 is not the key driving factor determining LRFC specification during 

hydropatterning. More likely upstream regulators of LBD16 coordinate its XPP cell file 

specific expression, which is necessary for the flexibility observed in selection of LRFCs. 

In the early elongation zone gLBD16-GFP reporter expression is first observed in the 

inner vasculature tissue. These cells are termed xylem-procambium cells and are 

located next to the xylem pole and proto-xylem cells (Smetana et al. 2019). Procambium 

cells act as stem cells for secondary vasculature growth through ARFs similar to LR 

initiation. Could xylem-procambium cells coordinate LRFC specification through mobile 

transcription factors? A likely candidate for this role is LBD16 as its expression was 

observed in both xylem-procambium cells and XPP cells. LBD16 is a relatively small 

protein, approximately 27 kDa, which enables it to move through plasmodesmata 

between endodermis, pericycle and inner vasculature tissues even when tagged with 

GFP (Rim et al. 2011). Future experiments should focus on creating an immobile LBD16 

construct by tagging it with 3xmCherry to assess how mobility affects LBD16 functioning 
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in LR formation. If we combine this with our previous model of root water uptake and 

LRFC selection it creates a two-component model (Fig. 6.1A). In this model xylem-

procambium cells accumulate auxin, which stabilizes ARFs and induces expression of 

targets like LBD16. LBD16 RNA or protein could be mobilised into adjacent XPP cells, 

where the combination of radial auxin inflow from the epidermis and mobile 

transcription factors from the adjacent xylem-procambium cells could function to 

specify XPP cells for LR initiation. This double checkpoint allows for greater flexibility of 

LRFCs and ensures optimal positioning of LRP to capture water. 

Developing primordia emerge towards the agar driven by radial divisions in the flanking 

cells (Fig. 6.1B). Radially a primordium comprises of five to eight pericycle cell files (Von 

Wangenheim et al. 2016). The central file undergoes the first anticlinal division and in 

later stages forms the quiescent centre (Goh et al. 2016). The boundary of the flanking 

cell files is determined by the phloem pole pericycle (PPP) cells, which appear to lack 

the meristematic potential that XPP cells demonstrate (Torres-Martínez et al. 2020). 

Recruiting these PPP cells is invaluable for forming the new vascular connection 

between primary and lateral root.  Recruitment of neighbouring cell files by the central 

cell file is dependent on auxin signalling and transport (Torres-Martínez et al. 2020). The 

highest auxin response is visible in the primordium tip, whilst a low auxin response is 

visible at the sides and base of the primordium (Benkova et al. 2003). This pattern is 

maintained by PIN auxin transporters which dynamic rearrangements drives auxin 

fluxes in the LRP (Benkova et al. 2003). Potentially these PINs are based in cells 

surrounding the tip to maximize the auxin flux towards the tip thereby regulating cell 

division. Alterations in PIN location or activity could lead to a bias in auxin distribution 

within the developing primordium (Fig. 6.1B). This could result in higher levels of auxin 

in one flank of the primordium which could drive increased cell division and steer the 

growth of the primordium towards one side. Another option is that the auxin flux in the 

overlying layers of the primordium steers the deviation angle. An auxin reflux controlled 

by LAX3 and PIN3 coordinates cell wall remodelling enzymes that enable emergence of 

the developing primordium (Peret et al. 2013). Could these transporters be affected by 

external water availability? Potentially auxin distribution in the overlying tissues by PIN3 

and LAX3 could actively steer emergence towards external water (Fig. 6.1B). Future 
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work with fluorescent reporter and knock-out mutants in these transporters should 

focus on the precise role of auxin transport in enabling lateral root deviation towards 

water. 

 

 

 

Figure 6.1 – The hypothesized model controlling LRFC specification and LRP angling affected by the 

external hydrological environment. We propose a model to explain the flexibility observed in LRFC 

selection, in which water movement from the external agar source, promotes the symplastic 

movement of water (blue arrows), and soluble such as auxin (orange pentagon), towards the xylem 

pole (purple). This generates auxin accumulation in XPP cells neighbouring the xylem pole, which mark 

a subset of XPP cells for LRFC initiation (red circles).  Additionally, LBD16 expressed in the xylem-
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procambium cells (yellow circles) could move to adjacent cells to further stimuli the first asymmetric 

division to generate a lateral root. In the second model we propose that LRP deviation angle is also 

altered at the later developmental stage through increased cell division in the flanking cell files. Here, 

the green LRP cells represent the central cell file derived from the first periclinal cell that undergoes 

asymmetric cell division. The flanking cell files are indicated in yellow and blue. Increased radial 

division are observed in the yellow cell file exposed to the air side, forcing the LRP towards the agar. 

This developmental process might be steered by PIN efflux carriers (orange arrow), which orchestrate 

the distribution of auxin through the LRP. Another possibility is that the overlying tissue steers the 

emergence path. PIN3 and LAX3 auxin transport (purple arrow) could direct auxin into overlying cells 

near the agar side, thereby influencing the deviation angle of the developing primordium. 

6.2 SUMOylation regulates ARF7 activity during lateral root 

hydropatterning 

One of the major regulators of LR formation and LBD16 is AUXIN RESPONSE FACTOR7 

(ARF7) (Lavenus et al. 2015). A. thaliana contains five transcriptional activating ARFs 

termed ARF 5, 6, 7, 8 and 19 (Ulmasov et al. 1999; Tiwari et al. 2003). When mutants in 

these activating ARF’s were screened for LR hydropatterning defects, only arf7-1 

exhibited radially unbiased LR emergence (Orosa-Puente et al. 2018). Hence, LR 

hydropatterning is dependent on ARF7. Over-expression of ARF7 could restore LR 

hydropatterning in arf7-1 background, which confirmed the importance of ARF7 in this 

response (Orosa-Puente et al. 2018). In addition, ARF7-Venus was observed in all root 

cells and no asymmetry of fluorescent signal was visible, contrary to what was detected 

with gLBD16-GFP. These observations indicate that rather than tissue-specific 

expression of ARF7, LR hydropatterning is most likely driven by protein activity (Orosa-

Puente et al. 2018). In collaboration with prof. Ari Sadanandom, University of Durham, 

we identified four small ubiquitin-like modifier (SUMO) sites on the ARF7 protein 

sequence and confirmed that ARF7 was target for SUMO modification (Orosa-Puente et 

al., 2018; Fig. 6.2A). This post-translational modification enables substrates to rapidly 

alter their subcellular localisation, stability, 3-D protein structure and interaction 

partners (Morrell and Sadanandom 2019). Mutating the four lysine cores of these 

SUMO sites could completely inhibit ARF7 and SUMO interaction (Orosa-Puente et al. 

2018). This non-SUMOylatable ARF7 construct, termed ARF74KR, was unable to restore 

LR hydropatterning in the arf7-1 background, whilst full restoration was observed in the 
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ARF7WT transgene, indicating that SUMOylation of ARF7 regulates LR hydropatterning. 

ARF74KR crossed with the gLBD16-GFP translational reporter, showed increased 

fluorescence levels in the root elongation zone relative to ARF7WT. Furthermore, ChIP-

PCR detected higher levels of ARF74KR binding to LBD16 and LBD29 promoters (Orosa-

Puente et al. 2018). These results indicate that ARF74KR is more active than the 

SUMOylatable ARF7WT. 

Protein immunoprecipitation data showed increased ARF7 SUMOylation after 20 min of 

transient drought stress, suggesting that the absence of water promotes ARF7 

SUMOylation (Orosa-Puente et al. 2018). Modelling approaches of LR hydropatterning 

reveal a strong difference in water potential between agar and air exposed side across 

the root axis driven by root elongation (Robbins and Dinneny 2018). The difference in 

water potential might drive the SUMOylation of ARF7 on the air exposed side of the 

root, thereby limiting the auxin response. SUMOylated ARF7 can interact with the 

SUMO interaction domain (SIM) site on IAA3/SHY2. However, ARF74KR and IAA3 with 

mutated SIM site could no longer interact, indicating the importance of this SUMO-SIM 

interaction. TPL repressor proteins and the TIR1/AFB auxin receptor could still bind 

mutated IAA3, suggesting that this mutation specifically affects ARF7-IAA3 interaction 

(Orosa-Puente et al. 2018).  Increased levels of ARF7 SUMOylation on the air exposed 

side would lead to increased interaction of ARF7 and IAA3 repressor proteins causing 

ARF7 proteasomal-mediated degradation and reduced expression of target genes like 

LBD16. This would result in decreased LR formation on the air exposed side. In contrast, 

low levels of ARF7 SUMOylation on the agar exposed side diminishes ARF7 and IAA3 

interaction. This would translate to higher ARF7 transcriptional activity and increased 

expression of LR formation genes such as LBD16 and LBD29. 

LR hydropatterning is dependent on the asymmetric expression of ARF7 direct target 

LDB16. The asymmetric expression of gLBD16-GFP was absent in arf7-1 background, 

suggesting it is driven by ARF7 activity. Additionally, ARF7-Venus was expressed in most 

root cells and did not exhibit an asymmetry. Hence, gLBD16-GFP asymmetry is 

dependent on the activity of ARF7. The expression of LBD16 is partially regulated by 

SUMOylation. ARF74KR crossed with gLBD16-GFP lines revealed a decline in asymmetry 

compared to gLBD16-GFP in ARF7WT background. The asymmetry in gLBD16-GFP 
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expression is established in the elongation zone, suggesting it might be the result of DR5 

oscillations starting at the basal meristem (De Smet et al. 2007; Moreno-Risueno et al. 

2010). The oscillating DR5 signal is the driving force behind alternating left-right LR 

patterning which fits with the observed asymmetrical expression of LBD16. LBD16 is 

important for inducing nuclear polarisation and the first asymmetric cell division but 

does not play a role in LRFC specification (Goh et al. 2012a). If the asymmetric 

expression of LBD16 is perturbed in arf7-1 and ARF7 4KR lines in the elongation zone, 

this implies SUMOylation of ARF7 affects later stages of DR5 oscillation and possibly 

LRFC specification. arf7-1 mutants were shown to exhibit reduced pre-branch site 

formation as a result of reduced DR5 oscillation (Moreno-Risueno et al. 2010). It would 

be interesting to observe if ARF7 WT and ARF7 4KR can increase pre-branch site numbers, 

or if SUMOylation of ARF7 affects DR5 oscillation. ARF7 SUMOylation might affect LRFC 

specification which would fit data from Chapter 3 where we observed high flexibility in 

LRFC selection affected by radial water availability. The selection of LRFCs is controlled 

by another auxin signalling module consisting of IAA28-ARF7-GATA23 (De Rybel et al. 

2010). Hydropatterning could affect the radial localisation of GATA23 by inactivating 

ARF7 through SUMOylation on the air exposed side. Future confocal analysis will have 

to decipher if the expression of GATA23 in XPP cells is linked to water availability. From 

this data it is likely that SUMOylation of ARF7 targets LRFC specification, but we cannot 

rule out a role in the oscillation zone. 

It is still unclear how the four SUMO sites on ARF7 regulate its transcriptional activity. 

Two SUMO sites, K151 and K282, exhibited strong conservation of the core lysine and 

surrounding residues in several evolutionary lineages stemming from Marchantia 

polymorpha (representing Liverworts). In contrast, these sites were not conserved in 

the proto-ARF of the charophyte M. caldariorum. Research into auxin signalling 

suggests that charophytes probably did not have a distinct response to auxin (Mutte et 

al. 2018). The auxin signalling network evolved in liverworts where the three 

components that make up the auxin signalling pathway are present, i.e. TIR1/AFB, 

AUX/IAA and ARF (Mutte et al. 2018). Intriguingly, K151 and K282 are only present in 

class-A activating ARFs in M. polymorpha. Could SUMOylation of activating ARFs have 

been evolved as a way to fine-tune levels of auxin response? Mutating these SUMO sites 
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in M. polymorpha class-A ARF could elaborate on the importance of SUMOylation of the 

activating class of ARFs. 

K151 and K282 sit in the highly conserved DNA-binding domain (DBD) of ARF7. K151 is 

located in the B3 subdomain that controls ARF and DNA binding and could directly 

influence DNA binding affinity (Fig. 6.2B). This would fit with ChIP-PCR data of non-

SUMOylatable ARF74KR which showed increased binding to the promoter of LBD16 and 

LBD29 compared to ARF7WT (Orosa-Puente et al. 2018). K282 is located in the ancillary 

domain of ARF7 and possibly affects dimerization of ARFs together with K104 in the 

flanking region of the DD1 (Fig. 6.2B). K104 is a less conserved SUMO site and probably 

evolved more recently in ARF7 and ARF19. This might have enabled tighter control of 

ARF7 and ARF19 homo- and heterodimerization. SUMO site K890, near the 3’ of the 

middle region, is evolutionary well conserved and in ARF7 might affect binding to IAA3 

through SUMO-SIM interaction (Fig. 6.2B). Another possibility is that SUMOylation of 

K890 inhibits binding of co-factors such as the SWI-SNF complex, which directs 

chromatin remodelling. Supressing this binding could lead to condensed chromatin 

around ARF7, supressing transcriptional ability. More detailed analysis of 1K/R and 3K/R 

lines will help to reveal the specific role(s) of each SUMO site on ARF7 activity. 
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Figure 6.2 – ARF7 SUMOylation can affect protein activity in several ways. The protein domain structure 

of ARF7 indicates the positions of the SUMO sites, named after the lysine core amino acid (A).  

SUMOylation of K104 could affect homo- and heterodimerization of ARFs. K151, located on the DNA-

binding domain, could affect binding to AuxRE and inducing transcription of targets likes LBD16 and 

LBD29. The SUMO site on the Ancillary Domain (AD) could affect dimerization, but it is not yet known 

what the exact role of this domain is. SUMOylation of K890 could strengthen binding of IAA3 and ARF7, 

but could also inhibit binding of co-factors such as the SWI/SNF chromatin remodelling complex. 

Abbreviations: DD1&2: Dimerization domains 1 and 2. B3 DBD: B3 DNA-interaction Domain. AD: 

Ancillary Domain. MR: Middle Region. PB1: Phox and Bem 1.   

6.3 SUMO protease OTS1 regulates LR hydropatterning 

How is ARF7 SUMOylation status regulated in the elongation zone? SUMOylation of a 

target substrate is controlled by E1 activating, E2 conjugating and E3 ligating enzymes. 

Only a limited number of these enzymes can be found in the A. thaliana genome and 

only one of the crucial E2 conjugation enzyme. Hence, it is thought that deSUMOylation 

of substrates is key in regulating developmental processes. Many classes of 

deSUMOylating proteins can be found in the A. thaliana genome. They are divided into 

two groups: Ubiquitin-Like Proteases (ULP) and deSUMOylating isopeptidases (DeSi). 

Recent work suggests that the DeSi family only control deSUMOylation (Orosa et al. 

2018), whilst the ULP’s control both SUMO maturation and substrate deSUMOylation 
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(Chosed et al. 2006). The ULP family consists of eight family members that can be 

further divided into four classes based on their distinct N-terminal (Castro et al. 2018). 

The OTS class of ULP is highly expressed during LR development (Supp. Fig. 5.1) and 

ots1-1 ots2-1 double mutants exhibit severe response to salt stress (Conti et al. 2008). 

However, over-expressing of OTS1 led to an increased tolerance to salt, suggesting OTS1 

might regulate osmotic responses (Conti et al. 2008). We further characterized the root 

architecture in ots1-1 ots2-1 and observed severe primary and lateral root defects. 

Additionally, the double mutant was defective in hydropatterning, indicating a potential 

role in water sensing. The LR defect in ots1-1 ots2-1 was caused by a severe delay in LR 

initiation and emergence. This delay was not observed in ots1-1 and ots2-1 single 

mutants, revealing redundancy between these genes. Interestingly, ots1-1 and ots1-2 

gk single mutants displayed an increased number of LRP. This result could indicate a 

role for OTS1 in spacing of LRP in the oscillation zone. Addition of exogenous auxin could 

induce LR formation in ots1-1 ots2-1, suggesting auxin signalling is not fully dependent 

on these proteases for LR formation. ots2-1 showed increased LRP initiation in response 

to auxin, whilst ots1-1 demonstrated no auxin inducible phenotype. This data suggests 

a role for OTS1 under high auxin conditions. However, it is still unclear how as OTS1-

mVenus pattern and fluorescence level were not directly influenced by short term (4hr) 

auxin treatment. Likely, auxin and deSUMOylation by OTS work together to fine-tune 

ARF activity (Fig. 6.3). In this model, auxin plays the main role as it is not fully dependent 

on OTS1 and OTS2. In turn, OTS1 finely tunes the auxin response by deSUMOylation of 

key ARF7 domains which affect transcriptional activity and protein stability. 
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Figure 6.3 – Auxin and OTS1 work in tandem. Experimentally we tested the effect of auxin on lines with 

or without OTS1 and OTS2. In Col-0 (condition I) auxin induces LR formation by breaking down of 

Aux/IAA and deSUMOylation of ARF7 by OTS1 which activates transcription of targets such as LBD16. 

ots1-1 ots2-1 mutants showed multiple developmental defects including decreased LR number (II). This 

LR defect could be the result of reduced deSUMOylation of ARF7 by OTS1, causing increased binding of 

ARF7 to IAA3 repressor proteins and suppression of LR formation. LR formation was increased in ots1-

1 ots2-1 when exogenous auxin was added, suggesting OTS1 is not crucial for auxin induced LR 

formation (III). Without auxin addition LR formation is limited, potentially because ARF7 activity and 

stability is regulated by other Aux/IAA that do not depend on SUMOylated ARF7. 
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Complementation of the ots1-1 ots2-1 double mutant with mVenus-OTS1 and OTS1-

mVenus restored LR formation but did not fully restore primary root growth. 

Additionally, OTS1 transcript levels were not fully restored in roots. This is likely caused 

by using only the OTS1 coding sequence. The OTS1 transcriptional reporter, with the 

first intron included, showed a stronger signal in the primary root meristem than OTS1-

mVenus, suggesting possible promoter elements in the first intron crucial for expression 

in the root meristem. Transgenic roots expressing OTS1-mVenus exhibited expression 

in XPP cells in the elongation zone. Expression of OTS1-mVenus occurs prior to gLBD16-

GFP expression, which is visible in the late elongation zone. In our hypothesized model, 

OTS1 deSUMOylates ARF7, activating expression of target LBD16. gLBD16-GFP showed 

asymmetric expression, but this pattern was neither observed in ARF7-Venus nor OTS1-

mVenus. Likely ARF7 activity is important in regulating hydropatterning not ARF7 

protein stability. OTS1 is a cysteine protease and could therefore be affected by changes 

in cellular redox status. We hypothesize an altered model in which an OTS1 activity 

gradient exists between air and agar exposed root side (Fig. 6.4). This activity gradient 

directly affects the SUMOylation status of targets such as ARF7. DeSUMOylation of ARF7 

on the agar side leads to activating transcription and inducing LR formation. Future work 

will have to: (1) assess the activity of OTS1 in different redox environments and (2) 

assess the redox potential differences between XPP cells on air versus water exposed 

root sides. 

OTS1 and OTS2 are also involved in LRP development and emergence. ots1-1 ots2-1 

exhibited a severely reduced rate of emergence. Nuclear expression of OTS1-mVenus 

was observed in LRP from the onset of stage 1 till emergence. Additionally, ots1-2gk 

exhibited accumulation of stage 3 and 4 primordia, where the primordium pushes 

against the overlying endodermis. This might indicate an important role for OTS1 

regulation of auxin signalling cross-talk between primordium and endodermis. 

Interestingly, SHY2/IAA3 expression in the endodermis is crucial for LRP initiation 

(Vermeer et al. 2014). Could OTS1 activity regulate SUMO-SIM dependable interaction 

between ARF7 and IAA3 in endodermal tissue, thereby regulating LR initiation? Future 

work with tissue-specific expression of OTS1 in XPP and endodermal cells will have to 

explore the role of deSUMOylation by OTS1 in these different tissues. 
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Figure 6.4 – OTS1 activity regulates ARF7 SUMOylation status and LR hydropatterning. We hypothesize 

a model in which OTS1 is more active on the agar side of the root, causing an opposite gradient in 

SUMOylated ARF7. This results in reduced ARF7 transcriptional activity on the air exposed side and 

thus reduced LR formation. On the agar exposed side OTS1 deSUMOylates ARF7 in XPP cells, activating 

transcription of downstream targets like LBD16 to induce LR initiation.  

6.4 Future Directions and Wider implications of the thesis findings 

Water is key to plant growth and development. Crop growth under water deficit 

conditions is likely to become an increasing global trend as ground water is depleted 

and drought periods increase in frequency (Wheeler and von Braun 2013; Cotterman et 

al. 2017). To combat the detrimental effect that severe drought will have on crop yield, 

more research is needed to understand how plants sense and respond to prolonged 

drought stress. Root system architecture impacts foraging for water and other soil 

resources and is therefore a key target for crop improvement (Lynch 2011, 2013; Morris 

et al. 2017). Several water-related adaptive root responses have been described in this 

thesis (Orman-Ligeza et al. 2018; Rellán-Álvarez et al. 2015; Dietrich et al. 2017). In this 

work we focused on one adaptive root response: the branching of roots towards 

external water, termed LR hydropatterning (Bao et al. 2014). Prior studies revealed the 

importance of root water uptake in the elongation zone in order to generate a 
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hydropatterning response (Robbins and Dinneny 2018). In this thesis, a strong influence 

of the external hydrological environment on LR initiation and emergence was also 

observed. How do roots sense water availability in soil? One hypothesised model 

involves auxin acting as a ‘hydrosignal’ as it moves symplastically with radial water flow, 

triggering developmental outputs. However, auxin is not the only molecule that can act 

as a hydrosignal as many hormones and other classes of information containing 

molecule (e.g. miRNA) can move freely from cell-to-cell via plasmodesmata. Abscisic 

acid (ABA) is one hormone that is key to many water adaptive responses, such as 

hydrotropism and xerobranching. During xerobranching ABA was proposed to affect 

levels of free IAA, thereby inhibiting LR initiation (Orman-Ligeza et al. 2018). Does a 

similar signalling cascade take place during hydropatterning on the air exposed side 

through ABA accumulation? More generally, could hydrosignals function in other plant 

tissues and organs to monitor water fluxes, such as in leaves during drought stress?  

Further research is required to validate whether movement of putative hydrosignals 

like auxin and ABA can be directly linked with radial water fluxes.   

Auxin regulates a multitude of shoot and root development processes through ARF 

transcription factors (Vanneste and Friml 2009). This thesis revealed many activating 

ARFs contain conserved SUMOylation sites, suggesting a more general role for SUMO in 

post-translational regulation of activating ARFs. Non-SUMOylatable ARF74KR showed 

increased transcriptional activity of LBD16. Hence, SUMOylation of key ARF domains 

provides a way to fine-tune levels of transcriptional output. Rapid SUMOylation of ARFs 

could also function to supress auxin response during stress conditions by increasing the 

affinity for SIM containing Aux/IAAs like IAA3. As class A-ARFs are expressed in a 

multitude of organs (Rademacher et al. 2011; Truskina et al. 2020), SUMOylation could 

impact a plethora of developmental processes. Mutating SUMO sites in individual class 

A-ARFs could reveal the importance of these conserved SUMO sites in the activity of 

each activating ARF. Furthermore, SUMOylation controls many abiotic developmental 

processes such as: competition for light (Sadanandom et al. 2015), salt stress (Conti et 

al. 2008), plant immunity (Orosa et al. 2018) and heat stress (Kurepa et al. 2003). Hence, 

SUMOylation or deSUMOylation of ARFs could be key to the developmental regulation 

of auxin responses to these stresses. 
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The deSUMOylation of target proteins appears critical in regulating many stress 

responses. For example, over-expressing SUMO protease OTS1 decreases SUMO 

conjugate levels in response to salt, thereby increasing salt tolerance (Conti et al. 2008). 

In this thesis, we observed a hydropatterning defect in ots1-1 ots2-1 double mutants. A 

translational reporter OTS1-mVenus rescued ots1-1 ots2-1 hydropatterning, but no 

difference in reporter signal was observed in air versus agar exposed side. This suggests 

OTS1 activity (rather than its stability) is crucial for hydropatterning. If this is the case, 

how could OTS1 activity mirror water availability and hence serve as a ‘water sensor’? 

As a cysteine protease, OTS1 activity could be regulated by cellular redox status (Berlett 

and Stadtman 1997) which is known to change under water-deficit conditions (Cruz De 

Carvalho 2008). The oxidation of the cysteine is especially important for the ULP 

protease family since the core of their catalytic triad contains a cysteine. Mutating this 

core cysteine results in a  SUMO protease lacking deSUMOylation activity (Conti et al. 

2008). As this SUMO protease is expressed throughout plant tissues, could OTS1 also 

function in other developmental responses to water stress such as stomatal opening? 

Increased ROS levels and ABA signalling play vital roles in closing stomata in response 

to drought (Kwak et al. 2003). Could this response be influenced by the regulation of 

OTS1 activity by ROS, for example? Hence, future research may discover that 

OTS1/OTS2 SUMO proteases play a far wider and more important role in water relations 

than currently understood. 
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APPENDICES 

PIPS reflective statement 

Note to examiners: 

This statement is included as an appendix to the thesis in order that the thesis 

accurately captures the PhD training experienced by the candidate as a BBSRC Doctoral 

Training Partnership student. 

The Professional Internship for PhD Students is a compulsory 3-month placement which 

must be undertaken by DTP students. It is usually centred on a specific project and must 

not be related to the PhD project. This reflective statement is designed to capture the 

skills development which has taken place during the student’s placement and the 

impact on their career plans it has had. 

 

PIPS statement: 

For my industrial placement I worked for 3 months at KWS, a seed breeding company. I 

joined their Pre-Breeding R&D group, specialising on wheat yield improvement using 

wild wheat varieties. These wild varieties often have strong biotic and abiotic stress 

resistant but lack the high yield that is often found in wheat inbred lines. By crossing 

these stress resilient wild varieties with high yielding inbred lines adapted to UK climate 

and soil, KWS aims to create high yielding, high stress resilient lines that will increase 

wheat yield in the UK in the oncoming climate instable future in which a higher degree 

of extreme weather is expected. 

During my internship with KWS I participated in preparing for the annual winter wheat 

trials, including seed processing, sowing and drilling, seed treating as well as field 

preparation and upkeep. This gave me a clear view on how these big field trials are set 

up and managed. Something I completely was oblivious of before, since most of my 

work takes place in the lab with often smaller sample sizes. The sheer size of the work 

opened my eyes to what these companies are managing year in year out. 
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Next to sowing preparations, I worked on so called grab (harvest samples). These are 

samples of around 30 wheat ears taken from F4 generation crosses that were analysed 

by a genome wide association study (GWAS). To completely understand what a GWAS 

was I first started my own literature study on this, for me, unknown topic. At the same 

time, I started counting ears, spikelet’s and thresh these to analyse seed yield for all 

these crosses. All this data was put into the phenotype data of the GWAS analysis and 

run using earlier acquired SNP data and a genomic map. The output of this study 

presented a handful of loci that significantly affected a certain trait. These loci will be 

further investigated once they consistently show up in data from last year and the next 

year. 

At the end of this analysis, I was asked to present this data to the Pre-Breeding group 

and any other staff interested. By having to explain the GWAS and the following results 

to an audience, it led me to understand it better myself. GWAS is a very commonly used 

tool in plant science research, where I have read a lot about, but never completely 

grasped the underlying assumptions and theory behind it. This internship at KWS gave 

me the time to sit down and read up about this topic, while also giving me a direct way 

of using it with the data I gathered. 

Next to the skill to analyse and interpret GWAS data, I also learned how to grow wheat, 

how KWS sows (drills) seed for winter- and spring wheat trials and how to process 

harvested samples. I also got a better idea of how company dynamics work. Before this 

internship I had no idea of how big an organisation is necessary to do Breeding and Pre-

Breeding research. Looking at the interaction between the different teams, gave me a 

better understanding of the day by day work that his to be done to manage these 

massive field plots. This led me to believe that in the future I would still like to work in 

science, but maybe on a more applicable topic like crop improvement. 
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Root branching toward water involves
posttranslational modification
of transcription factor ARF7
Beatriz Orosa-Puente1*†, Nicola Leftley2†, Daniel von Wangenheim2†, Jason Banda2,
Anjil K. Srivastava1, Kristine Hill2‡, Jekaterina Truskina2,3, Rahul Bhosale2,
Emily Morris2, Moumita Srivastava1, Britta Kümpers2, Tatsuaki Goh2,4§,
Hidehiro Fukaki4, Joop E. M. Vermeer5,6, Teva Vernoux3, José R. Dinneny7,
Andrew P. French2,8, Anthony Bishopp2, Ari Sadanandom1¶, Malcolm J. Bennett2¶

Plants adapt to heterogeneous soil conditions by altering their root architecture. For
example, roots branch when in contact with water by using the hydropatterning response.
We report that hydropatterning is dependent on auxin response factor ARF7. This
transcription factor induces asymmetric expression of its target gene LBD16 in lateral root
founder cells. This differential expression pattern is regulated by posttranslational
modification of ARF7 with the small ubiquitin-like modifier (SUMO) protein. SUMOylation
negatively regulates ARF7 DNA binding activity. ARF7 SUMOylation is required to
recruit the Aux/IAA (indole-3-acetic acid) repressor protein IAA3. Blocking ARF7
SUMOylation disrupts IAA3 recruitment and hydropatterning. We conclude that
SUMO-dependent regulation of auxin response controls root branching pattern in
response to water availability.

T
he soil resources plants require, such as
water, are often distributed heterogeneously
(1). To aid foraging, root development is
responsive to the spatial availability of soil
signals (2, 3). Microcomputed tomography

imaging revealed that soil-water contact affects
root architecture, causing lateral roots (LRs) to
form when roots are in direct contact with
moisture (4, 5). This adaptive branching response
is termed hydropatterning (4, 5). In this current
study, we report the molecular mechanism con-
trolling hydropatterning, revealing that core com-
ponents of the auxin response machinery are
targets for posttranslational regulation.
The hydropatterning response can bemimicked

in vitro by growing seedling roots vertically on
the surface of agar plates (4). Opposite sides of

a root are either in contact with moisture
(directly with the plate or via the meniscus) or
exposed to air (fig. S1). To visualize whether
primordia preferentially form on the side in con-
tact with moisture, we transferred a root, includ-
ing the gel it was growing on, into a light sheet
fluorescence microscope to image young pri-
mordia and measure their angle of outgrowth
with respect to the agar surface (fig. S1). This
revealed that LRs preferentially emerge from
the side of the root in contact with moisture
(Fig. 1A).
What causes new primordia to form on the

water-contact side of a root? Seedlings exposed
to a hydropatterning stimulus exhibit an auxin
response gradient across the root radius (4).
Auxin regulates LR development (6). Auxin-
responsive gene expression is regulated by a
family of transcription factors termed auxin
response factors (ARFs) (7). The model plant
Arabidopsis thaliana contains five ARF tran-
scriptional activating genes termed ARF5, -6, -7,
-8, and -19 (8). To determine which ARF gene(s)
controls hydropatterning, we phenotyped loss-
of-function alleles. ARF7 mutants (8, 9) were all
impaired (Fig. 1, A to C, and fig. S2), whereas
hydropatterning was normal in mutants of other
ARF family members tested (fig. S3). Hence, hy-
dropatterning appears ARF7 dependent.
ARF7 regulates LR initiation (6, 8, 10, 11).

Network inference, chromatin immunoprecipitation–
polymerase chain reaction (ChIP-PCR) valida-
tion, and transcriptomic studies have revealed
that ARF7 controls the auxin-dependent ex-
pression of LR regulatory genes such as LBD16
(fig. S4) (12). Like ARF7, LBD16 loss-of-function
alleles lbd16-1 and lbd16-2 exhibit a hydro-
patterning defect (fig. S5). ARF7 may therefore

control hydropatterning in an LBD16-dependent
manner. LBD-like genes are differentially ex-
pressed in maize during hydropatterning (5).
To determine whether LBD16 is differentially
expressed in response to a hydropatterning
stimulus by ARF7, we monitored spatial ex-
pression of a gLBD16–green fluorescent protein
(GFP) reporter (13). LBD16-GFP was first de-
tected in the elongation zone (Fig. 1D and
movie S1) in a subset of cells [termed xylem
pole pericycle (XPP) founder cells, fromwhich
primordia originate], consistent with this re-
porter being an early marker for LR develop-
ment (13). In Arabidopsis, LRs originate from
pericycle cells positioned above either xylem
pole (6). We tested whether gLBD16-GFP was
differentially expressed in XPP cell files closest
to the agar. To mark which side of a root was
exposed to air, we overlaid samples with agar
with a low melting point and containing flu-
orescent beads and then imaged from multiple
angles using light sheet microscopy (figs. S6 to
S8). Reconstructed root images revealed pref-
erential gLBD16-GFP expression in XPP cell
nuclei earlier on one side of wild-type (WT) roots
(Fig. 1E). Asymmetric gLBD16-GFP expression
was disrupted in arf7-1 (Fig. 1F), consistent with
the mutant’s hydropatterning defect (Fig. 1C).
Quantification of LBD16-GFP distribution in
WT and arf7-1 revealed this reporter was dif-
ferentially expressed in an ARF7-dependent
manner (fig. S8, A to D and F). To test whether
asymmetric LBD16 expression is essential for
hydropatterning, the constitutive 35S promoter
was used to drive LBD16 expression in lbd16
(fig. S9). Expression of 35S:LBD16 failed to
rescue the lbd16 hydropatterning defect (in con-
trast to LBD16:LBD16-GFP). Hence, asymmetric
LBD16 expression is essential for hydropatterning.
We next tested whether LBD16-dependent

hydropatterning was controlled by means of
differential ARF7 expression by using transcrip-
tional and translational ARF7pro::ARF7-VENUS
reporters (figs. S10 and S11). In contrast to
gLBD16-GFP (Fig. 1, E and F), ARF7 reporters
did not exhibit differential expression in LR stem
cells (Fig. 1G). To test whether ARF7 was a target
of posttranslational regulation, ARF7 was consti-
tutively expressed (using the 35S promoter) in
arf7-1. This revealed 35S:ARF7 could rescue
arf7-1 hydropatterning (Fig. 1C and fig. S12).
Hence, ARF7 appears to control hydropattern-
ing by means of a posttranslational (rather than
transcriptional) mechanism.
ARF7 contains posttranslational regulatory

motifs including four putative sites for addition
of small ubiquitin-like modifier (SUMO) pro-
teins at lysine residues (K104, K151, K282, and
K889) (Fig. 2A). SUMO, unlike ubiquitin, can
modify the function (rather than abundance)
of target proteins (14). We confirmed ARF7 is
a target for SUMOylation by coexpressing GFP-
and hemagglutinin (HA) epitope–tagged ARF7
and SUMO sequences (Fig. 2B). Addition of SUMO
to ARF7 is abolished after replacing lysine with
arginine in all four ARF7 SUMOylation motifs
(in gARF7-4K/R; Fig. 2B).
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To test the importance of ARF7 SUMOylation
for LR development and hydropatterning, we
expressed SUMOylatable gARF7 and non-
SUMOylatable gARF7-4K/R transgenes in arf7-1.
Bioassays revealed arf7 hydropatterning could
be rescued by WT gARF7 (Fig. 2, C and D, and
fig. S13) but not by gARF7-4K/R (Fig. 2, E and F,
and fig. S14). Nevertheless, gARF7-4K/R (like gARF7)
remained capable of restoring arf7 LR densi-
ty to a WT level (Fig. 2F). Hence, ARF7-4K/R

remained functional but unable to regulate hy-
dropatterning. Quantification of LBD16-GFP dis-
tribution in gARF7 versus gARF7-4K/R arf7-1
revealed that this reporter was differentially ex-
pressed only in the presence of SUMOylatable
ARF7 (fig. S8, A to C and E and G). We conclude
ARF7 SUMOylation is required for hydropatterning.
How does SUMOylation modify ARF7 activ-

ity? ARF7 is rapidly SUMOylated after auxin
treatment (Fig. 2G). One ARF7 SUMOylation

site (K151) is located within the DNA binding
domain (Fig. 2A) (15). SUMOylation may at-
tenuate auxin-induced ARF7 DNA binding ac-
tivity. Time course ChIP-PCR analysis revealed
ARF7 transiently interacts with the LBD16
promoter after auxin treatment (fig. S15). Fur-
thermore, ChIP-PCR assays performed on LBD16
and LBD29 target promoters detected higher
DNA binding by ARF7-4K/R-GFP than WT ARF7-
GFP (fig. S16). Hence, SUMOylation negatively
regulates ARF7 DNA binding activity.
ARF7 transcriptional activity is negatively

regulated by Aux/IAA (indole-3-acetic acid) re-
pressor proteins (16). Aux/IAA proteins such as
IAA3/SHY2 and IAA14/SLR control ARF7 activ-
ity during LR development (16, 17). Like arf7-1,
IAA3 loss-of-function allele shy2-31 causes an
LR hydropatterning defect (Fig. 3A and fig. S17).
Thus, we tested whether interactions among
ARF7, IAA3/SHY2, and IAA14/SLR were SUMO

dependent. Pull-down assays revealed that ARF7-
GFP interacted with IAA3/SHY2 and IAA14/SLR
proteins (fig. S18). In contrast, non-SUMOylatable
ARF7-4K/R largely failed to pull down IAA3/SHY2.
However, both forms of ARF7 interacted with
IAA14/SLR (fig. S19). Hence, interaction between
ARF7 and IAA3/SHY2 (but not IAA14/SLR)
depends on the residues that regulate ARF7
SUMOylation.
Bioinformatic analysis revealed that IAA3/

SHY2 (but not IAA14/SLR) contained a SUMO
interaction motif (SIM) (Fig. 3B). With its SIM
domain mutated, interaction between IAA3 and
WT ARF7 was abolished (Fig. 3C). Nevertheless,
the IAA3 SIM mutant protein could interact
with the TIR1 auxin receptor and TPL tran-
scriptional repressor (figs. S19 and S20). Hence,
mutating the SIM site differentially affects IAA3’s
ability to interact with SUMOylated ARF7 but
not with other partners.
To assess the functional importance of the

IAA3 SIM sequence in planta, we engineered
transgenic plants overexpressing shy2-2 with
or without SIM sequences. We examined the
impact of the SIM sequence on the suppres-
sion of root branching characteristic of shy2-2
mutant plants (18), a phenotype not dependent
on hydropatterning. We drove overexpression of
the shy2-2 gene with the endodermal-specific
CASP promoter. More root branching is evident
in roots of plants expressing pCASP:shy2-2 with-
out the SIM sequence than in plants expressing
pCASP:shy2-2 with the SIM sequence (Fig. 3D).
Thus, overexpression of shy2-2 in endodermis
can block ARF7-dependent LR development, but
only if the SIM sequence is included.
SUMOmodifiers are added and removed from

target proteins by E3 ligases and SUMO prote-
ases, respectively. In Arabidopsis, OTS1 and OTS2
proteases cleave off SUMO from nuclear local-
ized proteins (19). Pull-down assays revealed
ARF7 is a direct target for OTS1 (fig. S21). Our
bioassays revealed that the ots1 ots2 mutant
exhibits a hydropatterning defect (fig. S22).
Hence, hydropatterning appears dependent
on OTS1 and OTS2 function. These SUMO
proteases are labile when plants are exposed
to abiotic stress, causing their SUMOylated
target proteins to accumulate (19, 20). Indeed,
transiently exposing gARF7-GFP seedlings to
20 minutes outside an agar plate resulted in a
rapid increase in ARF7 SUMOylation (Fig. 2H).
Hence, the absence (rather than the presence)
of water stimulates this posttranslational re-
sponse. Modeling suggests a substantial differ-
ential in water potential is generated across the
air and contact axis of the root (5). We hy-
pothesize that this triggers SUMOylated ARF7
on the air side of roots to recruit IAA3 and cre-
ate a transcriptional repressor complex, thereby
blocking auxin-responsive gene expression
associated with LR initiation (Fig. 3E). Con-
versely, because IAA3 cannot be recruited by
non-SUMOylated ARF7 in root cells on the
contact side, this population of transcription
factors can induce expression of genes like LBD16
to trigger organ initiation (Fig. 3E).
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Fig. 1. Arabidopsis root
branching toward water is
ARF7 dependent. (A and
B) Cross-section schematic
of a root growing on agar.
The LR primordia outgrowth
angle (yellow lines) in respect
to the agar surface is quanti-
fied from 3D light sheet micros-
copy images of WT (A) and
arf7-1 (B) plants. (C) Hydropat-
terning bioassay of WT, arf7,
and arf7 overexpressing ARF7
(p35S::ARF7). Data shown are
mean values ± SE. Statistical
differences were analyzed on
the percent of emerged LRs
emerging toward either con-
tact or air using an analysis of
variance, Tukey’s HSD test
(P < 0.05); statistically similar
groups are indicated using
the same letter. (D) Confocal
image of Arabidopsis root
tip expressing gLBD16-GFP.
Gray boxed area highlights
onset of LBD16-GFP
expression in the elongation
zone. (E to G) Maximum
intensity projections of radial
reslices obtained from light
sheet fluorescent micros-
copy–multiview imaging show
the gene expression pattern
of LBD16-GFP in WT (E),
arf7 (F), and ARF7::ARF7-
Venus (G) on the contact
versus air sides. The numbers
at the bottom of (E) and
(F) display the index of
asymmetry. Positive values
correspond to an earlier
expression beginning on the
contact side; negative values show asymmetry toward the air side. Details are explained
in figs. S1 and S6 to S8. Scale bars, 50 µm.
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Fig. 2. ARF7 SUMOylation regulates hydropatterning and DNA
binding affinity. (A) Schematic of ARF7 domains and four predicted
SUMO sites K104, K151, K282, and K889. (B) Replacing all ARF7
SUMO site lysine with arginine residues in ARF7-GFP(4*K/R) blocks
SUMOylation with HA-SUMO1 (but not WT ARF7 or single SUMO
K104) in transient expression assays. YFP, yellow fluorescent protein.
(C and D) Bioassays reveal that two independent transgenic lines
expressing WT gARF7 can rescue arf7-1 hydropatterning (C) and
LR density defects (D). n LR = 196 (Col-0), 78 (arf7-1), 292 (L4-4), and
231 (L5-3); n plants = 7 (Col-0), 5 (arf7-1), 10 (L4-4), and 9 (L5-3).

(E and F) Bioassays reveal that three independent transgenic lines
expressing gARF7(4*K/R) cannot rescue arf7-1 hydropatterning (E) but
do restore LR density (F). n LR = 374 (Col-0), 268 (arf7-1), 198 (L1-7),
286 (L2-7), and 206 (L10-10); n plants = 12 (Col-0), 16 (arf7-1), 8 (L4-4),
11 (L5-3), and 8 (L10-10). Data are mean values ± SE, and statistics were
performed as in Fig. 1C. (G) Immunoprecipitation reveals that ARF7-GFP
[but not ARF7-GFP(4*K/R)] is rapidly SUMOylated 15 min after
naphthaleneacetic acid (NAA) treatment. (H) Immunoprecipitation reveals
that ARF7-GFP [but not ARF7-GFP(4*K/R)] is rapidly SUMOylated
20 min after seedlings were removed from their agar plates.

Fig. 3. SHY2 interacts with ARF7 in a SUMO-
dependent manner to control hydropatterning.
(A) Bioassay reveals that IAA3/SHY2 mutant allele
shy2-31 does not exhibit a hydropatterning response.
Data shown are mean ± SE. Letters indicate a
significant difference compared with WT (Ler) roots
based on Student’s t test (P < 0.05). n LR = 208 (Ler)
and 604 (shy2-31); n plants = 7 (Ler) and 19 (shy2-
31). (B) The IAA3 (but not IAA14) sequence contains a
putative SIM, suggesting that IAA3 could bind
SUMOylated ARF7. (C) Transient expression of IAA3/
SHY2–HA (WT-SIM) or IAA3/SHY2–HA (SIM mutant)
with ARF7-GFP or ARF7-GFP(4*K/R), followed by
immunoprecipitation and western analysis, revealed
that IAA3 interacts with ARF7 in a SIM- and SUMO-
dependent manner. (D) Phenotyping Arabidopsis
seedlings expressing shy2-2 ± SIM by using the
endodermal CASP1 promoter revealed CASP1:shy2-2
(WT) blocks LR branching (top), whereas CASP1:shy2-2
(non-SIM) branch normally (bottom). Seedlings are
from six independent lines termed SIM-containing
CASP1:shy2-2 (WT L1, L2, and L3) and non–SIM-
containing CASP1:shy2-2 (SIML1, L2, and L3).
(E) Schematic summarizing the SUMO-dependent
ARF7 model for hydropatterning, in which ARF7 is
SUMOylated on the air side of the root, resulting in an
interaction with IAA3 that inhibits LR initiation. On the
contact side of the root, ARF7 is not SUMOylated,
enabling the transcriptional factor to activate expression
of genes involved in LR initiation.
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Our study has revealed how environmental
inputs modulate the auxin response machinery.
The SUMO-mediated posttranslational regula-
tion of auxin signaling operates on top of the
specificity provided from distribution of the
hormone itself and the expression patterns of
individual regulatory components. Thus, auxin
regulation controls root branching pattern in
response to water availability, building a root
architecture that optimizes access to water.
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Review

Lateral Root Formation in Arabidopsis:
A Well-Ordered LRexit

Jason Banda,1,4 Kevin Bellande,2,4 Daniel von Wangenheim,1 Tatsuaki Goh,3 Soazig Guyomarc’h,2

Laurent Laplaze,2,* and Malcolm J. Bennett1,*

Lateral roots (LRs) are crucial for increasing the surface area of root systems to
explore heterogeneous soil environments. Major advances have recently been
made in the model plant arabidopsis (Arabidopsis thaliana) to elucidate the
cellular basis of LR development and the underlying gene regulatory networks
(GRNs) that control the morphogenesis of the new root organ. This has provided
a foundation for understanding the sophisticated adaptive mechanisms that
regulate how plants pattern their root branching to match the spatial availability
of resources such aswater and nutrients in their external environment.We review
new insights into the molecular, cellular, and environmental regulation of LR
development in arabidopsis.

New Dimensions to Lateral Root Morphogenesis in Arabidopsis
Lateral roots (LRs) originate primarily from pericycle tissue in angiosperm species [1,2]. The
pericycle consists of a single-cell layer surrounding the vascular tissues and which is overlain
by endodermal, cortex, and epidermal tissues (Figure 1). In arabidopsis, LRs derive from six
pericycle cell files overlying the xylem pole (Figure 1) [3–5]. Phloem-pole pericycle (PPP) cells
are reported to be mitotically dormant, whereas xylem-pole-pericycle (XPP) cells retain stem
cell activity after leaving the primary root meristem, and can therefore form LRs [6].

In arabidopsis, LR development can be divided into five main steps (Figure 1A): (i) pre-branch site
formation, which takes place in the basal meristem/elongation zone [7,8]; (ii) LR initiation, which
features pericycle nuclear migration to a common cell wall between pairs of LR founder cells
(LRFCs) followed by asymmetric cell division in the differentiation zone [9,10]; (iii) LR morphogen-
esis in which the LRFCs divide further to form a lateral root primordium (LRP) that eventually
acquires a root meristem organization [11,12]; (iv) concomitant LR emergence where the new
organ grows through overlying tissue layers to emerge from the parent root in the differentiation
zone [13], and finally (v) LR meristem activation corresponding to the initiation of cell divisions in
the newly emerged LR meristem [14].

Until recently, arabidopsis LR development was studied in a 2D manner, primarily by visualizing
primordia stages from a ‘side on’ viewpoint (Figure 1) and not considering wider 3Dmorphogenic
events taking place. Advanced microscopy approaches such as confocal imaging and light sheet
fluorescence microscopy (LSFM [15]) have helped to revolutionize the perspective of the field by
providing static [16–19] or real-time [5,16,19,20] 3D visualization of LR development (Figure 1B).
For example, LR formation features a stereotypical sequence of cell layer generation [5,11]. How-
ever, 4D time-lapse imaging studies of LR morphogenesis revealed that, after the first anticlinal
cell division, the pattern of divisions does not follow a specific sequence [5,12,21]. There is a
high level of plasticity in the spatiotemporal regulation of cell divisions, and a higher order of
rules governs the shape of a new root tip.

Highlights
Major advances have recently been
made in arabidopsis to elucidate the cel-
lular basis of LR development and the
underlying GRNs.

New 4D imaging approaches are revolu-
tionizing the perspective of the field on
LR morphogenesis.

Recent studies reveal that biomechanical
interactions between the new primordia
and overlying tissues impact on organ
initiation and morphogenesis. We pro-
pose a new mechanism, termed the de-
velopmental traffic light model, to explain
how mechanical signals influence the
patterning of the LR primordium.

LR research has progressed beyond
studying individual genes to characteriz-
ing GRNs by exploiting innovative sys-
tems and omics-based approaches.

Arabidopsis roots employ regulatory
mechanisms to sense the availability
of water and nutrients so as to adapt
their pattern of branching to optimize
resource capture.
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Figure 1. The Birth of a New Lateral Root (LR). The five main steps of LR formation in the classic longitudinal view (A).
The process begins with the formation of the pre-branch sites in the meristem and elongation zone, followed by the initiation
of LR founder cells (LRFCs) by the nuclear migration of two pericycle cells and their first anticlinal division in the differentiation
zone. During morphogenesis the LRFCs divide periclinally as well as radially to form a 3D lateral root primordium (LRP). The
LRP grows through the overlying tissue layers to emerge from the primary root. After emergence the LR acquires an active
meristem. Color coding is according to the model described by Malamy and Benfey [11]. Six files of pericycle cells
contribute to the LRP seen in a radial perspective (B) [5]. Common colors (yellow or dark yellow) highlight daughter cells
derived from individual pericycle founder cell files.
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Patterning under Pressure
LRPs originate from pericycle cells located deep within the parental root, andmust therefore pass
through overlying endodermal, cortical, and epidermal tissues before emerging [22] (Figure 1).
This involves complex biomechanical interactions between the overlying tissues and the LRP
that impact organ initiation and morphogenesis [21,23–25].

During LR initiation, root cells surrounding new primordia actively adapt and remodel their prop-
erties to accommodate organ emergence [21]. For instance, during organ initiation LRFCs swell
before asymmetric division, and this would require adjacent xylem and/or endodermal cells to
adjust their volumes to allow the radial growth of pericycle cells (Figure 1) [25]. Intercellular con-
nectivity between the LRFC and surrounding cells are likely to be involved in coordinating cell
volume adjustments through control of callose deposition by plasmodesmata remodeling
enzymes which regulate LR initiation [26]. Interestingly, endodermal cell ablation is sufficient to
trigger mitosis in the underlying pericycle cell [27]. Nevertheless, auxin cotreatment is necessary
to observe an anticlinal division of the induced pericycle cells and initiate the LR organogenesis
program [27]. In addition, the cell wall remodeling enzyme EXPANSIN A1 (EXPA1), which may
modulate the mechanical properties of the pericycle cell wall, is also required for radial expansion
of LRFCs and to ensure the correct positioning of the first anticlinal divisions (Table 1) [28]. Hence,
sufficient pericycle width appears to be necessary to trigger asymmetric pericycle cell divisions
during LR initiation [28].

During LR morphogenesis, primordia develop under mechanical pressure from surrounding
tissues. These mechanical constraints, rather than a stereotypical pattern of cell division, are
responsible for determining LRP shape [5,21]. Plants, like animals, regulate morphogenesis of
new organs by employing a stem cell niche regulated by a mitotically inactive organizing center
[29]. Interestingly, the organizing center appears once LRPs form four cell layers (stage IV,
Figure 2C) and just prior to growing through the endodermis [12]. The endodermis contains an
impermeable barrier, termed the Casparian strip (Figure 2), that was originally thought to regulate
elemental and nutrient movement between inner and outer root tissues. However, themechanical
properties of the Casparian strip may also provide information that impacts on LRP development.
During the time-course of LRP development, the mechanical properties of the endodermis cells
are remodeled via an auxin-dependent pathway, and this is necessary for LRP development
to progress from stage V onwards in a wild-type fashion [21]. We suggest that the Casparian
strip could behave as a ‘developmental traffic light’ that holds back new LRs (red light) until
the organizing center and stem cell niche are set up (amber light), allowing the new organ
to break through the endodermis and overlying tissues before emerging into the soil
(green light) (Figure 2). This checkpoint system could also provide a mechanism for regulating
LR development by endogenous or environmental signals, only allowing LRPs to emerge in
optimal conditions [30].

Breakthroughs in Lateral Root Emergence
New LRPs must reprogram overlying cells to aid organ emergence. The hormone auxin functions
as a local signal released by new LRPs to facilitate this progression [22,25]. Key processes
targeted by auxin in overlying cells include modifying their hydraulic properties, cell walls, and
Casparian strip [21,23,25,31–33]. Regarding hydraulics, auxin represses the expression of
almost every member of a family of water channels termed aquaporins [23]. Aquaporin genes
encode plasmamembrane (PIP class)- or tonoplast (TIP class)- localized water channels that reg-
ulate the hydraulic properties of plant cells. Auxin appears to fine-tune the hydraulic properties of
cells in the LRPs and overlying tissues through its regulation of PIP and TIP gene spatial expres-
sion. Overexpressing and/or mutating PIP- and TIP-class aquaporins significantly delays LR
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Table 1. Overview of Mutant and Transgenic Lines Affected in LR Development

Category Mutant Refs LR phenotype Stage affected

Auxin signaling 35S:TOLS2 [61] Reduced number of LRs LR initiation

puchi [90] Reduced number of LRs LRP development/emergence

CASP::shy2-2 [25] No LRs LR initiation

Auxin transport aux1 [91] Reduced number of LRs LR initiation

lax3 [22] Reduced number of LRs Stage I development

Auxin conjugation/ degradation dao1 [92] Increased number of LRs ?

gh3.1,2,3,4,5,6 [92] Increased number of LRs ?

Auxin Biosynthesis yuc4 [89] Reduced number of LRs ?

Meristem establishment plt3 plt5 plt7 [39] Reduced emergence Promotes initiation, reduces emergence

Transcription factors flp [93] Reduced number of LRs Delay in stage I

fus3 [89] Reduced number of LRs Delayed emergence

lec2 [89] Reduced number of LRs ?

Peptides ralf34 [58] Increased number of LRs Initiation

irAtRALF1 [94] Increased number of LRs ?

ida [24] Decreased LR density Delayed emergence

CEP5 [59] Decreased LR density Stages I and II

Receptors xip1 [59] Decreased LR density Initiation and development

the1 [60] Increased number of stage I LRP Patterning and development of LRP

GLV 1–11 overexpressor [95] Reduced LR density Initiation and development

Kinases aur1-2 aur2-2 [96] Decreased LR density Decreased initiation and emergence

hae hsl2 [24] Decreased LR density Delayed emergence

mkk4/mkk5 [97] Reduced LR density Delayed emergence

MPK3SR and MPK6SR [97] Reduced LR density Delayed emergence

Cell wall expa1 [28] Reduced number of LRs Initiation

gpat4 gpat8 [98] Reduced number of LRs Delayed emergence and deformation

dcr [98] Reduced number of LRs Delayed emergence and deformation

bdg [98] Reduced number of LRs Delayed emergence and deformation

lrd5/xeg113 [31] Increased rate of emergence Emergence

Oxygen and ROS rap2.12,rap2.2,rap2.3,hre1,hre2 [99] Increased number of LRs Delayed emergence

erf VII [99] Increased number of LRs Initiation

robhc rbohd rbohe [35] Decreased LR density Delayed emergence

myb36 [37] Decreased LR density Delay in stage IV

per7 [36] Decreased LR density Initiation

per57 [36] Decreased LR density Initiation

Water transport pdbg1,2 [26] Increased LR density Patterning and spacing

pip2;1-1 and pip2;1-2 [23] Reduced number of LRs Delayed development

tip1;1 tip2;1 tip2;1 [33] Reduced number of LRs Delayed emergence

Light sensing hyh/hy5 [81] Increased number of LRs Initiation and emergence

SUMOylation ots1 ots2 [68] Reduced number of LRs ?

siz1 [100] Reduced number of LRs ?

Circadian clock toc1-1 [46] Decreased LR density Delayed initiation and emergence
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emergence (Table 1) [23,33]. Hence, auxin-dependent spatiotemporal regulation of aquaporin
expression appears to be crucial for LRP emergence. The importance of these water channels
results from new LRPs becoming symplastically isolated from surrounding tissues soon after
initiation through the closure of plasmodesmata [26].

Auxin originating from new LRPs also causes overlying cells to modify their cell walls and undergo
cell separation to enable new organs to emerge [22]. Auxin does this by triggering the sequential
induction of the PIN3 auxin-efflux carrier and then the LAX3 influx carrier in cells directly overlying
new LRPs [34]. A 3D root mathematical model indicated that, collectively, the distinct temporal
patterns of induction of different classes of auxin carrier are necessary for preferential hormone
accumulation in cells overlying LRPs. This functions to focus the auxin-dependent induction of
cell wall remodeling enzymes, and consequentially cell separation, in advance of the emerging
organ [22,34].

Reactive oxygen species (ROS) have also been proposed to function as important signals during
auxin-regulated LR formation. ROS treatment increases LR density and can restore LR formation
in lines in which auxin-mediated cell wall accommodation and remodeling in LRP-overlying cells
are disrupted. ROS are deposited in the apoplast of overlying cells during LR emergence follow-
ing the induction of RESPIRATORY BURST OXIDASE HOMOLOGs (RBOHs) (Table 1) [35].
Disrupting (or enhancing) the expression of RBOHs in LRPs or in overlying root tissues deceler-
ates (or accelerates) LR development and emergence. Hence, RBOH-mediated ROS production
appears to facilitate LR outgrowth by promoting the remodeling of overlying root cell walls. ROS
generated within LRPs are also important for organ emergence [35,36]. The MYB36 transcription
factor controls the expression of a subset of peroxidase genes (e.g., PER9) in boundary cells at
the base of developing LRP.MutatingMYB36 causes LRPs to adopt a flattened shape compared
to the dome-like appearance of wild-type LRPs, resulting in slower organ emergence. Reducing
the levels of hydrogen peroxide (H2O2) in myb36-5 rescues the LR mutant phenotype (Table 1).
This suggests that MYB36-dependent induction of peroxidases reduces H2O2 levels, thus defin-
ing the outer boundary of the growing LRP [37].

Lateral Root Gene Regulatory Networks: Learning Lessons from Primary Root
Development
A large number of genes that regulate meristem patterning and maintenance in primary roots are
also expressed during equivalent processes in LR development. For example, AP2-/ERF
PLETHORA (PLT) transcription factors are major regulators of the gene regulatory network (GRN)
controlling primary root meristem patterning and maintenance [38]. PLT genes are also expressed
during LRPdevelopment [39]. Interestingly,PLT3,PLT5, andPLT7were shown to control the onset
of PLT1,PLT2, andPLT4 gene expression in developing LRPs (Figure 3). Accordingly, the triple plt3
plt5 plt7 mutant exhibits a PLT-null phenotype in which the first round of periclinal cell divisions,

Figure 2. The Lateral Root Primordium (LRP) Must Break through the Overlying Endodermis Hardened with
the Casparian Strip before Emergence. Three time-points of confocal time-lapse images highlight the thinning of the
endodermis during lateral root (LR) morphogenesis and emergence (A). A 3D stack of images of an arabidopsis
(Arabidopsis thaliana) root expressing a membrane marker (YFP–PIP1;4) and a Casparian strip marker (ESB1–mCherry)
was captured every 10 minutes over a period of 20 h. Single-slice images are displayed in the side view (A) and front view
(B). The process of emerging through the endodermal barrier could function as a ‘developmental traffic light’ in which the
stage I–III LRP is initially stopped by the tough Casparian strip barrier in the overlying endodermal tissue (C). When the
lights turn orange the Casparian strip receives cues from the LRP to slowly and locally break down to let the LRP pass,
which gives the LRP time to form the organizing center and stem cell niche. When the lights turn green the LRP breaks
through the endodermis and undergoes a drastic shape change from flat-topped to dome-shaped, while resuming its
emergence through the cortex and epidermis.
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which creates a two-layered LRP, is disrupted, resulting in a highly disorganized LRP with no
properly defined meristem (Table 1). Surprisingly, transgenic expression of any PLT member from
stage I onwards is sufficient to restore formative periclinal divisions and the subsequent organization
of root meristem-like identities. This suggests that, rather than the target specificity of PLTs, the
precise timing in PLT expression controls crucial events during LRP formation [13].

GRNs dependent on the GRAS-family SCARECROW (SCR)/SHORT-ROOT (SHR) transcrip-
tion factors control the transition from stage II to stage III of LRP development (Figure 1), and
thereby impact on the patterning of the quiescent center (QC) at stage IV/V [12,40]. The
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Figure 3. Feeding the Gene Regulatory Network (GRN) with Spatial and Temporal Information Results in Robust Spacing and Patterning of Developing
Lateral Root Primordia (LRPs). Auxin synthesis, transport and response modules are sequentially triggered during lateral root (LR) initiation. The starting point for LR
initiation is nuclear migration in lateral foot founder cells (LRFCs) that is controlled by the SLR/IAA14–ARF7 (ARF19) module. ARF7 and FLP control PIN3 transcription and
ARF7-regulated FLP transcription factors to form a coherent feed-forward loop controlling PIN3 transcription. The LBD16 and LBD18 transcription factors control cell-
cycle genes through transcription factor E2FA. LBD18 and ARFs form a double positive-feedback loop by binding directly to the ARF19 promoter and through protein–
protein interactions with ARF7 and ARF19 [88]. ARF7 and the ARF19 module control PLT-dependant responses through SHR/SCR turnover to control LR patterning
[13]. TOLS2 peptide interacts with RLK7 to control PUCHI and LR spacing [61]. Plant-specific B3 transcription factors FUS3 and LEC2 interact together to induce the
expression of the auxin biosynthesis gene YUC4 through binding to its promoter elements in LRFCs [89]. The phloem pole-expressed CEP5 and its proposed leucine-
rich repeat (LRR) receptor XIP1, as well as another peptide GOLVEN 6 (GLV6), might also be involved in the lateral root initiation (LRI) [57]. Abbreviations: ARF7/ARF19,
AUXIN-RESPONSE FACTOR 7/19; CDKA1, A-type CYCLIN-DEPENDENT KINASE A1.1; CEP5, C-TERMINALLY ENCODED PEPTIDE 5; CW, cell wall; CYCB1,
CYCLIN B1.1; FLP, FOURLIPS; FUS3, FUSCA 3; LBD16/LBD18, LATERAL ORGAN BOUNDARIES 16/18; LEC2, LEAFY COTYLEDON 2; RLK7, RECEPTOR-LIKE
KINASE 7; SLR, SOLITARY-ROOT; TCP, TEOSINTE-BRANCHED CYCLOIDEA PCNA; TOLS2, TARGET OF LBD SIXTEEN 2; TF, transcription factor; WOX5,
WUSCHEL-RELATED HOMEOBOX 5; XIP1, XYLEM INTERMIXED WITH PHLOEM 1; YUC4, YUCCA4.
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observed onset of QC marker gene expression takes place concomitantly with a major transi-
tion from an early morphogenesis phase to a late meristem organization phase (Figure 1). Inter-
estingly, the scr mutant is still able to establish a QC and a functional root meristem later in
development, thus illustrating the robustness of the LR regulatory network [12]. In the primary
root tip, SCR and PLT proteins were shown to directly induce the expression of QC marker
WOX5 by cooperative interaction with TCP to coordinate LR outgrowth in a time- and
space-dependant manner (Figure 3) [41].

Lateral Root GRN: Emerging Properties
LR research has recently moved from studying the role of individual or a few genes to character-
izing many genes that compose regulatory networks that control LR development by employing
systems- and omics-based approaches. LR-related transcriptomic datasets have recently been
produced in different conditions by monitoring gene expression dynamics during root branching
in an unbiased fashion [42–46]. These offer unprecedented resources to explore single-gene
expression dynamics and identify new candidate regulators of LR formation. More importantly,
understanding how these components interact to form regulatory networks will be crucial if we
aim to understand the emerging properties of LR development [47,48].

LRP can be induced in a highly synchronizedmanner by gravistimulation [23,46,49]. Researchers
have therefore exploited gravistimulation-based LR induction to sequentially sample root bending
zones every 3 h and to generate a high-resolution time-course transcriptomic dataset spanning
LR induction to organ emergence and meristem activation [46]. This unique transcriptome
resource offers unprecedented insights into expression dynamics during LR organogenesis,
ranging from single genes to the network scale. More than 8000 (from 22 000) genes were differ-
entially expressed during LRP formation. Clustering identified 77 distinct classes of gene expres-
sion profiles, highlighting the complex regulation of LR formation [46]. Interestingly, several
circadian clock-regulated genes were identified, revealing a surprising clock-rephasing mecha-
nism during LR initiation which was proposed to ‘insulate’ the LRP from diurnal fluctuations in
water fluxes which might interfere with organ emergence [46].

This LR transcriptomic dataset has been used to infer the topology of the GRN coordinating
LR morphogenesis [50]. The predicted GRN controlling primordia patterning was organized
into two main auxin-regulated modules – an early network dependent on ARF7 and ARF19
(Figure 3), and a later network involving ARF5. In general, genes in the early ARF7-
associated subnetwork are expressed in all primordia cells during the early stages of LRP
development, and their expression then decreases and is confined to the base of the LRP.
Concomitantly with this transition, the expression of genes associated with the ARF5 module
increases. This module includes many transcription factors involved in primary root meristem
organization whose expression is observed in central and tip LRP zones [13,50]. Interestingly,
the inference approach indicated that these two subnetworks were linked by multiple mutual
inhibition relationships [50]. This topology is predicted to confer a toggle-switch behavior on
the GRN [51–53]. Together, this suggests that a switch between a module controlling the
early stages of LR development and a second module regulating meristem organization
takes place between 20 h and 30 h after gravistimulation, in other words at the transition
from stage IV to stage V. Interestingly, this corresponds to the appearance of the organizing
center identity in LRPs that marks a major transition in LRP cell divisions and expansion [12].
Thus, the predicted topology of the network suggests systems-scale mechanisms that con-
tribute to LRP patterning. Network analysis further revealed an unexpected role for very long
chain fatty acids (VLCFAs) that act downstream from the transcription factor PUCHI to control
cell proliferation during LR formation [54].
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LR transcriptome analysis and meta-analysis approaches have also contributed to the identifi-
cation of numerous genes encoding small signaling peptides that are involved in intercellular
communications during root branching [55,56]. Pairs of peptides and peptide–receptor com-
plexes were shown to contribute to the spatial patterning of the LR initiation by mediating
cell-to-cell signaling [24,57–60]. Recently, the secreted peptide TARGET OF LBD SIXTEEN
2/PAMP-INDUCED PEPTIDE-LIKE 3 (TOLS2/PIPL3) and its receptor RLK7 were shown to
cooperate in inhibiting LR initiation near pre-existing LRFCs in a non-cell-autonomous manner,
thus controlling minimal spacing between initiated LRs (Figure 3) [61]. Together with the
intricate networks controlling hormone distribution and signaling across root tissues, peptide
signaling pathways provide a new level of complexity in cell-to-cell communication that
can contribute to the overall organization, especially spatial patterning, of the root branching
process [62,63].

In summary, network-scale analyses have revealed that interconnectivity, redundancy, and mul-
tiple feedback loops provide plasticity at a cellular level, confer robustness to LRP development at
a multicellular scale, and allow the integration of plant systemic cues. These network properties
are likely to be crucial for the root developmental machinery to adapt to the myriad environment
signals to which they are exposed in highly heterogeneous soil environments [17].

Divining Roots in Search of Moisture
Recent studies have revealed that plant roots employ sophisticated regulatory mechanisms to
sense and respond to the availability of water and nutrients by branching. Soil consists of air
pockets, stones, nutrient-rich and -poor patches, and the spatial and temporal distribution of
moisture also varies. Regulating where a LR will form is therefore crucial to maximize the efficiency
of foraging in soil. One of the most important soil resources for plant roots to obtain is water. It has
long been known that osmotic stress can slow down LR emergence in arabidopsis and that this
response is abscisic acid (ABA)-dependent [64]. In roots of barley (Hordeum vulgare cv.) and
maize (Zea mays), water deficit caused LRs to no longer initiate [65]. A recent article revealed
that this is controlled by an ABA-dependent regulatory mechanism termed xerobranching [66].
The effect of water deficit could be mimicked by ABA treatment, but mutants defective for key
PYR/PYL ABA receptors were resistant to both signals. Additional experiments revealed that
ABA accumulated in root tip tissues when exposed to water deficit, blocking LR initiation possibly
by attenuating the oscillatory auxin-response network in the basal meristem.

A related adaptive response, termed LR hydropatterning, describes the ability of roots to differen-
tiate between contact with moist soil or air, and then trigger preferential branching towards water.
Xerobranching (inhibition of LR initiation by drought stress) and hydropatterning (preferential LR
emergence towards the wettest side of the root) appear to be mechanistically distinct processes,
because the latter response is unaffected in ABAmutant backgrounds [66,67]. Instead, modeling
studies led authors to propose a ‘sense-by-growth’mechanism for hydropatterning in which up-
take of external water into the root elongation zone provides a means to perceive water availability
[67]. Recent research has revealed that water availability controls LR initiation in the elongation
zone via post-translational modification of AUXIN RESPONSE FACTOR 7 (ARF7). This key LR
regulator encodes a transcription factor that contains four SUMO (small ubiquitin-like modifier)
modification sites. Mutating all four ARF7 SUMOylation sites disrupts hydropatterning [68].
When roots are exposed to air, ARF7 SUMOylation rapidly increases. SUMOylation of ARF7
enables this transcription factor to recruit the Aux/IAA repressor protein, IAA3. This led to a
model where the post-translational modification of ARF7 by SUMOylation on the dry side of a
root causes IAA3 recruitment, repressing the expression of target genes such as LBD16 that
are required for LR initiation and hydropatterning (Figure 4) [68].
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Figure 4. Soil and Light Environments Play a Key Role in Lateral Root (LR) Positioning. White light (WL) coming in
from the top converts PhyA into its inactive form, leaving COP1 to break down HY5 [80]. However, underWL plus far-red (FR)
light, COP1 is broken down through PhyA stabilization and PhyA-mediated degradation, and subsequently HY5

(Figure legend continued at the bottom of the next page.)
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Branching Out in Search of Nitrogen (N)
The absorption of nutrients represents another crucial function of a root system, and of LRs in
particular [17]. Nutrients are often dispersed in soil, and the ability by roots to sense nutrients is
therefore vitally important for efficient resource acquisition. Nitrate is a key nutrient that has a pro-
found effect on LR development, whose formation and elongation is induced under mild N stress,
but this is impaired during exposure to high N or prolonged N stress (recently reviewed in
[69–71]). A recent study reported the importance of C-TERMINALLY ENCODED PEPTIDES
(CEPs) in roots experiencing low N, where root stele-expressed CEPs travel to the shoot and ac-
cumulate in the leaf phloem, where they bind to two leucine-rich receptor kinases (LRR-RKs),
CEPR1 and CEPR2 [72]. This triggers the expression of CEP DOWNSTREAM 1 (CEPD1) and
CEPD2, which induce the expression ofNITRATE TRANSPORTER 2.1 (NRT2.1) in roots exposed
to N-rich conditions [73]. This boosts N uptake, but inhibits LR growth, because NRT2.1 knock-
out mutants have increased LR initiation [74]. A close family member, NRT1.1, coordinates a
multitude of genes involved in the branching response to N [75]. This dual-affinity transporter
and transceptor is phosphorylated under low-nitrate conditions by CBL-INTERACTING
PROTEIN KINASE 23 (CIPK 23), turning the protein into a high-affinity nitrate carrier [76]. Interest-
ingly, the non-phosphorylatable form of NRT1.1 no longer represses LR initiation [77]. Phosphor-
ylation of NRT1.1 negatively effects local auxin buildup in LRP through its ability to cotransport
auxin, which is inhibited in high nitrate patches, accounting for the local buildup of auxin, triggering
the localized emergence of LRs (Figure 4) [77,78].

Shining Light on Lateral root Development
Recent studies have also revealed a key role for light in LR development. When roots were illumi-
nated but the shoot was kept in the dark, root growth and LR emergence were reduced [79].
Interestingly, the bZIP transcription factor ELONGATED HYPOCOTYL 5 (HY5) knockout mutant
is incapable of directing root growth in response to exposing the shoot to light. HY5 stability is
regulated by the COP1 ubiquitin ligase, which degrades HY5 in the dark [80]. Accordingly, the
cop4-1 mutant showed no difference in root growth under different shoot and root light treat-
ments. Stabilized HY5 in the shoot is transported down to the root via the phloem to induce LR
formation [79]. However, adding far-red (FR) light could increase HY5 levels to a state in which
LR primordia development was arrested [81]. The authors hypothesized that this is through the
binding of HY5 to the ARF19 promoter, thereby reducing its expression, which negatively effects
PIN3 and LAX3 auxin-transport proteins in the overlying cortex (Figure 4) [81]. Hence, light per-
ception in the shoot can finely regulate the auxin machinery locally in cells overlying LRPs to
alter organ emergence. Interestingly, HY5 in shoots promotes carbon assimilation, and in roots
can induce the expression ofNRT2.1 [79] while negatively regulating AMT1;2 [82], which increase
nitrate and reduces ammonium uptake, respectively. Collectively, this reveals novel root functions
for HY5 and flags it as a key node in an array of plant environmental responses.

accumulates [81]. HY5 is transported through the phloem to inactivate lateral root primordium (LRP) development through
inducing its own local expression and indirectly reducing LAX3 and PIN3 in the overlying tissue layers, possibly by
interacting with ARF19. In areas of soil that are low in nitrogen (N), NTR1.1 becomes phosphorylated by CIPK23.
Phosphorylation causes NRT1.1 to perform a dual function as a transporter of N and auxin, which blocks auxin
accumulation in the LRP. In high-N soil, NRT1.1 is unphosphorylated, blocking its auxin-transport function and allowing
auxin to build up in the LRP to promote emergence [75–78]. During periods of root growth through air gaps,
xerobranching, abscisic acid (ABA) accumulates and binds to its receptor family, PYR/PYL, to indirectly reduce IAA levels
and therefore lateral root founder cell (LRFC) initiation. However, when one side is in contact with water in the soil, ARF7
induces downstream targets such as LBD16 to initiate LRFC division on the side in contact with water, termed LR
hydropatterning [68]. By contrast, on the air side ARF7 is SUMOylated, causing recruitment of IAA3 repressor proteins,
resulting in ARF7 protein degradation and inhibition of LR formation. Abbreviations: IAA, indole acetic acid; SUMO, small
ubiquitin-like modifier.
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Concluding Remarks and Future Directions
Major advances have been made in elucidating the molecular and cellular basis of LR develop-
ment using the model plant arabidopsis. Nevertheless, LR morphogenesis in other plant species
such as maize and rice exhibits far greater anatomical variation than is observed in arabidopsis,
reflecting the diversity of root classes [83]. However, very little is currently known about the under-
lying GRNs and mechanisms that drive the morphological diversity of these different LR classes
in crops. Despite this, genetic studies in crop models such as maize and rice have identified
common hormone signals and genes regulating LR development that are shared between
these species and arabidopsis [84,85].

Surprisingly, limited attention has been paid to the role of biomechanics in the regulation of LR de-
velopment to date. However, increasing evidence points to the central role of mechanical signals
during development in both plants and animals [21,86]. LR development is a fascinating system in
which to address these questions given that, unlike leaf primordia formation that takes place on
the flanks of the shoot apical meristem, new root organs originate deep within parental root tis-
sues. Live cell imaging (e.g., light sheet fluorescence microscopy) will further advance the field
by allowing the dynamics of LR morphogenesis to be observed in real-time. Such research
could generate fundamentally new knowledge about mechanical patterning and signaling in
plants. For example, uncovering how LRP QC specification is synchronized with the new organ
disrupting the Casparian strip could reveal novel mechanical signaling components and
mechanisms linking cell walls and cell-cycle regulation.

The rich ‘omic’ resources available for arabidopsis have helped to initiate efforts to elucidate the
underlying GRNs that control the morphogenesis of the new root organs. GRN approaches
have revealed system properties that confer important features in LRP development: the ability
to stabilize or, conversely, trigger changes in cell identity, the ability to organize those changes
in time and space (patterning), the ability to reach a similar output from various transcriptomics
scenarios (robustness) and, at the same time, the capability to integrate external cues that may
influence the GRN final state. This latter property of plasticity plays a prominent role in root
system adaptation to environmental signals. This will also provide a foundation on which to
probe the sophisticated adaptive mechanisms that regulate how plants pattern root branching
to match the spatial availability of resources such as water and nutrients in their external
environment.

In parallel with omic data collection and studies, advances in cell tracking, sampling, and tran-
scriptome analysis will generate a more detailed cartography of gene expression in developing
LRPs at various stages. When combined with time-course transcriptomic datasets, this will
allow exploration of GRNs at high temporal and spatial resolution. Moreover, cross-referencing
with other omic datasets, such as epigenomics, or phosphoproteomics, will help to decipher
the complex levels of regulation that result in the observed transcriptomic profiles and properties
during LRP development [87]. Further studies will be needed in arabidopsis to explore and char-
acterize the emerging properties of the LR GRN and how it integrates environmental signals, and
also how it compares to mechanisms in other plant species (see Outstanding Questions).
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Outstanding Questions
LR development is a two-step process
that eventually leads to the formation
of a new root meristem. Which cues
control the organization of the LRP
transition?

During LRmorphogenesis, mechanical
constraints from overlying endoder-
mal, cortical, and epidermal tissues,
rather than a stereotypical pattern of
cell division, determine LRP shape.
Does this mechanical information
contribute to organ patterning? How
does the LRP signal to the endodermal
Casparian strip to induce local
breakdown?

How are environmental and systemic
signals integrated within the LR GRN
to regulate root architecture at the
whole-plant level?

How does the arabidopsis LR GRN dif-
fer compared to other plant species? Is
it comparable to the different LR clas-
ses described in other species?

Can single-cell analysis increase our
understanding of transcriptomics, line-
age tracing, and epigenetics during LR
morphogenesis?
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Root branching is influenced by the soil environment and 
exhibits a high level of plasticity. We report that the radial 
positioning of emerging lateral roots is influenced by  
their hydrological environment during early developmen-
tal stages. New lateral root primordia have both a high 
degree of flexibility in terms of initiation and development  
angle towards the available water. Our observations reveal 
how the external hydrological environment regulates lateral 
root morphogenesis.

The soil environment contains a variety of niches for a growing 
root to explore. This complex environment consists of nutrient-rich 
areas, air pockets and stones, among other matter, and strongly var-
ies in its moisture distribution, to which we refer as the hydrological 
landscape. The ability of a root system to efficiently absorb water 
and nutrients from a heterogeneous medium depends on its archi-
tecture and its ability to adapt to the available potential resources1. 
For example, plants generate lateral roots in nutrient-rich patches 
and reduce branching in dry areas2,3. Similarly, roots emerge on the 
side of the primary root that is in contact with moisture, a mecha-
nism called hydropatterning4,5. Here, we show that lateral root 
morphogenesis is steered by the available moisture during lateral 
root primordia initiation, while outgrowth stages and plasticity in 
organogenesis are probably directed by lateral root-flanking cells.

Lateral roots originate primarily from the pericycle cell layer 
in both angiosperms and gymnosperms. The radial distribution 
of lateral roots is partly determined by the geometry of the root 
with respect to underlying phloem and xylem tissues6. Arabidopsis 
has a diarch root with two xylem poles and lateral roots initi-
ate in the pericycle cells overlaying one xylem pole7,8 (Fig. 1a,b; 
Supplementary Fig. 1). To investigate how the vascular geometry 
of Arabidopsis affects the positioning of lateral root primordia in 
response to different moisture levels, we grew plants on an agar sur-
face to expose roots to two distinct water environments: one side in 
contact with the agar (termed contact-side) versus humidity from 
the air (termed airside). We then captured three-dimensional (3D) 
image stacks of roots grown on the agar surface using light sheet 
fluorescence microscopy (LSFM) (Fig. 1c; Supplementary Figs. 2 
and 3; Supplementary Video 1). We observed that both the orienta-
tion of the xylem pole axis and the lateral root primordium initia-
tion site relative to the agar surface are uniformly distributed across 
the radius of the root. In the case of lateral root primordium (LRP) 
initiation sites, 54% orient towards the gel versus 46% towards the 
airside (Fig. 1d,e). This suggests that in our set-up, the choice of the 
initiation site is not influenced by a moisture gradient. However, 
80% of the lateral root emergence angles were <90° and pointed 

towards the agar (Fig. 1c–e). When does this apparent asymmetry 
of the emergence angle of the organ arise?

To investigate the angle of the lateral root outgrowth relative to 
the xylem pole, we defined a line from the xylem pole to the tip of 
the primordium (Fig. 1c). The angle on top of the xylem pole is 
defined as 0°. Our experiments revealed that this angle varied by 
more than 70° (Fig. 1f,h). The primordia emerging on the airside 
oriented mainly towards the gel surface. In contrast, primordia ini-
tiating on the contact-side oriented mainly parallel to the gel sur-
face. These results indicate that the lateral root outgrowth angle is 
highly plastic and steers organ development preferentially towards 
externally available water sources.

We tested whether external water availability is the stimulus for 
the orientation of the lateral root outgrowth when it grows along 
the agar surface. Hence, we quantified lateral root angles when 
grown embedded in gel or immersed in water to provide uniform 
mechanical or aqueous environments, respectively. In both cases, 
we observed that the angles of the orientations of the lateral roots 
were significantly smaller relative to the angles of roots grown on 
agar (Fig. 1g,h). Hence, when moisture is uniformly available, the 
lateral root outgrowth angles tend to distribute evenly and deviate 
less from the axis of xylem poles.

Next, we investigated at which developmental stage (or stages) 
the bias in lateral root emergence angle arises. Lateral root primor-
dia originate from dividing cells located in five to eight adjacent 
pericycle cell files, which undergo a series of anticlinal, pericli-
nal and then radial divisions9–12. Earlier studies have reported the 
importance of the cell file that directly overlies the xylem pole dur-
ing lateral root morphogenesis in Arabidopsis8,10,13. This ‘central’ cell 
file forms the tip of the primordium and contributes most of the cell 
mass at the time of emergence12. However, the role of flanking cell 
files could be more important than previously reported. To uncover 
the contribution of each cell file, we manually tracked cell contours 
in a transversal cross-section post emergence in two independent 
experiments (Fig. 2a). This analysis revealed that all cell files con-
tribute to the final lateral root primordium, but flanking cell files 
continue to contribute to the volume of a primordium, whereas the 
central cell file provides only a thin cell file (Fig. 2a). This high-
lights that all contributing pericycle cell files play an important role 
through different stages of lateral root morphogenesis.

The contribution of individual cell files is highly variable12. 
This could be due to differences in radial division rates between 
cell files, which increases the width of the primordium (Fig. 2b). 
To address this possibility, we re-analysed five published datasets12 
and observed that the occurrence of radial divisions varied (Fig. 2c). 
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In datasets 121211 and 130607, radial divisions occurred preferen-
tially on one side of the primordium, which resulted in an asym-
metric increase in width (Fig. 2c). Hence, although these images 
were acquired from samples submerged in a specimen chamber of 
the light sheet microscope, they reveal plasticity in the direction 
of radial growth. Even in these datasets, radial divisions promote 
growth along a particular direction and provide a basis for influenc-
ing the angle of the lateral root outgrowth.

The direction of lateral root outgrowth is determined by the 
radial cell divisions in flanking cell files. However, there are earlier 

events that influence the angle of outgrowth. Recently, we reported 
the expression of the early lateral root marker pLBD16::LBD16:GFP14 
preferentially in pericycle cells facing the agar (contact-side)5. To 
investigate the radial position of early events during lateral root ini-
tiation relative to the xylem pole axis, we captured the expression 
of LBD16:GFP (a fusion protein of LBD16 and green fluorescent 
protein (GFP)) with respect to the xylem pole. In 39 lateral root 
primordia datasets, we observed 13 cases in which LBD16 expres-
sion was not strictly above the xylem pole (Supplementary Fig. 4).  
In Fig. 2d–f (and Supplementary Video 2), we show the most 
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Fig. 1 | Arabidopsis branching is influenced by the position of the root in the agar. a, A 3D rendering of the autofluorescence signal of a lateral root grown 
out of the main root captured by multiview LSFM. b, The two xylem strands of the lateral root (green) are connected to one of the two xylem strands of the 
main root (magenta). Scaling boxes are 25 µm in size, while tick marks are 5 µm. c, Autofluorescence 3D light sheet imaging of a young primordium (left), 
a schematic (middle) and the corresponding angles (right) of the xylem axis (magenta) and the lateral root (yellow) relative to the gel surface. The white 
angle represents the orientation of the lateral root relative to the xylem axis. d, The complete overlaid set of n = 87 angle measurements based on n = 10 
biologically independent samples (dataset 180912). e, Percentage of lateral roots oriented towards the gel; that is, <90° with respect to the agar surface 
(dataset 180912, n = 87). f, Lateral root angle deviation relative to the xylem axis plotted against the position of the xylem relative to the gel surface. Lateral 
roots orient towards the agar when initiation occurs on the airside (upper right) and away from the gel when initiation faces the contact side (lower left).  
No lateral root is oriented towards the air when initiation occurs on the airside (upper left). The data are derived from five independent experiments. In total,  
352 primordia from 42 plants were analysed (Supplementary Fig. 3). Bivariate Pearson correlation was used to test the linear relationship between the 
position of the xylem pole and the lateral root outgrowth angle. A strong positive correlation was found, with r = 0.726 (P = 7.8545 × 10–59; two-tailed test). 
g,h, Lateral roots grown in gel or water have a smaller deviation angle relative to the xylem pole axis than those grown on gel. Overlaid set (g) and plot (h) of 
angle measurements are shown. Data were derived from one experiment, and 87 images were analysed per condition. Centre lines show the medians. Box 
limits indicate the 25th and 75th percentiles as determined by R software (https://www.r-project.org/); whiskers extend 1.5 times the interquartile range 
from the 25th and 75th percentiles, data points are plotted as yellow circles. Statistical differences were analysed using one-way analysis of variance and 
Tukey’s honest significant difference test (P < 0.0001; 95% confidence interval). Statistically similar groups are indicated by the same letters.
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extreme examples of deviations in central cell file location relative 
to the xylem pole axis. The migration of nuclei before the first cell 
division (Fig. 2d), the first anticlinal cell division (Fig. 2e) and the 

first periclinal division (Fig. 2f) were independently observed in 
different plants. Hence, the selection of pericycle cell files that con-
tribute to a new lateral root primordium takes place at a very early 
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Fig. 2 | lateral root development is flexible during all developmental stages. a, Cell file tracking from 3D LSFM time-course datasets (121204 and 121211)12 
of two biologically independent experiments. The colour of the cell file indicates which group of cells are derived from the same mother cell. Here, the green 
cells represent the central cell file. They derive from the cell that undergoes the first periclinal division on its way to becoming a lateral root primordium. 
This figure illustrates that the contribution of flanking cell files (yellow and blue cell files) increases over time and pushes the central cell file out of the main 
root. b, Schematic of radial divisions in some cell files, which increases the width of the primordium. c, Cell division pattern analyses from five biologically 
independent time-course data (120830, 121204, 121211, 130508 and 130607) reveal that radial divisions occur preferentially on one side. Thus, the lateral 
root bends along one direction. d–g, Four individual roots show the expression pattern of LBD16 during the first stages of lateral root development. That is, 
indicated by blue arrowheads, the migration of nuclei before the first cell division (d), the first anticlinal cell division (e), the first periclinal division (f) and 
a stage IV primordium (g). The central file is not strictly above the xylem pole. The dashed pink lines indicate the xylem pole axis. The upper panels show a 
longitudinal section of a 50-µm thick central section of the root (maximum intensity projection); the lower panels show a transversal cross section spanning 
a 100-µm long segment of the root (maximum intensity projection). A total of 39 primordia were scanned in three independent experiments. For these 
experiments, the number of times that the central file was not in line with the xylem pole axis was 14 (Supplementary Fig. 4). Scale bars, 50 µm.
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developmental stage; that is, before the first cell division. We had 
previously shown that developmental plasticity drives the selection 
of cells along the longitudinal axis of the root12. Our new findings 
reveal that developmental plasticity also exists in the radial axis.

We conclude that external water availability profoundly influ-
ences lateral root formation during organ emergence. Lateral roots 
are critical for exploring large volumes of soil for nutrients and 
moisture. To efficiently acquire water, plants have developed mecha-
nisms that drive lateral root outgrowth towards external water avail-
ability4,5. In contrast to these earlier studies, which focused on the 
underlying molecular mechanisms that control this behaviour, this 
study focused on cell-to-organ-scale mechanisms that contribute 
to the outgrowth of the LRP in response to water availability. Our 
study reveals that unlike the xylem pole axis, the selection of peri-
cycle cell files that initiate a new lateral root primordium is linked 
to the external hydrological landscape. Our results also reveal that 
radial divisions steer outgrowth of the LRP. These two mechanisms 
potentially steer lateral roots towards external water. The strong 
impact of the hydrological landscape explains the non-stereotypical 
patterns of division reported for the morphogenesis of lateral root 
primordia11,12. Collectively, our observations suggest that the exter-
nal hydrological environment regulates lateral root organogenesis 
from initiation to outgrowth and represents a potential adaptive 
advantage when foraging under heterogeneous soil conditions.

Methods
Plant material and growth conditions. The Arabidopsis thaliana ecotype 
Columbia (Col-0) was used as the wild type. The reporter line pLBD16::LBD16-
GFP was previously published14. A. thaliana seed lines were surface sterilized for 
3 min using 10% (v/v) bleach containing 0.001% Triton X-100. This was followed 
by five washes with sterile water and then stratified at 4 °C for 48 h in the dark. 
Seeds were germinated on media containing half-strength Murashige and Skoog 
(MS) media (2.15 g per litre) (Sigma), MES buffer (0.97 g per litre), 1% sucrose 
and 1% Bacto agar at pH 5.7. Seedlings were grown vertically for 10 days under 
a continuous temperature of 22 °C with a 16-h photoperiod (150 μmol m−2 s−1). 
The same medium plates were used to let plants grow in the gel. Plants for the 
hydroponic experiments were grown in 96-well plates with roots immersed in 
Hoagland’s medium.

LSFM using the Zeiss Lightsheet Z.1 for outgrowth angle measurements. For 
LSFM15, A. thaliana seedlings were carefully (without moving them) glued on the 
media plate using 1% agarose. Root segments (3 cm in length from the root tip) 
were cut out (including the gel) and transferred to a sample holder as previously 
described16 (Supplementary Fig. 1). The entire volume of the root was captured, 
including the gel substrate, using a 405-nm laser (laser intensity in ZEN set to 
35%). Autofluorescence was filtered between 505 and 545 nm. The angles of 
the xylem pole axis and of the lateral root relative to the surface of the medium 
were measured in a cross-section using ImageJ/Fiji (ImageJ v.1.52n)17. The line 
tool was used to draw a line parallel to the surface of the gel. Angles of xylem 
were measured by drawing a line from one xylem pole (the xylem without the 
primordium) to the other xylem pole (the xylem adjacent to the primordium). 
The angle of the lateral root primordium was measured by drawing a line from 
the xylem (adjacent to the primordium) to the tip of the primordium. Angles were 
exported from Fiji and normalized to the angle of the surface of gel. Since the 
angles measured in Fiji cover the range between −180° and +180°, the angles used 
in this paper were transformed to become all positive between 0° and 360° and 
rotated so that the angle 0° is perpendicular to the gel surface and 180° is pointing 
to the air. The angles of the lateral roots are presented as follows: orientations 
towards the gel have positive values and those away from the gel have negative 
values. When xylem angles are smaller than 180° (on the right side of the radius), 
the angle becomes the difference of the xylem angle minus the lateral root angle 
otherwise the lateral root angle minus the xylem angle.

Data visualization. Angle measurements were visualized using Adobe After 
Effects (v.16.1.2) (Fig. 1d,g; Supplementary Fig. 3; Supplementary Video 1). The 
3D data visualization was performed using the software Arivis Vision 4D (v.3.1.2.) 
(Figs. 1a,b and 2c,d–g; Supplementary Fig. 4; Supplementary Video 2). Figures 
were assembled in Adobe Photoshop (v.20.0.5) and Adobe Illustrator (v.23.0.3).

Multiview LSFM. A. thaliana seedlings were grown on the surface of media plates 
(half-strength MS media plus 1.0% Bacto agar). Roots were covered with 1% 
agarose containing fluorescent beads (PS-Speck, fluorescent beads, ThermoFisher, 
catalogue number P7220) and further processed according to the protocol 
depicted in Supplementary Fig. 2. Roots were imaged using a Zeiss Lightsheet Z1 

microscope. Images (Fig. 1a,b) were captured using a W Plan-Apochromat ×20/1.0 
objective and the PCO.edge camera module (CMOS; 1,920 × 1,920 pixels). The 
excitation wavelength was 405 nm for autofluorescence of yellow fluorescent 
protein. The emission filters were bandpass 505–545 nm for GFP and bandpass 
525–545 nm for yellow fluorescent protein. Multiview images were set-up using the 
Quick-Setup option in the software ZEN. Single views were fused using bead-based 
registration via the Fiji plugin Multiview Reconstruction18,19.

Statistical methods. All statistics were run in IBM SPSS statistics 24. All 
assumptions for one-way analysis of variance were tested and met (verified 
using distribution plots and Levene’s test). Different letters indicate a significant 
difference between treatments (P < 0.05).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data for Fig. 1f is shown in Supplementary Video 1. Other datasets can be 
shared upon reasonable request.
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