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Abstract 

Cell wall damage (CWD) causes extensive changes in cell wall composition and structure, 

which seem to be mediated by a cell wall integrity signalling mechanism. Though parallels 

have been found to the cell wall integrity signalling pathway in yeast, it is clear that a more 

detailed study in plants is necessary to understand the process in detail. Classical induction 

of CWD (pathogens, stress, foraging animals) is often local, or overlaps with other response 

systems and has rarely been studied specifically. Treating Arabidopsis thaliana seedlings 

with isoxaben (a specific CESA3 and 6 inhibitor) allows the induction of highly specific CWD 

in growing tissues. Cross-referencing the genes which respond to isoxaben induced CWD 

with publically available tissue expression data allow identification of genes of interest. 

Based on this analysis, 108 genes were identified, and KO insertion lines isolated to assign a 

biological function to the individual candidate gene. 24 of these genes have been 

characterised both with and without CWD induction in this PhD.  Genes of particular interest 

were picked using a FTIR clustering method. This method identified genes for which the 

insertions changed the response to isoxaben and genes which have a different cell wall 

composition from the outset. Modified cell wall composition of mutants was confirmed 

using chemical assays and lignin staining for the 10 selected genes. Of these, 6 genes had 

substantial mutant phenotypes. Saccharification assay showed high sugar yields for more 

than 50% of the candidates, in seedlings and stems. The specific cell wall features which 

lead to this improvement in saccharification have yet to be established. 
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1 Introduction 

1.1 Perspectives for the Development of Biofuels 

According to the International Energy Agency (IEA), in 2008 the world’s energy usage was 

estimated to be the equivalent 12,267.38 million tons of oil (Mtoe)- of this 81.27% (9,964.44 

Mtoe) is from fossil fuels, with the second largest category being combustible renewables 

and waste 9.98% (1,224.81 Mtoe) (IEA, 2010). Of the world’s total energy consumption 

31.29% (3839 Mtoe) is used in conversion, extraction and refining (IEA, 2010). Of the total 

final consumption remaining 27.28% is used in transport and 27.82% in industry (IEA, 2010). 

Governments and businesses across the world are attempting to shift to energy sources 

with lower carbon emissions. In this respect transport is especially challenging as it requires 

dense energy sources (Tait, 2011). This makes the replacement of transportation fuel more 

problematic than other application such as electrical base-load or industrial applications. 

Most of the current transport infrastructure (automotive, shipping, some rail) is dependent 

on liquid fuels. The production of oil, the current liquid fuel source, is set to stagnate or 

decline in the near future (Hall et al., 2003). As such liquid fuel should either be replaced as 

a fuel source or a new source of liquid fuel should be found. A shift away from combustible 

liquids would require a near total infrastructure replacement (Metz, 2007, Tait, 2011). The 

shift in technology is further complicated by the fact that the replacement infrastructure has 

not yet been fully developed (Metz, 2007, Tait, 2011). As such replacing liquid fuel is a more 

immediately applicable solution. The combustible chemicals used for fuel are also the 

precursors for the most common reactions in the chemical industry, and thus are a vital part 

of the world economy (Ragauskas et al., 2006). These factors combine to make a source of 

chemical energy necessary for the development of a sustainable transport sector and 

chemical industry (Ragauskas et al., 2006, Metz, 2007, Tait, 2011).  

Thus far the only large scale translation of light into chemical energy on earth is 

photosynthesis (Carroll and Somerville, 2009). As such the production of fuel and chemical 

precursors from plant biomass is the most promising candidate for a scalable production of 

chemical energy. The world’s largest producer of biofuels is the United States, with corn 

ethanol (Tait, 2011). However this production is heavily dependent on subsidies and thus far 
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the environmental merit is still open to discussion (Tait, 2011). This is because life cycle 

assessments are based on several inputs which are subject to uncertainty (examples of this 

are direct and indirect land use, and nitrous oxide release). Direct land use change occurs 

when land is repurposed from natural vegetation (grassland, forest). As most land suitable 

for corn cultivation is in use, it is not likely that much direct land use change will occur (Tait, 

2011). Indirect land use occurs when the changed use of existing agricultural land causes 

land elsewhere to be converted to new uses, which is particularly relevant due to the knock 

on effects on food markets. This has been subject of much discussion since Searchinger et 

al., (2008) claimed that it would take 167 years to counter the effects of indirect land use 

change from corn ethanol. The exact size of the indirect land use change is uncertain, but it 

may be substantial. Another important source of greenhouse gases is nitrous oxide 

emissions. Nitrous oxide is released from nitrogen fertilizer, and has nearly 300 times the 

greenhouse effect per ton of CO2 (Tait, 2011, Hertel et al., 2010). These factors cause 

substantial uncertainty over the greenhouse gas effects of corn ethanol. The original 

reduction in greenhouse gas (GHG) emissions was estimated to be only 20%; therefore 

when additional emissions are added for indirect land use change the GHG emission change 

of corn ethanol may be negative  (Tait, 2011). 

 To date, the most successful implementation of biofuels is the Brazilian production of 

sugarcane ethanol, which currently provides 40 % of Brazil’s liquid fuel needs (Somerville et 

al., 2010), as well as 15 % of the electricity generation (Matsuoka et al., 2009). The 

environmental impacts of this production are not quantified with certainty for the same 

reasons as corn ethanol, but are estimated to be very positive (up to 80% reduction in 

effective emissions) (Tait, 2011). 

The total current production of biofuels makes up less than 2 % of the total liquid fuel 

market, and therefore replacing fossil fuels would require a 50 fold increase in scale, not 

taking increasing demand into consideration (Gomez et al., 2008). The production of 

bioethanol from sugarcane is environmentally and economically tenable as a fuel source, 

and is scalable to cover all the liquid fuel Brazil needs (Matsuoka et al., 2009, IEA, 2010). 

However, as of 2008 Brazil only represents 1.8% of world energy consumption. Because 
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sugar cane is limited to the tropical/subtropical climates, with ready access to water, other 

sources of raw material are needed for a global supply system (Mussatto et al., 2010, Tait, 

2011).  

Many of the problems with the current bioethanol production can be bypassed by replacing 

the food quality biomass currently used with lignocellulosic biomass (Delucchi, 2010). 

Changing to lignocellulosic feedstocks can be done in two ways, either from agriculture or 

forestry residues (such as corn stover, grain straws) or dedicated biofuels crops (such as 

Miscanthus x giganteus, willow (Salix), Agave) (Somerville et al., 2010, Mabee and Saddler, 

2010). Using agricultural residue can yield very large amounts of fuel (a 50% conversion of 

corn stover in the US could produce 26.1 Mtoe of ethanol, or 1.1% of the world transport 

fuel in 2008, half the worlds current production) (Somerville et al., 2010, IEA, 2010). In spite 

of this potential there are limits. Because the raw material of biofuels need to be moved to 

the biofuels plant the geographical density of production is important (Manzer, 2010). This 

limits the usefulness of agricultural residues because they only represent a part of the 

biomass and therefore have a lower yield per acre, compared to dedicated fuel crops.  

Additionally, competing priorities in plant characteristics may cause suboptimal 

characteristics. Lack of production density limits profitability, as transport becomes a higher 

proportion of the expenses. As food crops are optimized for food production this may 

conflict with residue quality and quantity (Somerville et al., 2010). Candidates for dedicated 

biofuels crops are perennials with low input and tilling requirements, as well as high 

biomass generation. Higher productivity allows better utilization of the economies of scale 

to larger biofuels plants, and in some cases (trees, agave) the ability to build biomass over 

several years allows even greater density at harvest. All of these things allow for the 

production of more biomass (Somerville et al., 2010). However the efficiency of the 

conversion of biomass to fuel is of equal importance. 

This lignocellulosic biomass is derived from the plant cell wall. As the cell wall provides 

protection against biotic and abiotic stress as well as structural support for plants it has a 

high tensile strength and is difficult to break down (Gomez et al., 2008).  This necessitates 

an efficient technique for degradation (Gomez et al., 2008). The processing of biomass into 
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biofuels can be approached from two different directions, thermochemical processing or 

biochemical processing. Thermochemical treatment is an energy intensive process in which 

all the biomass is broken down into small organic components by pyrolysis and recombined 

to fuel using Fischer-Tropsch processes (Bahng et al., 2009). For this type of treatment, the 

initial biomass composition is unimportant, as it is broken down to basic components and 

recombined to the desired product (Bahng et al., 2009, Gomez et al., 2008). The cost of 

thermochemical treatment is similar to biochemical treatment, but the thermochemical 

plants are more sensitive to economies of scale (Wyman, 2003, Mabee and Saddler, 2010). 

80.47 km (50 miles) is commonly described as the outer range for the economical collection 

of biomass (Manzer, 2010), as such local plants are important to the scalable production of 

biofuels, limiting the usefulness of thermochemical plants. This means that yield per acre of 

biomass is critical for thermochemical production, whereas composition is a less important 

production parameter.  

Biochemical breakdown is based on the enzyme catalysed degradation of carbohydrate 

polymers. Enzyme activity is important, as it determines the reaction time for degradation 

to monosaccharides. However steric inhibition stops enzyme access to some of the sugars 

regardless of exposure and enzyme load, which makes the efficiency of the breakdown 

dependent on the structure and composition of the cell wall, as more or less pre-treatment 

is needed (Wyman et al., 2005). The low temperatures (less than 200° C for the pre 

treatments, less than 100° C for saccharification) used make the process more scale 

independent, allowing a more distributed production (Mosier et al., 2005). This allows a 

lower yield, or % of the local agricultural land diverted to biofuels use, but the structure and 

composition of the cell wall will have a substantial impact on profitability (Mosier et al., 

2005, Somerville et al., 2010). As such the use of biochemical processing allows reduced 

dependence on geographically focused biomass production, but the successful production 

of fuels is more dependent on the availability of the sugars in the biomass. Because 

knowledge of cell wall composition is helpful for understanding the biochemical breakdown 

of cell wall material, the description of the specific processes involved in biochemical 

production biofuels has been placed after the cell wall composition in section 1.3.  
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1.2 The Synthesis and Structure of the Cell Wall  

The plant cell wall is a complex mesh of interlocking polymers, consisting primarily of 

cellulose, hemicelluloses, lignin and pectin. In addition, there are a number of cell wall 

proteins which fulfil various catalytic or structural functions (Somerville et al., 2004, Burton 

et al., 2010). The cell wall structure varies greatly across species. This report focuses on A. 

thaliana, a dicot. The A. thaliana cell wall has previously been used as a representative 

model for the dicot plant cell wall, and many of proteins which synthesise the wall have 

been identified in A. thaliana (Carpita, 2011). Therefore the description of the chemical 

composition of cell walls is given in detail for A. thaliana unless otherwise specified. 

1.2.1 Cellulose Synthesis and Structure 

Cellulose is a hydrophilic and partially water-soluble β-(1-4) linked glucose polymer of 8000-

15000 units (Mutwil et al., 2008). In the cell wall it is normally organized into water insoluble 

crystalline microfibrils (Mutwil et al., 2008, Belitz et al., 2004). The synthesis of cellulose is 

carried out by CELLULOSE SYNTHASE (CESA) proteins, which are membrane spanning 

proteins which synthesize β-(1-4) linked glucose polymers. In the model species A. thaliana 

10 CESA’s have been identified (Carpita, 2011). It has been shown that a cellulose 

synthesising complex containing some of the CESAs is organized into complexes of 36 

subunits organized into groups of 6 based on plasma membrane freeze etches (Brown, 

1996). This complex has been suggested to synthesise crystalline microfibrils consisting of 

36 cellulose polymers. However, while (Delmer, 1999) supports this with microscopic size 

measurements of microfibrils, several recent studies have shown that cellulose microfibrils 

are smaller than predicted for a 36 polymer synthesis system (Kennedy et al., 2007, Doblin 

et al., 2002, Carpita, 2011). These suggest that there are only 18 cellulose fibres in a 

microfibril. An 18 polymer structure is supported by the synthesis pathway proposed by 

(Carpita, 2011). As can be seen in figure 1.2.1-1 A the cellulose fibre would have to be 

rotated 180 ° between reactions compared to the enzyme for the same active site to 

catalyse reactions on both sides (see figure 1.2.1-1) (Carpita, 2011, Delmer, 1999). As such it 

has been hypothesized that the CESAs are functional dimers, with alternating enzymes 

catalysing each reaction(Carpita, 2011). Should this be the case it would not eliminate the 
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possibility of 36mers, as 18mers could possibly fuse. Which of these models is correct is still 

an issue of contention. 

A  

B  

Figure 1.2.1-1: Structure of cellulose and the proposed catalytic dimer. A) an illustration of 

cellulose monomer structures, indicating the different location of the bonds between alternating 

glucose units. B) An illustration of the catalytic dimer hypothesis for cellulose synthesis from, where 

two synthases work together to synthesise 1 cellulose monomer (Carpita, 2011).  

The CESAs are divided into primary cell wall synthases and secondary cell wall synthases. 

The primary cell wall synthases are CESA1, 2, 3, 5, 6, and 9, and the secondary cell wall CESA 

4, 7, and 8, with CESA10 still to be assigned (Carpita, 2011). Of the primary cell wall 

synthesis proteins KOs in CesA1 and CesA3 have been shown to cause seedling lethality 

(Persson et al., 2007), whereas CESA2, 5, 6, 9 are at least partially redundant (Desprez et al., 

2007). The redundant CESAs are differentially expressed across tissues. This suggests that 

the redundant proteins exist in order to allow expression in different patterns (Desprez et 

al., 2007). The secondary cell wall synthesis CESAs appear non-redundant (though not lethal 

for single KOs), therefore it seems likely that the function of the complex is impaired if one 

component is inactive (Gardiner et al., 2003). This indicates that, excluding the 

uncharacterized CESA10, both synthesis complexes have 3 essential subunits (4, 7 and 8 and 
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1, 3 and the combination of 2, 5, 6 or 9). This suggests that both synthesis complexes 

require 3 unique subunits to function. Therefore the current model may be incomplete, as it 

is missing a crucial interaction in the complex formation.  

The cellulose synthesis complex contains several non CESA proteins (there are at least 15 

proteins in total) (Saxena and Brown, 2005, Kudlicka and Brown Jr, 1997). Among these is 

KORRIGAN (KOR1), a membrane bound cellulase which is critical for normal production of 

cellulose in A. thaliana (Takahashi et al., 2009). Additionally sucrose synthase (SuSy) has 

been implicated in the complex, most recently by Fujii et al., (2010), with overexpressors 

producing more cellulose in poplar (Coleman et al., 2009). However a triple KO with no SuSy 

activity outside the phloem does not appear to produce less cellulose, suggesting that the 

loss can be compensated for (Barratt et al., 2009). In the same study an invertase1 X 

invertase2 (inv1 x inv2) double mutant was created which showed reduced root growth, 

postulated to be caused by reduced cellulose synthesis. However there is as yet no evidence 

to suggest that invertases are directly linked to the cellulose synthase complex (Barratt et 

al., 2009). Therefore, it may serve a metabolic function without coming into contact with 

the synthesis apparatus. These proteins only constitute a fraction of the minimum of 15 

proteins related to the complex, and it therefore seems likely that additional components 

will be identified in the future (Kudlicka and Brown Jr, 1997, Saxena and Brown, 2005).  

1.2.2 Biosynthesis and Structure of Hemicelluloses 

Hemicelluloses are branched polymers of neutral hexoses and pentoses. Hemicelluloses 

were originally defined as sugar polymers in the cell wall which are neither pectins nor 

cellulose. Here the definition set out by (Scheller and Ulvskov, 2010) is used. Hemicelluloses 

are defined as non cellulose polymers with a partially β-(1-4) linked backbone. This excludes 

callose, which consists of β-(1-3) linked glucose (Scheller and Ulvskov, 2010). The backbone 

consists of β-(1-4) linked glucose, mixed linkage glucose (β-(1-4), and β-(1-3)), β-(1-4) linked 

xylose, mixed glucose mannose in β-(1-4) links, or β-(1-4) linked mannose (Scheller and 

Ulvskov, 2010). Xyloglucans are the most common hemicelluloses in all plants except 

grasses (Vogel, 2008). They consist of a β-(1-4) linked glucose backbone, which is heavily 

substituted with different side chains (as illustrated in figure 1.2.2-1). The higher the 
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substitution rate the more water soluble the xyloglucan (Scheller and Ulvskov, 2010). With 

the exception of the xyloglucans in mosses and liverworts all xyloglucans are uncharged 

(Pena et al., 2008). The side chain structure of xyloglucans varies between different species 

and tissue. β-(1-4) linked xylans are the second most common backbone type of 

hemicellulose (Scheller and Ulvskov, 2010). These have α-(1-2) linked glucuronosyl and 4- O-

methyl glucuronosyl sidechains (Scheller and Ulvskov, 2010). In grasses, xylans with 

arabinose sidechains and ferulate esters are common (Vogel, 2008). Xylans do not have a 

fixed repeat structure, so the distribution of side chains is not organized in a characteristic 

pattern. Dicot xylans have a terminal β-d-Xylp-(1→4)-β-d Xylp-(1→3)-α-l-Rhap-(1→2)-α-d-

GalpA-(1→4)-d-Xylp, which has been identified in several species (Pena et al., 2007, 

Andersson et al., 1983). This is assumed to be either a primer for synthesis, or a terminating 

sequence (Scheller and Ulvskov, 2010). Mannose is present both in mannans made solely of 

β 1-4 linked mannose, and glucomannans which are mixed polymers of β-(1-4) glucose and 

mannan. Mannans and glucomannans commonly contain galactose sidechains, and are 

frequently methylated (Scheller and Ulvskov, 2010). Mannose backbones are common in 

seeds and secondary cell wall (Ebringerova et al., 2005). The mixed linkage glucans are 

exclusively present in grasses and conifers (Scheller and Ulvskov, 2010). 

The synthesis of hemicelluloses is best described in two parts, the backbone synthesis and 

the addition of the sidechains. The β-(1-4) linked glucans are synthesised by the CELLULOSE 

SYNTHASE LIKE family. The family has several subgroups (A-H, J). Xyloglucans are 

synthesised by CELLULOSE SYNTHASE LIKE Cs, (CSLCs); in A. thaliana the synthase (as 

identified by sequence similarity) is CSLC4 (Cocuron et al., 2007). Mannans and 

glucomannans are synthesised by other members of the CSL family, the CSLAs; 

overexpressors of a CSLA from guar in soybean increases the mannan abundance (Dhugga et 

al., 2004). It has been demonstrated that single synthetic proteins can generate mixed 

mannose/glucose chains (Liepman et al., 2007). The relative mannose/glucose content in 

glucomannans is dependent on the relative concentration of UDP glucose/mannose 

(indicating a simple equilibrium control), and the various CSLAs have been shown to be 

functionally redundant (when expressed in the same tissue) (Goubet et al., 2009).  
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Figure 1.2.2-1: A basic schematic of the hemicelluloses in the plant cell wall. The letters under the 

xyloglucan are the abbreviation used when describing the structure in the text. Fer represents ferulic 

acid (3-methoxy-4-hydroxycinnamic acid) Ac indicates acetylations. Modified from (Scheller and 

Ulvskov, 2010). 
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Several genes have been identified which cause xylan deficiency, but these are 

glycosyltransfereases which appear to be implicated in the creation of the reducing end 

oligosaccharide, not the main biosynthesis (Scheller and Ulvskov, 2010). This reducing end 

sequence is not complete in the KOs of PAVUS, IRX7, IRX8, and FRA8, indicating that they 

are involved in its synthesis and therefore important to xylan synthesis (Brown et al., 2007). 

It has also been suggested that CSLDs are involved in glucomannan synthesis, demonstrating 

that CSLs are involved in a broad range of hemicellulose biosynthesis proteins for this 

function (Scheller and Ulvskov, 2010). IRX9, IRX14 have been demonstrated to be non-

redundantly active in the synthesis of the xylan backbone, and glucoronoxylans, both by 

observed shortening of chain length in gene KOs, and by xylan synthesis in purified 

microsomes from tobacco BY2 cells with co-expression of the two proteins (Lee et al., 

2010a). For both of these there is an identified functional homolog (IRX9-L, IRX14-L) (Wu et 

al., 2010). Likewise KOs of the genes IRREGULAR XYLEM 10 (IRX10) and IRX10 like (IRX10-L) 

have also been show to result in shorter xylan backbone lengths (Brown et al., 2009) 

The side chains of the different polymers are added by a wide variety of glycosyl 

transferases in the Golgi (Scheller and Ulvskov, 2010). Xyloglucans are modified by group A 

GT47s, 3 of which have had their biochemical activity determined. MURUS2 (MUR2), a 

fucosyltransferase, has been demonstrated to add α-(1-6) fucT to xyloglucans (Perrin et al., 

1999, Vanzin et al., 2002). MURUS3 (MUR3) has been shown to add galactose to the third 

glucose residue in the XXXG core (Madson et al., 2003). The xylose residues are added by 

XYLOSYLTRANSFERASE 1, 2 (XXT1, XXT2) (Cavalier and Keegstra, 2006) and 

XYLOSYLTRANSFERASE 5 (XXT5) (Faik et al., 2002, Zabotina et al., 2008). Additionally, it has 

been demonstrated that the final structure of xyloglucans is dependent upon the presence 

of specific hydrolases in the intracellular space (Scheller and Ulvskov, 2010). Xylan side 

chains are predominantly added by α-glucuronosyltransferases and α-

arabinofuranosyltransferases. These functions have been identified in crude extracts from 

potato, wheat and pea but no specific enzymes have been identified (Pauly and Scheller, 

2000, Baydoun et al., 1989, Porchia et al., 2002). Ferulate esters are also added to 

xyloglucans in grasses (Scheller and Ulvskov, 2010). Galactomannans have sidechains added 

by galactosyltransferases. A specific enzyme activity has been identified in fenugreek seeds 



Lars Kjaer Thesis 2011 

35 

 

(Edwards et al., 1999) where galactomannans are used as storage carbohydrates. A homolog 

has not been found in A. thaliana, however they have been identified in tobacco and coffee, 

plants which use galactomannans for storage (Pre et al., 2008, Reid et al., 2003). The level of 

substitution appears to be controlled by the relative concentration of UDP-galactose and 

GDP-mannose (Reid et al., 1995). It has also been documented that the heavily substituted 

mannose backbones have side chains removed by α-D-galactosidase leading to a different 

final structure (Mujer et al., 1984). 

In addition xyloglucan, xylans, mannans, and pectins, are frequently acetylated, to some 

degree. In the case of xyloglucans the target is O-6 galactose (Kiefer et al., 1989). The 

acetylation is carried out by acetyl COA mediated transferease in the Golgi (Pauly and 

Scheller, 2000). Thus far only preliminary targets have been identified (Scheller and Ulvskov, 

2010).  

Due to the extensive branching and heterogeneity, hemicelluloses only form crystalline 

structures when similar linear polymers are in close proximity, and have some water 

solubility (Burton et al., 2010). Hemicelluloses can bind to the surface of the cellulose 

microfibrils with non covalent bonds (Scheller and Ulvskov, 2010). This arrangement allows 

the formation of links between the microfibrils, tying the polymers together in a loose mesh 

(Somerville et al., 2004, Dick-Perez et al., 2011). Unlike cellulose, hemicelluloses can be 

mobilised as source of energy by the plant (Hoch, 2007). 

1.2.4 Biosynthesis and Structure of Pectins 

Pectins are a class of polymers consisting primarily of uronic acids. This class includes 

homogalacturonan (HG), rhamnogalacturonan I (RG I), and rhamnogalacturonan II (RG-II). 

RG I consists of α-(1-4)-linked D-galacturonic acid as well as (1-2)-linked L-rhamnose, these 

polymers can also include side chains of arabinan and galactan (Somerville et al., 2004). RG-

II is the most complex pectin, consisting of an α-(1-4)-linked D-galacturonic acid backbone 

with at least 8 different side chains, containing 12 different sugars linked by more than 22 

different linkages (Harholt et al., 2010, Mohnen, 2008). Pectins are heavily cross-linked, with 

some of these crosslinks believed to be covalent bonds due to the heavy digestion required 

to separate the different types of polymers. Additionally, in the presence of Ca2+,  pectins 
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can form non-covalent bonds internally (Belitz et al., 2004). RG-II can be cross-linked by 

boron, the absence of which causes slowed root growth due to reduced expansive strength 

(Caffall and Mohnen, 2009). For several cell wall mutants (mur1, mur3, and mur4) the 

phenotypes can be rescued by addition of boric acid (Li et al., 2007). RGI has been 

implicated in the dynamic strength of the cell wall. It has been postulated to function as a 

plasticiser for the cell wall expansion, as inserting the large side chains of RGII between the 

more rigid components (cellulose) allows them to move between each other without 

breaking the overall structure (Harholt et al., 2010). 

 

Figure 1.2.4-1: Illustration of the pectin types and structure. Pectin consists of 4 different 

polymers as illustrated. The illustrations are representative, but not complete. Kdo, 3-Deoxy-D-

manno-2-octulosonic acid; DHA, 3-deoxy-D-lyxo-2-heptulosaric acid (Harholt et al., 2010). 

Pectins are believed to be synthesised in the Golgi, as indicated by the co fractionation of 

biosynthetic proteins with Golgi (Goubet and Mohnen, 1999b, Powell and Brew, 1974, 

Nunan and Scheller, 2003, Geshi et al., 2004, Sterling et al., 2001). However, out of a 

minimum of 67 different glycosyltransferases required for the complete biosynthesis of 

pectin (Mohnen, 2008), few have been identified. (Scheller et al., 1999) characterized the 

activity of a tobacco α-(1-4) galacturonosyltransferase which adds D-galacturonic acid to the 

non-reducing end of oligogalacturonicacid as part of HG synthesis. Using this information a 

HG synthesis enzyme, GALACTURONIC ACID TRANSFERASE 1 (GAUT1) has been identified in 

A. thaliana (Sterling et al., 2006). This is one of 15 genes in CAZy GT family 8, a family of 15 
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members, so it seems likely that there may be other genes within the family with similar 

activity. Of these one, GALACTURONIC ACID TRANSFERASE 7 (GAUT7), forms a complex with 

GAUT1 (Mohnen, 2008). This suggest that the reason that chemical characterization has 

been relatively slow is because the synthesis takes place in a complex that loses activity 

when it disassociates (Harholt et al., 2010). Among the other relatives there is GAUT8 for 

which a KO mutant quasimodo1 (qua1-1) shows reduced HG and less in vitro 

galacturonosyltransferase activity (Orfila et al., 2005). Irregular xylem 8 (a KO of GAUT12) 

also shows a strong reduction in pectin content (Pena et al., 2007). 

Sidechains are added to RGI by a number of different glycosyltransferases located in the 

Golgi, many of which have not yet been identified. Arabinose is transferred to RGI by 

arabinosyltransferases, these use UDP-L-arabinofuranose, which is not stable (Konishi et al., 

2007). The synthesis mechanism involves an UDP-arabinomutase, REVERSIBLY 

GLYCOSYLATED PROTEIN (RGP) which converts UDP-arabinopyranose to UDP-

arabinofuranose immediately before synthesis (Konishi et al., 2010). The addition of 

galactose to RGIs by glycosyltransferases has been demonstrated multiple times, with 

addition of galactose to the backbone demonstrated by (Ishii et al., 2004) and addition to 

existing short galactose side chains by (Geshi et al., 2002). Two RGI glycosyltransferases 

have been identified. The first is ARABINAN DEFICIENT 1 (ARAD1); KOs of this gene has been 

demonstrated to have reduced arabinan (46% less in stem than Col-0). However 

overexpressors of ARAD1 do not cause additional arabinan content, indicating enzyme 

activity is not the limitation to the production (Harholt et al., 2006). The second protein is 

XYLOGALACTURAN DEFICIENT1 (XGD1), a xylosyltransferase, where KOs exhibit decreased 

xylose content, which can be counteracted by rescue insertions (Jensen et al., 2008). 

However in both cases biochemical characterization heterologous expression has been 

unsuccessful (Harholt et al., 2010).   

There are several arguments for the existence of a pectin synthesis complex, as presented 

by Mohnen, (2008) and Harholt et al., (2010.) Indications of this are that GAUTs have been 

shown to form complexes (GAUT1/GAUT7), and the specific generation of UDP-L-

arabinofuranose for synthesis by glycosyltransferases (Mohnen, 2008, Konishi et al., 2010). 
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These factors suggest that pectin synthesis is a highly co-ordinated process. Additionally, 

purified ARAD1 and ARAD2 proteins, if run under non-reducing conditions, appear bigger 

than they should on gel electrophoresis, indicating complex formation (Harholt et al., 2010). 

If true, the existence of such an extensive membrane bound complex would help explain 

why so few of the pectin related glycosyltransferases have been successfully characterized 

in this process. 

RGII synthesis, due to the complex nature of the molecules, must involve many different 

glycosyltransferases. However the biosynthesis is not well characterized, with only three 

enzymes having had their biosynthetic function confirmed by biochemical assays 

(RHAMNOGALACTURONAN XYLOSYLTRANSFERASE 1, 2 and 3 (RGXT1, 2, 3) (Egelund et al., 

2006, Egelund et al., 2008)). GLUCORONYLTRANSFERASE 1 (NpGUT1) has been implicated in 

the synthesis of RGII, and appears to be a close homolog of IRX10 and IRX10-L, athough 

these have no direct correlation to RGII synthesis (Harholt et al., 2010, Iwai et al., 2002).  

Methylation of pectins has been demonstrated in vivo in tobacco by (Goubet and Mohnen, 

1999a). In a KO insertion line of QUASIMODO2 (QUA2) there is a detectable pectin 

deficiency and the gene is a putative methyltransferase (Mouille et al., 2007). This suggests 

a vital role for methylation during pectin production. The enzyme's biosynthetic activity has 

not been confirmed yet using chemical assays. REDUCED WALL ACETYLATION 2 (RWA2) has 

also been identified as a low pectin methylation mutant, though its function remains to be 

determined (Harholt et al., 2010). Ferulation of pectin has been demonstrated by in vivo 

confirmation of the activity in sugar beet and spinach, and unconfirmed candidate genes in 

rice. No chemical assays have shown this synthetic activity yet (Harholt et al., 2010). 

Pectin has previously been thought to be an interconnected network which is not directly 

bound to the other cell wall components. However, the sections of the cellulose microfibrils 

which are not covered with hemicelluloses seem to be covered with pectins based on 

resonance NMR (Dick-Perez et al., 2011). This work suggests that 70% of the cellulose 

microfibril is covered in hemicelluloses, with 30% pectin cover. This creates a different 

picture of the cell wall structure with the pectins being far more interconnected with the 

cellulose and hemicellulose than previously thought.  
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1.2.5 Structure and Synthesis of Lignins 

Lignin consists of the products of the monolignol biosynthetic pathways (Weng and Chapple, 

2010). These pathways make caffeyl, coniferyl, coumaryl, and sinapyl alcohols from 

phenylalanine and tyrosine (Davin et al., 2008). These are subsequently activated and 

polymerised in the apoplast (Bonawitz and Chapple, 2010).  

The synthesis of monolignols starts with shikimate in the chloroplast, which is turned into L-

phenylalanine by the shikimate pathway, and exported to the cytoplasm. The L-

phenylalanine is then converted to the monolignols through a number of enzyme catalysed 

reactions. The biosynthetic pathway can be seen in figure 1.2.5-1. The biosynthetic 

pathways have been extensively reviewed on many occasions, and for further information 

refer to (Bonawitz and Chapple, 2010, Burton et al., 2010, Weng and Chapple, 2010, Vogt, 

2010). As can be seen in figure 1.2.5-1, there are also a number of secondary reactions 

which are not common in WT plants, but occur when other enzymes are limited, or in 

particular species. As such, the pathway through caffealdehyde can be enhanced when 

Feruoyl CoA are not being produced in sufficient amounts. In the case of Selaginella the 

main synthesis pathway for coniferyl alcohol and sinapyl alcohol can be bypassed by the 

conversion of p-Coumaraldhyde to caffealdehyde (Weng et al., 2008). Likewise a loss of 

COMT function causes a redirection into 5-Hydroxyconiferyl alcohol instead of sinapyl 

alcohol, which is subsequently incorporated into the lignin (Ralph et al., 2001). This results 

in lignin with a different monomer composition, as 5-Hydroxyconiferyl is not a component 

normally included lignin polymers. Many of the enzymes in the monolignol biosynthesis 

pathway are expressed to an excess, as exemplified by down regulation of 4-coumarate: 

CoA ligase (4CL) does not result in a phenotype until the expression level is reduced by 80 % 

of WT. Further down regulation causes a developmental phenotype at 8% of WT expression 

levels (Lee et al., 1997). It is still a subject of some discussion how the monolignols are 

exported to the apoplast: it may either be transported through the Golgi like glucosides 

(Samuels et al., 2002), but recent work by (Kaneda et al., 2008) indicates that the export 

may be directly to the apoplast bypassing the Golgi.  
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Figure 1.2.5-1: The pathway for monolignol and phenylpropanoid biosynthesis. Arrows indicate 

reaction, adjacent name is the name of the enzyme that catalyzes the reaction. Components and 

pathways in grey are possible catalytic pathways, which are not commonly used in healthy Col-0 

plants, but can be activated in transgenics and mutants (Bonawitz and Chapple, 2010). 

Polymerisation of lignin is an enzyme mediated radical reaction, where monolignols are 

oxidized and subsequently react with other existing lignin polymers (as a step in further 

polymerization) or with a single monolignol, generating dimers (Boerjan et al., 2003). The 

activation is carried out, at least in part, by peroxidases (Ralph, 2004). The polymerization of 

lignin may be guided by controlling proteins, or the subunits are simply activated and react 

according to the chemical equilibrium. Several examples have been shown where dirigent-

like proteins guide the steric nature of lignan synthesis (Pickel et al., 2010). However this 

does not necessarily mean this is universally applicable across lignin synthesis (Bonawitz and 

Chapple, 2010). It seems likely that both directed and undirected synthesis takes place. 
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C  

Figure 1.2.5-2: Dimerization and polymerization of monolignols. A) Lignan synthesis based on 

coniferyl alcohol. Oxidation provides a spare electron, causing a destabilisation of the double bonds in 

the monolignol. The last two products illustrated are theoretically possible but not common.  B) 

Polymerization of lignin. The additional methyl group sinapyl alcohol can only produce the 5-O-4 

linked structures. C) An example of lignin, illustrating the bonds and subunits available. C) S-subunit 

is illustrated in blue, and a G sub-unit is marked in orange (Boerjan et al., 2003, Bonawitz and 

Chapple, 2010). 

In addition to these primary products, the pathway also produces a number of other lignin 

components, which are common in different plant species and tissues. These components 

include γ-p-couromates (which are common in grasses) (Vogel, 2008), and cross-coupled 

sinapyl alcohol and sinapyl p-hydroxybenzonate which are characteristic for poplar xylem 

(Mellerowicz et al., 2001). Lignin also forms a mesh structure, which can be covalently 

bound to hemicelluloses, as well as providing support by interlocking with the pectin and 

cellulose/hemicellulose network. In addition to lignin, the same pathway also produces 

lignans (dimers of monolignols), and a variety of phenolic terpentoids (Davin et al., 2008). 
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Because hemicelluloses, cellulose, and pectins are based on sugars or acid derivatives 

thereof they share certain features; they are hydrophilic, enzymatically degradable and have 

fixed structure. Lignin is hydrophobic, and cannot be broken down enzymatically. As such 

lignin fulfils a number of functions, which cannot be covered by the other components, like 

providing the backbone for the xylem and phloem allowing transport of water and nutrients. 

Additionally its presence provides increased resistance to pathogen and enzymatic 

degradation, and enhanced structural strength (Weng and Chapple, 2010). 

1.2.6 Cell Wall Proteins 

The cell wall also contains proteins. As has previously been described there are a number of 

enzymes, which modify the polymers in the cell wall. Pectins are de-methylated in the cell 

wall, and though no enzyme has yet had the function chemically demonstrated, this clearly 

indicates the presence of active methyltransferases in the apoplast (Harholt et al., 2010). 

Likewise the removal of sidechains from xyloglucan in the apoplast confirms the presence of 

extracellular hydrolases. The use of galactomannans as storage compounds in seeds 

additionally demonstrates the possibility of targeting degrading enzymes to the wall 

(Scheller and Ulvskov, 2010). The polymerization of lignin is also mediated by extracellular 

proteins, class III peroxidases, laccases, and dirigent like proteins (Weng and Chapple, 2010, 

Davin and Lewis, 2000), in the cell wall following the reaction described in section 1.2.5, a 

further description of peroxidases and dirigent like proteins is available in section 5.3. 

Expansins are a family of proteins with a documented macro effect (cell wall loosening and 

growth), but no biochemically defined function. This function is supposedly achieved by 

disrupting the bindings between the cellulose microfibrils and the hemicellulose network 

(Cosgrove, 2000, Tabuchi et al., 2011, Sampedro and Cosgrove, 2005). Expansins are 

essential for the growth of plants, mediating the selective loosening of the cell wall required 

by growth (Sampedro and Cosgrove, 2005).  Additionally the cell wall contains signalling 

proteins (see section 1.4) and a number of as yet uncharacterized proteins  (Jamet et al., 

2008). As is demonstrated by the broad range of polymer modifying enzymes in the cell 

wall, the wall is an active, regulated part of the plant. 
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1.2.7 Global Cell Wall Structure 

The cell wall is separated into the primary cell wall and the secondary cell wall. The primary 

cell wall provides the structural support for the individual cell and defines its limits. Between 

two plant cells is always a middle lamella with cell walls and plasma membrane on either 

side. This structure is a function of plant cell division (Mader, 2004). The plant cell is divided 

by the formation of a new central membrane dividing the cell while simultaneously laying 

down the first layers of primary wall. This is done by assembling vesicles into a 

phragmoplast in the middle for the synthesis of new cell wall (Mader, 2004). This new cell 

wall is primarily made up of pectin and callose, possibly because the complicated machinery 

required to produce other cell wall components is not yet established in the new membrane 

(Jaber et al., 2010) (whereas pectin is synthesised in the Golgi and subsequently moved). 

Additionally pectin and callose are more flexible than most other cell wall components. As 

the early cell wall structure changes substantially this would be an advantage. When the cell 

elongates, sections of the cell wall are loosened in a controlled fashion so that growth is 

directional, it then elongates as the turgor pressure stretches the cell wall and new material 

is deposited (Somerville et al., 2004, Tabuchi et al., 2011, Cosgrove, 2005).  

In addition to the primary cell wall, some cell types have a secondary cell wall between the 

primary cell wall and the plasma membrane. Secondary cell walls only form in certain types 

of cells where extra structural strength or other specialised properties are required, such a 

hydrophobicity allowing better water resistance (Somerville et al., 2004, Zhong et al., 2010). 

The amount of secondary cell wall formed varies between cell types and growth stages, 

ranging from a thin additional layer to complete solidification of the cell, leading to death 

(Mellerowicz et al., 2001). Secondary cell wall formation provides the structural support for 

plants as they grow (e.g. wood cells) (Mellerowicz et al., 2008), or specialised cell types for 

transport (e.g. Xylem) (Mellerowicz et al., 2001).  

Generally, secondary cell wall is composed of more lignin (7-10% against trace), and 

cellulose (45-50% against 15-30%), has different composition of hemicelluloses than the 

primary cell wall and may contain silica (table 1.2.7-1). The secondary cell wall contains less 

pectins and fewer structural proteins (table 1.2.7-1) (Vogel, 2008). However, the 

http://www.google.co.uk/search?hl=en&client=firefox-a&hs=yfn&pwst=1&rls=org.mozilla:en-GB:official&sa=X&ei=flpNTsu3DsuYhQfi1uzWBg&ved=0CCkQvwUoAQ&q=hydrophobicity&spell=1
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composition of the secondary cell wall varies between the different cell types, for example, 

the fibre cells in tension wood consist of almost pure cellulose (Mellerowicz et al., 2008), 

whereas secondary cell wall the xylem of poplars contains 19-21% lignin, which is 

significantly above the average (Mellerowicz et al., 2001). These different compositions can 

be caused by either specific stresses (e.g. tension wood) or biological function (e.g. xylem).  

 Primary Cell Wall Secondary Cell Wall 

 Grass (type II) Dicot (type I) Grass (type II) Dicot (type I) 

Cellulose 20-30 % 15-30 % 35-45 % 45-50 % 

Hemicelluloses     

   Xylans 20-40 % 5 % 40-50 % 20-30 % 

   MLG 10-30 % Absent Minor Absent 

   XyG 1-5 % 20-25 % Minor Minor 

   Mannans and Glucomannans Minor 5-10 % Minor 3-5 % 

Pectins 5 % 20-35 % 0.1 % 0.1 % 

Structural Proteins 1 % 10 % Minor Minor 

Phenolics     

   Ferulic acid and r-coumaric 

acid 

1-5 % Minor 0.5-1.5 % Minor 

   Lignin Minor Minor 20 % 7-10 % 

Silica   5-15 % Variable 

Table 1.2.7-1: The composition of cell walls, divided between dicot plants (type I), and grasses 

(type II) The table was compiled by (Vogel, 2008). The numbers are ranges and averages, and as 

such do not represent all subsets (i.e. tissue, species) accurately. MLG: mixed linkage glucans, XyG: 

xyloglucans. Minor indicates presently un-quantified amount of the component. 

Cell wall composition and structure also varies between different genera. Dicots, non-

commelinoid monocots and gymnosperms have type I cell walls, whereas commelinoid 

monocots have type II cell wall (Vogel, 2008). These cell wall types have the same categories 

of polymers (e.g. cellulose, hemicelluloses, lignin, and pectin). However as pectin, 

hemicellulose and lignin can have many different structures, the actual chemical 

composition of these chemicals differs (Vogel, 2008). Additionally the contribution of the 

components to the whole is different. A Type I wall contains more pectin (between 20-35 %) 

than type II (5%) in their primary cell wall. Likewise type I primary cell walls contains 10 % 

structural proteins as opposed to 1 % in type II (table 1.2.7-1) (Vogel, 2008). The type I cell 

wall predominantly has xyloglucan based hemicelluloses, whereas type II are primarily xylan 

based and contain more glucuronoarabinoxylans (GAX) than type I (table 1.2.67-1). The 

lignin composition also differs between the two types, with type II containing 4-15% p-

hydroxyphenyl units, which are only present in trace amount in dicots (Vogel, 2008).  
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The changes in cell wall composition can vary dramatically within quite similar appearing 

tissues as illustrated by the 4 fold change in xylose content, a 2 fold change in arabinose, 

galactose, and galacturonic acid during the development of A. thaliana siliques (Louvet et 

al., 2011). 

These structures and compositions help define the recalcitrance of the plant cell wall to 

enzymatic degradation.  

1.3 Biochemical Production of Second Generation Biofuels 

The biochemical production of bioethanol is performed by fermenting sugars released from 

plant biomass. Releasing sugars from lignocellulosic biomass requires the degradation of the 

sugar polymers that make up cellulose, hemicellulose, and to some extent the pectin side 

chains. The three production steps influencing the efficiency of bioethanol production are: 

fermentation, hydrolysis, and accessibility (Carroll and Somerville, 2009). The fermentation 

of pentoses (most common in hemicelluloses and pectin) is not easily compatible with the 

more common hexoses since sugars are normally consumed by microorganisms 

sequentially, with the hexoses first. Because most microorganisms do not express the 

enzymes for inactive metabolic functions, multiple carbon sources can decrease the 

fermentation rates (Kim et al., 2010). There are several strategies for alleviating this 

problem, by changing organism to allow fermentation of different sugars, or genetic 

engineering of the metabolic pathways (Kim et al., 2010, Cripps et al., 2009). Currently the 

breakdown of cellulose is the primary target in plant cell wall hydrolysis as glucose is easily 

fermentable with existing yeast strains (Balat et al., 2008). However the production of 

pentoses is also likely to be valuable in the near future, as they make up a substantial 

percentage of the biomass (Balat et al., 2008). The breakdown of cellulose is achieved by 

cellobiohydrolases which break down cellulose to cellobiose. In addition there are endo-

cellulases which cleave the cellulose chains into smaller chains, leaving more reducing ends 

for exo degradation. While cellulbiohydrolases are inhibited by cellobiose this can be 

counteracted by adding β-glucosidases to hydrolyse the cellobiose to glucose (Rosgaard et 

al., 2006). The large scale purchase of cellobiohydrolases is currently cost prohibitive, but 

extensive investment by US Department Of Energy (Energy, 2008) and the continued 
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development by the private sector such as Novozymes (which launched two new cellulase 

products in 2010) are expected to drive down these costs (for example from 2009 to 2010 

enzyme efficiency was increased 1.8X (Novozymes, 2010)). Because the tight packing of the 

cell wall limits accessibility causes a largely steric inhibition of cell wall breakdown. The 

dense packing of the cell wall limits enzyme access to cellulose fibres. Therefore in order to 

break open the cell wall, pre-treatment is necessary (Balat et al., 2008). Mechanical size 

reduction is often the first step, which is then followed by additional treatments. These 

treatments can be chemical treatments such as dilute acid hydrolysis, alkaline pre-

treatment, ozonolysis, organosolv and ionic liquids (Dadi et al., 2006, Brandt et al., 2010). 

Physical disruption is also frequently used (steam explosion, AFEX, high pressure CO2) and 

microbiological have been generated (targeted breakdown of lignin and hemicelluloses (Ray 

et al., 2010, Schilling et al., 2009, Tewalt and Schilling, 2010)). Additionally many methods 

combine more than on mode of reaction, these are extensively reviewed in (Wyman et al., 

2005, Mosier et al., 2005, Zhu et al., 2010, Zhu and Pan, 2010, Sun and Cheng, 2002). As an 

example of a method; during AFEX the biomass is saturated with liquid ammonia under 

pressure, followed by pressure release, causing disruption of the structure as the ammonia 

evaporates (Brodeur et al., 2011). Additionally the alkaline nature of the ammonia causes 

degradation of esters and glycoside side chains. This disrupts the structure of lignin, disrupts 

cellulose crystallinity and causes fibre swelling. These different processes serve to break 

open the structure allowing access for hydrolases (Brodeur et al., 2011). (Banerjee et al., 

2010) illustrated that the optimal pre-treatment is dependent on the target feedstock. This 

was demonstrated for AFEX, 0.25% NaOH treatment, and alkaline peroxide pre-treatment 

on corn stover, switchgrass, Miscanthus, distillers dried grains plus surplus (waste products 

from corn ethanol production) and poplar. For corn stover, switchgrass, Miscanthus the best 

pre-treatment is alkaline peroxide, whereas distillers dried grains plus surplus and poplar 

were best treated with AFEX. This illustrates how pre-treatment efficiency depends on the 

feedstock employed (Sun and Cheng, 2002). Due to the variation in the efficiencies of 

methods on different feedstock evaluating which method is the most effective is not 

sensible until the feedstock has been selected.  



Lars Kjaer Thesis 2011 

47 

 

In order to improve the fuel yield per acre using plant biology the most pertinent question is 

whether genetic changes in plants can give rise to an improved saccharification without 

impeding growth. Saccharification assays have shown increased digestibility in several 

different feedstocks that have been genetically modified (Tokuyasu et al., 2011, Mortimer et 

al., 2010). Altered pectin and hemicellulose has resulted in increased sugar release with 

pectin methylesterase inhibition in wheat and A. thaliana (Lionetti et al., 2010) and 

linearization of xyloglucans (Mortimer et al., 2010). Lignin modification has frequently been 

achieved by downregulation in hydroxycinnamoyl CoA: shikimate hydroxycinnamoyl 

transferase in alfalfa, downregulation of caffeic acid O-methyltransferase in maize, down-

regulation of 4-coumarate:coenzyme A ligase in poplar (Guillaumie et al., 2008, Shadle et al., 

2007b, Hu et al., 1999), and down regulation of caffeic acid O-methyltransferase in 

switchgrass (Fu et al., 2011). While some of these examples do not appear to have a 

negative effect on plant growth they all alter the development (dwarfism (Shadle et al., 

2007a) or increased cell wall thickness (Fu et al., 2011)). However, a number of them have a 

higher saccharification yield. At the current time the results of GM alterations to crop plants 

appears to be unpredictable when attempting to alter cell wall composition without 

impairing growth. This is illustrated by (Shadle et al., 2007a) or, where downregulation of 

HCT causes severe dwarfism, and (Fu et al., 2011) where downregulation of COMT 

expression in switchgrass leads to a 10-26 % improvement of saccharification yield 

(depending on pre-treatment). The possibility of improving saccharification yields has also 

been demonstrated robustly in natural variants. Using a large mapping population for the 

genus Salix (Brereton et al., 2010) demonstrated that the saccharification yield does not 

correlate with the yield per hectare. Additionally sites in the genome of the mapping 

population have been assigned to high saccharification yields, indicating that there is a 

genetic component to the high yield results (Brereton et al., 2010). Therefore the evidence 

indicates that it is possible to create high saccharification lines without adversely affecting 

other essential features of the plant (Brereton et al., 2010). The most productive biofuel 

crop would be one with a high yield per acre, a high saccharification yield, and low input 

requirements. Though there are clearly tradeoffs between biomass quality and quantity, 

recent work indicates that the two are not mutually exclusive (Brereton et al., 2010, Fu et 
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al., 2011). This suggests that targeted genetic modification could improve biomass quality 

and quantity and that our attempts up to now may have predominantly been unsuccessful 

due to targeting of the wrong biosynthetic pathways/regulatory mechanisms. 

1.4 Cell Wall Regulation and Stress Response 

The composition of the cell wall varies between tissues and developmental stages; an 

illustration of this is the five-fold increase in the xylose content in A. thaliana siliques from 

initial formation to maturity (Louvet et al., 2011). Changes in cell wall compositions are 

responses to different functional requirements in different developmental stages or 

environmental conditions. External mechanical stress can cause the formation of additional 

secondary cell wall, strengthening the structure. Depending on whether it is compression or 

stretch stress the plant will either form tension (high cellulose) or compression wood (high 

lignin) as it responds to the particular mechanical stress (Southerton et al., 2008). This 

illustrates that plant cells can change tissue type and cell wall composition as stress is 

applied. Infection by pathogens can cause deposition of callose in specific places on the cell 

wall to prevent penetration and subsequent infection (Cote and Hahn, 1994, Mattei et al., 

2005). The same reaction appears to occur upon cellulose synthase inhibition (Nickle and 

Meinke, 1998). These examples illustrate that cell wall composition and structure can 

change in response to stress. Plant stress generally originates outside the cell, and therefore 

most stress will affect the cell wall. This includes osmotic and temperature stress as this 

causes expansion or contraction of the cytoplasm. Cold has been shown to correlate with 

lignin content in norway spruce, with lower temperature causing higher lignin content 

(Gindl et al., 2000). Drought appears to cause lignin deposition in maize (Vincent et al., 

2005), and altered neutral cell wall sugars composition (high glucose, low arabinose ) (Leucci 

et al., 2008).  

Yeast has a cell wall consisting of 1,3-glucan and 1,6-linked glucans and chitin (N-

acetylglucosamine polymers), which provide support against stress and influences the cell 

shape (Levin, 2005). There is a cell wall integrity (CWI) signalling mechanism in yeast, which 

alters the composition and organisation of the cell wall in response to external stresses and 

growth. The mechanism has been subject to extensive study (Levin, 2005). Because the 
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Saccharomyces cerevesiae cell wall serves the same function, and responds to the same 

stresses, yeast cell wall signalling may serve as a model for cell wall regulation in plants 

(Humphrey et al., 2007).  

CWI disruptions are detected by a number of transmembrane signalling proteins such as cell 

wall integrity and stress response component WALL SENSOR CANDIDATE 1 through 3 

(WSC1-3) (Jacoby et al., 1998, Verna et al., 1997), the MATING-PHEROMONE-INDUCED 

DEATH 2 (MID2)/CALCIUM CHANNEL HOMOLOG (CCH1) complex (Green et al., 2003, Ono et 

al., 1994), and MID-TWO-LIKE (MTL1) (Rajavel et al., 1999)) with a small cytoplasm located 

C-terminal and a Ser/Thr rich periplasmic domain, which is heavily O-mannosylated. It is 

thought that these function as mechanosensors, with the extracellular domains acting as 

antenna extending into the cell wall and detecting surface stress (Levin, 2005, Rodicio and 

Heinisch, 2010). Several hypotheses for why multiple sensors exist. They have been 

estimated to have different lengths of external domains reaching into the cell wall (80 nm 

Wsc1, 110 nm Wsc2, 125 nm Wsc3, 70 nm Mid2, 115 nm Mt11), which could provide spatial 

resolution (Dupres et al., 2009). Additionally different sensors have been found to react to 

different stresses. WSC1 deletions cause temperature sensitivity and enhanced response to 

drugs that interfere with the cell wall, stresses which have no negative effects on WSC2 and 

WSC3 double deletions (Kamada et al., 1995, Straede et al., 2007, Verna et al., 1997, Zu et 

al., 2001). WSC1 has been shown to contain a domain that functions as a nanospring in the 

cell membrane, thereby demonstrating that it can react reversibly to stretch stress (Dupres 

et al., 2009). The MID2 deletions are hypersensitive to pheromone treatment, which would 

normally cause cell division or changes in cell wall morphology (Rajavel et al., 1999). 

The surface sensors activate two GUANOSINE NUCLEOTIDE EXCHANGE FACTORS (GEFs) 

RHO1 MULTICOPY SUPPRESSOR 1 (ROM1)  and RHO1 MULTICOPY SUPPRESSOR 2 (ROM2) , 

which are bound to the membrane by phosphatidylinositol-4, 5-biphosphate (PI4,5P2), 

(Ozaki et al., 1996). This RHO-GEF activity leads to the activation of RHO1 (Madaule et al., 

1987). RHO1 causes downstream transcription changes as well as activating a number of 

effectors, which directly influence the cell wall composition (Levin, 2005). 
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RHO1 has been implicated in the activation of two different response mechanisms. RHO1 

activates PKC1, and activates a MAP kinase pathway (as it is illustrated in Figure 1.4-1), 

which leads to the modification of transcription in the nucleus by the SBF transcription 

factor, the DNA binding proteins SWITCHING DEFFICIENT 4 and 6 (SWI4/6) and the MAP 

kinase MPK1 (Levin et al., 1990). MPK1 also activates the transcription factor RLM1 (Jung 

and Levin, 1999). RHO1 is thought to activate SKN7 (Brown et al., 1994), a transcription 

factor which is also connected to the High Osmolarity Glycerol (HOG) response pathway, an 

osmotic response pathway activated by SLN1, the only known cell surface receptor kinase in 

yeast (Ketela et al., 1998). 

RHO1 is negatively regulated by four GTPase activating proteins: BUD EMERGENCE PROTEIN 

2 (BEM2) (Cid et al., 1998), SUPPRESSES TEMPERATURE SENSITIVE ACTIN 7 (SAC7) (Martin et 

al., 2000), BAG7 (Roumanie et al., 2001), and LEUCINE RICH APHA 2 GLYCOPROTEIN (LRG1) 

(Roumanie et al., 2001). 

 

 



Lars Kjaer Thesis 2011 

51 

 

Figure 1.4-1: The cell wall integrity-signaling pathway in S. cerevesiae. Signaling is initiated by 

several different surface sensors (WSC 1,2,3 MID2 MTL1) activating signaling through ROM 1/2 and 

RHO1 with PI4,5P2 to activate changes in expression in the nucleus, as well as direct changes in the 

cell wall through SEC3, BRI1, GS and FKS 1/2. Relative input is indicated by the arrow thickness 

from each component (Levin, 2005) 

A number of cell wall modifying proteins are activated in response to cell wall damage 

(CWD). The mobilisation of CHITIN SYNTHASE (CHS3), is normally caused by heat shock, but 

is suppressed by PKC1 and RHO1 KOs (Valdivia and Schekman, 2003). Likewise, a number of 

other proteins are activated directly by RHO1, such as BUD NECK INCOLVED 1 (BNI1) and 

BNI1 RELATED (BNR1), which are components of the polarisome, a structure that nucleates 

the actin cytoskeleton (Ozaki-Kuroda et al., 2001). SECRETORY 3 (SEC3), is believed to be a 

major component in polarized secretion (Finger, 1998) and is activated alongside FK506-

SENSITIVE (FKSI, FKSII), which form alternative catalytic centres for β 1,3-glucan synthase 

(GS) (Douglas et al., 1994, Mazur et al., 1995), (also responsive to RHO1). These quick 

protein activations provide faster adaptation than the changes in gene expression. The two 

types of responses overlap, FKS1 expression is controlled by the SBF pathway, consists of 

SWI4-6, which is a target of the RHO1 MAPK cascade (Spellman et al., 1998).  

Parallels to the S. cerevisiae CWI signalling system have been found in A. thaliana. KO of 

MID1/ CALCIUM CHANNEL HOMOLOG1 (CHH1) can be functionally complemented with the 

A. thaliana gene MID1-COMPLEMENTING ACTIVITY 1 (MCA1) rescuing the phenotype 

(Nakagawa et al., 2007). It has been shown that MCA1 can function as a stretch activated 

calcium channel. Subsequently the homolog MID1-COMPLEMENTING ACTIVITY 2 (MCA2) 

has been confirmed to perform the same role. The two proteins have been implicated in 

Ca2+ signalling, Ca2+ transport, and mechanosensing in Arabidopsis (Yamanaka et al., 2010). 

The two are expressed in different tissues, with MCA1 having high expression in the root tip, 

the phloem, xylem, the hypocotyls, whereas MCA2 is highly expressed in the leaves, the 

phloem, xylem. This results in the inability of mca1 plants to penetrate 1.6% agar, 

presumably because they cannot sense the gradient. Additionally CYTOKININ RESPONSE 1 

(CRE1) has successfully been used to complement SLN1 KOs (Tran et al., 2007). Additionally 

mechanical stimuli have been found to cause elevated Ca2+, which also functions as an 
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osmotic stress signal initiated by MID2/ (CCH1) in S. cerevesiae (Paidhungat and Garrett, 

1997, Green et al., 2003, Knight et al., 1992, Haley, 1995, Ono et al., 1994).  

Several MAP kinases have been identified in plants which respond to stresses such as 

pathogen attack, wounding and other stresses (Brodersen et al., 2006, Ichimura et al., 2006, 

Meszaros et al., 2006). KOs of the gene THESEUS (THE1) (a plasma membrane bound 

receptor like kinase) has been shown to alleviate the growth phenotypes related to serious 

cell wall defects, without removing the underlying problem, suggesting that it is involved in 

cell wall signalling. These responses appear to be a similar to the universal cell wall stress 

response seen in S. cerevesiae. Aside from this, several gene families that may be involved in 

cell wall signalling (Receptor like kinases and arabinogalactan proteins) have been identified, 

but their precise functions have not yet been determined (Shiu and Bleecker, 2003, 

Humphrey et al., 2007). 

1.5 Cell Wall Stress in Plants 

The relationship between cell wall stress and other stress responses was first shown 

through the constitutive expression of VSP1 (cev1) mutant, which is a mutant allele of 

CELLULOSE SYNTHASE 3 (CESA3) (Ellis et al., 2002). CESA3 encodes a subunit of the cellulose 

synthase complex required for primary cell wall formation (Desprez et al., 2007). The 

mutation causes constitutive activation of the jasmonate and the ethylene signalling 

pathways (Ellis and Turner, 2001). This constant stress pathway activation can be 

reproduced by treatment with cellulose biosynthesis inhibitors (Ellis et al., 2002). Similar 

characteristics were observed in ectopic lignin 1-1 (eli1-1), which is also a CESA3 mutation 

causing reduced cellulose content and high levels of jasmonate and ethylene (Cano-Delgado 

et al., 2003). eli1-1 also displayed ectopic lignification throughout the seedling with higher 

concentrations in fast growing tissues such as the root elongation zone. Like the other 

phenotypes this can be replicated by treatment with cellulose biosynthesis inhibitors (Cano-

Delgado et al., 2003). 

The connection between CESA3 mutations and cell wall stress is further corroborated by 

the1-1. the1-1 plants show no phenotype on their own, but do partially suppress the 

phenotypes of eli1-1 and procuste (prc1-1) (a loss of function mutation for CESA6) (Hematy 
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et al., 2007). the1-3 x eli1-1 and the1-1 x prc1-1 double mutants are still cellulose deficient, 

but no longer have reduced hypocotyl growth. This is an indication that THE is involved in 

the cell wall stress response. It also suggests that phenotypic effects in cellulose deficient 

mutants could be a result of a stress response, and not a direct effect of an alteration of the 

cell wall physical properties (Hematy et al., 2007). THE1 is part of a family of receptor-like 

kinases (RLKs), which are implicated in brassinosteroids signalling as well as plant growth 

and development. One of the RLKs, FERONIA (FER), has been demonstrated to be involved 

in the cessation of pollen tube growth (Hematy and Hofte, 2008). Loss of function of 

HERCULES1 (HERK1) and THE1 results in dwarfism (Guo et al., 2009a). THE1, HERK1, 

HERCULES2 (HERK2) and FER1 are regulated by BRI1-EMS-SUPPRESSOR 1 (BES1) and 

Brassinolide (BL), the most active Brassinosteroid (BR) (Guo et al., 2009b). They are all 

associated with reduction or termination of growth. FER1 has also been implicated in the 

response to pathogen-associated molecular patterns (PAMPs) (Keinath et al., 2010). 

Changes in secondary cell wall cellulose biosynthesis cause cross activation of at least one 

other signalling pathway. CESA4 (irregular xylem 5 (irx5)), CESA7 (irregular xylem 3 (irx3)) 

and CESA8 (irregular xylem 1 (irx1)) mutants, result in the activation of the abscisic acid 

pathway (Hernandez-Blanco et al., 2007). These mutants are resistant to Ralstonia 

solanacearum and Plectosphaerella cucumerina, which is not the case for CESA3/6 

mutations (cev1, irx2) (Hernandez-Blanco et al., 2007). This suggests that the reaction to cell 

wall stress is not the same for the two different subtypes. Both of these pathogens are 

necrotrophic bacteria. Powdery mildew resistance 5 (pmr5) and powdery mildew resistance 

6 (pmr6) are more resistant to the bio-trophic pathogen powdery mildew than WT, and have 

cell wall phenotypes. The two mutants both have increased pectin content, and are smaller 

than the WT control (crossing the two lines enhances the phenotype) (Vogel et al., 2004). 

The differential pathogen resistance elicited by different cell wall phenotypes demonstrates 

that the induction of pathogen resistance in cell wall mutants is not caused by one pathway. 

Alterations in other cell wall components can have effects on stress responses. MURUS4 

(MUR4), HIGH SUGAR RESPONSE 8 (HSR8), and murus1, 3 (mur1, 3), all affect hemicellulose 

composition (Reiter et al., 1997). These mutants exhibit hypersensitive sugar responses, 



Lars Kjaer Thesis 2011 

54 

 

resulting in reduced chlorophyll content and increased starch content in response to glucose 

treatment of mutant seedlings (Li et al., 2007). Addition of boric acid, which is known to 

counteract the effects of mur4/3/1 mutations by cross-linking RG-IIs, rescues the mutant 

phenotype. This suggests that the hypersensitivity is related to alterations in cell wall 

composition and strength. pleiotropic regulatory locus1 (prl1) rescues the sugar 

hypersensitive phenotype, however as this gene has been identified as a global regulator of 

sugar, stress and hormone response this is probably because the pathway is disrupted, not 

because the phenotype is alleviated (Flores-Perez et al., 2010, Li et al., 2007).  

The importance of sugars during pathogen responses has been highlighted by mutations in 

invertase genes. Invertases, which split sucrose into glucose and fructose, are a vital part of 

the carbohydrate metabolism (Barratt et al., 2009). They allow faster export/import of the 

carbohydrates to the plant cell, as the relative concentration of the individual sugars inside 

and outside the cell membrane is a central kinetic parameter for the rate of transport (Ruan 

et al., 2010). However, invertases are also expressed in the apoplast in response to a wide 

variety of pathogen stresses in A. thaliana (Roitsch et al., 2003). This was related to stress 

response mechanisms by transforming A. thaliana with S. cerevisiae invertases expressed in 

the apoplast. This caused a hypersensitive response, a response to pathogens normally 

initiated by recognition of specific pathogen avirulence genes. However cytoplasmic 

expression of invertases did not induce response (Herbers et al., 1996, Berger et al., 2007, 

Roitsch et al., 2003). This suggests they have a signalling role because pathogens populate 

the apoplast for some time before attacking the cell. During this time pathogens break 

down the cell wall polysaccharides and available sucrose to hexoses and pentoses for 

transport into the pathogen cell (Roitsch et al., 2003). Therefore a high concentration of 

glucose in the apoplast could be a sign of pathogen presence (Roitsch et al., 2003). This 

provided an early indication that the concentration or the relative concentration of sugars in 

the apoplast is important for pathogen responses, connecting pathogen response and sugar 

metabolism signalling. This has been further characterized by inducing cell wall damage and 

observing hexose dependent effects, as described in section 1.3.2.2 (Hamann et al., 2009). 
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The wide variety of cell wall changes capable of inducing a hypersensitive response suggests 

links between cell wall composition, primary metabolism and stress responses. The 

individual responses appear to have different results (i.e. different pathogen resistances, 

physical phenotypes). The fact that the phenotype of prc1-1 can be rescued by the1-1 

without changing the cell wall composition (Hematy et al., 2007) further illustrates that 

there is a high level of plasticity in the cell wall. The prc1-1 mutation causes significant 

reduction in cellulose production and causes strong dwarfism phenotype. The fact that the 

dwarfism is suppressed by the1-3 suggests that the cell wall is still stable in spite of the 

cellulose deficiency.   

Cellulose deficiency has most often been described as a cause for cell wall stress as 

illustrated by the many mutants isolated (cev1, eli1-1, prc1-1, irx1, irx3 and irx5) (Hamann et 

al., 2008, Humphrey et al., 2007, Ellis et al., 2002, Cano-Delgado et al., 2003, Vogel et al., 

2004, Hernandez-Blanco et al., 2007). The application of the herbicide isoxaben has been 

used to induce CWD through cellulose biosynthesis inhibition, which mimics the effects of 

cev1 and eli1-1 (Ellis et al., 2002, Cano-Delgado et al., 2003). Isoxaben is a dicot specific 

herbicide, which selectively inhibits cellulose biosynthesis during primary cell wall formation 

(Desprez et al., 2007). A glycine to aspartic acid point mutation in CESA3 (isoxaben resistant 

1 (ixr1-1)) enhances resistance to isoxaben treatment app. 300 fold illustrating the 

specificity of the inhibitory action (Scheible et al., 2001). As a tool for studying the effects of 

cell wall stress, isoxaben treatment has been more useful than mutants because it provides 

a unique level of spatial and temporal resolution for the study of cell wall stress (Hamann et 

al., 2009, Denness et al., 2011, Wormit et al., under review). 

A. thaliana seedlings grown in liquid culture and treated with isoxaben have proven an 

excellent model for the study of induced cell wall stress (Hamann et al., 2008, Denness et 

al., 2011, Wormit et al., under review). The use of a liquid culture system allows even 

distribution and temporally controlled application of herbicide, which would be hard to 

achieve with application by spray or brush. Additionally, the method allows the fast 

production of large amounts of biomass. 
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Isoxaben treatment of A. thaliana seedlings causes a decrease in cellulose concentration, an 

increase in uronic acid concentration (indicative of changes in pectin concentration), and a 

change in the neutral cell wall sugar composition (more arabinose, less galactose) (Hamann 

et al., 2009). Isoxaben treated Col-0 seedlings show lignin deposition in the root elongation 

zone, whereas mock-treated ones show none (Hamann et al., 2009). These physical changes 

illustrate some of the downstream effects caused by the cell wall damage (CWD).  

(Hamann et al., 2009) carried out microarray expression profiling experiments of isoxaben 

treated seedlings. These detected changes in expression levels for 400 genes in response to 

CWD after 4 hours of treatment. The expression profiling suggested that a number of 

pathogen related genes (confirmed by q-RT-PCR for VSP1, PAD4, RBOHD, RBOHF) and 

drought stress genes are activated by CWD (Hamann et al., 2008) (Glazebrook et al., 1996) 

and TOUCH4 (TCH4) (Xu et al., 1995). Aquaporin genes are normally down regulated in 

response to drought stress (Alexandersson et al., 2005). Down regulation has been verified 

by Q-RT-PCR for the drought responsive gene TONOPLAST INTRINSIC PROTEIN 2;3 (TIP2:3). 

As drought stress cannot be induced in a liquid culture the isoxaben must activate the same 

pathways (Hamann et al., 2008). The microarray experiments also indicated a reduced 

expression of expansins and arabinogalactan synthesising genes. These components are 

required for loosening of the cell wall for cell expansion (Cosgrove, 2000, Tabuchi et al., 

2011) with a down regulation indicating that that this function is no longer needed. As the 

cell wall strength is already impaired it is likely that further weakening is not necessary. 

Biosynthetic processes that generate other cell wall components, such as lignin biosynthesis 

and neutral cell wall sugar metabolism appear to be up regulated (Hamann et al., 2009). 

These transcriptional responses are clearly mirrored in the physical reaction to isoxaben. 

Isoxaben treatment leads to ectopic lignifications of the root tip, vasculature and budding 

leaves, higher uronic acid, arabinose and xylose content and a reduction in cellulose and 

galactose content after 36h of treatment (Hamann et al., 2009).   

Expression of UDP-D-XYLOSE 4-EPIMERASE (UXE4) (Seifert et al., 2004) is increased in 

response to isoxaben treatment (Hamann et al., 2009). Data from a promoter reporter 

construct suggest that UXE expression is not activated by plant hormones or protein 
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synthesis inhibition (Hamann et al., 2009), but by osmotic stress (Hamann et al., 2009). The 

promoter reporter construct suggested increased gene expression in response to isoxaben 

and osmotic stress, but expression was not induced upon co-treatment (Hamann et al., 

2009). This suggests that the simultaneous application of both stresses counteract each 

other. 

(Hamann et al., 2009) suggest three potential modes of action for the cell wall integrity 

maintenance system. The displacement of the cell wall relative to the plasma membrane 

may be detected by mechanosensing proteins, as has been suggested for yeast (Levin, 2005, 

Hamann et al., 2009). A second option is that the CWD signalling mechanism detects 

changes in turgor pressure. The turgor pressure would change due to cell expansion 

because of a weakened cell wall, which is corroborated by the lack of reaction in media with 

osmotic support or without sugars. Furthermore, the reactions to isoxaben treatment could 

mimic those of hypo-osmotic shock (Alexandersson et al., 2005, Hamann et al., 2008). Lastly, 

hexoses may function as signalling molecules. A weakened cell wall could cause leaking from 

the cytosol into the apoplast. This would cause the amount of hexoses in the apoplast to 

increase, which would mimic the effects of invertase expression in the apoplast causing HR-

like reactions (Berger et al., 2007, Roitsch et al., 2003). This would be similar to the HR-like 

phenotypes observed in hemicellulose deficient mutants such as mur1, mur3 and mur4 in 

response to glucose treatment (Li et al., 2007).  

The relationship between CWD and osmotic stress has been studied in greater detail by 

(Wormit et al., under review). It was shown that treatment with isoxaben causes increased 

starch concentration, decreased RUBISCO activity, and a decrease in the concentration of 

soluble sugars compared to Col-0 controls. Transcriptional data suggests that the enhanced 

starch deposition could be due to down regulation of starch degradation. This reaction was 

further characterized by showing that osmotic support (PEG) can counteract the effects of 

isoxaben treatment in a concentration depended manner. Treatment with PEG alone causes 

decreased starch content and increased sucrose. Knocking out mid1 complementing activity 

mca1 (a putative stretch activated calcium channel) mitigates the effects of PEG treatment, 

which links PEG treatment to osmosensing as a potential indicator for cell wall damage. 
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Additionally KOs in Arabidopsis histidine kinase4 cre1/ahk4 and respiratory burst oxidase 

homolog D / F (rboh D/F, NADPH oxidase) show changed expression of selected reporter 

genes (CHAPERONIN 60 BETA (CPN60B), GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE 

B SUBUNIT (GAPB), LIGHT HARVESTING ANTENNA COMPLEX (LHCB3), 

DISPROPORTIONATING ENZYME 1 (DPE1), α-GLUCAN WATER DIKINASE1 (GWD1), 

ISOAMYLASE 2 (ISA2)). This demonstrates that osmotic stress is connected to primary 

metabolism; however neither of these KOs affects the reaction to isoxaben (Wormit et al., 

under review). Therefore it seems likely that osmotic stress and CWD are not detected by 

the same mechanism. One possibility is that the CWD metabolic response is a direct 

consequence of the lack of a sink, whereas the osmotic response is mediated by a response 

pathway involving MCA1, CRE1 and RBOHDF (Wormit et al., under review).  

Denness et al., (2011) showed that inhibiting calcium and ROS (with LaCl3 and 

diphenyleneiodonium DPI respectively) retards the formation of lignin. Treatment with 

MeJA also suppresses the lignin deposition. Both ROS and JA are up regulated after 

approximately 4 hours in response to isoxaben treatment. To determine the timing of the 

Ca2+ signalling Ca2+ was inhibited after isoxaben treatment in 1 h intervals. It was found that 

if ROS or Ca+ were inhibited after 2h JA was still up regulated. Thus the initial signal appears 

to be calcium (consistent with MCA1 being a signal inducer), followed by an early ROS signal 

(Denness et al., 2011). This is corroborated by low lignin deposition in mca1. rbohD and 

rbohDF show reduced lignin deposition and ROS production upon isoxaben treatment, 

showing that these two genes are required for ROS production. These two signals appear to 

suppress each other if applied prior to the initiation of stress. Jasmonate resistant 1 (jar1), 

coronatine insensitive (coi1) and allene oxide synthase (aos) (removing JA-Ile synthesis, 

perception, and precursor production respectively) all show high lignin deposition, 

supporting JAs role as a suppressor (Denness et al., 2011). oxi1 resulted in increased ROS 

production, and reduced lignin deposition. oxi1 normally translates ROS signalling, and as it 

is not longer perceived the signal is overexpressed but does not result in lignin deposition 

(Denness et al., 2011). the1 shows a reduced lignin deposition, ROS production and 

increased JA accumulation, indicating that the Ca2+ and JA signal is unimpaired, but that the 

ROS signal is less able to function as a negative regulator (Denness et al., 2011). As such 
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there are two early stage signals (0-4h), Ca2+ and ROS, both of which can be inhibited, and 

eliminate downstream signalling. These result in late stage signalling (4-12h), consisting of 

ROS and JA. These two signals negatively regulate each other, and in balance create a 

measured lignin response. Based on this a model of the CWD response was constructed and 

can be seen in (figure 1.5.-1).  

 

Figure 1.5-1: A model for the stress perception pathway regulating the deposition of lignin in 

response to CWD. ROS and Ca
2+ 

form an early stage response to damage, leading to a late stage 

interaction between ROS and JA, which modulates the expression of lignin in the cell wall. The 

orange arrow indicated the initial stimulus, the purple ROS related genes, blue calcium related genes, 

and green for the JA related genes, and red the final lignin production (Denness et al., 2011) 

Plants can clearly change the structural composition of their cell walls depending on 

biological requirements (Louvet et al., 2011, Southerton et al., 2008, Cote and Hahn, 1994, 

Gindl et al., 2000, Vincent et al., 2005, Leucci et al., 2008). Recent work has also shown that 

cell wall composition and structure can be modified in less than a day (Hamann et al., 2008, 

Denness et al., 2011). This, coupled with the functional redundancy of MCA1 with the 

MID1/CCH1 complex and the functional complementation if SLN1/CRE suggests that the 

plant CWD responses system could be similar to that of S. cerevesiae. The transcriptional 

changes caused by cellulose biosynthesis inhibition, leading to cell wall damage (CWD) could 

identify components in such a signalling system. Characterization of the mode of action of 
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the cell wall damage response mechanism could allow optimization of cell wall composition 

and structure in known model systems to facilitate bioenergy production. Identification and 

characterization of this system could be used for generation of more easily processed 

dedicated biofuel crops. Biofuels production from lignocellulosic biomass is limited by 

recalcitrance and processing costs. The recalcitrance of lignocellulosic biomass is dependent 

on the cell wall composition and structure. The composition and structure of the plant cell 

wall varies greatly across species and tissues, and changes in response to stress. As such by 

identifying the causes of such responses we can influence the structure. 

1.6 Identification of Biological Function of Genes 

1.6.1 Choice of Model 

1.6.1.1 Why Use a Model? 

At present, the dedicated biofuel crop candidates are not well suited to rapid 

characterisation of the biological functions of their genes. These crops are either annual 

crops or perennials and as such doing genetics with them is slow. Miscanthus X giganteus, a 

promising 2nd generation biofuel crop, has an unsequenced genome of 6.8 gbp (Juvik et al., 

2009) distributed across 19 chromosomes (Hodkinson et al., 2002), which is transformable 

only by particle bombardment (Yamada et al., 2011). Populus trichocarpa is well suited to 

functional analysis of gene function since it can be transformed and culture grown (Cseke et 

al., 2007) and though it also has a genome of 410 mbp distributed over 19 chromosomes, it 

has been sequenced (Tuskan et al., 2006). Sugarcane, widely used as a biofuel crop in 

tropical and subtropical regions is transformable but has 100-130 chromosomes with 10-13 

homologous copies of most loci and a genome size of 7.44 gbp (monoploid size 750 mbp) 

(Grivet and Arruda, 2002, Mudge et al., 2009). Switchgrass has a genome size of 3.2 gbp, 

and can be transformed using standard A. tumefaciens based methods (Saski et al., 2011, Xi 

et al., 2009). Jathropa another potential bioenergy candidate crop is unsequenced, has a 

genome size of app. 416 mbp and cannot be transformed yet (Sudhakar Johnson et al., 

2011). Therefore, it is difficult and time consuming to identify and characterize the most 

promising candidate genes to enhance performance of bioenergy crops directly. However, a 

gene characterized in another species can be used as a basis for the inquiry. If over-
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expression of the gene produces a phenotype, this can then be used directly. If the 

phenotype is based on an elimination of expression this could be achieved by RNAi 

interference, if the equivalent gene could be identified in the crop plant. Identification of 

homologs could be carried out by bioinformatics for sequenced genomes. Should this not be 

available, genes can be identified using degenerate primers.  

1.6.1.2 Arabidopsis thaliana as a Model Organism  

The A. thaliana model system has many advantages. There is a wide selection of 

experimental tools available, short generation times, a small, fully sequenced genome, stock 

centres with KO lines for nearly all genes (Deng et al., 2008). In addition, most of the current 

knowledge about cell wall synthesis is based on work in A. thaliana. There has been 

successful translation of A. thaliana derived knowledge into crops (Deng et al., 2008, Tan et 

al., 2011, Mitsuda et al., 2006). Transferability to crops is of great importance to biofuels 

research, as a great number of the biofuels candidate crops are grasses with type two cells 

walls and C4 photosynthesis. A. thaliana has been shown to be a good model for the 

development of crop modification in a wide variety of crops (Deng et al., 2008). In 2008 of 

two types of drought resistant corn, and 1 type of drought resistant oilseed rape were 

created using knowledge derived from A. thaliana (Deng et al., 2008). Salt tolerant canola 

and tomatoes, and calcium-enriched carrots were also developed (Deng et al., 2008). High 

oil content canola has been created using lessons and genes from A. thaliana (Tan et al., 

2011). The control of male fertility displayed by LEAFY (LFY) has been shown to transferable 

to rice (Mitsuda et al., 2006). This wide spectra in application of A. thaliana based research, 

makes it likely that knowledge of the genes related to CWD signalling in the model can be 

successfully transferred to crops.  

1.6.1.3 Selection of Candidate Genes 

Changes of gene expression in response to isoxaben induced CWD were observed for 

approximately 2500 genes (Hamann et al., 2009). Thus more selective criteria have been 

applied. Lignin deposition, as well the activation of a UXE4:GUS promoter reporter construct 

has been observed in A. thaliana seedlings after 6 h of isoxaben treatment (Hamann et al., 

2009). The presence of both physical (lignin) and gene expression changes (UXE4) means 
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that the response system has been activated. Accordingly, genes showing strong expression 

changes after 4 hours were selected for further characterization. These approximately 400 

genes were then cross-referenced with expression data from public databases to identify 

candidate genes with a high level of expression in tissues where cell wall synthesis or 

remodelling of the cell wall takes place. These are the root elongation zone, hypocotyls, and 

the stem. This approach identified a group of 120 candidate genes and was carried out by 

Dr. Hamann prior to the start of this PhD project. The expression data used for this 

identification is available in appendix D (CD)  

1.6.1.4 Bioinformatics Based Genetics 

In order to determine the function of a gene, two major genetic engineering approaches are 

available, though more than one path of inquiry is often necessary. The gene can be 

knocked out or over-expressed. Over-expressing genes can cause phenotypes either if the 

biological function is dosage dependent or if the misexpression has consequences (i.e. 

enzymes where the substrate is not immediately depleted, activity suppressors). Likewise, 

over-expression will not use the same promoters as the native gene; as such the gene 

becomes expressed in tissues or at times where it is not normally present. This can cause 

phenotypes, which are not related to the native function. Knock Outs (KOs) show a 

phenotype if the gene fulfils an essential function in the plant. This allows the assignment of 

specific biological activities to particular genes. However, it is common that genes belong to 

large families, which can cause redundancy (Weigel and Glazebrook, 2002). 

For A. thaliana there is a completely sequenced genome with defined genes available, as 

well as extensive expression data for most genes and inferred functions for those where 

characterized homologs exist. This can be used to identify and align the closest relatives to 

the genes examined, and thereby identify potential redundancy problems before the 

experiments are carried out. Examining the expression profiles for the selected genes for 

stress and tissue can indicate potential function. Using statistical analysis of expression 

profiles has previously been used to identify novel genes within the same biological process 

(Persson et al., 2005).  

1.6.1.5 Using T-DNA insertion Lines to Assign Biological Function  
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T-DNA insertion lines, available from stock centres, are an efficient way of assigning 

biological functions to candidate genes (Weigel and Glazebrook, 2002). T-DNA insertions are 

created by random insertion of T-DNA into the genome of A. thaliana with A. tumefaciens. 

These disrupt gene function, and because the sequence of the inserted DNA is known, the 

border region between the inserted and the gDNA can be sequenced. As such the location 

of the insertion can be verified (Weigel and Glazebrook, 2002). There are two larger 

problems, but these are predictable, and can therefore be controlled for. These problems 

are that the lines will initially be heterozygous, and may contain more than one insertion 

(with an average of 1.5 insertions per line). A firmer indication of gene specificity can be 

achieved by crossing the line back with WT to remove the additional insertions in the 

background (i.e. crossing with WT, several times and selecting for homozygous plants). 

Alternatively, the phenotype observed can be confirmed with a second independent KO line 

for the same gene, as the phenotypes caused by background insertions are extremely 

unlikely to be the same for two independent lines. However, final proof can only be 

achieved by inserting a copy of the target gene into the mutant background in order to 

rescue the loss of function phenotype (Weigel and Glazebrook, 2002). In addition, 

depending on the location of the insertion in the gene (e.g. near the end of the gene, in the 

intron, in the promoter) the insertion may lead to a knock down instead of a KO (Weigel and 

Glazebrook, 2002). To deal with these issues, HM KO lines must be generated, have their 

insertion position confirmed by sequencing, and the loss of gene expression confirmed by 

RT-PCR. Once these aims are achieved, this established and tested method for 

characterization is among the fastest and most reliable methods of identification of 

promising candidate genes in plants. 

1.6.2 Aims 

The aims of this PhD project are: 

Adapt a FTIR spectra-clustering method to identify insertion affecting cell wall 

composition and structure. 

Identify gene insertions involved in the response to CWD than can regulate cell wall 

composition and structure. 

Functional characterization of candidate genes and identify leads for optimization of 

bioenergy crops.   
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2 Materials and Methods 

This chapter contains the methods which are used in more than one results chapter; more 

specialized  methods are described in individual chapters.  

2.1 Plant Growth Conditions 

2.1.1 Growth Conditions in Soil 

KO lines were ordered from The Nottingham Arabidopsis Stock Centre (NASC), 

(http://arabidopsis.info/) Arabidopsis Biological Resource Centre (ABRC) 

(http://www.biosci.ohio-state.edu/pcmb/Facilities/abrc/abrchome.htm) and sown in soil 

(seed and modular compost plus sand F2+S, Levington; professional growing medium). 

Plants grown for phenotyping were grown at 2 plants per pot. Plants for genotyping were 

grown at 5 plants per pot. Plants were grown in a growth chamber with 16 h days at 20°C 

during day time and 15°C during night time. Light intensity was 110-130-µE*cm2. 

2.1.2 Liquid Tissue Culture  

30-50 mg of Arabidopsis WT or KO seeds were surface sterilized by washing with 70% EtOH 

for 5 min followed by 50% bleach (Evans) for 2 min. The seeds were subsequently washed 3 

times with autoclaved milliQ water, and suspended in 1 mL of autoclaved milliQ water 30 

mgs of seed were used for FTIR cultures and 50 mg of seed for tissue culture for lignin 

staining and RT-PCR. Seeds were added to 125 mL of MS liquid medium (0.21% Murashige-

Skoog medium (Duche Biochemie), 2.6 mM MES (Acros), 1% sucrose (sigma), pH set to 5.7 

with KOH (acros) under sterile conditions and shaken at 125 rpm for 6 days, under long day 

conditions (16 h light at 20°C, 8 h dark 15°C, Light intensity was 110-130-µE). On day 6 the 

medium was replaced with fresh MS liquid medium and 600 nM of isoxaben (Reidel de 

Haën) (in 125 µL of DMSO (sigma)) was added to treated samples. DMSO was used for the 

mock control. FTIR mutant tissue was harvested after day 6. Approx. Harvested seedlings 

were washed in MilliQ H20, dried in tissue paper, wrapped in aluminium foil, frozen in liquid 

nitrogen and stored at -80°C. Tissue collected for lignin staining was suspended in 70 % 

ethanol to remove chlorophyll. The ethanol was replaced every 2-4 h until the seedlings 

were white. 
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2.2 Phenotypic Characterization of Insertion Lines 

In order to characterize the response to isoxaben-induced CWD, 7 day old seedlings that 

had been treated with 600 nM of isoxaben for 24h were used as material. These samples 

were used because pilot FTIR experiments detected a recognizable FTIR phenotype after 

24h. The lignin deposition was measured after 12h because the work of (Denness et al., 

2011) showed that this time point differences were reproducibly detectable. Earlier samples 

do not show consistent lignification, and longer exposure made differentiating between 

mutants difficult due to saturation. 

2.2.1 Pseudomonas syringae Infection Assay 

Two leaves of eight four week old plants were infiltrated with P. syringae pv maculicola 

ES4326 (OD600=0.0001) and leaves were harvested at 0 and 3 days post infection (DPI). 

Viability was measured by extracting 0.57 cm2 leaf disks which were subsequently 

pulverized in 400 µL of 5mM MgSO4 and a dilution series was made and plated out on King’s 

B plates with 25 µl/ml rifampicin. Colony forming units (cfu) were recorded for the plates 

from every dilution step. 4 biological replicates were carried out for 0 DPI samples, and 12 

for 3 DPI samples. Data was analyzed using a mixed linear model to determine statistically 

significant difference. Col-0 was used as a baseline control, and pad4 was used as a positive 

control.  

2.2.2 Cell Wall Sample Preparation  

Cell wall material for cellulose, uronic acids and neutral cell wall sugar assays was prepared 

in the same way. Approximately 100 mg of liquid culture seedlings frozen at -80 °C per 

sample were ground with a mortar and pestle and transferred to a 2 mL eppendorf tube.  3-

4 biological replicates were produced depending on statistical requirements of the target 

assay. Each sample was incubated over night in 70% EtOH at 70 °C, centrifuged at 17000 RCF 

for 1 min; the supernatant removed and replaced with acetone over night at RT. The 

samples were centrifuged at 17000 RCF for 1 min, and the supernatant was removed and 

the pellet was left to air dry.  
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2.2.3 Updegraff Cellulose Assays   

Cellulose quantification was essentially as described by (Updegraff, 1969). Approximately 1 

mg of dry material was measured out (+/- 0.01 mg) (Sartorius research R180D). The material 

was incubated in 300 µL acetic-nitric reagent (80 % acetic acid (Fisher), 1.8 M nitric acid 

(Sigma)) for 30 min at 100  C. Samples were allowed to cool and spun down at 2500 RCF for 

5 min, the supernatant was removed and the pellet was redissolved in 800 µL of milliQ 

water. The samples were centrifuged at 2500 RCF for 5 min and the supernatant removed 

and replaced with 800 µL of acetone (sigma). The acetone was removed by centrifugation 

(2500 RCF for 5 min). The samples were then dried in a fume cupboard overnight. 50 µL of 

98% H2SO4 (Fisher) was added to the dry samples, and incubated under shaking for 90 min. 

625 µL of milliQ water was added to each sample. 45 µL of the lysate were added to a 

borosilicate test tube with 705 µL of milliQ water. 1.5 mL of 0.2 % anthrone (Sigma) in 98% 

H2SO4 were added to the samples, mixed thoroughly and incubated at 100 °C for 5 min. The 

samples were placed on ice, incubated for 5 min, then transferred to macro cuvettes; 

absorbance was measured at 620 nm (WPA lightwave II). Cellulose quantity was calculated 

using a standard curve with the glucose content of 0, 5, 10, 15, 20, 25, 30 µg (from a 1 

mg/mL stock solution). N was 3-4 depending on practical considerations. Unless otherwise 

specified at least two biological repeats were carried out. 

2.2.4 Neutral Cell Wall Sugar Assays 

The method was modified from (Reiter et al., 1993). Approximately 1 mg of dry material was 

measured out (+/- 0.01 mg) (Sartorius research R180D). 400 µL of 1 M H2SO4 was added to 

the sample and incubated at 100 °C for 1 h. The tubes were allowed to cool and spun down 

at 17000 RCF for 1 min, 250 µL of the acid lysate was transferred to a 50 mL capped glass 

tube. 30 µL of a 1 mg/mL inositol (BDH chemicals) were added to each of the samples as an 

internal standard. Calibration standards containing 30 µg of mannose (Sigma), fucose 

(Acros), galactose (Fisher), arabinose (Bio rad), rhamnose (Fluka), galactose (Fisher), and 

inositol were used to determine the relative peak intensity. 200 µL of 18 M NH3 (Fisher) was 

added to each sample, followed by 2 mL of 2 % w/v NaBH4 (Fluka) in DMSO. The samples 

were capped sealed with parafilm and incubated for 3 h at 40 °C in a waterbath. After 

incubation 0.5 mL of acetic acid (Fisher) was added to each sample, followed by 0.5 mL 1-
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methylimidazole (Aldrich) and 8 mL of acetic anhydride (Sigma). Samples were incubated at 

room temperature for 20 min. 16 mL of milliQ water was added to each sample and 

incubated for 15 min. 1.5 mL of chloroform (VWR) was added to each sample, the sample 

were thoroughly shaken and left at 4 °C overnight. The samples were transferred to a Gas 

Chromatography sample vial using a glass pasteur pipette and then loaded on a HP 6890 

series Gas Chromatography system with a HP 5973 mass selective detector. The syringe was 

washed 2 x 4 times with acetone, and 1 µL of sample was loaded. The samples were injected 

split on a HP5 MS 30m x0.25 mm column with a 250 µm liner with a wait at 160 °C for 10 

min followed by a 4 °C/min ramp until 204 °C. The samples were scanned for selected ions 

115, 128, 145, 168, 170, and 187. The data was analysed with the MSD chemstation D.01.00 

build 75 software suit (updated 26/08/2003) from Agilent Technologies. Rhamnose was 

quantified using the 170 ion, fucose the 170 ion, Arabinose the 115 ion, xylose the 115 ion, 

inositol the 168 ion mannose the 115 ion, and galactose the 115 ion. Quantities were 

calculated using inositol the internal standard. Ratios of peak intensity were calculated using 

the measured standard solution. 3-4 biological replicates were carried out depending on 

practical considerations. Unless otherwise specified at least two biological repeats were 

carried out. 

2.2.5 Uronic Acids Assay 

The uronic acids assays were based on the work of (Gillmor et al., 2002). 50 µL of the 

samples from the neutral cell wall sugar assays were used for this assay. 400 µL of milliQ 

water were added to a borosilicate test tube, followed by 2 mL of 0.5 % borax (fluka) in 98% 

H2SO4 and incubated at 100 °C for 5 min. The samples were placed on ice for 5 min and then 

transferred to a macro cuvette and absorbance was measured at 520 nm. 40 µL of 0.15 % 

m-hydroxybiphenyl (Aldrich) in 1M NaOH (sigma) was added to each sample, they were 

mixed and incubated for 5 min at RT. Absorbance was measured at 520 nm (WPA lightwave 

II). The sample concentration was determined using a standard curve in excel with one of 

two concentration ranges, either 0, 2, 4, 8, 12, 16, and 20 or 0, 4, 8, 16, 20, 24 and 32 µg of 

galacturonic acid (sigma). N was 3-4 depending on practical considerations. Unless 

otherwise specified at least two biological repeats were carried out. 
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2.2.6 Lignin Staining with Phloroglucinol 

Seedlings were de-stained in ethanol, and the ethanol was replaced until chlorophyll was 

removed. 1 g of phloroglucinol (sigma) was dissolved in 100 mL of 20% HCl (vwr) and filtered 

with a paper filter (8.5 cm product number 1001-85 Whatman). Staining solutions were 

prepared on the same day as the pictures were taken. The seedlings were added to the 

staining solution and left there for at least 2 min. The seedlings were mounted on 

microscope slides in staining solution, samples were imaged using a 5x objective, dark-field 

imaging on a Zeiss Axioskope 2 plus microscope. Scale bars were added in MS paint. Unless 

otherwise specified two biological repeats were measured. 

2.3 Bioinformatics Analysis of Candidate Genes 

2.3.1 Selection of Candidates for Alignments 

For selection of candidates for construction of a phylogenetic tree BLASTP analysis was 

carried out for A. thaliana using NCBI blast on the TAIR BLAST service 

(www.arabidopsis.org/Blast/index.jsp) using the TAIR8 protein data set. The e-value cut-off 

for significance was set to 10-5. If this criterion resulted in more than 50 candidates the top 

50 matches in the search results were selected. If these criteria resulted in less than 5 

proteins the cut-off was redefined to an e-value of 1, and the best 5 matches were selected. 

Sequences are available in appendix D (CD). 

For comparison between genera BLASTP searches were carried out using a protein sequence 

acquired from (TAIR, 2007-2011) (www.arabidopsis.org) using the NCBI non-redundant 

protein database on the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences 

are available in appendix D (CD). Protein sequences for comparison were selected based on 

the best match, as indicated by e-value. Each set of 10 proteins was selected as to contain 

no more than 3 A. thaliana proteins, at least 1 monocot, and at least one woody species. 

2.3.2 Creation ClustalW Alignments for Family Members 

The program clustalW (www.ebi.ac.uk/Tools/clustalw2/) was used to generate alignments 

for the protein sequence identified by BLASTP analysis. Results are available in appendix D 

(CD) 
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2.3.3 Generation of Phylogenetic Trees 

The clustalW alignments of the A. thaliana family members were used to generate a protein 

phylogenetic tree using the program phylowin (http://pbil.univ-lyon1.fr/software/ 

phylowin.html) using maximum parsimony and 500 bootstrapping attempts. The 

phylogenetic tree was graphically enhanced without changing the tree structure using 

Microsoft Paint (www.microsoft.com) 

2.3.4 Expression Profiling of Candidate Genes 

Microarray data for tissue and stress types were analysed using the Bio-Array Resource 

(BAR) Expression Browser  (Toufighi et al., 2005) (http://www.bar.utoronto.ca/). Stress, 

hormone, and pathogen responses were represented as log2 change. The expression data 

for the extended tissue set was represented in Affymetrix units. The threshold of 

significance for the stress sets was set to 1 log2 change (i.e. 0.5 or 2) compared to the 

untreated controls. 
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3 KO Selection and Genotyping 

3.1 Introduction 

30 candidate genes have been originally allocated as a starting set for characterization 

during this PhD (listed in appendix A). For these candidate genes the availability of insertion 

lines was determined and those genes where no insertion lines were available were 

dropped from further study. A few genes were removed because they had been previously 

characterized. These were AT1G75080 (BRASSINAZOLE-RESISTANT 1) which has a well 

defined role in the brassinosteroid pathway (Gampala et al., 2007, Yu et al., 2008, He et al., 

2005). AT2G38120 (AUXIN RESISTANT 1) was also dropped as it was already well 

characterized (Vieten et al., 2007, Bennett et al., 1996).   Likewise AT2G41100 (TOUCH3) 

(Wright et al., 2002), and AT2G15390 FUCOSYLTRANSFERASE 4 (Sarria et al., 2001) already 

appeared to have been the subject of extensive study by other research groups. 

Gene 

Identifier 

Annotation Insertion Line 

1 

Allele 1 Insertion 

Line 2 

Allele 2 Up/Down 

regulation 

AT3G20410 CPK9 GABI_386D12 cpk9-1 SALK_034324  cpk9-2 up 

AT3G09010 PK1 SAIL_452_C02  pk1-1 SALK_116262 pk1-2 up 

AT3G13750 BGAL1 SALK_032664  bgal1-1 SALK_085988 bgal1-2 down 

AT1G75500 N-MtN21-1 SALK_047781 n-mtn21-1-

1 

GABI_799H03 n-mtn21-1-

2 

down 

AT3G16560 PP2C1 SALK_023206 pp2c1-1 SALK_119911 pp2c1-2 down 

AT3G13650 DRR1 SALK_046217 drr1-1 SALK_092919 drr1-2 up 

AT2G41820 IRPK1 SALK_082484 irpk1-1 SALK_121365 irpk1-2 down 

AT2G42600 ATPPC2 SALK_083139C atppc2-1 SAIL_119_H11  atppc2-2 down 

AT3G25930 USP1 GABI_540A10  usp1-1 SAIL_436_E01 usp1-2 down 

AT2G02950 PKS1 SALK_005340 pks1-1 GABI_481C08 pks1-2 down 

AT2G35730 T20F21.3 SALK_058271 t20f21 1-1 SALK_123509 t20f21 1-2 up 

AT2G30490 C4H GABI_753B06 c4h-1 GABI_944B06  c4h-2 up 

AT2G37040 PAL 1 SALK_000357 pal1-1 SALK_022804 pal1-2 up 

AT2G43530 DEFL1 SAIL_121_A10 defl1-1 -  up 

AT3G06750 HPRG1 SALK_032032 hprg1-1 SALK_116356 hprg1-2 down 

AT2G13790 ATSERK4  SALK_057955 atserk4-1 SALK_072545 atserk4-2 up 

AT1G74440 UP-1 SALK_059087 up1-1 SALK_118340  up1-2 up 

Table 3.1-1: The AT numbers and the allelic name for the genes and KO lines. The allelic 

reference to the individual KO lines is indicated in the column marked Allele 1 and Allele 2.  

Up/Down regulation indicates if expression of the gene is increased or decreased in the microarray 

data during isoxaben treatment. 

Of the remaining candidate genes insertion lines had been isolated for 19 genes. The genes 

for which no insertion lines were isolated have not been included on table 3.1-1. UGT76B1, 
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a UDP-glycosyl transferease, was transferred to another lab member as the putative 

function was a better fit for their project, leaving 18 candidates. 

Experimental setup 

The selected insertion lines were genotyped according to the SIGNAL protocol (see material 

and methods). Following this, lines were checked for disruption of gene expression of the 

candidate gene using RT-PCR. If the insertion resulted in a KO or KD the line was used for 

further studies. The insertion location was verified by sequencing, results of this are in 

chapter 5 and 6. For each candidate gene two independent KO lines were obtained if 

possible.  

3.2 Material and Methods 

3.2.1 Bioinformatics Based Analysis of Candidate Genes 

Insertion lines for candidate genes were selected using the TAIR database (TAIR, 2007-2011) 

(www.arabidopsis.org) gene description polymorphism list, and the Salk Institute Genomic 

Analysis Laboratory homepage (SIGnAL, 2008-2009) (http://signal.salk.edu/cgi-

bin/tdnaexpress). Short gene descriptions were acquired from the TAIR database (TAIR, 

2008-2009) (www.arabidopsis.org) gene descriptions, this preliminary inquiry was followed 

up for genes, which proved to be promising candidates in the screening procedure 

(screening, chapter 4 gene description chapter 5-6). 

3.2.2 DNA extraction 

1 leaf was collected from rosette stage plants and macerated in microcentrifuge tubes. 400 

μL extraction buffer (200 mM Tris (Sigma)-HCl (VWR) [pH 7.5], 200 mM NaCl (Sigma), 25 mM 

EDTA (Sigma), 0.5% SDS (BDH chemicals) was added and the samples were vortexed for 

approximately 15 sec. Solids were pelleted by centrifugation at 16200 RCF at room 

temperature (RT) for 1 min and 300 μL of the supernatant was transferred to a new 

microcentrifuge tube. 300 μL isopropanol (vwr) was added, the samples were briefly 

vortexed and samples were centrifuged at 16200 RCF for 5 min at RT. The supernatant was 

discarded and 1 mL 70% EtOH was added followed by centrifugation for 1 min, at 16200 

RCF. The supernatant was discarded and samples were centrifuged again. Residual 
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supernatant was removed and the pellet air-dried on the bench for app. 5 min. The dry 

pellet was redissolved in 100 μL autoclaved milliQ water. 

3.2.3 PCR and Electrophoresis  

Genotyping primers for each KO line were designed using SIGnAL primer design program or 

primer 3 plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). 

Sequences were checked using the primer3plus service according to the same design 

scheme as used by SIGnAL to check for specificity (http://signal.salk.edu/cgi-

bin/tdnaexpress) (illustrated in Figure 4) and ordered from invitrogen (www.invitrogen.com) 

(primers are listed in Appendix A). Genomic left and right primers were used for the 

genomic reactions and a T-DNA left border specific primer (TH LBA, LBa1, LB1.3, SAIL LB 1, 

SAIL LB 2 GABI LB1A) was used with the right genomic primer for the amplification of the 

putative T-DNA region. A standard 25 μL polymerase chain reactions was carried out with 

the following conditions: Taq polymerase buffer (16 mM (NH4)2SO4, 67 mM Tris-HCl [pH 

8.8], 0.01% stabilizer) (Bioline) (www.bioline.com), 2.5 mM MgCl2 (Bioline), 160 μM dNTP’s 

(Sigma) (www.sigmaaldrich.com/sigma-aldrich), 1 μM forward and reverse primers, 0.5 U 

Taq polymerase (Bioline). 2 μL gDNA solution from the respective KO lines were used per 

reaction. If initial genotyping failed, the reactions were repeated with 320 µM dNTP’s 

(Sigma) and 1 unit of Taq polymerase. Amplification was carried out with the following 

cycles: initial denaturation: 94°C at 2 min, 35 cycles: 94°C for 45 sec, 57°C for 1 min 72°C for 

1 min; final extension was performed at 72°C for 5 min.  

PCR products were analysed on a 1% agarose (sigma) gel with 2x SYBR Safe (Invitrogen- 

www.invitrogen.com), run at approx. 100 V and visualized under UV light. 

  

http://signal.salk.edu/pBIN-pROK2.txt-new
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Figure 3.3.3-1: The primer design used by SIGnAL iSct Primers design program. Max N 

represents a 300 bp area set for the potential displacement of the insertion site compared to the 

annotated location. Ext5 and Ext3 are the extra sections placed at either end of the PCR product in 

order to achieve the intended size. Ext5 is 200 bp and Ext3 is 300 bp long. LP is the left primers 

location, RP is the right primer, and BP is the insert primer. A successful genotyping PCR should 

produce the fragment sizes indicated on the right for WT, HZ and HM gDNA  (SIGnAL, 2008-2009) 

3.2.5 RNA Extraction 

RNA was purified from approximately 100 mg seedling culture seedlings. RNA purification 

was carried out using the TRIZOL reagent (Invitrogen; http://products. 

invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&productID=1559602

6). The TRIZOL reagent was used according to the manufacturer’s instructions. RNA was 

quantified using the NanoDrop 1000 Spectrophotometer, and verified by 2 % agarose gel 

electrophoresis. 

3.2.6 RT-PCR 

Primer design 

To ensure specificity of the RT-PCR primers used, BLASTN searches were carried out. 

Nucleotide sequences were collected for all BLASTN matches with an e-value lower than 10-

20. If no matches of this quality were available the two top hits in the search with an e-values 

lower than 1 were obtained from (TAIR, 2007-2011) (www.arabidopsis.org). The acquired 

sequences were aligned using clustalW (http://www.ebi.ac.uk/Tools/clustalw2 /index.html). 

The amplified regions were preferentially placed to span an intron, in order to allow easy 

detection of genomic DNA contamination in the purified RNA. Product length was 
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preferentially set to approximately 500 bp, with the primers placed in the coding region. If 

necessary, the primers were placed in the UTR to increase specificity. The primer design is 

illustrated in Figure 3.3.6-1 Primer melting points were checked using the promega biomath 

calculator (www.promega.com/biomath); the target melting point was set to 57˚C.  

 

Figure 3.3.6-1: The ideal RT-PCR primer design. Primers were preferentially placed spanning an 

intron. If necessary primers were placed in the UTR to improve specificity. 

 

Primer sequence as well as clustalW alignments can be seen in Appendix D, the attached CD.  

RT-PCR 

RT-PCR was carried out using the One-step RT-PCR Kit (http://www1.qiagen.com/Products 

/Pcr/QiagenReverseTranscriptases/OneStepRtPcr.aspx) was used according to the 

manufacturer’s instructions with 1 exception. 25 μL reactions were set up with 100 ng of total 

RNA per reaction was used. Gene specific primers were used (see Appendix D (CD)) at 0.6 μM.  

3.3 Results 

3.3.1 Genotyping 

Details of the lines genotyped are available in Appendix A. A representative result for the 

PCR-reactions is shown in Figure 3.3.1-1, and the genotyping results for it are listed in table 

14. The availability of HM insertion lines is listed in table 3.3.1-1. In the representative 

genotyping PCR analysis in figure 3.3.1-1, 1, 2, 4, 5, 6, 8, 10, 11, 12, 13, 15 were identified as 

HM, 3, 7, 9, 17 as wt and 14, 16 as HET.  

The genotyping by the author identified 20 HMs out of 29 screened insertion lines. Of the 9 

lines where no positive was identified 5 could possibly yield HM lines with further analysis 

(detail in appendix A). The genotyping results were pooled with the work of other lab 

members for the complete set of genes, for the identification of KO and KD by RT-PCR.  
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Figure 3.3.1-1: Experimental example of genotypic analysis. Agarose gel electrophoresis of PCR 

products from the genotyping PCR for Salk 019403. Marker fragment sizes are marked next to 

fragment. Numbers 1-17 are with DNA from different individual plants, pos and neg are the positive 

(Col-0 DNA) and the negative (no DNA) control. Bands in the genomic primers indicate that the plant 

contains an uninterrupted copy of the gene. A fragment in the insertion reaction indicates that the 

plant contains a copy of the gene with an insertion. The marker is the fermentas 1 kb marker. 

All the lines that were genotyped in the original set of 18 genes are listed in table 3.3.1-1 

and with their genotype. These 25 insertion lines are not all the one genotyped by the 

author, though 20 HM were isolated as listed in appendix A. The initial PCR analysis was not 

exhaustive, and as such the insertion lines for which no homozygote plants were identified 

may could be identified with further study. 

Insertion line HM Insertion line HM  Insertion line HM Insertion line HM 

cpk9-1 yes  cpk9-2 nd  atppc2-1 yes  atppc2-2 yes  

pk1-1 yes  pk1-2 yes   usp1-1 nd usp1-2 yes  

bgal1-1 yes  bgal1-2 yes   pks1-1 yes  pks1-2 nd 

n-mtn21-1-1 nd n-mtn21-1-2 yes   t20f21 1-2 nd t20f21 1-2 yes  

pp2c1-1 yes  pp2c1-2 yes   c4h-1 yes  c4h-2 nd 

arr8-1 nd arr8-2 yes   pal1-1 nd pal1-2 yes  

drr1-1 yes  drr1-2 yes   hprg1-1 yes  hprg1-2 nd 

irpk1-1 yes  irpk1-2 yes   atserk4-1 yes  atserk4-2 yes  

up-1-1 yes  up-1-2 yes   defl1-1 nd   

Table 3.3.1-1: Genotyping status for the candidate insertion lines. It is indicated if homozygote 

insertion lines have been identified (yes) or if it was not successfully identified (ND). The line names 

follow table 3.1-1. The genotyping done by the author is descripbed in Appendix A p. 254. 
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Following genotyping each of the homozygotes was grown with WT controls to test for 

visible developmental phenotypes, no significant changes were observed.  

3.3.2 RT-PCR 

Of 25 homozygote insertion lines 21 have been tested with RT-PCR to determine if the 

insertion affects the transcription of the candidate gene (table 3.3.2-1). Detailed RT-PCR 

results and product sequencing results are available in appendices B and D respectively. 12 

of 21 successfully screened insertion lines exhibited either a KD (4) or KO (8) of transcription 

of the respective candidate gene.  

ATG Name/Number insertion 

line 

KO/KD 

AT3G16560 pp2c 1-1 (KO21) SK_023206 KO 

 pp2c1-2 (KO22) SK_119911 KO 

AT2G13790 atserk4-1 (KO23) SK_057955 KO 

 atserk4-2 (KO24) SK_072545 KO 

AT2G41820 irpk1-1 SK_082484 KO 

 irpk1-2 SK_121365 KO 

AT2G02950 pks1-1 (KO27) SK_005340 KO 

AT1G75500 n-mtn21-1 (KO28) SK_047781 KD 

AT1G74440 up1-1 SK_059087 KO 

AT3G09010 pk1-2 SK_116262 KD 

AT3G13650 drr1-1 SK_046217 KD 

 drr1-2 SK_092919 NC 

AT2G35730 t20f21 1-1 SK_058271 KD 

 t20f21 1-2 SK_123509 NC 

Table 3.3.2-1: RT PCR results for the HM insertion lines from the candidate genes. The table 

indicates the availability of knock outs or knock downs. In further work those genes that have listed a 

KO ## are referred to by it. NC stands for not completed, for lines for which confirmation is ongoing. 

An additional set of 18 insertion lines which affect transcription have been identified by 

other members of the research group and have been added for the FTIR-based clustering 

described in the next chapter. 11 of the 18 lines resulted in candidate gene KOs while 7 

caused transcriptional down-regulation. The lines are listed below. A double homozygote 

was  KO for ugt71c3-2 and ugt76b1-1. 
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ATG Name/Number insertion line KO/KD 

AT3G11340 ugt76b1-1 SL_1171_A11 KO 

AT4G33300 adr1 l1 SL_302_C06 KD 

AT2G20010 up2-1 Sk_004645 unconfirmed 

AT4G33420 ipx1-1 SM.3.28674 KD 

 ipx1-2 SM.3.37097 KD 

AT1G07260  ugt71c3-1 SK_042564 KO 

 ugt71c3-2 SK_021979 KO 

AT4G35630 KO6 SK_074264 KO 

AT5G47730 KO8 SK_039575 KO 

AT5G56540 KO9 SK_096806 KD 

AT5G48460 KO10 SK_019403 KO 

AT5G65390  KO11 SK_039285 KO 

AT5G24140 sqp2-1 SK_012094 KO 

 sqp2-2 SK_040805 KO 

AT5G24430 KO13 SK_028536 KD 

AT5G40760 KO14 SK_016175 KO 

AT5G49360 KO15 SK_054483 KO 

AT5G60660  KO18 SM.3.20853 KD 

Table 3.3.2-3: RT PCR results for the HM insertion lines from other lab members. RT-PCR 

results are available in appendix B. 

3.4 Discussion 

The work described in this chapter resulted in the isolation of 20 homozygote insertion lines 

of the 29 lines analysed. Including the insertion lines identified by other lab members the 

genetic analysis yielded 30 insertion lines, 19 of which exhibit a KO of transcription, and 11, 

which cause a KD. These are located in 24 genes, with two independent insertion lines for 6 

genes. They represent raw material for the FTIR based cell wall screen in chapter 4. None of 

the insertion lines have any visible phenotypes. 
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4 Fourier Transform Infrared (FTIR) Spectroscopy Based 

Characterization of Insertion Lines in Candidate Genes 

4.1 Introduction 

4.1.1 Principles of FTIR Spectroscopy 

Identification of altered cell wall composition has classically required the measurement of 

individual cell wall components in separate chemical assays. This approach is time 

consuming and thus prevents the large scale screening of mutants. It is therefore important 

to employ screening methods to identify candidates with altered cell walls in a quick and 

efficient manner. Previously, FTIR has successfully been used to identify novel cell wall 

mutants by comparison with a known baseline (Schindelman et al., 2001, Mouille et al., 

2003).  

Infrared radiation (IR) is absorbed by the most common covalent bonds in organic 

molecules, such as C-C, C-H, C-N, C-O, and N-H (Harris, 2003). The specific absorption 

wavelength is dependent upon all covalently connected atoms, as well as the neighbouring 

covalent bonds (Harris, 2003). Additionally, the absorption can be affected by non-covalent 

bonding, such as hydrogen bonds to nearby molecules (Harris, 2003, Berthomieu and 

Hienerwadel, 2009). Because an individual molecule may affect the absorbance spectra of 

its neighbours, the combined absorption of a complex mixture is not derived solely from the 

sum of its parts (Harris, 2003). This means that even cellulose, which consists solely of β-(1-

4) linked glucose, can have different FTIR spectra depending on the structure of the 

surrounding cell wall or the environment it is kept in. Therefore, all organic chemicals have a 

unique IR spectrum. For cell wall components the chemical complexity of lignin, pectin and 

hemicelluloses means that there is substantially more variation within each of these groups 

of polymers.  

FTIR can be used as a tool to identify particular chemical components and the relative 

abundance of multiple components in a given sample (Dean et al., 2007, Irbe et al., 2011, Liu 

et al., 2011). This can be used when dealing with a sample consisting of known components 

in an unknown relative abundance. A good example is the determination of the relative 
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abundance of RG-I and RG-II in seed coat mucilage, known to predominantly consists of 

pectin. Since the primary components are already known, discriminate peaks can be 

identified on standard spectra, and the ratio can be calculated because the % of the total 

spectra of each component has a given wavelength. As such by using multiple peaks the 

ratio can be calculated algebraically (Dean et al., 2007). FTIR is also commonly used when 

evaluating the effects of lignocellulosic pre-treatment (Liu et al., 2011, Irbe et al., 2011), and 

is carried out by comparing spectra of the biomass taken before and after the treatment 

(e.g. acid hydrolysis). The effect of the treatment is then inferred using known peak 

locations to identify the components changing during the pre-treatment and their 

corresponding peaks (Irbe et al., 2011, Liu et al., 2011). Both methods make use of existing 

peak libraries or standards. This is particularly successful when characterising samples 

where there is a previously identified dominant component, such as is the case in seed coat 

mucilage (as it predominantly contains pectin) (Dean et al., 2007) or a sample which has 

been previously characterized (Irbe et al., 2011, Liu et al., 2011). However, because 

neighbouring molecules can change the spectra of surrounding molecules, shifting of peak 

wavelengths may occur, leading to the misidentification of components in less well 

characterized samples.  

When phenotyping plant cell wall material, compositional changes between individuals may 

occur due to environmental and developmental variation (Mouille et al., 2003). Therefore, it 

can be challenging to identify peaks accurately within a sample that is open to 

environmental and biological variation. Using individual peak characterisation within such a 

sample is a more efficient method of analysis when characterising a known background or 

when the peak does not overlap with other components. For example, the level of 

methylated pectin can be identified by the 1756 cm-1 peak in global cell wall spectra, 

because it is not obscured significantly by peaks from any other cell wall components 

(Mouille et al., 2003).  
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Figure 4.1.1-1 Examples of FTIR spectra of cell wall components. FTIR spectra of purified lignin 

from multiple sources measured by (Kline et al., 2010) and FTIR spectra of purified pectin (from 

orange) polygalacturonic acid and cellulose (from filter paper) and Col-0 A. thaliana purified cell 

wall. Spectra without citation were measured by the author. Spectra have been normalized to sum 1, 

baseline corrected according to the first and last 10 data points. Individual spectra have been offset in 

order to avoid overlap. 

When dealing with whole cell wall spectra across different genotypes the environmental, 

developmental and natural variation should be considered. As most of the chemical bonds 

in cell wall components are the same, there is extensive overlap between the different 

components (as can be seen in figure 3.1.1-1). In spite of this overlap, the intensity of 

absorbance from the polymers differs between individual wavelengths. Therefore, while the 

absorbance at any one wavelength cannot be ascribed to a specific component, the 

combined absorbance spectrum of a complex sample will be unique to this composition. 

Spectra of a complete cell wall, either as a global aggregate or in a specific tissue, therefore 

create a characteristic unique fingerprint. However, it does not allow the quantitative 

determination of the individual components. In order to achieve a successful quantification, 

the proportion of absorbance produced by a polymer at a specific wavelength would need 

to be determined. While it is theoretically possible to allocate spectra to individual 

components, it has not yet been successfully implemented for full cell wall spectra. General 

trends can be inferred, for example, it is widely recognised that cellulose (figure 3.1.1-1) 

predominantly absorbs IR between 1494 cm-1 and 945 cm-1 (see figure 3.1.1-1). However, 

this range also overlaps with almost all other cell wall components (figure 3.1.1-1). Non-

800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 
col-0 average Pectin Polygalactoronic acid 
Cellulose Sugar Cane Lignin Norway Spruce Lignin 
Hardwood Lignin 
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cellulosic components have absorbance around the 1800-1500 cm-1 area (figure 3.1.1-1). 

Therefore, the 1494-945 cm-1 area absorbance relative to the 1800-1500 cm-1 area can be 

used as an indicator of the relative cellulose content when comparing samples; however this 

is not quantifiable (Hofte et al. 2000).  

FTIR is a very sensitive method and can theoretically detect changes in a single bond in the 

complex cell wall (Harris, 2003). As this is not detectable in a classical chemical assay some 

FTIR phenotypes may not result in detectable chemical compositional alteration, though 

more sensitive, and work intensive, methods such as diagnostic enzyme digestion (Bauer et 

al., 2006), or NMR analysis may detect it (Dick-Perez et al., 2011). The sensitivity and the 

high resolution of FTIR increases the likelihood of detecting compositional changes that are 

not integral to cell wall integrity. Therefore, differentiating between the natural, 

environmental and developmental variation within a genotype, and the changes induced by 

knocking out individual candidate genes is not trivial. Despite the inherent challenges,  

advanced statistical analysis has previously allowed the identification of different species of 

bacteria based on FTIR spectra (Helm et al., 1991), acting as a proof of concept. However 

bacteria, are not subject to developmental age, and the difference between species is more 

significant than that found between whole cell wall spectra of cell wall mutants in A. 

thaliana (Mouille et al., 2003). Methods for differentiation of spectra will be further 

described in section 4.1.2. 

When utilising FTIR for chemical analysis, it is important to understand the methods 

available for measuring spectra. Water has a strong IR absorbance; therefore FTIR 

spectroscopy is rarely performed in aqueous solution. This is addressed in various ways, 

classical FTIR spectroscopy measures spectra from solids, either by reflecting through a 

compressed powder or via imbedding in a KBr matrix. FTIR microscopes allow focusing on 

very small amounts of material, down to a µm range on microscope slides, where the 

material is often immobilized in a solid matrix (Bruker, 2011). This provides a spatial focus 

on material with little pre-treatment. This ability to focus spatially is illustrated by the 

targeted identification of changes in root hairs carried out by (Tominaga-Wada et al., 2009). 

Several types of multidimensional IR spectroscopy have been developed over recent years 
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(Fournier et al., 2009, Kasyanenko et al., 2011). However, these methods are clearly still in 

development, and they have yet to be used to identify cell wall components. 

4.1.2 Statistical Analysis of FTIR Spectra 

In order to differentiate between FTIR phenotypes of different genotypes, a baseline for 

comparison (such as a Col-0 sample) and an understanding of the natural, environmental, 

and developmental variation within the plant is required. However, studies incorporating a 

baseline will only indicate relative differences from the baseline. To indicate what cell wall 

component is changing, an additional cell wall specific reference is necessary. The method 

developed by (Mouille et al., 2003) allows for the comparison of unknown samples to 

multiple “baselines” in the form of mutants with known phenotypes. This is carried out in 

two steps, compression of data, and distance evaluation. The relative merits of several 

different methods for doing this were evaluated by (Robin et al., 2003). Data compression 

aims to identify the most informative wavelengths based on a comparison of differences 

between average values and variance for the different samples forming the dataset. The 

four compression methods assessed were discriminant variables selection (DVS), principal 

component analysis (PCA), pseudo linear discriminant analysis (pseudo-LDA), partial least 

squares (PLS) (Robin et al., 2003). Analysis of the methods found that pseudo-LDA provided 

the most stable selection of values. However, pseudo-LDA bases its data selection on an 

abstraction of the real value, and thus, once the values have been selected they cannot be 

traced back to actual wavelengths (Robin et al., 2003). DVS was identified to be the second 

most efficient method and  was used by (Mouille et al., 2003). The distance evaluation 

compares genotypes at the wavelengths selected by the compression method, using 

euclidean and mahalanobis distance. Euclidian distance is a simple evaluation of the 

differences between the genetic lines, where the data is compiled to a theoretical centre of 

mass, and the distance between samples is evaluated. Mahalanobis distance takes the 

variance between repeats on the individual wavelength into consideration when evaluating 

the difference. Hence a difference of 0.1 is given a higher value, if it is on a wavelength with 

a variance of 0.05, than if the variance was 0.5 (Robin et al., 2003). This requires more 

repeats of each genotype, but these are also required for DVS. Mahalanobis distance can 

only be evaluated for a number of variables (wavelengths) equivalent to the number of data 
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sets (e.g. if there are 10 datasets then 10 wavelengths can be evaluated). Mahalanobis 

distance gives a more accurate evaluation of the significance of differences in examined 

wavelengths than euclidian distance. Therefore the relative success of the two methods 

depends on the size of the dataset. If the dataset is large enough for the selected 

wavelengths to give a complete picture of the spectra, mahalanobis distance is a more 

accurate analysis (Robin et al., 2003, Mouille et al., 2003). Once clustered using the ward 

clustering algorithm this method provides a dendogram of the analysed genotypes 

indicating their relative difference (Mouille et al., 2003). This leads to a more stringent 

evaluation than the principal component analysis used in previous characterizations of cell 

wall mutants such as cob-1 and prc1-1 (Benfy et al 2001, Hofte et al 2000).  

The evaluation carried out by (Mouille et al., 2003) evaluates the significance of the cell wall 

phenotypes of different genotypes. Comparing unknown mutants with mutants that have 

previously been characterized, provides an indication of what cell wall phenotype the 

genotype may have. This is based on the similarities identified between unknown mutants 

and previously characterized mutant datasets. The evaluation of a large number of FTIR 

spectra together gives more information than studying a single set of spectra in isolation, as 

it provides a broader picture of cell wall variation making identification of important 

changes more efficient. In addition, due to the dynamic nature of the cell wall, a change in 

the prevalence or structure of one component will lead to changes in the rest of the cell 

wall. This combined with the differences in ease of identification of the absorbance of cell 

wall components, means that a deficiency in one component may be more easily detectable 

by looking at the increase in another (Mouille et al., 2003, Robin et al., 2003). 

4.1.3 Practical Application of FTIR Clustering 

The aim of this study is to identify genes that could facilitate bioenergy production from 

crops and characterise the biological function of genes. Consequently, the purpose of the 

FTIR clustering is the selection of candidate genes with an altered cell wall composition for 

targeted functional study. Therefore FTIR spectroscopy was used, in contrast to (Mouille et 

al., 2003), who used FTIR microscopy. FTIR microscopy is expensive and time consuming 

and, as it only measures local cell wall composition, requires a larger data set to characterise 
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cell wall composition throughout an organism. For potential biofuels related genes, any 

tissue specific changes, which do not register in an average spectrum of the whole plant are 

probably not of interest. In addition, to the added complexity of analysing several datasets 

for each genotype, the results for different tissues would likely yield different results. This 

means it would be hard to decide which genes should be characterised further, if the 

method did not clearly identify universal phenotypes. FTIR spectroscopy is carried out on 

purified powdered cell wall sample, decreasing noise as it eliminates non-cell wall 

components from the spectra, while also giving greater weight to the more abundant 

tissues. As it is generated from several different plants, it also eliminates some of the 

biological variation within the genotype. Therefore FTIR spectroscopy was the method of 

choice for this study. 

 It is extremely important to limit experimental variability within an FTIR-based project, if an 

accurate, reproducible characterisation of the samples is to be performed. Due to the 

sensitivity of the FTIR based cell wall assay, environmental or developmental effects may 

cause a significant proportion of this variability. This can be examined in a number of 

different ways. (Mouille et al., 2003) takes this into account by identifying variability that 

occurs within the biological replicates, but, to limit this variability it requires multiple, time 

consuming repeats. In cases where variability is linked to either the individual carrying out 

the experiment, the growth batch, or the growth conditions, such biases in the data can be 

subsequently identified and accounted for. There may be some level of variation between 

different individuals carrying out the same experiment, due to small, unnoticed differences 

in working practices. This user bias can be identified by having new individuals repeat a 

previous sample and determine if there is a significant difference compared to the original 

sample. Changes caused by altered environmental conditions also need to be controlled for. 

The plants for the FTIR assay are grown in batches. This means that changes induced by 

altered environmental conditions would cause the new batch to cluster together, but 

separately from the previous datasets.  
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4.1.4 Cell Wall Mutants as Diagnostic Tools 

Mutant name Phenotype Target Genes and 

Effect. 

Reference 

botero (bot1) Dwarf, disorganized cortical 

interphase microtubules. 

Reduced tensil strength. 20% 

reduction in cellulose content 

P60 microtubule 

severing katanin 

AtKTN1. Most likely 

null mutation 

(Bichet et al., 2001, 

Burk et al., 2001, 

Ryden et al., 2003) 

 

de etiolated 1(det1) De-etiolated dark grown 

seedlings, green roots. UV 

hypersensitivity 

Null mutation in DET1 (Chory et al., 1989, 

Chory et al., 1991, 

Castells et al., 2011) 

ethylene insensitive 

2 (ein2) 

Reduced stature.  Pathogen, 

osmotic stress susceptibility 

Ethylene insensitive (Guo and Stotz, 

2007, Alonso et al., 

1999) 

korrigan 1(kor1) Dwarf, cellulose deficient. Membrane bound 

endo-β-1.4-glucanase 

(Lane et al., 2001, 

His et al., 2001, 

Krupkova and 

Schmulling, 2009) 

murus3 (mur3-1) l-fucose content in aerial 

organs reduced to 50% of the 

wild type 

Xyloglucan-galactosyl 

transferase 

(Reiter et al., 1997, 

Lerouxel et al., 2002, 

Tedman-Jones et al., 

2008) 

murus4 (mur4-1) L-arabinose content in aerial 

organs reduced to 50% of the 

wild type. Reduced 

membrane-bound UDP-xylose 

4-epimerase activity 

High Sugar Response 8 

(HSR8) 

A UDP-arabinose 4-

epimerase  

AT1G30620 

(Burget and Reiter, 

1999, Reiter et al., 

1997) 

murus 5 (mur5-1) l-arabinose content in aerial 

organs reduced to 70% of the 

wild type 

Unknown (Reiter et al., 1997) 

peptidyl arginine 

deiminase 4,(pad4) 

Increased disease 

susceptibility, no measured 

cell wall change 

triacylglycerol lipase, 

involved in SA 

biosynthesis control. 

(Burk et al., 2001, 

Wang et al., 2010) 

procuste 1 (prc1-1) Short hypocotyls in dark-

grown seedlings, short root, 

cellulose deficiency, impeded 

root hair development. 33% 

reduction in cellulose content. 

Cellulose synthase 

catalytic subunit gene 

CESA6, most likely null 

mutation 

(Desnos et al., 1996, 

Fagard et al., 2000, 

Singh et al., 2008) 

radially swollen 1-2 

rsw1-2 

Seedling lethal, increased 

radial expansion and cellulose 

deficiency 

Cellulose synthase 

catalytic subunit 

CESA1 

(Gillmor et al., 2002) 

suppressor of G2 

allele of SKP1 B 

 (sgt1b) 

Increased pathogen 

susceptibility 

AT4G11260 KO (Austin et al., 2002) 

tonoplast 

monosaccharide 

transporter triple 

mutant (tmt) 

reduced glucose transport into 

the vacuole, less expression 

changes in response to 

isoxaben treatment 

tonoplast 

monosaccharide 

transporter 1, 2, 3  

(Wormit et al., 2006, 

Wormit et al., under 

review) 

Table 4.1.4-1: Diagnostic mutants for FTIR analysis. This includes a short description of the 

characteristics of each of the mutants, the mutant gene and references for the listed information. 

As the method developed by (Mouille et al., 2003) is based on identifying plants with similar 

phenotypes, mutants with cell wall known phenotypes are required. These diagnostic 

mutants were selected based on (Mouille et al., 2003), to include cellulose deficient 
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mutants, hemicellulose deficient mutants, and mutants with serious developmental issues 

or mutants that are involved in plant responses to pathogens. The mutants and their 

characteristics are listed in table 3.1.4 -1. Mutants were ordered from NASC, and grown and 

confirmed by other lab members. 

Additional diagnostic mutants were selected after this original set to expand the set, these 

were gin1-1 (a glucose insensitive mutant (Zhou et al., 1998)), pmr5-6 (high uronic acids 

content, slightly altered neutral cell wall sugars (Vogel et al., 2004)), and sid2-1 (a salicylic 

acid synthesis mutant) (Wildermuth et al., 2002).  

4.2 Material and Methods 

4.2.1 Sample Preparation and Data Processing for FTIR Clustering 

For each genotype or treatment four biological replicates were collected. 300-500 mg of 

flash frozen material was ground using a mortar and pestle. The plant material was 

transferred to a 2 mL eppendorf tube with 1 mL of 50 mM Tris-base and 1% SDS adjusted to 

pH 7.2 with 1 M NaOH and incubated at 70 ˚C for at least 30 min. The material was pelleted 

at 12,000 RCF and washed twice with milliQ H20, replaced with 80% ethanol and incubated 

at 65 ˚C overnight. The material was pelleted again, supernatant removed and acetone 

added followed by overnight incubation at 65 ˚C. The acetone was removed after 

centrifugation at 12,000 RCF, the sample was dried overnight at 37 ˚C and then ball milled at 

30 shakes per second for 8 min. The ball-milled material was suspended in 90% DMSO for 24 

h, pelleted (12.000 RCF for 5 min), resuspended in 90% DMSO, and incubated for another 24 

h. The material was pelleted again followed by washes with water, ethanol, and acetone 

(each twice) and dried at 37 ˚C for at least 24 h. 

For each genotype/treatment at least 4 biological replicates with 5 technical repeats per 

replicate were measured. 1 mg of the cell wall material per biological replication was then 

mixed and ground with 50 mg of KBr, and the mix cast into 5 individual 3 mm KBr disks. The 

KBr had been dried at 70 ˚C for two days before use. Spectra were measured from 800 to 

5000 cm-1 with 15 accumulations per measurement for each disk. All spectra were 

measured at 10 kHz, with a 10 kHz lowpass filter and the Fourier transform was carried out 



Lars Kjaer Thesis 2011 

87 

 

using Blackman-Harris 3-term. The disks were measured using a Bruker Vertex 70 

spectrometer (www.bruker.com), atmospheric compensation was carried out on the data 

using OPUS version 5 (www.bruker.com). As such each genotype has a minimum of 20 

spectra, each summed from 15 accumulations.  

The spectra were cropped to the area between 802 cm-1 to 1820 cm-1 and linear regression 

was carried out based on the first ten points in either end, and used as baseline correction. 

The data was normalized to a total area of 1 with any negative values still present set to 0 

for normalization purposes. Because the data intensity of the spectra measured was greater 

than that of (Mouille et al., 2003) every second data point was removed so that the data 

format was the same for treatment in the SAS program. The baseline correction, 

normalization, and removal of data points was carried out using a script for R kindly 

provided by Andreas Ipsen (Imperial College London). The data was then clustered using a 

slightly modified version of the SAS script made by (Robin et al., 2003). Scripts for both SAS 

and R are available in Appendix D (CD). 

When the FTIR assay was carried out by a new researcher, a previous sample (frozen at-80 

°C) was reanalyzed to test for reproducibility. 

4.2.2 Analysis of Data for Clustering 

The quality of FTIR data was evaluated in order to select the best dataset for further 

analysis. This included a number of internal controls in the FTIR clustering.  

When examining clusters, comparison to diagnostic mutants provides an indication of the 

nature of the cell wall phenotype. The diagnostic mutants are in five general groupings. kor, 

prc1-1, bot1, and rsw1-2 are all cellulose deficient (Bichet et al., 2001, Lane et al., 2001, Burk 

et al., 2001, Gillmor et al., 2002), whilst mur3-1, 4-1, 5-1 all have hemicellulose deficiencies 

(Reiter et al., 1997).  det1 has a reduced growth rate as it is permanently stressed from its 

UV-hypersensitivity (Chory et al., 1989, Chory et al., 1991), ein2 is  an ethylene insensitive 

mutant which has developmental phenotypes (Guo and Stotz, 2007), sgt1 is a protein 

degradation deficient mutant with pathogen susceptibility (Austin et al., 2002) and pad4 a 

SA biosynthesis mutant with a susceptibility to pathogens (Burk et al., 2001, Wang et al., 

2010). tmt is deficient in the transport of glucose into the apoplast (Wormit et al., 2006) 
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(see table 4.1.4-1 for further mutant details). None of the diagnostic mutants were treated 

with isoxaben unless otherwise specified.  

For determination of biological reproducibility two insertion lines (sqp2-2 KO19) were 

selected. The samples for internal controls should co-locate with a number of other 

genotypes, so there is a basis for comparison. As such it is not desirable to use known cell 

wall mutants as such phenotypes might cause the control to co-locate with itself, even if 

there is a difference between batches. Insertion lines were used as the internal control the 

target genes are being identified using SALK insertion lines. As such insertion lines across 

multiple genes are a good representation of the screened lines. The biological repeats 

clustered (figure 4.2.2-1) together at a semi-partial-r-squared value of approx. 0.0125. This 

demonstrates a high level of biological reproducibility. A threshold of significance is needed 

which represents the variation present across biological repeats of the same genotype, to 

avoid designating background variability as a significant cell wall phenotype. The threshold 

used by  (Mouille et al., 2003) was 0.025. As this threshold is twice the variance we observe 

the threshold of 0.025 is judged sufficiently stringent and is used for further analysis. 

To control for batch bias of the FTIR data new FTIR data was regularly clustered together 

with old data as a test. The criteria used to define batch bias were the clustering of new 

data on a separate branch from the previous data. This was not the case until Oct. 2009. As 

is illustrated in figure 4.2.2-1, the spectra of irpk1-2, ugt76b1-1 co-located in cluster 1 after 

October 2009, previously they are located separately in cluster 4 and 6 respectively. Group 1 

consists of more than one batch, as an additional one was grown to test if the cause of the 

bias was a temporary factor (medium, infections etc.). The change was traced to a change in 

growth conditions, which was caused by unscheduled maintenance work. Adding data 

which does not have comparable growth conditions can induce a bias in the data 

compression, leading to a clustering based on wavelengths which do not correspond to the 

genotype determined changes in composition (Robin et al., 2003).  
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Figure 4.2.2-1: Hierarchical dendogram of FTIR samples for evaluating batch bias. The figure 

displays a dendogram of the FTIR data collected by January 2010. The time at which the plants were 

grown is indicated by the colour of the boxes. Data collected before March 2009 is indicated by red, 

data collected between March 2009 and October 2009 is indicated by a blue box, and data collected 

after October 2009 is indicated by a grey box. The vertical red line indicates the 0.025 threshold for 

significant difference between clusters. irpk1-2 t0 is marked with * ugt76b1-1 t24 is marked with *. 

4.2.3 Individual Analysis of FTIR Spectra 

The average spectra were annotated using excel. In order to determine the significance of 

differences a measure of the variance at the individual wavelength was needed. The 

variability inherent in the Col-0 samples was illustrated by plotting the 2x standard deviation 

of the Col-0 spectra. This is plotted against the difference between the baseline (the col-0 

average) and the individual insertion line average. As can be seen in figure 4.2.3-1, adr1 l1-1 

is significantly different to Col-0 in the 1150-1000 area of the spectra. This facilitates the 

identification of areas where of the difference between Col-0 and the insertion lines 

exceeds the variation inherent in the experiment. 

 

Figure 4.2.3-1: illustration the difference in FTIR spectra between the insertion line adr1 l1-1 

and Col-0. The black line is normalized average spectra for Col-0 minus the spectra adr1 l1 subject to 

the same conditions. The thin grey line is 2 times the standard deviation of the Col-0 samples. 

Samples were harvested after 6 days of growth. 

4.3 Results  

4.3.1 Analysis of FTIR Spectra by Hierarchical Clustering 
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In order to identify insertions which cause a significant difference in the cell wall 

composition compared to Col-0 before isoxaben treatment, spectra derived from 6 day old 

seedlings were clustered first. This dendogram shows clusters where insertion lines co-

locate with the diagnostic mutants indicating the cell wall composition of the 

uncharacterized insertion lines. The dendogram also shows the similarity of the starting 

points for genes with more than 1 insertion line (figure 4.3.1-1). 

In figure 4.3.1-1 there are two clusters, which contain both diagnostic mutants and 

candidate insertion lines.  Cluster 4 contains kor, det1, and tmt, as well as spectra for 

insertion line from ugt71c3-2, drr1-1, and t20f21 1-1. Cluster 2 contains mur4-1 as well as 

the insertion lines ugt76b1-1, up2-1, and adr1 l1-1. This suggests that the insertion lines 

have phenotypes similar to the diagnostic mutants. 

Of the genes where multiple insertion lines exist for the same gene ipx1-1 and ipx1-2 cluster 

together (cluster 5). ugt71c3-1, ugt71c3-2 (cluster 4 and 9) irpk1-1, irpk1-2 (cluster 5 and 8) 

and pp2c1-1, pp2c1-2 (cluster 5 and 9) cluster separately (figure 4.3.1-1).  

As a control the location of the Col-0 sample was examined. Col-0 (t0) clusters with the 

diagnostic mutant ein2 and bot and prc1 (cluster 1 figure 4.3.1-1). 7 day old Col-0 seedlings 

treated with isoxaben for 24h (t24 isx) clusters separately from all other spectra (cluster 7 

figure 4.3.1-1). 
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Figure 4.3.1-1: Dendogram of hierarchical clustering of FTIR spectra of selected 6 day old 

diagnostic mutants and insertion lines. The clustering was carried out with the Ward clustering 

algorithm. Allelic names follow tables 3.4.2-3, 3.4.2-2 (for selected genes) and table 4.1.4-1 

(diagnostic mutants). All samples are from 6 day old seedlings unless otherwise indicated. The red 

line represents the 0.025 cut-off for significant difference between clusters. All significantly 

segregating clusters are numbered.  

FTIR spectra of isoxaben treated insertion lines were clustered separately. This allows an 

evaluation of if the cell wall phenotypes induced by isoxaben treatment are significantly 

different from those caused by the insertion. Figure 4.3.1-2 shows the dendogram 

generated for the FTIR spectra of 7 day old insertion line seedlings treated with isoxaben for 

24h (t24 isx), and the diagnostic mutants. There are clusters containing both diagnostic 

mutants and insertion lines. Additionally there are a number of genes for which two 

insertion lines cluster together. 
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In figure 4.3.1-2 there are 2 clusters, which contain both diagnostic mutants and candidate 

gene insertion lines. Cluster 5 contains kor, ein2, ugt71c3-2 and spectra of 6 day old Col-0 6 

seedlings. Cluster 3 and 4 are on the same sub-branch of the clustering. Cluster 4 contains 

the diagnostic mutants mur3-1, det1, bot, prc1, and mur4-1. Cluster 3 contains the 

diagnostic mutant tmt as well as the insertion lines up2-1 and ugt76b1-1. Interestingly 

spectra from up2-1 and ugt76b1-1 also cluster with mur4-1 and prc1-1 before isoxaben 

treatment.  

Of the genes for which there is more than one insertion line atserk4-1, atserk4-2 (cluster 6), 

ipx1-1, ipx1-2 (cluster 8), irpk1-1, irpk1-2 (cluster 6), and pp2c1-1, pp2c1-2 (cluster 6) cluster 

together. This demonstrates a consistent phenotype between the insertion lines of the 

same gene. ugt71c3-1 ugt71c3-2 (cluster 5 and 6) sqp2-1 and sqp2-2 (cluster 7 and 8) cluster 

separately, suggesting different phenotypes for the insertion lines. Of these cluster 7 and 8 

are in close proximity, though significantly different, whereas cluster 5 and 6 are very 

different.  

The dendogram in figure 4.3.1-2 also shows the spectra for the biological repeats of sqp2-1 

and KO19 cluster closely together in the upper and lower half of cluster 8, demonstrating 

the biological reproducibility of the method. Col-0 (t24) clusters separately in cluster 1. 



Lars Kjaer Thesis 2011 

94 

 

 

Figure 4.3.1-2: A dendogram of the hierarchical clustering of FTIR spectra for 6 day old 

diagnostic mutants and 7 day old insertion lines after 24h isoxaben treatment. The clustering was 

carried out with the Ward clustering algorithm. The allelic names are according to the tables 3.4.2-2, 

3.4.2-3 (for selected genes) and table 4.1.4-1 (diagnostic mutants). The diagnostic mutants (mur3-1, 4-

1, 5-1, pad4, det1, bot1, prc1, tmt, ein2, and kor) were 6 days old. The red line represents the 0.025 

cut-off for significant difference between clusters. All the clusters that have a higher than threshold 

semi-partial r squared are marked with numbers. Technical repeats of sqp2-2 and ko19 are marked 

with rep#. 

Figure 4.3.1-3 shows the clustering of all FTIR data. This larger cluster shows the relationship 

between the 6 day old untreated and the 7 day old isoxaben treated samples. This allows 

the comparison of the t24 isx spectra with the t0 of the same genotypes. Based on such a 
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comparison resistance to isoxaben can be identified as spectra cluster together. The co-

location of insertion lines and diagnostic lines can also be used to identify changes in cell 

wall composition. Additionally as the clustering is based on more wavelengths when more 

spectra are added the quality of the clustering improves with the increased dataset size. 
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Figure 4.3.1-3: A clustering of FTIR spectra collected for both 6 day old seedling (t0) and 7 day 

old seedlings treated with isoxaben for 24h (t24). The data was clustered with the Ward clustering 

algorithm. Spectra of seedling with/without isoxaben treatment are marked t0 and t24, repeats are 

marked rep#. The allelic names are according to the tables 3.4.2-2, 3.4.2-3 (for selected genes) and 
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table 4.1.4-1 (diagnostic mutants). The red line represents the 0.025 cut-off for significant difference 

between clusters. All the significantly different clusters are marked with numbers. 

Biological repeats of sqp2-2 (t24 isx) and KO19 (t24 isx) cluster together in cluster 5, 

confirming the reproducibility of the assay. Of the genes for which there is more than 1 

insertion line ipx1-1 (t0) ipx1-2 (t0) (cluster 8), ipx1-1 (t24 isx) ipx1-2 (t24) (cluster 5), 

atserk4-1 (t24 isx) atserk4-2 (t24 isx) (cluster 9) cluster together. sqp2-1 (t0) and sqp2-2 (t24 

isx) cluster together in cluster 5. ugt71c3-1 (cluster 7) ugt71c3-2 (cluster 4), pp2c1-1 (t24 isx, 

cluster 9) pp2c1-2 (t24 isx, cluster 10), sqp2-1 (t24 isx cluster 5) sqp2-2 (t24 isx cluster 9) 

cluster separately from each other. The data shows that in several cases the independent 

insertion lines in the same gene result in similar FTIR phenotypes 

For a number of insertion lines the spectra from samples with/without isoxaben treatment 

cluster together. This is the case for irpk1-1 (t0) and irpk1-2 (t24 isx) cluster together in 

cluster 8, and irpk1-2 (t0) and irpk1-1 (t24 isx) in cluster 7. Both of these clusters 

predominately contain spectra from t0 samples (4 out of 5 spectra in cluster 8 and 8/10 in 

cluster 7). The semi partial R squared separation between the two clusters are separated at 

a higher semi-partial R-squared (app. 0.040) than the 0.025 cut-off for significance. sqp2-

1(t0) sqp2-2 (t24 isx) and KO15 (t0/24 isx) are located in cluster 5 in which 14/16 samples 

are isoxaben treated samples. FTIR spectra from up1-1 (t0/24 isx) and KO30 (t0/24 isx) are in 

cluster 9. For this cluster 11 of 13 spectra are for t24 isx seedlings. This could be indicative of 

either isoxaben resistance, or other phenotypes which suppress the isoxaben induced 

phenotype. 

2 clusters contain both diagnostic mutants and insertion lines. Cluster 2 contains spectra 

from the diagnostic mutants tmt, prc1, and mur4-1 as well as spectra from adr1 l1-1 (t0), 

up2-1 (t0/24 isx), and ugt76b1-1 (t0/24 isx) (cluster 8) indicating a significantly altered cell 

wall composition. Cluster 4 contains spectra from the diagnostic mutants rsw1-2, kor, and 

det1 as well as spectra from ugt71c3-2 (t0/24), drr1-1 (t0) and t20f21 1-1 (t0). The candidate 

insertion lines in these clusters are the same as for the t0 and the t24 isx. However which 

diagnostic mutant they cluster with varies depending on the data selection. For the cluster 

with ugt76b1-1 the insertion lines only cluster with one diagnostic mutant at t0 (mur4-1) 
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and one at t24isx (tmt), but both of these as well as prc1 in the combined cluster. For the 

cluster containing ugt71c3-2 the t0 cluster contains kor, det1, and tmt, the t24 isx ein2 and 

kor, whereas the combines contains det1, kor, and rsw1. 

In summary the clustering shows that biological repeats cluster below the threshold of 

difference, and for a number of genes where more than one insertion line exists both 

insertion lines in the same cluster. The co-location of insertion lines for the same gene 

appears to be more common in isoxaben treated samples than untreated samples. The 

insertion lines which cluster with diagnostic enzymes are the same throughout the different 

clustering datasets (figure 4.3.1-1, 4.3.1-2 and 4.3.1-3), though the diagnostic mutant 

present in the cluster vary depending on the dataset.  

Spectra for 6 genes consistently cluster with diagnostic mutants, in two distinct clusters 

adr1 l1-1, up2-1 and ugt76b1-1 and ugt71c3-2, drr1-1, and t20f21 1-1.  These co-locate with 

arabinose and cellulose deficient mutants. IRPK1 insertion lines cluster with t0 spectra for 

both t0 and t24 suggesting resistance to isoxaben. Spectra for the insertion lines for four 

genes UP1-1, SQP2, KO30, and KO15, cluster with t24 spectra at t0 and t24, indicating a 

resistance to isoxaben or a statistically more important initial change in cell wall 

composition than that which is induced by isoxaben treatment.  

An independent clustering has been carried out to test the reproducibility of the results (see 

figure 4.3.1-4). This independent repeat was intended to comprise of the entire clustering, 

with 7 day old mock treated seedlings added to tell the difference between constant and 

developmental differences. Additional diagnostic mutants were selected to provide better 

insights into the cell wall phenotypes, and where available sister WTs were included as a 

control for background insertions. As further changes in growth conditions occurred after 

this data collection was initiated, generation of additional data was stopped and the 

available data analysed.  

The clustering shows a different overall pattern to primary clustering, displaying the clearest 

distinction between isoxaben treated samples in clusters 1-4 and the untreated samples in 

cluster 5-8. Cluster 7 seems to be an unusual  cluster containing kor (a cellulose deficient 
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line (Lane et al., 2001)), mur2-1 (has almost no fucusylated xyloglucan (Vanzin et al., 2002)), 

a Col-0 sample and a sister WT for KO6. However we do not know how the cell wall mutants 

react to isoxaben. 

While the limited number of insertion lines restricts the analysis, the result for up2-1 is of 

interest. up2-1 (t0) clusters with mur5-1 (7 day mock). up2-1 (t24) clusters with mur3-1 in 

cluster 6 and in close proximity to mur4-1 in cluster 5. mur4-1 and mur5-1 are both 

arabinose deficient (30-50% reduction in aerial tissues respectively) (Reiter et al., 1997). 

mur3-1 has a fucose deficiency, but clustered in close proximity to mur4-1 in the work of 

(Mouille et al., 2003), indicating that the FTIR spectra resultant from these two mutants are 

similar. up2-1 also clusters with mur4-1 in the original clustering for t0 and t24 isx in figure 

4.3.2-3. Additionally prc1 (a cellulose deficient mutant) cluster 5 with up2-1 (t24) in both 

4.3.2-4 cluster 6 and 4.3.2-3 cluster 2. The clustering pattern is not identical, but follows the 

same trends, as could be expected due to a different sample selection. 
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Figure 4.3.2-4: Dendogram generated from hierarchical clustering of FTIR data independently 

collected after October 2009. The seedling cultures were either harvested after 6 days (t 0) after 7 

days treated with DMSO for 24h (t 24 mock) or 7 day old seedling treated with isoxaben for 24h (t 

24). The allelic names are as in to the tables 3.4.2-2, 3.4.2-3 (for selected genes) and table 4.1.4-1 

(diagnostic mutants). The red line represents the 0.025 cut-off for significant difference between 

clusters. All the significantly different clusters are marked with numbers. 
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4.3.2 Individual Annotation of FTIR spectra 

To identify phenotypes that may have been missed by the statistical analysis the FTIR 

spectra were also manually analysed. Average absorbance intensities of the collected FTIR 

spectra for the same genotype were compared to the Col-0 control, using the method 

described in the material and methods section. This manual annotation was focused on the 

t0 spectra because comparing isoxaben treated samples is dependent on the starting 

baseline of the genotype, involving multiple layers of variability, which makes estimating 

significance difficult.  Most of the insertion lines, which clustered with the diagnostic 

mutants had above threshold changes, indicating that manual annotation was a valid 

method. The individual spectra for the insertion lines are illustrated in the sections covering 

the different genes in chapter 5 and 6. Generally the FITR spectra, which have above 

threshold changes fit into two major groups. The first group contains ugt71c3-2, ugt76b1-1, 

adr1 l1-1, drr1-1, t20f21 1-1, up1-1, sqp2-1 which shows significantly higher than Col-0 FTIR 

spectra in the 1100-1000 cm-1 which suggest increased cellulose/hemicellulose content 

(example figure 4.1.1-1). All the insertion lines which show this change also clusters with 

diagnostic mutants, or co-locate at t0 and t24. 

The second group consists of ugt71c3-1, ipx1-1, ipx1-2, irpk1-1, irpk1-2, KO6, KO11, KO10, 

and KO27 show a significant change compared to the Col-0 control in the 1350-1200 cm-1 

area of the spectra. This is an area of very low variance in the Col-0 samples. This is of 

interest because pectin and cellulose have a low absorption in this part of the spectra. 

However, several types of lignin and hemicelluloses have a larger proportion of their 

absorbance in this area.  As group 1 contains nearly all of the insertion lines, which cluster 

differently, it might be suspected that the clustering method is biased towards 

cellulose/hemicellulose phenotypes (caused by overrepresentation of isoxaben treatment, 

and cellulose deficient mutants). Normalization of spectra means that increases in 1 part of 

the spectra lead to corresponding decreases across the rest of the spectra. As the changes in 

1350-1200 cm-1 area are quite small such effects should be considered. ipx1-1 and ipx1-2 

were used as illustrations of the phenotype and can be seen in figure 4.3.3-1. This was in 

part done because ipx1-1 shows the least change in the rest of the spectra of any 

significantly different insertion lines. 
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Changes in the 1488-1350 cm-1 were not considered as the very variable peaks in the 1380 

and 1461 cm-1 may distort the absorbance in the surrounding area.  

 

Figure 4.3.3-1: Illustration of difference in FTIR spectra for 6 day old seedlings between ipx1-1, 

ipx1-2 and Col-0. Each line represents the normalized average spectra of Col-0 minus the insertion 

line spectra treated in the same way. The black line is ipx1-1 and the dark grey ipx1-2. The thin light 

grey lines are 2 times the standard deviation of the Col-0 samples.  

4.4 Discussion  

4.4.1 Selection of Candidate Genes for Targeted Phenotypic Analysis 

The following three selection criteria were used to identify genes for further phenotypic 

characterization. 

1) Similarity of FTIR profiles of candidate gene KOs compared to diagnostic mutants. 

The threshold of significance was set to a semi-partial R-squared of 0.025.  

2) Resistance of candidate gene KOs to isoxaben treatment based on clustering results. 

This includes lines that where with t0 spectra cluster with t24 isx from other 

insertion lines. Another group is those where t24 isx samples cluster with t0 samples 

from other insertion lines. This suggests either a change to the cell wall composition 

from the outset, or a reduced reaction to isoxaben, both scenarios being of scientific 

interest.  
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3) Candidates which have above threshold differences from the Col-0 in the 1350-1200 

cm-1 area of the spectrum 

Among the candidates whose spectra cluster with the diagnostic mutant, the same 6 

insertion lines consistently appear in the different clustering of the data. However, which 

calibration mutants cluster with the insertion lines varies dependent on the data selection. 

In the dendogram of t0 spectra ugt71c3-2 co-locates with kor, det, and tmt, whereas in the 

t24 isx spectra it co-locates with kor, ein2 and the Col-0 t0 spectra, and in the large cluster it 

co-locates with rsw1-2, kor, and det1.  Here it should be noted that kor, a cellulose deficient 

mutant (Lane et al., 2001), is in the selection regardless of which dataset is chosen. The 

other included mutants are rsw1-2, another cellulose deficient mutant (Somerville et al., 

2002). The non-cellulose deficient mutants, which cluster with ugt71c3-2 include det1 and 

ein2. det1 is known to have severely retarded seedling growth as it cannot respond to UV 

radiation (Chory et al., 1991), and ein2 is ethylene insensitive and has a developmental 

impairment (Alonso et al., 1999, Cocuron et al., 2007). As such both of these mutants have 

different growth rates, which in 6 or 7 day old seedlings may cause extensive differences in 

the cell wall composition. tmt does not have a known cell wall phenotype, but has 

substantial inhibition of sugar transport into the vacuole (Wormit et al., 2006), and may 

therefore also have developmental phenotypes. The presence of multiple cellulose deficient 

mutants suggests that the detected change is related to cellulose content. However as the 

cluster does not contain all the cellulose deficient mutants, and there are multiple 

developmental mutants the detected change may be part of the response to lack of 

cellulose, and not the cellulose deficiency itself. For t0 and the t0/t24 isx spectra the cluster 

also includes drr1-1 and t20f21 1-1. There were no t24 spectra for drr1-1 and t20f21 1-1 so 

their lack of co-location is not an indication of the phenotype changes upon isoxaben 

treatment. 

The second cluster contains up2-1 (t0/24), ugt76b1-1 (t0/24) and adr1 l1-1 (t0) (figure 4.3.2-

3). The cluster also contains mur4-1 at t0, tmt at t24 and mur4-1, prc1 and tmt in the global 

clustering. In the t24 isx clustering clusters 3 (which contains mur3-1, det1, bot, prc1, and 

mur4-1) and 4 (which contains up2-1 and ugt76b1-1) are in close proximity. This 
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demonstrates that though it is not significantly similar to prc1 and mur4-1 it still correlates 

with the insertion lines. mur4-1, has a low arabinose phenotype in aerial tissue (Reiter et al., 

1997), and prc1 has a decreased cellulose content (Desnos et al., 1996). As mur4-1 clusters 

with the insertion lines most consistently it seems probable that the phenotype is related to 

a deficiency in xyloglucan arabinose. However, as a cellulose deficient mutant and a possibly 

developmentally impaired mutant also co-locate to the cluster, the effect, which we observe 

may be related to the deposition of other components in response to lack of arabinose, not 

the actual arabinose deficiency. This would fit with the phenotype seen in (Mouille et al., 

2003) where spectra for mur2-1, a fucose deficient mutant, cluster with mur4-1 an 

arabinose deficient mutant.  

For criteria 2 and 3 representative insertion lines were selected for phenotypic 

characterization. For the isoxaben unresponsive genes, the candidates were IRPK1, UP1, 

SQP2, KO15 and KO30, of which only IRPK1, SQP2 and UP1 were selected for phenotypic 

characterization. IRPK1 and SQP2 were selected because 2 insertion lines were available for 

characterization. UP1 was selected for further work over KO30 and KO15 because the t0 and 

t24 samples for up1-1 have lower a semi-partial R. KO15 and KO30 are promising 

candidates, but the interpretation of clustering results should be further analysed. 

Interestingly SQP2 and KO15 cluster separately from other insertion lines in the t0 cluster 

(figure 4.3.1-1), indicating that the separation is significant prior to treatment. 

The third group consists of spectra which are significantly different from the Col-0 control in 

the 1350-1200 cm-1 area of the spectrum. In this group there a several insertion lines, with 

two genes, IRPK1 and IPX1, being represented by two independent insertion lines. IRPK1 has 

already been selected based on its isoxaben resistance. The insertion lines for IPX1 are less 

different from Col-0 than IRPK1-1 in the rest of the spectrum (figure 4.3.3-1, figure 6.4.2.1-

3). Because the variability in this part of the spectra is small the significant changes are not 

very large. As such this selection criteria is more susceptible to normalization bias from 

changes in other part of the FTIR spectra. By selecting candidates, which have some level of 

variability in other part of the spectra as well as those that are very similar to Col-0 it can be 

tested if this bias is detrimental to the selection criteria. ipx1-1 and ipx1-2 are very good 
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candidates for this method as they are very similar to Col-0. Additionally irpk1-1 and irpk1-2 

fulfil the criteria, but contain substantial variation in the rest of the spectra, and should 

therefore function as a test of robustness for the selection criteria.  

Selected genes are listed in table 4.4.1-1 

Gene 

Name 

Insertion 

lines 

Putative Gene 

function 

Basis For Selection, criteria #) 

UGT71C3 2 UDP-glycosyl 

transferase 

1) ugt71c3-2 co-locates with  with the cell rsw1-2, 

kor1, and det1.  

T20F21 1* contains a heavy 

metal binding 

domain 

1) t20f21 1-1 co-locates with  with the cell rsw1-2, 

kor1, and det1. 

DRR1 1* dirigent-like protein, 

disease response 

1) drr1-1 co-locates with  with the cell rsw1-2, kor1, 

and det1. 

UP2 1 no predicted funtion 1) up2-1 co-locates with prc1 and mur4-1. 

UGT76B1 1 UDP-glycosyl 

transferase 

1) ugt76b1-1 co-locates with prc1 and mur4-1 

ADR1 L1 1 Disease response 1) adr1 l1-1 co-locates with prc1 and mur4-1 

SQP2 2 squalene 

monoxygenases 

2) 0h and 24h samples cluster together 

UP1 1 no predicted funtion 2) Spectra from untreated sample co-locate with 

isoxaben treated insertion lines 

IRPK1 2 LRR Kinase 2 and 3) The spectra for isoxaben treated samples co-

locate with the t0 spectra, and both insertion lines 

have above threshold changes from the Col-0 control 

in the 1350-1200 cm
-1

 area of the spectra 

IPX1 2 Peroxidase 3) The spectra for both insertion lines have above 

threshold changes from the Col-0 control in the 1350-

1200 cm
-1

 area, but no other major variation from the 

norm.  

Table 4.4.1-1: The candidate genes for further study selected from FTIR spectra. *indicates that 

while only 1 insertion line was in the original screening, a second line has been isolated subsequently. 

4.4.2 Discussion of Strategy 

The evaluation of the data shows that FTIR clustering is highly sensitive, changing the 

clustering patterns with changes in experimental conditions. The location of the major 

clusters in the analysis with the biased data (figure 4.2.2-1) does not match the cluster 

without them in figure 4.3.1-3. However, upon closer examination, the mutants and 

insertion lines which cluster together in cluster 4 and 2 (figure 4.3.1-3) have similar 

clustering patterns in figure 4.2.1-1 groups 9, 8 and 7. This suggests that while the larger 

branches may change according to the data selection, the co-location of individual samples 

remains largely the same. However, several mutants with known cell wall phenotypes from 

the new data are located far away from the original sample (prc1, kor have a semi-partial R-
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squared of app 0.20). This could indicate that the cell wall phenotypes we are observing 

with FTIR are not dramatic, and thus easily less significant than changes caused by 

environmental variations.  

Clustering of the data identified several mutants with an FTIR phenotype. Some clustered 

with calibration mutants, while others appear to have an altered reaction pattern to 

isoxaben. Changing the selection of data clustered (e.g. t0, t24, all samples) did change the 

clustering location. However, as a number of the examined spectra cluster together in both 

the t0 and t24 sets, it is overall robust. Additionally, the reproducibility of the method has 

been confirmed using up2-1 in an independent experiment.  

Some of the results may suggest weaknesses in the assay. Firstly, the number of samples 

with changed FTIR phenotypes is a large proportion of the total (15/30 i.e. 47% of which 13 

are carried on for further study). This suggests that the threshold for significant difference in 

FTIR is set too low, detecting significance caused by natural variation; however this seems 

unlikely as spectra from biological repeats show close co-location. Alternatively, the 

selection based on microarray data was successful, selecting predominantly genes involved 

in processes, which affect cell wall composition and structure.  

The location of the Col-0 samples also warrants further discussion as they cluster either 

separately from all of the other lines, or as in the case for the 0 h samples with sgt2 (Austin 

et al., 2002), ein2 (Guo and Stotz, 2007, Alonso et al., 1999), or cellulose deficient mutants 

prc1-1 and bot1 (Desnos et al., 1996, Bichet et al., 2001). This suggests that there is a 

substantial phenotype, however with no quantitative assay, and the lack of consistency in 

the identified phenotype of the characterized cell wall mutants means that the nature of 

change cannot be identified. There are however alternate explanations, the internal control 

for batch bias is based on comparing the new data with existing data. Because the Col-0 

spectra were the first collected there was no other data to compare with. Additionally, the 

detection of batch bias is based on the analysis of a large number of samples with the same 

FTIR phenotype, as Col-0 samples were measured alone there were only two samples in the 

batch. As such they are unlikely to affect the clustering of the remaining samples.  
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It is also possible that Col-0 which has not been subject to transformation has a different 

growth rate than the insertion lines. This is supported by the independent repeat, where the 

6 day old Col-0 and the 7 day old mock treated Col-0 clusters with the 7 day old sister WT 

controls (figure 4.3.2-4). This data suggests that the co-location of the Col-0 spectra with 

those for cellulose deficient mutants in the original set is aberrant. Ideally the unexpected 

location of the Col-0 samples should be tested by repeating the Col-0 samples. 

Unfortunately, this is not possible as the growth conditions cannot be replicated sufficiently 

stringently. This does not affect the conclusions of the clustering analysis. With exception of 

the t24 samples Col-0 does not cluster with any of the insertion lines, and never with one 

subjected to the same treatment. Should the change to the spectra be substantial it could 

influence the manual selection of candidates. However, no universal trend was noted in the 

manual annotation. 

Overall the FTIR clustering was successful in identifying candidate gene KOs exhibiting FTIR 

cell wall phenotypes. The environmental sensitivity of the method is high. During the course 

of these experiments the method detected small changes in ventilation and temperature in 

the growth chamber. If applied in a systematic manner this might be used to characterize 

the environmental plasticity of the plant cell wall. All phenotypes will be subject to 

confirmation by quantitative chemical analysis, lignin staining, and saccharification assay. 

The success of the FTIR work should be evaluated based on the results of this analysis.  

Since the development of the FTIR clustering method, the work of (Smith-Moritz et al., 

2011) has shown that a similar method can be used to better effect for the NIR spectra 

(4000-12000 cm-1) than the method developed by (Mouille et al., 2003). Using the FT-NIR 

spectra the changes in the absorbance could, with the correct analysis, be used to predict 

part of the compositional structure of the cell wall. Unfortunately, this method was 

developed after this project was initiated.  

The FTIR clustering works as a successful mutant screening method. It should preferably be 

carried out in large batches grown simultaneously. Such an experiment has been planned 

and seed-stocks have been grown simultaneously to increase the likelihood of a similar 

germination and growth rate in the final experiment. During the course of this PhD, in-house 
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FTIR methodology has been optimised extensively and thus a repeat experiment (including 

the additional controls required) would take approx. 6 months. However, should such a 

venture be undertaken it may be reasonable to move on to newer technologies, such as FT-

NIR or antibody chips (Smith-Moritz et al., 2011, Pattathil et al., 2010). The independent 

repeat carried out in figure 4.3.2-4 illustrates that there is a substantial difference between 

7 day old mock treated samples, and 6 day old untreated samples. Therefore a 7 day mock 

treatment appears to be a more appropriate control. FTIR as a method does not 

characterise the cell wall phenotype; therefore, it seems a better use of resources to 

confirm interesting phenotypes with a second method, rather than repeating the 

experiment in whole. Using selection criteria 2 and 3 identified more potential candidates 

than those that were selected for detailed phenotypic analysis. If the selected insertion lines 

result in significant cell wall phenotypes, following up these additional candidates would be 

pertinent. 
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5 Phenotypic Analysis of Candidate Genes  

5.1 Chapter Structure 

This chapter focuses on the phenotypic characterization of insertion lines in the candidate 

genes selected in chapter 4. Insertion lines for which there was not a significant or 

consistent phenotype are described in chapter 6. Methods are described in chapter 2. 

5.2 UGT71C3 and UGT76B1 

5.2.1 Introduction  

UGT71C3 and UGT76B1 are uridine diphosphate (UDP)-glycosyl transferases (UGTs). This 

class of proteins catalyses the transglycosylation of sugar nucleotides to a variety of 

acceptors (aglycones). In this superfamily the reaction modifies hormones, secondary 

metabolites and xenobiotics, affecting their activity, solubility, and transport (Ross et al., 

2001). The candidate genes are part of a superfamily of more than 100 genes, defined by 

conserved PSPG box (Hughes and Hughes, 1994), which share this domain (Ross et al., 

2001). The superfamily has been divided into 14 subgroups (A-N) (figure 5.2.1-1) (Ross et al., 

2001). The protein family is more stringently conserved towards the C-terminal end, where 

the consensus region is located. The protein family has to bind two substrates, the UDP-

glycosyl, and the target of the glycosylation. The conserved C-terminal part of the protein 

binds the UDP-glycosyl, which is the same across the family. Likewise the unconserved N-

terminal presumably binds the specific substrate, and has therefore evolved to different 

substrate specific structures (Ross et al., 2001, Lim and Bowles, 2004). While many of the 

UGTs in mammals are membrane associated, there are no indications of the existence of 

membrane binding domains or anchors in the plant class (Lim and Bowles, 2004). The 

predicted location of the conserved domains has been illustrated in figure 5.2.1-2. 
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Figure 5.2.1-1: Phylogenetic analysis of the Arabidopsis UGT superfamily. Bootstrap values over 

60% are indicated above the nodes (black text), with the number on the left indicating neighbour-

* 

* 
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joining and that on the right indicating maximum parsimony. Bootstrap values under 60% are not 

displayed. Hypothetical intron gains and losses are indicated by diamonds with the intron number (I) 

shown. Postulated intron gains are indicated by filled diamonds, intron losses by unfilled diamonds 

and a questionable intron loss by a striped diamond. The two genes studied in this project are marked 

with a black *. The figure is modified from (Ross et al., 2001) 

Figure 5.2.1-2: Map of the proteins UGT71C3 and UGT76B1. The domain locations were 

identified using uniprot (www.uniprot.org), and the location of the PSPG domain (light blue) was 

identified using clustalW with the sequence from Hughes and Hughes, (1994).  UPDGT is a UDP-

glucuronosyl and UDP-glycosyl transferase domain (purple), as multiple predictions of the size of this 

domain are available the largest was used (UGT76B1 EBI, UGT71C3 Pfam). The plant secondary 

product glycosyltransferase (PSPG) box domain is a conserved nucleotide-binding domain (Hughes 

and Hughes, 1994). As insertions may result in truncated proteins, the amino acid (AA) at which the 

protein would be truncated is marked with arrows. The ugt71c3-1 insertion would result in truncation 

in AA 4 of the PSPG box (AA 447). ugt71c3-2 could result in a truncation after AA 237, ugt71c3-1 

could result in a truncation after 351. Ugt76b1-1 would result in a truncation after AA 447. The 

nucleotide locations are in the results section  

The structure of glycosyltransferases has been predicted using the three dimensional 

structures determined for a GtfA protein from Amycolatopsis orientalis (Lim and Bowles, 

2004). This protein does not share the consensus sequence, but the predicted secondary 

structure of this protein is similar to that confirmed for GtfA. As a major conserved feature 

(PSPG box) is not present in the model, the protein structure is limited to the domains in 

figure 5.2.1-1. 

The characterization of substrate specificity for UGTs has proven to translate poorly across 

genera (Gachon et al., 2005). Classical in vitro assays have demonstrated that UGTs have 

poor substrate specificity in vitro. As such these assays provide an indication to what general 
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structure the target substrate has, providing guidelines for more specific in vivo assays. This 

has been successful in several cases as described later. 

From the phylogenetic tree (figure 5.2.1-2) it can be seen that the two UGT genes, whose 

expression is up-regulated in response to isoxaben treatment are not closely related (Ross 

et al., 2001).  

Because there are many members of the UDP-glycosyl transferases family, the introduction 

has focused on the closest characterized family members (according to figure 5.2.1-2). 

UGT71C3 shows 66.2% AA sequence identity with UGT71C1, a well-characterized member 

of the protein family. KO insertion lines of UGT71C1 have previously been shown to have 

increased oxidative stress tolerance (methyl viologen induced), reduced flavonoid 

abundance, and increased ROS scavenging in KOs and increased caffeoyl-3-O-glucoside 

concentration in vitro, an important part of the phenylpropanoid pathway, in over-

expressors (Lim et al., 2008, Lim et al., 2002). This has been corroborated by in vitro assays 

with heterologously expressed enzymes. This confirms that UGT71C1 as an important part 

of the metabolic process for lignin biosynthesis and the flavonoid synthesis. 

A large scale in vitro screening of the activity of the protein family using the 

hydroxycoumarins, esculetin (to esculin and cichoriin) and scopoletin (to scopolin) as model 

substrate was carried out by (Lim et al., 2003a) to illustrate the substrate specificity of the 

protein family. These substrates were chosen because they are simple substrates for UGTs, 

and can therefore be used to indicate some of the general features of the target substrate. 

This resulted in activity for 48 of 90 screened products. As such this can provide indications 

of which families are active on which substrates. UGT71C3 showed quite low activity for all 

three substrates, suggesting that this is not the enzymes in vivo target, but that the 

intended target shares some features with the esculetin and scopoletin (Lim et al., 2003a).  

UGT76B1 was not screened in the assay by (Lim et al., 2003a) as the protein was not 

successfully expressed. However as the entire sub-branch (76C, B, F figure 5.2.1-1) showed 

no activity it seems probable that a heterologously expressed UGT76B1 would not be active 

on these substrates (Lim et al., 2003b). Heterologously expressed UGT76C1 and UGT76C2 
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was shown to glycosylate cytokinins. However, this does not seem a likely function for 

UGT76B1, as the other members of the UGT76C subfamily do not have the same activity 

(Hou et al., 2004). It could, however, indicate the general structure a potential substrate. 

Though it is not a close relative of UGT76B1, a good example of an in planta UGT function on 

the same major branch of the phylogenetic tree is UGT74E2. This UGT has been shown to be 

involved in auxin signalling. The enzyme catalyses the conversion of indole-3 butyric acid 

(IBA) into indole-3 butyric acid glucose (IBA-glc) (Tognetti et al., 2010). This appears to be an 

activated form of auxin and over expression of UGT74E2 gives rise to increased branching, 

and resistance to stress. PEG induced osmotic stress and ROS stress result in increased 

expression of UGT74E2 (Tognetti et al., 2010). 

5.2.2 Results 

The insertion locations of ugt71c3-1 (nucleotide 711), ugt71c3-2 (nucleotide 564), and 

ugt76b1-1 (nucleotide 1271) have been confirmed by sequencing; should the insertions 

result in truncated proteins they would be truncated at the locations indicated in figure 

5.2.1-2.  All the insertion lines appear to be expression KOs (see appendix C p. 267). 

However, as the primers used are downstream of the insertion site (appendix D) the current 

data does not permit to exclude the possibility that RNA is generated upstream relative to 

the insertion site. 

5.2.2.1 Bioinformatics and FTIR 

UGT71C3 

Phylogenetic comparison of a protein across genera can provide valuable information 

relating to conservation of protein function. Therefore candidate protein sequences were 

compared to relatives across genera. Comparisons of UGTs with the proteins in other 

genera show that the relatives of UGT71C3 in A. thaliana have a higher AA sequence 

identity (63-68%) than that of closest relatives in other genera (36-50%) (table 5.2.2.1-1). 

The closest relative among monocots (EAZ04353 O sativa) has 36% AA sequence identity 

with UGT71C3. This is substantially less than the dicot relatives (lowest is 47 % AA identity 

(table 5.2.2.1-1).  



Lars Kjaer Thesis 2011 

114 

 

Protein ID / AT 

number 

Genus AA 

number 

Annotated function  Identity 

% 

UGT71C3  476    

AT2G29740 A. thaliana 474 UDP-glycosyl transferase 71C2 68 

AT2G29750 A. thaliana 479 UDP-glycosyl transferase 71C1 66 

AT1G07250 A. thaliana 479 UDP-glycosyl transferase 71C4 63 

CAN76057 V. vinifera 478 hypothetical protein 50 

XP_002525629 R. communis 475 UDP-glycosyltransferases, putative 50 

XP_002279475 V. vinifera 478 hypothetical protein 49 

XP_00231411 P. trichocarpa 471 predicted protein 49 

XP_002279444 

XP_002525628 

EAZ04353 

V. vinifera 

 R. communis 

O. sativa 

489 

478 

481 

hypothetical protein 

UDP-glucosyltransferase, putative 

hypothetical protein 

47 

47 

36 

Table 5.2.2.1-1: Homology analysis across genera for the candidate genes UGT71C3. AA number 

is the protein size in amino acids, the identity column shows % protein sequence identity for the 

complete protein to the candidate protein. The table was generated as described in materials and 

methods. 

Public expression profile data were examined to determine in which tissue types the gene is 

expressed in and what stresses it responds to. Microarray derived expression data for 

UGT71C3 show high expression in the root and hypocotyls (figure 5.2.2.1-1 A). The root 

expression appears to be focused around the stele, the cortex and the endodermis at all 

growth stages. The response to environmental stress varies over time (see appendix D (CD)), 

however both osmotic stress and drought stress result in fast (3h) up regulation, whereas 

salt stress, oxidative stress and heat stress result in fast (0.5-6h) down regulation (figure 

5.2.2.1-1 B). Interestingly heat stress result in a decrease in expression after 24h whereas 

cold stress results in an increase. Methyl jasmonate and ACC (an ethylene precursor) give 

rise to higher expression. While a broad range of pathogens P. syringae (DC3000), P. 

infestance, B. cinerea, and E. orontii apparently give rise to increases in gene expression, 

pathogen elicitors like flg22 cause an apparent reduction in expression (figure 5.2.2.1-1 B).  



Lars Kjaer Thesis 2011 

115 

 

A  

B  
Figure 5.2.2.1-1: Illustrates stress and developmental expression data for UGT71C3. A) Tissue 

types that show high expression compared to the median value, for the adult plant development, and 

differences between aerial and root in MS grown seedlings. B) Relative expression of UGT71C3, for a 

representative selection of chemical, environmental and pathogen treatments which show greater than 

1 log2 change in expression compared to appropriate control. For full information see Appendix D 

(CD). 

Comparison of the FTIR spectra individually was carried out to gain a preliminary insight 

into the cell wall composition in the mutant seedling. Figure 5.2.2.1-2, and figure 5.2.2.1-3 

show FTIR spectra of 6 day old and 7 day old seedlings treated with isoxaben for 24h. As can 

be seen in figure 5.2.2.1-2 A there are differences between the Col-0 control and the KO lines 

across the spectra, with the two insertion lines following different trends. The differences 

between spectra have been illustrated separately in figure 5.2.2.1-3 A along with 2x the 

standard deviation of the Col-0 six day old seedlings. Using 2x the standard deviation as a 
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threshold for significance, it can be seen that ugt71c3-2 differs from Col-0 in sharp peaks at 

1161 and 1029 cm
-1

 whereas ugt71c3-1 differs from the Col-0 control in at 1431 cm
-1

, 

between the two sharp, but very variable peaks at 1461 cm
-1

 and 1377 cm
-1

, and in the 1350-

1200 cm
-1 

range, where there is relatively little difference between lines, but also very low 

general variability (figure 5.2.2.1-3 A). In the 7 day old seedlings treated with isoxaben for 

24h the two insertion lines have spectra which are far more similar, while both differ 

substantially from the Col-0 control (figure 5.2.2.1-2 B and figure 5.2.2.1-3 B). The two 

insertion spectra are different from Col-0, but not the same across the 1800-1500 cm
-1 

area, 

with exception of the area around 1755 and 1600 cm
-1 

where the two insertion lines have the 

same absorbance.  They show a lower absorbance than Col-0 at 1188 cm
-1

,
 
a low point in the 

spectra, and 1000-880 cm
-1

 (the down slope of the main cellulose/hemicellulose peak), but 

higher than Col-0 absorbance at 1120-1000 cm
-1 

(the main cellulose/hemicellulose peak) 

(figure 5.2.2.1-3 B). 

A  

B  

Figure 5.2.2.1-2: Average FTIR spectra for the KO lines ugt71c3-1, ugt71c3-2 and Col-0. Figure 

A contains spectra from 6 day old seedlings. Figure B contains spectra for 7 day old seedlings treated 

with isoxaben for 24h. Solid black lines denote Col-0, solid grey lines ugt71c3-1 and dashed grey 

lines ugt71c3-2. All spectra are normalized to sum 1. 
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A  

B  

Figure 5.2.2.1-3: illustrates the differences in FTIR spectra between Col-0, ugt71c3-1 and 

ugt71c3-2 before and after isoxaben treatment. Each line represents the results of the normalized, 

average FTIR spectra for Col-0 seedlings minus the spectra from mutant seedlings. A) 6 days old 

seedlings, before isoxaben treatment: Solid black line ugt71c3-1, dotted black line ugt71c3-2. B) 7 

days old seedlings treated with isoxaben for 24h: solid grey line ugt71c3-1, dotted grey line ugt71c3-

2. The thin grey lines represent 2x the standard deviation of the 6 days old Col-0 sample. 

  

-0.003 

-0.002 

-0.001 

0 

0.001 

0.002 

0.003 

800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 

d
if

fe
re

n
ce

 in
 v

al
u

e
s 

n
o

rm
al

iz
e

d
 t

o
 s

u
m

 1
 

Wavelength cm^-1 

-0.003 

-0.002 

-0.001 

-1E-17 

0.001 

0.002 

0.003 

800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 

d
if

fe
re

n
ce

 in
 v

al
u

e
s 

n
o

rm
al

iz
e

d
 t

o
 s

u
m

 1
 

Wavelength cm^-1 



Lars Kjaer Thesis 2011 

118 

 

UGT76B1 

A first step towards translating knowledge from model organisms to crops is the 

identification of homologs. UGT76B1 shows greater AA sequence identity to genes in V. 

viniferea (51-55% AA identity 3 proteins), P. trichocarpa (53% AA identity), R. cummunis 

(52% AA identity) than to the closest relatives in A. thaliana (48-51%) (table 5.2.2.1-2). The 

closest relative among monocots (EEC76441 O. sativa) shows 41 % AA sequence identity. All 

the genes have been predicted to encode for UDP-glucuronosyltransferase.  

Protein ID / AT 

number 

Genus AA 

number 

Annotated function  Identity 

% 

UGT76B1  447   

XP_002281324 V. vinifera 462 hypothetical protein 55 

XP_002276843 V. vinifera 478 hypothetical protein 54 

XP_002334160 P.  trichocarpa 466 predicted protein 53 

XP_002530398 R. communis 457 UDP-glucuronosyltransferase , putative 52 

XP_002276871 V. vinifera 465 hypothetical protein 51 

AT5G05870 A. thaliana 450 UDP-glycosyl transferase 76C1 51 

AT5G05860 A. thaliana 450 UDP-glycosyl transferase 76C2 51 

BAF49315 

AT5G05880 

EEC76441 

L. erinus  

A. thaliana 

O. sativa 

464 

451 

470 

putative glycosyltransferase  

UDP-glycosyl transferase UDP- 

hypothetical protein 

48 

48 

41 

Table 5.2.2.1-2: Homology analysis across genera for the candidate genes UGT76B1. AA number 

is the protein size in amino acids, the identity column shows % protein sequence identity for the 

complete protein to the candidate protein. The table was generated as described in materials and 

methods. 
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A  

B  

Figure 5.2.2.1-4: Illustrates relevant stress and developmental expression data for UGT76B1. A) 

Tissue types that show large changes compared to the median value for adult plants, and differences 

between aerial and root tissues in seedlings grown on MS agar grown. As UGT76B1 shows high 

microarray intensity in the same pattern across all the root tissues one example of the development 

over developmental stages (Root Cortex + Endodermis) has been included. The remaining tissue types 

have been included as averages across the differentiation stages. B) Relative expression of UGT76B1 

for a representative selection of chemical, environmental and pathogen treatments. Osmotic stress also 

causes above log2 changes in relative expression, but was omitted as it changes dramatically between 

time points. For full information see appendix D (CD) 

Examining the publically available expression profiling data can give valuable indications of 

the tissue specific expression and the expression responses to stress. UGT76B1 is highly 

expressed in stages 12 and 15 of flowering, and in the root, across tissue types (figure 

5.2.2.1-4 A). The expression in root rises from stage 1 through stage 3 across tissue types. 

Exposure to cold, salt and heat stress causes reduces expression (up to 6h) (figure 5.2.2.1-4 
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B). A similar pattern can be seen for drought and wounding which also shows high 

expression at later time points (12h) (figure 5.2.2.1-4 B). UGT76B1 also displays high 

expression in response to a broad range of pathogen and elicitor treatments (P. syringae, P. 

infestans, B. cinerea etc.) (figure 5.2.2.1-4 B). 

Analysis of individual FTIR spectra provides indications of cell wall composition. The FTIR 

data for ugt76b1-1 in figure 5.2.2.2-5 shows that there is a higher absorbance in the 1200-

900 cm-1 range in the insertion line than Col-0. Correspondingly there is a lower absorbance 

in the 1800-1500 cm-1 range. In figure 5.2.2.2-6 it is illustrated that these differences are 

approx at the 2x the st-dev of Col-0 threshold. This illustrates that the insertion line is 

substantially different from the Col-0, but rarely beyond the level of significance. There is a 

slightly higher than variance difference between the insertion line and Col-0 at 1546 cm-1 

and 1114 cm-1. 

A  

B  
Figure 5.2.2.1-5: Average FTIR spectra for the KO lines ugt76b1 and Col-0. A) Spectra from 6 

day old seedlings. B) Spectra from 7 day old seedling treated with isoxaben for 24h. Black lines 

denote Col-0; grey lines show ugt76b1-1.  All spectra are normalized to sum1. 
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The FTIR data suggest that 24h of isoxaben treatment affect ugt76b1-1 less than Col-0. The 

difference between Col-0 and ugt76b1-1 is limited in the 1800-1500 cm-1 part of the spectra, 

but pronounced in the 1200-1000 cm-1 region (figure 5.2.2.1-6).  This is a result of a 

simultaneous reduction in absorbance in the area for the Col-0 and an increase for ugt76b1-

1 (figure 5.2.2.1-5). The spectra from the mutant material does not follow the peak 

broadening seen in Col-0, resulting in a lower absorbance than Col-0 in the 1000-850 area.  

A

B   

Figure 5.2.2.1-6: illustrates the differences in FTIR spectra between Col-0 and ugt76b1-1 before 

and after isoxaben treatment. Each line represents the results of the normalized, average FTIR 

spectra for Col-0 seedlings minus the spectra from mutant seedlings. A) 6 days old ugt76b1-1 

seedlings. B) 7 days old ugt76b1-1 seedlings treated with isoxaben for 24h. The thin grey lines 

represent 2x the standard deviation of the 6 days old Col-0 sample. 

5.2.2.2 Phenotypic Analysis 

In order to complement and expand the characterization of the individual gene KOs a 

double KO line (ugt71c3 ugt76b1) was generated.  
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Previous work has shown that mutants that affect cell wall composition and structure result 

in pathogen susceptibility phenotypes. The single insertions in UGT71C3 and UGT76B1 result 

in no significant changes compared to Col-0. However, the ugt71c3 ugt76b1 double KO 

exhibits a significantly lower colony number than Col-0 indicating increased resistance 

(figure 5.2.2.2-1).  

 
Figure 5.2.2.2-1: P. syringae susceptibility of the insertion lines of UGT71C3 and UGT76B1. The 

light grey bar is the bacterial count at the time of infection (0 dpi), and the dark grey are 3 days post 

infection. 0 dpi samples are based on 4 biological replicates, 3 dpi samples are based on 12 biological 

replicates* marks samples significantly different from the Col-0 control. pad4 is a positive control. 

(ANOVA α 0.05 LSD, error bars are st-dev). 

As lignin deposition has previously been shown to be an indicator of cell wall stress lignin 

deposition was analysed in root tips of 6 day old seedlings treated with isoxaben for 12h. 

ugt71c3-1 and ugt71c3-2 root tips apparently contained more lignin in the root tip than Col-

0. In the insertion lines the lignin deposition goes further up the root than is the case for 

Col-0, though the density of the deposition in this area is lighter than in the root elongation 

zone. ugt76b1-1 seedling roots contain substantially less lignin after 12h of isoxaben 

treatment than Col-0, showing only a faint deposition in the elongation zone. Lignin 

deposition in ugt71c3 ugt76b1 after isoxaben treatment stretches further up the root from 

the elongation zone than Col-0 with a higher intensity than ugt71c3-1 and 2 (figure 5.2.2.2-

2). The double mutant was generated by Dr.Lucinda Denness based on the very similar gene 

expression profiles observed  on the tissue level  despite of their relative distance in the 

family dendrogram. 
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Figure 5.2.2.2-2: Representative images from lignin staining of seedling root tips for the 

insertion lines ugt76b1-1, ugt71c3-1, ugt71c3-2 and ugt76b1-1 x ugt71c3-1. All seedlings were 

treated with isoxaben for 12h after 6 days of growth. The scale bar (Col-0 control lower left hand 

corner) is 1 mm long. (n<10) 

In order to quantitatively assess the composition of the cell wall chemical assays were 

carried out. For ugt76b1-1 cellulose levels appear slightly reduced for both 6 day old and 7 

days old isoxaben treated seedlings, but the difference is not significant (5.2.2.2-3 A). There 

is a significant increase in uronic acid level after 6 days. In 7 day old seedlings treated with 

isoxaben, the there is still a significantly higher uronic acids level than in Col-0, though it 

represents a decrease compared to 6 day old seedlings (figure 5.2.2.2-3 B).  
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A B  
Figure 5.2.2.2-3: Cell wall analysis of candidate line KO ugt76B1-1 measuring cellulose (A) and 

uronic acids (B). Data for 6 day old seedlings are in light grey, 7 day old seedlings after 24h of 

isoxaben are dark grey. *indicates a difference to the corresponding Col-0 control. (ANOVA α 0.05 

LSD, error bars are st-dev). (ANOVA α 0.05 LSD, error bars are st-dev). 

Neutral cell wall sugar assays show significantly increased fucose, arabinose and mannose 

levels in 6 days old ugt76b1-1 seedlings compared to Col-0 (figure 5.2.2.2-4 A). In 7 days old 

seedlings treated with isoxaben for 24h there is significantly more arabinose and mannose 

in the insertion line (figure 5.2.2.2-4 B). 

A  

B  

Figure 5.2.2.2-4: Neutral cell wall sugars analysis of candidate line KO ugt76B1-1. In Figure A 

displays neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light grey and ugt76b1-

1 in dark grey. Figure B shows neutral cell wall sugars level for the 7 day old 24 h isoxaben treated 

seedlings (Col-0 light grey, ugt76b1-1 dark grey). *indicates a difference to the corresponding Col-0 

control. (ANOVA α 0.05 LSD, error bars are st-dev). (ANOVA α 0.05 LSD, error bars are st-dev). 
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In order to quantify the differences indicated in ugt71c3-1 and ugt71c3-2 detected by FTIR 

spectra their cell wall composition was analysed. There is a significant increase in cellulose 

levels in 6 day old ugt71c3-2 seedlings, which is not present in 7 day old isoxaben treated 

seedlings (figure 5.2.2.2-5 A). ugt71c3-1 showed no significant change in cellulose level 

compared to Col-0. ugt71c3-1 and ugt71c3-2 showed a significant increase in uronic acids 

for both 6 day old and 7 day old isoxaben treated seedlings (Figure 5.2.2.2-5 B).  

A B  
Figure 5.2.2.2-5: Cell wall analysis of candidate line KOs ugt71c3-1 and ugt71c3-2 measuring 

cellulose and uronic acids. In figure A and B samples 6 day old seedlings are in light grey, 7 day old 

seedlings after 24h of isoxaben are dark grey. *indicates a difference to the corresponding Col-0 

control. (ANOVA α 0.05 LSD, error bars are st-dev). 

Xylose and mannose level was increased for 6 day old ugt71c3-2 seedlings (Figure 5.2.2.2-6 

A). However, ugt71c3-1 does not have a significantly different from Col-0 neutral cell wall 

sugars level. ugt71c3-1 and 2 show higher rhamnose, arabinose, xylose and mannose levels 

than Col-0 at 7 days after isoxaben treatment (5.2.2.2-6 B). 
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A   

B  
Figure 5.2.2.2-6: Neutral cell wall sugars analysis of candidate gene KOs ugt71c3-1 and ugt71c3-

2. Figure A displays neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light grey, 

ugt71c3-1 in medium grey and ugt71c3-2 in dark grey. Figure B shows neutral cell wall sugars levels 

for the 7 days old 24 h isoxaben treated seedlings (Col-0 light grey, ugt71c3-1 medium grey, ugt71c3-

1 dark grey). *indicates a difference to the corresponding Col-0 control. (ANOVA α 0.05 LSD, error 

bars are st-dev). 

6 days old ugt71c3 ugt76b1 seedlings have the same cellulose levels as Col-0. 7 day old 

ugt71c3 ugt76b1 seedlings treated with isoxaben shows a significant decrease in cellulose 

compared to Col-0 (figure 5.2.2.2-7 A). There is no significant change to uronic acids levels in 

6 day old or 7 day old isoxaben treated seedlings (figure 5.2.2.2-7 B).  
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A B  
Figure 5.2.2.2-7: Cell wall analysis of candidate line KO ugt71c3 ugt76b1 measuring cellulose 

and uronic acids. In figure A and B samples 6 day old seedlings are in light grey, 7 day old seedlings 

after 24h of isoxaben are dark grey. *indicates a difference to the corresponding Col-0 control. 

(ANOVA α 0.05 LSD, error bars are st-dev). 

Neutral cell wall sugar assays show lower galactose levels, and a higher rhamnose level for 6 

day old seedlings (figure 5.2.2.2-8 A). The neutral cell wall sugar levels for 7 day old 24h 

isoxaben treated seedlings were measured multiple times, but did not show consistent 

results. Results from one representative experiment are shown in figure 5.2.2.2-8 B. These 

results show a significant difference compared to Col-0 for galactose.  

A  

B  
Figure 5.2.2.2-8: Neutral cell wall sugars analysis of candidate line KO ugt71c3 ugt76b1. Figure 

A displays neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light grey and 

ugt71c3 ugt76b1 in dark grey. Figure B shows neutral cell wall sugars levels for the 7 day old 24 h 

isoxaben treated seedlings (Col-0 light grey, ugt71c3 ugt76b1 dark grey). *indicates a difference to 

the corresponding Col-0 control. (ANOVA α 0.05 LSD, error bars are st-dev). 
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5.2.3 Discussion 

UGT71C3 and UGT76B1 here appear have their highest expression in the root and respond 

to pathogens and environmental stresses. The FTIR spectra suggest that ugt76b1-1 and 

ugt71c3-2 already have a cell wall phenotype prior to isoxaben treatment, whereas 

ugt71c3-1 does not. While the two insertion lines for UGT71C3 have different phenotypes in 

6 day old seedlings, 24h of isoxaben treatment results in very similar FTIR phenotypes. This 

is confirmed by the cell wall composition assays. The insertion lines for the different genes 

result in different lignin deposition phenotypes (UGT71C3 mutant have increased lignin, 

ugt76b1-1 decreased lignin). ugt71c3 ugt76b1 has only a lower galactose level than Col-0 in 

6 day old seedlings. However 7 day old ugt71c3 ugt76b1 seedlings treated with isoxaben for 

24h have a lower than Col-0 cellulose levels, and a more widespread lignin deposition in the 

root tip than either single mutants. 

ugt76b1-1 seedling have an increase in arabinose levels. There is a significant increase in the 

uronic acids level compared to Col-0, though the difference is smaller in 7 day old 24h 

isoxaben treated seedlings. There is a minor, and insignificant, decrease in cellulose which 

complements the more significant increase in neutral cell wall sugars. This follows the trend 

of isoxaben treatment as seen in the 36h samples in (Hamann et al., 2009), where arabinose 

and xylose increase while cellulose is decreased. ugt76b1-1 has reduced lignin deposition 

after 12h of isoxaben treatment compared to Col-0. The reduced lignin deposition in 

response to isoxaben treatment could be caused by several factors. It suggests either a 

stronger or less cellulose dependent cell wall, which requires less of a compensational 

response, or a disruption of the lignin deposition in response to stress. For the lignin 

deposition phenotype to be caused by changed structural features, the altered cell wall 

composition would need to be present prior to isoxaben treatment. This is the case for 

ugt76b1-1. However as pointed out by (Humphrey et al., 2007) many of the signalling 

pathways activated by stress also play a role in normal development, and as such a 

background structural phenotype may be caused by a disruption of stress signalling which 

also serves a developmental function. UGTs are good candidates for a signalling pathway as 

family members have been found to activate plant hormones (auxin (Tognetti et al., 2010)), 

modify cytokinins (Hou et al., 2004)), indicating that such a function is possible. Microarray 



Lars Kjaer Thesis 2011 

129 

 

derived expression data suggests transcriptional changes in response to drought, salt, heat 

and cold stress as well as all of the screened pathogens and most of the pathogen elicitors. 

This is suggestive that the gene is involved in a broad stress response function, or possibly a 

biosynthetic function regulating for the response. As UGT76B1 is on a separate sub-branch 

of the phylogenetic tree and is more closely related to proteins in woody dicots (V. vinfea, 

poplar) than to other genes in A. thaliana it may have a conserved, unique function. 

ugt71c3-1 and ugt71c3-2 show different cell wall compositions in 6 day old seedling. 

ugt71c3-1 does not have a neutral wall sugar or cellulose phenotype, whereas ugt71c3-2 

has significantly higher cellulose level and significantly increased xylose level. 7 day old KO 

seedlings treated with isoxaben have significantly higher rhamnose, arabinose, xylose, 

mannose, and uronic acids levels than in Col-0. Additionally, both lines have higher than Col-

0 lignin deposition in seedlings, treated with isoxaben for 12h. With exception of the very 

high rhamnose level after isoxaben treatment the results support the concept that 

disruptions of UGT71C3 causes an enhanced response to isoxaben. However, the high 

rhamnose suggest an enrichment of the cell wall with RGI and RGII compared to the other 

pectin types during the CWD response. The reason being that most hemicelluloses contain 

very little rhamnose, whereas RGI and RGII contain a large amount of rhamnose (Scheller 

and Ulvskov, 2010, Harholt et al., 2010). As the uronic acid levels appears unchanged 

between 6 day old and 7 day old isoxaben treated samples the pectin levels on the whole is 

probably the same, suggesting a shift in ratios between uronic acid types. However, RGI 

contains a 1-1 ratio of rhamnose to uronic acids, and as the basic state Col-0 contains app. 

2.5 mg/g rhamnose, and app. 60 mg/mg uronic acids a 100 % increase in rhamnose from RGI 

would result in a 4% increase in uronic acids, which would not be significant.  

The phenotypic differences between the two insertions in 6 days old seedling could be due 

to differences in the position of the insertion or background insertions in ugt71c3-2. Of the 

two insertion lines, ugt71c3-2 is closer to the start of the translation. This could create a 

partially active truncated protein in the ugt71c3-1 insertion line. As the insertion site for 

ugt71c3-1 is in the PSPG box it seems likely that the truncated protein still does not function 

optimally as a UGT. This would lead to a protein with a complete substrate recognition 
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sequence, but a truncated active site. This could lead to a low activity of the protein. The 

cause of the different phenotypes between the insertion lines could be tested by acquiring a 

third insertion line, backcrossing, or carrying out a rescue transformation. 

The ugt71c3 ugt76b1 double mutant displays lower cellulose levels than Col-0 in 7 day old 

seedlings treated with isoxaben, and substantially higher lignin deposition upon isoxaben 

treatment than Col-0. This suggests an enhanced reaction to isoxaben, which in turn seems 

to lead to a stronger, lignin based, stress response. 6 days old ugt71c3 ugt76b1 seedlings 

have significantly lower galactose level. This phenotype is not easily attributed to a specific 

change in the cell wall as galactose is common in galactomannans, galactoglucomannans, 

xyloglucans, RGI and RGII. Therefore, without further analysis the reduced galactose level 

cannot be ascribed to a specific polymer. The limited neutral cell wall sugars phenotype in 

the ugt71c3 ugt76b1 is surprising as both single insertions (ugt71c3-2, and ugt76b1-1) have 

significant phenotypes in 6 days old seedlings. The reduction in cellulose level of ugt71c3 

ugt76b1 and the increase in lignin deposition, suggests that combining the KOs for the 

genes makes the double mutant hypersensitive to isoxaben treatment. The two single 

insertions induce phenotypes in all the measured cell wall components (ugt71c3-2 has 

higher cellulose, xylose, mannose, and uronic acid levels compared to Col-0, ugt76b1-1 has 

higher arabinose, mannose and uronic acids levels than Col-0, while the ugt71c3 ugt76b1 

has a reduced galactose level). Therefore assigning the susceptibility to any of these changes 

to the cell wall would be purely speculative. However the ugt71c3 ugt76b1 line clearly 

shows that UGT76B1 does not cause an inhibition of the primary biosynthesis of lignin, 

polymerization, or a critical non-redundant signalling pathway as the reduction of lignin 

deposition is increased in the double insertion. This indicates that the altered cell wall 

structure of ugt76b1-1 may be the dominant factor leading to reduced lignin deposition. 

While ugt71c3 ugt76b1 is more resistant to P. syringae than Col-0; no resistance phenotypes 

have been observed in single mutant. A possible reason for this could be that the observed 

increase in resistance to P. syringae is caused by the compromised cell wall that 

constitutively activates stress responses. This is based on the cell wall phenotypes seen for 

both single insertions, indicating that something is impaired or altered in the cell wall 
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structure. While these phenotypes disappear in ugt71c3 ugt76b1 the underlying cause may 

still be present. Additionally, the increased lignin deposition may indicate a weakened cell 

wall. It has previously been show that inducing stress causes an acquired immunity to plant 

pathogens, from previous exposure to chemical (e.g. ROS), environmental (drought), and 

pathogen related  proteins (Conrath et al., 2002, Peleg-Grossman et al., 2010). A number of 

cell wall mutants exist which are also pathogen resistant. This has been demonstrated by 

the mutants PMR5 and 6, which are more resistant to powdery mildew than Col-0 and have 

a significant increase in pectin level (Vogel et al., 2004). Likewise, mutants in CESA4, CESA7 

and CESA8 (irx5, irx3, irx1) show increased resistance to the pathogens Ralstonia 

solanacearum and Plectosphaerella cucumerinaI (Hernandez-Blanco et al., 2007). The cell 

wall phenotypes in ugt71c3 ugt76b1 are not as strong as the CESA or PMR mutant but the 

phenotypes of the single insertions are. As the underlying cause for cell wall phenotypes in 

the single insertions is probably still present in the double insertion it seems likely that the 

plant is stressed.  

5.3 IPX1 

5.3.1 Introduction 

IPX1 encodes a putative class III peroxidase precursor (it is also known as AtPRX47). 

Peroxidases interact with peroxides to form oxidative intermediaries which react with 

reducing substrates and can then be oxidized to produce free radicals. This process is occurs 

during detoxification to remove of ROS species and electrons during primary metabolism, by 

class I peroxidases. Class II peroxidases are unique to fungi, which are known to degrade 

lignins (Morgenstern et al., 2010, Welinder et al., 2002). Class III peroxidases are unique to 

plants, and are generally secreted to the apoplast (Cosio and Dunand, 2009). Class III 

peroxidases have been implicated in the polymerization of lignin in the apoplastic space in 

Norway spruce (Fagerstedt et al., 2010), lignin deposition in defence responses, and during 

development indicated by microarray derived expression profiling data (Fagerstedt et al., 

2010). Class III peroxidases have also been implicated in cell wall metabolism, wound 

healing, auxin catabolism, oxidation of toxic reductants, defence against pathogen and 

insect attack, production of ROS for the hypersensitive response and signalling (Cosio and 
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Dunand, 2009, Gazaryan et al., 1996). However, as most of this data is based on microarrays 

derived data it has to be confirmed by other methods (Cosio et al., 2009).  

Peroxidases share a haem group formed by protoporphyrin IX and Fe(III). However the 

structure is not conserved between the classes. The structure of class III peroxidases 

contains strongly conserved regions, as well as variable regions, which suggests a selectivity 

of function (Cosio et al., 2009). Conserved functional areas are the two haem binding 

domains, the active site, and a domain of unknown function. There are several conserved 

cysteines, which form disulfide bridges (figure 5.3.1-1). The variable regions presumably 

contain the substrate binding regions (Cosio et al., 2009).  

 

Figure 5.3.1-1: The conserved structural features of class III peroxidases.  A primary structure, 

the signal peptide (SP) and the C terminal extension (CT) are marked in vertical lines, both are 

consistently present, but of variable nature. I is the distal haem binding domain, II a conserved region 

of unknown function, III corresponds to the proximal haem-binding domain. The hatched domain 

represents the catalytically active site. Hd and Hp are the distal and proximal histidine residue. B 

represents the secondary structure class III peroxidase, α-helixes are marked in darker grey, the 

helixes as D’ F’ and F’’ (dark grey) are specific to class III peroxidases. Disulfide bonds are marked 

using Cs. (Cosio and Dunand, 2009). 

Because of this broad range of peroxidase functions it is necessary to focus on the closest 

relatives. According to the clustalW alignment (see figure 5.3.2.1-1) AT1G71695 (AtP4), 

AT2G34060 (AtP51), AT5G14130 (AtP20), AT4G17690 (unnamed), AT5G40150 (AtP26), 

AT3G28200 (AtP41), AT5G42180 (AtP17), and AT5G51890 (AtP27) are the closest relatives 

of IPX1. Functions have been assigned to AtP17, AtP27, and AtP51 through different means. 

AtP17 has been linked to monolignol polymerization by tissue specific microarray 
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experiments (Ehlting et al., 2005), implicated in stamen abscission among 1461 other genes 

(microarray data) (Cai and Lashbrook, 2008) and lignifications in pod shattering (Cosio et al., 

2009). AtP27 has been implicated in reactions to aluminium (Kumari et al., 2008) and TNT 

treatment (Mentewab et al., 2005). AtP51 has been implicated in stamen abscission in the 

same study as AtP17 (Cai and Lashbrook, 2008).  

Only 12 out of the 73 class III peroxidases have been studied using transgenic plants and a 

further 5 in proteomic studies. Due to this the characterisation of A. thaliana class III 

peroxidases is heavily dependent upon microarray experiments. This means that assigning 

individual functions beyond the group classification is often not possible. This, combined 

with the poor homology (45% sequence identity to the closest relative) of IPX1 to other A. 

thaliana class III peroxidases (Welinder et al., 2002), makes it difficult to predict the function 

beyond its putative peroxidase assignment based on literature.  

5.3.2 Results 

         gtttattatatcaatcaagatgattcagaaatctaaaacatattacataaaacaaagacgcttagtaggaaaacatcagatc   82 

1  aagaattcttgtattcttaagttcccaaaaaaagaaaaaaaaaaaaaaaattggtcagaaagagagatgatgtcttatatccctcattttttttgcgttc  182 

2  actcaaagggaggaaaaataaacaattaacaagttctttaattttttcttatgaatagagataccaatactaaaaaacgttggcttttgtaatgaagaag  282 

3  ttttagtgataatataagttaaaattaaaagtgtgtaaccaattagtcttttttttttccgtcaaaaaaaagaaaaaaaaaaaaaagactaattggttac  382 

4  acacttttaattttaacatatattatcactaaaaccaattagtcaattacacaaatttagtaataatacatagggtctctaatatatattaagctttata  482 

5  taaactaatgaggaaatctgtaaaaatatacaaataagaatttccaaagtagatcctatgtaatttcgaagcgtattactgtgcataagacagtgttaac  582 

6  caaaaaaaaaaaaaaacatttccgagatgaactgtgttttgtcctcaccggataagaaagtggaagaatgaaccactacaaagtccgcgtcgaaagcact  682 

7  cagttataaaagtaaaattgacatgcgattacattaaaaataccaaactcgcttgtccatttttattgatattgcttgctaatggaagccagctacatgt  782 

8  ccgctttcttgtttgactttctttcttttctctttgagttctcttcaatattaatagatgcattttatgttttgcttcttctgagtagcatcgtgaatca  882 

9  agtcgccattatcttattcagcactaatataattatatatagccagaatttctaaatttcaagaatgtagacaagttctagaaacgccgtccacagttcc  982 

10 ataaattctagctagttttctgtaatatttcacataacgattcatagacttttctgttcagacaaatatatactttgcaaaacagaacatcaagctcagt 1082 

11 agctcacaaccaaaattctctgtccaaatttgaagtaacggaacctagtgtcttgctgggtttgagacttctcaatcaccatatagtcagaaatacctat 1182 

12 gaataagattatcttgatgattttttaaaaaaagattttcttcgttaagcttttcttttgtaattagttataaaccttctcactttcaatgaaattcaca 1282 

13 ttcatataagtttaaattttaaattaaaatattggtcagctatagactatagtaagtatattaaataataataacattttttgtggacaaagagaattcg 1382 

14 ggttttggggttttggcaaaggaaagaaatggtcatatgtggaacactacgtgccacttttcatgcaataacatgcaaatattaggtcagccactaggaa 1482 

15 tagaataagttgaatagttttttacgatgataagagtaagcgggaagccataatagaccactatcccaaaactttaatctgcttccaactcattatggga 1582 

16 ccaactaatacaaaatgatatgtattccatgttccaaccactccaatacgaattacgaagcaagcgtgtctcagtgtctgagtgcgactgccttctctct 1682 

17 atatataagagatatacatagtgaattaaacatcttaattatactgatctttatcATG 

    names    Transcription factor 

ipx1-1    RSP01209//OS: Lepidium africanum   MADS box TF 

ipx1-2     RSP01401//OS: Arabidopsis (Arabidopsis thaliana)  TAC1 

Forward coding promoter domain  RSP00444//OS: maize    Dof1 

Reverse coding promoter domain             RSP01229//OS: Arabidopsis (Arabidopsis thaliana    unknown 
Start of gene   RSP00066//OS: wheat (Triticum aestivum)  EmBP-1 

    RSP00635//OS: soybean (Glycine max)   unknown 

    RSP01237//OS: bean (Phaseolus vulgaris)  unknown 

Figure 5.3.2-1: The promoter elements predicted by Nsite for IPX1 (Softberry, 2011) and the 

insertion locations. Domains in the reading direction of the gene are in yellow, promoter 

elements in reverse complement are in red. ipx1-1 insertion site is marked in green (the 

insertion is before the first marked letter) and ipx1-2 insertion site is in blue. The names of the 

promoter elements, organisms of origin, and the binding transcription factor are listed on the 

right, in order of appearance. 

The insertion lines for IPX1 are in the promoter of the gene, a map of the predicted 

promoter domains was created (figure 5.3.2-1). The insertion locations were confirmed by 

sequencing. Both insertions result in a similar down regulation of gene expression (see 
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appendix C p. 266) The protein structure is predicted to follow the standard class III 

peroxidase model.  

5.3.2.1 Bioinformatics and FTIR 

Evaluating the conservation of a protein sequence across other genera, and comparing this 

with the family in A. thaliana can provide insights into the transferability to crop species and 

functional redundancy by A. thaliana family members. IPX1 is more closely related to 

peroxidases in other plants, both dicots and monocots than to its closest relatives in A. 

thaliana (72% AA sequence identity to ACJ11766 in G. Hirsutum, 56% AA sequence identity 

to NP_001060836 O. Sativa, 45% AA sequence identity to the closest A. thaliana protein 

table 4.3.2.1-1). This corresponds well with the phylogenetic tree constructed for the closest 

50 family members in A. thaliana which indicates a large family but no AA identity higher 

than 45 % (figure 5.3.2.1-1). Across all the genes in figure 5.3.2.1-1 the lowest sequence 

identity among two peroxidases is 33 %, with the average being 40 %. This could indicate 

that the 45% shared sequence in IPX1 is primarily could the conserved functional domains.  

Protein ID / AT 

number 

Genus AA 

number 

Annotated function  Identity 

IPX1  325   

ACJ11766 G. hirsutum 323 class III peroxidase 72 

XP_002518016 R. communis 315 Peroxidase 47 precursor 70 

XP_002305351 P. trichocarpa 316 predicted protein 68 

ACJ84613 M. truncatula 327 unknown 67 

XP_002267794 V. vinifera 310 hypothetical protein 67 

ACU82388 R. cordifolia 319 peroxidase 2 66 

CBI27703 V. vinifera 322 unnamed protein product 65 

NP_001060836 

AT5G42180 
AT5G51890 

O. sativa 

A. thaliana 

A. thaliana 

316 

317 

322 

hypothetical protein 

peroxidase 64  

peroxidase 66 

56 

45 

44 

Table 5.3.2.1-1:  Homology analysis in A. thaliana and crop species for the candidate IPX1. AA 

number is the protein size in amino acids, the identity column shows % protein sequence 

identity across the complete candidate protein. The table was generated according to the 

materials and methods. 
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Figure 5.3.2.1-1: Phylogenetic tree generated for IPX1 in A. thaliana. Illustrations were 

generated as indicated in materials and methods. The bootstrapping values for maximum 

parsimony are displayed between the branches and the percentage of protein sequence identity 

across the whole candidate protein is listed in the grey box for the closest family members. 

Analysis of publically available expression data can provide valuable insight into the tissue 

specificity and stress response of a gene. IPX1 shows high expression levels in the root, 

primarily in stage 3 of development (maturation). Additionally there is a substantial 

expression in stage 15 flowers, across different floral organs. For cotyledons, stage 7 leaves, 
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and the top of the stem there is an elevated expression level. Exposure to cold stress causes 

decreased expression, whereas wounding and heat causes higher expression. Cytokinin 

treatment, results in lower expression than the control, and protein synthesis inhibition with 

cycloheximide causes increased expression. Gene expression changes in response to several 

pathogens, showing lower expression in response to P. syringae DC3000 (but not the P 

syringae pv phaseolicola subtype which contains different avirulence genes). P. infestans 

and B. cinerea infection result in an increased expression.  

A  

B  

Figure 5.3.2.1-2: Illustrates stress and developmental expression data for IPX1. A) Tissue types that 

show high expression compared to the median value, for the adult plant development, and differences 

between aerial and root material in MS grown seedlings. B) Relative expression of IPX1, for a 

representative selection of chemical, environmental and pathogen treatments which show greater than 

1 log2 change in expression compared to appropriate control. For full information see Appendix D 

(CD). 
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A  

B  
Figure 5.3.2.1-3: The average FTIR spectra of Col-0, ipx1-1 and ipx1-2. A) Shows FTIR spectra for 6 

day old seedlings. B) Shows FTIR spectra for 7 day old seedlings treated with isoxaben for 24h. Black 

lines denote Col-0 samples, solid grey lines denote ipx1-1, and dashed grey lines denote ipx1-2. All 

spectra are normalized to a sum 1. 

While specific cell wall composition cannot be determined from FTIR spectra, changes 

relative to a known control can indicate composition. The FTIR spectra of the insertion lines 

for IPX1 are very similar to that of Col-0 for 6 day old seedlings (figure 5.3.2.1-3 A). When 

examining the differences in figure 5.3.2.1-4 it can be seen for the 6 day old seedlings that 

there is an above threshold difference between Col-0 and ipx1-2 in the 1350-1200 cm-1 area 

(figure 5.3.2.1-4 and 5.3.2.1-3). ipx1-1 differs from Col-0 greater than 2x the st-dev of Col-0 

at 1346 cm-1 to 1320. This is quite a specific areas; with ipx1-1 being very similar to Col-0 for 

the rest of the spectra. In 7 day old seedlings treated with isoxaben there is a substantial 

increase in the 1720 cm-1 to 1500 cm-1 and decreases in the 1250 cm-1 and 900 cm-1 part of 

the spectra for both insertion lines. This is suggestive of a stronger enrichment in pectins, 

lignins or hemicelluloses.  The subtle phenotype seen in the 6 day old seedlings is not 

present after isoxaben treatment; however this may be because the substantial changes in 

other parts of the spectra cause this phenotype to disappear due to the normalization. 
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A

B  

Figure 5.3.2.1-4: Illustrates the differences in FTIR spectra between Col-0, ipx1-1 and ipx1-2 before 

and after isoxaben treatment. Each line represents the results of the normalized, average FTIR spectra 

for Col-0 seedlings minus the spectra from mutant seedlings. A) 6 days old seedlings, before isoxaben 

treatment: Solid black line ipx1-1, dotted black line ipx1-2. B) 7 days old seedlings treated with 

isoxaben for 24h: solid grey line ipx1-1, dotted grey line ipx1-2. The thin light grey lines in figure A 

represent 2x the standard deviation of the Col-0 sample. 

5.3.2.2 Phenotypic Analysis 

As cell wall defects often affect pathogen resistance the susceptibility of the insertion lines 

to P. syringae infection was determined. The insertions do not affect resistance to P. 

syringae as no significant differences in bacterial count between ipx1-1, ipx1-2 and Col-0 are 

observed (figure 5.3.2.2-1). 
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Figure 5.3.2.2-1: P. syringae susceptibility of the insertion lines in IPX1. The light grey bar is the 

bacterial count at the time of infection (0 dpi), and the dark grey are 3 days post infection. 0 dpi 

samples are based on 4 replicates, 3 dpi samples are based on 12 replicates neither insertion line is 

significantly different from the Col-0 control. pad4 is a positive control. 

Because lignin deposition has been shown to be a good indicator for cell wall stress, lignin 

deposition in the root tip was analysed for 6 day old seedlings treated with isoxaben for 12 

h. ipx1-1 and ipx1-2 seedling root tips have substantially less lignin deposition than the Col-0 

control after 12h of isoxaben treatment (figure 5.3.2.2-2). 

 
Figure 5.3.2.2-2: Representative images of lignin staining of seedling root tips for the insertion lines 

ipx1-1 and ipx1-2. All seedlings were treated with isoxaben for 12h after 6 days of growth. The scale 

bar (Col-0 control lower left hand corner) is 1 mm long. n>20.  
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Quantitative chemical analyses were carried out in order to analyse in detail the altered cell 

wall composition, as discovered by FTIR and lignin staining. IPX1 KOs have cellulose level 

similar to Col-0 controls, in both 6 and 7 days old isoxaben treated seedlings (figure 5.3.2.2-

3 A). The uronic acids level is increased compared to Col-0 6 day old seedlings, though the st 

dev based error bars suggest that the difference may be less significant than indicated. 7 

day old seedling treated with isoxaben do not show a significant difference between the 

mutants and Col-0 (figure 5.3.2.2-3 B).  

A B  
Figure 5.3.2.2-3: Cell wall analysis of candidate line KOs ipx1-1 and ipx1-2 measuring cellulose (A) 

and uronic acids (B). In figure A and B samples 6 day old seedlings are in light grey, 7 day old 

seedlings after 24h of isoxaben are dark grey. *indicates a difference to the corresponding Col-0 

control. (ANOVA α 0.05 LSD, error bars are st-dev). 

6 day old ipx1-2 seedlings show a significant increase in xylose and rhamnose compared to 

the Col-0 but ipx1-1 and ipx1-2 are otherwise the same as Col-0 (figure 5.3.2.2-4 A). There is 

a significant increase in rhamnose, arabinose, and xylose in both insertion lines compared to 

the Col-0 in 7 days old seedlings treated with isoxaben for 24h (figure 5.3.2.2-4 B). There is a 

significant decrease in galactose in 7 days old isoxaben treated seedling compared to Col-0.  
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A  

B  
Figure 5.3.2.2-4: Neutral cell wall sugar analysis of candidate line KOs ipx1-1 and ipx1-2. Figure A 

displays neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light grey, ipx1-1 in 

medium grey and ipx1-2 in dark grey. Figure B shows neutral cell wall sugars levels for the 7 day old 

24 h isoxaben treated seedlings (Col-0 light grey, ipx1-1 medium grey, ipx1-2 dark grey). *indicates a 

difference to the corresponding Col-0 control. (ANOVA α 0.05 LSD, error bars are st-dev). 

5.3.3 Discussion 

FTIR spectra for ipx1-2 and ipx1-2 showed a little difference to Col-0 in 6 day old seedlings, 

though there is a significant difference in the 1200-1350 cm-1 area. 7 day old seedlings show 

substantial differences from Col-0. The gene has its highest expression in stage 15 flowers, 

stage 3 root, and the top of the stem, tissues connected with cell wall synthesis and 

remodelling. There was a broad range stress responses to both pathogen and environmental 

stresses. The insertion lines for IPX1 show an increased uronic acid level in 6 day old 

seedlings. In 7 day old seedlings which have been treated with isoxaben for 24h there is 

consistently higher rhamnose, arabinose, xylose and lower galactose levels than in Col-0 

control in both insertion lines. In addition to this, the root tips of 6 day old seedlings treated 

with isoxaben show less lignin deposition for both insertion lines than for the Col-0 control. 
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This shows that the KD of IPX1 profoundly changes the reaction of A. thaliana to the 

inhibition of cellulose synthase.  

ipx1-2 seedlings show a significant difference to Col-0 in rhamnose and xylose, a feature 

which is not shared with ipx1-1. There is also an insignificant increase in xylose levels for 

ipx1-1 compared to Col-0 which suggest that this phenotype is not an indication of 

differences between the two insertion lines. However the increase in Rhamnose is clearly 

significant compared to the other insertion line.  

ipx1-1 and ipx1-2 show a significant decrease in stress induced lignin deposition compared 

to Col-0. The altered lignin deposition only comes with a relatively minor change in the 

neutral cell wall sugars composition or cellulose levels for 6 day old seedlings (compared to 

ugt76b1-1 which has a similar lignin phenotype). The lack of lignin deposition in response to 

isoxaben treatment can have 3 causes: less dependence on cellulose for cell wall structure, 

inhibition of stress signalling, or inhibition of lignin biosynthesis. The first option would 

suggest an increased dependence upon hemicelluloses, lignin and pectin. There is little 

significant change in neutral cell wall sugars or cellulose before isoxaben treatment. As 

there are higher than Col-0 uronic acid levels it may be due to an increased pectin levels. 

However as there is the same uronic acid level as Col-0 after isoxaben treatment, it seems 

unlikely that higher pectin level causes a lower dependence on cellulose. Subsequently, this 

leaves the options of signalling and biosynthesis, both processes with which peroxidases are 

classically involved in (Cosio and Dunand, 2009). A signalling role is possible, though class III 

peroxidases are extracellular, and hence less likely candidates for signalling than class I. 

Should the gene be related to the early phase ROS signalling described by (Denness et al., 

2011) one would expect to observe a change in JA response which can be tested. If the gene 

is involved in the polymerisation of lignin in the cell wall, this should also be testable by 

heterologous expression and chemical assays as well as imaging of co-location with 

polymerization events. The fact that the AA sequence of IPX1 appears to be reasonably 

conserved across genera, but not in A. thaliana suggests that it is a non-redundant protein 

with an important function. This is supported by the relatively strong stress response 

phenotype seen in two separate KD insertion lines. 
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Since this project was initiated, two additional insertion lines have been generated for IPX1, 

sail 404_bo4, and salk_016945 both of these are putatively exon insertions (TAIR, 2007-

2011). It would be sensible to genotype one or both of these in order to observe the KO 

phenotype. 

5.4 ADR1 L1 

5.4.1 Introduction 

ADR1 L1 is a nucleotide binding site leucine rich repeat protein (NBS-LRR). NBS-LRR proteins 

are two domain proteins which are involved in pathogen recognition (DeYoung and Innes, 

2006). The pathogen recognition function is believed to work by recognition of pathogen 

associated molecular patterns (PAMPs) by the LLR domain, activating the NBS domain, 

which leads to hydrolysis of bound ATP- resulting in signal generation (DeYoung and Innes, 

2006).  While the reaction model has not been conclusively confirmed the gene family has 

well characterized members which are involved in pathogen resistance (Tan et al., 2007, 

DeYoung and Innes, 2006). For ADR1 L1 the closest characterized relative is ADR1 in A. 

thaliana with (59% AA sequence identity). ADR1 over-expression causes high salicylic acid 

(SA), low jasmonic acid (JA), high salicylic acid β-glucoside (SAG), and resistance to P. 

parasitica and E. cichoracearum (which is dependent on SA) (Grant et al., 2003). ADR1 over-

expression has also been shown to induce drought resistance in A. thaliana (Chini et al., 

2004). Specific expression studies have provided some insight into ADR1 L1s function. ADR1 

L1 is activated by the loss of function insertion lines for the mitogen-activated protein kinase 

kinase kinases (MAPKKKs) anp2;anp3 in A. thaliana (Krysan et al., 2002). Flagellin induces 

gene expression in A. thaliana (Navarro et al., 2004, Tan et al., 2007), whereas ABA 

treatment limits the induction of ADR1 L1 by pathogens (Mohr and Cahill, 2007).  

5.4.2 Results 

In order to verify the insertion location the insert was sequenced. The insertion in ADR1 L1 

in the line adr1 l1 is at nucleotide 38 (AA 13). This places the insertion before all of the 

predicted domains.  The insertion lines results in a app. 50% reduction in transcription 

(appendix C p. 266) 
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5.4.2.1 Bioinformatics and FTIR 

The similarity of ADR1 L1 to proteins both in A. thaliana and other genera was studied. 

ADR1 L1 is part of a large family, but the immediate relatives are closely related to the well 

defined mutant ADR1 (ADR1 L2 (AT5G04720), ADR1 L3 (AT5G47280), ADR1 (AT1G33560) 

and AT3G26470) (figure 5.4.2.1-2). In other plant species two proteins, from B. rapa and T. 

halophilam, are more closely related with ADR1 L1 (77 % AA sequence identity), than the A. 

thaliana genes which exhibit 59-65 % AA sequence identity (table table 5.4.2.1-1). The other 

dicots than the B. rapa and T. halophilam proteins have 54-58% AA identity whereas the 

most similar monocot, from O. sativa only has a 47 % sequence identity. The three ADR1 L 

proteins are the closest relatives of ADR1 L1, in Arabidopsis with 59-64% sequence identity. 

The 10 most similar proteins to ADR1 L1 are all NBS-LRR proteins as assigned by sequence 

similarity. 



Lars Kjaer Thesis 2011 

145 

 

 

Figure 5.4.2.1-1: Phylogenetic tree for ADR1 L1 in A. thaliana. The illustration was generated as 

indicated in materials and methods. The bootstrapping values for maximum parsimony are displayed 

between the branches and the percentage of protein sequence identity across the whole candidate 

protein is listed in the grey box for the closest family members. 
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Protein ID / 

AT number 

Genus AA 

number 

Annotated function Identity 

% 

ADR1 L1  816   

ACP30606  B. rapa 836 disease resistance protein 77 

BAJ33640 T. halophila 670 unnamed protein 77 

AT5G47280 A. thaliana 623 ADR1-L3, NBS-LRR resistance protein 65 

AT5G04720 A. thaliana 811 ADR1-L2, NBS-LRR resistance protein 64 

AT1G33560 A. thaliana 787 ADR1, NBS-LRR resistance protein 59 

XP_002301203 P. trichocarpa 779 NBS-LRR resistance protein 58 

XP_002327103 P. trichocarpa 834 NBS-LRR resistance protein 56 

XP_002510279 

XP_002284172 

EEE53509 

R.. communis 

V. vinifera 

O. sativa 

823 

825 

774 

leucine-rich repeat-containing protein, 

putative  

hypothetical protein 

hypothetical protein 

56 

54 

47 

Table 5.4.2.1-1: Homology analysis of ADR1 L1 in A. thaliana and crop species for the candidate gene 

ADR1 L1. AA number is the protein size in amino acids, the identity column shows % protein sequence identity 

across the entire candidate protein. The table was generated according to materials and methods. 

 

A  

B  
Figure 5.3.2.1-2: Illustrates stress and developmental expression data for ADR1 L1. A) Tissue 

types that show higher than median expression for the adult plant development. B) Relative 

expression of ADR1 L1, for a representative selection of chemical, environmental and pathogen 

treatments which show greater than 1 log2 change in expression compared to appropriate control. For 

full information see Appendix D (CD).  

Analysis of the public microarray derived expression data provides insights into tissue 

specific expression and stress individual transcriptional activation. ADR1 L1 appears to have 

increased expression in the primary root, cotyledons, and a broad range of leaf types. 
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Additionally, there is high expression in the whole stem epidermis, the 2nd stem node and 

stage 15 of flowering. Exposure to cold, osmotic pressure and wounding seems to cause 

increased gene expression. By contrast drought causes increased expression at early time 

points. Exposure to the elicitor HrpZ and infection with P. syringae also result in increased 

gene expression. The strongest gene expression is seen in response to treatment with the 

protein synthesis inhibitor cycloheximide. 

A  

B  

Figure 5.4.2.1-3: The average FTIR spectra of Col-0, and adr1 l1-1. A) Shows FTIR spectra for 6 

days old seedlings. B) Shows FTIR spectra for 7 days old seedlings treated with isoxaben for 24h. 

Black lines denote Col-0 samples; solid grey lines denote adr1 l1-1. All spectra are normalized to a 

sum 1. 

To identify the response to isoxaben treatment the individual FTIR spectra were examined. 

The FTIR spectra for 6 days old adr1 l1-1 seedlings exhibit a clear difference between the 

insertion line and the Col-0 control (figure 5.3.2.1-3 A). This difference is primarily in the 

1200-900 cm-1 area, where the difference is substantially higher than 2 x the st-dev of the 

Col-0 sample (figure 5.3.2.1-4 A). For 7 days old adr1 l1-1 seedlings treated with isoxaben 

the FTIR spectra also showed substantial difference between the insertion line and the Col-0 
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control. However, the difference between adr1 l1-1 seedlings and Col-0 is in different 

regions of the spectra for the 7 day old isoxaben treated seedlings than for the 6 days old 

ones. While the higher absorption at 1033 cm-1 remains, adr1 l1-1 does not get the broader 

main peak, leading to a lower absorbance around 960 cm-1. Additionally, there appears to 

be a decrease in methylated pectin, as the 1755 cm-1 peak increases substantially for the 

Col-0 sample but not for the adr1 l1-1 seedlings. Like most of the isoxaben treated insertion 

lines adr1 l1-1 has a lower minima at 1200, leading to the greatest Col-0-adr1 l1-1 difference 

at 1188 for the 7 day old isoxaben treated seedlings. 

A  

B  
Figure 5.4.2.1-4: illustrates the differences in FTIR spectra between Col-0 and adr1-l1-1 before and 

after isoxaben treatment. Each line represents the results of the normalized, average FTIR spectra for 

Col-0 seedlings minus the spectra from mutant seedlings. A) 6 days old adr1 l1-1 seedlings. B) 7 days 

old adr1 l1-1 seedlings treated with isoxaben for 24h. The thin grey lines represent 2x the standard 

deviation of the Col-0 sample. 

5.4.2.2 Phenotypic Analysis 

Cell wall mutants have often been linked to altered pathogen susceptibility. Susceptibility of 

the insertion lines to P. syringae was tested. As can be seen in figure 5.4.2.2-1 3 days after 

infection with P. syringae adr1 l1-1 plants exhibit significantly enhanced bacterial growth 

-0.003 

-0.002 

-0.001 

0 

0.001 

0.002 

0.003 

800 1000 1200 1400 1600 1800 

D
if

fe
re

n
ce

 n
o

rm
al

iz
e

d
 

to
 s

u
m

 1
 

Wavelength cm^-1 

-0.003 

-0.002 

-0.001 

-1E-17 

0.001 

0.002 

0.003 

800 1000 1200 1400 1600 1800 

D
if

fe
re

n
ce

 n
o

rm
al

iz
e

d
 

to
 s

u
m

 1
 

Wavelength cm^-1 



Lars Kjaer Thesis 2011 

149 

 

compared to Col-0, indicating that the insertions exhibits susceptibility to P. syringae 

infection.  

 
Figure 5.4.2.2-1: P. syringae susceptibility of the insertion line adr1 l1-1. The light grey bar is the 

bacterial count at the time of infection (0 dpi), and the dark grey are 3 days post infection. 0 dpi 

samples are based on 4 biological replicates 3 dpi samples are based on 12 biological replicates* 

marks samples significantly different from the Col-0 control. pad4 is a positive control. 

 
Figure 5.4.2.2-2: Representative images of lignin staining of seedling root tips for the insertion 

line adr1 l1-1. All seedlings were treated with isoxaben for 12h after 6 days of growth. The scale bar 

(Col-0 control lower left hand corner) is 1 mm long. (n=>10).  

To determine if there is an altered lignin deposition in response to CWD root tips of 6 days 

old adr1 l1-1 and Col-0 seedling were treated with isoxaben and stained with phloroglucinol. 

adr1 l1-1 appears to deposit more lignin in the root elongation zone in response to isoxaben 
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treatment than Col-0 as can be seen in figure 5.4.2.2-2. The lignin deposition appears to 

stretch further up from the root elongation zone than in the Col-0 root tip.  

In order to follow up on the FTIR data suggest quantitative cell wall analyses were carried 

out. There are no significant differences between adr1 l1-1 and Col-0 seedlings with regard 

to cellulose levels (figure 5.4.2.2-3 A). The uronic acids levels appear to be similar to as well.  

Col-0 (figure 5.4.2.2-2 B).  

A B  

Figure 5.4.2.2-3: Cell wall analysis of candidate line KO adr1 l1-1 measuring cellulose (A) and 

uronic acids (B). In figure A and B samples 6 day old seedlings are in light grey, 7 day old seedlings 

after 24h of isoxaben are dark grey. There is no significant difference to the corresponding Col-0 

control. (ANOVA α 0.05 LSD, error bars are st-dev). 

For 6 days old adr1 l1-1 seedlings there is a significant increase in rhamnose compared to 

Col-0 (figure 5.4.2.2-4 A). In 7 days old seedlings treated with isoxaben for 24h there are 

significant increases in rhamnose, arabinose, xylose and mannose compared to Col-0 

seedlings.  
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C  

D  
Figure 5.4.2.2-4: Neutral cell wall sugars analysis of candidate gene KO adr1 l1-1. Figure A 

displays neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light grey and adr1 l1-1 

in dark grey. Figure B shows neutral cell wall sugar levels for the 7 days old 24 h isoxaben treated 

seedlings (Col-0 light grey, adr1 l1-1 dark grey). *indicates a difference to the corresponding Col-0 

control. (ANOVA α 0.05 LSD, error bars are st-dev). 

5.4.3 Discussion 

ADR1 L1 has its highest expression in culture grown root cells, roots, across early leaf 

development, in the stem, the flower, and in the cotyledon. However the median expression 

is quite high which suggests that it is broadly functional across the plant. The gene has its 

expression increased in response to cold, osmotic, wounding and drought stress. 

Interestingly the three universal stresses (cold, osmotic, drought), which elicit response 

cause a reduction in cytoplasmic volume, and therefore a pull stress on the membrane. The 

expression is only regulated in response to a single pathogen, P. syringae, suggesting a very 

specific response to pathogens. 
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FTIR analysis of adr1 l1-1 shows an increased absorbance in the cellulose/hemicellulose 

associated part of the spectra in 6 days old seedlings, compared to Col-0 this pattern of 

change is consistent after isoxaben treatment. The chemical assays do not immediately 

show any features, which could be assigned to this altered cell wall composition. However 

there is, insignificantly, more cellulose in 6 days old seedlings.  adr1 l1-1 shows only an 

increase in rhamnose level in 6 day old seedlings. In 6 ½ day old seedlings treated with 

isoxaben for 12h there is a large increase in lignin deposition compared to Col-0. Likewise 

there is an increased rhamnose, arabinose xylose and mannose level in 7 days old adr1 l1-1 

seedlings treated with isoxaben for 24h compared to Col-0. This, along with the increased 

susceptibility to P. syringae suggests that the stress response in A. thaliana is enhanced 

when ADR1 L1 is knocked out. The initial rhamnose phenotype may suggest that there is an 

increase in RGI or RGII, with a corresponding decrease in other components leading to 

unchanged galactose/arabinose levels.  

As the major phenotypes of adr1 l1-1 are only induced with stress, it suggests that the gene 

is specifically involved in stress response mechanism. Together with the pathogen 

susceptibility caused by the KO of the gene this may suggest that ADR1 L1 plays a role in cell 

wall modulation in response to cell wall damage. Interestingly, all the responses to CWD 

appear to be enhanced, which may suggest that ADR1 L1 is a negative regulator. In 

microarray derived expression data ADR1 L1 is only regulated in response to P. syringae, 

which might suggest a specific recognition pathway. However the gene expression is 

regulated in response to physical environmental stresses and isoxaben it may be a more 

general stress response. As the gene also has a quite high native expression it may still be 

involved in pathogen response for genes where no significant regulation is present. 

Therefore it would be interesting to test if the pathogen susceptibility is present for any 

other pathogens than P. syringae. This could clarify if the KOs additional susceptibility is a 

general or specific response to P. syringae. Additionally adr1 l1 should be assayed for 

osmotic, cold, wounding, and drought response, which cause transcriptional effects. The 

stress-induced phenotype also suggests that valuable insight could be gathered about this 

genes function using overexpressors. This avenue of investigation is made more promising 

by its successful application for the close relative ADR1 (Grant et al., 2003). The phenotypes 
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should be confirmed to be due to loss of function. As there is a single insertion with a well-

defined response to stress this could suitably be done with a rescue construct. 

5.5 DRR1 

5.5.1 Introduction 

DRR1 is predicted to be a dirigent like protein based on sequence similarity (Ashburner et 

al., 2000). This protein family has previously been implicated in lignan biosynthesis and 

disease resistance response. Dirigent like proteins are thought to guide radicals in the 

synthesis of lignin, making stereo specific lignin (Davin and Lewis, 2000). The exact 

mechanism is unknown, but was such a function was originally demonstrated by mediating 

the stereo specific synthesis of E-coniferyl alcohol to (1)-pinoresinol with a protein extracted 

from Forsythia suspensa (Davin et al., 1997). The function has also been shown for two A. 

thaliana proteins, At1g64160, and At4g23690, which mediate the laccase-catalyzed 

enantioselective oxidative phenol coupling of carbon 1 to 2 (Pickel et al., 2010).  

5.5.2 Results  

The location of the insertion in drr1-1 has been confirmed to be at after nucleotide 445, 

which could lead to truncation at AA 122 out of 186. There is one predicted domain, a 

dirigent like disease resistant response protein domain. (http://www.uniprot.org/). While 

there are two insertion lines for DRR1 the second line was isolated after the phenotype was 

established, and was therefore not included in the analysis. The insertion line appears to 

result in an at least 90% reduction of the transcript see appendix B for RT-PCR gels p. 257. 

 

Figure 5.5.2-1: The predicted protein domain for DRR1. The arrow indicates the site at which the 

drr1-1 insertion could result in truncation. Predicted domains have are from www.uniprot.org.  

5.5.2.1 Bioinformatics and FTIR 

In order to determine the level of conservation between family members in A. thaliana and 

between species the protein sequence of the target gene was subjected to phylogenetic 

analyses  The closest four family members have 57-67 % AA sequence identity (figure 
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5.5.2.1-1). One protein from B. rapa shows the same identity as the best match from A. 

thaliana (67% AA sequence identity). The closest four genes have been assigned the same 

function (Ashburner et al., 2000). With exception of the B. rapa the relatives in other genera 

have lower AA sequence identity (46-57%) than the closest relatives in A. thaliana (66-67 % 

AA sequence identity) (table 5.5.2.1-1). DRR1 has a number of homologs in P. trichocarpa, 

which have 50-54 % AA sequence identity. The closest homolog in a monocot is from O. 

sativa and has 46% AA sequence identity.  

 

Figure 5.5.2.1-1: Phylogenetic tree for DRR1 in Arabidopsis thaliana. The Phylogenetic trees 

generated for DRR1 were generated as indicated in materials and methods. The bootstrapping values 

for maximum parsimony are displayed between the branches and the percentage of protein sequence 

identity across the whole candidate protein is listed in the grey box for the closest family members. 
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Protein ID / AT 

number 

Genus AA 

number 

Annotated function                                       Identity 

DRR1  186   

ABV89606 B. rapa 188 disease resistance response protein 67 

AT1G55210 A. thaliana 187 disease resistance response 67 

AT5G49040 A. thaliana 191 disease resistance-responsive dirigent 

protein-related 
66 

AT3G13662 A. thaliana 186 disease resistance-responsive 57 

XP_002297648 P. trichocarpa 195 none 54 

XP_002336701 P. trichocarpa 195 none 53 

XP_002335799 P. trichocarpa 193 none 52 

XP_002304013 P. trichocarpa 193 none 52 

XP_002285684 V. vinifera 193 none 51 

XP_002283403 V. vinifera 194 none 50 

XP_002285678 V. vinifera 193 none 50 

XP_002309288 P. trichocarpa 182 none 50 

EAY82438 O. sativa 184 none 46 

Table 5.5.2.1-1: Homology analysis of DRR1 in across species. AA number is the protein size in 

amino acids, the identity column shows % protein sequence identity across the whole candidate 

protein. The table was generated according to materials and methods.  

Publicly available expression profiling data derived from microarrays provide an overview of  

the developmental and stress induced expression of DRR1. Expression data suggests that 

the gene has its highest expression levels in the root and the hypocotyl, with the expression 

in the root being prominent in stage 3 roots, the stele and cortex stages 1 and 2 (figure 

5.5.2.1-2 A). There is also substantially higher expression in the petiole of leaf 7 petiole, 

stage 15 flowers, the shoot apex and the ovary. Seedlings grown on MS agar exhibit highest 

expression in roots, compared to aerial tissue. DRR1 is highly expressed in response to 

drought and osmotic stress, with maxima after app. 1 h (figure 5.5.2.1-2 B). Temperature 

changes (heat/cold stress) appear to down regulate DRR1 expression whereas ABA results in 

increased expression. The pathogen elicitor GST-NPP1-1 elicits higher expression, whereas 

infection with P. syringae results in lower expression. 
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A  

B  
Figure 5.5.2.1-2: Illustrates stress and developmental expression data for DRR1. A) Tissue types 

that show higher than median expression for the adult plant development. B) Relative expression of 

DRR1, for a representative selection of chemical, environmental and pathogen treatments which show 

greater than 1 log2 change in expression compared to appropriate control. As stress data covers a time 

course displayed data represent the time point with maximum change in Log2. For full information 

see Appendix D (CD). 

The individual spectra of the insertions and the Col-0 were examined manually, and the 

differences between them were evaluated in comparison to the variance, in order to 

identify significant differences. FTIR spectra of 6 day old drr1-1 seedlings show substantially 

higher absorbance than Col-0 control in the 1150-1000 cm-1 region of the spectra, with a 

sharp peak at 1022 cm-1 (figure 5.2.2.1-3). The rest of the spectra have lower absorbance 

than Col-0, however as it is a minor universal difference it seems likely that it is an effect of 

the normalization.  As can be seen in figure 5.2.2.1-4 the difference between the Col-0 

sample and drr1-1 is greater than 2x the standard deviation of the Col-0 sample between 

1100-1000.   
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Figure 5.5.2.1-3: Average FTIR spectrum of Col-0 (black) and drr1-1 (grey) after 6 day old A. 

thaliana seedlings. All spectra are normalized to sum 1 

 
Figure 5.5.2.1-4: Illustrates the differences between Col-0 and drr1-1. The black line shows the 

FTIR spectra for Col-0 seedlings minus the corresponding drr1-1 spectra subject to the same 

treatment, illustrating differences the between the two genetic lines. The spectra are for 6 day old 

seedlings. The thin grey lines represent 2x the standard deviation of the Col-0 sample. 

5.5.2.2 Phenotypic Analysis 

The susceptibility of the mutant to P. syringae was assayed in order to evaluate if the 

insertion affects the resistance. 3 days after infiltration with P. syringae there was a 

significantly higher number of viable bacteria in the leaf, though the insertion line is still less 

susceptible than, pad4. This indicates that drr1-1 has higher susceptibility to P. syringae 

than Col-0. 
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Figure 5.5.2.2-1: P. syringae susceptibility of the insertion line drr1-1. The light grey bar is the 

bacterial count at the time of infection (0 dpi), and the dark grey are 3 days post infection. 0 dpi 

samples are based on 4 replicates, 3 dpi samples are based on 12 replicates * marks samples 

significantly different from the Col-0 control. pad4 is a positive control. 

As lignification has previously been used as a indicator for cell wall stress response lignin 

deposition in response to CWD the root tips of 6 day old Col-0 and drr1-1 seedlings treated 

with isoxaben were characterized. drr1-1 displays reduced lignin deposition in the 

elongation zone compared to Col-0 after isoxaben treatment (figure 5.3.2.2-2). 

 
Figure 5.5.2.2-2: Representative images of lignin staining of seedling root tips for the insertion 

line drr1-1. All seedlings were treated with isoxaben for 12h after 6 days of growth. The scale bar 

(Col-0 control lower left hand corner) is 1 mm long. (n=9).  

In order to characterize the compositional changes in more detail leading to the differences 

in FTIR spectra quantitative chemical assays were carried out. Compositional analysis of 

drr1-1 seedlings showed several phenotypes. drr1-1 has a significantly increased cellulose 

   Col 0         drr1-
1 
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level compared to Col-0 for 6 day old seedlings (figure 5.5.2.2-1 A). For 7 day old seedlings 

treated with isoxaben do not elicit the phenotype.  

A B  
Figure 5.5.2.2-3: Cell wall analysis of candidate line KO drr1-1 measuring cellulose (A) and 

uronic acids (B). In figure A and B samples 6 day old seedlings are in light grey, 7 day old seedlings 

after 24h of isoxaben are dark grey. *indicates a difference to the corresponding Col-0 control. 

(ANOVA α 0.05 LSD, error bars are st-dev). 

A  

B  
Figure 5.5.2.2-4: Neutral cell wall sugar analysis of candidate line KO drr1-1. Figure A displays 

neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light grey and drr1-1 in dark 

grey. Figure B shows neutral cell wall sugar levels for the 7 day old 24 h isoxaben treated seedlings 

(Col-0 light grey, drr1-1 dark grey). *indicates a difference to the corresponding Col-0 control. 

(ANOVA α 0.05 LSD, error bars are st-dev). Data is based on 1 biological repeat. 
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Neutral cell wall sugars assays show significant increases in rhamnose, arabinose, and xylose 

in both 6 and in 7 days old seedlings compared to the Col-0 control (figure 5.5.2.2-4 A, B). 

There is a significant increase in mannose level for 7 day old seedlings treated with isoxaben 

for 24h. 

5.5.3 Discussion 

FTIR spectra of drr1-1 showed a significant change in the 1150-1000 cm-1 area. This could 

suggest an increase in either cellulose or hemicellulose levels. Analysis of cell wall 

composition of 6 days old drr1-1 and Col-0 seedlings confirm this. The insertion line has a 

higher cellulose, rhamnose, arabinose, and xylose level in 6 days old seedlings. 

Uncharacteristically compared to the other KOs examined the neutral cell wall sugars do not 

appear to be altered in response to isoxaben treatment. The 7 days old 24h isoxaben 

treated samples do not have a cellulose phenotype. There is also a significantly less lignin 

deposited after isoxaben treatment compared to Col-0. The rhamnose, arabinose, and 

xylose enrichment is shared with several other insertion lines, and suggests specific changes, 

which will be addressed in section 5.7.  

The P. syringae susceptibility of drr1-1 suggests that it could be a signalling or pathogen 

response gene. If it was a biosynthetic gene other insertion lines with a similar cell wall 

phenotype t20f21 1-2, ugt71c3-2 should have the same susceptibility to P. syringae or that 

DRR1 has a different function to the rest. As this does not happen it suggests that a specific 

signalling or stress response pathway is impaired. This is backed up by the classification of 

the gene as a disease resistance response protein. Alternatively it could be a biosynthetic 

function which is also involved in stress response. As a dirigent like protein synthesis of 

antibacterial lignans would be a explanation for the reduced pathogen resistance as lignans 

which are known to be antiviral, antimicrobial, and elicited in response to pests and 

pathogens (Pan et al., 2009). This however does not seem a likely candidate for altering the 

cell wall composition as lignans are small non structural phenotypes. However, changing the 

synthesis pathways for common lignin or lignans could affect the damage perception or 

response and cause other pathways to be activate. This might suggest that the phenotype 

seen in drr1-1, t20f21 are part of a common stress response.  
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5.5 T20F21.3 

5.6.1 Introduction 

T20F21.3 has a heavy metal associated domain, based on AA similarity (Ashburner et al., 

2000). Heavy metal binding domains bind heavy metal such as Cu (II) and transport them to 

the enzyme where they are needed. This function has been demonstrated for yeast, where 

copper is bound after import and transported to a target protein (such as p-type ATPases) 

(Pufahl et al., 1997). The structure of such a protein has been solved for the yeast protein 

ATX1 (Rosenzweig et al., 1999). The domain has a binding site with two cysteines (15, 18), 

which are conserved in T20F21.3. 

ATX1            ------------------MAEIKHYQFNVVMTCSGCSGAVNKVLTKLEPDVSKIDISLEK 42 

AT2G35730       MKEPMMRRRTLMLCEKLSLPSFQVIEINADVGCVACQDRVSKIVSKMT-GIEEYVVDLKK 59 

                                  :..::  ::*. : * .*.. *.*:::*:  .:.:  :.*:* 

ATX1            QLVDVYTTLPYDFILEK--IKKTGKEVRS--GKQL--------------------- 73 

AT2G35730       KLVMARGDFRPRLVSSQQQVKDVVSQTPSQNAKRLLRPLKIFLRSIFSLCLRPTTL 115 

                :** .   :   :: .:  :*.. .:. *  .*:*              

Figure 5.6.1-1: Sequence similarity of ATX1 and T20F21.3. The conserved cysteines, which are 

integral to the protein activity site are marked in grey. * denotes identical amino acids, : denotes 

conserved amino acids,  . denotes semi-conserved amino acids.  

Such a function has also been found for the Drosophila homologue ATOX1, which exhibits 

susceptibility to copper starvation, and resistance to cisplatin, an anti-cancer drug which is 

transported into the cell using the transporter upstream of Atox1 (Hua et al., 2011). In A. 

thaliana there are three characterized copper chaperones, COPPER CHAPERONE FOR SOD1  

(AtCCS), COPPER CHAPERONE (AtCCH), and HOMOLOG OF ANTI-OXIDANT 1 (AtATX1), which 

have been shown to functionally complement the characterized yeast metalochaperones 

(Puig et al., 2007, Abdel-Ghany et al., 2005). In the case of AtATX1 the transfer of copper 

was demonstrated to a yeast p-type ATPases has been demonstrated (Puig et al., 2007).  

A family of 67 metallochaperone genes has been defined in A. thaliana. However this family 

does not contain T20F21.3, though 5 of the 6 most similar proteins are in the family, figure 

5.6.2.1-1 (Tehseen et al., 2010). Therefore, T20F21.3 may be involved in copper regulation, 

like ATX1, but may also have involvement in additional processes. The heavy metal 

associated domain, which depending on what prediction tool is being used, is located 

between AA 28-57, or 5-85 out of 115 (www.uniprot.org).  
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5.6.2 Results 

There are two KOs for T20F21.3. T20f21 1-1 has the insertion position confirmed in exon 2, 

coding nucleotide 118 (399 with introns) which codes for AA 40 (of 118). For t20f21 1-2 the 

insertion is also in exon 2 but after coding nucleotide 89 (370 with introns), which would 

result in a protein truncated at AA 30. The insertion results in reduced gene expression 

levels in the t20f21 1-1 line (see appendix B page 258). t20f21 1-2 is being confirmed by 

other lab members.   

5.6.2.1 Bioinformatics and FTIR 

The similarity of the target proteins to relatives both in A thaliana and other genera was 

determined using clustalW. For T20F21.3 five proteins show above random identity, though 

there is low AA sequence identity (13-17 %) Figure 5.6.2.1-1. The 10 closest matches 

identified in other genera have higher, but still low AA sequence identity (17-32 %) (table 

5.6.2.1-1). Interestingly most of the close relatives to T20F21.3 are in O. sativa, Z. mays, P. 

trichocarpa, P. sitchensis, V. vinifera and R cummunis, which are woody species or 

monocots. 

Protein ID / 

AT number 

Genus AA 

number 

Annotated function Identity % 

T20F21.3  115   

XP_002304417 P. trichocarpa 107 phytochrome kinase substrate 2 32 

NP_001045267 O. sativa 158 none 31 

BAD88197 O. sativa 141 none 31 

EEC72080 O. sativa 141 none 27 

EEC72077 O. sativa 83 none 26 

NP_001143542 Z. mays 153 none 24 

ABK23612 P. sitchensis 112 none 23 

EEF33237 R. communis 119 none 21 

XP_002282260 V. vinifera 113 none 17 

AT2G28660 A. thaliana 265 copper-binding family protein 17 

AT1G06330 A. thaliana 159 heavy metal transport / 

detoxification-like protein 
13 

AT3G24450 A. thaliana 140 copper-binding family protein 13 

Table 5.6.2.1-1: Homology analysis across genera for the candidate protein T20F21.3 across 

species. AA number is the protein size in amino acids; the identity column shows % protein sequence 

identity across the whole protein to the candidate protein. The table was generated as described in 

material and methods. 
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Figure 5.6.2.1-1: Phylogenetic trees for T20F21.3 in A. thaliana. The illustration was generated as 

indicated in materials and methods. The bootstrapping values for maximum parsimony are displayed 

between the branches and the percentage of protein sequence identity for the whole protein is listed in 

the grey box. 

A  

B  
5.5.2.1-2: illustrates relevant stress and developmental expression data for T20F21.3. A) Tissue 

types that show higher than median expression for the adult plant development. B) Relative 

expression of T20F21.3, for a representative selection of chemical, environmental and pathogen 

treatments which show greater than 1 log2 change in expression compared to appropriate control. As 

stress data covers a time course displayed data represent the time point with maximum change in 

Log2. For full information see Appendix D (CD). 
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Expression data from microarrays for T20F21.3 illustrate the expression patterns can 

provide an overview of the tissue specific and stress induced expression of T20F21.3. 

T20F21.3 seems to have highest expression level in guard cells. However, there is also high 

expression seen for the root, primarily in stage 3 though the root stele also exhibits high 

expression in stage 2. There is also a high expression in flowers, ovaries and root cells. 

Exposure to osmotic and salt stress causes an increased expression over 24h. In response to 

drought there appears to be an initial up regulation of T20F21.3 in the shoot, while over 24h 

there is substantial down regulation in the root. A number of hormones cause changes in 

the expression of T20F21.3 with ACC, and MeJA resulting in higher expression, and 

gibberellic acid, paclobutrazol, and uniconazole (all gibberellic acid pathway related) 

resulting in lower expression. Protein synthesis inhibition by cycloheximide results in higher 

expression of T20F21.3. Additionally two different variants of P. syringae induce higher 

expression.  

To initiate analysis of cell wall composition and structure the t20f21 1-1 FTIR spectra was 

analysed. Examination of the FTIR spectra of the insertion lines, when compared with the 

Col-0 control can provide preliminary information about the cell wall composition. For 

t20f21 1-1 the biggest difference to Col-0 is in the 1150-1000 area (figure 5.6.2.1-3). Analysis 

shows this to be above the 2x st-dev threshold difference 1150-1000 cm-1 (figure 5.6.2.1-4). 
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Figure 5.6.2.1-3: Average FTIR spectrum of 6 day old seedlings of Col-0 (black) and t20f21 1-1 

(grey). All samples are normalized to sum1.  

 

Figure 5.6.2.1-4: illustrates the differences between Col-0 and t20f21 1-1. The black line shows 

the FTIR spectra for Col-0 seedlings minus the corresponding t20f21 1-1 spectra subject to the same 

treatment, illustrating the between the two genetic lines. The spectra are for 6 day old seedlings. 

5.6.2.2 Phenotypic Analysis 

 
Figure 5.6.2.2-1: P. syringae susceptibility of the insertion lines of t20f21 1-2. The light grey bar is 

the bacterial count at the time of infection (0 dpi), and the dark grey are 3 days post infection. 0 dpi 

samples are based on 4 biological replicates, 3 dpi samples are based on 12 biological replicates* 

marks samples significantly different from the Col-0 control. pad4 is a positive control. 
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A T20F21.3 Insertion line was screened for susceptibility to P. syringae and compared to Col-

0. The t20f21 1-2 and Col-0 plants exhibit similar levels of infection 3 days after inoculation 

(figure 5.6.2.2-1).  

Lignin deposition was studied by staining root tips with phloroglucinol of 6 day old seedlings 

treated with isoxaben. t20f21 1-1 root tips exhibit reduced lignin deposition compared to 

the Col-0 control. The lignin deposition area is slightly reduced, but no apparent difference 

in difference intensity (figure 5.6.2.2-2).  

 
Figure 5.6.2.2-2: Representative images of lignin staining of seedling root tips for the insertion 

line t20f21 1-1. All seedlings were treated with isoxaben for 12h after 6 days of growth. The scale bar 

(Col-0 control lower left hand corner) is 1 mm long. (n=9).  

To follow up on the mutant FTIR data chemical assays were carried out. Compositional 

analysis of T20F21.3 insertion lines shows significant differences to the Col-0 control. There 

is a significant decrease in cellulose levels in for 6 days old t20f21 1-1 seedlings compared to 

Col-0 (though error bars overlap, suggesting the difference is less significant), though this is 

absent in 7 days old seedlings treated with isoxaben (figure 5.6.2.2-4 A). t20f21 1-2 shows a 

significant decrease in cellulose level compared to Col-0 in 7 days old seedlings treated with 

isoxaben for 24. However the error bars overlap, which suggests it may be an artefact 

(figure 5.6.2.2-4 A). The uronic acid level is significantly higher in 6 days old t20f21 1-1 

   Col 0          t20f21 
1-1 
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seedlings, but not for t20f21 1-2. In 7 days old isoxaben treated seedling there is a 

significant reduction in uronic acid level for both insertion lines (figure 5.5.1.1-4 B).   

A

B  
Figure 5.6.2.2-4: Cell wall analysis of candidate line KOs t20f21 1-1 and t20f21 1-2 measuring 

cellulose (A) and uronic acids (B). In figure A and B samples 6 day old seedlings are in light grey, 7 

day old seedlings after 24h of isoxaben are dark grey. *indicates a difference to the corresponding 

Col-0 control. (ANOVA α 0.05 LSD, error bars are st-dev). Data is based on 1 biological repeat for 

cellulose t20f21 1-2. 

The neutral cell wall sugars level for both KOs show an increase in a number of neutral cell 

wall sugars compared to Col-0 for both the 6 days old seedlings and the 7 days old isoxaben 

treated seedlings with significantly more rhamnose, arabinose, xylose, and mannose   

(figure5.6.2.2-5 A and B). In 6 days old seedlings there is also a significantly higher fucose 

level than Col-0 in both lines and an increase in galactose level compared to Col-0 in t20f21 

1-1.   
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C  

D  
Figure 5.6.2.2-5: Neutral cell wall sugars analysis of candidate lines KOs t20f21 1-1 and t20f21 

1-2. Figure A displays neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light 

grey, t20f21 1-1 in medium grey and t20f21 1-2 in dark grey. Figure B shows neutral cell wall sugar 

levels for the 7 days old 24 h isoxaben treated seedlings (Col-0 light grey, t20f21 1-1 medium grey, 

t20f21 1-2 dark grey). *indicates a difference to the corresponding Col-0 control. (ANOVA α 0.05 

LSD, error bars are st-dev). Data is based on one biological repeat for t20f21 1-2. 

5.6.3 Discussion 

FTIR spectra for 0h t20f21 1-1 show a significant increase in absorption in the 1150-1000 cm-

1 area. Like for drr1-1 this suggests an increase either in cellulose or hemicelluloses. The 

t20f21 1-1 KO shows a reduction in cellulose level in 6 days old seedlings, which is significant 

but not large (figure 5.6.2.2-2 A). There is a significant decrease in cellulose compared to 

Col-0 in 7 days old seedling treated with isoxaben for t20f21 1-1; however the error bars 

suggest that this may not be significant. Both KOs showed dramatic increases in rhamnose, 

arabinose and xylose sugars. The lignin staining detected a decrease in lignin deposition in 

the root tip for 6 days old t20f21 1-1 seedlings treated with isoxaben. This suggests that 

increases in hemicellulose levels or pectin composition result in a cell wall where the 

reduction in cellulose synthesis capacity does not weaken the cell wall as much as in Col-0. 

The uronic acid level for both insertion lines is significantly lower in 7 days old isoxaben 
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treated seedling, but not consistent across insertion lines for 6 day old seedlings. As such, it 

opens up questions about the global cell wall structure addressed in section 5.7.  

If the protein is a metallochaperone, the activity must be from the enzyme that the metal is 

transferred to. The proteins previously characterized as downstream products include 

superoxide dismutases, photosynthesis proteins, and P-type ATPases, which transport heavy 

metals into other cellular compartments from the cytosol (Tehseen et al., 2010). As such 

there are many functions with which this gene could possibly be involved in as a 

metallochaperone. The metallochaperone function could be tested by heterologously 

expressing the protein, adding a range of metal salts, removing the protein by filtration and 

measuring the metal residues by spectroscopy. If the downstream target(s) were to be 

identified tagging the protein (possibly as part of a rescue), and subsequently immobilising 

the interaction partners by cross linking with formaldehyde (Klockenbusch and Kast, 2010) 

could aid the identification of the target/T20F21.3.  

5.7 Discussion 

Phenotypic analysis of the selected candidates for altered cell wall composition discovered 

cell wall phenotypes in several mutants. The insertion lines whose spectra locate in cluster 4 

(figure 4.3.2-3) exhibited very similar neutral cell wall sugar composition, supporting the 

original FTIR classification. Of the 10 candidate genes selected for further characterization 

based on the FTIR spectra, 6 were shown to have verifiable cell wall phenotypes. 

Additionally, an increased susceptibility to the biotrophic pathogen P. syringae was 

demonstrated for drr1-1 and adr1 l1-1, and a higher level of resistance for ugt71c3 ugt76b1. 

IPX1 insertion lines show a strong stress induced phenotype, indicating that the manual 

selection of FTIR phenotypes is valid.   

The candidate genes were selected for further study based on 3 different criteria, clustering 

with diagnostic mutants, altered FTIR spectra beyond 2x the st-dev of Col-0 in the 1350-

1200 cm-1 interval, and FTIR clustering that suggest resistance to isoxaben treatment. From 

the genes where candidate gene KO/KD clustered with diagnostic mutant this chapter 

contains ugt76b1-1, ugt71c3-1, adr1 l1-1, drr1-1 and t20f21 1-1. These are all the mutants 

where spectra co-located with spectra from diagnostic mutants, except up2-1. up2-1 was 
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not included because the genotypic data was inconclusive (see chapter 6). The cell wall 

phenotypes are similar for all of the genotypes in cluster 4 (figure 4.3.2-3) (ugt71c3-2, drr1-

1, t20f21 1-1). ugt71c3-2 6 day old seedlings show higher xylose and cellulose levels, 

ugt71c3-2 7 day old isoxaben treated seedlings have higher than Col-0 rhamnose arabinose 

and xylose levels, 6 day old drr1-1 seedlings contain higher than Col-0 amounts of cellulose, 

rhamnose, arabinose and xylose, t20f21 1-1 contains higher than Col-0 rhamnose, arabinose 

and xylose levels. The mutants, which contain less arabinose/xylose have higher cellulose 

levels. This suggests that the selection criteria this cluster is based on xylose levels, or 

wavelengths which are influenced by cellulose, arabinose and xylose. The similarities in cell 

wall composition in these insertion lines clearly demonstrate that clustering can successfully 

identify a cell wall phenotype.  

Spectra from ugt76b1-1 and adr1 l1-1 were located in cluster 2 and showed a less 

pronounced cell wall phenotype, with smaller (and often insignificant) changes in xylose and 

arabinose levels. The lignin deposition phenotypes of the two are also different (ugt76b1-1 

has reduced lignin deposition; whereas adr1 l1-1 has increased lignin deposition after 12 h 

of isoxaben treatment). However, the fact that adr1 l1-1 t24 did cluster with 7 day old 

seedling spectra suggests that the likeness to the calibration set is superseded in importance 

(statistically) by the large lignin deposition, or altered neutral cell wall sugars phenotype 

caused by isoxaben treatment. This suggests that the FTIR clustering of these mutants is 

based on cell wall components, or structures, which are not characterized in this study. 

The FTIR phenotypes of 6 days old ipx1 seedling showed lower than Col-0 absorbance in the 

1200-1350 cm-1. This is suggestive of lower lignin levels. ipx1 have a substantially altered 

response to isoxaben treatment. There was no consistent phenotype across the insertion 

lines for 6 days old seedlings. However a 7 days old seedling after isoxaben treatment 

increased rhamnose, arabinose, xylose and mannose levels and reduced galactose levels 

were observed in insertion lines. The mutant seedlings also deposit substantially less lignin 

in 6 days isoxaben treated seedlings than Col-0.  This would fit with the suspected reduced 

lignin deposition from the FTIR phenotype.  
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drr1-1, t20f21 1-1 and t20f21 1-2 all show high rhamnose, arabinose, and xylose levels in 

both 6 day old and 7 day old isoxaben treated seedlings. The mutant seedlings also display 

decreased lignin deposition in the root elongation zone. The backbones of hemicelluloses 

are made of glucose, xylose, galactose and mannose (Scheller and Ulvskov, 2010). 

Arabinose, though a common component in cell wall polysaccharides is only present in side 

chains. Arabinose and xylose commonly appear in large amounts in arabinoxylans where 

xylan backbones are covered with arabinose side chains (Scheller and Ulvskov, 2010). 

However these are common in monocots, not dicots. Additionally the high rhamnose levels 

suggest enrichments of RGI or RGII as these are the only cell wall components, which 

contain large amounts of rhamnose. Both of these also contain arabinose. RGI normally 

contains large amounts of galactose, which is reduced in the cell wall of the insertion lines. 

However as galactose is prevalent in many different polymers it is difficult to determine the 

source of an altered galactose level without a complete linkage analysis, or antibody-based 

assays. Increases in RGII should also result in an increase in fucose level, which is not 

consistently detectable. However this does not eliminate the possibility of it´s involvement 

as it is a less prevalent component than rhamnose. Overall these dramatic changes in sugar 

composition would require a dramatic changes from low RGI and RGII content in the cell 

wall (approximately 5%), so it seems more likely that it is combination of multiple 

components T20F21 insertion lines consistently show slightly lower uronic acids levels in 7 

day old seedlings treated with isoxaben than Col-0 while drr1-1 has the same uronic acid 

concentrations Col-0. This suggests that changes in neutral cell wall sugar levels represent a 

difference in ratios of pectin polymers to each other and not an increase. This may suggest 

that the change in hemicellulose structure makes the structure more resistant to cellulose 

deficiency. 

These possible explanations for the observed changes in cell wall composition lead to cell 

wall polymer with more side chains. An important part of the structural strength of the cell 

wall is derived from the cross linking of cell wall components. One example of such cross 

linking is the hydrogen bonding of hemicelluloses and pectin to cellulose fibres, which 

covers the surface of cellulose (Dick-Perez et al., 2011). This binding is less 

thermodynamically favourable if the surface of the hemicelluloses is covered with side 
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chains. As such the alignment of the cell wall to contain more arabinose, xylose, and 

rhamnose (and therefore probably more arabinoxylans, RGI and RGII) could be an indication 

that the hemicellulose and cellulose networks are decoupling in response to the reduction 

in cellulose biosynthesis. Should a difference exist prior to the induction of cell wall stress, 

as appears to be the case in 6 day old drr1-1, t20f21 1-1 and t20f21 1-2, it might produce a 

cell wall that is less affected by the inhibition of cellulose biosynthesis. This trend in cell wall 

composition should be characterized in greater detail, and a good starting point would be 

the use of cell wall specific antibodies, to confirm which polymers are altered, followed by 

linkage analysis could be analysed and quantified using diagnostic enzymes (Bauer et al., 

2006) or fractionation and GC-MS analysis (Zabotina et al., 2008). 

The P. syringae assay carried out by the Glazebrook lab detected that adr1 l1-1 and drr1-1 

have a greater susceptibility to the pathogen. ugt71c3 ugt76b1 is less susceptible to P. 

syringae than Col-0. The two P. syringae susceptible mutant lines do not have the same 

phenotype, and t20f21 1-2 which shows a similar cell wall phenotype to drr1-1 does not 

share the pathogen susceptibility. This demonstrates that susceptibility does not correlate 

with a specific cell wall phenotype, though the number of replicates is too low to make 

general conclusions. While the susceptibly or resistance to P. syringae does not appear to be 

a general characteristic of cell wall phenotypes, the resistance conferred by the ugt71c3 

ugt76b1 may be damage induced. Both single insertions have strong cell wall phenotypes, 

which do not appear to be present in the double homozygote. However upon exposure to 

isoxaben ugt71c3 ugt76b1 induced stronger cellulose reductions, and higher lignin 

deposition than either single insertion. It has previously been shown that exposure to stress 

prior to infection causes resistance to P. syringae (Baek et al., 2010). It seems likely that the 

double insertion is more exposed to stress than Col-0 and the resistance to P. syringae is a 

function of the activation acquired immunity. 

Lignin deposition has been established as an indicator of a weakened cell wall, as seen in 

heavily cellulose deficient mutants like eli1-1. The method only stains O-4-Linked coniferyl 

and sinapyl aldehydes, which means that there could be a bias of the method towards 
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certain responses (Pomar et al., 2002).  However the assays has been used to good effect as 

an indicator of stress response by (Hamann et al., 2009, Wormit et al., under review).  

Uronic acids measurements used in this study have regularly had quite small error bars 

(normally less than 10%). However the consistency was lower for biological reproducibility 

than for other assays. Examination of the FTIR variance in Figure 5.2.2.1-1 shows that the 

area 1800-1500 cm-1 has far greater st-dev than the other wavelengths. This area is strongly 

correlated with pectin levels (Mouille et al., 2003). This suggests that the uronic acids can be 

very variable in the same genetic background (Col-0). Therefore, while a consistent 

phenotype would be very interesting a characterization of uronic acids level should be 

based on a careful identification of the variability.  

The cellulose assays were reliable when compared to internal standards from the same 

growth batch. The error bars on the individual sample are variable, but normally larger than 

for the two other assays. 

Neutral cell wall sugars assays have worked reliably, giving very limited technical variability, 

and biologically reproducible results. Rhamnose, fucose and mannose are not very abundant 

in the cell wall. This means that they are closer to being unquantifiable. This is mostly a 

problem for mannose, as the mannose peak is located on the tail of the inositol internal 

standard. Rhamnose and fucose are the first two sugars detectably in the spectra, and are 

therefore not masked by other, more prevalent sugars. 
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6 Phenotypic Characterisations of Remaining Genes. 

6.1 Introduction  

This chapter contains data for the remaining candidate genes selected by FTIR. Although 

many of these the insertion lines in these genes have interesting phenotypes they should be 

followed up later. For materials and method see chapter 2  

6.2 UP1 

6.2.1 Introduction 

UP1 (AT1G74440) is an uncharacterized protein.  

6.2.2 Results 

The insertion for up1-1 has been confirmed by sequencing to be in the 3 primer UTR. RT-PCR 

shows that up1-1 causes a knock out of gene transcription (appendix B p. 264) 

6.2.2.1 Bioinformatics and FTIR 

Identifying homologs in other plant species helps identify the potential for knowledge 

transfer to crop species. By identifying homologs in A. thaliana the likelihood of functional 

redundancy can be assessed. The construction of a phylogenetic tree was not feasible as 

only two relative proteins could be identified, AT1G18720 (73 % AA sequence identity) and 

AT5G44180 (14% AA sequence identity). In other plant species putative homologs were 

identified with AA  sequence identity between 55% and 63% (see Table 6.2.2.1-1). The most 

similar proteins are in P. trichocarpa (60-63% 3 genes), and V. vinifera (59-61 % 4 genes). 

The closest relative in a monocot was in ACF85831 in Z. mays with 53% AA identity. 
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Protein ID / AT number Genus AA 

number 

Annotated 

function 

Identity % to target 

gene  

UP1  208   
AT1G18720 A. thaliana 206 none 73 
XP_002316127 P. trichocarpa 196 none 63 
CAO64529 V. vinifera 199 none 61 
ABK94463 P. trichocarpa 204 none 61 
CAN69808 V. vinifera 202 none 60 
XP_002284835 V. vinifera 202 none 60 
XP_002311311 P. trichocarpa 202 none 60 
XP_002272016 V. vinifera 202 none 59 
EEF39956 R. communis 200 none 57 
AAC32136 P. mariana 200 none 56 
ACF85831 Z. mays 190 none 53 

Table 6.2.2.1-1: Homology analysis of UP1 across genera. AA number is the protein size in amino 

acids, the identity column shows % protein sequence identity to the across the whole candidate 

protein. The analysis has been carried out according to the material and methods. 

A  

B  
Figure 6.2.2.1-1: Illustrates stress and developmental expression data for UP1 A) Tissue types 

that show higher than median expression for the adult plant development. The rosette leaf 4-12 data 

point represents an average across several datasets, as they had very similar expression levels. B) 

Relative expression of UP1, for a representative selection of chemical, environmental and pathogen 

treatments which show greater than 1 log2 change in expression compared to appropriate control. As 

stress data covers a time course displayed data represent the time point with maximum change in 

Log2. For full information see Appendix D (CD). 

Analysis of public expression data from microarrays provide an overview of the tissue 

specific and stress induced expression. Tissue specific microarray data for UP1 detects 

several interesting expression patterns. UP1 expression seems to be high s in the stem 
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epidermis, leaf 7, rosette leaves 4-12, the cotyledon, and the stage 15 pedicels in the flower. 

The expression profiling data shows a reduction in UP1 expression in response to cold and 

osmotic stress whereas exposure to gibberellic acid and treatment with the protein 

synthesis inhibitor cycloheximide causes increased expression. During infection by the 

pathogen P. infestans increased expression is observed. 

A

B  
Figure 6.2.2.1-2: The average FTIR spectra of Col-0, and up1-1. A) Shows FTIR spectra for 6 day 

old seedlings. B) Shows FTIR spectra for 7 days old seedlings treated with isoxaben for 24h. Black 

lines denote Col-0 samples; solid grey lines denote up1-1. All spectra are normalized to a sum 1. 

Comparison of the FTIR spectra from Col-0 and the up1-1 insertion line provides indications 

of the cell wall phenotype in the mutant. The mutant line seedlings show a substantially 

higher absorbance in the 1150-1000 cm1 area compared to the 1800-1500 cm-1 area for 6 

days old seedlings (figure 6.2.2.1-2 A). As cellulose does not have any absorbance in the 

1800-1500 cm-1 area, but the remaining cell wall components do, this may indicate high 

cellulose content. When compared in figure 6.2.2.1-3 A it can be seen that this difference is 

substantially above 2 x the standard deviation of Col-0. For 7 days old seedlings treated with 

isoxaben for 24h the difference between up1-1 and Col-0 is also in the 1150-1000 cm-1 area 

(figure 6.2.2.1-2 B), but with a greater difference than for 6 days old seedling (figure 6.2.2.1-
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3 B). Additionally for the 7 day old isoxaben treated sample the peak broadening seen in the 

900-1000 cm-1 area of the spectra for Col-0 is not present in the up1-1 spectra.  

A  

B  
Figure 6.2.2.1-3: illustrates the differences in FTIR spectra between Col-0 and up1-1 before and 

after isoxaben treatment. Each line represents the results of the normalized, average FTIR spectra 

for Col-0 seedlings minus the spectra from mutant seedlings. A) 6 days old up1-1 seedlings. B) 7 days 

old up1-1 seedlings treated with isoxaben for 24h. The thin grey lines represent 2x the standard 

deviation of the Col-0 sample. 

6.2.2.2 Phenotypic Analysis 

In order to find out if the changes in cell wall phenotype cause a change in the susceptibility 

to P. syringae the candidate insertion lines were screened. up1-1 showed no significant 

difference in susceptibility compared to Col-0. 
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Figure 6.2.2.2-1: P. syringae susceptibility of the insertion lines of up1-1. The light grey bar is the 

bacterial count at the time of infection (0 dpi), and the dark grey are 3 days post infection. 0 dpi 

samples are based on 4 biological replicates, 3 dpi samples are based on 12 biological replicates * 

marks samples significantly different from the Col-0 control. pad4 is a positive control. 

Cell wall assays were carried out to provide further detail about the FTIR phenotypes 

observed for the mutant lines. As illustrated in figure 6.2.2.2-2 A the reduction in cellulose 

level between 6 day old seedling and 7 day old seedlings treated with isoxaben for 24h 

appears to be consistent, though mutant seedlings exhibit significantly higher cellulose 

levels compared to Col-0 both before and after isoxaben treatment. There are no significant 

changes in uronic acid levels (figure 6.2.2.2-2 B).  

A B  
Figure 6.2.2.2-2: Cell wall analysis of candidate line KO up1-1 measuring cellulose (A) and 

uronic acids (B). In figure A and B samples 6 day old seedlings are in light grey, 7 day old seedlings 

after 24h of isoxaben are dark grey. *indicates a difference to the corresponding Col-0 control. 

(ANOVA α 0.05 LSD, error bars are st-dev). 

Galactose is significantly increased in abundance in both 6 and 7 day old seedlings (see 

figure 6.2.2.2-3 A and B). There is a significant increase in arabinose levels in the mutant 

seedlings compared to Col-0 after isoxaben treatment (figure 6.2.2.2-2 D). Mannose was not 
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quantified for up1-1 because it was problematic to separate the mannose peak from the tail 

of the inositol control.  

A  

B  
Figure 6.2.2.2-3: Neutral cell wall sugar analysis of candidate line KO up1-1. Figure A displays 

neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light grey and up1-1 in dark 

grey. Figure B shows neutral cell wall sugar levels for the 7 days old 24 h isoxaben treated seedlings 

(Col-0 light grey, up1-1 dark grey). *indicates a difference to the corresponding Col-0 control. 

(ANOVA α 0.05 LSD, error bars are st-dev). 

up1-1 was preliminarily screened for lignin deposition, but no obvious difference was 

detected (data not shown). 

6.2.3 Discussion 

In 6 days old seedlings up1-1 exhibits higher than Col-0 cellulose, rhamnose, fucose, and 

galactose levels. 7 days old isoxaben treated mutant seedlings also display higher than Col-0 

cellulose, as well as an increased arabinose and galactose level. The higher galactose value 

in 6 days old seedlings has large st-dev based error bars, but as the same phenotype is 

present in 7 days old seedlings the measurement is reproducible. Only one close 

homologous protein has been identified in A. thaliana but a high degree of AA similarity to 

homologous in other plant species has been detected. This suggests a conserved function 
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without a high degree of internal redundancy.  Since no second line was available study of 

this gene was temporarily halted, pending isolation of a second line.  

6.3 UP2 

6.3.1 Introduction 

UP2 (AT2G20010) encodes a protein of unknown function. 

6.3.2 Results 

The insertion for up2-1 is located after nucleotide 721, which, if it results in a truncated 

protein would equate to AA 245 out of 952. The insertion line was originally identified as a 

KD of the candidate gene. However this result was not reproducible, showing RT-PCR results 

with reduced expression in one experiment, equal expression in another and unclear results 

in a third (see appendix B p. 273 for RT-PCR gels). 

6.3.2.1 Bioinformatics and FTIR 

In order to characterize the potential for transfer of the knowledge gained about UP2 the 

similarity of the encoded protein was compared to proteins in other plants. By 

characterizing the similarity to other protein in A. thaliana the potential for functional 

redundancy was evaluated. There are 5 relatives in A. thaliana, AT1G25800 has greater 

identity to UP2 than the other proteins (59 % AA identity). The most similar proteins are in 

R. cummunis (67 % AA identity), V. vinifera (62-63% AA identity 3 proteins) and P. 

trichocarpa (63% AA identity). The most similar monocot from O. sativa also has a higher 

level of similarity to UP2 (60% AA identity) than the closet A. thaliana relative (table 5.3.2.2-

1).  

 

Figure 6.3.2.1-1: Phylogenetic trees generated for UP2 in A. thaliana. The bootstrapping values 

for maximum parsimony are displayed between the branches and the percentage of protein sequence 

identity over the whole candidate protein is listed in the grey box for the closest family members. The 

analysis has been carried out according to the material and methods. 
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Protein ID / AT 

number 

Genus AA 

number 

Annotated function  Identity 

UP2     

XP_002514245 R. communis 955 None 67 

XP_002280525 V. vinifera 975 None 63 

XP_002324442 P. trichocarpa 953 None 63 

XP_002283826 V. vinifera 985 None 62 

CBI20849 V. vinifera 1002 None 62 

XP_002309542 P. trichocarpa 994 None 60 

BAD28473 O. sativa 800 None 60 

NP_180151 

AAC42250 

NP_180900 

A. thaliana 

A. thaliana 

A. thaliana 

987 

993 

1039 

None 

None 

None 

59 

59 

37 

Table 6.3.2.1-1: Homology analysis of UP2 across species. AA number is the protein size in amino 

acids, the identity column shows % protein sequence identity across the entire candidate protein. The 

table was generated according to the materials and methods. 

A  

B  
Figure 6.3.2.1-2: Illustrates stress and developmental expression data for UP2. A) Tissue types 

that show large changes compared to the median value, for the adult plant development, and 

differences between aerial and root in MS agar grown seedlings. B) Relative expression of UP2, for a 

representative selection of chemical, environmental and pathogen treatments, which show greater than 

1 log2 change in expression compared to appropriate control. For full information see Appendix D 

(CD). 

Microarray derived expression data was used to create a profile of the tissue specific and 

stress induced expression of UP2. Analysis of microarray expression data for UP2 shows 

distinct expression patterns. The highest expression in adult plants is in guard cells, the 

stem, and the sepals of flowers at 15 stage (figure 6.3.2.1-2 A). Additionally data from 

seedlings grown on MS agar plates suggest that at this stage the highest expression is in the 
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root. The only stress, hormone or pathogen treatment that apparently causes greater than 

log2 change in expression is infection with P. syringae DC3000 after 24h (figure 6.3.2.1-2 B). 

FTIR based cell wall analysis detects only minor changes in up2-1 compared to Col-0. There 

is a slightly higher absorbance in the 1150-1000 cm-1 and slightly lower absorbance in the 

1780-1520 cm-1 area in 6 days old seedlings (figure 6.3.2.1-3 A). However, when examined in 

figure 6.3.2.1-3 A it can be seen that the changes are primarily in the areas of high variability 

as previously defined by the 2x st-dev of Col-0. For 7 days old seedlings treated with 

isoxaben for 24h the difference between the Col-0 control and the insertion line is enhanced 

(6.3.2.1-3 B, 6.3.2.1-4 B). There is a lower than Col-0 absorbance in the 900-1000 cm-1 part 

of the spectra due to the peak broadening seen in the 7 days old isoxaben treated Col-0 

spectra. 

A  

B  

Figure 6.3.2.1-3: The average FTIR spectra of Col-0, and up2-1. A) Shows FTIR spectra for 6 day 

old seedlings. B) Shows FTIR spectra for 7 day old seedlings treated with isoxaben for 24h. Black 

lines denote Col-0 samples; solid grey lines denote up2-1. All spectra are normalized to a sum 1. 
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A  

B  

Figure 6.3.2.1-4: Illustrates the differences in FTIR spectra between Col-0 and up2-1 before and 

after isoxaben treatment. Each line represents the results of the normalized, average FTIR spectra 

for Col-0 seedlings minus the spectra from mutant seedlings. A) 6 days old up2-1 seedlings. B) 7 days 

old up2-1 seedlings treated with isoxaben for 24h. The thin grey lines represent 2x the standard 

deviation of the Col-0 sample. 

6.3.2.2 Phenotypic Analysis 

To test if interfering with expression in up2-1 affects the pathogen response resistance to P. 

syringae was assayed. There is no significant difference in bacterial growth after 3 days 

between Col-0 and up2-1 (figure 6.3.2.2-1). 

-0.003 

-0.002 

-0.001 

0 

0.001 

0.002 

0.003 

800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 

d
if

fe
re

n
ce

 in
 v

al
u

e
s 

n
o

rm
al

iz
e

d
 t

o
 s

u
m

 1
 

Wavelength cm^-1 

-0.003 

-0.002 

-0.001 

-1E-17 

0.001 

0.002 

0.003 

800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 

d
if

fe
re

n
ce

 in
 v

al
u

e
s 

n
o

rm
al

iz
e

d
 t

o
 s

u
m

 1
 

Wavelength cm^-1 



Lars Kjaer Thesis 2011 

184 

 

 
Figure 6.2.2.2-1: P. syringae susceptibility of the insertion lines of up2-1. The light grey bar is the 

bacterial count at the time of infection (0 dpi), and the dark grey are 3 days post infection. 0 dpi 

samples are based on 4 biological replicates, 3 dpi samples are based on 12 biological replicates* 

marks samples significantly different from the Col-0 control. pad4 is a positive control. 

Lignin deposition in the root tip upon isoxaben treatment was determined in up2-1 and Col-

0 seedling. up2-1 shows very little lignin deposition in the root tip of 6 days old seedlings 

after 12h of isoxaben treatment, whereas the corresponding Col-0 shows strong deposition 

(figure 6.3.2.2-2). 

 

Figure 6.3.2.2-2: Representative images of lignin staining of seedling root tips for the insertion 

lines up2-1. All seedlings were treated with isoxaben for 12h after 6 days of growth. The scale bar 

(Col-0 control lower right hand corner) is 1 mm long. (n<24) 
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In order verify the diagnostic mutant co-location of this mutant without an obvious FTIR 

phenotype indicates a lack of compositional changes compared to Col-0, up2-1 cell wall 

composition was quantified. 6 day old up2-1 seedlings do not show altered cellulose levels, 

but up2-1 shows a significant decrease in cellulose levels for 7 day old seedlings treated with 

isoxaben for 24 h compared to the Col-0 control (figure 6.3.2.2-3 A). There is no change in 

the uronic acid level compared to Col-0 in 6 or 7 day old seedlings (figure 6.3.2.2-3 B).  

A B  
Figure 6.3.2.2-3: Cell wall analysis of candidate line KO up2-1 measuring cellulose (A) and 

uronic acids (B). In figure A and B samples 6 day old seedlings are in light grey, 7 day old seedlings 

after 24h of isoxaben are dark grey. *indicates a difference to the corresponding Col-0 control. 

(ANOVA α 0.05 LSD, error bars are st-dev). 

There is an significant increase in rhamnose, arabinose and xylose compared to Col-0 for 

both 6 day, and 7 day old seedlings treated with isoxaben for 24h (figure 6.3.2.2-4 A and B. 

Additionally there is a significant decrease in galactose levels in 7 day old seedlings treated 

with isoxaben for 24h compared to Col-0 (figure 6.3.2.2-3 B).  
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A  

B  
Figure 6.3.2.2-4: Neutral cell wall sugar analysis of the candidate line KO up2-1. Figure A 

displays neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light grey and up2-1 in 

dark grey. Figure B shows neutral cell wall sugar levels for the 7 days old 24 h isoxaben treated 

seedlings (Col-0 light grey, up2-1 dark grey). *indicates a difference to the corresponding Col-0 

control. (ANOVA α 0.05 LSD, error bars are st-dev). 

6.2.3 Discussion 

There are few obvious differences between Col-0 and up2-1 FTIR spectra. However the 

clustering of data in figures 4.3.2-3 and 4.3.2-4, suggest that differences exist. This clustering 

is proven accurate as up2-1 showed strong phenotypes in both neutral cell wall sugars and 

lignin staining. The very low levels of lignin deposition, and the increased arabinose, xylose 

and rhamnose, and the significant decrease in the cellulose level after isoxaben treatment 

makes up2-1 one of the most promising candidates in terms of cell wall composition. The 

reproducibility of the FTIR and cell wall assays phenotype suggest the insertion affects the 

expression of UP2-1. In summary the phenotype of the up2-1 insertion line has been 

established, and is reproducible. However as the RT-PCR is inconclusive futher genotyping 

would be nessesary to assign the phenotype to the gene. To confirm that loss of function of 

UP2 is responsible for the phenotype observed either an independent insertion line should 
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be isolated or a rescue transformation of up2-1 should be produced. Suitable second 

insertion lines for this purpose are sail 207 E10 or SALK_092827.  

6.4 SQP2 

6.4.1 Introduction  

SQUALENE MONOOXYGENASE 2 (SQP2), also known as SQUALENE EPOXIDASE 4 (SQE4), 

exhibits sequence similarity to squalene monooxygenases which convert squalene to 

oxidosqualene. This is a step in the production of membrane sterols, brassinosteroids, 

saponins, and cuticular waxes and other compounds. However SQP2 expressed in yeast has 

failed to epoxidize squalene; this could be because of an alternate catalytic function or 

because it is not correctly expressed in yeast (Rasbery et al., 2007). Loss of function for a 

relative (SQE1) causes dwarfism and non-germinating seed, possibly to be due to an 

excessive build-up of squalene in all tissues (Rasbery et al., 2007).  

6.4.2 Results 

 

Figure 6.4.2-1: The predicted protein domains for SQP2. The arrows indicate the locations at 

which a truncated protein would be terminated should the protein be partially expressed for the 

insertion lines sqp2-1 and sqp2-2. Predicted domains are from www.uniprot.org.  

sqp2-1 has an insert in exon 7 codeing nucleotide 1225 (2670 including introns), in an exon 

corresponding should the protein be truncated it would be in AA 409.  For sqp2-2 the 

insertion is exon 5 codeing nucleotide 1052 (2332 including introns) should truncation occur 

it would be after AA 343 out of a protein length of 516 AA. Both insertions are in the area of 

the protein predicted to be squalene epoxidase. Additionally sqp2-2 is in the domain 

predicted to be an aromatic ring hydrolases (figure 6.4.2-1).  sqp2-2 appears to be a gene 

knock out, whereas sqp2-1 appears to have trace expression. See appendix B p. 269 for 

details.  
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6.4.2.1 Bioinformatics and FTIR 

As a step towards translating the knowledge from model organism to crops the homologs in 

other plants and A. thaliana were identified. The most identical gene to SQP2, SQUALENE 

EPOXIDASE 6 (SQE6), appears to be further away on the phylogenetic three than other 

candidates with lesser similarity, such as SQUALENE EPOXIDASE 1 (SQE1) figure 6.3.2.1-1. 

However this part of the phylogenetic tree is not very reliable, as indicated by low bootstrap 

values. The gene with the highest sequence identity to SQP2 in other genera is in B. napus 

has 65% AA identity, as does the closest in A. thaliana. The closest relatives in monocots are 

a putative squalene monoxygenase in Z. mays, with a 45 % AA identity with an equally good 

match (44% s AA identity) in O. sativa.  

 

 

Figure 6.4.2.1-1: Phylogenetic trees generated for SQP2 in A. thaliana. The bootstrapping values 

are displayed between the branches for maximum parsimony and the percentage of protein sequence 

identity across the whole candidate protein is listed in the grey box. The analysis has been carried out 

accord to the material and methods. 

 

Protein ID / AT 

number 

Genus AA 

number 

Annotated function  Identity 

SQP2  516    

AT5G24150 A. thaliana 516 Squalene monooxygenase 65 

IPR006076 B. napus 506 Squalene monooxygenase  65 

AT5G24160 A. thaliana 517 Squalene monooxygenase 64 

ERG12_BRANA B. napus 518 Squalene monooxygenase 61 

CBI25076 V. vinifera 488 unnamed protein product 47 

XP_002271528 V. vinifera 524 hypothetical protein 45 

NP_001151921 Zea mays 539 Squalene monooxygenase 45 

ABF94794 

XP_002468222 

ACL54675 

O. sativa 

S. bicolour 
O. sativa 

613 

529 

529 

Squalene monooxygenase 

hypothetical protein 

unknown protein 

44 

44 

44 

Table 6.4.2.1-1: Homology analysis of SQP2 across species. AA number is the protein size in 

amino acids, the identity column shows % protein sequence identity to the whole sequence of the 

candidate protein. The analysis has been carried out accord to the material and methods. 
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An analysis of the public expression data from microarrays was carried out to identify the 

likely expression pattern in tissue and in response to stresses. The expression data for SQP2 

shows a highest expression in roots. The expression is focused in the stage 3 stele 

(maturation zone) (figure 6.4.2.1-2 A). There is also an increased expression in the other cell 

types at this developmental stage. In the stele there is an increased expression in stage 2 

and stage 1. In response to cold stress SQP2 appears to be differentially regulated across 

tissues, since its expression enhanced in the root tissue, but reduced in the shoot tissue 

(figure 6.4.2.1-2 B). The same pattern is seen for salt stress. Osmotic stress, heat and 

wounding cause increased expression. SQP2 also exhibits increased expression in response 

to several hormones (zeatin, methyl jasmonate, brassinolide, and cytokinin). Two different 

bacterial elicitors (flg22 and GST-NPP1-1) cause higher expression. Treatment with the 

photosynthesis inhibitor PNO8, and infection with P. infestans result in reduced expression.  

A  

B  
Figure 6.4.2.1-2: Illustrates stress and developmental expression data for SQP2. A) Tissue types 

that show large changes compared to the median value, for the adult plant development, and 

differences between aerial and root in MS grown seedlings. B) Relative expression of SQP2, for a 

0 50 100 150 200 250 300 350 400 450 500 

Median 

Root 

Root Epidermis, Stage 3 

Root Endodermis, Stage 3 

Root Cortex + Endodermis, Stage 3 

Root Stele, Stage 1 

Root Stele, Stage 2 

Root Stele, Stage 3 

root cell 

Aerial part 

Root 

A
d

u
lt

 p
la

n
ts

 
Se

ed
li

n
gs

 

0.125 0.25 0.5 1 2 4 8 

Shoot Cold 24h 
Root Cold 24h 
Shoot Salt 24h 
Root Salt 12h 
Wounding 3h 
Osmotic 24h 

Heat 3h 
Zeatin 1 µM 3h 
MeJA 10 µM 3h 

Brassinolide 10 nM 1h 
Cytokinin 20 µM 3 

PNO8 10  µM 3 
Flg22 4 

Elicitor-GST-NPP1-1/Elicitor-GST-1 4 
 P. infestans 12h 

Relative Expression, Log2 Scale 



Lars Kjaer Thesis 2011 

190 

 

representative selection of chemical, environmental and pathogen treatments, which show greater than 

1 log2 change in expression compared to appropriate control. Drought stress resulted in rapid 

significant change over the time course, as this suggests that the sampling rate was too low to 

accurately characterize the response it was not included. For full information see Appendix D (CD). 

FTIR spectra of sqp2-1 and sqp2-2 seedling were analysed to identify the significant points of 

difference to Col-0 and identify the cell wall phenotypes, which cause them. Compared to 

Col-0 there is the substantially higher absorbance in the 1800-1500 compared to the 1200-

900 cm-1 area (figure 6.4.2.1-3 A and 6.4.2.2-4 A). Because cellulose does not have any 

absorbance in the 1800-1500 cm-1 areas this indicates a higher pectin, hemicellulose, or 

lignin level. The specific peak shape seen here is suggestive of pectin, as hemicelluloses and 

lignins tend to have shaper peaks in this area. However, it is hard to determine which of the 

components has changed from the FTIR spectra, as the data is normalized to sum 1. As the 

sum is constant a loss of cellulose or an enrichment of pectin would result in the same 

spectra. Should this be an effect of an increase in pectin level it is probably not methylated 

pectin as there is no increase in absorbance at 1755 cm-1 though it is still subject to 

normalization bias. In 7 days old seedlings treated with isoxaben for 24h both insertion lines 

are different to the Col-0, but not in the same manner. This is best illustrated in figure 

6.3.2.1-4 where it can be seen that sqp2-1 has a higher than Col-0 absorbance in the 1150-

1000 cm-1 area, which is not present in sqp2-2. Likewise there is a substantially higher 

absorbance in the 1730-1500 cm-1 area for sqp2-2, which is not the case for sqp2-1. 
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B  

Figure 6.4.2.1-3: The average FTIR spectra of Col-0, sqp2-1 and sqp2-2. A) Shows FTIR spectra 

for 6 days old seedlings. B) Shows FTIR spectra for 7 days old seedlings treated with isoxaben for 

24h. Black lines denote Col-0 samples, solid grey lines denote sqp2-1, dashed grey lined denote sqp2-

2. All spectra are normalized to a sum 1. 

A  

B  
Figure 6.4.2.1-4: Illustrates the differences in FTIR spectra between Col-0, sqp2-1 and sqp2-2 

before and after isoxaben treatment. Each line represents the results of the normalized, average 

FTIR spectra for Col-0 seedlings minus the spectra from mutant seedlings. A) 6 days old seedlings, 

before isoxaben treatment: Solid black line sqp2-1. B) 7 days old seedlings treated with isoxaben for 
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24h: solid grey line sqp2-1, dotted grey line sqp2-2. The thin grey lines represent 2x the standard 

deviation of the Col-0 sample. 

6.4.2.2 Phenotypic Analysis 

Mutants with cell wall phenotypes have previously been linked to pathogen resistance. In 

order to ascertain if this was the case for our candidate mutants, susceptibility to P. syringae 

was determined. The two insertions in SQP2 did not lead to any significant changes in 

bacterial density 3 days after infiltration with P. syringae compared to Col-0 (figure 6.3.2.2-

1) 

  

Figure 6.4.2.2-1: P. syringae susceptibility of the insertion lines of sqp2-1 and sqp2-2. The light 

grey bar is the bacterial count at the time of infection (0 dpi), and the dark grey are 3 days post 

infection. 0 dpi samples are based on 4 biological replicates, 3 dpi samples are based on 12 biological 

replicates. * marks samples significantly different from the Col-0 control. pad4 is a positive control. 

In order to visualize the response to CWD lignin deposition in the root elongation zone was 

visualized. Lignin staining (figure 6.4.2.2-2) shows a decrease in lignin deposition in both 

insertion lines compared to the Col-0 control. The phenotype is more pronounced for sqp2-

2 than for sqp2-1 The lignin deposition in the SQP2 insertion lines appears to be more 

distributed, but less intense than the Col-0.  
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Figure 6.4.2.2-2: Representative images of lignin staining of seedling root tips for the insertion 

lines sqp2-1 and sqp2-2. All seedlings were treated with isoxaben for 12h after 6 days of growth. The 

scale bar (Col-0 control lower right hand corner) is 1 mm long. (n > 7). Selection was based on 1 

biological repeat. 

The compositional differences to Col-0 suggested by FTIR the cell wall composition of the 

mutants was further studied with chemical assays. Cellulose assays for sqp2-1 and sqp2-2 

seem to suggest a significant decrease in cellulose levels compared to Col-0. However these 

results have not been reproducible across biological repeats (figure 6.4.2.2-3 A). Uronic 

acids assays show that only 7 days old sqp2-1 seedlings (not sqp2-2) treated with isoxaben 

for 24h has significant lower uronic acid level than Col-0 (figure 6.4.2.2-3 B).  
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Figure 6.4.2.2-3: Cell wall analysis of candidate lines KO sqp2-1 and sqp2-2 measuring cellulose 

(A) and uronic acids (B). In figure A and B samples 6 day old seedlings are in light grey, 7 day old 

seedlings treated with isoxaben for 24h are dark grey. *indicates a difference to the corresponding 

Col-0 control. (ANOVA α 0.05 LSD, error bars are st-dev). 

6 days old seedlings from both insertion lines have lower galactose levels, compared to Col-

0 (figure 6.4.2.2-4 A). Levels of rhamnose, arabinose and xylose are higher in sqp2-2 than 

Col-0 6 day old seedlings. In 7 days old seedlings treated with isoxaben arabinose, xylose, 

and mannose levels are enhanced compared to Col-0 in both insertion lines (figure 6.4.2.2-4 

B). In sqp2-2 rhamnose levels are decreased compared to Col-0.  

A  

B  
Figure 6.4.2.2-4: Neutral cell wall sugar analysis of candidate lines KO sqp2-1 and sqp2-2. Figure 

A displays neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light grey, sqp2-1 

medium grey and sqp2-2 in dark grey. Figure B shows neutral cell wall sugar levels for the 7 day old 

24 h isoxaben treated seedlings (Col-0 light grey, sqp2-1 in medium grey, sqp2-2 in dark grey). 

*indicates a difference to the corresponding Col-0 control. (ANOVA α 0.05 LSD, error bars are st-

dev). 

6.4.3 Discussion 

The 6 days old seedlings also have a phenotype across in both insertion lines, however this 

is more pronounced in sqp2-2 than sqp2-1. However, the ratio between galactose and 
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xylose/arabinose is the same for sqp2-1 (0.99/1.69) sqp2-2 (1.02/1.81) (for Col-0 this is 1.60 

gal/ara and 2.61 for gal/xyl). This suggests there may be a similar hemicellulose structure, 

while the finite amounts are changed. SQP2 insertion lines show consistent compositional 

phenotypes neutral cell wall sugar composition of 7 days old seedlings, where there are 

higher arabinose, xylose and mannose levels. There is a stronger phenotype in sqp2-2 than 

for sqp2-1 in seedling lignin staining and day old seedlings neutral cell wall sugar assays, this 

may be because the insertion for sqp2-2 is further up stream than sqp2-1 resulting in an 

inactive, and a partially active version of the protein. 

If the irregular cellulose composition across biological repeats is representative of a real 

variation in the cell wall development, this would be interesting. These changes should have 

an effect the other cell wall components, as the wall is interlinked. Therefore the cellulose 

composition should be characterized in more detail in order to determine if it is a genuine 

biological variation or a technical problem. 

The irregular nature of the phenotypes, both in the FTIR, and cellulose made it a less 

promising candidate. The phenotypes for both insertion lines would be interesting, were 

they consistent. Therefore if a gene rescue was created to determine if one, or both, are 

caused by the insertion in the target gene the gene function should be studied further. 

6.5 IRPK1 

6.5.1 Introduction 

IRPK1 has been annotated as a transmembrane leucine rich repeat receptor like kinase (LRR-

RLK) based on AA sequence similarity (Ashburner et al., 2000). LRR-RLKs are membrane-

spanning proteins; the extracellular domain is a leucine rich repeat domain that can 

recognize the substrate, whereas the cytoplasmic domain has kinase activity. The LRR 

domain can bind signalling compounds (such as damage associated molecular pattern 

molecules (DAMPs)), and transmit the signal to the inside (Tor et al., 2009) (for location in 

IRPK1 see figure 6.4.2-1). LRR-RLKs have previously been implicated in dimerization and 

receptor activation (Dievart and Clark, 2003). Protein kinases are essential for signalling 

processes as they activate or deactivate other proteins by phosphorylation. There are 216 
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LRR-RLKs in A. thaliana across 13 subfamilies. Some of these genes have also been 

implicated in cell wall regulation (Steinwand and Kieber, 2010).  

6.5.2 Results 

 
Figure 6.5.2-1: The predicted protein domains of IRPK1. The arrows indicate the points at which 

the protein would be truncated if the insertion results in a transcription stop. Predicted domains have 

identified using www.uniprot.org.  

The insertion in irpk1-1 was confirmed in exon 2 after coding nucleotide 2566 (2638 

including introns), as such should the insert result in a truncated protein it would be after 

AA 854. For irpk1-2 the insert is in exon 1 after nucleotide 727, and as such should a 

truncated protein be expressed it would be terminated at AA 242.  A map of the protein 

IRPK1 with the predicted protein domains from Uniprot (www.uniprot.org) is available in 

figure 6.5.2. Both insertion lines result in gene knock-outs, RT-PCR results are available in 

appendix B p. 262 

6.5.2.1 Bioinformatics and FTIR 

A phylogenetic tree and an overview of the closest relatives in other genera were generated 

to determine the level of conservation, and identify homologous in crop species. A large 

number of proteins exhibit sequence similarity with IRPK1 (the highest being 35%) in 

Arabidopsis (See Figure 6.5.2.1-1). There were significantly higher sequence similarity with 

proteins in other genera R. communis, P. trichocarpa, V. vinifera, P. sitchensis, Z. mays, and 

O. sativa (57-77 % sequence identity for the best 10 see table 6.5.2.1-1).  This also includes 

several genes in monocots (example: Z. mays 59% AA sequence). Upon closer examination 

of the Arabidopsis relatives (alignment available in appendix D (CD)) the identity of the 

closest relatives does not appear to be specific to either the LRR or the kinase domain.  
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Figure 6.5.2.1-1: Phylogenetic tree generated for IRPK1 in A. thaliana. The tree was generated as 

indicated in materials and methods. The bootstrapping values for maximum parsimony are displayed 

between the branches and the percentage of protein sequence identity across the whole candidate 

protein is listed in the grey box for the closest family members. 

Protein ID / 

AT number 

Genus AA 

number 

Annotated function Identity 

% 

IRPK1  890   
EEF32755 R. communis 715 ATP binding protein 77 

XP_002323316 P. trichocarpa 888 none 75 

XP_002308032 P. trichocarpa 887 none 75 

XP_002278051 V. vinifera 887 none 74 

ABR18304 P. sitchensis 907 none 59 

ACN27133 Z. mays 775 none 59 

BAG99439 O. sativa 900 none 57 

NP_001059157 O. sativa 954 none 57 

BAC83241 O. sativa 1045 putative LRR receptor-like kinase 2 57 

NP_001146595 Z. mays 862 none 57 

AT2G33170 A. thaliana 1124 leucine-rich repeat transmembrane protein 

kinase 

35 

AT5G63930 A. thaliana 1102 leucine-rich repeat transmembrane protein 

kinase 

35 

AT1G17230 A. thaliana 1101 protein kinase 33 
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Table 6.5.2.1-1: Homology analysis of IRPK1 across species. This table shows the closest 

homologs in A. thaliana and crop species for the candidate genes IRPK1. AA number refers to protein 

size in amino acids and identity is protein sequence identity to the whole candidate protein. The 

analysis has been carried out accord to the material and methods. 

 

 

Figure 6.5.2.1-2: Illustrates relevant stress and developmental expression data for IRPK1. A) 

Tissue types that show large changes compared to the median value, for the adult plant development, 

and differences between aerial and root in MS grown seedlings. B) Relative expression of IRPK1, for 

a representative selection of chemical, environmental and pathogen treatments which show greater 

than 1 log2 change in expression compared to appropriate control. Drought stress resulted in rapid 

significant change over the time course, as this suggests that the sampling rate was too low to 

accurately characterize the response it was not included. For full information see Appendix D (CD). 

Analysis of publically available microarray derived expression data illustrates the tissue 

specific expression, and stress induced responses in IRPK1. IRPK1 is apparently highly 

expressed in the shoot apex, pedicels, ovaries, and the stigma of stage 15 flower. There is 

also a high expression in the stem across tissue types, and in the hypocotyls. Exposure to 

cold, osmotic and salt stress induces expression. The expression is also increased in 

response to IAA and gibberellic acid treatments, and is decreased in response to treatment 

with AgNO3. The gene apparently has decreased levels of expression after exposure to the 
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pathogens B. cinerea and P. syringae. This shows an overall trend of down regulation in 

response to stresses other than isoxaben. 

As the FTIR spectra of individual mutants may provide insights about cell wall phenotypes, 

individual spectra were visualized and examined. When examining spectra from 6 day old 

seedlings the insertion lines differ from Col-0 across the spectra with the most pronounced 

differences at 1700-1500 cm-1 and 1150-1000 cm-1 (figure 6.5.2.1-3 A). When the 

differences between Col-0 and the insertion lines are compared to 2x the st-dev for Col-0, 

irpk1-1 shows substantial change in the 1350-1200, 1440-1400, 1494, cm-1 ranges (figure 

6.5.2.1-4 A). The 1440-1400 cm-1 area and the 1494 cm-1 minimum show differences as well, 

which appear to be caused by a broadening of the 1461 cm-1 peak (figure 6.5.2.1-4 A, figure 

6.5.2.1-3 A). For irpk1-1 there is significantly lower absorbance between the insertion line 

spectra and the Col-0 control at 1755 cm-1, indicating a reduction in methylated pectin 

levels. There is a similar but less pronounced phenotype irpk1-2. (figure 6.5.2.1-3 A). For 7 

day old isoxaben treated seedling it can be seen in figure 6.3.2.1-3 B there is a substantially 

larger difference between the baseline and the IRPK1 KOs. However if the data is viewed in 

the raw format (in figure 6.5.2.1-3) it can be seen that this difference is at least partially 

because the IRPK1 KOs do not change, but the baseline (Col-0 7 day old 24 of isoxaben 

treated) does. The two insertion lines appear to be more similar to each other in the 7 day 

old seedlings treated with isoxaben than for 6 day old seedlings. 
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B  
Figure 6.5.2.1-3: The average FTIR spectra of Col-0, irpk1-1 and irpk1-2. A) Shows FTIR spectra 

for 6 day old seedlings. B) Shows FTIR spectra for 7 day old seedlings treated with isoxaben for 24h. 

Black lines denote Col-0 samples, solid grey lines denote irpk1-1, dashed grey lined denote irpk1-2. 

All spectra are normalized to a sum 1.A

 

B  
Figure 6.4.2.1-4: Illustrates the differences in FTIR spectra between Col-0, irpk1-1 and irpk1-2 

before and after isoxaben treatment. Each line represents the results of the normalized, average 

FTIR spectra for Col-0 seedlings minus the spectra from insertion line seedlings. A) 6 days old 

seedlings, before isoxaben treatment: Solid black line irpk1-1 and dashed black line irpk1-2. B) 7 days 
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old seedlings treated with isoxaben for 24h: solid grey line irpk1-1, dotted grey line irpk1-2. The thin 

grey lines represent 2x the standard deviation of the Col-0 sample. 

6.5.2.2 Phenotypic Analysis 

In order to test if disruption of the candidate genes has an effect on pathogen response, the 

resistance to P. syringae was assayed. Neither of the insertion lines for IRPK1 had bacterial 

counts significantly different from Col-0 (figure 6.5.2.2-1) 

 
Figure 6.5.2.2-1: P. syringae susceptibility of the insertion lines of irpk1-1 and irpk1-2. The light 

grey bar is the bacterial count at the time of infection (0 dpi), and the dark grey are 3 days post 

infection. 0 day old samples were based on 4 biological replicates, 3 days old samples were based on 

12 biological replicates * marks samples significantly different from the Col-0 control. pad4 

represents a positive control. 

Because lignin deposition has previously been show to be a good indicator for changes in 

the response to cell wall stress, lignin deposition in the root tip was determined by 

phloroglucinol staining. irpk1-1 has a decreased lignin deposition, and irpk1-2 has a mildly 

decreased lignin deposition after isoxaben treatment (figure 6.5.2.2-2).  
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Figure 6.5.2.2-2: Representative images of lignin staining of seedling root tips for the insertion 

lines irpk1-1 and irpk1-2. All seedlings were treated with isoxaben for 12h after 6 days of growth. 

The scale bar (Col-0 control lower left hand corner) is 1 mm long. (n > 36) Pictures were taken at 10x 

magnification. Data is based on a single biological repeat. 

In order to quantify the differences in the cell wall composition detected by FTIR analysis in 

irpk1-1 and irpk1-2 cell wall composition was analysed in detail. 7 day old irpk1-2 seedlings 

treated with isoxaben for 24h have reduced cellulose level compared to the Col-0 control 

(figure 6.5.2.2-3 A). However this phenotype is not observed in irpk1-1 or any of the 6 day 

old seedlings. The uronic acids level is significantly reduced for 6 day old irpk1-1 seedlings, 

though not for irpk1-2. For 7 day old seedlings treated with isoxaben the uronic acids level is 

reduced for irpk1-2, but not for irpk1-1 (figure 6.5.2.2-3 B).   
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A B  
Figure 6.5.2.2-3: Cell wall analysis of candidate lines KO irpk1-1 and irpk1-2 measuring 

cellulose (A) and uronic acids (B). In figure A and B samples 6 day old seedlings are in light grey, 7 

day old seedlings after 24h of isoxaben are dark grey. *indicates a difference to the corresponding 

Col-0 control. (ANOVA α 0.05 LSD, error bars are st-dev). 

Neutral cell wall sugar assays show an increased rhamnose, arabinose and xylose levels for 6 

day old irpk1-1 seedlings compared to the Col-0 control (figure 6.5.2.2-4 A). In the 7 day old 

irpk1 seedlings treated with isoxaben are significantly increased levels of arabinose, xylose 

and mannose compared to the Col-0 control (figure 6.5.2.2-4 B). For irpk1-2 there is also 

significantly increased rhamnose levels compared to Col-0.  
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A  

B  

Figure 6.5.2.2-4: Neutral cell wall sugars analysis of candidate lines KO irpk1-1 and irpk1-2. Figure 

A displays neutral cell wall sugar analysis for 6 day old seedlings, with Col-0 in light grey, irpk1-1 

medium grey and irpk1-2 in dark grey. Figure B shows neutral cell wall sugar levels for the 7 day old 

seedlings treated with isoxaben for 24h (Col-0 light grey, irpk1-1 in medium grey, irpk1-2 in dark 

grey). *indicates a difference to the corresponding Col-0 control. (ANOVA α 0.05 LSD, error bars are 

st-dev). 

6.5.3 Discussion 

The gene shows its highest expression in the stem, but is also expressed in flowers stage 15 

pedicles. IRPK1 is more similar to proteins in other plants than to the closest relatives in A. 

thaliana. These include a potential biofuels crop, poplar, which makes the gene a good 

candidate for knowledge transfer to crop species, as it is likely that the homologous genes 

serve the same function. The FTIR phenotype for the two insertion lines are very similar, but 

compared to Col-0 they display a significant difference in the 1200-1350 cm-1 area in 6 day 

old seedling, and less reaction to isoxaben treatment than Col-0. For 6 day old seedlings 

irpk1-1 there is an insignificant increase in arabinose and xylose levels, whereas the increase 

in irpk1-2 is significant. In 7 day old seedlings both mutants show higher arabinose, xylose, 

and mannose levels than Col-0. Both insertion lines appear to have less lignin deposition in 
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response to isoxaben treatment than Col-0, though the phenotype is less pronounced in 

irpk1-1 than irpk1-2.  This phenotypic difference in the two insertion lines could have 

several reasons. While the two insertion lines are clear KOs in the RT-PCR data, however the 

insertions are placed in different regions, with irpl1-1 near the end of the putative kinase 

domain, whereas irpk1-2 is in the start of the LRR domain. As such irpk1-1 could result in a 

truncated protein, whereas irpl1-2 would, even if the shortened transcript is translated 

would not result in an active protein. Alternatively these genes have not been backcrossed 

so there may be background insertions. This could be tested by creating a rescue for the 

genes, or isolating a third line, to clearly identify the loss of function phenotype.   

6.6 Discussion 

up1-1 and up2-1 both display interesting, reproducible phenotypes, but need additional 

genetic work to confirm that the observed phenotype is due to a loss of function of this 

gene. Both genes are conserved across species, but are not members of large gene families 

in A. thaliana. Therefore, genetic redundancy is likely to be limited between these 

candidates and closely related genes, thus making them excellent candidates for 

characterisation in crop species. As there is no putative function for either gene it would be 

difficult to begin new avenues of investigation before the established phenotypes have been 

identified assigned to the loos of gene function. Both IRPK1 insertion lines show interesting 

overlapping phenotypes, but it is pertinent to identify which phenotype is due to the loss of 

gene function before continuing further research. This gene has a higher degree of AA 

identity to proteins in other plant species compared to its closest family members in A. 

thaliana, so it is likely that homologs in crop species will have similar loss of function 

phenotypes. Cell wall compositional data generated for the sqp2 insertion lines was 

inconsistent; therefore it is premature to draw conclusions on the function of this gene. 

However, the strong FTIR phenotype, the change in expression in response to 

environmental stresses and to treatments such as JA, cytokinin, zeatin and brassinolide 

suggests that it could be involved in responses to stress at the cell wall.  
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7 Saccharification 

7.1 Introduction 

Normally analysis of cell wall composition is based on the degradation of the cell wall to its 

basic components. This allows the analysis of the components of the cell wall as was carried 

out in chapter 5 and 6. However the presence of a component in the cell wall does not 

necessarily mean that it can be mobilized easily. The level of sugar available to biochemical 

degradation has previously been estimated using a partial degradation, either with, or 

without mild pre-treatments. Using this as a screen is based on the assumption that a plant 

with higher saccharification efficiency will require less pre-treatment when saccharified with 

pre-treatment. As such, extensive studies have been performed in willow, tobacco (Gomez 

et al., 2010), and on a smaller scale in A. thaliana (Berthet et al., 2011). It is sufficiently 

routine treatment that methods have been developed for automated assays (Gomez et al., 

2010, Gomez et al., 2011, Selig et al., 2011). Such a method has also been used to 

characterize tissue specific differences in cell wall structure (Murphy et al., 2011). 

Using saccharification, several studies have shown that altering the composition of the cell 

wall can affect saccharification efficiency. For instance, the low lignin mutant brown midrib 

(bmr) of sorghum is more susceptible to enzymatic degradation (Tokuyasu et al., 2011). 

Furthermore, work by Mortimer and co-workers (2010) shows that reducing the degree of 

substitution of xylan dramatically increases xylose mobilization; a minor change in the 

composition of the wall in the glucuronyltransferase 1 and 2 (gux1-2 x gux2-1) mutant 

(removal of 4-O-methylglucuronic acid side chains, 0.16 % of the dry cell wall mass in Col-0) 

causes a more than 100% increase in the level of xylan degradation (from 4 % to 10 % m/m). 

A slightly lowered lignin level and a substantially reduced G/S ratio has also been shown to 

cause increased release of cell wall sugars in switchgrass after a dilute acid pre-treatment 

(Xu et al., 2011). Genetic manipulation of switchgrass leading to mildly reduced lignin levels 

with a substantially increased G/S ratio also causes a lower recalcitrance (Fu et al., 2011). 

Work in A. thaliana shows that S enriched mutants have a higher saccharification yield after 

treatment with hot water, whereas G enriched mutants do not, though they maintain the 

same total lignin content (Berthet et al., 2011). It has also been demonstrated in maize cobs 
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that have a higher lignin to xylan ratios can be correlate with higher sugar yield in oxalic acid 

pre-treated samples (Lee et al., 2010b).  

These many examples demonstrate that there is a correlation between a number of 

different compositional features and saccharification yield. Since the altered components 

represent only a small proportion of the entire cell wall, but the changes have a relatively 

large effect on the availability of sugars, this is probably a function of interactions with other 

cell wall components. These may be the removal of branching, making the backbone more 

accessible to degradation (Mortimer et al., 2010), or changes in the component structure of 

lignin which may cause a structure which pack less closely with the other cell wall 

components (Xu et al., 2011). As such, saccharification yield can be dependent on subtle 

changes to the interactions between components, which are not immediately obvious from 

the compositional analysis. However, such complex interactions of the cell wall cannot be 

easily measured. Consequently, partial digestion of the cell wall with hydrolytic enzymes 

can, quickly, indicate changes to the cell wall structure, where even a complete 

compositional analysis might not show anything. However, there are limitations to this 

method, as the result does not indicate what has changed to make the cell wall more 

accessible. In addition there are different levels of pre-treatment, which can be applied to 

the biomass before digestion. Different genotypes may have different phenotypes when 

exposed to different types of intensities of pre-treatment. The work of Berthet et al., (2011) 

showed that such saccharification phenotypes can be missed easily, as the phenotype in 

their mutant was only detectable after hot water treatment. 

In this work stems are not pre-treated beyond the initial grinding, and the seedlings are 

treated with DMSO to remove starch, but otherwise not pre-treated. 

7.2 Material and Methods 

7.2.1 Saccharification of Seedlings and Stems 

The saccharification method was modified from the National Renewable Energy Laboratory 

Protocol. 
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Seedlings were grown for 7 days in liquid culture, ground using a mortar and pestle in liquid 

nitrogen. The material was transferred to a 50 mL falcon tube, which was then filled with 90 

% DMSO. The material was incubated over night, centrifuged at 3000 RCF for 10 min, the 

supernatant was removed and the tube was refilled with 90% DMSO. The sample was then 

spun down, the supernatant removed and replaced with water. The pellet was washed 

subsequently once with water, twice with 70 % EtOH and twice with acetone. Afterwards 

the supernatant was removed and the sample was dried at room temperature for two days. 

Senesced stems were collected from adult plants which had been left to dry in the growth 

room for 2 days, dried overnight at 37 °C, and ground up with a mortar and pestle under 

liquid nitrogen.  

2-3 mg of cell wall material were placed in a pre-weighed oven-dried foil packet, weighed, 

oven dried at 105 °C overnight, and then weighed again, in order to determine moisture 

content and total solids. Fresh material equivalent to 6.9 +- 0.2 mg of oven-dried weight was 

weighed out in eppendorf tubes. A solution with a final concentration of 0.1 M citrate buffer 

pH 4.8, 40 ng/ml of tetracycline, 30 ng/mL of cycloheximide, and 3.75 µL of a 1:1 mix of 

Novozyme Celluclast (= Sigma C2730 Cellulase from Trichoderma reesei ATCC 26921) and 

Novozyme 188 (=Sigma C6105 Cellobiase from Aspergillus niger) per 6.9 mg of cell wall 

material to a volume of 0.3125 mL. For the purpose of calculating final volume cell wall 

material was assumed to have a density of 1 g/mL. The samples were incubated at 50 °C for 

7 days in an Innova4330 shaking incubator (New Brunswick Scientific) at 200 rpm. After 

incubation the samples were pelleted at 17000 RCF for 10 min and the supernatant 

transferred to a fresh tube, twice. The supernatant was transferred to sample vials for an 

Agilent 1200 High-Pressure Liquid Chromatography (HPLC) system. The compounds were 

separated on a Bio-Rad Aminex HPX-87P Column, protected with a Bio-Rad Aminex 

Deashing System. Separation was achieved under isocratic conditions, using water as the 

eluent, at 80°C and a flow rate of 0.6 ml m-1. Detection was on a refractive index detector. 

Standards of known concentrations of glucose were analysed and their retention times and 

peak areas used to identify and quantify of glucose released by the enzymatic 

saccharification. Seedling saccharification assays included a negative control without 
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enzyme. Because the control showed a consistent (but low) sugar release during tests (less 

than 0.1 % of the sample) the practice was discontinued for the stem assay. 

7.3 Results 

A  

B  
Figure 7.3-1: Saccharification of seedlings and stems of candidate gene insertion lines. A is 

saccharification of 7 day old seedlings, de-starched with DMSO. B is saccharification of senesced 

stems. For figure B * marks those samples that are significantly different from Col. (ANOVA, α 0.05 

LSD. Error bars are st-dev). 

The saccharification was carried out for seedlings and stems from all the available insertion 

lines, with exception of the stem saccharification for drr1-1, t20f21 1-1, t20f21 1-2, sqp2-1, 

and the seedling saccharification of ugt71c3-1, drr1-1 and sqp2-1 for practical reasons. The 

seedling Col-0 control does not appear to be representative of the seedling saccharification. 

It is considered more probable that the Col-0 is not comparable than that every insertion 

results in a 20% saccharification yield improvement. For this reason there is no statistical 
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analysis. As there does appear to be a baseline represented by ugt76b1-1, ipx1-1, ipx1-2, 

adr1 l1-1, and up2-1, this will be used for discussion of results. Using these insertion lines as 

a baseline ugt71c3 ugt76b1, t20f21 1-1, t20f21 1-2, and up1-1 appear to be different from 

the common baseline. ugt71c3-2 has the highest saccharification yield, followed by irpk1-2, 

sqp2-2 and irpk1-2.  

7 of the 12 stem saccharifications resulted in a higher than Col-0 glucose yield. Of the UGT 

mutants ugt71c3-1 has a significantly higher saccharification. The biggest change in 

saccharification is in irpk1-2, though irpk1-1 is not significantly different from Col-0. up2-1, 

ipx1-1, ipx1-2 and adr1 l1-1 have a statistically significant difference to Col-0 at app. 100 µg 

glucose /mg cell wall compared to the 77.5 µg/mg cell wall for Col-0. Sqp2-2 is slightly 

higher at 112 µg glucose /mg cell wall.  

7.4 Discussion 

The target of the saccharification analysis is to identify which of the candidate gene 

insertion lines affect the availability of glucose in the cell wall. As the structure for primary 

and secondary cell wall is different the assay was carried out for both stems and seedlings. 

More than 50% of the insertion lines show a higher than baseline saccharification yield in 

either assay (7/12 for stem saccharification 7/13 for seedlings). This suggests that the gene 

selection criteria used in this study has prevalence for high saccharification yields.  While the 

highest yielding saccharification phenotypes overlap (the 2 highest yielding stem 

saccharifications, irpk1-2 and sqp2-2, insertion lines have the second and third highest 

seedling saccharification), those that have slightly higher yield than Col-0 show little 

correlation. up1-1, ugt71c3-2, and irpk1-1 have high seedling yield, but Col-0 like stems 

yield, while adr1 l1, up2-1, ipx1-1, ipx1-2 have high stem saccharification, but low seedling 

yield. This suggests that there are universal effects of some insertions which hold true in 

both the primary and the secondary cell wall, but that a number of minor changes do not 

transfer across cell wall types. 

The saccharification of seedlings showed very high yields in 4 insertion lines, ugt71c3-2, 

irpk1-1, irpk1-2 and sqp2-2. Two of these, irpk1-2 and sqp2-2 there is also a significantly 
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higher than Col-0 saccharification yield in stems. Among the candidates genes, which have 

two insertion lines both have similar cell wall phenotype (ipx1-1, ipx1-2, t20f21 1-1, and 

t20f21 1-2) show the same saccharification phenotype.  

There is a substantial difference in the sugar yield between the two assays, with seedlings 

yielding 183 µg glucose / mg cell wall on average, and stems 95 µg glucose / mg cell wall. 

This does not reflect the higher cellulose levels in the stem. However as the secondary cell 

wall has a smaller surface area, is more densely packed, and contains more lignin than 

primary cell wall it is probably more recalcitrant. The seedling material could also be 

affected by the DMSO treatment and the subsequent washes alter the structure, making it 

more accessible to hydrolytic enzymes. 

The higher yield in the seedlings may also suggest that a substantial percentage of the sugar 

release in the stem assay comes from the less prevalent primary cell wall. This could explain 

some of the overlap between the two assays, but in this case the phenotype should be the 

same for the two with a dilution effect XX. This does not explain the variation as insertion 

lines with no seedling saccharification effect have very strong phenotype in the stem (adr1 

l1-1), and ugt71c3-2 where there is a strong phenotype in seedlings has Col-0 like 

saccharification in stems. 
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8 Discussion 

8.1 Principle Findings 

The objectives of this PhD project were to identify genes involved in the response to cell 

wall stress that can be used for improving efficiency of bioenergy production from cellulosic 

biomass. FTIR based screening of candidate genes found 10, of which 6 showed reliable cell 

wall compositional phenotypes, with the remaining 4 requiring further work to confirm the 

putative phenotypes. As such the methods used here are useful for identifying genes that 

will affect cell wall composition, and could, if the genes are characterized further, lead to a 

greater understanding of the formation and regulation of the cell wall. However, it was 

found that the compositional phenotypes observed did provide insights into the results for 

the saccharification. More than half of the insertion lines studied did yield higher 

saccharification for stems and seedlings indicating that the FTIR selection method also 

selects high saccharification lines. As such if further improvements of saccharification are 

the aims of further studies continuing work with the high yielding candidates from this 

experiment should lead to interesting results.  

8.2 Selection of Candidate Genes  

Recent drives towards lignocellulosic biofuels have made characterization of the 

mechanisms of regulation cell wall structure and composition interesting outside academia 

and the paper and feed industries (Tait, 2011). Therefore it is important to explore all 

available avenues for optimizing cell wall composition and structure. Previously the 

identification of mutants affecting the cell wall composition has been central to the 

characterization of cell wall metabolism and control. Components of the cellulose 

biosynthesis pathway have been identified through mutants with low cellulose content like 

prc1-1 (Desnos et al., 1996), eli1 (Cano-Delgado et al., 2003), or kor (Lane et al., 2001). 

Likewise the neutral cell wall sugar deficient mutants like murus 2/3/4/5 lines have helped 

to understand these pathways (Reiter et al., 1997, Tedman-Jones et al., 2008). Furthermore 

characterization cell wall mutants have also helped characterize parts of the stress response 

system in the A. thaliana such as the1-3 (Hematy et al., 2007). However, the biosynthesis of 

hemicelluloses, pectins, lignin, and cellulose have been shown to be extraordinarily resistant 
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to characterization (Scheller and Ulvskov, 2010, Harholt et al., 2010, Weng and Chapple, 

2010). Therefore identifying additional genes affecting cell wall composition and structure 

may provide important insights into the presently under characterized processes. It may 

also provide insight into thus far, poorly understood cell wall integrity signalling system. 

However, as extensive screens have already been carried out for classical cell wall 

phenotypes, those still unidentified are likely to be more subtle than mutants such as prc1-

1. Recently, several methods have been developed to screen for mutants. These include 

FTIR and FT-NIR clustering (Smith-Moritz et al., 2011, Mouille et al., 2003), treatment with 

sub-lethal amounts of cell wall degrading enzymes (Gille et al., 2009), and antibody chips 

(Pattathil et al., 2010). However these processes still do not easily allow the screening of 

large mutant libraries, because proper screening requires a stable mutant or insertion line. 

Screening of insertion lines is possible (in small scale academia) on a scale of 10’s and 100’s 

of insertion lines, not the 10,000’s required to do the complete genome. As such these 

methods are best used in concert with a pre-screening method. FTIR was used in the current 

investigation as the other methods were published after the initiation of the project 

(Mouille et al., 2003, Gille et al., 2009, Pattathil et al., 2010, Smith-Moritz et al., 2011).  

The exposure to external stresses causes extensive changes to gene expression (Southerton 

et al., 2008). Therefore genes, which may be interesting for further study be identified using 

expression profiling of stress responses. However, most of the treatments that could be 

used to generate cell wall stress cause secondary effects due to their complex nature 

(Pathogens, salt, water). Treatment with isoxaben specifically inhibits cellulose synthesis, 

and as such impairs the strength of the cell wall while resulting in less secondary responses. 

As such the isoxaben stress expression data set from (Hamann et al., 2009) combined with 

public expression data was used to identify candidate genes. Cross-referencing with the 

public tissue expression information should avoid some of the genes which are secondary 

effects of isoxaben treatment, as metabolic effects etc. should affect the whole plant. Such 

co-expression analysis has previously been used to identify cell wall associated genes 

(Persson et al., 2005). 
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The genes screened have been subject to substantial selection prior to the start of this 

study. All the genes screened had an altered expression in response to isoxaben, and a high 

expression in the hypocotyls, the stem, or the root tip (the genevestigator profile used for 

this is available in appendix D (CD)). Previous screens have been carried out successfully on 

a weaker initial sorting basis (Reiter et al., 1997).  

Of the insertion lines screened by the author, 69% could be verified as homozygote. RT-PCR 

analysis by the author showed, that 54% were either KOs or KDs. This screening combined 

with that of other lab members resulted in 30 insertion lines for 24 genes available for 

further studies. There are 29 additional insertion lines available for further genotyping, for 

future work. Considering the target of identifying enough candidates to test the viability of 

FTIR clustering as a detection method for cell wall phenotypes, the analysis was a success. I 

should be noted that the screen for homozygote lines was not exhaustive, and as such for 

most lines the lack of identified homozygote does not mean that it would not be possible 

with futher work. 

8.3 FTIR Clustering 

FTIR clustering was successful: the clustering of diagnostic mutants with candidates 

identified six candidates in two clusters. Comparison between the isoxaben treated and 

untreated samples showed that some KOs had an initial phenotype similar to the ones 

caused by isoxaben stress treatment. Additionally some KOs appeared to be insensitive to 

isoxaben. The clustering was resistant to changing the dataset size, and repeats under 

different growth conditions gave comparable results.  

Manual analysis of FTIR spectra suggested that there might be phenotypes in some of the 

insertion lines which were not detected by the statistical analysis. In order to carry out this 

comparison on a more systematic basis, FTIR analysis was also carried out by determining 

the variability in Col-0 samples, and subsequently comparing this to the difference between 

Col-0 and the KO. This identified a number of candidates. One group, which had significant 

changes in the 1000-1150 cm-1 area included most of the insertion lines selected by 

clustering. The second group had a difference to Col-0 greater that 2x st-dev in the 1350 cm-

1 to 1200 cm-1 part of the spectrum. From these the two KDs for IPX1 were selected as a 
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representative sample. In addition one of the insertion lines ipx1-2 is very similar to Col-0 

across the rest of the spectra. This is important because the normalization to sum 1 is 

necessary to compare the samples. When the sum of the entire spectra is fixed it means 

that any increase is relative to the remaining spectra, causing a decrease in relative 

absorbance, though the finite level is the same. As the 1350-1200 cm-1 area has a low 

variance compared to rest of the spectrum; it is more susceptible to changes from 

normalization. Among the spectra for genes selected by other methods both insertion lines 

for IRPK1 fulfil these criteria but are also varied across the rest of the spectrum allowing a 

test for robustness of the selection method. 

The KDs of IPX1 show no significant change in any of the cell wall assays in 6 day old 

seedlings, but significantly reduced lignin deposition after 12h of isoxaben treatment 

compared to Col-0, and altered neutral cell wall sugars in 7 day old seedlings treated with 

isoxaben. This is in accordance with the FTIR phenotype, where the differences compared to 

Col-0 could be traced to lignin. This confirmation of the predictions from FTIR indicates that 

a manual selection of important areas may be sensible to find specific cell wall phenotypes. 

irpk1-1 and irpk1-2 also show this FTIR phenotype, and may have mildly reduced lignin 

levels compared to Col-0, though not as substantial as IPX1. These two insertion lines are 

more different from the Col-0 in other parts of the spectra, suggesting a level of robustness. 

This suggests that the selection criterion is a valid method for identifying low lignin 

deposition phenotypes. To confirm the validity of this selection criteria additional insertion 

lines should be assayed and the initial lignin deposition should be studied by quantitative, 

specific lignin assays.  

Quantitative chemical cell wall assays have been used to test if the FTIR phenotype 

translates into a measureable difference in cell wall composition. It was found that the 

insertion lines whose spectra cluster in cluster 4 (figure 4.3.2-3, ugt71c3-2, drr1-1, and 

t20f21 1-1) all exhibit increased levels of rhamnose, arabinose and xylose. This would 

suggest that these are the features for which the FTIR clustering is selecting. up2-1 has a 

similar neutral cell wall sugar composition, but it is less pronounced than drr1-1 and t20f21 

1-1, and it does not share the cellulose phenotype of ugt71c3-2 and drr1-1. This suggests 
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that the phenotype selected here is either for very high neutral cell wall sugars levels, or 

high cellulose and neutral cell wall sugars levels. This suggests that the FTIR clustering can 

identify specific compositional features. Lignin deposition is not consistent as ugt71c3-2 has 

higher deposition than Col-0, whereas the other insertion lines have lower lignin deposition 

after 12h of isoxaben treatment. However we cannot determine if this has an effect upon 

the FTIR clustering as there are no FTIR spectra for isoxaben treated drr1-1 or t20f21 1-1 

seedlings. The consistent neutral cell wall sugar phenotypes indicate that specific cell wall 

phenotypes can be identified using diagnostic mutants.  

Cluster 2, which contains the insertion line adr1 l1-1, ugt76b1-1 and up2-1, shows that the 

phenotypes here are not the same, but are, however all significantly different from the lines 

in cluster 4 and Col-0. The available data identifies no specific characteristic phenotype for 

this cluster. This could be because the feature, which the clustering is based on, was not 

assayed in the study, or because the common feature in these insertion lines is that they are 

not the same as the baseline. adr1 l1-1, which has a stronger lignin deposition than Col-0, 

changes clustering location dramatically after 24h of isoxaben treatment, indicating that 

another defining feature becomes available. Interestingly this cluster does contain up2-1 

which does not have obvious FTIR phenotypes in the manual annotation. As this insertion 

line shows substantial compositional and lignin deposition phenotypes it demonstrates that 

the statistical analysis method can detect phenotypes that are not immediately obvious 

from manual examination of the FTIR spectra. 

It is difficult to determine what features cause the co-location of spectra from 7 day old 

seedlings treated with isoxaben with 6 day old seedlings and vice versa. irpk1-1 and irpk1-2 

show reduced, but not absent lignin deposition, and reduced cellulose level in response to 

isoxaben treatment. Likewise up1-1, an insertion line where spectra from 6 days old 

seedlings cluster with 7 days old isoxaben treated samples, contains higher levels of 

cellulose than Col-0. As such cellulose cannot be the differentiating factor in this case. These 

findings suggest that the isoxaben treated/untreated classification in the clustering may be 

primarily based on other features. However IRPK1 insertion lines which cluster with 6 days 

old seedlings regardless of treatment, and the SQP2 lines and up1-1 which cluster with 7 
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days old isoxaben treated samples for 6 days old seedlings have similar arabinose/xylose 

levels in 7 days old isoxaben treated samples this is probably not the differentiating feature. 

As such the differentiation between the treated and untreated samples cannot be ascribed 

to any one feature using the available data. However as the cell wall has not been fully 

characterized the compositional features which selection is based has not been assayed. As 

the lines consistently have phenotypes, the selection method is valid.  

However irpk1-1, irpk1-2, sqp2-2, and up1-1 represent 4 of the 5 highest yielding lines in 

seedling saccharification experiments. For stem saccharification two of the lines still have 

higher than Col-0 glucose yield (irpk1-2 and sqp2-2). While this is interesting not enough 

information is available to draw any conclusions. If this is a trend that holds true for 

insertion lines, which do not react to isoxaben treatment, it could suitably be tested using 

KO15 and KO30, which have not been characterized yet.  

Overall using insertion lines, which do not appear to change in response to isoxaben 

treatment in terms of clustering location does select genotypes resulting in cell wall 

phenotypes. 

8.4 UDP Glycosyl Transferases 

Characterization of the two UGTs which react to isoxaben treatment result in quite different 

phenotypes but seem to affect connected processes, as the ugt71c3 ugt76b1 has a different 

phenotype from either parent line. 

The two insertion lines for UGT71C3 have similar uronic acid phenotypes, similar effects on 

lignin deposition and identical neutral cell wall sugar phenotypes after isoxaben treatment 

suggest the gene has a specific effect. However, UGT71C3 insertion lines do not have the 

same phenotype in all the assays. The neutral cell wall sugar phenotype is not the same for 

the two lines in 6 days old seedling, with ugt71c3-2 having phenotype prior to isoxaben 

treatment, and ugt71c3-1 having only a stress induced one. However, after isoxaben 

induced CWD the two have very similar neutral cell wall sugar composition. Cellulose is also 

significantly increased for 6 day old ugt71c3-2 seedlings but not ugt71c3-1. This confirms 

the FTIR phenotype, where the two KOs cluster in very different locations (semi partial r 
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squared of more than 0.2, 8 times the threshold in the main cluster figure 4.3.2-3). The 

different phenotypes observed in the two insertion lines could be have different reasons. 

Either there is a second insertion in one of the insertion lines, most likely ugt71c3-2 as it has 

the stronger phenotype, or there is a partially active protein expressed in one of the 

insertion lines. The ugt71c3-1 insertion is closer to the end of the protein, in the PSPG box, 

whereas ugt71c3-2 is located in the N-terminal substrate recognition sequence. Therefore 

there could be a partially active protein in ugt71c3-1, which has complete substrate 

recognition but only limited UGT activity in ugt71c3-1 lines. The partial function could 

explain the persistent lignin phenotype and the enhanced stress response (as up-regulation 

of the gene does not increase the activity as much as needed). However, all of the predicted 

active sites in UGT71C3 are downstream of both insertions.  

Both insertion lines result in substantial and similar phenotypes. UGT71C3 clearly affects the 

cell wall composition both before and after exposure to isoxaben-derived stress. As the 

expression of the gene changes in response to a broad range of stresses and pathogen 

infections it is probably involved in stress response signalling. This is not apparent in the P. 

syringae assays, however as the gene is predominately expressed in the root and the 

hypocotyls, and it may be that other genes (one of the 3 family members with <63% 

sequence identity) serve the same function in leaves where infection susceptibility was 

assayed. 

ugt76b1-1 seedlings show a clear reduction in lignin deposition, an increase in uronic acid 

and arabinose levels. The lignin deposition in the ugt71c3-2 ugt76b1 demonstrates that 

ugt76b1 is not involved in critical parts of the signalling or biosynthesis pathways related to 

lignin deposition as deposition in the double KO would not be possible if the loss of function 

removed part of the process. As there is a cell wall phenotype in 6 day old seedlings it may 

be that the new cell wall structure is less exposed to a lack of cellulose production. This 

could either be for biosynthetic or signalling reasons. Due to the annotated function it 

seems likely that this is part of a signalling pathway. The increase in rhamnose level often 

seen in cell wall mutants with high xylose and arabinose levels is not detected here. This 
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suggests that it has an altered hemicellulose composition, not a RGI or RGII composition as 

could be the case for T20F21.3 and DRR1. 

Like UGT71C3, UGT76B1 is expressed primarily in the root. The gene expression changes in 

response to all the tested pathogens, and a number of stresses. This suggests that it could 

be involved in a stress response. As there is already a cell wall phenotype in 6 days old 

seedlings it seems likely the same function/process is also important in development or cell 

wall synthesis. The protein is more similar to proteins in other species than it is to the 

closest relatives in A. thaliana suggesting that it has a unique conserved function. 

The ugt71c3 ugt76b1 seedlings do not exhibit a phenotype before isoxaben treatment, but 

its cellulose level is significantly lower for 7 days old isoxaben treated seedlings compared to 

the Col-0 control. Additionally isoxaben treatment causes higher lignin deposition in 

ugt71c3 ugt76b1 than in the Col-0 (or either of the single insertions). The ugt71c3 ugt76b1 

phenotype demonstrates that further disrupting the cellulose structure apparently leads to 

enhanced lignin accumulation. This suggests that the pathways in which UGT71C3 and 

UGT76B1 are involved overlap, or regulate each other as cell wall phenotypes observed in 

the single mutants are not present in the double mutant. 

ugt76b1-1 displayed increased levels of neutral cell wall sugars, suggesting higher 

hemicellulose levels than Col-0. If this is applicable across the other species that share high 

levels of homology with the A. thaliana protein it might be used to increase the sugar yields 

of crop plants. However it should be studied in more detail how the gene is involved 

pathogen response, since its manipulation might result in a less robust plant. UGT71C3 is 

hard to assign a phenotype to, however if the high cellulose phenotype seen in ugt71c3-2 

caused by the gene KO, it could be useful for transfer to crop plants. Though the phenotype 

should first be confirmed if this phenotype can be rescued, and if it is detectable in adult 

plants. The lack of a stem saccharification phenotype suggests that this may not be the case. 

Both genes affect the lignin deposition initiated by cell wall stress. They may affect the same 

signalling pathway. A prime candidate for such a signalling pathway would be the CWD 

response pathway recently characterized by (Denness et al., 2011). Therefore further study 
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of these genes should include experiments to ascertain if they affect this signalling pathway, 

as detailed in section 8.11. 

P. syringae assays show an increased resistance to the pathogen in the ugt76b1 ugt71c3, 

despite the single insertion lines not exhibiting greater resistance to Col-0, demonstrating 

that the combination of both KOs are the cause of the phenotype. Both ugt71c2-2 and 

ugt76b1-1 have a strong cell wall phenotype, though the double mutant appears to be 

compositionally the same as Col-0, but is hypersensitive to isoxaben. As seen by the lignin 

deposition in the cellulose deficient mutant eli1, and the FTIR co-location of mur2-1 and 

mur4-1, in spite of different neutral cell wall sugar phenotypes (Mouille et al., 2003, Cano-

Delgado et al., 2003). Many of the changes in cell wall composition are compositional 

responses due to the lack of other components. The disappearance of the phenotype in the 

double homozygote, and the hypersensitive response, might be because the controlled 

reaction to stress is no longer possible.  The lack of ability to respond could constitute a 

constant state of stress. It has previously been shown that exposure to abiotic stresses can 

cause increased resistance to P syringae (Baek et al., 2010). As such it seems likely that the 

stressed state of the ugt71c3 ugt76b1 causes an induced resistance. 

Further work is currently being performed by Issariya Chairam using additional insertion 

lines and overexpressors for both UGTs. Additionally, work is ongoing to generate a rescue 

construct for ugt71c3-2 and ugt76b1-1. 

8.5 IPX1 

IPX1 showed a FTIR phenotype in the 1350-1200 cm-1 part of the spectra which could be due 

to changes in lignin levels. There is a minor increase in uronic acid level, and no significant 

change of cellulose and neutral cell wall sugars levels detectable in 6 days old seedlings. 

Isoxaben treatment resulted in reduced lignin deposition after isoxaben treatment in 6 days 

old seedlings compared to Col-0. In 7 days old seedlings treated with isoxaben there is an 

increase in arabinose, xylose, and a decrease in galactose levels compared to Col-0. This 

broad range of changes in neutral cell wall sugars suggests a change in more than one 

component. It seems likely that many of the changes connected to CWD compensate for 

alterations in other parts of the response. The reduced lignin deposition in response to 
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isoxaben treatment, (observed by FTIR and phloroglucinol staining) is possibly the most 

interesting phenotype, particularly because peroxidases have previously been reported to 

be involved in lignin biosynthesis (Cosio and Dunand, 2009). The phenotype could be caused 

by a change in the other cell wall components (uronic acids, neutral cell wall sugars). 

However, as the gene encodes a peroxidase there are several direct ways in which this 

phenotype could have been caused by an impairment of peroxidase function. ROS involved 

in signalling, as demonstrated in (Denness et al., 2011), and the biosynthesis of lignin (Weng 

and Chapple, 2010). IPX1 is predicted to be a class III peroxidase, which are extracellular 

enzymes (Cosio and Dunand, 2009). Most of the ROS signalling characterized so far is 

intracellular (Torres, 2010), but as most of the peroxidases characterized thus far are class I 

peroxidases, this may be an artefact of the characterized of peroxidases. However, even if 

most of the effects of ROS signalling are intracellular, extensive crosstalk between 

intracellular and extracellular ROS has been demonstrated (Torres, 2010). There a several 

different functions fulfilled by class III peroxidases, therefore identifying the location and 

timing of activity would be important (Cosio and Dunand, 2009). This leaves the following to 

be answered: when and where does the KD affect the ROS concentration. This could be 

visualized using a number of chemical dyes (for example H2DCFDA which is functional 

intracellularly only, amplex red which will detect it in the apoplast (www.invitrogen.com)), 

or using the HyPER reporter that may be crossed into the KD line. Characterization of the 

ROS generation would demonstrate that IPX1 is an extracellular protein, and illustrate the 

crosstalk between the inside and the outside of the cell. Later analysis could aim to show if 

IPX1 is biosynthetic or signalling related. Although not a trivial undertaking, it may be 

possible to demonstrate polymerisation of monolignols using chemical assays. However, as 

it is possible to polymerize lignin monomers unspecifically, the ability to polymerize 

monolignols in vitro does not mean that such a function carried out by the protein in planta 

(Ralph, 2004). Consequently, to properly demonstrate lignin synthesis as expected for a 

single peroxidase IPX1 would need to be temporally and spatially co-ordinated. This could 

be done by tagging IPX1 (preferably as a rescue construct in a knock out) and visualising 

lignin deposition by fluorescence. However as co-location does not prove function, 

additional evidence could be generated by creating an inducible RNAi construct. By 
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eliminating the gene expression at various times after induction of lignin production with 

isoxaben it could be determined if the peroxidase is involved in early stage signalling or later 

stage biosynthesis. This would however be limited by the persistence of the protein in the 

apoplast. Therefore the lack of protein in RNAi construct would have to be confirmed.  

As insertion lines for the gene do not consistently result in significant changes in the cell wall 

composition in seedlings, IPX1 does not immediately seem like a promising candidate. 

However as ipx1-1 and ipr1-2 appear to have consistently higher than Col-0 saccharification 

yield it may be a good candidate for knowledge transfer to crop plants. This is made more 

sensible because of several closely related homologs in other genera. As such there are 

already identified targets in poplar on which it could be tested. The lignin deposition should 

be characterized in detail for adult plants, as it would be very useful to identify what, if any, 

effects this KD has on the lignin level and composition, and if the gene is to be transferred to 

crop plants it is the adult phenotypes which are of interest. Because there is a strong 

quantifiable phenotype from two independent KDs the study of this gene should, if possible, 

be extended to KO. Overall the gene is a very good candidate for work with similar genes in 

biofuels crops, but further study in A. thaliana may be in order before transferring to crop 

species. 

8.6 ADR1 L1 

ADR1 L1 shows susceptibility to P. syringae infection, but only an increase in rhamnose in 6 

days old seedlings. After isoxaben treatment there is an increased lignin deposition, and an 

increase in the rhamnose, arabinose, and xylose levels compared to Col-0 in adr1 l1-1. The 

enhanced stress response in both neutral cell wall sugars and lignin deposition suggests 

either a weakened cell wall, which requires more support, or the response signalling system 

has been changed, causing the response to be exaggerated. This is supported by the altered 

pathogen susceptibility. ADR1 L1 expression data only indicates a changed expression in 

response to P. syringae as the gene appears to regulate general stress responses (expression 

data, isoxaben phenotype); it seems strange that it should only affect one pathogen. 

Therefore further pathogen response characterization would be pertinent, using 

necrotrophic pathogens (like B cinerea), and insect pests (e.g. aphids) to determine if the 
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change to pest and pathogen responses applies to more than one stress. This would allow 

distinction between a general response to cell wall damage or a specific response to 

individual pathogens. Additionally abiotic stress tests for osmotic stress would be sensible as 

such experiments have induced ADR1 L1 up-regulation in microarray derived expression 

data. Specific experiments should be tailored to the reactions in preliminary trials. Because 

adr1 l1-1 results in the loss of a pathogen resistance, overexpressing this protein could 

represent a possible avenue of investigation to characterize fully ADR1 L1 function, 

particularly as this strategy was successful for ADR1 (Grant et al., 2003).  

While ADR1 L1 appears to primarily be a pathogen/stress response gene (no 6 day old 

seedling phenotype) it also results in a higher than Col-0 saccharification yield in stems. This 

should be confirmed independently 

8.7 DRR1 and T20F21.3 

DRR1 and T20F21 insertion lines have very similar neutral cell wall sugar phenotypes, with 

very high arabinose, rhamnose, and xylose levels. They have opposite cellulose phenotypes, 

(with drr1-1 having higher cellulose level in 6 day old seedlings than Col-0, whereas t20f21 

1-1 has a lower than Col-0 cellulose level in 6 day old seedlings. t20f21 1-1 shows higher 

uronic acid level in 6 day old seedlings (a feature not shared by t20f21 1-2), both insertion 

lines show a slightly lower acids level in 7 day old isoxaben treated samples compared to 

Col-0. drr1-1 shows no significant change in uronic acids compared to Col-0. The similar 

effects on hemicellulose level and lignin deposition are interesting, and may have a common 

explanation for both genes.  

Arabinose only exists in the plant cell wall as a sidechain to other polymers, whereas xylose 

is backbone material. Therefore a backbone is required for sidechains to be attached to. 

This could either be glucose, xylan, or pectins. Glucan backbones are normally not enriched 

with arabinose. Xylan is frequently has arabinose sidechains, but xylose and arabinose weigh 

the same, and arabinose is more enriched in the mutants than xylose. As such an increase in 

cell wall arabinose higher than the increase in xylose cannot be explained by arabinoxylans. 

As the insertion lines also have higher than Col-0 rhamnose levels it seems likely that some 

of the increase in arabinose level is due to an enrichment in rhamnogalacturonan I or 
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rhamnogalacturonan II, as these two pectins have arabinose sidechains. Possibly through 

the proliferation of arabinose sidechains over galactose (the other common RGI sidechains) 

– this would create a higher arabinose level, and a lower galactose level. There is no 

substantial galactose in RGII, so RGII enrichment might fit better with the low galactose 

levels; however it does contain a relatively large amount of fucose, which is present in 

unaltered amounts in the insertion lines. As fucose is relatively rare in Col-0 plants even a 

relatively small increase could show up as a significant change in prevalence. However, 

there are many potential polymers, which are rich in galactose; a decrease in galactose 

concentration could be explained by reduced prevalence of another polymer. 

Both the increased prevalence of sidechains on backbones of hemicelluloses, and an 

enrichment of RGI and RGII compared to other pectin types, would make hydrogen binding 

to cellulose microfibrils less thermodynamically desirable. This would decouple cellulose 

from the other cell wall components, possibly making the plants more resistant to cellulose 

synthase inhibition. The nature of the binding may also be characterizable by resonance 

NMR; however this would require extensive studies. Should this be the case the effect of 

such a decoupling on the macro scale strength of the cell wall could be a good avenue of 

investigation. It may also result in a more flexible cell wall as RGI and RGII have been 

assigned a plasticising function in the cell wall (Mohnen, 2008). 

To examine if this is the case for DRR1 and T20F21.3 a further analysis of the hemicellulose 

and pectin structure would be needed. This could be appropriately started with an antibody 

chip experiment that would allow the identification of specific hemicellulose polymers and 

pectins, not just their components (Pattathil et al., 2010). Further work would then be 

planned based on these results. Considering currently available knowledge we would expect 

the antibody chip experiment to show a higher RGI/RGII, xyloglucan or 

glucuronoarabinoxylans level in order to match known sugar compositions (i.e. high xylose, 

arabinose and rhamnose). Based on these considerations further chemical compositional 

analysis could be carried out.  
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 For both genes, if the measured components are added up there is a larger amount of 

sugars in the dry plant material. This may result in a stronger cell wall, or at least one less 

dependent on cellulose as the lignin deposition is reduced.  

The higher levels of neutral cell wall sugars could lead to improved biofuels yield, as it 

indicates a denser cell wall overall. This would be an advantage in production of biofuels, as 

the use of pentoses has become feasible. However, as it has not yet been determined if the 

overall biomass yield is affected no final conclusions can be drawn. 

Regarding transfer of the knowledge gained here to other species, T20F21.3 has obvious 

homologs in other genera, including polar and rice, than in Arabidopsis. However the closest 

match only has 32% identity. As the putative function involves transferring heavy metal ions 

to enzymes, even small changes to the protein sequence could signify a different target 

protein, which would result in entirely different downstream effects. DRR1 has multiple 

relatives in A. thaliana as identical as the best matches in other genera. This means that 

clearly identifying the closest relatives for transfer might be difficult.   

For both genes there are also individual assays, which would be appropriate, based on 

protein domain type, and individual phenotypes. 

drr1-1 shows susceptibility to P. syringae similar to adr1 l1-1, therefore, carrying out the 

same pathogen and pest experiments would be appropriate. The osmotic and salt stress 

tests could be helpful as these have been linked to CWD (Wormit et al., under review), 

though expression data from public microarrays do not show any major changes. As DRR1 

contains a putative dirigent domain careful characterization of the lignin and lignan 

composition would be pertinent. Using the NREL protocols the subunit composition of the 

lignin and the lignans could be characterized (NREL, 2011), though more detailed analysis of 

lignin would require NMR studies (Balakshin et al., 2011). Lignans have been analysed in 

detail with a number of different analysis methods, including HPLC (Szopa and Ekiert, 2011) 

and LC MS/MS (Hendrawati et al., 2011), and the choice of method should be carefully 

considered. Should specific changes in lignin be defined chemical assays could then be 

developed for heterologously expressed protein, to verify the function.  
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For T20F21.3 specific tests could be carried out to provide further insights into function. This 

should be considered carefully as the predicted function as a metallochaperone protein 

would mean that the actual modification is carried out by the protein to which the metal ion 

is transferred. As such it may be very difficult to identify the downstream protein. Therefore 

it would probably be more productive to further characterize the cell wall phenotype. 

Should further examination be necessary the first test should be for T20F21.3 

metallochaperone function (Ashburner et al., 2000). Heavy metal binding could be 

spectroscopically tested on heterologously expressed enzyme. Should the protein show 

metal binding affinity, testing complementation of known yeast chaperones could yield 

information about the downstream target. If this is not successful expressing a tagged 

protein in A. thaliana, and immobilizing the interactors by cross-linking with formaldehyde, 

before purifying it by affinity chromatography and identifying the proteins which crosslink 

with T20F21.3 (Klockenbusch and Kast, 2010). 

8.8 Discussion of Global Strategy of Insertion Line Analysis  

The lignin deposition after exposure to cell wall stress has shown to be reliable, as long as 

appropriate controls are performed. Should a change to the biosynthesis cause the 

enrichment of lignin with O-4-Linked coniferyl and sinapyl aldehydes, then results from 

phloroglucinol staining, which stains these two subunits, could give a false impression of 

lignin content (Pomar et al., 2002). However this shift in composition would in itself be 

interesting, as lignin subunit composition has been shown to affect saccharification. 

The neutral cell wall sugar composition is the most prominent change in cell wall 

composition and structure induced by the insertion lines (occasionally more than a 100% 

increase). The neutral cell wall sugar phenotype was, along with the lignin deposition, one of 

the phenotypes consistent with the FTIR for all samples in cluster 4. The error bars for the 

successful neutral cell wall assays are relatively low (less than 10%). Biological repeats 

showed some tendency to outliers, however results were repeatable. Mannose was not 

reliably quantifiable as it is relatively rare and is located in the GC spectra close to other 

more prevalent sugars, which may distort the peak. As such the determination of mannose 

is subject to greater uncertainty than other neutral cell wall sugars.  
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Uronic acids measurements were precise, but were subject to a substantial amount of 

biological variation. If the location of the st-dev in the FTIR assays is examined it can be 

noted that the highest variability is in the pectin associated region of the spectra. This 

suggests that the pectin levels of the A. thaliana seedling cell walls are very variable.  

Cellulose assays were reliable across biological repeats when compared to appropriate 

controls, but showed high error bars.  

8.9 Saccharification 

Saccharification assays identified several insertion lines, which exhibit higher than Col-0 

saccharification yield. For seedling saccharification ugt71c3-2, ugt71c3 ugt76b1, t20f21 1-1 

t20f21 1-2, irpk1-1, irpk1-2, sqp2-2, and up1-1 show a high saccharification yield compared 

to the other insertion lines and Col-0. In stem saccharification higher than Col-0 

saccharification yields were shown in stems from ugt71c3-1, irpk1-2, adr1 l1-1 up2-1, ipx1-1, 

ipx1-2, and sqp2-2. As can be seen here there is limited overlap between the high yielding 

lines between the two assays. However the two highest yielding insertion lines (irpk1-2 and 

sqp2-2) in the stem saccharification assay have the second and third highest yield in the 

seedling assay. There are no common compositional features shared by high yielding lines. 

However the compositional studies only measure the levels of individual sugars and uronic 

acids, and not the polymeric structure. As such there may be structural features common to 

the saccharification phenotypes, which cannot be determined. 

irpk1-1, and irpk1-2 show a saccharification phenotype in the seedling assay. However this 

disappears in irpk1-1 in the stem assay (where it is the lowest yielding line). The two 

insertion lines do not have the same cell wall compositional phenotypes before isoxaben 

treatment. The insertion for irpk1-1 is closer to the end of the gene and it may be that a 

truncated protein is expressed. This could be tested by quantifying mRNA levels upstream of 

the irpk1-1 insertion site. If there is truncated protein expressed the matching 7 days old 

isoxaben treated seedling phenotypes for the two insertion lines (lignin, arabinose, and 

xylose) suggest that it is only partially active. Partial activity may be insufficient in cases 

where high enzyme activity is needed (such as after isoxaben treatment or tissues with high 

expression like the stem). However it would be a more prudent use of time to test the 
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phenotype with an additional stem saccharification experiment, and subsequently assign 

identify the phenotype caused by loss of function using additional insertion lines or rescue 

transformations.  

sqp2-2 appears to exhibit a high saccharification phenotype in both experiments. As the cell 

wall phenotypes of this insertion lines have not been conclusively determined further study 

is in order.  

Interestingly the two insertion lines, which show an increased saccharification are in a 

putative signalling gene (IRPK1), and in a gene for which the closest relative is involved in a 

central biosynthetic process (SQP2). Both signalling and primary metabolism could be 

equally relevant both in primary and secondary cell wall synthesis, in spite of the different 

synthesis pathways.  

The high saccharification phenotype in ugt71c3-2 and up1-1 seedlings may be related to 

these lines higher cellulose levels. As such the higher saccharification yield could be a 

function of higher cellulose level, not greater availability.  

adr1 l1-1 shows a significantly higher glucose yield than Col-0 for the stem saccharification, 

but no phenotype for the seedlings. The lack of seedling saccharification phenotype is 

unsurprising as adr1 l1-1 does not have a cell wall phenotype in 6 days old seedlings. 

Unfortunately while a high stem saccharification is interesting the susceptibility to P. 

syringae makes ADR1 L1 a poor candidate for knowledge transfer to crop species. For 

further studies the two insertion lines for IPX1 would be interesting, as they do not display 

major phenotypes in 6 day old seedlings, have no apparent developmental impairment, and 

have higher than Col-0 saccharification yield in stems across two independent insertion 

lines. 

A majority of the insertion lines have show a saccharification phenotype in both the stem 

assays and the seedlings assays. While there is not a direct correlation between the cell wall 

phenotypes observed this provides additional information about the insertion lines. It 

suggests that if the target of further studies was solely identifying gene for which loss of 

function leads to higher saccharification yields carrying out saccharification assays directly, 
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and subsequently characterizing the cell wall phenotypes in detail. The lack of correlation 

between the preliminary compositional assays and the saccharification is consistent with 

the high saccharification yields seen from minor compositional changes in the literature 

(Mortimer et al., 2010, Xu et al., 2011). 

8.10 General Strategies for Further Study 

The genes were selected based on expression behaviour. This has been successfully used 

before as an identification method for genes related to cell wall processes (Persson et al., 

2005). As this was a screening experiment the selected candidates do not necessarily share 

a common mode of action, or phenotype. Therefore, methodology to characterize gene 

function has to be specific to the candidate´s putative function, as detailed in their 

respective sections. However, as they share certain features, such as changed lignin 

deposition, and are therefore at least peripherally involved in some of the same pathways, 

experimental strategies could be employed for all of the candidates. However, for further 

studies a more targeted approach would be appropriate, focusing on fewer genes. In such a 

case the preferred candidates would be IPX1, DRR1, and T20F21.3. Inhibition of IPX1 

expression shows a strong phenotype, which matches with the predicted function (from 

uniprot), and the other two appear to show similar stress response induced by different 

genetic KOs. 

Interestingly all the genes with exception of UGT71C3, UGT76B1, and SQP2 appear to show 

high expression based on microarrays in at least on part of the stage 15 flower. As this is the 

final stage in flower development before petals and sepals wither, during which there is 

rapid growth and remodelling of a number of floral organs (Smyth et al., 1990), this is 

unsurprising, but might be useful for selecting genes in future screens.  

There are several molecular biology strategies, which could be pursued for all of the target 

mutants. The creation of tagged rescue constructs (6x-his or other affinity tagging) would 

allow a confirmation of the specificity of the cell wall phenotype if the observed phenotypes 

disappear in the rescue lines. Additionally, using the affinity tag the proteins could be 

purified using affinity chromatography to confirm protein expression and for chemical 

assays. Anti-his antibodies could be used to determine the location of the protein in the 
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plant cell. Fluorescent probes or GUS (β-glucuronidase) staining, could also be used for 

location of protein expression, but as the function and structure of some proteins is entirely 

unknown, it cannot be predicted if adding a large domain would affect activity. Therefore, 

fluorescent tagging should be carried out in parallel with an untagged protein, to generate 

ensure a successful rescue. 

As the lignification reaction of A. thaliana has recently been characterized, there is scope for 

further investigation of the cause for lignin deposition (Denness et al., 2011). Lignin 

deposition was shown to correlate with certain cell wall phenotypes. Low lignin deposition 

could be caused by a change in cell wall strength, impairment of lignin synthesis, 

polymerization, or changes to the regulatory system. Changes in cell wall composition could 

be detected by other cell wall assays, though it is possible for a change to the macro 

structure not to result in a different sugar composition. It would be difficult to differentiate 

between synthesis, polymerization, and signalling, as the compositional results would be the 

same. It is unlikely that the target genes are directly involved in the monolignol synthesis as 

it is a well-characterized pathway (Weng and Chapple, 2010). However the regulation of the 

lignin biosynthesis and polymerization is not yet characterized, so the genes identified here 

may be involved in this process. Using the signalling model developed by (Denness et al., 

2011) it should be possible to work backwards through the signalling pathway to identify the 

point of difference. Determining if the candidate genes affect JA or H2O2 production can be 

carried out directly without generation of new GM plants. This would determine if the signal 

is impaired, or if it no longer elicits a reaction. Should the final signal from the stress 

response not be present working backwards through the pathway would allow identification 

of specific signal, which is disturbed. The Ca2+ signal and the early stage H2O2 are small 

enough that they require molecular detector expressed in the plant. Costa et al., (2010) 

demonstrated that the genetically encoded detector HyPER can detect intracellular 

signalling levels of H2O2. Using HyPER as a detection method may be limited by its inactivity 

in the apoplast, where the lignin synthesis seen here takes place. However this could be 

complemented with chemical dyes to achieve full coverage. In the same study GFP-based 

Chameleon Ca2+ indicator, D3cpv-KVK-SKL, can detect suitable levels of calcium. By crossing 

these two indicators into the target line the signalling can be traced in more detail. If the 
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change does not appear to be signalling based, polymerization could be assayed chemically 

if the protein can be purified.  

For all the mutants a more detailed analysis of the cell wall composition in seedlings would 

be advantageous. For individual insertion lines, NMR based analysis of lignin deposition and 

a complete linkage analysis of the sugar composition would provide a detailed 

characterization of the cell wall phenotype. For a gene specific study the composition and 

structure of the plant stem should also be characterized to test if there are changes in the 

secondary cell wall in response to the insertions.  

The saccharification assays show that the saccharification efficiency is not directly 

correlated to cell wall composition. Therefore a more detailed analysis of the 

saccharification phenotypes would be in order. Aside from biological repeats to test the 

known phenotypes, further saccharification assays should be focused on the stem. This is 

primarily because this should be more transferable to crop applications. In such a study 

testing the effects of common industrial pre-treatments (dilute acid etc.) should be assessed 

to find out if using the knowledge to incite similar phenotypes in crop plants would result in 

economical viable changes to availability. This could be complemented with compositional 

analysis using the (NREL, 2011) protocols, which are more suited to larger amounts of 

material generated by adult plants. Following such an analysis specific strategies could be 

formulated for transfer to biofuels crops, with poplar being the most sensible candidate as it 

is a dicotyledon easily transformable plant, which can be grown in culture, allowing for 

faster initial work. 
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9 Conclusion 

Clustering of FTIR spectra of seedling cell walls identified 6 new genes for which knock out 

or knock downs affect the composition of the cell wall and the response to cell wall damage 

induced by isoxaben. A further 4 candidates are still subject to confirmation, but loss of 

function to appears have significant effects on cell wall composition and stress responses. 

The selection of candidates was originally based on the hypothesis that genes which 

respond to isoxaben treatment and are highly expressed in tissues whose cells are actively 

remodelling or elongating such the root tip, the stem, or the hypocotyls, are likely to affect 

overall cell wall composition and possibly sugar release. As 6/24 genes screened have a cell 

wall phenotype and a further 4 pending confirmation, this hypothesis appears well founded. 

Saccharification yield, for both seedlings and stem, does not appear to correlate with 

particular cell wall phenotypes. However, more than half of the candidate insertion lines 

selected based on FTIR spectra do have a higher than Col-0 saccharification yields, for both 

seedlings and stems. Therefore it seems likely that the original selection method is also a 

good selection method for genes, which result in altered saccharification yield. FTIR 

clustering would probably be a suitable screen for high saccharification yield phenotypes. 

The method, as it is used now, is not significantly faster than a saccharification screen, and if 

high saccharification phenotypes are the target of the genetic screen a simple 

saccharification assay would probably be more productive. FTIR could be used to guide 

subsequent quantitative assays.   

Of the genes characterized, the insertion line for two genes (DRR1, T20F21) resulted in a 

very large increase in neutral cell wall sugar abundance. This is promising as a candidate for 

knowledge transfer to other genera.  In both cases there is a putative function, which may 

cause a phenotype. IPX1, a putative peroxidase has shown itself to be related to the stress 

response, and lignin deposition in connection with isoxaben treatment. As KD insertion lines 

result in increased stem saccharification, and the gene appears conserved across plant 

species it is a good candidate for work with homologs in other genera.  UGT71C3 insertion 

lines show interesting phenotypes, but they are not consistent across insertion lines and 

therefore require additional research. ugt76b1-1 has shows a consistent neutral cell wall 

sugar phenotype which is unaffected by isoxaben treatment, and a lower than Col-0 lignin 
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deposition after isoxaben treatment. The lack of lignin deposition has been proven not to be 

due to biosynthetic inhibition as there is higher lignin deposition in ugt71c3 ugt76b1 than in 

Col-0. Overall the two UGT lines seem likely candidates for the regulation of the response to 

cell wall stress, an interesting field for further study, but neither insertion line consistently 

results in a higher than Col-0 stem saccharification. adr1 l1-1 has a number of stress induced 

phenotype, resulting in higher than Col-0 lignin deposition in response to isoxaben 

treatment, and CWD induced neutral cell wall sugar phenotype consistent with a higher 

than Col-0 RGI or RGII abundance, but no initial change. There is also an increased 

susceptibility to P. syringae in the insertion line, and a higher than Col-0 saccharification 

yield. Because it induces pathogen susceptibility it is not useful in direct transfer to biofuels 

crops, however further study may reveal important information about the mode of action of 

pathogen resistance.  
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Appendix A: Genotyping of insertion lines 

30 genes were selected by Dr. Hamann for work in this PhD project. These are listed in table 

A-1 

AT1G74440, AT1G75080, AT1G75170, AT1G75500, AT1G76410, AT2G02950, AT2G13790, AT2G15390, 

AT2G23810, AT2G30490, AT2G35730, AT2G37040, AT2G38120, AT2G39050, AT2G41100, AT2G41310, 

AT2G41820, AT2G42600, AT2G43530, AT2G47240, AT3G06750, AT3G09010, AT3G11340, AT3G13650, 

AT3G13750, AT3G16560, AT3G18110, AT3G18680, AT3G20410, AT3G25930 

Table A-1: The 30 genes assigned to this PhD project from the 120 selected by Thorsten Hamann 

29 insertion lines were genotyped by the author for the communal genotyping project. For 

20 of the putative homozygous plants were isolated and the results are summarized in Table 

A-2. Plants for further 5 were genotyped but showed no homozygous plants (Table A-3). 

Another 4 lines were attempted to genotyped were unsuccessfully due to technical 

problems (Table A-4).  

Line nr Gene ID 

sk 063722 AT1G64390 

sk 008544 AT1G02205 

sk 121365 AT2G41820 

sk 132916 AT3G53190 

sk 053366  AT5G16590 

sl 452 c02 AT3G09010 

sl 535_d05 AT4G33960 

gk 386_D12 AT3G20410 

sk 082484 AT2G41820 

sk 076226c AT4G11370 

sl 552_F09 AT4G10390 

sk 059087 AT1G74440 

sl 119_h11 AT2G42600 

gk_753_B06 AT2G30490 

sk 032032  AT3G06750 

gk 799 B06 AT1G75500 

sk 029978 AT1G70280 

sl 436_E01 AT3G25930 

sk 058271 AT2G35730 

sk 119911** AT3G16560 
 

Table A-2: List of insertion lines for which a putative KO was identified, and gene in which the 

insertion is located. sk is short for salk, gk for Gabi Kat, sl for sail. 
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Line ID Gene ID Number of plants genotyped Reason for negative result 

sk 001310 AT5G38550 6+6+15 Possibly seedling lethal*  

sk 006961 AT1G65610 4 Not sufficient numbers 

sk 030630 AT1G76410 18 All WT 

sl 835_D07 AT3G43670 17 All WT 

sl 309_e01 AT5G24760 20 All WT 
 

Table A.3: List of insertion lines for which the PCR genotyping was carried out but which yielded no 

homozygous KO lines, and the probable reasons for the lack of positive results. sk is short for salk, gk 

for Gabi Kat, sl for sail. 

Line ID Gene ID Nr of plants 

sk 047781 AT1G75500 14 

sk 116356 AT3G06750 5 

sl 720_b04 AT1G64355 9 

sk 072545 AT2G13790 12 
 

Table A.4 list of insertion lines for which the PCR analysis was unsuccessful.  
 

*This is suggested by experiments with seedlings germinated on plants where 6 out of 23 seedlings died 

shortly after germination. 

** This insertion line was not conclusive genotyping and was consequently confirmed by RT-pcr in 

appendix B 

A.1 Primers 

Line name RP LP 

SALK_037681 CTAATGCAGATCCTTTTTGG TAGGTTCACCGGTAAGTACG 

SALK_149207 TACTGGATATTGTCGGTCGT GGACTTAGGGGCAGATTATT 

SALK_006961 CACCTGAAGTTCGGTTAAAG AGGAAGCAACGTCAAGTTT 

SALK_096806 AGTTCGACTTCATCTTTTCG CGTAACGGTATCCAATTTTC 

SAIL_309_F04 TGGTTTAAGGACGAAAACAG ACAAAAGGCGATGACATAAC 

SAIL_720_B04 GTGTGAAGAGGTGGAAGATGG TGAGTTTTGGAGCTGATTTGG 

GK_799H03 CCGTACAATACGAAGTAAAGTCC 

CCATTTGCTTACAAAATAGTGAT

AAT 

SALK_032032 GCGATGTACAATATATCCAATCCA 

TCTTCTTATTCTCTTAATGTCACT

GC 

SALK_047781 TGCTTTTATCCGTCTATTTCAAACAA TGTTGTGCCACATGTCATATT 

SALK_072545 TTAGTGACCTTGGGAATGCAA 

GGTAAAGAGAAGAAGCAGTTTA

TGG 

SAIL_159_A06 TTAACAGTTGATCCTCCGGTG GGGGATCTTTACTAAGCGTGG 

SAIL_121_A10 TAATTCATGTAGTTGCCTTGGA CGAAGTCCCACTTATCTTCATT 

SALK_063722 TGCAATCAGAATGAAAACAAAAG CCGGTCATGATTATGGTCAAG 

SALK_008544 GGTCCTTTGTTTTCCTTTTGC AGCGATCCAAATGCTATGTTC 

SALK_121365 ATGGATCCTGTGAGCAAATTG CTTTTGGCAACTTGTCTGAGC 

SALK_132916 GAAAGGTACCTGAGAGTGCCC GCTCGTGGGGTTATTATAACG 

SALK_053366 AGTTTGGGCCGAAATAAAAAC GTCACGAAGTGCGATTAGAGC 

SAIL_452_C02 ATTATTAGGCCGCCTATGGTG CCAGAACTAACCAAGTTCCCC 

SAIL_535_D05 AGCCGGATTTATATGACCACC TGGTGTAGACAAAGGATTGGC 

GABI_386D12 ATCCGCAGTCAACATTCTACG CCAGGACTAAGTCCCAAGACC 

SALK_082484 AAACTTTGCCATGACCATTTG GAAAGAGGCCATCTGGTTTTC 

SALK_076226 ACCGGACATTTCATCTTGTTG 

AAACAAATTTTTGCCTTTCATAA

TATC 

SAIL_552_F09 AAGGTTCCCAAAAACTGAACC GGGTATCTTCGACAAGAACCC 
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SALK_059087 TCGGAACTACATCATGATGGC GCATGGAGAAGCATAAAGACG 

SAIL_119_H11 ACCGTGATGGTACACTCTTGC AAGGCCAAATGTTGACACTTG 

GABI_753B06 TCAGCAGCTTCTTCTGCTTTC CCTTATGCAAGCAGAGACGTC 

SALK_029978 AGTATCGAGGATCTCTTCGCC AAGAAATCGGATGGTCGAATC 

SAIL_436_E01 GCTAGGGTTTTTGGGATTCAG TGAGTTCTGAATCTGCAAAACAC 

SALK_058271 AACCATCGTTGTTGTTGGATC GAAACATTGAAGCCTTGAAGG 

SALK_001310 AGAGCGCTACCATTCTTCTCC CAGGACTTCTGAACTGATGGG 

SALK_030630 TGGGATACAGTCTCGTGTTCC TAAGTCTTTAACAATGGCGCG 

SAIL_835_D07 AAACAAAATTCCCCCAAAATG TGAGATCAACGGTCCAGAATC 

SALK_047781 CGAAATCTTGAATCCACATGG GTTTCTCGCAACTCCATCAAG 

SALK_116356 GTTAGATCGGATTGGTGGGAC GTTAAATACCCGCCTCCGTAC 

Actin GTGCCAATCTACGAGGGGTA TTCTGCGGTAGTGGTGAAC 

T-DNA LB1.3 ATTTTGCCGATTTCGGAAC  

LBb1 GCGTGGACCGCTTGCTGCAACT  

LBa1 TGGTTCACGTAGTGGGCCATCG  

TH LBa1 GTTCACGTAGTGGGCCATCG  

SAIL LB 1 
GCCTTTTCAGAAATGGATAAATAGCCTTG

CTTCC 
 

SAIL_LB 2 
GCTTCCTATTATATCTTCCCAAATTACCAA

TACA 
 

LBA1GABI:  ATATTGACCATCATACTCATTGC  

Table A.1.1 Primers used for genotyping of insertion lines. RP indicates the right primer LP the left 

primer. The insertion primers are listed last in the table, in the RP column. 

Appendix B: RT-PCR of HM Insertion Lines 

RT-PCR was carried out for all HM insertion lines for further work. This was carried out in 5 

batches; the primary ones were by the author, Lucinda Denness, and Alexandra Wormit. 

Which RT-pcr reactions were carried out by who is indicated in chapter 3. Independent 

repeats of the lines up2-1, ipx1-1 and ipx1-2 were carried out by Victor Jones and Camilo 

Castañeda Bustos. 

http://signal.salk.edu/pBIN-pROK2.txt-new
http://signal.salk.edu/pBIN-pROK2.txt-new
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Figure B-1: RT-PCR for pp2c1-1, salk_119911 (pp2c1-2). The gene specific primers are in the 

upper row, the ubiquitin control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 

pp2c1-1 and pp2c1-2 are both clear of any expression of PP2C1. cpk9-1 appears unaffected 

by the insertion has a slight increase in band intensity in figure B-2, ubiquitin expression 

appears unchanged. Expression in t20f21 1-1 appears to be lower than the control, with a 

ubiquitin control which shows slightly higher intensity for the control than the Col-0 control 

(figure B-3). As such it seems likely it is a KD.  



Lars Kjaer Thesis 2011 

259 

 

  
Figure B-22: RT-PCR for cpk9-2. The gene specific primers are in the upper row, the ubiquitin 

control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 

 

Figure B-3: RT-PCR for t20f21 1-1. The gene specific primers are in the upper row, the 

ubiquitin control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 
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drr1-1 shows a faint fragment, whereas the Col-0 control show a clear fragment. The 

ubiquitin control shows a slightly higher expression in the drr1-1 mutant than in the control 

B-4. arr8-1 may be down regulated, however the ubiquitin control is not sufficiently 

consistent to draw conclusions (B-5). pk1-1 shows an unchanged expression in comparison to 

the positive control. pk1-2 shows a slightly lower intensity than the control (B-6). The three 

ubiquitin controls do not show any variation in intensity. pks1-1 shows no expression of the 

target gene, while having a comparable ubiquitin control indicating a KO, however as the 

positive fragment is quite weak there could be some expression, below the level of detection 

(B-7). MtN21-1 shows a weaker band than the positive control. The ubiquitin control show a 

slightly higher expression in the control than in the insertion line (B-8). 

 
Figure B-4: RT-PCR for drr1-1. The gene specific primers are in the upper row, the ubiquitin 

control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 
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Figure B-5: RT-PCR for arr8-1. The gene specific primers are in the upper row, the ubiquitin 

control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 

 
Figure B-6: RT-PCR for pk1-1 and pk1-2. The gene specific primers are in the upper row, the 

ubiquitin control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 
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Figure B-7: RT-PCR for pks1-1 . The gene specific primers are in the upper row, the ubiquitin 

control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 

 
Figure B-8: RT-PCR for MtN21-1 . The gene specific primers are in the upper row, the 

ubiquitin control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 
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Figure B-9: RT-PCR for irpk1-1 and irpk1-2. The gene specific primers are in the upper row, 

the ubiquitin control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 

irpk1-1 and irpk1-2 shows no expression of IRPK1. The ubiquitin control indicates that the 

insertion line RNA has been overloaded B-9. ppc2-2 shows a higher expression in the 

insertion than in the control. The ubiquitin expression is unchanged (B-10). serk4-1 and 

serk4-2 do not show any expression, whereas the positive control shows clear expression. 

The ubiquitin controls are all comparable (B-11). up1-1 and up1-2 both show a larger 

fragment (600 bp) than the positive control ( app.200 bp). In up1-1 there is no 200 bp 

fragment, and sequencing confirms that the lower band is the target gene. As such it seems 

likely that up1-1  is a KO. The presence of the 600 bp fragment in up1-2 may mean that there 

is a KD, but this would not be easily confirmable (B-12).   
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Figure B-10: RT-PCR for ppc2-2 . The gene specific primers are in the upper row, the ubiquitin 

control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 
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Figure B-11: RT-PCR for serk4-1 and serk4-2 . The gene specific primers are in the upper row, 

the ubiquitin control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 

 

 
Figure B-12: RT-PCR for up1-1 and up1-2 . The gene specific primers are in the upper row, the 

ubiquitin control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 
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Figure B-13: RT-PCR for bgal1-1 and bgal1-2 . The gene specific primers are in the upper row, 

the ubiquitin control on the lower row. All PCRs are with 100 ng RNA and 28 cycles 

bgal1-1 and bgal1-2 and the positive control all show several band in the RT-PCR. The 

strong band at app 600 bp has been confirmed to be the target gene by sequencing. This 

indicates that bgal1-2 is a KD. However the multiband nature of the analysis s means that this 

conclusion cannot be drawn without further analysis. Such analysis was not carried out. 

Additionally bgal1-2 shows a less intense ubiquitin control (B-13). c4h-1 does not show any 

change compared to the Col-0 control (B-14). usp1-2 shows no change compared to the 

control (B-15). 
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Figure B-14: RT-PCR for bgal1-1 and bgal1-2 . The gene specific primers are in gel A, the 

ubiquitin control in gel B. All PCRs are with 100 ng RNA and 28 cycles 
 

A B  

Figure B-15: RT-PCR for usp1-1 and usp1-2 . The gene specific primers are in gel A, the 

ubiquitin control in gel B. All PCRs are with 100 ng RNA and 28 cycles 

 

A B  

Figure B-16: RT-PCR for adr1 l1-1 . The gene specific primers are in the upper row, the 

ubiquitin control on the lower row. All PCRs are with 1000 ng RNA and 40 cycles. Additional 

lanes have been removed between the ladders and the samples..  

adr1 l1-2 shows a lower intensity than the control for the gene specific primers and the 

ubiquitin control appears to be unchanged (B-16).  ipx1-1 and ipx1-2 both show a lower 

intensity for the gene specific primers than the positive control. The ubiquitin control show a 

comparable level of expression, across both insertion lines. The second experiment shows a 

mildly decreased expression for ipx1-1 and ipx1-2 however the ubiquitin control shows a 

substantially higher intensity of fragment (B-17).  
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Figure B-17: RT-PCR for ipx1-1 and ipx1-2 . The gene specific primers are in the upper row (A) 

and the lower left repeat (C), the ubiquitin control on the lower row (B) and the lower right 

hand (D). A) and B) are performed with 1000 ng RNA and 40 cycles. C) and D) were used 1000 

ng RNA and 35 cycles. Additional lanes have been removed between the ladders and the 

samples.  

The UGT71C3 insertion lines show no gene specific transcript, but an even ubiquitin 

expression (B-18). ugt76b1-1 shows no gene expression, though the ubiquitin control has 

slightly lower transcription though than the control. However as the gene specific 

transcription is not present uneven loading is not problematic (B-19). The dH of ugt71c3 

ugt76b1 shows no transcript for either gene, while the ubiquitin control is the same (B-20). 
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Figure B-18: RT-pcr for ugt71c3-1 and ugt71c3-2 . The gene specific and the ubiquitin primers 

were added to the same reaction. The upper band is the gene specific one, the lower band is 

ubiquitin. RT-pcr were performed with 1000 ng RNA and 32 cycles. Additional lanes have been 

removed between the ladders and the samples.  

 

Figure B-20: RT-pcr for ugt71c3-1 and ugt71c3-2 . The gene specific and the ubiquitin primers 

were added to the same reaction. The upper band is the gene specific one, the lower band is 

ubiquitin. RT-pcr were performed with 1000 ng RNA and 32 cycles. Additional lanes have been 

removed between the ladders and the samples.  

A B C  

              UGT71C3                          UGT76B1                           Ubiquitin  

Figure B-21: RT-pcr for the dH of ugt71c3  ugt76b1. A) was with the UGT71C3 specific primers 

B) was with the UGT76B1 specific primer C) was with the ubiquitin specific primers were added 
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to the same reaction. RT-pcr were performed with 1000 ng RNA and 32 cycles. Additional lanes 

have been removed between the ladders and the samples.  

A B

 

Figure B-23: RT-PCR for KO10. A is the insert specific primers, B is the ubiquitin controls. All 

PCRs are with 1 µg RNA and 30 cycles.  

Ko10 shows two fragments, the lower of the two fragments has been confirmed as the correct 

gene. For this fragment ko10 shows a lower intensity. The for the ubiquitin control the 

intensity of the insertion line is higher than the control (B-23). sqp2-1 shows no fragment in 

at the right size, sqp2-2 show a shadow of a fragment at the right size, as well as a strong 

substantially larger fragment. Ubiquitin controls are consistent for all samples (B-24).   
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A  

B  

Figure B-24: RT-PCR for sqp2-1 and sqp2-2. A is the insert specific primers, the lower band is 

the gene specific product B is the ubiquitin controls. All PCRs are with 1 µg RNA and 30 cycles. 

ko8 shows an extremely faint fragment, compared to the control. The ubiquitin control shows 

a comparable intensity for all the samples (B-25). ko15 shows no fragment, and the ubiquitin 

shows a higher intensity for the insertion line than for the control (B-26) 
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A B

 

Figure B-25: RT-PCR for KO8. A is the insert specific primers, the lower band is the gene 

specific product B is the ubiquitin controls. All PCRs are with 1 µg RNA and 30 cycles. In the 

ubiquitin control the image was cropped between KO8 and the Pos 0h. The insert should be 

compared to the left ladder, and the Col-0s to the right ladder. 
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A B

 

Figure B-26: RT-PCR for KO15. A is the insert specific primers, the lower band is the gene 

specific product B is the ubiquitin controls. All PCRs are with 1 µg RNA and 30 cycles. In the 

ubiquitin control the image was cropped between KO15 and the Pos 0h. The insert should be 

compared to the left ladder, and the Col-0s to the right ladder. 
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A B

 

Figure B-27: RT-PCR for KO9. A is the insert specific primers, the lower band is the gene 

specific product B is the ubiquitin controls. All PCRs are with 1 µg RNA and 30 cycles. In the 

ubiquitin control the image was cropped between the ladder and the Pos 0h. The insert should 

be compared to the left ladder, and the Col-0s to the right ladder. 

Ko9 shows a low level of expression, compared to the control. The ubiquitin control shows a 

higher intensity in ko9 than for the positive control (B-27). For ko18 there low expression in 

the insertion line compared to the positive control. The ubiquitin control shows the same 

expression for both the control and insertion line (B-28). 
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A B  

Figure (B-27): RT-PCR for KO18. A is the insert specific primers, the lower band is the gene 

specific product B is the ubiquitin controls. All PCRs are with 1 µg RNA and 30 cycles. In the 

ubiquitin control the image was cropped between KO18 and the Pos 0h. Additional bands have 

been cut out to compress the picture. 

A B

 

Figure (B-28): RT-PCR for KO11. A) the insert specific primers, the lower band is the gene 

specific product. B) the ubiquitin controls. All PCRs are with 1 µg RNA and 30 cycles. In the 
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ubiquitin control the image was cropped between the ladder and the Pos 0h. Additional bands 

have been cut out to compress the picture. 

 

ko11 shows a lower expression, compared to the control. The ubiquitin control shows a 

higher intensity in ko11 than for the positive control (B-28). For ko14 there is no fragment in 

the insertion line but clear on in the positive control. The ubiquitin control shows the same 

expression for both the control and insertion line (B-29). ko13 produces a faint band in the 

insertion line compared to the positive control. The ubiquitin control shows app. the same 

intensity for both the control and the insertion line. There is however faint fragment in the 

negative control. However as this has not happened in the other experiments with the same 

primers it seems likely to be a loading error (B-30). 

A B  

Figure B-29: RT-PCR for KO14. A is the insert specific primers, the lower band is the gene 

specific product B is the ubiquitin controls. All PCRs are with 1 µg RNA and 30 cycles. In the 

ubiquitin control the image was cropped between KO14 and the Pos 0h. Additional bands have 

been cut out to compress the picture. 
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Figure B-30: RT-PCR for KO13. A is the insert specific primers, the left gel is the gene specific 

(A) the right gel  the ubiquitin controls (B). All PCRs are with 1 µg RNA and 30 cycles. In the 

ubiquitin control the image was cropped between KO13 and the Pos 0h. Additional bands have 

been cut out to compress the picture. 
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Figure B-30: RT-PCR for up2-1. A is the insert specific primers, left 2 bands are the gene 

specific product the right two bands are the ubiquitin controls. All PCRs are with 1 µg RNA 

and 35 cycles.  

up2-1 shows a slightly lower expression than Col-0 for the gene specific primers. The 

ubiquitin control shows a slightly brighter fragment than the Col-0, indicating that the Col-0 

may be overloaded. 

The KDs have not been quantified, as such it is not possible to determine the level to which 

they are down regulated. However for the purpose of a screening, the level of down 

regulation is not relevant provided there is a phenotype. Additionally as a number of the 

down regulations are of exon insertions, and as such the level of transcript may not be 

representative of the expressed protein. 

A number of the most promising mutants are being independently repeated by Izabela 

Szostkiewicz. These are drr1-1, drr1-2, t20f21 1-1, t20f21 1-2, ipx1-1, and ipx1-2. 
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Appendix C: Lignin Quantification Using Ionic Liquids as a Solvent. 

C.1 Introduction 

Lignin is classically measured using chemical assays, which include many hazardous 

chemicals (actyl bromide) (Beatson et al., 2008), requiring large amounts of material (klason 

or NREL) (Jung et al., 1999), and/or expensive equipment (NMR)(Balakshin et al., 2011). 

Therefore, finding an alternative lab bench friendly measurement method is desirable. 

C.1.1 Ionic Liquids and Cell Wall Solubility  

Ionic liquids are salts which are liquid at room temperature or close to it. This gives ionic 

liquids properties which are not shared by either organic solvents or water. As they are salts 

ionic liquids have different properties than both water and classical organic solvents in 

relation to polarity (van Rantwijk and Sheldon, 2007). The solubility of compounds in ionic 

liquids is not directly dependent upon the hydrophobicity and polarity of the liquid. In some 

cases the liquids show a preference for the solution of larger compounds (such as cellulose) 

over that of smaller ones (e.g. glucose). This may be related to the relatively large size of 

some of the ions (van Rantwijk and Sheldon, 2007). Attempts to dissolve cell wall material in 

ionic liquids have shown a wide variety of solubilities for different cell wall components 

across the available ionic liquids (Lee et al., 2009) (see table C.1.1-1). The solubility of cell 

wall polymers was found to be dependent upon the water content of the solvent (Brandt et 

al., 2010).

 

Table C.1.1-1: The solubility of wood flour and lignin as well and the physical properties of 

various ionic liquids (Lee et al., 2009) 
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C.1.2 Lignin Absorption 

Lignin has a strong UV absorbance spectra (see figure C.1.1.2-1). Therefore, if lignin could be 

separated from the other cell wall components and dissolved in a liquid, the concentration 

can be calculated using Lambert-Beers law (Seca et al., 2000) 

 

Figure C.1 1.2-1 UV spectrum of the node and internode. (Seca et al., 2000)  

C.1.3 Hypothesis 

Based on the background information it seems likely that it should be possible to find an 

ionic liquid that will dissolve lignin allowing the quantification. Such a quantification method 

would allow the quick and easy determination of lignin quantity for small amounts of 

material. Such a method was attempted developed during this thesis .  

(Kline et al., 2010) successfully carried out a quantification of the lignin content in yellow 

poplar and southern pine using 1-n-butyl-2-methyl imidazolium chloride and measuring UV 

at 440 nm. This measurement pre-empted the development of the method by the author, 

leading to the abandonment of the avenue of investigation.  
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As the method development was carried out before the publication of the (Kline et al., 

2010) the target absorbance was the second peak in figure C.1.1.2-1 between 250 and 350 

nm, as it is less likely to overlap with the spectra of the organics in the ionic liquids.  

C.2 Results 

Figure C.2-1: phloroglucenol stained seedlings after 3 days of incubation in A) 1-ethyl-3-

methylimidazolium MeSO4, B) 1-ethyl-3-methylimidazolium MeSO4 and 10% w/w water, C) 

ethanol control D) 1-ethyl-3-methylimidazolium acetate 10 % water. 1-ethyl-3-

methylimidazolium acetate is not included because the seedlings dissolved entirely in the 

solvent . 

The ionic liquid used was measured on a UV spectrometer, and the absorbance spectrum was above 

the measurable range of the spectrometer. Therefore, an ionic liquid with a less disruptive 

absorbance spectra was acquired from Agnieszka Brandt with a low absorbance above 280 nm. The 

absorbance was not stable when incubated at 70 °C. This prevented the quantification of lignin, 

(using UV spectrometry), within this sample. Inquiries were made into the production of less 

absorbent ionic liquids, however, (Kline et al., 2010) was published before significant progress could 

be made.  

The work of (Kline et al., 2010) was adapted for use on A. thaliana. Freeze dried, ground up seedlings 

did dissolve in the ionic liquid. However, the ionic liquid used was found to be too viscous to work 
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with the available equipment. The high viscosity caused light diffraction, and made proper mixing 

difficult without access to magnetic stirrers for all samples. The samples had no discernable trend as 

the noise from viscosity and diffraction overshadowed the sample value. 

C.3 Discussion and Conclusion 

The method development carried out here was terminated with the development of the 

lignin quantification method by (Kline et al., 2010). The abandonment of the development 

was not because the technology was not considered viable, but because the loss of novelty 

value meant that the publication potential was substantially lessened. The initial work with 

1-ethyl-3-methylimidazolium acetate and 10 % water suggest that with a sufficiently large 

suit of ionic liquids it may be possible to dissolve the different cell wall components 

separately. This would allow their quantification using spectroscopy. In spite of the proof of 

concept provided by (Kline et al., 2010) development and optimization of a protocol for the 

quantification of lignin using ionic liquid would require much optimization.  

 

 

 


