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Abstract 
The physical presence of plant roots and the compounds they release have a number of 
effects upon the substrate in which they grow, including the cohesion between roots and soil. 
Whilst we are aware that roots protect soil from erosion, we have limited knowledge about 
the plant traits most important for increasing root-substrate cohesion. Understanding these 
traits would be instrumental for developing crops that reduce soil erosion. In recent years, 
there has been a growing interest in characterising how roots cohere with their substrates, 
particularly soils. However, most studies have compared plant species with different root 
systems in unsterile, complex soils using time- and labour-intensive experiments that require 
specialist equipment. This has prevented scientists from quantifying the plant-specific traits 
that modify cohesion in a detailed and timely manner. In this thesis, I optimised a quick, 
high-throughput experimental method based on measuring the centrifugal force required to 
detach Arabidopsis thaliana seedlings from an agar medium. This enabled me to use genetic 
and molecular approaches to quantify the contribution of known traits and novel genes to 
root-substrate cohesion. I found changes to root hair development and morphology, root 
exudate composition, subcellular vesicle trafficking pathways and ATP-Binding Cassette 
transporter function affects root adhesiveness in Arabidopsis. I also show that the findings of 
this method can translate to work with mature plants in soils, indicating that this experimental 
approach is an efficient way to identify plant-specific traits that affect root-substrate cohesion 
before studying their contribution in complex soils. These results are at the forefront of 
describing plant-dependent requirements for root-substrate interactions and provide a 
foundation for evaluating how plants adhere to and cohere with their substrates and 
identifying the genes that regulate these mechanisms.   
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Roots and the substrates in which they grow coexist in a matrix. In recent years, there has 

been a growing interest in understanding how roots cohere with their substrates, particularly 

soils. This interest is sparked by the fact that the Earth is losing fertile land at an 

unprecedented rate mainly due to soil erosion and this significantly threatens human 

livelihood. Identifying root traits that protect against soil erosion will be vital for developing 

sustainable control measures that protect against erosive forces as well as enhancing crop 

productivity. However, we still have a limited understanding of the traits that are most 

important for enhancing cohesive interactions between roots and their substrates. In this 

chapter, I introduce the processes that drive soil erosion and their consequences to human 

livelihood. I then broadly summarise the root traits that protect soils from erosion and 

contribute to the cohesive interactions between roots and their substrates.  

 

1.1 Soil erosion and human livelihood  

In 1937, President Franklin D. Roosevelt aptly stated: “A nation that destroys its soils, 

destroys itself” (Roosevelt, 1937). Considering that more than 99% of global food-derived 

calories originate from the land (Kopittke et al., 2019), Roosevelt made no overstatement: 

soil is fundamental for sustaining human life (Pimentel, 2006). Soils are also vital for 

producing many other provisioning goods such as fuel and clean water, as well as being a 

major carbon reservoir (Mol, 2012; Keesstra et al., 2016; Kopittke et al., 2019). In 2017, the 

global ecosystem services provided by soils were conservatively valued at $11.4 trillion US 

dollars (McBratney, Morgan and Jarrett, 2017; Kopittke et al., 2019).  

 

Soils are a finite resource made from a stratified body of matter consisting of weathered 

minerals, organic matter, water and gaseous compounds (Panagos, Borrelli and Robinson, 

2020; Gupta et al., 2021). The weathered minerals are categorised into three types: clay (≤ 2 

µm), silt (2 µm – 60 µm) and sand (60 µm – 2000 µm); with the different mineral 

concentrations used to categorise different soil types (Brown, 2008). Soil formation is a slow 

and complex process and it is estimated that it takes over 1000 years to form 2.5 cm of 

nutrient-rich topsoil (Göncüoğlu, 2015; Panagos, Borrelli and Robinson, 2020). 

Unfortunately, anthropogenically-induced soil erosion on agricultural land is 10-40 times 

faster than the rate of soil formation (Pimentel and Burgess, 2013). Current estimates predict 

that approximately half of the topsoil layer (0 – 10 cm) worldwide has been degraded (Ho, 

2021) and 36 - 75 billion metric tonnes of fertile soil are lost annually from agricultural 
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systems (Pimentel and Burgess, 2013; Borrelli et al., 2017). An evaluation of global soil 

resources by the United Nations (UN) stated that ‘… the majority of the world’s soil 

resources are in only fair, poor or very poor condition’, with 80% of agricultural land 

reported to have moderate or severe erosion worldwide (Figure 1.1; Pimentel & Burgess, 

2013; FAO & ITPS, 2015).  

 

 
Figure 1.1: Global estimated annual crop productivity losses (%) due to soil erosion. These 
estimates were calculated from the Revised Universal Soil Loss Equation, a model that is used to 
estimate long-term soil erosion losses at a regional and global scale. Image taken from Sartori et al. 
(2019).  
 
Soil erosion is loosely defined as the accelerated loss of exposed soil particles from the land 

(FAO and ITPS, 2015) and occurs when the surface soil layer is displaced (Lal, 2001). The 

predisposition to erosion depends on a complex interplay of soil properties like bonding 

forces that are cohesive and adhesive (Bryan, 2000; Knapen et al., 2007), and external factors 

such as vegetation cover, land topography and rainfall (Romkens et al., 2001; Yang et al., 

2003; Zheng, 2006; Rickson et al., 2015; Ochoa et al., 2016). From a mechanical standpoint, 

soil erosion is a three-step process characterised by particle detachment, transport and 

deposition (Lal, 2001; García-Ruiz et al., 2017). This process begins when erosive forces 

dislodge soil particles and break down soil aggregates, which are groups of soil particles that 

are bound together (Lal, 2001; García-Ruiz et al., 2017). These erosive forces can be physical 

i.e., water and wind energy; chemical e.g., nutrient leaching; gravitational e.g., pulling soil  
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off hillsides; and anthropogenic e.g., tilling (Lal, 2001; Owens et al., 2006; Pimentel & 

Burgess, 2013; Göncüoğlu, 2015; Rickson et al., 2015). Water and wind energy are reported 

to cause the most soil erosion and were estimated to be responsible for over 80% of land 

degradation to date, and tilling exacerbates this risk by exposing large areas of topsoil 

(Thomas, 1997; Owens et al., 2006; Borrelli et al., 2020). Water erosion on agricultural land 

mainly occurs when water flows over the surface of exposed soil and causes soil particles to 

detach and form runoff, which can lead to the formation of defined channels in the landscape 

(Figure 1.2; FAO ITPS, 2015). soil that is dry and loose is susceptible to wind erosion 

because loose soil particles are easily mobilised (FAO ITPS, 2015). Water and wind are 

responsible for transporting soil particles great distances, where they are often deposited in 

waterways and can increase the risk of blockages and flooding (Figure 1.3; Lal, 2001; Owens 

et al., 2006; Pimentel and Burgess, 2013; Rickson et al., 2015; Göncüoğlu, 2015; Borrelli et 

al., 2017).  

 

 
Figure 1.2: Soil erosion on an agricultural field resulting in the formation of a gully. Image taken 
from FAO (2020). The location of this agricultural field is unspecified.   
 
Once the soil is eroded, nutrient availability, water-holding capacity and land depth 

decreases. Together, these factors have detrimental impacts on agricultural biological activity 

and output (Fierer, Schimel and Holden, 2003; Eilers et al., 2012; Pimentel and Burgess, 

2013; Göncüoğlu, 2015; Borrelli et al., 2017). Indeed, crop productivity on eroded soils is 

between 15 - 30% lower compared to uneroded soils (Olson and Nizeyimana, 1988; Langdale  
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et al., 1992; Pimentel, 2006), with 75 - 90% of this decreased productivity attributed to 

erosion-induced nutrient and water loss (Pimentel et al., 1995).   

 

 
Figure 1.3: Satellite images of soil erosion. (A) Satellite images of water erosion. i. Sediment 
flowing into the Tyrrhenian Sea, which is part of the Mediterranean Sea. ii. Turbidity due to sediment 
build-up in the rivers in northern Brazil. iii. Sediment build-up in the Yukon Delta, Alaska. (B) 
Satellite images of wind erosion. i. Dust and sand blowing over the Atlantic Ocean and the Cape 
Verde archipelago that originated from the Sahara and Sahel region. ii. Soil being carried in the wind 
across the Mediterranean Sea due to a storm in North Africa. iii. Dust storm originating from dry soils 
in Portugal and Spain. All images were taken from FAO (2020).   
 
Annual crop yield losses due to soil erosion amount to 33.7 million tonnes globally, leading 

to a loss in global gross domestic product of approximately $8 billion US dollars each year 

(Sartori et al., 2019). Given these statistics, it is unsurprising that soil erosion is described as 

a ‘global pandemic’ (DeLong et al., 2015). This situation will be made acute by the 

requirement for a c. 70 – 110% increase in agricultural production to sustain a projected 

global population of 9.6 billion by 2050 (Bruinsma, 2003, 2011; Alexandratos & Bruinsma, 

2012; FAO, 2015; UN, 2017). Moreover, global climate change is expected to intensify 

future soil erosion rates due to the enhanced risk of extreme weather events (e.g. flash 

flooding) occurring worldwide (Easterling et al., 2000; Göncüoğlu, 2015; Borrelli et al., 

2020). If we do not control soil erosion, food shortages and malnutrition are expected to 

intensify, which significantly threatens future food security (Montgomery, 2007; Gibbs et al., 

2010; Lambin et al., 2013; Pimentel and Burgess, 2013; Amundson et al., 2015; Gibbs and 

Salmon, 2015; Kopittke et al., 2019). Soil erosion may further threaten human wellbeing by  
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increasing the risk of natural hazards such as drought, dustbowls and landslides (Wilhite, 

2000; Göncüoğlu, 2015; Gupta, 2019). To ensure the prosperity of future generations, we 

must protect the fertile soil that remains by finding alternative ways to produce crops that are 

better designed to grow in different climates, are less reliant on field conditions, and support 

the replenishment of the land.  
 

1.2 Plants protect against soil erosion  

A plethora of studies have established that plants are important for protecting soil from 

erosion (e.g., Abrahams, Parsons and Luk, 1988; Trimble and Mendel, 1995; Quinton, 

Edwards and Morgan, 1997; Cerdá and Doerr, 2005; Zhao et al., 2013; Stokes et al., 2014). 

For example, in 1995, Trimble & Mendel reported that the rate of erosion by surface runoff 

increased c. 200 times when aboveground cover decreased by 99%. Generally, it is thought 

that the main way in which aerial plant tissue protects the soil from erosion is by absorbing 

and dissipating kinetic energy produced by wind and rain (Elwell and Stocking, 1976; 

Puigdefábregas, 2005; Zhou and Shangguan, 2007; Zhou and Shangguan, 2008; Ola, Dodd 

and Quinton, 2015). However, there are other indirect ways that plant aerial tissue may affect 

the soil’s erodibility. For example, when leaves fall to the ground and decay, this adds 

organic matter to the top layer of soil and enhances soil aggregate stability and water 

infiltration, thus decreasing the susceptibility to erosion (reviewed in Ola, Dodd and Quinton, 

2015 and Lees et al., 2020).  

 

While the protective nature of aboveground plant biomass is well documented, the protective 

role of roots is less well understood because roots are hard to visualise and study within their 

substrates. A recent laboratory-based study emphasised the vital role of roots in protecting 

soil against shear forces, showing that c. 95% of erosion protection was attributed to the 

presence of maize (Zea mays) and barley (Hordeum vulgare) roots (Burak, Dodd and 

Quinton, 2021). Compared to shoots, roots are proposed to be more effective at protecting the 

soil against deeper, more destructive erosive forces and are important at reducing soil loss 

(Gyssels et al., 2005; Zhou and Shangguan, 2007; Zhou and Shangguan, 2008), mainly 

because roots and soil coexist in a matrix and interactions between roots and soil particles 

affect root-soil cohesion (De Baets et al., 2020).  

 
Root-soil cohesion is defined as the ability of the root-soil matrix to remain mechanically 

intact (De Baets et al., 2020). Roots penetrate soils and add organic or inorganic compounds 
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via decay or exudates, all of which modify the soils erodibility by enmeshing soil particles 

and changing soil properties (De Baets et al., 2007; Stokes et al., 2009; Jain, 2013; Ghestem 

et al., 2014; Ola et al., 2015). The three main soil properties that roots have been attributed to 

change include shear strength, hydraulic function and aggregate stability (reviewed in Ola et 

al., 2015). The following sections summarise the different types of root traits that enhance 

soil aggregation and protect the root-soil matrix from erosion and failure. Cohesive 

interactions between roots and substrates other than soil have also been documented (Xia et 

al., 2011; Huang et al., 2016). Moreover, there is an increasing interest in growing crops in 

soilless substrates in greenhouses and vertical farms (Eldridge et al., 2020). Therefore, root 

traits that affect cohesive interactions with substrates other than soils are also discussed. 

Hence, the terms root-substrate cohesion/adhesion are used herein to describe the ability of 

roots to cohere with or adhere to their substrates – irrespective of substrate type – to maintain 

the integrity of the root-substrate matrix. 

 
1.2.1 Root morphological traits that contribute to root-substrate cohesion  

Plant root systems are three dimensional structures categorised by their morphological or 

architectural properties that occur at a macro- and micro-scale (reviewed in Osmont, Sibout 

and Hardtke, 2007 and Alvarez, Lobet and Dinneny, 2016). Root system architecture on a 

macro-scale refers to the basic organisation of the primary, lateral and accessory roots; 

examples of macro-scale traits include the total area of a root bed, primary root depth, lateral 

root distribution, length and angle (Osmont, Sibout and Hardtke, 2007; Kong et al., 2014; 

Rellán-Alvarez et al., 2016). Micro-scale trait examples include root surface properties such 

as roughness and the number and length of root hairs present on the primary and lateral roots 

(Osmont, Sibout and Hardtke, 2007; Rellán-Alvarez et al., 2016; Vissenberg et al., 2020). 

Root architecture varies for different plant species but the two main architectural types are tap 

and fibrous (Figure 1.4; reviewed in Osmont, Sibout and Hardtke, 2007 and Rellán-Alvarez 

et al., 2016). The tap root system of many dicot plants including the model plant species 

Arabidopsis thaliana and vegetable cultivars of Brassica oleracea such as kale, cauliflower 

and broccoli have a primary (tap) root from which multiple lateral roots emerge (Figure 1.4A; 

Osmont, Sibout and Hardtke, 2007; Rellán-Alvarez et al., 2016). In contrast, the fibrous root 

system of many monocot grasses such as wheat (Triticum aestivum), barley and maize is 

characterised by the development of multiple adventitious roots that grow parallel to the 

primary (embryonic) root (Figure 1.4B; Osmont, Sibout and Hardtke, 2007; Rellán-Alvarez 

et al., 2016). Both root system types are developmentally plastic to enable plants to respond 
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to a myriad of internal and environmental signals such as plant nutrient status, soil structure 

and nutrient availability (reviewed in Osmont, Sibout and Hardtke, 2007; Alvarez et al., 

2016; and Morris et al., 2017).   

 

 
Figure 1.4: Macro-scale root architectural differences between tap and fibrous root systems. (A) 
Schematic representation of a tap root system found in most dicots. The diagram represents the root 
system of Arabidopsis thaliana seedlings at 5 and 12 days old. (B) Schematic representation of a 
fibrous root system found across many monocots including wheat, maize and barley. The diagram 
represents the root system of rice (Oryza sativa) seedlings at 7 and 14 days old. PR = primary root, 
LR = lateral root, and CR = crown root. This schematic was taken from Osmont, Sibout and Hardtke, 
(2007). 
 
Root morphological traits have been identified that affect root-substrate cohesion and soil 

stability in a variety of plant species grown in different substrates (see Table 1.1). Across 

field- and laboratory-based studies, three common experimental approaches used to study 

root-substrate interactions are: uprooting, water erosion and shear strength (Table 1.1; e.g. 

Ennos, 1991; Bailey, Currey and Fitter, 2002; Zhou and Shangguan, 2005; Fan and Chen, 

2010). Uprooting experiments quantify the amount of energy required to uproot or topple 

over a plant by applying vertical or horizontal uprooting forces, respectively (Ennos, 1991; 

Bailey, Currey and Fitter, 2002; De Baets et al., 2020). Water erosion studies often use a 

hydraulic flume to simulate a concentrated water flow event over root-soil blocks to quantify 

erosion resistance (Zhou and Shangguan, 2005; De Baets et al., 2007, 2020; Shit and Maiti,  
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2012). Shear strength tests apply horizontal stresses across root-soil blocks until they fail 

(Tengbeh, 1993; De Baets et al., 2008; Fan and Chen, 2010). All these experimental 

approaches subject the root-soil matrix to forces that cause deformation and damage to 

quantify root-soil cohesion (De Baets et al., 2020). The following sections summarise the 

root traits that have been found to enhance root-substrate cohesion.  

 

1.2.1.1 Macroscopic root traits that enhance root-substrate cohesion 

By comparing different plant species within and across different studies, five macro-scale 

root traits found to affect root-substrate cohesion include: root presence and quantity; fine 

root percentage and length; root diameter; root depth; and lateral root spread and number 

(Table 1.1 and Figure 1.5). There is a positive linear relationship between root presence and 

quantity with soil cohesion and stability (Table 1.1; Tengbeh, 1993; Gyssels and Poesen, 

2003; Shit and Maiti, 2012). For example, De Baets et al. (2008) reported that within the first 

0.1 m of the topsoil, grass species roots provided between c. 134 – 244 kPa of increased soil 

shear strength; and Zhou and Shangguan (2007) found that root presence enhanced soil 

aggregate stability, whilst an increase in root surface area decreased soil erosion by 

concentrated water flow (Table 1.1). Whilst the smallest increase in root quantity 

significantly strengthens the root-substrate matrix, fine roots (< 0.5 mm) enhance root-soil 

cohesion more than coarser roots (De Baets et al., 2008), with a positive relationship between 

the percentage of fine roots and anchorage strength (Burylo et al., 2009), soil aggregate 

stability (Hao et al., 2020) and erosion resistance reported (Table 1.1;Burylo et al., 2012). 

Fine roots are able to reinforce soil more than thicker roots because the surface area in 

contact with the soil is greater for many narrow roots than fewer, thicker roots (Ennos, Crook 

and Grimshaw, 1993). Finer roots are also stronger per unit area than thicker roots, often 

exerting their maximum tensile strength without failing when the root-substrate matrix is 

under tension (Tosi, 2007). Indeed, a negative relationship between root diameter and root 

tensile strength has been reported in many studies for a variety of different plant species 

(Table 1.1; Abernethy and Rutherfurd, 2001; Pollen and Simon, 2005; Tosi, 2007; Adhikari 

et al., 2013; Naghdi et al., 2013).   
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Figure 1.5: Root traits reported to enhance root-substrate cohesion. As well as increased root 
quantity, 1. increased fine root quantity and length, lateral root number and lateral root distance from 
a parent root strengthens the root-soil matrix. 2. Root hair presence and an increase in root hair length 
enhance soil aggregate stability and root anchorage. 3. Deeper primary and lateral roots protect from 
shear and uprooting forces. 4. Some root exudate compounds have bioadhesive properties that adhere 
roots to their substrate or cohere roots and soil particles together. 5. Root exudate compounds provide 
an energy source for microbes and these microbes then release exudates with bioadhesive properties 
that strengthen the root-soil matrix. The template for this schematic was adapted from Eldridge et al., 
(2020) with permission from Calum Graham.  
 
In addition to root quantity, plants with deeper primary and lateral roots are reported to be 

more resistant to shear failure and uprooting forces than those with shallower root systems 

because the stress is transferred to more soil layers at depth (Table 1.1; Mickovski et al., 

2007). For instance, carrot (Daucus carota) plants with deeply rooted primary and lateral 

roots were three times more resistant to uprooting forces than several shallow rooted weed 

species (Fogelberg and Dock Gustavsson, 1998). Likewise, an increased number of deeply 

rooted, widely spread lateral roots (lateral root spread refers to the linear distance away from  
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the parent root) will enhance the surface area and reduce tension to protect the root-soil 

matrix from failure (Table 1.1; Ennos, 1991; Bailey, Currey and Fitter, 2002; Berry et al., 

2003; Mickovski, Van Beek and Salin, 2005).  

 

Although there are single root traits that affect root-soil cohesion, root system morphology is 

spatially and temporally dynamic; therefore, multiple root traits will work additively and/or 

against one another to govern the strength of the root-substrate matrix. Root trait 

combinations most important for enhancing root-substrate cohesion will likely depend on the 

properties of the substrate. For example, Berry et al. (2003) found a correlation between root 

plate width (a root plate is a dense root-soil mass that is lifted out of the soil following an 

uprooting event) and root plate depth for protecting 15 winter wheat varieties against 

uprooting from blocks of clay loam, clay or stony loam soils. However, Burylo et al. (2009) 

attributed the enhanced uprooting resistance from silt-based soils across multiple tree and 

shrub species to increased rooting depth, root branching and fine root percentage. These 

findings highlight that the majority of these studies have correlated multiple macro-scale root 

traits to soil aggregation and erodibility/stability. This is disadvantageous because it does not 

confirm whether particular root traits cause enhanced root-soil cohesion. There are very few 

if any work that makes a direct link between plant genetics and root-substrate interactions.  

 

1.2.1.2 Microscopic root traits that enhance root-substrate cohesion 

Whilst multiple macro-scale root traits have been found to enhance root-substrate cohesion, 

much less is known about how micro-scale interactions strengthen the root-substrate matrix. 

Root hairs are unicellular, microscopic, tubular outgrowths (up to 1 mm long) that derive 

from the epidermis and are present across all lineages of vascular plants in different patterns 

along the root surface (Figure 1.6; reviewed in Dolan and Costa, 2001; Datta et al., 2011; 

Grierson et al., 2014; Vissenberg et al., 2020). For example, root hairs can develop randomly 

anywhere along the root in important monocot crops such as rice (Oryza sativa) and maize, 

whereas plants in the Brassica family such as Arabidopsis thaliana have a striped root hair 

patterning, with alternating hair and nonhair cell files (reviewed in and Costa, 2001; Datta et 

al., 2011). Root hairs are vital for water and nutrient uptake, contributing up to 90% of the 

root system’s contact area with the environment (Dittmer, 1937; Gahoonia and Nielsen, 1997; 

Bates and Lynch, 2000; Gilroy and Jones, 2000; Dolan and Costa, 2001; Jungk, 2001; Libault 

et al., 2010; Haling et al., 2013; Grierson et al., 2014; Vissenberg et al., 2020). Whilst the 
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role of root hairs in nutrient uptake is well established (reviewed in Libault et al., 2010 and 

Vissenberg et al., 2020), root hairs are often described as important contributors to root 

anchorage (e.g., Hofer, 1991; Grierson et al., 2014; Wang et al., 2014; Li and Lan, 2015). 

However, only a few, relatively recent studies have shown that root hairs enhance root 

anchorage and soil aggregation (Brown et al., 2012; Haling et al., 2014; Bengough et al., 

2016).  

 

Figure 1.6: Microscopy images of root hairs. (A) Developing root hairs on rice (Oryza sativa) root 
epidermal cells. Scale bar = 50 µm. Image taken from Honkanen and Dolan (2016). (B) Electron 
micrograph of an actively growing Arabidopsis thaliana root hair cell – this cell was predicted to be 
approximately a third of its final length. Scale bar = 10 µm. Image taken from Grierson et al. (2014). 
(C) Multiple root hairs present on the primary root of a 5-day old Arabidopsis seedling. Scale bar = 
0.5 mm.    
 
Maize root hairs have been reported to significantly enhance uprooting resistance in a sandy-

loam soil since uprooting forces were five times greater for root hair producing seedlings than 

root hairless ones (Bengough et al., 2016).  Root hairs are also important for soil aggregation 

because they facilitate rhizosheath formation and size in barley and wheat plants (a 

rhizosheath is the mass of soil that is adhered to the roots; Brown et al., 2012; Haling et al., 

2014; Ndour et al., 2020). Brown et al. (2012) found rhizosheath weight in barley plants with 

root hairs was over a magnitude greater than root hairless plants. A positive linear 

relationship was also reported between root hair length and rhizosheath weight when short-

haired, wild-type and long-haired plants were compared (Brown et al., 2012). Likewise, 

Haling et al. (2014) found rhizosheath mass was 20% heavier on long-haired compared to 

short-haired barley plants. 

 

  

A B C
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Table 1.1: Macro-scale root morphological traits reported to enhance root-substrate cohesion and protect the soil from erosion.  
 

Plant species studied 
 

 

Key finding 
 

Method type 
 

Reference(s) 
 

Root presence and quantity 
 

 

 
Lolium perenne. 

 

positive linear relationship between root density 
(g per cm-3 of soil) and resistance to shear 
forces. 
 

 

Lab-based experiment measuring the 
resistance of boxes of sandy clay loam soil to 
shear forces. 

 
Tengbeh (1993) 

 

Triticum aestivum, Hordeum vulgare, a triticale 
hybrid and several grass species from 
Festucoidea. 
 

 

Increased root density (g per m-3 of soil) 
decreased concentrated water flow erosion 
rates.  
 

 

Observational field-based study looking at 
root traits that protected from water erosion 
by concentrated flow on silt or silt-loam soils.  

 

Gyssels and Poesen 
(2003) 

 

Bothriochloa ischemum, Pinus tabulaeformis 
Carr., and Robinia pseudoacacia.  

 

Resistance of the soil against concentrated flow 
increased with root surface area density (cm2 
root surface area per cm-3 of soil).  
 

 

Lab-based water erosion experiment using a 
hydraulic flume to simulate concentrated flow 
events over a clay-silt-loam based soil. 

 

Zhou and Shangguan, 
(2005) 

 

Setaria faberi, Echinochloa crus-galli, 
Chenopodium album and Amaranthus patulus. 

 

Positive correlation between uprooting force (N) 
and dry root mass (g).  
 

 

Lab-based uprooting plants from pots of soil 
(unspecified soil type). 

 

Toukura, Devee and 
Hongo (2006) 

 

Lolium perenne, Festuca rubra, Festuca 
arundinacea and Daucus carota.  

 

Top-soil detachment rate decreased with 
increasing root length density (km root length 
per m-3 of soil).  
 

 

Lab-based water erosion experiment using a 
hydraulic flume to simulate concentrated flow 
events over sandy-loam and silt-loam soils. 
 

 
De Baets et al. (2007) 

 
Lolium perenne. 

 

Soil erosion rate decreased as root surface area 
density (cm2 root surface area per cm-3 of soil) 
increased. Soil aggregate stability increased 
when plant roots were present.  
 

 

Lab-based water erosion experiment 
simulating rainfall events over a silt clay loam 
soil.  

 
Zhou and Shangguan, 
(2007, 2008) 

 

Andropogon aciculate, Eragrostis cynosuroides, 
Panicum maxima, and Saccharum munja. 

 

Positive linear relationship between root length 
density (km root length per m-3 of soil) and soil 
water erosion resistance.  
 

Lab-based water erosion experiment using a 
hydraulic flume to stimulate concentrated 
flow events over a sandy-loam soil. 

 
Shit and Maiti (2012) 

 

Fine root (< 0.5 mm) quantity 
 

 

Atriplex halimus; Salsola genistoides; Brachypodium 
retusum; Thymelaea hirsute; Artemisia barrelieri; 
Stipa tenacissima; Fumana thymifolia; Dorycnium 
pentaphyllum; Teucrium capitatum; Dittrichia viscosa; 
Thymus zygis; Lygeum spartum; Rosmarinus 
officinalis; Helictotrichon filifolium; Piptatherum 
miliaceum; Avenula bromoides; Nerium oleander; 
Ononis tridentata; Anthyllis cytisoides; and Retama 
sphaerocarpa. 

 
 
Root-soil cohesion significantly increased with 
fibrous root systems rather than tap root 
systems. 

 
 
Field-based observations used in a 
computational model to estimate shear 
strength of loamy soils.   

 
 
 
De Baets et al. (2008) 
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Phyllostachys nigra; Quercus pubescens; Buxus 
sempervirens; Dorycnium pentaphyllum; 
Galagete cinerea; Juniperus communis; 
Lavandula angustifolia; Oenothera fruticosa; 
Ononis natrix; Staehelina dubia; Thymus 
serpyllum; Anthyllis vulneraria. 
 

 

 
Uprooting resistance (N) was associated with 
the percentage of fine roots.  

 
Field-based uprooting plants from native soils 
(soil type unspecified).  

 
Burylo et al. (2009) 

 

 

Pinus nigra austriaca, Robinia pseudo acacia 
and Achnatherum calamagrostis. 

 
Soil erosion resistance increased with fine root 
percentage.  

 
 

Lab-based water erosion experiment using a 
hydraulic flume to simulate concentrated flow 
events over a marly soil.  
 

 

 
Burylo et al. (2012) 

 

Agava americana; Arthraxon hispidus; Artemisia 
codonocephala; Bauhinia championii; Chloris 
anomala; Ficus tikoua; Jatropha curas; Pueraria 
stricta; and Rhus chinensis. 
 

 

Slope stability positively correlated with the 
proportion of fine roots and maximum tensile 
strength.  

 

Field-based observational study analysing 
which root traits associated with slope 
stability.  

 
 

Ghestem et al. (2014) 

 

Zoysia matrella (.L) Merr, Vetiveria zizanoidies 
(L.) Vach, Indigofera amblyantha Craib and 
Amorpha fruticosa. 
 

 

Positive relationship between fine root length 
density (km of root per m-3 of soil) and soil 
aggregate stability. 

 

Field-based study looking at soil quality of a 
silty-clay soil.  

 
Hao et al. (2020) 

 

Root diameter 
 

 

Eucalyptus camaldulensis and Melaleuca 
ericifolia. 
 

 

 

Negative relationship between root tensile 
strength (mPa) and root diameter (mm).  

 

Lab-based study testing root tensile strength. 
 

Abernethy and 
Rutherfurd (2001) 
 

 

Salix nigra; Populus fremontii; Spirea douglasii; 
Plantanus occidentalis; Tripsacum dactyloides; 
Rubus discolor; Pinus palustris miller; Fraxinus 
latifolia; Betula nigra; Salix exigua; Liquidamber 
stryaciflua; and Panicum virgatum.  
 

 
Increased root diameter (mm) decreased root 
tensile strength (mPa).  

 
 
Lab-based study testing root tensile strength. 

 
 
Pollen and Simon 
(2005) 

 

Spartium junceum (L.), Rosa canina (L.) and 
Inula viscosa (L.). 
 

 

Negative relationship between root tensile 
strength (mPa) and root diameter (mm)  

 

Lab-based study testing root tensile strength. 
 

Tosi (2007) 
 

Artiplex lentiformis, Lycium andersonii A. Gray, 
Larrea tridentata Coville, and Allenrolfea 
occidentalis.  
 

 

Negative relationship between root tensile 
strength (mPa) and root diameter (mm)  

 

Field-based study testing root tensile 
strength.  

 
Adhikari et al. (2013)  

 
Alnus subcordata. 

 
 

Negative relationship between root diameter 
(mm) and tensile strength (mPa) and root failure 
(N).  
 

 
Lab-based study testing root tensile strength. 

 
Naghdi et al. (2013) 
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Root depth 
 

Daucus carota; Chenopodium album; Urtica 
urens; Thlaspi, Spergula arvensis; Matricaria 
inodora; Capsella bursa-pastoris; Stellaria 
media; Viola arvensis; and Chamomilla 
suaveolens.  
 

 
Plants with deep rooted tap and lateral roots 
(mm) were more resistant to uprooting (N) than 
plants with shallower root systems.   

 
Lab-based uprooting experiments from four 
different soil types (unspecified) at three 
developmental stages.  

 
Fogelberg and Dock 
Gustavsson (1998) 

 

Brassica napus L.  
 

Longer tap roots (mm) increased uprooting 
resistance (N).  
 

 

Field-based uprooting experiments 
conducted on plots of a sandy clay loam soil. 

 

Goodman, Crook and 
Ennos (2001) 

 
15 Triticum aestivum cultivars. 
  

 

Cultivars with root plates at increased depth 
(mm) were more resistant to uprooting (N).  

 

Field-based uprooting experiments subjecting 
root-soil blocks containing silt clay loam, clay 
or stony loam soils to increased wind speeds. 
 

 
Berry et al. (2003) 
 

 

Phyllostachys nigra; Quercus pubescens; Buxus 
sempervirens; Dorycnium pentaphyllum; 
Galagete cinerea; Juniperus communis; 
Lavandula angustifolia; Oenothera fruticosa; 
Ononis natrix; Staehelina dubia; Thymus 
serpyllum; Anthyllis vulneraria. 
 

 
 
Uprooting resistance (N) associated with 
increased root depth (mm).  

 
 
Field-based uprooting plants from native soils 
(soil type unspecified).  

 
 
 

Burylo et al. (2009) 

 

Hibiscus tiliaceus, Mallotus japonicus, Sapium 
sebiferum, Casuarina equisetifolia and 
Leucaena leucocephala.  
 

 

Deep rooted primary and laterals roots (cm) 
increased soil shear failure resistance more than 
shallower root systems. 

 

Field-based study measuring the resistance 
of boxes of sandy and clay-based soils to 
shear forces.  

 
Fan and Chen (2010) 

Lateral root distribution and number  
 
Four Triticum aestivum cultivars.   

 

Cultivars with widely spread coronal roots (mm) 
were associated with enhanced anchorage 
strength.   
 

 

Lab-based experiment uprooting plants from 
soil-cores by subjecting the stem base to 
angled horizontal forces. 

 
Ennos (1991) 

 
Allium cepa and Arabidopsis thaliana. 

 

Lateral root number contributed to enhanced 
anchorage in Allium cepa and Arabidopsis 
thaliana.  
 

 

Lab-based experiment uprooting plants from 
a sand-based medium.  

 
Bailey et al. (2002)  

 
15 Triticum aestivum cultivars. 
 

 

Cultivars with root plates at increased width 
(mm) were more resistant to uprooting (N).  

 

Field-based uprooting experiments subjecting 
root-soil blocks containing silt clay loam, clay 
or stony loam soils to increased wind speeds. 
 

 
Berry et al. (2003) 
 

 

Vetiveria zizanioides  
 

Positive linear relationship between uprooting 
resistance (N) and lateral root spread (m). 
 

 

Field-based experiments uprooting plants 
from marl soils.  

 

Mickovski, Van Beek 
and Salin (2005) 
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1.2.2 Root exudates affect root-substrate cohesion in the rhizosphere 

Between 10 – 40% of photo-assimilated carbon is allocated belowground (Whipps, 1990; 

Kuzyakov and Domanski, 2000) where it is exuded by roots into the environment as a diverse 

array of compounds known as ‘root exudates’ (reviewed in: Badri and Vivanco, 2009; Baetz 

and Martinoia, 2014; Mommer, Kirkegaard and van Ruijven, 2016; Oburger and Jones, 2018; 

Sasse, Martinoia and Northen, 2018; Galloway et al., 2020). Root exudation shapes the biotic 

and abiotic properties of the ‘rhizosphere’ (the root-substrate interface) and has important 

roles in a variety of physiochemical and biological interactions, such as soil aggregation, 

facilitating water and nutrient uptake, and signalling to plants and soil-dwelling organisms 

(reviewed in: Badri and Vivanco, 2009; Baetz and Martinoia, 2014; Mommer, Kirkegaard 

and van Ruijven, 2016; Oburger and Jones, 2018; Sasse, Martinoia and Northen, 2018). 

These exudates are comprised of many low molecular weight compounds including sugars, 

organic acids, amino acids, phenolics and secondary compounds, and high molecular weight 

compounds such as proteins and complex polysaccharides (Badri and Vivanco, 2009; 

Galloway et al., 2018; Oburger and Jones, 2018). The composition of the total root exudate 

released varies for different plant species and is temporally and spatially dynamic, changing 

throughout plant development and in response to environmental heterogeneity, to benefit or 

inhibit soil microbiota and plant growth (Sauer, Kuzyakov and Stahr, 2006; De-La-Peña et 

al., 2010; Haichar et al., 2014; Weidenhamer et al., 2014; Oburger and Jones, 2018; Sasse, 

Martinoia and Northen, 2018; Kuzyakov and Razavi, 2019).   
 
Current models suggest that root exudates are passively and actively released into the 

rhizosphere (Figure 1.7; reviewed in: Badri and Vivanco, 2009; Weston, Ryan and Watt, 

2012; Baetz and Martinoia, 2014; and Vives-Peris et al., 2020). Passive release refers to the 

sloughing off of root cap cells (Figure 1.7A), diffusion of low molecular weight exudate 

compounds across cell membranes, and the secretion of high molecular weight compounds 

via ion channels and exocytosis (Figure 1.7B; Badri and Vivanco, 2009; Baetz and Martinoia, 

2014; Vives-Peris et al., 2020). Active release refers to root exudates that are moved across 

the plasma membrane by transporter proteins such as ABC (ATP-Binding Cassette) and 

MATE (Multidrug And Toxic Compound Extrusion) proteins (Figure 1.7C; Badri and 
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Vivanco, 2009; Weston, Ryan and Watt, 2012; Baetz and Martinoia, 2014; Vives-Peris et al., 

2020).  

Figure 1.7: Root exudates are passively and actively transported into the rhizosphere. Passive 
release includes (A) the sloughing off of root cap cells and (B) diffusion of low molecular weight 
compounds and the secretion of high molecular weight compounds across the root membrane. (C) 
Active release includes transporter proteins in the ATP-Binding Cassette (ABC) and Multidrug and 
toxic compound extrusion (MATE) families. Orange circles represent root exudate molecules and RM 
= root membrane. Parts (B) and (C) are adapted from Vives-Peris et al., 2020. See in-text for more 
detail. 
 
Once root exudates are released into the environment, their presence induces soil aggregation 

and enhances the number of stable aggregates, which protects against dislodgement by 

erosive forces (Haynes and Beare, 1997; Traoré et al., 2000; De Baets et al., 2006; Ola, Dodd 

and Quinton, 2015; Naveed et al., 2017; Baumert et al., 2018). However, the adhesive nature 

of many root exudate compounds remains to be identified and analysed. Research has shown 

that root exudates affect root-substrate properties both directly and indirectly via microbes 

(Figure 1.5; reviewed in Ola, Dodd & Quinton 2015). The following sections summarise the 

direct and indirect ways root exudates can enhance root-substrate cohesion. 
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1.2.2.1 Root exudates directly enhance root-substrate cohesion 

Root exudates can directly strengthen the root-substrate matrix by releasing bioadhesive 

glues (Figure 1.5; reviewed in Galloway, Knox, et al., 2020). Some of the first studies that 

explored the bioadhesive properties of root exudates came from analysing mucilage (a 

complex of high molecular weight compounds that are polysaccharide and glycoprotein rich) 

released by maize and lupin (Rougier, 1981; Guinel and McCully, 1986; Read and Gregory, 

1997). Read and Gregory (1997) showed that pools of mucilage derived from individual 

maize root tips cohered together and proposed that as the mucilage dried, it adhered to soil 

particles and stabilised the soil. In recent years, breakthroughs have been made in identifying 

specific, high molecular weight root exudate compounds with bioadhesive properties. The 

major components of the adhesive compounds secreted from the adventitious roots of English 

ivy (Hedera helix) are nanospherical arabinogalactan molecules and polysaccharides (Huang 

et al., 2016). Most recently, xyloglucan, a major cell wall polysaccharide, was shown be 

present in the exudates of wheat and Arabidopsis plants and have significant soil-binding 

properties (Akhtar et al., 2018; Galloway et al., 2018; Galloway, Akhtar, et al., 2020). As 

well as releasing compounds that act as direct adhesives, roots exudates can be catalysts for 

cohesive interactions; roots can release polyvalent cations that mediate bonds between 

organic molecules to bridge clay particles together (Oades, 1984; Pojasok & Kay, 1990; Ola 

et al., 2015).  

 

1.2.2.2 Root exudates indirectly enhance root-substrate cohesion 

Once root exudates are released into the rhizosphere, they may indirectly reinforce the soil by 

providing an energy source for fungi and microbes that then enhance soil aggregation and 

strengthen the root-substrate matrix (Figure 1.5; Angers & Caron, 1998; Amézketa, 1999; 

Ola, Dodd and Quinton, 2015; Rillig et al., 2015). Indeed, root exudates shape soil-dwelling 

microbial and fungal communities (e.g. Jones et al., 2004; Badri & Vivanco, 2009; reviewed 

in Sasse et al., 2018) that can enmesh soil particles together (Degens, 1997; Moreno-

Espíndola et al., 2007; Chenu and Cosentino, 2011; Rillig et al., 2015) and release 

compounds such as glycoproteins and polysaccharides, which act as soil particle binding 

agents (Acton, 1962; Tisdall and Oades, 1982; Oades, 1993; Wright and Upadhyaya, 1998; 

Czarnes et al., 2000; Bronick and Lal, 2005; Labille et al., 2005). For example, an increase in 

the quantity of glomalin, a putative protein released by arbuscular mycorrhizal fungi (Wright 

and Upadhyaya, 1998; Purin and Rillig, 2007), linearly correlated with soil aggregate 
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stability (Wright and Upadhyaya, 1998; Bedini et al., 2009; Spohn and Giani, 2011). In 

addition, various bacterial polysaccharides such as xanthan, dextran and succinoglycan have 

been found to enhance soil aggregation, adhesion and tensile strength (Labille et al., 2005; 

Akhtar et al., 2018).  Whilst it is clear that the physical presence of a root matrix and the 

compounds that roots excrete alter soil properties and protect against erosion, we are only 

beginning to understand the plant-specific traits that affect root-substrate cohesion.  

 

1.3 Rationale and aims of this study 

The majority of studies to-date have compared different plant species and made associations 

between candidate root traits and soil erodibility/ stability (see Table 1.1). Only a handful of 

studies have visualised or manipulated candidate root traits in a single species to quantify 

their contribution to root-substrate interactions (Haling et al., 2014; Bengough et al., 2016; 

Huang et al., 2016; Galloway et al., 2018; Galloway, Akhtar, et al., 2020). Conducting 

interspecies comparisons is disadvantageous because it does not permit the study of how 

specific root traits contribute to root-substrate cohesion due to the significant variation in root 

architectural (Dolan and Costa, 2001; Osmont, Sibout and Hardtke, 2007), surface (Szatanik-

Kloc et al., 2019) and exudation (Gransee and Wittenmayer, 2000; Sauer, Kuzyakov and 

Stahr, 2006) properties between species. Therefore, these studies infer correlation but do not 

confirm causation. In addition, many studies have focused more on how soil structure is 

affected by different plant characteristics and have not linked desirable phenotypes back to 

root physiology. This prevents scientists from understanding of how candidate traits govern 

root-substrate interactions at a molecular level. Using heterogeneous, unsterile soils also 

makes it difficult to quantify the contribution of single traits to root-substrate cohesiveness 

due to complex interactions between different plant, soil and microbial properties that vary in 

space and time.  

 

There is a need to quantify the cohesive nature of single plant traits in detail and define the 

molecular mechanisms that govern them, which will enable plant scientists and breeders to 

develop crops with enhanced root systems tailored for optimising root-substrate cohesion and 

reducing erosion. A single plant species approach uses plants that only differ in selected 

gene(s) and reduces the confounding variation caused by species-dependent differences that 

are not measured. Developing methods that use more homogeneous substrates also reduces 

the experimental noise often caused by working with complex, heterogeneous soils. This will 
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aid the time and reproducibly of the analysis of how plant traits affect root-substrate 

cohesiveness before studying their contribution in more complex soils.  

 

During my PhD studies, I set out to optimise an experimental method that would enable me 

to identify and investigate the roles of known traits and novel genes that affect root-substrate 

adhesion in Arabidopsis thaliana, in a less complex environment than the natural rhizosphere. 

I used Arabidopsis because its genome is fully sequenced and annotated, and we can access 

mutant collections containing over 260,000 lines, a lot of which are in the same genetic 

background at an accessional level (O’Malley, Barragan and Ecker, 2015). The specific aims 

of this project were:  

1. Optimise a novel assay based on centrifugation that measures root adhesiveness 

2. Provide a detailed quantification of the contribution that root hair cells make to root 

adhesiveness and root-soil cohesion using multiple root hair length and morphology 

mutants 

3. Identify molecular mechanisms that affect root adhesiveness using a mutant approach  

4. Use a molecular approach to genetically characterise an unknown ABCG transporter 

mutant identified in a forward genetic screen that has enhanced root-substrate 

adhesion  

 

I hoped that by optimising and developing a method that quantifies the contribution of single 

known root traits and novel genes to root-substrate adhesion at a genetic level, this will lead 

to future investigations that: 1. assess how these traits affect root-substrate interactions in 

more complex substrates, and 2. identify orthologous genes in important crop species that 

could be targeted by plant breeders to optimise root cohesiveness.  
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2: Materials and 
methods 
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Statement of collaboration  

Sections of the methods have been previously published from two papers that I am a first co-

author of:  

• De Baets S*, Denbigh TDG*, Smyth KM*, Eldridge BM*, Weldon L, Higgins B, 

Matyjaszkiewicz A, Meersmans J, Larson ER, Chenchiah IV, Liverpool TB, Quine 

TA & Grierson CS (2020) Micro-scale interactions between Arabidopsis root hairs 

and soil particles influence soil erosion. Communications Biology, 3:164.  

• Eldridge BM*, Larson ER*, Weldon L, Smyth KM, Sellin AN, Chenchiah IV, 

Liverpool TB, Grierson CS (2021) A Centrifuge-Based Method for Identifying Novel 

Genetic Traits That Affect Root-Substrate Adhesion in Arabidopsis thaliana. 

Frontiers in Plant Science, doi: 10.3389.fpls.2021.602486 

*Authors contributed equally.  

 
All the plasticware, glassware, media and reagents used in my experiments (in Chapters 3-6) 

were autoclaved at 121°C for 15 – 30 min at 15 psi (unless specified). Reagents that were 

degraded at high temperatures such as antibiotics were filter sterilised using syringe filters 

that had 0.22 µm pores (Millipore). Ultrapure, filtered and deionised water (Milli-Q) was 

sterilised and used to prepare the solutions. For cloning and PCR setups, nuclease free water 

(Qiagen) was used. Chemicals used in this study were molecular biology grade and custom 

DNA oligonucleotide primers were purchased from Sigma Aldrich.  

 
2.1 Plant methodologies  
 
2.1.1 Arabidopsis thaliana seed stocks  

Transgenic and wild-type Arabidopsis thaliana lines in the Columbia-0 (Col-0) ecotype were 

obtained from the Nottingham Arabidopsis Stock Centre (NASC; Nottingham, UK) or were 

stocks maintained in the lab (Table 2.1).  
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Table 2.1: Arabidopsis thaliana lines used in this thesis. 

aArabidopsis Genome Initiative locus code. bThe abcg43-1/ gp4 line was identified from a pooled set 
of 100 SALK T-DNA insertion lines (stock number N75206, Alonso et al., 2003). The genetic 
background of the mutant and overexpression lines is Col-0.  
  

 

Line 
 

AGI codea 
 

Line I.D. 
 

Stock 
obtained from 

 

 

Referenced in 

 

35S::RSL4 

 

At1g27740 

  

Grierson lab 

 

Yi et al. (2010) 

 

abcg42-1 
 

At4g15233 
 

SALK_246467 
 

NASC 
 

This thesis 
 

 

abcg42-2 
 

At4g15233 
 

SALK_079800 
 

NASC 
 

This thesis 
 

 

abcg43-1/gp4 
 

 

At4g15236 
 

N75206b 
 

NASC 
 

This thesis 
 

abcg43-2 
 

 

At4g15236 
 

SALK_201207 
 

NASC 
 

This thesis 
 

abcg43-3 
 

 

At4g15236 
 

SALKseq_30713 
 

NASC 
 

This thesis 
 

chc1-2 
 

 

At3g11130 
 

 

SALK_103252 
 

 

NASC 
 

Kitakura et al. (2011)  
 

chc2-3  
 

 

At3g11130 
 

SALK_151638 
 

NASC 
 

Mbengue et al. (2016) 
 

Col-0 -  
 

N1093 
 

Grierson lab -  
 

cow1-3 
 

At4g34580 
 

 

SALK_002124 
 

NASC 
 

Böhme et al. (2004) 
 

csld3-1 
 

At3g03050 
 

CS899 
 

NASC 
 
 

Wang et al. (2001) 
 

cpc try  
 

At2g46410 
At5g3200 

 

CS66489 
 
 

Grierson lab 
 

Schellmann et al. (2002) 
 

gdi1-2 
 

At3g07880 
 

SALK_035400 
 

NASC 
 

Kang et al. (2017) 
 

jin1-9 
 

 

At1g32640 
 

SALK_017005 
 

NASC 
 

Anderson et al. (2004) 
 

lrx1-4 
 
 

 
 

At1g12040 

 
 

SALK_057038 

 
 

NASC 

 
 

Baumberger, Ringli and Keller (2001) 
 

pdr2 
 

At4g15230 
 

SAIL_811_F08 
 

Grierson lab 
 

Badri et al. (2008) 
 

pft1-3 
 

At1g25540 
 

SALK_059316 
 

NASC 
 

Kidd et al. (2009) 
 

rls4-1 
 

At1g27740 -  
 

Grierson lab 
 

Yi et al. (2010) 
 

rol1-2 
 

At1g78570 
 

CS16373 
 

NASC 
 

Diet et al. (2006) 
 

syp121 
 

At3g11820 
 

-  
 

NASC 
 

Collins et al. (2003) 
 

syp122-1 
 

At3g52400 
 

SALK_008617 
 

NASC 
 

Assaad et al. (2004) 
 

wer myb23 
 

At5g40330 
At5g14750 

 

 

 
 

Grierson lab 
 

Jones et al. (2009) 
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2.1.2 Arabidopsis thaliana seed sterilisation and stratification 

All seeds were surface sterilised for 15 min in a solution containing 10% bleach [v/v], 0.005% 

Triton X-100 [v/v] and sterile water, this was followed by washing the seeds 5 times in sterile 

water. All seeds were resuspended in sterile water and stratified in the dark at 4°C for 24-48 h.  

 

2.1.3 Plant growth conditions and media 

2.1.3.1 Arabidopsis thaliana growth conditions  

All plants were placed in a growth room set to 21-22°C with a constant photoperiod (light 

intensity = 120-145 µmol m-2 s-1) and 60% humidity.  
 

2.1.3.2 Arabidopsis thaliana growth medium for DNA extractions, glufosinate selection 

and seed bulking 

Plants grown for genomic DNA (gDNA) extractions, glufosinate spraying, and seed bulking 

were grown on a compost medium (three parts Levington F3 compost and one-part J Arthur 

Bowers horticultural silver sand). 

 

2.1.3.3 Arabidopsis thaliana growth medium for total RNA extractions, the centrifuge 

assay, seedling phenotyping and glufosinate selection 

Half-strength Murashige and Skoog basal medium (MS; Sigma M5519) and 1% sucrose was 

pH adjusted to 5.7. The culture medium was solidified with 1% [w/v] agar (Sigma A1296).  

For total RNA extractions, the centrifuge assay and seedling phenotyping, 30 ml sterilised 

media at 45 – 50°C was pipetted into 90-mm triple vented Petri plates and left to set for ~30 

min in a laminar air hood. Sterilised seeds were sown onto Petri plates containing the sterile 

medium and sealed with Parafilm. Plates were placed in stacks of five at ~80° from the 

horizontal (lid side up) to encourage vertical growth along the gel surface. For glufosinate 

selection, 80 ml sterilised media at 45 – 50°C was pipetted into 120-mm triple vented Petri 

plates and left to set for ~30 min in a laminar air hood. Sterilised seeds were sown onto the 

surface of the medium, sealed with 3M Micropore medical tape and placed horizontally in a 

growth room.  
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2.1.3.4 Arabidopsis thaliana growth medium for the uprooting assay  

A 0.325 L volume of clay-loam soil (35% clay, 35% silt, 30% sand) was used to fill 375 cm3 

pots. Individual seeds were then placed centrally onto the surface of the soil in each pot. 

 

2.1.3.5 Nicotiana benthamiana growth conditions and maintenance  

Plants were grown on a compost medium (William Sinclair multipurpose compost) in a 

greenhouse at approximately 28°C with a 16-hour photoperiod for 2 – 3 weeks (light intensity 

= 120-145 µmol m-2 s-1).  

 

2.1.4 Arabidopsis thaliana seed harvesting  

Individual, genotyped plants or pUBC-ABG43-GFP transformants were self-fertilised within 

ARACONs (Arasystem, Betatech), which prevented cross-contamination from plant-plant 

contact. The seeds were collected from individual plants for experiments.   

 

2.1.5 Arabidopsis thaliana backcrossing  

To make an abcg43-1+/- (gp4) heterozygous line, the inflorescences of wild-type (Col-0) and 

abcg43-1-/- (gp4) homozygous mutant plants were reciprocally crossed and the first-generation 

seeds were collected.  

 

2.1.6 Agrobacterium-mediated transformation of Arabidopsis thaliana and 

Nicotiana benthamiana 

 

2.1.6.1 Agrobacterium tumefaciens-mediated transformation of Arabidopsis thaliana   

ABCG43-GFP contained within the right and left T-DNA borders of the pUBC-ABCG43-

GFP construct in agrobacteria were transformed into wild type (Col-0), abcg43-1 (gp4), 

abcg43-2 and abcg43-3 plants using the floral dip method outlined in Zhang et al. (2006) 

with no modifications.  

 

2.1.6.2 Agrobacterium tumefaciens-mediated transformation of Nicotiana benthamiana  

Prior to agroinfiltrating, N. benthamiana with pUBC-ABCG43-GFP or pTecG-2in1-CC, 

acetosyringone and the agroinfiltration buffer were prepared, filter sterilised and chilled on 
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ice. Acetosyringone stock solutions were made with 20 mg acetosyringone (Thermo Fisher 

Scientific) dissolved in 1 ml dimethyl sulfoxide. The agroinfiltration buffer contained 10 mM 

MgCl2, 150 µM acetosyringone and sterile distilled water. N. benthamiana plants were 

agroinfiltrated using the following protocol: 

1. To make a starter culture, a single A. tumefaciens colony (untransformed or 

transformed with pUBC-ABCG43-GFP or pTecG-2in1-CC) was used to inoculate 5 

mL Luria-Bertani (LB) broth containing 50 µg/ml spectinomycin and 10 µg/ml 

gentamicin and incubated at 28°C with shaking (200 RPM) for 24 - 48 h. 

2. Approximately 250 µl starter culture was used to inoculate into 5 ml LB broth 

containing 50 µg/ml spectinomycin and 10 µg/ml gentamicin and incubated at 28°C 

with shaking (200 RPM) overnight. 

3. The overnight culture was centrifuged at 6000 X g for 10 min at 4°C. The cell pellet 

was washed twice in 2 ml ice-cold transformation buffer.  

4. The cell pellet was then suspended in a final volume of 1 ml ice-cold transformation 

buffer and incubated on ice for 2-3 h to stress the cells and activate the Vir genes on 

the Ti plasmid.  

5. The OD600 of each cell suspension was measured and adjusted to 0.4 with cold 

transformation buffer.  

6. Suspended Agrobacteria were infiltrated into young N. benthamiana leaves on the 

abaxial side using a sterile, needleless syringe. 

7. Following infiltration, plants were returned to a 16-h photoperiod at 28°C for 2 – 4 d 

before analysis.  

 

2.1.7 Glufosinate selection of Arabidopsis thaliana transformants  

To select wild-type and abcg43-1 (gp4) Arabidopsis plants transformed with the pUBC-

ABCG43-GFP construct, first generation transformants were grown on compost for 14 d and 

then sprayed with a solution of sterile distilled water and 10 µg/ml glufosinate made from a 

10,000 µg/ml stock (Sigma Aldrich). First generation transformants were then self-fertilised 

for two subsequent generations. To identify homozygous pUBC-ABCG43-GFP lines, third 

generation transgenic seed derived from a single parent were grown on 1% [w/v] agar plates 

containing half-strength Murashige and Skoog basal medium (MS; Sigma M5519), 1% [w/v] 

sucrose and 10 µg/ml glufosinate or control plates containing no glufosinate (-glufosinate). 

For each transgenic line screened, 100 seeds were sown onto three glufosinate or -glufosinate 
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plates. Homozygous lines were selected by identifying seed stocks with 100% germination 

and survival on the glufosinate plates following 10 – 14 d of growth.   

 

2.2 Microbiological strains and culture media   

2.2.1 Strains  

2.2.1.1 Saccharomyces cerevisiae  

The Saccharomyces cerevisiae strain YPH 500 was used for yeast homologous 

recombination to construct the pCAMBIAY1300 and pCAMBIAY1300-ABCG43 plasmids.  

 

2.2.1.2 Escherichia coli  

TOP10 and One shot ccdB survival cells (both provided by Dr Colin Lazarus) were used for 

cloning and plasmid propagation. The genotypes of these E. coli strains are listed in Table 

2.2.  

 
Table 2.2: Genetic background of Escherichia coli cells used in this study.  

E. coli strain Genetic background  
 

TOP10 
F'[lacIq Tn10(tetR)] mcrA Δ(mrr-hsdRMS-mcrBC) 
φ80lacZΔM15 ΔlacX74 deoR nupG recA1 araD139 Δ(ara-
leu)7697 galU galK rpsL(StrR) endA1 λ-  

 

One Shot ccdB survival cells  
F-mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 
recA1 araΔ139 Δ(ara-leu)7697 galU galK rpsL (StrR) 
endA1 nupG fhuA::IS2 

 

2.2.1.3 Agrobacterium tumefaciens  

The Agrobacterium tumefaciens strain GV3101 (Thermo Fisher Scientific) was used for 

floral dipping Arabidopsis plants and transiently transforming N. benthamiana plants with the 

pUBC-ABCG43-GFP and pTecG-2in1-CC plasmids. The chromosomal background of this 

Agrobacterium strain is C58, which confers resistance to rifampicin and contains the Ti 

plasmid pmp90 conferring resistance to gentamicin.  

 

2.2.2 Microbiological culture media  

All media were autoclaved before use. 
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2.2.2.1 Saccharomyces cerevisiae media  

Yeast Synthetic Drop-out Medium (YSDM) was used to select S. cerevisiae transformants 

expressing pCAMBIAY1300-ABCG43 following yeast homologous recombination. 

Saccharomyces cerevisiae strain YPH 500 is uracil deficient and unable to grow on a culture 

media without uracil. However, the pCAMBIAY1300-ABCG43 plasmid contains the 

orotidine 5-phosphate decarboxylase (URA3) gene that restores uracil biosynthesis in positive 

S. cerevisiae transformants. To make YSDM medium: 0.68 g yeast nitrogen base (Sigma 

Aldrich); 2 g ammonium sulphate (Thermo Fisher Scientific); 8 g glucose; and 0.308 g amino 

acids (- uracil) were dissolved in 400 ml sterile distilled water.  

 
Yeast Extract Peptone Dextrose (YEPD) broth was used for maintaining the S. cerevisiae 

strain YPH 500 and was made from: 8 g peptone, 4 g yeast extract, 0.004% adenine sulphate 

in 400 ml sterile distilled water. To solidify the YSDM and YEPD media, 2% [w/v] agar 

powder was added. 

  

2.2.2.2 Escherichia coli and Agrobacterium tumefaciens media 

Luria-Bertani (LB) broth made from 8 g tryptone, 4 g yeast extract and 4 g sodium chloride 

(all from Sigma Aldrich) in 800 ml sterile distilled water was used for culturing E. coli and A. 

tumefaciens. To solidify LB media, 2% [w/v] agar powder was added to the medium solution.  

 
Yeast extract nutrient broth (YENB) made from 0.8% [w/v] Nutrient Broth No. 2 (Thermo 

Fisher Scientific) and 0.75% [w/v] yeast extract (Sigma Aldrich) in 800 ml sterile distilled 

water and was used for making electrocompetent E. coli and A. tumefaciens cells.  

 
Super Optimal broth with Catabolite repression (SOC) was purchased from Sigma 

Aldrich and used to recover transformed E. coli and A. tumefaciens cells following 

electroporation.  

 

2.2.2.3 Antibiotic stocks  

To select for transformants containing the: pCAMBIAY1300-ABCG43 (selection marker: 

kanamycin); pDONR207 (selection marker gentamicin); pDONR207-ABCG43 (selection 

marker: gentamicin); pUBC-GFP (selection marker: spectinomycin); pUBC-ABCG43-GFP 

(selection marker: spectinomycin); or pTecG-2in1-CC plasmid (selection marker: 
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spectinomycin), culture media were supplemented with the relevant antibiotic(s). The 

preparation and concentration of each antibiotic used is outlined in Table 2.3.  

 

Table 2.3: Preparation of antibiotic stocks used in this study.  
 

Antibiotic 
 

Dissolving medium 
 

Concentrated stock 
(mg/ml) 

 

Working stock 
(µg/ml) 

 

Gentamicin 
 

Sterile distilled water 
 

10 
 

10 
 

Kanamycin 
 

Sterile distilled water 
 

50 
 

50 
 

Spectinomycin 
 

Sterile distilled water 
 

50 
 

50 

 

2.2.3 Microbiological culture and storage  

Saccharomyces cerevisiae, E. coli and A. tumefaciens cells for transforming via 

electroporation were kindly provided by Dr Colin Lazarus. For short-term storage (up to 4 

w), bacterial/ fungal cells were streaked onto plates made with the relevant nutrient broth in 

triple vented Petri plates using a sterile inoculating loop. For long term storage (> 4 w), 

glycerol stocks made from 500 µl microbial culture and 500 µl filter-sterilised 40% glycerol 

in 1.5 ml cryovials (Eppendorf), frozen in liquid nitrogen and stored at -80°C. 

 

2.2.3.1 Saccharomyces cerevisiae  

Liquid S. cerevisiae cultures were made in YDSM/YEPD media and incubated at 28°C for 48 

– 72 h. Streaked YDSM/YEPD agar plates were inverted and placed in a 28°C incubator for 

48 – 72 h.  

 

2.2.3.2 Escherichia coli  

Liquid E. coli cultures were grown in LB/ YENB media supplemented with the relevant 

antibiotics and incubated at 37°C overnight with shaking at 200 RPM. Streaked LB agar 

plates (containing the relevant antibiotics) were inverted and placed in a 37°C incubator 

overnight. 

 

2.2.3.3 Agrobacterium tumefaciens 

Agrobacterium tumefaciens colonies were cultured in LB media with relevant antibiotics and 

incubated at 28°C for 24 – 72 h with shaking at 200 RPM. Streaked LB agar plates 
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(containing the relevant antibiotics) were inverted and placed in a 28°C incubator for 48 – 72 

h.  

 

2.3 Molecular methodologies  

2.3.1 Escherichia coli plasmid extraction  

2.3.1.1 Escherichia coli miniprep plasmid extraction  

To extract the PCAMBIAY1300-ABCG43, pDONR207-ABCG43, pUBC-ABCG43-GFP 

and pTecG-2in1-CC plasmids from E. coli cells, single colonies were used to inoculate 5 ml 

LB broth with the appropriate antibiotics and incubated at 37°C overnight with shaking (200 

RPM). The GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific) was used to extract 

the plasmids from the cultures following the manufacturer’s instructions with no 

modifications.  

  

2.3.1.2 Escherichia coli midiprep plasmid extraction  

To obtain a more concentrated stock of pUBC-ABCG43-GFP for downstream transformation 

experiments in Arabidopsis and N. benthamiana, a single E. coli colony was used to inoculate 

5 ml LB broth containing 50 µg/ml spectinomycin and incubated at 37°C overnight with 

shaking (200 RPM). Then, 50 µl of the starter culture was used to inoculate 50 ml LB both 

containing 50 µg/ml spectinomycin. The culture was incubated at 37°C overnight with 

shaking (200 RPM) until the OD600 was 3. The plasmid was extracted from 50 ml culture 

using the GeneJET Plasmid Midiprep Kit (Thermo Fisher Scientific) following the 

manufacturer’s instructions with no modifications.  

 

2.3.2 Saccharomyces cerevisiae plasmid extraction 

The pCAMBIAY1300-ABCG43 plasmid was extracted from a 5 ml S. cerevisiae culture 

grown in Yeast Synthetic Drop out Medium (YDSM) using the Zymoprep Yeast Miniprep II 

Kit (Zymo Research) according to the manufacturer’s instructions with no modifications. 

Extracted pCAMBIA1300-ABCG43 plasmid was propagated by transforming the plasmid 

into electrocompetent TOP10 E. coli cells.  
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2.3.3 Plant genomic DNA extraction  

2.3.3.1 High purity Arabidopsis thaliana DNA extraction for next-generation 

sequencing   

A pooled genomic DNA (gDNA) sample from 100 2-w-old abcg43-1 (gp4) plants was 

extracted using a protocol adapted from Healey et al. (2014). The quality and quantity of 

extracted gDNA was determined using the ND-1000 UV-Vis Spectrophotometer (NanoDrop 

Technologies) and Qubit 2.0 Fluorometer (Invitrogen). 

 

2.3.3.2 Arabidopsis thaliana genomic DNA extractions for genotyping and cloning 

Pooled gDNA from the vegetative tissue of 2-w-old wild-type (Col-0), jin1-9, pft1-3, pdr2 

and the abcg42 and abcg43 mutant plants was extracted using a modified protocol adapted 

from Edwards, Johnstone and Thompson (1991) as follows:  

1. Leaf discs were placed in 2.0 ml Eppendorf tubes, frozen in liquid nitrogen and the 

tissue was lysed using a TissueLyser II machine (Qiagen)  

2. 400 µl extraction buffer (200 mM Tris HCl pH 7.5; 250 mM NaCl; 25 mM EDTA; 

and 0.5% SDS [w/v]) was added to the lysed tissue of each sample 

3. Samples were placed in a 65°C water bath for 20 min and then centrifuged at 13,000 

X g for 2 min  

4. The supernatant from each sample was transferred to a clean, sterile 2.0 ml Eppendorf 

tube and 1 volume of ice cold 100% isopropanol was added  

5. Samples were incubated on ice for 30 min and then centrifuged at 13,000 X g for 7 

min to pellet the gDNA  

6. The supernatant was pipetted off and the gDNA pellet was washed with 70% ethanol  

7. The samples were centrifuged at 13,000 X g for 7 min to pellet the gDNA  

8. The supernatant was pipetted off and the samples were air dried for 10 min at room 

temperature  

9. The gDNA pellets were eluted in 100 µl nuclease free water (Qiagen)  

 

2.3.4 Plant total RNA extraction and DNase treatment 

Total RNA was extracted from pools of 200 5-d-old seedlings (3 pooled samples per line) 

from the abcg42, abcg43 mutant alleles and wild-type (Col-0) lines using the Spectrum Plant 

Total RNA kit (Sigma Aldrich) following the manufacturer’s protocol with no modifications. 
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Genomic DNA was removed from the total RNA samples using the Amplification Grade 

DNAse I kit (AMPD1, Sigma Aldrich). RNA integrity was visualised in a 1% [w/v] agarose 

gel and the concentration was quantified with a NanoDrop ND-100 Spectrophotometer 

(Thermo Fisher Scientific).   
 

2.3.5 Polymerase Chain Reaction (PCR)  

To conduct Polymerase Chain Reactions (PCR), a Mastercycler gradient (Eppendorf) 

machine was used.  

 

2.3.5.1 Primers  

All primers were ordered from Sigma Aldrich and stored as 100 µM stock solutions. Working 

primer stocks were diluted to 10 µM with nuclease free water (Qiagen) for use in PCR 

experiments. Primer sequences are provided in the relevant results chapters. The annealing 

temperatures used in the PCR thermocycles were based on the melting temperatures provided 

by Sigma Aldrich.  

 

2.3.5.2 PCR for Genotyping  

The Taq 2X Master Mix (NEB) was used to genotype the jin1-9, pft1-3, abcg42 and abcg43 

mutant alleles following the manufacturer’s recommended protocol. Reactions were conducted 

in 25 µl volumes (Table 2.4) run in a thermocycler using the conditions listed in Table 2.5.  

 
Table 2.4: Components of a 25 μl PCR reaction using the Hot Start Taq 2X Master Mix (NEB)  

Component Quantity in a 25 μl reaction 

10 μM forward/ reverse/ border primer 1 μl 

Template gDNA 1 μl 

Hot Start Taq 2X Master Mix 12.5 μl 

Nuclease-free water to 25 μl 
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Table 2.5: Genotyping PCR conditions using the Hot Start Taq 2X Master Mix (NEB)  
Step Temperature Time 

Initial denaturation 95°C 30 seconds 

 
30 Cycles 

95°C 30 seconds 

55°C 1 minute 

68°C 2-7 minutes (1 minute per kb) 

Final extension 68°C 5 minutes 

Hold 4°C ¥ 

 

2.3.5.3 PCR Amplification for Cloning, Sequencing and Gene Expression Analysis 

High-fidelity PCR was used to amplify the ABCG43 coding region to make the 

pCAMBIAY1300-ABCG43 and pDONR207-ABCG43 plasmids; produce abcg43-1 (gp4) 

genotyping amplicons for Sanger sequencing; and amplify ABCG43 and EF-1⍺ transcript from 

the abcg42 and abcg43 mutant alleles and wild type (Col-0). Reactions used the KAPA HiFi 

HotStart ReadyMix (Roche), following the manufacturer’s recommended protocol. Ten 

microlitre reactions were (Table 2.6) run in a thermocycler using the PCR conditions listed in 

Table 2.7.  

 
Table 2.6: Components of a 10 μl PCR reaction using the KAPA HiFi HotStart ReadyMix (Roche) 
Component Quantity in a 10 μl reaction 

10 μM forward/ reverse/ border primer 0.3 μl 

Template gDNA 1 μl 

Hot Start Taq 2X Master Mix 5 μl 

DMSO* (5% [w/v]) 0.5 μl 

Nuclease-free water 2.9 μl 

*DMSO = Dimethyl Sulfoxide.  
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Table 2.7: PCR conditions using the KAPA HiFi HotStart ReadyMix (Roche) 
Step Temperature Time 

Initial denaturation 95°C 5 minutes 

 
35 Cycles 

98°C 20 seconds 

50 – 55 °C 15 seconds 

72°C 5 minutes (amplification of up to 7 kb) 

Final extension 72°C 1 minute 

Hold 4°C ¥ 

 

2.3.5.4 Long-range PCR  

Long-range PCR was conducted to genotype the pdr2 mutant line using the LongAmp Taq 2X 

Master mix (NEB) following the manufacturer’s recommended protocol. Twenty-five 

microlitre reactions were (Table 2.8) run on a thermocycler using the PCR conditions listed in 

Table 2.9.  

 

Table 2.8: Components of a 25 μl PCR reaction using the LongAmp Taq 2X Master mix (NEB)  

 

Table 2.9: Genotyping PCR conditions using the Hot Start Taq 2X Master Mix (NEB)  

 

 

  

Component Quantity in a 25 μl reaction 

10 μM forward/ reverse/ border primer 1 μl 

Template gDNA 1 μl 

Hot Start Taq 2X Master Mix 12.5 μl 

Nuclease-free water to 25 μl 

Step Temperature Time 

Initial denaturation 94°C 30 seconds 

 
30 Cycles 

94°C 30 seconds 

50°C 1 minute 

65°C 10 minutes (50 seconds per kb)  

Final extension 68°C 5 minutes 

Hold 4°C ¥ 
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2.3.5.5 Reverse-transcription PCR  

A volume of 1 µg total RNA was used for single-stranded cDNA synthesis using the Applied 

Biosystems High-Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific) 

following the manufacturer’s protocol with no modifications. The amplification conditions 

used to synthesise first-strand cDNA is listed in Table 2.10.  

 
Table 2.10: Cycling conditions for first-strand cDNA synthesis using the Applied Biosystems High-
Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific)  

 

Variable 
 

Step 1 
 

Step 2 
 

Step 3 
 

Step 4 
 

Temperature (°C) 
 

25 
 

37 
 

85 
 

4 
 

Time (minutes) 
 

10 
 

120 
 

5 
 

¥ 

 

2.3.6 Agarose gel electrophoresis  

Agarose gel electrophoresis was used to visualise nucleic acid products from PCR and 

plasmid digestion. A concentrated 50X Tris-acetate EDTA (TAE) mixture (Sigma Aldrich) 

was diluted to 1X in sterile distilled water. Products between 0.2 – 1.0 kb were resolved in 

2% [w/v] agarose, 1.0 – 5 kb were resolved in 1% [w/v] agarose, and larger than 5 kb were 

resolved in 0.8% [w/v] agarose. Agarose gels were made by melting molecular biology grade 

agarose powder (Thermo Fisher Scientific) in 1X TAE buffer in a microwave. Melted 

agarose was cooled to ~ 50°C before Midori Green Advance Nucleic Acid Stain (Bulldog 

Bio) was added at 1000 X. The gel mixture was poured into a mould and left to solidify for 1 

h. Gels were loaded into a tank containing 1X TAE; 1 – 20 µl sample product was loaded into 

each well. The Quick-Load Purple 2-log DNA ladder (NEB) or a λ phage DNA ladder 

(provided by Dr Colin Lazarus) was used to size nucleic acid fragments (Figure 2.1). Gels 

were run at 60 – 120 V for 30 – 120 min depending on nucleic acid size using a PowerPac 

300 (Bio-Rad). Gels were viewed using the Fusion Pulse gel imaging system (Vilber 

Lourmat) and images were saved on the Evolution Capture FX6 software (Vibler Lourmat).  
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Figure 2.1: Molecular weight ladders used for visualising nucleic acid by agarose gel 
electrophoresis. (A) Quick-Load Purple 2-log DNA ladder (image was taken from www.neb.com) 
and (B) a λ phage DNA ladder used for visualising restriction digests (made by Dr Colin Lazarus).  
 

2.3.7 Purification of DNA fragments from agarose 

Prior to Sanger sequencing, the abcg43-1 (gp4) genotyping PCR amplicons were purified and 

extracted from a 1% [w/v] agarose gel using the QIAquick Gel Extraction Kit (QIAGEN) 

following the manufacturer’s instructions with no modifications. 

 

2.3.8 Sanger sequencing  

The abcg43-1 (gp4) genotyping PCR amplicons, pCAMBIAY1300-ABCG43 and 

pDONR207-ABCG43 plasmids were Sanger sequenced using the TubeSeq sequencing 

service (Eurofins Genomics) following the manufacturer’s instructions with no modifications. 

Primers used for Sanger sequencing are listed in Table 2.11.  
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Table 2.11: Primers used to Sanger sequence the abcg43-1 (gp4) genotyping PCR amplicons and 
confirm the ABCG43 sequence within the pCAMBIA1300-ABCG43 and pDONR207-ABCG43 
plasmids.  

 

Sequencing primer 
 

Sequence (5’ à 3’) 
 

ABCG43_F1 
 

GTTCGTATCATCGTCGC 
 

 

ABCG43_F2 
 

 

CGGTGTATCGGAATCATGC 
 

 

ABCG43_F3 
 

 

ATGCACGTCTCTCTCACTGC 
 

 

ABCG43_F4 
 

 

TTCACAACTGGTAGAACTG 
 

 

ABCG43_F5 
 

 

 ACAGATGGAGTTGAGTTTGC 
 

 

ABCG43_F6 
 

 

GCAAGCAAACTATCAGTAAGTG 
 

 

ABCG43_F7 
  

GATTTGCATATTCCAGAGC 
 

 

ABCG43_F8 
 

 

 

CTTTAGCTTCTACTCTTATCAG 
 

 

ABCG43_F9 
 

ATAATCTATCACGGTCCACG 
 

 

ABCG43_F10 
 

CGTTTACGTATTCAAATCTGG 
 

 

ABCG43_F11 
  

GCGGGAAGGTACTAATTTCG 
 

ABCG43_F12 
 

GGAGGAAGGTAATGAATTC 
 

ABCG43_F13 
 

GCATTGCCTTTCGAACCTC 

 

ABCG43_F14 
 

 CTTGATCTTCGCTTTTCAGGC 
 

ABCG43_F15 
 

GAATACTTTATGGTCAGTTCC 
 

ABCG43_F16 
 

TTACTTGTATGCTCTGTGGC 
 

ABCG43_F17 
 

 CGGTCTACAAAGTGTTTTGGAGC 
 

ABCG43_F18 
 

TAGCTGTTGTTCTTATTGCC 
 

abcg43-1_F 
 
 

GGGCTACAACTACAAGACGAAC 
 

abcg43-1_R 
 
 

GGGAAAAGAACAAAGAACCCAAAAG 
 

SALKLBb1.3_B 
 

 
 

ATTTTGCCGATTTCGGAAC 
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2.3.9 Enzyme restriction digests  

To prepare the pCAMBIAY1300 vector for cloning and verify the construction of the 

PCAMBIAY1300-ABCG43, pDONR207-ABCG43 and pUBC-ABCG43-GFP plasmids, 

FastDigest restriction enzymes (Thermo Fisher Scientific) were used to digest the plasmids 

according to the manufacturer’s protocol with no modifications. The specific restriction 

enzymes used to digest each plasmid are specified in Chapter 6: Section 6.2.4 and Table 2.12. 

Restriction digest reactions were incubated for 4 – 5 h at 37°C, stopped at 65°C for 15 min 

and visualised with gel (1% [w/v] agarose) electrophoresis.   
 
Table 2.12: Components of a 50 μl restriction digest using FastDigest Restriction Enzymes from 
Thermo Fisher Scientific  

 

2.3.10 Cloning  

2.3.10.1 Homologous recombination in Saccharomyces cerevisiae  

Yeast homologous recombination was used to construct the pCAMBIAY1300-ABCG43 

plasmid. pCAMBIAY1300 is a yeast compatible Agrobacterium binary vector that contains 

the URA3 yeast selectable marker (made by Dr Colin Lazarus and me). The plasmid was 

linearised with HindIII and EcoRI and four overlapping ABCG43 PCR fragments were 

designed to allow for homologous sequences to recombine into pCAMBIAY1300 once 

transformed into S. cerevisiae (detailed in Chapter 6, Section 6.2.4). The following protocol 

was used for cloning the PCR fragments into S. cerevisiae:  

1. An individual S. cerevisiae colony (strain YPH 500) was used to inoculate 10 ml 

YEPD medium that was incubated overnight at 28°C with shaking (200 RPM)  

2. 50 ml S. cerevisiae starter culture was used to inoculate into 30 ml YEPD medium in 

a sterile conical flask and this culture was incubated for 5 h at 28°C with shaking (200 

RPM) 

3. The culture was split and transferred into two sterile falcon tubes and centrifuged for 

5 min at 3000 X g to harvest the cells  

Component Quantity in a 50 μl reaction 

Plasmid DNA  5 – 20 μl 

Fast Digest Green Buffer  5 μl 

Fast Digest Enzyme  4 μl 

Nuclease-free water to 50 μl 



 65 

4. The supernatant was poured off and the cell pellet was resuspended in 25 ml sterile 

distilled water and centrifuged for 5 min at 3000 X g  

5. The supernatant was poured off and the cells were resuspended in 1 ml 0.1 M lithium 

acetate; the mixture was then transferred to a clean, sterile 1.5 ml Eppendorf tube and 

centrifuged at 13, 000 X g for 20 s 

6. Pelleted S. cerevisiae cells was resuspended in 400 µl 0.1 M lithium acetate and 50 µl 

aliquots were transferred to new 1.5 ml Eppendorf tubes and placed on ice 

7. Reagents in the following order were added to the chilled S. cerevisiae cells: 240 µl 

filter-sterilised 50% [w/v] polyethylene glycerol (PEG); 50 µl 2 µg/µl denatured 

Salmon (Salmo salar) sperm DNA (boiled for 5 min at 95°C and then chilled on ice); 

36 µl 1 M lithium acetate; and 34 µl the DNA mixture containing 14 µl ligated 

pCAMBIAY1300 and 5 µl each ABCG43 DNA fragment made up to 34 µl with 

sterile distilled water  

8. The transformation mixture was thoroughly mixed using a vortex for 1 min, incubated 

for 30 min at 30°C and then at 42°C for 30 min  

9. Following heat shock, the transformed cells were centrifuged at 6000 X g for 15 s and 

the pelleted cells were resuspended in 1 ml sterile distilled water  

10. S. cerevisiae transformants were spread onto YSDM agar plates and incubated at 

28°C for 48 – 72 h  

11. S. cerevisiae colonies transformed with pCAMBIAY1300-ABCG43 were 

miniprepped and the plasmid was subsequently transformed into TOP10 E. coli cells 

for selection   

 

2.3.10.2 Gateway cloning  

Gateway cloning was used to generate the pDONR207-ABCG43 entry and pUBC-ABCG43-

GFP expression clones. The ABCG43 coding region was PCR amplified from the 

pCAMBIAY1300-ABCG43 plasmid and inserted into the pDONR207 entry vector 

(Invitrogen), using the Gateway BP Clonase II enzyme mix (Invitrogen) following the 

manufacturer’s instructions with no modifications. The reaction mixture was transformed into 

electrocompetent TOP10 E. coli cells and positive transformants were selected on LB agar 

plates containing 10 µg/ml gentamicin incubated overnight at 37°C. The ABCG43 coding 

region in pDONR207-ABCG43 was inserted into the pUBC-GFP destination vector (Grefen 

et al., 2010) using the Gateway LR Clonase II enzyme mix (Invitrogen) following the 
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manufacturer’s instructions with no modifications. The reaction mixture was transformed into 

TOP10 E. coli cells and positive transformants were selected on LB agar containing 50 µg/ml 

spectinomycin after incubation at 37°C overnight. The pDONR207 and pUBC-GFP vectors 

were propagated and maintained in One Shot ccdB Survival E. coli cells.  

 

2.4 Transformation of Escherichia coli and Agrobacterium tumefaciens  

2.4.1 Preparation of electrocompetent Agrobacterium tumefaciens cells 

Agrobacterium tumefaciens competent cells to be transformed with pUBC-ABCG43-GFP or 

pTecG-2in1-CC plasmid for floral dipping Arabidopsis plants and infiltrating N. 

benthamiana was made using the following protocol:  

1. To make a starter culture, a single A. tumefaciens colony was used to inoculate 5 ml 

LB broth containing 10 µg/ml gentamicin and incubated at 28°C with shaking (200 

RPM) for 48 h  

2. 500 µl of the starter culture inoculated 50 ml LB broth in a sterile conical flask 

containing 10 µg/ml gentamicin and was incubated at 28°C with shaking (200 RPM) 

for approximately 4-5 h until the OD600 was > 0.5   

3. The 50 ml culture was transferred into two 30 ml sterile Falcon tubes and centrifuged 

at 4000 X g for 10 min at 4°C 

4. Supernatant was discarded and the cell pellet was resuspended in 50 ml 10% filter-

sterilised glycerol and centrifuged at 4000 X g for 10 min at 4°C 

5. Supernatant was discarded and the cell pellet was resuspended in 25 ml 10% filter-

sterilised glycerol and centrifuged at 4000 X g for 10 min at 4°C 

6. Supernatant was discarded and the cell pellet was resuspended in 1 ml 10% filter-

sterilised glycerol  

7. 100 µl aliquots of A. tumefaciens competent cells were pipetted into 1.5 ml cryovials 

(Eppendorf) and frozen in liquid nitrogen  

8. The transformation efficiency of the competent cells was tested by colony forming 

unit assays  

9. Competent cells were stored at -80°C  
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2.4.2 Preparation of electrocompetent Escherichia coli cells  

Top10 or ccdB E. coli competent cells that were transformed with: pCAMBIAY1300; 

pCAMBIAY1300-ABCG43; pDONR207; pDONR207-ABCG43; pUBC-GFP; or pUBC-

ABCG43-GFP were made using the following protocol:  

1. To make a starter culture, a single E. coli colony was used to inoculate 5 ml YENB 

media and incubated at 37°C with shaking (200 RPM) overnight  

2. Five sterile conical flasks containing 50 ml YENB media were each inoculated with 

500 µl starter culture and incubated at 37°C with shaking (200 RPM) until the OD600 

was ~1.0  

3. Cultures were transferred into 30 ml sterile Falcon tubes and centrifuged at 6000 X g 

for 25 min at 4°C 

4. Supernatant was discarded and cell pellets were resuspended in 10 ml cold sterile 

distilled water and centrifuged at 6000 X g for 10 min at 4°C 

5. Supernatant was discarded and cell pellets were resuspended in 20 ml cold 10% filter-

sterilised glycerol and centrifuged at 6000 X g for 10 min at 4°C 

6. Supernatant was discarded and cell pellets were resuspended in 1 ml of cold 10% 

sterile glycerol  

7. 50 µl aliquots E. coli competent cells were pipetted into 1.5 ml cryovials (Eppendorf) 

and frozen in liquid nitrogen  

8. The transformation efficiency of the competent cells was tested by colony forming 

unit assays  

9. Competent cells were stored in a -80°C freezer  

 

2.4.3 Electroporating Agrobacterium tumefaciens  

pTecG-2in1-CC and pUBC-ABCG43-GFP were transformed into A. tumefaciens via 

electroporation as follows:  

1. 100 µl aliquots of A. tumefaciens competent cells were taken out of the -80°C freezer 

and thawed on ice 

2. 1 µl plasmid was pipetted into the A. tumefaciens cells and briefly mixed  

3. The A. tumefaciens cells were pipetted into a sterile electroporation cuvette (Bio-Rad) 

and pulsed for 2 – 3 seconds at 2.5 kV using a Gene Pulse Xcell (Bio-Rad) machine  
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4. Following electroporation, the cuvette was immediately placed on ice and 900 µl SOC 

recovery medium was added to the cuvette  

5. The cell mixture was transferred into a 1.5 ml Eppendorf and incubated at 28°C in a 

heat block for 3 – 4 h 

6. The electroporated A. tumefaciens culture was spread onto an LB agar plate 

containing the appropriate antibiotic for selection using a sterile spreader and 

incubated at 28°C for 48 – 72 h  

 

2.4.4 Electroporating Escherichia coli   

The following plasmids were transformed into E. coli TOP10 or ccdB cells using 

electroporation: pCAMBIAY1300; pCAMBIAY1300-ABCG43; pDONR207; pDONR207-

ABCG43; pUBC-GFP; or pUBC-ABCG43-GFP. The following electroporation protocol was 

used: 

1. 50 µl aliquots of E. coli competent cells were taken out of the -80°C freezer and 

thawed on ice 

2. 1 µl plasmid was pipetted into the E. coli cells and briefly mixed  

3. The E. coli cells were transferred to a sterile electroporation cuvette (Bio-Rad) and 

pulsed for 2 – 3 seconds at 2.5 kV using a Gene Pulse Xcell (Bio-Rad) machine  

4. Following electroporation, the cuvette was immediately placed on ice and 200 µl SOC 

recovery medium was added to the cuvette  

5. This mixture was transferred into a 1.5 ml Eppendorf and incubated at 37°C in a heat 

block for 60 min  

6. The electroporated E. coli culture was spread onto an LB agar plate containing the 

appropriate antibiotic for selection using a sterile spreader and incubated at 37°C 

overnight  
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2.5 Sequence analysis  

2.5.1 Illumina next-generation genomic DNA sequencing  

A sequencing library was constructed by the Bristol Genomics Facility. The Illumina TruSeq 

Nano LT gDNA kit (Illumina Inc) was used for generating a sequencing library from abcg43-

1 (gp4) gDNA following the manufacturer’s protocol. The size and concentration of the final 

undiluted library was determined using the Agilent 2200 TapeStation High Sensitivity D1000 

ScreenTape assay (Agilent Technologies Inc) and the Qubit 2.0 Fluorometer (Invitrogen). 

The final library was diluted to a loading concentration of 1.4 pM for cluster generation and 2 

x 150 bp paired-end sequencing (Figure 2.2A) on the Illumina NextSeq500 system (Illumina 

Inc) alongside a 5% PhiX spike-in control (Illumina Inc). Read summary statistics were 

generated using the RTA 2.4.6 Primary Analysis software (Illumina Inc). The read  

summaries were analysed in the Sequencing Analysis Viewer (Illumina Inc).  

Figure 2.2: Schematic representing the workflow of paired-end sequencing. A) Shows how 
paired-end reads are produced and B) represents the alignment of paired-end reads to a reference 
sequence. Note, when sequencing in a paired-end fashion, both ends of each DNA fragment within a 
sequence library are sequenced; this is possible because the distance between each read in a pair is 
known. Therefore, forward and reverse reads within a read pair are aligned together. This diagram has 
been adapted from Illumina Inc, 2017.  
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2.5.2 Bio-informatic analysis of next-generation sequence data 

Thomas Batstone conducted the bioinformatic analyses on the gDNA Illumina next-

generation sequence data on the abcg43-1 (gp4) line. The abcg43-1 (gp4) sequence reads 

were trimmed and subject to quality control checks in which the low-quality reads were 

discarded. The filtered, paired reads were then subject to paired-end alignment (Figure 2.2B) 

using the Bowtie2 2.3.4.2 aligner (Langmead and Salzberg, 2012). A bespoke reference 

genome was produced that combined the TAIR10 Arabidopsis genome (Lamesch et al., 

2012) and the pROK2 vector sequence (Baulcombe et al., 1986). Alignments were viewed in 

the Integrative Genomics Viewer IGV 2.3 (Robinson et al., 2011).  

 

2.5.3 Genomic DNA Sanger sequence alignments 

To analyse the Sanger sequenced abcg43-1 (gp4) genotyping PCRs and the pCAMBIAY1300-

ABCG43 and pDONR207-ABCG43 plasmids, chromatograms and FASTA files were obtained 

from Eurofin Genomics. Following manual low-quality end trimming, the trimmed sequences 

were aligned using the MUSCLE alignment tool (Edgar, 2004).   

 

2.5.4 Plasmid maps  

Plasmid maps were built in Benchling [Biology Software] in 2020 at https://benchling.com.    
 

2.6 Microscopy and image analysis 

2.6.1 Stereoscopic microscopy 

To phenotype the roots of five-day-old Arabidopsis seedlings, images were taken with a 

Leica MZ FLIII fluorescence microscope with dark-field lighting. Microscope images were 

captured on a Nikon D50 camera with a polarising filter and saved on the SPOT image 

capture software (SPOTIMAGING) or captured on an Olympus DP74 CMOS colour cooled 

camera and saved on the Cell Sens Standard V2 advanced Imaging Software (Olympus).   
 

2.6.2 Epifluorescence microscopy   

To image ABCG43-GFP fusion proteins transiently expressed in Nicotiana benthamiana leaf 

epidermal cells, leaf punches were imaged on a Leica DM IREZ inverted fluorescence 

microscope using a GFP filter (with 450 – 490 nm excitation and 500 – 550 nm emission 
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collection). Microscope images were captured using the Leica DFC350FX digital camera and 

saved on the Leica Application Suite X (2.0.0.142332) imaging software. 

 

2.6.3 Quantifying the root hairs on Arabidopsis thaliana seedlings 

Root hair length and density were measured post hoc using microscope images of five-to-six-

day-old Arabidopsis seedlings with Fiji, version 1.53c (Schindelin et al., 2012), and the Bio-

Formats Importer plugin. The straight line, segmented line and free-hand line tools in Fiji were 

used to manually trace over the primary root and the root hairs to quantify root hair density (n 

per mm length of root) and root hair length (mm; Table 2.13 and Figure 2.3). At least two 

experimental repeats were conducted for each candidate line. In each experiment, eight to ten 

individual plants from each line were imaged and at least 30 root hairs per plant were measured 

(Table 2.13).  

  
Table 2.13: Root trait parameters measured on five-to-six-day-old Arabidopsis seedlings.   

 

 
Figure 2.3: Measuring root hairs on the primary roots of five-to-six-day-old Arabidopsis 
seedlings in Fiji. The black line indicates a 1 mm region along the primary root and red lines show 
the hand tracing of individual root hairs using the segmented line tool to measure their length. Scale 
bar = 0.5 mm.  
  

 

Root parameter 
 

Units 
 

 

Calculation 

 
Root hair density 

 
n per mm 

length of root 

 

The number of root hairs along a 1 mm 
region of the primary root (above the root 

hair emergence zone) was counted for each 
plant. 

 

 
 

Root hair length 

 
 

mm 

 

The length of at least 30 root hairs along a 1 
mm region primary root (above the root hair 
emergence zone) was measured for each 

plant; a mean root hair length was then 
calculated. 
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2.7 Centrifuging Arabidopsis thaliana seedlings and determining aerial 

tissue mass 

Chapter 3 provides significant detail on the centrifuge assay workflow, calculations and 

method development. This section gives a brief overview of how the plants were centrifuged 

and weighed, and outlines the equipment used. Following 5-6 days of growth, single Petri 

plates containing 10 individual seedlings were examined and placed into a Beckman Allegra 

X-30R swing-out-bucket centrifuge. This centrifuge holds four plates at a time. Seedlings 

were subject to increments of increasing centrifugal speed between 720 and 1611 RPM for 

one minute each. The proportion of seedlings that detached from the gel were recorded 

between each centrifugal speed. Following centrifugation, the aerial tissue of each seedling is 

separated from the primary root by making an incision at the hypocotyl-root junction using a 

laboratory safety razor blade. The individual weight of aerial tissue for each seedling was 

measured using an analytical balance (Microbalance ME5; Sartorius).  

 

2.8 Uprooting Arabidopsis thaliana plants  

The uprooting methodology was developed by previous members of the Root Development 

Research group. An in-depth description of these methodologies is given in Thomas 

Denbigh’s PhD thesis (Denbigh, 2017) and De Baets et al. (2020). 

 

2.8.1 Plant preparation for uprooting  

Seed-sown pots were placed in a growth room for 3-4 w and watered daily. Three to four days 

after germination, a polytetrafluroethylene-coated aluminium washer was placed over 

individual seedlings such that the aerial tissue could grow through the centre hole of the washer 

(Figure 2.4A). The cables on the tensile testing machine attached to the washer to allow the 

plant to be uprooted. After 3-4 w of growth, each pot was placed in 3 cm water to allow 

moisture equilibration for 12-16 h. Following equilibration, wild-type (Col-0), cpc try and wer 

myb23 plants were uprooted from pots of clay-loam soil.  

 

2.8.2 Uprooting plants using a tensile testing machine and analysing force traces 

Wild-type (Col-0), cpc try and wer myb23 plants were pulled vertically from the soil using a 

tensile testing machine (Instron 3343) with a 10 Newton load cell (2519-201) at a constant 

rate of 5 mm min−1 (De Baets et al., 2020; Figure 2.4A). Previous mathematical modelling by 
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members of the Root Development research group established that the maximum force (N) 

and total energy (reported in mJ or J) required to uproot individual plants are strength 

measures of root-soil cohesion (Denbigh, 2017; De Baets et al., 2020). Therefore, the force 

traces of individual plants were analysed to acquire the total uprooting energy by measuring 

the area under the force curve and maximum uprooting force, which is the highest point on 

the force curve (Figure 2.4B). A bespoke Python script was used to convert the force traces 

into peak force and total uprooting measurements; this script was developed by previous 

members of the Root Development Research Group (Denbigh, 2017; De Baets et al., 2020). 

The Instron 10 Newton load cell is accurate to 0.25% from 0.05 kg m s−2 and the mean of 

force above this threshold was calculated (as reported in De Baets et al., 2020).  

Figure 2.4: Schematic of the uprooting assay. A) Graphical representation to show the uprooting of 
an individual 4-w-old Arabidopsis plant using the tensile testing machine. (B) Outline of a force trace 
showing the gradual displacement (extension, mm) against the force (load, N) required to uproot an 
individual Arabidopsis plant over time (minutes). Two strength measures of uprooting resistance, 
peak uprooting force (N) and total uprooting energy (mJ or J) are calculated from these force traces.  
 
2.8.3 Calculating Root Length Density  

After uprooting, all root material was recovered to obtain a standardised measure of root length 

per root mass called Root Length Density (RLD, km m-3). RLD is a root trait measurement 

frequently used in soil science research to estimate the erosion-reducing potential of different 

plant species (De Baets et al., 2009; Pohl et al., 2009; Burylo et al., 2012; Vannoppen et al., 

2016). To determine the RLD of individual plants, roots and soil were separated using a 0.7 

mm sieve followed by root-washing. After root-washing, the recovered roots were separated  

  



 74 

out into single strands, placed onto a black background, imaged and measured in ImageJ (Fiji). 

The mass of the separated roots was recorded to calculate the root length per unit mass (RLD).  

 

2.9 Statistical analyses  

All statistical analyses were conducted using RStudio, version 1.1453 (R Core Team, 2013) 

and all graphs were generated using the R package ggplot2 (Hadley, 2015).   

 

2.9.1 Centrifuge assay 

Chapter 3 details the conceptual reasons for conducting survival analyses on centrifuge assay 

data. Cox PH regression models were conducted using the coxph function within the survival 

package in R and in all cases, the assumption of proportionality was satisfied. Comparisons 

of different candidate lines relative to the wild type line were analysed a priori; therefore, a 

series of contrasts were set up using the R function contr.treatment rather than using post-hoc 

testing methods. Seedling position and individual plate number were incorporated as 

covariates to account for any heterogeneity; when these covariates had no significant effect, 

they were removed from the model. Seedlings that remained attached to the gel after the 

maximum centrifugal speed were censored in the Cox PH regression models. For each Cox 

PH regression model run, the P value of the Wald Statistic (z-score) and the hazard ratio with 

the upper and lower bound 95% confidence intervals is reported. An alpha level of 0.01 was 

used. A replicate size of ≥ 70 was used for each candidate line. Note that when centrifuge 

assays were conducted blind, investigators were not made aware of candidate line identity 

until after they had conducted statistical analyses on the data. 

 

2.9.2 Root hair phenotyping  

Two sample t-tests were conducted using the t.test function in R to test for differences in the 

mean root hair density or mean root hair length (of 8–10 individual plants from each line) 

between candidate lines relative to wild type (Col-0). In all cases, the assumptions of normality 

and homoscedasticity were satisfied. Because comparisons of different mutant lines relative to 

the wild-type line were set-up a priori, a series of contrasts were conducted using the 

contr.treatment function in R. To prevent type I errors from multiple testing, I applied the 

Bonferroni method and adjusted the alpha level to 0.025 (0.05/2). Note that when root hairs 

analyses were conducted blind, investigators were not made aware of candidate line identity 

until after they had conducted statistical analyses on the data. 
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2.9.3 Uprooting assay  

Uprooting data were analysed with a linear modelling framework that used the lm() function 

in R to investigate the relationship between the peak uprooting force (N) or total work done 

(mJ or J) and the RLD (km m-3). This linear model tested for statistical differences between the 

gradient of the regression lines between candidate lines relative to wild type line (Col-0). In all 

cases the residuals were normal.  

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 76 

 



 77 

 
 
 
 

3: Optimisation of a 
Novel Centrifugation 
Assay that Measures 

Root-Substrate 
Adhesion 
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Statement of collaboration and associated publications 

The original idea for this novel centrifuge technique was independently suggested to Claire 

Grierson by Don Grierson, FRS and Erico Coen, FRS. The mathematical ideas behind how 

this assay measures root-gel adhesion and the equation (Equation 1) for calculating the 

centrifugal force acting on the seedlings was determined by Tanniemola Liverpool and Isaac 

Chenchiah. The main parts of the centrifuge assay workflow outlined in 4.2 were determined 

from studies conducted by Claire Grierson, Kevin Smyth and Laura Weldon. However, as I 

routinely conducted this assay, I refined the techniques used for making/storing the gel 

media, sowing seed onto the gel, growing and centrifuging the seedlings. As detailed in 

Sections 3.3 – 3.6, this optimisation was my own work. For the work in Section 3.3 I co-

supervised and worked collaboratively with a master’s student, Annabelle Sellin, to write an 

R script for Cox PH regression. I would like to thank Emily Larson for providing valuable 

feedback on this chapter during the planning and drafting stages.  

Sections of this chapter are adapted from two papers with me as joint first author: 

• De Baets S*, Denbigh TDG*, Smyth KM*, Eldridge BM*, Weldon L, Higgins B, 

Matyjaszkiewicz A, Meersmans J, Larson ER, Chenchiah IV, Liverpool TB, Quine 

TA & Grierson CS (2020) Micro-scale interactions between Arabidopsis root hairs 

and soil particles influence soil erosion. Communications Biology, 3:164.  

• Eldridge BM*, Larson ER*, Weldon L, Smyth KM, Sellin AN, Chenchiah IV, 

Liverpool TB & Grierson CS (2021) A Centrifuge-Based Method for Identifying 

Novel Genetic Traits That Affect Root-substrate Adhesion in Arabidopsis thaliana. 

Frontiers in Plant Science, doi: 10.3389/fpls.2021.602486 

*Authors contributed equally.  

 

3.1 Introduction 

Most published methods that quantify the contribution particular traits make to root-substrate 

interactions are time-intensive, require specialist equipment and use complex substrates 

(Bailey, Currey and Fitter, 2002; Toukura, Devee and Hongo, 2006; De Baets and Poesen, 

2010; Matyjaszkiewicz, 2011; Akhtar et al., 2018; Galloway et al., 2018; De Baets et al., 

2020). Indeed, the Root Development Research Group developed time-intensive assays to 

measure the cohesion between Arabidopsis roots and soil (Denbigh, 2017; De Baets et al., 

2020). The uprooting assay involves uprooting plants out of a compost- or soil-based medium 

to measure uprooting resistance (De Baets et al., 2020). The water erosion assay involves 
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simulating a flood event to quantify how much soil is washed away when plants are grown in 

blocks of soil of a set volume (De Baets et al., 2020). When I started my PhD, I conducted 

the uprooting assay to measure the uprooting resistance of candidate lines with different root 

hair properties (see Chapter 4). Unfortunately, these assays take at least five months to 

complete, even when multiple group members work together. I saw this as a real limitation to 

quickly scanning Arabidopsis mutants to identify new genes influencing root-substrate 

interactions.  

 

More recently, Akhtar et al. (2018) designed a high-throughput spot blotting assay that 

measures the quantity of soil adhered to concentrated solutions of specific compound(s) 

absorbed onto nitrocellulose membranes. Whilst this assay removes the contribution of root 

morphology to root-soil interactions, it relies on the assumption that we understand or can 

predict what compounds are important for root-soil cohesion. If compounds of interest are not 

readily available, we would need to extract and concentrate them from bulk root exudates, 

which would be time intensive and expensive. Concentrating root exudates to study 

adhesiveness may also influence the interpretations on the biological relevance of their 

effects because these concentrations may not reflect the endogenous levels of exudate 

released by roots into the environment.  

 

Whilst the uprooting, water erosion and nitrocellulose assays are able to quantify cohesion 

between roots and soil, the soil-based media used are typically not sterile and sterilisation can 

change its chemical composition. Given that bacterial-derived compounds have also been 

shown to have adhesive properties (Akhtar et al., 2018), it is difficult to reliably quantify the 

contribution plant-specific traits make to root-substrate cohesion in unsterilised soil. In 

addition, none of these methods alone can be used as a quick, high-throughput screening tool 

to identify and investigate the roles that different types of traits like root morphology, root 

surface properties and root exudation have in root-substrate interactions. Given these 

limitations, the Root Development Research Group developed a quick, high-throughput 

technique that measures the adhesion of Arabidopsis seedling roots to a sterile gel medium 

when spun at increasing centrifugal force. The development of this assay was inspired by 

Federle et al. (2000) who measured the capacity of different tropical arboreal ant species to 

adhere to a smooth Perspex surface when spun at increasing centrifugal force.   
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The first methodological framework for this centrifuge-based technique was determined 

before I started my PhD, after which I started to conduct this assay routinely and realised the 

method needed optimising to unlock its full potential as a powerful screening tool. In 

particular, I wanted to enhance the assay’s resolution so that the contribution of traits 

affecting root-substrate adhesion in small, intricate, and important ways could be identified 

and quantified. In this chapter, I outline the theory and workflow of this novel centrifugation 

technique and describe how I enhanced the assay’s resolution by optimising:  

1. The type of analysis technique conducted to determine the root-gel adhesion 

properties of particular Arabidopsis lines 

2. How to measure the amount of force acting on individual seedlings when they 

detached from the gel 

3. The minimum sample size required to accurately determine the root-gel adhesion 

properties of candidate lines 

4. A statistical approach that deciphers whether the roots of a candidate line have a 

different adhesion phenotype relative to the wild-type control 

 

3.2 Centrifuge assay theory and workflow   

This novel, high-throughput phenotyping assay is based on measuring the adhesion of 5 – 6-

day-old Arabidopsis seedlings (Figure 3.1) to the surface of a sterile gel medium when spun 

at increasing force within a swinging bucket centrifuge. Calculations by Tanniemola 

Liverpool and Isaac Chenchiah predict that during centrifugation, the Petri plates quickly 

swing out perpendicular to the rotational plane, which means the seedlings will experience a 

force that could peel them away from the gel surface (De Baets et al., 2020; Figure 3.2). 

Since the force acting on seedlings will be at least forty times gravity, the force at which 

seedlings detach from the gel is a measure of root-substrate adhesion (De Baets et al., 2020). 
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Figure 3.1: Features of a five-to-six-day old wild-type Arabidopsis seedling. Seedlings are 
characterised by the presence of a hypocotyl and cotyledons, a collet region with collet hairs, and a 
primary root (≥ 5 mm) covered in epidermal root hairs. Scale bar = 1 mm.  
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2: Graphic representation of Arabidopsis seedlings being subjected to the gel adhesion 
assay within a swing-out bucket centrifuge. Following a one-minute pulse at a centrifugal speed of 
720, 1018, 1247, 1440 or 1611 RPM, seedlings that had partially or fully peeled away from the gel 
medium were recorded as seedling detachment events.  
 
To be able to measure adhesion of Arabidopsis seedling roots to a gel substrate using a 

centrifuge, it is important for roots to grow along the surface of the gel without penetrating 

the gel. Seedling-to-seedling contact could also affect root-gel adhesion by interfering with 

seedling detachment during centrifugation. Therefore, ten seeds are sown 1 cm apart on a 

Petri plate in two rows (Figure 3.4Ai). The seed-sown Petri plates are orientated almost 

vertically between 75 - 80° and grown for 5-6 days in a growth chamber (Figure 3.3 and 

Figure 3.4Aii). 
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Based on my observations, I found a 5-6 day growing period allowed for the majority of 

seedlings across my candidate lines to be at a comparable developmental stage and size 

(similar to the seedling in Figure 3.1). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3: Seed-sown Petri plates are orientated between 75 - 80° to allow seedlings roots to 
grow vertically down the surface of the gel. 
 
Prior to centrifugation, individual plates and seedlings are visually evaluated; any seedlings 

that are touching each other, have grown into the gel, or not uniform in size are omitted from 

the assay (Figure 3.4Bi). Plates are then placed in a hanging basket centrifuge and subjected 

to incremental one-minute pulses of increasing centrifugal speed at 720, 1018, 1247, 1440 

and 1611 RPM (Figure 3.4Bii, Ci). The risk of seedling detachment accumulates over time 

such that the risk of detachment at 1611 RPM is due to the force a seedling experiences at 

1611 RPM in addition to the forces experienced at 720 – 1440 RPM (Figure 3.4Ci). A 

detachment event is recorded when a seedling has partially or fully peeled away from the gel 

surface (Figure 3.2 and 3.4Cii). Since seedling detachment is recorded at one-minute 

intervals, this data collection method is discrete with respect to time. If the gel medium 

shattered during the assay, seedlings that have not detached from the gel surface are 

discarded from the analysis. Seedlings that remain attached to the gel after the maximum 

centrifugal speed setting (1611 RPM) are censored in the analyses because the centrifugal 

force at which these seedlings would have detached is not known (Section 3.3 details how 

censored data was dealt with). When developing a robust methodological workflow, I 

encountered several issues; these issues and how to troubleshoot them are presented in Table 

3.1.  
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Figure 3.4: Centrifuge assay workflow. (A) i. Ten seeds (highlighted in pink) are sown onto the 
surface of sterile, solid gel growth medium in a single Petri plate in two horizontal rows, and ii. the 
plates are stacked in groups of five and orientated vertically between 75 - 80° to encourage the roots 
to grow vertically along the surface of the gel medium. Plates are grown in a growth chamber with 
constant light (120-145 μmol m-2 s-1) at 22°C. (B) After 5-6 days, i. seedlings are visually analysed 
and numbered. ii. Petri plates are placed into a swing-out-bucket centrifuge in an inverted orientation 
with their roots facing inwards (indicated by the purple arrows). (C) i. The risk of seedling 
detachment is cumulative. ii. Following each one-minute pulse of increasing centrifugal speed, 
seedling detachment is recorded. (D) i. The aerial tissue mass of seedlings is determined using ii. 
analytical scales and iii. the root-gel adhesion properties of candidate lines are compared to wild-type 
to determine whether they have increased adhesion (e.g., line y) or decreased adhesion (e.g., line x) to 
the sterile gel.    
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To calculate the centrifugal force (Fc, mN) acting on seedlings, the aerial tissue mass (m, kg) 

(Figure 3.4Di, ii) along with the angular velocity (ω) and the distance between the seedling 

and the axis of rotation on the centrifuge (radius = 0.07 m) was used to give the following 

equation:  

 

Fc= m x radius x ω2                                                                                            (Equation 1) 

 

To analyse the root-gel adhesion properties of an Arabidopsis line, we conduct a survival 

analysis to compare the gel detachment of candidate lines relative to wild type (Col-0; Figure 

3.4Diii). In Section 3.3, I give an in-depth description of the survival analysis methods I 

developed.  

 
Table 3.1: Centrifuge assay troubleshooting.  

 
 
 
 
 
 
 
 
 
  

 

Problem observed 
 

 

Possible reason(s) 
 

Possible solution(s) 
 

Candidate lines and wild-
type seedlings 
significantly differ in size 
(e.g., in cotyledon size 
and root length).  

 

Differences in germination 
rates and development rates 
of particular lines (e.g., due to 
age of seed stocks). It is 
important for candidate lines 
and wild-type plants to be 
comparable in size and at the 
same developmental stage for 
comparisons of gel-adhesion 
to be valid.  
 

 

1. Set up a time-lapse 
experiment to compare the 
developmental stage of 
candidate line(s) to wild-
type seedlings. 

2. Decrease or increase the 
stratification periods of 
particular lines. 

3. Extend the growing period 
of particular lines (by e.g., 
+12 hrs for lines developing 
slowly or -12 hrs for lines 
developing quickly). 

4. Generate new seed stocks. 
 

 

The seedlings are growing 
into the gel. 

 

The gel has been pierced 
when the seed was sown or 
the angle at which the Petri 
plates have been orientated 
during the growing period was 
above or below ~80º causing 
the roots to grow into the gel. 
 

 

Regularly check that seedlings 
grow down the surface of the gel 
and correct the plate angle if 
necessary. 
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Table 3.1 continued…  
 

The gel is shattering 
during centrifugation 

 

Possible causes include:  
1. The medium was too 

hot when poured so 
water evaporated, 
resulting in a higher 
than intended and/or 
uneven gel strength. 

2. The medium was 
reheated prior to 
pouring which 
changed the gel 
composition. 

3. The surface of the 
gel was pierced 
during seed planting, 
initiating local gel 
fractures. 

4. The Petri plates have 
been roughly 
handled, causing 
fractures. 

5. The acceleration 
and/or deceleration 
speed on the 
centrifuge was too 
high.  

 

 

1. Pour the medium into the Petri 
plates when the media has 
cooled significantly (and is not 
steaming). Ensure the medium is 
thoroughly mixed and bubble 
free when poured. 

2. Do not reheat medium. Store in 
an oven at 50-60ºC to prevent 
solidification prior to pouring. 

3. Use a desk lamp and magnifier 
when sowing plates to ensure 
you do not pierce the surface of 
the gel.  

4. Discard plates that have been 
dropped (even though the gel 
may not have visibly shattered). 

5. Prior to conducting experiments, 
check the rate of gel shattering 
(using plates that have not been 
sown with seed) at different 
acceleration/ deceleration 
speeds. 

 

Replicate size is too low.  

 

1. Poor germination/ 
seedling growth. 

2. Insufficient replicate 
Petri plates to ensure 
an adequate 
replicate size.  

 

1. See above for issues relating to 
germination/ seedling growth. 

2. Sow spare Petri plates (e.g., we 
sow 150 seeds across 15 Petri 
plates per line to guarantee >70 
biological replicates for each line 
in each experiment).   
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Table 3.1 continued…  
 

The adhesion properties of 
lines have changed.  

 

Because roots are extremely 
sensitive to their environment, 
wild-type adhesion properties 
may shift between 
experiments. 

1. Gel batches differ or 
environmental 
conditions including 
light, temperature or 
water quality 
fluctuated. 

2. Pouring growth media 
too hot or incubating 
plates in unsuitable 
growth spaces can 
cause liquid to 
accumulate on the 
surface of the gel, 
disrupting adhesion, 

A different wild-type stock was 
used without checking the 
adhesion properties of the 
stock.  

 

1. Void any experiments where 
excess surface water has 
accumulated on plates. 

2. Check the growth conditions 
are consistent (e.g., batches 
of growth medium, water 
quality, light and 
temperature within the 
growth cabinet, etc.). 

3. Ensure you run technical 
repeats of the assay to 
confirm the adhesion 
properties of a candidate 
line relative to wild-type 
plants are consistent. 

4. Use different pooled wild-
type seed stocks for a 
technical repeat of an 
experiment to ensure that 
the adhesion phenotype of a 
candidate line is consistent 
when a different wild-type 
stock is used. 

5. Check and compare the 
adhesion properties of wild-
type stocks in a single 
preliminary experiment. 

 

 
3.3 Analysing root-gel adhesion using survival analysis 

Survival analysis is used across different fields to study the timing of an event, such as the 

time for an animal to learn a behaviour, an individual to recover from a disease or die, or an 

electrical failure to occur (Miller, 1998; Allison, 2010). Survival analyses are used in medical 

statistics to analyse ‘time-to-event’ data because they can accommodate censored datapoints 

(Armitage, Berry and Matthews, 2002; Bewick, Cheek and Ball, 2004). For example, a 

patient that does not experience an ‘event’ such as death from a disease for the duration of the 

study period will be censored. I used survival analysis to study when seedlings detach from 

the sterile gel medium (i.e., seedling detachment is the event) at increasing force (i.e., force is 

modelled rather than time) and censored seedlings that remained adhered to the gel after the 

last centrifugal speed (Figure 3.5; see Section 3.2).  

 

The most appropriate way to visualise the results of this centrifugation assay is to graphically 

model the data as survival or ‘root-gel detachment’ curves (referred to herein as detachment 

curves), because censored data points are incorporated, which other graphic plots such as 
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scatterplots do not (Clark et al., 2003). All detachment curves cumulatively show the 

proportion of seedlings that detach from the gel as well as censored seedlings as force 

increases (Sedgwick, 2014; Figure 3.5).  

 

When I first started using survival analysis, I conducted logrank tests to compare the root-gel 

adhesion of candidate lines relative to wild type. The logrank test is a univariate analysis that 

statistically compares the difference between the complete detachment curves of two lines 

and provides a P value for this difference (Bradburn et al., 2003; Clark et al., 2003; Bland 

and Altman, 2004). However, because a logrank analysis only tests for significance, it cannot 

estimate differences in the effect size between groups (Bradburn et al., 2003; Clark et al., 

2003). In addition, the univariate nature of a logrank test means that covariate factors cannot 

be incorporated (Bradburn et al., 2003). Given these limitations, I chose to analyse the 

survival data in Chapters 4 – 6 using Cox proportional hazards (PH) regression (Cox, 1972).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5: How to interpret a root-gel detachment (survival) curve. The proportion of seedlings 
adhering to the gel (y axis) decreases as force (x axis) increases. Each step in the survival curve 
represents a seedling detachment event. Seedlings that remained adhered to the gel after the last 
centrifugal speed setting (1611 RPM) and are censored in the Cox PH regression analysis are shown 
graphically on the curves as red crosses. 
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In contrast to the logrank test, Cox PH regression is a multivariate analysis that tests the 

association between the event under investigation (i.e., gel detachment) and a set of covariate 

factors, also known as confounding variables (Cox, 1972; Bradburn et al., 2003; Devarajan 

and Ebrahimi, 2009). I included seedling position and the individual Petri plate number as 

covariate factors within my analyses to account for potential heterogeneity between plates, 

like water content, gel thickness and consistency. Since seedlings were arranged in horizontal 

rows on a single plate, differences in seedling position could theoretically alter the force 

acting on a seedling due to changes in the radii from the centrifuge pivot (Equation 1; Figure 

3.6). For example, the spacing of the seedlings could result in those ~2 cm away from the 

center of the pivot to experience a ~4% increase in radius and force (Figure 3.6).  For each 

Cox PH regression analysis I ran, both covariate factors were incorporated into the initial 

model. However, if they had no significant effect on root-gel detachment, I removed them 

from the model.  

 
 

Figure 3.6: Seedling position could theoretically alter the force acting on a seedling due to 
changes in the radii from the centrifuge pivot. Seedling in position 3 is parallel to the direction of 
force and 7 cm away the centrifuge pivot. Seedlings in positions 1 and 5 are ~2 cm away from the 
centre of the pivot, which would extend the radius to 7.28 cm resulting in a ~4% increase in 
centrifugal force acting on those seedlings. 

 
Cox PH regression models also provide an estimate of the difference in effect size between two 

groups by calculating a hazard ratio; hazard ratios are exponentiated coefficients which give 
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 the instantaneous risk of root-gel detachment (Cox and Oakes, 1984; Bradburn et al., 2003; 

Spruance et al., 2004). For each Cox PH regression model conducted, I used the hazard ratio 

to assess differences between the root-gel adhesion of candidate lines and wild type (Col-0; 

Cox and Oakes, 1984). Wild type was used as the baseline group for all models, with a hazard 

ratio of one. A candidate line with higher risk of detachment from gel than wild type will have 

a hazard ratio above one. For example, a hazard ratio of 2.6 indicates that the line has 2.6 times 

the risk of seedling detachment from the gel compared to wild type. Conversely, lines with a 

lower risk of detachment than wild type will have a hazard ratio below one. For example, a 

hazard ratio of 0.4 indicates that the candidate line has a lower risk, only 0.4 times the 

detachment risk of wild type. A candidate line with a hazard ratio of 1.7 may also be interpreted 

as having a risk which has increased by 70% or is 0.7 times more relative to the hazard ratio 

of wild type (Sedgwick, 2014). For each Cox PH regression model conducted, I evaluated: 1. 

the hazard ratio with upper and lower bound confidence intervals and 2. the P-value calculated 

from the Wald statistic (z-score) which tests for a difference in the coefficient of a candidate 

line relative to wild type (Phillips, 1986; Lin and Ying, 1994).  

 

The Cox PH regression model is semi-parametric, which is advantageous because there are 

no assumptions that the detachment curves follow a particular distribution (Lin and Ying, 

1994). An important assumption of Cox PH regression is the assumption of proportional 

hazards; this assumption means that the risk of seedling detachment between two groups has 

to be proportional or, to put it more simply, the detachment curves of wild type and a 

candidate line are approximately the same shape and thus, parallel to each other (Patricia 

Grambsch et al., 1994; Bradburn et al., 2003; Hsu et al., 2017; Figure 3.7). To confirm this 

assumption, for each Cox PH regression model run, I: 1. compared the shape of the 

detachment curves of candidate lines to wild type; 2. plotted the scaled Schoenfeld residuals 

and if there is no association of these residuals with force, i.e. the loess curve is roughly 

horizontal, then the assumption of proportionality holds (Patricia Grambsch et al., 1994; Xue 

et al., 2013; Hickey et al., 2019); and 3. analysed the Schoenfeld residual test using a 

statistical level of 5%, which tests whether the residuals significantly deviate from 

proportionality and therefore, vary with force (Therneau and Grambsch, 2000; Figure 3.7). 

For example, the detachment curves of a candidate line called cpc try and wild type are the 

same shape and proportional (Figure 3.7A). In contrast, I manipulated the cpc try data to 

produce a line called x.1 to illustrate non-proportionality where the detachment curve of line 

x.1 has a different shape to wild type (Figure 3.7B). These observations are confirmed by the 
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Schoenfeld residual plots and tests of significance showing a roughly horizontal curve for cpc 

try (P < 0.05; Figure 3.7C), and a curve that significantly deviates from horizontal for line x.1 

(P < 0.001; Figure 3.7D). These results confirm that proportionality is held and violated, 

respectively. Ultimately, when proportionality is violated, it is inappropriate to analyse the 

hazard risk because it does not accurately describe the adhesion properties of a candidate line 

relative to wild type. For example, if we interpret the hazard ratio (HR = 0.928) for line x.1 

we would conclude that the adhesion properties of line x.1 do not differ from wild type. 

However, the adhesion properties of line x.1 significantly differ from wild type with an 

increased risk of gel detachment between 0.1 – 0.7 mN and a decreased risk of detachment 

between 0.9 – 1.6 mN (Figure 3.7B). 

Figure 3.7: Assessing the Cox PH regression assumption of proportional hazards. The 
detachment curves of (A) line cpc try (dark pink) compared to wild type (Col-0 – black) and (B) line 
x.1 (light pink) compared to wild type (Col-0 – black). Red crosses on the detachment curves 
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represent seedlings that remain adhered to the gel after the maximum centrifugal speed (1611 RPM). 
Schoenfeld residual plots and P-values of the Schoenfeld residual test for (C) line cpc try and (D) line 
x.1. The black curves are a smoothed spline fit (solid black line) ± standard error (dotted lines). The 
dotted blue line is an abline through 0. Significance codes include: ‘ns’ = no difference (at a statistical 
level of 5%) and ‘***’ = < 0.001.  
 

3.4 Measuring the aerial tissue mass of each individual seedling 

increases the resolution of root-gel detachment data  

When I first started using the centrifuge assay, we were using a mean aerial tissue mass 

calculated from ≥ 40 seedlings for each candidate line in our calculation of centrifugal force 

(Equation 1 in Section 3.2). However, it became apparent to me that using the mean aerial 

tissue mass to calculate seedling detachment did not provide enough resolution to reliably 

decipher the root adhesive properties of Arabidopsis seedlings because the aerial tissue mass 

of each seedling varied. A seedling with heavier aerial tissue mass experiences more force 

than a seedling with a lighter aerial tissue mass when subjected to the same centrifugal speed. 

For example, if two seedlings detach at 1247 RPM with aerial tissue masses of 0.3 mg and 

0.7 mg, the force experienced by these seedlings will be 0.358 mN and 0.836 mN, 

respectively. I also observed cases where seedlings that peeled away from the gel at a low 

centrifugal speed (i.e., 720 or 1018 RPM) detached at a higher force compared to seedlings 

that detached from the gel at a higher centrifugal speed (i.e., 1440 or 1611 RPM) due to 

differences in aerial tissue mass. For example, a seedling that detaches at 1018 RPM with an 

aerial tissue mass of 0.9 mg will experience an increase in force of 0.118 mN compared to a 

seedling that detached at 1611 RPM whose aerial tissue weighed 0.3 mg.  

 

When analyzing the root-gel adhesion properties of candidate lines with decreased (cpc try) 

and enhanced (gp4) root-gel adhesion relative to wild type, I found that using a mean aerial 

tissue mass caused the detachment curve for each line to cluster into four to five distinct and 

discrete detachment events, one detachment event occurring for each centrifuge speed (Table 

3.2 and Figure 3.8A). Whilst I recorded detachment events at discrete time intervals, 

centrifugal force can be modelled as a continuous variable because variation in aerial tissue 

mass means that a spectrum of force will be experienced by a population of seedlings. When 

I used the aerial tissue mass of each seedling in my force calculations rather than a mean for 

assessing the adhesive properties of cpc try and gp4 relative to wild type, the detachment 

curve resolution was significantly enhanced (Figure 3.8B). In addition, I often found the 
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shape of a candidate line’s detachment curve, which is important for determining the 

adhesion properties of a line (see Section 3.3), could only be fully resolved when using the 

aerial tissue mass of individual seedlings. This is illustrated in Figure 3.8 where the effects of 

centrifugal forces above ~0.9 mN for the candidate line gp4 are only detected when the aerial 

tissue mass of each seedling is used to calculate force.  

 
Table 3.2: Using mean aerial tissue mass (mg) in the calculation of force for the Col-0, cpc try 
and gp4 lines causes root-gel detachment to cluster into four to five events (mN), one for each 
centrifuge speed.  

 

 
 
 
 
 
 
 
  

 
Line 

 
 

 

Sample 
size 

 

 
 

Mean aerial 
tissue mass 

(mg) 

 
 
 

 

Detachment event 
number and force (mN) 

 

 

Cumulative proportion 
of seedlings adhered to 

the gel  
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99 

 
 
 

0.421 
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1. 
 

 

-  
 

 

1.00 
 

2. 
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0.90 
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0.503 
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0.671 
 

 

0.25 
 

5. 

 

0.840 
 

 

0.05 
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0.400 

1. 

1. 
 

 

0.143 
 

0.66 
 

2. 

 

0.286 
 

 

0.33 
1. 

3. 
 

 

0.429 
 

 

0.08 
 

4. 
 

 

0.572 
 

 

0.00 
 

5. 

 

-  
 

 
 

0.00 
 

 
 
 

gp4 
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0.416 

1. 

1. 

 

-  
 

 

1.00 
 

2. 

 

0.330 
 

 

0.97 
1 

3. 

 

0.496 
 

 

0.88 
 

4. 

 

0.662 
 

 

0.75 
 

5. 

 

0.828 
 

\ 

0.52 
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Figure 3.8: Weighing each individual seedling increases the resolution of root-gel detachment 
data. Proportion of seedlings detaching from the gel at increasing centrifugal force using (A) a mean 
aerial tissue mass for seedlings for the cpc try and gp4 lines or (B) the individual aerial tissue mass of 
each cpc try and gp4 seedling in my force calculations. Note that the mean aerial tissue mass for each 
line was calculated from ≥ 40 seedlings recovered from Petri plates used in the assay. Red crosses on 
the detachment curves represent seedlings that remained adhered to the gel after the maximum 
centrifugal speed (1611 RPM). 
 
3.5 Identifying the minimum sample size required to reliably measure 

root-gel adhesion  

Roots are developmentally plastic and sensitive to environmental heterogeneity, so 

quantitative root data often vary between individual plants (Šmilauerová, 2001; Bliss et al., 

2002; Gao et al., 2004). Given that sample size is critical for validating the biological 

relevance of an experiment (Burmeister and Aitken, 2012; Forstmeier, Wagenmakers and 

Parker, 2017), I set out to determine the minimum number of replicates required per line in a 

single experiment. This is important to determine because not having enough sample 

replicates can produce data that are too variable, and the error margins are too large to 

accurately quantify root-gel adhesion. Additionally, when a sample size is too low, statistical 

power decreases and inflates the possibility of obtaining a false-positive result, where a 

statistically significant difference in root-gel adhesion between two lines is reported when 

there is no biologically meaningful difference (Burmeister and Aitken, 2012; Curran-Everett, 

2017; Forstmeier, Wagenmakers and Parker, 2017).  
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To discover the optimal sample size for the root-gel detachment assay, I collected an 

experimental dataset containing candidate lines with enhanced (gp4) and decreased (cpc try) 

root-gel adhesion relative to wild type (Col-0) and gradually increased the sample size. This 

enabled me to study how detachment-curve resolution changes as the sample size 

cumulatively increased within a single experiment. To collect the data cumulatively, I 

recorded when a candidate line’s replicate size reached 30, 50, 70 and ~100 during the 

experiment (Figure 3.9). The reason for using a cumulative sampling approach is based on 

the idea that at a particular sample size, enough data has accumulated that additional 

replicates have a negligible effect on the shape of the root-gel detachment curve 

(Riffenburgh, 2012). Thus, the sample is representative of the population (Riffenburgh, 

2012). My analyses found that in contrast to a sample size of 30 or 50, when the sample size 

is 70 or ~100 the log10 transformed 95% confidence intervals significantly decrease in range 

and are comparable at 0.7 – 1.1 and -0.6 – -0.3 for cpc try and gp4, respectively (Figure 

3.9A). At a sample size of 70 or ~100, the log10 transformed hazard ratios are also 

comparable at ~0.9 for cpc try and ~-0.5 for gp4 (Figure 3.9A). In addition, whilst the 

detachment curve for cpc try is similar at all sample sizes, the detachment curve for gp4 at a 

sample size of 30 or 50 contains large gaps (Figure 3.9B&C) because too few seedlings 

detached at forces above ~0.9 mN to resolve the root-gel adhesion properties of gp4 above 

~0.9 mN (Figure 3.9B&C). In contrast, I could accurately determine the root-gel adhesion 

properties of gp4 when the sample size was 70 or ~100 because the detachment curve did not 

have large steps and the shape was sufficiently consistent with that of wild type data (Figure 

3.9D&E).  
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Figure 3.9: Changes in the replicate size affect the calculation of the hazard ratio, confidence 
intervals and root-gel detachment curve resolution.  (A) Log10 of the hazard ratio and the 95% 
confidence intervals for cpc try or gp4 when the replicate size is 30, 50, 70 or ~100. Proportion of 
seedlings detaching from the gel for cpc try (pink), gp4 (orange) and wild type (Col-0; black) when 
the replicate size of each line is (B) 30, (C) 50, (D) 70 or (E) ~100. Red crosses on the detachment 
curves represent seedlings that remain adhered to the gel after the maximum centrifugal speed (1611 
RPM). 
  



 96 

3.6 Determining the significance level to compare root-gel adhesion   

The level of statistical significance defines the strength that a false positive result will occur; 

the lower the significance level, the less likely it is to obtain a false positive result (Jones, 

Carley and Harrison, 2003; Burmeister and Aitken, 2012; Curran-Everett, 2017; Forstmeier, 

Wagenmakers and Parker, 2017). It is common practice across many scientific disciplines to 

use a significance level of 0.05; this means there is a 5% risk of obtaining a false positive 

result (Burmeister and Aitken, 2012; Forstmeier, Wagenmakers and Parker, 2017). However, 

using a significance level of 0.05 could lead to statistical significance even when differences 

in the hazard ratio of two lines is biological irrelevant (Burmeister and Aitken, 2012) because 

a high sample size of ≥ 70 is required to accurately determine the root-gel adhesion properties 

of a line (Section 3.5). In the absence of pre-existing published data that I could use in a 

power analysis to predict a measurable effect size (Thomas, 1997; Jones, Carley and 

Harrison, 2003; Forstmeier, Wagenmakers and Parker, 2017), I compared the root-gel 

adhesion properties of the same wild-type (Col-0) stock between experiments (Table 3.3 and 

Figure 3.10). Comparing the root-gel adhesion of plants from the same genetic background 

captured the effect of environmental heterogeneity on root adhesiveness and enabled me to 

select a statistical level that minimised the risk of a false-positive result.  

 

To statistically compare the root-gel adhesion of wild type between experiments, I used a 

different wild-type sample as the baseline in each Cox PH regression model as well as 

visually comparing the root-gel detachment curves (Table 3.3 and Figure 3.10; see Section 

3.3 for information on Cox PH regression). Overall, a hazard ratio difference of 40% was 

found when comparing Col-0 2 relative to Col-0 1, Col-0 2 relative to Col-0 3, and Col-0 2 to 

Col-0 5; all P-values were significant at an alpha level of 5% but > 0.01 (Table 3.3). Based on 

these results, I reasoned that a statistical level of 1% (0.01) would enable the identification of 

biologically meaningful differences between candidate lines and wild type. Interestingly, the 

detachment curves of all samples overlapped and had the same shape, with 50% of seedlings 

detaching from the gel between 0.6 – 0.7 mN and ≥ 98% of the seedlings detaching between 

1.0 – 1.2 mN (Figure 3.10). Therefore, comparing the root-gel detachment of different wild-

type samples graphically is valuable when determining whether the detachment curve of a 

candidate line has shifted to the right or left of wild type in a biologically meaningful way to 

evaluate increased or decreased root-gel adhesion, respectively.  
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Table 3.3: Comparing root-gel detachment of wild type across five experiments.  

Cox PH regression output when five different wild type (Col-0) stocks were compared. Percentages 
listed in bold refer to the difference in the hazard ratio between two wild type stocks - n/a is given 
when there was no statistically significant difference. The Wald statistic (z) and corresponding P 
values are given. Significance codes include ns = non-significance and * = < 0.05 but not < 0.01.   
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.10: Root-gel detachment curves of wild type from five independent experiments. Red 
crosses on the detachment curves represent seedlings that remain adhered to the gel after the 
maximum centrifugal speed (1611 RPM). 
 
 
 
 
  

            

                                                                      Cox regression comparisons 
 

 

 
 

Col-0 1 
 

Col-0 2 
 

Col-0 3 
 

Col-0 4 
 

Col-0 5 

 
 

Col-0 1 
 
 

  
40% 

 

z = 2.34 
P < 0.05* 
 

 
n/a 

 

z = 0.30 
P > 0.05 ns 

 
38% 

 

z = 2.08 
P < 0.05* 

 
n/a 

 

z = 0.67 
P >0.05ns 

 
 

Col-0 2 
 

40% 
 

z = -2.25 
P < 0.05* 
 

   
30% 

 

z = -2.15 
P < 0.05* 

 
n/a 

 

z = -0.22 
P > 0.05 ns 

 
30% 

 

z = -2.34 
P < 0.05* 

 

 

Col-0 3 
 

n/a 
 

z = 0.88 
P > 0.05 ns 
 

 
40% 

 

z = 2.15 
P < 0.05* 

   
35% 

 

z = 1.98 
P < 0.05* 

 
n/a 

 

z = -0.12 
P > 0.05 ns 

 
Col-0 4 

 
28% 

 

z = -2.10 
P < 0.05* 
 

 
n/a 

 

z = 0.22 
P > 0.05 ns 

 
27% 

 

z = 0.05 
P < 0.05* 

   
28% 

 

z = 0.05 
P < 0.05* 

 

Col-0 5 
 

n/a 
 

z = -0.02 
P > 0.05 ns 
 

 
40% 

 

z = 2.13 
P < 0.05* 

 
n/a 

 

z = 0.12 
P > 0.05 ns 

 
38% 

 

z = 1.97 
P < 0.05* 
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Summary   

In this chapter, I describe how to conduct a quick, high-throughput technique for measuring 

the adhesion of Arabidopsis seedlings to a sterile gel medium when spun in a centrifuge at 

pulses of increasing speed. This assay can be conducted within one week, does not require 

speciality consumables and is available to any laboratory with access to a swing-out-bucket 

centrifuge. By using sterile conditions, this assay can identify plant-specific traits that can then 

be probed in other substrates such as soil or compost.  

 

This chapter also details the ways in which I optimised the assay resolution by:  

1. Conducting multivariate Cox PH regression survival analyses rather than univariate 

survival analyses such as the logrank test. Using a multivariate approach allows for 

covariate factors to be incorporated into the model to account for the potential effects 

of environmental heterogeneity caused by these covariates on root-gel adhesion.  

2. Using the aerial tissue mass of each individual seedling when calculating how much 

force seedlings were subject to when they detached from the gel improves the original 

method, which had used a mean aerial tissue mass for each candidate line. The analysis 

of mean vs. individual aerial mass measurements indicated that the variation in aerial 

tissue mass significantly affects the force at which a seedling detaches, and that using 

a mean aerial tissue mass significantly reduces the resolution of the data and causes the 

detachment curve to cluster into five detachment events, which is misleading.  

3. Determining 70 seedlings as the minimum required sample size for each line for this 

assay. A sample size > 70 does not significantly change the measure of effect size 

(hazard ratio), error bounds (95% confidence intervals) and detachment curve 

resolution.  

4. Setting the statistical level to 1% so we can confidently decipher whether a candidate 

line has significantly different root-gel adhesion to wild type. This level was determined 

by comparing the root-gel detachment of wild-type seedlings across five different 

experiments where the same pooled seed stock was used. 

 

In Chapters 4 and 5, this method is used to investigate the effects of different traits, including 

root morphology and cell biology, on root-substrate interactions. Chapter 6 also illustrates the 

use of this assay as a powerful screening tool for identifying new biological and molecular 

factors involved in plant-substrate interactions.  



 99 

Glossary of key terms  
Angular velocity – also known as rotational velocity, quantifies of how much rotation a 
spinning object is subject to per unit of time 
 
Centrifuge assay – a high-throughput phenotyping technique based on measuring the 
adhesion of plant roots to the surface of a sterile gel medium when spun at increasing force 
within a swinging bucket centrifuge 
 
Cox Proportional Hazards (PH) regression model – A multivariate regression model 
commonly used in survival analysis which tests the association between the event under 
investigation (herein the event is seedling detachment from a gel medium) and a set of 
covariate factors, also known as confounding variables 
 
Hazard ratio – An exponentiated coefficient which gives the instantaneous risk of an event in 
a particular group relative to a baseline control; the hazard ratio is used herein to give the 
instantaneous risk of root-gel detachment for a particular candidate line relative to the control 
 
Logrank test - A univariate analysis commonly used in survival analysis to statistically 
compare the difference between the survival curves of two lines and provides a P value for 
this difference 
 
Minimum replicate size – Herein this refers to the smallest sample size required to accurately 
determine whether a candidate line has different root-gel adhesion properties relative to the 
wild-type control line  
 
Proportional hazards – A key assumption of a Cox PH regression model which assumes that 
the risk of an event (herein the event is root-gel adhesion) is proportional between the two 
groups being compared 
 
Root-gel adhesion – Refers to the adhesion of Arabidopsis seedling roots to the surface of a 
sterile gel medium 
 
Schoenfeld residuals – A type of residual which compares the expected and observed 
predictor values (herein, the main predictor is force); Schoenfeld residuals are used widely to 
diagnose whether the assumption of proportionality for a Cox PH regression model has been 
violated  
 
Schoenfeld residual plot – A type of diagnostic plot which is used widely to visualise 
whether there is any association of the Schoenfeld residuals over time (or herein, force); if the 
loess curve is roughly horizontal then the assumption of proportionality holds  
 
Schoenfeld residual test – A goodness-of-fit test commonly used to analyse whether there is 
a correlation between the Schoenfeld residuals with time (or herein, force); if there is a 
significant correlation then the assumption of proportional hazards is violated  
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Stratified sampling – A sampling technique where a population is split into groups i.e., strata 
and then each stratum is sampled; this increases the likelihood of adequately representing all 
strata within a sample  
 
Statistical power – The probability that biologically meaningful effect will be detected 
statistically in a data set of a particular size  
 
Statistical significance level – The probability of obtaining a false positive result i.e., the 
probability of rejecting the null hypothesis when the null hypothesis is true  
 
Survival analysis – A branch of statistics that is used widely to study ‘time-to-event’ data 
such as a time for an individual to recover from a disease or die; survival analysis is used 
herein to study the force (force is modelled rather than time) required to detach the roots of 
Arabidopsis seedlings (seedling detachment is the event) from a gel medium 
 
Survival plot – A graphical plot is used widely to visualise time-to-event data, these plots are 
represented as curves which show the proportion of subjects surviving at time increases, each 
event is plotted as a step in the curve and censored datapoints are shown; herein, survival 
plots are used to show the proportion of seedlings adhering to the surface of a sterile gel 
medium as force increases 
 
Wald statistic (z-score) – A significance test which compares whether there is a difference in 
the coefficients of two candidate groups; the Wald statistic is used herein to test for a 
difference in the hazard ratio of a candidate line relative to the wild-type control  
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Statement of collaboration and associated publications 

The raw centrifuge assay data for five lines (csld3-1, rol1-2, cow1-3, gdi1-2 and lrx1-4) were 

collected by Emily R Larson and me. We worked collaboratively to obtain the raw data 

during my industrial placement to streamline the technical aspects of the assay. Data were 

collected blind to control for operator bias (see Chapter 2, Section 2.9.1). I independently 

collected the raw data for the cpc try, rsl4-1, wer myb23 and 35S::RSL4 lines. For all the 

centrifuge experiments, I designed the experimental framework, and processed and conducted 

statistical analyses on the data. Because the uprooting assay takes over five months to 

conduct, I worked collaboratively with Kevin Smyth to obtain the raw uprooting data. 

Thomas Denbigh helped me process the raw uprooting data using a python script he 

developed during his PhD. I independently conducted all the statistical analyses on the 

uprooting data.  

Sections of this chapter are adapted from two papers with me as first co-author:  

• De Baets S*, Denbigh TDG*, Smyth KM*, Eldridge BM*, Weldon L, Higgins B, 

Matyjaszkiewicz A, Meersmans J, Larson ER, Chenchiah IV, Liverpool TB, Quine 

TA & Grierson CS (2020) Micro-scale interactions between Arabidopsis root hairs 

and soil particles influence soil erosion. Communications Biology, 3:164.  

• Eldridge BM*, Larson ER*, Weldon L, Smyth KM, Sellin AN, Chenchiah IV, 

Liverpool TB & Grierson CS (2021) A centrifuge-based method for identifying novel 

genetic traits that affect root-substrate adhesion in Arabidopsis thaliana. Frontiers in 

Plant Science, doi: 10.3389/fpls.2021.602486.  

*Authors contributed equally.  

 
4.1 Introduction 

To date, researchers have focused on the role of macro-scale root traits in root-substrate 

cohesion; there is far less evidence to show that micro-scale interactions strengthen the root-

substrate matrix (see Section 1.2.1). However, microscopic root hairs significantly extend the 

root system contact area with the environment (Dittmer, 1937; Gahoonia and Nielsen, 1997). 

For example, Dittmer (1937) estimated that 14 billion root hairs are present on a single rye 

(Secale cereale L.) plant, which would provide 400 m2 of surface area in 5 L soil. As well as 

increasing the root system contact area, root hairs influence the physical properties of the 

rhizosphere (i.e. the substrate area surrounding the plant roots) by releasing exudate 

compounds and interacting with microbes (Czarnota et al., 2003; Yan et al., 2004; Huang et 
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al., 2016; Brown et al., 2017; Koebernick et al., 2017; Li et al., 2017; Holz et al., 2018; Ma 

et al., 2018; Galloway, Akhtar, et al., 2020; Zenone et al., 2020). For instance, root hairs 

have been reported to increase the enzyme activity, bulk exudation and area of the 

rhizosphere when comparing plants with different root hair morphologies, as well as shape 

the complexity and composition of rhizosphere-dwelling microbes (Robertson-Albertyn et 

al., 2017; Holz et al., 2018; Ma et al., 2018). Given that root hairs are important for 

rhizospheric interactions, I hypothesise that root hairs will influence how roots adhere 

to/cohere with their substrates and aggregate substrates together.  

 
When I started this PhD project, researchers had started to quantify the contribution root hairs 

make to root-substrate cohesion in different plant species by analysing how root hairs 

contribute to rhizosheath formation, plant anchorage and the release of biological adhesives 

(Bailey, Currey and Fitter, 2002; Zhang et al., 2008; Haling et al., 2010; Brown et al., 2012; 

Haling et al., 2014; Bengough et al., 2016; Huang et al., 2016). The presence of root hairs 

has been linked to the formation of the rhizosheath in crop plants such as barley (Hordeum 

vulgare) and wheat (Triticum aestivum), with a linear relationship between rhizosheath mass 

and root hair length (Brown et al., 2012; Haling et al., 2014). Studies of how the creeping 

plant English Ivy (Hedera helix) adheres to its substrate reported that root hairs are 

responsible for the release of a nanocomposite glue that enables them to climb (Zhang et al., 

2008; Huang et al., 2016). However, attempts to quantify the effect of root hairs on plant 

anchorage have produced conflicting results. Bailey, Currey and Fitter (2002) found no 

difference in the peak uprooting resistance of root hair-producing and hairless Arabidopsis 

thaliana plants in a sand-based medium (80% sand, 20% small stones (> 2 mm)). In contrast, 

Bengough et al. (2016) found peak uprooting forces were five times greater for root hair 

producing maize (Zea mays) seedlings compared to hairless seedlings when the plants were 

uprooted from a sandy-loam soil. Whilst these results suggest that root hairs do affect root-

substrate cohesion, we cannot accurately quantify root hair contribution because different 

plant species and/or cultivars were used. Therefore, we started to address these limitations by 

quantifying the role that root hairs have in root-substrate cohesion and erodibility resistance 

using the plant model system, Arabidopsis thaliana. Root hairs are well studied in 

Arabidopsis and we can access large mutant and transgenic collections that are in the same 

genetic background (Scholl, May and Ware, 2000). After optimising parameters of the 

centrifuge assay (Chapter 3), I wanted to comprehensively analyse whether changes in root 
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hair length and morphology affect root-substrate cohesion. To study this, I used Arabidopsis 

plants in centrifuge and uprooting assays to ask if: 

1. Root hair root hair length and presence affect adhesion to a sterile gel  

2. Root hair shape affects root-substrate adhesion to a sterile gel  

3. Root hair presence affects root-soil cohesion when plants are uprooted from a clay-

loam soil  

 
4.2 Results  
 
4.2.1 The presence, abundance, length and shape of root hairs affects root-

substrate adhesion  

Transgenic Arabidopsis mutant lines with bald, reduced root hair number and/or length, or 

that overproduce root hairs were selected to test whether the presence and length of root hairs 

affects adhesion to a gel substrate. For lines that are root hairless, I included cpc try, an 

entirely bald double mutant of the MYB-related transcription factors CAPRICE (CPC) and 

TRIPTYCHON (TRY; Schellmann et al., 2002), and the mostly bald mutant csld3, which is a 

null mutant of the gene that encodes the CESA-like 3D protein (Favery et al., 2001; Yang et 

al., 2020). The basic-helix-loop transcription factor mutant rsl4-1 and rhamnose biosynthesis 

1 mutant rol1-2 were used as lines that have fewer and/or shorter root hairs than wild-type 

plants (Ringli et al., 2008; Yi et al., 2010). For lines with longer or more root hairs, I 

included 35S::RSL4 and wer myb23 (Jones et al., 2009; Yi et al., 2010). Transgenic 

35S::RSL4 plants constitutively express the basic-loop-helix transcription factor RSL4 and 

have significantly longer root hairs than wild-type plants (Yi et al., 2010). The wer myb23 

double mutant of the transcription factors WEREWOLF (WER) and MYB23 produces plants 

with more root hairs than wild type (Jones et al., 2009). This cohort of root hair mutants was 

selected to provide a broad picture of how root hair absence or presence relates to root-

substrate adhesion.  

 

As well as assessing root-gel adhesion, I confirmed the reported root hair phenotype of each 

line under my growth conditions across two experimental repeats (Table 4.1 and Figure 4.1; 

Appendices 4.1 and 4.2). In agreement with Schellmann et al. (2002), the cpc try mutant 

produced no root hairs under my growth conditions. To confirm this, I imaged ~ 4 mm of 
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root per plant; 20 cpc try plants were analysed across two experiments (see Chapter 2, 

Section 2.6.3).  

 
Table 4.1: Root hair phenotypic differences between 5-day-old csld3-1, rol1-2, rsl4-1, wer myb23 
and 35S::RSL4 seedlings relative to wild type (Col-0).  

For each root hair characteristic, the: mean (± SE) of each line, replicate size of a line (indicated by “n 
=”), ratio between the means of wild type and a candidate line (indicated in bold), and output of the 
linear model (which compared wild type to a candidate line) is given. *** refers to a statistically 
significant difference ≤ 0.001. 
 

For the centrifuge assay, wild type was used as the control group for all experiments. 

Therefore, a candidate line with an increased risk of detachment from the gel relative to wild 

type will have a hazard ratio above one, whereas lines with decreased risk of detachment will 

have a hazard ratio below one (see Chapter 3, Section 3.3). Overall, the risk of detachment of 

the root hairless lines cpc try and csld3-1 was 6.35 and 4.80 times that of wild type, 

respectively (P < 0.001 for both lines – Table 4.2; Figure 4.2). The rsl4-1 line with reduced 

root hair density and length had a gel detachment risk 5.98 times that of wild type, whilst 

rol1-2 with short root hairs had a risk 4.02 times that of the control (P < 0.001 for both lines – 

Table 4.2; Figure 4.2). The root hair overproducing lines wer myb23 (more root hairs than 

  

 

Line 
 

Root hair density 
(n per mm length of root) 

 

 

Root hair length (mm) 
 

Col-0 
 

34.800 ± 1.272 
n = 10 

 

-  
 

0.439 ± 0.017 
n = 10 

 

 

-  

 
csld3-1 

 
 

7.800 ± 0.512 
n = 10 

0.22 of wild type*** 
 
 

 

t = -19.690  
P < 0.001 
d.f. = 18 

 

 
 

0.068 ± 0.002 
n = 10 

0.15 of wild type*** 
 

 

t = -21.750 
P < 0.001 
d.f. = 18  

 

 
rol1-2 

 
 

34.900 ± 1.329 
n = 10 

No difference 
 

 

t = 0.054 
P > 0.05 
d.f. = 18 

 

 
 

0.206 ± 0.003 
n = 10 

0.47 of wild type*** 

 

t = -13.580 
P < 0.001 
d.f. = 18  

 
rsl4-1 

 
 

20.300 ± 1.647 
n = 10 

0.58 of wild type*** 
 

 

t = -6.968 
P < 0.001 

d.f. = 18 n = 10 
 

 
 

0.180 ± 0.016 
n = 10 

0.41 of wild type*** 

 

t = -11.010 
P < 0.001 
d.f. = 18 

 
wer myb23 

 
 

57.700 ± 2.646 
n = 10 

1.66 of wild type*** 
 

 

t = 7.800 
P < 0.001 

d.f. = 18 n = 10 
 

 
 

0.456 ± 0.013 
n = 10 

No difference 

 

t = 0.835 
P > 0.05 
d.f. = 18 

 
35S::RSL4 

 
 

34.400 ± 1.087 
n = 10 

No difference 
 

 

t = - 0.239 
P > 0.05 

d.f. = 18 n = 10 
 

 
 

0.627 ± 0.014 
n = 10 

1.43 of wild type*** 

 

t = 8.644 
P < 0.001 
d.f. = 18  



 106 

 wild type) and 35S::RSL4 (longer root hairs than wild type) were more resistant to 

detachment from gel than wild-type plants, with a risk of detachment 0.55 and 0.45 times that 

of the control, respectively (P < 0.001 for both lines – Table 4.2, Figure 4.2). Another 

independent assessment conducted blind with a replicate size of over 70 for each candidate 

line also confirmed the gel adhesion phenotypes of these candidate lines to be statistically 

significantly different to wild type (Appendices 4.3 and 4.4).  

Figure 4.1: Root hair phenotypes of 5-day-old wild type (Col-0), cpc try, csld3-1, rol1-2, rsl4-1, 
wer myb23 and 35S::RSL4 plants grown on a sterile gel medium. (A) Representative images 
showing the root hair phenotypes of each line. Plants were grown in Petri plates on a sterile gel 
medium and imaged under darkfield lighting. Scale bar = 0.5 mm. Boxplot showing the median 
(horizontal line), interquartile range (box) with minimum and maximum values (whiskers) overlaid 
with a scatterplot of raw measurements for (B) root hair density (n per mm length of root) and (C) 
root hair length (mm) of Col-0 (grey), csld3-1 (dark green), rol1-2 (red), rsl4-1 (pink), wer myb23 
(light blue) and 35S::RSL4 (dark blue). *** and ns refer to a statistically significant difference of ≤ 
0.001 or no significant difference relative to wild type, respectively. For all lines, root hair length and 
density were calculated from 10 individual plants. The lengths of ~ 30 individual root hairs were 
measured on each plant.  
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Figure 4.2: Root hair presence, number and length affects root-substrate adhesion. Survival 
curves displaying the proportion of seedlings adhered to the gel at increasing centrifugal force for 
wild type (Col-0 - black) and: (A) cpc try (light green); (B) csld3-1 (dark green); (C) rsl4-1 (pink); 
(D) rol1-2 (red); (E) wer myb23 (light blue); and (F) 35S::RSL4 (dark blue). Red crosses on the 
survival curves represent seedlings that adhered to the gel after the maximum centrifugal speed (1611 
RPM). A single experiment included ≥ 70 biological replicates for each candidate line. Because the 
root-gel adhesion of multiple candidate lines was often analysed a single experiment, graphs that 
show the same wild type (Col-0) detachment curve are indicated with an asterisk in the key.  
  



 108 

Table 4.2: Output of the Cox PH regression models comparing the root-gel detachment of cpc 
try, csld3-1, rls4-1, rol1-2, wer myb23 and 35S::RSL4 to wild type (Col-0).   

*** refers to a statistically significant difference ≤ 0.001. 

 
After testing whether root hair presence, abundance and length affect seedling anchorage, I 

used mutant lines with known root hair morphological defects to test if root hair length and 

shape also affects root-substrate adhesion. For lines that produce short and malformed root 

hairs, we included the can of worms 1 (cow1-3) phosphatidylinositol transferase protein 

mutant, gdi1-2 Rho GTPase GDP dissociation inhibitor mutant, and lrx1-4 leucine rich 

extensin 1 mutant (Grierson et al., 1997; Baumberger, Ringli and Keller, 2001; Böhme et al., 

2004; Carol et al., 2005; Diet et al., 2006; Kang et al., 2017). The cow1-3 and gdi1-2 mutant 

plants have short root hairs that can branch; the root hairs on cow1-3 plants are also wider than 

those of wild type (Grierson et al., 1997; Parker et al., 2000; Böhme et al., 2004; Ringli et al., 

2008; Kang et al., 2017). The lrx1-4 mutant can develop root hairs that abort, swell, branch, or 

collapse in a growth condition-dependent manner (Grierson et al., 1997; Parker et al., 2000; 

Baumberger, Ringli and Keller, 2001). Under my growth conditions, I confirmed the reported 

root hair phenotypes for each mutant across two experimental repeats (Table 4.3 and Figure 

4.3; Appendices 4.5 and 4.6).  

 

 

 

  

 
Line 

 

Candidate 
line sample 

size  

 

Col-0 
sample 

size 
 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(± 95% CI) 

 

 

cpc try  
 

88 
 

87 
 

z = 10.83 
P < 0.001 

 
*** 

 

6.35 
(4.54 ± 8.87) 

 

 
csld3-1 

 
70 

 
92 

 

z = 8.64 
P < 0.001 

 
*** 

 

 4.80 
(3.40 ± 6.94) 

 
rsl4-1 

 
94 

 
87 

 

z = 10.74 
P < 0.001 

 
*** 

 

5.98  
(4.31 ± 8.29) 

 
rol1-2 

 

 
85 

 
77 

 

z = 7.93 
P < 0.001 

 

 
*** 

 

4.02  
(2.85 ± 5.67) 

 
wer myb23 

 
87 

 

 
87 

 

z = -3.70 
P < 0.001 

 

 
*** 

 

0.55  
(0.40 ± 0.76) 

 
35S::RSL4 

 
91 

 
87 

 

z = -5.02 
P < 0.001 

 

 
*** 

 

0.45  
(0.32 ± 0.61) 
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Table 4.3: Root hair phenotypic differences between 5-day-old cow1-3, gdi1-2 and lrx1-4 
seedlings relative to wild type (Col-0).  

For each root hair characteristic, the: mean (± SE) of each line, replicate size of each line (indicated by 
“n =”), ratio between the means of wild type and a candidate line (indicated in bold), and output of the 
linear model (which compared wild type to a candidate line) is given. *** refers to a statistically 
significant difference ≤ 0.001.  
 
The cow1-3, gdi1-2 and lrx1-4 root hair mutants had increased risks of detachment that were 

3.78, 2.45 and 3.93 times that of wild type, respectively (P < 0.001 for all lines – Figure 4.4 

and Table 4.4). Another independent assessment conducted blind with a replicate size of over 

70 for each candidate line also confirmed the gel adhesion phenotypes of these root hair 

morphology mutants were statistically significantly different to wild type (Appendices 4.7 and 

4.8).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Root hair density  
(n per mm length of root) 

 

 
Root hair length (mm) 

 

Col-0 
 

 

30.556 ± 0.784 
n = 9 

 

 

-  
 

0.518 ± 0.009 
n = 9 

 

-  

 
cow1-3 

 
 

29.200 ± 0.772 
n = 10 

No difference 
 

 

t = -1.230 
P > 0.05 
d.f. = 17 

 

 

0.049 ± 0.001 
n = 10 

0.09 of wild type*** 

 

t = -12.370 
P < 0.001 
d.f. = 17 

 
gdi1-2 

 

26.200 ± 1.041 
n = 9 

0.95 of wild type** 
 

 

t = -3.282 
P < 0.01 
d.f. = 16 

 

 

0.135 ± 0.006 
n = 9 

0.26 of wild type*** 

 

t = -9.040 
P < 0.001 
d.f. = 16 

 
lrx1-4 

 

31.889 ± 0.935 
n = 9 

No difference 
 

 

t = 1.093 
P > 0.05 
d.f. = 16 

 

 

0.388 ± 0.008 
n = 9 

0.75 of wild type** 

 

t = -2.819 
P < 0.01 
d.f. = 16 
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Figure 4.3: Root hair phenotypes of 5-day-old wild type (Col-0), cow1-3, gdi1-2 and lrx1-4 plants 
grown on a sterile gel medium. (A) Representative images showing the root hair characteristics of 
each line. Plants were grown in Petri plates on a sterile gel medium and imaged under darkfield 
lighting. Scale bar = 0.5 mm. (B) Representative close-up images of cow1-3, gdi1-2 and lrx1-4 plants- 
red asterisks on the root hair images indicate the characteristic short, branching root hair phenotype in 
cow1-3 and gdi1-2, and the root hair bulging phenotype in lrx1-4. Scale bar = 0.25 mm. Boxplot 
showing the median (horizontal line), interquartile range (box) with minimum and maximum values 
(whiskers) overlaid with a scatterplot of raw measurements for (C) Root hair density (n per mm 
length of root) and (D) root hair length (mm) of Col-0 (grey), cow1-3 (blue), gdi1-2 (dark green) and 
lrx1-4 (light green). *** refers to a statistically significant difference of ≤ 0.001, ** a statistically 
significant difference ≤ 0.01, and ns indicates no significant difference relative to wild type, 
respectively. For all lines, root hair length and density were calculated from 10 individual plants. The 
lengths of ~ 30 individual root hairs were measured on each plant. 
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Table 4.4: Output of the Cox PH regression models comparing the root-gel detachment of cow1-3, gdi1-2 and lrx1-4 to wild type (Col-0).   
 
 
 
 
 
 
 
 
 
 
 

*** refers to a statistically significant difference ≤ 0.001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.4: Alterations to root hair shape affect root-substrate adhesion. Survival curves displaying the proportion of seedlings adhered to the gel at 
increasing centrifugal force for wild type (Col-0 - black) and (A) cow1-3 (blue), (B) gdi1-2 (dark green), and (C) lrx1-4 (green). Red crosses on the survival 
curves represent seedlings that adhered to the gel after the maximum centrifugal speed (1611 RPM). A single experiment included ≥ 70 biological replicates 
for each candidate line.

 
Line 

 

Sample 
size 

 

Col-0 
sample size* 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(± 95% CI) 

 

 

cow1-3  
 

82 
 

81 
 

z = 7.36 
P < 0.001 

 
*** 

 

3.78 
(2.65 ± 5.38) 

 

 
gdi1-2 

 
86 

 
77 

 

z = 5.20 
P < 0.001 

 
*** 

 

 2.45 
(1.01 ± 1.08) 

 
lrx1-4 

 
81 

 
92 

 

z = 8.05 
P < 0.001 

 
*** 

 

3.93 
(2.81 ± 5.48) 
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4.2.2 Roots hairs affect uprooting resistance from a clay-loam soil   

To test whether Arabidopsis root hairs contribute to root-soil cohesion, mature cpc try, wer 

myb23 and Col-0 plants were uprooted from soil (see Chapter 2, Section 2.8). Plants from each 

line were grown in 375 cm3 pots containing a set volume of clay-loam soil. Following 3-4 

weeks of growth, plants were uprooted from the soil using a tensile testing machine to measure 

uprooting resistance (De Baets et al., 2020). Root material was then recovered and the Root 

Length Density (RLD, km m-3) of each plant was calculated (De Baets et al., 2020). As 

previously described in Chapter 2, Section 2.8, during uprooting, a plant’s root system 

experiences deformation and damage (Denbigh, 2017; De Baets et al., 2020). Therefore, the 

peak force (N) and total amount of work done (i.e. energy, mJ) to uproot a plant was calculated 

and used as a measure of root-soil cohesion (De Baets et al., 2020). Linear modelling was used 

to test whether the interaction between peak force/work done and RLD significantly differed 

between a genotype of interest and the wild type line (Chapter 2, Section 2.9.3; Denbigh, 2017; 

De Baets et al., 2020).  

 
Table 4.5: Linear model results comparing the uprooting resistance of mature cpc try and wer 
myb23 plants relative to wild type (Col-0).    

 

 

Line 
 

Interaction between RLD (km m-3) 
and peak uprooting force (N) 

 

Interaction between RLD (km m-3) 
and work done (mJ) 

 
-  

 

Significance 
of interaction 

 

Pairwise 
comparison to  

Col-0 
 

 

Significance 
of interaction 

 

Pairwise 
comparison to 

Col-0 
 

 

cpc try 
 
 

F2,52  = 13.30 
P < 0.001*** 

 

t = -3.03 
P < 0.01** 

 
 

F2, 52 = 18.42 
P < 0.001*** 

 

t = -2.81 
P < 0.01** 

 

 

 

wer myb23 
 

t = 2.61 
P < 0.05* 

 

t = 3.81 
P < 0.001*** 

 

** refers to a statistically significant difference ≤ 0.01 and *** ≤ 0.001.  

 

The bald cpc try plants required significantly less energy and peak force to uproot whilst wer 

myb23 plants required significantly more energy and peak force to uproot than wild type, 

respectively (Table 4.5 and Figure 4.5; Appendix 4.9).  
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Figure 4.5: Root hair absence (cpc try) and overproduction (wer myb23) changes the uprooting resistance compared to wild type (Col-0). The linear 

relationship between (A) peak force (N) and (B) work done (mJ) for Col-0 (n = 20; black triangles), cpc try (n = 19; green circles) and wer myb23 (n = 19; blue 

circles) at increasing Root Length Density (km m
-3

).  
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4.3 Discussion  

By using Arabidopsis transgenic lines that only differ in selected genes, I discovered root hair 

presence and changes to root hair morphology and density affect anchorage to a sterile gel 

and clay-loam soil. By using a single-species approach, I provide robust, quantifiable 

evidence that root hairs affect root-substrate cohesion.  

 
4.3.1 Changes in root hair presence, abundance, length and shape affect 

seedling anchorage  

For decades, scientists have assumed that root hairs are important for seedling anchorage 

(e.g., Hofer 1991; Grierson et al., 2014; Wang et al., 2014; Li and Lan, 2015); however, there 

has been lack of robust, quantifiable evidence to support this. Whilst some studies have 

shown that root hair presence and length affect root-substrate interactions (Haling et al., 

2010; Brown et al., 2012; Bengough et al., 2016), this work shows that changes to root hair 

length and shape, as well as root hair presence and abundance, significantly alter adhesion of 

Arabidopsis seedlings to a sterile gel. Compared to wild type, root hair absence and 

alterations to root hair shape significantly decreased adhesion and root hair overproduction 

significantly enhanced adhesion to the gel. These results show that root hairs are required for 

root anchorage at an early developmental stage in Arabidopsis because even small changes to 

root hair shape in the lrx1-4 line increased the risk of detachment from the gel to over two 

times that of wild type (Table 4.4 and Figure 4.4). Recently, a separate study looking at the 

anchorage protection that root hairs provide in soil reported that Arabidopsis seedlings with 

no or few root hairs were dislodged from soil at a significantly higher rate, whilst seedlings 

with long-haired roots were dislodged at a significantly lower rate than wild type following 

simulated water erosion events (Choi and Cho, 2019). These results are consistent with those 

from the centrifuge experiments I conducted and present here. In the future, it will be 

beneficial to determine the degree to which root hair morphology affects seedling anchorage 

in a variety of other plant species with different types of root hair patterning. For example, in 

contrast to wild-type Arabidopsis plants, which have a highly ordered and position-

determined root hair pattern, the root hair patterning of important crop species such as maize 

and wheat varies and can lead to root sections with a high or low abundance of root hairs 

and/or no root hairs at all (see reviews by Dolan and Costa, 2001; Datta et al., 2011). Given 

that I characterised the adhesion phenotypes of Arabidopsis mutants with inconsistent root 

hair presence, density and morphology, my results could be used as a foundation for 
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predicting the anchorage properties of different plant species with variable root hair 

patterning and morphology. In addition, since root hair growth is plastic and responds to 

environmental heterogeneity (reviewed in Vissenberg et al., 2020), my results also provide a 

foundation for predicting how inconsistencies in root hair growth and morphology might 

affect root-substrate adhesion when plants are grown in heterogeneous substrates.  

 

A major advantage of our novel centrifuge assay is the use of sterile conditions, which 

remove the contribution that microbes might make to adhesion, allowing the contribution of 

plant-specific factors to be quantified. By using this assay, I showed that root hairs alone 

contribute to root-substrate adhesion in Arabidopsis (Figures 4.2 & 4.4). Interestingly, some 

of the root hair mutants I used are predicted or shown to be associated with changes in root 

hair cell wall biosynthesis and composition (Table 4.6), so it is possible that alterations to 

root hair surface properties contributed to changes in root-substrate adhesion as well as root-

hair surface-area or shape. These mutants could also have alterations in the release of cell-

wall related exudates that may have contributed to their impaired root-adhesion. Evaluating 

exudate profiles of these mutants would determine if changes in cell-wall related compounds 

could enhance root-substrate adhesion. 

 
4.3.2 Root hair presence and root hair density affect uprooting resistance of 

mature Arabidopsis plants from soil  

By comparing plants where the only architectural trait that differed was root hair growth (De 

Baets et al., 2020), my work builds on previous knowledge of how root hairs affect plant 

anchorage (Bailey, Currey and Fitter, 2002; Bengough et al., 2016) and shows that root hair 

presence and root hair overproduction contribute to plant anchorage in soil (Figure 4.5).  

 

By comparing the uprooting resistance of wild-type and root hairless cpc try plants, I found 

root hair presence enhances a plant’s uprooting resistance from a clay-loam soil. This shows 

that root hair presence enhances root-soil cohesion. Members of the Root Development 

Research Group also reported that the presence of root hairs protected plants from being 

uprooted from compost and enhanced the water erosion resistance of a clay-loam soil (De 

Baets et al., 2020). In contrast, Bailey, Currey and Fitter (2002) reported no difference in the 

uprooting resistance of wild-type and root hairless plants from a sand-based medium (80% 

sand, 20% small stones (> 2 mm)). There are two main reasons for the contrast between my 
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results and those of Bailey, Currey and Fitter (2002). First, given that the substrate structure, 

porosity, water content and microbial composition will likely influence how root hairs can 

interact with the substrate, the contribution that root hairs make to root-soil cohesion may 

change depending on the substrate type. Therefore, root hairs may enhance plant anchorage 

in clay-loam soils but not in a sand-based substrate. More research is required to assess how 

root hair presence contributes to root-soil cohesion when plants are grown in a variety of 

other soil types. 

 
Table 4.6: Root hair mutants used in this study are predicted or shown to have changes in cell 
wall biosynthesis and composition. 

 

Mutant 
 

Effect(s) on root hair cell wall biosynthesis and 
composition 

 

 

References 

 
 

csld3-1 

 

Loss of the cell wall building beta-1,4-glucan synthase 
activity by CSLD3 leads to cytoplasmic leakage likely 
resulting from compromised cellulose microfibril 
deposition in the root hairs. 
 

 

Wang et al. (2001) 
Honkanen and Dolan 
(2016) 
Yang et al. (2020) 

 
 
 

rol1-2 

 

The rol1-2 mutant showed a ~30% reduction in the 
quantity of two rhamnogalacturonan II sugars, 2-O-
methyl-D-xylose and 2-O-methyl-L-fucose, due to the 
loss of a Rhamnose synthase protein; this leads to 
structural modifications in pectin, thus compromising 
root hair cell wall structure.  
 

 

 
Diet et al. (2006) 
Oka, Nemoto and 
Jigami (2007) 
Ringli et al. (2008) 

 
 

 

cow1-3 

 

I speculate that the loss COW1, encoding a 
phosphatidylinositol transfer protein essential for root 
hair elongation, could alter cell wall composition in the 
cow1-3 mutant since phosphatidylinositol transfer 
proteins have been found to have roles in secretion.   
 

 

 
Ryan, Steer and 
Dolan (2001) 
Böhme et al. (2004) 

 
 
 

 

gdi1-2 

 

Loss of a RhoGTPase GDP dissociation inhibitor 
affects the subcellular distribution of ROP2. Given that 
ROP proteins drive polarized tip growth by affecting 
vesicle trafficking and cytoskeletal dynamics, I predict 
that root hair cell wall properties in this mutant may be 
compromised. 

 

Molendijk et al. (2001) 
Jones et al. (2002) 
Carol et al. (2005) 
Takeda et al. (2008) 
Yong et al. (2008) 
Kang et al. (2017) 

 
 

lrx1-4 

 

Loss of the LRX1 leucine-rich repeat/extensin, a 
structural cell wall component, compromises the 
mechanical properties of the cell wall and causes the 
root hairs to burst. 
 

 

 

Baumberger, Ringli  
and Keller (2001) 
Ringli (2010) 
 

 

Second, differences in the uprooting assay parameters may explain why I found root hairs 

protect against uprooting whilst Bailey, Currey and Fitter (2002) did not. Crucially, Bailey,  
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Currey and Fitter, (2002) used a faster uprooting speed of 100- or 200-mm min-1 compared to  

the 5 mm min-1 uprooting speed used in my experiments. This 20 – 40 times reduction in 

resolution may explain their inability to measure a significant difference in the uprooting 

resistance of wild type and root hairless plants. Another possible confounding factor in the 

experiment by Bailey, Currey and Fitter, (2002) is use of shoot weight as a plant size 

indicator, as shoot weight has been shown to be an unreliable proxy for root development 

(Denbigh, 2017; De Baets et al., 2020). For this reason, our uprooting assay used a more 

accurate way to determine the amount of root in each pot by calculating the Root Length 

Density (RLD) which standardises for the amount of root per volume of soil (De Baets et al., 

2020). Collectively, the differences in these assay parameters suggest that our uprooting 

methodology is a more sensitive and accurate way to assess uprooting behaviour and 

provides a methodological foundation for future research that assesses the uprooting 

properties of different plant species grown in a variety of substrate types.  

 

Compared to wild-type, wer myb23 plants had increased uprooting resistance from the clay-

loam soil, showing that root hair overproduction enhances root-soil cohesion. In contrast, 

other members of the research group found that wer myb23 plants did not increase uprooting 

resistance from compost (De Baets et al., 2020). These results again suggest that the 

composition and structure of a substrate can affect how root hairs contribute to root-soil 

cohesion. These results also imply that, for a particular soil type, the relationship between 

root hair density and uprooting resistance will plateau. In other words, there is a maximum 

number of root hairs that will provide additional protection against uprooting or erosive 

force; once this maximum is surpassed the addition of more root hairs will not provide extra 

protection. Thus, the maximum root hair density that provides increased protection against 

uprooting is higher when plants are grown in a clay-loam soil than compost. More studies are 

required to understand the relationship between root hair overproduction and uprooting 

resistance when plants are grown in different soil types. It would also be informative to 

decipher whether changes to root hair length alter root-soil interactions more than changes to 

root hair density, since an increase in root hair length may extend the area of soil the roots 

have physical contact with. In plants with a rhizosheath (e.g., barley, maize and wheat), 

increased root hair length might enhance root-soil cohesion by increasing the rhizosheath 

area. This could explain why a positive linear relationship between root hair length and 

rhizosheath mass was found for barley and wheat (Haling et al., 2010; Brown et al., 2012).  
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4.3.3 Conclusion 

By using Arabidopsis mutants and transgenic lines that only differ in one trait, I found root 

hair presence and changes in root hair length and shape affect adhesion of roots to a sterile 

gel medium. These results from the centrifuge assay translate to work in soil, indicated by my 

uprooting results that showed root hair presence and root hair overproduction enhanced 

cohesion between roots and a clay-loam soil. Therefore, the centrifuge assay is an efficient 

screening method for identifying root morphological traits that affect root-substrate 

interactions before conducting time-intensive assays that use complex soils. Given that five 

root hair mutants used in this study have cell wall biosynthesis and compositional changes 

(Table 4.6) and root exudates are released by root hairs in several Sorghum species (Czarnota 

et al., 2003), wheat (Galloway, Akhtar, et al., 2020), Posidonia oceanica (L.) (Zenone et al., 

2020), and English Ivy ( Herdera helix; Zhang et al., 2008; Huang et al., 2016), disentangling 

the physical and biochemical ways that root hairs could be contributing to root-substrate 

interactions is a promising and necessary next step for the field. Ultimately, understanding 

how root hair morphology affects root-substrate cohesion for a variety of plant species grown 

at different developmental stages and in different substrate types will help plant breeders 

select or produce plant varieties with root hair characteristics that enhance root-soil cohesion. 

In the next chapter, I will explore aspects of cell biology that do not affect root hair 

morphology but make important contributions to root-substrate interactions.  
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5: Genes involved in 
vesicle trafficking and 
root exudation affect 

root-substrate 
adhesion 
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Statement of collaboration and associated publications 

The raw centrifuge assay data and root hair phenotyping data was collected by Emily R 

Larson and me. We worked collaboratively to obtain the raw data during my industrial 

placement. We also conducted these experiments blind to test for operator bias. I designed the 

experimental framework, processed all the raw data and conducted all the data analyses.  

Sections of this chapter are adapted from a paper with me as first co-author:  

• Eldridge BM*, Larson ER*, Weldon L, Smyth KM, Sellin AN, Chenchiah IV, 

Liverpool TB & Grierson CS (2021) A centrifuge-based method for identifying novel 

genetic traits that affect root-substrate adhesion in Arabidopsis thaliana. Frontiers in 

Plant Science, doi: 10.3389/fpls.2021.602486.  

*Authors contributed equally.  

 

5.1 Introduction 

Roots exude thousands of low- and high-molecular weight compounds into the environment 

and this shapes the biotic and abiotic properties of the rhizosphere (see Chapter 1, Section 

1.2.2; reviewed in: Badri and Vivanco, 2009; Baetz and Martinoia, 2014; Sasse, Martinoia 

and Northen, 2018; and Galloway et al., 2020). Root exudates are passively and actively 

released into the rhizosphere by: detached root cap cells; diffusion; ion channels; vesicles; 

and transmembrane proteins (see Chapter 1, Section 1.2.2; reviewed in: Badri and Vivanco, 

2009; Weston, Ryan and Watt, 2012; Baetz and Martinoia, 2014; and Vives-Peris et al., 

2020). Thus, the abundance and composition of root exudates released into the environment 

are impacted by the intercellular functions that control their release. Indeed, Arabidopsis 

thaliana mutants in seven large ABC transporters have a significantly altered root exudate 

composition profile relative to wild-type plants (Badri et al., 2008, 2009). After quantifying 

the effects of root morphology on root-substrate cohesion (Chapter 4), I was interested in 

exploring whether the centrifuge assay is sensitive enough to quantify aspects of cell biology 

that are not directly involved in root development but may significantly contribute to root-

substrate cohesion. This chapter explores whether alteration of intercellular vesicle 

trafficking pathways and root exudate composition affect root-gel adhesion.  

 
5.1.1 Could vesicle trafficking pathways contribute to root-substrate adhesion?  

Vesicle trafficking is integral to a plethora of physiological processes and responses that help 

plants respond to a changing environment (reviewed by Paez Valencia, Goodman and Otegui, 
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2016). Endocytic and exocytic trafficking can dynamically change the cell-environmental 

interface by remodelling the cell wall, regulating the abundance and composition of 

signalling proteins and lipids present on the plasma membrane, and secreting a variety of 

compounds into the extracellular space (as reviewed in Paez Valencia, Goodman and Otegui, 

2016; Anderson and Kieber, 2020; Wang et al., 2020). The roles that vesicle trafficking 

pathways play in cell wall remodelling, pathogen defence, nutrient acquisition and abiotic 

stress responses are now just beginning to be elucidated (Paez Valencia, Goodman and 

Otegui, 2016; Anderson and Kieber, 2020; Wang et al., 2020).  

 

Current models propose that secretion pathways contribute to root exudation by directly 

secreting high molecular weight compounds into the rhizosphere (see Chapter 1, Section 

1.2.2; Badri and Vivanco, 2009; Weston, Ryan and Watt, 2012; Baetz and Martinoia, 2014; 

Vives-Peris et al., 2020). Secretion pathways may also indirectly regulate the turnover of 

exudate transporters through protein recycling at the plasma membrane. I predict secretion 

and protein recycling could contribute to root-substrate cohesion by affecting apoplast, cell 

wall and/or exudation characteristics that contribute to adhesion at the root-substrate 

interface. However, to my knowledge, no study to-date has quantified how alterations to 

intercellular vesicle trafficking pathways impact root exudate release and root-substrate 

interactions. This knowledge would enhance our understanding of the types of intercellular 

mechanisms that govern root-substrate cohesion behaviour.  

 

5.1.2 Does root exudate composition contribute to root adhesiveness? 

Once root exudates cross the plasma membrane and are released into the rhizosphere, the 

abundance and composition of the exudates significantly shapes the interactions that roots 

have with their surrounding environment (see Chapter 1, section 1.2.2; Badri et al., 2008, 

2009; Baetz and Martinoia, 2014; Sasse, Martinoia and Northen, 2018). Whilst specific root 

exudate compounds such as xyloglucan and arabinogalactan proteins have bioadhesive 

properties (see Chapter 1, section 1.2.21), I predict that the presence, absence and interactions 

between different root exudates will influence root-substrate cohesion. Therefore, altering the 

release or biochemical properties of specific exudate compound(s) could affect the cohesive 

and adhesive properties of the root as a whole. However, the effects of root exudate 

composition on root-substrate cohesion remain to be analysed.   
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5.1.3 Aims  
To explore whether intercellular functions that contribute to root exudate release and root 

exudate composition affect root adhesiveness, I used Arabidopsis vesicle trafficking and root 

exudate composition mutants, not reported to affect root hair morphology, in the centrifuge 

assay. This enabled me to evaluate whether the centrifuge assay is sensitive enough to test for 

subcellular and biochemical functions that affect root-substrate adhesion.  

 

5.2 Results 

5.2.1 Genes involved in vesicle trafficking affect root-substrate adhesion  

To test whether intercellular vesicle trafficking pathways contribute to root-substrate adhesion, 

the endocytic mutants, chc1-2 and chc2-3 and secretory Soluble NSF (N-ethylmaleimide 

sensitive fusion protein) Attachment proteins (SNAP) REceptor (SNARE) mutants syp121 and 

syp122-1 were selected as candidates for the centrifuge assay. Dr Emily R Larson provided 

homozygous stocks of the chc1-2, chc2-3, syp121 and syp122-1 lines. The chc1-2 and chc2-3 

mutants are defective in the heavy chain subunit of the clathrin coat complex, necessary for 

vesicle trafficking at the plasma membrane (Kitakura et al., 2011); both chc1-2 and chc2-3 

have impaired endo- and exocytic rates relative to wild-type (Larson et al., 2017). SYP121 and 

SYP122 are secretory SNAREs that facilitate the bulk of secretory traffic at the plasma 

membrane (Waghmare et al., 2018). SYP122 has been thought to have functional redundancy 

with SYP121, but the vesicle cargoes and aboveground phenotypes of syp121 and syp122-1 

plants differ, suggesting functional independence (Eisenhauer et al., 2017; Larson et al., 2017; 

Waghmare et al., 2018).  

 

Given that alterations to root hair morphology will affect root-substrate adhesion (see Chapter 

5), it was important to select mutants that do not have root hair phenotypes. In previous studies, 

no root hair phenotypes have been reported for chc1-2, chc2-3, syp121 and syp122-1 

(Eisenhauer et al., 2017; Larson et al., 2017; Waghmare et al., 2018). Under my growth 

conditions, I also found no difference in the root hair phenotypes of 5-day-old chc1-2, chc2-3, 

syp121 and syp122-1 plants relative to wild-type (Table 5.1 and Figure 5.1; Appendices 5.1 

and 5.2). Overall, the risk of detachment for chc1-2, chc2-3, syp121 and syp122-1 plants was 

4.5, 3.9, 3.6 and 3.3 times that of wild type, respectively (P < 0.001 for all lines; Table 5.2 and 

Figure 5.2). Another independent assessment conducted blind (see Chapter 2, Section 2.9.1) 

with a replicate size of over 90 seedlings for each candidate line also confirmed that the gel 
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adhesion phenotypes of these vesicle trafficking and secretion mutants had statistically 

significant differences to wild type (Appendices 5.3 and 5.4). 

 

Table 5.1: Root hair phenotypes of 5-day-old chc1-2, chc2-3, syp121 and syp122-1 seedlings 
relative to wild type (Col-0).  

For each root hair characteristic, the: mean (± SE) of each line, replicate size (indicated by “n =”), 

ratio between the means of wild type and each line (indicated in bold), and output of the linear model 

(which compared each line to wild type) is given.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Root hair density 
(number per mm length of root) 

 

 
Root hair length (mm) 

 
Col-0 

 

 

32.000 ± 0.632 
n = 10 

 

-  
 

0.420 ± 0.005 
n = 10 

 

-  

 
chc1-2 

 

30.889 ± 0.716 
n = 9 

No difference 
 

 

t = -1.168 
P > 0.05 
d.f. = 17 

 

0.441 ± 0.006 
n = 9 

No difference 

 

t = 0.684 
P > 0.05 
d.f. = 17 

 
chc2-3 

 

31.889 ± 0.790 
n = 9 

No difference 
 

 

t = -0.111 
P > 0.05 
d.f. = 17 

 

0.463 ± 0.006 
n = 10 

No difference 

 

t = 0.182 
P > 0.05 
d.f. = 18 

 
syp121 

 

31.200 ± 0.952 
n = 10 

No difference 
 

 

t = -0.700 
P > 0.05 
d.f. = 18 

 

0.461 ± 0.004 
n = 10 

No difference 

 

t = 1.974 
P > 0.05 
d.f. = 18 

 
syp122-1 

 

32.200 ± 0.442 
n = 10 

No difference 
 

 

t = 0.259 
P > 0.05 
d.f. = 18 

 

0.452 ± 0.005 
n = 10 

No difference 

 

t = 1.379 
 P > 0.05 
d.f. = 18 
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Figure 5.1: Root hair phenotypes of 5-day-old wild type (Col-0), chc1-2, ch2-3, syp121 and syp122-
1 plants grown on a sterile gel medium. (A) Representative images showing the root hair phenotypes 

of each line. Plants were grown in Petri plates on a sterile gel medium and imaged under darkfield 

lighting. Scale bar = 0.5 mm. Boxplot showing the median (horizontal line), interquartile range (box) 

with minimum and maximum values (whiskers) overlaid with a scatterplot of raw measurements for 

(B) root hair density (n per mm length of root) and (C) root hair length (mm) of Col-0 (grey), chc1-2 
(dark blue), chc2-3 (blue), syp121 (turquoise), syp122-1 (teal). ns refers to no significant difference 

relative to wild type. For all lines, root hair length and density were calculated from 10 individual 

seedlings. The lengths of ~ 30 individual root hairs were measured on each seedling and all these 

measurements are shown on the scatterplot for each candidate line. 
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Table 5.2: Output of the Cox PH regression models comparing the root-gel detachment of chc1-
2, chc2-3, syp121 and syp122-1 to wild type (Col-0). 

 *** refers to a statistically significant difference ≤ 0.001 relative to wild type. 

 
 

Figure 5.2: Disruption to vesicle trafficking and secretion affects root-substrate adhesion. 
Survival curves displaying the proportion of seedlings adhered to the gel at increasing centrifugal 
force for wild type (Col-0 - black) and: (A) chc1-2 (dark blue), chc2-3 (blue), (B) syp121 (turquoise) 
and syp122-1 (teal). Red crosses on the curves represent seedlings that adhered to the gel after the 
maximum centrifugal speed (1611 RPM). A single experiment included ≥ 70 biological replicates for 
each candidate line. 
 
 
 
 
 
 
 
  

 
Line 

 

Sample 
size 

 

Col-0 
sample size* 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(± 95% CI) 

 

 

chc1-2 
 

70 
 

83 
 

z = 8.23 
P < 0.001 

 
*** 

 

4.48 
(3.14 ± 6.41) 

 

 
chc2-3 

 
72 

 
83 

 

z = 7.65 
P < 0.001 

 
*** 

 

3.94 
(2.78 ± 5.60) 

 
syp121 

 
91 

 
87 

 

z = 7.70 
P < 0.001 

 
*** 

 

3.59 
(2.60 ± 4.98) 

 
syp122-1 

 
83 

 
87 

 

z = 7.20 
P < 0.001 

 
*** 

 

3.27 
(2.37 ± 4.52) 
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5.2.2 Root exudate genes affect root-substrate adhesion 

To test whether exudate composition affects root-substrate adhesion we selected Arabidopsis 

mutants reported to have altered exudate composition compared to wild type, including jin1-9, 

pdr2 and pft1-3 (Berger, Bell and Mullet, 1996; Badri et al., 2009; Kidd et al., 2009; Carvalhais 

et al., 2015). JIN1 (MYC2) encodes a basic helix-loop-helix leucine zipper transcription factor, 

and PFT1 (MED25) encodes the MEDIATOR25 subunit of the mediator nuclear protein; both 

proteins are involved in the jasmonate signalling pathway (Lorenzo et al., 2004; Kidd et al., 

2009). The jin1-9 and pft1-3 mutants have altered root exudate composition, such as lower 

amounts of the amino acids asparagine, ornithine and tryptophan than wild-type plants 

(Carvalhais et al., 2015). PDR2 (ABCG30) encodes a pleiotropic drug resistance (PDR) full-

length ABC transporter that is involved in ABA transport and the exudation of secondary 

metabolites (Badri et al., 2008; Kang et al., 2015). After obtaining the mutant seed from the 

Nottingham Arabidopsis Stock Company (NASC), I confirmed the homozygosity of each 

mutant (Table 5.3 and Figure 5.3).  

 
Table 5.3: Primer pairs used to genotype the jin1-9, pdr2 and pft1-3 mutants by gDNA PCR. 

jin1-9 has a T-DNA insertion in exon 1, pdr2 exon 22 and pft1-3 exon 14 (note that PFT1 is encoded 
on the reverse strand). ‘_F’ or ‘_R’ refer to the forward and reverse gene-specific primers and ‘_B’ 
refers to the T-DNA-specific border primer. The PCR conditions used to genotype these mutant 
alleles are in Chapter 2, Sections 2.3.5.2 and 2.3.5.4. 
  

 

Mutant 
allele 

 

 

Primer name 
 

5’ – 3’ sequence (nt) 
 

Hybridization 
location 

 

Product 
size (bp) 

 

ABCG43 gene-specific 
 

 
jin1-9 

 

jin1-9_F 
 

 

GGCGGGATTTAATCAAGAGAC 
 

Exon 1  
700  

jin1-9_R 
 

 

TTTGGTACAACCGCTCGTAAC 
 

Exon 1 
 

pdr2 
 

pdr2_F 
 

 

ATGATCCAAACAGGTGAAGAAG 
 

Exon 1  
7225  

pdr2_R 
 

 

CTATTTCTTTTGGAAACTGAGTTTGC 
 

Exon 24 
 

pft1-3 
 

pft1-3_F 
 

 

CGATCGAGTTGACCAAAGAAG 
 

3’ UTR  
1192  

pft1-3_R 
 

 

TTTGCATCAGGCAATATGTTG 
 

Intron 11 
 

T-DNA border 
 

 
jin1-9 

 

jin1-9_R 
 

 

TTTGGTACAACCGCTCGTAAC 
 

Exon 1  
1300  

SALKLBb1.3_B 
 

 

ATTTTGCCGATTTCGGAAC 
 

T-DNA left border 
 

pdr2 
 

pdr2_R 
 

 

CTATTTCTTTTGGAAACTGAGTTTGC 
 

Exon 24  
6500  

SAIL_LB3_B 
 

 

TAGCATCTGAATTTCATAACCAATCTCGATACAC 
 

T-DNA left border 
 

pft1-3 
 

pft1-3_R 
 

 

TTTGCATCAGGCAATATGTTG 
 

Intron 11  
750  

SALKLBb1.3_B 
 

 

ATTTTGCCGATTTCGGAAC 
 

T-DNA left border 
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Figure 5.3: The jin1-9, pdr2 and pft1-3 root 
exudate compositional mutants are 
homozygous for their respective T-DNA 
insertions.  Genomic PCR on pooled gDNA 

samples extracted from ~100 wild type (Col-0), 

(A) jin1-9, (B) pdr2 and (C) pft1-3 seedlings. 

Lanes 1 and 2 were loaded with the gene-specific 

and T-DNA-border PCR products from the 

exudate compositional mutant lines. Lanes 3 and 
4 were loaded with the gene-specific and T-

DNA-border PCR products from the wild type 

(Col-0) genomic DNA template. Lanes 5 and 6 
were loaded with the water controls for the gene-

specific and T-DNA-border PCR reactions, 

respectively. ‘L’ indicates the NEB 2-log ladder. 

The product sizes for the T-DNA-border PCR 

product sizes were ~ 1300 nt, ~ 6500 nt and ~ 

750 nt; the gene-specific PCRs were ~ 700 nt, ~ 

7225 nt and ~ 1192 nt for jin1-9, pdr2 and pft1-
3, respectively.   

 
 
 
 
 
 
 

 
Under my growth conditions, I found no difference in the root hair phenotypes of jin1-9, pdr2 

and pft1-3 plants relative to wild-type (Table 5.4 and Figure 5.4; Appendices 5.5 and 5.6). 

Compared to wild-type seedlings, pdr2 seedlings resisted detachment, with 0.38 times the risk 

of detaching from the gel (Table 5.5 and Figure 5.5). Conversely, pft1-3 seedlings had an 

increased risk of detachment 1.7 times that of wild-type plants whilst there was no difference 

in gel adhesion between jin1-9 and wild-type plants (Table 5.5 and Figure 5.5). Another 

independent assessment conducted blind with a replicate size of over 90 seedlings for each 

candidate line confirmed the gel adhesion phenotypes of pdr2 and pft1-3 seedlings to be 

statistically significantly different from wild-type plants, whilst no statistically significant 

difference was found between jin1-9 and wild type (Appendices 5.7 and 5.8). 

 
 
 
 
  



 128 

Table 5.4: Root hair phenotypes of 5-day-old jin1-9, pdr2 and pft1-3 seedlings relative to wild 
type (Col-0).  

For each root hair characteristic, the: mean (± SE) of each line, replicate size (indicated by “n =”), 

ratio between the means of wild type and each line (indicated in bold), and output of the linear model 

(which compared each line to wild type) is given.  

Figure 5.4: Root hair phenotypes of 5-day-old wild type (Col-0), jin1-9, pdr2 and pft1-3 plants 
grown on a sterile gel medium. (A) Representative images showing the root hair phenotypes of each  

 
Line 

 

Root hair density  
(number per mm length of root) 

 

 
Root hair length (mm) 

 

Col-0 
 

30.111 ± 1.612 
n = 9 

 

-  
 

0.416 ± 0.005 
n = 9 

 

-  

 
jin1-9 

 

29.444 ± 1.271 
n = 9 

No difference 
 

 

t = -0.324 
P > 0.05 
d.f. = 16 

 

0.429 ± 0.006 
n = 9 

No difference 

 

t = 0.555 
P > 0.05 
d.f. = 16 

 
pdr2 

 

31.125 ± 0.854 
n = 8 

No difference 
 

 

t = 0.533 
 P > 0.05 
d.f. = 15 

 

0.428 ± 0.006 
n = 8 

No difference 

 

t = 0.521 
P > 0.05 
d.f. = 15 

 
pft1-3 

 

29.000 ± 1.179 
n = 9 

No difference 
 

 

t = -0.555 
P > 0.05 
d.f. = 16 

 

0.424 ± 0.006 
n = 9 

No difference 

 

t = 0.295 
P > 0.05 
d.f. = 16 
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line. Plants were grown in Petri plates on a sterile gel medium and imaged under darkfield lighting. 
Scale bar = 0.5 mm. Boxplots showing the median (horizontal line), interquartile range (box) with 
minimum and maximum values (whiskers) overlaid with a scatterplot of raw measurements for (B)  
root hair density (n per mm length of root) and (C) root hair length (mm) of Col-0 (grey), jin1-9 (light 

pink), pdr2 (mustard), pft1-3 (burnt orange). ns refers to no significant difference relative to wild 

type. For all lines, root hair length and density were calculated from 10 individual seedlings. The 

lengths of ~ 30 individual root hairs were measured on each seedling and all these measurements are 

shown on the scatterplot for each line.  

 

Table 5.5: Output of the Cox PH regression models comparing the root-gel detachment of jin1-
9, pdr2 and pft1-3 to wild type (Col-0).   

*** refers to a statistically significant difference ≤ 0.001 and ns no statistically significant difference 

relative to wild type. 

 

 
Figure 5.5: Exudate composition changes 
root-substrate adhesion properties. 
Survival curves displaying the proportion of 

seedlings adhered to the gel at increasing 

centrifugal force for wild type (Col-0 - 

black), jin1-9 (light pink), pdr2 (mustard), 

pft1-3 (burnt orange). A single experiment 

included ~80 biological replicates for each 

candidate line.  
 
 
 
 
 
 
 

 
 
 
 
 
 
 
  

 
Line 

 

Sample 
size 

 

Col-0 
sample size* 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(± 95% CI) 

 

 

jin1-9 
 

81 
 

80 
 

z = 0.74 
P > 0.05 

 

ns 
 

1.12 
(0.83 ± 1.53) 

 

 
pdr2 

 
80 

 
80 

 

z = -5.77 
P < 0.001 

 
*** 

 

0.38 
(0.27 ± 0.53) 

 
pft1-3 

 
81 

 
80 

 

z = 3.32 
P < 0.001 

 
*** 

 

1.70 
(1.24 ± 2.32) 
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5.3 Discussion  

In this chapter, I use the centrifuge assay that I optimised in Chapter 3 to show that alterations 

to vesicle trafficking and root exudate composition affect seedling anchorage to a sterile gel 

by mechanisms that are independent of root hair morphology.  

 

5.3.1 Genes involved in vesicle trafficking contribute to root-substrate 

adhesion 

These results quantify the contribution that vesicle trafficking pathways make to root-

substrate adhesion, since the chc1-2, chc2-3, syp121 and syp122-1 mutant seedlings had 

significantly less resistance to detachment from sterile gel than wild-type seedlings (Figure 

5.2). My results also show that the centrifuge assay is an effective method for investigating 

how intercellular functions and molecular pathways contribute to root-substrate interactions. I 

predict that the impaired adhesion observed in the chc1-2, chc2-3, syp121 and syp122-1 

mutants is likely governed by changes to the root-environment interface. For example, 

defects to intercellular vesicle trafficking pathways might affect the secretion of high 

molecular weight exudate compounds and/or transporter proteins responsible for the transport 

of these exudates (Walker et al., 2003; Badri and Vivanco, 2009). Alternatively, since vesicle 

trafficking pathways play important roles in cell wall deposition, expansion and maintenance 

(De Caroli et al., 2011; Larson et al., 2014; Rodriguez-Furlán et al., 2016), these mutants 

could have altered root surface properties that contribute to root adhesiveness. Indeed, 

SYP121-specific and SYP122-specific protein cargos include cell wall-associated proteins 

that are secreted into the extracellular space (Table 5.6; Waghmare et al., 2018). Therefore, 

failure to secrete these proteins in the syp121 and syp122-1 mutants could compromise root 

surface properties and/or exudate composition. However, future studies are required to 

understand and disentangle the root surface and/or exudate properties contributing to the 

adhesion behaviour of these mutants.  
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Table 5.6: SYP121-specific and SY122-specific cargo proteins associated with the cell wall in 
Arabidopsis. 

 

Cargo 
proteins 

of  
 

 
Locus 

 
Protein name 

 
Protein function 

 
 
 
 
 
 

 
 

SYP121 

 
AT1G76160 

 

 
SKU similar 5 (sks5) 

 

A putative pectin esterase  
(Bindschedler, Palmblad and 
Cramer, 2008). 
 

 
AT1G28290 

 

 

Arabinogalactan protein 
31 (AGP31) 

 

An arabinogalactan protein (AGP) 
that may be involved in cell wall 
strengthening (Hijazi et al., 2014). 
 

 

AT1G30700 
 

 

Berberine bridge 
enzyme-like 8 

 

 

 

Berberine bridge enzyme-like 
proteins, belonging to a superfamily 
of FAD-linked oxidases (Daniel et 
al., 2016). 
 
 
 

 

AT1G30720 
 

 

Berberine bridge 
enzyme-like 10 

 

 
AT4G20860 

 
Cellodextrin oxidase 

(CELLOX) 

 

A berberine bridge enzyme-like 
protein, involved in oxidising 
cellulose fragments and has a role 
in immunity (Locci et al., 2019). 
 

 
 
 
 
 

SYP122 

 
AT1G52050 

 

 

Jacalin-related lectin 8 
(JAL8) 

 

 

A jacalin-related lectin protein in the 
mannose-binding lectin superfamily 
(Locci et al., 2019). 
 

 
AT4G25810 

 

 

Xyloglucan 
endotransglycosylase 6 

(XTR6 or XTH23) 

 

A xyloglucan endotransglycosylase- 
related protein, found to be involved 
in lateral root development during 
salt stress (Xu et al., 2020). 
 

 
AT2G26440 

 

 

Pectin methylesterase 
12 (PME12) 

 

A pectin methylesterase protein 
found to be involved in plant 
immunity (Bethke et al., 2014).  
 

Proteins identified by Waghmare et al. (2018).  
 

5.3.2 Alteration to root exudate composition affects root-substrate adhesion  

The results in this chapter show that adhesion is affected by changes in root biology other 

than root morphology. The seedling anchorage of different Arabidopsis root exudate 

compositional mutants differed from wild type (Table 5.5 and Figure 5.5), but their root hair 

morphology was indistinguishable from wild type (Table 5.4 and Figure 5.4), suggesting that 

biochemical changes to root exudate composition can affect adhesion. Overall, I found that 

variation in root exudate composition can increase and decrease root-substrate adhesion, 

evidenced by the pdr2 and pft1-3 mutants that were more and less resistant to detachment 

from the sterile gel compared with wild type, respectively (Figure 5.5). However, not all 

exudate compositional changes will affect root-substrate adhesion; I observed no significant 

differences in the adhesion properties of jin1-9 and wild-type roots (Figure 5.5).  
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These results support the hypothesis that the contributions of different root exudates to root-

substrate cohesion can vary and may be condition-dependent. For example, specific exudate 

compounds may require the presence of other exudate compounds to induce adhesive 

capabilities. Indeed, English ivy (Hedera helix) root exudates have been proposed to cure into 

a high strength adhesive through crosslinking events that occur between arabinogalactan 

proteins and the acidic residues of pectic polysaccharides in the presence of a calcium 

gradient; therefore, when calcium ions are chelated, the binding affinity between these 

components is suppressed (Huang et al., 2016). Voiniciuc et al. (2013) also proposed that 

unesterified homogalacturonan can form stiff gels by crosslinking with calcium ions and 

when calcium ions are chelated, the unesterified homogalacturonan chains breakdown to 

form a loose mucilage capsule around the seed coat of Arabidopsis plants. Therefore, the 

chemical characteristics of the sterile gel might not permit the effect of altered root exudate 

composition on root-substrate adhesion in the jin1-9 mutant to be observed. For example, 

specific cofactors may need to be present to measure changes in the root-substrate adhesion 

behaviour of the jin1-9 mutant. Alternatively, the effects of exudate composition on root 

adhesion in the jin1-9 mutant could be outside the sensitivity range of the centrifuge assay. It 

would be informative to determine whether the adhesive behaviours of the jin1-9, pdr2 and 

pft1-3 mutants change when grown on various substrate types with different chemical 

characteristics. This information could be important for characterising what root exudate 

combinations are most effective for modulating cohesion between roots and substrates of a 

particular type.  

 

As well as changes to root exudate composition as a whole, altering the concentration or 

abundance of specific root exudate compounds produced in pdr2 and pft1-3 may significantly 

contribute to the respective root-adhesion phenotypes of these mutants (Table 5.7). Thus, 

these compounds may be interesting candidates to use in future studies to determine whether 

they alone significantly affect root-substrate interactions.  

 
5.3.3 Conclusion 

By using Arabidopsis mutants that do not have a root hair phenotype, my results show that 

adhesion is affected by changes in root biology other than root morphology. My results 

indicate that defects to vesicle trafficking and altered root exudate composition that do not 

alter root hair morphology can affect how roots adhere to a sterile gel. Therefore, the 

centrifuge assay is an effective way to test how intercellular functions and root exudate 
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composition affect root-substrate adhesion. Moreover, this assay can be used in future screens 

for identifying new biological and molecular factors that are important for root-

environmental interactions. By using vesicle trafficking and root exudate compositional 

mutants whose root-substrate adhesion has not been previously characterised, my results also 

identify new gene candidates that significantly affect root adhesion. However, more research 

is required to assess whether the vesicle trafficking (chc1-2, chc2-3, syp121 and syp122-1) 

and root exudate compositional (pdr2 and pft1-3) mutants with altered root-gel adhesion 

properties affect how roots cohere with soil-based substrates. In particular, it would be 

informative to characterise the uprooting behaviour of pdr2 and pft1-3 plants from a non-

sterile soil because previous reports have shown that these mutants significantly change 

rhizospheric microbial community composition relative to wild type (Badri et al., 2009; 

Carvalhais et al., 2015). Ultimately, assessing how intercellular functions and root exudation 

impacts root-substrate cohesion will help plant breeders identify plant traits other than those 

affecting root morphology that can be engineered to produce plant varieties with enhanced 

root-substrate interactions. 
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Table 5.7: reported changes in the concentration and abundance of exudate compounds in the 
pdr2 and pft1-3 Arabidopsis mutants compared to wild-type, respectively.  

a Concentration changes of exudate metabolites in pdr2 identified by Badri et al. (2009) using Nuclear 
Magnetic Resonance (NMR) spectroscopy following plant cultivation in liquid media (Murashige & 
Skoog salts supplemented with 1% sucrose). b Abundance changes of known exudate compounds 
identified by Carvalhais et al. (2015) using Gas Chromatography-Mass Spectrometry (GC-MS) 
analysis following plant cultivation in liquid media (Murashige & Skoog salts supplemented with 1% 
sucrose). Note that in both studies there was no recorded compound size cut off.  

Mutant Exudate compound Change in concentration/ 
abundance relative to wild type 

 
 
 
 
 
 

 
 

pdr2 

 

Fructosea 
 

 

Decreased 
 

Glucosea 
 

 

Decreased 
 

Mannitola 
 

 

Decreased 
 

Raffinosea 
 

 

Decreased 
 

α-linolenic acida 
 

 

Increased 
 

Benzoic acida 
 

 

Increased 
 

Cyanidina 
 

 

Increased 
 

 

Indole 3-acetic acida 
 

 

Increased 
 

 

Lactic acida 
 

 

Increased 
 

Salicylic acida 
 

 

Increased 
 

Sinapoyl malatea 
 

 

Increased 
 

Syringic acida 
 

 

Increased 
 

Tartaric acida 
 

 

Increased 
 

Valinea 
 

 

Increased 
 
 
 
 
 
 
 

pft1-3 

 

Allantoic acidb 
 

 

Decreased 
 

Asparagineb 
 

 

Decreased 
 

1-deoxy-erthritolb 
 

 

Decreased 
 

Glutamic acidb 
 

 

Decreased 
 

Glycerol-3-galactosideb 
 

 

Decreased 
 

Ornithineb 
 

 

Decreased 
 

Tryptophanb 
 

Decreased 
 

 

Aspartic acidb 
 

Increased 
 

 

Fructoseb 
 

Increased 
 

 

Pyroglutamic acidb 
 

 

Increased 
 

Phosphoric acidb 
 

 

Increased 
 

Ureab 
 

 

Increased 
 

2-hydroxy-valeric acidb 
 

 

Increased 
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6: Identification of 
ABC transporters 

affecting root-
substrate adhesion 
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Statement of collaboration and associated publications 

Previous members of the Root Development Research Group, Kevin Smyth and Laura 

Weldon, conducted a forward genetic screen that identified an uncharacterised mutant line 

(gp4) with enhanced root-gel adhesion. The Bristol Genomics Facility conducted Next 

Generation sequencing on the gp4 mutant and Thomas Batstone conducted bioinformatics 

sequence analyses. The raw centrifuge assay data for one of the experimental replicates on 

the abcg43 mutants was collaboratively collected with Emily R Larson to obtain data during 

my industrial placement. Emily also helped cross Arabidopsis lines to create a heterozygous 

abcg43 line and transform Arabidopsis plants with the pUBC-ABCG43-GFP construct to 

create ABCG43-GFP expressing transgenic lines whilst I was on my industrial placement. 

Colin M Lazarus generously provided me with the protocols and resources to complete 

cloning in yeast. For all the experiments presented in this chapter, I designed the experiments, 

processed all the raw data and conducted all data analyses. The first two subsections of the 

results presented in this chapter are adapted from a paper on which I am first co-author:  

• Eldridge BM*, Larson ER*, Weldon L, Smyth KM, Sellin AN, Chenchiah IV, 

Liverpool TB, Grierson CS (2021) A Centrifuge-Based Method For Identifying Novel 

Genetic Traits That Affect Root-Substrate Adhesion in Arabidopsis thaliana. 

Frontiers in Plant Science, doi: 10.3389.fpls.2021.602486 

*Authors contributed equally.  

 
6.1 Introduction  

In Chapters 4 and 5, I predicted what types of traits could contribute to root-substrate 

adhesion and selected mutants to test these predictions. In this chapter, I show that the 

centrifuge assay is a powerful screening tool for identifying genes that affect root-substrate 

interactions based only on the adhesion phenotype of mutants or transgenic lines and without 

relying on prior assumptions about genetic mechanisms. To my knowledge, no other 

published assay to-date can be used for the high-throughput, time-efficient screening of root-

substrate cohesion properties of mutant plant populations, as I discussed in Chapter 3, Section 

3.1.  

 

Previous members of the Root Development Research Group, Kevin Smyth and Laura Weldon, 

had conducted a large preliminary forward genetic screen using an unoptimized centrifuge 

assay method where a univariate logrank test was used to compare candidate lines (see Chapter 
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3, Section 3.3) and a mean aerial tissue weight was used to the calculate force acting on 

seedlings (see Chapter 3, Section 3.4). They assessed the root-gel adhesion properties of 300 

individual Arabidopsis seedlings from a pooled pROK2 T-DNA insertion mutant collection 

obtained from the Nottingham Arabidopsis Stock Centre (NASC; Alonso et al., 2003). From 

this screen, 68 individual seedlings were found to have increased or decreased adhesion on a 

gel medium relative to wild type. These seedlings were recovered from the screen, grown and 

self-fertilized to obtain progeny. Subsequently, Kevin Smyth assessed the root-gel adhesion 

properties of the progeny from 7 of the 68 mutant lines using a high replicate number that 

identified a line with significantly enhanced root-gel adhesion, which was called grippy 4 

(gp4).  

 

I collaborated with the Bristol Genomics Facility and in-house bioinformatician, Thomas 

Batstone, to isolate the location of the T-DNA within the genome of the gp4 mutant using next-

generation sequencing. A T-DNA insertion in a large, uncharacterised, full-size ATP Binding 

Cassette (ABC) transporter in the ABC G subfamily, ABCG43, was identified in the gp4 

mutant, which allowed me to begin my genetic characterisation of the contribution ABCG43 

makes to root-substrate adhesion.  

 
6.2 Results 

6.2.1 Identification of a T-DNA insertion in an ABC transporter, ABCG43  

In order to locate the T-DNA insertion in the gp4 line, genomic DNA (gDNA) next-generation 

sequencing on a pooled gp4 gDNA sample extracted from 100 two-week-old plants was given 

to the Bristol Genomics Facility for library generation and Illumina next-generation two x 150 

bp paired-end sequencing (see Chapter 2, Sections 2.3.3.1 and 2.5.1). Next-generation 

sequencing resulted in 228,835,454 total reads, the majority of which were high quality with 

96.2% of the total clusters passing filtering and ~87% of the total reads with a quality score of 

score ≥ 30. A quality score of 30 indicates an error in base calling for one in 1000 reads and 

therefore, those with a quality score ≥ 30 were taken forward for secondary analysis and 

bioinformatic alignment.  

 

Following read trimming and quality control checks, the filtered read pairs (reads are paired 

because the distance between the forward and reverse read is known) were aligned to a bespoke 

reference genome containing the TAIR10 Arabidopsis genome and the pROK2 vector 
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sequence (see Chapter 2, Section 2.5.2). The bespoke genome was assembled to allow 

identification of paired reads containing both Arabidopsis genome and T-DNA sequences 

derived from the pROK2 vector. Overall, > 90% of these paired-end reads mapped to the 

bespoke reference genome. The majority of the paired reads only mapped to the Arabidopsis 

reference genome; however, 154 discordant paired reads were identified where one read 

mapped to the Arabidopsis genome and the other to the T-DNA sequence in the pROK2 vector 

sequence. These discordant reads spanned a 1,131 bp region of the Arabidopsis genome on 

chromosome four (position Chr4: 8,698,394 – 8,699,525) and a 490 bp region of the T-DNA 

sequence (position pROK2: 6120 – 6610). The 1,131 bp alignment on chromosome four 

mapped to an Arabidopsis ABC transporter gene, ABCG43 (At4g15236), whose function is 

unknown.  

 

Based on the discordant read mapping, the precise T-DNA insertion breakpoint within the 

ABCG43 gene could not be accurately located because a significant subset of the reads with a 

truncation at a particular genomic co-ordinate were unidentified. However, when both 

concordant and discordant reads were analysed, 66 reads were clipped on the right-hand side 

at Chr4: 8,698,962 and 49 reads were clipped on the left-hand side at Chr4: 8,698,964, 

suggesting an insertion site in the ABCG43 gene at the exon 10/ intron 10 boundary (Figures 

6.1 and 6.2). The ABCG43 protein model is based on TAIR10 gDNA sequence predictions and 

partial RNA sequence data available in the Arabidopsis Information Portal (Araport); the exon 

10/ intron 10 boundary was confirmed by RNA sequence data (Lamesch et al., 2012; Cheng et 

al., 2017).   
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Figure 6.1 Schematic of a subset of clipped sequence reads 
occurring in the ABCG43 gene. Clipping occurred because one 

half of the read is mapped to the Arabidopsis ABCG43 gene. 

Reads that are clipped in the ABCG43 gene on the right-hand side 

are highlighted in green and those clipped on the left-hand side 

are highlighted in orange. Unclipped reads are highlighted grey. 

Blue lines refer to the sequence viewer tracking; the genomic co-

ordinates of the sequencing track are highlighted red.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To confirm the precise location of the T-DNA insertion within the ABCG43 gene, T-DNA 

flanking gDNA PCRs were conducted using an ABCG43-gene-specific forward or reverse 

primer that spanned the predicted exon 10/ intron 10 breakpoint, and a T-DNA-specific left 

border primer (Table 6.1 and Figure 6.2A; Chapter 2, Section 2.3.5.3). Both ABCG43-gene-

specific primers could produce amplicons with the T-DNA-border primer, suggesting that at 

least two pieces of T-DNA (containing the left T-DNA-border sequence) were inserted into the 

ABCG43 gene in opposing orientations. To confirm these amplicons were specific and 

contained the ABCG43 gene and T-DNA sequences, Sanger sequencing was used to 

characterise the PCR amplicons. These sequences confirmed the presence of both the ABCG43 

gene and T-DNA (Figure 6.2B). The T-DNA insertion breakpoint occurred within the exon 

10/intron 10 boundary of the ABCG43 gene around Chr4:8,968,962 - 8,968,964 (Figure 6.2B).  
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Sanger sequencing did not recover the expected ‘G’ at Chr4: 8,968,963 (first base of intron 

10) in either of the ABCG43 flanking sequences, suggesting that this base was deleted when 

the T-DNA was inserted (Figure 6.2B). Having confirmed a T-DNA insertion in ABCG43 in 

gp4, this allele was renamed abcg43-1.  

 

 
Figure 6.2: Identification of a T-DNA insertion in an ABC transporter, ABCG43. (A) Location of 

the T-DNA insertion (orange arrowhead) at the exon 10/intron 10 boundary in ABCG43. The 

ABCG43 gene is located on chromosome four at position Chr4: 8,696,677 – 8,702,727 and contains 

23 exons (green boxes) and 22 introns (green lines). (B) Sanger sequence of T-DNA flanking 

amplicons generated using a ABCG43 gene-specific forward (F) or reverse (R) primer with the T-

DNA-border (B) primer on a pooled abcg43-1 gDNA sample confirmed the T-DNA insertion 

breakpoint in the ABCG43 gene. Highlighted in red is the G in the ABCG43 Arabidopsis reference 

sequence at position 8,968,963 in intron 10 that was not recovered in the T-DNA flanking amplicons. 

The sequencing chromatograms for (B) are available in Appendix 6.1. 

 

6.2.2 The root-gel adhesion properties of three abcg43 mutant alleles  

After locating a T-DNA insertion in ABCG43 in the abcg43-1 mutant (Section 6.2.1), two 

additional abcg43 mutant alleles were obtained from The Nottingham Arabidopsis Stock 

Centre (NASC) – abcg43-2 (SALK_20107c) and abcg43-3 (SALKseq_30713). Before 

analysing the root-gel adhesion of these mutants, the lines were confirmed to be homozygous  
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for their respective T-DNA insertions by conducting PCR on pooled gDNA samples 

extracted from 100 two-week-old plants (Table 6.1 and Figure 6.3; Chapter 2, Section 

2.3.5.2).  
 
Table 6.1: Primer pairs used to genotype the abcg43 mutant alleles by gDNA PCR.  

‘_F’ or ‘_R’ refer to the forward and reverse gene-specific primers and ‘_B’ refers to the T-DNA-
specific border primer. The PCR conditions used to genotype these mutant alleles are in Chapter 2, 
Section 2.3.5.2.  

Figure 6.3: Genomic PCR confirmed the homozygosity of each abcg43 mutant for their 
respective T-DNA insertion. (A) T-DNA insert locations in ABCG43 for each mutant allele, with 
insertions indicated by orange arrowheads. (B) Gel electrophoresis of genomic PCR to confirm  

 

Mutant 
allele 

 

 

Primer name 
 

5’ – 3’ sequence (nt) 
 

Hybridization 
location 

 

Product 
size (bp) 

 

ABCG43 gene-specific 
 

 

abcg43-1 
(gp4) 

 

abcg43-1_F 
 

 

GGGCTACAACTACAAGACGAAC 
 

ABCG43 exon 10  
359  

abcg43-1_R 
 

 

GGGAAAAGAACAAAGAACCCAAAAG 
 

ABCG43 exon 11 
 

abcg43-2 
 

abcg43-2_F 
 

 

CTCGTGAAGCCAACTTGCTAG 
 

ABCG43 5’ UTR  
1025  

abcg43-2_R 
 

 

TCTGTAGAGTGGAAGCAACCC 
 

ABCG43 exon 5 
 

abcg43-3 
 

abcg43-3_F 
 

 

ATGTTGAGGATGATAATCGCG 
 

ABCG43 exon 1  
1109  

abcg43-3_R 
 

 

TGCAGATTTGTTTTTGAACCC 
 

ABCG43 exon 7 
 

T-DNA border 
 

 

abcg43-1 
(gp4) 

 

abcg43-1_R 
 

 

GGAAAAGAACAAAGAACCCAAAAG 
 

ABCG43 exon 11  
400  

SALKLBb1.3_B 
 

 

ATTTTGCCGATTTCGGAAC 
 

T-DNA left border 
 

abcg43-2 

 

abcg43-2_R 
 

 

TCTGTAGAGTGGAAGCAACCC 
 

ABCG43 exon 5  
550  

SALKLBb1.3_B 
 

 

ATTTTGCCGATTTCGGAAC 
 

T-DNA left border 
 

 

abcg43-3 
 

abcg43-3_R 
 

 

TGTTGAGGATGATAATCGCG 
 

ABCG43 exon 7  
750   

SALKLBb1.3_B 
 

 

ATTTTGCCGATTTCGGAAC 
 

T-DNA left border 
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abcg43 mutant alleles. Lanes 1 and 2 were loaded with gene-specific and T-DNA border PCR 
products from abcg43 mutant genomic DNA template. Lanes 3 and 4 were loaded with gene-specific 
and T-DNA border PCR products from a wild type (Col-0) genomic DNA template. Lanes 5 and 6 
were loaded with the water controls for the gene-specific and T-DNA-border PCR reactions. L 
indicates the New England Biolabs (NEB) 2-log ladder. The expected product sizes for the gene-
specific PCRs were ~350 bp, ~1025 bp and ~1100 bp; the T-DNA-border PCR product sizes were 
~400 bp, ~550 bp and ~750 bp for the abcg43-1, abcg43-2 and abcg43-3 alleles, respectively.  
 
I conducted RT-PCR using ABCG43-gene specific primers and cDNA synthesised from total 

RNA extracted from pools of 200 5-day-old whole seedlings to confirm whether the abcg43 

mutants were loss-of-function lines (Table 6.2 and Figure 6.4; Chapter 2, Sections 2.3.4 and 

2.3.5.3). Because the gene sequence of ABCG43 shares over 95% similarity with the gene 

sequence of another ABC transporter, ABCG42, RT-PCR was also conducted on cDNA 

synthesised from total RNA extracted from 200 5-day-old seedlings of the abcg42-1 

(SALK_026467) and abcg42-2 (SALK_079800) mutant lines. The ABCG43 gene product 

was amplified in both abcg42 mutants, confirming that the ABCG43 primer pair is specific to 

ABCG43. abcg43-2 and abcg43-3 produced no ABCG43 product, indicating these alleles are 

loss-of-function mutants (Figure 6.4B and Appendix 6.2). An ABCG43 product was 

amplified in abcg43-1, however, given that the primers used are expected to hybridise 5’ of 

the T-DNA insertion in intron 10 (Figure 6.4A), this could be partial transcript (Figure 6.4B).  

 

Table 6.2: Primer pairs used in RT-PCR on wild type (Col-0) and the abcg42 and abcg43 
mutant alleles.  

‘_F’ or ‘_R’ refer to the forward and reverse primers. gDNA PCR was conducted as a control. The 
PCR conditions used in this experiment are in Chapter 2, Section 2.3.5.3.   
 
 
 
 
 
 
 
  

 

 
Primer name 

 

 

 
5’ – 3’ sequence (nt) 

 

 

Hybridization 
location 

 

cDNA 
product 
size (bp) 

 

 

gDNA 
product 
size (bp) 

 

                       ABCG43 gene-specific 
 

 
 

ABCG43_cDNA_F 
 

 

AAATGGGGATGGTGATCAGGT 
 

ABCG43 exon 1  
879 

 

 
1464  

ABCG43_cDNA_R 
 

 

ATATTCCTGGTCTCGAAGCATCT 
 

ABCG43 exon 8                  

                      Housekeeping gene 
 

 
 

EF-1a_F 
 

 

TTGGGTGGTATTGACAAGCG 
 

EF-1a exon 1  
566 

 
659  

EF-1a_R 
 

 

GCCTCAAGGAGAGTTGGTC 
 

EF-1a exon 2 
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Figure 6.4: ABCG43 transcript expression in abcg43 and abcg42 mutant lines. (A) T-DNA insert 

locations in ABCG43 for each mutant allele. Insertions are indicated by orange arrowheads and the 

binding sites of the ABCG43-gene-specific primer pair used in RT-PCR is shown in blue. (B) RT-

PCR results generated using ABCG43-gene-specific primers for wild type (Col-0), abcg43-1, abcg43-
2, abcg43-3, abcg42-1, abg42-2 and the gDNA and H2O controls. The ELONGATION FACTOR-TU 
FAMILY (Ef-1⍺) housekeeping gene was used as a positive control. ABCG43 RT-PCR product sizes 

are 879 bp for cDNA and 1464 bp for gDNA. Ef-1⍺ product sizes were 556 bp for cDNA and 659 bp 

for gDNA. For each line, RT-PCR was conducted on three independent cDNA samples. For the 

gDNA control, a pooled sample of wild type gDNA was used. Full ABCG42, ABCG43 and EF-1⍺ 
gels are shown in Appendix 6.2.  

 
Having optimised the centrifuge assay (Chapter 3), I used it to measure the root-substrate 

adhesion of the abcg43 mutants. Compared to wild-type, all abcg43 mutants had significantly 

enhanced root-substrate adhesion, with 0.2, 0.4 and 0.3 times the risk of detaching from the 

gel for abcg43-1, abcg43-2 and abcg43-3, respectively (P < 0.001 for all lines; Table 6.3 and 

Figure 6.5). Taken together with the RT PCR results in Figure 6.4, these results indicate that 

the enhanced root-gel adhesion phenotype is due to loss of ABCG43 function in all abcg43 

mutant alleles. Another independent assessment with a replicate size of over 90 seedlings for 

each candidate line also confirmed the abcg43 mutants had significantly enhanced root-gel 

adhesion relative to wild type (Appendices 6.3 and 6.4).  
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Table 6.3: Output of the Cox PH regression models comparing the root-gel detachment of 
abcg43-1, abcg43-2, and abcg43-3 to wild type (Col-0). 

*** refers to a statistically significant difference ≤ 0.001 relative to wild type. 
 

 
Figure 6.5: abcg43 mutants have enhanced root-gel adhesion relative to wild-type (Col-0). 
Survival curves displaying the proportion of seedlings adhered to the gel at increasing centrifugal 
force for wild-type (Col-0 - black), abcg43-1 (dark pink), abcg43-2 (light pink), and abcg43-3 
(purple) seedlings. Red crosses on the curves represent seedlings that adhered to the gel after the 
maximum centrifugal speed (1611 RPM). A single experiment included ≥ 70 biological replicates for 
each candidate line. 
 
 
 
 
  

 
Line 

 

Sample 
size 

 

Col-0 
sample size 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(95% CI) 

 

 

abcg43-1 
 

70 
 

 
 

 
79 

 

z = -7.82 
P < 0.001 

 
*** 

 

0.25 
(0.17, 0.35) 

 

 
abcg43-2 

 
85 

 

z = -6.05 
P < 0.001 

 
*** 

 

0.35 
(0.25, 0.50) 

 
abcg43-3 

 
73 

 

z = -7.18 
P < 0.001 

 
*** 

 

0.29 
(0.20, 0.40) 
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Given that altered root hair morphology can affect root-substrate adhesion (see Chapter 4), I 

analysed the root hair phenotypes in the abcg43 mutants and found that the root hairs of 5-

day-old abcg43-1, abcg43-2 and abcg43-3 did not significantly differ from wild type, 

indicating the enhanced root-gel adhesion of the abcg43 mutants was not due to root hair 

overproduction or morphology (Table 6.4 and Figure 6.6; Appendices 6.5 and 6.6).   

 
Table 6.4: Root hair phenotypic differences between 5-day-old abcg43-1, abcg43-2 and abcg43-3 
seedlings relative to wild type (Col-0). 

For each root hair characteristic, the mean (± SE) of each line, replicate size of a line (n), and output 

of the linear model that compared wild type to a candidate line is given.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

Line 
 

Root hair density 
(n per mm length of root) 

 

 

Root hair length (mm) 

 
Col-0 

 

 41.500 ± 1.579 
n = 10 

 

-  
 

0.499 ± 0.008 
n = 10 

 

 

-  

 
abcg43-1 

 

 41.000 ± 1.693 
n = 10 

No difference 
 
 

 

t = -0.210 
P > 0.05 
d.f. = 18 

 

 

0.491 ± 0.007 
n = 10 

No difference 
 

 

t = -0.223 
P > 0.05 
d.f. = 18 

 

 
abcg43-2 

 

41.500 ± 1.753 
n = 10 

No difference 
 

 

t = 0.000 
P > 0.05 
d.f. = 18 

 

 

0.499 ± 0.007 
n = 10 

No difference 
 

 

t = -0.003 
P > 0.05 
d.f. = 18 

 

 
abcg43-3 

 

41.000 ± 1.700  
n = 10 

No difference 
 

 

t = -0.210 
P > 0.05 
d.f. = 18 

 

 

0.499 ± 0.006 
n = 10 

No difference 

 

t = 0.026 
P > 0.05 
d.f. = 18 
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Figure 6.6: Root hair phenotypes of 5-day-old wild-type (Col-0), abcg43-1, abcg43-2 and abcg43-
3 seedlings grown on a sterile gel medium. (A) Representative images showing the root hair 

phenotypes of each line. Seedlings were grown in Petri plates on a sterile gel medium and imaged under 

darkfield lighting. Scale bar = 0.5 mm. Boxplots showing the median (horizontal line), interquartile 

range (box) with minimum and maximum values (whiskers) overlaid with a scatterplot of raw 

measurements for (B) root hair density (n per mm length of root) and (C) root hair length (mm) of Col-

0 (grey), abcg43-1 (dark pink), abcg43-2 (light pink) and abcg43-3 (purple). ns indicates no significant 

difference relative to wild type. For all lines, root hair length and density were calculated from 10 

individual seedlings. The lengths of ~ 30 individual root hairs were measured on each seedling and all 

these measurements are shown on the scatterplot for each candidate line. 
 
6.2.3 The root-gel adhesion properties of abcg43 heterozygous seedlings  

Having confirmed that all abcg43 mutants have enhanced root-gel adhesion and this 

phenotype was not caused by root hair overproduction, I investigated whether the abcg43 

root-gel adhesion phenotype was a dominant or recessive trait. To study this, abcg43-1 

mutants were backcrossed with wild type (Col-0) to create heterozygous lines (see Chapter 2, 

Section 2.1.5).  Before quantifying the root-gel adhesion properties of the backcrossed lines, I 

confirmed that the population derived from a single backcross was heterozygous for the T- 
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DNA insert in abcg43-1 by conducting genomic PCR on 12 individual seedlings (Figure 6.7; 
see Chapter 2, Sections 2.3.3.2 and 2.3.5.2).  

Figure 6.7: Genomic PCR confirming the heterozygosity of backcrossed abcg43-1 and wild-type 
(Col-0) seedlings.  Lanes 1 and 2 were loaded with gene-specific and T-DNA border PCR products 

respectively for individual backcrossed plants, wild type and the H2O control as indicated. The 

expected product sizes for the gene-specific and T-DNA-border PCR products were ~350 bp and 

~400 bp, respectively. P refers to an individual backcrossed seedling and L indicates the New 

England Biolabs (NEB) 2-log ladder. The primers used to genotype these plants are listed in Table 

6.1.  

 
In this experiment, the hazard ratio of the abcg43-1-/- mutant plants was even lower than 

when previously measured, with a risk of detachment that was 0.09 times that of wild type in 

this experiment compared to 0.25 when previously measured (see Table 6.3). However, the 

root adhesiveness trend was consistent, with the abcg43-1 mutant having a significantly 

reduced risk of detachment than wild type in both experiments (Figure 6.5 and Figure 6.8). 

Overall, the root-gel adhesion phenotype of abcg43-1+/- seedlings was partially rescued, 

with a risk of seedling detachment from the gel that was 0.33 times that of wild type, whereas 

the risk of detachment of the abcg43-1-/- mutant was 0.09 times that of wild type (Table 6.5 

and Figure 6.8).  Another independent assessment with a replicate size of over 80 seedlings 

for each candidate line also confirmed the root-gel adhesion phenotype of the abcg43+/- line 

to be partially rescued (Appendices 6.7 and 6.8).  

 
Table 6.5: Output of the Cox PH regression models comparing the root-gel detachment of 
abcg43-1-/- and abcg43+/- to wild type (Col-0). 

*** refers to a statistically significant difference ≤ 0.001 relative to wild type. 

  

 
Line 

 

Sample 
size 

 

Col-0 
sample size 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(95% CI) 

 

 

abcg43-1-/- 
 

87 
 
 

87 
 
 

 

z = -12.00 
P < 0.001 

 
*** 

 

0.09 
(0.06, 0.14) 

 

 
abcg43-1+/- 

 
91 

 

z = -6.62 
P < 0.001 

 
*** 

 

0.33 
(0.29, 0.50) 
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Figure 6.8: The root-gel adhesion phenotype of a heterozygous abcg43+/- line is partially 
rescued. Survival curves displaying the proportion of seedlings adhered to the gel at increasing 

centrifugal force for wild type (Col-0 - black), abcg43-1-/- (dark pink) and abcg43-1+/- (light pink). 

Red crosses on the curves represent seedlings that adhered to the gel after the maximum centrifugal 

speed (1611 RPM). A single experiment included ≥ 70 biological replicates for each candidate line. 

 
The partially rescued root-gel adhesion phenotype of abcg43-1+/- could not be attributed to 

any root hair morphological changes because there was no significant difference in the root 

hair phenotype of abcg43+/- and wild type seedlings (Table 6.6 and Figure 6.9; Appendices 

6.9 and 6.10). 

 
Table 6.6: Root hair phenotypic differences between 5-day-old abcg43-1+/- seedlings relative to 
wild type (Col-0).  

For each root hair characteristic, the: mean (± SE) of each line, replicate size of a line (n) and output 

of the linear model, which compared wild type to a candidate line, is given.  

  

 

Line 
 

Root hair density 
(n per mm length of root) 

 

 

Root hair length (mm) 

 
Col-0 

 

 39.700 ± 1.265 
n = 10 

 

-  
 

0.500 ± 0.007 
n = 10 

 

 

-  

 
abcg43-1+/- 

 
 

40.000 ± 1.238 
n = 10 

No difference 
 

 

t = 0.164 
P > 0.05 
d.f. = 18 

 

 
 

0.500 ± 0.007 
n = 10 

No difference 

 

t = -0.009 
P > 0.05 
d.f. = 18 
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Figure 6.9: Root hair phenotypes of 5-day-old wild-type (Col-0) and abcg43-1+/- seedlings grown 
on a sterile medium. (A) Representative images showing the root hair phenotypes of each line. 

Seedlings were grown in Petri plates on a sterile gel medium and imaged under darkfield lighting. Scale 

bar = 0.5 mm. Boxplots showing the median (horizontal line), interquartile range (box) with minimum 

and maximum values (whiskers) overlaid with a scatterplot of raw measurements for (B) root hair 

density (n per mm length of root) and (C) root hair length (mm) of Col-0 (grey) and abcg43-1+/- (light 

pink). ns indicates no significant difference relative to wild type. For both lines, root hair length and 

density were calculated from 10 individual seedlings. The lengths of ~ 30 individual root hairs were 

measured on each seedling and all these measurements are shown on the scatterplot for each candidate 

line. 

 

6.2.4 Cloning ABCG43 to create an ABCG43-GFP protein fusion construct for 

expression in Arabidopsis thaliana and Nicotiana benthamiana  

To understand ABCG43 protein expression, I made complemented and overexpressing lines 

transformed with a construct containing an ABCG43-GFP fusion protein. Given that 

ABCG43 subcellular localisation is unknown, this construct was also used to identify 

ABCG43-GFP localisation in Nicotiana benthamiana epidermal cells. I used homologous 

recombination in Saccharomyces cerevisiae (yeast) and Gateway cloning to produce an  
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expression clone of the ABCG43 coding region C-terminally fused to GFP under the 

ubiquitin-10 promoter of Arabidopsis (Figures 6.10, 6.11 and 6.12). Because there is limited 

information on how ABCG43 is spliced (Cheng et al., 2017), I amplified the ABCG43 

sequence from gDNA (Figure 6.10). ABCG43 shares < 95% sequence similarity with 

ABCG42 and it was difficult to specifically amplify the whole ABCG43 coding region as one 

PCR product without also amplifying ABCG42. Therefore, I PCR-amplified ABCG43 in four 

PCR products from gDNA and included 1668 nt and 372 nt of 5’ and 3’ untranslated region 

(UTR) sequences, respectively (Table 6.7 and Figure 6.10A; Chapter 2, Section 2.3.5.3). To 

enable cloning in yeast by homologous recombination, all ABCG43 amplicons were 

overlapping (Figure 6.10A and 6.11B). The forward primer used to produce the first PCR 

product and the reverse primer used to produce the fourth contained 30 nt of the 

pCAMBIAY1300 backbone sequence to enable the ABCG43 gene sequence to insert into the 

pCAMBIAY1300 vector (Table 6.7 and Figure 6.11B; Chapter 2, Section 2.3.10.1).  
 
Table 6.7: Primer pairs used to amplify the ABCG43 coding region and 5’ and 3’ untranslated 
regions (UTRs) from gDNA.  

 

Primer name 
 

5’ – 3’ sequence (nt) 
 

Hybridization 
location 

 

Product 
size (bp) 

 

ABCG43_amplicon1_F 
 

CCAGTCACGACGTTGTAAAACGACG 
GCCAGTGCAACATGCTTGTGAGGAG 

 

 

5’ UTR  
1729 

 

ABCG43_amplicon1_R 
 

 

CTGATCACCATCCCCATTTTCAAG 
 

Exon 1 
 

ABCG43_amplicon2_F 
 

 

CTTCGTTATAAAGAACAATCCG 
 

Exon 1  
2085  

ABCG43_amplicon2_R 
 

 

GCAATATGGTTTGTCTCTGTG 
 

Exon 10 
 

ABCG43_amplicon3_F 
 

 

GTCCACAGAGGAAATCTGTTGC 
 

Exon 9  
2130  

ABCG43_amplicon3_R 
 

 

CTCAGACAAGGAAGCTAAAGGAAGG 
 

Exon 16 
 

ABCG43_amplicon4_F 
 

 

CTTGACGTTCTCTCAGGAAGG 
 

Exon 16  
2630  

ABCG43_amplicon4_R 
 

TTGTGAGCGGATAACAATTTCACAC 
AGGAAAAGCTTGTTGTTGTTCACCG 

 

 

3’ UTR 

‘_F’ or ‘_R’ refer to the forward and reverse primers. The PCR conditions used in this experiment are 
in Chapter 2, Section 2.3.5.3.   
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Figure 6.10: Amplification of four overlapping PCR products extending across the ABCG43 
coding region and 5’ and 3’ untranslated regions (UTRs) for yeast homologous recombination. 
(A) Primer pair positions along the ABCG43 coding region and UTRs and (B) gel electrophoresis 

confirming the successful PCR amplification of the four ABCG43 products.  Amplicon 1 = 1729 bp, 

Amplicon 2 = 2085 bp, Amplicon 3 = 2130 bp and Amplicon 4 = 2630 bp. L indicates the New 

England Biolabs (NEB) 2-log ladder. Lanes (1) are the PCR product and lanes (2) are the H2O 

control.  
 
The pCAMBIAY1300 plasmid was digested with HindIII and EcoRI to remove the 35S 

promoter and NOS terminator and linearize the plasmid (Figure 6.11A; Chapter 2, 2.4.9). 

Linearized pCAMBIAY1300 and the four ABCG43 amplicons were transformed into yeast 

and selected on Yeast Synthetic Drop out Media (YSDM; Chapter 2, Section 2.2.2.1). The 

pCAMBIAY1300-ABCG43 plasmid was extracted from yeast and transformed into TOP10 

E. coli to enable plasmid propagation (Figure 6.11C and Appendix 6.11; Chapter 2, Sections 

2.3.2 and 2.4.3). To confirm that no sequence rearrangements had occurred, the 

pCAMBIAY1300-ABCG43 plasmid was digested with NcoI and AvrII, which produced 

fragments of the expected size (Figure 6.11D; Chapter 2, Section 2.3.9). I also confirmed that 

no insertions, deletions or base changes had occurred in the ABCG43 sequence using Sanger 

sequencing (Appendix 6.12).  
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Figure 6.11: Cloning the ABCG43 coding region and 5’ and 3’ untranslated regions (UTRs) into 
pCAMBIAY1300 using yeast homologous recombination. (A) pCAMBIAY1300 was linearized 

and the 35S promoter and NOS terminator were removed by restriction digestion with HindIII and 

EcoRI. (B) Linearized pCAMBIAY1300 and the four gel-purified ABCG43 amplicons were 

transformed into yeast where they underwent homologous recombination to integrate into the 

pCAMBIAY1300 vector. The beginning of the first and end of the fourth ABCG43 amplicons had a 

30 nt overlap with the vector backbone. For the ABCG43 fragments, there was a 116 bp overlap 

between the end of the first fragment (F1) and beginning of the second fragment (F2); a 165 bp 

overlap between the end of F2 and beginning of the third fragment (F3); and a 272 bp overlap 

between the end of F3 and the beginning of the fourth fragment (F4). (C) The ABCG43 coding region 

and UTRs were integrated into pCAMBIAY1300 to create pCAMBIAY1300-ABCG43. (D) 
Confirmation restriction digest of pCAMBIA1300-ABCG43. Lanes (1) show a double restriction 

digest with NcoI and AvrII producing fragments of 9982 bp, 5591 bp and 3832 bp compared to 

original pCAMBIAY1300 linearized with NcoI, which produced one band of 11.43 kb. Lane (2) is 

pCAMBIAY1300-ABCG43 linearized with AvrII producing one band of 19.4 kb and lanes (3) show 

undigested plasmid controls. L indicates a λ phage DNA ladder. The full plasmid map for 

pCAMBIAY1300-ABCG43 is available in Appendix 6.11 and the Sanger sequencing results 

confirming the correct ABCG43 coding region and 5’ and 3’ UTR sequences are in Appendix 6.12.  
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To clone the ABCG43 coding region without the stop codon into a Gateway entry vector, I 

used the pCAMBIAY1300-ABCG43 plasmid as a template for PCR (Figure 6.12A). The 

forward and reverse primers used to amplify the ABCG43 coding region contained attB 

sequences to produce attB flanked ABCG43 amplicons (Table 6.8 and Figure 6.12A; Chapter 

2, Section 2.3.5.3). To produce the pDONR207-ABCG43 entry clone, BP clonase catalysed 

recombination between the attP sites on the entry vector (pDONR207) and the attB sites on 

PCR-purified ABCG43 amplicon (Figure 6.12A&B; Appendix 6.13; Chapter 2, Section 

2.3.10.2). The resultant pDONR207-ABCG43 vector was selected on gentamicin and 

transformed into TOP10 E. coli cells to propagate the plasmid (Chapter 2.5.3). To confirm 

that no sequence rearrangements had occurred, the pDONR207-ABCG43 plasmid was 

digested with EcoRI and EcoRV, which produced fragments of the expected size (Figure 

6.12C; Appendix 6.14; Chapter 2, Section 2.3.9). I also confirmed that no insertions, 

deletions or base changes had occurred in the ABCG43 coding region by Sanger sequencing 

(Appendix 6.15).  
 
Table 6.8: Primer pair used to amplify the ABCG43 coding region for Gateway cloning.  

 

Primer name 
 

5’ – 3’ sequence (nt) 
 

Hybridization 
location 

 

 

Product 
size (bp) 

 

ABCG43_attB_F 
 

GGGGACAAGTTTGTACAAAAAAGCAGGCTCT 
ATGACAATGCCTCAAACAGATGG 
 

 

Exon 1   
6048   

ABCG43_attB_R 
 

GGGGACCACTTTGTACAAGAAAGCTGGGTG 
CTTCTTTTGGAAATTGAGTTTACC 
 

 

Exon 23 

‘_F’ or ‘_R’ refer to the forward and reverse gene-specific primers and the Gateway att site sequences 
are underlined.  The PCR conditions used in this experiment are in Chapter 2, Section 2.3.5.3. 
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Figure 6.12: Creation of the pDONR207-ABCG43 entry clone by Gateway cloning. (A) The 

pCAMBIAY1300-ABCG43 vector was used as a template to amplify the ABCG43 coding region 

(minus the stop codon). The ends of the forward and reverse primers contained attB sequences to 

produce ABCG43 amplicons flanked by the attB1 and attB2 sites. During the Gateway BP reaction, 

the attB sites and attP sites (on the donor vector pDONR207) undergo recombination catalyzed by BP 

clonase to produce (B) the pDONR207-ABCG43 entry clone. (C) Confirmation restriction digests of 

pDONR207-ABCG43. Lanes (1) show restriction digests with EcoRI producing fragments of 7607 

bp, 1186 bp and 628 bp for pDONR207-ABCG43 compared to pDONR207 that was linearized 

producing a band of 6535 bp. Lanes (2) show restriction digests with EcoRV producing fragments of 

6360 bp, 2614 bp and 447 bp for pDONR207-ABCG43 compared to fragments of 4350 bp and 2203 

bp for pDONR207. Lanes (3) are undigested PDONR207-ABCG43 and pDONR207. L indicates a λ 

phage DNA ladder. Faint bands are shown in red, while those highlighted in blue indicate undigested 

pDONR207 plasmid. The gap in (C) shows where the image was spliced to remove restriction digest 

results of additional pDONR207-ABCG43 clones. The full plasmid map for pDONR207-ABCG43 is 

provided in Appendix 6.13 and the full restriction digest gel is presented in Appendix 6.14.  
 

To make the pUBC-ABCG43-GFP expression clone, LR clonase catalysed recombination 

between the attL sites on the entry clone pDONR207-ABCG43 and the attR sites on the 

destination vector pUBC-GFP, which placed the ABCG43 coding region downstream of the 

ubiquitin-10 promoter and C-terminally fused to GFP (Figure 6.13A&B and Appendix 6.16;  
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Chapter 2, Section 2.9.10.2). ABCG43 was C-terminally fused to GFP because cytoplasmic 

domains were predicted to be present at the C-terminus, while no cytoplasmic domains were 

predicted at the N-terminus when I conducted a protein functional analysis in InterProScan 

(Jones et al., 2014). The resultant pUBC-ABCG43-GFP plasmid was transformed into 

TOP10 E. coli cells and positive transformants were selected on spectinomycin. To confirm 

that no sequence rearrangements had occurred, the extracted pUBC-ABCG43-GFP plasmid 

was digested with EcoRI and BamHI, which produced fragments of the expected size (Figure 

6.13C; Chapter 2, Section 2.3.9).  

 

Figure 6.13: Creation of the pUBC-ABCG43-GFP expression clone by Gateway cloning. (A) 
During the Gateway LR reaction, the attL sites on the entry clone and attR sites on the destination 

vector undergo recombination catalyzed by LR clonase to produce (B) the pUBC-ABCG43-GFP 

expression clone. (C) Confirmation restriction digests of pUBC-ABCG43-GFP. Lanes (1) show 

restriction digests with EcoRI producing fragments of 12,118 bp, 2005 bp, 1186 bp and 628 bp for 

pUBC-ABCG43-GFP compared to fragments of 10,408 bp and 1127 bp for pUBC-GFP. Lanes (2) 

show restriction digests with BamHI producing fragments of 8780 bp, 4727 bp and 2430 bp for 

pUBC-ABCG43-GFP compared to fragments of 8780 bp, 1836 bp, 703 bp and 216 bp for pUBC-

GFP. Lanes (3) are undigested pUBC-ABCG43-GFP and pUBC-GFP. L indicates a λ phage DNA 

ladder. Faint bands are highlighted in red. The full plasmid map for pUBC-ABCG43-GFP is available 

in Appendix 6.16.    
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6.2.5 Root-gel adhesion properties of ABCG43-GFP complemented and 

overexpression Arabidopsis thaliana lines 

Given that the root-gel adhesion phenotype of the abcg43-1 heterozygous line was partially 

rescued, I was interested in investigating the potential gene-dose effect of ABCG43. To study 

this, I transformed the pUBQ:ABCG43-GFP construct into abcg43-1 and wild type (Col-0) 

Arabidopsis plants using Agrobacterium-mediated transformation by floral dipping and the 

resulting lines were allowed to self-fertilise (Chapter 2, Sections 2.1.6.1 and  2.4.3). 

Homozygous transgenic lines in the abcg43-1 and wild-type genetic backgrounds were 

selected by identifying plant populations with 100% survival on a sterile gel containing 

glufosinate (Chapter 2, Section 2.1.7).  

 

There was no difference in the root-gel adhesion of abcg43-1 plants expressing ABCG43-

GFP (abcg43-1:ABCG43-GFP) relative to wild type, confirming full functional 

complementation (Table 6.9 and Figure 6.14). Another independent assessment with a 

replicate size of over 80 seedlings for each line also confirmed there to be no significant 

difference between the root-gel adhesion properties of abcg43-1:ABCG43-GFP and wild-

type seedlings (Appendices 6.17 and 6.18). In contrast, wild-type seedlings expressing 

ABCG43-GFP (Col-0:ABCG43-GFP) were significantly less resistant to detachment from 

the sterile gel, with 4.4 times the risk of detachment than wild type (Table 6.9 and Figure 

6.14). Another independent experiment with a replicate size of over 80 seedlings for each line 

confirmed Col-0:ABCG43-GFP plants to be significantly less resistant to detachment from 

the sterile gel than wild-type seedlings (Appendices 6.17 and 6.18).  
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Table 6.9: Output of the Cox PH regression models comparing the root-gel detachment of 
abcg43-1:ABCG43-GFP and Col-0:ABCG43-GFP to wild type (Col-0). 

*** refers to a statistically significant difference ≤ 0.001 and ns no statistically significant difference 

relative to wild type. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.14: Root-gel adhesion properties of abcg43-1 and Col-0 lines expressing an ABCG43-
GFP fusion protein. Survival curves displaying the proportion of seedlings adhered to the gel at 

increasing centrifugal force for wild type (Col-0 - black), Col-0:ABCG43-GFP (light blue), abcg43-1 
(dark pink) and abcg43-1:ABCG43-GFP (light pink). Red crosses on the curves represent seedlings 

that adhered to the gel after the maximum centrifugal speed (1611 RPM). A single experiment 

included ≥ 70 biological replicates for each candidate line.  

 
The root-gel adhesion properties of the abcg43-1:ABCG43-GFP and Col-0:ABCG43-GFP 

lines could not be attributed to any root hair morphological changes because there was no 

significant difference in the root hair phenotype of abcg43-1:ABCG43-GFP and  

 
Line 

 

Sample 
size 

 

Col-0 
sample size 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(95% CI) 

 
 

Col-0: 
ABCG43-GFP 

 
86 

 
 
 

85 

 

z = 8.37 
P < 0.001 

 
*** 

 

4.35 
(3.08, 6.14) 

 

abcg43-1 
 

90 
 

z = -8.81 
P < 0.001 

 
*** 

 

0.20 
(0.14, 0.28) 

 

 

abcg43-1: 
ABCG43-GFP 

 
81 

 

z = -0.02 
P > 0.05 

 
ns 

 

1.00 
(0.73, 1.36) 
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Col-0:ABCG43-GFP seedlings relative to wild type (Table 6.10 and Figure 6.15; Appendices 

6.19 and 6.20).  

 

Table 6.10: Root hair phenotypic differences between 5-day-old abcg43-1:ABCG43-GFP and 
Col-0:ABCG43-GFP seedlings relative to wild type (Col-0).  

For each root hair characteristic, the mean (± SE), replicate size (n) and output of the linear model that 

compared wild type to a candidate line are given.  

Figure 6.15: Root hair phenotypes of 5-day-old wild type (Col-0), Col-0:ABCG43-GFP and 
abcg43-1:ABCG43-GFP seedlings grown on a sterile medium. (A) Representative images showing 

the root hair phenotypes of each line. Seedlings were grown in Petri plates on a sterile gel medium  

 

Line 
 

Root hair density 
(n per mm length of root) 

 

 

Root hair length (mm) 
 

Col-0 
 

41.200 ± 1.191 
n = 10 

 

-  
 

 0.485 ± 0.005 
n = 10 

 

 

-  

 
Col-0:ABCG43-GFP 

 
 

41.400 ± 1.384 
n = 10 

No difference 
 
 

 

t = 0.107 
P > 0.05 
d.f. = 18 

 

 
 

0.482 ± 0.006 
n = 10 

No difference 
 

 

t = -0.149 
P > 0.05 
d.f. = 18 

 

 
abcg43-1:ABCG43-GFP 

 

41.200 ± 1.405 
n = 10 

No difference 

 

t = 0.000 
P > 0.05 
d.f. = 18 

 

 

0.482 ± 0.006 
n = 10 

No difference 
 

 

t = -0.126 
P > 0.05 
d.f. = 18 
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and imaged under darkfield lighting. Scale bar = 0.5 mm. Boxplot showing the median (horizontal 

line), interquartile range (box) with minimum and maximum values (whiskers) overlaid with a 

scatterplot of raw measurements for (B) root hair density (n per mm length of root) and (C) root hair 

length (mm) of Col-0 (grey) and Col-0:ABCG43-GFP (light blue) and abcg43-1:ABCG43-GFP (light 

pink) plants. ns indicates that no significant difference relative to wild type. For both lines, root hair 

length and density were calculated from 10 individual seedlings. The lengths of ~ 30 individual root 

hairs were measured on each seedling and all these measurements are shown on the scatterplot for 

each candidate line. 

 

6.2.6 Protein localisation of ABCG43-GFP in Nicotiana benthamiana leaf 

epidermal cells  

Having confirmed the pUBQ:ABCG43-GFP insert is functional in abcg43-1 by fully 

restoring the root-gel adhesion phenotype to wild type, I conducted ABCG43-GFP protein 

localisation experiments in Nicotiana benthamiana leaf epidermal cells. Agrobacteria 

transformed with GFP-HDEL (that localises to the ER; Karnik et al., 2013; Appendix 6.21) 

as a known expression control or pUBC-ABCG43-GFP were infiltrated into N. benthamiana 

leaves (Chapter 2, Section 2.1.6.2). Preliminary imaging conducted with an epifluorescence 

microscope showed localisation of ABCG43-GFP at the cell periphery when transiently 

expressed in N. benthamiana leaf epidermal cells (Figure 6.16; Chapter 2, Section 2.6.2).  
 

Figure 6.16: Expression of UBQ:ABCG43-GFP in transiently transformed Nicotiana 
benthamiana leaf epidermal cells. (A) Untransformed Agrobacteria (GV301) and (B) GFP-HDEL 

act as negative and positive expression controls, respectively, for evaluating the expression of (C) the 

UBQ:ABCG43-GFP construct in tobacco leaf epidermal cells. Scale bar = 0.1 mm.   
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6.2.7 The enhanced root-gel adhesion of abcg42 mutants  

Given that ABCG43 shares over 95% sequence similarity with ABCG42, I was interested in 

investigating whether ABCG42 and ABCG43 were functionally redundant. Two abcg42 

mutant alleles were obtained from NASC – abcg42-1 (SALK_026467) and abcg42-2 

(SALK_079800). Before analysing the root adhesive behaviour of these mutants, the lines 

were confirmed to be homozygous for their respective T-DNA insertions by conducting PCR 

on pooled gDNA samples (Table 6.11 and Figure 6.17; Chapter 2, Sections 2.3.3.2 and 

2.3.5.2). Preliminary analyses suggested that ABCG42 and ABCG43 do not share functional 

redundancy because the abcg42 single mutant alleles also had enhanced root-gel adhesion, 

with ~ 0.4 times the risk of root-gel detachment for abcg42-1 and abcg42-2 relative to wild 

type (Table 6.12 and Figure 6.18). 

 
Table 6.11: Primer pairs used to genotype the abcg42 mutant alleles by gDNA PCR. 

‘_F’ or ‘_R’ refer to the forward and reverse gene-specific primers and ‘_B’ refers to the T-DNA-
specific border primer. T-DNA insertions are in exon 11 for abcg42-1 and abcg42-2. The PCR setup 
and conditions used to genotype these mutant alleles are in Chapter 2, Section 2.3.5.2. 
 

 
 
 
 
 
 
 
 
 
 
  

 

Mutant 
allele 

 

 

Primer name 
 

5’ – 3’ sequence (nt) 
 

Hybridization 
location 

 

Product 
size (bp) 

ABCG42 gene-specific 
 

abcg42-1 
 

abcg42-1_F 
 

 

CAGAAACGTTTGAGCTTTTCG 
 

ABCG42 intron 8  
1111  

abcg42-1_R 
 

 

TAGAGATGCTTCCAACGGTTG 
 

ABCG42 exon 15 
 

abcg42-2 
 

abcg42-2_F 
 

 

TCCAAACAGGAAATCTGTTGC 
 

ABCG42 exon 8  
1205   

abcg42-2_R 
 

 

GAGCGAAAAATTCATTTGCAG 
 

ABCG42 exon 15 
T-DNA border 

 

 
abcg42-1 

 

abcg42-1_R 
 

 

TAGAGATGCTTCCAACGGTTG 
 

ABCG42 exon 15  
600   

SALKLBb1.3_B 
 

 

ATTTTGCCGATTTCGGAAC 
 

T-DNA left border 
 

abcg42-2 
 

abcg42-2_R 
 

 

GAGCGAAAAATTCATTTGCAG 
 

ABCG42 exon 15  
650   

SALKLBb1.3_B 
 

 

ATTTTGCCGATTTCGGAAC 
 

T-DNA left border  
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Figure 6.17: Genomic PCR confirmed the homozygosity of each abcg42 mutant for their 
respective T-DNA insertion. (A) T-DNA insert locations in ABCG42 for each mutant allele, with 

insertions indicated by orange arrowheads. (B) Gel electrophoresis of genomic PCR to confirm 

abcg42 mutant alleles. Lanes 1 and 2 were loaded with gene-specific and T-DNA border PCR 

products from abcg42 mutant genomic DNA template. Lanes 3 and 4 were loaded with gene-specific 

and T-DNA border PCR products from a wild type (Col-0) genomic DNA template. Lanes 5 and 6 
were loaded with the water controls for the gene-specific and T-DNA-border PCR reactions. L 
indicates the New England Biolabs (NEB) 2-log ladder. The expected product sizes for the gene-

specific PCRs were ~1100 bp and ~1200 bp; the T-DNA-border PCR product sizes were ~600 bp and 

~650 bp for the abcg42- and abcg42-2 alleles, respectively.  

 

Table 6.12: Output of the Cox PH regression models comparing the root-gel detachment of 
abcg42-1 and abcg42-2 to wild type (Col-0). 

*** refers to a statistically significant difference ≤ 0.001 relative to wild type. 

 

 
 
 
  

 
Line 

 

Sample 
size 

 

Col-0 
sample size 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(95% CI) 

 

 

abcg42-1 
 

91 
 
 

92 
 
 

 

z = -5.25 
P < 0.001 

 
*** 

 

0.44 
(0.32, 0.60) 

 

 
abcg42-2 

 
79 

 

z = -5.94 
P < 0.001 

 
*** 

 

0.37 
(0.27, 0.51) 
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Figure 6.18: abcg42 mutants have enhanced root-gel adhesion relative to wild-type (Col-0). 
Survival curves displaying the proportion of seedlings adhered to the gel at increasing centrifugal 

force for wild type (Col-0 - black), abcg43-1 (light purple) and abcg42-2 (dark purple). Red crosses 

on the curves represent seedlings that adhered to the gel after the maximum centrifugal speed (1611 

RPM). A single experiment included ≥ 70 biological replicates for each candidate line. 

 
Enhanced root-gel adhesion of the abcg42 mutants was not due to changes in root hair 

morphology because there was no significant difference in the root hair phenotype of abcg42 

mutant and wild type seedlings (Table 6.13 and Figure 6.19).  
 

Table 6.13: Root hair phenotypic differences between 6-day-old abcg42-1 and abcg42-2 
seedlings relative to wild type (Col-0).  

For each root hair characteristic, the mean (± SE) of each line, replicate size of a line (n) and output of 

the linear model, which compared wild type to a candidate line, are given.  

  

 

Line 
 

Root hair density 
(n per mm length of root) 

 

 

Root hair length (mm) 
 

Col-0 
 

39.500 ±  
n = 10 

 

-  
 

0.494 ± 0.007 
n = 10 

 

 

-  

 
abcg42-1 

 
 

39.600 ± 1.875 
n = 10 

No difference 
 
 

 

t = 0.036 
P > 0.05 
d.f. = 18 

 

 
 

0.494 ± 0.007 
n = 10 

No difference 
 

 

t = 0.010 
P > 0.05 
d.f. = 18 

 

 
abcg42-2 

 

39.500 ± 1.916 
n = 10 

No difference 

 

t = 0.000 
P > 0.05 
d.f. = 18 

 

 

0.498 ± 0.007 
n = 10 

No difference 
 

 

t = 0.123 
P > 0.05 
d.f. = 18 
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Figure 6.19: Root hair phenotypes of 5-day-old wild type (Col-0), abcg42-1 and abcg42-2 
seedlings grown on a sterile medium. (A) Representative images showing the root hair phenotypes 

of each line. Seedlings were grown in Petri plates on a sterile gel medium and imaged under darkfield 

lighting. Scale bar = 0.5 mm. Boxplots showing the median (horizontal line), interquartile range (box) 

with minimum and maximum values (whiskers) overlaid with a scatterplot of raw measurements for 

(B) root hair density (n per mm length of root) and (C) root hair length (mm) of Col-0 (grey), abcg42-
1 (light purple) and abcg42-1 (dark purple). ns indicates that no significant difference relative to wild 

type. For both lines, root hair length and density were calculated from 10 individual seedlings. The 

lengths of ~ 30 individual root hairs were measured on each seedling and all these measurements are 

shown on the scatterplot for each candidate line. 

 

6.3 Discussion  

In this chapter, the genetic and physiological analyses of two previously uncharacterised 

ABC transporters, ABCG42 and ABCG43, showed that these proteins contribute to root-

substrate interactions in Arabidopsis seedlings by affecting root-substrate adhesion to a sterile 

gel. ABC transporters are large transmembrane proteins that are involved in a diverse number 

of processes that affect plant development and fitness, such as phytohormone transport, 
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pathogen responses and abiotic and biotic stress responses (reviewed in Rea, 2007; Gräfe and 

Schmitt, 2020; Dhara and Raichaudhuri, 2021).  

 

The involvement of ABCG transporters in shaping root-environmental interactions and plant 

stress responses has been reported (Badri et al., 2008, 2009; Gräfe and Schmitt, 2020; Dhara 

and Raichaudhuri, 2021; Eldridge et al., 2021; Jarzyniak et al., 2021). For example, a mutant 

of ABCG30, pdr2,  has an altered root exudate composition, rhizospheric microbial 

community (Badri et al., 2008, 2009) and enhanced root-gel adhesion relative to wild type 

seedlings (Chapter 5, Section 5.2; Eldridge et al., 2021). There is also evidence that the rice 

ABCG43 gene can promote heavy metal tolerance when expressed in a yeast homologous 

system (Oda et al., 2014). To my knowledge, this is the first study to show the involvement 

of ABCG42 and ABCG43 in root-substrate adhesion.  

 

6.3.1 ABCG42 and ABCG43 transporters could contribute to biochemical 

interactions at the root-environment interface 

My results showed that ABCG42 and ABCG43 contribute to root-substrate adhesion 

independent of root hair morphology (see Sections 6.2.2, 6.2.3, 6.2.5 and 6.2.7). These 

findings could indicate changes to root exudate composition at the root-environment interface 

that govern the adhesive behaviour in the abcg42 and abcg43 mutants and ABCG43 

heterozygous, complemented and overexpression lines. Evidence in support of this prediction 

comes from previous findings that report the involvement of seven ABC transporters in root 

exudation (Badri et al., 2008, 2009) and adhesion (Eldridge et al., 2021; Section 5.2). These 

transporters could contribute to adhesion at the root-environment interface directly and/or 

indirectly. For example, ABCG42 and ABCG43 could transport compounds into the 

rhizosphere that alter root adhesion; this would be consistent with the localisation of 

ABCG43 at the cell periphery (Figure 6.16). However, more work is required to determine 

which root cell type ABCG42 and ABCG43 localises to because such a direct contribution to 

root-substrate adhesion would require transporters to be located in root epidermal, root cap or 

root hair cells that are in contact with the environment. Alternatively, ABCG42 and ABCG43 

could indirectly affect adhesion by transporting compounds that affect downstream processes 

involved in root adhesion. This would be consistent with data for other ABCG transporters  

such as ABCG40, which was reported to indirectly affect multiple physiological processes 

(Campbell et al., 2003; Lee et al., 2005; Crouzet et al., 2006; Kang et al., 2010, 2015) by 
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affecting cellular abscisic acid (ABA) levels in roots and shoots (Campbell et al., 2003; Kang 

et al., 2010, 2015).  

 

6.3.2 Functional independence of ABCG42 and ABCG43 

The enhanced root-gel adhesion phenotypes of the abcg42 and abcg43 single mutants suggest 

that ABCG42 and ABCG43 are not functionally redundant (Figures 6.5 and 6.18). However, 

both transporters could act in the same pathway or in pathways that later converge. For 

example, if there is epistasis between ABCG42 and ABCG43 then the single mutants could 

present with enhanced root-gel adhesion because the loss of one transporter impairs the 

function of the other. Alternatively, these proteins could transport different compounds that 

affect root-adhesive behaviour in a similar way. There could also be a functional overlap 

between ABCG42 and ABCG43, but these functions are separated spatially. For example, 

ABCG42 and ABCG43 may support specialised cellular functions by transporting similar 

molecules to particular regions of the root. This diversity of function is supported by studies 

in yeast, humans and Arabidopsis that indicate single ABCG transporters can transport 

multiple and unrelated compounds across cell membranes (Kolaczkowski et al., 1996; Lu et 

al., 1998; Tommasini et al., 1998; Ambudkar et al., 1999) and is consistent with the role of 

single ABCG transporters reported to be involved in several physiological processes in 

Arabidopsis (Kim et al., 2010; Lu et al., 2015; He et al., 2019; Gräfe and Schmitt, 2020). In 

the future, analyses that compare the transcript and protein localisation of ABCG42 and 

ABCG43 in different cell types are required to fully interpret their functions.  

 

6.3.3 ABCG43 gene dosage affects root-adhesive behaviour 

Whilst gene/genome dosage effects have been reported for diverse plant species (Birchler, 

1979; Birchler and Newton, 1981; Hewelt et al., 1994; Frary et al., 2000; Yao et al., 2013; 

Shi et al., 2015; Tan et al., 2016; Bastiaanse et al., 2019), my study shows that gene dosage 

of an ABCG transporter affects phenotype (Figures 6.5, 6.8 and 6.14). The relationship 

between ABCG43 gene dosage and root-substrate adhesion could be a significant fitness 

advantage that enables plants to epigenetically control protein expression to optimise root-

adhesive behaviour at a spatio-temporal level in response to dynamic substrate properties. 

There is evidence of gene dose-dependency in hybrid maize plants where heterosis traits 

related to plant biomass, developmental rate and yield correlated in a gene dose-dependent 

way (Yao et al., 2013). Dose-dependent allelic expression and epigenetic marking was also 
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found to be associated with gene activation in Arabidopsis tetraploids (Shi et al., 2015). The 

root-gel adhesion properties of the ABCG43 mutant, heterozygous, complemented and 

overexpression lines are indicative of a dosage-dependent expression of ABCG43, suggesting 

that gene dosage correlates with its expression levels. However, given that gene expression 

can be independent of gene dosage (dosage-independent; Shi et al., 2015; Tan et al., 2016; 

Bastiaanse et al., 2019), it is possible that there will be no correlation between ABCG43 

expression levels and gene dosage. For example, if ABCG43 is part of a pathway that affects 

root-adhesiveness, then decreasing the gene dosage could affect the expression/function of 

downstream components that consequently changes the root-adhesiveness. Indeed, an inverse 

correlation between chromosomal dosage and target gene expression levels has been 

observed in maize, where a reduction in copy number from two to one upregulated target 

genes and an increase in copy number from two to three reduced target-gene expression 

(Birchler, 1979). To determine whether ABCG43-driven root adhesiveness relates to 

ABCG43 expression in a dose-dependent or dosage-independent way, a quantitative RT-PCR 

study is required to measure ABCG43 expression levels in the ABCG43 mutant, 

heterozygous, complemented and overexpression lines.  

 

6.3.4 Conclusions and future work  

In this chapter, the characterisation of two ABCG transporters, ABCG42 and ABCG43, 

provides new evidence to show that ABC transporters significantly affect root-adhesiveness 

and lays a foundation for future investigations quantifying how ABC transporter gene-dosage 

shapes root-environmental interactions. My experiments that used the ABCG43 mutant, 

heterozygous, complemented and overexpression lines confirm that the optimised centrifuge 

assay is a powerful tool for quantitative measurements of root-substrate adhesion in 

Arabidopsis. In the future, it will be informative to determine whether the root-gel adhesion 

phenotypes of ABCG42 mutant, heterozygous, complemented and overexpression lines 

correlate with gene copy number in the same way as ABCG43. Future investigations that 

quantify whether ABCG42 and ABCG43 affect the root-cohesiveness of mature plants grown 

in soil should be a priority. Given that the results of the centrifuge assay have been shown to 

translate to work with soil (see Chapter 4; De Baets et al., 2020), the enhanced root-gel 

adhesion of the abcg42 and abcg43 mutants suggest these lines will also have enhanced root-

soil cohesion. Confirming if ABCG42 and ABCG43 gene copy number and expression level 

correlate with root-cohesive behaviour when plants are grown in soil will indicate whether 
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expression of these transporters could be fine-tuned to optimise root-substrate interactions in 

response to dynamic substrate properties.  

To assess whether biochemical alterations at the root-environment interface contribute to 

enhanced adhesion in the abcg42 and abcg43 mutants, the composition and abundance of 

excreted compounds including carbohydrates, lipids and proteins in mutant and wild-type 

lines should be compared. These analyses will assist in identifying specific compounds or 

compound types that contribute to root-substrate cohesion and will drive downstream 

analyses that quantify the sole contribution specific candidate compounds make to adhesive 

and/or cohesive interactions. Candidate compounds identified from exudate profiling studies 

should also be used in transport assays to identify potential substrates of ABCG42 and 

ABCG43. 

 

It would be informative to investigate potential genetic interactions between ABCG42 and 

ABCG43 by studying the root-gel adhesion phenotype of a double mutant. Comparative 

exudate profiling analyses of ABCG42 and ABCG43 single and double mutant lines will help 

to identify if there is an overlap in the pathway(s) that these transporters contribute to. In 

addition, localisation studies at a subcellular and tissue-specific level in Arabidopsis using 

ABCG42 and ABCG43 fused to fluorescent marker proteins will visualise whether these 

transporters spatially segregate or overlap and contribute to interpreting single and double 

mutant root cohesive phenotypes.   

 

Overall, the results presented here deepen our understanding of how ABC transporters 

modify interactions with the environment and are at the forefront of elucidating plant-driven 

interactions at the root-substrate interface, an area that is poorly understood in the field of 

plant science. Interestingly, ABCG42 and ABCG43 have been identified in rice and maize 

(Oda et al., 2014; Bateman, 2019) and we did not observe any negative growth or 

development defects in the ABCG42 and ABCG43 mutant and overexpression lines. 

Therefore, these transporters could be ideal candidates for future plant breeding programmes 

to develop crops with enhanced root systems tailored for protecting against erosive forces.   
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7: General discussion 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 170 

Statement of collaboration 

Some of the ideas presented in this Chapter have been adapted from the following 

publications and grants where I am listed as a first/co-first author or co-investigator:  

• De Baets S*, Denbigh TDG*, Smyth KM*, Eldridge BM*, Weldon L, Higgins B, 

Matyjaszkiewicz A, Meersmans J, Larson ER, Chenchiah IV, Liverpool TB, Quine 

TA & Grierson CS (2020) Micro-scale interactions between Arabidopsis root hairs 

and soil particles influence soil erosion. Communications Biology, 3:164.  

• Eldridge BM*, Larson ER*, Weldon L, Smyth KM, Sellin AN, Chenchiah IV, 

Liverpool TB & Grierson CS (2021) A centrifuge-based method for identifying novel 

genetic traits that affect root-substrate adhesion in Arabidopsis thaliana. Frontiers in 

Plant Science, doi: 10.3389/fpls.2021.602486.  

• Eldridge BM, Manzoni LR, Graham CA, Rodgers B, Farmer JR & Dodd AN (2020) 

Getting to the roots of aeroponic indoor farming. New Phytologist, 228(4): nph.16780.  

• Larson ER* & Eldridge BM* (2021) Characterisation of an uncharacterised ABCG 

transporter that affects root-substrate adhesion in plants. Bristol Centre for 

Agricultural Innovation (funded grant proposal).  

* Authors contributed equally. 

 

7.1 Summary of thesis findings   

Soils are vital for sustaining human life, with more than 99% of global food-derived calories 

originating from the land (Pimentel, 2006; Kopittke et al., 2019). However, we are losing 

fertile land worldwide at an unprecedented rate due to soil erosion (Pimentel and Burgess, 

2013; FAO ITPS, 2015; see Chapter 1, Section 1.1). Today, soil erosion significantly 

threatens future food security (DeLong et al., 2015; Chapter 1, Section 1.1).To ensure food 

security, we must protect the fertile soil that remains by producing crops that reduce soil 

erosion and promote nutrient replenishment of the land. The cultivation of crops that protect 

soil from erosion requires an in-depth understanding of what plant traits contribute to 

cohesive and adhesive interactions between roots and the substrates in which they grow. 

However, researchers are only beginning to understand the contribution of plant-specific 

traits in root-substrate cohesion (see Chapter 1, Sections 1.2.1 and 1.2.2). In addition, many 

studies compared plant species with different root systems in unsterile, complex soils and 

conducted experiments that require months to complete and use specialist equipment (see 
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Chapter 1, Table 1.1). This has prevented scientists from quantifying the cohesive nature of 

plant-specific traits in a detailed and timely manner.   

 

In this thesis, I present my work to optimise a quick, high-throughput method (Chapter 3) to 

quantify the contribution of known traits and novel Arabidopsis thaliana genes to root-

substrate cohesion using a physiological, molecular genetics approach (Chapters 4 – 6).  

 

In Chapter 4, I comprehensively analysed how micro-scale changes to root hair length and 

morphology affect root cohesiveness by assessing root-gel adhesion and root-soil cohesion of 

multiple root hair developmental mutants. My results highlight the importance of root hairs in 

strengthening the root-substrate matrix, indicated by the impact roots hairs had on the 

anchorage of Arabidopsis seedlings and mature plants.  

 

In Chapter 5, I explored whether the centrifuge assay is sensitive enough to assess if 

subcellular and biochemical functions affect root adhesiveness. This interest was sparked by 

recent studies that showed specific exudate compounds were just as important as the physical 

presence of roots for soil aggregation (Huang et al., 2016; Galloway et al., 2018; Galloway, 

Akhtar, et al., 2020). My results suggest that root exudate composition and intercellular 

vesicle trafficking pathways proposed to contribute to root exudation (Vives-Peris et al., 

2020) affect the adhesive interactions between roots and their environments, in a manner 

independent of root hair development. 

 

Having shown that the centrifuge assay is a powerful tool for quantifying the contribution 

that root morphological and molecular traits make to root adhesiveness, Chapter 6 uses the 

centrifuge assay to identify and quantify how previously uncharacterised ABC transporters 

affect root adhesiveness. My results report that plant ABC transporter gene copy number 

affects protein function and adds to a growing body of literature that highlight the importance 

of ABC transporters in mediating root-environmental interactions (Badri et al., 2008, 2009; 

Jarzyniak et al., 2021).   

 

The research detailed in this thesis contributes to a recent body of literature that has used a 

genetic approach in a single plant species to quantify the contribution of different types of 

plant-specific factors to root-substrate cohesion (e.g., Bengough et al., 2016; Galloway et al., 

2018; Burak, Quinton and Dodd, 2021). The implications of each chapter are detailed in their 
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individual discussions, and this chapter examines how these findings provide a broad 

foundation for understanding root-substrate interactions. 

 

7.2 Optimising a high-throughput method to quantify root 

adhesiveness 

Most published methods that quantify root-substrate cohesiveness take months to complete, 

require specialist equipment and use unsterile, complex substrates (Bailey, Currey and Fitter, 

2002; Toukura, Devee and Hongo, 2006; De Baets and Poesen, 2010; Matyjaszkiewicz, 

2011; Akhtar et al., 2018; Galloway et al., 2018; De Baets et al., 2020; see Chapter 3, Section 

3.1). Many methods also rely on the assumption that we understand or can predict how root 

traits affect or modify root cohesiveness or require concentrating candidate compounds 

beyond endogenous levels to study their adhesiveness (Akhtar et al., 2018). The Root 

Development Research group designed a centrifuge assay to measure the plant-specific 

contributions to root-gel adhesion using common laboratory reagents and equipment (see 

Chapter 3). Having enhanced the resolution and optimised the data analysis techniques of the 

centrifuge assay (Chapter 3), I report in Chapter 4 that my version of this method has the 

sensitivity to identify micro-scale differences in root hair morphology that affect 

adhesiveness. In Chapters 5 and 6, I further show that the assay can quantify the contribution 

of biological functions that affect root adhesiveness, but do not affect root hair development 

and growth. My findings in Chapter 6 demonstrate that the assay can be used in a forward 

genetic screen to identify novel genes that impact root-gel adhesion and is sensitive enough to 

detect the effect of ABC gene copy number on root cohesive behaviour. Collectively, these 

results indicate that this assay is a powerful, reproducible and high-throughput screening tool 

for identifying how diverse gene activities, cell functions and root hair morphologies affect 

plant-substrate adhesion at a genetic level. The vast array of genetic and molecular tools 

available in the Arabidopsis model permits the testing of hypotheses about plant-specific 

factors that contribute to root-substrate interactions. While root-substrate cohesion is 

complex, and dynamically regulated by many abiotic and biotic interactions (Galloway, 

Knox, et al., 2020), this optimised assay provides a way to efficiently investigate genetic and 

cellular functions that may be masked by confounding variables such as microbes in 

complex, unsterile soils.  
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To date, the centrifuge assay has only been used to test the root adhesiveness of Arabidopsis 

plants. It would be beneficial to determine whether we can develop protocol(s) that permit 

mutants of important food crops such as wheat, barley and maize or commonly used cover 

crops such as mustard (Brassica alba), radish (Raphanus sativus) and clover (Trifolium spp.) 

to be screened using this method. The centrifuge assay could provide an efficient and cheap 

way to test whether the root adhesive behaviour of candidate traits identified in Arabidopsis 

translates to important agricultural crops. When developing growing protocols for an adapted 

assay, seed size and aerial tissue mass should be considered. Large seeds may not stay on the 

sterile gel when vertically stacked during germination and growth, and the centrifugal speeds 

may need to be adjusted for top-heavy plants that are likely to detach at low centrifugal 

speeds, which could reduce the resolution of the data.  

 

The centrifuge assay has been optimised for plants at the seedling stage, when the 

Arabidopsis root system is primitive, comprised of only a primary root covered in root hairs. 

Whilst this permits the investigation of micro-architectural traits such as root hairs, root 

surface properties and root exudates (Chapters 4 and 5), the ability to quantify how macro-

scale traits such as lateral root length and number affect root cohesion may be outside the 

scope of this assay. In addition, given that Arabidopsis root exudate composition changes 

throughout development (De-La-Peña et al., 2010; Weidenhamer et al., 2014), it will be 

important to test whether candidate exudates that affect seedling adhesion behave in the same 

way as plants mature. 

 

My work in Chapter 5 with root hair morphological mutants illustrates that the centrifuge 

assay can translate to more complex soils (Chapter 5, Section 4.2.2), whilst other studies have 

highlighted condition-dependent requirements for eliciting the bioadhesive behaviour of 

particular root traits (Oades, 1984; Pojasok and Kay, 1990; Huang et al., 2016). For example, 

root exudates can be catalysts for mediating cohesive bonds between root exudates and clay 

particles (Oades, 1984; Pojasok and Kay, 1990), and calcium is required for the root exudates 

of English Ivy plants and Arabidopsis seed mucilage to cure into a hard adhesive (Voiniciuc 

et al., 2013; Huang et al., 2016). Therefore, the abiotic properties of a sterile gel may not 

elicit these bioadhesive properties of particular root traits. This logic could be applied to my 

findings in Chapter 5, where there was no difference in the root-gel adhesion of wild-type and 

jin1-9 seedlings, which have altered root exudate composition (Carvalhais et al., 2015). 

Collectively, these findings emphasise the need for quantifying the cohesive behaviour of 
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candidate root traits in different types of substrates throughout plant development, as this will 

permit the assessment of how bioadhesive properties of candidate traits change in response to 

varying physical and biochemical properties of growth substrates.  

 

Overall, this optimised centrifuge assay provides researchers with a high-throughput and 

quantitative way to assess the effects of root morphology and cell function on root-substrate 

adhesion, which can also function as a screen for new biological and molecular factors that 

can alter plant-substrate interactions. The results from this assay provide a foundation for 

comprehensive studies that aim to quantify the role of candidate traits in more complex 

substrates. For example, the centrifuge assay could be used as an efficient first-stage 

screening method to identify candidates for more in-depth analyses using methods that can 

visualise roots grown in soil using antibodies (Galloway, Akhtar, et al., 2020) or measure 

effects on soil aggregation (Akhtar et al., 2018), plant anchorage (De Baets et al., 2020) and 

water erosion protection (De Baets et al., 2020).   

 

7.3 Characterising novel root adhesion phenotypes of known gene 

traits 

Plants engineer their environments at macro- and micro-scales by selecting and manipulating 

biotic and abiotic features to enhance their fitness (reviewed in: Baetz and Martinoia, 2014; 

Dessaux, Grandclément and Faure, 2016; Rellán-Alvarez et al., 2016; Sasse, Martinoia and 

Northen, 2018; Uroz, Courty and Oger, 2019). At a macro-scale, root systems are comprised 

of primary, lateral and accessory roots in a 3D spatial configuration (Osmont, Sibout and 

Hardtke, 2007; Rellán-Alvarez et al., 2016; see Chapter 1, Section 1.2.1). At a micro-scale, 

roots develop root hairs and release a variety of root exudate compounds into the rhizosphere 

(Baetz and Martinoia, 2014; Oburger and Jones, 2018; Vissenberg et al., 2020; Chapter 1, 

Sections 1.2.1 and 1.2.2). When I started my PhD, the majority of published studies assessed 

how macro-scale traits such as fine root percentage and length, root depth and lateral root 

distribution correlated with soil aggregation and erodibility/stability (see Chapter 1, Section 

1.2.1.1 and Table 1.1). Before my work, there was far less quantitative evidence to show that 

root hairs, root exudates and subcellular mechanisms proposed to control exudate release are 

important for root-substrate cohesion. This could be attributed to the difficulty of visualising 

and quantifying micro-scale traits in complex soils. Indeed, many studies have been 

conducted by soil scientists focused on understanding how macro-scale root traits correlate 
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with soil structure and stability, often on a field-scale (e.g., De Baets et al., 2008; Burylo et 

al., 2009; Fan and Chen, 2010; Adhikari et al., 2013; Ghestem et al., 2014; see Chapter 1, 

Table 1.1). It is highly likely that the available methodological approaches were not sensitive 

enough to quantify the contribution of micro-scale traits to root-substrate interactions. 

 

By studying already-characterised Arabidopsis mutants using the optimised centrifuge 

(Chapter 3) and uprooting assays (De Baets et al., 2020), the results presented in Chapters 4 

and 5 quantify the involvement that micro-scale traits, including root hairs (Chapter 4), root 

exudate composition and the subcellular mechanisms proposed to contribute to root exudate 

release (Chapter 5) have in root-substrate cohesion. The following subsections discuss what 

new hypotheses these results have generated and how they provide a foundation for future 

study in the field of root-substrate cohesion.  

 

7.3.1 Root hairs strengthen the root-substrate matrix  

For decades, root hairs have been described as important contributors to root anchorage (e.g., 

Hofer, 1991; Grierson et al., 2014; Wang et al., 2014; Li and Lan, 2015); however, attempts 

to quantify their contribution to plant anchorage have produced conflicting results (Bailey, 

Currey and Fitter, 2002; Bengough et al., 2016). When I started this project, one study found 

that root hairless maize seedlings were less resistant than root hair producing plants to 

uprooting from a sandy-loam soil (Bengough et al., 2016), whilst no difference in uprooting 

was found between root hair producing and hairless Arabidopsis seedlings from a sand-based 

medium (Bailey, Currey and Fitter, 2002). By using multiple Arabidopsis root hair length and 

shape mutants grown on a sterile, soil-less medium, my results show that minute changes to 

root hair length and morphology significantly affect root-substrate cohesion in young and 

mature Arabidopsis plants (Chapter 4). These findings contribute to a growing body of 

literature that shows root hairs are important for adhesion (Huang et al., 2016; Zenone et al., 

2020) and strengthen cohesive plant-soil interactions in Arabidopsis, wheat, barley, maize or 

Lotus japonicus by enhancing root anchorage (Choi and Cho, 2019; De Baets et al., 2020), 

water erosion resistance (De Baets et al., 2020), and soil aggregation/rhizosheath size (Haling 

et al., 2014; Galloway, Akhtar, et al., 2020; Ndour et al., 2020; Ruiz et al., 2020; Burak, 

Quinton and Dodd, 2021).  
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My work and that of others supports a role for root hairs in substrate cohesion, but how they 

fulfil this role remains an open question. Five of the root hair mutants that reduced root 

adhesiveness are reported to have cell wall biosynthesis and composition defects (see Chapter 

4, Table 4.6), which raises the possibility that root hairs contribute to biochemical 

interactions at the root-substrate interface as well as by physically increasing the surface-area 

in contact with the substate. Since root hair tip growth is a dynamic process that involves cell 

expansion and cell wall modification (Grierson et al., 2014), the biochemical contribution of 

root hairs to adhesion could derive from cell wall by-products that are released into the 

environment during or following active tip growth. This hypothesis is supported by studies 

that discovered the cell wall polysaccharide xyloglucan has soil-binding properties  

(Galloway et al., 2018; Galloway, Akhtar, et al., 2020) and is highly abundant around root 

hairs of wheat roots entrapped in rhizosheaths (Galloway, Akhtar, et al., 2020). Alternatively, 

in a study that used light micrography, and scanning and transmission electron microscopy to 

study root exudation, exudate release in several Sorghum species was reported to be solely 

produced by root hairs (Czarnota et al., 2003). In addition, exudation via root hairs has also 

been observed in wheat (Galloway, Akhtar, et al., 2020), the seagrass Posidonia oceanica 

(L.) (Zenone et al., 2020) and English Ivy (Hedera helix; Zhang et al., 2008; Lenaghan and 

Zhang, 2012; Huang et al., 2016). Collectively, this evidence suggests that root hairs are 

important for releasing a variety of root exudate compounds unrelated to their growth. Root 

hairs have also been shown to shape microbial community composition and some microbial-

derived exudates have been found to have adhesive properties (Czarnes et al., 2000; 

Robertson-Albertyn et al., 2017; Akhtar et al., 2018). Building on my results and the recent 

findings of others (e.g., Huang et al., 2016; Robertson-Albertyn et al., 2017; De Baets et al., 

2020; Galloway et al., 2020; Zenone et al., 2020; Burak, Quinton and Dodd, 2021), three 

main ways that root hairs could enhance root-substrate cohesion include:  

1. Substrate components, including gel molecules and soil particles, directly interact 

with and bind to root hair surfaces  

2. Root hairs release exudates that adhere plant roots to substrates or aggregate substrate 

particles together around the root surface 

3. Root hairs release exudates that are processed into new adhesive compounds by 

microbes  

 

To disentangle the physical and biochemical ways that root hairs modify their environments, 

a variety of experimental approaches and recently developed methods can be employed. For 
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example, comparing the composition and abundance of root exudates released by root hair 

producing and root hairless plants using a mass spectrometry approach could help identify 

exudates that are released by root hairs or are root-hair specific. The bioadhesive properties 

of candidate exudates could then be studied in detail by comparing the adhesive and cohesive 

properties of mutant and wild-type plants using the centrifuge (Eldridge et al., 2021), 

uprooting (De Baets et al., 2020), and soil spot-blotting (Akhtar et al., 2018) assays; and 

using antibodies that bind specific epitopes associated with candidate exudate compounds 

present in soils (Galloway, Akhtar, et al., 2020). Indeed, in a preliminary study by the Root 

Development Research Group that compared the composition and abundance of high 

molecular weight (≥5 kDa) proteins exuded by root 4-week-old hairless (cpc try) and root 

hair producing (Col-0) Arabidopsis plants, 477 protein exudates were found to be released in 

abundance by root hairs (Figure 7.1A) and 137 exudates were identified as being root-hair 

specific (Figure 7.1B). This pilot study provides evidence in support of the hypothesis that 

root hairs significantly contribute to root exudate deposition.  

 

To assess whether root hairs can indirectly contribute to root-substrate cohesion by affecting 

or interacting with microbes, it would be informative to compare root-substrate cohesion of 

root hair producing and root hairless plants grown in unsterile and gamma-irradiated soils 

using the uprooting and water erosion assays (De Baets et al., 2020). Experiments that 

categorise how changes in the release of root hair-derived compounds or compound types 

shape microbial composition will help to evaluate whether root exudates select for particular 

microbial taxa and/or functional traits that drive cohesive interactions.  

 

As well as defining the micro-scale properties root hairs have in modifying cohesive 

interactions, future studies should also quantify how they enhance root-substrate matrices at a 

macro-scale. My work in Chapter 4 and most other published studies have used laboratory-

scale experiments to measure how root hairs affect the cohesiveness of single plants (Bailey, 

Currey and Fitter, 2002; Bengough et al., 2016; De Baets et al., 2020; Eldridge et al., 2021). 

To my knowledge, only one study has examined the contribution of root hairs to root-

substrate cohesion as a population (De Baets et al., 2020). Studying the contribution of root 

hairs to cohesion on a field scale would allow us to examine how root hairs affect soil 

structure, stability and erosivity at a resolution that is more applicable to agriculture. Given 

that root hair growth is developmentally plastic and sensitive to environmental variation 

(Grierson et al., 2014; Vissenberg et al., 2020), field-based studies would also enable us to 
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study how root hair development is altered in response to varying physical and biochemical 

soil properties and the impact that this has on root cohesive behaviour. Whilst field-based 

root phenotyping studies are technically challenging, ongoing developments in X-ray 

Computed Tomography, Magnetic Resonance Imaging and Ground Penetrating Radar for 

field-based studies, combined with high-throughput image analysis pipelines and 3D imaging 

software should support conducting large-scale, soil-based experiments in the near future 

(reviewed in Atkinson et al., 2019).   

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.1: Graphical representation of a proteomics analysis comparing the composition and 
abundance of high molecular weight proteins (≥5 kDa) released by root hair producing (Col-0) 
and root hairless (cpc try) roots. (A) Proteins present in the root exudates of root hair producing 

(Col-0) plants that were absent in root hairless (cpc try) plants. (B) Proteins more abundant in root 

hair producing (Col-0) plants than root hairless (cpc try) plants. Exudate collection for proteomic 

analysis was completed by K. Smyth and the graphs were made by me and A. Sellin.   
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7.3.2 Understanding the contribution that subcellular and biochemical functions 

make to root-substrate interactions at a genetic level  

Thousands of root exudate compounds are released into the environment via the sloughing 

off of root cap cells, diffusion, secretion and active transport by transmembrane proteins (see 

Chapter 1, Section 1.2.2); therefore, the abundance and composition of the overall root 

exudate composite will be affected by the intercellular functions that contribute to their 

release. Whilst the machinery of intercellular functions is generally well established in other 

areas of plant biology (reviewed in: Murphy et al., 2005; Marie, Dale and Saraste, 2008; 

Robinson, Jiang and Schumacher, 2020), we have a limited understanding of how 

manipulating intercellular functions affects adhesive and cohesive properties at the root-

environment interface. By selecting known root exudate compositional and vesicle trafficking 

mutants in Chapter 5, my results enhance our fundamental understanding of the types of 

molecular mechanics that modify root-substrate interactions because they show that 

genetically manipulating biochemical and subcellular function affects the adhesive behaviour 

of the root as a whole.   

  

Results reported in this work indicate that root-substrate interactions can be genetically 

manipulated and exploited. I have also shown that the methodologies optimised and 

developed here are useful tools for screening and identifying gene candidates with the 

potential of improving plant growth and land use. Whilst the jin1, pft1, chc and syp mutant 

alleles I used will not be of commercial relevance because they regulate or participate in 

other required biological functions (Dombrecht et al., 2007; Iñigo et al., 2012; Karnik et al., 

2013; Raya-González et al., 2014; Larson et al., 2017; Zhang, Xing and Lin, 2019; Yastreb et 

al., 2020), my experimental approach highlights the need for additional studies that quantify 

the effect candidate traits have on root cohesion at a plant genetic level. For example, using a 

mutant approach will enable scientists to assess whether genetically manipulating a candidate 

trait directly or indirectly enhances desirable root cohesive phenotypes, such as regulating the 

expression and function of other genes that participate in root cohesion. In addition, studying 

the subcellular functions that contribute to the release or synthesis of a candidate exudate will 

help us to identify appropriate stages in a metabolic or developmental pathway that could be 

genetically manipulated to produce plants with an enhanced root cohesive phenotype.   
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7.4 ABC transporters modify root-substrate interactions  

ATP Binding Cassette (ABC) transporters are large transmembrane proteins responsible for 

importing and/or exporting diverse low and high molecular weight substrates across cell 

membranes and are involved in a wide variety of plant physiological processes (reviewed in: 

Rea, 2007; Gräfe and Schmitt, 2020; Dhara and Raichaudhuri, 2021). Of the eight ABC 

transporter subfamilies in plants, the ABCG subfamily is significantly expanded, and 

researchers have proposed this helps sessile plants respond and adapt to environmental 

change (Rea, 2007; Gräfe and Schmitt, 2020; Dhara and Raichaudhuri, 2021). My results in 

Chapters 5 and 6 strengthen our understanding of the contribution plant ABCG transporters 

make to environmental adaptation by showing that they affect adhesive interactions at the 

root-substrate interface. These findings add to a growing body of literature that shows ABCG 

proteins in Arabidopsis, wheat, rice, cucumber and Medicago truncatula mediate root-

environmental interactions by contributing to pathogen and biotic/abiotic stress responses 

(reviewed in Gräfe and Schmitt, 2020), root exudation (Badri et al., 2008, 2009; Fourcroy et 

al., 2014; Ziegler et al., 2017), rhizospheric microbial interactions (Badri et al., 2008, 2009) 

and root nodule formation (Jarzyniak et al., 2021). 

 

I did not observe growth defects in the abcg30, abcg42 and abcg43 mutant and ABCG43 

overexpression lines (data not shown in this thesis), suggesting that these genes could be 

promising candidates to genetically engineer in future breeding programmes to tailor root 

cohesive behaviour. However, more physiological and biochemical characterisation studies 

are required to investigate how these ABCG transporters shape root-environmental 

interactions and plant fitness.  

 

To date, I have tested the root adhesion of the abcg30 and abcg42 mutants, and ABCG43 

mutant and overexpression lines to a sterile gel using five-day-old seedlings, where I found 

that the mutants had enhanced root-gel adhesion and the ABCG43 overexpression line had 

decreased root-gel adhesion relative to wild type, respectively (see Chapters 5, Figure 5.6 and 

Chapter 6, Figure 6.5 and 6.18). Future investigations assessing the root cohesive behaviour 

of these lines in different substrates and at different developmental stages should be a 

priority. To achieve this, published uprooting (De Baets et al., 2020) and water erosion assays 

(Choi and Cho, 2019; De Baets et al., 2020) could be used.  
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In the absence of a root hair phenotype, biochemical rather than morphological changes are 

expected to be the main contributing factor to the enhanced adhesion of the abcg30 (pdr2), 

abcg42 and abcg43 mutants (see Chapter 5, Section 5.3.2 and Chapter 6, Section 6.3.1). 

Whilst changes to root exudate composition have previously been confirmed for the abcg30 

mutant (Badri et al., 2008, 2009), a mass spectrometry approach could be used to compare 

the identity and quantity of root exudate composition in ABCG42 and ABCG43 mutant and 

overexpression lines relative to wild type. Reassessing the exudate profile of abcg30 plants in 

the same set of experiments would enable researchers to directly compare the abcg30, 

abcg42, and abcg43 mutant root exudate profiles and identify any potential overlap in the 

specific compounds or compound composition that might contribute to the enhanced root 

adhesiveness of these lines. It would be particularly interesting to investigate potential 

changes in polysaccharide composition at the root surface and in the root exudates of these 

lines because complex polysaccharides have been shown to be potent soil aggregators 

(Galloway et al., 2018; Galloway, Akhtar, et al., 2020).   

 

Single ABCG transporters participate in multiple physiological processes (reviewed in Gräfe 

and Schmitt, 2020) and therefore, it will be important to test the plant fitness of the abcg30, 

abcg42 and abcg43 mutants. Given that multiple ABCG transporters have been shown to 

mediate abiotic stress responses (Lee et al., 2005; Kim et al., 2007; Zhu et al., 2013; 

Bahmani et al., 2019; Sheng et al., 2019) and the rice ABCG43 gene affected heavy metal 

tolerance when expressed in yeast (Oda et al., 2014), it would be insightful to test whether 

the ABCG30, ABCG42 and ABCG43 mutant and overexpression lines respond to heavy metal 

exposure or salt. In addition, the enhanced root-gel adhesion of the abcg30, abcg42 and 

abcg43 mutant could promote water retention around the roots. Therefore, the water retention 

rates of these lines could be compared to wild type using a recently published root water 

retention assay (Choi and Cho, 2019). Collectively, these experiments will provide insight 

into how these ABCG transporter genes could be manipulated to improve plant productivity.  

 

A major goal in plant ABC transporter research is to identify the direct and/or indirect ways 

these proteins contribute to biological processes and to determine their substate specificity 

(Gräfe and Schmitt, 2020; Dhara and Raichaudhuri, 2021). The direct and/or indirect 

contribution of ABCG30, ABCG42 and ABCG43 to root-environmental interactions and 

their substrate specificity remains uncharacterised. I hypothesise three ways that these ABCG 

transporters could be contributing to root-substrate cohesion:  
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1. ABCG30, ABCG42 and ABCG43 directly affect root-substrate cohesion by 

transporting their substrates into the rhizosphere that then decrease adhesive and 

cohesive interactions 

2. ABCG30, ABCG42 and ABCG43 indirectly affect root cohesion by transporting 

compounds such as phytohormones that regulate/induce downstream processes 

involved in root-substrate cohesion - this hypothesis is supported by a recent study in 

Medicago truncatula that found exportation of cytokinin by MtABCG56 is required 

for nitrogen-fixing nodule establishment (Jarzyniak et al., 2021)   

3. ABCG30, ABCG42 and ABCG43 transport multiple substrates that affect root 

cohesion in direct and indirect ways - this hypothesis is supported by studies in 

human, yeast and Arabidopsis that indicate single ABCG proteins can transport 

multiple substrates (Kolaczkowski et al., 1996; Lu et al., 1998; Tommasini et al., 

1998; Ambudkar et al., 1999)  

 

Several experimental approaches can be used to address the direct and/or indirect ways these 

transporters affect root-substrate interactions. For example, if these transporters could make a 

direct contribution to root-substrate interactions, the localisation of these transporters would 

be expected to be present at the cell periphery in root cap, root epidermal or root hair cells, 

where they have the potential to transport substrates directly into the rhizosphere and 

participate in root cohesive interactions. Metabolic and exudate profiling studies will help to 

identify candidate substrates that can be subsequently tested in transport assays. For instance, 

a high-throughput transporter assay screen could be conducted by overexpressing ABCG30, 

ABCG42 or ABCG43 in Arabidopsis protoplasts, yeast or HeLa cells and then monitoring for 

ATPase activity in the presence of candidate substrate compounds (reviewed in Gräfe and 

Schmitt, 2020). Once the substrates of ABCG30, ABCG42 and ABCG43 are identified, the 

cohesive nature of these compounds can be studied in isolation, which would determine 

whether these substrates mediate root-substrate interactions in direct and/or indirect ways.  

 

The enhanced root-gel adhesion of abcg30, abcg42 and abcg43 Arabidopsis mutants (see 

Chapters 5, Figure 5.6 and Chapter 6, Figure 6.5 and 6.18) suggests that the wild-type 

function of these proteins is to decrease adhesive interactions between roots and their 

substrates. These results emphasise the homeostatic balancing act that plants face to enable 

them to adapt to heterogeneous and dynamically changing environments. For example, 

releasing bioadhesive exudates that reinforce the root-substrate matrix might significantly 
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enhance plant fitness when the soil structure is fairly loose, but this could negatively impact 

plant growth if the soil becomes compacted, as it could prevent roots from penetrating the 

soil and establishing a sufficient root mass for plant anchorage, and nutrient and water 

uptake. Thus, it is likely that plants have a variety of traits that both enhance and reduce 

cohesion and/or can be modified to enable dynamic adaptation to substrates with different 

properties. Indeed, root mucilage enhances soil aggregation (Read and Gregory, 1997) but 

might also decrease cohesion because it is proposed to reduce root-soil friction (Mckenzie et 

al., 2013). Alternatively, the adhesive and cohesive properties of particular root traits might 

be a side effect of the primary biological function(s) they serve. For example, the exudation 

of coumarins, which unlock phytoavailable iron sources by reducing and chelating 

recalcitrant iron pools (Colombo et al., 2014; Tsai and Schmidt, 2017), could reduce root 

cohesive behaviour by altering the physical and chemical properties of soil aggregates. 

Collectively, these hypotheses highlight the need for more studies to identify plant-specific 

factors that modify cohesive interactions between roots and different substrate types to 

provide a dynamic understanding of the types of traits that regulate the strength of the root-

substrate matrix. This information will be important for plant engineering strategies that aim 

to optimise root cohesive behaviour.  

 
7.5 Conclusion 

This thesis deepens our understanding of plant-specific traits that modify adhesive and 

cohesive interactions between roots and their substrates by showing that changes to root hair 

development and morphology, root exudation, subcellular vesicle trafficking pathways and 

ABCG transporter function affect root-substrate cohesion. My results highlight the advantage 

of screening mutants of a single species in a high-throughput assay to identify plant-specific 

traits that affect root-substrate adhesion, before studying their contribution in time-intensive 

experiments that use complex soils and specialist equipment. These findings are at the 

forefront of describing plant-dependent requirements for root-substrate interactions, an area 

significantly underrepresented in plant and soil science, and have generated three main areas 

for future research:  

1. Assessing the mechanical and biochemical ways that root hairs strengthen the root-

substrate matrix 

2. Studying the subcellular functions that modify candidate root traits and/or contribute 

to the release or synthesis of root exudate compounds 



 184 

3. Investigating how ABCG30, ABCG42 and ABCG43 regulate root-environmental 

interactions and plant fitness  

Once candidate genes are identified, their contribution to root-substrate cohesion at different 

plant development stages should be assessed in various substrates, with a view to identify 

orthologs in commercially important crop species. In this respect, it is proposed that cohesive 

interactions between roots and hydroponic solutions are important for nutrient and water 

uptake by forming a nutrient-dense, thin-film on the root surface (Eldridge et al., 2020). 

Therefore, identifying root traits that enhance cohesion between roots and water-based 

solutions could be a way to enhance productivity in indoor controlled farms, a sector that is 

forecast to rapidly expand (Eldridge et al., 2020). Future interdisciplinary studies between 

plant and soil scientists, engineers and theoretical biophysicists would be beneficial for the 

field because it would enable a comprehensive assessment of 1) how plant traits affect soil 

structure and vice versa, and 2) how the root-soil matrix strength can be engineered and 

applied to agricultural and landslide management strategies aimed at preventing soil erosion 

and enhancing agricultural productivity.  
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Chapter 4 appendices  
 
Appendix 4.1: Second experimental repeat confirming root hair phenotypic differences between 
5-day-old csld3-1, rol1-2, rsl4-1, wer myb23 and 35S::RSL4 seedlings relative to wild type (Col-
0).  

For each root hair characteristic, the: mean (± SE) of each line, replicate size of a line (indicated by “n 
=”), ratio between the means of wild type and a candidate line (indicated in bold), and output of the 

linear model (which compared wild type to a candidate line) is given. *** refers to a statistically 

significant difference ≤ 0.001.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

Line. 
 

Root hair density 
(n per mm length of root) 

 

 

Root hair length (mm) 
 

Col-0 
 

 

34.100 ± 1.206 
n = 10 

 

 

-  
 

0.465 ± 0.108 
n = 10 

 

-  

 
csld3-1 

 

7.900 ± 0.526 
n = 10 

0.23 of wild type*** 
 

 

t = -19.910 
P < 0.001 
d.f. = 18 

 

0.066 ± 0.004 
n = 10 

0.14 of wild type*** 

 

t = -21.890 
P < 0.001 
d.f. = 18 

 
rol1-2 

 

33.900 ± 1.178 
n = 10 

No difference 
 

 

t = -0.119 
P > 0.05 
d.f. = 18 

 

0.216 ± 0.006 
n = 10 

0.47 of wild type*** 

 

t = -13.230  
P < 0.001 
d.f. = 18 

 
rsl4-1 

 

18.200 ± 1.236 
n = 10 

0.53 of wild type*** 
 

 

t = -9.205 
P < 0.001 
d.f. = 18 

 

0.170 ± 0.012 
n = 10 

0.37 of wild type*** 

 

t = -13.650  
P < 0.001 
d.f. = 18 

 
wer myb23 

 

64.600 ± 2.663 
n = 10 

1.89 of wild type*** 
 

 

t = 10.430  
P < 0.001 
d.f. = 18 

 

0.466 ± 0.014 
n = 10 

No difference 

 

t = 0.036  
P > 0.05 
d.f. = 18 

 
35S::RSL4 

 

34.000 ± 1.183 
n = 10 

No difference 
 

 

t = -0.059  
P > 0.05 
d.f. = 18 

 

0.653 ± 0.028 
n = 10 

1.40 of wild type*** 

 

t = 5.579 
P < 0.001 
d.f. = 18 
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Appendix 4.2: Second experimental repeat confirming root hair phenotypes of 5-day-old wild 
type (Col-0), cpc try, csld3-1, rol1-2, rsl4-1, wer myb23 and 35S::RSL4 plants grown on a sterile 
gel medium. (A) Representative images showing the root hair characteristics of each line. Plants were 

grown in Petri plates on a sterile gel medium and imaged under darkfield lighting. Scale bar = 0.5 

mm. Boxplot showing the median (horizontal line), interquartile range (box) with minimum and 

maximum values (whiskers) overlaid with a scatterplot of raw measurements for (B) Root hair density 

(n per mm length of root) and (C) root hair length (mm) of Col-0 (grey), csld3-1 (dark green), rol1-2 
(red), rsl4-1 (pink), wer myb23 (light blue) and 35S::RSL4 (dark blue). *** and ns refer to a 

statistically significant difference of ≤ 0.001 or no significant difference relative to wild type, 

respectively. For all lines, root hair length and density were calculated from 10 individual plants. The 

lengths of ~ 30 individual root hairs were measured on each plant. 
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Appendix 4.3: Output of the Cox PH regression models for the second experimental repeat 
comparing the root-gel detachment of cpc try, csld3-1, rls4-1, rol1-2, wer myb23 and 35S::RSL4 
to wild type (Col-0).  

*** refers to a statistically significant difference ≤ 0.001.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Candidate 
line sample 

size 

 

Col-0 
sample 

size 
 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(± 95% CI) 

 

 

cpc try  
 

72 
 

100 
 

z = 12.01 
P < 0.001 

 
*** 

 

8.94 
(6.26 ± 12.78) 

 

 
csld3-1 

 
75 

 
75 

 

z = 11.13 
P < 0.001 

 
*** 

 

 10.52 
(6.95 ± 12.91) 

 
rsl4-1 

 
71 

 
100 

 

z = 9.98 
P < 0.001 

 
*** 

 

6.93 
(4.74 ± 10.15) 

 
rol1-2 

 

 
87 

 
85 

 

z = 6.71 
P < 0.001 

 

 
*** 

 

2.97 
(2.16 ± 4.09) 

 
wer myb23 

 
76 

 

 
100 

 

z = -7.82 
P < 0.001 

 

 
*** 

 

0.26 
(0.18 ± 0.36) 

 
35S::RSL4 

 
91 

 
100 

 

z = -9.58 
P < 0.001 

 

 
*** 

 

0.19 
(0.13 ± 0.26) 
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Appendix 4.4: Second experimental repeat confirming root hair presence and alterations to root 
hair length affect root-substrate adhesion. Survival curves displaying the proportion of seedlings 

adhered to the gel at increasing centrifugal force for wild type (Col-0 - black) and: (A) cpc try (light 

green); (B) csld3-1 (dark green); (C) rsl4-1 (pink); (D) rol1-2 (red); (E) wer myb23 (light blue); and 

(F) 35S::RSL4 (dark blue). Red crosses on the survival curves represent seedlings that adhered to the 

gel after the maximum centrifugal speed (1611 RPM).  single experiment included ≥ 70 biological 

replicates for each candidate line. Because the root-gel adhesion of multiple candidate lines was often 

analysed a single experiment, graphs that show the same wild type (Col-0) detachment curve are 

indicated with an asterisk in the key.  
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Appendix 4.5: Second experimental repeat confirming root hair phenotypic differences between 
5-day-old cow1-3, gdi1-2 and lrx1-4 seedlings relative to wild type (Col-0).  

For each root hair characteristic, the: mean (± SE) of each line, replicate size of each line (indicated 

by “n =”), ratio between the means of wild type and a candidate line (indicated in bold), and output of 

the linear model (which compared wild type to a candidate line) is given. *** refers to a statistically 

significant difference ≤ 0.001. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Root hair density  
(n per mm length of root) 

 

 
Root hair length (mm) 

 

Col-0 
 

31.000 ± 0.494 
n = 10 

 

 

-  
 

0.442 ± 0.004 
n = 10 

 

-  

 
cow1-3 

 

29.400 ± 0.476 
n = 10 

No difference 
 

 

t = -2.331 
P > 0.025 
d.f. = 18 

 

0.035 ± 0.001 
n =10 

0.083 of wild type*** 

 

t = -26.590 
P < 0.001 
d.f. = 18 

 
gdi1-2 

 

25.800 ± 0.593 
n = 10 

0.83 of wild type*** 
 

 

t = -6.738  
P < 0.001 
d.f. = 18 

 

0.224 ± 0.006 
n =10  

0.53 of wild type*** 

 

t = -9.037 
P < 0.001 
d.f. = 18  

 
lrx1-4 

 

31.900 ± 0.566 
n = 10 

No difference 
 

 

t = 1.197 
P > 0.05 
d.f. = 18 

 

0.371 ± 0.006 
n = 10 

No difference 

 

t = -2.180 
 P > 0.025 
d.f. = 18 
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Appendix 4.6: Second experimental repeat confirming root hair phenotypes of 5-day-old wild 
type (Col-0), cow1-3, gdi1-2 and lrx1-4 plants grown on a sterile gel medium. (A) Representative 

images showing the root hair characteristics of each line. Plants were grown in Petri plates on a sterile 

gel medium and imaged under darkfield lighting. Scale bar = 0.5 mm. Boxplot showing the median 

(horizontal line), interquartile range (box) with minimum and maximum values (whiskers) overlaid 

with a scatterplot of raw measurements for (B) root hair density (n per mm length of root) and (C) 
root hair length (mm) of Col-0 (grey), cow1-3 (blue), gdi1-2 (dark green) and lrx1-4 (light green). *** 

and ns refer to a statistically significant difference of ≤ 0.001 or no significant difference relative to 

wild type, respectively. For all lines, root hair length and density were calculated from 10 individual 

plants. The lengths of ~ 30 individual root hairs were measured on each plant.   
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Appendix 4.7: Output of the Cox PH regression 
models for the second experimental repeat 
comparing the root-gel detachment of cow1-3, 
gdi1-2 and lrx1-4 to wild type (Col-0). *** refers to 
a statistically significant difference ≤ 0.001.  
 
 
 
 
  

Appendix 4.8: Second experimental repeat confirming that alterations to root hair shape affect root-substrate adhesion. Survival curves displaying the 
proportion of seedlings adhered to the gel at increasing centrifugal force for wild type (Col-0 - black) and (A) cow1-3 (blue), (B) gdi1-2 (dark green), and (C) 
lrx1-4 (light green). Red crosses on the survival curves represent seedlings that adhered to the gel after the maximum centrifugal speed (1611 RPM). A single 
experiment included ≥ 70 biological replicates for each candidate line.  
 
 

 
Line 

 

Candidate 
line sample 

size 

 

Col-0 
sample 

size 
 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(± 95% CI) 

 

 

cow1-3  
 

72 
 

85 
 

z = 5.60 
P < 0.001 

 
*** 

 

2.68 
(1.89 ± 3.76) 

 

 
gdi1-2 

 
75 

 
75 

 

z = 7.17 
P < 0.001 

 
*** 

 

 4.11 
(2.80 ± 6.05) 

 
lrx1-4 

 
70 

 
75 

 

z = 2.99 
P < 0.001 

 
*** 

 

6.68 
(4.41 ± 10.14) 
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Appendix 4.9: Uprooting results for individual replicate wild type (Col-0), cpc try and wer 
myb23 plants. RLD = Root Length Density (km m-3).  

Line Peak force (N) Work done (mJ) RLD (km m-3) 
Col-0 1.20 17.35 7.97 
Col-0 1.82 31.37 33.11 
Col-0 1.35 22.63 22.69 
Col-0 0.74 10.74 13.14 
Col-0 1.23 15.27 28.57 
Col-0 1.10 17.07 24.03 
Col-0 1.00 14.82 24.94 
Col-0 1.37 25.53 41.71 
Col-0 1.93 38.68 49.43 
Col-0 1.77 29.59 43.54 
Col-0 0.54 7.31 13.60 
Col-0 0.74 8.14 8.63 
Col-0 0.59 9.20 9.89 
Col-0 1.98 35.85 44.46 
Col-0 0.65 10.04 7.91 
Col-0 1.96 35.29 41.26 
Col-0 1.88 27.54 24.94 
Col-0 1.71 41.51 34.46 
Col-0 1.43 23.50 52.14 
Col-0 2.42 36.48 44.89 
cpc try 0.57 9.10 17.23 
cpc try 0.48 7.16 40.34 
cpc try 0.38 5.43 11.11 
cpc try 0.38 5.78 17.49 
cpc try 0.99 12.37 59.83 
cpc try 0.61 10.29 47.06 
cpc try 0.46 4.46 18.14 
cpc try 0.19 2.55 6.71 
cpc try 0.38 5.30 10.82 
cpc try 0.23 4.35 12.77 
cpc try 0.29 3.23 14.11 
cpc try 0.37 4.51 11.43 
cpc try 0.55 7.51 10.74 
cpc try 0.73 10.52 36.97 
cpc try 0.60 9.63 31.60 
cpc try 0.70 8.35 17.49 
cpc try 0.80 12.52 37.66 
cpc try 0.69 9.76 29.57 
cpc try 0.67 9.03 41.00 

wer myb23 0.94 11.88 16.74 
wer myb23 1.54 22.78 16.63 
wer myb23 1.09 15.90 17.57 
wer myb23 1.50 24.03 17.02 
wer myb23 2.61 49.34 38.77 
wer myb23 2.24 50.30 36.26 
wer myb23 1.69 23.35 15.63 
wer myb23 2.43 50.66 48.26 
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wer myb23 0.39 4.96 4.48 
wer myb23 2.63 75.87 29.86 
wer myb23 1.09 12.90 9.20 
wer myb23 0.8 15.46 15.34 
wer myb23 1.03 13.09 11.17 
wer myb23 1.81 47.02 25.11 
wer myb23 1.69 28.74 22.31 
wer myb23 1.86 31.47 21.20 
wer myb23 1.93 30.52 18.97 
wer myb23 1.67 26.10 23.71 
wer myb23 1.75 24.44 19.51 
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Chapter 5 appendices 
 
Appendix 5.1: Second experimental repeat confirming no root hair phenotypic differences 
between 5-day-old chc1-2, chc2-3, syp121 and syp122-1 seedlings and wild type (Col-0).  

For each root hair characteristic, the: mean (± SE) of each line, replicate size of a line (indicated by “n 
=”), ratio between the means of wild type and a candidate line (indicated in bold), and output of the 
linear model (which compared wild type to a candidate line) is given.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Root hair density 
(number per mm length of root) 

 

 
Root hair length (mm) 

 
Col-0 

 

 

34.500 ± 0.582  
n = 10 

 

-  
 

0.525 ± 0.006 
n = 10 

 

-  

 
chc1-2 

 

 33.800 ± 0.786  
n = 10 

No difference 
 

 

t = -0.716 
P > 0.05 
d.f. = 18 

 

0.511 ± 0.005 
n = 10 

No difference 

 

t = -0.468 
P > 0.05 
d.f. = 18 

 
chc2-3 

 

 34.400 ± 0.686 
n = 10 

No difference 
 

 

t = -0.111 
P > 0.05 
d.f. = 18 

 

0.496 ± 0.006 
n = 10 

No difference 

 

t = -0.803 
P > 0.05 
d.f. = 18 

 
syp121 

 

34.300 ± 0.539 
n = 10 

No difference 
 

 

t = -0.252 
P > 0.05 
d.f. = 18 

 

 0.544 ± 0.005 
n = 10 

No difference 

 

t = 0.624 
P > 0.05 
d.f. = 18 

 
syp122-1 

 

34.800 ± 0.554 
n = 10 

No difference 
 

 

t = 0.373 
P > 0.05 
d.f. = 18 

 

0.527 ± 0.005 
n = 10 

No difference 

 

t = 0.541 
 P > 0.05 
d.f. = 18 
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Appendix 5.2: Second experimental repeat confirming no difference in the root hair phenotypes 
of 5-day-old wild type (Col-0) and chc1-2, ch2-3, syp121 and syp122-1 plants grown on a sterile 
gel medium. (A) Representative images showing the root hair phenotypes of each line. Plants were 
grown in Petri plates on a sterile gel medium and imaged under darkfield lighting. Scale bar = 0.5 
mm. Boxplot showing the median (horizontal line), interquartile range (box) with minimum and 
maximum values (whiskers) overlaid with a scatterplot of raw measurements for (B) root hair density 
(n per mm length of root) and (C) root hair length (mm) of Col-0 (grey), chc1-2 (dark blue), chc2-3 
(blue), syp121 (turquoise), syp122-1 (teal). ns refers to no significant difference relative to wild type, 
respectively. For all lines, root hair length and density were calculated from 10 individual seedlings. 
The lengths of ~ 30 individual root hairs were measured on each seedling and all these measurements 
are shown on the scatterplot for each line. 
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Appendix 5.3: Output of the Cox PH regression models for the second experimental repeat 
comparing the root-gel detachment of chc1-2, chc2-3, syp121 and syp122-1 to wild type (Col-0).   

*** refers to a statistically significant difference ≤ 0.001 relative to wild type. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Sample 
size 

 

Col-0 
sample size* 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(± 95% CI) 

 

 

chc1-2 
 

72 
 

95 
 

z = 9.37 
P < 0.001 

 
*** 

 

5.44 
(3.82 ± 7.76) 

 

 
chc2-3 

 
73 

 
95 

 

z = 10.32 
P < 0.001 

 
*** 

 

6.28 
(4.43 ± 8.91) 

 
syp121 

 
76 

 
95 

 

z = 9.19 
P < 0.001 

 
*** 

 

4.92 
(3.51 ± 6.93) 

 
syp122-1 

 
70 

 
95 

 

z = 9.84 
P < 0.001 

 
*** 

 

5.96 
(4.17 ± 8.50) 
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Appendix 5.4: Second experimental repeat confirming that disruption to vesicle trafficking and 
secretion affects root-substrate adhesion. Survival curves displaying the proportion of seedlings 
adhered to the gel at increasing centrifugal force for wild type (Col-0 - black), chc1-2 (dark blue), 
chc2-3 (blue), syp121 (turquoise) and syp122-1 (teal). A single experiment included ≥ 70 biological 
replicates for each line.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 231 

Appendix 5.5: Second experimental repeat confirming no root hair phenotypic differences 
between 5-day-old jin1-9, pdr2 and pft1-3 seedlings relative to wild type (Col-0).  

For each root hair characteristic, the: mean (± SE) of each line, replicate size of a line (indicated by “n 
=”), ratio between the means of wild type and a candidate line (indicated in bold), and output of the 
linear model (which compared wild type to a candidate line) is given.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Root hair density  
(number per mm length of root) 

 

 
Root hair length (mm) 

 

Col-0 
 

30.200 ± 0.663 
n = 10 

 

 

-  
 

0.444 ± 0.004 
n = 10 

 

-  

 
jin1-9 

 

31.000 ± 0.601 
n = 9 

No difference 
 

 

t = 0.886 
P > 0.05 
d.f. = 17  

 

0.440 ± 0.004 
n = 9 

No difference 

 

t = -0.260 
P > 0.05 
d.f. = 17 

 
pdr2 

 

 30.889 ± 0.539   
n = 9 

No difference 
 

 

t = 0.795 
 P > 0.05 
d.f. = 17 

 

 0.436 ± 0.005  
n = 9 

No difference 

 

t = -0.386 
P > 0.05 
d.f. = 17 

 
pft1-3 

 

 30.100 ± 0.690  
n = 10 

No difference 
 

 

t = -0.104 
P > 0.05 
d.f. = 18 

 

0.441 ± 0.005 
n = 10 

No difference 

 

t = -0.151 
P > 0.05 
d.f. = 18 
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Appendix 5.6: Second experimental repeat confirming no difference in the root hair phenotypes 
of 5-day-old wild type (Col-0) and jin1-9, pdr2 and pft1-3 plants grown on a sterile gel medium. 
(A) Representative images showing the root hair phenotypes of each line. Plants were grown in Petri 
plates on a sterile gel medium and imaged under darkfield lighting. Scale bar = 0.5 mm. Boxplot 
showing the median (horizontal line), interquartile range (box) with minimum and maximum values 
(whiskers) overlaid with a scatterplot of raw measurements for (B) root hair density (n per mm length 
of root) and (C) root hair length (mm) of Col-0 (grey), jin1-9 (light pink), pdr2 (mustard), pft1-3 
(burnt orange). ns refers to no significant difference relative to wild type. For all lines, root hair length 
and density were calculated from 10 individual seedlings. The lengths of ~ 30 individual root hairs 
were measured on each seedling and all these measurements are shown on the scatterplot for each 
candidate line.  
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Appendix 5.7: Output of the Cox PH regression models for the second experimental repeat 
comparing the root-gel detachment of jin1-9, pdr2 and pft1-3 to wild type (Col-0).   

*** refers to a statistically significant difference ≤ 0.001 and ns no statistically significant difference 
relative to wild type. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Sample 
size 

 

Col-0 
sample size* 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(± 95% CI) 

 

 

jin1-9 
 

76 
 

94 
 

z = 1.91 
P > 0.01 

 

ns 
 

1.32 
(1.17 ± 2.05) 

 

 
pdr2 

 
86 

 
94 

 

z = -6.48 
P < 0.001 

 
*** 

 

0.29 
(0.20 ± 0.43) 

 
pft1-3 

 
92 

 
94 

 

z = 8.19 
P < 0.001 

 
*** 

 

3.99 
(2.87 ± 5.56) 
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Appendix 5.8: Second experimental repeat confirming that exudate composition changes root-
substrate adhesion properties. Survival curves displaying the proportion of seedlings adhered to the 
gel at increasing centrifugal force for wild type (Col-0 - black), jin1-9 (light pink), pdr2 (mustard), 
pft1-3 (burnt orange). Red crosses on the survival curves represent seedlings that adhered to the gel 
after the maximum centrifugal speed (1611 RPM). A single experiment included ≥ 70 biological 
replicates for each candidate line.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 235 

Chapter 6 appendices  
 

 
Appendix 6.1: Sanger sequencing chromatograms of the T-DNA flanking PCRs generated from 
a pooled gDNA abcg43-1 sample confirming the identification of a T-DNA insertion around 
chromosomal position 8,968,962 - 8,968,964 in the ABCG43 gene. Sanger sequencing 
chromatogram of the T-DNA flanking amplicons generated using the (A) ABCG43 gene-specific 
forward primer and T-DNA border primer and (B) ABCG43 gene-specific reverse primer and T-DNA 
border primer. Red highlight on the chromatograms shows the ABCG43 flanking sequence that is 
presented in the main text in Figure 6.2B.   
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Appendix 6.2: Uncropped RT-PCR gels of the abcg43 mutant lines abcg42 lines using ABCG43 
gene-specific and Ef-1a (housekeeping gene) primers. (A) RT-PCR results generated using 
ABCG43-gene-specific primers for wild type (Col-0), abcg43-1, abcg43-2, abcg43-3, abcg42-1, 
abg42-2 and the gDNA and H2O controls. ABCG43 product sizes are 879 bp for cDNA and 1464 bp 
for gDNA (B) The EF-1a housekeeping gene was used as a positive control. EF-1a product sizes 
were 556 bp for cDNA and 659 bp for gDNA. L refers to the NEB 2-log ladder. For each line, RT-
PCR was conducted on three independent cDNA samples. For the gDNA control, a pooled sample of 
wild type gDNA was used.  
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Appendix 6.3: Output of the Cox PH regression models for the second experimental repeat 
comparing the root-gel detachment of abcg43-1, abcg43-2, and abcg43-3 to wild type (Col-0). 

*** refers to a statistically significant difference ≤ 0.001 relative to wild type. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Sample 
size 

 

Col-0 
sample size 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(95% CI) 

 

 

abcg43-1 
 

102 
 

 
 
 

99 

 

z = -6.78 
P < 0.001 

 
*** 

 

0.29 
(0.20, 0.41) 

 

 
abcg43-2 

 
104 

 

z = -5.34 
P < 0.001 

 
*** 

 

0.42 
(0.30, 0.58) 

 
abcg43-3 

 
105 

 

z = -3.80 
P < 0.001 

 
*** 

 

0.56 
(0.41, 0.75) 
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Appendix 6.4: Second experimental repeat confirming the abcg43 mutants have enhanced root-
gel adhesion relative to wild-type (Col-0). Survival curves displaying the proportion of seedlings 
adhered to the gel at increasing centrifugal force for wild-type (Col-0 - black), abcg43-1 (dark pink), 
abcg43-2 (light pink), and abcg43-3 (purple) seedlings. Red crosses on the curves represent seedlings 
that adhered to the gel after the maximum centrifugal speed (1611 RPM). A single experiment 
included ≥ 70 biological replicates for each candidate line. 
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Appendix 6.5: Second experimental repeat comparing root hair phenotypic differences of 5-day-
old abcg43-1, abcg43-2 and abcg43-3 seedlings relative to wild type (Col-0). 

For each root hair characteristic, the mean (± SE) of each line, replicate size of a line (n) and output of 
the linear model that compared wild type to a candidate line is given.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

Line 
 

Root hair density 
(n per mm length of root) 

 

 

Root hair length (mm) 
 

Col-0 
 

 40.400 ± 1.714 
n = 10 

 

-  
 

 0.500 ± 0.007 
n = 10 

 

 

-  

 
abcg43-1 

 

41.300 ± 1.542 
n = 10 

No difference 
 
 

 

t = 0.369 
P > 0.05 
d.f. = 18 

 

 

0.498 ± 0.007 
n = 10 

No difference 
 

 

t = -0.035 
P > 0.05 
d.f. = 18 

 

 
abcg43-2 

 

39.800 ± 1.625 
n = 10 

No difference 
 

 

t = -0.246 
P > 0.05 
d.f. = 18 

 

 

0.500 ± 0.007 
n = 10 

No difference 
 

 

t = 0.005 
P > 0.05 
d.f. = 18 

 

 
abcg43-3 

 

40.900 ± 1.991 
n = 10 

No difference 
 

 

t = 0.205 
P > 0.05 
d.f. = 18 

 

 

0.487 ± 0.007 
n = 10 

No difference 

 

t = -0.312 
P > 0.05 
d.f. = 18 
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Appendix 6.6: Second experimental repeat comparing the root hair phenotypes of 5-day-old wild-
type (Col-0), abcg43-1, abcg43-2 and abcg43-3 seedlings grown on a sterile gel medium. (A) 
Representative images showing the root hair phenotypes of each line. Seedlings were grown in Petri 
plates on a sterile gel medium and imaged under darkfield lighting. Scale bar = 0.5 mm. Boxplots 
showing the median (horizontal line), interquartile range (box) with minimum and maximum values 
(whiskers) overlaid with a scatterplot of raw measurements for (B) root hair density (n per mm length 
of root) and (C) root hair length (mm) of Col-0 (grey), abcg43-1 (dark pink), abcg43-2 (light pink) and 
abcg43-3 (purple). ns indicates no significant difference relative to wild type. For all lines, root hair 
length and density were calculated from 10 individual seedlings. The lengths of ~ 30 individual root 
hairs were measured on each seedling and all these measurements are shown on the scatterplot for each 
candidate line. 
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Appendix 6.7: Output of the Cox PH regression models for the second experimental repeat 
comparing the root-gel detachment of abcg43-1-/- and abcg43+/- to wild type (Col-0). 

*** refers to a statistically significant difference ≤ 0.001 relative to wild type. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Sample 
size 

 

Col-0 
sample size 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(95% CI) 

 

 

abcg43-1-/- 
 

70 
 
 

92 
 
 

 

z = -10.62 
P < 0.001 

 
*** 

 

0.11 
(0.08, 0.18) 

 

 
abcg43-1+/- 

 
77 

 

z = -9.23 
P < 0.001 

 
*** 

 

0.18 
(0.12, 0.25) 
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Appendix 6.8: Second experimental repeat on a separate abcg43-1+/- line confirming the root-
gel adhesion phenotype of abcg43+/- heterozygote seedlings is partially rescued. (A) Genomic 
PCR confirming the heterozygosity of the backcrossed abcg43-1 and wild-type (Col-0) seedlings. 
Lanes 1 and 2 were loaded with gene-specific and T-DNA border PCR products for individual 
backcrossed plants, wild type and the H2O control. The expected product sizes for the gene-specific 
and T-DNA-border PCR products were ~350 bp and ~400 bp, respectively. P refers to an individual 
backcrossed seedling and L indicates the NEB 2-log ladder. (B) Survival curves displaying the 
proportion of seedlings adhered to the gel at increasing centrifugal force for wild type (Col-0 - black), 
abcg43-1-/- (dark pink) and abcg43-1+/- (light pink). Red crosses on the curves represent seedlings 
that adhered to the gel after the maximum centrifugal speed (1611 RPM). A single experiment 
included ≥ 70 biological replicates for each candidate line. 
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Appendix 6.9: Second experimental repeat comparing root hair phenotypic differences of 5-day-
old abcg43-1+/- seedlings relative to wild type (Col-0). 

For each root hair characteristic, the: mean (± SE) of each line, replicate size of a line (n) and output 
of the linear model, which compared wild type to a candidate line, is given.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

Line 
 

Root hair density 
(n per mm length of root) 

 

 

Root hair length (mm) 

 
Col-0 

 

40.800 ± 1.405 
n = 10 

 

-  
 

 0.477 ± 0.007 
n = 10 

 

 

-  

 
abcg43-1+/- 

 
 

41.600 ± 1.579 
n = 10 

No difference 
 

 

t = 0.382 
P > 0.05 
d.f. = 18 

 

 
 

0.481 ± 0.006 
n = 10 

No difference 

 

t = 0.153 
P > 0.05 
d.f. = 18 
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Appendix 6.10: Second experimental repeat comparing the root hair phenotypes of 5-day-old 
wild-type (Col-0) and abcg43-1+/- seedlings grown on a sterile medium. (A) Representative 
images showing the root hair phenotypes of each line. Seedlings were grown in Petri plates on a 
sterile gel medium and imaged under darkfield lighting. Scale bar = 0.5 mm. Boxplots showing the 
median (horizontal line), interquartile range (box) with minimum and maximum values (whiskers) 
overlaid with a scatterplot of raw measurements for (B) root hair density (n per mm length of root) 
and (C) root hair length (mm) of Col-0 (grey) and abcg43-1+/- (light pink). ns indicates no significant 
difference relative to wild type. For both lines, root hair length and density were calculated from 10 
individual seedlings. The lengths of ~ 30 individual root hairs were measured on each seedling and all 
these measurements are shown on the scatterplot for each candidate line. 
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Appendix 6.11: pCAMBIAY1300-ABCG43 plasmid map. CDS refers to the coding sequence that 
includes the ABCG43 exon and intron sequences. 
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Appendix 6.12: Sanger sequencing results confirming the correct sequence of the ABCG43 
coding region and 5’ and 3’ UTR regions in pCAMBIAY1300-ABCG43. The ABG43 sequence 
was taken from the TAIR10 Arabidopsis genome release (the reference sequence is highlighted in 
red) and the alignment was conducted using Clustal Omega at EMBL-EBI.  
PCY13ABCG43_F1          ----------------------------------------TCGTATCATCGTCGCCCACC 22 
ABCG43_PCY13ABCG43      TGCAACATGCTTGTGAGGAGTTCTCTGATTTTATGGAAGTTCGTATCATCGTCGCCCACC 60 
                        ----------------------------------------********************                                                             
 
PCY13ABCG43_F1          ATACTTAAAGTTCATCATCGGTTTTAAGTCATATGTTTATTTTTCAGCATCATGACATTA 82 
ABCG43_PCY13ABCG43      ATACTTAAAGTTCATCATCGGTTTTAAGTCATATGTTTATTTTTCAGCATCATGACATTA 120 
                        ************************************************************                                                             
 
PCY13ABCG43_F1          ACAATGGCGTTACTTATGAGATTTTATTTTATTCGTATGCAAACATTGATTTTATTTAAT 142 
ABCG43_PCY13ABCG43      ACAATGGCGTTACTTATGAGATTTTATTTTATTCGTATGCAAACATTGATTTTATTTAAT 180 
                        ************************************************************                                                             
 
PCY13ABCG43_F1          CAAACCTTTTTTTCTTTCCACGGTCTTTATTTATAATGACAAACACATTGTACAAGTCGG 202 
ABCG43_PCY13ABCG43      CAAACCTTTTTTTCTTTCCACGGTCTTTATTTATAATGACAAACACATTGTACAAGTCGG 240 
            ************************************************************ 
 
PCY13ABCG43_F1          AACAAACGCTTCTAACTAATAAGACAGTACATATAAAGCCCAAATAAAAGCCCAGTTACA 262 
ABCG43_PCY13ABCG43      AACAAACGCTTCTAACTAATAAGACAGTACATATAAAGCCCAAATAAAAGCCCAGTTACA 300 
                        ************************************************************                                                             
 
PCY13ABCG43_F1          GCTCAAGAACGTGTCAAACCATTTGGGATAAGCTAGGACACGTGTTGCTTCCATAACCTT 322 
ABCG43_PCY13ABCG43      GCTCAAGAACGTGTCAAACCATTTGGGATAAGCTAGGACACGTGTTGCTTCCATAACCTT 360 
                        ************************************************************  
                                                                                     
PCY13ABCG43_F1          CACCGCATGCAAGAGATTTTAAATCCGGTGTATCGGAATCATCGCCGGAACAACTACTAA 382 
ABCG43_PCY13ABCG43      CACCGCATGCAAGAGATTTTAAATCCGGTGTATCGGAATCATCGCCGGAACAACTACTAA 420 
                        ************************************************************  
                                                                                     
PCY13ABCG43_F1          CAATGAATCTTCTTTTTCCTCACCGATGATGACAATAACGAGTTACAAGACCAATCAATC 442 
PCY13ABCG43_F2          ----GAATCTTCTTTTTCCTCACCGATGATGACAATAACGAGTTACAAGACCAATCAATC 56 
ABCG43_PCY13ABCG43      CAATGAATCTTCTTTTTCCTCACCGATGATGACAATAACGAGTTACAAGACCAATCAATC 480 
                        ************************************************************ 
                                                                                
PCY13ABCG43_F1          TTATTTAATCAAACCTATCTTTATATATATGCAATAAACAACCTATGTATATTTTTTCTG 502 
PCY13ABCG43_F2          TTATTTAATCAAACCTATCTTTATATATATGCAATAAACAACCTATGTATATTTTTTCTG 116 
ABCG43_PCY13ABCG43      TTATTTAATCAAACCTATCTTTATATATATGCAATAAACAACCTATGTATATTTTTTCTG 540 
                        ************************************************************ 
                                                                                    
PCY13ABCG43_F1          CATCATTTTAATTTTGGGAGATTTTGATAATCCAGGTAGAGCAAAGCGGATTATGGATTA 562 
PCY13ABCG43_F2          CATCATTTTAATTTTGGGAGATTTTGATAATCCAGGTAGAGCAAAGCGGATTATGGATTA 176 
ABCG43_PCY13ABCG43      CATCATTTTAATTTTGGGAGATTTTGATAATCCAGGTAGAGCAAAGCGGATTATGGATTA 600 
                        ************************************************************                                                                                 
 
PCY13ABCG43_F1          TCACGTGATATCCGTGCGTAATCATCCCTACCTCTGCTATGCTTTTGTAAATATTTTAAT 622 
PCY13ABCG43_F2          TCACGTGATATCCGTGCGTAATCATCCCTACCTCTGCTATGCTTTTGTAAATATTTTAAT 236 
ABCG43_PCY13ABCG43      TCACGTGATATCCGTGCGTAATCATCCCTACCTCTGCTATGCTTTTGTAAATATTTTAAT 660 
                        ************************************************************                                                                                     
 
PCY13ABCG43_F1          ATTGAAAATTAATGTTGCGTCACCATTTCTCATATATTTTTAAAATTAAGGTTTTTTTGA 682 
PCY13ABCG43_F2          ATTGAAAATTAATGTTGCGTCACCATTTCTCATATATTTTTAAAATTAAGGTTTTTTTGA 296 
ABCG43_PCY13ABCG43      ATTGAAAATTAATGTTGCGTCACCATTTCTCATATATTTTTAAAATTAAGGTTTTTTTGA 720 
                        ************************************************************                                                                                     
 
PCY13ABCG43_F1          TAAACCTTATCTCATTAAT----------------------------------------- 701 
PCY13ABCG43_F2          TAAACCTTATCTCATTAATTTCTGACAAATGTTTTTCTGATAATCCGATCTTCGTGATGT 356 
ABCG43_PCY13ABCG43      TAAACCTTATCTCATTAATTTCTGACAAATGTTTTTCTGATAATCCGATCTTCGTGATGT 780 
                        ************************************************************                                                                                     
 
PCY13ABCG43_F2          TGAAGATAGTCATGTGGGTTTTGCCCATGCACGTCTCTCTCACTGCAGATTTGATCTGTG 416 
ABCG43_PCY13ABCG43      TGAAGATAGTCATGTGGGTTTTGCCCATGCACGTCTCTCTCACTGCAGATTTGATCTGTG 840 
                        ************************************************************        
 
PCY13ABCG43_F2          AAATGACTAATTGGGAAATAATACTCTGCTCAAGTTATGTAGTCAAAGTGTTCGATGAAA 476 
ABCG43_PCY13ABCG43      AAATGACTAATTGGGAAATAATACTCTGCTCAAGTTATGTAGTCAAAGTGTTCGATGAAA 900 
                        ************************************************************                                                                                   
 
PCY13ABCG43_F2          TGCCTCATAGAAAGCTAATGAGACATATTGTGGGATTATTGTTAAAGGAGCCGACTTTTG 536 
PCY13ABCG43_F3          -----CATAGAAAGCTAATGAGACATATTGTGGGATTATTGTTAAAGGAGCCGACTTTTG 55 
ABCG43_PCY13ABCG43      TGCCTCATAGAAAGCTAATGAGACATATTGTGGGATTATTGTTAAAGGAGCCGACTTTTG 960 
                        ************************************************************                                                                        
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PCY13ABCG43_F2          TCGAAAATATATCATCTTGGTGATTCCATTGTCAACACTTAACCAGATTAGTATTACTTT 596 
PCY13ABCG43_F3          TCGAAAATATATCATCTTGGTGATTCCATTGTCAACACTTAACCAGATTAGTATTACTTT 115 
ABCG43_PCY13ABCG43      TCGAAAATATATCATCTTGGTGATTCCATTGTCAACACTTAACCAGATTAGTATTACTTT 1020 
                        ************************************************************ 
 
PCY13ABCG43_F2          ATTCATTATTTCCTCTATGGATATGATCACGTGGAGCATGGAAGCTAATAATATATGCGT 656                                                                                     
PCY13ABCG43_F3          ATTCATTATTTCCTCTATGGATATGATCACGTGGAGCATGGAAGCTAATAATATATGCGT 175 
ABCG43_PCY13ABCG43      ATTCATTATTTCCTCTATGGATATGATCACGTGGAGCATGGAAGCTAATAATATATGCGT 1080 
                        ************************************************************ 
 
PCY13ABCG43_F2          AAGCTTTGTTAAAGTTATTATAGACATTCAAACATTCTGATTTCAATTAGCTTCTTTTGC 716                                                                                     
PCY13ABCG43_F3          AAGCTTTGTTAAAGTTATTATAGACATTCAAACATTCTGATTTCAATTAGCTTCTTTTGC 235 
ABCG43_PCY13ABCG43      AAGCTTTGTTAAAGTTATTATAGACATTCAAACATTCTGATTTCAATTAGCTTCTTTTGC 1140 
                        ************************************************************                                                                                     
 
PCY13ABCG43_F2          ATCTTGCTTCTCCTTGTTGTTGTTGTTGTTAAGTTTGTTTGTTTTTGGATAAACTTTGTT 776 
PCY13ABCG43_F3          ATCTTGCTTCTCCTTGTTGTTGTTGTTGTTAAGTTTGTTTGTTTTTGGATAAACTTTGTT 295 
ABCG43_PCY13ABCG43      ATCTTGCTTCTCCTTGTTGTTGTTGTTGTTAAGTTTGTTTGTTTTTGGATAAACTTTGTT 1200 
                        ************************************************************                                                                               
 
PCY13ABCG43_F2          CTTGAGTTCATTTGGTTTTTATCTGAAAATAGCCCAAACAGTAATTTGGATTTTCACAAC 836 
PCY13ABCG43_F3          CTTGAGTTCATTTGGTTTTTATCTGAAAATAGCCCAAACAGTAATTTGGATTTTCACAAC 355 
ABCG43_PCY13ABCG43      CTTGAGTTCATTTGGTTTTTATCTGAAAATAGCCCAAACAGTAATTTGGATTTTCACAAC 1260 
                        ************************************************************ 
                                                                                     
PCY13ABCG43_F2          TGGTAGAACTGTTACATACAAGTATA---------------------------------- 862 
PCY13ABCG43_F3          TGGTAGAACTGTTACATACAAGTATAAAATAAATCAAGTAAGAACCTTTTTTTGGATTCT 415 
ABCG43_PCY13ABCG43      TGGTAGAACTGTTACATACAAGTATAAAATAAATCAAGTAAGAACCTTTTTTTGGATTCT 1320 
                        ************************************************************ 
                                                                                     
PCY13ABCG43_F3          TTTACTTAACAGGAAAATTCTTCAGAGGCGGCTCGGATTTGTTTTGTTCTGTTGTTTCTT 475 
PCY13ABCG43_F4          ---------------------------------CGGATTTGTTTTGTTCTGTTGTTTCTT 27 
ABCG43_PCY13ABCG43      TTTACTTAACAGGAAAATTCTTCAGAGGCGGCTCGGATTTGTTTTGTTCTGTTGTTTCTT 1380 
                        ************************************************************                                                                                  
 
PCY13ABCG43_F3          CAAATTTGGTGTATATGGTCTAAAATGTTCGACTTCAAAGCAACGTGTCTTTCACCTATA 535 
PCY13ABCG43_F4          CAAATTTGGTGTATATGGTCTAAAATGTTCGACTTCAAAGCAACGTGTCTTTCACCTATA 87 
ABCG43_PCY13ABCG43      CAAATTTGGTGTATATGGTCTAAAATGTTCGACTTCAAAGCAACGTGTCTTTCACCTATA 1440 
                        ************************************************************                                                                                    
 
PCY13ABCG43_F3          CTTTCTCAAGGATCTCCCATTTGTTTATTGATTATCTTGTTTTGTCTGTTATACTACAGT 595 
PCY13ABCG43_F4          CTTTCTCAAGGATCTCCCATTTGTTTATTGATTATCTTGTTTTGTCTGTTATACTACAGT 147 
ABCG43_PCY13ABCG43      CTTTCTCAAGGATCTCCCATTTGTTTATTGATTATCTTGTTTTGTCTGTTATACTACAGT 1500 
                        ************************************************************                                                                                  
 
PCY13ABCG43_F3          TGGTCTATGCTTGATATTAAAACTGTTGACTTCTCTATCCACCTCGTGAAGCCAACTTGC 655 
PCY13ABCG43_F4          TGGTCTATGCTTGATATTAAAACTGTTGACTTCTCTATCCACCTCGTGAAGCCAACTTGC 207 
ABCG43_PCY13ABCG43      TGGTCTATGCTTGATATTAAAACTGTTGACTTCTCTATCCACCTCGTGAAGCCAACTTGC 1560 
                        ************************************************************                                                                                     
 
PCY13ABCG43_F3          TAGTGATCAATTATTTGTAAGCTAGCAACACTACTTCTCTACTTATATATAAGATGACTC 715 
PCY13ABCG43_F4          TAGTGATCAATTATTTGTAAGCTAGCAACACTACTTCTCTACTTATATATAAGATGACTC 267 
ABCG43_PCY13ABCG43      TAGTGATCAATTATTTGTAAGCTAGCAACACTACTTCTCTACTTATATATAAGATGACTC 1620 
                        ************************************************************                                                                              
 
PCY13ABCG43_F3          TCTTCTCTTTTCTTCGTTATAAAGAACAATCCGTTTTGGAACTTGGTTTCTAA-AATGAC 774 
PCY13ABCG43_F4          TCTTCTCTTTTCTTCGTTATAAAGAACAATCCGTTTTGGAACTTGGTTTCTAATAATGAC 327 
ABCG43_PCY13ABCG43      TCTTCTCTTTTCTTCGTTATAAAGAACAATCCGTTTTGGAACTTGGTTTCTAATAATGAC 1680 
                        ************************************************************                                                                              
 
PCY13ABCG43_F3          AATGCCTCAAACAGATGGAGTTGAGTTTGCTTCTAGG----------------------- 811 
PCY13ABCG43_F4          AATGCCTCAAACAGATGGAGTTGAGTTTGCTTCTAGGAACAATCTTGAAAATGGGGATGG 387 
ABCG43_PCY13ABCG43      AATGCCTCAAACAGATGGAGTTGAGTTTGCTTCTAGGAACAATCTTGAAAATGGGGATGG 1740 
                        ************************************************************                                                                        
 
PCY13ABCG43_F4          TGATCAGGTTCGGTCTCAATGGGTTGCTATTGAGAGATCACCAACATGTAAAAGAATCAC 447 
PCY13ABCG43_F5          -------------------------------------------------AAAAGAATCAC 11 
ABCG43_PCY13ABCG43      TGATCAGGTTCGGTCTCAATGGGTTGCTATTGAGAGATCACCAACATGTAAAAGAATCAC 1800 
                        ************************************************************                                                                               
 
PCY13ABCG43_F4          TACTGCTTTGTTCTGCAAAAGAGATGAACAAGGGAAGAGAAGCCAGAGACGAGTCATGGA 507 
PCY13ABCG43_F5          TACTGCTTTGTTCTGCAAAAGAGATGAACAAGGGAAGAGAAGCCAGAGACGAGTCATGGA 71 
ABCG43_PCY13ABCG43      TACTGCTTTGTTCTGCAAAAGAGATGAACAAGGGAAGAGAAGCCAGAGACGAGTCATGGA 1860 
                        ************************************************************                                                                                   
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PCY13ABCG43_F4          TGTTTCTAAACTTGAGGATCTTGATAGACGCCTGTTTATTGATGAGCTCATCAGACATGT 567 
PCY13ABCG43_F5          TGTTTCTAAACTTGAGGATCTTGATAGACGCCTGTTTATTGATGAGCTCATCAGACATGT 131 
ABCG43_PCY13ABCG43      TGTTTCTAAACTTGAGGATCTTGATAGACGCCTGTTTATTGATGAGCTCATCAGACATGT 1920 
                        ************************************************************ 
 
PCY13ABCG43_F4          TGAGGATGATAATCGCGTCTTATTGCAAA------------------------------- 596                                                                                  
PCY13ABCG43_F5          TGAGGATGATAATCGCGTCTTATTGCAAAAGATTAGGACAAGAACTGACGAGTAAGTGCA 191 
ABCG43_PCY13ABCG43      TGAGGATGATAATCGCGTCTTATTGCAAAAGATTAGGACAAGAACTGACGAGTAAGTGCA 1980 
                        ************************************************************                                                                                     
 
PCY13ABCG43_F5          CGCTTTTCGCTGTTAACCTTTGTATTTATATGTTCCTATTACATTAGAAATGTAATCCAT 251 
ABCG43_PCY13ABCG43      CGCTTTTCGCTGTTAACCTTTGTATTTATATGTTCCTATTACATTAGAAATGTAATCCAT 2040 
                        ************************************************************                                                                                  
 
PCY13ABCG43_F5          GTATTTTGTAGGGTTGGAATTGATTTACCAAAGATTGAAGTGAGGTTCAGTGATCTTTTT 311 
ABCG43_PCY13ABCG43      GTATTTTGTAGGGTTGGAATTGATTTACCAAAGATTGAAGTGAGGTTCAGTGATCTTTTT 2100 
                        ************************************************************                                                                                  
 
PCY13ABCG43_F5          GTCGAAGCAGAGTGTGAGGTTGTTCATGGAAAGCCTATCCCAACTCTTTGGAATGCTATT 371 
ABCG43_PCY13ABCG43      GTCGAAGCAGAGTGTGAGGTTGTTCATGGAAAGCCTATCCCAACTCTTTGGAATGCTATT 2160 
                        ************************************************************                                                                                    
 
PCY13ABCG43_F5          GCAAGCAAACTATCAGTAAGTGTCTTTTAATAGCTTTGACTTGTCTTTCTATTTTCAACT 431 
ABCG43_PCY13ABCG43      GCAAGCAAACTATCAGTAAGTGTCTTTTAATAGCTTTGACTTGTCTTTCTATTTTCAACT 2220 
                        ************************************************************ 
                                                                                     
PCY13ABCG43_F5          GATTATGAGATTGATTCCTTCCTTATAATTGTGATTTTTGTCAGAGATTCACGTTTTCAA 491 
PCY13ABCG43_F6          ---------------------------------------------GATTCACGTTTTCAA 15 
ABCG43_PCY13ABCG43      GATTATGAGATTGATTCCTTCCTTATAATTGTGATTTTTGTCAGAGATTCACGTTTTCAA 2280 
                        ************************************************************                                                                                   
 
PCY13ABCG43_F5          AACAAGAAGATAAGATAAGTATCTTGAAAGGTGTCAGTGGCATCATAAGGCCTAAAAGGT 551 
PCY13ABCG43_F6          AACAAGAAGATAAGATAAGTATCTTGAAAGGTGTCAGTGGCATCATAAGGCCTAAAAGGT 75 
ABCG43_PCY13ABCG43      AACAAGAAGATAAGATAAGTATCTTGAAAGGTGTCAGTGGCATCATAAGGCCTAAAAGGT 2340 
                        ************************************************************                                                                             
 
PCY13ABCG43_F5          AGATTCTTGAAGCAGTTAGTGGAAAATAAATGATCGGTTTAATTCAGAAGAGTTAGTTGT 611 
PCY13ABCG43_F6          AGATTCTTGAAGCAGTTAGTGGAAAATAAATGATCGGTTTAATTCAGAAGAGTTAGTTGT 135 
ABCG43_PCY13ABCG43      AGATTCTTGAAGCAGTTAGTGGAAAATAAATGATCGGTTTAATTCAGAAGAGTTAGTTGT 2400 
                        ************************************************************                                                                         
 
PCY13ABCG43_F5          TTTCTTGTAGAATGACTTTGTTGCTTGGTCCTCCTGGTTGTGGTAAAACCACTCTACTAC 671 
PCY13ABCG43_F6          TTTCTTGTAGAATGACTTTGTTGCTTGGTCCTCCTGGTTGTGGTAAAACCACTCTACTAC 195 
ABCG43_PCY13ABCG43      TTTCTTGTAGAATGACTTTGTTGCTTGGTCCTCCTGGTTGTGGTAAAACCACTCTACTAC 2460 
                        ************************************************************                                                                                     
 
PCY13ABCG43_F6          TCGCACTATCTGGAAGACTAGACCCTTCTTTAAAGGTTTGGTTTCTTTTCTATCATTCAA 255 
PCY13ABCG43_F5          TCGCACTATCTGGAAGACTAGACCCTTCTTTAAAGGTTTGGTTTCTTTTCTATCATTCAA 731 
ABCG43_PCY13ABCG43      TCGCACTATCTGGAAGACTAGACCCTTCTTTAAAGGTTTGGTTTCTTTTCTATCATTCAA 2520 
                        ************************************************************                                                                             
 
PCY13ABCG43_F5          GCGCGTTTAGTTTTCAGAAATCATATGGGTTGCTTCCACTCTACAGACTAGAGGAGAAGT 791 
PCY13ABCG43_F6          GCGCGTTTAGTTTTCAGAAATCATATGGGTTGCTTCCACTCTACAGACTAGAGGAGAAGT 315 
ABCG43_PCY13ABCG43      GCGCGTTTAGTTTTCAGAAATCATATGGGTTGCTTCCACTCTACAGACTAGAGGAGAAGT 2580 
                        ************************************************************                                                                              
 
PCY13ABCG43_F5          TAGTTACAATGGTCACTTATTTTCGGAGTTTGTTCCTGAGAAAACATCGAGCTATGTAAG 851 
PCY13ABCG43_F6          TAGTTACAATGGTCACTTATTTTCGGAGTTTGTTCCTGAGAAAACATCGAGCTATGTAAG 375 
ABCG43_PCY13ABCG43      TAGTTACAATGGTCACTTATTTTCGGAGTTTGTTCCTGAGAAAACATCGAGCTATGTAAG 2640 
                        ************************************************************                                                                        
 
PCY13ABCG43_F5          TCAAAATGATTTGCATATTCCAGAGCTTAGTGT--------------------------- 884 
PCY13ABG43_F7           ---------------------------------------------------TTCTGGATG 9 
PCY13ABCG43_F6          TCAAAATGATTTGCATATTCCAGAGCTTAGTGTGAGAGAGACACTCGATTTTTCTGGATG 435 
ABCG43_PCY13ABCG43      TCAAAATGATTTGCATATTCCAGAGCTTAGTGTGAGAGAGACACTCGATTTTTCTGGATG 2700 
                        ************************************************************                                                                                   
 
PCY13ABCG43_F6          TTTTCAAGGCGCGGGAAGCCGTTTAGGTAAGGGCAATACTAAATTCTTATGTTTCCTTTT 495 
PCY13ABG43_F7           TTTTCAAGGCGCGGGAAGCCGTTTAGGTAAGGGCAATACTAAATTCTTATGTTTCCTTTT 69 
ABCG43_PCY13ABCG43      TTTTCAAGGCGCGGGAAGCCGTTTAGGTAAGGGCAATACTAAATTCTTATGTTTCCTTTT 2760 
                        ************************************************************                                                                                
 
PCY13ABCG43_F6          GCATTGAACTTTATTGACACGAAAAACCACGGTGTTTTGTTCATCAGAAATGATGAAAGA 555 
PCY13ABG43_F7           GCATTGAACTTTATTGACACGAAAAACCACGGTGTTTTGTTCATCAGAAATGATGAAAGA 129 
ABCG43_PCY13ABCG43      GCATTGAACTTTATTGACACGAAAAACCACGGTGTTTTGTTCATCAGAAATGATGAAAGA 2820 
                        ************************************************************                                                                               
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PCY13ABCG43_F6          GATTAGTAGAAGGGAGAAACTGAAAGGAATAGTTCCAGATCCTGATATTGATGCATACAT 615 
PCY13ABG43_F7           GATTAGTAGAAGGGAGAAACTGAAAGGAATAGTTCCAGATCCTGATATTGATGCATACAT 189 
ABCG43_PCY13ABCG43      GATTAGTAGAAGGGAGAAACTGAAAGGAATAGTTCCAGATCCTGATATTGATGCATACAT 2880 
                        ************************************************************                                                                      
 
PCY13ABCG43_F6          GAAGGTAAAATAACTATGGATATTTATTTCATATGACAAATATATATAACTTGGAACTTG 675 
PCY13ABG43_F7           GAAGGTAAAATAACTATGGATATTTATTTCATATGACAAATATATATAACTTGGAACTTG 249 
ABCG43_PCY13ABCG43      GAAGGTAAAATAACTATGGATATTTATTTCATATGACAAATATATATAACTTGGAACTTG 2940 
                        ************************************************************                                                                   
 
PCY13ABCG43_F6          TTTTGATATTTAAGAAAACATCTTTGGAATTCAACTTTTTATCATGACAGGCAGCTTCTA 735 
PCY13ABG43_F7           TTTTGATATTTAAGAAAACATCTTTGGAATTCAACTTTTTATCATGACAGGCAGCTTCTA 309 
ABCG43_PCY13ABCG43      TTTTGATATTTAAGAAAACATCTTTGGAATTCAACTTTTTATCATGACAGGCAGCTTCTA 3000 
                        ************************************************************                                                                  
 
PCY13ABCG43_F6          TTGAGGGTTCAAAAACAAATCTGCAAACCGACTATATCTTAAAAGTAAGATACATTCAGA 795 
PCY13ABG43_F7           TTGAGGGTTCAAAAACAAATCTGCAAACCGACTATATCTTAAAAGTAAGATACATTCAGA 369 
ABCG43_PCY13ABCG43      TTGAGGGTTCAAAAACAAATCTGCAAACCGACTATATCTTAAAAGTAAGATACATTCAGA 3060 
                        ************************************************************ 
                                                                                    
PCY13ABCG43_F6          GTCTGTTCTTTTTTTATTTCATCTTTAGCTTCTACTCTTATCAGAAGTTGATTAATGCAT 855 
PCY13ABG43_F7           GTCTGTTCTTTTTTTATTTCATCTTTAGCTTCTACTCTTATCAGAAGTTGATTAATGCAT 429 
ABCG43_PCY13ABCG43      GTCTGTTCTTTTTTTATTTCATCTTTAGCTTCTACTCTTATCAGAAGTTGATTAATGCAT 3120 
                        ************************************************************ 
                                                                                  
PCY13ABCG43_F6          CTG--------------------------------------------------------- 858 
PCY13ABG43_F7           CTGTGTTTCAGATCCTAGGACTCACTATCTGTGCAGATACACGTGTTGGAGATGCTTCGA 489 
ABCG43_PCY13ABCG43      CTGTGTTTCAGATCCTAGGACTCACTATCTGTGCAGATACACGTGTTGGAGATGCTTCGA 3180 
                        ************************************************************                                                                                 
 
PCY13ABG43_F7           GACCAGGAATATCTGGTGGCCAAAAGAGAAGATTAACTACAGGTACTTGTAAAATTTCAC 549 
PCY13ABCG43_F8          -ACCAGGAATATCTGGTGGCCAAAAGAGAAGATTAACTACAGGTACTTGTAAAATTTCAC 59 
ABCG43_PCY13ABCG43      GACCAGGAATATCTGGTGGCCAAAAGAGAAGATTAACTACAGGTACTTGTAAAATTTCAC 3240 
                        ************************************************************                                                                                            
 
PCY13ABG43_F7           AAACTGCTTTAGGTTCCTTGCAAACATTGTTTTGATGTTTGGTATATATCTCTGTAATCT 609 
PCY13ABCG43_F8          AAACTGCTTTAGGTTCCTTGCAAACATTGTTTTGATGTTTGGTATATATCTCTGTAATCT 119 
ABCG43_PCY13ABCG43      AAACTGCTTTAGGTTCCTTGCAAACATTGTTTTGATGTTTGGTATATATCTCTGTAATCT 3300 
                        ************************************************************                                                                         
 
PCY13ABG43_F7           ATTGCAGGTGAGATGATTGTAGGTCCAATCAAAACTCTGTTCATGGATGAAATATCGAAT 669 
PCY13ABCG43_F8          ATTGCAGGTGAGATGATTGTAGGTCCAATCAAAACTCTGTTCATGGATGAAATATCGAAT 179 
ABCG43_PCY13ABCG43      ATTGCAGGTGAGATGATTGTAGGTCCAATCAAAACTCTGTTCATGGATGAAATATCGAAT 3360 
                        ************************************************************ 
 
PCY13ABG43_F7           GGTTTGGATAGTTCAACTACATTCCAGATTCTATCATGTCTCCAACAGTTTGCACGTCTA 729 
PCY13ABCG43_F8          GGTTTGGATAGTTCAACTACATTCCAGATTCTATCATGTCTCCAACAGTTTGCACGTCTA 239 
ABCG43_PCY13ABCG43      GGTTTGGATAGTTCAACTACATTCCAGATTCTATCATGTCTCCAACAGTTTGCACGTCTA 3420 
                        ************************************************************                                                                               
 
PCY13ABG43_F7           TCTGAAGGAACCATATTGGTTTCACTGCTTCAGCCTGCACCAGAAACGTTTGAGCTTTTC 789 
PCY13ABCG43_F8          TCTGAAGGAACCATATTGGTTTCACTGCTTCAGCCTGCACCAGAAACGTTTGAGCTTTTC 299 
ABCG43_PCY13ABCG43      TCTGAAGGAACCATATTGGTTTCACTGCTTCAGCCTGCACCAGAAACGTTTGAGCTTTTC 3480 
                        ************************************************************                                                                              
 
PCY13ABG43_F7           GACGATTTGATTCTTATGGG---------------------------------------- 809 
PCY13ABCG43_F8          GACGATTTGATTCTTATGGGAGAAGGAAAGATAATCTATCACGGTCCACGGGATTTTATA 359 
ABCG43_PCY13ABCG43      GACGATTTGATTCTTATGGGAGAAGGAAAGATAATCTATCACGGTCCACGGGATTTTATA 3540 
                        ************************************************************                                                                                   
 
PCY13ABCG43_F8          TGTAGTTTCTTTGAGGATTGTGGATTTAAATGTCCACAGAGGAAATCTGTTGCTGAATTC 419 
ABCG43_PCY13ABCG43      TGTAGTTTCTTTGAGGATTGTGGATTTAAATGTCCACAGAGGAAATCTGTTGCTGAATTC 3600 
                        ************************************************************                                                                                  
 
 
PCY13ABCG43_F8          CTTCAGGAGGTATGAATATGATAGTGATGGTACTTTCTGTTCTTGAAACTTTAATGATCA 479 
PCY13ABCG43_F9          ----------TATGAATATGATAGTGATGGTACTTTCTGTTCTTGAAACTTTAATGATCA 50 
ABCG43_PCY13ABCG43      CTTCAGGAGGTATGAATATGATAGTGATGGTACTTTCTGTTCTTGAAACTTTAATGATCA 3660 
                        ************************************************************                                                                                    
 
PCY13ABCG43_F8          TCACGCTCTTGTGTTGCAGGTTATCTCAAGGAAAGATCAAGAACAATATTGGTGTCACAG 539 
PCY13ABCG43_F9          TCACGCTCTTGTGTTGCAGGTTATCTCAAGGAAAGATCAAGAACAATATTGGTGTCACAG 110 
ABCG43_PCY13ABCG43      TCACGCTCTTGTGTTGCAGGTTATCTCAAGGAAAGATCAAGAACAATATTGGTGTCACAG 3720 
                        ************************************************************ 
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PCY13ABCG43_F8          AGACAAACCATATTGCTATGTCTCTATTGATTCATTTATTGAGAAATTTAAAAAGTCTGA 599 
PCY13ABCG43_F9          AGACAAACCATATTGCTATGTCTCTATTGATTCATTTATTGAGAAATTTAAAAAGTCTGA 170 
ABCG43_PCY13ABCG43      AGACAAACCATATTGCTATGTCTCTATTGATTCATTTATTGAGAAATTTAAAAAGTCTGA 3780 
                        ************************************************************                                                                        
 
PCY13ABCG43_F8          TCTTGGGCTACAACTACAAGACGAACTCTCCAAGACATATGACAAGTCTCAGACTCAAAA 659 
PCY13ABCG43_F9          TCTTGGGCTACAACTACAAGACGAACTCTCCAAGACATATGACAAGTCTCAGACTCAAAA 230 
ABCG43_PCY13ABCG43      TCTTGGGCTACAACTACAAGACGAACTCTCCAAGACATATGACAAGTCTCAGACTCAAAA 3840 
                        ************************************************************                                                                         
 
PCY13ABCG43_F8          GGATGGACTGTGCATTAGAAAATACTCACTTAGTAACTGGGATATGTTTAAAGCTTGCTC 719 
PCY13ABCG43_F9          GGATGGACTGTGCATTAGAAAATACTCACTTAGTAACTGGGATATGTTTAAAGCTTGCTC 290 
ABCG43_PCY13ABCG43      GGATGGACTGTGCATTAGAAAATACTCACTTAGTAACTGGGATATGTTTAAAGCTTGCTC 3900 
                        ************************************************************                                                                     
 
PCY13ABCG43_F8          AAGGAGAGAATTTCTTCTGATGAAACGTAACTCTTTCGTTTACGTATTCAAATCTGGACT 779 
PCY13ABCG43_F9          AAGGAGAGAATTTCTTCTGATGAAACGTAACTCTTTCGTTTACGTATTCAAATCTGGACT 350 
ABCG43_PCY13ABCG43      AAGGAGAGAATTTCTTCTGATGAAACGTAACTCTTTCGTTTACGTATTCAAATCTGGACT 3960 
                        ************************************************************                                                                       
 
PCY13ABCG43_F8          TGTAAGTTGTATTTACTTTGCCAAAAAGCTTTACTTATTTATACCGATACATTCTAAACC 839 
PCY13ABCG43_F9          TGTAAGTTGTATTTACTTTGCCAAAAAGCTTTACTTATTTATACCGATACATTCTAAACC 410 
PCY13ABCG43_F10         -------------------------AAGCTTTACTTATTTATACCGATACATTCTAAACC 35 
ABCG43_PCY13ABCG43      TGTAAGTTGTATTTACTTTGCCAAAAAGCTTTACTTATTTATACCGATACATTCTAAACC 4020 
                        ************************************************************ 
                                                                                    
PCY13ABCG43_F8          CATTTACCTTTTTTCCGCAGTT-------------------------------------- 861 
PCY13ABCG43_F9          CATTTACCTTTTTTCCGCAGTTAATATTCATTGGATCCATTGCAATGACTGTTTATCTAC 470 
PCY13ABCG43_F10         CATTTACCTTTTTTCCGCAGTTAATATTCATTGGATCCATTGCAATGACTGTTTATCTAC 95 
ABCG43_PCY13ABCG43      CATTTACCTTTTTTCCGCAGTTAATATTCATTGGATCCATTGCAATGACTGTTTATCTAC 4080 
                        ************************************************************                                                                                 
 
PCY13ABCG43_F9          GGACTGGGTCTACAAGAGATTCTCTTCATGCTAATTATCTTATGGGTTCTTTGTTCTTTT 530 
PCY13ABCG43_F10         GGACTGGGTCTACAAGAGATTCTCTTCATGCTAATTATCTTATGGGTTCTTTGTTCTTTT 155 
ABCG43_PCY13ABCG43      GGACTGGGTCTACAAGAGATTCTCTTCATGCTAATTATCTTATGGGTTCTTTGTTCTTTT 4140 
                        ************************************************************                                                             
 
PCY13ABCG43_F9          CCCTCATTAAACTTCTTGCTGATGGACTACCAGAACTCACATTGACAGTCTCGAGAATTG 590 
PCY13ABCG43_F10         CCCTCATTAAACTTCTTGCTGATGGACTACCAGAACTCACATTGACAGTCTCGAGAATTG 215 
ABCG43_PCY13ABCG43      CCCTCATTAAACTTCTTGCTGATGGACTACCAGAACTCACATTGACAGTCTCGAGAATTG 4200 
                        ************************************************************                                                                          
PCY13ABCG43_F9          CGGTGTTCTGCAAACAAAAAGAGTTATACTTTTATCCTGCTTG----------------- 633 
PCY13ABCG43_F10         CGGTGTTCTGCAAACAAAAAGAGTTATACTTTTATCCTGCTTGGGCATATGCTATTCCTT 275 
ABCG43_PCY13ABCG43      CGGTGTTCTGCAAACAAAAAGAGTTATACTTTTATCCTGCTTGGGCATATGCTATTCCTT 4260 
                        ************************************************************                                                                                    
 
PCY13ABCG43_F10         CTGCTATTTTAAAGATACCGATTTCATTTCTTGAATCATTCCTCTGGACAATGTTGACAT 335 
ABCG43_PCY13ABCG43      CTGCTATTTTAAAGATACCGATTTCATTTCTTGAATCATTCCTCTGGACAATGTTGACAT 4320 
                        ************************************************************                                                                      
 
PCY13ABCG43_F10         ATTATGTCATTGGTTACAGTCCTGAGGCGGGAAGGTACTAATTTCGAACATGCAAAAAGA 395 
ABCG43_PCY13ABCG43      ATTATGTCATTGGTTACAGTCCTGAGGCGGGAAGGTACTAATTTCGAACATGCAAAAAGA 4380 
                        ************************************************************                                                                     
 
PCY13ABCG43_F10         AACCAAATTTAATATTTTGCTTTCTGCTAAACAAAAATATTTTTTCTTTCCTTCAGGTTC 455 
ABCG43_PCY13ABCG43      AACCAAATTTAATATTTTGCTTTCTGCTAAACAAAAATATTTTTTCTTTCCTTCAGGTTC 4440 
                        ************************************************************                                                                      
 
PCY13ABCG43_F10         ATTCGCCAGGTCTTGATCTTATTTGCTCTACACCTTTCGTGTATATCGATGTTCCGTGCT 515 
PCY13ABCG43_F11         ---------GTCTTGATCTTATTTGCTCTACACCTTTCGTGTATATCGATGTTCCGTGCT 51 
ABCG43_PCY13ABCG43      ATTCGCCAGGTCTTGATCTTATTTGCTCTACACCTTTCGTGTATATCGATGTTCCGTGCT 4500 
                        ************************************************************                                                             
 
PCY13ABCG43_F10         ATAGGTGCTGTCTTTCGAGATTTTGATGTTGCCACTACCATTGGAAGCATCTCTATAGTG 575 
PCY13ABCG43_F11         ATAGGTGCTGTCTTTCGAGATTTTGATGTTGCCACTACCATTGGAAGCATCTCTATAGTG 111 
ABCG43_PCY13ABCG43      ATAGGTGCTGTCTTTCGAGATTTTGATGTTGCCACTACCATTGGAAGCATCTCTATAGTG 4560 
                        ************************************************************                                                                   
 
PCY13ABCG43_F10         CTTCTCTCAGTATTCGGAGGTTTCATTGTTCGAAAACGTAAGTATTTAACTTGAAACTTG 635 
PCY13ABCG43_F11         CTTCTCTCAGTATTCGGAGGTTTCATTGTTCGAAAACGTAAGTATTTAACTTGAAACTTG 171 
ABCG43_PCY13ABCG43      CTTCTCTCAGTATTCGGAGGTTTCATTGTTCGAAAACGTAAGTATTTAACTTGAAACTTG 4620 
                        ************************************************************                                                                   
 
PCY13ABCG43_F10         AACTGTAGTAATTCAGAGGTTTCACTGTAATGGTGCCCTGTTATTTTTCAGCCTCAATGC 695 
PCY13ABCG43_F11         AACTGTAGTAATTCAGAGGTTTCACTGTAATGGTGCCCTGTTATTTTTCAGCCTCAATGC 231 
ABCG43_PCY13ABCG43      AACTGTAGTAATTCAGAGGTTTCACTGTAATGGTGCCCTGTTATTTTTCAGCCTCAATGC 4680 
                        ************************************************************                                                                     
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PCY13ABCG43_F10         CTTCTTGGCTTGAGTGGGGATTCTGGCTTTCTCCACTGTCATATGCTGAGATTGGTCTAA 755 
PCY13ABCG43_F11         CTTCTTGGCTTGAGTGGGGATTCTGGCTTTCTCCACTGTCATATGCTGAGATTGGTCTAA 291 
ABCG43_PCY13ABCG43      CTTCTTGGCTTGAGTGGGGATTCTGGCTTTCTCCACTGTCATATGCTGAGATTGGTCTAA 4740 
                        ************************************************************                                                                      
 
PCY13ABCG43_F10         CCTCAAATGAATTTTTCGCTCCAATGTGGAGGAAGGTAATGAATTCTTCAGAAACCTTTC 815 
PCY13ABCG43_F11         CCTCAAATGAATTTTTCGCTCCAATGTGGAGGAAGGTAATGAATTCTTCAGAAACCTTTC 351 
ABCG43_PCY13ABCG43      CCTCAAATGAATTTTTCGCTCCAATGTGGAGGAAGGTAATGAATTCTTCAGAAACCTTTC 4800 
                        ************************************************************ 
 
PCY13ABCG43_F10         ACATTTTAGATTTTTTT------------------------------------------- 832 
PCY13ABCG43_F11         ACATTTTAGATTTTTTTTTAGTTTGGTATTGATCCTTGTCATCTTTTTATTACCATTAGA 411 
ABCG43_PCY13ABCG43      ACATTTTAGATTTTTTTTTAGTTTGGTATTGATCCTTGTCATCTTTTTATTACCATTAGA 4860 
                        ************************************************************                                                                     
 
PCY13ABCG43_F11         TGACATCTGAAAACAGAACTTTGGGGGAACAAGTTCTAGATGCTCGCGGGTTGAATTTTG 471 
PCY13ABCG43_F12         ------CTGAAAACAGAACTTTGGGGGAACAAGTTCTAGATGCTCGCGGGTTGAATTTTG 54 
ABCG43_PCY13ABCG43      TGACATCTGAAAACAGAACTTTGGGGGAACAAGTTCTAGATGCTCGCGGGTTGAATTTTG 4920 
                        ************************************************************ 
 
PCY13ABCG43_F11         GAAATCAATCTTACTGGAATGCATTTGGCGCATTGATTGGCTTCACACTCTTCTTCAATA 531 
PCY13ABCG43_F12         GAAATCAATCTTACTGGAATGCATTTGGCGCATTGATTGGCTTCACACTCTTCTTCAATA 114 
ABCG43_PCY13ABCG43      GAAATCAATCTTACTGGAATGCATTTGGCGCATTGATTGGCTTCACACTCTTCTTCAATA 4980 
                        ************************************************************                                                             
 
PCY13ABCG43_F11         CTGTTTTTGCACTGGCCTTGACCTTTTTGAAGAGTAAGTTCACAAGAGATATAAGAATGT 591 
PCY13ABCG43_F12         CTGTTTTTGCACTGGCCTTGACCTTTTTGAAGAGTAAGTTCACAAGAGATATAAGAATGT 174 
ABCG43_PCY13ABCG43      CTGTTTTTGCACTGGCCTTGACCTTTTTGAAGAGTAAGTTCACAAGAGATATAAGAATGT 5040 
                        ************************************************************                                                                      
 
PCY13ABCG43_F11         GAGTTAATCATGTTAGTATATGCAATGACAATTGATGTTTTTCTGCAACTTCAGCTTCAC 651 
PCY13ABCG43_F12         GAGTTAATCATGTTAGTATATGCAATGACAATTGATGTTTTTCTGCAACTTCAGCTTCAC 234 
ABCG43_PCY13ABCG43      GAGTTAATCATGTTAGTATATGCAATGACAATTGATGTTTTTCTGCAACTTCAGCTTCAC 5100 
                        ************************************************************                                                                    
 
PCY13ABCG43_F11         AGAGGTCTCGTGTAATTGTTTCTCATGACAAGAACACTCAAG------------------ 693 
PCY13ABCG43_F12         AGAGGTCTCGTGTAATTGTTTCTCATGACAAGAACACTCAAAGCTCAGAGAAAGATTCTA 294 
ABCG43_PCY13ABCG43      AGAGGTCTCGTGTAATTGTTTCTCATGACAAGAACACTCAAAGCTCAGAGAAAGATTCTA 5160 
                        ************************************************************                                                                    
 
PCY13ABCG43_F12         AAATTGCTTCCCATTCCAAAAATGCATTGCCTTTCGAACCTCTAACTTTCACATTTCAAG 354 
ABCG43_PCY13ABCG43      AAATTGCTTCCCATTCCAAAAATGCATTGCCTTTCGAACCTCTAACTTTCACATTTCAAG 5220 
                        ************************************************************                                                                             
 
PCY13ABCG43_F12         ACGTACAATATTTTATTGAGACTCCTCAGGTAAACGACTAAAGAGTATGCAAGATCAGTG 414 
ABCG43_PCY13ABCG43      ACGTACAATATTTTATTGAGACTCCTCAGGTAAACGACTAAAGAGTATGCAAGATCAGTG 5280 
                        ************************************************************ 
     
PCY13ABCG43_F12         CAAGTTTTCTAGAATCCTTTTAAACATGATACAGAGTTATAATGTGTGGGTATGATTTCT 474 
PCY13ABCG43_F13         ----TTTTCTAGAATCCTTTTAAACATGATACAGAGTTATAATGTGTGGGTATGATTTCT 56 
ABCG43_PCY13ABCG43      CAAGTTTTCTAGAATCCTTTTAAACATGATACAGAGTTATAATGTGTGGGTATGATTTCT 5340 
                        ************************************************************ 
 
PCY13ABCG43_F12         GTGTTAAAAGGGAAAGAAGCTGCAGCTTCTCTCTGACGTTACAGGTGCATTCAAGCCCGG 534 
PCY13ABCG43_F13         GTGTTAAAAGGGAAAGAAGCTGCAGCTTCTCTCTGACGTTACAGGTGCATTCAAGCCCGG 116 
ABCG43_PCY13ABCG43      GTGTTAAAAGGGAAAGAAGCTGCAGCTTCTCTCTGACGTTACAGGTGCATTCAAGCCCGG 5400 
                        ************************************************************                                                                          
 
PCY13ABCG43_F12         TGTTCTCACTGCTCTAATGGGTGTGAGTGGCGCTGGTAAAACGACTCTGCTTGACGTTCT 594 
PCY13ABCG43_F13         TGTTCTCACTGCTCTAATGGGTGTGAGTGGCGCTGGTAAAACGACTCTGCTTGACGTTCT 176 
ABCG43_PCY13ABCG43      TGTTCTCACTGCTCTAATGGGTGTGAGTGGCGCTGGTAAAACGACTCTGCTTGACGTTCT 5460 
                        ************************************************************                                                                                   
 
PCY13ABCG43_F12         CTCAGGAAGGAAAACCCGCGGTGACATTAAAGGACAGATTGAAGTAGGCGGTTACGTTAA 654 
PCY13ABCG43_F13         CTCAGGAAGGAAAACCCGCGGTGACATTAAAGGACAGATTGAAGTAGGCGGTTACGTTAA 236 
ABCG43_PCY13ABCG43      CTCAGGAAGGAAAACCCGCGGTGACATTAAAGGACAGATTGAAGTAGGCGGTTACGTTAA 5520 
                        ************************************************************                                                                                     
 
PCY13ABCG43_F12         GGTTCAAGACACATTTTCGCGGGTTTCAG------------------------------- 683 
PCY13ABCG43_F13         GGTTCAAGACACATTTTCGCGGGTTTCAGGTTATTGTGAACAGTTTGATATCCATTCTCC 296 
ABCG43_PCY13ABCG43      GGTTCAAGACACATTTTCGCGGGTTTCAGGTTATTGTGAACAGTTTGATATCCATTCTCC 5580 
                        ************************************************************                                                                  
 
PCY13ABCG43_F13         CAACTTAACAGTCCAAGAGTCCCTGAAATACTCTGCTTGGCTTCGACTTCCTTGTAACAT 356 
ABCG43_PCY13ABCG43      CAACTTAACAGTCCAAGAGTCCCTGAAATACTCTGCTTGGCTTCGACTTCCTTGTAACAT 5640 
                        ************************************************************ 
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PCY13ABCG43_F13         TAGTTCAGAAACTAAGAGTGTAAGTCATTATTTGGAAAAAATAAAAATGTTTTCTTCCTT 416 
ABCG43_PCY13ABCG43      TAGTTCAGAAACTAAGAGTGTAAGTCATTATTTGGAAAAAATAAAAATGTTTTCTTCCTT 5700 
                        ************************************************************                                                                     
 
PCY13ABCG43_F13         CCTTTAGCTTCCTTGTCTGAGTATTTTCTTGATCTTCGCTTTTCAGGCAATAGTTAATGA 476 
ABCG43_PCY13ABCG43      CCTTTAGCTTCCTTGTCTGAGTATTTTCTTGATCTTCGCTTTTCAGGCAATAGTTAATGA 5760 
                        ************************************************************                                                                       
 
PCY13ABCG43_F13         AGTTCTTGAGACGATAGAGCTTGAGGAGATTAAAGATTCCTTAGTAGGAGTTCCTGGAAT 536 
PCY13ABCG43_F14         ------------GATAGAGCTTGAGGAGATTAAAGATTCCTTAGTAGGAGTTCCTGGAAT 48 
ABCG43_PCY13ABCG43      AGTTCTTGAGACGATAGAGCTTGAGGAGATTAAAGATTCCTTAGTAGGAGTTCCTGGAAT 5820 
                        ************************************************************                                                                         
 
PCY13ABCG43_F13         TAGCGGTGTAACAGCAGAACAACGCAAAAGACTAACAATAGCTGTGGAGCTTGTTTCCAA 596 
PCY13ABCG43_F14         TAGCGGTGTAACAGCAGAACAACGCAAAAGACTAACAATAGCTGTGGAGCTTGTTTCCAA 108 
ABCG43_PCY13ABCG43      TAGCGGTGTAACAGCAGAACAACGCAAAAGACTAACAATAGCTGTGGAGCTTGTTTCCAA 5880 
                        ************************************************************ 
                                                                                     
PCY13ABCG43_F13         TCCTTCAATAATATTTATGGATGAACCAACCACAGGATTAGATGCAAGAGCTGCAGCAAT 656 
PCY13ABCG43_F14         TCCTTCAATAATATTTATGGATGAACCAACCACAGGATTAGATGCAAGAGCTGCAGCAAT 168 
ABCG43_PCY13ABCG43      TCCTTCAATAATATTTATGGATGAACCAACCACAGGATTAGATGCAAGAGCTGCAGCAAT 5940 
                        ************************************************************                                                                           
 
PCY13ABCG43_F13         TGTAATGAGAGCTGTGAAGAACATCGCCGAGACTGGCAGAACTGTTGTTTGCACAATTCA 716 
PCY13ABCG43_F14         TGTAATGAGAGCTGTGAAGAACATCGCCGAGACTGGCAGAACTGTTGTTTGCACAATTCA 228 
ABCG43_PCY13ABCG43      TGTAATGAGAGCTGTGAAGAACATCGCCGAGACTGGCAGAACTGTTGTTTGCACAATTCA 6000 
                        ************************************************************ 
 
PCY13ABCG43_F13         CCAGCCGAGCATAGATATCTTTGAGGCATTTGATGAGGTAAAACC--------------- 761 
PCY13ABCG43_F14         CCAGCCGAGCATAGATATCTTTGAGGCATTTGATGAGGTAAAACCTCGTAAAACCTTCAT 288 
ABCG43_PCY13ABCG43      CCAGCCGAGCATAGATATCTTTGAGGCATTTGATGAGGTAAAACCTCGTAAAACCTTCAT 6060 
                        ************************************************************                                                                           
 
PCY13ABCG43_F14         CTCATTTAAAGTCTCTTGTTTAAAGTACATTAATATGTGACCCTTCAATGGCAGCTGATT 348 
ABCG43_PCY13ABCG43      CTCATTTAAAGTCTCTTGTTTAAAGTACATTAATATGTGACCCTTCAATGGCAGCTGATT 6120 
                        ************************************************************                                                                      
 
PCY13ABCG43_F14         CTGATGAAAAATGGAGGAAAGATTATCTATTACGGACCTCTTGGACAACATTCAAGCAAA 408 
ABCG43_PCY13ABCG43      CTGATGAAAAATGGAGGAAAGATTATCTATTACGGACCTCTTGGACAACATTCAAGCAAA 6180 
                        ************************************************************ 
 
PCY13ABCG43_F14         GTTATTGAATACTTTATGGTCAGTTCCTATATATTACTGAAACTGTTGCATATAATGTTC 468 
PCY13ABCG431_F15        ----------------------------------------------------TAATGTTC 8 
ABCG43_PCY13ABCG43      GTTATTGAATACTTTATGGTCAGTTCCTATATATTACTGAAACTGTTGCATATAATGTTC 6240 
                        ************************************************************                                                                     
 
PCY13ABCG43_F14         TCTTCTCTACTTCCAAATTATAACAATAATTTTCAACAGTAGAGCATTCCTGGAGTTCCA 528 
PCY13ABCG431_F15        TCTTCTCTACTTCCAAATTATAACAATAATTTTCAACAGTAGAGCATTCCTGGAGTTCCA 68 
ABCG43_PCY13ABCG43      TCTTCTCTACTTCCAAATTATAACAATAATTTTCAACAGTAGAGCATTCCTGGAGTTCCA 6300 
                        ************************************************************                                                                         
 
PCY13ABCG43_F14         AAACTGAAAGAAAACTCTAACCCAGCCACTTGGATACTTGACATTACTTCTAAATCATCA 588 
PCY13ABCG431_F15        AAACTGAAAGAAAACTCTAACCCAGCCACTTGGATACTTGACATTACTTCTAAATCATCA 128 
ABCG43_PCY13ABCG43      AAACTGAAAGAAAACTCTAACCCAGCCACTTGGATACTTGACATTACTTCTAAATCATCA 6360 
                        ************************************************************                                                                      
 
PCY13ABCG43_F14         GAAGACAAACTTGGTGTTGATTTGGCACATATATACGAGGAATCGACTTTGTTTAAGTAA 648 
PCY13ABCG431_F15        GAAGACAAACTTGGTGTTGATTTGGCACATATATACGAGGAATCGACTTTGTTTAAGTAA 188 
ABCG43_PCY13ABCG43      GAAGACAAACTTGGTGTTGATTTGGCACATATATACGAGGAATCGACTTTGTTTAAGTAA 6420 
                        ************************************************************                                                                      
 
PCY13ABCG43_F14         GTCTGAATACTTATTGTGACTTTGGATGTTGTTTGCCTGAAACTGATTTTGTTATTTGTT 708 
PCY13ABCG431_F15        GTCTGAATACTTATTGTGACTTTGGATGTTGTTTGCCTGAAACTGATTTTGTTATTTGTT 248 
ABCG43_PCY13ABCG43      GTCTGAATACTTATTGTGACTTTGGATGTTGTTTGCCTGAAACTGATTTTGTTATTTGTT 6480 
                        ************************************************************                                                                        
 
PCY13ABCG43_F14         TTTAGGGAGAACAAAATGGTAATTGAGCAAACGAGATGTACATCTTTGGGATCAGAAAGA 768 
PCY13ABCG431_F15        TTTAGGGAGAACAAAATGGTAATTGAGCAAACGAGATGTACATCTTTGGGATCAGAAAGA 308 
ABCG43_PCY13ABCG43      TTTAGGGAGAACAAAATGGTAATTGAGCAAACGAGATGTACATCTTTGGGATCAGAAAGA 6540 
                        ************************************************************                                                                         
 
 
PCY13ABCG43_F14         TTAATCTTGTCATCACGTTATGCTCAAACGAGTTGGGAACAATTCAAAGCATGCCTCTGG 828 
PCY13ABCG431_F15        TTAATCTTGTCATCACGTTATGCTCAAACGAGTTGGGAACAATTCAAAGCATGCCTCTGG 368 
ABCG43_PCY13ABCG43      TTAATCTTGTCATCACGTTATGCTCAAACGAGTTGGGAACAATTCAAAGCATGCCTCTGG 6600 
                        ************************************************************                                                                        
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PCY13ABCG43_F14         AAACAACATCTCTCTTATTGGAGAAACCCTTCCTACAATCTCACTCGCATCATTTTCATG 888 
PCY13ABCG431_F15        AAACAACATCTCTCTTATTGGAGAAACCCTTCCTACAATCTCACTCGCATCATTTTCATG 428 
ABCG43_PCY13ABCG43      AAACAACATCTCTCTTATTGGAGAAACCCTTCCTACAATCTCACTCGCATCATTTTCATG 6660 
                        ************************************************************                                                                                     
 
PCY13ABCG431_F15        TGTTTTACTTGTATGCTCTGTGGCATTCTTTTCTTGCAAAAAGCTAAGGAAATGTTCGTG 488 
PCY13ABCG43_F16         --------------------------------------------------AATGTTCGTG 10 
ABCG43_PCY13ABCG43      TGTTTTACTTGTATGCTCTGTGGCATTCTTTTCTTGCAAAAAGCTAAGGAAATGTTCGTG 6720 
                        ************************************************************                                                                           
 
PCY13ABCG431_F15        TCTTCCCCCATCTTATTTGAGTCGGCTTTGAACCGCGTGATTTCCTTGATCTTAAAAGAT 548 
PCY13ABCG43_F16         TCTTCCCCCATCTTATTTGAGTCGGCTTTGAACCGCGTGATTTCCTTGATCTTAAAAGAT 70 
ABCG43_PCY13ABCG43      TCTTCCCCCATCTTATTTGAGTCGGCTTTGAACCGCGTGATTTCCTTGATCTTAAAAGAT 6780 
                        ************************************************************                                                                      
 
PCY13ABCG431_F15        TTAGCTATTTAAACTTTTTTACCTCTCTTCTTTGCAGAAACAATCAGCAAGATCTATTCA 608 
PCY13ABCG43_F16         TTAGCTATTTAAACTTTTTTACCTCTCTTCTTTGCAGAAACAATCAGCAAGATCTATTCA 130 
ABCG43_PCY13ABCG43      TTAGCTATTTAAACTTTTTTACCTCTCTTCTTTGCAGAAACAATCAGCAAGATCTATTCA 6840 
                        ************************************************************ 
 
PCY13ABCG431_F15        ACGTCTTTGGCTCAATGTTTACGGTGGTTCTATTCTCTGGAATAAACAATTGCTCAACAG 668 
PCY13ABCG43_F16         ACGTCTTTGGCTCAATGTTTACGGTGGTTCTATTCTCTGGAATAAACAATTGCTCAACAG 190 
ABCG43_PCY13ABCG43      ACGTCTTTGGCTCAATGTTTACGGTGGTTCTATTCTCTGGAATAAACAATTGCTCAACAG 6900 
                        ************************************************************                                                                    
 
PCY13ABCG431_F15        TGATATTTTGCGTTGCAACCGAACGAAATGTCTTCTACCGCGAAAGATTTTCCCGTATGT 728 
PCY13ABCG43_F16         TGATATTTTGCGTTGCAACCGAACGAAATGTCTTCTACCGCGAAAGATTTTCCCGTATGT 250 
ABCG43_PCY13ABCG43      TGATATTTTGCGTTGCAACCGAACGAAATGTCTTCTACCGCGAAAGATTTTCCCGTATGT 6960 
                        ************************************************************ 
 
PCY13ABCG431_F15        ACAACCCATGGGCGTATTCCCTTGCTCAGGTTAAAACTTTTTCTCAATCAAACCATTAAG 788 
PCY13ABCG43_F16         ACAACCCATGGGCGTATTCCCTTGCTCAGGTTAAAACTTTTTCTCAATCAAACCATTAAG 310 
ABCG43_PCY13ABCG43      ACAACCCATGGGCGTATTCCCTTGCTCAGGTTAAAACTTTTTCTCAATCAAACCATTAAG 7020 
                        ************************************************************ 
                                                                                     
PCY13ABCG431_F15        GAACGAAAATAAACAACTCAGCCATTGGTTTTGACTTTAAGGCTGAATGTTTGCAGGTGT 848 
PCY13ABCG43_F16         GAACGAAAATAAACAACTCAGCCATTGGTTTTGACTTTAAGGCTGAATGTTTGCAGGTGT 370 
ABCG43_PCY13ABCG43      GAACGAAAATAAACAACTCAGCCATTGGTTTTGACTTTAAGGCTGAATGTTTGCAGGTGT 7080 
                        ************************************************************                                                                       
 
PCY13ABCG431_F15        TGGTTGAAATTCCATACTC----------------------------------------- 867 
PCY13ABCG43_F16         TGGTTGAAATTCCATACTCATTGTTCCAATCTATTATATATGTGATAATCGTATATCCTA 430 
ABCG43_PCY13ABCG43      TGGTTGAAATTCCATACTCATTGTTCCAATCTATTATATATGTGATAATCGTATATCCTA 7140 
                        ************************************************************                                                                    
 
PCY13ABCG43_F16         TGGTTGGCTATCACTGGTCGGTCTACAAAGTGTTTTGGAGCTTCTACTCAATTTTCTGCT 490 
ABCG43_PCY13ABCG43      TGGTTGGCTATCACTGGTCGGTCTACAAAGTGTTTTGGAGCTTCTACTCAATTTTCTGCT 7200 
                        ************************************************************                                                                         
 
PCY13ABCG43_F16         CCTTGCTTATCTTCAACTATTTCGGCATGCTTTTAGTTGTGGTGACCCCAAACGTTCACA 550 
PCY13ABCG43_F17         --TTGCTTATCTTCAACTATTTCGGCATGCTTTTAGTTGTGGTGACCCCAAACGTTCACA 58 
ABCG43_PCY13ABCG43      CCTTGCTTATCTTCAACTATTTCGGCATGCTTTTAGTTGTGGTGACCCCAAACGTTCACA 7260 
                        ************************************************************                                                                            
 
PCY13ABCG43_F16         TTGCTTTTACTCTCCGCTCTTCATTTTACGCAATCGTCAATCTCTTTGCTGGTTATGTCA 610 
PCY13ABCG43_F17         TTGCTTTTACTCTCCGCTCTTCATTTTACGCAATCGTCAATCTCTTTGCTGGTTATGTCA 118 
ABCG43_PCY13ABCG43      TTGCTTTTACTCTCCGCTCTTCATTTTACGCAATCGTCAATCTCTTTGCTGGTTATGTCA 7320 
                        ************************************************************                                                                       
 
PCY13ABCG43_F16         TGCCAAAACCTGTAAGTCCTCTCTTACCTCTCTTCACCAAGTTTGTGAAGTTCGATTCTT 670 
PCY13ABCG43_F17         TGCCAAAACCTGTAAGTCCTCTCTTACCTCTCTTCACCAAGTTTGTGAAGTTCGATTCTT 178 
ABCG43_PCY13ABCG43      TGCCAAAACCTGTAAGTCCTCTCTTACCTCTCTTCACCAAGTTTGTGAAGTTCGATTCTT 7380 
                        ************************************************************                                                                      
 
PCY13ABCG43_F16         ATTATGTGAAAGAAAGAAAAAGAGTTAGAAACAGCATCAAGATATGAGATTTTGAGAGTT 730 
PCY13ABCG43_F17         ATTATGTGAAAGAAAGAAAAAGAGTTAGAAACAGCATCAAGATATGAGATTTTGAGAGTT 238 
ABCG43_PCY13ABCG43      ATTATGTGAAAGAAAGAAAAAGAGTTAGAAACAGCATCAAGATATGAGATTTTGAGAGTT 7440 
                        ************************************************************                                                                        
 
PCY13ABCG43_F16         TTTGTTGTTGATGATGCAGAACATTCCGAGATGGTGGATTTGGATGTATTACTTGAGCCC 790 
PCY13ABCG43_F17         TTTGTTGTTGATGATGCAGAACATTCCGAGATGGTGGATTTGGATGTATTACTTGAGCCC 298 
ABCG43_PCY13ABCG43      TTTGTTGTTGATGATGCAGAACATTCCGAGATGGTGGATTTGGATGTATTACTTGAGCCC 7500 
                        ************************************************************                                                                          
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PCY13ABCG43_F16         GACGTCATGGGTTTTGAACGGATTGCTCACATCGCAGTATGGAGATATGGAGAAAGAGAT 850 
PCY13ABCG43_F17         GACGTCATGGGTTTTGAACGGATTGCTCACATCGCAGTATGGAGATATGGAGAAAGAGAT 358 
ABCG43_PCY13ABCG43      GACGTCATGGGTTTTGAACGGATTGCTCACATCGCAGTATGGAGATATGGAGAAAGAGAT 7560 
                        ************************************************************ 
 
PCY13ABCG43_F16         A----------------------------------------------------------- 851 
PCY13ABCG43_F17         ATTAGCGTTTGGAGAGAAGAAGAAAGTTTCAGCTTTCTTGGAAGATTATTTTGGCTACAG 418 
ABCG43_PCY13ABCG43      ATTAGCGTTTGGAGAGAAGAAGAAAGTTTCAGCTTTCTTGGAAGATTATTTTGGCTACAG 7620 
                        ************************************************************                                                                         
 
PCY13ABCG43_F17         ATATGACTCTCTGGCTCTTGTAGCTGTTGTTCTTATTGCCTTCCCCATTCTCTTGGCATC 478 
ABCG43_PCY13ABCG43      ATATGACTCTCTGGCTCTTGTAGCTGTTGTTCTTATTGCCTTCCCCATTCTCTTGGCATC 7680 
                        ************************************************************ 
 
PCY13ABCG43_F17         TCTTTTTGCCTTCTTCATTGGTAAACTCAATTTCCAAAAGAAGTGAGTTAGCATTTTCCT 538 
PCY13ABCG432_F18        --TTTTTGCCTTCTTCATTGGTAAACTCAATTTCCAAAAGAAGTGAGTTAGCATTTTCCT 58 
ABCG43_PCY13ABCG43      TCTTTTTGCCTTCTTCATTGGTAAACTCAATTTCCAAAAGAAGTGAGTTAGCATTTTCCT 7740 
                        ************************************************************                                                                           
 
PCY13ABCG43_F17         CATATATAAAAGTTTTTGGTATTTAGAAGTGAGATTTAGTTTGCAGATTTGTCTTTTGGG 598 
PCY13ABCG432_F18        CATATATAAAAGTTTTTGGTATTTAGAAGTGAGATTTAGTTTGCAGATTTGTCTTTTGGG 118 
ABCG43_PCY13ABCG43      CATATATAAAAGTTTTTGGTATTTAGAAGTGAGATTTAGTTTGCAGATTTGTCTTTTGGG 7800 
                        ************************************************************                                                                      
 
PCY13ABCG43_F17         AAAACATCTTAGTATCAAGCAAAAGTTGAAGCTTTGAAAGTTGTTGCAACCTTTTAGGTT 658 
PCY13ABCG432_F18        AAAACATCTTAGTATCAAGCAAAAGTTGAAGCTTTGAAAGTTGTTGCAACCTTTTAGGTT 178 
ABCG43_PCY13ABCG43      AAAACATCTTAGTATCAAGCAAAAGTTGAAGCTTTGAAAGTTGTTGCAACCTTTTAGGTT 7860 
                        ************************************************************                                                                          
 
PCY13ABCG43_F17         ATGTTCAATGGATTTTTAGATTCCTTTCGAAGATCCATTTTTAATACTTTGTATGCTTTA 718 
PCY13ABCG432_F18        ATGTTCAATGGATTTTTAGATTCCTTTCGAAGATCCATTTTTAATACTTTGTATGCTTTA 238 
ABCG43_PCY13ABCG43      ATGTTCAATGGATTTTTAGATTCCTTTCGAAGATCCATTTTTAATACTTTGTATGCTTTA 7920 
                        ************************************************************                                                                            
 
PCY13ABCG43_F17         AA---------------------------------------------------------- 720 
PCY13ABCG432_F18        AAATGTTTGTCAAGTTTGGTAAGTGGAAGTTTCCACATTTGTATCTCTTGCAACATATGA 298 
ABCG43_PCY13ABCG43      AAATGTTTGTCAAGTTTGGTAAGTGGAAGTTTCCACATTTGTATCTCTTGCAACATATGA 7980 
                        ************************************************************                                                               
 
PCY13ABCG432_F18        TCATTATAAATTGTAACACTTTTTGGGAAAGAAAAAAAAGGTGGGATTTTGTGTCTTAGA 358 
ABCG43_PCY13ABCG43      TCATTATAAATTGTAACACTTTTTGGGAAAGAAAAAAAAGGTGGGATTTTGTGTCTTAGA 8040  
                        ************************************************************ 
 
PCY13ABCG432_F18        AACAACTAAAATGAAAAGAAAAGAAACGCTTCCAAAATCGGTGAACAACAACAAGCTTTT 418 
ABCG43_PCY13ABCG43      AACAACTAAAATGAAAAGAAAAGAAACGCTTCCAAAATCGGTGAACAACAACAAGCTT-- 8098 
                                                         ************************************************************ 
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Appendix 6.13: pDONR207-ABCG43 Gateway entry clone plasmid map. CDS refers to the 
coding sequence that includes the ABCG43 exon and intron sequences. 
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Appendix 6.14: Unclipped confirmation restriction digest gel of pDONR207-ABCG43 for 
multiple clones (C1 – 12). Lanes (1) show restriction digests with EcoRI producing fragments of 
7607 bp, 1186 bp and 628 bp for pDONR207-ABCG43 compared to pDONR207 that was linearized 
producing a band of 6535 bp. Lanes (2) show restriction digests with EcoRV producing fragments of 
6360 bp, 2614 bp and 447 bp for pDONR207-ABCG43 compared to fragments of 4350 bp and 2203 
bp for pDONR207. Lanes (3) are undigested PDONR207-ABCG43 and pDONR207. L indicates a λ 
phage DNA ladder. 
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Appendix 6.15: Sanger sequencing results confirming the correct sequence of the ABCG43 
coding region in pDONR207-ABCG43. The ABG43 sequence was taken from the TAIR10 
Arabidopsis genome release and the alignment was conducted using Clustal Omega at EMBL-EBI. 
ABCG43_CDS_consensus      ATGACAATGCCTCAAACAGATGGAGTTGAGTTTGCTTCTAGGAACAATCTTGAAAATGGG 
F5                        ATGACAATGCCTCAAACAGATGGAGTTGAGTTTGCTTCTAGGAACAATCTTGAAAATGGG 
                          ************************************************************                                                             
 
ABCG43_CDS_consensus      GATGGTGATCAGGTTCGGTCTCAATGGGTTGCTATTGAGAGATCACCAACATGTAAAAGA 
F5                        GATGGTGATCAGGTTCGGTCTCAATGGGTTGCTATTGAGAGATCACCAACATGTAAAAGA 
                                                                    ************************************************************                                                                                       
 
ABCG43_CDS_consensus      ATCACTACTGCTTTGTTCTGCAAAAGAGATGAACAAGGGAAGAGAAGCCAGAGACGAGTC 
F5                        ATCACTACTGCTTTGTTCTGCAAAAGAGATGAACAAGGGAAGAGAAGCCAGAGACGAGTC 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      ATGGATGTTTCTAAACTTGAGGATCTTGATAGACGCCTGTTTATTGATGAGCTCATCAGA 
F5                        ATGGATGTTTCTAAACTTGAGGATCTTGATAGACGCCTGTTTATTGATGAGCTCATCAGA 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      CATGTTGAGGATGATAATCGCGTCTTATTGCAAAAGATTAGGACAAGAACTGACGAGTAA 
F5                        CATGTTGAGGATGATAATCGCGTCTTATTGCAAAAGATTAGGACAAGAACTGACGAGTAA 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      GTGCACGCTTTTCGCTGTTAACCTTTGTATTTATATGTTCCTATTACATTAGAAATGTAA 
F5                        GTGCACGCTTTTCGCTGTTAACCTTTGTATTTATATGTTCCTATTACATTAGAAATGTAA 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TCCATGTATTTTGTAGGGTTGGAATTGATTTACCAAAGATTGAAGTGAGGTTCAGTGATC 
F5                        TCCATGTATTTTGTAGGGTTGGAATTGATTTACCAAAGATTGAAGTGAGGTTCAGTGATC 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TTTTTGTCGAAGCAGAGTGTGAGGTTGTTCATGGAAAGCCTATCCCAACTCTTTGGAATG 
F5                        TTTTTGTCGAAGCAGAGTGTGAGGTTGTTCATGGAAAGCCTATCCCAACTCTTTGGAATG 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      CTATTGCAAGCAAACTATCAGTAAGTGTCTTTTAATAGCTTTGACTTGTCTTTCTATTTT 
F5                        CTATTGCAAGCAAACTATCAGTAAGTGTCTTTTAATAGCTTTGACTTGTCTTTCTATTTT 
F6                                TAGCTTTGAATTGTCTTTCTATTTT 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      CAACTGATTATGAGATTGATTCCTTCCTTATAATTGTGATTTTTGTCAGAGATTCACGTT 
F5                        CAACTGATTATGAGATTGATTCCTTCCTTATAATTGTGATTTTTGTCAGAGATTCACGTT 
F6                        CAACTGATTATGAGATTGATTCCTTCCTTATAATTGTGATTTTTGTCAGAGATTCACGTT 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TTCAAAACAAGAAGATAAGATAAGTATCTTGAAAGGTGTCAGTGGCATCATAAGGCCTAA 
F5                        TTCAAAACAAGAAGATAAGATAAGTATCTTGAAAGGTGTCAGTGGCATCATAAGGCCTAA 
F6                        TTCAAAACAAGAAGATAAGATAAGTATCTTGAAAGGTGTCAGTGGCATCATAAGGCCTAA 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      AAGGTAGATTCTTGAAGCAGTTAGTGGAAAATAAATGATCGGTTTAATTCAGAAGAGTTA 
F5                        AAGGTAGATTCTTGAAGCAGTTAGTGGAAAATAAATGATCGGTTTAATTCAGAAGAGTTA 
F6                        AAGGTAGATTCTTGAAGCAGTTAGTGGAAAATAAATGATCGGTTTAATTCAGAAGAGTTA 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      GTTGTTTTCTTGTAGAATGACTTTGTTGCTTGGTCCTCCTGGTTGTGGTAAAACCACTCT 
F5                        GTTGTTTTCTTGTAGAATGACTTTGTTGCTTGGTCCTCCTGGTTGTGGTAAAACCACTCT 
F6                        GTTGTTTTCTTGTAGAATGACTTTGTTGCTTGGTCCTCCTGGTTGTGGTAAAACCACTCT 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      ACTACTCGCACTATCTGGAAGACTAGACCCTTCTTTAAAGGTTTGGTTTCTTTTCTATCA 
F5                        ACTACTCGCACTATCTGGAAGACTAGACCCTTCTTTAAAGGTTTGGTTTCTTTTCTATCA 
F6                        ACTACTCGCACTATCTGGAAGACTAGACCCTTCTTTAAAGGTTTGGTTTCTTTTCTATCA 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TTCAAGCGCGTTTAGTTTTCAGAAATCATATGGGTTGCTTCCACTCTACAGACTAGAGGA 
F5                        TTCAAGCGCGTTTAGTTTTCAGAAATCATATGGGTTGCTTCCACTCTACAGACTAGAGGA 
F6                        TTCAAGCGCGTTTAGTTTTCAGAAATCATATGGGTTGCTTCCACTCTACAGACTAGAGGA 
                          ************************************************************ 
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ABCG43_CDS_consensus      GAAGTTAGTTACAATGGTCACTTATTTTCGGAGTTTGTTCCTGAGAAAACATCGAGCTAT 
F5                        GAAGTTAGTTACAATGGTCACTTATTTTCGGAGTTTGTTCCTGAGAAAACATCGAGCTAT 
F6                        GAAGTTAGTTACAATGGTCACTTATTTTCGGAGTTTGTTCCTGAGAAAACATCGAGCTAT 
                          ************************************************************ 
    
                                                                                
ABCG43_CDS_consensus      GTAAGTCAAAATGATTTGCATATTCCAGAGCTTAGTGTGAGAGAGACACTCGATTTTTCT 
F5                        GTAAGTCAAAATGATTTGCATATTCCAGAGCTTAGTGTGAGAGAGACACTCGATTTTTCT 
F6                        GTAAGTCAAAATGATTTGCATATTCCAGAGCTTAGTGTGAGAGAGACACTCGATTTTTCT 
                          ************************************************************ 
                                                                                      
ABCG43_CDS_consensus      GGATGTTTTCAAGGCGCGGGAAGCCGTTTAGGTAAGGGCAATACTAAATTCTTATGTTTC 
F5                        GGATGTTTTCAAGGCGCGGGAAGCCGTTTAGGTAAGGGCAATACTAAATTCTTATGTTTC 
F6                        GGATGTTTTCAAGGCGCGGGAAGCCGTTTAGGTAAGGGCAATACTAAATTCTTATGTTTC 
F7                        GGATGTTTTCAAGGCGCGGGAAGCCGTTTAGGTAAGGGCAATACTAAATTCTTATGTTTC 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      CTTTTGCATTGAACTTTATTGACACGAAAAACCACGGTGTTTTGTTCATCAGAAATGATG 
F5                        CTTTTGCATTGAACTTTATTGACACGAAAAACCACGGTGTTTTGTTCATCAGAAATGATG 
F6                        CTTTTGCATTGAACTTTATTGACACGAAAAACCACGGTGTTTTGTTCATCAGAAATGATG 
F7                        CTTTTGCATTGAACTTTATTGACACGAAAAACCACGGTGTTTTGTTCATCAGAAATGATG 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      AAAGAGATTAGTAGAAGGGAGAAACTGAAAGGAATAGTTCCAGATCCTGATATTGATGCA 
F5                        AAAGAGATTAGTAGAAGGGAGAAACTGAAAGGAATAGTTCCAGATCCTGATATTGATGCA 
F6                        AAAGAGATTAGTAGAAGGGAGAAACTGAAAGGAATAGTTCCAGATCCTGATATTGATGCA 
F7                        AAAGAGATTAGTAGAAGGGAGAAACTGAAAGGAATAGTTCCAGATCCTGATATTGATGCA 
                          ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TACATGAAGGTAAAATAACTATGGATATTTATTTCATATGACAAATATATATAACTTGGA 
F5                        TACATGAA 
F6                        TACATGAAGGTAAAATAACTATGGATATTTATTTCATATGACAAATATATATAACTTGGA 
F7                        TACATGAAGGTAAAATAACTATGGATATTTATTTCATATGACAAATATATATAACTTGGA 
                          ************************************************************                                                     
                                                                                  
ABCG43_CDS_consensus      ACTTGTTTTGATATTTAAGAAAACATCTTTGGAATTCAACTTTTTATCATGACAGGCAGC 
F6                        ACTTGTTTTGATATTTAAGAAAACATCTTTGGAATTCAACTTTTTATCATGACAGGCAGC 
F7                        ACTTGTTTTGATATTTAAGAAAACATCTTTGGAATTCAACTTTTTATCATGACAGGCAGC 
         ************************************************************ 
 
ABCG43_CDS_consensus      TTCTATTGAGGGTTCAAAAACAAATCTGCAAACCGACTATATCTTAAAAGTAAGATACAT 
F6                        TTCTATTGAGGGTTCAAAAACAAATCTGCAAACCGACTATATCTTAAAAGTAAGATACAT 
F7                        TTCTATTGAGGGTTCAAAAACAAATCTGCAAACCGACTATATCTTAAAAGTAAGATACAT 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TCAGAGTCTGTTCTTTTTTTATTTCATCTTTAGCTTCTACTCTTATCAGAAGTTGATTAA 
F6                        TCAGAGTCTGTTCTTTTTTTATTTCATCTTTAGCTTCTACTCTTATCAGAAGTTGATTAA 
F7                        TCAGAGTCTGTTCTTTTTTTATTTCATCTTTAGCTTCTACTCTTATCAGAAGTTGATTAA 
         ************************************************************ 
 
ABCG43_CDS_consensus      TGCATCTGTGTTTCAGATCCTAGGACTCACTATCTGTGCAGATACACGTGTTGGAGATGC 
F6                        TGCATCTGTGTTTCAGATCCTAGGACTCACTATCTGTGCAGATACACGTGTTGGAGATGC 
F7                        TGCATCTGTGTTTCAGATCCTAGGACTCACTATCTGTGCAGATACACGTGTTGGAGATGC 
F8                            TCTGTGTTTCAGATCCTAGGACTCACTATCTGTGCAGATACACGTGTTGGAGATGC 
         ************************************************************                                                                                      
 
ABCG43_CDS_consensus      TTCGAGACCAGGAATATCTGGTGGCCAAAAGAGAAGATTAACTACAGGTACTTGTAAAAT 
F6                        TTCGAGACCAGGAATATCTGGTGGCCAAAAGAGAAGATTAACTACAGGTACTTGTAAAAT 
F7                        TTCGAGACCAGGAATATCTGGTGGCCAAAAGAGAAGATTAACTACAGGTACTTGTAAAAT 
F8                        TTCGAGACCAGGAATATCTGGTGGCCAAAAGAGAAGATTAACTACAGGTACTTGTAAAAT 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      TTCACAAACTGCTTTAGGTTCCTTGCAAACATTGTTTTGATGTTTGGTATATATCTCTGT 
F6                        TTCACAAACTGCTTTAGGTTCCTTGCAAACATTGTTTTGATGTTTGGGATATATCTCTGT 
F7                        TTCACAAACTGCTTTAGGTTCCTTGCAAACATTGTTTTGATGTTTGGTATATATCTCTGT 
F8                        TTCACAAACTGCTTTAGGTTCCTTGCAAACATTGTTTTGATGTTTGGTATATATCTCTGT 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      AATCTATTGCAGGTGAGATGATTGTAGGTCCAATCAAAACTCTGTTCATGGATGAAATAT 
F6                        AATCTATTGCAGGTGAGATGATTGTAGGTCCAATCAAAACTCTGTTCATGGATGAAATAT 
F7                        AATCTATTGCAGGTGAGATGATTGTAGGTCCAATCAAAACTCTGTTCATGGATGAGATAT 
F8                        AATCTATTGCAGGTGAGATGATTGTAGGTCCAATCAAAACTCTGTTCATGGATGAAATAT 
         ************************************************************                                                                                       
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ABCG43_CDS_consensus      CGAATGGTTTGGATAGTTCAACTACATTCCAGATTCTATCATGTCTCCAACAGTTTGCAC 
F6                        CGAATGGTTTGGATAGTTCAACTACATTCCAGATTCTATCATGTCTCCAA 
F7                        CGAATGGTTTGGATAGTTCAACTACATTCCAGATTCTATCATGTCTCCAACAGTTTGCAC 
F8                        CGAATGGTTTGGATAGTTCAACTACATTCCAGATTCTATCATGTCTCCAACAGTTTGCAC 
         ************************************************************ 
                                                                                 
 
ABCG43_CDS_consensus      GTCTATCTGAAGGAACCATATTGGTTTCACTGCTTCAGCCTGCACCAGAAACGTTTGAGC 
F7                        GTCTATCTGAAGGAACCATATTGGTTTCACTGCTTCAGCCTGCACCAGAAACGTTTGAGC 
F8                        GTCTATCTGAAGGAACCATATTGGTTTCACTGCTTCAGCCTGCACCAGAAACGTTTGAGC 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      TTTTCGACGATTTGATTCTTATGGGAGAAGGAAAGATAATCTATCACGGTCCACGGGATT 
F7                        TGTTCGACGATTTGATTCTTATGGTAGAAGGAAAGATAATCTATCACGGTCCACGGCATT 
F8                        TTTTCGACGATTTGATTCTTATGGGAGAAGGAAAGATAATCTATCACGGTCCACGGGATT 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      TTATATGTAGTTTCTTTGAGGATTGTGGATTTAAATGTCCACAGAGGAAATCTGTTGCTG 
F7                        TTATATGTAGTTTCTTTGAGGATTGTGGATTTAAATGTCCACAGAGGAAATCTGTTGCTG 
F8                        TTATATGTAGTTTCTTTGAGGATTGTGGATTTAAATGTCCACAGAGGAAATCTGTTGCTG 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      AATTCCTTCAGGAGGTATGAATATGATAGTGATGGTACTTTCTGTTCTTGAAACTTTAAT 
F7                        AATTCCTTCATGAGGTATGAATATGATAGTGATGGTACTTTCTGTTCTTGAAACTATAAT 
F8                        AATTCCTTCAGGAGGTATGAATATGATAGTGATGGTACTTTCTGTTCTTGAAACTTTAAT 
F9                        AATTCCTTCAGGAGGTATGAATATGATAGTGATGGTACTTTCTGTTCTTGAAACTTTAAT 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      GATCATCACGCTCTTGTGTTGCAGGTTATCTCAAGGAAAGATCAAGAACAATATTGGTGT 
F7                        GATCATCACGCTCTTGTGTTGCAGGTTATCTCAAGGAAAGATCAAGAACAATATTGGTGT 
F8                        GATCATCACGCTCTTGTGTTGCAGGTTATCTCAAGGAAAGATCAAGAACAATATTGGTGT 
F9                        GATCATCACGCTCTTGTGTTGCAGGTTATCTCAAGGAAAGATCAAGAACAATATTGGTGT 
         ***********************************************************                                                                                       
 
ABCG43_CDS_consensus      CACAGAGACAAACCATATTGCTATGTCTCTATTGATTCATTTATTGAGAAATTTAAAAAG 
F7                        CACAGAGACAAACCATATTGCTATGTCTCTATTGATTCATTTATTGAGAAATTTAAAAAG 
F8                        CACAGAGACAAACCATATTGCTATGTCTCTATTGATTCATTTATTGAGAAATTTAAAAAG 
F9                        CACAGAGACAAACCATATTGCTATGTCTCTATTGATTCATTTATTGAGAAATTTAAAAAG 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      TCTGATCTTGGGCTACAACTACAAGACGAACTCTCCAAGACATATGACAAGTCTCAGACT 
F7                        TCTGATCTTGGGCTAC-ACTACAAGACGAACTCTCC-AGACATATGACAAGTCTCAGACT 
F8                        TCTGATCTTGGGCTACAACTACAAGACGAACTCTCCAAGACATATGACAAGTCTCAGACT 
F9                        TCTGATCTTGGGCTACAACTACAAGACGAACTCTCCAAGACATATGACAAGTCTCAGACT 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      CAAAAGGATGGACTGTGCATTAGAAAATACTCACTTAGTAACTGGGATATGTTTAAAGCT 
F7                        C-AAAGGATGGACTGTGCATTAGAAAATACTC 
F8                        CAAAAGGATGGACTGTGCATTAGAAAATACTCACTTAGTAACTGGGATATGTTTAAAGCT 
F9                        CAAAAGGATGGACTGTGCATTAGAAAATACTCACTTAGTAACTGGGATATGTTTAAAGCT 
          ************************************************************                                                                                      
 
ABCG43_CDS_consensus      TGCTCAAGGAGAGAATTTCTTCTGATGAAACGTAACTCTTTCGTTTACGTATTCAAATCT 
F8                        TGCTCAAGGAGAGAATTTCTTCTGATGAAACGTAACTCTTTCGTTTACGTATTCAAATCT 
F9                        TGCTCAAGGAGAGAATTTCTTCTGATGAAACGTAACTCTTTCGTTTACGTATTCAAATCT 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      GGACTTGTAAGTTGTATTTACTTTGCCAAAAAGCTTTACTTATTTATACCGATACATTCT 
F8                        GGACTTGTAAGTTGTATTTACTTTGCCAAAAAGCTTTACTTATTTATACCGATACATTCT 
F9                        GGACTTGTAAGTTGTATTTACTTTGCCAAAAAGCTTTACTTATTTATACCGATACATTCT 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      AAACCCATTTACCTTTTTTCCGCAGTTAATATTCATTGGATCCATTGCAATGACTGTTTA 
F8                        AAACCCATTTACCTTTTTTCCGCAGTTAATATTCATTGGATCCATTGCAATGACTGTTTA 
F9                        AAACCCATTTACCTTTTTTCCGCAGTTAATATTCATTGGATCCATTGCAATGACTGTTTA 
F10                       AAACCCATTTACCTTTTTTCCGCAGTTAATATTCATTGGATCCATTGCAATGACTGTTTA 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TCTACGGACTGGGTCTACAAGAGATTCTCTTCATGCTAATTATCTTATGGGTTCTTTGTT 
F8                        TCTACGGACTGGGTCTACAAGAGATTCTCTTCATGCTAATTATCTTATGGGTTCTTTGTT 
F9                        TCTACGGACTGGGTCTACAAGAGATTCTCTTCATGCTAATTATCTTATGGGTTCTTTGTT 
F10                       TCTACGGACTGGGTCTACAAGAGATTCTCTTCATGCTAATTATCTTATGGGTTCTTTGTT 
          ************************************************************                                                                                                                                                                
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ABCG43_CDS_consensus      CTTTTCCCTCATTAAACTTCTTGCTGATGGACTACCAGAACTCACATTGACAGTCTCGAG 
F8                        CTTTTCCCTCATTAAACTTCTTGCTGATGGACTACCAGAACTCACATTGACAGTCTCGAG 
F9                        CTTTTCCCTCATTAAACTTCTTGCTGATGGACTACCAGAACTCACATTGACAGTCTCGAG 
F10                       CTTTTCCCTCATTAAACTTCTTGCTGATGGACTACCAGAACTCACATTGACAGTCTCGAG 
         ************************************************************                                                                                      
 
ABCG43_CDS_consensus      AATTGCGGTGTTCTGCAAACAAAAAGAGTTATACTTTTATCCTGCTTGGGCATATGCTAT 
F8                        AATTGCGGTGTTCTGCAAACAAAAAGAGTTATACTTTTATCCTGCTTGGGCATATGCTAT 
F9                        AATTGCGGTGTTCTGCAAACAAAAAGAGTTATACTTTTATCCTGCTTGGGCATATGCTAT 
F10                       AATTGCGGTGTTCTGCAAACAAAAAGAGTTATACTTTTATCCTGCTTGGGCATATGCTAT 
         ************************************************************                                                                                     
 
ABCG43_CDS_consensus      TCCTTCTGCTATTTTAAAGATACCGATTTCATTTCTTGAATCATTCCTCTGGACAATGTT 
F8                        TCCTTCTGCTATTTTAAAGATACCGATTTCATTTCTTGAATCATTCCTCTGGAAAAGGTT 
F9                        TCCTTCTGCTATTTTAAAGATACCGATTTCATTTCTTGAATCATTCCTCTGGACAATGTT 
F10                       TCCTTCTGCTATTTTAAAGATACCGATTTCATTTCTTGAATCATTCCTCTGGACAATGTT 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      GACATATTATGTCATTGGTTACAGTCCTGAGGCGGGAAGGTACTAATTTCGAACATGCAA 
F9                        GACATATTATGTCATTGGTTACAGTCCTGAGGCGGGAAGGTACTAATTTCGAACATGCAA 
F10                       GACATATTATGTCATTGGTTACAGTCCTGAGGCGGGAAGGTACTAATTTCGAACATGCAA 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      AAAGAAACCAAATTTAATATTTTGCTTTCTGCTAAACAAAAATATTTTTTCTTTCCTTCA 
F9                        AAAGAAACCAAATTTAATATTTTGCTTTCTGCTAAACAAAAATATTTTTTCTTTCCTTCA 
F10                       AAAGAAACCAAATTTAATATTTTGCTTTCTGCTAAACAAAAATATTTTTTCTTTCCTTCA 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      GGTTCATTCGCCAGGTCTTGATCTTATTTGCTCTACACCTTTCGTGTATATCGATGTTCC 
F9                        GGTTCATTCGCCAGGTCTTGATCTTATTTGCTCTACACCTTTCGTGTATATCGATGTTCC 
F10                       GGTTCATTCGCCAGGTCTTGATCTTATTTGCTCTACACCTTTCGTGTATATCGATGTTCC 
F11                       GGTTCATTCGCCAGGTCTTGATCTTATTTGCTCTACACCTTTCGTGTATATCGATGTTCC 
         ************************************************************                                                                                     
 
ABCG43_CDS_consensus      GTGCTATAGGTGCTGTCTTTCGAGATTTTGATGTTGCCACTACCATTGGAAGCATCTCTA 
F9                        GTGCTATAGGTGCTGTCTTTCGAGATTTTGATGTTGCCACTACCATTGGAAGCATCTCTA 
F10                       GTGCTATAGGTGCTGTCTTTCGAGATTTTGATGTTGCCACTACCATTGGAAGCATCTCTA 
F11                       GTGCTATAGGTGCTGTCTTTCGAGATTTTGATGTTGCCACTACCATTGGAAGCATCTCTA 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TAGTGCTTCTCTCAGTATTCGGAGGTTTCATTGTTCGAAAACGTAAGTATTTAACTTGAA 
F9                        TAGTGCTTCTCTCAGTATTCGGAGGTTTCATTGTTCGAAAACGTAAGTATTTAACTTGAA 
F10                       TAGTGCTTCTCTCAGTATTCGGAGGTTTCATTGTTCGAAAACGTAAGTATTTAACTTGAA 
F11                       TAGTGCTTCTCTCAGTATTCGGAGGTTTCATTGTTCGAAAACGTAAGTATTTAACTTGAA 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      ACTTGAACTGTAGTAATTCAGAGGTTTCACTGTAATGGTGCCCTGTTATTTTTCAGCCTC 
F9                        ACTTGAACTGTAGTAATTCAGAGGTTTCACTGTAATGGTGCCCTGTTATTTTTCAGCCTC 
F10                       ACTTGAACTGTAGTAATTCAGAGGTTTCACTGTAATGGTGCCCTGTTATTTTTCAGCCTC 
F11                       ACTTGAACTGTAGTAATTCAGAGGTTTCACTGTAATGGTGCCCTGTTATTTTTCAGCCTC 
         ************************************************************                                                                                      
 
ABCG43_CDS_consensus      AATGCCTTCTTGGCTTGAGTGGGGATTCTGGCTTTCTCCACTGTCATATGCTGAGATTGG 
F10                       AATGCCTTCTTGGCTTGAGTGGGGATTCTGGCTTTCTCCACTGTCATATGCTGAGATTGG 
F11                       AATGCCTTCTTGGCTTGAGTGGGGATTCTGGCTTTCTCCACTGTCATATGCTGAGATTGG 
         ************************************************************ 
                                                                                      
ABCG43_CDS_consensus      TCTAACCTCAAATGAATTTTTCGCTCCAATGTGGAGGAAGGTAATGAATTCTTCAGAAAC 
F10                       TCTAACCTCAAATGAATTTTTCGCTCCAATGTGGAGGAAGGTAATGAATTCTTCAGAAAC 
F11                       TCTAACCTCAAATGAATTTTTCGCTCCAATGTGGAGGAAGGTAATGAATTCTTCAGAAAC 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      CTTTCACATTTTAGATTTTTTTTTAGTTTGGTATTGATCCTTGTCATCTTTTTATTACCA 
F10                       CTTTCACATTTTAGATTTTTTTTTAGTTTGGTATTGATCCTTGTCATCTTTTTATTACCA 
F11                       CTTTCACATTTTAGATTTTTTTTTAGTTTGGTATTGATCCTTGTCATCTTTTTATTACCA 
F12                               TTTTAGATTTTTTTTTAGTTTGGTATTGATCCTTGTCATCTTTTTATTACCA 
         ************************************************************ 
                                                                                      
ABCG43_CDS_consensus      TTAGATGACATCTGAAAACAGAACTTTGGGGGAACAAGTTCTAGATGCTCGCGGGTTGAA 
F10                       TTAGATGACATCTGAAAACAGAACTTTGGGGGAACAAGTTCTAGATGCTCGCGGGTTGAA 
F11                       TTAGATGACATCTGAAAACAGAACTTTGGGGGAACAAGTTCTAGATGCTCGCGGGTTGAA 
F12                       TTAGATGACATCTGAAAACAGAACTTTGGGGGAACAAGTTCTAGATGCTCGCGGGTTGAA 
         ************************************************************                                                                                       
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ABCG43_CDS_consensus      TTTTGGAAATCAATCTTACTGGAATGCATTTGGCGCATTGATTGGCTTCACACTCTTCTT 
F10                       TTTTGGAAATCAATCTTACTGGAATGCATTTGGCGCATTGATTGGCTTCACACTCTTCTT 
F11                       TTTTGGAAATCAATCTTACTGGAATGCATTTGGCGCATTGATTGGCTTCACACTCTTCTT 
F12                       TTTTGGAAATCAATCTTACTGGAATGCATTTGGCGCATTGATTGGCTTCACACTCTTCTT 
         ************************************************************ 
                                                                                       
 
ABCG43_CDS_consensus      CAATACTGTTTTTGCACTGGCCTTGACCTTTTTGAAGAGTAAGTTCACAAGAGATATAAG 
F10                       CAATACTGTTTTTGCACTGGCCTTGACCTTTTTGAAGAGTAAGTTCACAAGAGATATAAG 
F11                       CAATACTGTTTTTGCACTGGCCTTGACCTTTTTGAAGAGTAAGTTCACAAGAGATATAAG 
F12                       CAATACTGTTTTTGCACTGGCCTTGACCTTTTTGAAGAGTAAGTTCACAAGAGATATAAG 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      AATGTGAGTTAATCATGTTAGTATATGCAATGACAATTGATGTTTTTCTGCAACTTCAGC 
F10                       AATGTGAGTTAATCATGTTAGTATATGCAATGACAATTGATGTTTTTCTGCAACTTCAGC 
F11                       AATGTGAGTTAATCATGTTAGTATATGCAATGACAATTGATGTTTTTCTGCAACTTCAGC 
F12                       AATGTGAGTTAATCATGTTAGTATATGCAATGACAATTGATGTTTTTCTGCAACTTCAGC 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      TTCACAGAGGTCTCGTGTAATTGTTTCTCATGACAAGAACACTCAAAGCTCAGAGAAAGA 
F10                       TTCACAGAGGTCTCGTGTAATTGTTTCTCATGACAAGAACACTCAAAGCTCAGAGAAAGA 
F11                       TTCACAGAGGTCTCGTGTAATTGTTTCTCATGACAAGAACACTCAAAGCTCAGAGAAAGA 
F12                       TTCACAGAGGTCTCGTGTAATTGTTTCTCATGACAAGAACACTCAAAGCTCAGAGAAAGA 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      TTCTAAAATTGCTTCCCATTCCAAAAATGCATTGCCTTTCGAACCTCTAACTTTCACATT 
F11                       TTCTAAAATTGCTTCCCATTCCAAAAATGCATTGCCTTTCGAACCTCTAACTTTCACATT 
F12                       TTCTAAAATTGCTTCCCATTCCAAAAATGCATTGCCTTTCGAACCTCTAACTTTCACATT 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      TCAAGACGTACAATATTTTATTGAGACTCCTCAGGTAAACGACTAAAGAGTATGCAAGAT 
F12                       TCAAGACGTACAATATTTTATTGAGACTCCTCAGGTAAACGACTAAAGAGTATGCAAGAT 
F13                                   ATATTTTATTGAGACTCCTCAGGTAAACGACTAAAGAGTATGCAAGAT 
         ************************************************************ 
                                                                                       
 
ABCG43_CDS_consensus      CAGTGCAAGTTTTCTAGAATCCTTTTAAACATGATACAGAGTTATAATGTGTGGGTATGA 
F12                       CAGTGCAAGTTTTCTAGAATCCTTTTAAACATGATACAGAGTTATAATGTGTGGGTATGA 
F13                       CAGTGCAAGTTTTCTAGAATCCTTTTAAACATGATACAGAGTTATAATGTGTGGGTATGA 
          ************************************************************                                                                                   
 
ABCG43_CDS_consensus      TTTCTGTGTTAAAAGGGAAAGAAGCTGCAGCTTCTCTCTGACGTTACAGGTGCATTCAAG 
F12                       TTTCTGTGTTAAAAGGGAAAGAAGCTGCAGCTTCTCTCTGACGTTACAGGTGCATTCAAG 
F13                       TTTCTGTGTTAAAAGGGAAAGAAGCTGCAGCTTCTCTCTGACGTTACAGGTGCATTCAAG 
                         ************************************************************                                                                                
 
ABCG43_CDS_consensus      CCCGGTGTTCTCACTGCTCTAATGGGTGTGAGTGGCGCTGGTAAAACGACTCTGCTTGAC 
F12                       CCCGGTGTTCTCACTGCTCTAATGGGTGTGAGTGGCGCTGGTAAAACGACTCTGCTTGAC 
F13                       CCCGGTGTTCTCACTGCTCTAATGGGTGTGAGTGGCGCTGGTAAAACGACTCTGCTTGAC 
          ************************************************************                                                                                      
 
ABCG43_CDS_consensus      GTTCTCTCAGGAAGGAAAACCCGCGGTGACATTAAAGGACAGATTGAAGTAGGCGGTTAC 
F12                       GTTCTCTCAGGAAGGAAAACCCGCGGTGACATTAAAGGACAGATTGAAGTAGGCGGTTAC 
F13                       GTTCTCTCAGGAAGGAAAACCCGCGGTGACATTAAAGGACAGATTGAAGTAGGCGGTTAC 
                  ************************************************************                                                                                       
 
ABCG43_CDS_consensus      GTTAAGGTTCAAGACACATTTTCGCGGGTTTCAGGTTATTGTGAACAGTTTGATATCCAT 
F12                       GTTAAGGTTCAAGACACATTTTCGCGGGTTTCAGGTTATTGTGAACAGTTTGATATCCAT 
F13                       GTTAAGGTTCAAGACACATTTTCGCGGGTTTCAGGTTATTGTGAACAGTTTGATATCCAT 
          ************************************************************                                                                                      
 
ABCG43_CDS_consensus      TCTCCCAACTTAACAGTCCAAGAGTCCCTGAAATACTCTGCTTGGCTTCGACTTCCTTGT 
F12                       TCTCCCAACTTAACAGTCCAAGAGTCCCTGAAATACTCTGCTTGGCTTCGACTTCCTTGT 
F13                       TCTCCCAACTTAACAGTCCAAGAGTCCCTGAAATACTCTGCTTGGCTTCGACTTCCTTGT 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      AACATTAGTTCAGAAACTAAGAGTGTAAGTCATTATTTGGAAAAAATAAAAATGTTTTCT 
F12                       AACATTAGTTCAGAAACTAAGAGTGTAAGTCATTATTTGGAAAAAATAAAAATGTTTTCT 
F13                       AACATTAGTTCAGAAACTAAGAGTGTAAGTCATTATTTGGAAAAAATAAAAATGTTTTCT 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TCCTTCCTTTAGCTTCCTTGTCTGAGTATTTTCTTGATCTTCGCTTTTCAGGCAATAGTT 
F12                       TCCTTCCTTTAGCTTCCTTGTCTGAGTATTTTCTTGATCTTCGCTTTTCAGGCAATAGTT 
F13                       TCCTTCCTTTAGCTTCCTTGTCTGAGTATTTTCTTGATCTTCGCTTTTCAGGCAATAGTT 
                  ************************************************************                                                                                       
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ABCG43_CDS_consensus      AATGAAGTTCTTGAGACGATAGAGCTTGAGGAGATTAAAGATTCCTTAGTAGGAGTTCCT 
F12                       AATGAAGTTCTTGAGACGATAGAGCTTGAGGAGATTAAAGATTCCTTAGTAGGAGTTCCT 
F13                       AATGAAGTTCTTGAGACGATAGAGCTTGAGGAGATTAAAGATTCCTTAGTAGGAGTTCCT 
F14                                CTTGAGAAGATAGAGCTTGAGGAGATTAAAGATTCCTTAGTAGGAGTTCCT 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      GGAATTAGCGGTGTAACAGCAGAACAACGCAAAAGACTAACAATAGCTGTGGAGCTTGTT 
F12                       GGAATTAGCGGTGTAACAGCAGAACAACGCAAAAGACTAACAATAGCTGTGGAGCTTGTT 
F13                       GGAATTAGCGGTGTAACAGCAGAACAACGCAAAAGACTAACAATAGCTGTGGAGCTTGTT 
F14                       GGAATTAGCGGTGTAACAGCAGAACAACGCAAAAGACTAACAATAGCTGTGGAGCTTGTT 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TCCAATCCTTCAATAATATTTATGGATGAACCAACCACAGGATTAGATGCAAGAGCTGCA 
F12                       TCCAATCCTTCAATAATATTTATGGATGAACCACCCACAGGATTAGATGCAAGAGCTGCA 
F13                       TCCAATCCTTCAATAATATTTATGGATGAACCAACCACAGGATTAGATGCAAGAGCTGCA 
F14                       TCCAATCCTTCAATAATATTTATGGATGAACCAACCACAGGATTAGATGCAAGAGCTGCA 
                          ************************************************************ 
 
ABCG43_CDS_consensus      GCAATTGTAATGAGAGCTGTGAAGAACATCGCCGAGACTGGCAGAACTGTTGTTTGCACA 
F13                       GCAATTGTAATGAGAGCTGTGAAGAACATCGCCGAGACTGGCAGAACTGTTGTTTGCACA 
F14                       GCAATTGTAATGAGAGCTGTGAAGAACATCGCCGAGACTGGCAGAACTGTTGTTTGCACA 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      ATTCACCAGCCGAGCATAGATATCTTTGAGGCATTTGATGAGGTAAAACCTCGTAAAACC 
F14                       ATTCACCAGCCGAGCATAGATATCTTTGAGGCATTTGATGAGGTAAAACCTCGTAAAACC 
         ************************************************************* 
                                                                                       
ABCG43_CDS_consensus      TTCATCTCATTTAAAGTCTCTTGTTTAAAGTACATTAATATGTGACCCTTCAATGGCAGC 
F14                       TTCATCTCATTTAAAGTCTCTTGTTTAAAGTACATTAATATGTGACCCTTCAATGGCAGC 
         ************************************************************                                                                                       
                                                                                   
ABCG43_CDS_consensus      TGATTCTGATGAAAAATGGAGGAAAGATTATCTATTACGGACCTCTTGGACAACATTCAA 
F14                       TGATTCTGATGAAAAATGGAGGAAAGATTATCTATTACGGACCTCTTGGACAACATTCAA 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      GCAAAGTTATTGAATACTTTATGGTCAGTTCCTATATATTACTGAAACTGTTGCATATAA 
F14                       GCAAAGTTATTGAATACTTTATGGTCAGTTCCTATATATTACTGAAACTGTTGCATATAA 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      TGTTCTCTTCTCTACTTCCAAATTATAACAATAATTTTCAACAGTAGAGCATTCCTGGAG 
F14                       TGTTCTCTTCTCTACTTCCAAATTATAACAATAATTTTCAACAGTAGAGCATTCCTGGAG 
F15                       TGTTCTCTTCTCTACTTCC-AATTATAACAATAATTTTCAACAGTAGAGCATTCCTGGAG 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      TTCCAAAACTGAAAGAAAACTCTAACCCAGCCACTTGGATACTTGACATTACTTCTAAAT 
F14                       TTCCAAAACTGAAAGAAAACTCTAACCCAGCCACTTGGATACTTGACATTACTTCTAAAT 
F15                       TTCCAAAACTGAAAGAAAACTCTAACCCAGCCACTTGGATACTTGACATTACTTCTAAAT 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      CATCAGAAGACAAACTTGGTGTTGATTTGGCACATATATACGAGGAATCGACTTTGTTTA 
F14                       CATCAGAAGACAAACTTGGTGTTGATTTGGCACATATATACGAGGAATCGACTTTGTTTA 
F15                       CATCAGAAGACAAACTTGGTGTTGATTTGGCACATATATACGAGGAATCGACTTTGTTTA 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      AGTAAGTCTGAATACTTATTGTGACTTTGGATGTTGTTTGCCTGAAACTGATTTTGTTAT 
F14                       AGTAAGTCTGAATACTTATTGTGACTTTGGATGTTGTTTGCCTGAAACTGATTTTGTTAT 
F15                       AGTAAGTCTGAATACTTATTGTGACTTTGGATGTTGTTTGCCTGAAACTGATTTTGTTAT 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      TTGTTTTTAGGGAGAACAAAATGGTAATTGAGCAAACGAGATGTACATCTTTGGGATCAG 
F14                       TTGTTTTTAGGGAGAACAAAATGGTAATTGAGCAAACGAGATGTACATCTTTGGGATCAG 
F15                       TTGTTTTTAGGGAGAACAAAATGGTAATTGAGCAAACGAGATGTACATCTTTGGGATCAG 
         ************************************************************ 
                                                                                       
ABCG43_CDS_consensus      AAAGATTAATCTTGTCATCACGTTATGCTCAAACGAGTTGGGAACAATTCAAAGCATGCC 
F14                       AAAGATTAATCTTGTCATCACGTTATGCTCAAACGAGTTGGGAACAATTCAAAGCATGCC 
F15                       AAAGATTAATCTTGTCATCACGTTATGCTCAAACGAGTTGGGAACAATTCAAAGCATGCC 
         ************************************************************                                                                                       
 
ABCG43_CDS_consensus      TCTGGAAACAACATCTCTCTTATTGGAGAAACCCTTCCTACAATCTCACTCGCATCATTT 
F14                       TCTGGAAACAACATCTCTCTTATTGGAGAAACCCTTCCTACAATCTCACTCGCATCATTT 
F15                       TCTGGAAACAACATCTCTCTTATTGGAGAAACCCTTCCTACAATCTCACTCGCATCATTT 
          ************************************************************                                                                                      
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ABCG43_CDS_consensus      TCATGTGTTTTACTTGTATGCTCTGTGGCATTCTTTTCTTGCAAAAAGCTAAGGAAATGT 
F14                       TCATGTGTTTTACTTGTATGCTCTGTGGCATTCTTTTCTTGCAAAAAGCTAAGGAAATGT 
F15                       TCATGTGTTTTACTTGTATGCTCTGTGGCATTCTTTTCTTGCAAAAAGCTAAGGAAATGT 
F16                                GGAATGT 
                  ************************************************************                                                                                     
 
ABCG43_CDS_consensus      TCGTGTCTTCCCCCATCTTATTTGAGTCGGCTTTGAACCGCGTGATTTCCTTGATCTTAA 
F14                       TCGTGTCTTCCCCCATCTTATTTGAGTCGGCTTTGAACCGCGTGATTTCCTTGATCTTAA 
F15                       TCGTGTCTTCCCCCATCTTATTTGAGTCGGCTTTGAACCGCGTGATTTCCTTGATCTTAA 
F16                       TCGTGTCTT-CCCCATCTTATTTGAGTCGGCTTTGAACCGCGTGATTTCCTTGATCTTAA 
                          ************************************************************                                                         
 
ABCG43_CDS_consensus      AAGATTTAGCTATTTAAACTTTTTTACCTCTCTTCTTTGCAGAAACAATCAGCAAGATCT 
F14                       AAGATTTAGCTATTTAAACTTTTTTACCTCTCTTCTTTGCAGAAACAATCAGCAAGATCT 
F15                       AAGATTTAGCTATTTAAACTTTTTTACCTCTCTTCTTTGCAGAAACAATCAGCAAGATCT 
F16                       AAGATTTAGCTATTTAAACTTTTTTACCTCTCTTCTTTGCAGAAACAATCAGCAAGATCT 
                          ************************************************************                                                             
 
ABCG43_CDS_consensus      ATTCAACGTCTTTGGCTCAATGTTTACGGTGGTTCTATTCTCTGGAATAAACAATTGCTC 
F14                       ATTCAACGTCTTTGGCTCAATGTTTACGGTGGTTCTATTCTCTGGAATAAACAATTGCTC 
F15                       ATTCAACGTCTTTGGCTCAATGTTTACGGTGGTTCTATTCTCTGGAATAAACAATTGCTC 
F16                       ATTCAACGTCTTTGGCTCAATGTTTACGGTGGTTCTATTCTCTGGAATAAACAATTGCTC 
                          ************************************************************                                                             
 
ABCG43_CDS_consensus      AACAGTGATATTTTGCGTTGCAACCGAACGAAATGTCTTCTACCGCGAAAGATTTTCCCG 
F14                       AACAGTGATATTTTGCGTTGCAACCGAACGAAATGTCTTCTACCGCGAAAGATTTTCCCG 
F15                       AACAGTGATATTTTGCGTTGCAACCGAACGAAATGTCTTCTACCGCGAAAGATTTTCCCG 
F16                       AACAGTGATATTTTGCGTTGCAACCGAACGAAATGTCTTCTACCGCGAAAGATTTTCCCG 
                          ************************************************************                                                             
 
ABCG43_CDS_consensus      TATGTACAACCCATGGGCGTATTCCCTTGCTCAGGTTAAAACTTTTTCTCAATCAAACCA 
F15                       TATGTACAACCCATGGGCGTATTCCCTTGCTCAGGTTAAAACTTTTTCTCAATCAAACCA 
F16                       TATGTACAACCCATGGGCGTATTCCCTTGCTCAGGTTAAAACTTTTTCTCAATCAAACCA 
                          ************************************************************                                                            
 
ABCG43_CDS_consensus      TTAAGGAACGAAAATAAACAACTCAGCCATTGGTTTTGACTTTAAGGCTGAATGTTTGCA 
F15                       TTAAGGAACGAAAATAAACAACTCAGCCATTGGTTTTGACTTTAAGGCTGAATGTTTGCA 
F16                       TTAAGGAACGAAAATAAACAACTCAGCCATTGGTTTTGACTTTAAGGCTGAATGTTTGCA 
                          ************************************************************                                                             
                           
ABCG43_CDS_consensus      GGTGTTGGTTGAAATTCCATACTCATTGTTCCAATCTATTATATATGTGATAATCGTATA 
F15                       GGTGTTGGTTGAAATTCCATACTCATTGTTCCAATCTATTATATATGTGATAATCGTATA 
F16                       GGTGTTGGTTGAAATTCCATACTCATTGTTCCAATCTATTATATATGTGATAATCGTATA 
                          ************************************************************                                                              
 
ABCG43_CDS_consensus      TCCTATGGTTGGCTATCACTGGTCGGTCTACAAAGTGTTTTGGAGCTTCTACTCAATTTT 
F15                       TCCTATGGTTGGCTATCACTGGTCGGTCTACAAAGTGTTTTGGAGCTTCTACTCAATTTT 
F16                       TCCTATGGTTGGCTATCACTGGTCGGTCTACAAAGTGTTTTGGAGCTTCTACTCAATTTT 
                          ************************************************************                                                          
 
ABCG43_CDS_consensus      CTGCTCCTTGCTTATCTTCAACTATTTCGGCATGCTTTTAGTTGTGGTGACCCCAAACGT 
F15                       CTGCTCCTTGCTTATCTTCAACTATTTCGGCATGCTTTTAGTTGTGGTGACCCCAAACGT 
F16                       CTGCTCCTTGCTTATCTTCAACTATTTCGGCATGCTTTTAGTTGTGGTGACCCCAAACGT 
F17                       CTGCTCCTTGCTTATCTTCAACTATTTCGGCATGCTTTTAGTTGTGGTGACCCCAAACGT 
                          ************************************************************ 
 
ABCG43_CDS_consensus      TCACATTGCTTTTACTCTCCGCTCTTCATTTTACGCAATCGTCAATCTCTTTGCTGGTTA 
F15                       TCACATTGCTTTTACTCTCCGCTCTTCATTTTACGCAATCGTCAATCTCTTTGCTGGTTA 
F16                       TCACATTGCTTTTACTCTCCGCTCTTCATTTTACGCAATCGTCAATCTCTTTGCTGGTTA 
F17                       TCACATTGCTTTTACTCTCCGCTCTTCATTTTACGCAATCGTCAATCTCTTTGCTGGTTA 
                          ************************************************************ 
 
ABCG43_CDS_consensus      TGTCATGCCAAAACCTGTAAGTCCTCTCTTACCTCTCTTCACCAAGTTTGTGAAGTTCGA 
F15                       TGTCATGCCAAAACCTGTAAGTCCTCTCTTACCTCTCTTCACCAAGTTTGTGAAGTTCGA 
F16                       TGTCATGCCAAAACCTGTAAGTCCTCTCTTACCTCTCTTCACCAAGTTTGTGAAGTTCGA 
F17                       TGTCATGCCAAAACCTGTAAGTCCTCTCTTACCTCTCTTCACCAAGTTTGTGAAGTTCGA 
                          ************************************************************ 
 
ABCG43_CDS_consensus      TTCTTATTATGTGAAAGAAAGAAAAAGAGTTAGAAACAGCATCAAGATATGAGATTTTGA 
F16                       TTCTTATTATGTGAAAGAAAGAAAAAGAGTTAGAAACAGCATCAAGATATGAGATTTTGA 
F17                       TTCTTATTATGTGAAAGAAAGAAAAAGAGTTAGAAACAGCATCAAGATATGAGATTTTGA 
                          ************************************************************ 
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ABCG43_CDS_consensus      GAGTTTTTGTTGTTGATGATGCAGAACATTCCGAGATGGTGGATTTGGATGTATTACTTG 
F16                       GAGTTTTTGTTGTTGATGATGCAGAACATTCCGAGATGGTGGATTTGGATGTATTACTTG 
F17                       GAGTTTTTGTTGTTGATGATGCAGAACATTCCGAGATGGTGGATTTGGATGTATTACTTG 
                          ************************************************************ 
 
ABCG43_CDS_consensus      AGCCCGACGTCATGGGTTTTGAACGGATTGCTCACATCGCAGTATGGAGATATGGAGAAA 
F16                       AGCCCGACGTCATGGGTTTTGAACGGATTGCTCACATCGCAGTATGGAGATATGGAGAAA 
F17                       AGCCCGACGTCATGGGTTTTGAACGGATTGCTCACATCGCAGTATGGAGATATGGAGAAA 
                          ************************************************************ 
 
ABCG43_CDS_consensus      GAGATATTAGCGTTTGGAGAGAAGAAGAAAGTTTCAGCTTTCTTGGAAGATTATTTTGGC 
F16                       GAGATATTAGCGTTTGGAGAGAAGAAGAAAGTTTCAGCTTTCTTGGAAGATTATTTTGGC 
F17                       GAGATATTAGCGTTTGGAGAGAAGAAGAAAGTTTCAGCTTTCTTGGAAGATTATTTTGGC 
                          ************************************************************ 
 
ABCG43_CDS_consensus      TACAGATATGACTCTCTGGCTCTTGTAGCTGTTGTTCTTATTGCCTTCCCCATTCTCTTG 
F16                       TACAGATATGACTCTCTGGCTCTTGTAGCTGTTGTTCTTATTGCCTTCCCCATTCTCTTG 
F17                       TACAGATATGACTCTCTGGCTCTTGTAGCTGTTGTTCTTATTGCCTTCCCCATTCTCTTG 
                          ************************************************************ 
 
ABCG43_CDS_consensus      GCATCTCTTTTTGCCTTCTTCATTGGTAAACTCAATTTCCAAAAGAAG 
F16                       GCATCTCTTTTTGCCTTCTTCATTGGTAAACTCAATTTCCAAAAGAAG 
F17                       GCATCTCTTTTTGCCTTCTTCATTGGTAAACTCAATTTCCAAAAGAAG 
                          ************************************************             
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Appendix 6.16: PUBC-ABCG43-GFP expression clone plasmid map. This destination vector 
contains an GFP module within the expression cassette with attB and attP recombination sites that 
ensure the gene of interest is inserted into the plasmid in the correct orientation and in frame.  
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Appendix 6.17: Output of the Cox PH regression models for the second experimental repeat 
comparing the root-gel detachment of abcg43-1:ABCG43-GFP and Col-0:ABCG43-GFP to wild 
type (Col-0). 

*** refers to a statistically significant difference ≤ 0.001 and ns no statistically significant difference 
relative to wild type. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
Line 

 

Sample 
size 

 

Col-0 
sample size 

 

 

Wald test (z-score) 
and corresponding 

P value 

 

Hazard ratio 
(95% CI) 

 
 

Col-0: 
ABCG43-GFP 

 
86 

 
 
 

91 

 

z = 6.98 
P < 0.001 

 
*** 

 

4.35 
(2.22, 4.12) 

 

abcg43-1 
 

75 
 

z = -7.35 
P < 0.001 

 
*** 

 

0.27 
(0.19, 0.38) 

 

 

abcg43-1: 
ABCG43-GFP 

 
87 

 

z = -0.17 
P > 0.05 

 
ns 

 

1.03 
(0.76, 1.39) 



 267 

 
Appendix 6.18: Second experimental repeat confirming the root-gel adhesion properties of 
abcg43-1 and Col-0 lines expressing an ABCG43-GFP fusion protein. Survival curves displaying 
the proportion of seedlings adhered to the gel at increasing centrifugal force for wild type (Col-0 - 
black), Col-0:ABCG43-GFP (light blue), abcg43-1 (dark pink) and abcg43-1:ABCG43-GFP (light 
pink). Red crosses on the curves represent seedlings that adhered to the gel after the maximum 
centrifugal speed (1611 RPM). A single experiment included ≥ 70 biological replicates for each 
candidate line. 
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Appendix 6.19: Second experimental repeat comparing the root hair phenotypic differences of 
5-day-old abcg43-1:ABCG43-GFP and Col-0:ABCG43-GFP seedlings relative to wild type (Col-
0). 

For each root hair characteristic, the mean (± SE) of each line, replicate size of a line (n) and output of 
the linear model that compared wild type to a candidate line are given.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

Line 
 

Root hair density 
(n per mm length of root) 

 

 

Root hair length (mm) 
 

Col-0 
 

41.700 ± 1.446 
n = 10 

 

-  
 

0.478 ± 0.005 
n = 10 

 

 

-  

 
Col-0:ABCG43-GFP 

 

41.900 ± 1.538 
n = 10 

No difference 
 
 

 

t = 0.087 
P > 0.05 
d.f. = 18 

 

 
 

0.485 ± 0.005 
n = 10 

No difference 
 

 

t = 0.293 
P > 0.05 
d.f. = 18 

 

 
abcg43-1:ABCG43-GFP 

 

42.000 ± 1.820 
n = 10 

No difference 

 

t = 0.131 
P > 0.05 
d.f. = 18 

 

 

0.481 ± 0.005 
n = 10 

No difference 
 

 

t = 0.126 
P > 0.05 
d.f. = 18 
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Appendix 6.20: Second experimental repeat comparing the root hair phenotypes of 5-day-old 
wild type (Col-0), Col-0:ABCG43-GFP and abcg43-1:ABCG43-GFP seedlings grown on a sterile 
medium. (A) Representative images showing the root hair phenotypes of each line. Seedlings were 
grown in Petri plates on a sterile gel medium and imaged under darkfield lighting. Scale bar = 0.5 
mm. Boxplot showing the median (horizontal line), interquartile range (box) with minimum and 
maximum values (whiskers) overlaid with a scatterplot of raw measurements for (B) root hair density 
(n per mm length of root) and (C) root hair length (mm) of Col-0 (grey) and Col-0:ABCG43-GFP 
(light blue) and abcg43-1:ABCG43-GFP (light pink) plants. ns indicates no significant difference 
relative to wild type. For both lines, root hair length and density were calculated from 10 individual 
seedlings. The lengths of ~ 30 individual root hairs were measured on each seedling and all these 
measurements are shown on the scatterplot for each candidate line. 
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Appendix 6.21: pTecG-2in1-CC plasmid map. GFP-HDEL was used as a transformation control for 
transient expression experiments in Nicotiana benthamiana.  
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