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Summary 

 

Arabinogalactan proteins (AGPs) are proteoglycans heavily substituted by 

arabinogalactan polysaccharides. These are composed of arabinose and galactose, and 

minor sugars such as glucuronic acid (GlcA), fucose and xylose. The arabinogalactan 

polysaccharides do not decorate classical AGPs exclusively, but they can also be found 

decorating a wide range of proteins. Arabinogalactan proteins have been implicated in 

many processes of plant development. Recently, AGPs were proposed to bind and store 

calcium at the plasma membrane. They are extracellular, and are localised mainly at the 

plasma membrane via a GPI-anchor. They can also be soluble in the apoplast. Their low 

abundance, chemical similarity and high functional redundancy have hindered their study. 

My strategy to overcome these difficulties was to study knock-out Arabidopsis thaliana 

plants of glycosyltransferases that transfer sugars specifically onto AG-polysaccharides. 

Glucuronic acid makes up about 10% of the arabinogalactan polysaccharide structure in 

Arabidopsis thaliana cell culture AGPs. Previously, the glucuronic acid transferase 

ATGLCAT14A, a member of the CAZy Glycosyl Transferase 14 family, was shown to 

transfer GlcA specifically onto AGPs, and knock-out Arabidopsis plants showed a 30% 

reduction in [Me]GlcA substitution in AGP-enriched preparations. However, no clear 

growth phenotype was observed. The characterisation of knock-out plants of other GT14 

family members and combinations thereof is described here. Based on previous studies 

(Lamport and Várnai, 2013), I assayed in vitro the calcium binding capacity of AGP 

extracts from WT and knock-out plants. The results showed that AGP extracts from 

knock-out plants can hold less calcium than WT plants in vitro. A wide range of plant 

growth phenotypes were identified. Many of these phenotypes were suppressed when 

supplementing the growth medium with calcium, whereas WT plants were not affected. 

Other phenotypes were exacerbated and new ones appeared when calcium was reduced 

in the growth medium. Growth phenotypes can be explained by changes in the 

cytoskeleton and deficiencies in calcium signaling. Our evidence suggests links between 

structural deficiencies of extracellular proteoglycans to extracellular calcium and 

cytoskeleton. This research has the potential to create a new model system for the study 

of molecular mechanisms dependent on calcium that drive cell expansion, division and 

differentiation in plants.  
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CHAPTER 1 

1(Introduction 

1.1(The plant cell wall 

The cell wall is a very important feature of plant cells. The development of tissues and 

organs in plants is mainly possible by the shape provided by the cell wall (Keegstra, 

2010). Whilst different plant cell types have distinct cell wall composition, plant cell walls 

are classified as primary and secondary. Primary cell walls are mainly found in growing 

cells. In contrast, secondary cell walls are formed in specialised cells after the cell has 

stopped growing and producing primary cell wall (Cosgrove, 2005). Although a wall is 

assumed to be rigid, different compositions of the cell wall can generate a wall flexible 

enough to allow expansion and growth. However, thickened secondary cell walls provide 

the necessary rigidity for plant stems to withstand mechanical forces (Somerville et al., 

2004). Thus, the study of plant cell walls is fundamental for understanding plant growth 

and development.  

1.2(Cell wall structure overview 

 

Figure 1-1. Plant cell wall complexity. Illustration of a model of the plasma 

membrane, primary cell wall and the middle lamella. Reproduced from (Smith, 2001). 
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The cell wall of growing cells is principally composed of primary cell wall and middle 

lamella (Figure 1-1). During cytokinesis, the new cell wall starts forming with the 

deposition of a cell plate containing callose, mannan, and cellulose (Smith, 2001; Yang 

et al., 2016). To join adjacent cells, the middle lamella is then deposited which is made 

of pectin and hemicelluloses (Mohnen, 2008; Cosgrove, 2015). The primary cell wall is 

located in close proximity to the plasma membrane. This space outside the plasma 

membrane is called the apoplast (Sattelmacher, 2001). In the apoplast some components 

of the cell wall are extruded (i.e. cellulose, callose) and others are secreted from the 

cytosol (e.g. hemicelluloses).  

The cell wall is mainly composed of cellulose, hemicellulose, pectin, structural proteins 

and lignin (Keegstra, 2010). The presence and abundance of these components depends 

on the type of cell wall and plant species (Sørensen et al., 2010). Generally, primary cell 

walls are composed of cellulose, pectin, structural proteins and hemicellulose. Pectic 

polysaccharides create a network in conjunction with cellulose and hemicelluloses, which 

retains water while providing protection, control of porosity and permeability (Cosgrove, 

2005). The cellulose-hemicellulose network is proposed to give tension resistance to the 

cell wall. Structural proteins may support the cell wall through complex expansion and 

remodelling processes by connecting the cell wall to the cytoplasm (Borassi et al., 2016). 

The secondary cell walls have higher abundance of cellulose, hemicelluloses than primary 

cell walls, and these may become lignified (Turner et al., 2001; Hao and Mohnen, 2014). 

Lignification of secondary cell walls particularly occurs on xylem vessels and 

interfascicular fibres, which require to withstand high turgor pressure and mechanical 

strength (Somerville et al., 2004). 
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1.3(Components of the cell wall 

1.3.1!Cellulose 

 

 

Figure 1-2. Schematic representation of cellulose from plants. Copyright Pearson 

Education 2012. 

Cellulose is an unbranched polysaccharide made of "-(1#4)-linked-glucopyranosyl 

(Glcp) residues (Figure 1-1). From 18 to 36 parallel glucan chains are accommodated to 

form cellulose microfibrils of about 3nm in diameter, which can change depending on 

plant species (Cosgrove, 2005; Thomas et al., 2014, 2015). The length of these parallel 

glucan chains (known as the degree of polymerisation, DP) depends on the type of cell 

wall. Primary cell walls have cellulose of 250-500 and 2500-4000 DP, whereas secondary 

cell walls contain cellulose of 10,000-15,000 DP (Brett, 2000). The synthesis of cellulose 

occurs directly on the plasma membrane by the Cellulose Synthase (CESA) complex 

(Kimura et al., 1999). As cellulose is synthesised by the CESA complex, microfibrils are 

directly extruded to the cell apoplast. Cellulose is responsible for 20-30% of the dry 

weight of the primary cell wall and up to 50% of the secondary cell wall.  
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1.3.2!Hemicellulose 

 

Figure 1-3. Schematic representation of hemicelluloses. Reproduced from (Scheller 

and Ulvskov, 2010). 

Hemicelluloses are polysaccharides that have a "-(1#4)-linked backbones. These 

include xyloglucan, xylan, mannan, glucomannan, galactoglucomannan, and "-

(1#3,1#4)-glucans (Figure 1-3) (Scheller and Ulvskov, 2010). Xyloglucan consists of 

a "-(1#4)-linked glucan backbone substituted at O-6 with !-D-Xylp. Xylose residues 

are substituted at O-2 with "-galactose (Gal) which is further substituted with !-L-

arabinofuranose (Araf) and !-L-fucose (Fuc). In contrast, the xylan backbone is 
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composed of "-(1#4)-linked D-Xylp residues, which may be substituted with acetyl 

groups, GlcA, 4-O-methyl glucuronic acid ([Me]GlcA), Ara, and sometimes Xyl and Gal 

(Ebringerová and Heinze, 2000; Scheller and Ulvskov, 2010). Depending on the 

abundance and types of substitutions, xylan can be further classified as glucuronoxylan 

and glucuronoarabinoxylan (Mortimer et al., 2010; Anders et al., 2012). 

The mannan backbone is based on "-(1#4)-linked D-mannopyranose (Manp) chain, 

whilst glucomannan also contains "-D-Glcp residues on the O-4 in the backbone. In 

addition to the mannan backbone, galactomannan carries !-(1#6)-linked 

galactopyranose (Galp) as side chains. In the same manner, galactoglucomannan carries 

!-(1#6)-linked Galp on a glucomannan backbone. Glucomannan and 

galactoglucomannan, are acetylated in C-2 and C-3 of Manp (Scheller and Ulvskov, 

2010).  

"-(1#3,1#4)-glucans are well known in grasses; however, they have not been found in 

eudicots. The "-(1#4)-linked glucans with interspersed "-(1#3)-linkages may play an 

important role in cell expansion (Scheller and Ulvskov, 2010). The most important 

biological role of hemicelluloses is their contribution to cell wall strength by interacting 

with cellulose and lignin (Cosgrove, 2005). 

1.3.3!Pectic polysaccharides 

 

Figure 1-4. Schematic structure of pectin. Reproduced from (Harholt et al., 2010). 

Pectin is a family of polysaccharides rich in D-galacturonic acid (GalA) which makes 

more than 20% of its total composition (Somerville et al., 2004). Pectic polysaccharides 
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are classified into homogalacturonan (HG), xylogalacturonan (XGA), 

rhamnogalacturonan I (RGI), rhamnogalacturonan II (RGII) (Figure 1-4). These 

polysaccharides are found in different ratios, but HG is commonly the most abundant in 

plant cell walls. RGI constitutes about 20% to 30% of the total amount of pectic 

polysaccharides in the cell wall, whereas XGA and RGII constitute less than 10% 

(Mohnen, 2008). The homopolysaccharide HG, consists of solely 4-linked !-D-GalA 

residues, which may be methyl-esterified, acetylated, and substituted by xylose or apiose 

(Willats et al., 2001). The degree of methyl- and acetyl- esterification allows different 

chains of HG to dimerise around calcium ions (Ca2+) (Liners et al., 1992). XGA is also 

built on a backbone made of 4-linked !-D-GalA residues. The GalA residues of XGA are 

substituted by Xyl with a "-(1#4) linkage as well as methyl- and acetyl esterifications 

(Zandleven et al., 2007). In contrast, RGI and RGII have larger side chains than XGA and 

HG. The backbone of RGI is composed of disaccharide repeats of GalA and rhamnose 

(L-Rha) in the form of (#4)-!-D-GalA-(1#2)-!-L-Rha-(1#). The Rha residues of 

RGI’s backbone are found substituted at C-4 with side chains of L-arabinosyl, D-

galactosyl, and small amounts of L-fucose (Fuc), and D-GlcA residues (Mohnen, 2008). 

RGII, however, has a similar backbone to HG and XGA but with larger and more complex 

substituents. These can be composed of up to 12 types of glycosyl residues linked with 

12 different types of glycosidic bonds (Harholt et al., 2010). Some of the substituents 

found in RGII are D-apiose, L-aceric acid, 2-O-methyl L-Fuc, 2-O-methyl D-xylose, L-

galactose, Dho and Kdo (O’Neill et al., 2004). The D-apiose found in RGII can cross-link 

with borate ions. Pectin, together with hemicelluloses, contributes to the strengthening of 

the cell wall as well as promoting cell-cell adhesion, defence to biotic stress, and cell 

expansion, among other functions (Mohnen, 2008). 

1.3.4!Lignin 

Lignin represents a large group of aromatic polymers and can constitute up to 30% of the 

secondary cell wall (Chiniquy et al., 2012). Monolignols as paracoumaryl alcohol, 

coniferyl alcohol, and sinapyl alcohol are secreted after the secondary cell wall has been 

synthesised where they interact with hemicellulose and cellulose fibres (Bonawitz and 

Chapple, 2013). In grasses, the arabinofuranosyl substitutions of xylan can be esterified 

with p-coumaric acid or ferulic acid promoting crosslinking with other hemicelluloses or 

lignin (Ishii, 1991; Sun et al., 2003). Thickened secondary cell walls are stiffened by the 
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deposition of lignin, making cell wall polysaccharides less susceptible to pathogens or 

microbacterial degradation (Vanholme et al., 2010). Lignin produces a hydrophobic 

surface helping water to flow through the xylem vessels and to avoid the vessels’ collapse 

(Boyce et al., 2004). 

1.3.5!Cell wall structural proteins 

In addition to the polysaccharides found in primary cell walls, proteins can contribute up 

to 5% of the cell wall’s dry mass (Alberts et al., 2003). Cell wall proteins can include 

enzymes such as expansins, xyloglucan endotransglycosylases, hydrolases, and endo-

(1#4)-"-D-glucanases, all of which are required for remodelling and loosening as the 

cell grows (Cosgrove, 2005). Another type of protein found in cell walls are proteins with 

high contents of hydroxyproline, and glycine residues (Keller, 1993). The 

hydroxyproline-rich glycoprotein (HRGP) family is subdivided into three categories, 

namely arabinogalactan proteins (AGPs), extensins (EXTs), and proline-rich proteins 

(PRPs). Chimeric and hybrid HRGPs have also been identified containing characteristic 

segments of AGPs, EXTs, PRPs and other proteins predicted to form up to 23 subclasses 

of HRGPs (Figure 1-5) (Showalter et al., 2010; Johnson et al., 2017). Glycine-rich 

proteins (GRPs) are subdivided into four classes based on their structure, the arrangement 

of glycine repeats, and the presence of other conserved repeats. However, most of GRPs 

are not extracellular whereas most AGPs, EXTs and PRPs are predicted to be secreted to 

the apoplast (Mangeon et al., 2010; Showalter et al., 2010) and therefore, GRPs will not 

be further described. 
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Figure 1-5. Schematic representation of predicted structures of HRGPs. Reproduced 

from (Johnson et al., 2017). 

In the correct context of amino acids (motif), proline residues are hydroxylated resulting 

in hydroxyproline residues that are further glycosylated (Kieliszewski, 2001). Among 

HRGPs, AGPs are the highest glycosylated proteins (extensively described in the 

following section). AGPs are glycosylated mainly with arabinogalactan (AG) 

polysaccharides. The glycosylation occurs in evolutionarily conserved glycopeptide 

motifs (Shpak et al., 1999). Based on the presence of motifs rich in proline (Pro), alanine 

(Ala), serine (Ser) and threonine (Thr), AGPs have been classified into classical AGPs, 

AG peptides, classical lysine-rich, chimeric AGPs (i.e. Fasciclin-like AGPs), and 

AGP/EXT hybrids (Showalter et al., 2010). On the other hand, EXTs are characterised 

by long segments of serine-proline (SP) repeats such as SP3, SP4, and SP5. These SP 

motifs become arabinosylated, as opposed to arabinogalactosylated as occurs on AGPs. 

Similar to AGPs and EXTs, PRPs have characteristic repeats of Pro-Val-Lys-Cys-Thr, 

Lys-Lys-Pro-Cys-Pro-Pro and Pro-Pro-Val-Lys/Thr, that repeat two or more times. 

Signature motifs from AGPs, EXTs, and PRPs can be found forming chimeric proteins 

such as hybrid-EXT, which include leucine-rich repeats (LRR)-EXT proteins and AGP-

EXTs, proline-rich extensin-like receptor kinases (PERKs), and can also be present in 

proteins such as formins (Figure 1-6) (Velasquez et al., 2012; Borassi et al., 2016).  
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Figure 1-6. Cell surface proteins containing EXT-motifs. Reproduced from (Borassi 

et al., 2016). 

Regardless of the continuous classification of HRGPs, it has been suggested that any 

secreted protein can be arabinosylated and arabinogalactosylated as long as they contain 

the correct motifs (Borner et al., 2002; Borner, 2003). This was confirmed by the 

identification of extracellular and arabinogalactan glycosylated proteins not regarded as 

AGPs such as cobra-like (COBL), receptor-like (RLK3), lectin-like and sku5-similar 

(SKS) proteins (for more detail see section 1.4.5.1) (Borner, 2003). Thus, the number and 

type of proteins containing AG-polysaccharides should not be limited to the common 

classification of HRGPs.  

1.4(Arabinogalactan proteins (AGPs) 

The amino acid sequences of classical AGPs have specific features, namely an N-terminal 

secretion signal, followed by a domain rich in Pro/Hydroxyproline (Hyp), Ser, Thr and 

Ala, and a C-terminal region that is predicted to direct the addition of a 

glycosylphosphatidylinositol (GPI) anchor (Du et al., 1994; Schultz et al., 1998).  

1.4.1!Core protein 

The number of proteins that can potentially carry AG-polysaccharides have been under 

continuous expansion (Borner, 2003; Showalter et al., 2010; Johnson et al., 2017). 

However, AGPs are classified as classical and non-classical according to their protein 
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sequence (Du et al., 1996). An AGP is classified as classical when having the basic form: 

N-secretion sequence, a central domain rich in Pro, Ala, Ser, Thr, and a C-terminal 

hydrophobic domain that encodes for the addition of a GPI-anchor (Figure 1-7). 

Similarly, non-classical AGPs retain the N-terminal signal sequence and a domain rich in 

Pro, Ala, Ser and Thr. However, non-classical AGPs are predicted to contain Hyp-poor 

regions as well as other regions not found in classical AGPs, such as cysteine-rich and 

asparagine-rich regions (Gaspar et al., 2001). Recently, the non-classical classification 

has been broadened by computational analysis for non-GPI-AGPs that may include 

chimeric AGPs and other classifications related to specific motifs (Johnson et al., 2017).  

The classical AGPs are subdivided as represented in Figure 1-7. Variations of classical 

AGPs have been described as: lysine-rich AGPs that harbour a domain rich in lysine 

(Yang et al., 2007); AG peptides that have an AG peptide backbone, with lengths of 10 

to 13 amino acids between the N-terminus and GPI-anchor (Schultz et al., 2004); 

fasciclin-like AGPs (FLA) composed of Pro-rich regions and the fasciclin H1/H2 motif 

(Johnson et al., 2003); and chimeric plastocyanin AGPs, characterised by the presence of 

a plastocyanin domain (Showalter et al., 2010).  
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Figure 1-7. Representative protein sequences of different classes of AGPs from 
Arabidopsis. The highlighted sequences represent: N-signal peptide sequence (green), 

GPI-anchor addition sequence (blue), Lys-rich regions (olive), and putative sites for 

arabinogalactosylation (yellow). Reproduced from (Showalter et al., 2010). 

A repetitive peptide motif in the protein sequence determines the type of oligosaccharide 

that the peptide will receive (Kieliszewski, 2001). It has been hypothesised that 

contiguous Hyp residues are arabinosylated, whereas non-contiguous Hyp residues are 

arabinogalactosylated. The corresponding motifs for arabinosylation have been described 

as (Ala/Ser/Thr/X)1-3Hyp2 in which Ara1-3 are added mainly to the first Hyp, and as 

(Ala/Ser/Thr/X)1-3Hyp4 in which Ara1-3 is added to all Hyp residues (Figure 1-8).  
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Figure 1-8. Schematic representation of glycosylation sites on hydroxyproline-rich 

glycoproteins (HRGPs). Contiguous hydroxyproline (Hyp) residues are arabinosylated 

(red line) whereas non-contiguous Hyp residues are arabinogalactosylated. The sequences 

are fragments from EXT18 and AGP5. 

The Hyp contiguity hypothesis also suggests that single nucleotide mutations may change 

an arabinosylation to an arabinogalactosylation. For instance, the codons CCX, UCX and 

GCX, correspond to Pro, Ser and Ala, respectively. Thus, a change in the first nucleotide 

may change the glycosylation code from contiguous Hyp to non-contiguous 

(Kieliszewski, 2001).  

1.4.2!N-terminal signal sequence and GPI-anchor 

In order for an AGP to be secreted to the plasma membrane, its amino acid sequence must 

contain an N-terminal signal sequence to be secreted via the conventional ER/Golgi 

transport pathway. The N-terminal sequence is characterised by basic residues followed 

by a stretch of amino acids containing a hydrophobic core (Blobel et al., 1979). Signal 

recognition particles identify the N-terminal sequence and translocate the protein to the 

inner side of the endoplasmic reticulum (ER) (Schatz and Dobberstein, 1996). Classical 

AGPs also contain a hydrophobic C-terminal sequence encoding for a GPI-anchor, which 
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is added to the protein in the ER. The GPI-anchor provides the capability for AGPs to 

attach onto the apoplastic side of the plasma membrane (Schultz et al., 1998).  

1.4.3!Arabinogalactan polysaccharides (AG) 

The arabinogalactosylation of AGPs generates a carbohydrate moiety that can be up to 

98% of the whole molecule’s weight (Showalter, 1993). The AG-polysaccharides found 

in AGPs are made of type II AGs which are O-linked to Hyp residues. Two other types 

of AGs have been described in plants which contain different backbones and side chains 

(Figure 1-9). Type I AGs are based on a (1#4)-linked-"-D-Galp backbone and are found 

in pectins (Izydorczyk et al., 2005). In contrast, type II AGs are based on a (1#3)-linked-

"-D-Galp backbone (Clarke et al., 1979). The possible third type of AGs were described 

to contain a (1#6)-linked-"-D-Galp (Leonard et al., 2005).  
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Figure 1-9. Schematic representation of different types of AG-polysaccharides. 
These AG-polysaccharides are based on hypothetical molecules: type I AG present in soy 

bean cotyledon meal pectin (Aspinall et al., 1967); type II AG present in radish leaf AGPs 

(Tsumuraya et al., 1984); type III AG present in mugwort Art v1 pollen protein (Leonard 

et al., 2005). Hyp residues are part of a polypeptide chain. 

The side chains from type I pectic AGs contain (1#5)-!-L-Araf residues and terminal 

arabinopyranose (Arap) (Huisman et al., 2001; Izydorczyk et al., 2005). Type II AGs side 

chains are more complex than type I, being branched with (1#6)-linked-"-D-Galp. This 

side chains is further glycosylated with L-Araf (Tsumuraya et al., 1988; Tryfona et al., 

2010), L-Arap (Ponder and Richards, 1997; Tryfona et al., 2010), GlcpA (Tsumuraya et 

al., 1988; Tryfona et al., 2010), [Me]GlcA (Tsumuraya et al., 1988; Tryfona et al., 2012), 

L-Fuc (Tsumuraya et al., 1984; Tryfona et al., 2012), L-Rha (Tan et al., 2004), GalA 
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(Redgwell et al., 2002), and Xylp (Tryfona et al., 2014). In contrast, type III AGs contain 

!-Araf residues as branched side chains with 5-, 2,5-, 3,5-, and 2,3,5-substituted Araf 

(Leonard et al., 2005).  

Pectic type I AG-polysaccharides have been described as being present in potatoes, 

soybeans, onions, kiwi fruits, tomatoes and cabbages (Izydorczyk et al., 2005). In 

contrast, type II AGs have been widely found in the plant kingdom and in most tissues of 

plants, including cell cultures and gum exudates such as gum Arabic (Qi et al., 1991; 

Borner, 2003; Wu et al., 2010). Type III AGs have been only described in pollen of 

mugwort (Artemisia vulgaris) and ragweed (Ambrosia artemisiifolia) (Leonard et al., 

2005, 2010). Since type II AGs have been found on AGPs, in this work type II AGs will 

be referred to simply as AGs or AG-polysaccharides. 

1.4.4!Type II arabinogalactans and AGPs 

In the 1960s, the formation of a precipitate after using Yariv phenylglucosides on seed 

extracts became of interest as it contained high amounts of Gal and Ara (Yariv et al., 

1967). Subsequently, the earliest AGP model was proposed based on the wheat 

endosperm AGP water extract. This AGP was described as a protein containing Hyp 

residues linked to an AG-polysaccharide composed of a "-D-galactopyranosyl backbone 

with !-L-arabinosyl residues (Fincher et al., 1974). Thereafter, the structure of two AG-

polysaccharides was described based on the average structure of AGP extracts from 

radish leaves (Raphanus sativus) and ryegrass endosperm (Lolium multiflorum) 

(Tsumuraya et al., 1984; Bacic et al., 1987). The AG-polysaccharide from radish leaves 

was described to be solely composed of (1#3)-linked-"-D-Galp, whereas the ryegrass 

endosperm AG had the same backbone with a ‘kink’ in between, possibly as a result of a 

"-(1#6)-Galp linkage. Despite this difference, both models agreed that Hyp residues are 

substituted by "-D-Galp backbones with side chains composed of (1#6)-linked-"-D-

Galp. The side chains were described to be further glycosylated with !-(1#3)-L-Araf 

residues (Bacic et al., 1987), !-(1#3)-L-Araf-!-(1#5)-L-Araf residues, !-L-Fucp end 

groups linked to O-2 of the L-Araf residues, and 4-O-Me-"-D-GlcA end groups linked to 

"-(1#6)-D-Galp side chains (Tsumuraya et al., 1984).  

Today, the characterisation for a precise structure of AG-polysaccharides is still ongoing 

and may differ depending on the technique used to analyse it. Currently, two AG models 
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are accepted, which were generated based on different techniques and plant material 

(Figure 1-10). They are not exclusive, and both may describe AG in different plants, 

tissues, or on different protein backbones. Given the heterogeneity of the molecules, there 

are likely many further features of AG not yet described. Model one was characterised 

from a heterogously expressed synthetic gene encoding for (Ala-Hyp)51 peptide in 

Nicotiana tabacum BY-2 cells (Tan et al., 2004). The extracted recombinant glycoprotein 

was analysed by Nuclear Magnetic Resonance (NMR) and methylation analysis. The 

resulting structure was described to contain a (1#3)-linked-"-D-Galp backbone with a 

‘kink’ on the backbone generated by a single (1#6)-linked-"-D-Galp residue. Such a 

‘kink’ was not identified by the method followed for the generation of model two and 

therefore its existence cannot be excluded. The AG model two was built from the analysis 

of an AGP-enriched preparation from Arabidopsis mature rosette leaves. The Arabidopsis 

extracted AGPs were analysed by combining data from AG-specific enzyme digestions, 

Polysaccharide Analysis by Carbohydrate Electrophoresis (PACE), and Matrix Assisted 

Laser Desorption Ionisation (MALDI)-Time of Flight (ToF)- Mass Spectrometry (MS), 

and MALDI-ToF/ToF high energy collision-induced dissociation (CID) (Tryfona et al., 

2010, 2012).  

Another aspect in which these two models differ, is the lengths of the side chains. Whilst 

both models agree on the O-6 substitution on the backbone by (1#6)-linked-"-D-Galp, 

the galactan side chain of model one was of DP 1 whereas model two suggests side chains 

longer than DP 5. Similar lengths of (1#6)-linked-"-D-Galp side chains have been 

identified by AGP analysis using the respective methods. For instance, similar to model 

one the characterisation of AGs from AGPs from Nicotiana alata flowers suggested 

(1#6)-linked-"-D-Galp side chains of DP 1 or 2, based on NMR and linkage analysis 

(Gane et al., 1995). On the other hand, AGP water extracts from wheat endosperm flour 

suggested (1#6)-linked-"-D-Galp side chains longer than DP 5 (Tryfona et al., 2010), 

following similar methods used by (Tryfona et al., 2012) as was the case for model two. 
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Figure 1-10. Proposed models of type II AG-polysaccharides from AGPs. (A) AG 

from the (Ala-Hyp)51 glycopeptide produced transgenically in Nicotiana tabacum BY2 

cell cultures. (B) AG from water-extracted AGPs from Arabidopsis thaliana rosette 

leaves. There is no recommended arrangement of the side chains in (A). Adapted from 

(Tan et al., 2004; Tryfona et al., 2012). 

An important feature of AGPs is that they bind selectively to "-Yariv phenylglycosides. 

The use of "-Yariv in vivo and in vitro was common when studying AGPs, regardless of 

the unknown structure targeted by the reagent (Gillmor et al., 2005). Recently, it was 

described that "-Yariv binds to the (1#3)-linked-"-D-Galp backbone of AGPs and not 

to the side chains or another residue (Kitazawa et al., 2013). It has been proposed that 
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(1#3)-linked-"-D-Galp chains longer than DP 5 are required for binding to "-Yariv. 

Furthermore, it was described that the precipitation of AGPs by "-Yariv occurs when "-

Yariv binds to (1#3)-linked-"-D-Galp chains of a minimum length of DP 7 or longer. 

This is useful evidence for further use of "-Yariv and suggests that those materials that 

have stained or precipitated with "-Yariv may contain a (1#3)-linked-"-D-Galp chain 

of at least DP5. 

1.4.5!AGP synthesis 

The synthesis and secretion of AGPs require an N-terminal signal sequence for the protein 

to enter into the ER/Golgi secretory pathway which is also responsible for further post-

translational modifications (PTM). Figure 1-11 shows the PTMs taking place in the ER 

and Golgi complex needed for the synthesis of AGPs. These will be further described in 

the following sections. 

 

Figure 1-11. Schematic representation of the synthesis of AGPs in plants. Some 

AGPs are found GPI-anchored on the plasma membrane whereas others are not modified 

with a GPI-anchor. The GPI-phospholipases C (PLC) can release the GPI-anchor from 

AGPs. Adapted from (Ellis et al., 2010). 
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1.4.5.1( Addition of GPI-anchor 

The synthesis of the GPI-anchor begins with phosphatidylinositol (PI) on the cytoplasmic 

surface of the ER. After flipping to the luminal face, three mannose residues and a 

phosphorylethanolamine (PE) are transferred onto PI. Meanwhile, the core protein 

sequence is synthesised in the ER, the N-terminus of the protein is processed and the C-

terminus is attached to the PE of the GPI-anchor. Then, the protein is transported to the 

Golgi where glycosylation takes place (Schultz et al., 1998). SETH1 and SETH2 proteins 

are enzymes responsible for the first step in the synthesis of GPI-anchor (Lalanne et al., 

2004). T-DNA insertion mutants in SETH1 and SETH2 led to reduced pollen germination 

and tube growth. Similarly, PEANUT1 (PNT1) is a gene that encodes a 

mannosyltransferase-specific for PI. Embryos from pnt1 mutants show radially swollen 

meristems, altered physiology, and the mutations are embryo lethal. However, callus 

produced from pnt1 embryos, can proliferate as WT callus, suggesting that GPI-anchored 

protein may not be essential for callus cell proliferation (Gillmor et al., 2005). Mutants in 

SETH1, SETH2 and PNT1 highlight the importance of GPI-anchored proteins for cell 

differentiation, plant growth, development and reproduction. The important proteins may 

include AGPs. 

The GPI-anchored AGPs can be released from the anchor by the action of PI-specific 

phospholipase C (PLC). The release of GPI-anchored proteins was demonstrated to 

release AGPs, FLAs and other proteins such as cobra-like (COBL), receptor-like (RLK3), 

lectin-like and sku5-similar (SKS) proteins (Borner, 2003). In the Arabidopsis genome, 

nine sequences encoding PI-specific PLCs have been identified. The analysis of some 

Arabidopsis PLC mutants suggests that PI-PLCs are important for thermotolerance, 

gravitropism and reproductive development (Li et al., 2015).  

1.4.5.2( Proline hydroxylation 

The hydroxylation of proline is an early post-transcriptional modification of HRGPs that 

determines subsequent glycosylation sites. Proline hydroxylation is catalysed by prolyl 

4-hydroxylases (P4Hs). Arabidopsis encodes 13 P4Hs that have been localised in the ER 

and Golgi complex (Nikolovski et al., 2012; Velasquez et al., 2012). The conversion of 

Pro to Hyp provides reactive hydroxyl groups required for O-glycosilation (Lamport, 

1963). The initial code for hydroxylation suggested that Lys-Pro, Tyr-Pro and Phe-Pro 
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are never hydroxylated whilst Pro-Val always is (Kieliszewski and Lamport, 1994). 

However, it is still difficult to predict with certainty which prolines will be hydroxylated. 

To date, the extended Pro hydroxylation code suggests that Pro residues could be 

hydroxylated when they are located after Ala, Gln, Hyp, Pro, Ser, Thr and Val residues, 

whereas the first Pro residue following other amino acids may not be hydroxylated 

(Duruflé et al., 2017). As this code expands, the number of proteins predicted to hold 

putative glycosilation sites also increases. 

1.4.5.3( Glycosylation of AGPs 

The enzymes involved in transferring glycosyl residues are called glycosyl transferases 

(GTs). A considerable number of GTs have been annotated and classified in the 

Carbohydrate-Active Enzyme database (CAZy) (Lombard et al., 2014). The classification 

of GTs is based on amino acid sequence similarity and then refined according to their 

structural fold and catalytic mechanism. Approximately 10 different GT activities are 

needed to synthesise the AG-polysaccharides from Arabidopsis thaliana AGPs. The list 

includes "-(1#3)-galactosyltransferases (GalTs), "-(1#6)-GalTs, !-(1#3)- and !-

(1#5)-arabinosyltransferases, fucosyltransferases, xylosyltransferases, 

rhamnosyltransferases, glucuronosyltransferases, and the non-GT activity glucuronic 

acid methyltransferases (Knoch et al., 2014; Tryfona et al., 2014). Figure 1-12 illustrates 

the GTs that have been characterised to date.  
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Figure 1-12. Schematic representation of Arabidopsis leaf AG and the enzymes 
involved in the synthesis of type II AG-polysaccharides. Arrows show possible sites 

of activity. Adapted from (Tryfona et al., 2012; Knoch et al., 2014).  

1.4.5.4( "-Galactosyltransferases 

The first step of glycosylation starts with the addition of the initial Galp onto the Hyp 

residue of the protein via a (1#4)-"-linkage. In Arabidopsis, eight GalTs specific for Hyp 

have been identified as GALT2 (At4g21060), GALT3 (At3g06440), GALT4 

(At1g27120), GALT5 (At1g74800), GALT6 (At5g62620), HPTG1 (At5g53340), 

HPTG2 (At4g32120) and HPTG3 (At2g25300) (Basu et al., 2013, 2015b; Ogawa-

Ohnishi and Matsubayashi, 2015). These enzymes are part of the GT31 family which also 

includes "-(1#6)-GalTs required for the synthesis of (1#6)-linked-"-D-Galp side chains 

of AGs. To date, two "-(1#6)-GalTs have been reported, including an enzyme that 

belongs to the GT29 family. The AtGALT31A (At1g32930) and AtGALT29A 

(At1g08280) were described to elongate the (1#6)-linked-"-D-Galp side chains. In 

addition to the elongation of the side chains, AtGALT29A adds the first (1#6)-linked-"-

D-Galp residue onto the (1#3)-linked-"-D-Galp backbone (Geshi et al., 2013; 
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Dilokpimol et al., 2014). A synergistic interaction was described for AtGALT31A and 

AtGALT29A, however, these can also act individually.  

It is likely that the GT31 family harbours "-(1#3)-GalTs required for the extension of 

the (1#3)-linked-"-D-Galp backbone of AG-polysaccharides. The GT31 family is 

composed of 32 homologous members and the GT29 has three members. GALT1 is a 

member of the GT31 family that adds "-(1#3)-galactosyl residues to Lewis epitopes, an 

N-glycan (Strasser et al., 2007), suggesting the possibility of "-(1#3)-GalTs for AGs. 

1.4.5.5( "-Glucuronosyltransferases 

GlcA transferase activities for AGs have been identified from radish root membrane 

extracts (Endo et al., 2013) and in Arabidopsis (Knoch et al., 2013). The ATGLCAT14A 

(At5g39990) was the first "-(1#6)-GlcA transferase (GlcAT) identified in Arabidopsis 

which is part of the GT14 family (Knoch et al., 2013). Based on in vitro activity and 

analysis of the mutant, the GlcAT activity of the ATGLCAT14A was suggested to target 

the (1#3)-linked-"-D-Galp backbone as well as the (1#6)-linked-"-D-Galp side chain. 

Subsequently, other members of the GT14 family, ATGLCAT14B (At5g15050) and 

ATGLCAT14C (At2g37585), were also identified as transferring (1#6)-linked-"-D-

GlcpA onto the same substrates as ATGLCAT14A (Dilokpimol and Geshi, 2014). The 

dual specificity for (1#3)- and (1#6)-linked-"-D-Galp chains raises questions about the 

current understanding of AGs’ structural models. The GT14 family is composed of 11 

homologous members of which eight have not been characterised yet. In Arabidopsis 

AGs, most of the GlcA is 4-O-methylated. The GlcA-specific methyltransferases remain 

unknown. 

1.4.5.6( !-Fucosyltransferases 

The Fuc residue that has been identified in Arabidopsis is !-(1#2)-linked to Ara residues 

of AG-polysaccharides. Two fucosyltransferases (FUT) specific to AGs are FUT4 and 

FUT6 (Liang et al., 2013; Tryfona et al., 2014). The characterisation of FUT4 and FUT6, 

led to the identification of a new oligosaccharide containing a novel residue linked to 

fucosyl residues, namely Xyl-(1#3)-!-L-Fuc-(1#2)-!-L-Ara-(1#3)-"-Galp-(1#6)-"-

Galp-(1#6)-Galp (Tryfona et al., 2014). The GT37 family is composed of ten members 
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including FUT4 and FUT6. To date, no other oligosaccharides containing Fuc have been 

identified in AG-polysaccharides. Similarly, xylosyltransferases specific to Fuc residues 

on AGs have not been described. 

1.4.5.7( !-Arabinofuranosyltransferases 

The Arabidopsis AGs contain !-(1#3)-L-Araf and !-(1#3)-L-Araf-!-(1#5)-L-Araf 

linked to the (1#6)-linked-"-D-Galp side chains (Tryfona et al., 2012). The Arabidopsis 

ray1 mutants suggested that the protein REDUCED ARABINOSE YARIV1 (RAY1), 

might be an arabinosyltransferase (AraT) for AG-polysaccharides. Mutants in RAY1 had 

reduced amounts of Araf from AGPs (Gille et al., 2013). However, it was later shown that 

RAY1 transfers Araf onto "-[Me]Gal via a "-linkage. "-linked Arafs are present in the 

arabinosylation of extensins. Thus, the involvement of RAY1 in AG synthesis remains 

unclear (Knoch et al., 2014). 

1.5(Characterisation of the known AG-specific GTs 

The characterisation of AG-specific GTs has been a challenging task. The earliest GTs 

involved in the AG-polysaccharide synthesis were FUT4 and FUT6, which were 

characterised by expressing them in tobacco BY-2 cells that lacked Fuc residues (Wu et 

al., 2010). Recently, the activity of FUT4 and FUT6 was confirmed in Arabidopsis T-

DNA insertion mutants (Liang et al., 2013; Tryfona et al., 2014).  

The structure of the Arabidopsis leaf AGP polysaccharide and the method followed for 

its characterisation, have made possible the study of GT mutants involved in the synthesis 

of AGs (Tryfona et al., 2012). Furthermore, recent breakthroughs on AG-polysaccharide 

specific hydrolases made possible the development of the aforementioned method, as well 

as the preparation of appropriate sugar acceptors for in vitro assays (Tsumuraya et al., 

1990; Kotake et al., 2004; Konishi et al., 2008; Takata et al., 2010). Currently, the 

characterisation of AG-specific GT mutants is achieved by using several techniques such 

as heterologous expression of GTs, subcellular localisation of the GT, enzymatic in vitro 

assays and reverse genetics.  

The heterologous expression of GTs was undertaken with three main purposes: native 

arabinogalactan polysaccharide characterisation, protein subcellular localisation and 

enzymatic in vitro assays. Putative GTs are overexpressed in cell cultures such as 
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Nicotiana benthamiana (Knoch et al., 2013) or BY-2 cells (Wu et al., 2010). Native AGPs 

were extracted from plant cell cultures and characterised via monosaccharide analysis, 

MS and carbohydrate electrophoresis. The same lines of cell cultures were used for 

subcellular localisation experiments in which green fluorescent proteins (GFP) were 

expressed to be co-localised with a Golgi marker, such as the !-(2#6)-sialyltransferase, 

fused to a fluorescent protein. In order to characterise sugar donors and acceptors, putative 

GTs catalytic domains were expressed in Pichia pastoris or Escherichia coli and purified 

with affinity tags (Geshi et al., 2013; Knoch et al., 2013; Dilokpimol et al., 2014; 

Dilokpimol and Geshi, 2014). Subsequently, 14C labelled NDP-sugars were used to 

evaluate the enzyme specificity for sugar donors and acceptors. To release the 

incorporated labelled sugars, specific hydrolases were used and the products analysed by 

HPLC (High-Performance Liquid Chromatography), SEC (Size Exclusion 

Chromatography) and MS. Alternatively, detergent extracts from microsomal membranes 

prepared from plant cell cultures were used to assay sugar donors and acceptors (Wu et 

al., 2010). These may contain either the putative GT of interest or a synthetic AGP (e.g. 

GaGP8-GFP) (Knoch et al., 2013). 

Reverse genetics has become a useful approach to address the functional importance of 

the glycan moiety of AGPs (Tan et al., 2012). Insertion mutants of AG-specific GTs have 

been used to assess the resulting structure of AGs produced by the absence of a functional 

GT. A common tool for looking at mutants of specific GTs is the use of the library of T-

DNA insertion mutants available at seed stock centres (e.g. Nottingham Arabidopsis 

Stock Centre; NASC). Subsequently, a variety of techniques including specific hydrolase 

fingerprinting by Polysaccharide Analysis using Carbohydrate gel Electrophoresis 

(PACE), monosaccharide composition analysis and MS, have been used to biochemically 

assess AGP-enriched extracts (Geshi et al., 2013; Knoch et al., 2013; Tryfona et al., 

2014).  

Two useful tools have allowed the study of AGPs: the "-Yariv reagent and monoclonal 

antibodies (mAbs). The "-Yariv has allowed the study in vivo of AGPs, as well as their 

identification in plant extracts and their isolation by precipitation (Yariv et al., 1967). A 

variation of "-Yariv is normally used as a negative control, namely !-Yariv (Kitazawa et 

al., 2013). The development of AG-specific mAbs (e.g. LM2, JIM8, MAC207) have 
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allowed the identification of developmentally regulated AGP glycan structures, such as 

in flower development (Seifert and Roberts, 2007; Coimbra et al., 2007; Li et al., 2017).  

1.5.1!Localisation and function of AGPs 

The AGPs have been localised on the extracellular side of the plasma membrane (Sedgley 

and Clarke, 1986) and in subcellular compartments within the protein trafficking system 

(Samaj et al., 2000). The precise molecular mechanisms in which AGPs participate is not 

yet known, however, AGPs may be involved in a substantial number of biological 

processes throughout plant development. 

Regardless of their specificity, "-Yariv and different mAbs have been widely used to infer 

a wide range of biological processes that AGPs could participate in. The addition of "-

Yariv to the growth medium for a limited period of time can produce inhibition of cell 

division (Serpe and Nothnagel, 1994), swelling of epidermal root cells (Willats and Knox, 

1996), rapid increase in cytosolic Ca2+ (Roy et al., 1999), and disruption of cytoskeletal 

components (Nguema-Ona et al., 2007), among many other effects (Seifert and Roberts, 

2007). The use of mAbs have revealed the presence of AGPs in a wide range of cells and 

tissues that otherwise would be challenging to extract AGPs from for their biochemical 

characterisation (Figure 1-13). Thus, by using these tools, and other methods for the 

characterisation of AGs, AGPs have been associated with cell division and programmed 

cell death (Gao and Showalter, 1999; McCabe et al., 1997), cell pattern formation (Geshi 

et al., 2013; Pennell et al., 1991), cell growth (Willats and Knox, 1996; Knoch et al., 

2013; Basu et al., 2015b), plant-microbe interactions (Cassab, 1986; Nguema-Ona et al., 

2012), secondary cell wall formation (Zhang et al., 2003; MacMillan et al., 2015), cell 

signalling (Seifert et al., 2014; Mizukami et al., 2016), salt stress tolerance (Lamport et 

al., 2006; Tryfona et al., 2014) and plant reproduction (Coimbra et al., 2007; Pereira et 

al., 2016b; Mizukami et al., 2016). 
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Figure 1-13. Localisation of AGPs in plants by monoclonal antibodies. (A, B) Root 

hairs from barley labelled with the mAb LM2. Scale bar = 200µm. (C) The mAb JIM8 

labelled cells from the Arabidopsis embryo sac wall (asterisk), synergid cells (S) and the 

filiform apparatus (arrows). (D, E) Arabidopsis pollen at different stages of development 

labelled with MAC207 (D) and LM2 (E). Scale bar = 5µm. Reproduced from (Marzec et 

al., 2015; Coimbra et al., 2007). 

It is now known that "-Yariv binds specifically to the (1#3)-linked-"-D-Galp backbone 

from AGPs with a minimum of DP5. When the (1#3)-linked-"-D-Galp backbone is 

equal or larger than DP7, the "-Yariv-AGP complex precipitates (Kitazawa et al., 2013). 

In the same way, recent advances in chemical synthesis of carbohydrates have been used 

for the characterisation of the specificity of anti-AGP mAbs (Ruprecht et al., 2017). For 

instance, the LM2 mAb was firstly described to bind to GlcA-"-(1#3)-GalA-!-(1#2)-

Rha (Yates et al., 1996); however, now it has been confirmed that it specifically binds 

[Me]GlcA, which is terminally attached to (1#6)-linked-"-D-Galp chains (Ruprecht et 

al., 2017). These existing tools may become a major source of information regarding the 

function of AGPs in plant development as their specificity becomes clearer. 
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1.6([Me]Glucuronic acid on AGPs 

In Arabidopsis leaf AGP-enriched extracts, about 10% of the substitutions of the (1#3)-

linked-"-D-Galp backbone were estimated to carry [Me]GlcA (Tryfona et al., 2012). To 

date, three roles for the presence of [Me]GlcA on AGPs has been proposed, namely: the 

interacting points for Ca2+ and AGPs (Lamport and Várnai, 2013), terminator for galactan 

chain elongation (Knoch et al., 2013), and as a bridging residue between AGPs and pectic 

polysaccharides (Tan et al., 2013) (Figure 1-14).  
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Figure 1-14. Proposed functions for [Me]GlcA residues from AG-polysaccharides. 

Based on (Lamport and Várnai, 2013; Knoch et al., 2013; Tan et al., 2013) 

The [Me]GlcA on AGPs was described as acting as an interacting residue for Ca2+ ions. 

Computational simulations showed that a pair of the galactan side chain GlcA carboxyls 

bind Ca2+ efficiently, stabilising the side chain conformation (Lamport and Várnai, 2013). 

The 2x[Me]GlcA-Ca2+ interaction was suggested to be reversible in a pH-dependent 
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manner. It was demonstrated in vitro that in a pH of 4-5, [Me]GlcA-containing AGPs 

could hold Ca2+, which then could be stepwise released as the pH was lowered. AGPs 

fully released Ca2+ at pH 2.5. The authors suggested several biological implications, 

which will be further described in the next section (Lamport and Várnai, 2013).  

Another proposed role for [Me]GlcA on AGPs is to serve as a terminator for chain 

elongation of the (1#3)-linked-"-D-Galp backbone chain and (1#6)-linked-"-D-Galp 

side chains (Knoch et al., 2013). The analysis of the monosaccharide content in five-day 

old etiolated seedlings from mutants in ATGLCAT14A, showed a significant increase in 

the content of Gal and a significant decrease in the Ara content when compared to WT 

seedlings (Knoch et al., 2013). Thus, the authors suggested that the absence of [Me]GlcA 

during the AG synthesis caused further elongation of the galactan backbone and galactan 

side chains, which was reflected in the increase of Gal (Knoch et al., 2013). To date, no 

further evidence of this role for [Me]GlcA on AGPs has been described. 

Lastly, the characterisation of the ARABINOXYLAN PECTIN ARABINO-

GALACTAN PROTEIN1 (APAP1; AtAGP57-C; At3g45230) showed that AGPs, pectin 

and hemicelluloses may occur covalently linked (Tan et al., 2013). One of the linking 

residues between the AGP molecule of APAP1 and RGI, was GlcA derived from AG 

(1#6)-linked-"-D-Galp side chains. In contrast, the AGP was linked to arabinoxylan via 

an Ara residue from the (1#6)-linked-"-D-Galp side chain. The GlcA from APAP1 was 

attached to RGI via an !-D-GalA-(1#2)-!-L-Rha-(1#4)-"-D-GlcA-(1#6)-Gal 

structural unit. APAP1 was isolated from the supernatant of Arabidopsis callus cell 

cultures. To date, APAP1 is the only AGP shown to be covalently linked to other cell 

wall polysaccharides. 

1.6.1!Proposed models for the biological role of [Me]GlcA of AGPs 

Two models in which [Me]GlcA of AGPs can impact plant development have been 

recently described (Figure 1-15). The interaction between [Me]GlcA and Ca2+ on AGP 

molecules was suggested to have profound implications for plant growth and 

development explained via the AGP-Ca2+ capacitor model (Lamport and Várnai, 2013; 

Lamport et al., 2014). This model is based on the capacity of AGPs to hold Ca2+ and the 

localisation of classical AGPs anchored to the plasma membrane via the GPI-anchor. 

Such strategic localisation of AGPs provides the plasma membrane with a thin layer of 
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potential units for the concentration of Ca2+ closely to the cell (Figure 1-15A). As the cell 

expands, AGPs are exported to the apoplast via Golgi vesicles providing more AGPs with 

specific Ca2+ affinities. Ca2+ could be released by periodical drops in pH making Ca2+ 

available for Ca2+ channels to produce the required Ca2+ oscillation (Lamport et al., 2014). 

The implication of the theoretical involvement of AGPs with Ca2+ in plant growth is 

suggested to explain several aspects of plant development including auxin and extension 

growth, morphogenesis, intracellular dynamics, tropisms and mechanotransduction 

(Lamport et al., 2014). Pollen tube elongation was recently theoretically explained using 

the AGP-Ca2+ capacitor model and Hechtian strands (Appendix Figure 1) as a source of 

mechanical activation of Ca2+ channels (Lamport et al., 2017). As the pollen tube 

elongates, Hechtian strands are stretched opening stretch-activated Ca2+ channels that 

activate H+-ATPase proton pump efflux generating an acidification of the apoplast. The 

subsequent drop in pH causes Ca2+ to dissociate from AGPs increasing the levels of free 

Ca2+ at the apoplast. The influx of Ca2+ activates the exocytosis of cell wall precursors 

contributing to the loosening of the pollen tube cell wall as well as the deposition of new 

cell wall material. However, experimental evidence remains absent.  

 

 

Figure 1-15. Proposed models for the biological role of [Me]GlcA of AGPs. (A) The 

AGP-Ca2+ capacitor model. Golgi vesicles (GV) secret AGPs to the periplasm (P). 

[Me]GlcA-containing AGPs anchor to the plasma membrane and interact with Ca2+. 

Changes in periplasmic pH generates Ca2+ release from AGPs, which can be internalised 

to the cell by Ca2+ channels. (B) In Torenia fournieri, pollen tubes are attracted to synergid 

cells after the activation by [Me]GlcA-containing AMOR disaccharides to respond to the 
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attraction of LURE cysteine-rich peptides. Reproduced from (Lamport and Várnai, 2013; 

Jiao et al., 2017). 

An alternative or additional biological role for [Me]GlcA is based on a free form of 

(1#6)-linked-"-D-Galp side chains that are likely to be derived from AGPs (Mizukami 

et al., 2016; Jiao et al., 2017). The disaccharide 4-Me-GlcA-"-(1#6)-Gal, called AMOR, 

is responsible for pollen tubes to respond to LURE attractant peptides in Torenia fournieri 

(Figure 1-15B) (Mizukami et al., 2016). LURE peptides are secreted by two synergid 

cells on the side of the egg cell. In the absence of the disaccharide AMOR and presence 

of LURE peptides, pollen tubes are not able to reach the two synergid cells. However, 

when these two molecules are present, pollen tubes are capable of localising the two 

synergid cells for the delivery of sperm cells. This directional pollen tube growth control 

is the first evidence of a putative signalling pathway involving AMOR (the disaccharide) 

from AGPs. 

1.7(Research Aims 

The purpose of this research was to investigate the role of [Me]GlcA as a substituent on 

AGPs in the model plant Arabidopsis thaliana. The importance of AGPs for plant success 

is well reported (Lalanne et al., 2004; Gillmor et al., 2005) and AGPs have been identified 

widespread across plant tissues and cells, yet very little is known about how they function 

(Tan et al., 2012). This is mainly because AGPs are highly diverse, abundant, chemically 

similar, and functionally redundant in biological processes (Ellis et al., 2010). Despite 

these elements, the presence of [Me]GlcA on AG-polysaccharides is a common feature 

among many AGPs (Lamport et al., 2014). Furthermore, the fact that [Me]GlcA 

terminates the (1#6)-linked-"-D-Galp side chains suggests that it covers the AGP 

molecule and thus, [Me]GlcA may serve as a point of contact to other molecules. In the 

absence of [Me]GlcA on AGs, covalent and ionic interactions could be disrupted between 

[Me]GlcA-containing AG-polysaccharides and molecules such as other AGPs, pectin 

(Tan et al., 2013), Ca2+ (Lamport and Várnai, 2013), and specific motifs on proteins 

(Briggs et al., 2016). Thus, the availability of mutants with reduced amounts of [Me]GlcA 

on AG-polysaccharides could lead to the discovery of functional aspects of AGPs in 

plants.  
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Now there is a great opportunity to identify mutants on GlcA transferases specific for 

AG-polysaccharides. The characterisation of T-DNA insertion mutants of the 

ATGLCAT14A suggested the existence of other GlcA transferases homologous to 

ATGLCAT14A (Knoch et al., 2013). The mutants in ATGLCAT14A showed a mild growth 

phenotype indicating the possibility that further reduction in [Me]GlcA could generate a 

notable phenotype. The published biochemical characterisation of ATGLCAT14B and 

ATGLCAT14C provided biochemical evidence supporting the likelihood that other GlcA 

transferases could be in the GT14 family (Knoch et al., 2013; Dilokpimol and Geshi, 

2014). However, it did not provide any information regarding a potential role of 

[Me]GlcA in plant growth as the biochemical activity was solely demonstrated in vitro. 

This research takes advantage of a well-established method for evaluating levels of 

oligosaccharides containing [Me]GlcA on AGP-enriched samples which was used to 

identify GlcA transferase mutants from the GT14 family (Tryfona et al., 2012; Knoch et 

al., 2013). Using this method, the plant growth of other members of the GT14 family was 

investigated. My hypothesis is based on the capacity of [Me]GlcA residues of AGPs to 

bind reversibly to Ca2+ ions (Lamport and Várnai, 2013). As AGPs are extracellular and 

are found anchored to the plasma membrane, the Ca2+ bound to them is immediately 

available to the plant cell. Thus, AGPs may serve as a reservoir of Ca2+, which could be 

used by the cell in fundamental processes such as Ca2+ signalling and cell expansion. To 

examine my hypothesis three approaches were taken: First, additional GT14 mutants were 

generated and analysed for changes in the content of [Me]GlcA on AG-polysaccharides. 

Second, mutants were examined for phenotypes, and the sensitivity of the phenotypes to 

Ca2+. Third, some phenotypes from GT14 mutants were compared to other non-AGP-

related mutants. Finally, models for the role of [Me]GlcA on AG-polysaccharides were 

described.  
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CHAPTER 2 

2(Materials and methods 

2.1(Plant material 

2.1.1!Plant lines 

Arabidopsis thaliana Columbia-0 (Col-0; Table 2-1) ecotype plants were used throughout 

this thesis.  

Table 2-1. List of Arabidopsis thaliana T-DNA insertion lines used. 

Locus Name used in 
this work 

Other names Insertion ID Source/ID 

At3g15350 at3g15350-1, 
atglcat14e-1 

ATGLCAT14E SALK_022820 NASC; 
N665533 

At3g24040 at3g24040-1, 
atglcat14d 

ATGLCAT14D GK363F05.01 NASC; 
N377379 

At3g24040 at3g24040-2, 
atglcat14d-2 

ATGLCAT14D GK_508D01 NASC; 
N326773 

At5g15050 atglcat14b-1 ATGLCAT14B SALK_080923 Provided by 
Naomi Geshi; 
N580923 

At5g39990 atglcat14a-2 ATGLCAT14A SALK_043905 Provided by 
Naomi Geshi; 
N678417 

At1g04820 tua4a TUA4 (S178D) - NASC; 
N68881 

At4g14960 tua6t TUA6 (T56I) - NASC; 
N68885 

At3g25140 qua1.1 GAUT8 - Herman Höfte 
At1g78240 qua2.1 OSU1, TSD2 - Herman Höfte 
At1g19835 tcs1-3 - SALK_078664 NASC; 

N578664 
At1g19835 tcs1-2 - SALK_040648C NASC; 

N662196 
At5g65930 kcbp ZWI SALK_031704 NASC; 

N531704 
At1g80350 ktn1 LUE1, BOT1, ERH3, 

FRA2, FRC2, FRC4, 
FTR, AAA1 

- NASC; 
N57954 

At1g01510 an DOQ SALK_026489C NASC; 
N655022 

At4g10180 det1 FUS2 - Alex Webb 
At2g32950 cop1-4  FUS1 - Alex Webb 
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2.1.2!Sterilisation of seeds and plant growth 

A small aliquot of seeds (100 µl) was sterilised in 1.5 ml microcentrifuge tubes. Seeds 

were incubated in 1 ml of sterilising solution (10 ml 80% v/v aqueous ethanol; 100 µl 

hypochlorite solution; 100 µl Tween 20) and shaken at 1450 rpm for seven minutes. The 

sterilising solution was replaced sequentially and mixed by inversion with 65%, 80%, and 

100% v/v aqueous ethanol. The final replacement of solution with 100% v/v ethanol was 

conducted in the flow cabinet. After the solution was removed, the seeds were left to dry 

inside the flow cabinet. Dry seeds were then sown onto plates containing solidified basal 

MS medium including vitamins (Murashige & Skoog basal salt mixture 4.4 g/l, Sigma 

M5519; plant agar 9 g/l, Duchefa Biochemie P1001.1000; sucrose 10 g/l; MES 1.0 g/l; 

adjusted to pH 5.8 using KOH and HCl). The plates were incubated at 4˚C for 48 hours 

to stratify the seeds. Plates were then incubated at 21˚C under white light (150 μmol m-

2s-1) with a 16-h-light/8-h-dark cycle. 

The composition of basal MS medium is shown in Table 2-2. It was used in all the 

experiments in this work, when it was used on its own it is referred to as basal MS 

medium. 
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Table 2-2. Composition of basal MS medium. 

Macronutrients Concentration 
CaCl2 2.99 mM 
KH2PO4 1.25 mM 
KNO3 18.79 mM 
MgSO4 1.5 mM 
NH4NO3 20.61 mM 
Micronutrients  
CoCl26H2O 0.11 µM 
CuSO45H2O 0.10 µM 
FeNaEDTA 100.0 µM 
H3BO3 100.27 µM 
KI 5.0 µM 
MnSO4H2O 100.0 µM 
Na2MoO22H2O 1.03 µM 
ZnSO47H2O 29.91 µM 
Vitamins and others  
Glycine 26.64 µM 
myo-Inositol 554.94 µM 
Nicotinic acid 4.06 µM 
Pyridoxine HCl 2.43 µM 
Thiamine HCl 0.30 µM 

 

2.1.3!Growth in soil 

Fifteen-day old seedlings grown on plates were transferred to pots (8x8 cm), which 

contained a mixture of 10% v/v of vermiculite and 90% v/v of soil (Levington M3 soil; 

ICL, UK). Four plants per pot were grown in soil for three weeks in a growth room at 

21˚C under white light (150 μmol m-2s-1) with a 16-h-light/8-h-dark cycle and 60% 

humidity. Two weeks after being grown in the growth room rosette leaves were harvested 

and collected in 50 ml tubes. These were snap frozen in liquid nitrogen and stored at -

80˚C. 

2.1.4!Hydroponic cultures for root collection and assaying plant growth 

Arabidopsis mature roots were collected from hydroponically grown plants. Seedlings 

from three-week old plants were transferred from MS plates to floats. The floats were 
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placed on basal hydroponic solution (Table 2-3) so that the roots were submerged in the 

solution (Gibeaut et al., 1997). The plants were incubated in the growth room at 21˚C 

under white light (150 μmol m-2s-1) with a 16-h-light/8-h-dark cycle and 60% humidity 

for one week. The foam-held hydroponic cultures were transferred to five litres black 

buckets of which each lid had been perforated to make holes for each plant. Each lid held 

up to 20 plants. The bucket was filled with five l of basal hydroponics medium. 

Hydroponics medium was always aerated by an aquarium type pump. Plants were kept in 

these conditions for three weeks before the roots were collected. The roots were 

immediately snap frozen in liquid nitrogen and stored at -80˚C. 

Table 2-3. Composition of basal hydroponic solution. 

Macronutrients Standard concentration Product used 
MgSO4 2.0 mM Sigma; M7506 
Ca(NO3)2 2.0 mM Sigma; C2786 
FeEDTA 50.0 µM BDH Chemicals; 28023 
KNO3 5.0 mM Sigma; P8291 
K2HPO4 + KH2PO4 pH5.5 2.5 mM Sigma; P3786, Sigma; P5655 
Micronutrients   
H3BO3 70.0 µM  
MnCl2 14.0 µM Sigma; 2212179 
CuCo4 0.5 µM  
ZnSO4 1.0 µM Sigma; Z0251 
NaMoO4 0.2 µM Fischer Scientific; S/5440/50 
NaCl 10.0 µM Sigma; 31434 
CoCl2 0.1 µM Fischer Scientific; C/6520NC/48 

 

2.1.5!Arabidopsis callus cultures 

The Arabidopsis callus lines were generated by Xiaolan Yu from young roots, as 

described by (Prime et al., 2000).  

2.2(Plant growth for developmental analysis 

2.2.1!Inflorescence length growth assay 

For assaying plant growth, squared pots with drainage holes (9x9x10 cm, H. Smith 

Plastics) were used. The pots were filled in with a layer of one cm of vermiculite and a 

piece of rockwool (Cultilene) of approximately 9x9x9 cm. The pot’s drainage were filled 
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with soft foam to avoid the loss of vermiculite, whilst allowing water to flow through. 

These prepared pots were soaked in DI water for two days, changing the water once a 

day. The already soaked pots were covered with a layer of aluminium foil to avoid 

evaporation and to protect them from soil or contamination. Fifteen-day old plants were 

transferred to the pots through openings in the foil. Each pot held four plants. An opening 

in the middle of the pot was used to water each pot with 250 ml of hydroponic solution. 

Plants were grown using different hydroponic medium as detailed in Table 2-4. Pots were 

watered every fifth day and stem length was also recorded on the same day. 

Table 2-4. Composition of modified hydroponic solutions. 

Macronutrients Standard 
concentration 

Assay for 
calcium 
nitrate 

Assay for 
calcium 
chloride 

Assay for 
magnesium 

K2SO4 - - - 2.0 mM 
MgCl2 - - - 1.0, 0.5, 0.2 

mM 
MgSO4 2.0 mM 2.0 mM 2.0 mM - 
CaCl2 - - 0.2 mM - 
Ca(NO3)2 2.0 mM 1.0, 0.5, 0.2 

mM 
- 2.0 mM 

FeEDTA 50.0 µM 
KNO3 5.0 mM 
K2HPO4 + 
KH2PO4 pH5.5 

2.5 mM 

Micronutrients  
H3BO3 70.0 µM 
MnCl2 14.0 µM 
CuCo4 0.5 µM 
ZnSO4 1.0 µM 
NaMoO4 0.2 µM 
NaCl 10.0 µM 
CoCl2 0.1 µM 

  K2SO4 Sigma, P9458; MgCl2 Sigma, M8266 

2.2.2!Trichome branching assessment and leaf area measurement 

Previously sterilised Arabidopsis seeds were sown on solidified basal MS medium plates. 

Different concentrations of CaCl2 were added before adjusting the pH and sterilising the 

medium. Seeds were stratified at 4˚C for two days. Stratified seeds were incubated for 15 

days at 21˚C under white light (150 μmol m-2s-1) with a 16-h-light/8-h-dark cycle. Third 

true leaves were carefully cut from the petiole with fine tweezers and laid on a solidified 
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agar plate. The leaves were imaged using a Keyence Digital microscope (Keyence) with 

a fitted variable illumination attachment (VH-K20, Keyence). Trichomes were counted 

manually according to their branching by using ImageJ’s (National Institutes of Health) 

multipoint tool. 

2.2.3!Etiolated hypocotyls 

Seedlings were grown as in (see 2.2.3). Different concentrations of CaNO3, CaCl2, MgCl2, 

sorbitol, NaCl and NH4NO3 were added before adjusting the pH and sterilising the 

medium. Seeds were sown on squared plates arranged in rows. The plates were sealed, 

wrapped with aluminium foil and stratified for three days. After stratification, the plates 

were placed horizontally and exposed for four hours at 21˚C under white light (150 μmol 

m-2s-1) before being incubated in a vertical position in darkness at 21˚C for nine days. On 

the ninth day, the plates were scanned using a flatbed scanner (Epson, V600). The 

etiolated hypocotyl length was measured using ImageJ’s segmented line tool. 

2.2.4!Root skewness 

Arabidopsis seeds were sown similarly to etiolated hypocotyls (see 2.2.3). For 

experiments under light conditions the plants were grown for 10 days after two days of 

stratification. The plates were grown at 21˚C under white light (150 μmol m-2s-1) with a 

16-h-light/8-h-dark cycle. The root growth angle was measured using ImageJ’s angle 

tool. The first point selected for measuring the angle was the bottom part of the hypocotyl 

and the second point was the tip of the root. The angle of the roots measured from the 

etiolated hypocotyls was done using the same images as used in the etiolated hypocotyl 

experiment. 

2.2.5!Root hair branching 

Branching roots hairs were scored on 10-day old seedlings grown on MS plates. A hand 

tally counter was used to count the total number of root hairs and branched hairs. Ten 

roots per line per biological replicate were used. 
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2.2.6!Plant growth for pavement cell shape and microtubule imaging 

Plants for imaging pavement cells and microtubule imaging were grown following the 

same protocol as for growing plant for trichome counting (see 2.2.2). However, the plants 

were grown for seven days after stratification. Cotyledons from seven-day old plants were 

carefully cut using fine tweezers and laid on a slide with sterile water and carefully 

covered with a cover slide. Cotyledons were imaged immediately afterwards under a 

Zeiss LSM700. 

2.2.7!Ruthenium red and Alexander staining 

A 0.01% solution of ruthenium red (Sigma-Aldrich) was used to stain pectin. Seedlings 

were incubated for two minutes in the ruthenium red solution. Afterwards the seedlings 

were rinsed twice with MilliQ water.  

Anthers were removed from five-week old plants, placed on a slide, and covered with 

Alexander’s solution for three hours at room temperature (21ºC). The Alexander’s 

solution was donated by Antonia Yarur (Department of Plant Sciences, University of 

Cambridge). Afterwards the slide with the anthers was incubated at 45ºC for two hours. 

Both the ruthenium red stained seedlings and anthers stained with the Alexander’s 

solution were imaged with a Keyence microscope.  

2.3(Genotyping and cloning 

2.3.1!Plant DNA extraction 

A one step DNA extraction buffer (20 mM Tris-HCl pH 8; 12.5 mM NaCl; 2.5 mM 

EDTA; 0.05% SDS) was used to extract plant genomic DNA. Plant material (5-7 mg of 

fresh leaves) was ground with 30 µl of DNA extraction buffer and kept at -20ºC. For a 

Polymerase Chain Reaction (PCR) reaction of 15 µl total volume, 1 µl of the DNA 

extraction was used. 

2.3.2!Bacterial DNA extraction 

Bacterial plasmid DNA was extracted using a QIAprep Spin Miniprep Kit (Qiagen, 

27104). 
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2.3.3!Bacterial transformation 

The Escherichia coli strain DH5! (New England Biolabs, C2988J) was transformed 

according to the manufacturer’s protocol.  

The strain GV3101 of Agrobacterium tumefaciens was used for transforming Arabidopsis 

plants. The Agrobacterium chemocompetent cells were prepared by Joel Wurman 

according to (Höfgen and Willmitzer, 1988). For Agrobacterium transformation, 40 µl of 

chemocompetent cells were mixed with 5.0 µl of plasmid (100 ng/µl) and the mixture 

was snap frozen for 30 seconds followed by a three-minute incubation in a water bath at 

37ºC. After incubation 300 µl of LB (Luria-Bertani, Gibco) broth was added to the cells. 

The cells were then incubated for three hours at 30ºC. About 20 µl was plated on solidified 

LB medium supplemented with the appropriate antibiotic for transformant selection. 

Plates were incubated for 2.5 days at 30ºC. 

2.3.4!Arabidopsis transformation 

Arabidopsis plant transformation was done using five-week old plants grown in soil in a 

growth room at 21˚C under white light (150 μmol m-2s-1) with a 16-h-light/8-h-dark cycle 

and 60% humidity. The flower dipping protocol was done according to (Clough and Bent, 

1998). 

2.3.5!PCR primers for genotyping T-DNA lines and PCR program 

The synthetic oligonucleotides were synthesized by Sigma-Aldrich (UK) to genotype 

insertion T-DNA mutants. Primers were designed using the iSectPrimer toolbox 

(http://signal.salk.edu/tdnaprimers.2.html; see Table 2-5 for a summary of settings used). 

The list of primers used is shown in Table 2-6.  

To genotype T-DNA lines the REDTaq ReadyMix PCR Reaction Mix (Sigma, R2523) 

was used according to the supplier’s guidelines. The PCR programme used to screen all 

insertion lines can be found in Table 2-7. The PCR amplifications were performed in a 

Veriti Thermal Cycler (Applied Biosystems). 
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Table 2-5. Settings used to design PCR primers for genotyping T-DNA lines using 

the iSectPrimer toolbox. 

Primer size  
Optima: 26 

 
Min: 24  

 
Max: 28 

Primer Tm 
Optima: 60 

 
Min: 53  

 
Max: 71 

GC content 
Min: 20.0 

 
Max: 80.0  

 
Clamp: 1 

Max N: 400 Ext5: 400 Ext3: 300 
Primer zone: 200 BPos: 110  
Data type: insertion   

 
 
Table 2-6. T-DNA insertion lines and primers used for genotyping 

Gene ID Primer Sequence 5´ - 3’ 
At3g15350 SALK_022820.44.85.x LP AGAGTCTAAAGTTGCTAGACAAACCC 

SALK_022820.44.85.x RP TATCATTCCTCCGTTTAAGTAATTCC 
At3g24040 GABI_363F05 LP TTCGTGTCTTGGACAACTATTTACTC 

GABI_363F05 RP TCAGTGTAACATTTTCTCTTGGTTTC 
At3g24040 GK_508D01.x LP TTCGTGTCTTGGACAACTATTTACTC 

GK_508D01.x RP TCAGTGTAACATTTTCTCTTGGTTTC 
At3g24040 GK_508D01.y LP TGATTCCATAGAGCTAAGATTCATTG 

GK_508D01.y RP CTATTTACTCTATTGAAAGTGCGGTG 
At5g15050 SALK_080923 LP 

SALK_080923 RP 
TGATGTTTTCTGGGTTTCACAG 
AGTGACCATCAATAGGCCCTC 

At5g39990 SALK_043905 LP ATTGGTTCAATCTTCGCTTTG 
SALK_043905 RP TCAACCAATGAGAAATGGAGC 

 T-DNA SALK LB AACCAGCGTGGACCGCTTGCTG 
 T-DNA GK LB ATATTGACCATCATACTCATTGC 
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Table 2-7. Programme used for genotyping T-DNA insertion lines by PCR 

Stage Temperature Duration in min:s Cycles 

1 94ºC 3:00 1 
2 95ºC 

55ºC 
72ºC 

0:15 
1:00 
1:30 

10 

3 95ºC 
55ºC 
72ºC 

0:10 
0:20 
1:30 

30 

4 72ºC 
4ºC 

5:00 
∞ 

1 

 

2.3.6!DNA purification, quantification and sequencing 

PCR amplified DNA fragments were purified directly from the PCR reaction using PCR 

extraction columns (Macherey-Nagel). The quantification of DNA was performed in a 

Nanodrop Spectrophotometer (Thermo Scientific, ND-1000). Sanger DNA sequencing 

was performed at the DNA Sequencing Facility of the Department of Biochemistry, 

University of Cambridge. 

2.3.7!RNA purification and quantification 

Total RNA from five-week old rosette leaves was extracted using the RNeasy Mini Kit 

(Qiagen) in line with the manufacturer’s protocol. RNA was quantitated using a 

Nanodrop Spectrophotometer (Thermo Scientific, ND-1000). 

2.3.8!Reverse transcriptase polymerase chain reaction (RT-PCR) 

The extracted RNA samples were treated with RQ1 RNase-Free DNase (Promega) to 

eliminate co-extracted DNA. RT-PCR was performed using cDNA synthesized with the 

SuperScript II reverse transcriptase (Invitrogen) according to the manufacturer’s protocol. 

The primers used in the RT-PCR are shown in Table 2-8. A control reaction containing 

all the components for a positive reaction was used without reverse transcriptase. This 

allowed the detection of possible contamination of DNA when amplifying cDNA in the 

RT-PCR. The programme used for the RT-PCR is in Table 2-9. 
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Table 2-8. Primers used for the RT reaction. 

Gene ID Primer Sequence 5´ - 3’ 
At3g15350 15350-RT-Fwd1 ATGTAAACGTGGAGAAGAGATG 

15350-RT-Rev2 CACTGACTAACTCCTGTATTAGC 
At3g24040  GABI_363F05-RT-Fwd CATAATCCTCACCACCGCGT 

GABI_363F05-RT-Rev AACCACCAGGCACAACTTCA 
At5g15050 SALK_080923ª AGCTGATGTTTTCTGGGTTTC 

SALK_080923b TGCCGTGGTCTGAAATTCTC 
At5g15050 SALK_080923c ATCCGTCTCACTCACCGTCTC 

SALK_080923d TTTGTGTGAAAAACCACGTAACCA 
At5g39990 SALK_043905e CATCCCAACAGCATTCAAGC 

SALK_043905f AACTTTCTAGCAAACGGGGC 
 GAPDH-Fwd TAACTGCCTTGCTCCTCTTGCCAAG 
At1g13440 GAPDH-Rev TGCAATCCCAGCCTTGGCATCG 

 

Table 2-9. Programme used for the amplification of cDNA by PCR. 

Stage Temperature Duration in min:s Cycles 
1 94ºC 2:00 1 
2 95ºC 

55ºC 
68ºC 

0:15 
0:30 
3:00 

25 

3 95ºC 
55ºC 
68ºC 

0:15 
0:30 
3:00 

35 

4 68ºC 
4ºC 

10:00 
∞ 

1 

 

2.3.9!DNA gel electrophoresis 

DNA electrophoresis was performed in a submerged horizontal electrophoresis system 

(Biorad). The agarose gels (0.8% w/v) were prepared with 1x TAE solution (Gibco) and 

ethidium bromide (0.5 µg/ml) which was added directly to the agarose-TAE solution 

while warm. The running buffer used for the electrophoresis was 1x TAE. Gels were 

visualised with a Syngene Geneflash gel documentation system (Syngene). Images were 

printed with a Mitsubishi P93 thermal printer.  
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2.3.10!Plasmids 

2.3.10.1(Genes for complementation 

The Golden Gate cloning system was used for cloning native promoter and coding 

sequences (CDS) for the following genes: At3g15350, At3g24040, At5g15050 and 

At5g39990. Promoter regions and CDSs were obtained from TAIR (Berardini et al., 

2015). The promoter region taken for each of the genes descried as 5’UTR was: 2,582.0 

bp (At3g15350), 2,027.0 bp (At3g24040), 915.0 bp (At5g15050) and 1,459.0 

(At5g39990). Codons were optimised for the removal of the enzyme restriction sites BsaI, 

BpiI, Esp3I and DraIII. The stop codons were also removed from CDSs. The cloning was 

conducted following the Golden Gate DNA assembly protocol. The restriction enzyme 

BsaI was used for level one assembly and BpiI was used for level two assembly. All the 

CDSs were fused to a 3’eGFP reporter followed by a NOS terminator. The parts used in 

Golden Gate cloning are found in Table 2-10. 

Table 2-10. List of parts used in Golden Gates cloning 

ENSA ID Standard name Description 
EC62025 EC62025_pL0M-PU-PromAt3g15350 At3g15350 promoter 
EC62026 EC62026_pL0M-SC3-At3g15350 At3g15350 CDS 
EC62027 EC62027_pL0M-PU-PromAt5g15050 At5g15050 promoter 
EC62028 EC62028_pL0M-SC3-At5g15050 At5g15050 CDS 
EC47811 pL1V-R2-47811 Backbone donor L1 assembly 
EC16570 eGFP Fluorescent Protein 
EC41421 NOS terminator Terminator 
EC50506 pL2V-1-50506 Backbone donor L2 assembly 
EC62112  Kanamycin resistance gene for plants 
EC41744 pL1M-ELE-2-41744 Endlinker 

 
2.3.10.2(Fluorescent reporters  

Table 2-11 lists different genetically encoded fluorescent reporters used in this work. All 

the reporters were transformed onto WT, atglcat14ab, atglcat14abd and atglcat14abe. 
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Table 2-11. Fluorescent reporters 

Plasmid; Bacterial 
resistance; Plant 
resistance 

Purpose Resistance in 
bacteria and 
plants 

Reference Provided by 

pUBQ10::acyl-
YFP::35s 

Plasma 
membrane 
marker 

 Glufosinate (Willis et al., 
2016) 

Dr Ray 
Wightman 

pIRX3::YFP-
MAP4::NOS 

Microtubule 
reporter 

Kanamycin; 
hygromycin 

(Wightman et 
al., 2013) 

Dr Ray 
Wightman 

pMAP65-1::GFP-
MAP65-1::NOS 

Microtubule 
reporter 

Kanamycin; 
kanamycin  

(Lucas et al., 
2011) 

Prof 
Toshihisa 
Kotake 

  

2.4(Preparation of AGPs 

2.4.1!Leaf, root and callus AGP extraction 

About 48 five-week-old Arabidopsis thaliana rosette leaves were collected, snap frozen 

with liquid nitrogen and kept at -80ºC. The sample was homogenised using a mixer mill 

(Retsch, MM200). Rosette leaves were homogenised in freshly made 1x PBS buffer 

(Oxoid, BR0014G) and 0.2% NaN3 in grinding chambers with grindings balls running at 

a frequency of 25/s for 10 minutes. The slushy leaves were transferred to 50 ml Falcon 

tubes and boiled in a water bath for 30 minutes, shaking regularly. Tween20 was added 

(10ul/ml of slush) and the samples were left to cool down at room temperature. The 

sample was then filtered with a Buchner funnel through Whatman No.1 filter paper. The 

filtrate was mixed to 2.5 volumes of absolute ethanol and kept overnight at 4ºC. The 

following day, the solution was centrifuged (rotor JA20, Beckman Coulter) at 12,000 g 

at 4ºC for 20 minutes. The sediments were collected and 10 volumes of DI water were 

added, mixed and left shaking overnight at 4ºC. The following day, the solution was 

centrifuged at 12,000 g at 4ºC for 20 minutes and the supernatant was collected. The 

collected supernatant was dialysed (Snakeskin MWCO 10K, Thermo Scientific) against 

DI water for nine days. The dialysis water was changed three times a day. After dialysis, 

the AGP-enriched material was freeze-dried. Hydroponically grown roots from 60 plants 

and about 30 g of callus (fresh weight) were processed following the same protocol as for 

rosette leaves.  
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2.4.2!Pectin removal from the AGP bulk extraction 

Pectins were removed from the AGP preparations by copper acetate (20mg/ml Sigma, 

#326755) precipitation (Tsumuraya et al., 1988). The copper acetate was well mixed until 

it was completely solubilised and the solution was kept overnight at 4ºC. The next day, 

the solution was centrifuged at 20,000 rpm for 20 minutes and the supernatant was 

collected. Copper acetate was removed from the solution via centrifugation with Amicon 

10K cartridges (Millipore). The retained material was washed several times with MilliQ 

grade water, resuspended in MilliQ water and kept overnight at 4ºC. Accordingly, the 

solution was centrifuged at 4,000 rpm for 30 minutes to remove any precipitation. Any 

residual copper acetate was removed using PD10 desalting columns (GE Healthcare). The 

material was freeze-dried and then treated with 4M KOH for one hour at room 

temperature. The solution was neutralised using acetic acid. PD10 desalting columns 

were used for desalting the sample. After freeze-drying the material, it was resuspended 

in 50mM ammonium acetate pH 4.5 and boiled for five minutes. Once the sample cooled 

down, the samples were incubated with pectinases (EndoPG and RG hydrolases) 

overnight at room temperature with gentle shaking. The resulting pectin oligosaccharides 

were removed from the sample by dialysis against MilliQ water (Snakeskin MWCO 10K, 

Thermo Scientific) for three days in a cold room. The dialysis water was changed three 

times per day. After collecting the dialysed solution, it was boiled for five minutes, and 

then freeze-dried.  

2.5(AGP polysaccharide analysis 

2.5.1!Monosaccharide composition analysis 

The analysis of monosaccharides released by AG-specific enzymatic hydrolysis was 

performed by Professor Toshihisa Kotake, Saitama University, Japan. For one sample of 

AGP preparation, 80-600 µg of material was solubilised in 20mM sodium acetate pH 4.0. 

The following enzymes were added to the solubilised material: 0.12 units of exo-"-

(1#3)-galactanase (rIl3GAL), 0.12 units of endo-"-(1#6)-galactanase (rTv6GAL), 

0.012 units of endo-"-(1#3)-galactanase (rNcEN3GAL), 0.12 units of !-L-

arabinofuranosidase (AFase, Megazyme) and 0.12 units of "-glucuronidase 

(rAnGlcAase) (Tsumuraya et al., 1990; Kotake et al., 2004; Konishi et al., 2008; Takata 
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et al., 2010; Hata et al., 1992). The enzymatic hydrolysis was performed at 37ºC for 12 

hours. The released mono- and oligosaccharides were detected and quantitated by High 

Performance Anion Exchange Chromatography with Pulsed Amperometric Detection 

(HPAEC-PAD).  

2.5.2!Enzymatic hydrolysis of AGPs 

The hydrolases α-L-arabinofuranosidase and exo-β-(1, 3)-galactanase (Tsumuraya et al., 

1990; Hata et al., 1992; Takata et al., 2010) were donated by Prof Yoichi Tsumuraya and 

Prof Toshihisa Kotake (Saitama University). Dried AGPs aliquots (1 mg/ml) were 

hydrolysed with α-L-arabinofuranosidase (16 milliunits) in 50 mM ammonium acetate 

buffer (pH 5.0, 100 µl) and incubated at 37ºC for 24 hours. The enzyme was deactivated 

by heating the samples at 100ºC for five minutes. The buffer was removed by a centrifugal 

rotary evaporator (UVS400A SpeedVac Plus, Thermo Scientific). Once dry, the sample 

was resuspended with 20 mM ammonium acetate pH 4.6 and the exo-β-(1, 3)-galactanase 

was added (16 milliunits).  

2.5.3!Polysaccharide analysis using carbohydrate gel electrophoresis (PACE) 

The derivatisation of carbohydrates was performed according to (Goubet et al., 2002). 

Dry sugar enzymatic hydrolysates were resuspended in 10 µl of freshly made DMSO 

buffer (acetic acid:H2O:DMSO, 3:17:20 v/v/v), 5 µl of 0.2 M of 8-aminonaphthalene-

1,3,6-trisulfonic acid (in H2O:acetic acid, 17:3 v/v; ANTS; Invitrogen) and 5 µl of 0.2 M 

2-picoline-borane in DMSO. After a brief vortex and spin-down, the tubes were incubated 

overnight at 37ºC. Control experiments were performed without the enzyme in order to 

identify resolved oligosaccharides not derived from enzymatic hydrolysis. The labelled 

sugars were dried in a centrifugal rotary evaporator at 50ºC and resuspended in 100 µl of 

3 M urea and stored at -20ºC before use.  

PACE gels were prepared following previously developed protocols (Goubet et al., 2002). 

The resolving gel was prepared by adding 20.2 ml of H2O, 5 ml of 1 M tris-base borate 

(pH 8.2), 24.6 ml of 40% acrylamide (acrylamide/bis-acrylamide, 29:1; Sigma), 20 µl of 

TEMED (Sigma) and 200 µl of 10% (w/v) of ammonium persulfate. After the resolving 

gel was poured, 2-propanol was added to eliminate bubbles and align the gel surface. The 

2-propanol was removed after the gel polymerised. For the stacking gel the volume of 
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reagents added was changed to 6.8 ml, 1.0 ml, 2.8 ml, 8 µl and 80 µl, respectively. After 

the stacking gel was added, the comb was placed and left to polymerise. The sample 

loaded gel was then run in 1M tris-base borate buffer (pH 8.2) for 30 minutes at 200V 

and then for 1.5-2 hours at 1000V. The vertical electrophoresis chamber (Amersham, 

Hoefer SE 660) was kept at 10ºC and protected from light to avoid fluorophore bleaching 

while the gel was running. Gel imaging was performed by using the Syngene Gbox and 

the GeneSnap software (Syngene, v.7.02).  

2.5.4!Phenol sulphuric acid quantification of total carbohydrates 

The phenol sulphuric acid method was done to determine total carbohydrate 

concentration of hexoses and pentoses, in the sample within the range of 0-100 µg/ml. 

500 µl of 5.0% phenol (Sigma, P1037) was added to the test tube, then 500 µl of diluted 

sample was added, and vortexed well. After mixing well, 2.5 ml of absolute sulfuric acid 

(Sigma, 339741) was added and by holding it from the mouth of the tube it was again 

vortexed well. The tube was left to cool down. Optical density was measured in a 

spectrophotometer (Thermo Spectronic, Helios) at 490 nm for hexoses. Glucose was used 

for making the standard curve.  

2.5.5!In vitro Ca2+ binding assay  

AGP-enriched preparation was thoroughly depectinated and used for measuring the 

capacity of holding Ca2+ ions. The in vitro Ca2+ binding assay was done following the 

(Lamport and Várnai, 2013) protocol, which is described in Figure 5-3 (Chapter 5). Gum 

Arabic (Sigma, G9752) and larch arabinogalactans (Megazyme, P-ARGAL) were used 

as positive and negative controls accordingly. The analysis of Ca2+ concentration was 

determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and was 

performed by Dr Jason Day at the Department of Earth Sciences, University of 

Cambridge. 

2.6(Bioinformatic analysis 

2.6.1!Protein and gene sequence databases 

The CAZy database (http://www.cazy.org) was used to identify and obtain the AGI gene 

identity for each Arabidopsis GT family (Lombard et al., 2014). Arabidopsis protein 
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sequences and their homologue genes were identified and downloaded using the online 

platform PLAZA 2.5 (Van Bel et al., 2012). Within the PLAZA website, different 

versions were used Arabidopsis thaliana (Dicots v3.0), Physcomitrella patens (Dicots 

v3.0), Selaginella moellendorffii (Dicots v2.5), Brachypodium distachyon (Monocots 

v3.0) and Populus trichocarpa (Gymno v1.0). 

2.6.2!Sequence alignment and phylogenetic tree construction 

The full protein sequences from each GT family were aligned by the multiple sequence 

alignment (MSA) PRANK algorithm (webPRANK; http://www.ebi.ac.uk/goldman-

srv/webprank/) (Löytynoja and Goldman, 2010). The resulting alignment was then 

employed to construct a phylogenetic tree by using MEGA version 5.2.1 software 

(Tamura et al., 2011). The Maximum Likelihood method was used to calculate the tree. 

The scale bars are in units of number of amino acid substitutions per site. The tree 

robustness was calculated by bootstrapping the dataset 1000 times.  

2.6.3!Gene expression data 

Gene expression data was extracted from Arabidopsis eFP Browser website in 2014 

(Waese et al., 2017). Development RMA was selected as the data source, and Absolute 

was selected as the mode. Only the primary source ID was entered and no signal threshold 

was set. The data was obtained by downloading the Table of Expression Values for each 

member of the GT14 family. The expression values were managed using Microsoft Excel 

v15.38.  

2.6.4!Protein interaction data 

A protein-protein interaction network was built using the STRING platform v10.0 

(Szklarczyk et al., 2015). The input proteins were: AN, SUB, ERH3, AT2G46600 (KIC) 

and KCBP. The settings used were: EVIDENCE for meaning of network edges, 

MEDIUM CONFIDENCE as the minimum required interaction score, NO MORE THAN 

50 INTERACTORS for the maximum number of interactors to show. The data was 

recorded as an image. 
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2.7(Microscopy 

2.7.1!Digital microscopy 

The digital microscope Keyence VHX-5000 (Keyence) was used to image Arabidopsis 

leaves, roots, cotyledons and seedlings. The microscope had a fitted variable illumination 

attachment (Keyence, VH-K20) for improving sample illumination. The microscopy was 

performed at the Sainsbury Laboratory, University of Cambridge. 

2.7.2!Confocal microscopy  

Live-cell imaging was carried out on a Zeiss LSM700 confocal microscopy equipped 

with 488- and 555-nm lasers and a 40x objective. Confocal microscopy was performed at 

the Sainsbury Laboratory, University of Cambridge.  

2.7.3!Scanning electron microscopy 

The Scanning Electron Microscopy (SEM) imaging was carried out on a Zeiss EVO 

HD15. The electron microscope was equipped with a Cryo-SEM preparation system 

(QUORUM, PP3010T) which allowed the visualisation of samples frozen in liquid 

nitrogen. Frozen samples were treated with a platinum coating of 6.0 nm. The preparation 

of the samples was carried out by Dr Ray Wightman at the Sainsbury Laboratory, 

University of Cambridge. 

2.8(Further software 

2.8.1!CLC Main Workbench 

The CLC Main Workbench version 6.8.2 was used for protein sequence analysis and 

sequence editing. 

2.8.2!GeneTools 

The GeneTools software (Syngene) was used to quantify resolved bands by PACE. 
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2.8.3!Image J 

The Image Processing and Analysis in Java (ImageJ, National Institutes of Health) 

version 2.0.0-rc-24/1.49m was used to measure lengths and angles, and count objects, on 

an image. A global scale of 5728 pixels = 12.0 cm was determined by using an item as 

reference on the picture. ImageJ was also used to analyse images from confocal 

microscopy.
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CHAPTER 3 

3(Identification of candidate Arabidopsis insertion mutants. 

3.1(Introduction 

The CAZy GT14 family was described as containing a "-glucuronic acid transferase 

(GlcA transferase), ATGLCAT14A (At5g39990), which is specific to AG type II 

polysaccharides (Knoch et al., 2013). Knock-out atglcat14A mutants in Arabidopsis 

thaliana showed a reduction in the quantity of oligosaccharides modified with [Me]GlcA 

in AGPs from mature roots. The two oligosaccharides modified with [Me]GlcA were 

identified as 4-O-Me-"-GlcpA-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-"-Galp-

(1#6)-Galp. However, the reduction of these oligosaccharides was only about 30% and 

27%, respectively. Furthermore, atglcat14a mutants showed a $30% increase in the 

length of etiolated seedlings hypocotyls and roots. Yet at that time, no other phenotypes 

were described, suggesting that atglcat14a mutant plant growth was as WT under normal 

conditions. This indicated the probable existence of other GlcA transferases required for 

the synthesis of arabinogalactan polysaccharides. Indeed, the GT14 family is composed 

of 11 members in Arabidopsis thaliana possibly harbouring other GlcA transferases. One 

or more of these are likely to be redundant to ATGLCAT14A. Therefore, to reveal the 

phenotype of loss of [Me]GlcA, it might be necessary to identify redundant enzymes, and 

to obtain mutants in the genes. Subsequent evidence, based on in vitro experiments, 

showed that ATGLCAT14B (At5g15050) and ATGLCAT14C (At2g37585) members of 

the GT14 family were also able to transfer [Me]GlcA onto similar AG-polysaccharides 

(Dilokpimol and Geshi, 2014). Despite the in vitro identification of additional GlcA 

transferases, no further characterisation of knock-out plant mutants was reported. Hence, 

the biological function of [Me]GlcA on AG-polysaccharides of AGPs remains unknown.  

At the time of starting this work during my MPhil degree in 2012, only ATGLCAT14A 

had been described. In order to widen the understanding of GlcA transferases and the role 

of [Me]GlcA on AG-polysaccharides of AGPs, a second GlcA transferase had to be 

identified. As the ATGLCAT14B shares a 72% amino acid sequence similarity with 

ATGLCAT14A (Knoch et al., 2013), its characterisation was the start of the search for a 

second GlcA transferase specific for AG-polysaccharides, as part of this research. 
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In order to select candidate insertion mutants, two methods were employed: phylogenetic 

analysis of the GT14 family and organ-specific gene expression profiles. These 

approaches were adopted because of the presence of likely additional GT14 GlcA 

transferases that could be redundant to ATGLCAT14A. Additionally, since the content 

of AGPs in plant cells is very low (1.0 mg of dry AGP-crude extract/1.0 g of fresh leaves), 

large amounts of plant material were required for the extraction of an AGP-enriched 

preparation that can be characterised. Therefore, putative GlcA transferases that are 

considerably expressed in rosettes leaves and mature roots were chosen and their insertion 

mutants were genotyped. AG-polysaccharides were previously characterised from these 

materials showing that they are good sources of AGPs (Tryfona et al., 2012; Knoch et al., 

2013; Tryfona et al., 2014).  

3.2(Results 

3.2.1!Phylogenetic analysis of the GT14 family 

To build a phylogeny of the GT14 family, a complete list of proteins homologous to 

ATGLCAT14A was obtained. In order to achieve this, the AGI code of ATGLCAT14A 

(At3g39990) was used as bait in the platform for comparative genomics called PLAZA 

(Van Bel et al., 2012). The search resulted in the identification of 11 members of the 

GT14 family from Arabidopsis thaliana with amino acid sequences ranging from 306 to 

448 amino acids long. All these sequences were described as containing the Core-2/I-

branching "-1,6-N-acetylglucosaminyltransferase family protein, which is a family of 

proteins that glycosylate mammalian proteins (Bierhuizen et al., 1993; Wilson, 2002). 

The AGI codes of the 11 members were corroborated with previous publications and the 

GT14 family in the CAZy database (Knoch et al., 2013; Lombard et al., 2014). No distant 

proteins to the GT14 family members were found through these tools. In order to assess 

whether the sequences of the GT14 members had obvious differences that could 

determine functional characteristics, the full protein sequences were aligned using the 

PRANK alignment program (Löytynoja and Goldman, 2010) (Figure 3-1.). The 

alignment was also used to generate a sequence identity matrix, which was used to 

determine the percentage of identity between the sequences. 
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Figure 3-1. Analysis of amino acid sequences of the Arabidopsis GT14 family. (A) 

Alignment of amino acid sequences from the members of the Arabidopsis GT14 family. 

The percentage of amino acid conservation in the aligned sequences is represented by the 

conservation bar chart below the alignment. (B) Percentages of identity matrix based on 

the alignment of amino acid sequences. The values in red represent low sequence identity 

whereas the values in blue represent high sequence identity and the other colours 

represent intermediate identity percentages. 

The alignment of protein sequences showed that the N-terminal regions from the first 200 

amino acids (Figure 3-1A) are highly diverse between sequences when compared to the 

core of the sequence. This region close to the N-terminus of the protein possibly contains 

the transmembrane domain and the stem of the putative GTs whilst the rest of the protein 

might contain the catalytic domain which determines the activity of protein (Aoki et al., 

1992; Hansen et al., 2012). The region that may contain the putative catalytic domain 

showed a higher degree of conserved sequences across the members of the GT14 family 

than in the N-terminal region. However, no further differences of alignment were found 
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using this diagram. The identity matrix (Figure 3-1B) confirms that ATGLCAT14A and 

ATGLCAT14B share a 73% of sequence identity as described by (Knoch et al., 2013), 

which also validates the sequence alignment of the GT14 family. Even though, the 

activity of ATGLCAT14C was reported to be similar to both ATGLCAT14A and 

ATGLCAT14B, the identity matrix demonstrates that their sequences are about 45% 

percent identical when compared to ATGLCAT14C. This suggests that regardless of a 

low percentage of identity between members of the GT14 family, these may have a GlcA 

transferase activity. 

To identify likely recent functional divergence from ancient proteins, homologous protein 

sequences to the GT14 family from early land plants to higher plants were obtained. This 

could allow the identification of clades with possible redundant members. Thus, in 

addition to Arabidopsis GT14 family members, homologous proteins from other plants 

were obtained by using the same platform PLAZA, and were used to build the phylogeny. 

The addition of GlcA to AG-polysaccharides seems to be conserved across all land plants, 

and so it might be expected that GT14s are encoded in all genomes (Appendix Figure 2-

1 to 2-27). For example, Physcomitrella patens is a bryophyte and perhaps one of the 

earliest plants colonising the earth. Interestingly, AGPs were recently identified in 

Physcomitrella protoplasts by anti-AGP antibodies (LM2) which recognise glucuronic 

acid terminally attached to a (1#6)-"-linked galactan (Yates et al., 1996; Berry et al., 

2016; Ruprecht et al., 2017). Physcomitrella is widely used in comparative genomics 

which focuses on basic signalling pathways in plants (Rensing et al., 2008). Selaginella 

moellendorffii is a lycophyte, an ancient vascular plant used as a model organism in 

comparative genomics (Banks et al., 2011). Similarly to Physcomitrella, the mAb LM2 

was used to identify AGPs in Selaginella (Harholt et al., 2012). Brachypodium distachyon 

is a model organism for grasses, which are highly important for food production (Vogel, 

2010). LM2 was also used to identify AGPs in Brachypodium (Betekhtin et al., 2016). 

Finally, Populus trichocarpa is a model organism for the study of tree molecular biology 

including lignocellulosic wall biosynthesis (Tuskan et al., 2006). The chimeric AGPs, 

FLAs, have been described to be important for secondary cell wall formation in poplar 

(Andersson-Gunneras et al., 2006). Hence, the full length amino acid sequences from 

Arabidopsis thaliana, Physcomitrella patens, Selaginella moellendorffii, Brachypodium 

distachyon and Populus trichocarpa were obtained.  
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An Arabidopsis protein sequence (ATGLCAT14A) from the GT14 family was used as 

bait to identify homologous proteins in the other group plants described above. The results 

showed that whilst Arabidopsis thaliana has 11 homologous proteins of the GT14 family, 

there are varying numbers in other species: Physcomitrella patens (six), Selaginella 

moellendorffii (two), Brachypodium distachyon (14) and Populus trichocarpa (15). Thus, 

the conservation of genes in the GT14 family across these different plant lineages might 

indicate their importance.  

To understand better the evolutionary relationships between the proteins, the full protein 

sequences were aligned using the PRANK alignment program (Löytynoja and Goldman, 

2010), and a phylogenetic tree was generated with MEGA software (Tamura et al., 2011). 

The protein sequence alignment of the extended group of plants presented in Figure 3-2, 

showed a highly diverse sequence in the N-terminal region, similar to the alignment with 

only Arabidopsis sequences. In addition, the core region of most of the protein sequences 

appeared to be conserved. However, five distinctive proteins did not align with majority 

of the sequences. These were three Brachypodium sequences namely BD2G27130, 

BD1G25310 and BD1G64580, and two poplar sequences namely PT10G25190 and 

PT15G10710. It is likely that the Brachypodium sequences have higher sequence 

similarity to other regions that do not include the canonical catalytic site of the GT14 

members. In contrast, the poplar PT10G25190 does not contain the starting methionine 

(Met) required for protein translation suggesting that the sequence might be from a 

truncated transcript. Similarly, the PT15G10710 might have a truncated transcript that 

encodes for a large part of the core of the protein towards the C-terminus. However, 

overall, the alignment of the rest of the sequences was consistent with the alignment of 

the Arabidopsis GT14 family. Thus, this alignment was further used to build a phylogeny 

(Figure 3-3).  
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Figure 3-2. Alignment of protein sequences from members of the GT14 family. The 

sequences correspond to Arabidopsis thaliana (AT), Physcomitrella patens (PP), 

Selaginella moellendorffii (SM), Brachypodium distachyon (BD) and Populus 

trichocarpa (PT). The percentage of amino acid conservation in the aligned sequences is 

represented by the conservation bar chart below the alignment. 
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Figure 3-3. Phylogenetic analysis of CAZy GT14 family. The protein sequences used 

in this phylogenetic tree were Arabidopsis thaliana (AT), Physcomitrella patens (PP), 

Selaginella moellendorffii (SM), Brachypodium distachyon (BD) and Populus 

trichocarpa (PT). Phylogenetic tree and protein designation is consistent with (Knoch et 

al., 2013; Dilokpimol and Geshi, 2014). A branch in the E clade identified with two 

perpendicular lines was manually reduced by 0.88 units. The sequence alignment is 

shown in (Appendix Figure 2-1 to 2-27). Number of bootstrap replications = 1000. 

The phylogenetic tree in Figure 3-3 has eight clades, most of which have at least one 

protein sequence from Arabidopsis, poplar and Brachypodium. Apart from the high 

bootstrap values, an observation that corroborates the trustworthiness of this tree is that 

in every clade with Arabidopsis, Brachypodium, and poplar sequences, the Brachypodium 

sequence is shown to be have diverged earlier.  
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The ancient model plants, Physcomitrella and Selaginella sequences appeared to cluster 

altogether in clade A, along with two Arabidopsis, one Brachypodium and two Poplar 

sequences, supporting that they share a common ancestry. The previously described GlcA 

transferases ATGLCAT14A and ATGLCAT14B shared the same branch in clade F, as 

previously reported (Knoch et al., 2013), whereas ATGLCAT14C was in clade B. The 

phylogeny confirmed that the ATGLCAT14B is a close homologue of ATGLCAT14A, 

as they shared the same branch. ATGLCAT14A and ATGLCAT14B also both have a 

72% amino acid sequence identity (Knoch et al., 2013). Clade D and H contained 

sequences of two Poplar genes, which were identified as highly expressed in developing 

secondary cell walls (Aspeborg et al., 2005). 

3.2.2!Expression patterns of members of the GT14 family 

The observations made using the phylogeny were complemented with gene expression 

values in order to select candidate sequences for biochemical analysis. Based on the small 

amount of AGPs contained in plants the source of plant material for future biochemical 

analysis has to be in abundance. Therefore, to obtain considerable amount of extracted 

AGPs from Arabidopsis insertion mutants, the absolute gene expression values in roots 

and rosette leaves were obtained from the Arabidopsis eFP Browser database for the 

members of the Arabidopsis GT14 family as shown in Figure 3-4 (Waese et al., 2017). 
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Figure 3-4. Absolute gene expression levels in Arabidopsis roots and rosette leaves of 
the GT14 family members. Gene expression values were obtained from Arabidopsis 

eFP Browser (Waese et al., 2017). 

The absolute gene expression values were ordered by descending expression intensity per 

tissues. So, for roots the genes that show the highest expression are (from high to low 

expression): At3g24040, At1g71070, ATGLCAT14A, At3g15350, ATGLCAT14B, 

ATGLCAT14C, At1g03520, At3g03690, At4g27480, At4g03340 and At1g53100. In 

rosette leaves, the genes that are expressed the most are: At3g15350, At3g24040, 

ATGLCAT14A, At1g53100, At4g03340, ATGLCAT14C, At1g03520, At1g71070, 

At3g03690, ATGLCAT14B and At4g27480.  

3.2.3!Screening of T-DNA lines and identification of knock-out mutants  

Candidate proteins were listed taking into account both the phylogeny and the gene 

expression values. Since ATGLCAT14B is the closest homolog to ATGLCAT14A, this 

was included in the list. In addition, for simplification, the first five most expressed genes 

in each tissue were prioritised for further study. Thus, this list was comprised of 

At3g24040, At1g71070, ATGLCAT14A, At3g15350, ATGLCAT14B, ATGLCAT14C, 

At1g53100 and At4g03340.  
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To identify knock-out mutants of these genes, T-DNA insertions for these genes were 

searched online for these genes (TAIR). However, none were found in ATGLCAT14C, 

At1g71070 and At4g03340, and the At1g53100 insertion line was not available at that 

moment. Thus, based on the T-DNA insertion availability, several insertion mutant alleles 

of the short-listed genes namely At3g24040 and At3g15350 were ordered from the 

Nottingham Arabidopsis Stock Centre (NASC). The previously reported insertion 

mutants for ATGLCAT14A, atglcat14a-1 and atglcat14a-2, were kindly provided by Dr 

Naomi Geshi (University of Copenhagen, Denmark) (Knoch et al., 2013). Additionally, 

Dr Geshi provided putative insertion lines for ATGLCAT14B. Most of the screening for 

T-DNA insertions was performed during my MPhil studies in 2012. Nonetheless, gene 

knock-out mutants were confirmed during my PhD by Reverse Transcription Polymerase 

Chain Reaction (RT-PCR). 

As more than one T-DNA insertion can target the Arabidopsis genome, it is the norm to 

analyse a second allele to prevent unrelated conclusions to the gene of interest. Usually, 

two insertion mutants are required, and they are distinguished as mutant-1 and mutant-2. 

The two reported insertion mutants for ATGLCAT14A, atglcat14a-1 and atglcat14a-2, 

showed reduced amounts of [Me]GlcA on AGPs (Knoch et al., 2013). Additionally, it 

was reported that only atglcat14a-2 lacks any ATGLCAT14A gene transcript and 

therefore it was determined this allele would be used in this work. Thus, the insertion 

mutants analysed were: atglcat14a-2, atglcat14b-1, at3g15350-1, at3g24040-1 and 

at3g24040-2. The T-DNA insertion mutant codes are shown in Table 2-1 (Chapter two). 

Thus, to confirm that these insertion mutants lack the transcript of the gene of interest, 

RT-PCR was performed on RNA extracted from rosette leaves.  

Figure 3-5A shows a schematic representation of the T-DNA insertion sites in atglcat14a-

2 and atglcat14b-1. After performing RT-PCR on messenger RNA (mRNA) extractions 

of each of the T-DNA insertion lines, complementary DNA (cDNA) was obtained. The 

primers shown in Figure 3-5A as coloured arrows “a” and “b”, or “c” and “d”, were 

designed to amplify the corresponding cDNA. Primer sequences are shown in Table 2-8 

(Chapter two). Figure 3-5B shows the amplified bands corresponding to the products of 

WT and mutant plants. The housekeeping gene glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as a positive control for the cDNA reverse 

transcriptase. Two PCR reactions were used per lines, “+” reaction included the product 

of the RT-PCR with reverse transcriptase, whereas the “-” reaction included the product 
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of the RT-PCR without reverse transcriptase. This was used as a control for any possible 

contamination of DNA in the sample. The same process described for the atglcat14a-2 

and atglcat14b-1, was applied to at3g15350-1, at3g24040-1 and at3g24040-2 (Figure 3-6 

and Figure 3-7).  
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Figure 3-5. Identification of knock-out T-DNA insertion lines, atglcat14a-2 and 
atglcat14b-1, by RT-PCR. (A) Schematic representation of ATGLCAT14A and 

ATGLCAT14B gene structure. T-DNA insertion sites are indicated by black and white 

triangles. Arrows in colour indicate the position of the forward primer (green) and reverse 

primer (red) anneal in RT-PCR. (B) PCR products using cDNA as a template to analyse 

the presence of the transcript of ATGLCAT14A and ATGLCAT14B in the T-DNA 

insertion lines. Reverse transcriptase controls were used and labelled as positive “+” and 
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negative “-” controls. The housekeeping gene GAPDH was used as a positive cDNA 

control for RT-PCR.  

 

 

Figure 3-6. Identification of the knock-out T-DNA insertion line at3g15350-1 by RT-

PCR. (A) Schematic representation of At3g15350 gene structure. T-DNA insertion sites 

are indicated by black and white triangles. Arrows in colour indicate the position of the 

forward primer (green) and reverse primer (red) anneal in RT-PCR. (B) PCR products 

using cDNA as a template to analyse the presence of the transcript of At3g15350 in the 

T-DNA insertion line. Reverse transcriptase controls were used and labelled as positive 

“+” and negative “-” controls. The housekeeping gene GAPDH was used as a positive 

cDNA control for RT-PCR. 
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Figure 3-7. Identification of knock-out T-DNA insertion lines, at3g24040-1 and 
at3g24040-2, by RT-PCR. (A) Schematic representation of At4g24040 gene structure. 

T-DNA insertion sites are indicated by black and white triangles. Arrows in colour 

indicate the position of the forward primer (green) and reverse primer (red) anneal in RT-

PCR. (B) PCR products using cDNA as a template to analyse the presence of the 

transcript of At3g24040 in the T-DNA insertion line. Reverse transcriptase controls were 

used and labelled as positive “+” and negative “-” controls. The housekeeping gene 

GAPDH was used as a positive cDNA control for RT-PCR. 
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The T-DNA insertion lines analysed by RT-PCR showed that atglcat14a-2, atglcat14b-

1, at3g15350-1, at3g24040-1, and at3g24040-2 are gene knock-out mutants. As shown 

in Figure 3-5B to Figure 3-7B, when using the gene of interest primers, no cDNA 

amplification product was seen in the mutant while a product could be seen in WT 

samples. Furthermore, the amplified products of the GADPH in WT and mutant samples, 

confirmed that the reverse transcriptase was active during the RT-PCR procedure in both 

samples. 

A second insertion allele was not found for ATGLCAT14B. Similarly, for At3g15350, 

only one mutant allele, at3g15350-1, was found. However, for At3g24040 two T-DNA 

insertion alleles were found, namely at3g24040-1 and at3g24040-2. Thus, in chapter five, 

genetically complemented lines were generated for atglcat14b-1 and at3g15350-1 to 

confirm that the lack of ATGLCAT14B and At3g24040 are responsible for the phenotypes 

identified in the insertion mutants.  

The results from this section showed the availability of insertion mutants of genes 

encoding for members of the GT14 family. Here it was confirmed that atglcat14a-2 is a 

knock-out mutant as reported previously, as are other selected putative GlcA transferase 

insertion mutants, namely atglcat14b-1, at3g15350-1, at3g24040-1 and at3g24040-2. In 

the work described in the next chapter, AGP-enriched extractions from these mutants 

were obtained from rosette leaves and roots for further biochemical analysis. 

3.3(Discussion 

The phylogenetic analysis and tissue-specific gene expression data were used to identify 

candidates of the GT14 family, potentially GlcA transferases specific for AGPs. 

However, the knowledge of a protein homolog to ATGLCAT14A and the gene 

expression values completely determined which genes were prioritised since the 

availability of AGP in plant material was a limiting factor to consider. In addition, the 

ultimate limiting factor that created the short list of candidates was the availability of T-

DNA insertions in the gene of interest as well as the availability of seed stock. 

Nevertheless, important information was obtained from the sequence identity matrix 

which could influence the understanding of the biochemical characterisation. For 

instance, the high sequence identity (73%) between ATGLCAT14A and ATGLCAT14B 

might suggest that these two proteins have similar biochemical activity, corroborated by 
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biochemical evidence (Dilokpimol and Geshi, 2014). However, ATGLCAT14C is about 

45% identical to ATGLCAT14A and ATGLCAT14B, and it has a similar biochemical 

activity of transferring GlcA onto AGPs (Dilokpimol and Geshi, 2014). Thus, it is very 

likely that AT3G15350 is a GlcA transferase since it shares about 55% sequence identity 

with ATGLCAT14A and ATGLCAT14B, and 44% with ATGLCAT14C. However, the 

sequence of AT3G24040 is less identical to the rest (35%), perhaps suggesting a reduced 

likelihood of having a similar activity to the others. 

It is very likely that the phylogenetic tree (Figure 3-3) will become more informative as 

more members of the GT14 family from different plant species are characterised. Poplar 

proteins homologs to AT3G03690 (clade H) and AT1G71070 (clade D) of the GT14 

family have been regarded as important for secondary cell wall biogenesis based on their 

gene expression patterns (Aspeborg et al., 2005; Andersson-Gunneras et al., 2006). Based 

on the sequence identity, AT3G03690 is about 48% identical to ATGLCAT14A and 

ATGLCAT14B, suggesting the possibility of being GlcA transferases. However, no 

biochemical evidence of their function has been reported to date.  

Very little is known about the catalytic sites of the GTs from the GT14 family. However, 

based on bioinformatics analysis, one out of four conserved regions might contain the 

catalytic site in the form of Glu-X-Tyr-X-X-Thr (Hansen et al., 2012). Furthermore, these 

regions were also identified in the GT14-related family (GT14R) harbouring the DUF266 

(Domain Unknown Function) (Ye et al., 2011; Hansen et al., 2012). These proteins are 

likely to be GTs since some of the proteins containing the DUF266 domain have been 

identified in the Golgi complex where glycosylation occurs (Nikolovski et al., 2012). In 

addition, the rice BC10 protein is part of the DUF266 family and mutants showed 

impaired cellulose synthesis and altered AGP content, suggesting the involvement of the 

DUF266 (GT14R) proteins in synthesis of cell wall polysaccharides (Zhou et al., 2009).  

The fact that the insertion mutants atglcat14b-1, at3g15350-1, at3g24040-1 and 

at3g24040-2, were able to grow as WT plants and reproduce normally, shows that these 

genes are not essential for plant survival. This was also shown by the reported atglcat14a-

2 (Knoch et al., 2013). However, the phenotypes reported for atglcat14a-2 were related 

to cell elongation in etiolated seedling. Thus, it is likely that the proteins encoded by 

ATGLCAT14B, At3g15350 and At3g24040 are also important for similar plant 

developmental processes.  
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CHAPTER 4 

4(Identification of structural phenotypes in knockout mutants of the 

GT14 family 

4.1(Introduction 

Very little is known about the role of the [Me]GlcA residue of AGPs in plant growth. To 

date, the ATGLCAT14A is the only GlcA transferase specific for AGPs that has been 

characterised in planta in Arabidopsis thaliana. However, the mutants in ATGLCAT14A 

showed a mild growth phenotype in etiolated seedlings, likely related to cell elongation. 

[Me]GlcA might also be important for other biological processes since it was shown to 

form links between AGPs and pectin molecules (RGI) (Tan et al., 2013), and possibly 

serve as an interacting point between AGPs and Ca2+ at the apoplast (Lamport and Várnai, 

2013). Furthermore, [Me]GlcA could possibly determine the length of the (1#6)-"-

linked galactan side chain by blocking the addition of further Galp residues (Knoch et al., 

2013). Thus, to explore the role of [Me]GlcA of AGPs in plant growth first it is required 

to identify GlcA transferase mutants with a reduced content of [Me]GlcA from AGPs. 

Therefore, AGPs were extracted from insertion mutants of putative GlcA transferases, 

which were selected in chapter three, and the content of [Me]GlcA-containing 

oligosaccharides was determined.  

4.1.1!AGPs specific hydrolases and determination of [Me]GlcA content 

Quantitation of [Me]GlcA modified oligosaccharides was performed by coupling 

enzymatic hydrolysis of the AG-polysaccharides with AG-specific enzymes, and 

concomitant analysis of the oligosaccharide fragments by PACE (Figure 4-1). In 

particular, AG-enriched preparations were hydrolysed by an !-L-arabinofuranosidase, 

which is an AG-specific enzyme that hydrolyses terminal !-(1#5)- and !-(1#3)-linked 

L-Araf residues (Hata et al., 1992). The removal of L-Araf residues reduces steric 

hindrance and facilitates the hydrolysis by subsequent enzymes (Tryfona et al., 2012). It 

also simplifies the analysis of the final products by reducing the complexity of the 

oligosaccharide mixtures. The !-L-arabinofuranosidase is followed by exo-"-(1#3)-

galactanase that can bypass the branching points liberating any "-(1#6)-linked 
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galactosyl side chains (Tsumuraya et al., 1990). It is possible that some oligosaccharides 

from AG-polysaccharides are not released by this method and therefore not studied. 

 

 

Figure 4-1. Schematic representation of enzymatic hydrolysis sites on 

arabinogalactan polysaccharides by AG-specific hydrolases, and the process of 

analysis of the oligosaccharides resulting from hydrolysis. !-L-arabinofuranosidase 

followed by exo-"-(1#3)-galactanase enzymes were used for the hydrolysis of 

arabinogalactan polysaccharides. The hydrolysis products were labelled with a 

fluorophore and then the products were separated by PACE. The fluorescence intensities 

of the products were recorded, and their ratios analysed. 
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The quantification of oligosaccharides liberated by AG-specific enzymes was previously 

done by PACE for the characterisation of ATGLCAT14A (Knoch et al., 2013) and the 

characterisation of fucosyltransferases FUT4 and FUT6 (Tryfona et al., 2014). PACE is 

commonly used after enzymatic hydrolysis of polysaccharides, allowing the 

determination of the polysaccharide structure and linkage composition, as well as the 

specificity of the enzymes used (Goubet et al., 2002). PACE is based on the derivatisation 

of the reducing ends of sugars by reductive amination with the fluorophore ANTS (8-

Aminonaphthalene-1,3,6-Trisulfonic Acid) (Goubet et al., 2002). The labelled sugars are 

then allowed to migrate in a 20% polyacrylamide gel by electrophoresis under optimised 

conditions. The positions of migration of the resolved oligosaccharide bands are 

compared to standards of known structures as in (Knoch et al., 2013). Since the 

concentration of labelled sugars have a linear response with the emitted fluorescence 

signal (Goubet et al., 2002; Tryfona et al., 2010, 2012), these bands can be quantitated by 

using imaging software such as Genetools (Syngene). Well-characterised bands were 

used to identify the presence or absence of oligosaccharide substituents. This approach 

enabled (Knoch et al., 2013) to determine the GT14 ATGLCAT14A specificity on the 

AG-structure.  

Following the aforementioned methods and based on recent publications (Tryfona et al., 

2012; Knoch et al., 2013), Figure 4-2 shows a summary of the oligosaccharides that have 

been used to quantify [Me]GlcA-containing oligosaccharides by PACE. As described in 

(Tryfona et al., 2012) AG-enriched preparations from rosette leaves that were treated with 

!-L-arabinofuranosidase followed by exo-"-(1#3)-galactanase hydrolysis, released 4-O-

Me-"-GlcpA-(1#6)-Galp, 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp and 4-O-Me-

"-GlcpA-(1#6)-[Araf-(1#3)]-"-Galp-(1#6)-Galp oligosaccharides (Figure 4-2). The 

"-D-Galp of the 4-O-Me-"-GlcpA-(1#6)-Galp oligosaccharide derives from the "-

(1#3)-galactan backbone suggesting that [Me]GlcA decorates the backbone directly. In 

contrast, the [Me]GlcA present in the oligosaccharides 4-O-Me-"-GlcpA-(1#6)-"-Galp-

(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-[Araf-(1#3)]-"-Galp-(1#6)-Galp, decorates 

the terminal galactose of the (1#6)-"-linked galactan side chain. However, it is important 

to highlight that these were not the only [Me]GlcA-containing oligosaccharides that 

migrated differently on PACE when [Me]GlcA was removed by "-glucuronidase. The 

oligosaccharides that comigrated closely with "-(1#6)-galactan chain ladder from a 
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§degree of polymerisation (DP) 3 to 10, had a shifted migration after the subsequent 

treatment by "-glucuronidase and !-L-arabinofuranosidase. The shifted migration of 

these oligosaccharides suggests that longer (1#6)-"-linked galactan side chains also 

contain [Me]GlcA. 

 

 

Figure 4-2. [Me]GlcA-containing oligosaccharides resulting from hydrolysis by !-L-

arabinofuranosidase followed by exo-"-(1#3)-galactanase and resolved by PACE. 

The oligosaccharides [Me]GlcAAraGal2 corresponding to 4-O-Me-"-GlcpA-(1#6)-

[Araf-(1#3)]-"-Galp-(1#6)-Galp, [Me]GlcAGal2 to 4-O-Me-"-GlcpA-(1#6)-"-Galp-

(1#6)-Galp and [Me]GlcAGal to 4-O-Me-"-GlcpA-(1#6)-Galp are present in 

Arabidopsis rosette leaves (Tryfona et al., 2012), whereas 4-O-Me-"-GlcpA-(1#6)-"-

Galp-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-Galp are only present in roots (Theodora 

Tryfona, personal communication 2013) (Knoch et al., 2013). The Galp residue denoted 

with an “A” belongs to the (1#3)-"-linked galactan backbone whereas the Galp residue 

denoted with “X” is a (1#6)-"-linked galactan side chain. 
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Based on characterisation of ATGLCAT14A Arabidopsis knock-out mutants (Knoch et 

al., 2013) and previous experiments done at the Dupree Lab (Theodora Tryfona, personal 

communication), the 4-O-Me-"-GlcpA-(1#6)-[Araf-(1#3)]-"-Galp-(1#6)-Galp 

oligosaccharide was not identified in Arabidopsis roots. However, it is likely that side 

chains may contain arabinosylated [Me]GlcA-containing oligosaccharides of DP greater 

than two. 

The work described in this chapter aims to determine whether ATGLCAT14B, 

AT3G15350 and AT3G24040 are GlcA transferases specific for AGPs. This was 

accomplished via the biochemical analysis of AGPs extracted from the insertion mutants 

identified in the chapter three. 

4.2(Results  

4.2.1!ATGLCAT14A closest homolog ATGLCAT14B is a GlcA transferase in 

vivo 

The ATGLCAT14B is the closest homolog (73% amino acid sequence identity) to 

ATGLCAT14A. Although the activity of ATGLCAT14B has been described in vitro, no 

evidence exists of its activity in vivo (Knoch et al., 2013). To investigate whether 

ATGLCAT14B was responsible for transferring GlcA residues onto AG-polysaccharides 

in vivo, WT and the insertion mutant atglcat14b-1, as well as atglcat14a-2 were 

biochemically characterised. Preliminary experiments suggested that the reduction of 

oligosaccharides containing [Me]GlcA in atglcat14b-1 was not significant, therefore, the 

double mutant atglcat14ab was generated from atglcat14a-2 and atglcat14b-1. The 

double mutant was generated to determine whether atglcat14b-1 would produce a clearer 

reduction in the [Me]GlcA content additional to the reported reduction of [Me]GlcA in 

atglcat14a-2 (Knoch et al., 2013).  

Therefore, AG-enriched extracts from rosette leaves and hydroponically grown roots 

from WT and mutant plants were subjected to !-L-arabinofuranosidase hydrolysis 

followed by exo-"-(1#3)-galactanase. The oligosaccharide products were then analysed 

by PACE and were found to comigrate with Gal, "-(1#6)-galactan standards, 4-O-Me-

"-GlcpA-(1#6)-Galp, 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp and 4-O-Me-"-

GlcpA-(1#6)-[Araf-(1#3)]-"-Galp-(1#6)-Galp (Figure 4-3 and Figure 4-4). Since 
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methylated oligosaccharides and non-methylated oligosaccharides migrate similarly on 

PACE (Tryfona et al., 2012), 4-O-Me-"-GlcpA and non-methylated GlcpA are jointly 

referred as [Me]GlcA. Via the quantification of the resolved oligosaccharides 

corresponding to substituted and non-substituted oligosaccharides by [Me]GlcA, it was 

possible to determine a reduction of glucuronosylated oligosaccharides in rosette leaves 

and roots. Figure 4-3B provides the ratios of [Me]GlcAAraGal2 to Gal2, [Me]GlcAGal2 

to Gal2, and [Me]GlcAGal to Gal of leaf extracted samples from atglcat14a-2, atglcat14b-

1 and atglcat14ab relative to WT plants. For atglcat14a-2, the relative intensity of 

[Me]GlcAAraGal2/Gal2 was of 85%, whereas in atglcat14b-1 the value was of 90%, when 

to compared to WT. In the case of [Me]GlcAGal2/Gal2, the relative value for atglcat14a-

2 was of 75%, and for atglcat14b-1 was 80% when compared to WT samples. Finally, 

the relative content of [Me]GlcAGal/Gal for atglcat14a-2 was of 60% and for atglcat14b-

1 it was of 80%, when compared to WT samples. However, larger differences were found 

in the atglcat14ab double mutant. In rosette leaves, the [Me]GlcAAraGal2/Gal2 ratio for 

atglcat14ab was of 25% when compared to WT leaves. For [Me]GlcAGal2/Gal2 ratio, 

atglcat14ab had a value of 30% and for [Me]GlcAGal/Gal ratio was of 35% when 

compared to WT leaves. The further reduction of glucuronosylated oligosaccharides in 

atglcat14ab double mutant suggests that the activities of ATGLCAT14A and 

ATGLCAT14B are redundant in rosette leaves. Nevertheless, an additional biological 

replicate is needed to confirm these large differences in the content of glucuronosylated 

oligosaccharides in atglcat14ab when compared to WT plants. That said, similar 

differences were also identified in atglcat14ab roots, as shown in Figure 4-4. 
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Figure 4-3. Determination of the content of [Me]GlcA-containing oligosaccharides 

in AGPs from rosette leaves. (A) PACE analysis of leaf AG extracts from WT, 

atglcat14b-1, atglcat14a-2 and atglcat14ab. AG-oligosaccharides were released by AG-

specific !-L-arabinofuranosidase followed by exo-"-(1#3)-galactanase. The migration 

of Gal, "-(1#6)-galactooligosaccharides, 4-O-Me-"-GlcpA-(1#6)-Galp, 4-O-Me-"-

GlcpA-(1#6)-"-Galp-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-[Araf-(1#3)]-"-Galp-

(1#6)-Galp are shown as defined by (Tryfona et al., 2012). (B) Ratios of substituted "-
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(1#6)-galactobiose and galactose versus non-substituted by [Me]GlcA are shown as a 

percentage relative to WT plants. ± Standard deviation from two biological replicates. 

The statistical significance was not calculated because only two replicates were available. 
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Figure 4-4. Determination of the content of [Me]GlcA-containing oligosaccharides 

in AGPs from roots. (A) PACE analysis of root AG extracts of WT, atglcat14b-1, 

atglcat14a-2 and atglcat14ab. AG-oligosaccharides were released by AG-specific !-L-

arabinofuranosidase followed by exo-"-(1#3)-galactanase. The migration of Gal, "-

(1#6)-galactooligosaccharides, 4-O-Me-"-GlcpA-(1#6)-Galp, and 4-O-Me-"-GlcpA-

(1#6)-"-Galp-(1#6)-Galp are shown as defined by (Knoch et al., 2013). (B) Ratios of 
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substituted "-(1#6)-galactobiose and galactose versus non-substituted by [Me]GlcA are 

shown as a percentage relative to WT plants. ± Standard deviation from three biological 

replicates. The asterisks on top of the bars indicate significant statistical differences 

defined by T-test, p<0.05. 

In the case of roots, the [Me]GlcAGal2/Gal2 ratio was of 70% for atglcat14a-2 and 90% 

for atglcat14b-1 when compared to WT. Regarding to the [Me]GlcAGal/Gal ratio, 

atglcat14a-2 roots had a value of 65% and for atglcat14b-1 a value of 95%. In contrast, 

for atglcat14ab roots, the [Me]GlcAGal2/Gal2 ratio was of 30% and the 

[Me]GlcAGal/Gal ratio was of 35% when compared to WT roots. The content of 

glucuronosylated oligosaccharides in atglcat14a-2 and atglcat14ab was significantly 

decreased in roots when compared to WT roots. The significant reduction found in 

atglcat14a-2 agreed with the percentages previously reported (Knoch et al., 2013). 

Additionally, the content of glucuronosylated oligosaccharides in atglcat14ab was also 

significantly lower when compared to atglcat14a-2. This evidence suggests that 

ATGLCAT14B, like ATGLCAT14A, is also a GlcA transferase for AG-polysaccharides.  

Despite the absence of ATGLCAT14A and ATGLCAT14B, the double mutants grew 

very similarly to WT plants. Thus, the combined function of these two genes is not 

essential for plant survival.  

4.2.2!Other members of the GT14 family are also GlcA transferases 

To identify whether the candidates AT3G15350 and AT3G24040, were also GlcA 

transferases for AGPs, AG-enriched preparations from rosette leaves of WT, at3g15350-

1, and at3g24040-1 were hydrolysed with !-L-arabinofuranosidase followed by exo-"-

(1#3)-galactanase (Figure 4-5A). Alterations in the amount of [Me]GlcA-modifications 

on leaf AG-oligosaccharides was determined by the ratios of [Me]GlcAAraGal2/Gal2, 

[Me]GlcAGal2/Gal2 and [Me]GlcAGal/Gal (Figure 4-5B). In this single experiment, the 

[Me]GlcAAraGal2/Gal2 ratios was not reduced in at3g24040-1 and at3g15350-1. 

However, the [Me]GlcAGal2/Gal2 ratio was reduced by 30% in at3g24040-1 but not in 

at3g15350-1. In the case of the [Me]GlcAGal/Gal ratio, it was reduced in both insertion 

lines. Thus, even though these observations were based on only one experiment, they 

suggest that AT3G24040 and AT3G15350 could be GlcA transferases with different 
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specificities for regions of the AG-polysaccharide to ATGLCAT14A and 

ATGLCAT14B. 
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Figure 4-5. Determination of the content of [Me]GlcA-containing oligosaccharides 
in AGPs from rosette leaves. (A) PACE analysis of leaf AG extracts from WT, 

at3g24040-1 and at3g15350-1. AG-oligosaccharides were released by AG-specific !-L-

arabinofuranosidase followed by exo-"-(1#3)-galactanase. The migration of Gal, "-

(1#6)-galactooligosaccharides, 4-O-Me-"-GlcpA-(1#6)-Galp, 4-O-Me-"-GlcpA-

(1#6)-"-Galp-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-[Araf-(1#3)]-"-Galp-(1#6)-

Galp are shown as defined by (Tryfona et al., 2012). (B) Ratios of substituted "-(1#6)-
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galactobiose and galactose versus non-substituted by [Me]GlcA are shown as a 

percentage relative to WT plants. Data represents one experiment. The statistical 

significance was not calculated because only one experiment was available. 

Based on this evidence, and following current nomenclature for AG-specific [Me]GlcA 

in plants (Knoch et al., 2013; Dilokpimol and Geshi, 2014), At3g24040 was named 

ATGLCAT14D and At3g15350 was named ATGLCAT14E. Hence, at3g24040-1 and 

at3g24040-2 were renamed as atglcat14d-1 and atglcat14d-2, respectively. Similarly, 

at3g15350-1 was renamed as atglcat14e-1. 

4.2.3!atglcat14abd triple mutants are highly reduced in [Me]GlcA 

The structural phenotype of AGs in atglcat14ab gave evidence that the absence of the 

two GlcA transferases reduced the amount of [Me]GlcA-modified AG-oligosaccharides 

more than in single mutants. Furthermore, about 25% of [Me]GlcA-modified 

oligosaccharides still remained in atglcat14ab AGPs. Thus, it is possible that generating 

a triple mutant with atglcat14d-1 and atglcat14e-1, might help to clarify the putative 

GlcA transferase activity of ATGLCAT14D and ATGLCAT14E. Therefore, with the 

intention of exploring this possibility, three triple mutants were generated, namely 

atglcat14abd-1, atglcat14abd-2 and atglcat14abe. The mutants atglcat14abd-1 and 

atglcat14abd-2 were generated with atglcat14ab crossed separately with two insertion 

alleles, namely at3g24040-1 and at3g24040-2 (identified in chapter three). However, the 

single insertion allele at3g15350-1 was crossed with atglcat14ab to generate 

atglcat14abe. 

Preliminary observations suggested that the plant inflorescence was about 10% shorter in 

atglcat14abd-1 and atglcat14abd-2 when compared to WT plants. In contrast, the 

atglcat14abe was unable to grow larger than one cm and would then die. These results 

are further investigated in chapter five (section 5.2.6). 

To quantify the reduction of [Me]GlcA-modified oligosaccharides in atglcat14abd-1 

triple mutants, AG-enriched preparations from WT and atglcat14abd-1 from rosette 

leaves and hydroponically grown roots were hydrolysed with !-L-arabinofuranosidase 

followed by exo-"-(1#3)-galactanase (Figure 4-6 and Figure 4-7). Alterations in the 

amount of [Me]GlcA-modifications on leaf AG-oligosaccharides was determined by the 
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ratios of [Me]GlcAAraGal2/Gal2, [Me]GlcAGal2/Gal2 and [Me]GlcAGal/Gal. In rosette 

leaves from atglcat14abd-1 triple mutants, the [Me]GlcAAraGal2/Gal2 ratio was 

approximately 20% when compared to WT leaves. For the [Me]GlcAGal2/Gal2 ratio, 

atglcat14abd-1 had a value of 10% and for the [Me]GlcAGal/Gal ratio its value was about 

15%. The atglcat14abd-1 has significantly fewer glucuronosylated oligosaccharides than 

WT leaves. Interestingly, the [Me]GlcAGal2/Gal2 and [Me]GlcAGal/Gal ratios further 

decreased in triple mutants over that found in double mutants. This evidence suggests that 

the ATGLCAT14D has a different specificity to ATGLCAT14A and ATGLCAT14B in 

rosette leaves. These observations are also consistent with the analysis of the atglcat14d-

1 single mutant, which suggested a small reduction in [Me]GlcA. Furthermore, the 

[Me]GlcAAraGal2/Gal2 ratio from atglcat14abd-1 mutants was not very different to the 

ratio shown by the atglcat14ab double mutant (Figure 4-3), possibly suggesting that this 

oligosaccharide was not further reduced in triple mutants. In addition to the changes in 

[Me]GlcA, atglcat14abd-1 AGs also had an increase in the amount of "-(1#6)-

galactooligosaccharides longer than DP 2 in AGs from rosette leaves which was not seen 

in WT (denoted with * in Figure 4-6A). This suggests a likely increase in the number of 

(1#6)-"-linked-Galp side chains in atglcat14abd-1 AG-polysaccharides. 
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Figure 4-6. Determination of the content of [Me]GlcA-containing oligosaccharides 
in AGPs from rosette leaves. (A) PACE analysis of leaf AG extracts of WT and 

atglcat14abd-1. AG-oligosaccharides were released by AG-specific !-L-

arabinofuranosidase followed by exo-"-(1#3)-galactanase. The migration of Gal, "-

(1#6)-galactooligosaccharides, 4-O-Me-"-GlcpA-(1#6)-Galp, 4-O-Me-"-GlcpA-

(1#6)-"-Galp-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-[Araf-(1#3)]-"-Galp-(1#6)-

Galp are shown, as defined by (Tryfona et al., 2012). (B) Ratios of substituted "-(1#6)-
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galactobiose and galactose versus non-substituted by [Me]GlcA are shown as a 

percentage relative to WT plants. Asterisks denote the increase in concentration of "-

(1#6)-galactooligosaccharides longer than DP 2. ± Standard deviation from three 

biological replicates. Asterisks on top of the bars indicate significant statistical 

differences defined by T-test, p<0.05. 
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Figure 4-7. Determination of the content of [Me]GlcA-containing oligosaccharides 
in AGPs from roots. (A) PACE analysis of root AG extracts of WT and atglcat14abd-

1. AG-oligosaccharides were released by AG-specific !-L-arabinofuranosidase followed 

by exo-"-(1#3)-galactanase. The migration of Gal, "-(1#6)-galactooligosaccharides, 4-

O-Me-"-GlcpA-(1#6)-Galp, and 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp are 
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shown, as defined by (Knoch et al., 2013). (B) Ratios of substituted "-(1#6)-galactobiose 

and galactose versus non-substituted by [Me]GlcA are shown as a percentage relative to 

WT plants. The asterisk denotes a non-identified oligosaccharide. Data represent one 

experiment. The statistical significance was not calculated because only one experiment 

was available. 

In atglcat14abd-1 roots, the [Me]GlcAGal2/Gal2 ratio was of 9% and the 

[Me]GlcAGal/Gal ratio was of 33% when compared to WT roots. The 

[Me]GlcAGal2/Gal2 ratio from atglcat14abd-1 was lower than in atglcat14ab double 

mutants. In contrast, the [Me]GlcAGal/Gal ratio did not change. These preliminary 

observations suggested that ATGLCAT14D might have a different specificity to 

ATGLCAT14A and ATGLCAT14B in roots. Additionally, in root AG-polysaccharides 

resolved by PACE, an oligosaccharide (denoted with * in Figure 4-7) in between "-(1,6)-

Gal DP 2 and DP 3 was absent from atglcat14abd-1 but not in WT roots. This 

oligosaccharide was not quantitated nor characterised and further biological replicas 

should be analysed to confirm these observations.  

4.2.4!Monosaccharide profile of AG from atglcat14abd triple mutants 

To confirm that atglcat14abd-1 contain reduced amounts of [Me]GlcA on AG-enriched 

extracts, monosaccharide analysis was performed on enzymatically hydrolysed AGs. This 

method allowed the hydrolysis of most of the [Me]GlcA found on AG-polysaccharides, 

which commonly is not fully hydrolysed using acid hydrolysis. Additionally, and most 

importantly, a well-established method for monosaccharide separation allowed the 

separation and quantification of 4-O-Me-GlcA and non-methylated GlcA, which were not 

distinguished on PACE analyses. The enzymatic hydrolysis and HPAEC was performed 

by Professor Toshihisa Kotake (Saitama University, Japan) using AG preparations 

prepared in Cambridge. The enzymes used for this experiment were exo-"-(1#3)-

galactanase, endo-"-(1#6)-galactanase, endo-"-(1#3)-galactanase, !-L-

arabinofuranosidase, and "-glucuronidase (Tsumuraya et al., 1990; Kotake et al., 2004; 

Konishi et al., 2008; Takata et al., 2010; Hata et al., 1992). The experimental procedure 

can be found in section 2.5.1 (Chapter two).  
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Leaf and root AG-enriched extracts from the atglcat14abd-1 triple mutants were 

hydrolysed by AG-specific enzymes, and the released monosaccharides and disaccharides 

were quantitated by HPAEC-PAD (Figure 4-8). In this experiment, the rosette leaves’ 

AGs from the two alleles of equivalent triple mutants, atglcat14abd-1 and atglcat14abd-

2 were analysed. For roots, only atglcat14abd-1 was used since the growth of enough 

amounts for the extraction of AG-polysaccharides is laborious, and time constraints 

limited opportunities for additional growth of roots. The enzymatic hydrolysis of the AG-

enriched preparation from rosette leaves showed that the percentage of Ara, Gal, and 

GlcA was not altered in WT, atglcat14abd-1, and atglcat14abd-2. In contrast, the content 

of 4-O-Me-GlcA was significantly reduced (3%) in atglcat14abd-1 and atglcat14abd-2 

when compared to WT. This evidence confirms that atglcat14abd-1 and atglcat14abd-2 

have reduced amounts of [Me]GlcA, specifically of 4-O-Me-GlcA, but not of non-

methylated GlcA. 

On the other hand, AG-polysaccharides from atglcat14abd-1 roots are significantly 

reduced in both forms of GlcA and 4-O-Me-GlcA when compared to WT roots. The non-

methylated GlcA was reduced about 1.8mol% and 4-O-Me-GlcA by about 1.3mol% 

when compared to WT roots. Similarly, as in leaves, the percentage of Ara and Gal in 

AGs from atglcat14abd-1 roots was not different to WT. This evidence indicates that root 

AG-polysaccharides from atglcat14abd-1 are reduced in both forms of [Me]GlcA.  
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Figure 4-8. HPAEC-PAD monosaccharide composition of five-week old Arabidopsis 

rosette leaves and root AG extracts of WT, atglcat14abd-1, and atglcat14abd-2. 

Monosaccharides were released by !-L-arabinofuranosidase, exo-"-(1#3)-galactanase, 

endo-"-(1#3)-galactanase, endo-"-(1#6)-galactanase, and "-glucuronidase. ± Standard 

deviation from three biological replicates. Asterisks on top of the bars indicate significant 

statistical differences defined by T-test, p<0.05. 
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4.2.5![Me]GlcA content of AG from atglcat14abe from callus 

As described previously, the atglcat14abe was generated by crossing the atglcat14ab 

double mutant with atglcat14e-1. This triple mutant had a poor growth, and was unable 

to reproduce, making the analysis of leaves or roots difficult. Therefore, a plant cell 

culture (callus) was generated from young roots which was used as a source of AGPs. In 

order to be able to compare the content of [Me]GlcA-modified oligosaccharides, callus 

from WT, atglcat14ab double mutant and atglcat14abe triple mutant plants were 

generated.  

To quantify the content of [Me]GlcA-modified oligosaccharides in AG-enriched extracts 

from callus, these were subjected to !-L-arabinofuranosidase hydrolysis followed by exo-

"-(1#3)-galactanase. The oligosaccharide products were then analysed by PACE and 

were found to comigrate with Gal, "-(1#6)-galactan standards, 4-O-Me-"-GlcpA-

(1#6)-Galp, and 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp (Figure 4-9). Callus 

AGs have similar structures to root AGs (Theodora Tryfona, personal communication 

2015), thus the same oligosaccharides analysed in roots were also analysed in callus. The 

oligosaccharides resolved by PACE from callus were not quantitated because of time 

constraints. However, no obvious differences were identified by eye in the amounts of 4-

O-Me-"-GlcpA-(1#6)-Galp or 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp between 

hydrolysed AGs from atglcat14ab and atglcat14abe. Interestingly, an oligosaccharide in 

between "-(1,6)-Gal DP 2 and DP 3 was absent from atglcat14ab and atglcat14abe but 

not from WT roots. It is likely that this oligosaccharide is the same as the missing 

oligosaccharide from atglcat14abd-1 roots. Further biological replicates and 

quantification of glucuronosylated oligosaccharides are required to confirm these 

observations. 
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Figure 4-9. PACE analysis of callus AG extracts from WT and atglcat14abe. AG-

oligosaccharides were released by AG-specific !-L-arabinofuranosidase followed by exo-

"-(1#3)-galactanase. The migration of Gal, "-(1#6)-galactooligosaccharides, 4-O-Me-

"-GlcpA-(1#6)-Galp, and 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp are shown as 

defined by (Knoch et al., 2013). NE; no enzyme. A#E; !-L-arabinofuranosidase 

followed by exo-"-(1#3)-galactanase. 

The analysis of atglcat14ab and atglcat14abe by PACE did not show obvious differences 

in reduced amounts of 4-O-Me-"-GlcpA-(1#6)-Galp or 4-O-Me-"-GlcpA-(1#6)-"-

Galp-(1#6)-Galp when compared to each other. However, it is possible that longer 

oligosaccharides than DP 2 that were not measured, may lack of [Me]GlcA in 

atglcat14abe. In order to explore whether longer oligosaccharides than DP 2 lack of 

[Me]GlcA, callus AGs from atglcat14ab and atglcat14abe were hydrolysed with AG 

specific enzymes and the monosaccharides released were quantitated by HPAEC-PAD 

(Figure 4-10) (performed by Professor Toshihisa Kotake). The monosaccharide analysis 

of callus samples showed a significant increase of Ara in atglcat14ab (5 mol%) and 

atglcat14abe (7 mol%), while the percentage of Gal remained the same when compared 

to WT callus. Additionally, the percentage of Ara in atglcat14abe was significantly 
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higher (2 mol%) than in atglcat14ab callus. Regarding the content of [Me]GlcA, non-

methylated GlcA and 4-O-Me-GlcA were significantly decreased in atglcat14ab (3 mol% 

and 2.5 mol%) and atglcat14abe (3.7 mol% and 2.7 mol%) when compared to WT callus. 

Furthermore, the percentage of non-methylated GlcA was significantly lower (0.8 mol%) 

than in atglcat14ab callus. The reduced amounts of non-methylated GlcA in atglcat14abe 

when compared to atglcat14ab suggest that the putative ATGLCAT14E transfers GlcA 

onto AG-polysaccharides in callus. However, further research is needed to determine 

which oligosaccharides are being modified by ATGLCAT14E.  

 

 

Figure 4-10. HPAEC-PAD monosaccharide composition of Arabidopsis callus AG 
extracts from WT, atglcat14ab and atglcat14abe. Monosaccharides were released by 

!-L-arabinofuranosidase, exo-"-(1#3)-galactanase, endo-"-(1#3)-galactanase, endo-"-

(1#6)-galactanase, and "-glucuronidase. ± Standard deviation from three biological 

replicates. Asterisks on top of the bars indicate significant statistical differences defined 

by T-test, p<0.05. 
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4.3(Discussion 

The results obtained by using enzymatic hydrolysis and PACE analysis showed that the 

AGs from the mutants analysed have reduced amounts of glucuronosylated 

oligosaccharides. Whilst single mutants showed small differences in the content of 

glucuronosylated oligosaccharides, double and triple mutants were substantially reduced 

when compared to WT and single mutants. Additional evidence on the specificities of 

different GlcA transferases was also obtained by analysing triple mutants. This 

information complemented the observations made in single mutants. PACE analyses were 

further supported by the full enzymatic hydrolysis of AGs into monosaccharides, and the 

determination of [Me]GlcA by HPAEC-PAD. Furthermore, the full enzymatic hydrolysis 

was essential to determine differences in the content of non-methylated GlcA and 4-O-

Me-GlcA. Thus, with the range of single, double, and triple mutants deficient in 

[Me]GlcA on AGs, it might be possible to link growth phenotypes to biological processes 

to structural deficiencies in AGs. 

4.3.1!atglcat14ab confirms the activity of ATGLCAT14B in vivo 

The ATGLCAT14B is the closest homolog of ATGLCAT14A by amino acid sequence 

identity and they share the same branch in the phylogenetic tree of the GT14 family 

(Chapter three; Figure 3-2 and Figure 3-3) suggesting that they might have redundant 

activities (Knoch et al., 2013). Recently, the in vitro activity of ATGLCAT14B was 

reported to be similar to ATGLCAT14A and ATGLCAT14C (Dilokpimol and Geshi, 

2014). In this thesis, the sequential enzymatic digestion by !-L-arabinofuranosidase and 

exo-"-(1#3)-galactanase and PACE analysis of atglcat14b-1 single mutants did not 

show a significant reduction of glucuronosylated AG-oligosaccharides. This could be 

related to the low expression of ATGLCAT14B in these organs, or it is possible that 

ATGLCAT14A compensated the loss of ATGLCAT14B in atglcat14b-1. However, root 

AGs from atglcat14ab double mutants had significantly lower amounts of 4-O-Me-"-

GlcpA-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp than atglcat14a-

2 single mutants. This confirms the activity of ATGLCAT14B in roots and suggests that 

ATGLCAT14A and ATGLCAT14B have redundant activities. Similarly, although based 

on two biological replicates, AGs extracted from atglcat14ab rosette leaves were 

substantially reduced in 4-O-Me-"-GlcpA-(1#6)-Galp, 4-O-Me-"-GlcpA-(1#6)-"-
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Galp-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-[Araf-(1#3)]-"-Galp-(1#6)-Galp than 

in atglcat14a-2 single mutants. This evidence further supports the redundant activity of 

ATGLCAT14A and ATGLCAT14B in Arabidopsis.  

The activity of ATGLCAT14A and ATGLCAT14B towards 4-O-Me-"-GlcpA-(1#6)-

Galp, 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-

[Araf-(1#3)]-"-Galp-(1#6)-Galp may be considered very wide. Currently, it is 

suggested that these oligosaccharides come from the (1#6)-"-linked galactan side chains 

and the (1#3)-"-linked galactan backbone, likely representing different substrates as 

described in Figure 4-2. Additionally, an arabinosylated side chain may also be a different 

substrate. However, it is possible that the arabinosylation of the (1#6)-"-linked galactan 

side chains occurs after the addition of [Me]GlcA. Whilst this process may require further 

investigation, similar GlcA transferase activities have been described towards these 

substrates in radish leaves (Raphanus sativus L. var hortensis) (Endo et al., 2013). A 

Golgi membrane fraction from radish roots showed varied "-(1#6)-GlcA transferase 

activities towards (1#3)-"-linked galactans and (1#6)-"-linked galactans of different 

DP. Also, the !-L-Araf-(1#3)-"-Gal-(1#6)-Gal was reported as a good acceptor for 

GlcA transferases from radish roots. Thus, it is likely that arabinosylated oligosaccharides 

function as substrates in vivo as shown by ATGLCAT14A and ATGLCAT14B in 

Arabidopsis. 

4.3.2!ATGLCAT14D and ATGLCAT14E may have different specificities to 

each other  

The enzymatic hydrolysis and PACE analysis of rosette leaves’ AGs from atglcat14d-1 

and atglcat14e-1 insertion mutants showed reduced amounts of glucuronosylated 

oligosaccharides. However, ATGLCAT14D and ATGLCAT14E might not be redundant. 

In contrast to ATGLCAT14A and ATGLCAT14B, ATGLCAT14D and ATGLCAT14E 

may have less preference for arabinosylated oligosaccharides such as 4-O-Me-"-GlcpA-

(1#6)-[Araf-(1#3)]-"-Galp-(1#6)-Galp. The oligosaccharides identified as reduced in 

atglcat14d-1 were 4-O-Me-"-GlcpA-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-"-Galp-

(1#6)-Galp. On the other hand, only 4-O-Me-"-GlcpA-(1#6)-Galp was shown to be 

substantially reduced in atglcat14e-1 and possibly reduced in 4-O-Me-"-GlcpA-(1#6)-



CHAPTER(4 

 93 

[Araf-(1#3)]-"-Galp-(1#6)-Galp too. Nevertheless, two additional replicates are 

required to support these observations in single mutants.  

To further explore the activity of ATGLCAT14D, the triple mutant atglcat14abd-1 was 

generated. The analysis of atglcat14abd-1 triple mutant, further supported the evidence 

that in rosette leaves ATGLCAT14D prefers the non-arabinosylated oligosaccharides as 

4-O-Me-"-GlcpA-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp, over 

arabinosylated oligosaccharides. However, in atglcat14abd-1 roots, based on one 

experiment, 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp was more reduced than in 

atglcat14ab double mutant roots. Further biological replicates are required to confirm this 

observation.  

4.3.3!atglcat14abe callus confirms the activity of ATGLCAT14E 

To further investigate the activity of ATGLCAT14E, the triple mutant atglcat14abe was 

generated. This triple mutant showed a severe growth phenotype which limited its growth 

and reproduction, showing that ATGLCAT14E is essential for growth in the atglcat14ab 

double mutant’s genetic background. Since growth was poor in atglcat14abe seedlings, 

callus AGs from atglcat14ab and atglcat14abe were used for the analysis of 

glucuronosylated oligosaccharides. The enzymatic hydrolysis by !-L-

arabinofuranosidase and exo-"-(1#3)-galactanase and PACE analysis, did not show 

evident differences between atglcat14ab and atglcat14abe. Therefore, the full enzymatic 

hydrolysis into monosaccharides and HPAEC-PAD was used to quantify total amounts 

of non-methylated GlcA and 4-O-Me-GlcA. The atglcat14abe showed a significant 

reduction of non-methylated GlcA when compared to atglcat14ab. This evidence 

supported the GlcA transferase activity of ATGLCAT14E towards AG-polysaccharides. 

It is likely that longer oligosaccharides than DP 2 or DP 3 are substrates for 

ATGLCAT14E. The GlcA transferases from radish roots showed more preference 

towards (1#6)-"-linked galactans of DP 5 than oligosaccharides of DP1-4 (Endo et al., 

2013). The (1#6)-"-linked galactans longer than DP 8-13 that contain terminal GlcA are 

found to carry the "-Gal-(1#6)-[!-L-Fuc-(1#2)-!-L-Araf-(1#3)]-"-Gal-(1#6)-Gal 

oligosaccharides. Similarly, the oligosaccharides 4-O-Me-"-GlcpA-(1#6)-[!-L-Fuc-

(1#2)-!-L-Araf-(1#3)]-"-Galp-(1#6)-"-Galp-(1#6)-Galp and 4-O-Me-"-GlcpA-

(1#6)-[!-L-Fuc-(1#2)-!-L-Araf-(1#3)]-"-Galp-(1#6)-Galp were shown to be present 
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in radish leaves’ AGs (Inaba et al., 2015). Thus, further determination of the content of 

glucuronosylated oligosaccharides in atglcat14e-1 might need to focus on longer 

oligosaccharides. These long (1#6)-"-linked galactans could possibly be analysed by 

enzymatic hydrolysis using an endo-"-(1#6)-galactanase, as performed for the 

characterisation of FUT4 and FUT6 (Tryfona et al., 2014). The longer oligosaccharides 

can be reduced to 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp by use of this enzyme. 

4.3.4!Other GlcA-containing oligosaccharides might be present in roots and 

callus 

The oligosaccharides in between DP 2 and DP 3 absent from atglcat14abd-1 roots, and 

atglcat14ab and atglcat14abe callus may not be arabinosylated. The 4-O-Me-"-GlcpA-

(1#6)-[Araf-(1#3)]-"-Galp-(1#6)-Galp has not been identified in roots or callus AGs 

(Theodora Tryfona, personal communication 2015). A recent publication showed that in 

radish leaves (Raphanus sativus L.), terminal [Me]GlcA from (1#6)-"-linked side chains 

is fucosylated via an !-(1#2) linkage (Inaba et al., 2015). Thus, it is likely that the absent 

oligosaccharide in roots and callus is !-L-Fucp-(1#2)-"-GlcpA-(1#6)-"-Galp-(1#6)-

Galp or !-L-Fucp-(1#2)-"-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp, which were 

also reported by (Inaba et al., 2015). However, further experiments are required to 

confirm these observations. 

4.3.5!No evidence of longer side chains in double and triple GlcA transferase 

mutants 

It was hypothesised that [Me]GlcA might serve as a terminator for chain elongation for 

the (1#3)-"-linked galactan backbone or (1#6)-"-linked galactan side chains. This 

hypothesis was based on the increase of the Gal/Ara ratio from the monosaccharide 

analysis of AGs from atglcat14a seedlings (Knoch et al., 2013). PACE analysis of 

enzymatically hydrolysed AGs from atglcat14ab leaves (Figure 4-3) or roots (Figure 4-4) 

did not show higher amounts of longer (1#6)-"-linked galactan side chains. However, 

PACE analysis did show longer (1#6)-"-linked galactan side chains in AGs from 

atglcat14abd-1 rosette leaves. Interestingly, this evidence was not supported by full 

enzymatic digestion and monosaccharide quantification by HPAEC-PAD. In rosette 
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leaves and roots, the percentage of Ara and Gal was similar in atglcat14abd-1 and WT 

plants. In contrast, callus from atglcat14ab and atglcat14abe showed a small but 

significant increase in percentage in Ara, whilst Gal remained the same as WT samples. 

Thus, it is possibly that the absence of terminal [Me]GlcA from the (1#6)-"-linked 

galactan side chains causes an increase in arabinosylation instead of galactosylation as 

hypothesised. Possibly terminal [Me]GlcA prevents the terminal (1#6)-"-linked 

galactose from being arabinosylated in some instances, whereas other GlcA from the 

GT14 family may prefer !-L-Araf-(1#3)-"-Gal-(1#6)-Gal as a substrate as previously 

discussed. However, further analysis is required to fully exclude role of [Me]GlcA as a 

terminator for chain elongation. The DP of (1#6)-"-linked galactan side chains was 

previously determined using several cycles of sequential hydrolysis with !-L-

arabinofuranosidase, exo-"-(1#3)-galactanase and "-glucuronidase (Tryfona et al., 

2012). Thus, it is possible that the complete removal of Ara and GlcA from the side chains 

could reveal the lengths of (1#6)-"-linked galactan side chains from GlcA transferase 

mutants. 

4.3.6!Methylated vs non-methylated GlcA 

The use of AG-specific enzymes coupled with HPAEC-PAD analysis made possible the 

release of most of [Me]GlcA found on AGs. Furthermore, the analysis by HPAEC-PAD 

made possible the separation of non-methylated GlcA and 4-O-Me-GlcA. This method 

identified not only a significant reduction of [Me]GlcA in atglcat14abd-1 and 

atglact14abd-2 AGs from rosette leaves, but also identified that only 4-O-Me-GlcA is 

reduced. Interestingly, in root AGs in both forms of GlcA were significantly reduced in 

atglcat14abd-1 when compared to WT. Similarly, in callus from atglcat14ab and 

atglcat14abe, both forms of GlcA were significantly lower than WT. Additionally, 

atglcat14abe content of non-methylated GlcA was significantly lower than atglcat14ab. 

Thus, most GlcA from AGs in rosette leaves is methylated whereas in roots and callus 

both forms of GlcA are in equal abundance. It is also very likely that not all the GlcA was 

released by the enzymatic hydrolysis, as the enzymes used would not remove terminal 

Fuc from !-L-Fucp-(1#2)-"-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp or !-L-Fucp-

(1#2)-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp, assuming that these oligosaccharides exist 

in Arabidopsis. The ATGLCAT14A activity generates initially GlcA, which becomes 

later methylated. Therefore, the different GT14s cannot directly generate specifically 
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MeGlcA versus GlcA. However, methylation of GlcA may depend on the oligosaccharide 

context in which the GlcA has been transferred to, if the methyltransferases can 

distinguish AG context. Therefore, differences in changes in methylated versus non-

methylated GlcA in the mutants suggests there may be specific sites of GlcA addition. 

Whilst these questions need further analysis, the use of single, double, and triple GlcA 

transferase mutants may be a useful tool in the identification of GlcA methylation 

specificity on AG-polysaccharides.  
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CHAPTER 5 

5(Investigation of growth phenotypes resulting from [Me]GlcA 

deficiency in arabinogalactan polysaccharides 

5.1(Introduction 

The study of knock-out mutants of genes encoding GTs does not only provide information 

on the molecular function of the GT of interest but also provides evidence of its biological 

importance. Table 5-1 lists all the phenotypes of knock-out mutants of GTs specific for 

AG-polysaccharides that have been identified to date. The identification of phenotypes in 

mutants of AG-specific GTs has proven to be difficult in single mutants because of high 

redundancy in the activity of GTs. Therefore, double, triple, quadruple and even quintuple 

mutants may be required in order to see obvious phenotypes. Alternatively or 

additionally, growth phenotypes of knock-out mutants may be conditional. Conditional 

growth phenotypes require specific known growth conditions such as high concentrations 

of sodium chloride (NaCl) (Liang et al., 2013; Tryfona et al., 2014) in the growth medium 

or temporal treatments with chemicals such as isoxaben (Basu et al., 2016). The 

identification of a growth phenotype, being conditional or not, involves previous 

knowledge that suggests which organ or cell type to study such as those summarised in 

Table 5-1. 
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Table 5-1. List of phenotypes found in GTs specific for AG-polysaccharides. Adapted 

from (Showalter and Basu, 2016).  

Enzyme 
abbreviation 
& gene ID 

GT Family & 
Enzyme activity 

Mutant growth phenotype Reference 

RAY1; 
At1g70630 

GT77; putative "-
arabinofuranosyl 
transferase 

Reduced root growth, reduced 
rosette size, and delayed 
inflorescence size, decreased 
arabinose in etiolated 
seedlings, root and rosette 
leaves 

(Gille et al., 
2013) 

FUT4; 
At2g15390 
FUT6; 
At1g14080 

GT37; !-(1#2)-
fucosyl transferase 
 

fut4fut6 have reduced root 
growth under salt stress 

(Wu et al., 2010; 
Liang et al., 
2013; Tryfona et 
al., 2014) 

GlcAT14A; 
At5g39990 
GlcAT14B; 
At5g15050 
GlcAT14C; 
At2g37585 

GT14; "-(1#6)-
glucuronosyl 
transferase 

atglcat14a longer etiolated 
hypocotyls and roots 

(Knoch et al., 
2013; 
Dilokpimol and 
Geshi, 2014) 

GALT29A; 
At1g08280 

GT29; "-(1#6)-
galactosyl transferase 

Not reported, enzyme 
characterised only in vitro 

(Dilokpimol et 
al., 2014) 

GALT31A; 
At1g32930 

GT31; "-(1#6)-
galactosyl 
 transferase 

Development of embryos in 
the globular stage is arrested, 
thus the mutant is embryo 
lethal. 

(Geshi et al., 
2013) 

HPGT1; 
At5g53340 

GT31, 
Hydroxyproline-O-"-
galactosyltransferase 

hpgt2-1hpgt3-1 and hpgt1-
1hpgt2-1hpgt3-1 mutant 
exhibit longer lateral roots, 
increased root hair length and 
density, thicker roots, smaller 
rosette leaves, shorter petioles, 
shorter inflorescence stems, 
reduced fertility in the lower 
portion of the inflorescence, 
and shorter siliques. 
 
galt2, galt3 and galt5 have 
reduced root hair length and 
density. 

(Ogawa-Ohnishi 
and 
Matsubayashi, 
2015) 
 
  
(Basu et al., 
2013, 2015a, 
2015b, 2016) 

HPGT2; 
At4g32120 
HPTG3; 
At2g25300 
GALT2; 
At4g21060 
GALT3; 
At3g06440 
GALT4; 
At1g27120 
GALT5; 
At1g74800 
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Enzyme 
abbreviation 
& gene ID 

GT Family & 
Enzyme activity 

Mutant growth phenotype Reference 

GALT6; 
At5g62620 

galt4 and galt6 have reduced 
seed set. 
galt3 and galt6 have reduced 
adherent seed coat mucilage. 
galt6 senesces prematurely. 
galt2galt5 show more severe 
and pleiotropic phenotypes 
than singles mutants in terms 
of reduced roots hair length 
and density, adherent seed coat 
mucilage, more rosette leaves, 
delayed flowering and shorter 
siliques. 

 

The knock-out mutants of the GlcA transferase ATGLCAT14A presented longer etiolated 

hypocotyls and longer roots in etiolated seedlings (Knoch et al., 2013). This observation 

was interpreted by the authors as a possible change in the overall architecture and integrity 

of the cell wall. The authors also raised the likelihood of complex mechanisms being 

perturbed, which could involve Ca2+ signalling. The basis for the connection of the 

phenotype from atglcat14a mutants to Ca2+ signalling is the recent evidence that 

[Me]GlcA in AGPs can bind to Ca2+ (Lamport and Várnai, 2013). Based on computational 

modelling and an in vitro binding assay, it was established that two [Me]GlcA residues 

were required to bind one Ca2+ ion. This interaction was described as occurring via 

[Me]GlcA’s carboxylic acid in a pH-dependent manner which promoted a protonated or 

deprotonated state. The AGP interaction via [Me]GlcA to Ca2+ was demonstrated using 

diverse sources of AGP material containing [Me]GlcA, and also AGPs not containing 

[Me]GlcA as controls. Although not demonstrated experimentally, this novel interaction 

was proposed to serve as an apoplastic immediate source for Ca2+ for plant cells and thus 

essential for Ca2+ signalling processes (Lamport et al., 2014). Recently, it was further 

hypothesised that the AGP-Ca2+ interaction was an important source of Ca2+ in tip-

focussed Ca2+ oscillations such as in pollen tube growth (Lamport et al., 2017).  

The availability of mutants with strongly reduced [Me]GlcA on AGPs provides a unique 

opportunity to investigate the importance of the sugar decoration in biological processes. 

In this chapter, the plant growth phenotypes were studied to determine any effect on 

development. To find any redundancy, the phenotypes of double and triple mutants, 

biochemically analysed in the previous chapter, were also studied. Since Ca2+ binding has 
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been proposed as a role, an aim was to test sensitivity of the phenotypes to Ca2+ in the 

plant growth medium. 

5.2(Results 

5.2.1!Calcium binding assay in vitro 

The observations made by (Lamport and Várnai, 2013) suggest that [Me]GlcA residues 

on AGPs are necessary for Ca2+ binding onto AGPs. The biochemical analysis of the triple 

mutant generated in this thesis, atglcat14abd-1, showed that AGs from rosette leaves and 

roots are significantly reduced in the content of [Me]GlcA, as demonstrated by PACE 

analysis and HPAEC-PAD (Chapter four; Figure 4-6 to Figure 4-8). Based on these 

methods, it was estimated that AG-polysaccharides from atglcat14abd-1 rosette leaves 

contain about 80% less [Me]GlcA than WT plants. Therefore, an AGP-enriched 

preparation from atglcat14abd-1 rosette leaves was used for the quantification of the Ca2+ 

binding capacity. Rosette leaves were preferred over roots to extract AGPs, since rosette 

leaves are easy to grow and collect in abundance. Thus, by using similar components of 

the Ca2+ binding assay previously reported for AGPs (Lamport and Várnai, 2013), a 

protocol for testing the Ca2+ binding capacity was developed. 

To determine the Ca2+ binding capacity of AGPs via [Me]GlcA in atglcat14abd-1 triple 

mutants and WT plants, positive and negative controls were used. As a positive control, 

gum Arabic was used as it contains high amounts of [Me]GlcA (Lluveras-Tenorio et al., 

2012). In contrast, larch AG was used as a negative control, since it lacks [Me]GlcA 

(Trofimova et al., 2012). Thus, based on their amount of GlcA, gum Arabic would be 

expected to hold large amounts of Ca2+, whereas larch AGs are expected not to be able to 

bind Ca2+. It was not feasible to measure Ca2+ binding capacity from atglcat14abe AGPs 

because of the small amount of material available from these plants. 

Pectic polysaccharides are well-known to bind to Ca2+ (Liners et al., 1989; Wolf et al., 

2009). The removal of pectin was essential for the precise calculation of the Ca2+ binding 

capacity of AGPs. Therefore, prior to the Ca2+ binding assay, AG-enriched samples from 

Arabidopsis were thoroughly cleaned from pectin by using copper acetate precipitation 

(see Chapter two; section 2.4.2) (Tsumuraya et al., 1988). After the removal of pectin, the 

phenol-sulphuric acid method was used to calculate the amount of AGPs in AG-enriched 
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samples (Chapter two; section 2.5.4). Since AGPs are mainly composed of the hexose 

Gal, glucose (Glc) was used as standard for the phenol-sulphuric acid method and to 

generate a standard curve using absorbance at 490nm. Figure 5-1 shows the standard 

curve used for the precise determination of the amount of AGPs in AG-enriched samples. 

 

Figure 5-1. Standard curve using the absorbance at 490nm of different 
concentrations of glucose assayed by the phenol-sulphuric acid method. 

To confirm that the removal of pectin was successful, AG-enriched preparations were 

hydrolysed with trifluoroacetic acid (TFA) and the monosaccharides were analysed by 

HPAEC-PAD. The content of GalA in the samples was used as an indicator for the 

presence of pectin. Gum Arabic and larch AGs were also analysed to confirm their purity 

and content of GlcA. The results are shown in Figure 5-2. Arabidopsis WT and rosette 

leaves atglcat14abd-1 AG-enriched extractions contained nearly nil amount of GalA, 

indicating the absence of pectin in these samples. The AG-enriched samples were indeed 

composed mainly of Ara and Gal. The HPAEC-PAD analysis confirmed that there is a 

relatively large amount of GlcA in gum Arabic, whereas in larch AG GlcA was barely 

detected. No difference was expected in GlcA content between WT and atglcat14abd-1 

samples, as most of the GlcA is methylated as shown in chapter four (Figure 4-8), but 

which was not quantitated in this experiment. The sugar composition therefore showed 
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the AG-enriched samples and the standard AG samples were suitable for Ca2+ binding 

studies. 

 

Figure 5-2. HPAEC-PAD monosaccharide composition analysis of neutral and 
acidic sugars of gum Arabic, larch AG, Arabidopsis WT, and atglcat14abd-1 rosette 

leaves AGPs. Data represent three biological replicates of WT and atglcat14abd-1. ± 

Standard deviation.  

To determine the Ca2+ binding capacity of AGPs, the protocol described in Figure 5-3 

was followed. Based on the pH binding dependence of the AGP-Ca2+ interaction, the 

samples were first depleted of Ca2+ with a 10mM ammonium acetate buffer pH 2.5. The 

samples were then resuspended in 10mM ammonium acetate pH 5.5 and mixed with a 

known amount of Ca2+. The added Ca2+ was in excess in order to have a representative 

measurement of the full Ca2+ binding capacity of all AGs used. To allow the AG to bind 

Ca2+, the samples were allowed to interact with the Ca2+ solution for five minutes before 

centrifugation. The AGP material carrying bound Ca2+ and unbound Ca2+ was recovered 

and quantitated. Controls for each type of AGP material used were submitted to the same 

protocol without the addition of Ca2+. This was a technical control to estimate background 

required for the analysis by Inductively Coupled Plasma Mass Spectrometry. The samples 

were analysed via ICP-MS by Dr Jason Day (Department of Earth Sciences, University 

of Cambridge). Figure 5-4 shows the percentage of Ca2+ bound to the AGPs of interest. 
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The percentages are the result of the ratio of bound Ca2+ over the sum of bound Ca2+ plus 

unbound Ca2+. AG-enriched samples from atglcat14abd-1 bound significantly less Ca2+ 

than WT samples. As expected, gum Arabic bound a large amount of Ca2+ whereas larch 

AG bound as little Ca2+ as atglcat14abd-1. The reduction of the amount of Ca2+ held by 

atglcat14abd-1 was about 83% less than WT. The decreased capacity of Ca2+ binding was 

consistent with the reduction of glucuronosylated oligosaccharides in atglcat14abd-1 

AGs of about 80% when compared to WT (Chapter four; Figure 4-6 to Figure 4-8). The 

results of the Ca2+ binding assay validate the hypothesis of AGP-Ca2+ interaction via 

[Me]GlcA. 
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Figure 5-3. Diagrammatic description of the Ca2+ binding assay in vitro. Adapted 

from Amicon Ultra-0.5 Centrifugal Filter Devices brochure (2011). 
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Figure 5-4. Percentage of Ca2+ bound to AGPs of gum Arabic, larch AG, and 
Arabidopsis AG-enriched preparations from WT and atglcat14abd-1 rosette leaves. 

The results represent one technical replicate for the control gum Arabic and Larch AG 

samples. For WT and atglcat14abd-1 samples, the graph represents the average of Ca2+ 

binding from three biological replicates. ± Standard deviation. Asterisks on top of the 

bars indicate significant statistical differences defined by T-test, p<0.05. 

5.2.2!Growth in hydroponics medium 

The evidence that atglcat14abd-1 AG-polysaccharides bind less Ca2+ than WT AGs 

suggests that atglcat14abd-1 mutants are likely to be deficient in Ca2+ binding at the 

apoplast. Consequently, atglcat14abd-1 mutants may have conditional growth 

phenotypes related to Ca2+ sensitivity. These observations may lead to the elucidation of 

the biological function of [Me]GlcA on AGPs and shed light on their putative link to Ca2+ 

signalling processes. During the process of generation of atglcat14abd-1 and 

atglcat14abe, differences in growth compared to WT plants were identified. The first 

observed feature was the inflorescence stem length of atglcat14abd-1 plants, which was 

clearly shorter than WT plants. However, no obvious explanation was available at the 

time for this phenotype. Since the AGP-Ca2+ interaction has been proposed, and the 

evidence that AGPs in these GlcA transferase mutants hold less Ca2+ in vitro (Figure 5-4), 

I hypothesised that Ca2+ might be insufficient for certain developmental processes. To test 
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this hypothesis, plants were grown in plant growth medium with differing concentrations 

of Ca2+. This approach aimed to identify any Ca2+-sensitive phenotypes in single, double 

or triple mutants, while WT plants were used as reference. A hydroponic system was 

developed to enable full plant growth from 15-day old seedlings to mature plants which 

developed seeds. The system allowed the use of nutrient solutions with differing known 

concentrations of Ca2+ whilst using the standard growth conditions in the laboratory 

growth room. WT plants, and the single mutants atglcat14a-2, atglcat14b-1, atglcat14d-

1, atglcat14e-1, and the double mutant atglcat14ab, and the triple mutant atglcat14abd-

1 were grown on solidified basal MS medium in the same conditions for 15 days. 

Seedlings were then transferred onto square pots containing a thin layer of fine 

vermiculite and a cube of rockwool. The pots were individually covered with aluminium 

foil to avoid evaporation and contamination with soil from the growth room. The pots 

were individually watered with nutrient solution every five days. After bolting, plant 

growth was recorded by measuring the inflorescence length every five days until 

senescence. Figure 5-5 shows five-week old plants grown using nutrient solutions 

containing 0.2mM, 0.5mM and 1.0mM of CaNO3. A detailed description of the 

composition of the nutrient solution can be found in chapter two Table 2-4. In order to 

exclude the influence of the changes of nitrogen in the nutrient solution when CaNO3 is 

reduced, CaCl2 was used as a control for the source of Ca2+. In addition, magnesium 

(Mg2+) sensitivity experiments were performed. The rationale behind these experiments 

is that Mg2+, like Ca2+ is a divalent ion. While Mg2+ has intrinsic chemical differences to 

Ca2+, it was considered that free ions could substitute Ca2+ in stabilising an ionic 

interaction between proteins. However, it was shown that Mg2+ does not bind to AGPs in 

vitro in a pH-dependent manner as Ca2+ does (Lamport and Várnai, 2013). Preliminary 

experiments showed that plants grown with a nutrient solution containing 1.0mM CaNO3 

grew similarly to plants grown on soil, thus this concentration was considered as 

“normal”. However, plants grown with a nutrient solution containing 0.2mM CaNO3 had 

growth deficiencies, and therefore this was considered as a “low” concentration of Ca2+. 

Figure 5-5A shows the influence on plant growth of the GlcA transferase mutants of Ca2+ 

in the nutrient solution. While the single mutants atglcat14a-2, atglcat14b-1, atglcat14d-

1, atglcat14e-1 and the double mutant atglcat14ab appear to be slightly smaller than WT 

plants, the triple mutant atglcat14abd-1 is dwarfed at 0.2mM CaNO3. However, as the 

concentration of Ca2+ increases in the nutrient solution to 0.5mM or 1.0mM, the dwarf 

phenotype ceases. Figure 5-5B shows the influence of Mg2+ in the nutrient solution in 
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plant growth of WT and atglcat14abd-1. WT and atglcat14abd-1 plants grew similarly 

at 1.0, 0.5 and 0.2mM MgSO4, indicating that the plants are not Mg2+-sensitive at the same 

concentrations as Ca2+. It is possible that atglcat14abd-1 could be sensitive to Mg2+ at 

lower concentrations than 0.2mM, however, lower concentrations of Mg2+ were not 

explored. Furthermore, the Ca2+ sensitivity experiments using CaCl2 as a source of Ca2+ 

had the same effect as to CaNO3 in the growth of atglcat14abd-1, confirming the effect is 

Ca2+ dependent. 

 

 

Figure 5-5. Five-week old Arabidopsis plants grown using hydroponics. (A) Plants 

from WT, atglcat14a-2, atglcat14b-1, atglcat14d-1, atglcat14e-1, atglcat14ab and 

atglcat14abd-1 mutants grown with hydroponic solution containing 0.2mM CaNO3. 

Similarly, atglcat14abd-1 mutants grown with a hydroponic solution containing 0.5mM 

and 1.0mM CaNO3. The concentration of 2.0mM MgSO4 was the same for 0.2, 0.5 and 
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1.0mM CaNO3 experiments. (B) WT and atglcat14abd-1 plants were grown with 

hydroponic solutions containing 1.0, 0.5 and 0.2mM MgSO4 as control for divalent ion 

(CaNO3 was kept at 2.0mM). In the same way atglcat14abd-1 were grown using 0.2mM 

CaCl2 as a control for nitrogen (MgSO4 was kept at 2.0mM). Scale bar = 5 cm. 

In order to compare quantitatively the differences in inflorescence stem growth, the stem 

height after six weeks was measured. Figure 5-6 shows the main inflorescence (stem) 

lengths of six-week old plants grown at different concentrations of Ca2+ and Mg2+. Three 

biological replicates were performed for the Ca2+ sensitivity assay using CaNO3. For the 

Mg2+ sensitivity assay and the Ca2+ sensitivity assay using CaCl2 only two replicates were 

performed. The WT, single mutants and double mutant stem lengths were similar when 

grown with 1.0mM and 0.5mM CaNO3. When these plants were grown at 0.2mM CaNO3, 

considerable reduction in stem length was identified when compared to the same plants 

grown with 1.0mM or 0.5mM CaNO3. In contrast, atglcat14abd-1 were significantly 

smaller than WT, and single mutants when grown with 1.0mM, 0.5mM CaNO3 and 

0.2mM CaNO3. Similarly, atglcat14abd-1 were significantly smaller than double mutants 

when grown with 0.5mM CaNO3 and 0.2mM CaNO3, but not with 1.0mM CaNO3 

However, the dwarfed phenotype of atglcat14abd-1 was consistent and significantly 

smaller than all plants when grown with 0.2mM CaNO3.  
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Figure 5-6. Stem lengths of six-week old Arabidopsis plants grown using 
hydroponics. (A) Stem lengths from WT, atglcat14a-2, atglcat14b-1, atglcat14d-1, 

atglcat14e-1, atglcat14ab and atglcat14abd-1 plants grown with hydroponics solutions 

containing 1.0, 0.5 and 0.2mM CaNO3. (B) Stem lengths from WT and atglcat14abd-1 

plants grown with hydroponic solutions containing 0.2mM CaNO3, 0.2mM CaCl2, and 

1.0, 0.5 and 0.2mM MgSO4. Graph (A) represents means of three biological replicates 

and (B) two biological replicates. In each replicate 16 plants per line were used. ± 
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Standard deviation. Asterisks on top of the bars indicate significant statistical differences 

defined by T-test, p<0.05. 

In order to exclude the influence of the reduction of nitrogen when limiting CaNO3 as a 

source of Ca2+, the same Ca2+ sensitivity experiment was performed using CaCl2. Figure 

5-6B shows the average of two replicates of WT and atglcat14abd-1 grown with nutrients 

solution with 0.2mM CaCl2 and 0.2mM CaNO3. This experiment confirms that the growth 

of WT and atglcat14abd-1 is the same when using CaNO3 or CaCl2 as a Ca2+ source for 

the Ca2+ sensitivity experiments. Thus, the reduction of nitrogen did not influence the 

growth of the plants in this experiment. Similarly, MgSO4 was also used as a control to 

evaluate the influence of a divalent ion different to Ca2+. Figure 5-6B also shows stem 

lengths of WT and atglcat14abd-1 grown with nutrient solution containing 1.0, 0.5 and 

0.2mM MgSO4 while keeping Ca2+ at 2.0mM. Interestingly, no difference was seen in 

WT and atglcat14abd-1 stem lengths between the three treatments. Thus, this experiment 

confirmed that atglcat14abd-1 triple mutants are not sensitive to Mg2+ in the same way 

as they are for Ca2+. These observations were consistent with Mg2+ not binding to AGPs 

as Ca2+ (Lamport and Várnai, 2013). Therefore, these observations on stem lengths and 

Ca2+ sensitivity provided solid evidence of the importance of Ca2+ for the inflorescence to 

elongate. Furthermore, this evidence suggests that [Me]GlcA deficiencies on AGPs are 

closely linked to inflorescence elongation and to the amount of Ca2+ available to the plant. 

In addition to the stem length, the silique lengths appeared to be sensitive to Ca2+ 

starvation (Figure 5-7). When WT and atglcat14abd-1 plant were grown at low CaNO3, 

the siliques from atglcat14abd-1 plants were not elongated, while WT siliques appeared 

to grow normally. However, the elongation of the siliques varied when atglcat14abd-1 

were grown with 0.5mM CaNO3; some were larger than others. Another interesting 

feature of these siliques was that in 0.5mM CaNO3, elongated siliques from atglcat14abd-

1 had gaps possibly from aborted or non-fertilised ovules. Therefore, after measuring 

stem lengths in the Ca2+ sensitivity assays, all the siliques from the main inflorescence 

were removed and measured. Figure 5-8A shows the average of silique lengths collected 

from the Ca2+ sensitivity assays. The siliques lengths did not vary significantly in WT and 

single mutants when grown with 1.0 and 0.5mM CaNO3. No defects such as missing seeds 

or bony siliques were seen in the siliques from WT and single mutant plants grown with 

0.2mM CaNO3; however, these were slightly smaller than in 1.0 or 0.5mM CaNO3. In 
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contrast, siliques from atglcat14ab double mutants and atglcat14abd-1 triple mutants had 

significantly reduced size in all concentrations of CaNO3. Interestingly, triple mutant 

siliques were always the smallest of all. Furthermore, siliques from atglcat14abd-1 grown 

with 0.2mM CaNO3 showed a striking reduction in size. 

 

 

Figure 5-7. Siliques derived from Arabidopsis plants grown with hydroponics 
medium. (A) Siliques from WT and atglcat14abd-1 plants grown with a hydroponic 

solution containing 0.2mM CaNO3. (B) Siliques from atglcat14abd-1 plants grown with 

a hydroponic solution containing 0.5mM CaNO3. Scale bar = 1.0 mm. 

To exclude the possible influence of the divalent ion Mg2+ in the silique size phenotype 

seen in mutants grown with low concentration of Ca2+, the siliques from the Mg2+ 

sensitivity assay were also measured. Similarly, to exclude the influence of nitrogen in 

the same phenotype, the siliques from plants grown with CaCl2 were measured. Figure 

5-8B shows that the siliques of WT and atglcat14abd-1 triple plants grown with 0.2mM 

CaCl2, the silique size was the same as when grown with 0.2mM CaNO3. Regarding the 

effects of Mg2+, WT and atglcat14abd-1 silique size did not change when plants were 

grown at 1.0, 0.5 and 0.2mM MgSO4. Therefore, it is very likely that the significantly 

reduced size in the silique length from atglcat14abd-1 plant grown with low 
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concentration of Ca2+is caused by the limited availability of Ca2+ to the plant and not 

related to Mg2+ or nitrogen availability. 

 

 

Figure 5-8. Silique lengths of six-week old Arabidopsis plants grown using 

hydroponics. (A) Silique lengths from WT, atglcat14a-2, atglcat14b-1, atglcat14d-1, 

atglcat14e-1, atglcat14ab and atglcat14abd-1 plants grown with hydroponics solutions 

containing 1.0, 0.5 and 0.2mM CaNO3. (B) Silique lengths from WT and atglcat14abd-1 
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plants grown with hydroponic solutions containing 0.2mM CaNO3, 0.2mM CaCl2, and 

1.0, 0.5 and 0.2mM MgSO4. Graph (A) represents means of three biological replicates 

and (B) two biological replicates. In each replicate 200 siliques per line were used with 

exception of atglcat14abd-1 in which the silique number was limited. ± Standard 

deviation. Asterisks on top of the bars indicate significant statistical differences defined 

by T-test, p<0.05. 

The differences in the silique size of double and triple mutants were further analysed. In 

plants grown with low Ca2+ concentration, double mutant siliques had a variable size, 

however, triple mutant siliques were only smaller than 0.4 cm. These differences can be 

observed in the SD from Figure 5-8. Thus, to further investigate the consistent size of the 

small siliques from atglcat14abd-1, WT and triple mutant siliques and flowers were 

dissected. Figure 5-9 shows a healthy silique of a WT plant grown with 1.0mM CaNO3 

and a silique from a atglcat14abd-1 plant grown with 0.2mM CaNO3. Seeds were 

produced from WT plants whereas in atglcat14abd-1 white cauliflower-like structures 

(ovules) were seen inside the siliques (Schneitz et al., 1995). Thus, to understand why 

these were unfertilised, the first step was to observe if pollen grains were being released. 

The observation of flowers from WT and atglcat14abd-1 suggested that flowers from 

atglcat14abd-1 were not only smaller than WT, but also suggested that the anthers were 

not undergoing dehiscence and thus pollen release was not occurring in atglcat14abd-1 

flowers. To further explore this observation, Alexander staining of pollen sacs was 

performed in order to determine whether the pollen was viable or not. The Alexander 

stain provides information on pollen viability. After staining, viable pollen is stained in 

pink whereas non-viable pollen is stained in a grey-green colour. Figure 5-10 shows 

evidence that pollen from WT plants grown with either 0.2mM CaNO3 or CaCl2 is stained 

pink. However, pollen from atglcat14abd-1 plants grown in the same conditions, is 

stained grey-green. Although very few pollen grains are stained in pink in pollen from 

atglcat14abd-1 plants, the absence of seeds showed that this pollen either was not 

released or was not able to fertilise ovules. These observations suggest that atglcat14abd-

1 mutants, which are deficient in [Me]GlcA on AGPs, lose their viability when they are 

grown with 0.2mM CaNO3 or CaCl2. Furthermore, the provided evidence suggests that 

processes such as pollen development and pollen release are closely related to [Me]GlcA 

on AGPs and Ca2+ availability to the plant since the triple mutants were able to produce 
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seeds when grown with 1.0 and 0.5mM CaNO3, as well as with 1.0, 0.5 and 0.2mM 

MgSO4 (Figure 5-8).  

 

 

Figure 5-9. Five-week old siliques, flowers and anthers from hydroponically grown 

WT and atglcat14abd-1 plants. Arrows indicate pollen released from WT plants. Scale 

bar = variable. 
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Figure 5-10. Pollen stained with Alexander solution of five-week old WT and 
atglcat14abd-1 plants grown with a hydroponic solution containing 0.2mM CaNO3 

and 0.2mM CaCl2. Pink-red stained pollen grains are viable and green-blue stained 

pollen grains are non-viable. Scale bar = 100 µm. 
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The development of trichomes in atglcat14abd-1 mutants was also perturbed at low Ca2+. 

Figure 5-11 shows trichomes from stems from WT and atglcat14abd-1 plants. Stem 

trichomes from WT and atglcat14abd-1 plants grown with 0.2mM CaNO3 appeared to 

grow differently to another. While WT trichomes look elongated, slim and pointy, 

atglcat14abd-1 trichomes were swollen, short and crooked. Interestingly, WT stem 

trichomes were branched, whereas atglcat14abd-1 trichomes were solely unbranched. 

This phenotype was also seen in stems from plants grown with 0.5 and 1.0mM CaNO3, 

which suggested that the trichome phenotype might not be Ca2+-dependent. However, the 

stem trichome phenotype was not further explored.  

 

 

Figure 5-11. Stem trichomes from WT and atglcat14abd-1 plants grown with 
hydroponic solutions with 0.2mM CaNO3. Scale bar = variable. 
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5.2.3!Trichomes 

The observation made on stem trichomes from WT and atglcat14abd-1 promoted the 

further study of trichomes in leaves. Leaf trichomes are easy to observe on seedlings and 

are well characterised. Furthermore, leaf trichomes are regarded as an excellent model 

system to study single cell differentiation, development control, cell polarity and cell 

shape control in plants (Hulskamp, 2004). Hence, to explore the possibility of a trichome 

phenotype in leaves, 15-day old seedlings grown on solidified basal MS medium were 

used to observe trichomes from the third true leaf. Figure 5-12 shows Cryo-SEM 

micrographs from leaf trichomes from WT, atglcat14a-2, atglcat14b-1, atglcat14d-1 and 

atglcat14e-1 single mutants. In general terms, Arabidopsis WT leaf trichomes are 

composed of a stalk with branching points. A branch arises from these “points” as a 

continuity of the stalk. WT leaf trichomes mainly have two branching points. However, 

trichomes with three and four branching points can also be found, but in minor quantities. 

Hence, trichomes from atglcat14a-2, atglcat14b-1, atglcat14d-1 and atglcat14e-1 single 

mutants appear to have a phenotype similar to WT trichomes. Double and triple mutants 

were also imaged in order to explore the idea that leaf trichomes also might be affected 

like the stem trichomes seen in atglcat14abd-1 triple mutants. Figure 5-13 shows Cryo-

SEM micrographs from trichomes from WT, atglcat14ab double mutant, atglcat14abd-1 

and atglcat14abe triple mutants. 
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Figure 5-12. Cryo-SEM micrographs of trichomes from WT, atglcat14a-2, 
atglcat14b-1, atglcat14d-1 and atglcat14e-1 third true leaves grown on basal MS 

medium. Scale bar = 100 µm. 
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Figure 5-13. Cryo-SEM micrographs of trichomes from WT, atglcat14ab, 

atglcat14abd-1 and atglcat14abe third true leaves. Scale bar = 100 µm. 

As shown in Figure 5-13, atglcat14ab double mutants had an increased number of 

trichomes with only one branching point, as well as trichomes with two branching points. 

Furthermore, atglcat14abd-1 triple mutants were mainly composed of trichomes with one 

branching point, with only occasional trichomes with two branching points. Interestingly, 

unlike the trichomes from atglcat14abd-1 triple mutants that had a defined shape, 

trichomes from atglcat14abe triple mutants were undeveloped, swollen and lacking a 

defined shape. Based on the differences in the number of branching points between 

mutants and in order to obtain quantitative data, trichomes from third true leaves were 

quantitated by branching points. Therefore, 10 leaves from 15-day old seedlings grown 

on solidified basal MS medium, were imaged on a Keyence microscope and the trichomes 

manually counted using ImageJ (Chapter two; 2.2.5). With the exception of atglcat14abe, 

trichomes from each single mutant, atglcat14ab double and atglcat14abd-1 triple mutants 

were quantitated and presented by percentage of branching points in Figure 5-14. The 

second allele for atglcat14d-1, namely atglcat14d-2, and the second variant of the triple 

mutant atglcat14abd-1, namely atglcat14abd-2, were included in the analysis. This was 
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to confirm that the phenotypes seen were resulting from the absence of a functional 

ATGLCAT14D gene.  

 

 

Figure 5-14. Percentage of trichomes by branching points from third true leaves 

from plants grown on basal MS medium. Trichomes from 10 leaves per line were 

counted from WT, atglcat14a-2, atglcat14b-1, atglcat14d-1, atglcat14d-2, atglcat14e-1, 

atglcat14ab, atglcat14abd-1 and atglcat14abd-2, and quantitated by branching points. 

The percentage of trichomes by branching points were calculated relative to the total 

counted per line. The graph represents the average of three biological replicates. ± 

Standard deviation. Asterisks on top of the bars indicate significant statistical differences 

of trichomes with one branching point as defined by T-test, p<0.05. 

Figure 5-14 shows the similarity of the number of branching points that WT and the single 

mutants’ (atglcat14a-2, atglcat14b-1, atglcat14d-1, atglcat14d-2 and atglcat14e-1) 

trichomes had in common. From 86% to 92% of WT and single mutant leaf trichomes 

had two branching points and about 9% had three branching points. Only a small 

percentage of trichomes had four branching points in WT and single mutants. However, 

a significant increase in trichomes with one branching point was identified in double and 
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triple mutants. About 30% of atglcat14ab double mutant trichomes had one branching 

point and about 70% had two branching points. In contrast, trichomes from atglcat14abd-

1 and atglcat14abd-2 leaves, are mainly (90%) composed of one branching point and the 

rest of two branching points. Figure 5-14 provides evidence that the GlcA transferases 

specific for AG-polysaccharides, ATGLCAT14A, ATGLCAT14B and ATGLCAT14D 

are important in trichome branching. 

5.2.3.1( Genetic complementation of atglcat14abd-1 with 

ATGLCAT14B 

A second insertion allele for atglcat14b-1 was not found in chapter three. Thus, in order 

to confirm that the trichome phenotype depended on the mutation of ATGLCAT14B, a 

genetically complemented line was generated. The construct for complementation was 

made with ATGLCAT14B under its native promoter. The triple mutants atglcat14abd-1 

were complemented with ATGLCAT14B and the unique trichome phenotype of 

atglcat14abd-1 was used to assess the complementation. Figure 5-15 shows a 15-day old 

third true leaf from atglcat14abd-1 and two complemented lines for ATGLCAT14B. The 

expression of the ATGLCAT14B gene in the atglcat14abd-1 triple mutant, resulted in 

seedlings with trichomes mainly with two branching points and slightly wider leaves than 

atglcat14abd-1. In Figure 5-15, the complemented lines #2 and #5 provide evidence that 

the ATGLCAT14B gene has a strong influence in trichome branching. Furthermore, this 

experiment also suggests that the double mutation of ATGLCAT14A and ATGLCAT14D 

do not have considerable effects on trichome branching and leaf shape. 
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Figure 5-15. Genetic complementation of atglcat14abd-1 trichome phenotype by the 

expression of ATGLCAT14B. Third true leaves from atglcat14abd-1, and 

ATGLCAT14B-complemented lines #2 and #5. Scale bar = 1000 µm. 

The phenotypes seen in the Ca2+ sensitivity assays suggested that some phenotypes (e.g. 

pollen release) in atglcat14abd-1 were Ca2+-dependent as phenotypes appeared when Ca2+ 

was depleted in the growth medium. However, atglcat14abd-1 also had a trichome 

phenotype in leaves when grown on basal MS medium in which the concentration of Ca2+ 

is 2.99mM CaCl2. Furthermore, the presence of a stem length phenotype in atglcat14abd-

1 plants when grown with 1.0mM CaNO3, suggested the presence of growth deficiencies 

at “normal” growth conditions. Hence, in order to determine whether the trichome 

phenotype is also Ca2+-dependent, seedlings were grown with higher concentrations of 

Ca2+ than regularly found on basal MS medium (Chapter two; Table 2-2). WT and the 

two equivalent triple mutants, atglcat14abd-1 and atglcat14abd-2, were grown on MS 

medium supplemented with Ca2+. Figure 5-16 shows images of 15-day old leaves from 

WT, atglcat14abd-1 and atglcat14abd-2 grown on basal MS medium and MS medium 

supplemented with 12mM CaCl2. Surprisingly, trichomes from atglcat14abd-1 and 

atglcat14abd-2 that have one branching point on basal MS medium developed an 

additional branch when grown on MS medium supplemented with 12mM CaCl2. 

Similarly, WT trichomes seemed to increase their branching points on MS medium 

supplemented with 12mM CaCl2. The micrographs in Figure 5-16B showed a detailed 

image of the shape of those trichomes with additional branches from WT and 
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atglcat14abd-1 triple mutants. Hence, in order make conclusions on a likely trichome 

phenotype complementation by Ca2+, WT, atglcat14ab, atglcat14abd-1 and 

atglcat14abd-2, were grown on basal MS medium and MS medium supplemented with 

2, 6, 12 and 24mM CaCl2 (Figure 5-17). 

 

 

Figure 5-16. Complementation of atglcat14abd-1 and atglcat14abd-2 trichome 
phenotype with additional Ca2+. (A) Third true leaves from WT, atglcat14abd-1 and 

atglcat14abd-2 plants grown on basal MS medium and MS medium supplemented with 

12mM CaCl2. Scale bar = 1000 µm. (B) Cryo-SEM micrographs of trichomes from WT 

and atglcat14abd-1 plants grown on MS medium supplemented with 12mM CaCl2. Scale 

bar = 200 µm. 
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Figure 5-17. Percentage of trichomes by branching points from third true leaves 
from plants grown on basal MS medium and MS medium supplemented with 

different concentrations of Ca2+. Seedlings from WT, atglcat14ab, atglcat14abd-1 and 

atglcat14abd-2 were grown on basal MS medium and MS medium supplemented with 2, 

6, 12 and 24mM CaCl2, and were used to count trichomes by branching points. The 

percentage of trichomes by branching points were calculated relative to the total counted 

per line. 10 leaves per line per replicate were used. The graph represents the average of 

three biological replicates. ± Standard deviation. Asterisks on top of the bars indicate 

significant statistical differences of trichomes with one branching point as defined by T-

test, p<0.05. 

Figure 5-17 shows that the branching points on trichomes from WT leaves remained 

similar when grown on MS medium supplemented with different concentrations of Ca2+. 

Nevertheless, a small increase can be seen in the percentage of trichomes with three 

branching points. In contrast, in double and triple mutants, the percentage of trichomes 

with two branching points significantly increased in a Ca2+-dependent manner. As the 

concentration of Ca2+ increased, trichomes that on basal MS medium had only one 
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branching point developed an additional branch and sometimes even two additional 

branches. Thus, Figure 5-17 demonstrated that trichome branching phenotypes seen in 

atglcat14ab, atglcat14abd-1 and atglcat14abd-2 are also Ca2+-dependent.  

The opportunistic observation of crooked trichomes on stems, led to the exploration of a 

well-known model for the study of cell shape and development in plants. Seedlings grown 

on MS medium with increased concentrations of Ca2+ provided evidence that Ca2+ can 

complement the trichome phenotype in plants deficient in [Me]GlcA in AG-

polysaccharides. This further associate the importance of [Me]GlcA on AGPs with cell 

development and Ca2+ driven processes. 

5.2.4!Leaf expansion 

To investigate whether the leaf shape was affected in atglcat14abd-1 as preliminarily 

observed during the quantification of trichomes, the leaf shape was quantitated. The 

images taken from the third true leaves of 15-day old seedlings grown for the 

quantification of trichomes were used to determine the parameters of as leaf degree of 

roundness and relative leaf area. Figure 5-18A shows an image of WT, atglcat14ab 

double mutant and atglcat14abd-1 triple mutant leaves. The graph in Figure 5-18B shows 

that the leaf shape from the atglcat14ab and atglcat14abd-1 were significantly different 

to WT leaves. The shape of the leaves from the atglcat14abd-1 triple mutant was more 

similar to an ellipse, rather than a circle or a square as is the case with WT leaves. Even 

though the shape of the leaf changed, the area of the leaf did not change, as shown in 

Figure 5-18C. 
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Figure 5-18. Characterisation of leaf shape from WT, atglcat14ab and atglcat14abd-

1 third true leaves. (A) Third true leaves from WT, atglcat14ab and atglcat14abd-1 

plants grown on basal MS medium. Scale bar = 1000 µm. (B) Degree of roundness of 

leaves. The degree of roundness from a circle, a square and an ellipse were used as 

references. (C) Leaf area relative to WT leaves. 10 leaves per line were used. The graph 

represents the quantification of three biological replicates. ± Standard deviation. Asterisks 

on top of the bars indicate significant statistical differences as defined by T-test, p<0.05. 
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The changes in the shape of the leaves from atglcat14ab and atglcat14abd-1 suggests that 

ATGLCAT14A, ATGLCAT14B, and ATGLCAT14D play an important role in leaf 

shape control. 

5.2.5!Pavement cells 

The pavement cells from leaves are of great interest for understanding mechanisms that 

coordinate cell polarity and shape formation in Arabidopsis (Falk et al., 2009). Pavement 

cells from WT plants are characterised by deep lobes and indentations forming a jigsaw 

puzzle-like shape on the leaves’ surface (Smith and Oppenheimer, 2005). Observations 

of the growth atglcat14abe triple mutant seedling’s growth led to the study of pavement 

cells in the GlcA transferase mutants. Apart from the growth arrest and subsequent death 

of the atglcat14abe triple mutant seedlings, swollen cotyledons and cells were evident. 

Thus, in order to explore the shape of the pavement cells from cotyledons, a fluorescent 

reporter was used to delineate pavement cells. The construct containing the plasma 

membrane marker Acyl-YFP was transformed into WT, double and triple mutants (Willis 

et al., 2016). At least three transformants per line expressing the Acyl-YFP marker were 

isolated. Figure 5-19 shows the pavement cells of the adaxial side of seven-day old 

cotyledons. WT and atglcat14ab double mutant had lobes and indentations of a similar 

depth or magnitude. In contrast, pavement cells of the triple mutant atglcat14abd-1 

appeared to have fewer deep lobes and indentations. The decrease in depth of the lobes 

and indentations may have made the atglcat14abd-1 pavement cells appear larger than 

WT and double mutant pavement cells. Lobes and indentations were almost completely 

lost in pavement cells from the atglcat14abe triple mutant cotyledons. At least 50 

different cells from three transformation lines were imaged, however, the shape was not 

quantitated due to time constraints. These observations, although requiring methodical 

shape analysis, suggest that ATGLCAT14A, ATGLCAT14B, ATGLCAT14D and 

ATGLCAT14E might be important for pavement cell development in Arabidopsis.  
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Figure 5-19. Pavement cells from WT, atglcat14ab, atglcat14abd-1 and atglcat14abe 

seven-day old cotyledons expressing the plasma membrane marker Acyl-YFP. 
Seedlings were grown in basal MS medium. Two images of different cotyledons are 

shown per line. Scale bar = 100 µm. 
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5.2.6!Growth of atglcat14abe  

The atglcat14abe triple mutant was not used in the Ca2+ sensitivity assays and trichome 

quantification because of its severe difficulties in development. While the atglcat14abe 

triple homozygous mutant is lethal, atglcat14a+-be heterozygous mutants are viable and 

used for generating more seeds. To investigate the growth phenotypes shown by 

atglcat14abe triple homozygous mutants, a detailed characterisation of its growth was 

performed. Figure 5-20 shows a WT seedling and a atglcat14abe triple homozygous 

mutant grown on solidified basal MS medium. The growth of atglcat14abe plants was 

slow and had an easily distinguishable phenotype which made it easy to work with them. 

atglcat14abe seedlings were fragile and their cotyledons, leaves and hypocotyls were 

easy to snap. Further features of atglcat14abe seedlings are shown in Figure 5-21. While 

triple homozygous atglcat14abe seedlings were small and fragile, atglcat14a+-be 

heterozygous plants grew like WT plants. An interesting phenotype from atglcat14abe 

triple mutants was that leaves rotated or twisted, while WT plants did not. Early 

senescence was observed in atglcat14abe seedlings, which began at the cotyledons when 

these were about 15-day old. The senescence persisted and the seedlings died after a 

month (images not shown). As shown before in cryo-SEM micrographs (Chapter five; 

section 5.2.3), atglcat14abe seedlings had swollen and small trichomes with an undefined 

shape. However, trichomes from atglcat14a+-be grew like WT trichomes. 

 

 

Figure 5-20. Fifteen-day old seedlings from WT and atglcat14abe grown on basal 

MS medium. Scale bar = 1000 µm. 
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Figure 5-21. Fifteen-day old seedlings from atglcat14a+-be, atglcat14be and 

atglcat14abe mutants. (A) Image of a atglcat14a+-be or atglcat14be plant. (B) Three 

atglcat14abe mutants. (C) A twisting true leaf of atglcat14abe mutant. (D) Senescent 15-

day old cotyledon from atglcat14abe mutants. (E) Third leaf trichomes of a atglcat14a+-

be or atglcat14be plant. (F) Third leaf trichomes of a atglcat14abe mutant. Arrows 

indicate trichomes. Scale bar = 1000 µm. 

Ten-day old seedlings from atglcat14abe were also easy to identify (Figure 5-22). 

Cotyledons from 10-day old seedlings did not fully expand and were curved, whereas WT 
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cotyledons were expanded and the seedlings were already generating true leaves. 

atglcat14abe hypocotyls were also thicker than WT hypocotyls, and atglcat14abe 

hypocotyls file cells appeared to be swollen and disorganised unlike WT file cells. To 

investigate whether the growth phenotype of atglcat14abe might also be Ca2+-sensitive 

like atglcat14abd-1, atglcat14abe plants were grown on MS medium supplemented with 

Ca2+. Figure 5-21 shows WT and atglcat14abe triple mutant seedlings grown on basal 

MS medium and MS medium supplemented with 12mM CaCl2. 

 

 

Figure 5-22. Ten-day old seedlings from WT and atglcat14abe plants. (A) WT and 

atglcat14abe seedlings. (B) and (C) hypocotyls of WT and atglcat14abe seedlings, 

respectively. Scale bar = 1000 µm.  
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Figure 5-23. Comparison of 15-day old WT and atglcat14abe plants grown on basal 
MS medium and MS medium supplemented with 12mM CaCl2. (A) seedlings and (B) 

cotyledons from plants grown in basal MS medium. (C) seedlings and (D) cotyledons 

from plants grown in MS medium supplemented with 12mM CaCl2. (E) WT and 

atglcat14abe first or second true leaves. (F) WT and atglcat14abe cotyledons. Scale bar 

= 1000 µm. 

The addition of 12mM of CaCl2 partially complemented the growth of phenotype of 

atglcat14abe triple mutants. Figure 5-23 shows that cotyledons and true leaves from 

atglcat14abe recovered their ability to expand and grow. Furthermore, the addition of 

12mM of CaCl2 to basal MS medium reduced the early senescence of cotyledons, 
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extending whole plants’ survival. Interestingly, the shape of the undefined trichomes was 

also partially recovered and generated trichomes with one branching point and sometimes 

even two branching points (Figure 5-24). 

 

 

Figure 5-24. Comparison of trichomes from 15-day old WT and atglcat14abe plants 
grown on basal MS medium and MS medium supplemented with 12mM CaCl2. Scale 

bar = 1000 µm. 

The atglcat14abe seedlings grown on MS medium supplemented with Ca2+ were not able 

to grow and survive when transferred to soil. To investigate the extent of 

complementation of the growth phenotype of atglcat14abe with extra Ca2+ in the growth 

medium, seedlings were grown for a longer time in vitro. In order to provide a larger 

growth space than a petri dish, atglcat14abe seedlings were grown in jars containing 

solidified basal MS medium and MS medium supplemented with different concentrations 

of Ca2+ (Figure 5-25). Surprisingly, atglcat14abe seedlings kept growing for four months 

in jars. The survival and size of the plants was dependent on the amount of Ca2+ they were 
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grown on. However, even though plants were grown on MS medium supplemented with 

12mM CaCl2 and for a period of four months, atglcat14abe plants were not able to grow 

to a full height of a WT plant.  

 

 

Figure 5-25. Four-month old atglcat14abe plants grown in vitro on basal MS 
medium and MS medium supplemented with 2mM, 6mM and 12mM CaCl2. Scale 

bar = 5 cm. 

The cell disorganisation, pavement cell shape and fragility of atglcat14abe seedlings 

suggested cell adhesion defects. In order to assess easily whether atglcat14abe seedlings 

actually had cell adhesion defects, ruthenium red was used to stain exposed pectin in gaps 

between cells (Hanke and Northcote, 1975; Saez-Aguayo et al., 2013). Ten-day old 

seedlings from WT and atglcat14abe were stained with ruthenium red for two minutes 

and then carefully washed twice with MilliQ water. The triple mutant atglcat14abd-1 was 

also stained and used as a control (Figure 5-26). The atglcat14abe seedlings had stained 

zones on cotyledons and hypocotyls, whereas WT and atglcat14abd-1 seedlings did not. 

Roots from all plants stained the same. The ruthenium red staining of atglcat14abe 

seedlings suggested the presence of gaps in between cells, causing the exposure of pectin. 

To explore any possible dependence between cell adhesion and Ca2+ availability, 

seedlings grown with extra Ca2+ were also stained. Thus, 15-day old seedlings grown on 

basal MS medium and MS medium supplemented with 12mM CaCl2 were stained with 

ruthenium red (Figure 5-27). Similar to the 10-day old seedlings, the 15-day old seedlings 

from WT plants were not stained by ruthenium red. In contrast, atglcat14abe seedlings 

were widely stained on cotyledons and true leaves. However, when atglcat14abe were 

grown on MS medium supplemented with 12mM CaCl2, the staining was highly reduced 

in both cotyledons and true leaves. This evidence suggests that cell adhesion defects in 
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atglcat14abe can be reduced with the increase of Ca2+ availability in the growth medium. 

However, further experiments should be done to confirm the link between cell adhesion, 

Ca2+, and deficiencies of [Me]GlcA on AG-polysaccharides.  

 

 

Figure 5-26. Ruthenium red staining of 10-day old seedlings, cotyledons and 
hypocotyls from WT, atglcat14abe and atglcat14abd-1 grown on basal MS medium. 

Scale bar = 1000 µm. 
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Figure 5-27. Ruthenium red staining of 15-day old seedlings, cotyledons and 

hypocotyls from WT and atglcat14abe grown on basal MS medium and MS medium 

supplemented with 12mM CaCl2. Scale bar = 1000 µm. 
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5.2.6.1( Genetic complementation of atglcat14abe with ATGLCAT14E 

As detailed in chapter three, a second insertion allele for atglcat14e-1 was not found in 

chapter three. Thus, in order to confirm that the growth phenotype of atglcat14abe 

depended on the mutation of ATGLCAT14E, a genetically complemented line was 

generated. The construct for complementation was made with ATGLCAT14E under its 

native promoter. The triple mutants atglcat14abe were complemented with 

ATGLCAT14E and the distinctive growth phenotype of atglcat14abe was used to assess 

the complementation. Figure 5-28 shows a 12-day old atglcat14abe seedling and one 

complemented lines for ATGLCAT14E. A second complemented line was found; 

however, it was not imaged due to time constraints. The genetic complementation of 

atglcat14abe triple mutant plants with the expression of the ATGLCAT14E gene, led to a 

plant with a atglcat14ab double mutant phenotype. The complemented lines #2 had 

distinct trichomes with one branching point. Thus, the complementation of atglcat14abe 

with ATGLCAT14E demonstrates that the absence of this gene is responsible for the 

unique phenotype of atglcat14abe triple mutants. The growth and developmental 

phenotypes shown by the atglcat14abe triple mutant, showed the importance of the 

ATGLCAT14E gene in plant development and survival. Some of these phenotypes were 

seen to be partially complemented with extra Ca2+ in the growth medium. Nevertheless, 

quantitative evidence might be needed to conclude these observations. Interestingly, these 

unique phenotypes appear to be present only in the atglcat14abe triple knock-out mutant 

and not in single mutants nor atglcat14be and atglcat14ab double mutants. However, 

atglcat14ae is still needs to be isolated and characterised.  
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Figure 5-28. Genetic complementation of atglcat14abe growth phenotype by the 
expression of ATGLCAT14E. Twelve-day old seedlings from atglcat14abe, and 

ATGLCAT14E-complemented line #2. Scale bar = 1000 µm. 

5.2.7!Etiolated hypocotyls 

The first phenotype reported in a GlcA transferase knock-out mutant, atglcat14a, was 

identified in etiolated seedlings (Knoch et al., 2013). Five-day old etiolated seedlings 

from atglcat14a-2 were described as having significantly longer etiolated hypocotyls 

(23%) and longer roots (18%) than WT etiolated seedlings. Thus, it was considered very 

likely that longer etiolated hypocotyls would be also found in the atglcat14ab double 

mutant. In order to investigate this hypothesis, etiolated seedlings from WT, atglcat14a-

2, atglcat14b-1 and atglcat14ab were grown under darkness at 21ºC for seven days. 

Images were taken approximately every 24 hours after germination for seven days, and 

the lengths from etiolated hypocotyls and roots were measured. Figure 5-29A shows the 

growth of etiolated seedlings from WT, atglcat14ab, atglcat14a-2 and atglcat14b-1. 

From these images etiolated hypocotyls from atglcat14a-2 and atglcat14b-1 grew longer 

than atglcat14ab double mutant, however it is difficult to determine these small 

differences by eye. Figure 5-29B and C show the average of lengths from etiolated 

hypocotyls and roots, respectively. Even though this experiment was only replicated 

twice, there was not an evident increase in hypocotyl elongation from WT, single mutant 

and double mutants. Furthermore, a large variation in lengths was seen for hypocotyls 
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from WT and atglcat14a-2, but not hypocotyls from atglcat14b-1 and atglcat14ab. 

However, root lengths from single and double mutant were indeed about 17% longer than 

WT roots, as reported for atglcat14a-2 (Knoch et al., 2013). Even though a considerable 

increase was detected in roots for atglcat14a-2, atglcat14b-1 and atglcat14ab, the 

elongation of roots was not studied further because roots are not as well characterised as 

etiolated hypocotyls. 
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Figure 5-29. Quantification of seven-day old etiolated hypocotyls and roots grown 
on basal MS medium. (A) Etiolated hypocotyls from WT, atglcat14ab, atglcat14a-2 and 

atglcat14b-1. Scale bar = 0.5 cm. (B) Etiolated hypocotyls lengths in cm during 168 hours 

after germination. (C) Etiolated root lengths in cm during the 168 hours after germination. 

(B) and (C) represent the average of two biological replicates. An average of 13 etiolated 

seedlings per line per replicate were used. ± Standard deviation. 
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The experiment presented in Figure 5-29 was performed using experimental imaging 

equipment which was not part of the Dupree Lab, and so with limited availability. 

Therefore, a simpler method was used to study etiolated hypocotyl lengths. It consisted 

of growing stratified seedlings on solidified MS medium in the absence of light for nine 

days before scanning the seedlings on a benchtop scanner. To keep the seedling in 

darkness, plates were wrapped in two layers of aluminium foil. The plates were kept for 

nine days at 21ºC. 

Regardless of the similar growth of WT and the double mutant etiolated hypocotyls, there 

was the likelihood that etiolated hypocotyls from atglcat14abd-1 and atglcat14abe triple 

mutants would be different than WT. Therefore, to test this hypothesis etiolated 

hypocotyls from atglcat14abd-1 triple mutants were grown. The atglcat14ab double 

mutant was also included in the assay. Additionally, based on previous experiments, as 

was the case with the Ca2+ sensitivity assay with hydroponics and the trichome phenotype 

complementation, it was likely that Ca2+ could also be involved in the elongation of 

etiolated hypocotyls. Hence, etiolated seedlings from WT, atglcat14ab and atglcat14abd-

1 were grown on basal MS medium and MS medium supplemented with 12mM CaCl2. 

The lengths of the etiolated hypocotyls were measured (Figure 5-30). The etiolated 

hypocotyls from WT and atglcat14ab double mutant were not significantly different 

when grown on basal MS medium. Interestingly, atglcat14abd-1 triple mutant was also 

not significantly different when grown on basal MS medium. Similarly, the effect of the 

growth on MS medium supplemented with 12mM CaCl2 did not have any effect on the 

hypocotyl length from WT, atglcat14ab and atglcat14abd-1. Thus, this experiment 

provides evidence that the lengths of etiolated hypocotyls from atglcat14ab double 

mutant and atglcat14abd-1 triple mutant are not different to WT plants, or to each other. 

Additionally, it provides evidence that high amounts of Ca2+ in the growth medium does 

not have an effect on the growth of etiolated hypocotyls from WT, atglcat14ab and 

atglcat14abd-1. 
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Figure 5-30. Nine-day old etiolated hypocotyls from WT, atglcat14ab and 

atglcat14abd-1 grown on basal MS medium and MS medium supplemented with 

12mM CaCl2. (A) Etiolated hypocotyls from WT, atglcat14ab and atglcat14abd-1. Scale 

bar = 1.0 cm. (B) Etiolated hypocotyls lengths in cm from nine-day old etiolated 

hypocotyls. (B) represents the average of three biological replicates. 120 etiolated 

hypocotyls per line per replicate were used. ± Standard deviation. 

Etiolated seedlings from atglcat14abe triple mutants were grown in the same way. 

Numerous atglcat14a+-be seeds were sown so that one-quarter of the seeds would be 

atglcat14abe triple homozygous mutants. Figure 5-31 shows images from etiolated 
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hypocotyls from WT, atglcat14a+-be and atglcat14abe grown on basal MS medium and 

MS medium supplemented with 2, 6, 12 and 24mM CaCl2. The seedlings regarded as 

atglcat14a+-be may be atglcat14a+-be or atglcat14be, however, for simplicity they are 

referred to as atglcat14a+-be. Surprisingly, the growth of etiolated hypocotyls from 

atglcat14abe triple mutants was very different from WT, atglcat14ab, atglcat14a+-be and 

atglcat14abd-1 triple mutants. When grown on basal MS medium, atglcat14abe triple 

mutants were more than 50% shorter than WT hypocotyls, but their width appeared to be 

thicker than WT hypocotyls. Also, atglcat14abe triple mutants had expanded cotyledons 

whereas WT cotyledons remained unexpanded. The hypocotyl growth of atglcat14abe 

was not always fully vertical, thus curvatures were seen on these hypocotyls. When the 

etiolated hypocotyls from atglcat14abe triple mutants were grown on MS medium 

supplemented with CaCl2, the phenotypes that they had on basal MS medium tended to 

decrease as the concentration of Ca2+ increased. This effect started to be evident on MS 

medium supplemented with 6mM CaCl2. The etiolated hypocotyls were more elongated 

and the cotyledons were less expanded than etiolated seedlings grown on basal MS 

medium. However, when atglcat14abe triple mutants were grown on MS medium 

supplemented with 12mM CaCl2, it became harder to identify which hypocotyls were 

atglcat14abe triple homozygous or atglcat14a+-be. Furthermore, when atglcat14abe were 

grown on MS medium supplemented with 24mM CaCl2, no differences were seen 

between atglcat14abe triple homozygous or atglcat14a+-be. Interestingly, WT hypocotyls 

remained with a similar phenotype when grown on basal MS medium and on MS medium 

supplemented with 2, 6, 12 and 24mM CaCl2.  
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Figure 5-31. Nine-day old etiolated hypocotyls from WT, atglcat14a+-be and 

atglcat14abe grown on basal MS medium and MS medium supplemented with 2, 6, 
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12 and 24mM CaCl2. White arrows indicate atglcat14abe triple mutant seedlings. Scale 

bar = 1.0 cm. 

To quantitate the growth of atglcat14abe on basal MS medium and across supplemented 

conditions with Ca2+, the lengths of etiolated hypocotyls were measured (Figure 5-32). 

As it became difficult to identify atglcat14abe triple homozygous from atglcat14a+-be 

hypocotyls as the concentration of Ca2+ increased in the MS medium, single 

measurements per treatment are shown in order to demonstrate this effect. The single 

measurements in Figure 5-32A demonstrate that the etiolated hypocotyl lengths from WT 

did not vary across treatments. In contrast, single measurements of seedlings grown on 

MS and MS supplemented with 2mM CaCl2 from atglcat14a+-be and atglcat14abe, could 

be grouped in two different zones of the chart. The green group corresponds to the lengths 

from atglcat14a+-be whereas the blue group corresponds to hypocotyls from 

atglcat14abe. Interestingly, when atglcat14a+-be and atglcat14abe seedlings were grown 

on MS supplemented with 6mM CaCl2 these two groups started to overlap. However, 

seedlings were still identifiable by other features as expanded cotyledons or curvature 

rather than hypocotyl length. Etiolated seedlings from atglcat14a+-be and atglcat14abe 

grown on MS medium supplemented with 12 and 24mM CaCl2 became difficult to 

differentiate, thus these were not included in Figure 5-32B. atglcat14abe were 

significantly smaller than WT and atglcat14a+-be on basal MS medium and MS medium 

supplemented with 2 and 6mM CaCl2. The addition of 6mM CaCl2 to MS medium 

generated a significant increase in the atglcat14abe hypocotyl length when compared to 

those grown on basal MS medium and MS medium supplemented with 2mM CaCl2. This 

evidence suggests a close link between etiolated hypocotyl elongation, Ca2+ availability 

and the activity of ATGLCAT14E.  
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Figure 5-32. Quantification of etiolated hypocotyl lengths from WT, atglcat14a+-be 

and atglcat14abe grown on basal MS medium and MS medium supplemented with 

Ca2+. (A) Single measurements of etiolated hypocotyl lengths grown on basal MS 

medium and MS medium supplemented with 2, 6, 12 and 24mM CaCl2. Points 

highlighted by green and blue areas represent distinguishable lengths from atglcat14a+-

be and atglcat14abe, respectively. (B) Average of lengths of etiolated hypocotyls grown 

on basal MS medium and MS medium supplemented with 2 and 6mM CaCl2. (A) and (B) 

represents the of three biological replicates. An average of 50 WT, 140 atglcat14a+-be, 

and 50 atglcat14abe hypocotyls were measured per treatment per replicate. ± Standard 
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deviation. Asterisks on top of the bars indicate significant statistical differences as defined 

by T-test, p<0.05. 

Regular observations on the physiology of etiolated hypocotyls from atglcat14abe 

suggested that file cells were not tightly adjacent to each other as occurs in WT 

hypocotyls. To further investigate this observation, and based on the ruthenium red 

staining of atglcat14abe seedlings grown under light conditions, etiolated hypocotyls 

were stained with ruthenium red. Figure 5-33 shows etiolated hypocotyls from WT and 

atglcat14abe triple mutants grown on basal MS medium and MS medium supplemented 

with 12mM CaCl2. Similar to the ruthenium red stained seedlings under light conditions, 

WT etiolated hypocotyls grown on basal MS medium did not stain. In contrast, etiolated 

hypocotyls from atglcat14abe grown under the same conditions were considerably 

stained. However, when etiolated hypocotyls from atglcat14abe were grown on MS 

medium supplemented with CaCl2, the stain intensity and areas of staining were reduced. 

WT hypocotyls grown under the same condition were not stained. This evidence suggests 

that the increase of Ca2+ availability reduces cell adhesion defects in atglcat14abe 

etiolated hypocotyls as well as in seedlings grown under light conditions.  

 

 

Figure 5-33. Ruthenium red stained etiolated hypocotyls from WT and atglcat14abe 

grown on basal MS medium and MS medium supplemented with 12mM CaCl2. 

White arrows indicate ruthenium red stained areas in seedlings grown on MS medium 

supplemented with 12mM CaCl2. Scale bar = 1.0 cm. 
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The phenotype in etiolated hypocotyls from atglcat14abe was very similar to the 

phenotype of atglcat14abe seedlings grown under light. In both conditions, under light 

or in darkness, the growth phenotypes from atglcat14abe mutants were complemented 

by the addition of extra Ca2+. The extent of the complementation occurred on a Ca2+-

dependent manner. However, a full complementation was identified in etiolated 

hypocotyl unlike seedlings grown under light which did not complement to the level of a 

WT seedling. Etiolated hypocotyls are commonly used for the study of cell expansion 

and elongation in Arabidopsis (Gendreau et al., 1997; Li et al., 2011), therefore, it is very 

likely that [Me]GlcA on AG-polysaccharides are essential for processes involved in cell 

expansion and elongation. Furthermore, the etiolated hypocotyl phenotype and its 

complementation with the addition of Ca2+ in the growth medium, suggests that AGP-

Ca2+ interactions are closely related in these developmental processes in Arabidopsis. 

5.2.8!Root hair branching 

As a result of numerous observations on plant growth of atglcat14abd-1 and atglcat14abe 

triple mutants, root branching was identified in these mutants. Normally, WT root hairs 

are not branched under standard growth conditions. Thus, in order to explore whether root 

hairs were indeed branched in the GlcA transferase triple mutants, the shape of root hairs 

was analysed. Root hairs are an important model system for the study of polarised cell 

expansion (Grierson et al., 2014; Falk et al., 2009). Their early availability after seed 

germination and their rapid cell expansion have allowed the study of tip growth Ca2+ 

oscillations and polarised membrane trafficking among other biological processes 

(Bibikova and Gilroy, 2009). Since other cell expansion processes (e.g. trichomes) were 

affected in triple mutants, it was likely that root hairs could also be different to WT root 

hairs. Therefore, distinctive roots hairs from WT, atglcat14abd-1 and atglcat14abe were 

imaged (Figure 5-34). WT and atglcat14abd-1 roots were mainly composed of straight, 

unbranched roots hairs and very few of them were branched. In contrast, observations of 

atglcat14abe root hairs suggested that these roots were mainly composed of branched 

root hairs. Thus, in order to have comparable quantitative data of root hair branching, root 

hairs from WT, atglcat14abd-1 and atglcat14abe 10-day old primary roots were 

quantitated (Figure 5-35). The relative amount of branched root hairs was about 10% 

percent of the total amount of root hairs in WT roots. Similarly, atglcat14abd-1 mutants 

had about 13% of branched root hairs. However, almost 35% of the total amount root 



CHAPTER(5 

 149 

hairs were branched in atglcat14abe roots. This evidence shows that atglcat14abe roots 

had significantly more branched root hairs than WT and atglcat14abd-1 roots when 

grown on basal MS medium. Hence, it is very likely that the addition of the mutation of 

ATGLCAT14E in the atglcat14ab genetic background generates a deficiency that 

promotes root hair branching. 

 

 

Figure 5-34. Type of roots hairs found in WT, atglcat14abd-1 and atglcat14abe. Scale 

bar = 50 µm. 
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Figure 5-35. Percentage of branched root hairs from 10-day old WT, atglcat14abd-1 

and atglcat14abe grown on basal MS medium. The graph represents the average of 

three biological replicates. 10 roots per line per replicate were used. ± Standard deviation. 

Asterisks on top of the bars indicate significant statistical differences as defined by T-

test, p<0.05. 

5.2.9!Root skewness 

Recurrent observations of plant growth of seedlings from the triple mutants, 

atglcat14abd-1 and atglcat14abe, lead to the identification of skewness in roots. Thus, to 

further investigate these observations, the root skewness from double and triple mutants 

was studied. Root skewness is closely related to cytoskeletal processes in roots. Changes 

in cortical microtubule inclination produces root skewness (Shoji et al., 2004; Sedbrook 

and Kaloriti, 2008). Therefore, in order to study the root skewness in GlcA transferase 

mutants, seedlings were grown vertically on solidified basal MS medium for 10 days 

under light conditions. Figure 5-36 shows 10-day old seedlings from WT, atglcat14ab, 

atglcat14abd-1 and atglcat14abe. The angle at which WT roots grew was constantly kept 

vertical, at nearly 0º. In contrast, atglcat14ab roots were slightly skewed to the left. 

Similarly, atglcat14abd-1 roots were also skewed towards the left, although more than 

atglcat14ab. However, the skewness that atglcat14abe roots showed was much more 

pronounced than atglcat14abd-1. Based on these evidences, the root skewness was 

further studied. 
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Figure 5-36. Root skewness in 10-day old seedlings from WT, atglcat14ab, 

atglcat14abd-1, atglcat14a+-be and atglcat14abe grown on basal MS medium. White 

arrows indicate atglcat14abe seedlings. Scale bar = 1.0 cm. 

To confirm that the observed root skewness was related to previously reported 

mechanism, the rotation of the roots was explored. The skewness on solid agar occurs in 

roots that do not penetrate the agar because of its hardness (Sedbrook and Kaloriti, 2008). 

In WT plants, roots rotate during growth from left to right and vice versa creating roots 

waving on hard agar. However, this rotation is barely visible on WT roots and root 

epidermal file cells were constantly kept vertical. In order to be able to image any possible 

rotation of roots, mutants expressing the plasma membrane marker Acyl-YFP previously 

used, were utilised. Figure 5-37 shows images from WT, atglcat14abd-1 and 

atglcat14abe root epidermal cell files. The direction of the elongation of WT epidermal 

cell files from roots was almost vertical. In contrast, atglcat14abd-1 cell files from roots 

are slightly inclined towards the right. However, the inclination from atglcat14abd-1 cell 

files was not as pronounced as in atglcat14abe. The root skewness occurs to the opposite 

side of the cell file inclination (Sedbrook and Kaloriti, 2008). This might explain why 

roots from atglcat14abe were more skewed than atglcat14abd-1. In order to explore the 

idea whether root skewness could also be complemented with Ca2+, seedlings were grown 

on MS medium supplemented with different concentrations of Ca2+. Figure 5-38 shows 

WT, atglcat14ab and atglcat14abd-1 seedlings grown in basal MS medium and MS 

medium supplemented with 12 and 24mM CaCl2. The waviness of the roots decreased 

when WT, atglcat14ab and atglcat14abd-1 roots were grown in MS medium 
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supplemented with 12 and 24mM CaCl2. Nevertheless, this effect was not further 

explored. The skewness of atglcat14ab and atglcat14abd-1 roots changed slightly as Ca2+ 

increased. However, the skewness from WT roots also changed. In order to quantitate 

these changes in skewness, the angle to which these roots skewed (angle Ɵ) was measured 

(Figure 5-39). The angle of the root was measured from the top part of the root to the tip 

of the root.  

 

 

Figure 5-37. Ten-day old roots from WT, atglcat14abd-1 and atglcat14abe expressing 

the plasma membrane marker Acyl-YFP. Scale bar = 50 µm. 
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Figure 5-38. Ten-day old roots from WT, atglcat14ab and atglcat14abd-1 grown on 
basal MS medium and MS medium supplemented with 12 and 24mM CaCl2. Scale 

bar = 1.0 cm. 
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Figure 5-39. Illustration of 10-day old seedlings root skewness and the measured 

angle Ɵ representing the root skewness. 

In this way, the root skewness from WT, atglcat14ab and atglcat14abd-1 seedlings was 

measured and shown in Table 5-2. Even though, the skewness was not measured in 

atglcat14abe roots grown on supplemented MS medium, the angles were included as a 

reference from seedlings grown on basal MS medium, as a reference. When the seedlings 

were grown on basal MS medium, the root skewness from atglcat14ab, atglcat14abd-1, 

and atglcat14abe was significantly different to WT roots. However, the difference in root 

skewness from atglcat14ab and atglcat14abd-1 roots disappeared when the seedlings 

were grown on MS medium supplemented with 12mM CaCl2. Interestingly, the root 

skewness angle became negative in roots from atglcat14ab double mutant seedlings when 

grown on MS medium supplemented with 24mM CaCl2.  
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Table 5-2. Skewness from WT, atglcat14ab, atglcat14abd-1, atglcat14a+-be and 

atglcat14abe roots grown on basal MS medium and MS medium supplemented with 
12 and 24mM of CaCl2 under light conditions. In each replicate 70 roots per line per 

treatment were used. Data represents three biological replicates. ± Standard deviation. 

Asterisks indicate significant statistical differences as defined by T-test, p<0.05. 

Plant 
Root skewing angle (Ɵ) ± Standard deviation 

 
 MS MS + 12mM MS + 24mM 

WT 2.9 ± 1.1 -2.4 ± 0.8 -0.4 ± 0.3 

atglcat14ab 13.3 ± 2.7 
** 

-3.8 ± 0.9 
- 

-7.3 ± 0.9 
*** 

atglcat14abd-1 14.0 ± 1.8 
*** 

-1.6 ± 5.1 
- 

-4.5 ± 3.1 
- 

atglcat14a+-be 6.6 ± 5.3 
-   

atglcat14abe 30.9 ± 3.8 
***   

 

To investigate whether root skewness also occurs in roots from etiolated seedlings, the 

root skewness was quantitated using the same technique. Thus, the images taken for the 

quantification of etiolated hypocotyls lengths were used to quantify root skewness. Figure 

5-40 shows etiolated hypocotyls from WT, atglcat14ab and atglcat14abd-1 grown on 

basal MS medium and MS medium supplemented with 12mM CaCl2. The etiolated 

seedlings from atglcat14ab and atglcat14abd-1 had an evident root skewness similar to 

the skewness seen in seedlings grown under light conditions. This skewness, also 

decreased when the etiolated seedlings were grown on MS medium supplemented with 

12mM CaCl2. Interestingly, the waviness from the roots of etiolated seedlings did not 

decrease in the same way as in seedlings grown under light conditions. The root skewness 

of etiolated seedlings was quantitated and the root skewing angles are shown Table 5-3. 
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Figure 5-40. Nine-day old etiolated seedlings from WT, atglcat14ab and 
atglcat14abd-1 grown on basal MS medium and MS medium supplemented with 

12mM CaCl2. Scale bar = 1.0 cm. 

Table 5-3. Root skewness from WT, atglcat14ab and atglcat14abd-1 etiolated 
seedlings grown on basal MS medium and MS medium supplemented with 12mM 

CaCl2. Data represents three biological replicates. In each replicate 120 roots per line per 

treatment were used. Data represents three biological replicates. ± Standard deviation. 

Asterisks indicate significant statistical differences as defined by T-test, p<0.05. 

Plant Root skewing angle (Ɵ) ± Standard deviation 

 MS MS + 12mM 

WT 2.4 ± 0.7 -4.4 ± 0.6 

atglcat14ab 17.8 ± 1.6 
*** 

4.3 ± 3.1 
** 

atglcat14abd-1 23.6 ± 2.4 
*** 

0.7 ± 1.0 
** 

 

The root skewness from atglcat14ab and atglcat14abd-1 etiolated seedlings was 

significantly different from WT roots. However, atglcat14abd-1 root skewness was more 

pronounced than atglcat14ab. Interestingly, when etiolated seedlings were grown on MS 

medium supplemented with 12mM CaCl2, the root skewness was still significantly 

different to WT roots. This is possibly because WT roots skew to a negative angle when 
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grown with additional Ca2+. Nevertheless, the roots skewness was significantly reduced 

in atglcat14ab and atglcat14abd-1 roots, when grown on MS medium supplemented with 

12mM CaCl2. In the same way, etiolated seedlings from atglcat14abe triple mutants were 

used to quantify the root skewness and their changes when were grown on MS 

supplemented with Ca2+ (Figure 5-41). 

 

Figure 5-41. Nine-day old etiolated seedlings from WT, atglcat14a+-be and 

atglcat14abe grown on basal MS medium and MS medium supplemented with 2, 6, 
12 and 24mM CaCl2. White arrows indicate atglcat14abe seedlings. Scale bar = 1.0 cm. 

WT root skewness from etiolated seedlings did not change drastically when grown on 

basal MS medium and MS medium supplemented with different concentrations of Ca2+. 

However, a slight change towards a negative angle can be seen on MS medium 
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supplemented with 24mM CaCl2. In contrast, the root skewness in etiolated seedlings 

from atglcat14abe was very pronounced to the left when grown on basal MS medium. 

Similar to the elongation of the etiolated hypocotyls when grown with additional Ca2+, as 

the concentration of Ca2+ increased in the growth medium the skewness of atglcat14abe 

roots decreased. The mixture of seedlings atglcat14a+-be and atglcat14abe, also 

contained atglcat14be double mutant. However, no distinctive feature was found between 

atglcat14a+-be and atglcat14be that would help to differentiate them. Thus, possibly these 

three mutations were required to produce such distinctive phenotype. Quantification of 

the root skewing angles from WT, atglcat14abe and atglcat14a+-be grown on MS 

medium and MS medium supplemented with 2 and 6mM CaCl2 is shown in Table 5-4. 

The root skewing angles from etiolated WT roots grown on basal MS medium and MS 

medium supplemented with 2 and 6mM CaCl2, were similar to atglcat14a+-be roots. 

However, there was a small decrease in the root inclination as the concentration of Ca2+ 

increased. Similarly, the root skewing angles from atglcat14abe roots also decreased as 

the Ca2 increased. Despite the significant differences between WT and atglcat14abe 

across the three treatments, there was a significant decrease of more than 50% in the root 

skewing angle from atglcat14abe seedlings grown on MS medium supplemented with 

6mM CaCl2. The trend towards a smaller root skewing angle continued as the 

concentration of Ca2 increased for atglcat14abe seedlings grown on MS medium 

supplemented with 12 and 24mM CaCl2. However, these were not measured since 

atglcat14abe triple homozygous seedlings were not distinguishable from atglcat14a+-be 

seedlings 
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Table 5-4. Root skewness from WT, atglcat14a+-be and atglcat14abe etiolated 

seedlings grown on basal MS medium and MS medium supplemented with 2 and 
6mM of CaCl2. Data represents three biological replicates. In each replicate 90 roots from 

WT and atglcat14a+-be line per treatment were used. For atglcat14abe, about 25 roots 

per treatment per replicate were used. Data represents three biological replicates. ± 

Standard deviation. Asterisks indicate significant statistical differences as defined by T-

test, p<0.05. 

Plant Root skewing angle (Ɵ) ± Standard deviation 

 MS MS + 2mM MS + 6mM 

WT 6.5 ± 0.4 5.1 ± 1.9 0.7 ± 2.1 

atglcat14a+-be 8.0 ± 2.6 
- 

5.3 ± 1.0 
- 

3.4 ± 1.2 
- 

atglcat14abe 31.8 ± 8.3 
** 

22.7 ± 4.2 
** 

13.5 ± 2.9 
** 

 

The evidence of root skewness in GlcA transferase double and triple mutants suggests 

that [Me]GlcA on AGPs might be involved in processes related to the cytoskeleton of 

root cells. Furthermore, the fact that additional Ca2+ in the growth medium reduced the 

skewness raises the importance of the AGP-Ca2+ interaction. It is also interesting that WT 

root skewness also changed when more Ca2+ was added to the growth medium, although 

the change in WT was minor in comparison with the change in skewness of double and 

triple mutants.  

5.2.10!Further study of growth phenotypes 

The identification and quantification of growth phenotypes in GlcA transferase mutants 

may help to associate the role of [Me]GlcA on AGPs with developmental processes in 

plants. The molecular components that may participate in plant growth are vast. Thus, in 

order to exclude some components or consider others for further study, Arabidopsis 

mutants related to the phenotypes identified in GlcAT transferase mutants were studied.  

 

 



CHAPTER(5 

 160 

5.2.10.1(Pectin mutants 

Pectin is considered to have a great capacity for holding Ca2+ via galacturonic acid (GalA) 

(Mohnen, 2008). Thus, it is possible that mutants in the synthesis of pectin may have 

similar phenotypes to the GlcA transferase mutants. Moreover, GlcA of AG-

polysaccharides might be required for correct synthesis of pectin (Chapter one; section 

1.6). QUASIMODO1 (QUA1) and QUASIMODO2 (QUA2) are two enzymes involved 

in synthesis of pectin. QUA1 is a GalA transferase, whereas QUA2 is a methyltransferase 

for GalA in pectin (Verger et al., 2016).  

To explore whether pectin mutants phenotypes complement with Ca2+, the mutants in 

pectin synthesis, qua1.1 and qua2.1 were studied. Figure 5-42 shows 10-day old seedlings 

from WT, qua1.1 and qua2.1 on basal MS medium and MS medium supplemented with 

12 and 24mM CaCl2. The use of 12 and 24mM of CaCl2 in the growth medium had a 

negative effect on the growth of qua1.1 and qua2.1, whilst WT seedlings were not 

affected. Although qua1.1 grew poorly in regular basal MS medium, the increase of Ca2+ 

caused a decrease in root length. In contrast, the growth of qua2.1 seedlings on basal MS 

medium was similar to WT plants. However, when qua2.1 were grown on MS medium 

supplemented with 12 and 24mM CaCl2, roots became smaller in a Ca2+-dependent 

manner. Also, the expansion of qua2.1 cotyledons was limited when grown on MS 

medium supplemented with 12mM CaCl2 and severely limited when grown on MS 

medium supplemented with 24mM CaCl2. These effects of Ca2+ on qua1.1 and qua2.1 

were not quantitated. However, as roots lengths were consistently reduced as the Ca2+ 

increased, root length might be an easy phenotype to quantitate and show the detrimental 

effect of Ca2+ on these pectin mutants. 
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Figure 5-42. Ten-day old seedlings from WT, qua1.1 and qua2.1, grown on basal MS 

medium and MS medium supplemented with 12mM and 24mM CaCl2. Scale bar = 

1.0 cm. 

To explore the same effect of Ca2+ on the etiolated hypocotyl elongation of qua1.1 and 

qua2.1, these were grown in the absence of light and the lengths of the hypocotyls were 

quantitated. Etiolated hypocotyls from WT, qua1.1 and qua2.1 were grown on basal MS 

medium and MS medium supplemented with 12 and 24mM CaCl2 (Figure 5-43). Similar 
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to the effects of Ca2+ on seedlings grown under light conditions, qua1.1 and qua2.1 roots 

lengths from etiolated seedlings were also reduced as the concentration of Ca2+ increased. 

Root lengths were not measured. Instead, etiolated hypocotyls lengths were measured to 

determine whether the effect of Ca2+ on pectin mutants was the same for atglcat14abe 

(Figure 5-44). As determined before, the length of WT etiolated hypocotyls was not 

affected by additional Ca2+ in the growth medium. The lengths of qua1.1 etiolated 

hypocotyls did not increase or decrease when Ca2+ increased. This might be that because 

of their already severely affected phenotype, that their lengths did not change. In contrast, 

qua2.1 etiolated hypocotyls were significantly smaller on MS medium with 12mM CaCl2 

than on basal MS medium. In addition, the length of qua2.1 etiolated hypocotyls was also 

significantly smaller on MS medium with 24mM CaCl2 than on MS medium with 12mM 

CaCl2.  
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Figure 5-43. Nine-day old etiolated hypocotyls from WT, qua1.1 and qua2.1, grown 
on basal MS medium and MS medium supplemented with 12mM and 24mM CaCl2. 

Scale bar = 1.0 cm. 
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Figure 5-44. Etiolated hypocotyl lengths from nine-day old WT, qua1.1 and qua2.1, 
grown on basal MS medium and MS medium supplemented with 12mM and 24mM 

CaCl2. The graph represents the average of three biological replicates. 25 roots per line 

per replicate were used. ± Standard deviation. Asterisks on top of the bars indicate 

significant statistical differences as defined by T-test, p<0.05. 

Based on the growth of the pectin mutants, qua1.1 and qua2.1, on basal MS medium and 

MS medium supplemented with 12 and 24mM CaCl2, a detrimental effect of Ca2+ in 

seedling growth was identified. Contrary to the decrease in growth of qua1.1 and qua2.1 

on MS medium with extra Ca2+, the growth of the GlcA transferase triple mutant 

atglcat14abe was stimulated (section 5.2.7). Therefore, this evidence suggests that the 

pectin is not the cause of the phenotype of GlcA transferase mutants. 

5.2.10.2(Photomorphogenic repressors mutants 

Normally, WT etiolated cotyledons maintain an apical hook-like shape throughout the 

hypocotyl elongation and the cotyledons remain unexpanded. The etiolated cotyledons 

from atglcat14abe lost the typical apical hook and expanded when seedlings were grown 

on basal MS medium (indicated by white arrows in Figure 5-45). However, when 

atglcat14abe were grown on MS medium supplemented with higher amounts of Ca2+, the 

expansion of etiolated cotyledons was reduced in a Ca2+ concentration-dependent manner. 
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Furthermore, the typical apical hook-like shape was formed in atglcat14abe when grown 

on MS medium supplemented with 24mM CaCl2.  

 

Figure 5-45. Nine-day old etiolated hypocotyls from WT, atglcat14a+-be and 

atglcat14abe. Arrows indicate the cotyledons of the etiolated hypocotyls. Scale bar = 0.5 

cm. 

The expanded cotyledon phenotype of the atglcat14abe mutants is similar to some known 

de-etiolation mutants. To explore whether known mutants with expanded etiolated 

cotyledons were sensitive to higher concentrations of Ca2+ in the growth medium, mutants 

in the photomorphogenic repressors COP1 and DET1 were used (Deng et al., 1992; 

Pepper et al., 1994). The loss of apical hook and cotyledon expansion are well-known 

features of the cop1 and det1 mutants, because they lack the COP1 and DET1 

photomorphogenic repressors, and thus these mutants grow as if they were under light 

conditions. The cop1-4 and det1 mutants were grown on basal MS medium and MS 

medium supplemented with 12 and 24mM CaCl2 (Figure 5-46). The etiolated cotyledons 

of cop1-4 and det1 mutants were widely opened and the apical hook was fully lost on 

basal MS medium, as previously reported. The same phenotype was shown by cop1-4 

and det1 mutants grown on basal MS medium supplemented with 12 and 24mM CaCl2. 

This evidence shows that the expansion of etiolated cotyledons from cop1-4 and det1 

mutants was not supressed by extra Ca2+. Moreover, detrimental effects in etiolated 



CHAPTER(5 

 166 

seedlings growth were not detected in cop1-4 and det1 when the concentrations of Ca2+ 

were increased in the growth medium.  

 

 

Figure 5-46. Nine-day old etiolated hypocotyls from cop1-4 and det1 grown on basal 

MS medium and MS medium supplemented with 12 and 24mM CaCl2. Scale bar = 

0.5 cm.  

5.2.10.3(Tubulin mutants 

Mutations in !-tubulins and microtubule-associated proteins have been reported to cause 

abnormal microtubules leading to helical growth in Arabidopsis (Ishida et al., 2007; 

Sedbrook and Kaloriti, 2008). Thus, to explore whether !-tubulin mutants that show root 

skewness were also complemented with higher concentrations of Ca2+ than in basal MS 

medium, two point mutants of !-tubulin were used. The mutants tua4a and tua6t were 

chosen because of their skewness to the left and right hand, respectively (Ishida et al., 

2007). These mutants were also chosen because of their availability at the stock centre 

(NASC). Figure 5-47 shows 10-day old seedlings from WT, tua4a and tua6t grown on 

basal MS medium and MS medium supplemented with 12 and 24mM CaCl2. The growth 

of WT roots on basal MS medium was nearly vertical throughout the seedling’s growth. 

Also, WT roots grew with a wavy pattern. WT roots that were grown on MS medium 
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with 12mM and 24mM CaCl2 were reduced in waviness; however, the root growth was 

vertical with a slight skewness toward the right hand. In contrast, tua4a roots skewed 

towards the left when grown on basal MS medium. However, when tua4a roots were 

grown on MS medium supplemented with 12mM CaCl2, the skewness was slightly 

reduced. Furthermore, when CaCl2 increased to 24mM, the skewness disappeared and the 

roots grew almost fully vertical. Interestingly, the root waviness was also slightly 

decreased. tua6t roots were notably skewed to the right hand on basal MS medium and 

supplemented medium with Ca2+. Similar to tua4a, the skewing of tua6t roots decreased 

when the concentration of Ca2+ increased. However, the skewness of roots did not 

disappear when grown with 24mM CaCl2. The skewness of roots grown on basal MS 

medium and MS medium supplemented with Ca2+ was quantitated and is shown in Table 

5-5. WT roots’ skewing angle was very different to tua4a and tua6t in every condition. 

The skewing angle of WT roots grown on MS medium supplemented with 12mM CaCl2 

decreased significantly, when compared to roots grown on basal MS medium. The same 

effect was seen on WT roots grown on MS medium supplemented with 24mM CaCl2. 

However, the root skewing angle was kept within a small range of ±3º in WT roots across 

the different growth conditions. In contrast, the root skewing angle in tua4a and tua6t 

changed substantially as the Ca2+ increased. The tua4a roots had a significant decrease of 

about 19º when grown on MS medium supplemented with 12mM CaCl2 when compared 

to tua4a roots grown on basal MS medium. The same magnitude of change in the root 

skewing angle was seen when tua4a were grown on MS medium supplemented with 

12mM CaCl2 to tua4a roots grown on MS medium supplemented with 24mM CaCl2. 

Interestingly, tua4a skewed to a negative angle when grown on MS medium 

supplemented with 24mM CaCl2. The negative root skewing angle was also significantly 

reduced in tua6t mutants when grown on MS medium supplemented with 12mM CaCl2, 

when compared to tua6t roots grown on basal MS medium. However, there was no 

significant difference when comparing tua6t roots grown on MS medium with 24mM to 

12mM CaCl2, possibly due to a high variation. Interestingly, the negative skewing angle 

of tua6t roots did not become close to 0º or positive. Possibly this due to its striking 

skewed root phenotype. 
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Figure 5-47. Root skewness in 10-day old seedlings from WT, tua4a and tua6t grown 

on basal MS medium and MS medium supplemented with 12 and 24mM CaCl2. 

Scale bar = 1.0 cm. 
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Table 5-5. Skewness from WT, tua4a and tua6t roots grown on basal MS medium 

and MS medium supplemented with 12 and 24mM of CaCl2. In each replicate 20 roots 

per line per treatment were used. Data represents three biological replicates. ± Standard 

deviation. Asterisks indicate significant statistical differences as defined by T-test, 

p<0.05.  

Plant Root skewing angle (Ɵ) ± Standard deviation 
 MS MS + 12mM MS + 24mM 

WT 2.9 ± 1.1 
 

-2.4 ± 0.8 
**1 

-0.4 ± 0.3 
*2 

tua4a 29.1 ± 2.0 
 

10.6 ± 4.3 
**1 

-8.1 ± 2.8 
**2 

tua6t -60.3 ± 1.6 
 

-45.3 ± 7.3 
*1 

-34.0 ± 6.3 
-2 

1T-Test for MS and MS+12mM 

2 T-Test for MS+12mM and MS+24mM 

The quantification of root skewing angles from tua4a and tua6t suggests that roots from 

!-tubulin mutants grown under light conditions were sensitive to Ca2+. The skewing roots 

from the GlcA transferase mutants atglcat14ab, atglcatabd-1 and atglcat14abe also 

showed Ca2+ sensitivity when grown under light and in darkness. Thus, in order to explore 

the Ca2+ sensitivity of tua4a and tua6t in darkness, etiolated seedlings were grown on 

basal MS medium and MS medium supplemented with Ca2+ (Figure 5-48). The etiolated 

hypocotyls from tua4a and tua6t show similar skewing patterns to seedlings grown under 

light conditions. Unexpectedly, etiolated hypocotyls from tua6t were considerably 

smaller than WT and tua4a. Thus, root skewing angle was quantitated as well as the 

lengths of the etiolated hypocotyls from WT, tua4a and tua6t (Table 5-6). The roots 

skewing angle from WT etiolated seedlings decreased significantly when grown on MS 

medium supplemented with 12mM CaCl2. In contrast, no difference was found when 

comparing WT roots grown MS medium with 24mM to roots grown on MS medium with 

12mM CaCl2. The root skewing angle from tua4a etiolated seedlings decreased 

significantly when grown on MS medium with 12mM CaCl2 compared to seedlings 

grown on basal MS medium. A further significant difference was identified in the root 

skewing angle in tua4a seedlings grown on MS medium with 24mM compared to 12mM 
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CaCl2. Interestingly, no significant changes in the root skewing angle were identified for 

tua6t seedlings in any of the growth conditions. 

 

Figure 5-48. Nine-day old etiolated hypocotyls from WT, tua4a and tua6t grown on 
basal MS medium and MS medium supplemented with 12 and 24mM CaCl2. Scale 

bar = 1.0 cm. 
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Table 5-6. Skewness from WT, tua4a and tua6t etiolated roots grown on basal MS 

medium and MS medium supplemented with 12 and 24mM of CaCl2. In each 

replicate 20 roots per line per treatment were used. Data represents three biological 

replicates. ± Standard deviation. Asterisks indicate significant statistical differences as 

defined by T-test, p<0.05. 

Plant Root skewing angle (Ɵ) ± Standard deviation 

 MS MS + 12mM MS + 24mM 

WT 6.6 ± 1.9 
 

0.7 ± 3.0 
*1 

-2.1 ± 2.3 
-2 

tua4a 40.0 ± 2.2 
 

12.2 ± 1.1 
****1 

2.4 ± 4.2 
*2 

tua6t -59.4 ± 2.0 
 

-52.0 ± 6.0 
-1 

-50.0 ± 12.5 
-2 

1T-Test for MS and MS+12mM 

2 T-Test for MS+12mM and MS+24mM 

The lengths from the etiolated hypocotyls of tua4a and tua6t were quantitated and shown 

in Figure 5-49. The etiolated hypocotyls from WT, tua4a and tua6t grew similarly on 

basal MS medium and supplemented MS medium with Ca2+. This evidence further 

supported that the suppression by Ca2+ of etiolated hypocotyl elongation in atglcat14abe 

is distinctive. The analysis of the !-tubulin mutants, tua4a and tua6t, provides evidence 

that root skewness is Ca2+ sensitive, as is the case for GlcA transferase mutants. However, 

a difference between seedlings grown under light conditions and in etiolated seedlings 

was noticeable. For tua4a and tua6t seedlings grown under light conditions, the root 

skewing angle decreased as Ca2+ increased in the growth medium. In contrast, the root 

skewing angle only decreased in etiolated seedlings from tua4a. These pieces of evidence, 

together with the unchanged etiolated hypocotyl length in tua6t, suggest that cell 

directional expansion might occur differently under light and dark conditions.  
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Figure 5-49. Etiolated hypocotyls lengths from nine-day old hypocotyls from WT, 

tua4a and tua6t grown on basal MS medium and MS medium supplemented with 12 

and 24mM CaCl2. The graph represents the average of three biological replicates. In 

each replicate 25 etiolated hypocotyls per line per treatment were used. ± Standard 

deviation. Asterisks on top of the bars indicate significant statistical differences as defined 

by T-test, p<0.05. 

5.2.10.4(Trichome branching mutants 

The GlcA transferase mutants, atglcat14ab and atglcat14abd-1, had an increased number 

of trichomes with one branching point; however, additional branching points appeared on 

trichomes when grown on MS medium supplemented with Ca2+. Therefore, trichome 

mutants unrelated to AGPs that have an increased number of trichomes with one 

branching point were used to explore their Ca2+ sensitivity. Following this criterion, the 

trichome mutants kcbp, an, ktn1 and tcs1 were selected. The kinesin-like calmodulin-

binding protein (KCBP) binds to microtubules and actin filaments to modulate the 

cytoskeleton during trichome formation (Tian et al., 2015). Angustifolia (AN) is a protein 

that controls cell polarity in leaves (Kim et al., 2002). Katanin1 (KTN1) is a microtubule 

severing protein required for microtubule alignment (Wightman et al., 2013). Trichome 

cell shape 1 (TCS1) is a microtubule binding protein that is required for microtubule 

stability (Chen et al., 2016). It is reported that kcbp and an mutant leaves have only 
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trichomes with one branching point. In contrast, it was described that ktn1 and tcs1 

mutants have an increased number of trichomes with one branching point, but also 

trichomes with two and three branching points are found in mutant leaves. Figure 5-50 

shows trichomes from 15-day old true leaves from WT, an, kcbp, tcs1-3 and ktn1. These 

plants were grown on basal MS medium and MS medium supplemented with 12 and 

24mM CaCl2. WT plants mainly have trichomes with two branching points. As the 

concentration of Ca2+ was increased, there was an increase in trichomes with three 

branching points in WT plants. Whilst the branching of the trichomes was clear to identify 

in mutants like an and kcbp, which only contain trichomes with one branching point, it 

was harder in tcs1-3 and ktn1. Therefore, trichomes were quantitated by branching points 

(Figure 5-51). The quantification of trichomes was performed by Matthew Harris 

(University of Cambridge). The growth of WT seedlings on MS medium supplemented 

with 12 and 24mM CaCl2 caused a significant decrease in trichomes with two branching 

points. The decrease occurred at the same time as trichomes with three and four branching 

points increased. In contrast, no significant differences caused by Ca2+ were identified in 

an and kcbp mutants. About 80% of trichomes from an and kcbp mutants had one 

branching point, and 20% of trichomes had nil branching points, when grown on basal 

MS medium and MS medium supplemented with Ca2+. In ktn1, the percentage of 

trichomes with one branching point significantly decreased concomitant with the increase 

of trichomes with three and four branching points in seedlings grown on MS medium 

supplemented with 24mM CaCl2. However, the number of trichomes with one branching 

point significantly decreased in trichomes from tcs1-3 seedlings grown on MS medium 

supplemented with 12 and 24mM CaCl2. This decrease occurred as the percentage of 

trichomes with two and three branching points increased.  
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Figure 5-50. Fifteen-day old trichomes from third true leaves from WT, an, kcbp, 
tcs1-3 and ktn1 grown on basal MS medium and MS medium supplemented with 12 

and 24mM CaCl2. Scale bar = 1000 µm.  
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Figure 5-51. Percentage of trichomes by branching points from third true leaves 

from plants grown on basal MS medium and MS medium supplemented with 12 and 
24mM CaCl2. Trichomes from WT, an, kcbp, ktn1 and tcs1-3 were counted by branching 

points. The percentage of trichomes by branching points were calculated relative to the 

total counted per line. The graph represents the average of three biological replicates. In 
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each replicate 10 leaves per line per treatment were used. ± Standard deviation. Asterisks 

on top of the bars indicate significant statistical differences as defined by T-test, p<0.05. 

Even though Ca2+ generated more branching points in ktn1 and tcs1-3 as Ca2+ increased, 

their trichome phenotype was not fully complemented with a WT phenotype. Unlike in 

ktn1 and tcs1-3, the branching points of trichomes from an and kcbp were not sensitive 

to Ca2+ at all. Thus, it might be possible that AN and KCBP are essential for the 

appearance of the second branching point on trichomes, whilst KTN1 and TCS1-3 are 

not. Thus, by exploring the complementation of trichome mutants with additional Ca2+, 

evidence has been produced to show that the capacity of trichomes to generate another 

branching point is not common. GlcA transferase mutants atglcat14ab and atglcat14abd-

1 were able to generate more branching points in a Ca2+-dependent manner whereas an 

and kcbp did not.  

5.2.10.5(Other chemicals treatments 

To investigate whether other factors may induce complementation of the etiolated 

hypocotyl phenotype in the same manner as Ca2+, growth assays were performed with 

specific chemicals. Ammonium nitrate was used to increase the content of nitrogen in the 

growth medium and also as a secondary control for the nitrate used in CaNO3 during Ca2+ 

sensitivity assays. Sorbitol was used to increase the osmotic pressure that could activate 

osmosensing processes, which can increase cytosolic Ca2+ concentrations (Yuan et al., 

2014). Since AGPs have been implicated in salt sensitivity stress responses, sodium 

chloride (NaCl) was used as an abiotic stress (Lamport et al., 2006; Liang et al., 2013; 

Tryfona et al., 2014). Similar to Ca2+, magnesium (Mg2+) is a divalent ion and therefore it 

was used as a control for divalent ions. Ammonium nitrate, sorbitol, NaCl and Mg2+ were 

used in order to explore whether these could also complement phenotypes identified in 

the GlcA transferase mutants. The etiolated hypocotyl phenotype from atglcat14abe was 

the system used in order to evaluate these chemicals because of its simplicity to prepare 

the experiment, record and analyse the data. Figure 5-52 and Figure 5-53 show etiolated 

hypocotyl lengths from WT, atglcat14abe and atglcat14a+-be seedlings grown on MS 

medium supplemented with 2, 6, 12 and 24mM ammonium nitrate, sorbitol, NaCl and 

Mg2+. The tested concentrations of ammonium nitrate and sorbitol did not have any effect 

on the length of etiolated hypocotyls from WT atglcat14a+-be and atglcat14abe. In 
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contrast, lengths of atglcat14abe etiolated hypocotyls significantly increased when grown 

on MS medium supplemented with 12mM NaCl relative to the growth in MS medium 

with 2mM NaCl. Similarly, etiolated hypocotyls were significantly longer on MS medium 

with 24mM NaCl than those grown on MS medium with 12mM NaCl. Surprisingly, the 

addition of MgCl2 to the MS medium generated an increase in etiolated hypocotyl lengths. 

The length increase was dependent on the concentration of MgCl2 in the MS medium. As 

shown in Figure 5-53A, the lengths of etiolated hypocotyls from atglcat14abe grown on 

MS medium supplemented with 2mM and 6mM MgCl2, formed a cluster highlighted in 

green. Similarly, atglcat14a+-be formed a cluster highlighted in yellow. However, these 

two clusters became difficult to differentiate when the etiolated seedlings were grown on 

MS medium supplemented with 12mM and 24mM MgCl2. Therefore, Figure 5-53B 

shows that while the lengths from WT and atglcat14a+-be etiolated hypocotyls did not 

change, atglcat14abe hypocotyls were significantly longer on MS medium with 6mM 

MgCl2 than on MS medium with 2mM MgCl2. The elongation of the etiolated hypocotyls 

from atglcat14abe was used to evaluate the influence of other relevant chemicals. 

Ammonium nitrate and sorbitol did not influence the elongation of atglcat14abe, whereas 

NaCl and MgCl2 (Figure 5-52 and Figure 5-53).  
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Figure 5-52. Etiolated hypocotyl lengths from nine-day old WT, atglcat14a+-be and 
atglcat14abe grown on MS medium supplemented with 2, 6, 12 and 24mM 

ammonium nitrate, sorbitol and NaCl. The graph represents the average of three 
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biological replicates. On average, the number of etiolated hypocotyls used were 20 WT, 

100 atglcat14a+-be and 20 atglcat14abe per treatment per replicate were used. ± Standard 

deviation. Asterisks on top of the bars indicate significant statistical differences as defined 

by T-test, p<0.05. 

 

Figure 5-53. Quantification of etiolated hypocotyl lengths from nine-day old WT, 
atglcat14a+-be and atglcat14be, and atglcat14abe grown on basal MS medium and MS 

medium supplemented with Mg2+. (A) Single measurements of etiolated hypocotyl 

lengths grown on basal MS medium and MS medium supplemented with 2, 6, 12 and 
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24mM MgCl2. Points highlighted by green and yellow areas represent distinguishable 

lengths from atglcat14abe and atglcat14a+-be, respectively. (B) Average lengths of 

etiolated hypocotyl grown on basal MS medium and MS medium supplemented with 2 

and 6mM MgCl2. (A) and (B) represents three biological replicates. On average, the 

number of etiolated hypocotyls used were 20 WT, 100 atglcat14a+-be, 20 atglcat14abe 

per treatment per replicate. ± Standard deviation. Asterisks on top of the bars indicate 

significant statistical differences as defined by T-test, p<0.05. 

The study of growth phenotypes of the GlcA transferase mutants showed the importance 

of ATGLCAT14A, ATGLCAT14B, ATGLCAT14D and ATGLCAT14E for plant 

growth, development and survival. Specific phenotypes were seen in cell types that are 

model systems for the study of particular biological processes and consequently, the 

availability of information is wider than for other phenotypes. The results presented in 

this chapter, allowed the identification of developmental processes that might require 

[Me]GlcA on AG-polysaccharides on a specific extracellular molecule or molecules. 

Furthermore, the suppression of some phenotypes with Ca2+ demonstrated that the 

interaction between [Me]GlcA on AG-polysaccharides and Ca2+ may have a biological 

role in plants. 

5.3(Discussion 

5.3.1!AGP-Ca2+ binding 

The in vitro Ca2+ binding assay showed that leaf AGPs from atglcat14abd-1 bound 83% 

less Ca2+ than WT plants. This reduction of Ca2+ binding was consistent with the identified 

reduction of glucuronosylated oligosaccharides. In chapter four, it was shown that 

atglcat14abd-1 leaf AG extracts were reduced about 80% in 4-O-Me-"-GlcpA-(1#6)-

Galp, 4-O-Me-"-GlcpA-(1#6)-"-Galp-(1#6)-Galp and 4-O-Me-"-GlcpA-(1#6)-

[Araf-(1#3)]-"-Galp-(1#6)-Galp when compared to WT leaves. However, it is very 

likely that other [Me]GlcA-containing oligosaccharides were also reduced but were not 

quantitated. This being the case, the decrease of glucuronosylated oligosaccharides may 

be larger than the decrease in the Ca2+ binding capacity. Thus, it is possible that not all 

[Me]GlcA residues on AG-polysaccharides participate in Ca2+ binding. In WT AGs, the 

[Me]GlcA directly decorates the (1#3)-"-linked-Galp backbone and (1#6)-"-linked-
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Galp side chains. Additionally, [Me]GlcA has been found as a terminal residue on side 

chains from DP 1 to DP 14 or longer (Tryfona et al., 2012; Endo et al., 2013; Inaba et al., 

2015). To date it is unknown whether [Me]GlcA from either or both the backbone or the 

side chains bind to Ca2+. It was suggested that [Me]GlcA residues need to be in proximity 

to each other to hold a Ca2+ ion (Lamport and Várnai, 2013). However, this was proposed 

from a computational simulation involving the structure of an AG with short side chains 

of DP 1 (Model one, Figure 1-10). Perhaps, using different combinations of GlcA 

transferase double and triple mutants reduced specifically in [Me]GlcA from the 

backbone or side chains, may provide information on the requirements for Ca2+ binding. 

In addition, GlcA from AGs has been found to be further decorated by Rha, Fuc or Me 

(Tsumuraya et al., 1988; Tan et al., 2013; Inaba et al., 2015). It is possible that these 

substitutions participate in increasing or decreasing the affinity of GlcA for Ca2+. Changes 

in pH are required for Ca2+ to interact reversibly with AGPs (Lamport and Várnai, 2013). 

Thus, the pH required for binding or releasing Ca2+, could be different depending on the 

substitutions on GlcA. Similar effects occur in proteins in which the pKa (acid dissociation 

constant) of an amino acid in a peptide might be several pH units higher or lower than the 

free amino acid (Alberts et al., 2003). However, further studies on the interaction of 

[Me]GlcA on AGs and Ca2+ are required to address these points. These experiments may 

involve the use of mutants, when discovered, in methylation and fucosylation of GlcA. 

5.3.2!GlcA transferase mutants are Ca2+ sensitive 

5.3.2.1( Silique phenotype 

The silique phenotype described in the Ca2+ sensitivity assay expanded preliminary 

observations seen in double and triple mutants. Siliques from atglcat14ab and 

atglcat14abd-1 mutants grown on soil had a reduced number of seeds produced (not 

shown). Also, gaps in the siliques were seen. Nevertheless, the occurrence of these 

phenotypes was inconsistent, and therefore the siliques and flowers were not explored 

further. However, the plant growth with hydroponic solutions generated consistency in 

the silique size of atglcat14ab and atglcat14abd-1. The normal concentration of Ca2+ 

(1mM CaNO3) was sufficient for atglcat14abd-1 siliques to be significantly smaller than 

WT, singles and double mutant plants. Thus, it is likely that the soil used, and the high 

content of Ca2+ in tap water, reduced the presence of the phenotype. This evidence 
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suggests that the controlled amount of Ca2+ in the medium was required for this phenotype 

to be present, and it further suggests that the silique phenotype might be conditional.  

The dissection of atglcat14abd-1 siliques from plants grown with 0.2mM CaNO3 or CaCl2 

showed that the ovules were not fertilised and therefore the elongation of the silique did 

not happen. A number of observations suggested that pollen was not being released 

because plants had non-dehiscent anthers, likely caused by the low concentration of Ca2+ 

in the growth medium. Disruption of anther dehiscence was thought to be the main factor 

for ovules not being fertilised and thus the siliques did not elongate. However, the 

Alexander staining of the pollen revealed that most of the pollen from atglcat14abd-1 

was not viable. The loss of pollen viability was not determined but it could have occurred 

for a number of reasons, such as pollen abortion (Coimbra et al., 2009), defects in 

microspore development (Zhao et al., 2016), pollen cell wall deposition (Li et al., 2017). 

In a preliminary experiment, flowers from atglcat14abd-1 grown with low Ca2+ were 

pollinated with pollen from WT plants grown with a normal concentration of Ca2+. 

Interestingly, WT pollen did not have any effect on silique growth. This suggested that 

pollen viability and anther dehiscence may not be the only reasons for the conditional 

sterility of atglcat14abd-1. Other processes may also be affected in atglcat14abd-1, and 

such as pollen tube-stigma interactions, pollen tube guidance through the pistil to the 

ovules, discharge of sperm cells (Pereira et al., 2016a). However, a further experiment 

should be performed to confirm these observations.  

It is unclear, what the function of [Me]GlcA on AGPs in flowers is, and how Ca2+ may 

participate in this function. However, AGPs have been identified in many cell types 

within in flowers, such as in pollen grains, pollen tubes, transmitting tissues, ovules and 

embryo sac, which highlights their importance for plant reproduction. Furthermore, AG-

polysaccharides from different cell types in flowers were identified by mAbs to be 

developmentally regulated (Coimbra et al., 2007). A number of AGPs expressed in 

flowers have been characterised, such as in pollen tube germination and growth (AGP6, 

AGP11, AGP23 and AGP40); pollen tube-stigma interactions (AGP1, AGP4, AGP12 and 

AGP15); pollen tube guide and competence (AGP1 and AGP4). Thus, these biological 

processes might be compromised if [Me]GlcA on AGPs is important for their function, 

as well as if these AGPs interact with Ca2+.  
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Regarding the pollen viability phenotype in atglcat14abd-1, two pollen-specific AGPs 

have been described as being important for pollen development. Mutants in AGP6 and 

AGP11 showed deficiencies in pollen development leading to pollen grain abortion 

(Coimbra et al., 2009). AGP6 and AGP11 were considered as non-essential for plant 

survival. In addition, GPI-anchored proteins were described to be essential for pollen 

development. Mutants in proteins involved in the synthesis of the GPI anchor, SETH1 

and SETH2, had reduced pollen germination and tube elongation leading to male sterility 

(Lalanne et al., 2004). Therefore, it is likely that other GPI-anchored proteins modified 

with AG-polysaccharides (Borner, 2003) may participate in similar activities in pollen 

development.  

AGPs and AG-polysaccharides have also been reported to be important for the 

fertilisation process by the pollen tube. JAGGER (AGP4) was described to function as a 

molecular marker required for synergid cell death to occur, which terminates the 

production of pollen tube attractants to the ovule (Pereira et al., 2016b). In order for the 

pollen tube to respond to these attractants, the molecule AMOR has to be present 

(Mizukami et al., 2016). AMOR is a disaccharide containing terminal [Me]GlcA that is 

(1#6)-"-linked to a Galp (Jiao et al., 2017). AMOR possibly originates from (1#6)-"-

linked galactan side chains from AGPs. In this regard, the regulation of Ca2+ was 

described to be important for the regulation of sperm cell delivery and fertilisation (Iwano 

et al., 2012); however, the link between Ca2+ and AGPs has not been described yet. 

GTs specific to AG-polysaccharides have also been involved in pollen development and 

pollen tube growth. Recently, the "-(1#3)-galactosyltransferase for AG-

polysaccharides, KNS4/UPEX1, was described as participating in the synthesis of cell 

wall components required for the development of microspores and pollen cell walls (Li 

et al., 2017; Suzuki et al., 2017). Similarly, the UNFERTILISED EMBRYO SAC 7 

(UNE7, At3g03690) a member of the GT14 family, was isolated from a pool of plants 

with defects in fertilisation (Pagnussat et al., 2005). Mutants in UNE7 were described as 

having unfertilised ovules but showing normal pollen tube attraction. The same gene was 

also named TGD12 and mutants showed defects on pollen tube elongation in vitro and in 

vivo (Boavida et al., 2009). AT3G03690 has about 40% sequence identity to 

ATGLCAT14A, ATGLCAT14B, ATGLCAT14E and ATGLCAT14D (Chapter three, 

Figure 3-1), thus it might be possible that it also transfers GlcA onto AGs. Thus, it is 
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possible that in atglcat14abd-1 grown in normal concentration of Ca2+, the reduced 

amount of seeds and gaps seen in the siliques was caused by factors other than Ca2+ 

availability. The gene expression of ATGLCAT14A, ATGLCAT14B, ATGLCAT14E 

and ATGLCAT14D in pollen tubes should be studied further.   

5.3.2.2( Trichome branching  

The atglcat14ab double and atglcat14abd-1 triple mutants had trichomes with a 

decreased number of branching points. This phenotype was more marked in 

atglcat14abd-1 suggesting that ATGLCAT14A, ATGLCAT14B and ATGLCAT14D 

might be redundant in trichome development. The trichome phenotype was suppressed 

with the increase of concentration in Ca2+ in the growth medium. The number of trichome 

branching points increased from one to two, and even three points. This evidence 

suggested that the machinery required for the development of a branching point and the 

subsequent elongation of the branch was active and functional. Furthermore, it is likely 

that this machinery is activated or modulated by Ca2+. This hypothesis was tested with the 

use of trichome mutants that have an increased number of trichomes with one branching 

point, as is this case for atglcat14abd-1. The mutants selected were in genes encoding 

kinesin-like calmodulin-binding protein (KCBP) (Tian et al., 2015), angustifolia (AN) 

(Kim et al., 2002), katanin1 (KTN1) (Wightman et al., 2013) and trichome cell shape 1 

(TCS1) (Chen et al., 2016). These mutants were grown on MS medium with increased 

concentration of Ca2+, only kcbp and interestingly, an mutants did not produce more 

branching points. This suggests that KCBP and AN are part of the machinery required for 

the formation of the second branching point on trichomes. Indeed, KCBP was described 

to bind to microtubules and actin filaments to modulate the cytoskeleton during trichome 

formation (Tian et al., 2015). Furthermore, the function of KCBP was described as being 

modulated in a Ca2+-dependent manner by a KCBP-interacting Ca2+ binding protein (KIC) 

(Reddy et al., 2004) and calmodulins 2/4/6 (CaM2/4/6). Interestingly, KIC may also be 

regulated by calmodulin-like 42 (CML42) (Dobney et al., 2009). On the other hand, AN 

was described as a protein that facilitates the interaction between Golgi vesicles and the 

plasma membrane (Kim et al., 2002). The function of AN depends on KCBP in trichomes 

(Smith and Oppenheimer, 2005). It is possible that the interactions of KCBP, KIC, 

CML42 and CaM2/4/6 are activated/modulated by the addition of extra Ca2+ to the growth 

medium. However, it is unknown whether the interaction of these proteins in 



CHAPTER(5 

 185 

atglcat14abd-1 grown on basal MS medium are dormant or if KCBP is fully inhibited. 

Thus, the trichome phenotype of atglcat14abd-1 allowed the identification of processes 

for trichome branch formation, which are possible affected by a reduction of [Me]GlcA 

on AGs.  

5.3.3!Growth of atglcat14abe 

The growth of atglcat14abe was very different to the other GlcA transferase double and 

triple mutants. Seedlings from atglcat14abe did not grow bigger than one cm and did not 

reproduce, which suggests that the function of ATGLCAT14E is essential for plant 

success. Interestingly, the absence of ATGLCAT14E was only detrimental for plant 

growth in the absence of ATGLCAT14A and ATGLCAT14B. This effect has not been 

identified in other double mutants carrying the atglcat14e mutation, thus suggesting that 

the combination of mutations is important for these phenotypes to occur. When grown on 

MS medium with additional Ca2+, atglcat14abe plants were able to survive in vitro for 

four months but flowers did not develop. However, the complementation by Ca2+ of 

phenotypes such as cell adhesion, etiolated hypocotyl growth, root skewness, and leaf 

expansion, is unique and will be discussed further below.  

5.3.3.1( Cell adhesion 

The seedlings grown under light and etiolated hypocotyls from atglcat14abe mutants 

showed cell adhesion defects. This phenotype was substantially reduced when 

atglcat14abe were grown on MS medium with a high concentration of Ca2+ of about 

12mM CaCl2. Cell adhesion phenotypes have been identified in mutants in the synthesis 

of the cell wall- and actin-related processes (Daher and Braybrook, 2015). The pectin 

mutants in QUA1 and QUA2 have demonstrated that pectin is essential for keeping cells 

together. Quasimodo1 (QUA1; GAUT8) is a GalA transferase and quasimodo2 (QUA2) 

is a methyltransferase for the synthesis of homogalacturonan (HG) (Bouton, 2002; 

Mohnen, 2008). The putative O-fucosyltransferase friable1 (FRB1) was also described to 

be involved in cell adhesion. However, the activity of FRB1 has not been confirmed yet 

(Verger et al., 2016). Similarly, the ectopically parting cells1 (EPC1) is a mannosyl-

transferase for glycosylinositol phosphorylceramides (GIPCs) that has been involved in 

cell adhesion (Singh et al., 2005; Fang et al., 2016). The actin nucleating component 

ARP2/3 complex was also related to cell adhesion (Li et al., 2003). However, none of 
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these mutants have been complemented using increased concentrations of Ca2+. 

Preliminary experiments showed that the cell adhesion phenotype was not reduced when 

qua1 and qua2 mutants were grown on basal MS medium with increased concentrations 

of Ca2+ (data not shown). Thus, it is likely that the cell adhesion defect identified in 

atglcat14abe seedlings and etiolated hypocotyls was not related to deficiencies in pectin. 

It is possible that the increase of Ca2+ availability promotes secretion of cell wall 

components and thus, complementing the phenotype. However, further studies should 

evaluate the composition of cell wall components in atglcat14abe seedlings with and 

without Ca2+ in order to determine whether the composition of the wall changes.  

5.3.3.2( Etiolated hypocotyls 

The atglcat14abe etiolated seedlings phenotype was contrary to the reported hyper-

elongation phenotype from atglcat14a hypocotyls (Knoch et al., 2013). The short length 

of the atglcat14abe etiolated hypocotyls and the expansion of cotyledons decreased in a 

Ca2+-dependent manner. When the etiolated seedlings were grown on 12 or 24mM CaCl2, 

triple atglcat14abe homozygous mutants and atglcat14a+-be heterozygous mutants were 

difficult to differentiate. The etiolated hypocotyls from pectin mutants, qua1 and qua2, 

are also dwarfed when grown on basal MS medium. However, the elongation of etiolated 

hypocotyls from qua1 did not change with higher concentrations of Ca2+. In contrast, the 

length of qua2 etiolated hypocotyls was significantly decreased. This suggests that the 

etiolated hypocotyl phenotype from atglcat14abe mutants is not related to deficiencies in 

pectin. The expansion of the cotyledons in etiolated hypocotyls from atglcat14abe was 

also explored using mutants with a similar phenotype. The photomorphogenic repressors 

COP1 and DET1 are active during growth in dark conditions, such as in etiolated 

hypocotyls (Deng et al., 1992; Pepper et al., 1994). Mutants in these genes have expanded 

cotyledons and the hypocotyls do not elongate in the absence of light. Interestingly, the 

growth of photomorphogenic repressor mutants, cop1 and det1, on MS medium with extra 

Ca2+ did not reduce in the expansion of the cotyledons. This suggests that the cotyledon 

expansion in atglcat14abe is not related to processes associated with 

photomorphogenesis. In addition, the use of pectin mutants and photomorphogenic 

repressor mutants demonstrated that the complementation of these phenotypes with Ca2+ 

is not common. 
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Few publications have linked etiolated hypocotyls elongation and Ca2+. One of them 

showed that the overexpression of the microtubule-destabilising protein 25 (MDP25) 

causes a reduction in the etiolated hypocotyl elongation (Li et al., 2011). The etiolated 

hypocotyls from MDP25-overexpressors also presented cotyledon expansion. MDP25 is 

a microtubule-associated protein that localises in the plasma membrane. However, in the 

presence of Ca2+, MDP25 moves into the cytosol and destabilises cortical microtubules 

inhibiting hypocotyl cell elongation. It has been shown that MDP25 also severs actin 

filaments (Qin et al., 2014). Thus, it is possible that other processes not related to AGPs 

or the cell wall are indirectly affected by the decrease of [Me]GlcA on AGP. 

5.3.3.3( Root skewness 

Skewing roots were identified in light-grown seedlings and in etiolated seedlings from 

GlcA transferase double and triple mutants. The root skewing angle decreased when the 

mutants were grown on MS medium with an increased concentration of Ca2+. Root 

skewness has been identified in a number of mutants from different component of the 

cytoskeleton, such as microtubule-associated proteins and !-tubulins (Sedbrook and 

Kaloriti, 2008). Two !-tubulin point mutants for !-TUBULIN4 and !-TUBULIN6, tua4a 

and tua6t, were used to evaluate the effect of Ca2+ on root skewness (Ishida et al., 2007). 

Interestingly, the increased concentration of Ca2+ in the growth medium complemented 

the skewness of tua4a but not the skewness of tua6t. It is possible that tua6t was not 

complemented because of the strong skewness of the roots. However, this evidence shows 

that the angle of root growth in !-TUBULIN4 mutant is Ca2+ sensitive. Whilst the process 

of how the skewness is complemented by Ca2+ has not been explored, mutants in !-

TUBULIN4 may serve as controls of plants with native content of [Me]GlcA on AGPs.  

It has been shown that root skewness occurs when root epidermal cortical microtubules 

are oblique to the cell elongation axis (Sedbrook and Kaloriti, 2008). In WT roots, 

epidermal cortical microtubules are perpendicular to the elongation axis. Thus, it is 

possible that the complementation of skewness in GlcA transferase double and triple 

mutants was caused by reorientation of cortical microtubules in the presence of high 

concentration of Ca2+. However, Ca2+ starvation was described as disrupting microtubule 

orientation whereas the increase of Ca2+ depolymerises cortical microtubules in roots and 

etiolated hypocotyls (Chen et al., 2014). These evidences suggest that changes in the 
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organisation of microtubules might be occurring in the presence of high concentrations 

of Ca2+, causing a decrease in root skewness. Therefore, it is likely that the GlcA 

transferase mutants have differences in the arrangement of cortical microtubules to WT 

plants. It is also possible that extracellular proteins such as SKU5 may rely on the added 

Ca2+. SKU5 is a GPI-anchored and extracellular protein involved in directional root 

growth (Sedbrook et al., 2002). It was predicted that other proteins homologous to SKU5 

are GPI-anchored and could be modified with an AG-polysaccharide, as their protein 

sequence contains the motif required for arabinogalactosylation (Borner, 2003).  

The etiolated hypocotyls from tua4a and tua6t were also measured. No changes in the 

elongation of etiolated hypocotyls were identified in tua4a and tua6t when these were 

grown with high concentrations of Ca2+. Thus, it is likely that the effect of Ca2+ in the 

microtubules is cell-specific.  

5.3.4!Other phenotypes in GlcA transferase mutants 

The pleiotropic effects seen in GlcA transferase double and triple mutants also affected 

the development of leaves, pavement cells and root hairs. It was shown that atglcat14abd-

1 third true leaves had a slender shape when compared to WT leaves. It is possible that 

atglcat14abd-1 is affected in processes related to cell expansion in leaves. Interestingly, 

an mutants also show slender leaves, hence its name of Angustifolia, which means slender 

(Bai et al., 2010). No changes in the width of an leaves grown with more Ca2+ were 

identified. However, the effect of Ca2+ in atglcat14abd-1 leaves was not quantitated due 

to time constraints. It is possible that the phenotype identified in pavement cells from 

atglcat14abd-1 cotyledons is related to the shape of the true leaves. Nevertheless, this 

remains to be investigated. The formation of the jigsaw patterns of pavement cells 

involves the formation of lobes and indentations. A complex interaction between the 

cytoskeleton, auxin receptors and transporters, and small GTPases ROPs is needed for 

the formation of pavement cells (Smith and Oppenheimer, 2005). The identification of 

the increased root hair branching in atglcat14abe might be a useful system to study the 

activity of ATGLCAT14E at a single cell level. Root hairs are a model cell system for 

studying sustained tip growth and polarised cell expansion (Grierson et al., 2014; Qin and 

Dong, 2015). The participation of Ca2+ in polarised cell expansion is well documented in 

root hairs. However, it remains to be investigated what the role of [Me]GlcA on AGPs is, 

and whether the interaction with Ca2+ is important for root hair development.  
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5.3.5!Other chemicals 

The addition of other chemicals to the basal MS medium was done to exclude possible 

influences in the phenotype complementation identified with Ca2+. The etiolated 

hypocotyl phenotype from atglcat14abe was used to assess the impact of these chemicals 

in the elongation of etiolated hypocotyls. The addition of sorbitol, NaCl and nitrate did 

not have any effect in the elongation of hypocotyls. However, the addition of Mg2+ 

produced similar effects to Ca2+ in promoting the elongation of hypocotyls. It was recently 

reported that WT Arabidopsis seedlings show normal growth when Ca2+ is high (3mM) 

and Mg2+ is low (0.75mM). However, when the opposite occurs, low Ca2+ (0.3mM) and 

high Mg2+ (6mM) in the growth medium, seedlings grow poorly (Tang et al., 2015). A 

Ca2+ signaling network was recently described in Arabidopsis that regulates Mg2+ 

homeostasis in Arabidopsis by promoting vacuolar sequestration of magnesium (Tang et 

al., 2015). Thus, it is possible that an increase in cytosolic Ca2+ occurs as a result of the 

increase of external Mg2+ causing etiolated hypocotyl elongation in atglcat14abe. On the 

other hand, the growth of full plants with hydroponics solutions showed that 

atglcat14abd-1 growth was normal when grown with a low concentration of Mg2+ 

(0.2mM MgSO4) whilst keeping a normal concentration of Ca2+ (2mM CaCl2). In contrast, 

the atglcat14abd-1 was dwarfed when grown with a normal concentration of Mg2+ (2mM 

MgSO4) and a low concentration of Ca2+ (0.2mM CaCl2). More experiments should be 

performed in order to confirm whether Mg2+ participates in the complementation of 

atglcat14abe etiolated hypocotyls or other phenotypes shown by the GlcA transferase 

mutants. While further experiments are required to exclude that Mg2+ divalent ions are 

functioning in the same manner as Ca2+ in vivo, published evidence show that magnesium 

is unable to interact with GlcA-containing AGPs in vitro (Lamport and Várnai, 2013). 
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CHAPTER 6 

 

6(Exploring models of cytoskeleton and AGPs 

6.1(Introduction 

The GlcA transferase mutants, atglcat14abd-1 and atglcat14abe, presented deficiencies 

in cell shape of pavement cells, leaf trichomes, and root hairs (Chapter five; Figure 5-19, 

Figure 5-13, Figure 5-34). These cells are considered as model systems for the study of 

cell expansion, and cell patterning, in which the cytoskeleton plays an important role 

(Smith and Oppenheimer, 2005; Falk et al., 2009). The cytoskeleton influences the 

patterns in which cell wall materials are deposited on the cell surface, and thus, it is 

essential for morphogenesis (Smith and Oppenheimer, 2005). The arrangement of the 

cytoskeleton, in particular the cortical microtubules, determines the rotation/twisting of 

organs such as in roots and aerial parts (Shoji et al., 2004; Ishida et al., 2007). These 

twisting effects were also seen in atglcat14abd-1 roots (Chapter five; Figure 5-36), and 

in atglcat14abe roots and leaves (Chapter five; Figure 5-36 and Figure 5-23). Similarly, 

the dwarf phenotype from atglcat14abe etiolated hypocotyls (Chapter five; Figure 5-31) 

is similar to etiolated hypocotyls overexpressing the microtubule-destabilising protein, 

MDP25 (Li et al., 2011). It was described that MDP25 destabilises cortical microtubules 

promoting microtubule reorientation in a Ca2+-dependent manner. These observations 

suggest there might be a link between AGPs and the cytoskeleton function. 

A link between AGPs and the cytoskeleton is not new. In 2006, it was suggested that GPI-

anchored AGPs and the cytoskeleton were somehow connected (Sardar et al., 2006). This 

observation was based on the heterologous expression of a tomato AGP in a BY-2 tobacco 

cell line. The GFP-tagged tomato LeAGP-1 changed its localisation from the plasma 

membrane to punctuate zones after the disruption of the cytoskeleton with drugs. 

Additionally, the cytoskeleton was disrupted when treated with the AG-specific "-Yariv 

reagent which suggested a link between AGPs and the cytoskeleton. Similarly, in 2007 it 

was reported that "-Yariv reagent caused microtubule disorganisation and changes in the 

localisation of AGPs on the cell surface in Arabidopsis roots (Nguema-Ona et al., 2007). 

The treatment with "-Yariv caused swelling on root epidermal cells, which was linked to 
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the cytoskeletal disorganisation. Interestingly, the Ca2+ channel blocker, gadolinium, was 

used before the "-Yariv treatment and did not prevent the disorganisation of the 

cytoskeleton. This evidence was interpreted by the authors as Ca2+ not being responsible 

for the defects on the cytoskeleton (Nguema-Ona et al., 2007). Their conclusion was 

supported by another study that showed that gadolinium could stop any increase in 

cytosolic Ca2+ in tobacco cells after treatment with "-Yariv reagent (Pickard and Fujiki, 

2005). No further publications can be found after 2007 that explore the link between 

AGPs and the cytoskeleton. 

The precise molecular mechanism by which AGPs function has not been described yet. 

This is possibly due to the high functional redundancy of AGPs and the redundancy of 

the enzymes involved in their synthesis (Tan et al., 2012). Furthermore, gene 

coexpression patterns of GTs and AGPs involved in the synthesis of AG-polysaccharides 

provide information mainly on the genes required for the synthesis of AGs (Showalter et 

al., 2010). However, gene coexpression patterns may not provide relevant information 

about the biological function or context of what is being synthesised. Alternatively, the 

significance of these coexpressed genes cannot yet be understood.  

The aim of the work in this chapter was to explore the putative link between phenotypes 

of GlcA transferase mutants and the cytoskeleton. Therefore, proteins involved in 

trichome development were used as baits to provide a functional context via 

bioinformatics. The organisation of the cytoskeleton was explored in GlcA transferase 

mutants in order to determine whether it might be involved in the phenotypes seen in 

GlcA transferase mutants. A genetic approach was also used to expand further the 

relationship between mutants in trichome branching and deficiencies in [Me]GlcA on 

AGs. 

6.2(Results 

6.2.1!Protein-protein interaction network from proteins relevant for trichome 

branching 

The trichome phenotype from the GlcA transferase mutants, atglcat14ab and 

atglcat14abd-1, pointed to relevant literature of mutants with similar trichome 

phenotypes. A few of these trichome mutants were used in the previous chapter to explore 
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whether Ca2+ could induce the formation of additional branching points. Thus, to better 

understand the biological context of proteins involved in trichome branching, and a 

connection with Ca2+, a putative protein-protein interaction network was developed. The 

proteins angustifolia (AN), kinesin-like calmodulin binding protein (KCBP), KCBP-

interacting Ca2+ binding protein (KIC), strubbelig (SUB) and katanin1 (KTN1) were used 

as baits for the identification of proteins they might interact with. Trichome mutants in 

KCBP, AN and KTN1 were used in chapter five, whereas SUB and KIC were used only 

in this chapter. SUB is a receptor-like kinase (RLK) which was shown to interact with 

AN; however, it has not been related to trichome development. In contrast, KIC is a Ca2+ 

binding protein which interacts in vitro with KCBP. Trichomes from overexpressors of 

KIC showed an increased number of trichomes with one branching point. Figure 6-1 

shows a protein-protein interaction network for these proteins including the trichome 

phenotype present in mutants of related proteins.  

The interaction network is based not only on experimental data as high-throughput 

experiments and coexpression patterns, but also on non-experimental information such as 

appearance on the same publication and text mining (Chapter two; 2.6.4). However, no 

emphasis on the type of connections were made. The protein-protein network of proteins 

related to trichome branching showed a great amount of microtubule and Ca2+-related 

proteins within the network. The presence of Calmodulin 2 and 3 (CaM2/6), and the 

Calmodulin-like protein 42 (CML42) validated the network, since it was shown that they 

interact in vitro with KCBP and KIC (Reddy et al., 2004; Dobney et al., 2009). The 

involvement of CaM2/6 and CML42 in the trichome branching process support the 

relevance of the appearance of a large number of CaMs and CML in the network. In a 

similar way, the presence of numerous proteins encoding !- and "-tubulins was possibly 

linked to the importance of microtubules in the development of trichomes. It is reported 

that KCBP and AN interact in vitro, and this interaction is suggested to be important for 

trichome branching (Folkers et al., 2002). Similarly, KIC interacts in vitro with KCBP in 

a Ca2+-dependent manner, which was described as potential inhibitor for KCBP (Reddy 

et al., 2004). 
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Figure 6-1. Putative protein-protein interaction network for angustifolia (AN), 
kinesin-like calmodulin binding protein (KCBP), KCBP-interacting Ca2+ binding 

protein (KIC), strubbelig (SUB) and katanin-1 (KTN1). Connectors between nodes 

are based not only from experimental data. Trichome phenotype mutants in KTN1, KCBP, 

AN, KIC and CML42 are shown. Source: string-db.org 

The protein-protein interaction network suggested that trichome branching was closely 

regulated by proteins related to the cytoskeleton and Ca2+. Hence, it was possible that the 

GlcA transferase double and triple mutants, which have trichome phenotypes, would have 

deficiencies in cytoskeletal organisation and Ca2+ signalling. 

6.2.2!Exploring the cytoskeleton in GlcA transferase mutants 

To explore the organisation of cortical microtubules in GlcA transferase mutants, 

fluorescent reporters for microtubules were used. A construct carrying the microtubule-

associated protein 4 (MAP4) fused to yellow fluorescent protein (YFP) was transformed 

into WT and the triple mutant atglcat14abd-1. The YFP-MAP4 was expressed under the 

IRX3 promoter, which is active in pavement cells (Wightman et al., 2013). The pavement 

cells from plants expressing YFP-MAP4 were imaged under a confocal microscope. 

Figure 6-2 shows adaxial pavement cells’ cortical microtubules from seven-day old 
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cotyledons of WT and atglcat14abd-1 seedlings grown under light conditions. In order 

to determine changes in the alignment pattern of microtubules of the pavement cells, these 

were quantitated from independent transformant lines. Figure 6-2A shows WT pavement 

cell microtubules with the characteristic criss-crossed arrangement. In contrast, the 

microtubules from atglcat14abd-1 pavement cells were aligned more often parallel to 

each other. This effect was quantitated for which the angles of the microtubules was 

measured and normalised for the most frequent angle as performed in (Wightman et al., 

2013; Lin et al., 2013). Figure 6-2B shows that the frequencies of the angles formed by 

WT pavement cell microtubules were heterogeneous resulting in the criss-crossed pattern. 

The microtubules from atglcat14abd-1 pavement cells aligned much more frequently 

than in WT pavement cells. This observation suggested that microtubules from GlcA 

transferase double and triple mutants may be different than WT plants. This hyper-

alignment of microtubules from atglcat14abd-1 might cause the reduced size of lobes in 

the pavement cell shape.  
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Figure 6-2. Adaxial pavement cell microtubules from seven-day old WT and 

atglcat14abd-1 cotyledons expressing the microtubule marker YFP-MAP4. (A) 

Adaxial pavement cell microtubules from seven-day old WT and atglcat14abd-1 

cotyledons. Scale bar = 20 µm. Two different pavement cells from WT and atglcat14abd-

1 cotyledons are shown. (B) Microtubule orientation in pavement cells from WT and 
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atglcat14abd-1 in different transformation lines expressing YFP-MAP4. The number of 

transformants analysed were two for WT and three for atglcat14abd-1, in which 20 

pavement cells were imaged from different cotyledons. An average of 80 microtubules 

were counted per image. 

To investigate the arrangement of microtubules on epidermal file cells from etiolated 

hypocotyls from atglcat14abe, a different microtubule reporter that was visible in 

etiolated hypocotyls was used. A construct carrying the microtubule-associated protein 

65-1 (MAP65-1) fused to green fluorescent protein (GFP) was transformed into WT and 

the triple mutant atglcat14abe. The GFP-MAP65-1 was expressed under the 35S 

promoter (Lucas et al., 2011). Microtubules in etiolated hypocotyls from WT and 

atglcat14abe expressing GFP-MAP65-1 were imaged under a confocal microscope. 

Figure 6-3 shows images of the microtubules from the elongation zone of etiolated 

hypocotyls from WT and atglcat14abe. Microtubules from the elongation zone of WT 

etiolated hypocotyls were generally perpendicular to the elongation axis. Even though file 

cells of different shapes were found in the elongation zone of WT hypocotyls, the 

alignment of the microtubules was solely perpendicular to the elongation axis. In contrast, 

the microtubules from atglcat14abe triple mutant hypocotyls were not only perpendicular 

to the elongation axis but also oblique and parallel to it. This evidence was based on one 

replicate and the angles of the microtubules were not quantitated due to time constraints. 

However, it is likely that this preliminary evidence could lead to the explanation of the 

dwarfed phenotype in etiolated hypocotyls from atglcat14abe. The different 

arrangements of microtubules found in the GlcA transferase mutants, atglcat14abd-1 and 

atglcat14abe provided evidence of microtubule disorganisation in these mutants when 

compared to WT plants. 
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Figure 6-3. Microtubules from the elongation zone of seven-day old etiolated 
hypocotyls from WT and atglcat14abe expressing the microtubule marker GFP-

MAP65-1. Scale bar = 20 µm. 

6.2.3!Crosses between kcbp and an with a GlcA transferase triple mutant 

The study of trichome branching mutants has been expanded by analysing whether 

crosses between trichome mutants cause additive or epistatic effects (Luo and 

Oppenheimer, 1999). These effects could suggest whether proteins participate in the same 

pathway or biological processes. Thus, to investigate whether the trichome mutants may 

be involved in similar pathways that could require [Me]GlcA on AGs, trichome mutants 
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were crossed with the atglcat14abd-1 triple mutant. In trichomes, a reduction or increase 

in the number of branches mean that the mutations are additive, whereas no effect in the 

branching number points refers to an epistatic genetic interaction (Luo and Oppenheimer, 

1999; Hülskamp, 2000). Figure 6-4 shows the third true leaf of 15-day old seedlings from 

kcbp and an single mutants, and the quadruple mutants kcbp x atglcat14abd-1 and an x 

atglcat14abd-1. Surprisingly, the number of branching points was reduced from one to 

nil branching points in both kcbp x atglcat14abd-1 and an x atglcat14abd-1 quadruple 

mutants. Nevertheless, trichomes with one branching point were occasionally seen. Thus, 

in order to determine the percentage of branching points, as performed previously 

(Chapter 5; Figure 5-17), trichomes from kcbp x atglcat14abd-1 and an x atglcat14abd-

1 were quantitated by branching points. Additionally, to explore whether additional 

branches would appear caused by the addition of extra Ca2+, these plants were grown on 

basal MS medium and MS medium supplemented with 12 and 24mM CaCl2 (Figure 6-5). 

When grown on basal MS medium, the quadruple mutants, kcbp x atglcat14abd-1 and an 

x atglcat14abd-1, produced about 94% of trichomes with nil branching points and the rest 

with one branching point. The percentage of nil branching points increased significantly 

in kcbp x atglcat14abd-1 when grown on MS medium supplemented with 12 and 24mM 

CaCl2, respectively. Similarly, in an x atglcat14abd-1 the percentage of one branching 

point increased significantly when grown on MS medium supplemented with 12mM 

CaCl2. However, the increase of branching points in an x atglcat14abd-1 did not further 

increase when grown on MS medium with 24mM CaCl2 when compared to an x 

atglcat14abd-1 grown on MS medium with 12mM CaCl2. Interestingly, the number of 

branching points induced by the addition of CaCl2 did not surpass the number of 

branching points that kcbp and an single mutants had. This evidence showed that 

atglcat14abd-1, kcbp, and an are deficient in pathways related to trichome branching. 

Furthermore, the partial complementation of branching points with Ca2+ of the quadruple 

mutants suggests that for the formation of the first branching point kcbp and an are not 

essential.  
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Figure 6-4. Trichomes from the third true leaf from 15-day old kcbp, an, and the 

crosses kcbp x atglcat14abd-1 and an x atglcat14abd-1 grown on basal MS medium. 

Scale bar = 1000 µm. 
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Figure 6-5. Trichomes from the third true leaf from 15-day old kcbp, an, and the 
crosses kcbp x atglcat14abd-1 and an x atglcat14abd-1. (A) Third true leaves from kcbp, 

an, and the crosses kcbp x atglcat14abd-1 and an x atglcat14abd-1 grown on basal MS 

medium and MS medium supplemented with 24mM CaCl2. Scale bar = 1000 µm. (B) 

Percentage of trichomes by branching points from third true leaves from plants grown on 

basal MS medium. Ten leaves per line were used for counting trichomes. The percentage 

of trichomes by branching points was calculated relative to the total counted per line. The 

graph represents the average of three biological replicates. ± Standard deviation. Asterisks 

on top of the bars indicate significant statistical differences as defined by T-test, p<0.05. 
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In the quadruple mutants, kcbp x atglcat14abd-1 and an x atglcat14abd-1, other effects 

of the cross were identified in the cotyledons. Only cotyledons from an x atglcat14abd-1 

were imaged due to time constraints. In order to compare the effects of the atglcat14abd-

1 triple mutant in the an genetic background, an x atglcat14abd-1 quadruple homozygous, 

and an x atglcat14abd-1+- heterozygous were imaged. The heterozygous gene in 

atglcat14abd-1 was not identified; however, the phenotype of an x atglcat14abd-1+- was 

similar to an single mutants. Figure 6-6 shows 15-day old cotyledons of an x 

atglcat14abd-1+- and an x atglcat14abd-1. The single mutant an, had narrower cotyledons 

than WT plants. Also, the characteristic jigsaw-puzzle shape of the pavement cell was 

lost in single an mutants, as previously reported (Kim et al., 2002). Differences in the 

cotyledon physiology were seen when comparing between an x atglcat14abd-1+- and an 

x atglcat14abd-1. The quadruple an x atglcat14abd-1 homozygous plants had less 

organised pavement cells than heterozygous plants and multiple pavement cells appeared 

to form a spiral shape. Also, the circumference of homozygous cotyledons apart from 

being wider, it also contained a bulbous perimeter, whereas heterozygous plants did not 

have these features. To investigate whether the effect of additional Ca2+ in the growth 

medium also complemented the phenotype observed in cotyledons, cotyledons from 

quadruple mutants’ heterozygous and homozygous grown on basal MS medium and MS 

medium supplemented with 24mM CaCl2 were observed (Figure 6-7). The an x 

atglcat14abd-1+- pavement cells from seedlings grown on MS medium with 24mM CaCl2 

appeared slightly bigger than those grown on basal MS medium. Pavement cells from 

heterozygous plants did not form the spiral-like shape in both basal MS medium and MS 

medium with 24mM CaCl2. In contrast, pavement cells from quadruple homozygous 

plants formed a spiral-like shape on the surface of the cotyledons from seedlings grown 

in basal MS medium. However, the bulbous perimeter of the cotyledon and the spiral-like 

formations were considerably reduced in seedlings grown in MS medium supplemented 

with 24mM CaCl2. The phenotype of the cotyledons from the quadruple mutant an x 

atglcat14abd-1, suggests that other cells types from the cotyledons, such as the pavement 

cells and leaf shape, were affected in addition to the trichome phenotype. The change in 

appearance of these cotyledons from seedlings grown on MS medium supplemented with 

24mM CaCl2 suggests that other processes required for the pavement cell shape formation 

might require Ca2+. However, these observations require further experiments and 

quantitation.  
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Figure 6-6. Fifteen-day old cotyledons from an x atglcat14abd-1+- and from an x 

atglcat14abd-1. Scale bar = 1000 µm. 
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Figure 6-7. Fifteen-day old cotyledons from an x atglcat14abd-1+- seedling and from 

an x atglcat14abd-1 homozygous seedlings. Seedlings were grown on basal MS medium 

and MS medium supplemented with 24mM CaCl2. Scale bar = 1000 µm. 

The work presented in this chapter provided evidence that links some phenotypes from 

GlcA transferase triple mutants to changes in the microtubule organisation using as 

reference WT plants. This evidence arises from the observations seen in the putative 

protein-protein interaction network based on proteins related to trichome branching. In 

addition, the crosses between trichome mutants and GlcA transferase mutants showed an 

additive trichome phenotype, which was also suppressed by the addition of Ca2+. The 

quadruple mutation also affected the phenotypes of other cell types. 

6.3(Discussion 

6.3.1!Trichome mutants’ putative protein-protein interaction network 

The putative protein-protein interaction network used as baits all proteins that have been 

reported to be functionally related to proteins related with trichome development. Many 
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proteins in the arising network that have been related to the cytoskeleton might be 

modulated by Ca2+ binding proteins. The link between Ca2+ and trichome-related proteins 

has been previously reported; however, it is mainly supported by in vitro experiments. 

The fact that many CaMs and CMLs were present in the network suggested that trichome 

development is precisely controlled by Ca2+ signalling. For instance, KCBP contains a 

CaM-binding domain through which it is inhibited by KIC and CaM2/4/6. However, the 

affinity of KIC for KCBP requires three times less Ca2+ than CaM2/4/6 for interacting 

with KCBP (Reddy et al., 2004). In this way, the activity of KCBP is modulated 

depending on the concentration of Ca2+. Alternatively, KIC also interacts with CML42 in 

vitro in a Ca2+-dependent manner (Dobney et al., 2009). KCBP and AN have been 

suggested to interact in vitro (Kim et al., 2002). AN was reported to be involved in Golgi 

membrane trafficking and delivery of Golgi vesicles to the plasma membrane 

(Minamisawa et al., 2011). Thus, the interaction between KCBP and AN has been 

described as important for the initiation of trichome branches. A model for the initiation 

of trichome branches was suggested, in which the kinesin KCBP carries AN via 

microtubules to the correct point in the cell cortex where AN facilitates the delivery of 

Golgi vesicles to the apoplast (Smith and Oppenheimer, 2005). This model expands the 

regulatory coverage by Ca2+, CaMs, CMLs and Ca2+-binding proteins such as KIC. 

In the network, two other CaMs were present, as well as eight additional CMLs to 

CML42. This suggests that other Ca2+-dependent proteins and related processes regulate 

of trichome branching. Other proteins present in the network are related to microtubules 

such as TONNEAU2 (TON2), which is a protein involved in the geometry of nucleation 

in microtubules (Kirik et al., 2012). Mutants in ton2 have trichomes with nil branching 

points and the pavement cells have a reduced number of lobes. The phenotypes of ton2 

mutants are similar to atglcat14abe. This suggests that microtubules in atglcat14abe 

trichomes could also be distorted. As shown in chapter four, mutants in KTN1 had an 

increased number of trichomes with one branching point. KTN1 is a microtubule severing 

protein required for remodelling the cytoskeleton (Burk et al., 2001; Lindeboom et al., 

2013). It has been suggested that the microtubule severing activity of the mouse p60-KTN 

is inhibited by the presence of Ca2+ (Iwaya et al., 2012); however, this feature has not been 

identified in plants’ KTN1. The network shows other KTN proteins that might contain 

Ca2+-dependent activities. In addition, the KCBP-interacting protein kinase (KIPK) was 

also revealed by the protein interaction network. KIPK is an AGC1 type VIII kinase that 
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interacts with KCBP (Day et al., 2000). It was recently reported that the KCBP-KIPK 

complex can also interact with three PERKs (proline-rich extensin-like receptor kinases) 

to negatively regulate root growth (Humphrey et al., 2015). Thus, it is possible that the 

Ca2+-dependent regulation of KCBP also regulates processes such as protein 

phosphorylation in trichome branching. Furthermore, the interaction of KCBP-KIPK with 

PERKs, suggests that chimeric AGPs such as PERKs (Chapter one; Figure 1-6), could be 

involved in signalling processes in the cell. It is likely that PERKs may contain AGs 

carrying [Me]GlcA, thus expanding the importance of this work. The protein-protein 

interaction network allowed the identification of other possible proteins involved in 

trichome formation, as well as the furthering understanding of the trichome branching 

context.  

6.3.2!Microtubule organisation in GlcA triple mutants 

The microtubules from atglcat14abd-1 pavement cells were hyper-aligned as shown by 

the use of YFP-MAP4 microtubule reporter. Hyper-alignment of microtubules has been 

identified in mutants of the microtubule-associated protein SPIRAL2 (SPR2). Mutants in 

SPR2 show rotation roots, flowers, hypocotyls, etiolated hypocotyls and leaves (Shoji et 

al., 2004). It was recently reported that SPR2 promotes the formation of unaligned 

microtubules by inhibiting the activity of KTN1. Similarly, the overexpression of 

members of the plant-specific Rho GTPase family, ROP6 (Rho of Plants) and its effector 

RIC1 (ROP-interactive CRIB motif-containing protein) showed hyper-alignment of 

microtubules on pavement cells (Lin et al., 2013). ROP6 is activated by auxin via the cell-

surface receptor ABP1 promoting the organisation of microtubules by activating its 

effector RIC1. The interaction of KTN1 and RIC1 was suggested to promote severing of 

microtubules and thus creating the criss-crossed pattern. While the ROP6-RIC1 pathway 

has not been related to Ca2+, other ROPs and RICs are involved in promoting the influx 

of extracellular Ca2+ in pollen tubes as well as stimulating the assembly of actin filaments 

(Smith and Oppenheimer, 2005). Pollen tube tip growth relies on oscillatory Ca2+ influx. 

Thus, it is likely that the ROP6-RIC1 pathway in pavement cell microtubules may also 

require Ca2+ for promoting microtubule organisation. In addition, it was recently 

described that the family IQ-67 DOMAIN proteins (IQD-67) are microtubule-binding 

proteins that interact with CaMs and CMLs (Abel et al., 2013). It was also described that 

the IQD1 protein interacts with kinesin light chain-related (KLCR) and the cellulose-
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microtubules uncoupling protein (CMU) (Abel et al., 2013; Bürstenbinder et al., 2013) 

and thus, IQD1 is possibly involved in the deposition of cell wall components. 

Overexpressors of different IQDs showed rotating aerial organs as well as changes in 

microtubule organisation in pavement cells and hypocotyls (Bürstenbinder et al., 2017b). 

Thus, it is likely that different Ca2+-dependent activities in pavement cells may determine 

the microtubule organisation. However, the suppression of microtubule phenotypes with 

extra Ca2+ in the growth medium remains to be explored. If the pavement cell 

microtubules reorganise in the addition of more Ca2+, atglcat14abd-1 could be used to 

test different hypotheses on the Ca2+ dependency of proteins related to microtubules 

organisation on pavement cells. The microtubules from atglcat14ab double mutant could 

also be disorganised. Thus, the imaging of microtubules in double mutants could provide 

information on whether the absence of ATGLCAT14D was responsible for the hyper-

alignment of microtubules in atglcat14abd-1 pavement cells. 

Unlike the criss-crossed pattern of microtubules on pavement cells, the microtubules from 

etiolated hypocotyls file cells are aligned to each other in WT hypocotyls. When the 

microtubules are perpendicular to the elongation axis, elongation occurs. However, 

elongation of the hypocotyls is limited when the microtubules are aligned to the 

elongation axis (Sedbrook and Kaloriti, 2008). The etiolated hypocotyls from 

atglcat14abe expressing GFP-MAP65-1 showed that epidermal microtubules were not 

fully perpendicular to the elongation axis of the cell. This observation may explain the 

dwarfed phenotype of atglcat14abe etiolated hypocotyls. In addition to the Ca2+-

dependent activity of MDP25 which severs microtubules, auxin was recently shown to 

inhibit cell expansion in roots and etiolated hypocotyls (Chen et al., 2014). It was reported 

that cell expansion inhibition occurs by the ABP1 activation of the ROP6-RIC-KTN1 

microtubule reorganisation activity. Interestingly, the same publication reported that the 

addition of Ca2+ to the growth medium produced different responses than auxin does 

(Chen et al., 2014). The growth of atglcat14abe etiolated hypocotyls on MS medium 

supplemented with 24mM CaCl2 was undistinguishable from WT (Chapter five; Figure 

5-31). While more replicas are required to confirm this phenotype in microtubules and its 

possible suppression by Ca2+, it is likely that the addition of Ca2+ promotes reorientation 

of microtubules thus allowing hypocotyl elongation to a WT length. 
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6.3.3!Additive effect on trichome phenotype in quadruple mutants 

The generation of quadruple mutants kcbp x atglcat14abd-1 and an x atglcat14abd-1 

resulted in the reduction of branching points from one to nil. This suggested that the 

mutations in the quadruple mutants had an additive effect on trichomes. The additive 

effect means that AN, KCBP and ATGLCAT14A/B/C may function independently in the 

same biological process. The double mutant an x kcbp was reported to result in an additive 

effect in which trichomes would be reduced in branching points from one to nil (Luo and 

Oppenheimer, 1999). Unlike kcbp and an single mutants, the quadruple mutants were 

Ca2+ sensitive. In trichomes from kcbp x atglcat14abd-1 and an x atglcat14abd-1 grown 

on MS medium supplemented with Ca2+, the branching points significantly increased 

from nil to one. This evidence suggests that kcbp x atglcat14abd-1 and an x atglcat14abd-

1 can form an additional branching point from nil to one, but cannot form a secondary 

branching point from one to two. This suggests that the formation of branching points 

might occur in a branch point-dependent manner. This evidence was also observed in the 

analysis of different trichome mutants resulting in the concepts of primary branching and 

secondary branching events (Folkers et al., 1997). This suggests that KCBP and AN are 

not required for the formation of the first branching point, but they are required for the 

formation of the second branching point. Therefore, it is very likely that Ca2+ binding 

proteins other than KCBP and AN are involved in the formation of the first branching 

point in the quadruple mutants when grown on Ca2+-supplemented MS medium.  

The activities of KCBP and AN are not specific for trichomes. KCBP was firstly 

described as being involved in the spindle formation during mitosis and cytokinesis 

(Bowser and Reddy, 1997). However, no growth phenotypes in kcbp mutants, other than 

the trichome phenotype, have been identified (Tian et al., 2015). On the other hand, the 

activity of AN has been involved in leaf shape formation, cell polarity, and recently it 

was identified as a component of stress granules (Bai et al., 2010; Kim et al., 2002; Bhasin 

and Hulskamp, 2017). This may be related to the phenotype identified in cotyledons from 

an x atglcat14abd-1, suggesting that cell types other than trichomes might also be affected 

in quadruple mutants. It is possible that the deficiencies in pavement cell microtubules in 

atglcat14abd-1 exacerbate the absence of AN in leaves. Furthermore, it is reported that 

AN is a central component in a pathway mediated by the leucine-rich repeat receptor-like 

kinase (LRR-RLK) STRUBBELIG (SUB) (Bai et al., 2013). The activity of SUB has 
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been involved in signal transduction in several developmental processes including 

formation of carpels, petals, ovules and root hair patterning (Chevalier et al., 2005). The 

implications of the AN and SUB interactions, may expand the importance of this work 

on GlcA transferases and AG-polysaccharides. 

Regardless of the fact that AN and KCBP interaction has only been described in trichomes 

(Smith and Oppenheimer, 2005), it might be possible that it extends to other cell types. 

Therefore, if the deficiency of extracellular Ca2+ in the GlcA transferase mutants affects 

the function of KCBP, it is possible that other phenotypes in atglcat14abd-1 or 

atglcat14abe, are related to the loss of activity of KCBP and consequently, a possible loss 

or reduction of activity in AN. The reduction of activity in KCBP and AN remain to be 

explored in trichomes from atglcat14abd-1. It has been shown that GFP-tagged KCBP is 

functional in trichomes and thus, it could be a tool to reveal the dynamics of KCBP in 

trichomes from atglcat14abd-1 mutants in the presence or absence of Ca2+ (Tian et al., 

2015). Whether kcbp x atglcat14abd-1 cotyledons are also affected by the quadruple 

mutation remains to be explored.  
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CHAPTER 7 

7(Model of the Roles of the AGP-Ca2+ Interaction  

7.1(Introduction 

The aim of this chapter is to describe models of the biological role of the interaction 

between [Me]GlcA-containing AGPs and Ca2+. In 2013, the first model for the AGP-Ca2+ 

interaction was published (Lamport and Várnai, 2013). It introduced the idea that Ca2+ 

could be bound to AGPs via GlcA. The biological implication of the AGP-Ca2+ interaction 

was described to serve as an extracellular Ca2+ reservoir. This Ca2+ reservoir was also 

called a Ca2+ capacitor because it can hold and release Ca2+ in a reversible manner 

(Lamport et al., 2014). The changes in the pH at the extracellular surface of the plasma 

membrane in which AGP-Ca2+ interaction occurs was described to be key for the 

reversible interaction. Recently, it was speculated that the pollen tube growth and 

guidance from the stigma to the embryo sac relies on the AGP-Ca2+ interaction (Lamport 

et al., 2017).  

As described in this thesis, the reduction of [Me]GlcA on AGPs reduces the Ca2+-binding 

capacity in vitro, and very likely in vivo. The substantial reduction of [Me]GlcA identified 

in GlcA transferase triple mutants has pleiotropic effects compromising plant growth, 

development and reproduction. However, the specific cell types in which phenotypes 

were found, are well studied and considered as models for the study of cellular processes. 

The approach followed in this chapter was to consider published models of developmental 

processes in these cell types that involve proteins regulated by Ca2+. Specifically, the 

trichome branching model was explored in order to understand the involvement of AGPs 

in trichome development. Additional published observations were used from Ca2+ binding 

proteins involved in the development of pavement cells and etiolated hypocotyls. These 

observations and models allowed the biological role of the AGP-Ca2+ interaction to be set 

in context. 

7.1.1!Phenotypes of GlcA transferase mutants and effect of calcium 

The wide range of phenotypes identified in the GlcA transferase mutants may be related 

to Ca2+ binding deficiencies of AGPs. Figure 7-1 shows some of the phenotypes of 
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mutants in the GlcA transferases atglcat14abd-1 and atglcat14abe. The availability of 

these GlcA transferase mutants and their sensitivity to extra Ca2+ in the growth medium 

has provided important evidence that supports the relevance of the AGP-Ca2+ interaction 

for plants. However, the suppression by Ca2+ was not studied in all the growth phenotypes 

because of time restrictions. The phenotypes of the reduced branching points on 

trichomes in atglcat14abd-1 seedlings or the dwarfed etiolated hypocotyls from 

atglcat14abe occurred when these mutants were grown on basal MS medium. However, 

when these plants were grown on MS medium supplemented with extra Ca2+, additional 

branching points appeared on trichomes from atglcat14abd-1, and the etiolated 

hypocotyls from atglcat14abe elongated nearly to a WT phenotype. These observations 

suggested a preliminary model for the effect of Ca2+ in the GlcA transferase mutants 

shown in Figure 7-2. The model is based on the concept of AGPs serving as extracellular 

reservoir of Ca2+ (Lamport and Várnai, 2013). Also, this model includes the idea that the 

deficiencies of AGPs for holding enough Ca2+ in the apoplast might impact Ca2+ signalling 

into the cytoplasm (Lamport et al., 2014). 
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Figure 7-1. Schematic representation of some phenotypes identified in atglcat14abd-

1 and atglcat14abe. Phenotypes that have been studied and identified as Ca2+ sensitive 

are marked with Ca2+ ions with blue dots. From top to bottom: pavement cells, trichomes, 

root hairs, etiolated hypocotyls, leaves and anthers with or without pollen. The 

atglcat14abe did not produce flowers. Pollen is denoted with black dots. 
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In WT plants, AGPs are modified with [Me]GlcA, which provides them with the capacity 

for holding Ca2+ ions. As AGPs are extracellular and are found anchored to the plasma 

membrane via a GPI-anchor, the Ca2+ held by AGPs would generate a layer of 

concentrated Ca2+ ions on the plasma membrane (Figure 7-2). This amount of Ca2+ at the 

apoplast might facilitate Ca2+ signalling processes required for cell growth or cell 

expansion. However, as AGPs have less [Me]GlcA in the GlcA transferase mutants (i.e. 

atglcat14abd-1), a reduced amount of Ca2+ can be held. Thus, a lower concentration of 

Ca2+ in the apoplast would be found in atglcat14abd-1 than in WT plants, causing 

deficiencies in Ca2+ signalling and cell development. In contrast, when atglcat14abd-1 

plants were grown on growth medium supplemented with additional Ca2+, such deficiency 

of Ca2+ in the apoplast ceased. The required Ca2+ concentration at the apoplast might be 

directly restored and Ca2+ signalling can be partially suppressed. Alternatively, the 

amount of Ca2+ bound by the remaining AGPs might increase, if the AGP Ca2+-binding 

capacity is not fully saturated at normal Ca2+ concentrations. Saturation levels of Ca2+ may 

depend on the AGP Ca2+-binding dissociation constant (Kd) (Lamport and Várnai, 2013), 

which could be different depending on the AG-polysaccharide composition of the AGP 

molecule. Furthermore, the Kd could also be influenced by the environment in which the 

GlcA is in, such as if it is methylated, fucosylated, adjacent to an Ara and if it is decorating 

the side chains or the backbone.  

Since Ca2+ is tightly bound by AGPs and Ca2+ is not free for signalling, a localised drop 

in pH at the apoplastic side of the plasma membrane might elicit the release of the stored 

Ca2+ (Lamport et al., 2017). The use of mAbs with different specificities has underlined 

that the localisation of AGPs varies across cell types and developmental stages (Knox, 

2006; Coimbra et al., 2007; Marzec et al., 2015). Thus, it is likely that different AGPs of 

specific compositions of [Me]GlcA concentrate Ca2+ at the apoplast required by specific 

cells. For instance, pollen tube and root hair growth is known to occur via oscillatory 

changes in the concentration of Ca2+, which drive the constant deposition of cell wall 

material and the constant cytoskeletal rearrangements for the elongation process to occur 

(Smith and Oppenheimer, 2005; Hepler, 2016). Another example is the interaction 

between the pollen tube and synergid cells in the ovules during fertilisation. Cytosolic 

Ca2+ oscillates in the synergid cells while they are in physical contact with the pollen tube 

(Denninger et al., 2014). It was suggested that the source of Ca2+ required for the 

oscillation to initiate might come from extracellular stores and be internalised via stretch-
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activated Ca2+ channels (Nakagawa et al., 2007; Denninger et al., 2014). Such Ca2+ 

requirements could be accomplished by the wide range of extracellular proteins carrying 

AG-polysaccharides modified with [Me]GlcA, a feature that is not particular to classical 

AGPs (Chapter one; section 1.3.5 and 1.4) (Borner et al., 2002; Borner, 2003; Johnson et 

al., 2017). The different Ca2+ requirements could then be controlled by the presence of 

AGPs on a specific site of the plasma membrane and at a specific time during the 

development of the cell. Thus, this suggests that in order for an AGP to meet the 

requirements of space and time, systems that involve the cytoskeleton, secretory 

pathways and cell signalling must be somehow orchestrated.  
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Figure 7-2. Schematic representation of the concentration of Ca2+ at the apoplast of 
cells from plants grown on basal MS medium and MS medium with additional Ca2+. 

The Ca2+ channels on the plasma membrane are denoted in orange. Adapted from AGP-

Ca2+ capacitor model (Lamport and Várnai, 2013). 

There are unknown aspects that need to be addressed for better understanding of the AGP-

Ca2+ interaction model. It is suggested that the AGP-Ca2+ interaction occurs in a pH-

dependent manner based on in vitro assays as well as the protonation and deprotonation 

states of GlcA. However, it has not yet been demonstrated that such is the case in vivo. 

Oscillations in pH have been identified during pollen tube and root hair elongation 

(Hepler, 2016). In root hair elongation, the extracellular pH was described as oscillating 

between pH 5.3-5.9 (Monshausen et al., 2007). Similarly, it was shown that auxin induces 

changes in extracellular pH in the range of pH 4.6-6.4, which induces cell expansion 
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(Barbez et al., 2017). These changes in pH are far from the range suggested to liberate 

Ca2+ from AGPs, which was suggested to occur in a pH-dependent manner in the range 

of pH 2.5-5.0 (Lamport and Várnai, 2013). In addition, it is currently unknown which 

Ca2+ channel is involved in the transportation of the Ca2+ liberated by AGPs. It was 

suggested that the stretch-activated channels might be involved in the elongation of root 

hairs (Lamport et al., 2017). Nevertheless, it remains to be experimentally demonstrated. 

A third unknown aspect, is whether the Ca2+ that modulates Ca2+-binding proteins such as 

KIC, CaMs, CMLs, and MDP25, is from external or internal Ca2+ stores. It is known that 

internal Ca2+, such as ER or specialised vacuoles contribute a large amount of Ca2+ for 

Ca2+ oscillations (Stael et al., 2012; Schönknecht, 2013). However, the results presented 

in this thesis suggest that external Ca2+ may contribute largely to developmental 

processes. The study of oscillations of cytosolic and apoplastic Ca2+ in response to 

supplemented Ca2+ will contribute to the better understanding of the AGP-Ca2+ 

interaction. 

7.1.2!Ca2+-interacting proteins in the trichome branching initiation model 

The approach taken to know more about the trichome phenotype from atglcat14ab double 

mutant and atglcat14abd-1 triple mutants, was to study trichome mutants (unrelated to 

AGs or AGPs) with a similar trichome phenotype. In this way, the kinesin-like calmodulin 

binding (KCBP) and angustifolia (AN) were important in the study of trichomes for this 

thesis. As shown in chapter five (Figure 5-51), mutants in these genes have reduced 

branching points on trichomes similar to atglcat14ab and atglcat14abd-1 (Figure 5-17). 

The activities of KCBP and AN are important for the development of branching points 

on trichomes (Luo and Oppenheimer, 1999; Schwab et al., 2000; Smith and 

Oppenheimer, 2005). Ca2+ binding proteins have been described to interact or inhibit the 

activity of KCBP, namely KCBP-interacting Ca2+ binding protein (KIC), calmodulins 

2/4/6 (CaM2/4/6) and the calmodulin-like 42 (CML42) (Kao et al., 2000; Reddy et al., 

2004; Dobney et al., 2009). The biological role of these proteins is illustrated in Figure 

7-3, which shows the Golgi delivery model for trichome branching initiation (Smith and 

Oppenheimer, 2005). The initiation of a branching point on trichomes starts by the Golgi 

stacks being transported by MYOSIN2 (MYA2) on the actin filaments toward the cell 

cortex. Next, the Golgi-associated KINESIN-13A motor makes contact with cortical 

microtubules and transports the Golgi stacks towards the minus ends of the microtubules 



CHAPTER(7 

 216 

(Lu et al., 2005). Similarly, AN is transported to the minus ends of the microtubules by 

the minus-end-directed kinesin motor protein, KCBP. The contact of AN with Golgi 

stacks promotes the delivery of cargo in the Golgi by membrane fusion with the plasma 

membrane (Smith and Oppenheimer, 2005). The kinesin motor activity of KCBP is 

controlled via its calmodulin-binding domain KIC and by CaM2/4/6, in a Ca2+-dependent 

manner. However, KIC requires three-fold less Ca2+ to inhibit the activity of KCBP than 

CaM2/4/6 (Reddy et al., 2004). The inhibition of KCBP by KIC or CaM2/4/6, disrupts 

the interaction of the KCBP kinesin motor with the microtubules (Vinogradova et al., 

2009). KIC can also interact with CML42 in a Ca2+-dependent manner (Dobney et al., 

2009). It is not yet known whether the KIC-CML42 may inhibit the binding of KIC to 

KCBP. The control of the initiation of trichome branching appears to be under strict 

control of concentrations of Ca2+. Since most of the interactions between proteins 

regulated by Ca2+ have been identified from in vitro experiments, it remains unclear how 

this process functions in vivo. 
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Figure 7-3. Golgi delivery model for trichome branching initiation. The myosin-2 

(MYA2) transports, via actin filaments, Golgi stacks (shown in connected red circles) 

which are then taken by KINESIN-13A (in green circles) towards the minus-ends of 

cortical microtubules. The kinesin-like calmodulin binding (KCBP; in orange) carries 

angustifolia (AN; in pink) to the minus-end points (in yellow) of the microtubules to be 

in contact with the Golgi stacks and facilitate the delivery of cargo outside the cell. The 

activity of KCBP is regulated by the Ca2+ binding proteins KCBP-interacting Ca2+ binding 

protein (KIC; in brown), calmodulins 2/4/6 (CaM2/4/6; in green square) and the 

calmodulin-like 42 (CML42; in green star). By holding and releasing Ca2+ in a pH-

dependent manner, AGPs (branched elements on the plasma membrane) could increase 
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the concentration of Ca2+ at the branching initiation point, promoting these Ca2+-related 

processes to occur in a localised manner. Adapted from (Smith and Oppenheimer, 2005). 

The Golgi delivery model for trichome branching initiation integrates Ca2+-dependent 

proteins into the trichome development process. The CaM2/4/6 are part of the CaM 

family composed of seven members. However, CML42 is part of a larger family of CMLs 

composed of 50 members (Zhu et al., 2015). The CaM and CML families are part of Ca2+ 

plant sensor proteins that includes Ca2+-dependent protein kinases (CDPK) and 

calcineurin B-like proteins (CBL), of which 34 and 10 have been identified in the 

Arabidopsis genome, respectively (Zhu et al., 2015). Thus, the complexity that surrounds 

the involvement of Ca2+ in the trichome branching initiation may be beyond the already 

described CaM2/4/6 and CML42. The study of these families of Ca2+ binding of proteins 

may be challenging as they might have highly redundant activities. Furthermore, proteins, 

such as KIC, that bind to KCBP in a Ca2+-dependent manner but with a different 

sensitivity for Ca2+ than CaM2/4/6, add an extra layer of complexity for understanding 

the process of the development of trichomes. Perhaps it is this complexity that has made 

the study of the interactions of KCBP with KIC and CaM2/4/6, and KIC with CML42 in 

vivo so challenging. However, the availability of GlcA transferase mutants could be a tool 

for studies on how this system works in the presence of different concentrations of Ca2+. 

Whether KCBP was activated or inhibited when atglcat14abd-1 plants were grown on 

Ca2+-supplemented MS medium remains unclear.  

The investigation of the quadruple mutants showed that KCBP and AN were not 

important for the initiation of the first branch on trichomes (Figure 7-4). This was 

suggested by the suppression of the phenotype shown by kcbp x atglcat14abd-1 and an x 

atglcat14abd-1 grown on MS medium supplemented with Ca2+ (Chapter six; Figure 6-5). 

Thus, in the absence of AN and KCBP, quadruple mutants generated an additional branch. 

This evidence further supported the idea that Ca2+ binding proteins play an important role 

in trichome branching, not previously shown in vivo. The suppression of the phenotype 

in quadruple mutants confirmed that the absence of GlcA transferases 

ATGLCAT14A/B/C had deficiencies in Ca2+ related processes.  
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Figure 7-4. A summary of Ca2+ sensitivity of trichome branching of some trichome 
mutants.  

As described in the discussion of chapter six (section 6.3.3), the phenotype identified in 

cotyledons from an x atglcat14abd-1 quadruple mutants, showed that the absence of 

[Me]GlcA on AGs also affected other cell types. The function of AN was reported to be 

central to pathways in which LRR-RLK kinases are involved (Chevalier et al., 2005). 

Similarly, the function of KCBP has been described to be important for signal 

transduction involving the kinases KIPK and PERKs (Humphrey et al., 2015). Chimeric 

AGP proteins, such as LRR-EXTs and PERKs may be glycosylated with AG-

polysaccharides (Chapter one; section 1.3.5). This is further supported by the 

confirmation arabinogalactosylation sites on GPI-anchored receptor-like kinases (Borner, 

2003). Thus, pathways involving receptor and receptor-like kinases could also be 

disturbed by deficiencies in [Me]GlcA on AG-polysaccharides in GlcA transferase 

mutants. Whether these pathways are involved in trichome branching initiation, remains 

to be explored.  

By exploring the Golgi delivery model for trichome branching initiation, it was possible 

to view the current understanding of the initiation of branching points. This set in context 

observations made on the trichome phenotype of the GlcA transferase double and triple 
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mutants. However, it is still unclear how [Me]GlcA deficiency on AGs affects trichome 

initiation, and how high or low concentrations of Ca2+ modulate branching in vivo.  

7.1.3!Ca2+-interacting proteins involved in the development of pavement cells 

and etiolated hypocotyls 

The GlcA transferase mutants showed deficiencies in the formation of pavement cells and 

expansion of etiolated hypocotyls. The identification of mutants of genes encoding Ca2+-

binding proteins and proteins regulated by Ca2+-binding proteins have revealed the 

participation of Ca2+ in the development of pavement cells and etiolated hypocotyls 

(Figure 7-5). A family of proteins containing the IQ67-domain (IQD) was recently 

described as containing CaM and CML binding domains (Abel et al., 2013). These 

proteins are known as IQD proteins and they have been suggested to link Ca2+ signalling 

to microtubules, membrane subdomains and the nucleus (Bürstenbinder et al., 2017b). 

There are 33 IQD proteins encoded in the Arabidopsis genome. Interestingly, the 

overexpression of some IQD proteins in Arabidopsis produced changes in the orientation 

of microtubules, cell shape and organ morphology, which have been mainly described in 

pavement cells and hypocotyls (Bürstenbinder et al., 2017b). In addition to the IQD 

proteins, the MDP25 and the microtubule-associated protein 18 (MAP18) are proteins 

involved in Ca2+ signalling and cytoskeletal organisation (Krtková et al., 2016). MDP25 

localises to the plasma membrane but can move to the cytosol when Ca2+ is increased (Li 

et al., 2011). As the Ca2+ concentration increases in the cytosol, MDP25 can destabilise 

cortical microtubules that can lead to microtubule reorganisation. The overexpression of 

MDP25 in Arabidopsis causes a similar dwarfed phenotype seen in atglcat14abe etiolated 

hypocotyls (Chapter five; Figure 5-31). The destabilising activity of MDP25 was reported 

to regulate the actin cytoskeleton in pollen tubes (Qin et al., 2014). Similarly, MAP18 

destabilises cortical microtubules and actin filaments. The activity of MAP18 has been 

described as being important for the polarisation of cell expansion in roots hairs and for 

the direction of pollen tube growth (Zhu et al., 2013; Kato et al., 2013). MDP25 and 

MDP18 are localised to the plasma membrane via N-myristoylation (Li et al., 2011; Kato 

et al., 2013). Their localisation at the plasma membrane might help the interaction with 

phosphatidylinositol phosphates (PtdInsP or PIP) in a Ca2+/CaM-dependent manner (Kato 

et al., 2010). It was proposed that as Ca2+ increases, PtdInsPs are released from the 

interaction with MDP25 or MDP18 (Kato et al., 2010). PtdInsPs are precursors of 
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phosphoinositides (PI) which are lipid signalling molecules involved in the regulation of 

ion channels, membrane trafficking and cytoskeletal organisation (Krtková et al., 2016).  

 

 

Figure 7-5. Model for Ca2+-related processes occurring in pavement cells and 

etiolated hypocotyl file cells. IQD proteins localise in the plasma membrane, 

microtubules and nucleus. Calmodulin (CaM) and calmodulin-like proteins (CML) 

interact with IQD proteins in a Ca2+-dependent manner. The kinesin light chain-related 
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protein-1 can interact with IQDs linking vesicles to be transported to IQDs. Microtubule-

destabilising protein 25 (MDP25) and the microtubule-associated protein 18 (MAP18) 

are localised in the plasma membrane and they relocated to the cytoplasm to sever actin 

filaments and microtubules in a Ca2+-dependent manner. CaM regulate the binding of 

MDP25 and MAP18 to phosphatidylinositol phosphates (PtdInsP). Extracellular Ca2+ 

held by AGPs at the periplasm is released by changes of pH. The released Ca2+ is 

internalised by Ca2+ channels required for the activity of these proteins. Adapted from 

(Zhang and Zhang, 2016; Bürstenbinder et al., 2017a).  

Interestingly, the IQD1 protein was identified to interact with kinesin light chain-related 

protein-1 (KLCR) (Bürstenbinder et al., 2013). This evidence suggests that IQD proteins 

could interact with kinesin motor proteins. The IQD-kinesin interaction could be 

regulated by Ca2+/CaM for controlling transport on microtubules. The mutants in 

FURCA3 (FRC3) have been studied for a long time because of their trichome phenotype. 

The mutation in frc3 was mapped to a gene encoding for IQD19 (Meinke et al., 2003). 

The frc3 mutant is a trichome mutant that was isolated for having trichomes with one 

branching point (Luo and Oppenheimer, 1999). The molecular basis of the trichome 

phenotype of FRC3 has not been studied further. However, based on the characteristics 

of IQD proteins, it is likely that FRC3 interacts with CaMs and CMLs in a Ca2+-dependent 

manner. Furthermore, it is possible that via the interaction with KLCR, FRC3 interacts 

with kinesins as KCBP or Kinesin-13A, which are important for trichome development 

(Smith and Oppenheimer, 2005). It is also possible that FRC3 and KLCR are the bridging 

proteins between KCBP and AN. This hypothesis could explain why the trichome 

phenotype seen in frc3 mutants is the same as the phenotype shown by kcbp and an 

mutants. The double mutants, an frc3 and kcbp frc3, also show additive effects (Luo and 

Oppenheimer, 1999). Thus, it is likely that FRC3 participates in the same pathway as 

KCBP and AN. 

7.1.4!A general model for the implications of AGP-Ca2+ interaction 

In this thesis, it was shown that the AGP extract from the GlcA transferase mutant 

atglcat14abd-1 holds significantly less Ca2+ than WT AGPs (Chapter five; Figure 5-4). 

This evidence, together with the Ca2+ sensitivity shown by GlcA transferase mutants, 

made plausible the AGP-Ca2+ capacitor model shown in Figure 7-6A (Lamport and 

Várnai, 2013). Since Ca2+ is the most important secondary messenger in plants, the 
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possible downstream effects of the AGP-Ca2+ capacitor model are vast. Indeed, as shown 

in this work, GlcA transferase mutants grown on medium with extra Ca2+ had enhanced 

etiolated hypocotyl elongation, trichome development, growth and survival, root 

directional growth, and leaf expansion. However, the AGP-Ca2+ capacitor model has not 

yet considered that many extracellular proteins can be modified with AG-polysaccharides 

(Borner et al., 2002; Borner, 2003). Such proteins would need to contain the correct amino 

acid sequence for the addition of [Me]GlcA-containing AG-polysaccharides 

(Kieliszewski, 2001; Kieliszewski and Lamport, 1994).  

While the AGP-Ca2+ interaction can serve as a Ca2+ reservoir, it can also be essential for 

the function of the protein. For instance, !-dystroglycan is a highly glycosylated 

extracellular matrix receptor found in muscle cells that needs Ca2+ for interacting with 

laminin-!2 (Briggs et al., 2016). The glycan of !-dystroglycan includes a repetitive 

sequence of Xyl-GlcA, which binds to Ca2+. At least one disaccharide of Xyl-GlcA in 

dystroglycan was needed for the formation of a strong interaction with laminin-!2. 

Similar proteins have not yet been described in plants. However, AG glycosylation sites 

have been identified in GPI-anchored proteins, which are not classified as classical AGPs 

(Borner et al., 2002). From 248 GPI-anchored proteins predicted to be encoded in the 

Arabidopsis genome, 71 proteins contain AG glycosylation sites that are not considered 

as classical AGPs (Borner, 2003). A few of these proteins could use [Me]GlcA-containing 

AG-polysaccharides to interact with Ca2+ in order to stabilise their interactions with other 

proteins (Figure 7-6B). Some of these AG-modified proteins were annotated as receptor-

like, COBL and SKS, amongst many other proteins. Interestingly, COBRA is a GPI-

anchored and extracellular protein involved in the orientation of cellulose microfibrils 

and anisotropic expansion (Roudier, 2005). Similarly, SKU5 is a GPI-anchored and 

extracellular protein involved in directional root growth (Sedbrook et al., 2002). The 

GlcA transferase mutants, atglcat14abd-1 and atglcat14abe, showed deficiencies in 

anisotropic cell expansion as well as in directional root growth. Thus, it is possible that 

the AG modifications predicted in COBL and SKS proteins might be important for their 

activity.  

A third biological implication of the AGP-Ca2+ interaction could be that it might facilitate 

the emulsification of water-insoluble compounds at the apoplast (Figure 7-6C). Gum 

Arabic is a well-known AGP that has exceptional emulsifying characteristics and 
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therefore it is widely used in the food industry (Izydorczyk et al., 2005; Dilokpimol and 

Geshi, 2015). Gum Arabic arabinogalactans contain a high amount of GlcA and have a 

large capacity for holding Ca2+ ions (Chapter five; Figure 5-4) (Lamport and Várnai, 

2013). The addition of electrolytes such as calcium chloride, sodium hydroxide and 

sodium bicarbonate to emulsifications help to lower the surface tension of water 

improving the emulsifying properties (NIIR BOARD, 2010). Thus, it might be possible 

that different biological compounds are reversibly soluble depending on the concentration 

of Ca2+ at the apoplast. Interestingly, there is an increasing number of publications 

describing proteins (Agrawal et al., 2010) and small molecules at the apoplast such as 

lipids, waxes and other hydrophobic compounds transferred to the epidermis across the 

cell wall (Nawrath et al., 2013; Wang et al., 2016; Madsen et al., 2016). Lipidomics from 

secreted lipids and their carriers at the apoplast is a very young area (Misra, 2016). 

Whether the levels of electrolytes in the apoplast affect lipid solubility and transport in 

vivo, remains unexplored. 
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Figure 7-6. General model for the possible biological roles of the GlcA-containing 
AGP-Ca2+ interaction.  

The interaction between [Me]GlcA-containing AGP or [Me]GlcA-containing 

extracellular glycosylated proteins and Ca2+ is essential for plants. Thus, it is possible that 

these three models that conceptualise the importance of [Me]GlcA in the AGP-Ca2+ 

interaction, coexist in plant cells.  

7.2(Discussion 

The analysis of Ca2+-related processes important for the development of trichomes, 

pavement cells and etiolated hypocotyls were useful to set the AGP-Ca2+ interaction in a 

biological context. The model for the development of trichome branching involved Golgi 

trafficking and delivery concerted by Ca2+ binding proteins such as CaMs, CMLs, KIC 

and KCBP. Similarly, CaMs and CMLs regulate the activity of proteins, such as IQDs, 

MDP25 and MAP18, in the model for the development of pavement cell and etiolated 
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hypocotyl. This underlines the importance of CaM and CMLs in the control of biological 

processes. Surprisingly, KIC requires three times less Ca2+ than CaM2/4/6 for binding to 

KCBP. This means that Ca2+ concentrations must be under strict control inside and outside 

the cell. Furthermore, these models suggest that there is a close dependence between Ca2+ 

mediated proteins and the cytoskeleton. Thus, the concentration of Ca2+ in which MDP25 

and MAP18 sever the cytoskeleton must also be under strict control. Interestingly, the 

models shown for the development of these cell types were mainly built from in vitro 

experiments. It is very likely that the availability of mutants such as the GlcA transferase 

mutants will expand the knowledge of the activity of these Ca2+-related proteins from in 

vivo experiments.  

During the analysis of these models, the frc3 trichome mutant was found (Luo and 

Oppenheimer, 1999). The protein encoded by FRC3 is the IQD19 (Meinke et al., 2003). 

Since IQD proteins are regulated by CaMs and CMLs, participate in the organisation of 

the cytoskeleton, and possibly in vesicle transport, it is likely that members of the family 

of IQD proteins are affected from the deficiency of [Me]GlcA in GlcA transferase 

mutants.  

The importance of Ca2+ as a secondary messenger in plants supports the capacitor model 

for the interaction of AGP and Ca2+ at the apoplast. However, is it very likely that other 

extracellular glycosylated proteins rely on Ca2+ for their function. The apoplastic 

emulsifier model integrates the Ca2+ binding properties of AGPs and the emulsifying 

properties of AGPs. Further studies of GlcA transferase mutants might facilitate the 

identification of biological processes representing these three models in vivo. The strict 

control of the concentration of Ca2+ inside the cell might be facilitated if the concentration 

of Ca2+ outside is also under control. It seems viable that the AGP-Ca2+ capacitor model 

could help inform understanding of the process in which the concentration of Ca2+ outside 

the cell is regulated. The concentration of Ca2+ at the apoplast will depend on the amount 

of AGPs secreted and the degree of content in [Me]GlcA-containing polysaccharides. 

However, specialised responses might be accomplished by extracellular glycosylated 

proteins mediated by a [Me]GlcA-Ca2+ interaction. 
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CHAPTER 8 

8(Conclusions and future work 

8.1( Conclusions 

The principal aim of this thesis was to identify the biological role of [Me]GlcA on AG-

polysaccharides. The study of the role of [Me]GlcA was accomplished via the 

identification and analysis of GlcA transferase mutants of the GT14 family. Three roles 

for [Me]GlcA have been described before: (1) Serving as a terminator for the elongation 

of the (1#3)-linked-"-D-Galp backbone chain and (1#6)-linked-"-D-Galp side chains. 

(3) Connecting distinct polysaccharides to AGPs, such as pectin. (3) Serving as an 

interaction point for AGPs and Ca2+ (Lamport and Várnai, 2013; Knoch et al., 2013). The 

findings of this thesis provide solid evidence that [Me]GlcA serves as an interaction point 

for AGPs and Ca2+. The analysis of double and triple mutants of GlcA transferases from 

the GT14 family, suggests that AGP-Ca2+ interaction is important for processes related to 

cell expansion. Many of these phenotypes can be suppressed when double and triple 

mutants are grown on MS medium with an increased concentration of Ca2+, when 

compared to basal MS medium. Thus, it is here suggested that the activity of Ca2+-binding 

proteins related to the cytoskeleton, vesicle trafficking and cell signalling are affected by 

the deficiency of [Me]GlcA on AG-polysaccharides in the apoplast. Furthermore, this 

thesis adds two novel hypotheses that complement the AGP-Ca2+ capacitor model 

(Lamport and Várnai, 2013). Firstly, the interaction between [Me]GlcA on AG-

polysaccharides and Ca2+ may enable the function of extracellular glycosylated proteins. 

Secondly, the AGP-Ca2+ interaction may facilitate emulsification of water-immiscible 

compounds in the apoplast. It is possible that these three functions of the [Me]GlcA and 

Ca2+ interaction coexist in the plant cell apoplast. 

8.1.1!The activity of GlcA transferases is determined by neighbouring residues  

The enzymatic hydrolysis of AG-enriched samples demonstrated that single mutants have 

reduced amounts of [Me]GlcA-containing oligosaccharides. Some GlcA transferases 

appear to have more affinity towards specific oligosaccharides than others. The 

understanding of the current models of AGs, suggests that these four GlcA transferases 
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transfer to GlcA onto the (1#3)-linked-"-D-Galp backbone chain and (1#6)-linked-"-

D-Galp side chains. The analysis of double, and triple mutants made possible the 

identification of functional redundancy in vivo between ATGLCAT14A and 

ATGLCAT14B. In contrast, ATGLCAT14D and ATGLCAT14E are not redundant 

between each other or to ATGLCAT14A and ATGLCAT14B. While ATGLCAT14A and 

ATGLCAT14B can transfer GlcA onto arabinosylated Gal from the (1#6)-linked-"-D-

Galp side chains, ATGLCAT14D does not. On the other hand, ATGLCAT14E may 

transfer GlcA specifically onto (1#3)-linked-"-D-Galp backbone. This suggests that the 

activity of GlcA transferases is determined by the context of the substrate. Whether the 

substrate is arabinosylated, its position on the galactan backbone or side chain, and the 

length of the side chains, may influence the specificity of GlcA transferases, remains to 

be determined. Precise specificity could be studied in vitro using heterologously 

expressed transferases. 

It is not possible to exclude or support the hypothesis that one of the roles of [Me]GlcA 

is to terminate the elongation of the "-linked-D-Galp chains on AG-polysaccharides. 

Surprisingly, instead of finding evidence for an increased abundance of Gal, more Ara 

was identified in some mutants. Thus, it is likely that the absence of [Me]GlcA on 

terminal Gal from (1#6)-linked-"-D-Galp side chains promotes arabinosylation, 

possibly on [Me]GlcA-unsubstituted Gal residues. This underlines that the logistics of 

what event occurs first, either arabinosylation or glucuronosylation, is important for the 

specificity of GlcA transferases. 

The additive effect of the mutations on atglcat14ab double and atglcat14abd-1 triple 

mutants provided the opportunity to identify reductions in [Me]GlcA on AGs, which was 

not possible in single mutants. The same approach could be used for the study of other 

GlcA transferase mutants in which the reduction of [Me]GlcA is too low to detect in 

single mutants. Furthermore, since no T-DNA insertion mutants are available for all the 

GT14 members, the overexpression of these in a double or triple mutant background 

could indicate their activity in vivo.  

8.1.2! [Me]GlcA is essential for AGP-Ca2+ interactions in vitro 

The Ca2+ binding assay in vitro provided compelling evidence that AGPs from the GlcA 

transferase triple mutant atglcat14abd-1, hold less Ca2+ ions than WT AGPs. This 
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evidence supports the hypothesis that AGPs could serve as an extracellular reservoir for 

Ca2+ ions. Based on this evidence, it is very likely that the capacity for holding Ca2+ of 

AGPs from the other triple mutant, atglcat14abe, is also reduced. The sensitivity of and 

ease to perform of the Ca2+ binding assay, could enable the determination of which 

[Me]GlcA-containing oligosaccharides are important for binding to Ca2+.  

8.1.3!Growth of GlcA transferase mutants is Ca2+ sensitive  

The identification of T-DNA insertion mutants for ATGLCAT14A, B, D and E 

demonstrates that the GlcA transferases encoded are not essential for plant survival and 

reproduction. However, when double and triple mutants were generated, the importance 

of [Me]GlcA on AGs started to be apparent. The triple mutant atglcat14abd-1 and 

atglcat14abe showed very different phenotypes, even though they share two of three T-

DNA insertions. Nevertheless, phenotypes shown by both triple mutants and the 

atglcat14ab double mutant, were found to be suppressed by additional Ca2+ in the growth 

medium. The level of suppression of phenotypes occurred in a Ca2+-dependent manner. 

However, it is unclear whether the suppression of the phenotype is caused by either more 

Ca2+ being available at the apoplast and then internalised, or stabilisation by Ca2+ of a 

receptor-like protein at the apoplast. Differences in the growth phenotypes shown by 

atglcat14abd-1 and atglcat14abe support either possibility. While atglcat14abd-1 grows 

nearly as WT, the atglcat14abe triple mutant does not grow larger than one cm. It is 

possible that ATGLCAT14E transfers GlcA onto receptor-like kinases, such as LRR-

RLK and PERKs (Humphrey et al., 2015; Borassi et al., 2016). The availability of 

atglcat14abd-1 and atglcat14abe will be essential for understanding whether the function 

of receptor-like proteins relies on [Me]GlcA in plants. 

8.1.4!Deficiency in the AGP-Ca2+interactions impacts the cytoskeleton 

The identification of the phenotype in the cytoskeleton in the GlcA transferase triple 

mutants may explain why roots skew, why pavement cell shape is lost, and why etiolated 

hypocotyls are dwarfed. However, it is unknown whether the cytoskeleton phenotype is 

the cause or the consequence of the deficiency in [Me]GlcA in AGs. The secretion of 

AGPs depends on the secretory pathway which relies on transport by the cytoskeleton. 

Similarly, secretion of AGPs requires Ca2+ for membrane fusion (Konopka-Postupolska 

and Clark, 2017). A significant number of publications have suggested that the 
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cytoskeleton is regulated by Ca2+ in plants (Hepler, 2016). However, the study in vivo of 

how the cytoskeleton-related proteins interact and how they are regulated by Ca2+, has 

proven to be challenging. Unexpectedly, the mutants generated for this thesis might 

provide new tools for studying how the cytoskeleton is regulated by Ca2+. Thus, the use 

of GlcA transferase double and triple mutants as genetic background will enable the study 

of proteins controlled by Ca2+ and Ca2+ binding proteins. The fact that some phenotypes 

can be suppressed in the GlcA transferase mutants will contribute to the discovery of new 

biological processes driven by Ca2+ that could help to determine whether the cytoskeleton 

phenotype is the cause or the consequence of the deficiency in [Me]GlcA in AGs. 

8.2(Future work 

The results of this thesis have opened new questions in several aspects of the study of 

AGPs. Therefore, a description of the suggested future work will be given in the following 

sections. 

8.2.1!Future work on the structure of AG-polysaccharides of AGPs 

The CAZy GT14 family has 11 members, of which almost half have been characterised, 

including those characterised in this thesis (Dilokpimol and Geshi, 2014). It is likely that 

the other members of the GT14 family are also GlcA transferases specific for AGs. Thus, 

further characterisation of other members of the GT14 family will provide more 

information on the activity and specificity of this family. 

The specificity of the GlcA transferases is determined by their context. At the moment, 

very little is known about this context. In vitro assays could help to determine the specific 

substrate required by the GlcA transferases, which should take advantage of novel 

technologies for oligosaccharide synthesis for the generation of specific oligosaccharides 

(Ruprecht et al., 2017). Similarly, a promoter swap between GlcA transferases could be 

an informative tool to determine the specificity and redundancy of members of the GT14 

family. This would help to better differentiate the roles of ATGLCAT14D and 

ATGLCAT14E. 

However, it is also possible that the current models of the AG-polysaccharide need 

additional information. Thus, in order to better understand the specificity of these GlcA 

transferases, a more detailed structure of AG-polysaccharides is needed. The double and 
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triple mutants of GlcA transferases generated in this work will be helpful for expanding 

the knowledge on the structure of AG-polysaccharides. For instance, the PACE analysis 

of roots and callus AG-extracts showed the absence of oligosaccharides thought not be 

modified with [Me]GlcA. Therefore, further study should involve the characterisation of 

this novel oligosaccharide.  

The triple mutants atglcat14abd-1 and atglcat14abe showed very different phenotypes. 

This evidence suggests that ATGLCAT14D and ATGLCAT14E are transferring GlcA 

onto different molecules or cell types. The heterologous expression of GFP- or Myc-

tagged AGPs, and their purification as a single molecular species, could expand our 

knowledge about which kind of AGPs carries a [Me]GlcA modification. The tagged 

AGPs could be expressed in the double or triple GlcA transferase mutant backgrounds, 

which could serve as negative control. Furthermore, by analysing a homogeneous sample 

of one type of AGPs, it could be very informative about the AG-polysaccharide structure 

present in such an AGP.  

The biological function for the addition of the GlcA residue onto AG-polysaccharides 

was previously suggested to be a terminator of the elongation of the galactan chains 

(Knoch et al., 2013). However, in this work no evidence was identified for such a 

function. Thus, further studies are needed to answer the questions of how the size of the 

galactan chains is controlled.  

An alternative function for the GlcA residing on AG-polysaccharides involved GlcA 

serving as a bridge connector or link between an AGP molecule and a pectin molecule. 

The AGP called APAP1 has such an AGP-pectin link via a GlcA residue from the AG-

polysaccharide (Tan et al., 2013). This link is very important because it can serve as a 

connection between the plasma membrane and the primary cell wall. However, no 

evidence was found in the GlcA transferase triple mutants that could point to deficiencies 

in pectin content (data not shown). It is very likely that the GlcA that bridges AGPs and 

pectin is added by other member of the GT14 family. Thus, further studies on the 

characterisation of GlcA transferase mutants should focus on the identification of this 

AGP-pectin link.  
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8.2.2!Future work on AGP-Ca2+ interaction at the apoplast 

The participation of each GlcA transferase in the generation of the phenotypes identified 

in double and triple mutants may be better understood in vivo by live cell imaging. 

Publicly available data on gene expression patterns may be representative of expression 

patterns in tissues or organs. However, data is not always available for specific cells such 

as trichomes. Thus, the expression of GFP-tagged GlcA transferases expressed under 

their native promoters will help to identify cell types and tissues in which these proteins 

are expressed, and at which developmental stage. To determine precisely the cell types 

lacking [Me]GlcA on AG in the mutants, tissue sections should be studied with the use 

of mAbs which bind specifically to GlcA terminally linked to "-(1#6)-galactans from 

AGPs, such as LM2 (Ruprecht et al., 2017). 

Further work should focus on distinguishing different pathways in which the cytoskeleton 

could be affected in the GlcA transferase mutants. Microtubules are defective in cellulose 

synthesis mutants and in xyloglucan mutants (Bringmann et al., 2012; Xiao et al., 2016). 

However, it is unknown whether the cell wall provides a feedback to the microtubules 

when improper cell wall synthesis occurs. It is possible that the cell wall communicates 

via Ca2+ with the microtubules. Thus, the suppression of the microtubule phenotype in 

GlcA transferase mutants could provide evidence on whether apoplastic Ca2+ contributes 

to the communication between the cell wall and the cytoskeleton. Similarly, other mutants 

in the synthesis of AG-polysaccharides such as fut4, fut6, and galt31a should be 

considered for the analysis of cytoskeleton. It is possible that other glycosyl residues are 

involved in modulating the Ca2+ binding properties of [Me]GlcA.  

To explore whether the additive effect of the T-DNA insertion mutants of GlcA 

transferases had an effect on plant growth, double and triple mutants were generated. 

However, all the possible permutations of double mutants of these four mutants were not 

analysed. It is possible that some combinations of mutations cause different effects than 

others, and further analysis could help to determine the biological importance of specific 

[Me]GlcA-containing oligosaccharides and specific GlcA transferases. 

The hydroponics experiment generated dwarf plants and a loss of pollen viability when 

the plants were grown with a nutrient solution with low concentration of Ca2+. The 

viability of pollen and plant growth phenotypes were suppressed when atglcat14abd-1 
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were grown with a nutrient solution with regular amounts of Ca2+. Thus, by using the 

triple mutants atglcat14abd-1 background, Ca2+-binding proteins and Ca2+-dependent 

cellular processes could be studied in pollen or in the apical meristem. 

The expression of GFP-tagged AGPs for in vivo imaging of expanding tissues could 

inform AGP’s role during cell expansion. If it is localised at cell polarisation sites, it could 

suggest that it might play a role in cell expansion. These experiments could be performed 

in GlcA transferase mutant background, which cell expansion phenotype can be 

suppressed when more Ca2+ is added in the growth medium. Furthermore, these studies 

can be complemented with the use of the LM2 antibody (Ruprecht et al., 2017).  

The frc3 mutants produced trichomes with one branching point similar to atglcat14ab 

and atglcat14abd-1. The FRC3 encodes for an IQD19 protein which is regulated by CaMs 

and CMLs, and could bind to kinases’ cargo via KLCR. Further work should involve the 

study of mutants of IQD19 and the generation of quadruple mutants with atglcat14abd-

1. These could be grown on MS medium with extra Ca2+ to assess their Ca2+ sensitivity 

on trichome development. 

The suppression of the cell adhesion phenotype by Ca2+ should also be followed. It is 

likely that by restoring levels of Ca2+ at the apoplast, the cytoskeleton rearranges and the 

secretion of cell wall components resumes. Thus, further work should involve the study 

of secretion patterns and the availability of cell wall components when the plants are 

grown at different concentrations of Ca2+. Several techniques could be useful for 

addressing these questions, such as transmission electron microscopy (TEM), mAbs for 

cell wall components, and confocal microscopy for following the movement of GFP-

tagged Golgi markers.  

The models that described the participation of Ca2+ regulated proteins in the development 

of trichomes, pavement cells and etiolated hypocotyls, suggest candidate proteins that 

could be down or upregulated in the GlcA transferase mutants. These candidate proteins 

could be tagged with fluorescent reporters to study whether they relocate or interact when 

more Ca2+ is added. Thus, future work should involve the study of protein-protein 

interactions in a GlcA transferase mutant background.  

The further study of extracellular and glycosylated GPI-anchored proteins such as SKS 

and COBL should also be expanded (Borner, 2003). These proteins could be GFP-tagged 
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to study their localisation at the plasma membrane in those tissues of interest, such as 

skewing roots or etiolated hypocotyls. These proteins could also be overexpressed for 

their purification and analysis of AG-polysaccharides. Similar techniques could be used 

for receptor-like and GPI-anchored proteins predicted to carry AG-polysaccharides 

(Borner et al., 2002).  

The fact that double and triple mutants had to be generated in order to find a phenotype, 

suggests that the phenotype is dependent upon the amount of [Me]GlcA on AGPs. 

Therefore, the amount of Ca2+ held by AGPs depends upon the content of GlcA. Thus, 

these mutants could serve as controls for the measurement of Ca2+ at the apoplast. Based 

on the AGP-Ca2+ model, it was suggested that up to 125mM of Ca2+ could be bound to 

AGPs at the apoplast (Lamport and Várnai, 2013). However, no more than 1mM of Ca2+ 

has been detected in extracted apoplastic Ca2+ from WT leaves (Conn et al., 2011). Total 

apoplastic Ca2+ might misrepresent the concentration of Ca2+ held on the fine layer of 

AGPs covering the plasma membrane. Therefore, future work should pursue the 

measurement of apoplastic Ca2+ in muro to represent the amount of Ca2+ that interacts 

with AGPs.  

The measurement of Ca2+ interacting with AGPs should also be complemented with 

measurements in cytosolic Ca2+. The phenotypes seen in the double and triple mutants 

might result from a poor Ca2+ signalling. In order to quantify cytosolic Ca2+, genetically 

encoded Ca2+ sensors such as Yellow Cameleon 3.6 or R-GECO1 could be used for 

imaging plants in vivo (Nagai et al., 2004; Keinath et al., 2015). Furthermore, Ca2+ 

oscillates in the cytosol as a result of external stimuli produced by pathogens or chemical 

stimulation with adenosine 5’triphosphate (ATP), cold water and hydrogen peroxide 

(Tanaka et al., 2010; Martí et al., 2013). Thus, Ca2+ sensors could also provide information 

of the predicted disturbances in the intracellular Ca2+ oscillations in the GlcA transferase 

mutants. Similarly, oscillations in extracellular pH should also be explored. 

Measurements of apoplastic pH have been reported to be as low as pH 4.6 (Gjetting et 

al., 2012; Barbez et al., 2017), but considering the AGP-Ca2+ capacitor model, it is likely 

that apoplastic pH is lower than reported. 

Conducting the future work detailed above would be important for testing the two novel 

hypotheses that this thesis has raised, and has the potential of creating a new model system 
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for the study of molecular mechanisms dependent on Ca2+ that drive cell expansion, 

division and differentiation in plants. 
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Appendix 

 

Appendix Figure 1. Hechtian strands in pollen tubes and tobacco BY-2 cells. (A) 
Plasmolysed pollen tubes from Lilium longiflorum. (B) Plasmolysed tobacco BY-2 

cells. (A) and (B) Hechtian strands are indicated by white arrows. Reproduced from 

(Lamport et al., 2017) and (Bell, K., Oparka, K. and Knox, 2016). 
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Appendix Figure 2-1. Amino acid sequence alignment of homologous members of 
the GT14 family. This alignment was used to build the phylogenetic tree shown in Figure 

3-3. The amino acid sequences correspond to Arabidopsis thaliana (AT), Physcomitrella 

patens (PP), Selaginella moellendorffii (SM), Brachypodium distachyon (BD) and 

Populus trichocarpa (PT). This sequence alignment is continued in the next 26 figures. 
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Appendix Figure 2-2. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation). 
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Appendix Figure 2-3. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-4. Amino acid sequence alignment of homologous members of 
the GT14 family (continuation).  
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Appendix Figure 2-5. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-6. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-7. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-8. Amino acid sequence alignment of homologous members of 
the GT14 family (continuation).  
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Appendix Figure 2-9. Amino acid sequence alignment of homologous members of 
the GT14 family (continuation).  
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Appendix Figure 2-10. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-11. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-12. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-13. Amino acid sequence alignment of homologous members of 
the GT14 family (continuation).  
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Appendix Figure 2-14. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-15. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-16. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-17. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-18. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-19. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-20. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-21. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-22. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-23. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-24. Amino acid sequence alignment of homologous members of 
the GT14 family (continuation).  
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Appendix Figure 2-25. Amino acid sequence alignment of homologous members of 

the GT14 family (continuation).  
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Appendix Figure 2-26. Amino acid sequence alignment of homologous members of 
the GT14 family (continuation).  
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Appendix Figure 2-27. Amino acid sequence alignment of homologous members of 
the GT14 family (continuation).  
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