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Abstract	
!

Dissolution of the pollen tetrad walls after meiosis, and subsequent release of the 

haploid microspores, is essential for pollen development in many species, including 

Arabidopsis thaliana. The thick wall of the tetrad consists of callose (β-1,3-glucan), 

with a primary cell wall of cellulose, hemicellulose and pectin surrounding the whole 

structure. Despite the importance of microspore release, not all the wall-degrading 

enzymes involved have been identified in A. thaliana. 	

!
18 endo-β-1,3-glucanase genes were identified in A. thaliana that are expressed in buds 

at microspore release. Single and multiple-gene T-DNA insertion lines showed no 

detectable phenotype, indicating possible gene redundancy. GFP-tagging of the two 

most specifically expressed genes (AtA6 and AtA6F) showed AtA6 is present in the 

locule at microspore release, but AtA6F is not. Early ectopic expression of AtA6 and 

AtA6F showed they have enzymatic activity, but may not be able to directly target the 

callose wall of the tetrad.	

!
Although endo-β-1,3-glucanases are likely to be most important for callose degradation, 

there are exo-β-1,3-glucanase encoding genes expressed at microspore release. Two 

GH3 exo-β-1,3-glucosidases are highly expressed at microspore release and so may 

play a role in tetrad dissolution. However, the GH5-14 exo-β-1,3-glucosidases found in 

most plant species are absent from A. thaliana and all other sequenced members of the 

Brassicales.	

!
Three genes (named the ‘QUARTET’ genes) are important for degradation of the pectin 

component of the outer wall. Here, analysis of double and triple quartet T-DNA 

insertion lines indicated redundancy between the QRT genes. Degradation of only the 

pectin component of the wall may be sufficient for microspore release, however, six 

endo-β-1,4-glucanase genes are expressed in the anther at microspore release, and may 

target cellulose or hemicellulose in the tetrad cell wall. T-DNA insertion line analysis 

showed no phenotypic differences compared to wild-type, indicating that these endo-

β-1,4-glucanases may not play a major role in microspore release.	

!
!

!
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Chapter 1. General introduction	

!
1.1. Pollen development	

In flowering plants the male gametophyte (pollen) develops within the stamens, which 

each consist of an anther positioned on the end of a stalk-like filament. The model 

organism Arabidopsis thaliana has six stamens within each flower. Each anther has a 

four-lobed structure, with walls consisting of distinct cell layers. During A. thaliana 

floral development, the anther develops from a meristem primordium that consists of 

three initial layers. The innermost layer differentiates to connective tissue, the outermost 

layer becomes the epidermis, and the middle layer gives rise to all the male reproductive 

cells. The archesporal cells of the middle layer first differentiate into primary 

sporogenous cells (the pollen mother cells) and the parietal cells. The parietal cells then 

undergo further divisions to form the three distinct layers of the anther: an outer 

endothelium, a middle layer, and the innermost tapetum. The tapetum surrounds the 

locular space inside each anther lobe, in which the pollen mother cells (PMCs) develop 

into mature pollen (Figure 1.1) (McCormick, 2004; Scott et al., 2004; Feng and 

Dickinson, 2010; Zhang and Yang 2014).	

Figure 1.1. The A. thaliana stamen. Each A. thaliana flower contains six stamens, each 
of which consists of an anther positioned on a stalk-like filament. The pollen develops 
within the four locules, each of which is surrounded by a nutritive tapetal cell layer.	
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In A. thaliana, pollen development within the anther (Figure 1.2) consists of two 

principal phases: (1) microsporogenesis and (2) microgametogenesis. At the start of 

microsporogenesis the sporogenous cells develop into diploid pollen mother cells 

(microsporocytes), these mother cells then undergo meiosis, producing four haploid 

daughter cells called microspores. A thick callose wall forms around the pollen mother 

cells as they undergo meiosis (Waterkeyn, 1962), with a thick wall visible by meiosis II, 

when the four condensed nuclei can also be seen, prior to cytokinesis (Figure 1.2). After 

cytokinesis callose forms around each individual daughter cell to separate them from 

each other, and surrounds the four cells to hold them together as a tetrad, with a primary 

cellulosic cell wall surrounding the whole structure (Figure 1.3). Microsporogenesis is 

complete when the tetrad walls are broken apart by a mixture of enzymes, releasing 

unicellular microspores (Scott et al., 2004; Borg et al., 2009). 	

!
The formation of the callose wall during pollen meiosis is an important stage of pollen 

development in the majority of gymnosperms and angiosperms. In the majority of 

species a callose wall is formed at the tetrad stage (Furness and Rudall, 1999; Furness et 

al., 2002; Wallace et al., 2011), although there are a few exceptions, such as Pandanus 

odoratissimus, that naturally successfully complete meiosis without forming a callose 

wall (Periasamy and Amalathas, 1991). There are two types of tetrad wall formation that 

are characteristic to different species. In the majority of monocots wall formation is 

successional, where a callose wall is deposited between the products after the first 

meiotic division, creating a dyad, then further callose is deposited after the second 

meiosis to form the tetrad. In species such as A. thaliana, the wall formation is 

simultaneous, and meiosis is completed before the callose wall is laid down between the 

daughter cells.	

!
!
!
!
!
!
!
!
!
!
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!
Figure 1.2. Pollen development in A. thaliana. The pollen mother cells undergo 
meiosis, producing four haploid daughter cells. A callose wall forms around the dividing 
cells, between the outer cell wall and the plasma membrane, and invades between the 
daughter cells after cytokinesis, to form a tetrad. The outer cell wall and the callose wall 
are then degraded, releasing the microspores. Microgametogenesis begins with the 
enlargement of the microspores, as a vacuole is produced. The microspore then undergoes 
pollen mitosis I, producing a generative cell and the vegetative cell, which are separated 
by a thin callose wall. This wall is degraded and the generative cell undergoes pollen 
mitosis II to produce the two sperm cells.	!!

�13



Figure 1.3. The A. thaliana pollen tetrad. The A. thaliana tetrad (A) consists of four 
daughter cells surrounded by a thick callose wall. The whole structure is then surrounded 
by an outer primary cell wall (B) which is derived from the pollen mother cell wall.	!

The microgametogenesis phase begins with enlargement of the microspores, as a single 

large vacuole is produced (Owen and Makaroff, 1995; Yamamoto et al., 2003) and the 

microspore nucleus migrates to a peripheral position against the cell wall. The 

microspore then undergoes an asymmetric cell division known as Pollen Mitosis I 

(PMI). A hemispherical wall of callose separates the two products of mitosis (Gorska-

Brylass, 1967; Gorska-Brylass, 1970; Mogami et al., 2002); the generative cell which 

represents the male germline, and the vegetative cell. The hemispherical callose wall is 

subsequently degraded and the small generative cell is engulfed by the cytoplasm of the 

larger vegetative cell, to create a cell-within-a-cell structure. The asymmetric nature of 

the division at PMI is essential for establishing the correct polarity and cellular 

�14
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patterning of the male gametophyte, as the two daughter cells have distinct structures 

and cell fates (Twell et al., 1998; Paciorek and Bergmann, 2010). The large vegetative 

cell does not divide further, but accumulates a dense cytoplasm of lipids, proteins and 

carbohydrates (McCormick, 2004). The vegetative cell maintains the developing 

generative cell and gives rise to the pollen tube that will grow through the stylar tissues 

at pollination to deliver the twin sperm cells to fertilise the embryo sac (Wilson and 

Yang, 2004; Borg et al., 2009). 	

!
The generative cell undergoes a further round of mitosis, called Pollen Mitosis II 

(PMII), to produce two sperm cells. Some species such as A. thaliana disperse 

tricellular pollen, with PMII taking place within the pollen grain prior to anther 

dehiscence. In the majority of species the pollen is dispersed in a bicellular state, with 

PMII taking place in the growing pollen tube. Following PMII, the sperm cells and 

vegetative nucleus form the male germ unit (MGU). The MGU is thought to be 

important in the co-ordinated delivery of the gametes as mutations that affect the 

assembly or positioning of the MGU can lead to reduced male transmission (Lalanne 

and Twell, 2002; Borg et al., 2009).	

!
1.2. The tapetum	

The tapetum is vital for successful pollen development, and various tapetal cell defects 

have been shown to be lethal to developing pollen (Scott et al., 2004; Zhang et al., 

2006; Zhu et al., 2008; Li et al., 2012). Throughout pollen development, the tapetal 

cells contribute to the development of the young pollen grains, in particular, by 

secreting enzymes for wall degradation at microspore release (Stieglitz and Stern, 

1973), and supplying nutrients and wall material for the formation of the pollen wall 

(Scott et al., 2004; Wilson and Yang, 2004). Ablation of the tapetum by expressing a 

ribonuclease gene with a tapetum-specific promoter early in pollen development causes 

male sterility as no pollen grains are able to complete development (Mariani et al., 

1990, Paul et al., 1992; Hird et al., 1993). After microspore release from the tetrad, the 

tapetum degenerates via programmed cell death (Papini et al., 1999; Wilson and Yang, 

2004; Kawanabe et al., 2006; Parish and Li, 2010), and is fully degenerated during 

pollen mitosis, with the remains of the tapetal cells becoming integrated into the pollen 

walls (Parish and Li, 2010; Liu and Fan, 2013).	
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1.3. The tetrad stage of pollen development	

The tetrad stage of pollen development at the end of microsporogenesis is particularly 

vital for successful pollen production in A. thaliana. Analysis of gene-knockout lines for 

several genes involved in pollen development has demonstrated that timely formation 

and breakdown of the callose wall is vital for production of viable pollen. In mutant 

lines where the callose wall does not form, such as when callose synthases are knocked 

out (Dong et al., 2005; Enns et al., 2005) or down-regulated (Lu et al., 2014), exine 

wall formation is greatly disrupted and pollen collapses (Dong et al., 2005; Enns et al., 

2005; Lu et al., 2014). DYSFUNCTIONAL TAPETUM1 (DYT1) is a transcription factor 

that is a central regulator of the anther transcriptome. DYT1 is expressed in the tapetum 

during early pollen development, and when knocked out, the callose wall fails to form 

properly, and any callose that is deposited is not degraded, leading to microspore 

collapse (Zhang et al., 2006). In several other mutant lines, such as defective in tapetal 

development and function1 (tdf1) (Zhu et al., 2008), myb103/myb80 (Zhang et al., 

2007) and bnms3 from Brassica napus (Zhou et al., 2012), the callose wall is formed 

properly but is not degraded, or is degraded later than in the wild-type. This also leads 

to collapse of the microspores and failure of pollen development. Early degradation of 

the tetrad also leads to failure of pollen development and male sterility. In male sterile 

32 (ms32) plants some callose is deposited before meiosis but is degraded shortly after, 

along with the outer wall of the tetrad, leading to male sterility (Fei and Sawhney, 

1999). Furthermore, early expression of a pathogenesis related (PR) β-1,3-glucanase 

from Nicotiana tabacum in A. thaliana under the control of the A9 promoter (Worrall et 

al., 1992), and from soybean in N. tabacum with an early rice tapetum-specific promoter 

(Tsuchiya et al., 1995) leads to early degradation of the callose wall, and collapse of the 

microspores shortly after.	

!
Despite the importance of microspore release in many species including A. thaliana, in 

other species (see Harder and Johnson 2008 for list), microspore release is not necessary 

for successful pollen development. Different forms of pollen aggregation have evolved 

repeatedly in angiosperms, including release of dyads and tetrads which are the result of 

lack of callose wall formation or dissolution (Furness et al., 2002; Harder and Johnson, 

2008). Other forms of pollen aggregation such as pollen threads and pollinia have also 

evolved, with different forms of aggregation having evolved independently at least 39 

times (Harder and Johnson, 2008). Aggregation can have a variety of effects, including 
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altering pollen removal, transport and deposition, and can also influence the relatedness 

of developing seeds within an individual, and may therefore be a sexually selected trait 

(Willson, 1979). However, this aggregation has only evolved under special 

circumstances, as monads are generally more advantageous for pollen removal and 

receipt. Pollen aggregation occurs most frequently in species that are insect pollinated, 

and tetrads and dyads appear to be advantageous to pollination success when the 

pollinators visit flowers infrequently, as this increases the movement of pollen (Harder 

and Johnson, 2008). In species such as A. thaliana that are self-compatible, monads 

may be the most advantageous form of pollen dispersal, and therefore successful pollen 

development relies on microspore release from the tetrad occurring successfully in a 

timely manner.	

!
The tetrad stage is clearly an important stage of pollen development, but the exact 

function has not been defined. There are a few potential roles for the callose wall of the 

tetrad. The purpose of the callose was originally thought to be to enable male meiosis at 

the start of microsporogenesis. However, there are some species, e.g. Pandanus 

odoratis-simus, that naturally successfully complete meiosis without forming a callose 

wall (Periasamy and Amalathas, 1991). In the A9pro:PRgluc N. tabacum plants, meiosis 

is also successfully completed despite absence of the callose wall (Worrall et al., 1992). 	

!
Another possible function for the callose wall is to separate the products of meiosis 

from each other; both so that the cell walls cannot fuse to each other, and so that each 

microspore can develop independently, therefore producing individual pollen grains that 

are free to be released to allow pollination (Waterkeyn, 1962, Scott et al., 2004). Prior 

to meiosis, the tapetal cells and PMCs are interconnected via plasmodesmatal channels. 

However, as the callose wall forms around the PMCs at the start of prophase, these 

plasmodesmatal links are severed. As meiosis proceeds, the plasmodesmatal links 

between the PMCs then expand to form large ‘cytomictic’ channels, allowing them to 

behave as a ‘syncytium’, where cytoplasmic exchange can occur, and meiosis can be 

synchronised across each tetrad (Heslop-Harrison, 1966a; 1966b; Scott et al., 1991; 

Wilson and Yang, 2004). However, these channels are then closed as the callose wall 

forms between the individual microspores at the completing of meiosis. The callose 

wall may act as a barrier, effectively isolating each microspore from its siblings and 

allowing pollen development to proceed independently in each genetically different 

microspore (Heslop-Harrison and Mackenzie, 1967). In species that release pollen 
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polyads, these cytomictic channels may be maintained through meiosis (Feijó and Pais, 

1989; Furness et al., 2002).	

!
The failure of exine wall formation in many of the pollen development mutants 

mentioned above (Dong et al., 2005; Enns et al., 2005; Zhang et al., 2007; Lu et al., 

2014) indicates that the callose wall may serve as a template for pollen exine wall 

formation. The pollen exine wall forms a species-specific pattern on the wall of mature 

pollen, and is formed of tough sporopollenin that acts as a protective coating. The exine 

wall starts to be laid down before the callose wall is fully removed, so the callose may 

act as a template for the specific pattern of exine (Scott et al., 2004).	

!
The callose wall may also act as a ‘molecular filter’ between the developing 

microspores and the locular space (Heslop-Harrison and Mackenzie, 1967; Heslop-

Harrison, 1968; Scott et al., 2004), by preventing the entry of certain macromolecules 

such as thymidine (Heslop-Harrison and Mackenzie, 1967) and phenylalanine 

(Southworth, 1971), but allowing entry of other molecules such as glucose and sodium 

acetate (Southworth, 1971). This may therefore protect the microspores, and allow them 

to develop in isolation from the rest of the sporophyte (Scott et al., 2004).	

!
1.4. The process of microspore release	

Timely tetrad wall dissolution is therefore necessary for successful pollen development. 

The tetrad walls consist of several different types of carbohydrate. The thick wall of the 

tetrad is callose which is β-1,3-glucan. The outer wall that is derived from the pollen 

mother cell wall may contain all the usual components of a primary cell wall, which are 

cellulose, pectin and hemi-cellulose. The tetrad wall is therefore likely to be broken 

apart by a mixture of enzymes which target the different wall components. 	

!
Carbohydrates are diverse and structurally complex and in the form of glycoproteins, 

glycolipids and polysaccharides are essential for numerous fundamental processes in all 

organisms. These roles include energy storage, host-pathogen interactions, signal 

transduction, intracellular trafficking, acting as a structural component and various roles 

in development (Davies et al., 2005; Adams, 2004; Rinaudo, 2006; Gooday, 1990; 

Raabe et al., 2007; Albersheim et al., 2010). In plants, polysaccharides such as cellulose 

are essential for cell wall structure and strength, disaccharides such as sucrose are 
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employed in energy storage (Henrissat et al., 1989) and enzymes involved in cell wall 

biosynthesis, hydrolysis and modification during growth are particularly important 

(Henrissat et al., 2001). 	

!
Carbohydrates are synthesised, modified, and degraded by a diverse range of 

carbohydrate-active enzymes (CAZymes) and binding proteins These CAZymes are 

classified into families based on sequence similarity, and are listed in the Carbohydrate-

Active enZymes (CAZy) database (http://www.cazy.org; Lombard et al., 2014). 

Carbohydrate degradation by the breakdown of glycosidic linkages is mediated by 

CAZymes such as glycoside hydrolases (GHs) and polysaccharide lyases (PLs) and via 

deacetylation by carbohydrate esterases. Plants require CAZymes for many processes 

during development and growth, wall modification and response to pathogens 

(Henrissat et al., 2001; Minic, 2008). CAZyme-encoding genes are estimated to make 

up to 1-3% of the protein coding gene sets of most organisms, excluding archaea, 

reflecting the structural diversity of carbohydrates and the important roles they play 

(Davies et al., 2005; Lombard et al., 2014).	

!
The thick wall of the tetrad is β-1,3-glucan, or callose, a polysaccharide in the form of a 

linear homopolymer consisting of β-1,3-linked glucose residues with some β-1,6-

branches. β-1,3-glucan plays a wide variety of roles in plant cell walls or related 

structures during growth and cell differentiation (see Chen and Kim, 2009 for a recent 

review; and Chapter 3 for more detail). β-1,3-glucanases are therefore required for wall 

remodelling, or by parasitic or pathogenic organisms to enable wall degradation. 

Hydrolysis of β-1,3-glucan can occur by two possible mechanisms, defined by the 

products of hydrolysis: (a) endo-β-1,3-glucanases cleave β-linkages throughout the 

polysaccharide chain, releasing smaller oligosaccharides (b) exo-β-1,3-glucanases 

sequentially cleaving glucose residues from the non-reducing end of the glucan 

polysaccharide, releasing disaccharides. These two mechanisms are addressed in 

Chapter 3 and Chapter 4 respectively.	

!
The outer wall of the tetrad is a primary cell wall derived from the pollen mother cell 

wall, and is therefore likely to consist of a cellulose-hemicellulose framework, 

intermeshing with a pectin-polysaccharide matrix. There are several different classes of 

enzymes that are therefore required for total degradation of a cell wall, such as 

cellulases, pectin methylesterases, pectin lyases, polygalacturonases and 
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xyloglucanases. The presence and importance of these enzymes in microspore release 

are addressed in Chapter 5.	

!
1.5. Overall aims	

The primary aim of this project is to identify the genes and the enzymes that are 

involved in the breakdown of the callose and outer cell wall components of tetrad at the 

end of microsporogenesis. The mechanisms of enzyme production, release, and wall 

breakdown need to be understood, and the proteins involved need to be characterised, to 

increase understanding of the process of microspore release. The identification of the 

genes involved in the process could have potential applications, such as in a male-

sterility system, or any identified novel wall-degrading enzymes may have industrial 

applications, such as in plant cell wall degradation in preparation for bioethanol 

production.	

!
The complexity of the tetrad walls means that several enzymes will be required for 

microspore release. The identification of candidate genes is therefore broken down into 

enzyme type. Chapter 3 focuses on endo-β-1,3-glucanases that target the callose wall. 

Chapter 4 looks at exo-β-1,3-glucanases. Chapter 5 focuses on enzymes that degrade 

the components of the outer cell wall of the tetrad.
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Chapter 2. Materials and Methods	

!
2.1. Bioinformatics	

Identifying candidate genes 	

The appropriate enzyme actions on the correct substrate were identified from the 

Carbohydrate Active enZymes database (CAZy) (http://www.cazy.org; Lombard et al., 

2014). The enzyme families with the appropriate action were selected, and the members 

of each family with genes encoding enzymes in Arabidopsis thaliana were identified. 

The nucleotide and amino acid sequences and their characteristic catalytic core 

sequences for several identified enzymes were BLASTed against The Arabidopsis 

Information Resource (TAIR) to identify any other potential candidates that may not 

have been annotated as genes for enzymes with the correct action. 	

!
Gene expression profiles	

The expression patterns for all the candidate genes were assessed by looking at existing 

microarray data, using the Arabidopsis eFP browser (Winter et al., 2007). Both the 

relative and absolute expression levels were assessed. For the absolute expression level 

all genes that had either universal expression or specific expression in bud stages 9/10 

were shortlisted. Floral stages 9 and 10 correspond to the tetrad and microspore release 

stages in pollen development (Smyth et al., 1990; Sanders et al., 1999). For relative 

expression, all genes that had a fold-change >2 at floral stage 9/10 were also shortlisted.	

!
Expression of all candidate genes was also assessed using the University of Nottingham 

Flowernet tool (Pearce et al., 2015). This tool generates plots showing gene expression 

in anther and floral tissues from a variety of experiments, including from some 

previously unpublished data. Genes with a peak of expression in young buds, and that 

had reduced expression in anther development mutants were highlighted as of particular 

interest.	

!
!
!
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Analysis of candidate proteins	

Corresponding protein sequences for each gene and relevant information for protein 

structure and cellular locality were obtained from TAIR. Protein domain structures were 

identified from the Pfam protein families database (Punta et al., 2012). Prediction of 

transmembrane regions and signal peptides was confirmed with Phobius (Käll et al., 

2004; 2007). Multiple protein sequence alignments were performed using Clustal 

Omega (Sievers et al., 2011; Goujon et al., 2010; McWilliam et al., 2013). The Newick 

tree file was exported from Clustal Omega to Interactive Tree Of Life (iTOL) (Letunic 

and Bork, 2007; 2011) to generate a neighbour-joining unrooted tree of the alignment. 

Pairwise sequence alignments to obtain percentage identity and similarity were 

performed using EMBOSS Needle Pairwise Sequence Alignment tool (EMBL-EBI).	

!
2.2. Bioinformatics (GH5)	

The analyses of GH5 members were done by A. Castillo-Morales, W. Coleman-Smith 

and A.O. Urrutia, see Chapter 4 preface (section 4.1) for further details.	

!
Homology searches to identify GH5-14 and GH5-11 genes in fully 

sequenced plant genomes and 18 A. thaliana ecotypes	

Members of the Glycoside Hydrolases family 5 subfamilies 14 and 11 from the 

genomes of green plants were obtained from the CAZy database (http://www.cazy.org; 

Lombard et al., 2014). The corresponding protein sequences for each gene were obtained 

from the NCBI protein database (Benson et al., 2009; Sayers et al., 2009). The resulting 

37 GH5-14 proteins, corresponding to 26 genes across different green plant species, 

were used as query sequences on a BLASTp search (Altschul et al., 1997). This allowed 

the identification of potential members of this subfamily in all of the sequenced green 

plants (Viridiplantae) present in the NCBI non-redundant protein database (E-value ≤ 

10-5, coverage ≥ 70%, max target sequences = 250; cut-off value taken from the 

Ensembl Compara using parameters used for gene family annotation) (Vilella et al., 

2009). The same process was followed for the 93 protein sequences (29 genes) 

pertaining to the GH5-11 subfamily. All of the resulting sequences were used in a 

second round of BLASTp searches, which did not result in any additional sequences 

being identified. A search for GH5-14 genes was also performed on 18 different 
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genomes corresponding to different ecotypes of A. thaliana (Gan et al., 2011) by 

performing a BLAST search using the full set of 177 CDS from previously identified 

GH5-14 genes in plant species (E-value ≤ 0.0001).  	

!
Phylogenetic analysis	

Multiple sequence alignments were carried out using the MAFFT software (Katoh and 

Standley, 2013) with the L-INS-I method; an accuracy-oriented, iterative refinement 

method incorporating local pairwise alignment information for the set of GH5-14 genes, 

the set of GH5-11 genes and the combined set of GH5-14 and GH5-11 from all species 

using the longest CDS available for each gene. Outputs were manually reviewed to 

ensure alignment over the glycosyl hydrolase family 5 domain identified by Pfam-A 

v27.0 (Finn et al., 2014). The Saccharomyces cerevisiae EXG1 gene (major exo-β-1,3-

glucanase of the cell wall) was included in the alignments as an out-group. Note that in 

the two cases where more than one cultivar had been sequenced, only the cultivar with 

the highest genome sequencing coverage was included in the alignments to ensure that 

GH5-14/11 members were only represented by sequences from a single reference 

genome in each species. This was the case for Oryza sativa japonica and indica, and 

Vitus vinifera Pinot Noir clones PN40024 and ENTAV 115. In both cases the first 

cultivar of the two mentioned species was included in this analysis.	

!
Phylogenetic reconstructions of the GH5-14, the GH5-11 and the GH5-14 GH5-11 

combined gene sets were carried out using two methods: (1) Neighbour-Net 

phylogenetic network for the members of each subfamily was generated using 

SplitsTree4 (Huson and Bryant, 2006) and (2) maximum-likelihood trees of the GH5-14 

and GH5-11 subfamilies were constructed assuming a Jukes-Cantor model of nucleotide 

evolution using FastTree 2.1 (Price et al., 2010). A total of 1000 bootstrap resamples 

were carried out to determine statistical support for the nodes in these phylogenies. 	

!
Assessment of patterns of gene duplication and loss 	

Patterns of gene duplication and loss were inferred using Notung 2.8 (Durand et al., 

2006; Vernot et al., 2008; Stolzer et al., 2012), by reconciliation of the ML tree and a 

phylogenetic tree of the species analysed downloaded from the NCBI taxonomy 

database (Benson et al., 2009; Sayers et al., 2009; http://www.ncbi.nlm.nih.gov/
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taxonomy/). Polytomies on this tree were resolved according to the data contained in 

The Tree of Life Web Project (accessed on 12/05/2015) (Maddison and Schulz, 2007). 

This information, along with the grouping seen in the phylogenetic network, was used 

to infer gene gain and loss events throughout plant evolution. 	

!
Gene expression analysis and co-expression networks	

Rice expression data throughout 25 stages/organs of rice reproductive development 

were obtained from the rice expression atlas (GEO GSE14304) (Fujita et al., 2010). A. 

thaliana gene expression data across 41 stages/organs was obtained from the gene 

expression map of A. thaliana development (ArrayExpress E-TABM-17) (Schmid et al., 

2005). Raw intensity values were RMA normalised using Bioconductor “affy” package 

(Gautier et al., 2004), and biological replicates were averaged to avoid having an over-

representation of a particular developmental step biasing the construction of the co-

expression networks. Co-expression networks for the analysed genes were constructed 

by correlating the expression values of all genes in a dataset against the gene of interest 

(using Pearson correlation coefficients) and retaining the 100 most highly co-expressed 

genes for each. The significance of the conservation of the networks of the four rice 

GH5-14 genes was assessed by a Z-test comparing the number of rice genes with at 

least one A. thaliana ortholog in the network of each GH5-14 enzyme against the 

equivalent in 1000 networks of randomly selected rice genes missing in A. thaliana. 

Differences in the co-expression level of the networks of GH5-14 rice genes were 

assessed using a Student’s T-test to compare the co-expression of the genes in the 

network in rice with the co-expression of their orthologs in A. thaliana. The equivalent 

test was also performed for 1000 networks of randomly selected rice genes that lack at 

least one ortholog in A. thaliana.	

!
Gene ontology terms analysis	

Gene ontology (GO) annotations (Ashburner et al., 2000) were obtained from Ensembl 

Plants BioMart database release 21 (Kinsella et al., 2011). Enrichment analysis of GO 

categories was carried out by counting the number of genes assigned to each GO term 

within the 100 most co-expressed genes of each of the O. sativa ssp. japonica GH5-14 

genes and A. thaliana GH5-11 genes. Statistical significance was assessed by obtaining 

the mean expected number of genes per GO term and its standard deviation in 1000 
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equally sized random samples derived from the overall population of genes and 

performing a Z-test against the observed gene count per GO term. P-values were 

adjusted for multiple testing by the Benjamini-Hochberg method.	

!
2.3. Plant growth	

A. thaliana lines used	

Throughout, the Columbia-0 ecotype was used as a control. Seeds were supplied by 

Prof. R. Scott (University of Bath, UK). The C24 ecotype was used to test the spatial 

and temporal expression of candidate genes by RT-PCR. A 4X (tetraploid) line was used 

as it had increased bud and anther size. The C24 4X A9pro:barnase male sterile line 

(Paul et al., 1992) was used as a tapetum-less comparison. Seeds were supplied by Prof. 

R. Scott (University of Bath, UK).	

!
T-DNA insertion lines were supplied by the Nottingham Arabidopsis Stock Centre 

(NASC) (Appendix Table 2.1). Seeds were either sourced from SALK (Alonso et al., 

2003), GABI-Kat (Kleinboelting et al., 2012) or SAIL (Syngenta Arabidopsis Insertion 

Library, Sessions et al., 2002, McElver et al., 2001). Where possible, two independent 

lines were obtained for each gene of interest. The seeds for the WiscDsLox285F04 line 

for At4g14080 and the SALK_033100.20.30.x for At3g23770 were supplied by Dr. 

Kemel Melih Taskin (Canakkale Onsekiz Mart University, Turkey).	

!
The CALS5pro:AtA6 and CALS5pro:AtA6F transgenic lines were supplied by Prof. 

Zhong-Nan Yang of College of Life and Environmental Sciences, Shanghai Normal 

University. The constructs consist of 2.1 kb upstream of the start codon of the CALS5, 

used as the CALS5 promoter. This was joined to the full length CDS of AtA6 or AtA6F, 

and cloned via restriction site cloning into A. thaliana (Zhong et al., unpublished).	

!
Germination and growth of A. thaliana seeds on soil	

Seeds were stratified in 0.1% agar at 4 °C for 3-4 days, then pipetted directly onto 

Levington F2 compost (with 1/3 sand), that was surface drenched with 0.02% Intercept 

pesticide (Scotts, UK) following the manufacturer’s guidelines. Trays were then placed 

in an environmentally controlled Gallenkamp growth room with a day length (light 
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intensity 100 µM2.m-2.s-1) of 16 hours, at 21.5 °C and night at 18 °C, with 60% 

humidity. The tray was covered with a transparent propagation lid for the first 7 days to 

maintain humidity.	

!
Selection of transgenic A. thaliana seeds on hygromycin 	

A. thaliana seeds were first surface sterilised by washing in 70% ethanol for 1 minute 

followed by 50% domestic bleach for 5 minutes, the bleach was then removed by four 

washes of autoclaved ddH2O, centrifuging for 15–30 secs between washes to aid excess 

liquid removal.	

!
The surface-sterilised seeds were spread on solid half-strength Murashige and Skoog 

(1/2 MS) containing 0.8% phytogel (both from Melford, UK) with the addition of 

30 µg/ml hygromycin for selection of transgenic plant lines and 100 µg/ml cefetoxin to 

kill any remaining Agrobacteria (All antibiotics from Melford, UK). Plates were kept at 

4 °C in darkness for 48 hours, before being transferred to a growth room at 21.5 °C for 

4–6 hours, then returned to the dark at 21.5 °C for a further 48 hours. Plates were then 

transferred to the growth room with a day length of 16 hours, at 21.5 °C with 60% 

humidity. At this stage elongated hypocotyls were visible on positively selected 

seedlings, as described in Harrison et al., 2006. Seedlings were left on the plates for a 

further 7 days before transferring the elongated seedlings to Levington F2 compost that 

was surface drenched with 0.02% Intercept pesticide (Scotts, UK) following the 

manufacturer’s guidelines (as above). Seedlings were covered with a transparent 

propagation lid for 3 days to increase humidity.	

!
Crosses	

Three buds immediately adjacent to the first open flower were emasculated by hand 

before anther dehiscence. All other buds and open flowers were removed. All crosses 

were performed using hand pollination, two days after flowers were emasculated. 

Siliques were collected from the plants approximately 14 days after pollination before 

siliques dehisced.	

!
!
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Brassica oleracea	

Brassica oleracea (S29 genotype) were used for the enzyme activity assays. Seeds were 

supplied by Dr. J. Doughty, University of Bath. Seeds were planted in pots in Levington 

M2 compost with perlite to aid drainage and placed in a green house. Plants were 

repotted to larger pots whenever needed, and given a top-treatment of Osmocote 

fertiliser.	

!
Nicotiana tabacum	

Nicotiana tabacum (SR1) anthers and pollen were used for enzyme activity assays. 

A9pro:PRglucanase N. tabacum (Worrall et al., 1992) were used as a positive control to 

the A9pro:AtA6 and A9pro:AtA6F A. thaliana transgenic lines, and were also used as a 

source of DNA when constructing the A9pro:AtA6, A9pro:AtA6F and 

A9pro:PRglucanase plant vectors to transform A. thaliana. Seeds were supplied by 

Prof. R Scott, University of Bath and were planted in pots in Levington M2 compost 

with perlite to aid drainage and placed in a green house.	

!
2.4. DNA manipulation	

DNA extraction	

A small leaf piece of approximately 0.5 cm2 was removed from each plant. Material was 

ground in 200 μl extraction buffer (1 M Tris-HCL pH 7.5, 0.25 M EDTA, 5 M NaCl, 

ddH2O) using a bench drill fitted with a plastic pestle. Samples were then incubated at 

65 °C for 5 minutes. 100 μl chloroform was added, and samples were vortexed 

thoroughly for 45 secs. After spinning in a centrifuge at 13,000 rpm for 5 minutes the 

supernatant was transferred into fresh 1.5 ml microfuge tubes and an equal volume of 

isopropanol was added to precipitate the nucleic acids. Samples were incubated at room 

temperature for 15 minutes, then centrifuged at 13,000 rpm for 20 minutes to pellet the 

DNA. The DNA pellets were then washed in 500 μl 70% ethanol, centrifuged at 13,000 

rpm for 20 minutes, and air-dried. Pellets were resuspended in 60 μl of ddH2O. 

Extracted DNA was stored at -20°C. 	

!
!
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PCR	

PCR was typically performed in a 16 μl total reaction containing: 0.8 μl DNA, 8 μl 

DreamTaq™ Green PCR Master Mix (2X) (Fermentas International, Inc.), 0.8 μl each 

of left (forward) and right (reverse) primers (10 μM) and 5.6 μl ddH2O. Typical cycling 

was performed in a thermal cycler under conditions for a product of ~1  kb with an 

initial denaturation at 95  °C for 5 minutes, followed by 30 cycles of denaturation at 

95 °C for 30 seconds, annealing at 57.5 °C for 30 seconds, and extension at 72 °C for 40 

seconds, with a final extension at 72 °C for 10 mins.	

!
Gel electrophoresis	

The PCR product was separated on a 1% agarose gel (1 g electrophoresis agarose and 2 

μl of 10 mg/ml ethidium bromide in 100 ml 1X TAE buffer). 10 μl 100 bp DNA ladder 

(Fermentas International, Inc.) was also loaded onto each gel. Gels were run at 90-110V 

for 35–45 mins. Results were visualised on a UV transilluminator, and images were 

captured with an attached camera.	

!
Verifying T-DNA insertion lines	

T-DNA lines were tested to confirm presence of a T-DNA insertion in the gene of 

interest and to confirm the genotype. Two pairs of primers were used to test each line: 

one pair specific to the gene, and a left border primer specific to the T-DNA that paired 

with the gene-specific right primer (Figure 2.1) (see Appendix Table 2.2 for all primers).	

Figure 2.1. PCR primer strategy for genotyping T-DNA insertion lines. Two pairs of 
primers were used to verify the presence of the T-DNA insertion in the gene of interest. 
Left and right gene-specific primers surround the T-DNA insertion. The left border primer 
specific to the T-DNA sequence pairs with the right gene-specific primer.	
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PCR amplification from DNA isolated from a plant that is homozygous for the T-DNA 

insertion would show a product for the T-DNA left border and gene-specific right 

primers, but none for gene-specific left and right primers, as the product would be too 

large to be amplified by the PCR conditions. A wild-type plant would show a band only 

with the gene-specific left and right primers, but no band for the left T-DNA border and 

gene-specific right primers, as there will be no sequence for the left border primer to 

anneal to. Heterozygous plants will have bands for both pairs of primers (Figure 2.2).	

Figure 2.2. Possible gel electrophoresis results when genotyping T-DNA insertion 
lines. If the insertion is present in the gene the left border and right primers will produce a 
product, but the product between the gene-specific left and right primers will be too large 
to be amplified. If there is no insertion the left border primer will have nothing to prime 
to, so a product will only be produced for the gene-specific left and right primers. 
Heterozygous plants will have both products.	

!
Three pairs of primers were used to test whether the T-DNA insertions successfully 

knocked out or knocked down the genes of interest. One pair of primers was designed to 

be upstream (5’) of the site of insertion, one pair downstream (3’) and one pair 

surrounding the site of insertion (Figure 2.3). For all genes cDNA from tetrad stage 

anthers for the T-DNA line was tested, as well as cDNA from wild-type (Col-0) tetrad-

stage anthers, a leaf genomic DNA positive control and water negative control. If the T-

DNA insertion affects the gene the level of RNA (cDNA after reverse transcription) 

should be reduced compared to the wild-type cDNA. No product would be expected for 

the primers surrounding the insertion if the insertion is present the product would be too 

large to be amplified by the PCR conditions (See below for RNA extraction and reverse 

transcription).	

!
!
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Figure 2.3. Strategy for confirming the gene knockout by T-DNA insertion. Three 
primer pairs were used to test for gene knockout or knockdown; an upstream (5’) pair, a 
pair surrounding the point of T-DNA insertion and a pair downstream (3’) of the T-DNA 
insertion. A successful knockout should have no or reduced product for all primer pairs. 
Where possible an intron was included in the span of each primer pair to allow genomic 
DNA contamination to be identified.	

	

2.5. RNA manipulation and analysis 	

Anther collection for RNA extraction	

Young buds were selected based on size and shape to obtain anthers at the correct 

developmental stage. To test for tapetum specific expression, gene expression in anthers 

from wild-type and A9pro:barnase was compared. The tapetum is ablated early in 

development in the A9pro:barnase anthers (Paul et al., 1992), so any genes that are 

expressed in the tapetum in the wild-type will not be detected in the A9pro:barnase 

anthers. Anthers were collected from C24 wild-type plants at four developmental 

stages; Pre-tetrad, tetrad, microspore release and pollen. Old and young anthers were 

collected from A9pro:barnase plants as identification of exact developmental stages is 

not possible due to the early ablation of the tapetum and resulting poor development.	

!
To test for the knockout of genes in T-DNA lines anthers were collected at tetrad stage 

from the T-DNA lines. Col-0 anthers at the tetrad stage were collected as a positive 

control. The anthers were removed whole from the rest of the bud tissue on ice using 27 

gauge syringe needles, then snap frozen in liquid nitrogen and stored at -80  °C until 

RNA extraction.	

!
!
!
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RNA extraction	

RNA extraction was performed using an Invitrogen PureLink RNA Micro Kit (Life 

Technologies), Approximately 30 frozen anthers at the same developmental stage were 

ground with lysis buffer in a 1.5 ml microfuge tube using a plastic microfuge tube 

grinder (Starlabs, UK), and then homogenised using a 1 ml syringe fitted with a 19 

gauge needle. RNA extraction was then completed following the manufacturer’s 

protocol. Extracted RNA was eluted in 12–22 μl nuclease-free water, depending on the 

amount of the starting plant material.	

!
RNA quantification	

The concentration and purity of RNA was assessed using a NanoVue UV 

spectrophotometer (GE Healthcare). Readings were taken at 260 nm and 280 nm. The 

ratio of 260/280 indicates the purity, with a ratio of 1.8 indicating pure DNA and a ratio 

of 2 indicating pure RNA. To estimate concentration, a 260 nm reading of 1 = 40 ng per 

µl of RNA, therefore: 	

Absorbance at OD260 x 40 = ng/µl of RNA	

This was used to estimate addition of an equal quantity of RNA in each sample for 

reverse transcription.	

!
Reverse Transcription	

Reverse transcription reactions were performed using the Invitrogen ThermoScript RT-

PCR System (Life Technologies), or the Protoscript II first strand cDNA synthesis kit 

(New England Biolabs, Inc.) using the manufacturers’ standard protocols. Relative 

concentrations of cDNA were estimated by running a PCR reaction with primers for the 

ubiquitous GAP-C gene (Appendix Table 2.3).	

!
!
!
!
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2.6. Cellulase activity assay and analysis by SDS-PAGE	

SDS-PAGE	

SDS-PAGE was performed using a mini-Protean 3 system (Bio-Rad). Gels were made 

according to the method of Laemmli (1970). A 10% resolving gel was made using 2.5 

ml 40% Acrylamide solution and 1.35 ml 2% Bis-acrylamide (Bio-Rad), 2.5 ml 1.5 M 

Tris-HCl pH 8.8, 100 µl 10% SDS, 3.05 ml ddH2O, 10 µl TEMED and 50 µl 10% APS 

(total volume 10 ml). The stacking gel was made as 4%, with 490 µl 40% Acrylamide 

and 250 µl 2% Bis-Acrylamide (Bio-Rad), 1.25 ml 0.5 M Tris-HCl pH 6.8, 50 µl 10% 

SDS, 3.10 ml ddH2O, 10 µl TEMED and 50 µl 10% APS (total volume 5 ml). Before 

loading, protein samples were prepared 1:1 with 2X sample buffer (0.125 M Tris HCl, 

4% SDS, 5% 2-Mercaptoethanol, 20% glycerol, 0.01% bromophenol blue, 10% ddH2O) 

and denatured for 5 minutes at 95°C in a heating block.	

!
Electrophoresis was carried out for 45-60 mins at 200 V, with an unstained molecular 

weight marker (Pierce), until the dye front had run off of the bottom of the gel. Gels 

were stained in InstantBlue staining solution (Expedeon) for a minimum of 15 mins 

until clear blue bands appeared, and were rinsed in multiple changes of ddH2O.	

!
Cellulase enzyme activity assay	

For the in-gel cellulase activity assay, the SDS-PAGE was made as above but with the 

addition of carboxy-methyl cellulose (CMC) to 0.1% total w/v in the resolving gel. 

After running, the gel was washed 3 times in ddH2O. It was then incubated with 2.5% 

Triton X-100 at room temperature for 1 hour. After washing in ddH2O it was incubated 

in 50 mM Citric buffer pH 5.5 at room temp overnight. The gel was stained with 0.1% 

Congo red for 30 mins and subsequently destained in 1 M NaCl (1–2hrs). The gel was 

agitated gently for all steps. Areas of clearing of the red stain are visible where 

cellulases have broken down the CMC (adapted from Geib et al., 2010).	

!
!
!
!
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2.7. Assays to test potential enzymes for tetrad wall dissolution	

Enzymes	

Pectinase 872L is a pectin methylesterase, Pectinase 62L is an endogalacturonase and 

Pectinase 444L is an endogalacturonase (Biocatalysts, UK, courtesy of Dr. Leak, 

University of Bath). The β-1,3-glucanase was obtained from Prozomix, UK. The pectin 

methylesterase (2014-0233-1) (PME), pectate lyase (2008-0250) (Pectate Lyase 50) and 

pectate lyase (2008-0251) (Pectate Lyase 51) were obtained from Prozomix, UK. 	

!
Tetrad wall dissolution enzyme assays	

Depending on availability, B. oleracea or N. tabacum tetrad-stage buds were dissected 

and the anthers isolated. One anther was used to determine the stage of pollen 

development. Once the tetrad stage was confirmed the remaining anthers were used for 

the assay. Locular fluid was squeezed from the anthers onto a glass slide and enzyme 

solutions were pipetted directly onto the tetrads. The Biocatalysts pectinases were 

diluted to 100 U/ml with 50 mM Acetate buffer pH 5. 20 μl of enzyme solution was 

added to 20 μl of β-1,3-glucanase (concentration of 135 U/ml diluted in 50 mM acetate 

buffer pH 5) and applied to the tetrads, and incubated at 37 °C on a heating block for 20 

min. For the Prozomix enzymes, buffers were selected according to the optimum 

working pH as described by the manufacturer. PME was used at the supplied 37.2 U/ml. 

Pectate Lyase 51 was diluted to 100 U/ml using 50 mM Tris HCl buffer pH 8.8 and 

Pectate Lyase 50 was diluted to the same concentration using CAPS buffer pH 10.4. 

β-1,3-glucanase was added to tetrads for 20 min at 37  °C to first degrade the tetrad 

callose wall. The pectin enzyme was added and incubated for another 20 min at 37 °C. 	

!
2.8. Gateway cloning	

Plasmid construction	

The Gateway System (Life Technologies) was used to make plasmid constructs for 

transformation of A. thaliana. The Gateway entry vector constructs generated are listed 

in Table 2.1. See Figure 2.4 for details of each construct.	

!
!
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Figure 2.4. Construction of Gateway entry vectors. (A) Early over-expression of AtA6 
or AtA6F, under the control of the A9 promoter. (B) A9pro:PRglucanase construct for 
expression in A. thaliana, the A9pro:PRglucanase construct causes early callose wall 
degradation in N. tabacum. (C) The A9 promoter and signal sequence used for A and B 
are GFP tagged to show localisation of the construct. (D) Full length AtA6 or AtA6F gene 
tagged with GFP to show native protein localisation. All constructs have attB adaptors at 
the 5’ and 3’ ends. For construct A the AtA6 and AtA6F gene sequences were fused to the 
promoter-signal sequence by an overlapping region. Absence of a stop codon creates a C-
terminal GFP-tagged construct using the pMDC107 vector. Construct A was made with 
and without stop codons for both genes.	

Table 2.1. The construction of Gateway entry vectors generated for gateway cloning 

into A. thaliana.

Construct name Promoter Signal peptide (SP) gene GFP tag (Y/N) Purpose

A9pro:PRgluc A9 PR glucanase PR glucanase Yes Positive control

A9pro:SP:GFP A9 PR glucanase none Yes Verify location of	
A9pro and SP

A9pro:SP:AtA6 A9 PR glucanase AtA6 No Check enzymatic 	
activity of AtA6

A9pro:SP:AtA6F A9 PR glucanase AtA6F No Check enzymatic 	
activity of AtA6F

A9pro:SP:AtA6:GFP A9 PR glucanase AtA6 Yes Check location of 	
protein

A9pro:SP:AtA6F:GFP A9 PR glucanase AtA6F Yes Check location of 	
protein

AtA6:GFP AtA6 AtA6 AtA6 Yes Check location of 	
native protein

AtA6F:GFP AtA6F AtA6F AtA6F Yes Check location of 	
native protein
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The tobacco tapetum-specific A9 promoter plus the signal peptide (SP) (A9pro:SP) and 

the full length A9pro:SP:PRglucanase were PCR-amplified from leaf DNA of 

transgenic N. tabacum that carries this construct (Worrall et al., 1992). 352 bp of the A9 

promoter was amplified. The AtA6 (At4g14080) and AtA6F (At3g23770) gene 

sequences were PCR amplified from A. thaliana leaf DNA extractions. To make the 

A9pro:AtA6 and A9pro:AtA6F constructs the gene sequence without the native signal 

peptide was amplified. For the AtA6pro:GFP construct 886 bp upstream of the ATG was 

amplified as the AtA6 promoter, and for the AtA6F:GFP construct 915 bp was 

amplified, these were the total regions preceding AtA6 and AtA6F before running into 

the adjacent genes At4g14100 and At3g23760, respectively. For all GFP-tagged 

constructs the stop codon was removed from the gene sequence.	

!
All PCR was performed using KOD high fidelity polymerase (Novagen) or Q5 high 

fidelity DNA polymerase (Qiagen). For the A9pro:AtA6 and A9pro:AtA6F constructs 

first the A9 promoter and PRgluc signal peptide was amplified from transgenic N. 

tabacum carrying the construct, and the AtA6 and AtA6F gene sequences were amplified 

from genomic DNA of A. thaliana. Over-lapping PCR was carried out to fuse the 

A9pro:SP and AtA6 or AtA6F together by two rounds of PCR reactions. In the first 

round PCR, primer pairs of attB1A9for (A9 1108 F) and SPA6rev, SPA6for and 

A6attB2 (A6Rstop or A6RNS) were used to generate two individual DNA fragments, 

where the reverse primers used to amplify the A9pro:SP contained 15 bases of the 5’ 

AtA6 or AtA6F gene sequence and the forward AtA6 and AtA6F primers contained 15 

bases of the 3’ end of the SP sequence, creating an overlapping region of 30 bases. A 

second round PCR with primer pair of attB1A9for and A6attB2 and both DNA 

fragments as templates in 1:100 dilution enabled these fragments to be joined at the 

overlapping regions to create the A9pro:SP:AtA6, or A9pro:SP:AtA6F fragments 

(Figure 2.4A). The primers for the second round PCR included 14 bases of the attB1 

and attB2 sites on the 5’ and 3’ ends respectively, which allowed the addition of the 

complete attB sequences using attB1 and attB2 primers in a further round of PCR (all 

primers used are listed in Appendix Table 2.5).	

!
For each round of PCR, a 50  μl PCR reaction containing 10 pmol of gene-specific 

primer and appropriate template DNA was carried out. Typical cycling conditions for a 

product of ~2 kb were 95 °C for 1 min followed by 30 cycles of 95 °C for 30 seconds, 
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annealing at 57.5 °C for 30 seconds, and extension at 72 °C for 80 seconds, with a final 

extension at 72 °C for 10 mins. 	

!
The attB-flanked products were purified using a GeneJET PCR purification kit (Life 

technologies) according to the manufacturer’s instructions. The purified product was 

first recombined into the attP-containing donor vector pDONRTM/Zeo with BP Clonase 

mix (both Life technologies) to generate entry clones, following the manufacturer’s 

protocol (Gateway technology) (Figure 2.5). The plasmid was mini-prepped using an 

Isolate II plasmid mini kit (Bioline, UK) and the sequence of the constructs was verified 

by sequencing (Eurofins). The transgene was then transferred to the GFP-tagged 

pMDC107 destination vector (Figure 2.6) (Curtis & Grossniklaus, 2003) with LR 

Clonase mix (Life technologies), following the manufacturer’s protocol (Figure 2.5), 

resulting in the production of plant transformation vectors.	

Figure 2.5. Gateway cloning protocol. The attB-flanked PCR product is inserted into the 
pDONR (donor) vector via the BP reaction to create the entry clone. The PCR product is 
then transferred to the pMDC107 (destination) vector via the LR reaction, creating the 
expression clone (Adapted from Katzen, 2007).	
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Figure 2.6. The Gateway-compatible pMDC107 expression vector. The cassette 
contains attR sites flanked by AscI and PacI eight-nucleotide recognition sites, a C-
terminal GFP6 for the construction of promoter-reporter GFP vectors and a Hygromycin 
selectable marker gene (Curtis and Grossniklaus, 2003).	!

E.coli transformation	

Recombination products were transformed into α-select competent E. coli cells 

(Bioline, UK), following the manufacturer’s instructions. Transformed cells were 

selected overnight on solid LB medium containing 1% tryptone, 0.5% yeast extract, 1% 

NaCl and 1.5% agar with 25  µg/ml Zeocin (for pDONR vector) and 50  µg/ml 

Kanamycin (for pMDC107 vector). Positive colonies were screened by PCR with M13 

forward primers and gene specific reverse primers for the pDONR vector, and gene 

specific forward primers and GFP 150 reverse primer for the pMDC107 vector (all 

primers used are listed in Appendix Table 2.5).	

!
Competent A. tumefaciens cell preparation and transformation	

A single colony of A. tumefaciens (GV3101) was cultured in 5ml 2xYT medium 

containing 1.6% Tryptone, 1% Yeast extract and 0.5% Nacl with 50 μM Rifampicin, at 

28  °C, shaken at 220 rpm for overnight. 1ml culture was transferred into 100 ml of 

sterilised 2xYT with 50  μg/ml Rifampicin, 25 µg/ml gentamycin and 100 µg/ml 

ampicillin in a 250 ml conical flask, and it was cultured at 220 rpm at 28  °C until 

OD600 up to 0.6–0.8. Then the conical flask was left on ice for 30 mins. The culture 

was distributed into two 50 ml centrifuge tubes equally and the tubes were centrifuged 

at 4 °C, 4500 x g for 10 minutes. The supernatant medium was discarded and the pellet 

was re-suspended in 20 ml of ice-cold sterile ddH2O by gently pipetting with a Pasteur 

pipette. Then the culture was centrifuged at 4  °C, 4500 x g for 10 minutes and the 

supernatant was removed carefully. Again, the pellet was suspended with 10 ml pre-

chilled 10% glycerol with a Pasteur pipette and centrifuged using the same conditions as 

before. The supernatant was removed and the pellet was re-suspended with 1 ml of ice-
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cold 10% glycerol. The cells were then distributed into ice-cold 1.5 ml microfuge tubes 

as 50 μl aliquots, immediately frozen in liquid nitrogen, and then stored at -80 °C for 

later use.	

!
The plant transformation vectors were transformed into A. tumefaciens strain GV3101 

competent cells by electroporation. A 50 μl aliquot of competent cells was defrosted on 

ice and then transferred to a 0.1 cm electroporation cuvette and gently mixed with 2 μl 

ultraclean plasmid construct. Electroporation was performed using a Biorad 

MicroPulser. 1 ml of 2xYT media was immediately added to the cuvette. Cells were 

resuspended and the culture was transferred to a 1.5 ml microfuge tube and incubated at 

28°C for 3 hours. The culture was then centrifuged at 6000 x g for 1 min. The 

supernatant was removed leaving approximately 80 μl and the pellet was re-suspended 

in the remaining medium. The culture was spread on a 2xYT plate containing 25 μg/ml 

Gentamicin, 50  μg/ml Rifampicin, 50  μg/ml Kanamycin, 100  μg/ml Ampicillin and 

1.5% agar. The plate was incubated at 24–28 °C for two to three days in the dark until 

colonies were visible.	

!
Plant transformation	

A. thaliana transgenic lines were obtained by the floral dipping technique (Clough & 

Bent, 1998). 5-week old plants were dipped after removing pollinated flowers and 

siliques. Seeds were collected and selected on solid 1/2 MS containing 50 μg/ml 

Hygromycin. 	

!
A. tumefaciens carrying the binary construct of interest (in pMDC107) were incubated 

in 100  ml of 2xYT media with 25  μM Gentamicin, 50  μM Rifampicin, 100  μM 

Kanamycin and 100 μM Ampicillin at 28 °C overnight with shaking at 220 rpm; the A. 

tumefaciens culture was centrifuged at room temperature at 4500 x g for 20 mins; the 

supernatant was removed and the pellet was re-suspended with transformation medium 

containing 5% sucrose, and 0.01M MgCl2. The OD600 of the re-suspended culture was 

adjusted to ~0.8 with transformation medium, and the surfactant Silwet-L77 was added 

and mixed well to make the final concentration of 0.05% (v/v) immediately before floral 

dipping. The inflorescences of A. thaliana were soaked into the medium for around 15 

seconds with gentle agitation. The dipped plants were dried for approximately 1 hour 

and kept in a black bag in the dark overnight. Plants were returned to the growth room 
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(21.5 °C with 60% humidity) the following day. The floral dipping procedure was 

repeated 5 days later.	

!
Dry seeds were collected approximately 3 weeks after the first dipping and were stored 

in a cool and dry place for at least 1 week. Seeds were sown on solid 1/2 MS plates 

containing 30 µg/ml Hygromycin for selection of transgenic seeds and 100 µg/ml 

Cefetoxin to kill any remaining Agrobacteria (see section 2.3 for further details).	

!
Presence of the transgene in the seedlings was confirmed by leaf DNA extraction and 

PCR (as described in section 2.4), once the seedlings were large enough, using a gene 

specific forward primer and the GFP 150 reverse primer (Appendix Table 2.5).	

!
2.9. Phenotyping	

Sample preparation: Technovit embedding and sectioning	

Whole inflorescences with open flowers removed were immersed in FAA (10% 

Formaldehyde, 5% glacial acetic acid, 85% of 70% ethanol) and covered with a filter 

paper disk to keep them submerged. Samples were placed under vacuum for 15 mins 

and incubated overnight at 4  °C. The samples were then placed in fresh FAA and 

incubated for 6 hours at room temperature. Samples were transferred to 70% ethanol for 

a minimum of 12 hours. Samples were then dehydrated through an ethanol series (80% 

for 2 hours, 95% for 2 hours, 100% for 1 hour x2) then embedded using Histo-

Technovit 7100 resin kit using the manufacturer’s protocol.	

!
The embedded material was sectioned at 8 μm most frequently, although some material 

was sectioned thicker if it was not sectioning well. Sectioning was done using a Leica 

RM rotary microtome fitted with a tungsten-carbide knife at the Jodrell laboratory at 

RBG Kew. The sections were mounted on glass slides and dried on a Stuart digital 

hotplate SD300 at 90 °C for 30 mins. Dried and cooled slides were then stained for 1 

minute in 0.05% toluidine blue pH 7.0 and rinsed thoroughly in ddH2O to remove 

background staining. Once dry, coverslips were applied using DPX mounting medium.	

!
!
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DAPI staining of pollen nuclei	

DAPI stock solution (5  μg/ml DAPI in ddH2O) was added to DAPI buffer (96.67% 

0.05 M Phosphate buffer, 3.33% (v/v) Triton X-100) to a final concentration of 2 μg/ml. 

25  μl was pipetted on a glass slide and mature pollen was dabbed on from a single 

flower, or immature pollen was dissected from anthers of unopened buds, before 

incubating at room temperature for 20 mins. The nuclei of the pollen were visualised 

using a Nikon Eclipse 90i fluorescence microscope, with UV-2E/C filter under 

ultraviolet light.	

!
Aniline blue staining of callose	

Anthers were removed from the appropriate bud stage and dissected onto a glass slide in 

25 μl aniline blue solution (0.1% Aniline blue dissolved in 0.1 M potassium phosphate 

tribasic (K3PO4.H2O), glycerol). Callose staining was visualised using a Nikon Eclipse 

90i fluorescence microscope, with UV-2E/C filter under ultraviolet light.	

!
Aceto-orcein staining for observation of pollen development	

1  g orcein was dissolved in 50 ml glacial acetic acid. ddH2O was added to a final 

volume of 100 ml, the solution was then filtered before storing in a opaque glass bottle. 

Anthers were dissected into 25 μl of the stain on a glass slide.	

!
Anther clearing for observation of pollen development	

Whole anthers were dissected from buds throughout development and placed in a drop 

of clearing solution (8 g chloral hydrate, 11 ml ddH2O, 1 ml glycerol). Samples were 

photographed under a Nikon Eclipse 90i microscope with differential interference 

contrast optics using a Nikon Digital Sight DS-U1 camera (Diagnostics Instruments 

Inc., Michigan, USA), with NIS-Elements AR2.30 software.	
!
Light microscopy	

Unless otherwise stated, samples were photographed under a Nikon Eclipse 90i 

microscope using a Nikon Digital Sight DS-U1 camera (Diagnostics Instruments Inc., 
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Michigan, USA), with NIS-Elements AR2.30 software. All figures were composed 

using Adobe Photoshop CS5 (Adobe systems Incorporated, San Jose, California).	

!
Confocal microscopy	

Whole anthers were dissected onto glass slides from buds throughout development and 

placed in a drop of 10% glycerol. Anthers were viewed with an argon ion laser at 

488nm excitation, >515/-nm emission for GFP, and autofluorescence for chloroplasts 

was collected at 600 nm, using a Nikon D-eclipse C1 confocal microscope system with 

a Nikon Eclipse 90i microscope and EZ-C1 Software (Nikon UK).	

!
Seed counts	

To assess the seed set of T-DNA and transgenic lines 10 siliques 5–7 days after 

pollination were dissected and numbers of fertilised and unfertilised seeds were counted 

and a percentage of unfertilised seeds was calculated from the total.	

!
Statistical analysis	

Unless otherwise stated, all statistical analyses were undertaken and all graphs were 

drawn with Minitab 17 Statistical Software (Minitab Inc.).
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Chapter 3. Endo-β-1,3-glucanases to degrade the callose wall 

of the tetrad	

!
3.1. Introduction	

3.1.1. The role of callose	

As described in Chapter 1, the timely formation and degradation of the tetrad wall is 

vital for successful pollen development in the majority of angiosperms, including 

Arabidopsis thaliana. The thick wall of the tetrad that surrounds and separates the 

microspores consists of callose (Waterkeyn, 1962) (Figure 3.1), which is a 

polysaccharide in the form of a linear homopolymer, consisting of β-1,3-linked glucose 

residues with some β-1,6-branches (Aspinall and Kessler, 1957; Chen and Kim, 2009).  

Other than in the tetrad wall, callose has a wide variety of roles in plant cell walls or 

related structures during growth and cell differentiation, in particular as a temporary 

wall or structure that can be rapidly synthesised and degraded (Chen and Kim, 2009).	

!
Callose is an important structural component in the tetrad (described in section 1.3), and 

in several other stages of pollen development. After pollen mitosis I the generative and 

vegetative cell are separated by a thin temporary callose wall that is degraded by mitosis 

II (Gorska-Brylass, 1967; Gorska-Brylass, 1970; Mogami et al., 2002). This callose 

wall may sufficiently isolate the generative and vegetative cells from each other 

allowing them to differentiate and establish the separate cell fates (Ünal et al., 2013). At 

pollination, the pollen tube grows through the stylar tissue towards the embryo sac. The 

distal region of pollen tube inner wall is callose-rich (Dardelle et al., 2010; Chebli et al., 

2012) and plays a role in reinforcement of the tube against circumferential tension stress 

(Parre and Geitmann, 2005). Plugs also consisting of callose are laid down regularly as 

the pollen tube grows, concentrating the cytoplasm of the tube cell in the viable tip of 

the expanding tube, separating it from the degenerating region (Franklin-Tong, 1999; 

Geitmann and Steer, 2006).	

!
!
!
!
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!
Figure 3.1. The A. thaliana tetrad has a thick callose wall. The thick wall surrounding 
the microspores of the tetrad consists of callose, which is a linear homopolymer 
consisting of β-1,3-linked glucose residues with some β-1,6-branches.	!

During megasporogenesis, callose is deposited around the megaspore mother cell prior 

to meiosis, and separates the four haploid megaspores after meiosis is complete. Once 

the megaspores differentiate, the callose is degraded from around the functional 

megaspore, and then from around the non-functional megaspores as they collapse 

(Rodkiewicz, 1970; Newbigin et al., 2009; Tucker and Koltunow, 2014). As in 

microsporogenesis, the callose may function as a physical barrier or a selective 

molecular filter between the megaspores and surrounding tissues (Tucker and Koltunow, 

2014).	
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Callose plays a vital role in cell plate formation during cytokinesis, as a key temporary 

component of the growing cell plate (Northcote et al., 1989; Samuels et al., 1995, Hong 

et al., 2001, Verma, 2001; Chen et al., 2009; Thiele et al., 2009). The deposition of 

callose precedes the synthesis of cellulose at the cell plate (Kakimoto and Shibaoka, 

1992; Samuels et al., 1995), and may stabilise the early membrane network and provide 

a spreading force that helps the cell plate expand and converts it to a fenestrated sheet-

like structure. As the cell plate reaches the parental cell wall, the callose is replaced with 

cellulose (Samuels et al., 1995; Staehelin and Hepler, 1996; Verma, 2001).	

!
Plasmodesmata interconnect the cytoplasm, plasma membrane and endoplasmic 

reticulum (ER) of adjoining plant cells. Callose is important in the regulation of 

plasmodesmatal permeability to macromolecules that are involved in development and 

host-pathogen interactions. Callose accumulates in a reversible manner at the neck 

regions of plasmodesmata, restricting the channel aperture and inhibiting transport of 

macromolecules. A reduction in callose accumulation allows increased cell-to-cell 

transport (Northcote et al., 1989; Botha and Cross 2000; Iglesias and Meins 2000; 

Bucher et al., 2001; Zavaliev et al., 2011). The amount of callose in the neck regions is 

controlled by the competing activities of callose synthase and β-1,3-glucanase that 

degrades callose (Levy et al., 2007; De Storme and Geelen, 2014).	

!
Callose deposition can also be induced by pathogen infection, wounding or other stress. 

As part of the early defence response against pathogens, callose is rapidly synthesised at 

the site of pathogen attack and deposited as plugs or as a key component of papillae 

(Aist, 1976; Donofrio and Delaney, 2001; Jacobs et al., 2003; Luna et al., 2011; Voigt, 

2014). This callose deposition may contribute to the innate immunity of the plant by 

slowing pathogen invasion and allowing time for the induction of additional defence 

responses (Jones and Dangl, 2006; Schwessinger and Ronald, 2012; Ellinger and Voigt, 

2014).	

!
3.1.2. Callose synthesis	

Callose is synthesised by callose synthases using uridine diphosphate (UDP) glucose as 

a substrate. 12 genes have been identified in A. thaliana that encode putative callose 

synthases (CalS) (Richmond and Somerville, 2000; Verma and Hong, 2001), also 

known as glucan synthase-like (GSL). Several CalS/GSLs have been implicated in 
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formation of the callose wall of the tetrad during pollen development. GSL1 (CaLS11) 

and GSL5 (CaLS12) are both involved in tetrad wall formation. In gsl1/gsl5 double 

gene knockout plants callose deposition is reduced compared to the wild-type, and 

microspores collapse at the bicellular stage (Ostergaard et al., 2002; Enns et al., 2005). 

GSL1 and GSL5 expression may be regulated by CALLOSE DEFECTIVE 

MICROSPORE1 (CDM1). In the male-sterile cdm1 mutant the callose wall is not fully 

formed, and both GSL1 and GSL5 are down-regulated at the time of normal tetrad wall 

synthesis (Lu et al., 2014). CaLS5 (GSL2) is also required for tetrad callose wall 

formation. In cals5 mutant plants, very little callose is produced and the exine wall 

formation is greatly disrupted which presumably explains the associated pollen abortion 

and male sterility. CALS5 has a broad expression pattern, with expression in various 

tissues throughout pollen development, and in other parts of the plant, but is particularly 

highly expressed in the developing pollen grains. Despite the broad expression pattern, 

the only observable phenotypic differences in the mutant are observed during tetrad 

callose wall synthesis. Despite the phenotype observed in gsl1/gsl5 plants, GSL1 and 

GSL5 do not appear to compensate for the lack of callose deposition in cals5 plants 

(Dong et al., 2005).	

!
3.1.3. Degrading callose	

The enzymes that degrade callose catalyse the cleavage of the 1,3-β-D-glucosidic 

linkages in β-1,3-glucans. In the 1970s Stieglitz and Stern (1973) showed that a peak of 

β-1,3-glucanase activity is associated with dissolution of the tetrad during pollen 

development in Lilium. Stieglitz (1977) then showed that there is both exo- and endo- 

β-1,3-glucanase activity at the microspore release stage. Endo-β-1,3-glucanases 

randomly cleave β-1,3 linkages throughout the chain to release oligosaccharides, and 

exo-β-1,3-glucanases simultaneously cleave glucose residues from the non-reducing 

end of the glucan polysaccharide, releasing single glucose molecules (Albersheim et al., 

2010; Lombard et al., 2014). Endo and exo β-1,3-glucanases may therefore both 

contribute to callose degradation. However, in lilies the endo-glucanase activity was 

more tightly correlated with the microspore release stage, and localised to the tapetum, 

implying that endo-β-1,3-glucanases play a more significant role in tetrad dissolution. 

Subsequent surveys of carbohydrate active enzymes (Doxey et al., 2007; Lombard et 

al., 2014) have placed the enzymes with the appropriate hydrolytic activity, the glucan 
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endo-β-1,3-glucosidases (endo-β-1,3-glucanases) (E.C. 3.2.1.39) together in Glycoside 

Hydrolase family 17 (GH17) in the Carbohydrate Active EnZymes (CAZy) database 

(http://www.cazy.org, Lombard et al., 2014). These enzymes are found in animals, 

bacteria, fungi (Bachman and McClay, 1996), and viruses (Sun et al., 2000). There are 

51 endo-β-1,3-glucanases in GH17 in the A.  thaliana genome (Doxey et al., 2007; 

Lombard et al., 2014).	

!
Endo-β-1,3-glucanases have various developmental and physiological roles in plants, 

but have mainly been studied for their role in defence against pathogens. Many β-1,3-

glucanases are pathogenesis-related (PR) proteins, which are induced by pathogen 

infection and hydrolyse the β-1,3-glucan that is a major component of fungal cell walls. 

This is thought to release immune elicitors that increase the plant defence response, as 

well as helping to break down the fungal cell wall (Leubner-Metzger and Meins, 1999). 

PR β-1,3-glucanases have been shown to have β-1,3-glucanase enzyme activity. 

Significantly, a 33  kDa N. tabacum PR-glucanase that is induced when plants are 

infected with pathogens (Shinshi et al., 1988) causes early degradation of the tetrad 

callose wall when expressed under control of the tapetum-specific A9 promoter (Worrall 

et al., 1992).	

!
Several PR-β-1,3-glucanases have been identified in A. thaliana that are up-regulated in 

response to phytopathogens (Doxey et al., 2007). One PR-β-1,3-glucanase, PR-2 

(At3g57260) has been shown to have callose-degrading activity. The PR-2 protein was 

recombinantly expressed and purified in Pichia pastoris and demonstrated callose-

degrading activity in vitro. In the T-DNA knockout line for pr-2 there is a reduction in 

callose-degrading activity in leaf extracts compared to the wild-type. PR-2 may act as a 

modulator of callose- and salicylic acid-dependent defence responses (Oide et al., 

2013). All β-1,3-glucanases contain a characteristic catalytic core, but PR-β-1,3-

glucanases may represent a sub-family in A. thaliana as they have lower molecular 

weight (~37kDa), compared to other endo-β-1,3-glucanases (42–55 kDa) that are not 

up-regulated in response to pathogen attack (Doxey et al., 2007; Lombard et al., 2014).	

!
No other A. thaliana endo-β-1,3-glucanases have had their enzyme activity 

characterised in vitro, but several have been implicated in callose degradation, 

particularly in plasmodesmata. AtBG_ppap (At5g42100) may be involved in regulating 
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callose accumulation in plasmodesmata. In Atbg_ppap T-DNA insertion knockout lines 

callose accumulation around the plasmodesmata is increased over wild-type (Levy et 

al., 2007). Two other endo-β-1,3-glucanases, Plasmodesmal-Localized β-1,3-Glucanase 

1 (PdBG1) (At3g13560) and PdBG2 (At2g01630) have also been associated with 

regulation of callose accumulation around plasmodesmata. Analysis of T-DNA insertion 

pdbg1/pdbg2 double mutants showed increased accumulation of plasmodesmatal 

callose in roots, indicating a role in regulation of callose and cell-to-cell connectivity 

(Benitez-Alfonso et al., 2013).	

!
3.1.4. Candidate genes for degrading the callose wall of the tetrad	

Despite the identification of β-1,3-glucanases in lilies in the 1970s (Stieglitz and Stern 

1973; Steiglitz, 1977), and characterisation of β-1,3-glucanases playing other roles in 

A.  thaliana, only limited progress has been made in identifying the β-1,3-glucanases 

that break down the callose wall of the tetrad. In 1993, Hird et al. isolated an anther-

specific cDNA from a Brassica napus cDNA library enriched for microsporogenesis 

(Scott et al., 1991). The anther-specific BnA6 had sequence similarity to known β-1,3-

glucanase sequences, and BnA6 promoter-GUS and RNase fusions showed that BnA6 is 

tapetum specific, and has a peak of expression at the microspore release stage of pollen 

development. However, Hird (1995) was unable to associate an enzymatic activity with 

the A6 A. thaliana homologue, by cloning, protein purification and protein assays.	

!
When a BLAST (Basic Local Alignment Search Tool) query is made with the Brassica 

napus A6 amino acid sequence against the A. thaliana genome (TAIR; 

www.arabidopsis.org), the top results are for O-Glycosyl hydrolases family 17 proteins, 

with the gene At4g14080 (AtA6) the best match, which is 82% identical to BnA6 (Figure 

3.2). The second most similar sequence of the BLAST search is At3g23770, which has a 

protein sequence 71% identical to BnA6. The protein sequences for At4g14080 (AtA6) 

and At3g23770 are also similar to each other, at 73.4% identical.	

!
!
!
!
!

�47



Figure 3.2. A. thaliana has a putative homologue of the Brassica A6 protein. In a 
BLAST search of the B. napus A6 protein sequence against the A. thaliana translated 
genome, the top result is At4g14080, which has an amino acid sequence that is 82% 
identical to AtA6.	!

Several later studies have implicated AtA6 and At3g23770 in tetrad callose wall 

dissolution, due to an association with transcription factors or other regulatory genes 

that are important in pollen development. BnMs3 in Brassica napus encodes a Tic40 

protein required for tapetum development. The bnms3 mutant blocks the tapetum from 

transitioning to secretory tissue correctly, which in turn prevents the callose wall from 

being degraded at microspore release and ultimately causes the failure of pollen 

development. 76 genes associated with pollen development are down-regulated in the 

mutant, including a homologue for At3g23770 (BnMSR66), and AtA6 (BnA6) which is 

homologous to At4g14080 (Zhou et al., 2012). DEFECTIVE IN TAPETAL 

DEVELOPMENT AND FUNCTION 1 (TDF1) encodes a transcription factor in A. 

thaliana that is essential for callose wall dissolution. In the male-sterile tdf1 mutant the 

callose wall is not degraded, and the microspores collapse shortly after. AtA6 has greatly 
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reduced expression in tdf1, but expression levels for At3g23770 were not reported (Zhu 

et al., 2008). DYSFUNCTIONAL TAPETUM1 (DYT1) encodes a putative bHLH 

transcription factor and is strongly expressed in the tapetum during meiosis and at the 

tetrad stage, and at a lower level in meiocytes. In the male-sterile dyt1 plants, AtA6 

expression is reduced and At3g23770 expression is greatly reduced (Zhang et al., 2006). 

MYB80 (formerly MYB103) encodes a transcription factor and is essential for pollen 

development. In the male-sterile myb80 mutant the tapetum degenerates earlier than in 

the wild-type (Higginson et al., 2003; Zhang et al., 2007; Phan et al., 2011), preventing 

tetrad callose dissolution. AtA6 is down-regulated in the myb80 mutant, but the 

expression level of At3g23770 was not reported (Zhang et al., 2007). However, whilst 

these studies have propagated the idea that the family of AtA6 genes encode callase, 

none provide any direct evidence that the AtA6 proteins have β-1,3-glucanase activity. 	

!
CALLOSE DEFECTIVE MICROSPORE1 (CDM1) is highly expressed in the tapetum 

and meiocytes from meiosis to microspore release (Lu et al., 2014). In the male-sterile 

cdm1 mutant the callose wall of the tetrad is not fully formed or degraded correctly, 

leading to microspore collapse. Several β-1,3-glucanases including AtA6, At3g61810, 

At3g24330 and At3g55780, but interestingly not At3g23770, are up-regulated prior to 

tetrad formation, but down-regulated later in development, possibly causing the callose 

wall defects (Lu et al., 2014). Similarly, ABORTED MICROSPORES (AMS), which 

acts as a master regulator coordinating pollen wall development (Sorensen et al., 2003), 

also regulates callose wall formation and dissolution. In the ams mutant there is reduced 

callose wall accumulation, which also has delayed, abnormal dissolution. AtA6 is down-

regulated in ams, but the expression level of At3g23770 was not reported (Xu et al., 

2014). Despite this evidence for the involvement of AtA6 and At3g23770 in microspore 

release, no mutant phenotype from a knockout in either gene has been reported, and as 

stated above the protein activities have not been characterised.	

!
Greater progress has been made in Oryza sativa (rice). The β-1,3-glucanase gene family 

in O. sativa appears to be less diverse than in A. thaliana, as only 14 genes (compared 

to 51 in A. thaliana) have been isolated and sequenced (Romero et al., 1998). Osg1 is a 

β-1,3-glucanase gene that is highly expressed in the florets, leaf blades and sheaths 

(Yamaguchi et al., 2002). In the florets, Osg1 is expressed mainly at late meiosis and the 

early and middle microspore stages. Wan et al. (2011) found that when Osg1 was 
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silenced by RNA interference, plants were male-sterile. Degradation of the callose wall 

of the tetrad was disrupted, delaying the release of the microspores. The microspores 

subsequently degenerated, and no viable pollen was produced. The delay in callose 

degradation indicates that Osg1 is required for callose degradation; however, as the 

microspores were eventually released, this suggests that there is some gene redundancy 

and another gene may also be functioning to degrade the callose wall. When the O. 

sativa Osg1 protein sequence was BLAST searched against the A. thaliana genome 

(TAIR; www.arabidopsis.org) the top results were PR-β-1,3-glucanases. This suggests 

that there is a some diversity within the β-1,3-glucanase family, and that divergence has 

occurred between monocots (O. sativa) and eudicots (A. thaliana) in the enzyme family.	

!
Work in N. tabacum provides further evidence for gene redundancy for tetrad callose 

wall dissolution. TAG1, a 33kDa protein (Bucciaglia et al., 2003) from N. tabacum is 

highly similar to β-1,3-glucanases, and is expressed only in the anthers and at the 

microspore release stage (Bucciaglia and Smith, 1994). Transgenic plants expressing 

TAG1 antisense RNA had greatly reduced TAG1 RNA and protein levels, but pollen 

development appeared to be normal and there was no delay in tetrad wall dissolution 

(Bucciaglia et al., 2003).	

!
3.1.5. The importance of the tapetum	

The tapetum plays a key role in degradation of the callose wall as β-1,3-glucanases are 

not produced by the microspores themselves, but are produced in the tapetum, then 

released into the locular space to where the pollen develops (Stieglitz and Stern, 1973). 

The details of the secretion system that releases the enzymes are not yet understood, but 

is assumed that the β-1,3-glucanases are secreted directly from the tapetal cells. 

However, many of the β-1,3-glucanases in A. thaliana are annotated as having a 

membrane anchor such as a Glycosylphosphatidylinositol (GPI)-anchor (Borner et al., 

2003; Doxey et al., 2007). GPI-anchored proteins are targeted to the extracellular 

surface of plant cells, where the anchor is embedded in the cell membrane, but no 

functional domain of the protein spans the cell membrane. The anchor can therefore be 

cleaved off by phospholipases without affecting the protein function (e.g. Griffith and 

Ryan, 1999; Wang, 2001). GPI-anchored proteins are thought to be involved in 

extracellular remodelling of the wall, and signalling (Sherrier et al., 1999; Borner et al., 

�50



2002). However, provided the appropriate phospholipases are present, GPI-anchored 

β-1,3-glucanases may be cleaved from the anchor and released, and could therefore 

degrade the callose wall of the tetrad.	

!
3.1.6. Aims and objectives	

The formation and degradation of the callose wall of the tetrad is vital for successful 

pollen development. Although the genes involved in callose synthesis are known, and 

many genes have been identified that play a role in early pollen development, the genes 

that encode the endo-β-1,3-glucanases that are required for callose dissolution are not 

known. The aim of this work was to identify the genes encoding the enzymes 

responsible for callose wall dissolution.	

!
Objective 1: Identify all genes that encode potential endo-β-1,3-glucanases in the A. 

thaliana genome, and assess their expression patterns and any related literature, to 

identify candidates with both temporal and spatial expression patterns consistent with a 

role in microspore release.	

!
Objective 2: Assess T-DNA insertion knockout lines for all candidate genes for 

phenotypic differences compared to the wild-type, particularly during pollen 

development and at microspore release.	

!
Objective 3: Identify the protein localisation and enzyme activity of proteins encoded 

by the key candidate genes to identify those proteins with the required endo-β-1,3-

glucanase activity, and that are present in the anther locule during microspore release.	

!
!
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3.2. Results	

3.2.1. Bioinformatics: In A. thaliana, 18 genes that encode putative endo-

β-1,3-glucanases are highly expressed at the tetrad stage	

Endo-β-1,3-glucanases are required to degrade the thick callose wall that surrounds the 

microspores in the pollen tetrad. A survey of the Carbohydrate-Active enzymes database 

(CAZy) (http://www.cazy.org; Lombard et al., 2014) showed that all enzymes with the 

correct action of endo-β-1,3-glucan cleavage (E.C. 3.2.1.39) were in Glycoside 

Hydrolase family 17 (GH17), as has been previously shown (Doxey et al., 2007). This 

family consists of 51 genes in A. thaliana (Figure 3.3), several of which have been 

shown to be defence-related, whilst others have roles in wall remodelling. Gene 

expression was assessed for all endo-β-1,3-glucanases using the Arabidopsis eFP 

browser (Winter et al., 2007). 18 genes showed high expression in floral stage 9, which 

corresponds to the tetrad stage (Smyth et al., 1990; Sanders et al., 1999), with a fold 

change >2 (Table 3.1). Six genes were most highly expressed in floral stage 9 relative to 

any other tissue, so were potentially anther specific; however, since the microarray data 

was derived from whole buds, these genes required further investigation to confirm their 

spatial expression pattern.	

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Figure 3.3. The Glycoside Hydrolase family 17 in A. thaliana. The GH17 family 
contains all A. thaliana endo-β-1,3-glucanases. Blue - highly expressed at floral stage 9 
(microspore release), with a predicted transmembrane region. Green - highly expressed at 
floral stage 9. Boxed - highest expression in any tissue is in floral stage 9. A neighbour-
joining unrooted tree of the protein sequence alignment was generated using the 
Interactive Tree Of Life (iTOL) (Letunic and Bork, 2007; 2011). Multiple protein 
sequence alignments were performed using Clustal Omega (Sievers et al., 2011; Goujon 
et al., 2010; McWilliam et al., 2013).	!
!
!
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!
Gene expression was also assessed using the University of Nottingham Flowernet tool 

(Pearce et al., 2015). With this tool, gene expression in a selection of mutants can be 

visualised in particular in a mutant for AMS, a master regulator that coordinates pollen 

wall development (Sorensen et al., 2003; Xu et al., 2014). The majority of the 

shortlisted genes had lower expression in ams compared to wild-type in early pollen 

development, apart from At3g61810, At5g55180 and At1g66250 which are no different, 

and At4g31140 which was expressed at a higher level (Appendix Figure 3.2). No data 

was available for At3g07320.	

!
Protein sequences for all the candidate genes were aligned to look for similarity and any 

conserved regions. All the protein sequences have a family 17 catalytic core and all but 

four (At3g55780, At3g61810, At4g18340, At1g30080) have a C-terminal X8 domain 

Table 3.1. Gene expression from microarrays of candidate endo-β-1,3-glucanases in A. 
thaliana. According to the available microarray data, all endo-β-1,3-glucanases shown have 
high absolute expression at floral stage 9 (microspore release), and a fold change >2 at fs9. 
Genes highlighted in grey are most highly expressed in fs9 compared to other tissues. All 
data obtained from the Arabidopsis eFP browser (Winter et al., 2007).

Gene ID Expression highest Expression floral 
stage 9 

Fold change floral 
stage 9

Highest expression tissue

At4g14080 1674.75 1674.75 2791.25 floral stage 9

At3g23770 795.12 795.12 122.33 floral stage 9

At5g67460 222.8 222.8 5.4 floral stage 9

At3g55780 50.45 50.45 4.33 floral stage 9

At3g61810 32.15 32.15 21.43 floral stage 9

At2g05790 2141.93 1658 2.43 seeds, buds

At5g55180 1926.8 1360.05 3.54 seeds, meristem

At3g07320 782.22 533.75 3.06 meristem

At1g66250 391.38 245.3 3.87 meristem, seeds

At4g26830 299.75 51.38 4.43 floral stage 12 stamens

At3g24330 35.63 35.63 13.2 floral stage 9

At3g13560 418.45 415.9 2.86 meristem, fs9 bud

At4g29360 309.33 194.28 4.21 meristem

At4g31140 347.95 139.27 2.01 stem

At5g56590 247.52 128.88 2.11 seeds, meristem

At2g01630 152.12 88.7 2.27 meristem

At4g18340 363.8 55.75 2.05 root

At1g30080 98 23.05 9.04 fs 15 petals, stamens
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(Finn et al., 2014). These domains are defined as a class of carbohydrate-binding 

modules (CBM43) which bind β-1,3-glucan (Barral et al., 2005) and may improve 

enzymatic activity by enhancing access to the substrate (Boraston et al., 2004). In order 

to participate in microspore release, the proteins must be secreted from the tapetum to 

the locule containing the target tetrads. 10 of the candidate genes encode predicted 

extracellular proteins that have no transmembrane regions, which is consistent with 

their secretion. The other eight of the genes are predicted to encode proteins that have 

short transmembrane regions, suggesting these may remain membrane-bound. However, 

the transmembrane regions are predicted to be Glycosylphosphatidylinositol (GPI) 

anchors (Borner et al., 2002), which could be cleaved by phospholipases to release the 

protein from the membrane into the locule (Griffith and Ryan, 1999; Wang, 2001). 

These eight genes were therefore included in further analysis.	

!
Identifying the spatial and temporal expression of endo-β-1,3-glucanase 

genes by RT-PCR: Two genes are tapetum-specific and expressed early 

in pollen development	

All candidate genes were assessed for timing of expression and tapetum specificity by 

RT-PCR. A9pro:Barnase anthers were used to assess tapetum specificity, as the tapetum 

is ablated very early in development which eliminates all functioning tapetal cells and 

pollen fails to develop. Therefore, no gene expression in A9pro:Barnase anthers, but 

expression in wild-type anthers implies the gene is tapetum-specific. Two genes, 

At4g14080 (AtA6) and At3g23770 (now designated AtA6Friend or AtA6F throughout, 

due to similarity with AtA6) has no expression in the A9pro:Barnase anthers, but high 

expression in the meiosis II and tetrad stages in wild-type anthers (Figure 3.4), 

indicating that they are expressed exclusively in the tapetal cells.	

!
!
!
!
!
!
!
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Figure 3.4. Gel electrophoresis of RT-PCR products to test endo-β-1,3-glucanase 
gene expression. At4g14080 (AtA6) and At3g23770 (AtA6F) are not expressed in 
A9pro:barnase anthers, so are tapetum-specific. There is no transcript for At3g55780 in 
any stage so is not expressed in anthers at a detectable level. MII-meiosis II, T-tetrad, 
MR-Microspore release, MS-microspore. ~50 ng of RNA was added to each RT reaction. 
See Appendix table 2.3. for primer sequences, and Appendix figure 2.1. for gene models 
and primer positions.	!

Although AtA6 and AtA6F displayed the greatest specificity in spatio-temporal 

expression patterns, three other genes - At5g67460, At3g61810 and At3g07320 - also 
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showed higher expression levels in the meiosis II and tetrad stages, and higher in the 

wild-type compared to the A9pro:Barnase anthers, compared to in other stages tested. 

One other gene - At3g24330 - also showed some spatio-temporal specificity, but the 

absence of introns in the gene prevented the design of primers able to identity genomic 

DNA contamination leaving open the possibility that the PCR products were due to 

contamination. One gene - At3g55780 - showed no expression in any stage, indicating 

that it is not expressed in anthers (Figure 3.4).	

!
A shortlist of candidate endo-β-1,3-glucanase genes for microspore 

release	

Gene expression profiles from the existing microarray data, and RT-PCR indicates that 

AtA6 and AtA6F are the most likely candidates for involvement in callose wall 

dissolution, as they are specifically expressed in the tapetum just prior to microspore 

release. Four other genes At3g61810, At3g07320, At5g67460 and At3g24330 also show 

high expression at the appropriate time. New data analysis by the University of 

Nottingham Flowernet tool (Pearce et al., 2015) also indicates that At3g13560 is a good 

candidate, as it is strongly down-regulated in the ams mutant. 	

!
3.2.2. T-DNA insertion lines were obtained for all the candidate genes	

T-DNA insertion lines were obtained for all 18 candidate genes (Appendix Table 2.1). 

All the T-DNA lines were assessed by eye for any gross changes in phenotype compared 

to the wild-type, and by light microscopy for any changes to pollen development. No 

lines showed any gross phenotypic differences including evidence of male sterility, or 

any observable alterations to microsporogenesis, such as a delay in microspore release, 

or to pollen development. This indicates that there may be functional redundancy 

between two or more endo-β-1,3-glucanases. Multiple gene T-DNA insertion lines were 

therefore generated for some of the most highly expressed genes described above (Table 

3.2). At3g61810 was selected as it is the next most specifically expressed after AtA6 and 

AtA6F; At3g07320 because it has the next most similar amino acid sequence to AtA6 

after AtA6F; and At3g13560 because it has a similar expression profile to AtA6 using 

the Flowernet gene expression tool.	

!
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!
Transcript levels for the gene of interest were assessed by RT-PCR in all T-DNA 

insertion lines to identify whether the insert was present in the RNA, and whether this 

caused transcript levels to be reduced, indicating the gene was successfully knocked 

out. Where possible three pairs of primers were used to test expression of the whole 

gene, including around the insertion site to ensure the insertion was present in the RNA. 

Transcript levels were also assessed for all genes of interest in the multiple gene 

knockout lines, as reports suggest that T-DNA insertions may interact to restore gene 

expression in multiple gene lines (personal correspondence, Dr. B. Qi, University of 

Bath; Dr. M. Tucker, University of Adelaide). For all genes, no transcript was detected 

with the primer pair that surrounded the insertion, indicating that the insertion was 

present in the T-DNA. For all other primer pairs, the transcript was absent or there was a 

fainter product from gel electrophoresis, indicating reduced transcript compared to the 

wild-type, indicating that the gene of interest was functionally knocked out (Appendix 

Figure 3.3).	

	 	 	 	 	 	 	 	 	 	 	 	 	

No phenotypic differences compared to the wild-type were observed in 

any single or multiple gene T-DNA insertion lines	

All multiple gene T-DNA lines were inspected visually and microscopically for 

differences compared to the wild-type. In all lines, plants appeared identical to the wild-

type, and pollen development progressed as normal (Figure 3.5). Timing of degradation 

of the callose wall appeared to be similar in all lines, with all stages of pollen 

development including the tetrad stage and microspore release occurring in buds of 

similar lengths (preliminary data, not shown). The callose wall was visible at the tetrad 

stage, and was degraded at microspore release, and no callose remained in the locule 

Table 3.2. T-DNA lines used to generate multiple gene T-DNA insertion lines

Multi-gene line
T-DNA insertion line

At4g14080 At3g23770 At3g61810 At3g07320 At3g13560

Double a6/a6f GABI_606H01 SALK_138003 - - -

Double a6-2/a6f-2 WiscDL285F04 SALK_033100 - - -

Triple a6/a6f/at3g61810 WiscDL285F04 SALK_033100 SAIL_372_D12 - -

Quad a6/a6f/at3g61810/at3g07320 WiscDL285F04 SALK_033100 SAIL_372_D12 GABI_011H04 -

Double a6/At3g13560 WiscDL285F04 - - - SAIL_389_H11
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(Figure 3.6). The mature pollen appeared normal, with a patterned exine wall (Figure 

3.7). DAPI staining of mature pollen showed that there was no significant increase in 

the number of non-trinucleate pollen grains compared to wild-type (Figure 3.8) 

(P=0.055, One-way ANOVA). All lines were fully fertile, with no significant increase in 

the percentage of unfertilised ovules per silique (Figure 3.9) (P=0.155, One-way 

ANOVA).	

Figure 3.5. Toluidine blue stained sections of β-1,3-glucanase quadruple T-DNA 
insertion line anthers through development. Pollen development proceeds as normal in 
all the single and multiple gene knockout lines. (A) Meiosis I, (B) Meiosis II, (C) Tetrad, 
(D) Microspore release, (E) Immature microspores, (F) Uninucleate microspores.	
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Figure 3.6. Aniline blue staining of anther sections of the β-1,3-glucanase quadruple 
T-DNA insertion line. At the tetrad stage, the callose wall fluoresces brightly under UV 
light (A). After microspore release, no callose is visible, indicating that the callose wall is 
degraded as normal (B).	!
!
!
!
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!
Figure 3.7. Mature pollen grains of the β-1,3-glucanase quadruple T-DNA insertion 
line. The mature pollen grains of all the single and multiple β-1,3-glucanase gene 
knockout lines appear to be identical to wild-type pollen. The distinctive patterned 
surface is evident, and is the same as the wild-type.	!
!
!
!
!
!
!
!
!
!
!
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Figure 3.8. The mean percentage of non-trinucleate pollen grains per 100 counted in 
β-1,3-glucanase T-DNA knockout lines. DAPI staining of mature pollen was used to 
identify the number of non-trinucleate pollen grains. No lines were significantly different 
from the wild-type Col0 line (P=0.055, ANOVA). n=10 for all lines.	

Figure 3.9. The mean percentage of unfertilised ovules per silique in self-pollinated 
β-1,3-glucanase lines. No lines are significantly different from the wild-type Col0 line 
(P=0.155, ANOVA). n=10 for all lines.	
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3.2.3. AtA6 is present in the locule at microspore release	

The gene expression data indicates that AtA6 and AtA6F are the most likely candidate 

genes encoding the callose wall dissolving β-1,3-glucanases at microspore release, but 

T-DNA insertion knockout lines showed no phenotypic differences compared to the 

wild-type. However, whilst gene expression analysis established that the genes are 

transcribed in the tapetum, the final destination of encoded proteins was not known 

leaving open the possibility that the enzymes were not secreted into the locules. To 

investigate this, the AtA6 and AtA6F proteins were GFP tagged to allow visualisation of 

their site of synthesis and final destination. Approximately 1 kb upstream of the start 

codon was taken as the promoter for each gene, and the entire gene sequence including 

introns was used, with the stop codon removed, allowing a C-terminal GFP tag to be 

added to the mature protein.	

!
For AtA6, the GFP signal appeared in tapetum prior to tetrad formation (Figure 3.10 A). 

By tetrad stage, the GFP signal was strong in the locule indicating export from the 

tapetal cells (Figure 3.10 B, Figure 3.11), and remained strong throughout microspore 

release (Figure 3.10 C, D). The GFP signal appeared to then localise to the wall of the 

microspores (Figure 3.10 E), but faded shortly thereafter (Figure 3.10 F). There was no 

GFP signal in mature or dehisced anthers, and no evidence of GFP signal in any other 

bud tissues, or in the leaves. Transcript levels for the transgene were similar to the 

native gene when tested by RT-PCR, indicating that the transgene is expressed with the 

same profile as the native gene (Appendix Figure 3.4).	

!
!
!
!
!
!
!
!
!
!
!
!
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Figure 3.10. Confocal micrographs of AtA6:GFP transgenic line anthers through 
development. The GFP signal is strong in the tapetum before the end of meiosis (A), by 
the tetrad stage, the signal is also strong in the locule (B). The fluorescence remains 
strong in the locule at the early microspore stage (C, D), then reduces and appears to 
become localised to the microspore walls (E). There is no GFP signal in mature anthers 
(F).	!
!
!
!

�64



Figure 3.11. Confocal micrograph of an AtA6:GFP anther at the tetrad stage. The 
GFP signal is particularly strong in the anther locules at the tetrad stage.	

!
3.2.4. AtA6F is not present until after microspore release	

The GFP expression profile for AtA6F appears quite different to AtA6. For AtA6F, the 

GFP signal did not appear until after the tetrad stage (Figure 3.12 A). Following 

microspore release the GFP signal appeared in the tapetum (Figure 3.12 B) and was 

then secreted into the locule shortly after, but remained strong in tapetal cells (Figure 

3.12 C, D). The GFP signal then appeared to become localised to the microspore walls 

(Figure 3.12 E), but faded before the anther is mature. There was no GFP signal in 

tetrad or earlier stage anthers (Figure 3.12 A), and no evidence of GFP signal in other 

bud tissues or in leaves. No defects in pollen development or growth were observed for 

either line.	

!
!
!
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Figure 3.12. Confocal micrographs of AtA6F:GFP transgenic line anthers through 
development. There is no GFP signal in the anther at the tetrad stage (A). The GFP signal 
appears in the tapetum after microspore release (B), and appears in the locule shortly after 
(C). The GFP fluorescence remains strong tapetum (D), then reduces and appears to 
become localised to the microspore walls (E). There is no GFP signal in mature anthers 

(F).	
!
!
!
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3.2.5. AtA6 and AtA6F have enzymatic activity	

There are defects in pollen development in CALS5pro:AtA6 and 

CALS5pro:AtA6F transgenic lines	

Transgenic lines with the CALS5 promoter driving AtA6 and AtA6F gene expression 

(generated by Prof. Zhong-Nan Yang, College of Life and Environmental Sciences, 

Shanghai Normal University, China) were assessed for phenotypic changes compared to 

the wild-type, to ascertain whether the AtA6 and AtA6F proteins have endo-β-1,3-

glucanase activity. The CALS5 gene is expressed in the anthers during pollen 

development, and encodes a callose synthase that forms the callose wall of the tetrad 

(Dong et al., 2005), and is therefore expressed before the endo-β-1,3-glucanases that 

degrade the callose wall. The CALS5pro:AtA6 and CALS5pro:AtA6F transgenic lines 

were therefore expected to express AtA6 and AtA6F earlier than normal microspore 

release, and therefore cause early degradation of the callose wall of the tetrad assuming 

they possessed the appropriate endo-β-1,3-glucanase activity.	

!
Inspection of mature transgenic plants revealed that both lines produced the abnormal 

mature pollen (Figure 3.13). 30–60% of the pollen grains were small and shrivelled 

(Figure 3.14), indicating that early expression of AtA6 and AtA6F caused defects in 

pollen development. However, the tetrad appeared to form normally, with callose 

clearly visible in anthers taken from buds of the size that contain tetrads in wild-type 

plants (Figure 3.15), and was degraded as normal allowing microspore release from the 

tetrad. The pollen appeared to develop normally until approximately the bicellular stage, 

when a difference in the size of the pollen grains became evident (Figure 3.16). The 

small pollen grains appeared to arrest around the bicellular stage after which no further 

increase in volume occurred. The small pollen was not just due to failure to hydrate, as 

a difference in size of pollen grains was evident even when pollen was dehydrated 

(Figure 3.17).	

!
!
!
!
!
!
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Figure 3.13. Mature pollen of the CALS5pro:AtA6 transgenic line. 30–60% of the 
mature pollen of the CALS5pro:AtA6 and CALS5pro:AtA6F transgenic lines is small and 
shrivelled.	

!
!
!
!
!
!
!
!
!
!
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Figure 3.14. The mean percentage of shrivelled/small mature pollen per 100 grains 
counted in CALS5pro:AtA6 and CALS5pro:AtA6F T0 transgenic plants. All lines are 
significantly different from the wild-type Col0 line (P<0.001, ANOVA). n=10 for all 
lines.	

!
!

�69



Figure 3.15. The tetrad stage of the CALS5pro:AtA6 transgenic line. The callose wall 
of the tetrad appears to be the same as in the wild-type (A). The wall fluoresces strongly 
when stained with aniline blue, as in the wild-type (B). The tetrads of the 
CALS5pro:AtA6F line were also indistinguishable from the wild-type.  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Figure 3.16. Pollen development in the CALS5pro:AtA6 transgenic line. The pollen 
initially appears to develop normally, with the formation of the tetrad (A) and microspore 
release (B) appearing as in the wild-type. The microspores initially look normal, but at 
approximately the bicellular stage a difference in the size of the pollen grains becomes 
evident, with some grains continuing to develop (white arrow) and some failing to expand 
any further (black arrow) (D).	

!
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Figure 3.17 Non-hydrated mature pollen of the CALS5pro:AtA6 transgenic line. The 
abnormal small pollen grains are distinguishable from normal pollen grains before 
hydration, indicating the small phenotype is not just due to a failure to hydrate.	

!
The generative cell wall may be affected in CALS5pro:AtA6 and 

CALS5pro:AtA6F transgenic plants	

The generative cell wall is a temporary structure that forms after mitosis I at the 

bicellular stage, and consists of callose (Gorska-Brylass, 1967; Gorska-Brylass, 1970; 

Mogami et al., 2002). Analysis of the CALS5 expression pattern indicated that the 

CALS5pro:AtA6 and CALS5pro:AtA6F transgenes should be expressed in the 

microspores, and may therefore target the generative cell wall (Dong et al., 2005). 

Furthermore, when crossed with quartet plants, in most cases two out of four of the 

products of meiosis failed to develop fully, indicating that the phenotype is 

gametophytic (Figure 3.18). These results indicate that AtA6 and AtA6F do have 

enzymatic activity, but the broad expression pattern of the CALS5 promoter means 

establishing the cause of the shrivelled phenotype is difficult.	

!
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Figure 3.18. Mature pollen in CALS5pro:AtA6 x qrt line. Mature pollen are joined 
together in quartets. In most, two out of the four grains are small/shrivelled, and two are 
normal.	

!
A9pro:AtA6 and A9pro:AtA6F transgenic lines have the same shrivelled 

pollen phenotype as the CALS5pro:AtA6 and CALS5pro:AtA6F transgenic 

lines	

A9 gene expression is spatially restricted to the tapetal cells of the anther and first 

appears at the initiation of microsporogenesis and persists until microspore (Paul et al., 

1992). Transgenic lines with the A9 promoter driving expression of a bone fide secreted 

endo-β-1,3-glucanase would therefore produce enzyme activity in the locules, resulting 

in early degradation of the callose wall of the tetrad. This was demonstrated by Worrall 

et al. (1992) who showed that expression of a N. tabacum PR-glucanase gene (Shinshi 

et al., 1988) under control of the A9 promoter in N. tabacum resulted in early 

degradation of the callose wall and pollen abortion (Figure 3.19). The 

A9pro:PRglucanase transgene was used to transform A. thaliana. In the A. thaliana 	
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A9pro:PRglucanase transgenic line, unlike in N. tabacum, some callose was visible at 

the tetrad stage, but the wall appeared thinner than in the wild-type (Figure 3.20 A), 

indicating early degradation of the tetrad callose wall. The majority of mature pollen 

was small and shrivelled (Figure 3.20 B). At the early microspore stage all microspores 

appeared uniform in size and shape (Figure 3.21 A), but by the late microspore stage the 

majority of the microspores had apparently stopped development, although some 

appeared to continue to expand (Figure 3.21 B). The A9 promoter was therefore used to 

drive AtA6 and AtA6F expression to test for endo-β-1,3-glucanase activity. The native 

signal peptides were replaced with the signal peptide sequence from the PR-glucanase 

to ensure that the proteins would be secreted into the anther locule.	

!
!
!
!
!
!
!
!
!
!
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!
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Figure 3.19. N. tabacum A9pro:PRglucanase tetrads (A) and mature pollen (B). There 
is no visible callose wall at the tetrad stage (A), although meiosis has occurred. The 
majority of mature pollen is abnormal, with large and small and shrivelled grains visible 
(B).	!
!
!
!
!
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!
Figure 3.20. A. thaliana A9pro:PRglucanase tetrads (A) and mature pollen (B). A 
callose wall is visible with aniline blue staining at the tetrad stage (A), but the wall is 
thinner than in the wild-type. The majority of mature pollen is small/shrivelled (B).	!
!
!
!
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!
Figure 3.21. A. thaliana A9pro:PRglucanase anthers at early (A) and late (B) 
microspore stages. At early microspore stage, all the microspores appear identical. By 
late microspore, the majority of microspores have stopped developing, but a few continue 
to expand (black arrows).	
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Light microscopy provided no evidence of early callose wall degradation in A9pro:AtA6 

and A9pro:AtA6F transgenic lines, like that seen in the N. tabacum and A. thaliana 

A9pro:PRglucanase transgenic plants. Thick callose walls were evident at the tetrad 

stage (Figure 3.22), and dissolution appeared as normal at microspore release. However, 

like the in the CALS5pro:AtA6 and CALS5pro:AtA6F lines, there was some evidence of 

enzymatic activity, as 30–60% of mature pollen was small and shrivelled (Figure 3.23). 

As with the CALS5pro:AtA6 and CALS5pro:AtA6F lines, the pollen appeared to develop 

normally until approximately the bicellular stage, at which point, approximately half of 

the pollen appeared to fail to continue to expand, and a size difference became evident 

(Figure 3.24). DAPI staining of mature pollen indicated that the small pollen lacked 

nuclei, and were therefore presumably not viable. There were also pollen grains of wild-

type size that also lacked nuclei (Figure 3.25).	

Figure 3.22. A9pro:AtA6 tetrads fluoresce strongly when stained with aniline blue. A 
thick wall of callose that appears the same as in the wild-type is visible at the tetrad stage.	!
!
!
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Figure 3.23. Mature pollen of the A9pro:AtA6 transgenic line. 30–60% of the mature 
pollen of the A9pro:AtA6 and A9pro:AtA6F transgenic lines is small and shrivelled.	!
!
!

�79

100 µm



Figure 3.24. Pollen development in the A9pro:AtA6 transgenic line. In both the 
A9pro:AtA6 and A9pro:AtA6F lines, the pollen initially appears to develop normally, with 
the formation of the tetrad (A) and microspore release (B) appearing as in the wild-type. 
The microspores initially look normal (B, C), but at the late microspore stage (D) a 
difference in the size of the pollen grains becomes evident, with some grains failing to 
expand further, and some continuing to develop (black arrow).  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Figure 3.25. A9pro:AtA6 mature pollen. DAPI staining of mature pollen indicates that 
in both the A9pro:AtA6 and A9pro:AtA6F lines, there are trinucleate pollen grains (A), 
there are also pollen grains that appear to be the correct size, but have no nuclei (B), and 
the small/shrivelled pollen grains have no nuclei (C).	!!

The transgene-encoded proteins were GFP-tagged at the C-terminal to verify their 

secretion into the locule prior to normal callose wall dissolution. For both lines, the GFP 

signal appeared in the tapetum before tetrad formation (Figure 3.26 A), and appeared in 

the locule shortly after (Figure 3.26 B). There was a strong GFP signal in the locule at 

the tetrad stage (Figure 3.26 C), and at microspore release (Figure 3.26 D). The GFP 

signal appeared to then localise to the wall of the microspores (Figure 3.26 E), but 

disappeared shortly after (Figure 3.26 F). There was no GFP signal in mature or 

dehisced anthers. There was no evidence of GFP signal in any other bud tissue, or in 

leaves.	

!
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Figure 3.26. Confocal micrographs of A9pro:AtA6:GFP transgenic line anthers 
through development. In both the A9pro:AtA6:GFP and A9pro:AtA6F:GFP transgenic 
lines, the GFP signal is strong in the tapetum before the end of meiosis (A), and appears 
in the locule shortly after (B). The fluorescence remains strong in the locule at the tetrad 
stage (C), and at microspore release (D), then reduces and appears to become localised to 
the microspore walls (E). There is no GFP signal in mature anthers (F).  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3.3. Discussion	

3.3.1. There are tapetum-specific endo-β-1,3-glucanases in A. thaliana	

There are 51 genes that encode putative endo-β-1,3-glucanases in A. thaliana, 18 of 

which were found to be expressed in the A. thaliana bud at floral stage 9 when tetrads 

are present. Six of these genes have their highest expression in any tissue at this stage, 

suggesting an important role in early floral development.	

!
Ten of the expressed genes encode proteins that are secreted according to the predicted 

protein sequence, which suggests they are the most likely candidates as the enzymes 

that degrade the tetrad walls are produced in the tapetum, not by the microspores 

themselves (Stieglitz and Stern, 1973). The enzymes must therefore travel from the 

tapetum into the locular space containing the microsporogenous cells. The other eight 

candidates have short transmembrane regions which may mean that they remain bound 

to the plasma membrane. However, these transmembrane regions are predicted or 

confirmed as Glycosylphosphatidylinositol (GPI) anchors (Borner et al., 2002), which 

could enable the proteins to be secreted in the locular space as the GPI anchors target 

the protein to the extracellular membrane, and can then may be cleaved by a 

phospholipase (Griffith and Ryan, 1999; Wang, 2001). Five out of the six highly 

expressed genes are predicted to be secreted, with the remaining one predicted to have a 

GPI anchor.	

!
The six highly expressed genes include the previously identified AtA6 (At4g14080), the 

two most similar to AtA6 based on protein sequences, At3g23770 (AtA6F), At3g07320, 

one protein that does not have an X8 domain, At3g61810, one protein that has a GPI 

anchor, At3g24330, and one other, At5g67460. The two key candidates (AtA6 and 

AtA6F) have similar protein sequences, with a pairwise sequence alignment performed 

with EMBOSS Needle (EMBL-EBI) showing an identity of 73.4% for the two protein 

sequences. At3g07320 is 69.8% similar to AtA6. At3g61810 is only 42.7% similar to 

At4g14080 largely due to the absence of an X8 domain. The protein sequence alignment 

tree shows that these genes are more closely related to each other than to all the other 

candidate β-1,3-glucanases. This was also shown by Doxey et al. (2007) in a majority-

rule consensus tree generated from protein sequences. The similarity of the candidate 
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protein sequences could be expected, as similar proteins are predicted to play a similar 

role.	

!
The expression pattern of all 18 genes with expression during pollen development was 

tested by RT-PCR. Since the available microarray data is for expression in whole floral 

stage 9 buds, anthers were isolated to test for more specific expression. Comparison 

with tapetum-less A9pro:Barnase anthers also allowed attribution of tapetum-specificity 

to candidate genes. Spatio-temporal restriction of expression to the tapetum at 

microspore release was indicative that the encoded proteins play a role in microspore 

release, since callose at this stage is almost all located in the tetrad wall. Of the genes 

encoding putative secreted glucanases, At3g55780 showed no expression in the anther 

so can be ruled out of the investigation. Two, AtA6 and AtA6F, showed expression only 

in the tapetum, and also showed expression only at in tetrad stage anthers. Expression of 

AtA6F appears to be highly restricted to the tetrad stage. This suggests that these two 

genes are very tightly regulated consistent with providing a spike of glucanase activity 

for tetrad wall dissolution.	

!
The specificity of AtA6 and AtA6F expression found here fits with previous studies that 

also found that AtA6 in particular is expressed specifically at microspore release (Hird 

et al., 1993). The expression patterns of AtA6 and AtA6F makes these genes most likely 

candidates to encode proteins that degrade the callose wall of the tetrad. The large 

number of studies that have reported down-regulation of AtA6 and often AtA6F in male-

sterile mutants (Higginson et al., 2003; Zhang et al., 2006; Zhang et al., 2007; Zhu et 

al., 2008; Phan et al., 2011; Zhou et al., 2012; Lu et al., 2014; Xu et al., 2014) is also 

consistent with this hypothesis.	

!
3.3.2. No single endo-β-1,3-glucanase is responsible for callose wall 

dissolution during microspore release in A. thaliana	

T-DNA insertion lines were obtained for all candidate genes and assessed for 

phenotypic differences relative to the wild-type. Despite the highly specific spatio-

temporal expression patterns of some of the genes, Especially AtA6 and AtA6F, none of 

the insertion lines showed any phenotypic impact from loss of function mutation. This 

lack of phenotype indicates that functional redundancy may exist between two or more 
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endo-β-1,3-glucanases that perform similar functions in degrading the callose wall of 

the tetrad. Genetic redundancy is frequently the cause of an absence of phenotype in 

single gene knockout lines, due to compensation by closely related genes within a gene 

family (Ayadi et al., 2015). Redundancy is particularly common in flowering plants, due 

to the high degree of polyploidisation in plant genomes (Van de Peer et al., 2009). 

Despite its small genome size, A. thaliana has undergone three rounds of duplication, 

including two doublings and one tripling, resulting in 12 copies of the ancestral genome 

(Bowers et al., 2003; Tang et al., 2008).	

!
The large gene family encoding endo-β-1,3-glucanases in A. thaliana does suggest a 

high degree of redundancy (The Arabidopsis Genome initiative, 2000). For example, 

two endo-β-1,3-glucanases that are important for callose metabolism in plasmodesmata 

in the roots, Plasmodesmal-Localized β-1,3-Glucanase 1 (PdBG1) and PdBG2, have 

been shown to be functionally redundant, with no apparent phenotypic differences 

compared to the wild-type in single gene-knockout lines, but increased callose 

accumulation in plasmodesmata in the pdbg1/pdbg2 double mutant (Benitez-Alfonso et 

al., 2013).	

!
Multiple gene T-DNA insertion lines were therefore generated for some of the key 

genes. However, despite all genes being confirmed as knocked out in the multiple-gene 

lines, no phenotypic differences compared to the wild-type were observed in any line. 

There was no indication of an impact on callose wall dissolution or on fertility in any of 

the lines. This indicates that there may be an even greater degree of redundancy. In the 

cdm1 mutant, several endo-β-1,3-glucanase genes are reported as down regulated (AtA6, 

At3g61810, At3g24330 and At3g55780) (Lu et al., 2014), possibly reflecting the 

involvement of many enzymes in the process. However, assuming the genes targeted in 

the present work do play a role albeit a partial one in tetrad dissolution, the absence of 

even a partial phenotype is puzzling. It is therefore plausible that the chosen genes do 

not all encode the endo-β-1,3-glucanases that are important for microspore release. 

At3g13560 has now been characterised as PdBG1, which is important for callose 

metabolism in root plasmodesmata (Benitez-Alfonso et al., 2013). PdBG1 localises to 

the plasmodesmata, and is therefore unlikely to be secreted into the locule of the anther 

to participate in microspore release. In the most recent bioinformatics survey shown in 

the present work, At5g67460 appears to be a good candidate, due to high expression in 

the tetrad stage; however, in the initial survey conducted at the start of this project to 
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identify candidates to include in the multiple-gene knockout lines, At5g67460 was not a 

strong candidate, so was not included. In light of these new results, an insertion line for 

At5g67460 should be combined with other key gene-knockouts to generate multiple 

gene-knockout lines, and assessed for phenotypic differences. Currently, no T-DNA 

insertion lines are available for At3g24330, so loss of function of At3g24330 has not yet 

been assessed.	

!
3.3.3. AtA6 is present in the locule at microspore release, but AtA6F 

appears after tetrad wall dissolution	

The gene expression profiles of AtA6 and AtA6F indicate both may both play a role in 

microspore release, as they are specifically expressed at the correct time and place to 

target the tetrad wall. However, no phenotype was observed in the single gene or double 

knockout lines. However, despite knowledge of the gene expression profiles from 

microarray analysis and RT-PCR, prior to the present work the protein localisation was 

not known. Therefore both the full length AtA6 and AtA6F genes were GFP-tagged and 

transformed into A. thaliana.	

!
Confocal microscopy of AtA6:GFP anthers showed that AtA6 was present in the 

tapetum and locule prior to microspore release, and a large amount of protein, as judged 

by the intensity of GFP fluorescence, was present at the tetrad stage (Figures 3.10, 3.11). 

Assuming the same is true for natural AtA6 in wild-type plants, and AtA6 encodes an 

active endo-β-1,3-glucanase, it would appear therefore that sufficient protein is present 

within the locule to accomplish callose wall dissolution during microspore release. In 

contrast to AtA6, no GFP signal was detected in AtA6F:GFP anthers until after 

microspore release (Figure 3.12). This suggests that in wild-type anthers the AtA6F 

protein is present in the locule too late to play a role in tetrad dissolution. However, 

AtA6F may play a role in callose metabolism later in pollen development. Callose is 

present in the generative cell wall in bicellular pollen (Gorska-Brylass, 1967; Gorska-

Brylass, 1970; Mogami et al., 2002). One possibility is that AtA6F is transported into 

the pollen to play a role in degradation of the generative cell wall. Alternatively, since 

AtA6F appears highly expressed in the tapetum, it could play a role in regulating callose 

accumulation around the tapetal cell plasmodesmata, which undergo structural 

modifications during pollen development (Sager and Lee, 2014).	
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3.3.4. AtA6 and AtA6F have enzymatic activity, but may not degrade the 

tetrad wall	

AtA6 and AtA6F are annotated as endo-β-1,3-glucanases based on sequence similarity 

with other proteins that have been shown to have endo-β-1,3-glucanase enzymatic 

activity (e.g. Worrall et al., 1992; Oide et al., 2013). However, neither protein had 

previously been tested directly for enzymatic activity. To address this Zhong et al. 

(unpublished) expressed both AtA6 and AtA6F under the control of the CALS5 

promoter. CALLOSE SYNTHASE 5 is essential for proper tetrad callose formation 

(Dong et al., 2005), and is therefore expressed prior to normal microspore release. 

When expressed under the control of the CALS5 promoter, AtA6 and AtA6F should be 

synthesised precociously during callose wall formation. Thus if AtA6 and AtA6F 

possess endo-β-1,3-glucanase activity, transgenic plants carrying these genes should 

display aberrant callose wall development due to the degradation of callose throughout 

its synthesis. However, when visualised with aniline blue, there appeared to be no 

difference in the callose wall of the tetrad in either transgenic line when compared to the 

wild-type. There was some impact on pollen development however, as approximately 

50% of mature pollen grains were small/shrivelled and thus appeared to have aborted. 

The broad expression pattern of the CALS5 gene may mean that expression of AtA6 and 

AtA6F under the control of the CALS5 promoter affected a later stage of pollen 

development, such as the generative cell wall (Dong et al., 2005). Aniline blue staining 

indicated that a proportion of pollen grains were missing the generative cell wall 

(preliminary data, not shown); however, as the wall is transient, present for just a few 

hours (Gorska-Brylass, 1967; Smyth et al., 1990; Sanders et al., 1999), it was difficult 

to confidently identify the presence or absence of the wall with aniline blue staining.	

!
Due to lack of direct evidence for activity of AtA6 and AtA6F from the CALS5 

promoter driven constructs, AtA6 and AtA6F were also expressed under the control of 

the A9 promoter, which is specifically expressed early in the tapetum, before microspore 

release (Paul et al., 1992). A secretion signal peptide was used to ensure that the 

proteins would be secreted into the locule. As with the CALS5pro experiments, it was 

anticipated that if AtA6 and AtA6F have endo-β-1,3-glucanase activity, early expression 

should cause premature degradation of the callose wall of the tetrad, which in N. 

tabacum leads to pollen abortion and male sterility (Worrall et al., 1992).	

!
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For both A9pro lines, as in the CALS5pro lines, the key phenotypic difference compared 

to the wild-type was that approximately 50% of the mature pollen was small/shrivelled. 

Similarly, the callose wall of the tetrad was present as in the wild-type and fluoresced 

strongly when stained with aniline blue. Early expression therefore indicates that AtA6 

and AtA6F do have enzymatic activity, but as precocious expression of A6 and A6F 

under the A9 promoter failed to cause premature dissolution of the callose wall, it is not 

clear what caused the pollen abortion. The A9pro:PRglucanase construct from N. 

tabacum was used to transform A. thaliana. Interestingly, the phenotype appeared to be 

less severe in A. thaliana, with a few mature pollen grains appearing to complete 

development, and a callose wall visible at the tetrad stage, although it appeared thinner 

than in the wild-type. This may indicate that a premature thinning of the callose wall, as 

opposed to complete early dissolution, is sufficient to cause some significant pollen 

abortion. The tetrad callose wall in the A9pro:AtA6 and A9pro:AtA6F lines may be 

similarly thinned, although to a lesser extent, meaning it is not obviously thinner when 

visualised with aniline blue, and less of the pollen is aborted. In some male-sterility 

lines, such as callose defective microspore1 (cdm1), a callose wall is visible but is 

similarly thinner than in the wild-type, which may cause defects in pollen wall synthesis 

(Lu et al., 2014).	

!
Despite evidence (the pollen phenotypes) consistent with some enzymatic activity 

associated with AtA6 and AtA6F in the transgenic lines, the observed phenotype was 

subtle and not directly attributable to observable impacts on the callose wall. The GFP-

tagged AtA6 and A9pro:AtA6:GFP and A9pro:AtA6F:GFP apparently have quite 

similar GFP expression, with strong fluorescence in the anther locule from the start of 

the tetrad stage. This may indicate that AtA6 accumulates in the locule, but does not 

have access to the callose of the tetrad wall or is not active prior to normal microspore 

release, as the wall would be degraded early in the wild-type. AtA6 may therefore 

require structural modifications to the tetrad outer wall to allow access to the callose, its 

own ‘activation’, or both, before participating in microspore release. 	

!
The outer wall of the tetrad, derived from the primary cell wall of the original 

microsporocyte, is not degraded until shortly before microspore release (Worrall et al., 

1992), and may therefore act as a physical barrier to proteins, preventing access to the 

callose wall. AtA6 and AtA6F are predicted to be 53.5 kDa and 52.2 kDa respectively, 

which is substantially larger than the N. tabacum PR glucanase (33 kDa). Although the 
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primary cell walls may be permeable to proteins up to 60 kDa (Tepfer and Taylor, 

1981), extensive borate cross-linking in the rhamnogalacturonan II component of the 

pectin matrix can lower this (Fleischer et al., 1999). AtA6 and AtA6F may therefore be 

unable to access the callose wall until normal microspore release, even if expressed 

early. However, the partial pollen abortion in A9pro:AtA6 and A9pro:AtA6F does 

suggest that the callose wall is being affected earlier than usual, unless over-expression 

causes more rapid callose wall degradation once the outer wall is removed, leading to a 

negative effect on pollen development.	

!
In barley, several highly conserved amino acid residues have been shown to be 

important for β-1,3-glucanase enzyme activity. These residues are also conserved in A. 

thaliana β-1,3-glucanases, apart from a change in one residue (residue 345) in AtA6, 

from the usual glutamic acid to glutamine. In barley, this substitution was shown to 

reduce β-1,3-glucanase activity 350-fold (Chen et al., 1995). This amino acid change 

could therefore account for the low activity of AtA6, and therefore explain why several 

enzymes may be required for callose wall dissolution. Alternatively, ‘activation’ of 

AtA6 could occur by deamidation of the glutamine residue to glutamic acid (Chen et 

al., 1995). Interestingly, a threonine residue is found adjacent to the glutamine, which is 

a rare combination (Robinson and Robinson, 1991), and the presence of threonine can 

have a catalytic effect on deamidation (Chen et al., 1995). The threonine-glutamine 

combination may indicate that deamidation does occur, altering the AtA6 sequence. 

Deamidation may also be pH-dependent (Wright and Urry, 1991; Li et al., 2010). 

Within the anther there is a pH change over the course of pollen development. In 

petunia, locule pH drops from 6.8/7 to 5.9/6.2, and this was tightly correlated with 

microspore release in mutants with delayed callose wall degradation (Izhar and Frankel, 

1971). Preliminary testing has shown that there is also a decrease of around 1 pH in 

both Lilium henryi and Brassica oleracea anthers around the microspore the release 

stage (data not shown). The pH change may be sufficient to cause changes in the AtA6 

protein such as deamidation, causing it to become active at tetrad wall dissolution. 

However, this potential activation mechanism cannot account for the failure of AtA6F 

to degrade the callose wall in the A9pro:AtA6F line, as AtA6F does not have the same 

amino acid substitution as AtA6.	

!
!
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3.3.5. Future work	

The lack of phenotype in single and multiple gene knockout lines may be due to 

redundancy between genes other than those tested. Other combinations of gene-

knockouts should be made, in particular, a double knockout with AtA6 and At5g67460, 

as At5g67460 may be more important that previously thought. A knockout line for 

At3g24330 should be obtained if possible or generated by RNAi. Since the lack of 

phenotype observed may also be due to up-regulation of other genes, this should 

therefore be checked by RNA seq or qPCR for the genes of interest.	

!
Existing microarray data for A. thaliana is only available for whole buds at the 

microspore release stage. A complete transcriptome for anthers and/or tapetal cells and 

microspores has successfully been generated in rice (Suwabe et al., 2008; Aya et al., 

2011; Huang et al., 2011), and also for later pollen stages in A. thaliana (Honys and 

Twell, 2004; Rutley and Twell, 2015). If a transcriptome could similarly be created for 

the early stages of pollen development in A. thaliana, further candidate genes may be 

identified by selecting spatially and temporally specifically expressed genes for further 

investigation.	

!
The protein localisation and enzyme activity of other key endo-β-1,3-glucanases should 

also be assessed by GFP labelling the proteins, and early expression under control of the 

A9 promoter.	

!
AtA6, AtA6F and other candidates should be cloned and expressed in Pichia pastoris, 

so the proteins can be purified and tested directly for β-1,3-glucanase enzyme activity. 

Expression has been attempted in E. coli but no active protein was obtained (data not 

shown). AtA6 could be cloned with the glutamic acid substitution that has been shown 

to be important for Barley endo-β-1,3-glucanases. This may increase the activity of 

AtA6, which may suggest a role for deamidation in AtA6 activation.	

!
The transcript levels of the AtA6F:GFP transgene and the native gene should be tested 

in the AtA6F:GFP line by RT-PCR, to ensure that the GFP signal represents true protein 

localisation, and is not due to aberrant expression of the transgene.	

!
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The A9pro:AtA6 and and A9pro:AtA6F transgenic lines should be crossed to generate a 

double line. This may have a more severe phenotype than either single line, which may 

be similar to the A9pro:PRglucanase line, and therefore show whether AtA6 and AtA6F 

can target the callose wall. 	

!
The similarity of the phenotype in the A9pro and CALS5pro transgenic lines suggests 

they may be caused by the same mechanism. All the transgenic lines should therefore be 

grown together to make a comprehensive comparison of the phenotype between all 

lines, e.g. extent of pollen abortion, viability of pollen, quantify callose wall thickness. 

Pollen development should also be observed closely by TEM to identify exactly what 

causes the pollen to abort.	

!
3.3.6. Conclusions	

18 endo-β-1,3-glucanases are expressed in the A. thaliana bud at floral stage 9. Six of 

these genes are most highly expressed at floral stage 9, and two, AtA6 and AtA6F are 

specifically expressed in the tapetum. T-DNA insertion line analysis of these genes 

suggests that two or more endo-β-1,3-glucanases are required for tetrad callose wall 

dissolution. However, the extent of the redundancy or up-regulation of other genes has 

not been ascertained.	

!
GFP-labelling on AtA6 and AtA6F showed that AtA6 is present in the locule at 

microspore release, and may therefore participate in tetrad wall dissolution. However, 

despite the similarity of the AtA6 and AtA6F gene expression profile, AtA6F is not 

present in the locule until after microspore release, and therefore cannot be involved in 

tetrad callose wall degradation.	

!
Early expression of AtA6 and AtA6F under the control of the CALS5 and A9 promoter 

caused ~50% pollen abortion, but there was no discernible effect on the tetrad callose 

wall. AtA6 and AtA6F therefore do have enzymatic activity, but it is not clear whether 

they can target the callose wall of the tetrad.	

!
Therefore, despite the identification of specifically expressed genes, and the appropriate 

localisation of the AtA6 protein, it has not been possible to conclusively prove the role 
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of AtA6 or any other specific endo-β-1,3-glucanase in microspore release. The protein 

expression of AtA6F indicates that it is not involved.	
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Chapter 4. Exo-β-1,3-glucanases to degrade the callose wall	

!
4.1. Preface	

The analyses of the Glycoside Hydrolase family 5 (GH5) contained in this chapter have 

been submitted to Genome Biology and Evolution as a paper (details below). The work 

for the paper was done in collaboration with the Urrutia group at the University of Bath 

(see below for author contributions). The analyses of the GH3 family are additional and 

were conducted by J. Tratt.	

!
Paper Title: Functional and phylogenetic characterisation in glycoside hydrolase family 

5 subfamily 14 in plants	

Authors: Atahualpa Castillo-Morales, Julia Tratt, William Coleman-Smith, Stephen J. 

Bush, Susan Crennell, James Doughty, Rod J. Scott, Araxi O. Urrutia	
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4.2. Introduction	

4.2.1. Exo-β-1,3-glucanases	

In addition to endo-β-1,3-glucanases which were assessed in Chapter 3, hydrolysis of 

β-1,3-glucan can also be undertaken by exo-β-glucanases which sequentially cleave 

glucose residues from the non-reducing end of the glucan polysaccharide, releasing 

disaccharides of glucose. This may contribute to the degradation of the tetrad callose 

wall, and may also be required for total recycling of the callose to glucose. In this 

chapter, candidate genes for exo-glucanases that may be involved in tetrad wall 

dissolution are identified.	

!
The complete process of callose degradation requires several enzymes. The β-1,3-

glucan chains are targeted initially by endo-β-1,3-glucanases (E.C 3.2.1.39) that 

randomly cleave β-1,3 linkages throughout the chain to release oligosaccharides. Exo-

β-1,3-glucanases simultaneously cleave glucose residues from the non-reducing end of 

the glucan polysaccharide, releasing disaccharides of glucose. Finally, β-glucosidases 

target any remaining disaccharides to single glucose (Figure 4.1) (Albersheim et al., 

2010). Therefore, exo-β-1,3-glucanases could contribute to the rapid degradation of the 

tetrad callose wall during microspore release.	

Figure 4.1. Callose degradation. Degradation of callose is likely to be undertaken by 
three enzyme types. Endo-β-1,3-glucanases randomly cleave β-1,3 linkages throughout 
the polysaccharide chain to release oligosaccharides. Exo-β-1,3-glucanases 
simultaneously cleave glucose residues from the non-reducing end of the glucan 
polysaccharide, releasing single glucose molecules. Finally, β-glucosidases target any 
remaining disaccharides releasing single glucose molecules. 	
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A search of the CAZy database (http://www.cazy.org, Lombard et al., 2014) identified 

two activities that may represent exo β-1,3-glucanases. These are glucan 1,3-β-

glucosidase (E.C. 3.2.1.58) and the less specific β-glucosidase (E.C. 3.2.1.21). β-

glucosidases (E.C. 3.2.1.21) hydrolyse terminal, non-reducing β-D-glucosyl residues 

with release of β-D-glucose, with a wide specificity for β-D-glucosides. However, these 

enzymes can only hydrolyse disaccharides of glucose. Therefore, although they may aid 

in the total recycling of callose after microspore release, they are unlikely to play a 

major role in callose degradation, and will therefore not be analysed further.	

!
Glucan 1,3-β-glucosidases (E.C. 3.2.1.58) successively hydrolyse β-D-glucose units 

from the non-reducing ends of β-1,3-D-glucans, releasing α-glucose. Glycoside 

hydrolase (GH) families with members that have this activity are GH3, GH5, GH17 and 

GH55. GH55 can be excluded as all members are of fungal origin. Only one member of 

GH17 is classified as a 1,3-β-D-glucan exohydrolase (E.C. 3.2.1.58) and all Arabidopsis 

thaliana members of GH17 are endo-acting β-1,3-glucanases (E.C. 3.2.1.39) (Doxey et 

al., 2007). This leaves only GH3 and GH5 as candidate families. Therefore, GH3 and 

GH5 were the focus of this study, where the aim was to identify candidate proteins that 

are present in A. thaliana, and that may be involved in microspore release.	

!
4.2.2. Glycoside hydrolase family 3	

The glycoside hydrolase family 3 (GH3) (http://www.cazy.org/) includes over 8000 

entries (as of September 2015; Lombard et al., 2014), the majority of which are from 

bacterial genomes. The GH3 enzymes include (among others) β-glucosidase (EC 

3.2.1.21); xylan 1,4-β-xylosidase (EC 3.2.1.37); glucan 1,3-β-glucosidase (EC 3.2.1.58) 

and exo-1,3-1,4-glucanase (EC 3.2.1.-) activities. Those with EC 3.2.1.58 are of 

particular interest to this work, although exo-1,3-1,4-glucanase (EC 3.2.1.-) represents 

those enzymes that have a mixture of activities, and are therefore also of interest. The 

majority of the plant sequences in GH3 do not have a defined activity, but some 

sequences have been experimentally characterised and have been associated with a mix 

of enzyme activities, including exo-β-1,3-glucanase activity, in Zea mays (maize) (Kim 

et al., 2000; Suen et al., 2003), Hordeum vulgare (barley) (Hrmova et al., 1996) and 

Lilium longiflorum (lily) (Takeda et al., 2004).	

!
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Two exo-β-glucanases (LP-ExoI and LP-ExoII) were isolated from pollen tube cell 

walls of lily in 2000 (Kotake et al.). Both enzymes were shown to be capable of 

hydrolysing β-1,3- and β-1,4- linkages of cell wall glucans of various substrates, 

including laminarin which consists of β-1,3-glucan. These enzymes are thought to be 

involved in the regulation of lily pollen tube growth by degrading callose in the primary 

wall of the pollen tube tip to allow tip expansion, or to prevent the tip from clogging, or 

to open the wall for communication (Kotake et al., 2000; Li et al., 2001; Takeda et al., 

2004).	

!
Two exo-β-glucanases have been isolated from barley grains (ExoI and ExoII) (Hrmova 

et al., 1996). Both enzymes were found to hydrolyse β-1,3-glucan in the form of 

laminarin, but were also able to hydrolyse β-1,3:1,4-glucan and 4-nitrophenyl β-D-

glucoside. As the proteins were isolated from 8-day germinated barley grains, it is 

thought that they may be involved in cell wall loosening, or participate in the 

breakdown of β-1,3:1,4-glucan in the endosperm cell wall. Alternatively, the enzymes 

may protect the germinating grain or young seedlings from pathogen attack (Høj and 

Fincher, 1995; Hrmova et al., 1996).	

!
An exo-β-glucanase (Zm-ExG1) has also been purified from the cell walls of young 

maize shoots (Kim et al., 2000). The enzyme was found to preferentially break down 

β-1,3-glucan by hydrolysing the terminal non-reducing β-D-glucosyl residues in the 

manner of glucan 1,3-β-glucosidases, although the enzyme was also able to a lesser 

extent to hydrolyse β-1,2-, β-1,6- and β-1,4-glycosyl linkages. Exg1 may act with 

pathogenesis-related (PR) endo-glucanases in the defence response against pathogens, 

or may be involved in callose turnover during cell plate formation (Samuels et al., 1995; 

Kim et al., 2000). A second maize exo-β-glucanase (Zm-Gla3) was isolated from the 

pollen coat, and was also found to hydrolyse β-1,3-glucan, as well as showing some 

activity on β-1,3:1,4-glucan, but only limited activity on β-1,4-glucan. Interestingly, 

Zm-Gla3 is synthesised in the tapetum and secreted to the locule, although this occurs 

during the later stages of pollen development, after microspore release. Zm-Gla3 is 

thought to hydrolyse the stigma wall so the pollen tube can enter the style (Suen et al., 

2003).	

!
This is therefore good evidence that GH3 enzymes are capable of callose degradation. 

However, no GH3 members from A. thaliana have been characterised as exo-β-
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glucanases, although several have been characterised as xylosidases (EC 3.2.1.37).  One 

characterised member is AtBXL1, which was isolated from stem tissues and has been 

shown to release D-Xyl from xylan and arabinoxylan and can also release L-Ara from 

arabinoxylans and arabinan (Minic et al., 2004). AtBXL1 is involved in pectic arabinan 

modification in mucilage secretory cells, and also acts as a β-D-xylosidase to remodel 

xylans during vascular development (Goujon et al., 2003; Arsovski et al., 2009). 	

!
However, as not all of the A. thaliana members of GH3 are annotated as xylosidases, it 

is likely that some members do have exo-β-1,3-glucanase activity similar to those found 

in other species, and could therefore contribute to callose wall degradation during 

microspore release.	

!
4.2.3. Glycoside hydrolase family 5	

GH5, also known as “cellulase family A”, the first described cellulase family, is the 

largest of the GH families (Henrissat et al., 1989). The GH5 family includes proteins 

with 21 distinct experimentally determined enzyme activities with several proteins 

associated with biomass analysis and conversion and biomedical applications (e.g., 

cellulases, mannanases, xylanases, galactanases, and xyloglucanases) (Aspeborg et al., 

2012; Lombard et al., 2014).	

!
Aspeborg et al. (2012) presented a robust subfamily re-classification for close to 2300 

GH5 catalytic modules into 51 distinct subfamilies. The classification includes both 

mono- and poly- substrate specific subfamilies, as well as several subfamilies that still 

lack evidence of enzyme activity. The majority of subfamilies are found in a wide range 

of taxa but interestingly, given the diversity found in other families, the GH5-14 

subfamily is only found in plants. 	

!
GH5-14 genes have been poorly functionally characterised. A unique feature of GH5-14 

genes is the fascin-like module inserted after β-strand 1. Fascin is a human actin-

binding protein, but the function of the plant fascin-like domain is unknown (Aspeborg 

et al., 2012). GH5-14 genes are also annotated with exo-β-1,3-glucosidase activity (EC 

3.2.1.58) (Aspeborg et al., 2012; Barras and Stone, 1969a; 1969b). However, the 

classification of this family relies on the functional characterisation of a single enzyme 
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in Oryza sativa ssp. Japonica (rice), OsGH5BG, shown to have glucan β-1,3-

glucosidase activity (EC 3.2.1.58) (Opassiri et al., 2007).	

!
OsGH5BG was identified in O. sativa leaves and shoots and is induced by stress. A 

recombinant thioredoxin–GH5BG fusion protein produced in E. coli showed a 

preference for β-(1,4)-linked oligosaccharides and laminaribiose (β-1,3-linked 

disaccharide) but no activity was detected on β-1,3-linked oligosaccharides, and was not 

tested against laminarin (polysaccharide). The protein appears to be secreted outside the 

cell, where it may further break down cell-wall-derived oligosaccharides (Opassiri et 

al., 2007). The lack of evidence for activity on laminarin means it is not clear whether 

OsGH5BG is capable of degrading callose.	

!
4.2.4. Aims and objectives	

Exo-β-1,3-glucanases may play a role in callose wall dissolution during microspore 

release from the tetrad. The aim was therefore to conduct a thorough survey of the A. 

thaliana genome to identify any candidate genes that may encode exo-β-1,3-glucanases.	

!
Objective 1. Conduct a thorough assessment of all GH3 genes and their associated 

proteins found in A. thaliana, to identify candidates which may have exo-β-1,3-

glucanase enzyme activity and therefore may be involved in callose degradation during 

microspore release.	

!
Objective 2. Survey the A. thaliana genome to confirm the absence of GH5-14. The 

identified members of the GH5-14 subfamily are well represented throughout the plant 

kingdom; however, no GH5-14 genes have yet been identified in A. thaliana (Aspeborg 

et al., 2012).	

!
Objective 3. Survey the 38 other available plant genomes, to better understand the 

molecular evolution of the GH5-14 subfamily. Using co-expression networks built from 

transcriptome data available for A. thaliana and O. sativa - which does have annotated 

GH5-14 genes - the possible functional role of the GH5-14 genes can be investigated, 

and therefore why they may have been lost from A. thaliana. 	

!
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Objective 4. Investigate the little-known GH5-11 subfamily to identify whether any 

members may replace to some extent the function of GH5-14 genes in the A. thaliana 

genome.	

!
!
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4.3. Results	

4.3.1. Why and when are GH5-14s absent from Arabidopsis thaliana?	

Phylogenetic reconstruction of the GH5-14 gene subfamily revealed 

rapid gene turnover and a deletion of all members in the Brassicales	

Searches among 18 additional fully sequenced and de novo assembled genomes for A. 

thaliana ecotypes (Gan et al., 2011) confirmed the absence of any GH5-14 genes in A. 

thaliana. In order to establish the timing of the deletion of GH5-14 genes, all known 

GH5-14 gene sequences in 9 sequenced plant genomes, corresponding to 37 proteins 

and 22 genes, were downloaded from the CAZy database (Lombard et al., 2014) and 

then used to perform BLAST searches to identify any potential non-annotated GH5-14 

genes in both the reference genome for A. thaliana and other sequenced plant genomes. 

These cross-species homology searches to expand the subfamily resulted in the 

identification of 128 GH5-14 genes across 34 species and strains after redundant 

sequences were removed (Appendix Table 4.1). Of these 128 genes, 106 were not 

previously annotated as members of any GH5 gene subfamily in the CAZy database. No 

GH5-14 genes were identified in any of the available sequenced Brassicales genomes 

suggesting that the deletion of the GH5-14 subfamily precedes the divergence of the 

Brassicales lineage from other plants. 	

!
To gain a better understanding of the patterns of gene gain and loss in the GH5-14 

subfamily a maximum likelihood (ML) phylogenetic tree was constructed using a 

fungal GH5 gene (Saccharomyces cerevisiae EXG1) as an outgroup. This tree showed a 

pattern of six early gene duplications from an ancestral GH5-14 gene in plants 

(Appendix Figure 4.1). The phylogenetic relationships among GH5-14 genes were 

assessed further by using a Neighbor-Net phylogenetic network method, which 

supported a similar branching pattern (Figure 4.2). As network based gene family trees 

have been shown to have higher robustness and can reveal clearer representations of 

broad relationships among distantly related genes by representing conflicting signals or 

alternative phylogenetic histories (Bryant and Moulton, 2004; Bryant et al., 2007), this 

latter phylogeny may better reflect the sequence of events in the early evolution of the 

subfamily. In order to further analyse the history of this family, the ML tree of the 

GH5-14 subfamily was reconciled with the phylogenetic tree of all the species analysed 
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(Appendix Figure 4.2) using the Notung software package. Notung utilises parsimony-

based algorithms for reconstructing the history of gene duplications and losses (Durand 

et al., 2006; Vernot et al., 2008; Stolzer et al., 2012). This revealed an early branching 

pattern at the base of the tree, from a single ancestral GH5-14 gene in the common 

ancestor of the plants examined, followed by one deletion common to monocots and 

eudicots, which occurred after their divergence from conifers. This event was followed 

by seven duplications and one deletion specific to monocots and two duplications and 

two deletions in the lineage of the eudicots. A large number of duplications and 

deletions specific to diverse plant lineages were also observed (Figure 4.2, Appendix 

Figures 4.3 and 4.4), indicating high gene turnover within the GH5-14 subfamily.	

 	

Figure 4.2. Phylogenetic network of GH5-14 subfamily. The tree was constructed 
using NeighborNet software using 121 genes found after BLAST searches in 34 plant 
sequenced genomes. Where multiple splice variants were available, the longest transcript 
was used. Only reference genomes per species were used, sequences from alternative 
cultivars or ecotypes were removed from analysis.	

�101



Oryza sativa transcriptome co-expression analyses indicates the 

involvement of GH5-14 genes in cell wall organisation, stress response 

and cell-cell signalling functions	

As the functional relevance of GH5-14 genes is poorly understood, the spatiotemporal 

expression profiles of the four GH5-14 genes present in the rice genome Oryza sativa 

ssp. japonica were analysed. There were stable expression levels throughout O. sativa 

development for two of the GH5-14 genes, OS10G0370800 and OS08G0484100. The 

remaining two GH5-14 genes OS05G0244500 and OS10G0370500 showed variable 

expression patterns across the tissues and temporal points examined. The two genes had 

opposite activity during anther development with higher activity in one gene associated 

with lower activity in the other gene. The two genes, OS05G0244500 and 

OS10G0370500, had similar expression patterns in other tissues, except in the embryo 

sac and the shoot (Figure 4.3A). To further identify possible functions of the GH5-14 

members, a co-expression matrix was constructed for all 26085 O. sativa genes with 

expression profiles. All four GH5-14 genes in O. sativa showed little co-expression with 

each other (Figure 4.3B) and all four GH5-14 genes were found in different co-

expression clusters. When examining the co-expression network for each GH5-14 gene, 

defined as the set of 100 genes most highly co-expressed with each GH5-14 gene, little 

overlap between gene sets was identified, further suggesting that GH5-14 are not 

working together as part of a single pathway. Gene Ontology enrichment analyses for 

the co-expression network of each gene revealed a significant over-representation of 

several distinct biological processes, including cell wall organisation, response to stress 

and cell-cell signalling (Figure 4.3C) providing an initial functional characterisation for 

GH5-14 subfamily in O. sativa. 	

!
!
!
!
!
!
!
!
!
!
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Figure 4.3. Expression and co-expression similarity among GH5-14 genes in the O. 
sativa genome. A) Pattern of gene expression of GH5-14 members in Oryza sativa ssp. 
japonica across different tissues and developmental stages. B) Correlogram showing the 
co-expression between annotated GH5-14 genes in O. sativa. Upper triangle - Pearson 
correlation coefficients and p-values (in parentheses) of the expression of the four 
GH5-14 O. sativa members. Lower triangle - a scatterplot of the expression values of 
each pair of genes with a regression line in red. The diagonal panels show the distribution 
of the expression across samples in these genes. C) Heatmap of the Gene Ontology 
enrichment analysis of the 100 genes most highly co-expressed with each of the GH5-14 
genes in O. sativa. Only GO terms significantly enriched or impoverished in at least one 
of the analysed networks are shown. Red - significantly enriched GO terms. Blue - 
significantly impoverished GO terms (adjusted p-value <0.05). The intensity of the colour 
represents the strength of the significance of the enrichment/impoverishment.	!

To better understand the impact of the loss of the GH5-14 subfamily in the Brassicales 

genomes, the extent to which the co-expression network for the four GH5-14 genes in 

O. sativa is conserved or dissolved in A. thaliana was investigated. The presence of 

orthologs in the A. thaliana genome for each gene in the co-expression network was 

first assessed. Each co-expression network is constructed with the 100 genes most 

highly co-expressed with each GH5-14 gene in O. sativa. The proportion of O. sativa 

genes among the top 100 most highly co-expressed with each O. sativa GH5-14 gene, 

that had at least one ortholog in A. thaliana, was found to be very variable, ranging from 
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51% to 90%. However, the proportion of genes in each co-expression network with 

orthologs in the A. thaliana genome was within expectations when compared to the 

presence of orthologs for co-expression networks corresponding to other non-GH5-14 

genes, which are also present in O. sativa but absent in A. thaliana (Figure 4.4A). To 

further explore the degree of dissolution of the co-expression networks, the co-

expression level of the networks of GH5-14 genes in O. sativa was compared with the 

co-expression of its remaining orthologs in A. thaliana. A significant drop in average 

co-expression strength among identified orthologs corresponding to the GH5-14 gene 

co-expression network was observed (P-value < 2.2x10-16 in all cases). The drop in co-

expression levels among remaining orthologs in A. thaliana was comparable, however, 

to the drop in co-expression among orthologs for other O. sativa genes not present in A. 

thaliana (Figure 4.4B).	

Figure 4.4. Conservation of the co-expression network in the absence of O. sativa 
GH5-14 in A. thaliana. A) Histogram of the number of conserved genes in networks of 
1000 randomly selected O. sativa genes not present in A. thaliana. Lines represent the 
conservation of the network of the GH5-14 O. sativa genes in A. thaliana. B) Histogram 
of the significance of the difference in the co-expression level in O. sativa and A. thaliana 
gene networks of 1000 randomly selected O. sativa genes not present in A. thaliana, as 
measured by Student’s T-test. Lines represent the significance of the difference in the co-
expression level of the networks of the GH5-14 O. sativa genes.	
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4.3.2. Deletion of the GH5-14 subfamily in Brassicales is not 

compensated for by members of the poorly characterised GH5-11 

subfamily	

GH5-11 is another subfamily of the GH5 gene family found in plant and fungal species. 

GH5-11 proteins are annotated as cellulases in public databases CAZy and NCBI, 

however there is currently no experimental evidence to support the assigned catalytic 

activity to any member so this family remains very poorly characterised. As GH5-11 

genes are present in the genome of A. thaliana, GH5-11 genes may compensate for the 

absence of GH5-14 genes in the Brassicales. BLAST searches using all annotated 

GH5-11 genes led to the identification of a further 36 GH5-11 genes not currently 

annotated in the CAZy database (Figure 4.5, Appendix Table 4.2). Phylogenetic 

analyses of both GH5-11 and GH5-14 subfamilies showed they form two distinct 

clusters in the network phylogeny separating the two subfamilies (Figure 4.6A). 	

!

� 	

Figure 4.5. NeighborNet tree of the GH5-11 subfamily. This subfamily arose from 3 
duplications in the common ancestor of the lineage Spermatophytas.	!

There was no significant association in gene turnover for reciprocal gene loss and gain 

in both GH5-14 and GH5-11 subfamilies (Figure 4.6B and Appendix Figure 4.5, r = 

-0.091, p = 0.584) even when taking into account overall changes in gene content of 
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each species (r = -0.233, p = 0.166). Furthermore, both gene families are absent from 

several additional sequenced green plant genomes including several Eudicots (e.g. 

Nicotiana tabacum, Musa acuminata and Beta vulgaris). Examination of the sets of the 

100 most highly co-expressed genes for each of the three GH5-11 genes and the 100 

most highly co-expressed genes for each of the four GH5-14 genes in O. sativa showed 

no significant overlap. Gene Ontology enrichment analysis revealed little overlap in the 

enriched GO terms among the most highly co-expressed genes with each GH5-14 gene 

in O. sativa and the A. thaliana GH5-11 genes (Figure 4.7). This suggests that GH5-11 

genes have not compensated for the loss of the GH5-14 subfamily in A. thaliana, and 

are therefore unlikely to play a role in callose dissolution.	

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Figure 4.6. Gene gain and loss in the GH5-11 and GH5-14 subfamilies. A) Neighbor-
Net phylogenetic network of GH5-14 and GH5-11 genes with S. cerevisiae EXG1 (fungal 
exo-β-1,3-glucosidase) as an outgroup (black). Green - GH5-14 genes in the CAZy 
database, orange - members of the GH5-11 subfamily. B) Patterns of gene duplication and 
loss reveal an extensive gene turnover within both GH5-14 and GH5-11 subfamilies. 
Total GH5-14 (left) and GH5-11 (right) gene duplication/loss events per taxon across the 
evolutionary history of the 39 plant species. New duplications arising in a particular taxon 
are marked in blue, while new deletions are marked in red. Grey branches indicate the 
extinction of that family in that particular taxon. Barplot in the middle of the panel 
represents the total number of GH5-14 (green) and GH5-11 (orange) genes in each plant 
species.	
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!
Figure 4.7. Heatmap of the Gene Ontology enrichment analysis of the 100 genes 
most highly co-expressed with each of the GH5-14 genes in O. sativa. ssp. japonica. 
Red - significantly enriched GO terms. Blue - significantly impoverished GO terms 
(adjusted p-value <0.05). Intensity of the colour represents the strength of the significance 
of the enrichment/impoverishment.	

!
4.3.3. A possible role for the GH3 family proteins in microspore release	

The A. thaliana genome contains several members of the GH3 family	

Screening of the CAZy database identified 16 A. thaliana genes in the GH3 family 

(Figure 4.8). BLAST searches with the gene sequences of all the identified genes, and 

the characterised maize (Kim et al., 2000; Suen et al., 2003), barley (Hrmova et al., 

1996) and lily (Takeda et al., 2004) gene sequences did not identify any additional 

candidates in the A. thaliana genome.	

!
Eight of the identified A. thaliana GH3 genes are annotated as xylosidases, either non-

reducing end α-L-arabinofuranosidases (E.C. 3.2.1.55) or xylan 1,4-β-xylosidases (E.C. 

3.2.1.37). These enzymes target xylan in the secondary cell wall and are therefore not 

important in microspore release. However, the other eight genes do not have specific 

annotations and are therefore potential glucan exo-1,3-β-glucosidases (E.C. 3.2.1.58), 

which are capable of  degrading callose as they can successively hydrolyse β-D-glucose 

units from the non-reducing ends of the β-1,3-D-glucan chains.	

!
!
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Figure 4.8. Protein sequence alignment of A. thaliana GH3 members. Unrooted 
neighbour-joining tree of protein sequence alignment of GH3 family members from A. 
thaliana and characterised exo-glucanases from other species (blue). Red - the A. thaliana 
proteins annotated as xyloglucanases in the CAZy database. The xyloglucanases cluster 
together and the 8 remaining A. thaliana sequences cluster with the characterised exo-
glucanases. Sequence alignment was done using Clustal Omega, the Newick tree file was 
then imported to iTOL to generate the tree.	

!
The GH3 family proteins in A. thaliana split into two subgroups	

Protein sequence alignments with Clustal Omega (Sievers et al., 2011; Goujon et al., 

2010; McWilliam et al., 2013) showed that the xylosidases cluster together, and the 

other eight genes cluster with the characterised barley, maize and lily sequences (Figure 
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4.8). This suggests that there are two groups of enzymes in the GH3 family in A. 

thaliana. The eight uncharacterised GH3 members are similar to the barley, maize and 

lily enzymes, and may therefore show the same exo-β-1,3-glucanase activity that has 

been proven for those enzymes. The A. thaliana sequences are most similar to barley 

ExoII. At5g20950 is the most similar, with an identity of 73.1% between the protein 

sequences. All eight A. thaliana protein sequences have >  52% identity with all the 

characterised exo-glucanases from the other species, whereas the xylosidases have 

< 22.1% identity with the characterised exo-glucanases, further indicating that there are 

two different groups of enzymes in the GH3 family in A. thaliana, eight of which are 

potential exo-β-1,3-glucanases.	

!
4.3.4. No GH3s have bud-specific expression but 4 are highly expressed 	

Gene expression profiles for all the non-xylosidase GH3s were analysed using the 

Arabidopsis eFP browser (Winter et al., 2007). No gene expression data was available 

for At5g04885. None of the genes are expressed specifically in floral stages 9 or 10 

(tetrad and microspore release), however four of the genes do have some expression in 

these stages (Table 4.1). At5g20940 has high expression, with a fold change of 4.36 

over the control value in floral stage 9, although the gene is most prominently expressed 

in developing seeds. At3g47000 has a high absolute expression level, but is expressed at 

a high level in many tissues so the fold change is less obvious at 1.09. The genes 

indicated with * in Table 4.1 are therefore candidates for further analysis of their 

potential role in microspore release. At5g04885 is also included as the expression 

profile is not yet known.	

!
!
!
!
!
!
!
!
!
!
!
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!
Candidate proteins	

All eight candidate proteins consist of two domains; a glycosyl hydrolase family 3 N-

terminal domain and a glycosyl hydrolase family 3 C-terminal domain, with a predicted 

active site within the C-terminal domain (Figure 4.9). At3g47010, At3g47000, 

At3g47040, At3g47050 do not have predicted signal sequences or any transmembrane 

regions. At5g20940, At5g20950, At5g04885, At3g62710 do have predicted N-terminal 

signal sequences of between 19–30 amino acids long. At5g04885 also has a short C-

terminal transmembrane region 17 amino acids long. All eight of the candidate proteins 

are annotated on TAIR as being localised in the extracellular region or the plasma 

membrane. This suggests that all the proteins except At5g04885 are likely to be secreted 

outside of the cell, so if expressed in the tapetum would be secreted into the locule and 

therefore able to access the tetrad callose wall.	

!
!
!
!
!
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Table 4.1. Gene expression of non-xylosidase A. thaliana GH3 members. Those genes 
that have high expression in floral stage 9 (tetrad stage) are highlighted in green. Low 
expressing genes are indicated in red. Genes indicated with * are good candidates for further 
analysis.

Gene Expression 
highest

Expression 
floral stage 9 

Expression 
floral stage 10

Fold change 
floral stage 9

Fold change 
floral stage 10

Expression 
tissue

At5g20940* 262.73 59.46 23.93 4.36 1.75 most

At5g20950* 1467.75 540.01 423.9 1.62 1.27 most

At3g47010* 82.43 16.56 18.28 0.61 0.68 most

At3g47000* 273.81 193.66 194.33 1.09 1.09 most

At3g47050 41.38 1.52 1.30 0.84 0.72 mature pollen

At3g47040 54 6.07 6.65 0.99 1.08 root, pollen

At3g62710 12641.87 2.6 6.67 0.26 1.66 mature pollen

At5g04885* No data



Figure 4.9. Structures of A. thaliana non-xylosidase GH3 proteins. All proteins have 
both a GH3 and a GH3C domain, with an active site in the GH3C domain. Structure A: 
At3g47040, At3g47050, At3g47010, At3g47000. Structure B (additional N-terminal 
signal peptide): At5g20940, At5g20950, At3g62710. Structure C (C-terminal 
transmembrane region): At5g04885. Adapted from Pfam (Finn et al., 2014).	
	

These results together suggest that the 8 potential exo-glucanases should be 

characterised further to understand better their role in microspore release. In particular, 

At5g20940 and At3g47000 are good candidates based on the high level of gene 

expression in floral stages 9 and 10. 	

!
!
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4.4. Discussion	

Exo-β-1,3-glucanases may contribute to callose wall degradation during microspore 

release, alongside endo-β-1,3-glucanases. A survey of the CAZy database identified two 

families (GH3 and GH5) that have enzymes with appropriate β-1,3-glucosidase activity 

(EC 3.2.1.58) for callose degradation. Like many of the 133 families of glycoside 

hydrolases (GHs) in the CAZy database, these families are poorly characterised, with 

the enzyme activity predictions based only on sequence identity. Further analysis of 

these families will therefore enable identification of candidate genes for 

characterisation.	

!
4.4.1 There are no GH5-14 subfamily genes in A. thaliana	

Classification of the large GH5 family into several subfamilies has enabled better 

division of enzymes based on specific enzyme activities. However, several sub-families 

are still poorly characterised. The GH5-14 subfamily is found exclusively in plants and 

GH5-14 enzymes have been classified as having exo-β-1,3-glucosidase activity (EC 

3.2.1.58). Extensive BLAST searches across 118 sequenced plant genomes in the NCBI 

non-redundant database identified 128 GH5-14 genes across 36 species and cultivars, of 

which 106 were not previously annotated. However, no GH5-14 genes were identified 

in any A. thaliana ecotype, or in fact in any of the other 17 available Brassicales 

genomes. This suggests that the GH5-14 subfamily was lost before the divergence of the 

Brassicales lineage, rather than resulting from subsequent genome size reduction in 

A. thaliana.	

!
Phylogenetic tree construction revealed a high gene turnover in the GH5-14 subfamily 

suggesting a high level of redundancy between genes in this subfamily. The large 

variation in gene family size among plant taxa may also reflect differences in the level 

of selective pressures between plant lineages driving the diversification of the gene 

subfamily.	

!
GH5-14 enzymes may only play a limited role in callose degradation	

The original functional classification of GH5-14 genes as exo-β-1,3-glucosidases relies 

on the characterisation of a single GH5-14 enzyme in O. sativa: GH5BG. This enzyme 
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has been shown to hydrolyse cello-oligosaccharides, the disaccharide laminaribiose 

(β-1,3) and, with less efficiency, cellobiose (β-1,4). However, GH5BG cannot hydrolyse 

laminarin-oligosaccharides, laminarin or barley 1,3-1,4-β-glucans (Opassiri et al., 

2007). This preference of GH5BG for β-1,4-linked oligosaccharides and β-1,3-linked 

disaccharides, differs from fungal GH5 exo-β-1,3-glucanases, which most likely 

hydrolyse β-1,3-glucans (laminarin) (Cutfield et al., 1999; Sakamoto et al., 2005; Xu et 

al., 2006). The low substrate specificity of GH5BG and limited activity on β-1,3-linked 

oligosaccharides may indicate that the plant GH5-14 exo-glucanases serve only a 

limited role in callose dissolution. This reduced functionality may explain the absence 

of strong selective pressure against the loss of the GH5-14 subfamily in at least two 

plant lineages.	

!
To further assess the functional relevance of GH5-14 genes, the spatiotemporal 

expression profiles of the GH5-14 genes present in the O. sativa genome were analysed. 

Stable expression levels throughout plant development for two of the genes and 

opposing activity profiles for the other two during anther development, but similar 

expression patterns elsewhere (except in the embryo sac and the shoot) suggest that the 

four genes play multiple different roles within O. sativa. Likewise, gene co-expression 

analysis showed little co-expression between the O. sativa genes and little overlap 

between their sets of co-expression associations, again suggesting differing roles for 

each protein. Gene Ontology enrichment analyses revealed a significant over-

representation of genes involved in cell wall organisation, response to stress and cell-

cell signalling. These functional category enrichments are consistent with the functional 

characterisation of the GH5BG enzyme in O. sativa but also with the functions more 

generally associated with endo-β-1,3-glucanases (EC. 3.2.1.39), in cytokinesis, wall 

restructuring, at plasmodesmata and as defense-related PR glucanases (Doxey et al., 

2007; Levy et al., 2007; Wan et al., 2011). As such, GH5-14 proteins could play varied 

roles throughout plant development and may act in concert with other β-1,3-glucanases.	

!
To identify the impact of the loss of the GH5-14 subfamily in Brassicales, the extent to 

which the co-expression network for each GH5-14 gene present in O. sativa is 

conserved in A. thaliana was analysed. A significant drop in the strength of the 

association of the expression patterns of the genes in this network was similar to that 

found in the networks of other genes present in O. sativa but missing in A. thaliana. 

This indicates a breakdown of the co-expression network in A. thaliana, suggesting that 
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no genes are directly replacing the role of the GH5-14 genes. Therefore, the roles of 

exo-β-1,3-glucanases in A. thaliana are likely to be fulfilled by a separate gene network.	

!
4.4.2 The GH5-11 subfamily does not replace the function of GH5-14 in 

A. thaliana	

The GH5-11 subfamily of plant and fungal proteins is annotated as having likely 

cellulase activity (Aspeborg et al., 2012), although there is no published experimental 

data to support this. As there are GH5-11 genes in the A. thaliana genome, it is therefore 

possible that GH5-11 proteins may also have exo-β-1,3-glucanase activity and therefore 

compensate for the absence of GH5-14 genes in the Brassicales. 36 GH5-11 genes not 

currently annotated in the CAZy database were identified. Genes from GH5-11 and 

GH5-14 subfamilies cluster as two distinct families in the network phylogeny and the 

set of genes with the highest co-expression for each of the three GH5-11 in A. thaliana 

and the four GH5-14 genes in O. sativa showed no significant overlap, indicating that 

they are separate subfamilies and operate in separate gene networks.	

!
A correlation of patterns of gene gain and gene loss in the GH5-11 and GH5-14 

subfamilies showed no evidence for reciprocal patterns of gene gain and loss. Gene 

Ontology enrichment analysis revealed no significant overlap among the top most co-

expressed genes for the GH5-14 genes in O. sativa and GH5-11 genes in A. thaliana. It 

is therefore unlikely that GH5-11 genes have compensated for the loss of the GH5-14 

subfamily in A. thaliana. The loss of the GH5-14 genes in the Brassicales suggests that 

they did not play an essential role, or were functionally redundant with another gene 

family which must now compensate for the loss of GH5-14 enzymes.	

!
These results present the first systematic functional and phylogenetic assessment of the 

GH5-14 subfamily, revealing that GH5-14 genes are 1) likely to play roles related to 

wall reorganisation and cytokinesis and 2) that this gene family was lost before the 

divergence of the Brassicales lineage. In addition, analysis of the poorly characterised 

GH5-11 subfamily uncovered no evidence that gene members from this subfamily have 

taken on the roles of the GH5-14 genes in A. thaliana. Therefore, any exo-β-1,3-

glucanase activity in A. thaliana must be by enzymes from another GH family. 	

!
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4.4.3 The GH3 family has several members in A. thaliana	

One such family is GH3, which also has members with β-1,3-glucosidase activity (EC 

3.2.1.58), and has 16 genes in A. thaliana. 8 of these encode proteins that are likely 

xylosidases, but the other 8 have quite different protein sequences to the xylosidases, 

and cluster with the previously characterised maize (Kim et al., 2000; Suen et al., 

2003), barley (Hrmova et al., 1996) and lily (Takeda et al., 2004) sequences. The 

similarity of the protein sequences with these characterised enzymes suggests that the A. 

thaliana enzymes will show the same β-1,3-glucosidase activity, and would therefore be 

able to target the callose of the tetrad wall during microspore release.	

!
The candidate GH3 proteins may be secreted to the locule	

Only one of the candidate genes contains a transmembrane region, and hydrophobicity 

analysis and TAIR annotation indicates that all of the candidate proteins have an 

extracellular localisation and are therefore likely to be secreted from the cell. This is 

essential for involvement in microspore release, as any enzyme involved must be first 

synthesised in the tapetal cells, then secreted into the locule to target the tetrad walls 

(Stieglitz and Stern, 1973; Scott et al., 2004).	

!
4.4.4. Two genes are highly expressed and may be involved in microspore 

release	

By gene expression profile analysis two genes that are highly expressed in floral stage 9 

of A. thaliana were identified, and are therefore good candidates for further assessment 

of their role in microspore release. However, none of the genes are specifically 

expressed in the young bud. The lack of highly expressed bud-specific genes, and so far 

the absence of any mutants associated with this gene family may indicate that exo-

glucanase activity is not vital for microspore release. In fact, Steiglitz (1977) found that 

endo-glucanase extracts from lily anthers were able to completely degrade the callose 

wall, whereas exo-glucanase extracts had no apparent effect on callose wall breakdown. 

Exo-glucanase activity may enable total recycling of the callose wall so that the glucose 

can be utilised in other processes, although this may be done by enzymes that have a 

preference for disaccharides, such as the β-glucosidases (E.C. 3.2.1.21) in the GH1 
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family. However, the terminal nature of the anther tissue may mean that this recycling is 

not required.	

!
4.4.5 Future work	

As the work to characterise these families in A. thaliana has so far been only 

bioinformatics-based, the function of these candidate GH3 genes should be identified by 

experimental characterisation. T-DNA insertion line analysis of candidate genes may 

highlight any essential roles that the enzymes play, if phenotypic differences compared 

to the wild-type are identified. Functional characterisation of the proteins is also 

essential; expression of the proteins in Pichia pastoris, or over-expression or early 

expression of the genes in planta will enable identification of the enzyme activity and 

therefore what, if any, role they may play in microspore release.	

!
4.4.6. Conclusions	

In conclusion, the absence of any GH5-14 genes in the A. thaliana genome has been 

confirmed. The absence of the gene family was traced back to the base of the 

Brassicales lineage, indicating that deletion of GH5-14 genes is not explained by 

genome reduction only in A. thaliana. Phylogenetic reconstruction of the gene 

subfamily revealed a pattern of rapid gene turnover with independent loss of all 

members in a number of lineages. Co-expression network analysis in O. sativa provided 

insights into the potential functions for GH5-14 genes suggesting functions relating to 

cell-cell signalling, cell wall organisation and stress response which is consistent with 

exo-β-1,3-glucosidase activity. Further comparison of the O. sativa and the A. thaliana 

co-expression networks showed that the uncharacterised GH5-11 genes are unlikely to 

have taken over the function of the lost GH5-14 subfamily in the Brassicales species.	

!
The loss of GH5-14 genes may be compensated for by GH3 genes in A. thaliana. There 

are 16 members of the GH3 family in A. thaliana, 8 of which are likely to encode exo-

β-1,3-glucosidases based on their sequence similarity to characterised barley, maize and 

lily proteins. Two of the genes are highly expressed in floral stage 9 and are therefore 

the best candidates for further analysis of their involvement in microspore release. 

However, the loss of the GH5-14 family, and the small number of non-specifically 
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expressed GH3 genes may indicate that exo-β-1,3-glucanase activity plays only a small 

role in callose dissolution in microspore release.
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Chapter 5. Degradation of the tetrad primary cell wall is 

necessary for microspore release	

!
5.1. Introduction	

5.1.1. A primary cell wall surrounds the pollen tetrad	

The primary cell wall that surrounds the pollen mother cell is maintained throughout 

meiosis, and surrounds the callose wall and contained haploid microspores after meiosis 

is complete (See Scott et al., 2004; Ma 2005; Borg et al., 2009 for recent reviews). The 

thin primary wall surrounding the tetrad is evident from electron micrographs (Fei and 

Sawhney, 1999), and is assumed to be a normal primary cell wall. For microspore 

release to happen successfully, this primary cell wall must be degraded alongside 

degradation of the callose wall of the tetrad. This has been demonstrated in transgenic 

tobacco, where early expression of an endo-β-1,3-glucanase in the tapetum caused 

premature degradation of the callose wall. Despite the total removal of the callose 

component of the tetrad, the four microspores remain together, presumably held 

together by the primary cell wall that surrounds the tetrad (Worrall et al., 1992; 

Tsuchiya et al., 1995).	

!
The primary cell wall likely remains intact until microspore release (Worrall et al., 

1992). Once the microspores have undergone meiosis they each secrete their own cell 

walls of primexine, which will become the pollen wall. The outer cell wall is then 

degraded simultaneously with the callose, releasing microspores with functional exine 

walls (Owen and Makaroff, 1995; Rhee et al., 2003).	

!
The primary cell walls of dicots including A. thaliana are type I cell walls (Carpita and 

Gibeaut, 1993; reviewed in Fry 2004) (Figure 5.1). These type I walls consist of 

approximately 90% polysaccharides, which are divided into three classes of structural 

polysaccharide; cellulose, pectin and hemicellulose. Cellulose and the hemicellulose 

xyloglucan in roughly equal amounts form a framework. This cellulose–xyloglucan 

framework is then embedded in a covalently linked pectin polysaccharide network, 

consisting of homogalacturonans (HG), rhamnogalacturonan I (RGI) and 

rhamnogalacturonan II (RGII) (Ridley et al., 2001). The polysaccharide network is 
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itself embedded in a gel-like matrix of other non-cellulosic polysaccharides and 

glycoproteins which make up the remaining 10% of the primary wall (McNeil et al., 

1984; Albersheim et al., 2010). A typical primary cell wall consists of 20–30% 

cellulose, 30–35% pectin and 25–30% hemicellulose (Albersheim et al., 2010). 

However, the exact composition of the wall can vary depending on the tissue. For 

example, A. thaliana leaves contain 43% pectin polysaccharides and <20% cellulose 

(Zablackis et al., 1995). Although the structure of the primary cell wall of the tetrad has 

not been characterised, assuming a typical primary wall composition, breakdown during 

microspore release should involve the action of a cocktail of enzymes capable of 

depolymerising cellulose, hemicellulose and pectin.	

Figure 5.1. The plant primary cell wall. The primary cell wall consists of cellulose 
microfibrils held together in a network with hemicellulose such as xyloglucan. This 
cellulose-xyloglucan framework is embedded in a covalently linked pectic polysaccharide 
matrix (adapted from Albersheim et al., 2010).	!

5.1.2. The cellulose component of the primary cell wall	

Cellulose consists of long unbranched microfibrils formed from β-1,4-glucan chains 

aggregated together by intra- and inter- molecular hydrogen bonds. Each cellulose 

microfibril has a diameter of 3–5 nm and is made up of approximately 30–50 hydrogen-

bonded β-1,4-glucan chains (Gardner and Blackwell, 1974; McNeil et al., 1984; 

Albersheim et al., 2010). Chains can be very long, with primary cell wall cellulose 
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polymers consisting of about 8,000 glucose molecules per chain (Brown, 2004). 

Cellulose polymers in secondary cell walls can be longer, with single glucans consisting 

of up to 15,000 glucose units and measuring around 7 mm long (Brown, 2004; 

Somerville et al., 2004).	

!
Cellulose can exist in several crystalline forms, defined by different X-ray diffraction 

patterns, NMR and infrared and absorption spectra. Cellulose I is the crystalline form 

found in plant cell walls, and is characterised by the parallel configuration of the β-1,4-

glucan chains (Gardner and Blackwell, 1974; Albersheim et al., 2010). Although 

cellulose exists mainly in crystalline form, there is evidence that there are weak points 

about every 100–150 nm along the microfibrils. These regions are referred to as 

‘amorphous’ or non-crystalline. These disordered amorphous regions are of interest as 

they are more highly accessible for enzymatic degradation than the uniform crystalline 

regions. The small cellulose microfibrils found in the primary cell wall may have 33–

80% amorphous cellulose (O’Sullivan, 1997; Sturcova et al., 2004; del Campillo et al., 

2012). However, it is not currently known what percentage of the cellulose in A. 

thaliana cell walls is in an amorphous form, or how significant this may be for wall 

remodelling or degradation (Nishiyama, 2009; Albersheim et al., 2010; Ruel et al., 

2012).  	

!
Cellulose microfibrils are synthesised by large multimeric protein complexes that are 

positioned in the plasma membrane. These cellulose synthase (CesA) protein complexes 

are hexagonal rosette-like structures, approximately 20–30 nm in diameter (Mueller and 

Brown, 1980; Brown et al., 1996). Each rosette is thought to synthesise an elementary 

cellulose microfibril consisting of 36 glucan chains. The catalytic domain of the CesA 

complex faces the cytoplasm so the glucan chains are extruded into the extracellular 

space. Cellulose assembly consists of three phases: 1) Initiation of the glucan chains 2) 

chain elongation and 3) lateral aggregation by hydrogen bonding into a crystalline 

lattice (see Endler and Persson, 2011 and Albersheim et al., 2010, for recent reviews).	

!
5.1.3. The hemicelluloses of the primary cell wall	

There are several types of hemicellulose in cell walls, including xylans, xyloglucans and 

mixed-linkage β-(1,3)(1,4)-D-glucans. However, xyloglucan is the principal 

hemicellulose found in dicot primary cell walls, consisting of up to 30% of the total cell 
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wall (for recent reviews see Fry, 2004; Scheller and Ulvskov, 2010; Albersheim et al., 

2010). Xyloglucans contain a highly branched, β-1,4-linked glucan backbone. Up to 

75% of the β-D-glucosyl residues are substituted at C-6 with α-D-xylosyl side chains 

(Bauer et al., 1973). Selected xylosyl residues also have β-galactosyl or α-fucosyl-

(1-2)-β-galactosyl units substituted at C-2 (Zablackis et al., 1995; Scheller and Ulvskov, 

2010; Albersheim et al., 2010).	

!
Xyloglucans non-covalently cross-link with cellulose microfibrils via hydrogen bonding 

in growing cells (Bauer et al., 1973; Valent and Albersheim, 1974; Hayashi and Kaida, 

2011). The cross-linked xyloglucan-cellulose network is the major load-bearing 

structure in the cell wall, and provides a framework upon which the other cell wall 

components can become organised (Keegstra et al., 1973; Eckardt, 2008). In this way, 

xyloglucan acts as an interface between cellulose and the rest of the cell wall matrix 

(Fry, 2004; Scheller and Ulvskov, 2010; Albersheim et al., 2010). The xyloglucan also 

acts as a spacer by bridging between the cellulose microfibrils, preventing them from 

aggregating laterally (Thompson, 2005).	

!
5.1.4. The pectin component of the primary cell wall	

Pectins are a class of various polysaccharides that have covalently linked galacturonic 

acid (GalUA) as a major component, comprising up to 70% of pectin (Mohnen, 2008; 

Harholt et al., 2010). The most abundant pectic polysaccharide is homogalacturonan 

(HG), which comprises about 65% of total pectin, and consists of unbranched homo-

polymer chains of α-1,4-linked D-GalUA (Wolf et al., 2009a). Rhamnogalacturonan I 

(RGI) makes up 20–35% of pectin and does not consist of a galacturonan backbone but 

instead is built on a branched polymer with a backbone of disaccharide (α-1,4-D-GalA-

α-1,2-L-Rha) repeats. Rhamnogalacturonan II (RGII) makes up less than 10% of pectin 

and is the most structurally complex pectic polysaccharide (O’Neill et al., 2004). 

Xylogalacturonan (XGA) also makes up less than 10% of pectin, but is particularly 

abundant in reproductive tissues (Zandleven et al., 2007; Mohnen, 2008; Harholt et al., 

2010) (Figure 5.2). Pectin is a significant component of a primary cell wall, and 

degradation of pectin has been shown to be necessary for microspore release (Preuss et 

al., 1994; Rhee and Somerville, 1998; Rhee et al., 2003). However, several enzymes are 

required for degradation, as the pectin network can be very complex, consisting of 

various components.	
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Figure 5.2. Pectin and pectin degradation. Pectin is a complex and can consist of up to 
four types of polysaccharide. Three of these, Rhamnogalacturonan II (RGII), 
Homogalacturonan (HG) and Xylogalacturonan (XGA) are built on a D-galacturonic acid 
(GalUA) backbone, with various side chains. RGI has a disaccharide backbone of GalUA 
and Rhamnose repeats. All pectic polysaccharides are esterified to some extent.	!
Several enzymes are required for pectin degradation. The backbones are first de-esterified 
by methylesterases and acetylesterases. The backbones are then exposed for degradation 
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by endo-polygalacturonases and pectate lyases. Other enzymes may also degrade the 
specific side chains. In the case of RGI, arabinases and galactanases cleave the side 
chains, leaving the backbone exposed to rhamnogalacturonase and rhamnogalacturonan 
lyases. Exo-acting enzymes may then further degrade the remaining polysaccharides to 
disaccharides (Adapted from Prade et al., 1999; Seveno et al., 2009; Harholt et al., 2010).	

!
Homogalacturonan	

Homogalacturonan (HG) is a major component of the pectic network in the primary cell 

wall and is thought to influence a range of cell wall properties that are important for cell 

expansion, cell development, intercellular adhesion, and in defence mechanisms 

(Willats et al., 2001). HG consists of a relatively simple unbranched linear α-1,4-linked 

GalUA backbone. HG can be methyl esterified at the C-6 carboxyl and may also be O-

acetylated at O-2 or O-3 (Zandleven et al., 2007; Mohnen, 2008; Harholt et al., 2010). 

HG is synthesised in the golgi and arrives at the cell wall in a highly methyl esterified 

form, but can be de-methyl esterified by pectin methyl esterases. Regions of un-

esterified HG on adjacent chains can form calcium cross-linking bridges, with seven 

calcium crosslinks together forming a stable calcium junction zone (Jarvis, 1984; 

Albersheim et al., 2010). This cross-linking of chains causes pectic gels to form, which 

are important in controlling porosity and other mechanical properties of cell walls and 

may also contribute to intercellular adhesion (Carpita and Gibeaut, 1993; Willats et al., 

2001).	

!
Rhamnogalacturonan II	

Rhamnogalacturonan II (RGII) is built upon the same type of α-1,4-linked GalUA 

backbone as HG but it a much more complex polysaccharide, with clusters of side 

chains attached onto the O-2 or O-3 positions of the backbone (Darvill et al., 1978; 

Stevenson et al., 1988). These side chains consist of 12 different glycosyl residues 

linked together by more than 20 different glycosyl linkages. All RGII contains GalUA, 

D-glucuronic acid (GlcA), D-galactose (Gal), L-rhamnose (Rha), L-arabinose (Ara), 

and L-fucose (Fuc), and also the rarely observed sugars D-apiose, L-aceric acid, 2-O-

methyl L-fucose, 2-O-methyl D-xylose, L-galactose, 2-keto-3-deoxy-D-lyxo-

heptulosaric acid, and 2-keto-3-deoxy-D-manno-octulosonic acid (Darvill et al., 1978; 

Melton et al., 1986; Stevenson et al., 1988; Thomas et al., 1989; Whitcombe et al., 

1995; O’Neill et al., 2004). Despite the complex composition of these side chains, the 
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structures are highly conserved, with 4 types of side chain characterised (A–D). All 

except side chain B are highly conserved in RGII across all vascular plant species so far 

analysed (Darvill et al., 1978; Melton et al., 1986; Spellman et al., 1983; Thomas et al., 

1989; O’Neill et al., 2004).	

!
RGII exists predominantly as a dimer, covalently cross-linked by a borate ion attached 

to the A side chain (Ishii and Matsunaga, 1996; Kobayashi et al., 1996; Matoh et al., 

1993; O’neill et al., 1996). This cross-linking of the RGII also causes the cross-linking 

of the macromolecular pectin (Ishii and Matsunaga, 2001), and with the calcium-

dependent cross-linking in HG (Jarvis, 1984; Albersheim et al., 2010), causes a stable 

three-dimensional pectic network to form. Therefore, although RGII makes up a 

relatively small percentage of the total pectin, it is likely to play an essential role in 

ensuring the integrity of the primary cell wall (O’Neill et al., 2001; O’neill et al., 2004).	

!
Xylogalacturonan	

Xylogalacturonan (XGA) is also built upon a GalUA backbone, but a single β-D-xylose 

(Xyl) residue is attached to the O-3 position of some of the GalUA residues. Additional 

Xyl residues can also be attached to the first Xyl with β-1,4 linkages (Bouveng, 1965;  

Zandleven et al., 2006). XGA is a minor component of pectin, accounting for 6–7% of 

total pectin in A. thaliana leaves, but is particularly abundant in reproductive tissues 

(Zandleven et al., 2007; Mohnen, 2008; Harholt et al., 2010). The function of XGA in 

the primary cell wall is not known, but the abundance in reproductive organs may 

indicate a specialised function (Yapo, 2011).	
!
Rhamnogalacturonan I	

Unlike other types of pectin, Rhamnogalacturonan I (RGI) is not built on a pure 

galacturonan backbone. The backbone of RGI is a branched polymer made up of 

disaccharide [-α-1,4-D-GalA-1,2-α-L-Rha-1-4-] repeats (McNeil et al., 1980; 1982; 

Lau et al., 1985; Schols and Voragen 1994; Thomas et al., 1989). Side chains averaging 

six residues in length are attached to 20–80% of the rhamnosyl residues (Lau et al., 

1995; McNeil et al., 1980; Mohnen, 2008). Side chains can be in many different 

compositions, containing variously linked arabinosyl and galactosyl residues, and the 
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structure of the side chains can vary greatly depending in the species or tissue type (Lau 

et al., 1995; McNeil et al., 1980; 1982; Mohnen, 2008). 	

!
Methyl esterification and O-acetylation	

Pure galacturonan backbones can be further modified by O-acetylation at the O-2 or O-3 

position or by methyl esterification at the C-6 carboxyl position of GalUA (Perrone et 

al., 2002). However, only O-acetylation of the disaccharide backbone of RGI has been 

reported (Komalavilas and Mort, 1989; Ishii, 1995; 1997; Harholt et al., 2010). The 

degree of methyl esterification and O-acetylation in the primary cell wall varies 

depending on species and tissue type, but can be up to 80% (Mort et al., 1993; Willats et 

al., 2001), although O-acetylation is below 10% in most tissues and species tested (Gou 

et al., 2012). O-acetylation and methyl esterification can reduce gel formation in pectin, 

by interfering with the calcium cross-linking between pectic polymers (Ralet et al., 

2003).	

!
5.1.5. Composition of the outer cell wall of the tetrad	

The outer cell wall of the tetrad has not been characterised in detail, however, staining 

of cell walls in the anther during pollen development has revealed some of the 

composition of the wall. Despite the presence of cellulose as a major component of 

normal primary cell walls, it has been reported that there is no cellulose in the outer wall 

of the tetrads (Rhee and Somerville, 1998; Matsuo et al., 2013). Staining with 

Calcofluor and Renaissance 2200 showed that cellulose is present in all anther cells 

during sporogenous cell formation, but is lost from both the pollen mother cell walls 

and tapetal cell walls before the onset of meiosis (Matsuo et al., 2013). This indicates 

that there is no cellulose component in the outer primary cell wall at the stage of 

microspore release, and therefore no cellulose degradation is required for degradation of 

the outer cell wall of the tetrad. It has been demonstrated that the microspores remain 

associated even when the callose wall is prematurely degraded (Worrall et al., 1992; 

Rhee and Somerville, 1998), indicating that the outer primary cell wall alone has the 

mechanical strength to hold the microspores together. The pectin component alone may 

not be sufficient, so there may be other remaining components such as hemi-cellulose 

that contribute to wall strength.	

!
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Monoclonal antibody staining for pectin components of the cell wall has shown that the 

premeiotic pollen mother cell wall consists of mostly methyl esterified pectin and RGII, 

but no RGI was detected. The presence of XGA was not tested (Rhee and Somerville, 

1998). It was also reported that there was no xyloglucan present in the sporogenous 

tissue of the anther, although no results were shown (Rhee and Somerville, 1998).	

!
Enzymes that degrade the primary cell wall	

The composition of the outer wall of the tetrad indicates that pectinases that target 

methyl esterified pectin and RGII are presumably vital for microspore release. The 

apparent absence of cellulose from the wall suggests that there is no requirement for the 

participation of cellulases. However, the data for the presence or absence of xyloglucan 

in the outer wall is inconclusive, leaving open the possibility that xyloglucan-degrading 

enzymes, including β-1,4-glucanases, are required for tetrad wall dissolution.	

!
5.1.6. Degrading the pectin component of the tetrad outer wall	

The complexity of pectin described above is reflected in the existence of a wide variety 

of enzymes that participate in pectin degradation; these are classified into families in the 

CAZy database according to their activity (http://www.cazy.org, Lombard et al., 2014). 

HG is de-esterified by pectin methylesterases (CE family 8, EC 3.1.1.11) and pectin 

acetylesterases (CE family 13, EC 3.1.1.-). The HG GalUA backbone can then be 

targeted by polygalacturonases (GH family 28, endo: EC 3.2.1.15; exo: EC 3.2.1.67) 

and pectate lyases (PL family 1, EC 4.2.2.2). The RGI backbone requires 

rhamnogalacturonan hydrolase (EC 3.2.1.171), rhamnogalacturonan lyase (PL family 4, 

EC 4.2.2.23) and rhamnogalacturonan galacturonohydrolase (EC 3.2.1.173) for 

degradation. A variety of enzymes are also required to degrade the various RG side 

chains, including endo-arabinanase (EC 3.2.1.99), arabinofuranosidase (GH family 43, 

EC 3.2.11.55), endogalactanase (EC 3.2.1.89) and β-galactosidase (EC 3.2.1.23) (Figure 

5.2). As only RGII and methyl esterified pectin have been identified in the tetrad outer 

wall (Rhee and Somerville, 1998), the most likely participants in tetrad dissolution are 

pectin methylesterases, polygalacturonases and pectate lyases.	

!
!
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Pectin methylesterases	

Pectin methylesterases (PMEs) (EC 3.1.1.11) are in CE family 8 in the CAZy database 

(http://www.cazy.org; Lombard et al., 2010; Lombard et al., 2014). PMEs catalyse the 

hydrolysis of the methyl ester bond at C-6 of GalUA residues on the linear backbone of 

HG, releasing methanol and protons (Moustacas et al., 1991; Pelloux et al., 2007; Jolie 

et al., 2010). The de-methylesterified HG is then free to form calcium-mediated cross-

links, causing a pectin gel to form (Jarvis, 1984; Albersheim et al., 2010). Alternatively, 

the HG backbone can be degraded by polygalacturonases or pectate lyases, causing cell 

wall loosening. Therefore, PMEs are important for cell wall remodelling in plants 

(Pelloux et al., 2007; Jolie et al., 2010).	

!
PMEs have been shown to be involved in a wide variety of physiological processes in 

several plant species (Pelloux et al., 2007; Jolie et al., 2010). These roles include 

involvement in cell wall extension and stiffening (Moustacas et al., 1991; Al-Qsous et 

al., 2004), cell separation (Tieman and Handa 1994; Sobry et al., 2005; Wen et al., 

1999), fruit ripening (Phan et al., 2007; Brummel and Harpster, 2001; Draye and Van 

Cutsem, 2008), root tip elongation (Pilling et al., 2004), stem elongation (Pilling et al., 

2000; Derbyshire et al., 2007), leaf growth (Pilling et al., 2004), seed germination (Ren 

and Kermode, 2000) and pollen tube growth (Bosch et al., 2005; Krichevsky et al., 

2007; Bosch and Hepler, 2006; Tian et al., 2006). PMEs have also been associated with 

abiotic and biotic stress responses, both directly by interacting with virulence factors 

(Dorokhov et al., 1999; Chen et al., 2000; Chen and Citovsky, 2003), or indirectly, by 

the production of methanol, protons and oligogalacturonides, which are products of 

their reactions (Ridley et al., 2001; Korner et al., 2009; Osorio et al., 2008).	

!
All A. thaliana PMEs contain a stereotypical PME active domain (Pfam01095, 

IPR000070), and in addition to this, more than half of the identified A. thaliana PMEs 

also contain an N-terminal extension, which is thought be cleaved off before secretion 

(Pelloux et al., 2007; Micheli, 2001; Bosch and Hepler, 2005; Bosch et al., 2005; Jolie 

et al., 2010), and consists of a PME-inhibitor-like domain (Pfam04043, IPR006501), 

and in most cases, a signal peptide (Camardella et al., 2000; Markovič and Janeček, 

2004). These multi-domain PMEs are frequently called Pre-Pro-proteins. The Pre 

region, or signal peptide, targets the protein to the endoplasmic reticulum (Micheli, 

2001; Dorokhov et al., 2006). The pro region is similar to the active domain of PME 
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inhibitor proteins (Carmardella et al., 2000; Giovane et al., 2004). This domain may 

therefore have inhibitory activity towards the active PME domain of the PME protein, 

preventing any catalytic activity until the mature protein has reached the cell wall 

(Micheli, 2001; Wolf et al., 2009b; Dorokhov et al., 2006; Bosch et al., 2005). 

A. thaliana PMEs are classified into two groups based on the presence of absence of the 

PMEI domain. Group 1 PMEs are 250–400 amino acids long (27–45 kDa) and have no 

PMEI domain. Group 3 have 1–3 PMEI domains and are 500–900 amino acids long 

(52–105  kDa) (Micheli, 2001; Tian et al., 2006; Pelloux et al., 2007; Wolf et al., 

2009b). Interestingly, PMEs from bacteria and fungi do not have a PMEI domain 

(Markovič and Janeček, 2004).	

!
Pectin acetylesterases	

Pectin acetylesterases (PAEs) catalyse the de-acetylation of pectin by hydrolysing acetyl 

ester bonds from pectins. This makes the polysaccharide backbone more accessible to 

pectin-degrading enzymes (Davis et al., 1984; Vercauteren et al., 2002). Plant pectin 

acetylesterases are found in Carbohydrate Esterase family 13 (CE13) in the CAZy 

database (http://www.cazy.org; Lombard et al., 2010; Lombard et al., 2014). It has been 

demonstrated that gene knockouts of PAEs cause increased acetylation of pectin (de 

Souza et al., 2014); however, this increased acetylation was mainly observed in RGI, 

and the substrate specificity for plant PAEs is not known (Williamson, 1991; Bordenave 

et al., 1995; Gou et al., 2012; Orfila et al., 2012). PAEs may therefore be required for 

total degradation of pectin, but it is unclear whether they are required for successful 

degradation of HG and RGII.	

!
Polygalacturonases	

Polygalacturonases (PGs) degrade the de-esterified GalUA backbone by hydrolysing the 

glycosidic bonds between residues. Both endo-PGs (EC 3.2.1.15) and exo-PGs (EC 

3.2.1.67) are found in glycoside hydrolase family 28 (GH28) in the CAZy database 

(http://www.cazy.org, Lombard et al., 2014). PGs have been shown to be vital for pectin 

degradation and wall loosening in various processes in plants, such as in cell separation 

and dehiscence (Jenkins et al., 1999; Sander et al., 2001; González-Carranza et al., 

2007), fruit ripening (Brummell and Harpster, 2001; Deytieux-Belleau et al., 2008), leaf 

and flower abscission (González-Carranza et al., 2002), reproductive development 
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Ogawa et al., 2009; Rhee et al., 2003; Lyu et al., 2015), pollen tube formation (Lyu et 

al., 2015) and cell elongation and flower development (Xiao et al., 2014).	

!
Pectate lyases	

Like PGs, pectate lyases (PeLs) (EC 4.2.2.2) also degrade the un-esterified GalUA 

backbone of pectin, however, PeLs do this by cleaving the glycosidic bonds via a β-

elimination mechanism that generates unsaturated oligosaccharides. PeLs are classified 

into Polysaccharide Lyase family 1 (PL1) in the CAZy database (http://www.cazy.org; 

Lombard et al., 2010; Lombard et al., 2014). PeLs were first identified in plant 

pathogenic bacteria, which secrete PeLs that target pectin in plant cell walls, destroying 

their integrity (Marín-Rodríguez et al., 2002). PeLs were first identified in plants in 

1989, in pollen of tomato (Wing et al., 1989). Since then, PeLs have been shown to play 

a role in many of the same processes as PGs, including cell wall loosening and 

elongation (Wang et al., 2010), cell separation (Sun and van Nocker, 2010), floral organ 

abscission (Singh et al., 2011), fruit softening (Posé et al., 2015), pollen development 

(Jiang et al., 2011) and pollen tube growth (Wing et al., 1989).	

!
The QUARTET genes in A. thaliana	

Three genes have been identified in A. thaliana that are important in pectin degradation 

of the outer wall during microspore release. When each of these three genes are 

knocked out, plants produce pollen that have all four of the products of meiosis joined 

together in a tetrad or quartet (Figure 5.3). These three genes are QUARTET1, 

QUARTET2 (Preuss et al., 1994) and QUARTET3 (Rhee et al., 2003). This quartet 

pollen phenotype suggests the QUARTET (QRT) proteins are involved in tetrad wall 

degradation and the liberation of four separate microspores. Significantly, all three 

genes are required for successful microspore release, since any single gene knockout 

results in the same quartet pollen phenotype (Preuss et al., 1994; Rhee et al., 2003). 	

!
!
!
!
!
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Figure 5.3. Quartet pollen phenotype. In quartet knockout lines the mature pollen 
grains are fused into quartets. Each cluster consists of the four products of a meiosis. The 
quartet phenotype is the result of failure to fully degrade the pectic component of the 
outer wall of the tetrad at microspore release, holding the four microspores too close 
together as the exine walls form, causing then to fuse together.	

	

QRT1 and QRT2 were identified in 1994 by Preuss et al. in a screen of mutagenised 

Landsberg erecta ecotype plants that identified two mutants with the same phenotype of 

mature pollen grains fused in quartets. Examination of the fusion junction between the 

mature grains showed an abberant exine wall that stretches between the pollen grains 

resulting in their physical association. However, the cytoplasmic contents of each pollen 

grain remain separate, and there is no fusion of intine wall. Experimental mechanical 

separation of the pollen grains did not affect viability. Furthermore, each pollen grain 

was able to hydrate separately when in contact with stigmatic hairs. These results all 

indicate that the pollen grains function individually despite the fused exine. Expression 

of the β-glucuronidase (GUS) transgene under the control of the post-meiotic LAT52 

promoter was used to assess gene segregation in the quartets, and demonstrated that 

each quartet is a result of a single meiotic event. In heterozygous plants, no dyads of 

pollen grains were observed, only single pollen grains, indicating that the phenotype is 

controlled by the parental genome, not the gametophyte. 98% of the mature pollen was 

in quartets, however, aborted pollen was observed in 55% of quartets (at least 1 aborted 

pollen grain/quartet) by fluorescein diacetate (FDA) staining.	

!
Interestingly, no callose defects were observed in qrt1, indicating that there was no 

impact on the callose wall, and the phenotype must therefore result from some effect on 
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the outer primary cell wall of the tetrad. However, some patchy callose deposition was 

reported in qrt2 (Preuss et al., 1994), although this was not supported by a subsequent 

investigation (Rhee and Somerville, 1998). Rhee and Somerville (1998) found that 

callose deposition and degradation was normal and indistinguishable from the wild-type 

in qrt1 and qrt2 plants. They also found that degradation of the callose wall of tetrads 

from wild-type A. thaliana in vitro by treating it with a recombinant fungal exo-β-1,3-

glucanase, which fully removes the callose wall, is not sufficient to separate 

microspores, further indicating that degradation of the outer primary cell wall is vital for 

microspore release, and that QRT1 and QRT2 are involved in outer wall degradation.	

!
In 1998 Rhee and Somerville used monoclonal antibody staining to identify the 

components of the outer primary cell wall of the tetrad before and after normal 

microspore release in wild-type and qrt1 and qrt2 plants. They found that the pollen 

mother cell (PMC) wall consists mostly of methyl esterified pectin (JIM7 antibody) and 

RGII (CCRC R1 antibody), which is at sites of cell plate formation in the pre-tetrad 

stage, and accumulates further up to the tetrad stage. Un-esterified pectin is only visible 

at late tetrad stage (JIM5 antibody). In the wild-type, no components of the outer wall 

were detectable at microspore release. In qrt1, both RGII and methyl esterified pectin 

were detected in the outer wall after microspore release. In qrt2, RGII and methyl 

esterified pectin were detected, but also some un-esterified pectin. This indicates that 

QRT1 and QRT2 are required for total pectin degradation of the outer wall of the tetrad, 

to enable microspore release (Rhee and Somerville, 1998).	

!
QUARTET1 is a pectin methylesterase	

In 2006 Francis et al. identified QUARTET1 as At5g55590, and as a pectin 

methylesterase (PME). Crude extracts from heterologously expressed QRT1 in E. coli 

under control of the lacZ promoter showed a significant increase in PME activity 

following induction with IPTG. Total protein from the E. coli cultures also showed 

PME activity when incubated with methyl esterified pectin. However, no significant 

reduction in PME activity was detected in qrt1 anthers, indicating that there maybe 

redundancy in activity with other PMEs (Francis et al., 2006). The PME activity of 

QRT1 indicates that it is responsible for demethylesterifying the pectin component of 

the primary cell wall, which may then be cleaved by polygalacturonases, resulting in 

cell wall loosening (Micheli, 2001; Francis et al., 2006).	

�132



Francis et al. (2006) extensively assessed the expression of QRT1. By RT-PCR they 

found that QRT1 is expressed in unopened but not opened flowers, but also in extracts 

from whole 5- and 9- day old seedlings and 14-day old roots. QRT1 was also found to 

be a low-abundance transcript as it difficult to detect in any tissue. Promoter-GUS-GFP 

fusions were used to identify protein expression of QRT1. The protein was identified in 

floral stages corresponding to tetrad (fs 9), microspore release (fs 10) and early 

microspore (fs 11), but after microspore release GUS staining was significantly reduced 

and found primarily in tapetal cells. Promoter activity was also detected in developing 

guard cells. QRT1 was detected in a cluster of cells around points of lateral root growth, 

and therefore appears to be associated with lateral root emergence in young roots and 

may be involved in loosening the outer layers of cells to reduce stress or damage to 

emerging tips. Despite the broad expression pattern, no differences were observed in 

any other tissues under normal growth conditions in the knockout lines (Francis et al., 

2006).	

!
QUARTET2 is a polygalacturonase	

Ogawa et al. (2009) identified QRT2 as At3g07970. Based on sequence similarity with 

ARABIDOPSIS DEHISCENCE ZONE POLYGALACTURONASE1 (ADPG1) and 

ADPG2, they concluded that QUARTET2 is a polygalacturonase (PG). His-tagged 

ADPG1 and ADPG2 and another putative PG were expressed in E. coli and purified, 

then assayed for PG activity on polygalacturonic acid. QRT2 was not successfully 

expressed in E. coli. All three recombinant proteins showed PG activity, and as QRT2 

has high amino acid sequence similarity with these proteins, and is in the same 

glycoside hydrolase family (GH28), according the the CAZy database (http://

www.cazy.org, Lombard et al., 2014) it was inferred that QRT2 is also a PG. QRT2 is 

therefore likely to degrade un-esterified pectin in the outer primary cell wall of the 

tetrad, acting with QRT1 to degrade pectin and cause cell wall loosening (Micheli, 

2001; Francis et al., 2006; Ogawa et al., 2009).	

!
Ogawa et al. (2009) produced a QRT2 over-expression line utilising the native QRT2 

promoter. They found that over-expression causes dwarf rosettes, limited seed set, and 

anther defects, indicating that the gene expression is not restricted to the anther during 

microspore release. Gene expression analysis in the wild-type by RT-PCR showed that 

QRT2 is expressed predominantly in roots, with some expression in rosette leaves, 
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flower buds and siliques. Protein expression analysis using a QRT2 promoter:GUS 

reporter construct showed expression predominantly in the abscission zones of sepals, 

petals, and stamens in flowers just prior to floral organ abscission, and also early in 

anther development at  microspore release, and also just prior to anther dehiscence. 

GUS staining was also observed in mature siliques at pod shatter. Despite this broad 

expression profile, no phenotypic differences except quartet pollen were observed in 

qrt2 plants, when compared to wild-type plants. Interestingly, when double and triple 

gene-knockout lines were made with ADPG1 and ADPG2, delayed anther dehiscence 

was observed in the triple gene knockout, indicating a possible role for QRT2 in anther 

dehiscence. In the adpg2 and qrt2 double line there was a delay in floral organ 

abscission. For both these phenotypes, the absence of any phenotype in single gene 

knockout lines suggests there is functional redundancy between the genes, but QRT2 is 

evidently involved in several processes throughout the plant (Ogawa et al., 2009).	

!
QUARTET3	

QRT3 (At4g20050) was not identified until 2003, by Rhee et al., during a screen for the 

quartet phenotype among 3000 T-DNA insertion lines. Like qrt1 and qrt2, the mature 

pollen is released as quartets, and there is no evidence for any other phenotypic defects, 

apart from deposition of a layer of material at the distal regions on the surface of pollen 

grains, which may be remnants of the primary cell wall. Monoclonal antibody staining 

in qrt3 plants demonstrated that un-esterified pectin is present in the position of the 

outer primary cell wall after normal microspore release, and esterified pectin and RGII 

were also detected (Rhee et al., 2003). This is similar to qrt2 (Rhee and Somerville, 

1998), and may indicate that QRT3 has similar PG activity (Ogawa et al., 2009).	

!
The QRT3 protein was produced heterologously in E. coli and yeast (S. cerevisiae). The 

protein produced in E. coli was insoluble and was not purified. However, a soluble 

recombinant protein was successfully produced in yeast, without the native signal 

peptide. The recombinant QRT3 protein demonstrated hydrolytic activity when 

incubated with a polygalacturonic acid substrate, which may indicate PG activity, 

However, the assays conducted were not sensitive enough to detect individual activities 

(Rhee et al., 2003). QRT3 has some sequence similarity to poly-methylgalacturonases 

in cedar and tomato and a PG from peach, and the amino acid sequence does contain a 

conserved region found in polygalacturonases and polymethylgalacturonases. However, 
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QRT3 does not appear to be the same as other PGs, based on sequence similarity. QRT3 

is not listed in the CAZy database, and does not appear in the GH family 28 with all 

other known PGs. Only one other A. thaliana protein (At4g20040) was found with 

significant sequence similarity. At4g20040 adjoins QRT3 in the genome, and when 

aligned has 44.7% sequence identity with QRT3 (Rhee et al., 2003). These results 

indicate that QRT3 may have the ability to hydrolyse galacturonic acid, but this may not 

be done in the same way as GH28 PGs.	

!
QRT3 has the most specific expression of any of the quartet genes. Rhee et al. (2003) 

used in situ hydridisation to show that QRT3 is expressed in the tapetum at the tetrad 

stage, and no expression is detected after microspore release, and there is strong 

expression in the ovules of open flowers. However, western blotting with an antibody 

raised against the QRT3 protein produced in E. coli, detected a protein of 51 kDa in 

unopened flower buds, but was not detected in any other tissue type tested (open 

flowers, leaves, roots). Immuno-histochemical localisation demonstrated that the QRT3 

protein is localised to the microspore wall at the late tetrad stage, indicating that QRT3 

is secreted from the tapetum into the locule (Rhee et al., 2003).	

!
5.1.7. Hemicellulases	

The evidence from the quartet mutants strongly suggests that pectin degradation is 

necessary for microspore release. However, it is not known what other components of 

the outer wall must be degraded to enable microspore release. Several studies have 

determined that cellulose is not present in the outer cell wall of the tetrad (Rhee and 

Somerville, 1998; Matsuo et al., 2013); however, the reports of hemicellulose content 

have been limited, and therefore hemicelluloses may be present in the tetrad, and 

degradation or loosening of these may be necessary for successful microspore release. 

Assuming that xyloglucan constitutes the major hemicellulose in the cell wall (see 

section 5.1.3), xyloglucanases or other enzymes that hydrolyse 1,4-β linkages are 

candidates for degradation. Xyloglucan endo-transglycosylases (XETs) (EC 2.4.1.207) 

and xyloglucan endo-hydrolases (XEHs) (EC 3.2.1.151) are classed together as XTHs 

and are a major class of enzymes important for xyloglucan degradation (Rose et al., 

2002; Kaewthai et al., 2012). XETs in particular have been shown to be important in 

hydrolysing and rearranging xyloglucan molecules in rapidly growing tissues (Farkas et 

al., 1992; Fry et al., 1992; Nishitani and Tominaga, 1992). XEHs may be important in 
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cell wall assembly and disassembly by catalysing the hydrolysis of xyloglucan 

(Kaewthai et al., 2012).	

!
5.1.8. Plant endo-β-1,4-glucanases	

Another class of enzymes that may be important in the degradation of xyloglucan and 

the loosening of the xyloglucan-cellulose network are endo-β-1,4-glucanases. Glycoside 

Hydrolase family 9 (GH9) contains all of the known plant endo-β-1,4-glucanases 

(EGases) (EC 3.2.1.4) that are in the CAZy database (http://www.cazy.org, Lombard et 

al., 2014). These EGases are able to attack amorphous regions of cellulose, but the 

majority lack a cellulose binding domain so are unable to degrade crystalline cellulose 

(Béguin, 1990; Brummell et al., 1994). EGases can act on any soluble β-1,4-linked 

backbone, and can therefore degrade various substrates in vitro, including carboxy-

methyl cellulose (CMC), xyloglucan and a variety of other polysaccharide substrates, 

including xylans and β-1,3-1,4-glucans (Béguin, 1990; Master et al., 2004; Yoshida and 

Komae, 2006; Urbanowicz et al., 2007).	

!
Some EGases are such as KORRIGAN1 are important for cellulose biosynthesis (Nicol 

et al., 1998; Mansoori et al., 2014; Xie et al., 2013). Others have been associated with 

various processes in plants, including cell wall breakdown during anther development 

(Neelam and Sexton, 1995), secondary wall synthesis (Master et al., 2004; Yu et al., 

2013), cell expansion and elongation (Wu et al., 1996; Brummell et al., 1997) and root 

hair and endosperm development (del Campillo et al., 2012). All these processes 

involve cell wall remodelling or biosynthesis, but due to the broad substrate specificity 

in vitro, and the variety of phenotypes identified in knockout plants, it is unclear what 

the substrate targets are for the majority of identified EGases.	

!
5.1.9. Aims and objectives	

The primary cell wall that surrounds the tetrad or the progenitor microspore mother cell 

must be degraded to enable microspore release. Currently, three pectinases that are 

necessary for successful microspore release have been identified (QRT1, QRT2, QRT3). 

However, it is not known whether these pectinases are sufficient for microspore release, 

or whether other enzymes are required. The relatively subtle phenotype of the quartet 

mutants suggests a partial rather than total failure to degrade the pectin component of 
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the outer wall. The aim was therefore to increase understanding of the role of pectin 

degradation in microspore release, and the importance of the QRT enzymes in this 

process.	

!
Objective 1. Assemble and assess various double qrt mutants and the triple qrt1/qrt2/

qrt3 mutant. Assess multiple gene knockouts for redundancy between the QRT 

enzymes. Although QRT2 and QRT3 are both annotated as polygalacturonases, they 

show the same quartet phenotype when knocked out. It is therefore possible that there is 

some redundancy between the two enzymes, and that the quartet pollen phenotype is the 

result of a slowing of pectin degradation, and not due to the complete failure of 

degradation.	

!
A more severe phenotype in the multiple gene knockout lines would indicate that the 

quartet phenotype is not the result of total failure to degrade the pectin component of the 

outer wall of the tetrad, and therefore the QRT enzymes may not be the only pectinases 

required for full pectin degradation and successful microspore release.	

!
Objective 2. Conduct a thorough survey of the A. thaliana genome to identify any other 

genes encoding pectin-degrading enzymes that may be present in the anther during 

microspore release. This would identify candidates for further investigation for a role in 

tetrad wall dissolution.	

!
Objective 3. Treat isolated tetrads with different combinations of wall degrading 

enzymes, to ascertain which are sufficient for wall degradation. It is clear from the 

identification of the QRT genes that pectin degradation is necessary for microspore 

release. However, it is not known whether pectin degradation is sufficient for 

microspore release, or whether this also requires degradation of other components of the 

outer cell wall. 	

!
Despite the identification of the QRT genes, there are no reports identifying the genes 

that encode the enzymes responsible for the degradation of other components of the 

tetrad outer wall, such as hemi-cellulose. One enzyme family that may be important in 

wall degradation is the GH9 family of endo-β-1,4-glucanases that hydrolyse β-1,4-D-

glucosidic linkages in β-1,4-glucan chains in amorphous cellulose and xyloglucan.	
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Objective 4. Conduct a thorough survey of the A. thaliana genome to identify all 

EGases present during microspore release. These may play a role in degrading the 

amorphous regions of any cellulose present, may target xyloglucan, or may aid in 

recycling of the wall components, and may therefore be important for successful 

microspore release.	

!
!
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5.2. Results	

5.2.1. The QUARTET genes are necessary for complete degradation of 

the outer cell wall of the tetrad at microspore release	

As previously shown (Preuss et al., 1994; Rhee and Somerville, 1998; Rhee et al., 

2003). T-DNA knockout lines (Appendix Table 2.1, see Appendix figure 5.1 for gene 

models) obtained for the three QUARTET (QRT) genes failed to properly release the 

microspores from the tetrad, and the mature pollen grains were fused in a quartet. As 

has been reported, no other phenotype was apparent (data not shown), and there was no 

impact on the viability of mature pollen grains or on fertility. There was no other visible 

impact on pollen development in any of the single gene-knockout lines. 	

!
The phenotype in multiple-gene T-DNA knockout lines is more severe 

than in the single gene T-DNA lines	

Multiple gene T-DNA insertion lines were generated for all double combinations of the 

quartet genes, and a triple T-DNA line knockout line was generated for all three QRT 

genes. RT-PCR confirmed that all genes contained the expected T-DNA insertion in the 

transcript, and were therefore knocked out in the multiple-gene T-DNA lines, as there 

was no transcript present for primers surrounding the insertion point for any of the three 

genes, and no or reduced transcript for all other primer pairs (Figure 5.4).	

!
!
!
!
!
!
!
!
!
!
!
!
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Figure 5.4. Gel electrophoresis of RT-PCR to test transcript levels in the qrt triple 
gene-knockout line. Where possible, three pairs of primers were used to identify 
transcript levels upstream, downstream and across the site of T-DNA insertion. Wild-type 
(wt) cDNA and genomic DNA (gDNA) were used as controls. For all three qrt genes in 
the triple gene knockout, there is no transcript for the around pair of primers, indicating 
that the T-DNA is present in the RNA, so no viable protein will be produced. For all other 
primer pairs, the amount of transcript is reduced compared to the wild-type, although 
only slightly for the upstream primer pairs. This indicates little or no QRT protein will be 
produced in the triple qrt gene knockout line.	!

Development of pollen appeared to proceed as normal in all single and multiple qrt 

knockout lines (Figure 5.5), apart from the fusion of the microspores at microspore 

release, as in the single gene-knockout lines. A thin wall appeared to persist for a brief 

period following degradation of the callose wall of the tetrad once the microspores had 

become rounded, and may represent the un-degraded pectin of the PMC wall (Figure 

5.6). The mature pollen grains clearly had a patterned exine wall and appeared 

externally normal apart from the fused quartet arrangement (Figure 5.7). The callose 

wall was degraded as normal (Figure 5.8); no callose could be detected in the anther by 

aniline blue staining after microspore release (Figure 5.9).	
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Figure 5.5. Toluidine blue stained sections of qrt triple T-DNA insertion line anthers 
through development. Apart from the fusing of the exine wall of the microspores at 
microspore release, pollen development proceeds as normal in all the single and multiple 
qrt gene knockout lines. (A) Meiosis I, (B) Meiosis II, (C)  Tetrad, (D) Microspore 
release, (E) Uninucleate microspores.	!
!
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Figure 5.6. Remains of outer cell wall are visible after callose dissolution. After the 
callose wall is removed, the microspores become round. Usually at this stage no wall is 
visible around the microspores, but in the qrt knockout lines a thin wall can be seen 
(indicated by black arrows), and is presumably the remains of the outer cell wall of the 
tetrad.	!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Figure 5.7. Mature pollen grains of the qrt triple line. The mature pollen grains of all 
the qrt single and multiple gene knockout lines appear to be identical to wild-type pollen, 
apart from being fused in quartets. The distinctive patterned surface is evident, and is the 
same as the wild-type.	!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Figure 5.8. The callose wall is degraded as normal in the qrt triple line. In all the qrt 
single and multiple gene knockout lines, after meiosis, the microspores are arranged 
together in a tetrad structure, surrounded by a thick callose wall (A). At microspore 
release the callose is degraded as normal, and the microspores become round (B).	!
!
!
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Figure 5.9. Aniline blue staining of anther sections of the qrt triple line. At the tetrad 
stage, the callose wall fluoresces brightly under UV light (A). After microspore release, 
no callose is visible, indicating that the callose wall is degraded as normal (B).	!
!
!
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Despite the visual analysis indicating that all single qrt mutants are phenotypically 

interchangeable, some of the multiple gene T-DNA lines caused a reduction in overall 

fertility that was not observed in single mutant lines. When self-pollinated, the number 

of unfertilised ovules per silique in qrt1/qrt3, qrt2/qrt3 and the qrt triple knockout was 

greater than in the wild-type (Figure 5.10). The number of unfertilised ovules was 

significantly different from the wild-type, particularly in qrt1/qrt3 and the qrt triple. 

(ANOVA p<0.001, Tukeys post hoc test to identify the differences). However, when 

pollinated with wild-type pollen the fertility was restored in all lines; there was no 

significant difference compared to the wild-type (ANOVA p=0.87) (Figure 5.11). This 

indicates that the reduction in fertility in self-pollinated lines was due to defects on the 

male side of gametophyte development.	

Figure 5.10. The mean percentage of unfertilised ovules per silique in self-pollinated 
qrt lines. Bars indicated with * are significantly different from the wild-type Col0 line 
(p<0.001, ANOVA). n=10 for all lines.	!
!
!
!
!
!
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Figure 5.11. The mean percentage of unfertilised ovules per silique in wildtype-
pollinated qrt lines. no lines are significantly different from the wild-type Col0 line 
(p=0.87, ANOVA). n=10 for all lines.	!

Trinucleate pollen analysis was performed by DAPI-staining of mature pollen. The 

rationale was that less than 3 nuclei (2 sperm and a vegetative cell nucleus) in a mature 

pollen grain would indicate that the pollen grain was not viable. The number of non-

trinucleate pollen grains was significantly higher than the wild-type in all qrt knockout 

lines tested (Figure 5.12). Furthermore, the number of non-trinucleate pollen grains was 

significantly higher in qrt1/qrt3 compared to qrt1, and in the qrt triple compared to 

qrt1/qrt3, indicating an additive effect (ANOVA p<0.001, Tukeys post hoc test to 

identify the differences). The reduction in trinucleate pollen numbers appeared to be 

associated with one grain per quartet, with that grain being binucleate, possibly 

indicating that final mitosis (pollen mitosis II) had not taken place (Figure 5.13).	

!
!
!
!
!
!
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Figure 5.12. The mean percentage of non-trinucleate pollen grains per 100 counted 
in qrt T-DNA knockout lines. DAPI staining of mature pollen was used to identify the 
number of non-trinucleate pollen grains. All lines are significantly different from the 
wild-type Col0 line, and from each other (p<0.001, ANOVA). n=10 for all lines.	!

Figure 5.13. DAPI-stained mature pollen grains from the qrt triple line. Quartet A) 
All pollen grains are trinucleate. B) One pollen grain (white arrow) is binucleate.	!
!
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5.2.2. There are other pectin enzymes that could be involved in 

microspore release	

It was not known from published data whether pectin is completely or partially 

degraded in the quartet knockout lines, and whether the QUARTET enzymes are the 

only enzymes required to degrade the entire pectin component of the outer cell wall of 

the tetrad. Pectin is a complex molecule and its degradation can require several 

enzymatically supported steps; consequently a suite of enzymes may be required for 

total degradation. A thorough survey of all potential pectin-degrading enzymes in the A. 

thaliana genome identified several candidates that may be involved in pectin 

degradation during microspore release (Table 5.1). Due to the previously described 

composition of the cell wall (Rhee and Somerville, 1998), enzymes that target 

homogalacturonan (HG) and rhamnogalacturonan II (RGII) were identified and 

subjected to in silico analysis as described in the following sections.	

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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!
Table 5.1. Gene expression of candidate pectinases in A. thaliana. All pectinases shown 
have high absolute expression at floral stage 9 (microspore release), and/or a fold change >2 
at fs9. Genes highlighted in grey have their highest expression in any tissue at fs9. The QRT 
genes are included for comparison.

CAZy 
family

Activity Gene ID Expression 
highest

Expression 
floral stage 9 

Fold change 
floral stage 9

Highest expression 
tissue

CE 8 Pectin	
methylesterase	

EC 3.1.1.11

At5g19730 209.65 108.72 2.18 early seed

At5g47500 1131.43 885.88 9.69 meristem, bud

At3g24130 11.13 3.67 2.22 mature pollen

At5g55590 (QRT1) 42.88 42.88 7.33 floral stage 9

GH 28 Polygalacturonase	
EC 3.2.1.15	

At5g41870 192.33 138.17 2.2 floral stage 12 carpel

At2g43870 103.35 6.93 2.39 floral stage 15 anthers

At4g35670 623.77 1.55 5.88 floral stage 12 anthers

At4g23820 1010.25 439.38 1.05 petals

At5g44840	
At5g44830

8.03 2.17 5.42 early seed

At1g10640 557.73 424.95 7.94 meristem, bud

At3g61490 187.85 129.78 3.52 meristem, bud

At3g42950 286.22 65.98 3.08 stem, bud

At1g48100 255.83 152.27 4.8 petals

At2g15450	
At2g15460	
At2g15470

3.67 2.1 4.2 late seed, bud

At5g17200 56.95 56.95 11.02 floral stage 9

At3g07970 (QRT2) 98.72 13.28 1.88 seed

PL 1 Pectate lyase	
EC 4.2.2.2	
EC 4.2.2.9

At4g13210 991.48 168.65 7.94 floral stage 12 petals

At4g13710 451.47 117.7 3.69 floral stage 12 petals

At4g22080	
At4g22090

225.78 225.78 564.45 floral stage 9

At3g53190 1055.17 668.13 3.73 shoot apex

At1g67750 925.62 350.62 4.13 early seed

At5g55720 1400 382.05 99.23 floral stage 12 petals

At3g54920 385.27 307.82 1.42 shoot apex, leaves

At1g11920 31.48 31.48 48.44 floral stage 9

At3g24230 72.12 72.12 5.91 floral stage 9

Unknown galacturonase-like At4g20050 (QRT3) 936.43 504.9 33.22 floral stages 9-12
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Pectin methylesterases - QUARTET1-like	

Pectin methylesterases (PMEs) are found in Carbohydrate Esterase family 8 (CE8) (EC 

3.1.1.11) in the CAZy database (http://www.cazy.org; Lombard et al., 2010; Lombard et 

al., 2014). The family has 66 members in A. thaliana. All have the characteristic 

catalytic PME domain, and 44 have an additional Pro or PME inhibitor (PMEI) domain 

that may inhibit enzyme action (Carmardella et al., 2000; Giovane et al., 2004). The 

PMEI domain may interact with the enzymatic domain, to prevent de-

methylesterification until the enzyme is in position at the cell wall (Micheli, 2001; Wolf 

et al., 2009b; Dorokhov et al., 2006; Bosch et al., 2005). QRT1 does not contain a 

PMEI domain. 19 of the non-PMEI proteins clustered together when the sequences were 

aligned (Appendix Figure 5.2), but three are amongst the PMEI-containing enzymes.	

 	

Gene expression was assessed for all the PME enzymes using the Arabidopsis eFP 

browser (Winter et al., 2007). Four genes - At3g24130, At5g19730, At5g47500 and 

QRT1 - have high expression in floral stage 9, with a fold change >2 (Table 5.1). 

However, only QRT1 is most highly expressed in floral stage 9 (fs 9). Interestingly, 

At5g19730 and At5g47500 cluster with QRT1 on the protein sequence alignment tree 

(Appendix Figure 5.2), but apart from the catalytic domains, the sequences are not very 

conserved, with <50% identity between any proteins that are most similar to QRT1.	

!
Polygalacturonases - QUARTET2-like	

Glycoside Hydrolase family 28 (GH28) contains both endo-polygalacturonases (EC 

3.2.1.15) and exo-polygalacturonases (EC 3.2.1.67) (http://www.cazy.org; Lombard et 

al., 2014). There are 68 proteins in the family in A. thaliana. All but one of the proteins 

contains the GH28 domain. 53 have N-terminal signal peptides of 18–32 amino acids in 

length. Three have N-terminal transmembrane regions and three have C-terminal 

transmembrane regions and are therefore unlikely to be involved in microspore release 

as they will be wall-bound, whereas enzymes that target the tetrad wall are secreted 

from the tapetum into the anther locule. Excluding any proteins with transmembrane 

regions, 13 genes are expressed in fs 9, but only one - At5g17200 - has highest 

expression in fs 9 (Table 5.1). Interestingly, QRT2 does not appear to be highly 

expressed in fs 9 according to existing microarray data, despite the proven involvement 

in microspore release.	
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!
Protein sequence alignments and BLAST searches with the QRT2 amino acid sequence 

identified ADPG2 and ADPG1 as most similar to QRT2, as well as At1g23460, 

At1g80170 and At1g70500 (Appendix Figure 5.3), none of which are highly expressed 

in fs 9. However, due to the evidence from QRT2, these genes may warrant further 

investigation.	

!
Pectate and pectin lyases	

Polysaccharide lyase family 1 (PL1) has enzymes with Pectate lyase (EC 4.2.2.2), Exo-

pectate lyase (EC 4.2.2.9) and Pectin lyase (EC 4.2.2.10) activities, although none of the 

26 members found in A. thaliana are annotated as pectin lyases (http://www.cazy.org; 

Lombard et al., 2010; Lombard et al., 2014). All proteins contain a PL1 catalytic 

domain, 22 have an N-terminal signal peptide. Three of the proteins have C-terminal 

transmembrane regions so are unlikely to be secreted into the anther locule. Eight of the 

genes have high expression in fs 9, four of which - At4g22080, At4g22090, At1g11920 

and At3g24230 - have their highest expression in fs 9, and are therefore the most likely 

candidates for further investigation (Table 5.1) (See Appendix Figure 5.4 for protein 

sequence alignment tree).	

!
Other candidates	

There are several other enzyme families that have members in A. thaliana, including PL 

family 4 - Rhamnogalacturonan lyases (EC 4.2.2.-) (Appendix Figure 5.5) and CE 

family 13 - Pectin acetyl esterases (3.1.1.-) (Appendix Figure 5.6), but no members had 

a high gene expression in fs 9; consequently, there are no obvious candidates for further 

analysis.	

!
In summary, there are 25 enzymes from three different families that have high gene 

expression in fs 9 and may be secreted into the anther locule. Five are most highly 

expressed in fs 9, and are therefore the most suitable candidates for further 

investigation.	

!
!
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5.2.3. Pectin degradation may be sufficient for breakdown of the outer 

cell wall	

The production of a quartet of ‘conjoined’ microspores in qrt mutant plants reveal that 

the QUARTET enzymes, and therefore pectin degradation, are necessary for the release 

of the individual microspores from the outer cell wall of the tetrad. However, it is not 

known whether pectin degradation alone provides sufficient cell wall modification to 

allow microspore release or whether the process also requires the activity of other cell 

wall degrading enzymes. To address this question, tetrads were isolated from Brassica 

oleracea and Nicotiana tabacum and treated with various enzymes to ascertain which 

wall components require degradation to allow microspore release  from the tetrad.	

!
As previously shown (Worrall et al., 1992; Rhee and Somerville, 1998), degradation of 

the callose wall alone is not sufficient for microspore release, as the outer PMC wall 

must also be degraded. Degradation of the outer wall sufficient to allow microspore 

release was enabled by the incubation in the presence of fungal cellulase or pectinases 

(Figure 5.14B, D). However, when the fungal pectinases (obtained from Biocatalysts, 

UK, courtesy of Dr. Leak, University of Bath) were assayed for cellulase activity, they 

also degraded carboxy-methyl cellulose (CMC) (Figure 5.15), indicating that reagent 

contained enzymes capable of digesting the cellulose, hemicellulose or both 

components of the tetrad wall.	

!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Figure 5.14. Enzyme treatment of isolated tetrads from N. tabacum. When no 
enzymes are applied, the tetrads remain together (A). When only β-1,3-glucanase is 
applied, the callose wall is degraded, but the microspores remain clustered together (B). 
When only a fungal pectinase is applied, the callose wall remains, holding the 
microspores together (C). When both β-1,3-glucanase and pectinase are applied together, 
both walls are degraded, simulating early microspore release (D). All enzymes were 
incubated for 20 minutes at 37 °C.	!
!
!
!
!
!
!
!
!
!
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Figure 5.15. SDS-PAGE and in-gel cellulase activity assay for Biocatalyst fungal 
pectinases. All the Biocatalyst pectinases (as used in the assay shown in Figure 5.14) 
show several bands on the SDS-PAGE, indicating there are several proteins in each 
sample (A). All Biocatalyst enzymes show cellulase activity on carboxy-methyl cellulose 
(CMC), indicated by zones of clearing on the in-gel assay (B).	!
!
Recombinant pectinases with potentially greater purity and specific activities were 

therefore obtained from Prozomix, UK. The pectin methylesterase (PME) and Pectate 

lyase 51 (PL51) showed a small amount of activity on CMC, but the PL50 showed no 

activity (Figure 5.16). When tetrads were treated with β-1,3-glucanase + PL50 they 

showed partial microspore release after 30 minutes of incubation (Figure 5.17). 

Treatment with the PME also may be required to allow total release; however, the buffer 

in which the PME had optimal activity was pH 10, which prevented the activity of the 

β-1,3-glucanase. Sequential treatment with both enzymes was inconclusive. 	

!
!
!
!
!
!
!
!
!
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!
Figure 5.16. SDS-PAGE and in-gel cellulase activity assay for Prozomix pectinases. 
All the prozomix pectinases show one strong band on the SDS-PAGE, indicating the 
recombinant nature of the proteins (A). The PME and PL51 showed some cellulase 
activity on carboxy-methyl cellulose (CMC), indicated by zones of clearing and white 
arrows on the in-gel assay. PL50 showed no cellulase activity (B).	

Figure 5.17. β-1,3-glucanase and PL51 enzyme treatment of isolated tetrads from B. 
oleracea. Application of both β-1,3-glucanase and PL50 caused partial microspore 
release after 30 minutes of incubation at 37 °C. Black arrows indicate complete tetrads, 
red arrows indicate partially degraded tetrads. Free microspores can also be observed.	
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5.2.4. Endo-β-1,4-glucanases may target the cellulose-xyloglucan matrix 

of the tetrad outer cell wall	

Pectinases are necessary for normal microspore release, and may be sufficient for 

release, but the process may require the participation other enzymes that increase the 

rate of wall breakdown, or allow recycling of the wall material. One important family of 

enzymes potentially involved in loosening or degrading the cellulose-xyloglucan matrix 

are the Glycoside Hydrolase family 9 (GH9) endo-β-1,4-glucanases or EGases (E.C. 

3.2.1.4).	

!
In A. thaliana, six endo-β-1,4-glucanase genes are expressed in the bud at 

the tetrad stage of pollen development	

A survey of the Carbohydrate-Active enzymes database (CAZy) identified 25 genes in 

GH9 in A. thaliana (http://www.cazy.org; Lombard et al., 2014). Microarray expression 

data for all members of GH9 were assessed using the Arabidopsis eFP browser (Winter 

et al., 2007). Four genes have high absolute expression and a fold change >2 at floral 

stage 9 (fs 9). A further two genes have high absolute expression, but high expression 

across all tissues means the fold change in fs 9 is <2. No endo-β-1,4-glucanases are 

specific to fs 9 (Table 5.2).	

!

!

Table 5.2. Gene expression of candidate endo-β-1,4-glucanases in A. thaliana. All endo-
β-1,4-glucanases shown have high absolute expression at floral stage 9 (microspore release), 
and a fold change >2 at fs 9. Genes highlighted in grey have only a high absolute expression 
due to high expression in all tissues.

Gene ID Expression highest Expression floral 
stage 9 

Fold change floral 
stage 9

Highest expression tissue

At1g70710 (CEL1) 1048.9 703.22 6.9 floral stage 12/15 carpel

At1g02800 (ATCEL2) 586.18 349.73 68.58 floral stage 12 carpel

At4g39010 151.23 106.68 4.16 floral stage 9-12, stamens

At4g02290 2277.22 834.73 15.4 root, floral stage 9-12

At1g75680 980.32 439.55 1.08 Stem, seeds

At1g64390 1178.6 296.55 1.36 floral stage 12/15carpel
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All six proteins are between 50–70  kDa and contain a GH9 catalytic domain. 

At4g02290 and At1g75680 contain short N-terminal transmembrane regions and may 

therefore be located at the plasma membrane and not secreted into the locule preventing 

their access to outer wall of the tetrad. At1g70710 has been partially characterised and 

named CEL1, and is localised to the elongation zone of flowering stems and roots 

(Shani et al., 1997), specifically in the xylem and in young epidermal cells (Shani et al., 

2006). cel1 antisense plants showed abnormal cell wall deposition resulting in 

‘wrinkled’ cell walls (Tsabary et al., 2003). In situ hybridisation demonstrates that 

ATCEL2 (At1g02800) is localised to the carpel walls at floral stages 7–10, but no signal 

was detected in anthers (Yung et al., 1999). At4g39010 and At1g64390 do not have 

transmembrane regions and are annotated as extracellular, so are secreted. At1g64390 

has an extra C-terminal domain, a Carbohydrate Binding Module 49 (CBM49), which 

may allow the enzyme to bind to crystalline cellulose (Urbanowicz et al., 2007; del 

Campillo et al., 2012). 	

	 	 	 	 	 	 	 	 	 	 	 	 	

Identifying gene expression by RT-PCR: No genes are spatially specific 

but three may be temporally specific	

RT-PCR was performed to assess timing and location of gene expression of the six 

candidate endo-β-1,4-glucanases. All the genes showed expression in A9pro:barnase 

anthers, indicating that none of the endo-β-1,4-glucanase genes are specific to the 

tapetum (Figure 5.18). At4g39010, At4g02290 and At1g75680 may have some temporal 

specificity as the relative level of gene expression is high in the meiosis II and 

microspore release stages compared to the later microspore stage.	

!
!
!
!
!
!
!
!
!
!
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Figure 5.18. Gel electrophoresis of RT-PCR to test endo-β-1,4-glucanase gene 
expression. All genes are expressed in A9:barnase anthers, so are not tapetum-specific. 
At4g39010, At4g02290 and At1g75680 may have some temporal specificity. MII- 
meiosis II, T-tetrad, MR-Microspore release, MS-microspore.	!

No phenotypic differences were observed in T-DNA insertion lines for 

the endo-β-1,4-glucanase genes	

T-DNA insertion lines were obtained for the six shortlisted endo-β-1,4-glucanases. RT-

PCR confirmed that the genes were knocked out in the all T-DNA insertion lines, as 

there was no transcript present for primers surrounding the insertion point for any of the 

genes, and no or reduced transcript for all other primer pairs (Figure 5.19). The lines 

were assessed for phenotypic differences compared to the wild-type. All lines were 

fertile and set seed and no change in phenotype was observed for any of the lines during 

pollen development.	

!
!
!
!
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Figure 5.19. Gel electrophoresis of RT-PCR to test transcript levels in endo-β-1,4-
glucanase T-DNA lines. Where possible, three pairs of primers were used to identify 
transcript levels upstream, downstream and across the site of T-DNA insertion. Wild-type 
(wt) cDNA and genomic DNA (gDNA) were used as controls. Two replicate reactions 
were performed for the test cDNA. For all genes, there is no transcript for the around pair 
of primers, indicating that the T-DNA is present in the RNA, so no viable protein will be 
produced. For all other primer pairs, the amount of transcript is reduced compared to the 
wild-type, although only slightly for some primer pairs. This indicates little or no protein 
will be produced in the T-DNA insertion lines.  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5.3. Discussion	

5.3.1. There is some functional redundancy between the QUARTET 

genes	

Previous work and the work reported here have shown that degradation of the pectin 

component of the outer cell wall of the tetrad is vital for microspore release. All single 

qrt knockout lines fail to release the microspores fully, resulting in the mature pollen 

grains being fused together in quartets. However, despite the evidence for the 

importance of the QUARTET genes, it is unclear whether the quartet phenotype is due 

to complete failure to degrade the pectin component of the outer wall, or the result of a 

delay in degradation. Therefore, this work assessed multiple-gene knockout lines, 

combining the quartet gene knockouts, to investigate whether a more severe phenotype 

could be detected.	

!
Visually, all the single and multiple gene knockout lines appear identical throughout 

pollen development. However, more detailed observations did identify some 

differences. The most striking phenotypic difference was an increase in the number of 

unfertilised ovules per silique in self-pollinated plants in some lines. In qrt1/qrt3, qrt2/

qrt3 and the qrt triple lines there was a significant increase in the number of unfertilised 

ovules per silique, compared to the wild-type. When the plants were subsequently 

pollinated with wild-type pollen, the fertility was apparently restored and no lines were 

significantly different from the wild-type. This indicates that the loss of fertility was 

caused by a defect on the male side of gametophyte development. No fertility problems 

have previously been reported for any of the single qrt lines.	

!
DAPI staining of mature pollen showed that there was a reduction in the proportion of 

trinucleate pollen grains in the multiple gene-knockout lines, with an average of almost 

a quarter (23.2%) of the qrt triple pollen being non-trinucleate. The delay in tetrad wall 

degradation and the fusion of the microspores may cause the final mitosis to fail in 

some pollen grains. Usually, a reduction in pollen viability would not cause a reduction 

in seed set, due to the high number of pollen grains that can attach to the stigma. 

However, the quartet phenotype may interfere with pollen grain adherence, as only 

pollen grains that are in contact with stigmatic hairs can hydrate. If a non-viable grain 
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makes contact with the stigmatic hair, the quartet structure may prevent viable pollen 

grains in the same quartet from making contact (See Figure 5.20 for model).	

Figure 5.20. Model of reduced fertility in the qrt triple line. Non-viable pollen grains 
land on the stigmatic hairs, and the quartets block access for other viable pollen grains, 
leading to a reduction in fertilisation and seed set.	!

The reduction in seed set may most strongly associate with qrt3 since any double 

mutant that includes qrt3 and the triple mutant exhibit a substantial reduction in seed 

set. There is also a small reduction in the number of fertilised seeds in qrt3, although the 

effect is not statistically significant. The reduced fertility phenotype is most severe when 

qrt3 is combined with qrt1, although DAPI staining of the qrt triple indicates that qrt2 

may also have a small additive effect, as the number of non-trinucleate pollen is greater 

in the qrt triple compared to qrt1/qrt3. These results indicate that there is some 

redundancy between the functions of the QUARTET enzymes, and in particular, QRT1 

and QRT3. QRT3 has previously been described as a polygalacturonase (PG), as it 

potentially hydrolyses galacturonic acid; however, it is not a typical Glycoside 

Hydrolase family 28 (GH28) polygalacturonase, like QRT2 (Rhee et al., 2003). QRT3 

may therefore represent a different class of pectin-degrading enzyme, and may have 

some overlapping activity with the other QRT enzymes. QRT3 may degrade methyl-
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esterified pectin, or perhaps access only partial de-esterified GalUA. PGs such as QRT2 

can require four to five consecutive unesterified GalUA residues for cleavage (Ogawa et 

al., 2009), whereas QRT3 may cleave more heavily esterified regions without the action 

of a PME such as QRT1 (Figure 5.21A). Therefore, if QRT1 and/or QRT2 are knocked 

out, some methyl-esterfied pectin may not be degraded, but QRT3 will nevertheless 

partially degrade the pectin (Figure 5.21B, C). However, when both qrt1 and qrt3, or all 

qrt genes are knocked out, pectin is not degraded resulting in the more severe phenotype 

reported here (Figure 5.21D). 	

Figure 5.21. Model of QRT degradation of homogalacturonan. (A) QRT1 
demethylesterifies the backbone, allowing QRT2 to degrade the bonds between the 
GalUA. QRT3 is able to target methyl-esterified regions. (B) In qrt1 plants pectin is not 
demethylesterified, so QRT2 cannot act on the backbone. QRT3 still partially degrades 
the HG. (C) In qrt2 plants demethylesterified HG is not degraded, but QRT3 still partially 
degrades the HG. (D) In qrt1/qrt3 and the qrt triple plants, no pectin is degraded, unless 
there are other pectin degrading enzymes present.	!
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Alternatively, the reduction in seed set in some lines may be due to action of the 

enzymes in other tissues, such as the pollen tube. Both QRT1 and QRT2 are expressed 

in several tissues (Francis et al., 2006; Ogawa et al., 2009). However, in situ 

hybridisation has shown that QRT3 expression is restricted to the tapetum in developing 

anthers (Rhee et al., 2003), and is therefore unlikely to play a role in pectin degradation 

in other tissues. 	

!
5.3.2. Several other A. thaliana pectinases may be involved in microspore 

release	

The quartet genes are vital for normal microspore release, but several other pectinases 

are expressed in the young bud at microspore release and may therefore play a role. 

Evidence from the multiple gene qrt lines indicates that the quartet phenotype does not 

result from a total failure of pectin degradation but a reduced rate or extent of pectin 

degradation. It is therefore possible that other pectin-degrading enzymes contribute to 

outer wall degradation during microspore release. The four highly expressed pectate 

lyases are of particular interest since their different enzymatic activity compared to PGs 

may speed up pectin degradation.	

!
5.3.3. Pectin degradation may be sufficient for microspore release from 

the PMC wall	

When isolated tetrads were treated with a mixture of β-1,3-glucanase and pectinase, the 

tetrads underwent a process that strongly resembled microspore release. Some of the 

pectinase enzymes used in this experiment did exhibit activity on carboxy-methyl 

cellulose (CMC), so may also target cellulose and/or xyloglucan in the cell wall. 

However, one pectate lyase (PL50) that displayed no cellulase activity was able to cause 

partial release of microspores from the tetrad (Figure 5.17). Full microspore release may 

also require pectin methylesterase activity, but due to the buffers that the enzymes were 

supplied in and the differing optimal pHs for each enzyme, it was not possible to treat 

tetrads with all combinations of enzymes, whilst ensuring that the β-1,3-glucanase 

remained active enough to fully degrade the callose wall. However, these preliminary 

results do indicate that degrading only the pectin component of the outer cell wall may 

be sufficient for microspore release.	
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5.3.4. Endo-β-1,4-glucanases may target amorphous cellulose or 

xyloglucan in the tetrad outer wall	

Six endo-β-1,4-glucanase genes are expressed in floral stage 9 buds, but none are most 

highly expressed in the bud. RT-PCR indicated that all six genes are expressed in the 

anthers throughout development, and none are tapetum specific. No phenotypic 

differences were observed in T-DNA insertion lines. At4g02290 and At1g75680 both 

contain a short N-terminal transmembrane region, and are therefore unlikely to be 

secreted into the locule, so could not target the outer wall of the tetrad during 

microspore release.	

!
At1g70710 (CEL1) has been characterised as having a role in plant growth, xylem 

development and cell wall thickening (Shani et al., 2006), but to date there is no 

evidence for a role in tetrad cellulose wall dissolution. However, it is possible that 

At1g70710 plays a role in cellulose or xyloglucan degradation during microspore 

release, as it is expressed in the anther at the correct stage. At1g02800 is ATCEL2 and is 

localised in the carpel walls at floral stages 7–10, but no signal was detected in anthers 

(Yung et al., 1999), although gene expression was detected in anthers by RT-PCR 

(Figure 5.18).	

!
At1g64390 has an extra C-terminal Carbohydrate Binding Module 49 (CBM49). This 

CBM domain is a short amino-acid sequence of typically 100–110 amino acids that 

folds into a discrete three-dimensional structure, forming a putative carbohydrate 

binding cleft. This domain is similar to microbial family 2 CBMs, which can bind 

crystalline cellulose (Urbanowicz et al., 2007; del Campillo et al., 2012). The endo-

β-1,4-glucanase SlCel9C1 from tomato has a CBM49 domain that has been shown to 

bind to crystalline cellulose (Urbanowicz et al., 2007). AtGH9C1 from A. thaliana also 

contains a CBM49 domain, but this appears to bind to a different form of cellulose 

compared to the tomato protein, with a different composition of amorphous and 

crystalline regions (del Campillo et al., 2012). The presence of the CBM49 domain on 

At1g64390 may therefore mean that it is able to bind to crystalline cellulose in the cell 

wall.	

!
Despite the presence of endo-β-1,4-glucanases in the anther during pollen development, 

no clear candidates for involvement in microspore release have been identified. 
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Furthermore, antibody staining has shown that there is no cellulose in the outer wall of 

the tetrads or the tapetum by the tetrad stage, as it is degraded prior to meiosis, and that 

the pollen mother cell wall consists of mostly methyl esterified pectin and RGII, but no 

RGI (Rhee and Somerville, 1998; Matsuo et al., 2013). It was also reported that the 

tetrad cell wall does not contain xyloglucan, although no data was shown (Rhee and 

Somerville, 1998). This indicates that pectin is a major component of the outer cell wall 

of the tetrad, and therefore that pectinases are sufficient for microspore release from the 

outer cell wall. Any endo-β-1,4-glucanases that are present are therefore likely to have 

roles in other processes, such as the degradation of cellulose in the tapetum walls, or in 

other parts of the anther, such as during anther dehiscence.	

!
5.3.5. Future work	

QRT3 should be tested for precise enzymatic activity, continuing the work of Rhee et al. 

(2003), who successfully expressed and purified QRT3 in Saccharomyces cerevisiae. 

This may confirm or reject the pectin-degradation sufficiency model for primary wall 

dissolution proposed here.	

!
More extensive phenotypic analysis, such as TEM and SEM through pollen 

development may identify the exact cause of the reduced seed set and mitosis failure in 

the qrt multiple gene knockout lines.	

!
Antibody staining could ascertain exactly which wall components are present before 

and after microspore release, both in vitro and in planta, in the wild-type and multiple 

gene qrt lines. This would allow identification of exactly when the components of the 

outer cell wall are degraded during microspore release, and whether it is necessary for 

the outer wall to be fully degraded. It is possible that once the wall is loosened by the 

action of pectinases and possibly other enzymes, the expanding microspores are able to 

‘push’ out of the primary wall.	

!
For all the identified pectinases, T-DNA insertion lines should be obtained and 

phenotypically assessed, particularly for a quartet-like phenotype. Gene expression for 

all the candidates should be assessed in more detail, for example by qPCR from floral 

organs from different developmental stages.	

!
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5.3.6. Conclusions	

Phenotypic analysis of multiple qrt gene knockout lines suggested that there is some 

redundancy between the QRT genes, especially QRT3 and QRT1. This may be because 

QRT3 can degrade pectin in a different way to QRT2, as it is not a GH28 PG, like 

QRT2.	

!
The more severe phenotype in the multiple gene knockout lines, and the presence of 

several other pectin-degrading enzymes in the A. thaliana genome that are expressed in 

floral stage 9 buds suggests additional enzymes contribute to pectin degradation, and 

that the quartet phenotype is not the result of total failure of pectin degradation.	

!
Enzyme treatment of isolated tetrads indicates that pectin degradation may be sufficient 

to breach the outer wall of the tetrads to enable microspore release. This may be 

because pectin is the principal component of the cell wall by the tetrad stage, as other 

wall components, particularly cellulose, are removed earlier in development, prior to 

meiosis. However, some GH9 EGases are expressed in the anthers at microspore 

release, so may contribute to wall degradation during microspore release.	
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Chapter 6. Final conclusions	

!
The formation and dissolution of the tetrad is vital for successful pollen development 

(Fei and Sawhney, 1999; Dong et al., 2005; Enns et al., 2005; Zhang et al., 2006; Zhu et 

al., 2008; Zhang et al., 2007; Zhou et al., 2012; Lu et al., 2014), but despite this, in A. 

thaliana, the genes that encode the enzymes that degrade the thick callose wall and the 

various primary cell wall components are not all known. The aim of this project was to 

identify these vital genes, so that the process of microspore release could be better 

understood. The identification of the genes involved in the process could also have 

potential applications, such as in a new male-sterility system, or identification of novel 

wall-degrading enzymes that may have industrial applications, such as in plant cell wall 

degradation in preparation for bioethanol production.	

!
Male-sterility mutants have demonstrated the importance of the formation and 

degradation of the thick callose wall of the tetrad (Worrall et al., 1992; Tsuchiya et al., 

1995; Fei and Sawhney, 1999; Dong et al., 2005; Enns et al., 2005; Zhang et al., 2006; 

Zhu et al., 2008; Zhang et al., 2007; Zhou et al., 2012; Lu et al., 2014). The callose wall 

consists of a single type of polysaccharide, β-1,3-glucan, and should therefore be 

relatively simple to degrade, although there may be some β-1,6-branches (Aspinall and 

Kessler, 1957; Waterkeyn, 1962; Chen and Kim, 2009). Endo-β-1,3-glucanases may be 

the most important for rapid degradation, as they can cleave throughout the glucan 

chains (Steiglitz, 1977; Doxey et al., 2007; Lombard et al., 2014). In A. thaliana, there 

are 51 endo-β-1,3-glucanases, 18 of which were found to be expressed in the bud at 

floral stage 9 (the tetrad stage). Six of these genes are most highly expressed at floral 

stage 9, and two, AtA6 (At4g14080) and AtA6F (At3g23770) are specifically expressed 

in the tapetum. T-DNA insertion line analysis indicated that two or more endo-β-1,3-

glucanases are required for tetrad callose wall dissolution. This may be expected, given 

the large size of the endo-β-1,3-glucanase family. However, the extent of the 

redundancy or whether other genes are up-regulated in the knockout lines has not yet 

been ascertained.	

!
Throughout this work, AtA6 and AtA6F appeared to be the most likely candidates for 

tetrad callose wall degradation, as their gene expression profiles were specific to exactly 

the time and place of microspore release. GFP-tagging of AtA6 showed that the protein 
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is present in the locule at microspore release and in apparently large quantities. 

However, despite the similarity of the AtA6 and AtA6F gene expression profile, AtA6F 

is not present in the locule until after microspore release, and therefore cannot be 

involved in tetrad callose wall degradation. The presence of the protein in the tapetum 

and the locule later in pollen development raises the question of what role AtA6F may 

play, presumably also in callose degradation, but in some other location other that the 

callose wall of the tetrad.	

!
Although AtA6 still appeared to be the ideal candidate for tetrad callose wall 

degradation, no direct evidence proved the role, particularly as there were no observed 

phenotypic differences in the T-DNA insertion lines. AtA6 and AtA6F were therefore 

both ectopically expressed early under the control of the CALS5 (Dong et al., 2005) and 

A9 promoters (Paul et al., 1992). It was anticipated that if AtA6 and AtA6F had the 

predicted endo-β-1,3-glucanase activity, early expression would result in a similar 

phenotype to that observed when a PR-glucanase is expressed early, i.e. early 

degradation of the callose wall, leading to collapse of the microspore and failure of 

pollen development, resulting in male sterility (Worrall et al., 1992; Tsuchiya et al., 

1995). However, although early expression of AtA6 and AtA6F caused ~50% pollen 

abortion, there was no discernible effect on the tetrad callose wall. It is therefore evident 

that AtA6 and AtA6F do have enzymatic activity, but it is not yet clear whether they can 

target the callose wall of the tetrad.	

!
Therefore, despite the identification of several specifically expressed genes, and the  

localisation of the AtA6 protein in the locule at microspore release, it has unfortunately 

not been possible to prove conclusively the role of AtA6 or any other specific endo-

β-1,3-glucanase in microspore release. The pollen abortion in the A9pro:AtA6 and 

CALS5pro:AtA6 lines indicated that AtA6 is active, but, along with the evidence from T-

DNA insertion line analysis, indicated that several endo-β-1,3-glucanases may be 

involved in microspore release. However, despite the similarity of the protein sequences 

and the specificity of the gene expression profile, the protein expression indicates that 

AtA6F is not one of them.	

!
Along with endo-β-1,3-glucanases, exo-β-1,3-glucanases may also be required for 

successful callose dissolution during microspore release (Steiglitz, 1977), although their 

action is likely to be slower due to only targeting the ends of the glucan chains 
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(Albersheim et al., 2010). However, exo-β-1,3-glucanases may be important in 

recycling the glucan polysaccharides to glucose. In most plant species, exo-β-1,3-

glucanases are found in Glycoside Hydrolase family 5-14 (GH5-14) (http://

www.cazy.org/, Lombard et al., 2014). However, the analysis here has confirmed the 

absence of any GH5-14 genes in A. thaliana and in the whole of the Brassicales lineage. 

Phylogenetic reconstruction of the gene subfamily revealed a pattern of rapid gene 

turnover with independent loss of all members in a number of lineages, which may 

indicate that there is little selection pressure to maintain the presence of GH5-14 genes. 

In O. sativa, GH5-14 genes may encode enzymes that are involved in cell-cell 

signalling, cell wall organisation and stress response, which is consistent with exo-

β-1,3-glucosidase activity. However, co-expression network analysis indicated that no 

enzymes such those in the GH5-11 subfamily, are replacing those lost in A. thaliana. 

This suggests that the role played by GH5-14 exo-β-1,3-glucosidases in the ancestral 

lineage was non-essential, as they have been lost in A. thaliana and other Brassicales.	

!
Although GH5-14 exo-β-1,3-glucosidases do not play a role in callose wall dissolution 

in A. thaliana, there are other putative exo-β-1,3-glucosidases that are present in the A. 

thaliana genome, and may therefore compensate for the loss of the GH5-14 exo-β-1,3-

glucosidases. The GH3 family has 16 members in A. thaliana, 8 of which are likely to 

be exo-β-1,3-glucosidases based on their sequence similarity to characterised barley 

(Hrmova et al., 1996), maize (Kim et al., 2000; Suen et al., 2003) and lily proteins 

(Takeda et al., 2004). Two of the genes are highly expressed in floral stage 9 and are 

therefore the best candidates for further analysis of their involvement in microspore 

release. However, the loss of the GH5-14 family, and the small number of non-

specifically expressed GH3 genes may indicate that exo-β-1-glucanase activity only 

plays a minor role in callose wall dissolution during microspore release.	

!
Along with the callose wall, degradation of the outer primary cell wall of the tetrad is 

vital for microspore release (Worrall et al., 1992; Rhee and Somerville, 1998). This 

outer wall may consist of cellulose, hemi-cellulose and pectin, although staining 

indicates that the pectins homogalacturonan and rhamnogalacturonan II are the major 

components (Rhee and Somerville, 1998; Matsuo et al., 2013). The QUARTET genes 

have previously been found to be essential for complete pectin degradation and 

successful microspore release (Preuss et al., 1994; Rhee and Somerville, 1998; Micheli, 

2001; Rhee et al., 2003; Francis et al., 2006; Ogawa et al., 2009), but little work has 
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been done to understand the extent to which pectin is degraded in the mutants, and 

therefore the importance of each gene. Phenotypic analysis of multiple qrt gene 

knockout lines no suggests that there is some redundancy between the QRT genes, 

especially qrt3 and qrt1, as the phenotype observed is more severe in the double and 

triple lines, with some male-sterility observed. This redundancy may be because QRT3 

is able to degrade pectin in a different way to QRT2, as it is not a GH28 

polygalacturonase like QRT2 (Ogawa et al., 2009).	

!
The more severe phenotype in the multiple gene knockout lines, and the presence of 

several other pectin-degrading enzymes in the A. thaliana genome that are expressed in 

floral stage 9 buds suggests that there may be additional enzymes that contribute to 

pectin degradation, and that the quartet phenotype is not the result of total failure of 

pectin degradation. Furthermore, enzyme treatments of isolated tetrads indicated that 

pectin degradation may be all that is required to degrade the outer wall of the tetrads. 

This may be because pectin is the principal component of the cell wall by the tetrad 

stage, as other wall components are degraded earlier in development, prior to meiosis 

(Rhee and Somerville, 1998; Matsuo et al., 2013). Despite this, six genes that encode 

endo-β-1,4-glucanases that may degrade cellulose are expressed in the anther at the 

stage of microspore release. These β-1,4-glucan-degrading enzymes may contribute to 

tetrad outer wall degradation by targeting the cellulose component of the outer wall. 

Alternatively, they may be capable of targeting hemicellulose. However, no phenotypic 

differences were observed in any single T-DNA insertion line, suggesting they may play 

only a minor role in wall degradation.	

!
Therefore, this work has shown that there are many enzyme activities required for tetrad 

wall dissolution and microspore release. For most classes of enzyme, there are several 

genes that are expressed in the anther, and may therefore be involved, indicating that 

there is at least some functional redundancy for each enzyme activity. This emphasises 

that timely microspore release is essential for successful pollen development, as many 

genes are dedicated to encoding enzymes for tetrad wall degradation.
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Appendix table 2.1. T-DNA insertion lines for all candidate genes

Enzyme NASC stock 
number

Gene T-DNA line Source

endo-β-1,3-
glucanases

N458165 At4g14080 GABI_606H01 GABI-Kat 

N850174 At4g14080 WiscDsLox285F04 Wisconsin DsLox

N657831 At3g23770 SALK_138003.16.55.x SALK 

N859965 At3g23770 SALK_033100.20.30.x SALK 

N527398 At5g67460 SALK_027398.42.00.x SALK 

N809683 At5g67460 SAIL_207_E07 SAIL

N657765 At3g55780 SALK_107696.45.80.x SALK 

N507262 At3g55780 SALK_007262.29.75.x SALK 

N817214 At3g61810 SAIL_372_D12 SAIL

N815063 At3g61810 SAIL_325_D11 SAIL

N535012 At2g05790 SALK_035012.48.70.x SALK 

N534998 At2g05790 SALK_034998.37.15.x SALK 

N859545 At5g55180 SALK_109126.56.00.x SALK 

N843836 At5g55180 SAIL_1185_C02 SAIL

N539900 At3g07320 SALK_039900.54.50.x SALK 

N401048 At3g07320 GABI_011H04 GABI-Kat

N515802 At1g66250 SALK_015802 SALK 

N861094 At1g66250 SAIL_701_G03 SAIL

N687174 At4g26830 SALK_200151C SALK 

N866055 At3g13560 SAIL_389_H11 SAIL

N25133 At4g29360 SALK_096324.55.40.x SALK 

N695071 At4g31140 SALK_205776C SALK 

N859588 At2g01630 SALK_046127.56.00.x SALK 

N684724 At4g18340 SALK_142811.51.00.x SALK 

N654105 At1g30080 SALK_024845.55.75.x SALK 

endo-β-1,4-
glucanases

N637933 At1g70710 SALK_137933.51.75.x SALK 

N859564 At1g70710 SALK_127360.44.60.x SALK 

N664895 At1g02800 SALK_130668.52.50.x SALK 

N25111 At1g02800 SALK_076629.49.80.x SALK 

N859555 At4g39010 SALK_053029.52.70.x SALK 

N609127 At4g39010 SALK_109127.29.45.x SALK 

N859973 At4g02290 SALK_045908.55.00.x SALK 

N664270 At4g02290 SALK_147526.41.60.x SALK 

N648749 At1g75680 SALK_148749.44.35.x SALK 

N662919 At1g75680 SALK_071693.44.55.x SALK 

N25087 At1g64390 SALK_063722.54.00.x SALK 

N591865 At1g64390 SALK_091865.49.55.x SALK 

QUARTET genes N25041 At5g55590 (qrt1) SALK_024104.34.70.x SALK 

N25047 At3g07970 (qrt2) SALK_031337.28.40.x SALK

N662465 At4g20050 (qrt3) SALK_052045C SALK
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Appendix table 2.2. T-DNA insertion line genotyping primers

Gene T-DNA line Primer name Sequence

At4g14080 GABI_606H01 L At4g14080 N458165 AGGGCAAAGTAAATCTCCCAC

R At4g14080 N458165 GTTGCTGAAGTTTCTCAACGG

At4g14080 WiscDsLox285F04 L At4g14080 Melih ACCATAACCGTCCCTAACCAC

R At4g14080 Melih CACAGAGTAACGCTCGGAAAC

At3g23770 SALK_138003.16.55.x L At3g23770 N657831 TGTTGGGGAAACAAAGAATTG

R At3g23770 N657831 AGGAAAACTCGAACGAAGAGC

At3g23770 SALK_033100.20.30.x L At3g23770 SK033100 ACATGTTGCATTGCTTCTTCC

R At3g23770 SK033100 AAAACCATTAAAGCAGGCCAC

At5g67460 SALK_027398.42.00.x L At5g67460 N527398 ACAATTCAACATTTCAACGGC

R At5g67460 N527398 GCAAAGTCCAGAGACTGTTGC

At5g67460 SAIL_207_E07 L At5g67460 N809683 GCAAAGTCCAGAGACTGTTGC

R At5g67460 N809683 ACAATTCAACATTTCAACGGC

At3g55780 SALK_107696.45.80.x L At3g55780 N657765 AGAGCTAGGCCAACCAGTCTC

R At3g55780 N657765 ATTCAACGCCGTAAGACTGTG

At3g55780 SALK_007262.29.75.x L At3g55780 N507262 TGATTTTTGGGCATCAGAAAG

R At3g55780 N507262 TCCCGTTCAATTTCAGAGATG

At3g61810 SAIL_372_D12 L At3g61810 N817214 CATCTTGCACGTGACATATGG

R At3g61810 N817214 CTCTCCCTCTGTATCCCCAAC

At3g61810 SAIL_325_D11 L At3g61810 N815063 TCACTTGCGTATTTAGTGGGC

R At3g61810 N815063 GAACGTTTACCCTTACCTCGC

At2g05790 SALK_035012.48.70.x L At2g05790 N535012 TCACAACAGAGGGGTTGAAAC

R At2g05790 N535012 ATTTCTCGGCCCAATATCAAC

At2g05790 SALK_034998.37.15.x L At2g05790 N534998 TCACAACAGAGGGGTTGAAAC

R At2g05790 N534998 TCAAACCAACAATACCCTTCG

At5g55180 SALK_109126.56.00.x L At5g55180 N859545 GGAAACTCGCATTTCCCATAC

R At5g55180 N859545 ACACGACGACGTATCTCGTTC

At5g55180 SAIL_1185_C02 L At5g55180 N843836 AAATAAATCCGCACGATCCTC

R At5g55180 N843836 ATCGAACCGGTTATTAAACCG

At3g07320 SALK_039900.54.50.x L At3g07320 N539900 CCGCTTATGAAGTTGAAATGG

R At3g07320 N539900 GATGCTCTATCGTACGCTTGC

At3g07320 GABI_011H04 L At3g07320 GK011H04 GCAAGCGTACGATAGAGCATC

R At3g07320 GK011H04 TCCGACTCAGTCAACCTCATC

At1g66250 SALK_015802 L At1g66250 N515802 ACAAACAAAAGAGTCGCAACG

R At1g66250 N515802 TTTGGGGACATGAAAATTCAC

At1g66250 SAIL_701_G03 L At1g66250 N861094 ACGGATCAAAAACGAACAATG

R At1g66250 N861094 GAAAGGAGAAACCAATGAGCC

At4g26830 SALK_200151C L At4g26830 N687174 ACACAGAAAATTGCTGCCAAC

R At4g26830 N687174 CTTTGACGCTCAAATAGACGC

At3g13560 SAIL_389_H11 L At3g13560 N866055 AAAATTGCTTTCTTGAATTCACC

R At3g13560 N866055 GTTGAATGTCTCCGCATTAGC

At4g29360 SALK_096324.55.40.x L At4g29360 N25133 GAGCGTGACAAGATAGCAAGG

R At4g29360 N25133 TTGCACTCGAACCCATTTATC

At4g31140 SALK_205776C L At4g31140 N695071 AAATTATCATGATTGCCGTATCG
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R At4g31140 N695071 TCATTCCCAACTGCCACATAC

At2g01630 SALK_046127.56.00.x L At2g01630 N859588 TTCCCATTCTTTTTAATGGGG

R At2g01630 N859588 AGATTCTGTGACCACGATTGG

At4g18340 SALK_142811.51.00.x L At4g18340 N684724 GGAGGATAAGATTCACCGAGG

R At4g18340 N684724 TTCACCTTGGTTGGCTTATTG

At1g30080 SALK_024845.55.75.x L At1g30080 N654105 TGCTTTCCCTTCTTTAAAGCC

R At1g30080 N654105 CTGCAATGATGAGCATTCATG

At1g70710 SALK_137933.51.75.x L At1g70710 N637933 GCTTTTGTTGAATTTGGTTCG

R At1g70710 N637933 ACCCCCAAGTCCAATACTCTC

At1g70710 SALK_127360.44.60.x L At1g70710 N859564 CTTCTCTCCGCCGATTTACTC

R At1g70710 N859564 GCGATATCTGTTAGCAAACGC

At1g02800 SALK_130668.52.50.x L At1g02800 N664895 TCCGACGTGGATATTTCAGAC

R At1g02800 N664895 TTTGGTTTTGGTTTGTTCAGG

At1g02800 SALK_076629.49.80.x L At1g02800 N25111 AAAACAGAGGAATCGAAACCC

R At1g02800 N25111 CTCATCAGCTCCAAGGATTTG

At4g39010 SALK_053029.52.70.x L At4g39010 N859555 TCTTTCCGTGTACGTGAATCC

R At4g39010 N859555 TACCCGTTTTCTTTAGCAACC

At4g39010 SALK_109127.29.45.x L At4g39010 N609127 ATACACCACGGACTGCTTACG

R At4g39010 N609127 CATGTACGATAATCCCATCGG

At4g02290 SALK_045908.55.00.x L At4g02290 N859973 AATTTTGGACCGTAACCAACC

R At4g02290 N859973 CCAAAGTCCTCCTCAAACGAG

At4g02290 SALK_147526.41.60.x L At4g02290 N664270 CTGCTCGTAATCAGACCGTTC

R At4g02290 N664270 TTTAAGGTTTTTGCATTTGCG

At1g75680 SALK_148749.44.35.x L At1g75680 N648749 AATTTCCAAGTCCCTTGCTTC

R At1g75680 N648749 TGTCTCCACGATCTCCAATTC

At1g75680 SALK_071693.44.55.x L At1g75680 N662910 GTTGCATCGAGTTCCATTCAC

R At1g75680 N662910 TGTCTCCACGATCTCCAATTC

At1g64390 SALK_063722.54.00.x L At1g64390 N25087 TGCAATCAGAATGAAAACAAAAG

R At1g64390 N25087 CCGGTCATGATTATGGTCAAG

At1g64390 SALK_091865.49.55.x L At1g64390 N591865 ATGGAATTAGGGTGGCAAATC

R At1g64390 N591865 CTCCATTGACGCCATTAAATG

At5g55590 (qrt1) SALK_024104.34.70.x L qrt1 N25041 TCTCTTCCCAGAAAAGGCTTC

R qrt1 N25041 CGTGGGTCTCAAGAATCTTTG

At3g07970 (qrt2) SALK_031337.28.40.x L qrt2 N25047 CATGTAATGCCTGTCGCTCTC

R qrt2 N25047 CAACACTTTCGGTGCTAAAGC

At4g20050 (qrt3) SALK_052045C L qrt3 N662465 ATGTCTGCCACCAAACTCTTC

R qrt3 N662465 CGAACTCAAAGACGAATCGTC

SAIL left border primer LB1 SAIL GCCTTTTCAGAAATGGATAAATAGCCTT
GCTTCC

SALK left border primer LBb1.3 SALK ATTTTGCCGATTTCGGAAC

GABI left border primer LBo8409 GABI ATATTGACCATCATACTCATTGC

Wisconsin DsLox left border primer p745-LB (Ds-Lox Wisc) AACGTCCGCAATGTGTTATTAAGTTGTC

GABI right  border primer RB GABI o3144 GTGGATTGATGTGATATCTCC
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Appendix table 2.3. RT-PCR gene expression primers

Gene Primer name Sequence

At4g14080 L At4g14080 RT TTGCTTTCTTCCTCTTCACCA
R At4g14080 RT CGACCGGAGAGAATCCATAG

At3g23770 L At3g23770 RT TTCACTCTCCTTGCCCTTTC

R At3g23770 RT AGGAGGAAAACTCGAACGAAG

At5g67460 L At5g67460 RT TCCTCTTCATTGCCTTTCTCA

R At5g67460 RT AAGATCCGAGCTTTTCAACG

At3g55780 L At3g55780 RT GATTCCGATTGGATTTGCTC

R At3g55780 RT TCTGCAAACATAGCCGTAACC

At3g61810 L At3g61810 RT CGCTTTCTGGATTCTCTTGG

R At3g61810 RT ATGCGTTGTGGAGACTTTGA

At2g05790 L At2g05790 RT CCTCCTCCTCCTCCTCTCAC

R At2g05790 RT ACCGGAGGAAGAAGGGTAAG

At5g55180 L At5g55180 RT TGGCGGTCTTCGTTTTATCT

R At5g55180 RT GTGGATACGAACTCGCCAAC

At3g07320 L At3g07320 RT TCTTTGCTCTGTCTCTGCTCA

R At3g07320 RT CGGAGATATCCTCCCGAAAC

At1g66250 L At1g66250 RT ACACTTGACAACGCCAACAC

R At1g66250 RT TCCCGTTTCTACCATTACCG

At4g26830 L RT At4g26830 AATGTCCGGTGGGAAACTC

R RT At4g26830 ATAACGCCGGACTTGTGAAG

At3g13560 L At3g13560 RT GTTTCCTCCCAATGGACTTG

R At3g13560 RT ACAGTCGCTAATGCGGAGAC

At4g29360 L At4g29360 RT CTTGGTTCCTCCTCCTCCTC

R At4g29360 RT GTCATCTTCGCAGGTTGTTG

At4g31140 L At4g31140 RT CCCTAACGACTTGCTTGCTC

R At4g31140 RT TTTGCATCAAGAACATTGTCG

At2g01630 L At2g01630 RT CGAGGTGTTGTTTCCAAGTG

R At2g01630 RT AGACTGGAACGCCAAAACAC

At4g18340 R At4g18340 RT ACGGACAAGTTGGGAACAAT

R At4g18340 N684724 TTCACCTTGGTTGGCTTATTG

At1g30080 L At1g30080 RT AGTCTCCGAGACCCCAACTT

R At1g30080 RT ACCCTCAACAAGCTCTCCAA

At1g70710 L At1g70710 RT CGCTCTCCGTAAAAGCATTC

R At1g70710 RT TGGCACGGTCAAGTAGAAGTC

At1g02800 L At1g02800 RT ATCGTCACCACCTGGACAAC

R At1g02800 RT GTTGGAGGAGGTGATTGGAG

At4g39010 L At4g39010 RT ACGATTACTCCGACGCACTC

R At4g39010 RT TTTGACAGCATTTTGGAGCA

At4g02290 L At4g02290 RT TGCAATGGCTTCTCTTACCC

R At4g02290 RT CGACATCAGAACCAGGAATG

At1g75680 L At3g55780 RT2 CGGTCTAGCTTCTCGATTCC

R At3g55780 RT2 ATGTGTGAGACCCAAAATGC

At1g64390 L At1g64390 RT CGAAGCAACTTGAGATGTGC

R At1g64390 RT TCCCTTTGAGACCCATGAAC

GAP-C L GAP-C ACTTGAAGGGTGGTGCCAAG

R GAP-C CCTGTTGTCGCCAACGAAGTC

�195



Appendix table 2.4. RT-PCR gene knockout test primers

Gene primer pair Primer name Sequence

At4g14080 Upstream 5’ L At4g14080 RT TTGCTTTCTTCCTCTTCACCA

R At4g14080 RT CGACCGGAGAGAATCCATAG

Around insert L At4g14080 A D TTCCTCAAGTCCTCCTCACAG

R At4g14080 N458165 GTTGCTGAAGTTTCTCAACGG

Downstream 3’ L At4g14080 A D TTCCTCAAGTCCTCCTCACAG

R At4g14080 D ACCTAAACCGACGAACAACG

At3g23770 Upstream 5’ L At3g23770 RT TTCACTCTCCTTGCCCTTTC

R At3g23770 U2 TGTAGCTGAGGACCTCGTTG

Around insert L At3g23770 RT TTCACTCTCCTTGCCCTTTC

R At3g23770 A SK CCGGTTTCATGGATATCACC

Downstream 3’ L At3g23770 D ACTCGGTACACCAGCTAGGC

R At3g23770 D2 GAAACTTGCAACGCTCATTTC

At3g61810 Upstream 5’ L At3g61810 RT CGCTTTCTGGATTCTCTTGG

R At3g61810 RT ATGCGTTGTGGAGACTTTGA

Around insert L At3g61810 RT CGCTTTCTGGATTCTCTTGG

R At3g61810 A 372 CATACTTCCTCGATCCGTTACC

At3g07320 Upstream 5’ L At3g07320 U CGAGGAGGTAACGGATCTTG

R At3g07320 U TTGCTCTGTCTCTGCTCATCTC

Around insert L At3g07320 A AATGTCACGCTCGGAAACTC

R At3g07320 RT CGGAGATATCCTCCCGAAAC

Downstream 3’ L At3g07320 A AATGTCACGCTCGGAAACTC

R D At3g07320 AAGGTTCTACCGGCGTTTG

At3g13560 Upstream 5’ L  At3g13560 A TCCGAGATGGTTTGCAGAAG

R At3g13560 U CCTCACTACCAACAGCAATGG

Around insert L  At3g13560 A TCCGAGATGGTTTGCAGAAG

R At3g13560 RT ACAGTCGCTAATGCGGAGAC

Downstream 3’ L At3g13560 D AATGAAGACAAGCGGTCAGG

R At3g13560 D GTGCCAATATGGGAAGATGG

qrt1 Upstream 5’ L_qrt1_UP TGGTTCCTGATTCCAATTCAC

R_qrt1_UP ATGGAAACAGAGGCGGTTC

Around insert L_qrt1_UP TGGTTCCTGATTCCAATTCAC

(R) L qrt1 N25041 TCTCTTCCCAGAAAAGGCTTC

Downstream 3’ L_qrt1_DOWN CGGCTCATCATAGAGACTCG

(R) L qrt1 N25041 TCTCTTCCCAGAAAAGGCTTC

qrt2 Upstream 5’ (L) R qrt2 N25047 CAACACTTTCGGTGCTAAAGC

R_qrt2_UP ATGTCCATTACCGTCGATGC

Around insert L qrt2 N25047 CATGTAATGCCTGTCGCTCTC

R qrt2 N25047 CAACACTTTCGGTGCTAAAGC

Downstream 3’ L_qrt2_DOWN AGTGGGTCGGAGAATGTGAG

R_qrt2_DOWN TCGACATGGAATGTTCTTGC

qrt3 Upstream 5’ L_qrt3_AROUND CTAGCCACCGTCGATTTCTC

R_qrt3_AROUND TCTCGGAGGAGCAAGAATTG

Around insert L_qrt3_DOWN TACCTATCGACCGGGAAATC

R_qrt3_DOWN CCTCCTCCTACCCCTCCTC
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Appendix table 2.5. Gateway cloning primers

Construct name Primer name Sequence

A9pro:PRgluc A9 1108 F CAAAAAAGCAGGCTACCACTAATCAAGCATTTACGTGTAACCG

PRGlucR CAAGAAAGCTGGGTcCCCAAAGTTGATATTATATTTGG

A9pro:SP:GFP A9 1108 F CAAAAAAGCAGGCTACCACTAATCAAGCATTTACGTGTAACCG

SPRend CAAGAAAGCTGGGTcAGCCCCTGCTATGTCAATGC

A9pro:SP:A6 A9 1108 F CAAAAAAGCAGGCTACCACTAATCAAGCATTTACGTGTAACCG

SPA6rev CCCTTGCAACCGAGTAGCCCCTGCTATGTCAATGC

SPA6for GACATAGCAGGGGCTACTCGGTTCCAAGGGCACAG

A6Rstop CAAGAAAGCTGGGTcTCACAGAGTAACGCTCGGAAACTTG

A9pro:SP:A6F A9 1108 F CAAAAAAGCAGGCTACCACTAATCAAGCATTTACGTGTAACCG

SPA6Frev GTTTTGTGGACCAATAGCCCCTGCTATGTCAATGCTGC

SPA6Ffor GACATAGCAGGGGCTATTGGTCCACAAAACAACAG

A6FRstop CAAGAAAGCTGGGTcTCACAATGTAACGCTAGGAAACTTG

A9pro:SP:A6:GFP A9 1108 F CAAAAAAGCAGGCTACCACTAATCAAGCATTTACGTGTAACCG

SPA6rev CCCTTGCAACCGAGTAGCCCCTGCTATGTCAATGC

SPA6for GACATAGCAGGGGCTACTCGGTTCCAAGGGCACAG

A6RNS CAAGAAAGCTGGGTcCAGAGTAACGCTCGGAAACTTG

A9pro:SP:A6F:GFP A9 1108 F CAAAAAAGCAGGCTACCACTAATCAAGCATTTACGTGTAACCG

SPA6rev CCCTTGCAACCGAGTAGCCCCTGCTATGTCAATGC

SPA6for GACATAGCAGGGGCTACTCGGTTCCAAGGGCACAG

A6FRNS CAAGAAAGCTGGGTcCAATGTAACGCTAGGAAACTTG

A6:GFP F A6GFP attB1 CAAAAAAGCAGGCTGAATTCACACAAAGCAATTAAC

R A6GFP attB2 CAAGAAAGCTGGGTCCAGAGTAACGCTCGGAAACTTG

A6F:GFP F A6fGFP attB1 CAAAAAAGCAGGCTGTCGCTTGATGAGTTCTGGTTC

R A6fGFP attB2 CAAGAAAGCTGGGTcCAATGTAACGCTAGGAAACTTG

attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCT

attB2 GGGGACCACTTTGTACAAGAAAGCTGGGT

Primers for verifying presence of transgene

GFP 150 R pMDC TGTGCCCATTAACATCACCATC

M13 F GTAAAACGACGGCCAG

M13 R GCCAGGAAACAGCTATGAC
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Chapter 3 Appendix	

Appendix figure 3.1. Gene models for key endo-β-1,3-glucanase genes. Positions of T-
DNA insertions, genotyping primers and RT-PCR primers are indicated.	!!!!!!!!!!!!!!!!!!
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Appendix figure 3.2. Gene expression profiles in wild-type and ams buds. Graphs 
generated using the University of Nottingham Flowernet tool (Pearce et al., 2015).	!
!!
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Appendix figure 3.2. continued. Gene expression profiles in wild-type and ams buds. 
Graphs generated using the University of Nottingham Flowernet tool (Pearce et al., 
2015).	!!
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Appendix figure 3.3. Gel electrophoresis of RT-PCR to test genes are knocked out in 
multiple-gene T-DNA insertion lines. (A) a6/a6f double and quad lines. (B) a6/
at3g13560 double line. All genes are knocked out as there is no transcript for the around 
primers in any line. 	
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Appendix figure 3.4. Gel electrophoresis of RT-PCR to test transgene and wild-type 
gene expression in the A9pro:AtA6 transgenic line. Gene expression of both the 
A9pro:AtA6 transgene and the wild-type AtA6 gene are similar. Positive control for 
transgene - A9pro:AtA6 plasmid. Positive control for wild-type - genomic DNA.	!!!!!!!!!!!!!
!
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Chapter 4 Appendix	
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Appendix Figure 4.1. Circular phylogram displaying the maximum likelihood 
phylogenetic inference of the plant members of the GH5-14 subfamily. Numbers above 
the branches represent bootstrap values expressed in proportion of 1000 resamples.	

!
!
!
!
!
!
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Appendix Figure 4.2. Cladogram of plant species having members of either the GH5-14 
or GH5-11 subfamilies plus the outgroup S. cerevisiae used for reconstructing patterns of 
gene gain/loss across the plant evolutionary history.	

!
!
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Appendix Figure 4.3. Parsimony based Notung reconciliation of the GH5-14 subfamily 
tree and the phylogenetic tree of plant species. Red letters Ds mark a duplication event, 
while grey branches signify the loss of a gene.	
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Appendix Figure 4.4. Patterns of gene duplication and loss, as well as the extinction of 
the GH5-14 subfamily in plants. New duplications arising in a particular taxon are 
marked in blue typography, while new deletions are marked in red typography. Grey 
branches indicate  extinction in that particular taxon.	

!
!
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!
Appendix Figure 4.5. Parsimony based Notung reconciliation of the GH5-11 subfamily 
tree and the phylogenetic tree of plant species. Red letters Ds mark a duplication event, 
while grey branches depict the loss of a gene.	

�207



Appendix Table 4.1. Known and putative genes member of the Glycoside Hydrolase Family 
5 subfamily 14 in green plants

Entrez ID Gene/ Locus ID Description Species In CAZy 
database

gi|326531620| AK366611 predicted protein Hordeum vulgare subsp 
vulgare yes

gi|326533690| AK374179 predicted protein Hordeum vulgare subsp 
vulgare yes

gi|326525096| AK376623 predicted protein Hordeum vulgare subsp 
vulgare yes

gi|388500860| BT138701 unknown Lotus japonicus yes

gi|388494108| BT135325 unknown Lotus japonicus yes

gi|357455935| MTR_3g008960 Glucan 1,3-β-glucosidase Medicago truncatula yes

gi|357455943| MTR_3g009010 Glucan 1,3-β-glucosidase Medicago truncatula yes

gi|357455945| MTR_3g009020 Glucan 1,3-β-glucosidase Medicago truncatula yes

gi|357455947| MTR_3g009030 Glucan 1,3-β-glucosidase Medicago truncatula yes

gi|357463267| MTR_3g086750 Glucan 1,3-β-glucosidase Medicago truncatula yes

gi|357489425| MTR_5g062290 Glucan 1,3-β-glucosidase Medicago truncatula yes

gi|31431641| LOC_Os10g22570 
(Os10g0370800)

Putative Glucan 1,3-β-
glucosidase precursor

Oryza sativa Japonica 
Group yes

gi|115462823| Os05g0244500 Putative glucan 1,3-β-
glucosidase

Oryza sativa Japonica 
Group yes

gi|115481730| Os10g0370500 Putative Glucan 1,3-β-
glucosidase precursor

Oryza sativa Japonica 
Group yes

gi|42409390| P0419H09.9 
(Os08g0484100) Putative 1,3-β glucanase Oryza sativa Japonica 

Group yes

gi|148906180| EF676339 unknown Picea sitchensis yes

gi|383157251| 0_10583_01 hypothetical protein, partial Pinus taeda yes

gi|289540917| GU443964 unknown Trifolium repens yes

gi|147795863| VITISV_000586 hypothetical protein Vitis vinifera Pinot Noir yes

gi|147854427| VITISV_016765 hypothetical protein Vitis vinifera Pinot Noir yes

gi|147854428| VITISV_016766 hypothetical protein Vitis vinifera Pinot Noir yes

gi|226497650| GRMZM2G147221 Cellulase containing protein Zea mays B73 yes

gi|475530322| F775_09469 Glucan 1,3-β-glucosidase Aegilops tauschii no

gi|475557016| F775_10121 Glucan 1,3-β-glucosidase Aegilops tauschii no

gi|475497373| F775_12059 Glucan 1,3-β-glucosidase Aegilops tauschii no

gi|475544698| F775_17045 Glucan 1,3-β-glucosidase Aegilops tauschii no

gi|475552873| F775_20279 Glucan 1,3-β-glucosidase Aegilops tauschii no

gi|475552874| F775_20280 Glucan 1,3-β-glucosidase Aegilops tauschii no

gi|475530321| F775_31853 Glucan 1,3-β-glucosidase Aegilops tauschii no

gi|586701980| AMTR_s00005p00207
120 Uncharacterized protein Amborella trichopoda no

gi|586646183| AMTR_s00008p00195
760 Uncharacterized protein Amborella trichopoda no

gi|586643858| AMTR_s00010p00201
360 Uncharacterized protein Amborella trichopoda no
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gi|586643860| AMTR_s00010p00201
640 Uncharacterized protein Amborella trichopoda no

gi|357129517| LOC100823369
PREDICTED: probable glucan 
1,3-β-glucosidase A Brachypodium distachyon no

gi|357141656| LOC100838803
PREDICTED: probable glucan 
1,3-β-glucosidase A Brachypodium distachyon no

gi|502140084| LOC101499402
PREDICTED: probable glucan 
1,3-β-glucosidase A-like Cicer arietinum no

gi|502127349| LOC101508234
PREDICTED: probable glucan 
1,3-β-glucosidase A-like Cicer arietinum no

gi|502135626| LOC101513282
PREDICTED: probable glucan 
1,3-β-glucosidase A-like Cicer arietinum no

gi|502165846| LOC101514870
PREDICTED: probable glucan 
1,3-β-glucosidase A-like Cicer arietinum no

gi|567882939| CICLE_v10000913mg hypothetical protein Citrus clementina no

gi|567871067| CICLE_v10025415mg hypothetical protein Citrus clementina no

gi|567867381| CICLE_v100254632mg hypothetical protein Citrus clementina no

gi|567871065| CICLE_v10026955mg hypothetical protein Citrus clementina no

gi|568837253| LOC102618122 PREDICTED: glucan 1,3-β-
glucosidase-like Citrus sinensis no

gi|568838012| LOC102620705
PREDICTED: probable glucan 
1,3-β-glucosidase A-like Citrus sinensis no

gi|568819411| LOC102623957 PREDICTED: glucan 1,3-β-
glucosidase-like Citrus sinensis no

gi|568823757| LOC102627395 PREDICTED: glucan 1,3-β-
glucosidase A-like Citrus sinensis no

gi|449451405| LOC101205507
PREDICTED: probable glucan 
1,3-β-glucosidase A Cucumis sativus no

gi|470103463| LOC101307924 PREDICTED: glucan 1,3-β-
glucosidase A-like Fragaria vesca subsp vesca no

gi|470127308| LOC101309053 PREDICTED: glucan 1,3-β-
glucosidase A-like Fragaria vesca subsp vesca no

gi|527195156| M569_10276 hypothetical protein, partial Genlisea aurea no

gi|571463823| LOC100776945 PREDICTED: uncharacterized 
protein Glycine max no

gi|571510813| LOC100779614 PREDICTED: glucan 1,3-β-
glucosidase-like Glycine max no

gi|356548252| LOC100790619 PREDICTED: glucan 1,3-β-
glucosidase A-like Glycine max no

gi|356548266| LOC100794312 PREDICTED: glucan 1,3-β-
glucosidase A-like Glycine max no

gi|356511109| LOC100804710 PREDICTED: glucan 1,3-β-
glucosidase A-like Glycine max no

gi|571550460| LOC100809472 PREDICTED: glucan 1,3-β-
glucosidase A-like Glycine max no

gi|356525499| LOC100820444 PREDICTED: glucan 1,3-β-
glucosidase A-like Glycine max no

gi|326492926| AK359108 predicted protein Hordeum vulgare subsp 
vulgare no

gi|326497933| AK363626 predicted protein Hordeum vulgare subsp 
vulgare no

gi|326498791| AK371183 predicted protein Hordeum vulgare subsp 
vulgare no

gi|326512782| AK372100 predicted protein Hordeum vulgare subsp 
vulgare no

gi|357489413| MTR_5g062190 Glucan 1,3-β-glucosidase Medicago truncatula no

gi|357519537| MTR_8g091310 Glucan 1,3-β-glucosidase Medicago truncatula no
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gi|604304550| MIMGU_mgv1a004896
mg hypothetical protein Mimulus guttatus no

gi|604344908| MIMGU_mgv1a019586
mg hypothetical protein Mimulus guttatus no

gi|604327559| MIMGU_mgv1a019918
mg hypothetical protein Mimulus guttatus no

gi|587849533| L484_016600 Glucan 1,3-β-glucosidase Morus notabilis no

gi|587849535| L484_016602 Putative glucan 1,3-β-
glucosidase A Morus notabilis no

gi|587849536| L484_016603 Glucan 1,3-β-glucosidase A Morus notabilis no

gi|587922317| L484_019814 Putative glucan 1,3-β-
glucosidase A Morus notabilis no

gi|587919228| L484_021541 Putative glucan 1,3-β-
glucosidase A Morus notabilis no

gi|573959052| LOC102701660 PREDICTED: uncharacterized 
protein Oryza brachyantha no

gi|573945589| LOC102714464
PREDICTED: probable glucan 
1,3-β-glucosidase A-like Oryza brachyantha no

gi|125551511| OsI_19139 hypothetical protein Oryza sativa Indica Group no

gi|125561948| OsI_29647 hypothetical protein Oryza sativa Indica Group no

gi|218184400| OsI_33272 hypothetical protein Oryza sativa Indica Group no

gi|125531664| OsI_33274 hypothetical protein Oryza sativa Indica Group no

gi|593801274| PHAVU_001G254400g hypothetical protein Phaseolus vulgaris no

gi|593793364| PHAVU_002G261800g hypothetical protein Phaseolus vulgaris no

gi|593488555| PHAVU_008G171300g hypothetical protein Phaseolus vulgaris no

gi|593488557| PHAVU_008G171400g hypothetical protein Phaseolus vulgaris no

gi|168059004| PHYPADRAFT_14977
1 predicted protein Physcomitrella patens no

gi|566170112| POPTR_0005s08030g hypothetical protein Populus trichocarpa no

gi|566171771| POPTR_0005s16590g hypothetical protein Populus trichocarpa no

gi|566179790| POPTR_0007s05770g hypothetical protein Populus trichocarpa no

gi|566181292| POPTR_0007s14410g hypothetical protein Populus trichocarpa no

gi|595837404| PRUPE_ppa005425mg hypothetical protein Prunus persica no

gi|596296484| PRUPE_ppa019648mg hypothetical protein Prunus persica no

gi|595835939| PRUPE_ppa023601mg hypothetical protein Prunus persica no

gi|255585000| RCOM_0104210 Glucan 1,3-β-glucosidase 2 
precursor, putative Ricinus communis no

gi|255586988| RCOM_0109740 conserved hypothetical protein Ricinus communis no

gi|255585772| RCOM_0831760 conserved hypothetical protein Ricinus communis no

gi|255545648| RCOM_1034120 conserved hypothetical protein Ricinus communis no

gi|302812337| SELMODRAFT_12682
7 hypothetical protein Selaginella moellendorffii no

gi|302824218| SELMODRAFT_13750
8 hypothetical protein Selaginella moellendorffii no

gi|302812189| SELMODRAFT_24801 hypothetical protein Selaginella moellendorffii no

gi|302757990| SELMODRAFT_40418
3 hypothetical protein Selaginella moellendorffii no
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gi|302799940| SELMODRAFT_42126
5 hypothetical protein Selaginella moellendorffii no

gi|302812323| SELMODRAFT_42658
2 hypothetical protein Selaginella moellendorffii no

gi|302817489| SELMODRAFT_42883
8 hypothetical protein Selaginella moellendorffii no

gi|302824254| SELMODRAFT_44922
3 hypothetical protein Selaginella moellendorffii no

gi|514762115| LOC101762160
PREDICTED: probable glucan 
1,3-β-glucosidase A-like Setaria italica no

gi|514744616| LOC101766740
PREDICTED: probable glucan 
1,3-β-glucosidase A-like Setaria italica no

gi|514797099| LOC101785570 PREDICTED: glucan 1,3-β-
glucosidase A-like Setaria italica no

gi|460414359| LOC101250382
PREDICTED: probable glucan 
1,3-β-glucosidase A Solanum lycopersicum no

gi|460409397| LOC101265089
PREDICTED: probable glucan 
1,3-β-glucosidase A Solanum lycopersicum no

gi|565373263| LOC102584297
PREDICTED: probable glucan 
1,3-β-glucosidase A-like Solanum tuberosum no

gi|565389047| LOC102585668 PREDICTED: glucan 1,3-β-
glucosidase-like Solanum tuberosum no

gi|242034619| SORBIDRAFT_01g024
390 hypothetical protein Sorghum bicolor no

gi|242090031| SORBIDRAFT_09g008
170 hypothetical protein Sorghum bicolor no

gi|242095140| SORBIDRAFT_10g007
500 hypothetical protein Sorghum bicolor no

gi|242095274| SORBIDRAFT_10g008
480 hypothetical protein Sorghum bicolor no

gi|590706863| TCM_001030 Uncharacterized protein Theobroma cacao no

gi|590707450| TCM_001160 Cellulase protein Theobroma cacao no

gi|590598269| TCM_034953 Cellulase containing protein, 
expressed, putative Theobroma cacao no

gi|590598272| TCM_034954 Cellulase containing protein, 
expressed Theobroma cacao no

gi|473888404| TRIUR3_17175 putative glucan 1,3-β-
glucosidase A Triticum urartu no

gi|473888405| TRIUR3_17176 putative glucan 1,3-β-
glucosidase A Triticum urartu no

gi|474185997| TRIUR3_25954 putative glucan 1,3-β-
glucosidase A Triticum urartu no

gi|474175276| TRIUR3_30384 putative glucan 1,3-β-
glucosidase A Triticum urartu no

gi|359480510| LOC100255212
PREDICTED: probable glucan 
1,3-β-glucosidase A Vitis vinifera PN40024 no

gi|359497371| LOC100854753 
(VIT_00002801001)

unnamed protein product, 
partial Vitis vinifera PN40024 no

gi|297741840| VIT_00003438001 unnamed protein product, 
partial Vitis vinifera PN40024 no

gi|296086866| VIT_00006369001 unnamed protein product, 
partial Vitis vinifera PN40024 no

gi|296086868| VIT_00006372001 unnamed protein product, 
partial Vitis vinifera PN40024 no

gi|225459360| LOC100257534 
(VIT_00015266001)

unnamed protein product, 
partial Vitis vinifera PN40024 no

gi|413952645| GRMZM2G051330 hypothetical protein Zea mays B73 no
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Appendix Table 4.2. Known and putative genes member of the Glycoside Hydrolase Family 
5 subfamily 11 in green plants

Entrez ID Gene/ Locus ID Description Species In CAzY 
database

gi|9755722| At5g16700 Glycosyl hydrolase family 
protein Arabidopsis thaliana yes

gi|9755774| At5g17500 Glycosyl hydrolase superfamily 
protein Arabidopsis thaliana yes

gi|11994430|  At3g26130 Cellulase (glycosyl hydrolase 
family 5) protein Arabidopsis thaliana yes

gi|11994432|  At3g26140 Cellulase (glycosyl hydrolase 
family 5) protein Arabidopsis thaliana yes

gi|51536480| At1g13130 Cellulase (glycosyl hydrolase 
family 5) protein Arabidopsis thaliana yes

gi|219727590| GmMAN1 Endo-1,4-beta-mannanase Glycine max yes

gi|255635797| BT093899 Putative uncharacterized 
protein Glycine max yes

gi|326526611| AK369493 Predicted protein Hordeum vulgare subsp 
vulgare yes

gi|326532384| AK373924 Predicted protein Hordeum vulgare subsp 
vulgare yes

gi|388516783| AFK46453 
(BT146659.1) Unknown Lotus japonicus yes

gi|388520409| AFK48266 Unknown Lotus japonicus yes

gi|87240496|
MtrDRAFT_AC149642
g20v2 
(MTR_4g091610)

Glycoside hydrolase, family 5; 
Ricin B-related lectin Medicago truncatula yes

gi|90265051| H0510A06.1 H0510A06.1 protein Oryza sativa Indica Group yes

gi|90265052| H0510A06.2 H0510A06.2 protein Oryza sativa Indica Group yes

gi|116309844| OSIGBa0158F13.11 OSIGBa0158F13.11 protein Oryza sativa Indica Group yes

gi|38345246| Os04g0481200 OSJNBb0011N17.7 protein Oryza sativa Japonica 
Group yes

gi|46805307| Os02g0596200 Os02g0596200 protein Oryza sativa Japonica 
Group yes

gi|113564676| Os04g0480900 OSJNBb0011N17.5 protein Oryza sativa Japonica 
Group yes

gi|257309180| Os04g0481000 Os04g0481000 protein Oryza sativa Japonica 
Group yes

gi|148908776| WS02773_A13 Unknown Picea sitchensis yes

gi|361067931| 2_5099_01 Hypothetical protein, partial Pinus radiata yes

gi|383171957| 2_5099_01 Hypothetical protein, partial Pinus taeda yes

gi|194690434| ZM_BFc0007C01 Unknown Zea mays B73 yes

gi|194693482| ZM_BFb0085A03 Unknown Zea mays B73 yes

gi|194702100| ZM_BFc0066N17 Unknown Zea mays B73 yes

gi|194702216| ZM_BFc0070G19 Unknown Zea mays B73 yes

gi|297844216| ARALYDRAFT_471466 Glycosyl hydrolase family 5 
protein

Arabidopsis lyrata subsp 
lyrata no

gi|297818130| ARALYDRAFT_322756 Glycosyl hydrolase family 5 
protein

Arabidopsis lyrata subsp 
lyrata no

gi|297807773| ARALYDRAFT_488616 Glycosyl hydrolase family 5 
protein

Arabidopsis lyrata subsp 
lyrata no

gi|565499058| CARUB_v10008758mg Hypothetical protein Capsella rubella no
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gi|565470198| CARUB_v10019167mg Hypothetical protein Capsella rubella no

gi|565462750| CARUB_v10002868mg Hypothetical protein Capsella rubella no

gi|565465906| CARUB_v10016955mg Hypothetical protein Capsella rubella no

gi|502140274| LOC101503968 PREDICTED: uncharacterized 
protein Cicer arietinum no

gi|502140368| LOC101490831 PREDICTED: uncharacterized 
protein Cicer arietinum no

gi|567891369| CICLE_v10031098mg Hypothetical protein Citrus clementina no

gi|568860967| LOC102624331 PREDICTED: uncharacterized 
protein Citrus sinensis no

gi|449435438| LOC101217177 PREDICTED: uncharacterized 
protein Cucumis sativus no

gi|567152232| EUTSA_v10007253mg Hypothetical protein Eutrema salsugineum no

gi|297818130| EUTSA_v10003968mg Hypothetical protein Eutrema salsugineum no

gi|567174965| EUTSA_v10015581mg Hypothetical protein Eutrema salsugineum no

gi|567142272| EUTSA_v10003934mg Hypothetical protein Eutrema salsugineum no

gi|470148922| LOC101307271 PREDICTED: uncharacterized 
protein Fragaria vesca subsp vesca no

gi|356541382| LOC100816102 PREDICTED: uncharacterized 
protein Glycine max no

gi|356528434| LOC100818309 PREDICTED: uncharacterized 
protein Glycine max no

gi|356511059| LOC100789885 PREDICTED: uncharacterized 
protein Glycine max no

gi|356569219| LOC100805196 PREDICTED: uncharacterized 
protein Glycine max no

gi|357463207| MTR_3g086450 Endoglucanase Medicago truncatula no

gi|604319414| MIMGU_mgv1a018920
mg Hypothetical protein Mimulus guttatus no

gi|587893948| L484_027655 Hypothetical protein Morus notabilis no

gi|593793292| PHAVU_002G258500g Hypothetical protein Phaseolus vulgaris no

gi|593207565| PHAVU_011G098000g Hypothetical protein Phaseolus vulgaris no

gi|593793290| PHAVU_002G258400g Hypothetical protein Phaseolus vulgaris no

gi|566184672| POPTR_0008s18380g Hypothetical protein Populus trichocarpa no

gi|596183127| PRUPE_ppa003807mg Hypothetical protein Prunus persica no

gi|255547996| RCOM_1083710 Hydrolase, hydrolyzing O-
glycosyl compounds, putative Ricinus communis no

gi|514802177| LOC101760765 PREDICTED: uncharacterized 
protein Setaria italica no

gi|460399297| LOC101258288 PREDICTED: uncharacterized 
protein Solanum lycopersicum no

gi|460386938| LOC101248575 PREDICTED: uncharacterized 
protein Solanum lycopersicum no

gi|565404149| LOC102589547 PREDICTED: uncharacterized 
protein Solanum tuberosum no

gi|590695373| TCM_010637 Cellulase protein Theobroma cacao no

gi|225424600| LOC100244027 PREDICTED: uncharacterized 
protein Vitis vinifera PN40024 no
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Chapter 5 Appendix	

!
Appendix figure 5.1. Gene models for the three QUARTET genes. Positions of T-
DNA insertions, and genotyping primers are indicated.	!!!!!!!!!!!!!!!!!!!!!!!!!
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Appendix Figure 5.2. CE8 protein sequence alignment tree. Red - PMEI domain 
proteins. Green - highly expressed in floral stage 9.	!!!!
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Appendix Figure 5.3. GH28 protein sequence alignment tree. Red - transmembrane 
regions. Green - highly expressed in fs9. Green box - highest expression in any tissue is 
in fs9. Yellow - high absolute expression in fs9.	!!!!!
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Appendix Figure 5.4. PL1 protein sequence alignment tree. Red - transmembrane 
regions. Green - highly expressed in floral stage 9 (fs9). Green box - highest expression in 
any tissue is in fs9. Yellow - high absolute expression in fs9.	!!!
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Appendix Figure 5.5. PL4 protein sequence alignment tree.	!!
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Appendix Figure 5.6. CE13 protein sequence alignment tree. Yellow - high absolute 
expression in floral stage 9.	!
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