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The woody biomass derived from tree species forms a vital part of the world’s economy, and
a thorough understanding of the processes of carbon sequestration and carbohydrate
metabolism in trees is paramount in ensuring efficient and sustainable use of this biomass. To
date, there is still much to be learnt about wood formation and polysaccharide deposition in
plant cell walls. The enzymes responsible for the synthesis, degradation, and modification of

polysaccharides and glycosidic bonds are known as Carbohydrate Active enZymes
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(CAZymes) are organized into functional classes and families based on amino acid sequence.
CAZymes in plant genomes can be analyzed using the functional protein domains that form
the proteins in order to better understand the functional potential of the carbohydrate
metabolism strategy employed by plants. The glycosyltransferase (GT) class of CAZyme
domains is responsible for the synthesis of glycosidic bonds, and the glycosylhydrolases
(GH), polysaccharide lyase (PL), and carbohydrate esterase (CE) CAZyme domain classes
degrade and modify these bonds. The final class of CAZyme domains is the non-enzymatic
carbohydrate binding modules (CBMs), which act to increase the activity of the enzymatic
CAZyme domain classes via specific binding to polysaccharides, disruption of the cell wall
polysaccharide matrix, and proximity effects when appended to enzymatic CAZyme domains

in complex CAZyme domain containing proteins.

In this project, we used comparative genomics and transcriptomics of CAZyme
domains to analyze the functional building blocks of plant carbohydrate metabolism to gain
insight into the process of wood formation, with a specific focus on the biomass feedstock
crop, Eucalyptus grandis. The aim of this project was to compare the CAZyme domain
frequency, diversity and complexity across plant genomes representative of the major land
plant lineages and green algae species to identify any delineating factors that contribute to
wood formation in tree species. In addition, we analyzed the expression levels of CAZyme
domains in the transcriptomes of source and sink tissues in E. grandis and Populus
trichocarpa to better understand the expression investment in carbohydrate metabolism in

different tissues of divergent tree species.

The results show conservation of a fundamental functional strategy for carbohydrate
metabolism across land plant evolution. The ratio of CAZyme domain frequency is
maintained in land plants, with GTs contributing =40% of the genomic CAZyme domain
content, highlighting the importance of polysaccharide synthesis in plants. The diversity of

CAZyme domain families within each class cannot be used to differentiate the genomes of
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major land plant lineages (lycophytes and bryophytes, monocots, and dicots) from one
another, however, species-specific differences in CAZyme domain family diversity are
observed. The complexity of CAZyme domain containing proteins shows that CAZyme
domains are not very promiscuous, repeated CAZyme domains within a protein are more
common than unique combinations of CAZyme domains within a protein, which are also
conserved for the most part. The analysis of CAZyme domain expression in six tissues in E.
grandis showed that in the wood forming tissue, immature xylem, GT domain families
responsible for cellulose and hemicellulose biosynthesis formed the majority of the transcript
abundance, a pattern not seen in the other tissues analyzed. This pattern was conserved in P.
trichocarpa, highlighting the conserved mechanism for wood formation between divergent

tree species.

The results of this study reveal the conservation of the fundamental functional
machinery responsible for carbohydrate metabolism in land plants, and highlight the
importance of differential regulation of this machinery to wood formation. The long-term
goal of improving the production of lignocellulosic biomass from trees will be achieved by
fully understanding the regulatory mechanisms controlling the concerted expression of these

CAZyme domain-containing genes.



Preface

A major focus of recent times has been the need to maximize the utilization of natural
resources in an environmentally friendly and efficient manner. In this regard, research into the
production of lignocellulosic biomass from woody crop species has become a priority.
Lignocellulosic biomass is an important natural resource, used in the paper and pulp industry
among others, the manufacturing of high-value chemical cellulose derivatives, along with the
potential to efficiently produce bioethanol. The secondary cell walls of the xylem tissue of
trees are the major source of the biopolymers that are important in industry: the cellulosic
biopolymers, namely cellulose and hemicelluloses. The secondary cell walls are comprised of
cellulose microfibrils embedded in a matrix of hemicelluloses, pectin, lignin, and cell wall
proteins. The thick secondary cell wall has a higher percentage of cellulose and
hemicelluloses compared to the primary cell wall. Despite the large amount of research
performed in the field, there are still many unknowns with regards to secondary cell wall/

wood formation.

The enzymes responsible for the synthesis, modification and degradation of
polysaccharides, including those in the cell wall, are collectively known as Carbohydrate
Active enZymes (CAZymes). CAZyme protein domains are classified into five functional
classes based on their activity. Glycosyltransferases (GT) synthesize glycosidic bonds, which
are broken via hydrolysis by glycosyl/glycoside hydrolases (GH). Glycosidic bonds are
further modified and degraded non-hydrolytically by carbohydrate esterases (CEs), which
break the bonds of acetyl esters, and polysaccharide lyases, which cleave glycosidic bonds
using an elimination mechanism. The final class, carbohydrate binding modules (CBMs), are
non-enzymatic domains that commonly co-occur with enzymatic domains, and function by
binding specific carbohydrate biopolymers and increasing the activity of enzymatic domains.
Previous studies have shown a relationship between the frequency and diversity of genomic

and expressed CAZymes, and the carbohydrate metabolic lifestyle of bacterial and plant
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species. To date, no large-scale comparative analysis of CAZymes across plant species has
been performed, thus our understanding of the contribution of CAZymes to the woody habit

can be improved using comparative in silico analyses.

The aim of this MSc was to characterize the genomic CAZyme frequency and diversity in
twenty-two sequenced plant species, and to compare the expressed catalogue of CAZymes
across six tissues in Eucalyptus grandis along with two tissues in Populus trichocarpa. By
combining a comprehensive comparative genomic analysis of plant CAZymes with
comparisons of expressed CAZymes in the woody and non-woody tissues of two valuable
crop species, we can gain insight into the metabolism of carbohydrates in wood forming

tissues.

Chapter 1: This chapter is a comprehensive review of protein domains, carbohydrate active
enzymes and how they are related to secondary cell wall biosynthesis. The dynamics of
protein domain evolution are reviewed, along with the methods of identifying protein
domains across genomes. In order to fully appreciate the mechanisms by which CAZymes
contribute to wood formation, the functions of CAZymes are discussed as they are
responsible for cell wall polysaccharide biosynthesis, in addition they are involved in plant
signaling, defense and storage polysaccharide biosynthesis. The biopolymers present in the
cell wall are considered, as they are the main targets of CAZymes of interest to this study.
Each class of CAZymes is discussed with known examples of the CAZyme domain families
in each class, specifically those that have been shown to be involved in cell wall biosynthesis.
The studies that have analyzed genome-wide CAZyme content in plants are reviewed, along

with the importance of woody biomass, and specifically E. grandis as a crop species.

Chapter 2: The results of comparative analysis of CAZyme domain frequency and diversity
in the genomes of twenty-two plant species CAZyme are presented. The plant species

analyzed represent the major lineages of plant evolution, including eudicots, monocots,
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lycophytes and bryophytes, and green algae. In addition to a comparison of the expressed
CAZyme investment in six different tissues (immature xylem, phloem, young leaf, mature
leaf, flowers and shoot tips) of E. grandis were analyzed in order to identify CAZyme domain
families in involved in xylogenesis. The comparison of expressed CAZymes in the immature
xylem and young leaf of E. grandis and P. trichocarpa is discussed. Finally, the impact and

conclusions of the study are presented.

Chapter 3: Found at the end of the dissertation, the Concluding Remarks discuss the findings
of the study and how fit into the context of the research that has already been performed. The
future prospects of the findings in terms of improvements, limitations, and impact are

examined.

Outcomes: Results from this study have been presented at the South African Society of
Genetics conference in 2011, in an oral presentation entitled: “The CAZyme repertoire of
woody perennials.” Results were also presented at the Plant and Animal Genomes conference
in 2012, in an oral presentation entitled: “Comparative genomics of CAZyme domain

frequency and diversity in Eucalyptus grandis and other land plants.”
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Chapter 1

Literature review:

Carbohydrate Active enZymes and wood

development



1.1. Introduction

Eucalyptus is the most widely grown short rotation woody crop genus, owing to excellent
growth and wood fiber qualities for the production of paper and pulp, as well as chemical
cellulose (Grattapaglia et al., 2012). The last few years have seen a large amount of genomic
and transcriptomic data available for Fucalyptus, including the newly sequenced reference
genome of Eucalyptus grandis (Myburg et al., in review; Myburg ef al., 2011; Hefer et al.,
2011). Efforts are now underway to integrate the genome sequence data with other molecular
data (gene expression, biochemical pathways), as well as growth and wood properties, to
discover what contributes to the superior fiber properties of Eucalyptus spp. An approach that
would be informative in terms of analyzing protein-coding genes that are responsible for
secondary cell wall biopolymer synthesis is a protein domain centric analysis of the genome.
An example would be analyzing the known Carbohydrate Active enZyme (CAZyme) domain
containing proteins in E. grandis. CAZyme protein domains are a broad collection of the
enzymatic and ancillary domains responsible for the synthesis, degradation and modification
of polysaccharides (Cantarel et al., 2009), and are especially relevant in the context of

secondary cell wall (SCW) formation.

The availability of the genome sequence of E. grandis will allow for research into
what determines the fiber cell properties of this commercially important short rotation woody
crop species (Myburg et al., 2011; Paiva et al., 2011; Grattapaglia et al., 2012). By using in
silico analysis of protein domains, the carbohydrate active enzymes (CAZyme genes) present
in the genome can be identified. CAZymes are important in understanding how the secondary
cell wall is synthesized, modified and degraded during the lifespan of the plant. Through a
genome-wide analysis of gene models that contain CAZymes, a greater understanding of the
enzymes responsible for cell wall formation within Eucalyptus can be gained, along with a

greater general knowledge of carbohydrate metabolism in plants.



The rapid advancement of sequencing technology in recent years has provided
researchers with massive amounts of genomic and transcriptomic data to analyze, including
microarray and expressed quantitative trait loci (eQTL) data (Auerbach et al., 2002).
Expressed sequence tag (EST) and next generation sequencing (NGS) data have also proven
to be extremely valuable in the identification and quantification of expressed genes in
different plant tissues as they relate to metabolic processes and how they differ between
tissues (Déjardin et al, 2004; Ward et al, 2012). NGS sequencing platforms for the assembly
of transcriptomes using short reads include the Illumina platform, which has been used to de
novo assemble the transcriptome of a Eucalyptus hybrid (Mizrachi et al., 2010). For this
transcriptomic data to have relevance in a biological context, the functions of the genes and
transcripts being analyzed must be identified (Koestler er al., 2010). Together with
transcriptome data from various cell and tissue types under different conditions, as well as
proteomic and metabolomic data, the interactions between the proteins and metabolites in the
cell can be modeled and analyzed by algorithms developed by bioinformaticists and biologists
(Auerbach et al., 2002; Keurentjes et al., 2007; Verwoerd, 2011). The goal of modeling these
interactions is to be able to understand how the cell, and ultimately the organism functions as

a system (Mizrachi et al., 2011).

The proteome of an organism is the total complement of proteins present in a
biological unit, where the biological unit can be the whole organism, an organ, a tissue type, a
single cell or an organelle (Abril et al., 2011). The proteome of a single organism shows
variation at the tissue and cellular level, dependant on a myriad of external and internal
factors (Abril et al., 2011). At the tissue level, the proteome can give invaluable insights into
the metabolic functioning of that tissue, such as the identity and abundance of enzymes
present that are involved in carbohydrate metabolism in sink tissues such as wood (Abril et
al., 2011). A major setback to the use of proteomics at a large scale is the lack of high-

throughput proteome technologies (Renuse et al., 2011). However, the differential gene



expression that dictates the proteome content of each tissue type can be inferred from their
transcriptomes to a certain extent (Kryvych et al., 2010). The proteins ultimately present in
individual cells and tissue types differ from the mRNA transcripts from which they are
derived, due to mRNA silencing, mRNA degradation and post-translational modification of
proteins (Krol et al., 2010; Remmerie et al., 2011). When analyzing whole genomes and
transcriptomes however, the primary transcript and transcript levels are generally taken as a
proxy for protein level, as shown by the strong association of transcript regulation and
xylogenesis (Hertzberg ef al., 2001). Annotation of genome sequence data is the first step to
identify the functional elements contained within it (not only gene products, but promoters,
transposable elements etc.), and is essential in understanding the biological implications of

genomic data on the cell (Filipski & Kumar, 2005).

Despite the extensive research that has been performed in the field of wood
formation, there are still many outstanding questions regarding carbohydrate metabolism in
woody tissues (Mellerowicz & Sundberg, 2008). It is widely accepted that transcriptional
regulation plays a major role in wood formation (Hertzberg et al., 2001; Demura & Fukuda,
2007; Mellerowicz & Sundberg, 2008). The contribution of genomic CAZyme domain
content to the differences in carbohydrate metabolism between divergent plant species is as
yet unknown, as comparisons of CAZyme domain content have been focused on certain
enzymatic classes in a handful of plant species (Henrissat ef al., 2001; Djerbi et al., 2005;
Geisler-Lee et al., 2006; Tyler et al., 2010). The relationship of CAZyme domain diversity
and evolution to plant organizational complexity and carbohydrate metabolism is poorly
understood. This review deals with contribution of the enzymatic CAZyme domains that
synthesize, modify and degrade carbohydrates in plant species, with a focus on wood

formation and Eucalyptus.



1.2. Protein domains

The three-dimensional structure of a protein is a consequence of the chemical and physical
properties of the amino acids of which it is composed (Chothia et al., 1977). Motifs are
conserved amino acid sequences, and have characteristic certain secondary structures, such as
a-helices and B-pleated sheets within protein domains, e.g. hair-pin loops formed within
cystatin protease proteins have a highly conserved QXVXG motif (Dutt et al., 2010;
Schaeffer & Daggett, 2011). Domains themselves are made up of multiple motifs,
characterized by the presence of a broader class of re-occurring structures, such as TIM
barrels or af-plaits (Orengo et al., 1997; Schaeffer & Daggett, 2011). Proteins, in turn, can be
composed of single or multiple domains. Protein domains are independently folding units of
protein structure that reoccur in genes throughout the genome of any organism with varying

levels of amino acid homology (Lam & Blumwald, 2002; Caetano-Anollés et al., 2009).

The biological activity of a protein is determined by the interactions between the
domains present in that protein, and how they are orientated with each other impact the
protein’s functionality (Littler & Hubbard, 2005). For example, the Arm repeat domain
(PF00514) is found in all eukaryotic organisms, and is implicated in a number of cellular
processes such as signal transduction, nuclear import and ubiquitination (Samuel et al., 2006).
However, in plants, when it is associated with the U-box domain (PF04564) in the ARC-1
protein, it enables self-recognition to prevent self-pollination (Samuel et al., 2006). Thus it is
important to examine single domains in context with all other domains that they are found

with to understand the contribution that they make to the overall functional diversity.

1.2.1. Domain interactions
Domains are grouped into families on the basis of sequence homology, and into super-
families on the basis of structural homology (Russell ef al., 1998). The distinction between

the two allows for interactions between domains to be better understood in a functional



context as sequence conservation in protein domains does not always reflect function as well
as structure does (Vogel et al., 2004). The majority of protein domain super-families interact
with only one other super-family of domains. The exceptions are promiscuous domain super-
families involved in widely used biological functions like DNA binding and ATP/GTP
hydrolysis that are found in every organism (Littler & Hubbard, 2005). Littler et al.
determined that out of 79 protein domain super-families, 33 formed multi-domain
combinations, and 46 formed combinations with only one other domain super-family (Littler
& Hubbard, 2005). Multi-domain combination super-families tend to vary the orientation in
which they are found in the protein chain more often than single partner domain super-
families. It is thought that there are a finite number of domain fold variations possible in all
proteins which evolve independently, and that all proteins consist of various combinations of
these domains to result in the “protein universe” (Littler & Hubbard, 2005). Thus by
characterizing the functional and evolutionary relationships between domains, and domain

super-families, a clearer understanding of protein evolution may emerge.

1.2.2. Domain evolution

Evolutionary events involving protein domains are classified into three classes:
insertions/deletions, exchanges and duplications/repetitions (Bjorklund et al., 2005).
Bjorklund et al. found in their analysis of domain evolution that domain insertions were four
times as frequent as deletions, suggesting that domain deletions are a less common
mechanism of protein evolution (Bjorklund et al., 2005). In proteins with more than two
domains, insertions/deletions and duplications usually occur in the N- and C- terminals.
Events involving more than one domain are generally duplications at the N- and C- terminals,
with insertions and exchanges of more than one domain being rare. A mechanism by which
enzymes may evolve new substrate specificities is by the addition of a novel binding domain
(Bjorklund et al., 2005). Binding domains are often added to existing catalytic domain

architectures, thus modifying the substrate specificity of existing enzymes (Bjorklund et al.,



2005). For a review of the mechanisms and implications of domain evolution, see Vogel et
al., (2004) and a comprehensive analysis of domain gains, losses and rearrangements in plants

has been done (Kersting et al., 2012).

Domains can evolve new functions through single amino acid changes, insertions and
deletions. Changes of this nature are found frequently in domains that have been duplicated,
as the selective constraint on their sequence relaxes, and changes become fixed (Buljan &
Bateman, 2009). Further more, duplications within gene families allow for neo-
functionalization through regulatory divergence (Duarte et al., 2006; Shakhnovich &
Shakhnovich, 2008; Zou et al., 2009). These changes in function after duplication is a factor
that has impacted the ability of a core set of domains to produce the wide range of protein
function on which existing biochemical pathways and organisms rely. For example, studies
have shown that an ancestor of the immunoglobulin domain involved in invertebrate immune
response has a function related to kinase signaling (Buljan & Bateman, 2009), thus lineage-
specific changes in a protein domain are essential in evolutionary processes. An interesting
example of domain evolution is the case of the SEX4 (starch excess) mutants in Arabidopsis
thaliana and the laforin mutants of the EPM24 gene in humans; both genes contain dual
specificity phosphatase (DSP) domains and carbohydrate-binding modules (CBMs) from
family 20 CBMs (Moorhead et al, 2009). The DSP domain dephosphorylates specific
substrates in different organisms, in humans, the substrate for dephosphorylation is glycogen,
and in plants it is starch. In humans, the CBM20 domain is at the N-terminal, and in 4.
thaliana it is found at the C-terminal (Gentry ef al., 2009). It has been found that by inserting
the laforin DSP domain into sex4 mutants in A. thaliana, the starch excess phenotype can be
reversed, highlighting the functional implications of lineage-specific domain rearrangement

and the wide evolutionary conservation of domain function (Gentry et al., 2007).



In the context of plant evolution, domain emergence has been shown to play an
important role (Kersting ez al., 2012). Domain emergence is the appearance of novel protein
folds that form domains in the highly dynamic sequence space of evolving genomic regions
(Caetano-Anollés & Nasir, 2012). The Viridiplantae lineage has 545 unique domains, mostly
stress-response and secondary metabolite synthetic domains, compared to 30 in the insect
lineage (Kersting er al, 2012; Moore and Bornburg-Bauer, 2011). Domains related to
photosynthesis and primary metabolic processes are not unique to the plant lineage, as
photosynthesis also occurs in non-green algae and some bacteria (Kersting et al., 2012). The
importance of the emergence of novel domains in plants is suspected to be an adaptation to
the long-lived, sessile lifestyle of plants, in addition to unique metabolic processes (Kersting

etal., 2012).

1.2.3. Domain discovery and annotation

There are a number of tools that are used to identify evolutionary events involving protein
domains and homologous domain families. Using a position specific scoring matrix to
identify distant evolutionary relationships between amino acid sequences can use variations
on Basic Local Alignment Search Tools (BLAST) (Altschul et al., 1990), such as PSI-BLAST
to detect protein domains. Hidden Markov models (HMMs) have however proven to be the
most effective and widely used tool for detecting related protein domains (Eddy, 2001; Krogh
et al., 2001). HMMs are statistical models which are applied in bioinformatics to identify
conserved secondary structures in proteins by aligning amino acid sequences and calculating
the probability of transitions and fluctuations in the sequences according to a learnt set of
parameters of mutations (insertions, deletions and amino acid substitutions) for that domain
family (Eddy, 1998; Horan et al., 2010; Reker et al., 2010). This is done to identify domain
families due to the fact that the protein fold and secondary structure of the domain family is
often more highly conserved than the nucleotide sequence (Bradshaw et al., 2011). In plants,

it has been found that the functional domains present in the xylem transcriptome and genome



of P. trichocarpa is more highly conserved between selected vascular and non-vascular plants

(77-85% at 1°°) than the nucleotide sequences (35-50% at 1°°°) (Li ez al., 2010).

The principles behind automatic genome annotation domain searches in protein
databases are precalculated Hidden Markov models (HMMs) for each protein domain
(Hunter et al., 2009; Yin et al., 2012). There are many of these databases available to

researchers. One such database is dbCAN (http://csbl.bmb.uga.edu/dbCAN/), which

specifically uses HMMs to discover CAZymes in sequenced genomes, using domain family
alignments taken from the CAZy database (www.cazy.org) (Yin et al., 2012, Lombard et al.,
2014). This database was developed as only 46% of CAZymes in the CAZy database had
domain models in Pfam (pfam.sanger.ac.uk) (Punta et a/., 2012), and to aid in the automatic

annotation of CAZymes in whole genomes (Yin et al., 2012).

1.3. Wood formation

Plant cells provide bulk of renewable carbon on the planet by sequestering carbon from the
atmosphere during photosynthesis and storing it as cellulose and as other polysaccharides in
the cell wall (Smith & Stitt, 2007). The plant cell wall is matrix composed of heterogeneous
polysaccharide and phenolic biopolymers, and proteins (Keegstra et al., 1973; Keegstra,
2010). The polysaccharides within the cell wall are of utmost importance as they give the
plant structural and mechanical strength, and can be harnessed for biofuel energy (Hinchee et

al., 2009; Pauly & Keegstra, 2010; Somerville et al., 2010).

The two types of cell walls found in woody angiosperms are primary and secondary
cell walls. The primary cell wall is established early in the life cycle of all plant cells, and has
a flexible matrix that consists of disorganized cellulose microfibrils cross-linked with
hemicelluloses, pectins and proteins (Ray, 1967; Cosgrove, 2005; Harris & DeBolt, 2010).

The primary cell wall (PCW) is deposited between the middle lamella and the plasma



membrane, and the secondary cell wall (SCW) is subsequently deposited between the primary
cell wall and the plasma membrane (Plomion et al., 2001; Cosgrove, 2005). The walls of
secondary cells are composed of high amounts of cellulose and less pectin than the PCW, and
are form the vessel and fiber cells of secondary xylem in wood (Mellerowicz et al., 2001).
Secondary xylem is formed in the load bearing vascular tissue of plants and functions as a
transport system for water and dissolved nutrients, as reviewed in Brodribb (2009).
Understanding the formation and structure of secondary cell wall biosynthesis will rely
substantially on a full understanding of the proteins responsible for the synthesis,

modification and degradation of SCW biopolymers.

A. thaliana is the model upon which most functional annotation in plant genomics is
based due to the large amount of experimental evidence gathered in this species.
Experimentally validated proteins coded by 4. thaliana genes allow functional inferences to
be made upon homologous genes in other plant species (Garcia-Hernandez et al., 2002;
Wienkoop et al., 2010). As the model plant species, the 4. thaliana genome was sequenced in
2000 (AGI, 2000), and since then, much headway has been made in annotating the functional
regions of the genome (Jin et al., 2010). Identification and quantification of plant cell wall
proteins is extremely difficult, as isolating the membrane-bound proteins of the cell wall in
appreciable amounts is a challenging task as they are embedded in the complex network of
cell wall polysaccharides that can only be extracted separately, and often destructively (Jamet
et al., 2008; Abril et al., 2011). Despite the difficulties associated with studying the proteins
of the cell wall, it is important to have an understanding of the cell wall proteins, as they are
responsible for the modification of the cell wall polysaccharides throughout the lifespan of
the plant (Harris & DeBolt, 2010). Knowledge of the sub-cellular localization of proteins
adds to the ability to predict their function with greater certainty. In plants, protein
localization data is especially informative, as membrane bound proteins are likely to be

involved in cell wall biosynthesis, chloroplast-localized proteins are likely to be involved in
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photosynthesis, and hemicelluloses and pectins are formed by protein complexes in the Golgi
apparatus (Li & Chiu, 2010; Crowell et al., 2010; Oikawa et al., 2012). Understanding of
localization and protein properties may be useful in ascribing functions to proteins believed to

be involved in polysaccharide biosynthesis.

1.3.1. Cellulose

Cellulose microfibrils are integrated into the cell wall by a membrane bound complex of
cellulose synthase (CESA) proteins (Gardiner ef al., 2003; Carroll & Specht, 2011). The
CESA proteins are found in the CESA rosette, which consists of six subunits, each
comprising of six CESA proteins (Somerville, 2006; Joshi & Mansfield, 2007). Each CESA
protein is thought to form a B-(1-4)-linked glucose chain (of which cellobiose is the repeating
unit), which coalesce and crystallize to form a higher order cellulose microfibril. Cellulose
microfibrils can be found in different lengths and the degree of polymerization can vary
between different cell, tissue and plant types. However, other than these two variables,
cellulose is the most homogenous biopolymer found in the plant cell wall (Somerville, 2006).
Cellulose synthesis is an important target of research as cellulose is the most abundant
biopolymer on earth. It is used to produce high-value chemical cellulose derivatives such as
nitrocellulose and cellulose acetate, and as a future source of bio-ethanol. Elucidating the
mechanism of its integration into the cell wall will enable researchers to utilize its potential

most effectively (Mizrachi et al., 2011).

1.3.2. Hemicellulose

Hemicelluloses are a diverse group of glycans, which have B-(1—4)- linked glucose,
mannose, or xylose backbones and a wide variety of side-chains including xylose, galactose
and arabinose (Scheller & Ulvskov, 2010). Hemicelluloses have a similar equatorial
backbone as cellulose, but are branched with a variety of sugar moieties, which prevent them
from forming microfibrils themselves (Scheible & Pauly, 2004). Their main function is to

crosslink with cellulose and lignin, and strengthen the cell wall (Kryvych et al., 2010;
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Scheller & Ulvskov, 2010). Primary cell walls typically have lower percentage of cellulose
and lignin than secondary cell walls, with a higher percentage of hemicelluloses and pectins
(Reiter, 2002). The substrates used to synthesize the hemicelluloses are primarily nucleoside
diphosphate sugars, generally UDP derivatives (Fry, 2004). In addition, the hemicelluloses
found in primary cell walls tend to be more highly substituted than those found in secondary
cell walls, which is evident in the fact that primary cell walls have more disorganized

cellulose arrangement than secondary cell walls (Burton et al., 2010).

The major hemicelluloses in plant cell walls are xylans and (gluco)-mannans that
share the B-1-4-linked glucan chain backbone substituted with various residues to varying
degrees (Scheller & Ulvskov, 2010). Glucuronoxylan is a major hemicellulose in the SCWs
of dicots, it consists of a B-(1,4)-linked D-xylosyl backbone, to which a-D-glucuronic acid
(GlcA), 4-O-methyl-a-D-glucuronic acid (MeGlcA), acyl and methyl group residues can be
found at the O-2 position (Lee et al., 2009). Xyloglucan has patterns of repetitive xylosyl
residues linked to glucose at position 0-6 in the -1-4-linked glucan chain backbone, and is
prevalent in the PCW of angiosperms (Zabotina, 2012). Hemicelluloses and pectins are
synthesized at the Golgi and transported to the cell wall by vesicles, which then fuse with the
plasma membrane where the matrix polysaccharides integrate with the cellulose microfibrils
to form the cell wall matrix (Cosgrove, 2005). The hemicelluloses allow the cellulose
microfibrils to crosslink, giving the cell wall a rigid structure with gel-like properties that
enables vertical growth and inter-cell porosity while the tissues are young, and a hollow
lignified structure once the tissue has matured (Burton et al., 2010). There are a vast number
of hemicelluloses found in plant cell walls, due to the great variety of sugar moieties that can
be appended to the backbone. Substituted hemicelluloses such as xylan play an important role
in the structural integrity of the secondary cell wall, and as such the mechanism of their

synthesis is an important area of research.
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1.3.3. Other non-cellulosic biopolymers

Pectins are present in primary and secondary plant cell wall in varying degrees, also varying
in the amount present between monocots and dicots (Mohnen, 2007). Pectins are complex
molecules consisting of galacturonic acid containing polysaccharides (Mohnen, 2007). The
exact structure of pectin is unknown at this time, as it is impossible to extract pectin from the
cell wall intact (Atmodjo et al., 2013). It is known that pectin consists of three different types
of polysaccharides; Homogalacturonan (HG), Rhamnogalacturonan 1 (RGI) and
Rhamnogalacturonan II (RGII) (Mohnen, 2007). Pectins contribute to cell wall growth by
improving cell adhesion and strength via crosslinking with cellulosic polysaccharides and
lignin (Caffall & Mohnen, 2009). Considering the importance of pectin in cell wall
development and wood formation as evidenced by the high expression of pectin biosynthetic
genes GAUT and GATL in A. thaliana stems, it is important to understand how pectin is

synthesized (Lerouxel et al., 2006; Minic et al., 2009; Atmodjo et al., 2011).

Lignin is polymerized from phenylpropanoids monomers, and functions to increase
mechanical strength and protect the plant from microbial degradation; as such lignin limits
the enzymatic digestion of the plant cell wall during industrial processing (Vanholme et al.,
2010). Lignification of secondary cell walls is most evident in the tracheary elements of
secondary xylem, where the cell undergoes a marked differentiation between primary and
secondary cell wall. Tracheary elements undergo rapid cell elongation and secondary cell
wall deposition, during which the cell wall is enriched with phenolic compounds, after which
it experiences programmed cell death and loses its cellular contents. What remains is a
hollow, lignified tube that conducts water from the roots to the living tissues of the tree
(Roberts & McCann, 2000). Lignin biosynthesis is regulated by the abundance of other sugars
present in the tissue in addition to being induced by various abiotic and biotic factors. Lignin

content affects the extractability of cellulosic biopolymers from the cell wall, and is therefore
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and important aspect to consider in genetically engineering the cell wall for biotechnological

applications (Vanholme et al., 2008; Vega-Sanchez & Ronald, 2010).

1.3.4. Cell wall proteins

In addition to cellulose, hemicelluloses, pectins and lignin, there are several proteins that are
embedded in the plant cell wall that function in signaling and cell wall growth and
modification (Jamet et al., 2006). The primary cell wall grows by a process known as
biopolymer creep, in which the cell wall biopolymers increase the cell wall surface area by
sliding across each other, as well as the concurrent synthesis of new biopolymers (Cosgrove,
2005). The mechanism by which biopolymer creep is achieved is largely due to a group of
pH-dependant proteins known as expansins. Expansins cause loosening of the cell wall by
disrupting the contact between cell wall polysaccharides and thereby allowing them to move
past each other. The lines of evidence for this mechanism of action of expansins come from
the fact that there are no catalytic domains present in any expansin proteins studied to date
(Cosgrove, 2000; Choi et al., 2008). Extensins are a group of hydroxyproline-rich
glycoproteins found in the primary cell wall which function to crosslink to each other to form
a network that aids cell wall development by reinforcing the polysaccharides in the cell wall
(Showalter, 1993; Darley et al., 2001). Lectins and Leucin-rich Repeat (LRR) proteins are
known to be important for self- and nonself- recognition processes such as signaling and
defence, and can be found in the plant cell wall (van Damme et al., 2008; Jamet et al., 2008).
It is essential to take all the components of the cell wall into account when attempting to

understand the synthesis, degradation and modification of cell wall polysaccharides

1.4. CAZymes

Carbohydrate active enzymes (CAZymes) are the enzymes responsible for the synthesis and
remodeling of polysaccharides and other molecules in which glycosidic bonds are found. In
the context of cell wall synthesis, CAZymes are the functional enzymes responsible for

polysaccharide synthesis, modification and degradation. Glycosyl transferases (GTs),
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glycosyl hydrolases (GHs), pectate lyases (PLs) and carbohydrate esterases (CEs) are all
classified as CAZymes in the CAZy database (Henrissat & Davies, 2000). CAZy
(www.cazy.org) is the database acknowledged as the seminal reference when working with
carbohydrate active enzymes. CAZy is a manually curated database that groups carbohydrate
active enzymes and their appended domains into well characterized, standardized families
(Lombard et al., 2014). The system that is used to group the CAZymes and their associated
domains into families is amino acid sequence based, and is correlated more closely with
protein fold than enzyme/ligand specificity (Cantarel et al., 2009). CAZy is a resource which
aims to give the glycobiology researcher information regarding the structural features of the
CAZyme family they are interested in by providing up to date links with resources such as
Pfam (pfam.sanger.ac.uk), NCBI (www.ncbi.nlm.nih.gov/) and Interpro
(www.ebi.ac.uk/interpro/) (Cantarel et al., 2009). The CAZy database families are used to

construct the HMMs for each domain family in dbCAN as discussed above.

1.4.1. Glycosyltransferases (GTs)

The enzymes that catalyze the synthesis of the glycosidic bonds are known as
glycosyltransferases (GTs) (Scheible & Pauly, 2004). GTs are responsible for the formation
of glycosidic bonds between the sugar donor substrate and the acceptor molecule, which may
be a wide variety of molecules, from mono- to polysaccharides, lipids and proteins (Lairson et
al., 2008). GTs are present in every form of life and are involved in many functions within
cells, including signaling and synthesis of biopolymers. The GT family of genes in plants is a
large and diverse one, which catalyzes a wide range of reactions with many donor substrates
(Henrissat & Davies, 2000; Henrissat et al., 2001; Coutinho et al., 2003; Palcic, 2011). Many
members of GT families involved in biopolymer synthesis have been characterized in plants
(Egelund et al., 2004), among them are the families responsible for cell wall biopolymer

synthesis.
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The GT2 domain family is one of the largest of the known GT families; along with
GT4, they comprise of over 50% of GTs in 94 described families (Hansen et al., 2010)
(www.cazy.org). The GT2 family contains the CesA superfamily of genes, members of which
include the CESA protein encoding genes for cellulose biosynthesis, and the cellulose
synthase like (CSL) protein encoding genes involved in hemicellulose biosynthesis, including
xyloglucan, glucomannan and B-(1—3,1—4)-glucan (Arioli, 1998; Richmond & Somerville,
2000; Scheible & Pauly, 2004; Yin et al., 2009; Scheller & Ulvskov, 2010; Carroll & Specht,
2011; Popper et al., 2011; Dhugga, 2012). GT2s are inverting enzymes that change the
conformation of the anomeric carbon of the transferred upon synthesis of the glycosidic bond
(Hansen et al., 2010). GT4 enzymes are retaining enzymes that maintain the anomeric carbon
conformation upon synthesis, and they have been shown to have members involved in the
synthesis of UDP-glucose from sucrose, and reversibly, sucrose formation for storage as

starch via the SuSy gene (Haigler et al., 2001).

Due to the heterogeneous nature of hemicelluloses, there are multiple GT families
that have been shown to have family members involved in the biosynthesis of hemicelluloses,
at least eight enzymes are proposed to be needed for the synthesis of glucuronoxylan alone
(Lee et al., 2009). GT43 and GT47 domain-containing enzymes have been shown to be
involves in xylan backbone synthesis according to analysis of mutants of genes in these
families (Brown et al., 2009). Irregular xylem (irx) gene mutant plants have collapsed xylem
vessel phenotypes and are useful in forward genetics approaches to discover genes involved
in wood formation. IRX9 and IRX14 proteins, both members of the GT43 family, have been
shown to be xylosyltransferases that act cooperatively in the elongation of the xylan backbone
(Lee et al., 2012). GT47 family members including fragile fiber 8§ (FRAS), also known as
IRX7, and glucuronosyltransferase 1 (GUT1), also known as IRX10, proteins are also
involved in the synthesis of glucuronylxylan at the stage of reducing end primer synthesis and

display severe to moderate IRX phenotypes in A. thaliana (Jung et al., 2008; Brown et al.,
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2009; Wu et al., 2010). Glucuronic acid substitution of xylan (GUX) proteins GUX1, GUX2
and GUX3 from the GT8 domain family are responsible for adding glucuronic acid and 4-O-
methylglucuronic acid side chains to the xylan backbone, mutations of the genes encoding
these proteins cause secondary cell wall defects (Lee et al., 2012). Furthermore, PARVUS,
another GT8 protein, is involved in glucuronoxylan primer synthesis in Arabidopsis and

Populus secondary cell wall formation (Jung et al., 2008; Lee et al., 2009).

GT domain families also function in regulatory and signaling pathways through the
glycosylation of acceptor molecules. GT1 family domains have the most members in many
genomes, including plants (Yonekura-Sakakibara & Hanada, 2011). GT1 enzymes are UDP
glucosyltransferases (UGTs) that transfer UDP glucose to low molecular weight acceptor
molecules. UGTs participate in the biosynthesis of secondary metabolites including
terpenoids, phenylpropanoids and steroids in plants (Yonekura-Sakakibara & Hanada, 2011).
The UGT72E gene cluster in A. thaliana has shown to be responsible for the glycosylation of
monolignols, specifically forming coniferyl alcohol 4-O-glycoside and sinapyl alcohol 4-O-
glycoside in light grown tissues (Lanot et al., 2006). Phenylpropanoid glycosides may be
involved in lignin monomer transport, although proof for this role is currently lacking
(Vanholme et al., 2008). Over-expression of a P. trichocarpa GT1 domain containing enzyme
in tobacco caused decreased lignin content and early flowering, indicating that these enzymes
are important for xylem formation, although further studies into the biological mechanism
involved are needed (Wang et al., 2012). GT41 family proteins catalyze the transfer of an N-
acetyglucosamine (O-GlcNAc) residue from UDP-GIcNAc to serine and threonine residues
on proteins in a signaling system similar to phosphorylation (Henrissat et al., 2008).
Glucosylation of proteins in signaling is a dynamic, sensitive system that has cross talk with
other post-translational modification mechanisms (Breton et al., 2012). In Arabidopsis the
spindly (SPY) protein contains the GT41 domain, and is an O-GlcNAc-transferase that causes

O-GIcNAc modification the of DELLA proteins, causing them to be activated (Zhang et al.,
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2010). DELLA proteins in plants are inhibitors of gibberellic acid, as such; O-GlcNAc
activation of DELLA proteins by SPY causes a myriad of developmental effects (Silverstone

et al.,2007).

1.4.2. Glycosyl hydrolases (GHs)

Glycosyl hydrolases, or glycoside hydrolases (GHs), are enzymes that catalyze the hydrolysis
of glucosidic bonds between molecules. GHs can be responsible for the degradation of the
cell wall polysaccharides into their composite structures, and make their energy available for
use by microorganisms and industrial extraction, or for the modification of glycosidic bonds
in polysaccharide biopolymers (Taylor et al., 2008; Minic, 2008). GHs are expressed
endogenously in plants, and are known to function in remodeling the cell wall
polysaccharides in tissue development, fruit ripening and leaf abscission (Roberts ef al.,
2002). Some GHs are regulated in response to sugar starvation, and serve to allow the plant to
utilize polysaccharides as an energy source in response to a sugar sensing mechanism that

detects low levels of sucrose (Koch, 2004).

The GH class has the most families of all the CAZyme classes (132 families as of

07/2013, http://www.cazy.org/Glycoside-Hydrolases.html). GHs are also the best

characterized class of CAZymes, due to their importance in bacterial and fungal biology as
GHs allow fungi and bacteria to utilize the energy of complex carbohydrates. The
complement of GHs in a lignocellulolytic microorganism can give insights into its nutritional
lifestyle and potential pathogenicity. The fungus Rhizopus oryzae, which causes Rhizopus rot,
has a complement of cell wall degrading enzymes that only allow it to digest simple sugars
(Battaglia et al., 2011). Through comparative analysis of the genomes of Rhizopus spp. and
Basidiomycota and Ascomycota, it was shown that R. oryzae does not have the GHs that are
found in other fungal species, which are necessary to digest complex carbohydrates (Battaglia

et al., 2011). R. oryzae was found to have more CAZymes for the degradation of chitosan
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than other fungal species, and this result was functionally verified using growth analysis on
different media (Battaglia et al., 2011). In lignocellulolytic organisms, the genomic arsenal of

GHs can therefore give insight to the metabolic lifestyle.

In plants, many GH families have been shown to be important in development and
wood formation. Most notably, the GH9 domain family contains the Korrigan gene, which
encodes for a membrane-bound endo-1,4-B-endoglucanase (Maloney et al., 2011). The highly
conserved Korrigan gene in monocots and dicots is essential for normal xylem development,
as mutants have a dwarf phenotype and perturbed cell wall architecture (Nicol et al., 1998).
Korrigan (kor) shows very high coexpression correlation with the secondary cell wall CesA
genes, and kor mutants have disruptions in cellulose crystallinity in secondary cell walls
(Szyjanowicz et al., 2004). Although the exact mechanism of Korrigan is unknown, it is
believed to be involved in microfibril processing after synthesis (Maloney & Mansfield,
2010; Maloney et al., 2011). Other GHs known to affect primary and secondary cell wall
architecture are the chitinase-like (CTL) proteins, belonging to GH family 19. In Gossypium
hirsutum CTLI and its homologue CTL?2 are expressed in elongating fiber cells, and mutants
are deficient in cellulose (Zhang et al., 2004). CTL1 and CTL2 have been shown to
cooperatively participate in the normal assembly and interactions of cellulose microfibrils and
hemicelluloses via glucan polymer binding and modification (Sanchez-Rodriguez et al.,

2012).

Genome wide comparisons of GHs in plant genomes have shown that they contain
the same set of GH domains, with lineage specific differences in the frequency of these
domains between species (Tyler et al., 2010). The lineage specific differences in GH
frequency can be linked to the structure and composition of cell walls in different plant
lineages. As an example, the GH28 domain family has many more members in A. thaliana,

compared to grasses such as B. distachyon, Z. mays and Oryza sativa. GH28 domains have
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polygalacturonase activity, which acts to remodel pectin, and the type II cell walls found in
grasses have lower levels of pectin than the type I cell walls found in Arabidopsis (Tyler et

al., 2010).

1.4.3. Polysaccharide lyases (PLs)

Polysaccharide lyases (PLs) are involved in the degradation and modification of pectin via
cleavage of uronic acid containing polysaccharides via a [B-elimination mechanism, as
opposed to hydrolysis by GHs (Cao, 2012). PLs are important in plants for a variety of
functions, including plant defense, growth and development. The 4. thaliana gene PMRG is a
PL gene that affects the pectin composition of cell walls and consequently influences
resistance to powdery mildew (Vogel et al., 2002). In cotton, the pectate lyase gene GAPEL
performs an essential function in the degradation of de-esterified pectin, as determined by
knockdowns of the gene, which retarded cell wall elongation by preventing primary cell wall
loosening (Wang et al., 2010). The known functions of PLs are related to primary cell wall
metabolism, and a role for PLs in secondary cell wall biosynthesis is not yet known (Caffall
& Mohnen, 2009). Pectin is less abundant in the SCW of dicots (Ishii, 1997), and the
remodeling of pectin is likely to be less important in SCW deposition than in the PCW (Palin

& Geitmann, 2012).

1.4.4. Carbohydrate esterases (CEs)

Carbohydrate esterases (CEs) are responsible for the degradation and modification of O-
acetylated and methylesterified sidechains of cell wall polysaccharides (Pawar et al., 2013).
Xylan acetylation promotes crosslinking of xylan with lignin in the wood cell wall, which
strengthens the secondary cell wall (Tsai et al., 2012). The acetyl groups present on xylan are
known to reduce the hydrolytic capability of enzymes used to break down lignocellulosic
biomass for biofuel production, thus CEs have been studied for their potential in increasing
the saccharification efficiency. CE familes involved in xylan de-acetylation (acetyl xylan

esterases- AXEs) are CEl, 2, 3,4, 5, 6, 7 and 16, pectin acetyl esterases are found in family
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CE13 and Rhamnogalacturonan esterases are found in family CE12 (Pawar et al., 2013). CE
family 15 glucuronyl-esterase genes have been shown to remove the ester link between lignin
alcohols and methylglucuronic acid side chains of glucuronyl xylan. When these genes are
over expressed in 4. thaliana, the extractability of xylan is increased and there is an increase

in soluble lignin (Tsai et al., 2012).

1.4.5. Carbohydrate-binding modules (CBMs)

Carbohydrate-binding modules (CBMs) function to mediate protein-carbohydrate
associations, and as such play an important role in the enzymatic degradation and formation
of the plant cell wall polysaccharides. CBMs were first studied in cellobiohydrolase I from
Trichoderma reesei, which was shown to have a catalytic domain, and a binding domain. The
experiment determining the domains present in cellobiohydrolase I from Trichoderma reesei
was done by Van Tilbeurgh et al. in 1986 by digesting the enzyme with papain which
separated it into 56 kDa and ~10 kDa sections (van Tilbeurgh et al., 1986). The native
cellobiohydrolase I enzyme digests the insoluble microcrystalline cellulose substrate Avicel
to give cellobiose as a product. In addition, cellobiohydrolase I hydrolyses soluble glycosides,
thus displaying promiscuity in ligand binding. The 56 kDa CBHI was determined to be the
catalytic subunit of the CBHI enzyme as no Avicelase activity was detected with heavily
papain-digested CBHI, however, the soluble glycoside activity was still intact. Thus it was
determined that the 10kDa fragment was specific for binding to insoluble cellulose.
Subsequent studies into the thermodynamic and structural properties of cellobiohydrolases
from Trichoderma reesei have since confirmed the modular nature of CAZymes (van

Tilbeurgh et al., 1989).

Since the advent of DNA sequencing technologies, new CBMs have been identified
by examining the sequences of CAZymes with polysaccharide binding for modular domains

which have sequence similarity to known CBMs (Bolam et al., 2004). In the years since the
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confirmation of the existence of CBMs in 1986, numerous studies have examined the diverse
structural and functional relationships between the CBMs and the catalytic domains with
which they co-occur (Guillén & Sanchez, 2010; Xie et al., 2001; Yin et al., 2011). The
function of CBMs can be separated into three main processes, or effects. The first is the
targeting effect, which describes the CBM’s affinity and specificity for the ligand. The next is
the proximity effect, which describes how the CBM allows the catalytic module that it is
appended to remain in contact with the target biopolymer for an extended period of time. This
is important, as the cell wall biopolymers are highly recalcitrant to enzymatic action. The
third is the disruptive function, and describes the way in which the CBM disrupts the
hydrogen bonds between biopolymers, facilitating the phase change between the soluble

catalytic module and the insoluble cell wall biopolymers (Arantes & Saddler, 2010).

Hall et al. illustrate the significance of understanding the mechanism of action of
CBMs in the pulp and paper industry, and for future biofuels applications in the study in
2010. The study showed that CBMs can be used to increase the efficiency of cellulases (GHs)
in industry by reducing the crystallinity of cellulose (Hall ez al., 2011). As CBMs disrupt the
hydrogen bonds between cellulose microfibrils and decrease the recalcitrance of cellulose to
enzymatic digestion, the authors showed that pretreatment of crystalline cellulose with CBMs
from family I isolated from Trichoderma reesei cellulases decreased the crystallinity index of
Avicel and fibrous cellulose, making the release of glucose up to 25% more efficient once
cellulases were added. Furthermore, the CBMs were found to be thermostable at up to 50°C,
which is in contrast to the full length enzyme, and thus makes CBMs suitable for decreasing

cellulose crystallinity in pretreatment protocols (Hall et al., 2011).

An exciting application of CBMs is the engineering of tagged CBMs that can be used
to visualize the cell wall polysaccharides in situ (McCartney et al., 2004). Due to the specific

targeting, recognition and modular nature of CBMs, they can be fluorescently tagged to allow
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for the location of a very specific cell wall polysaccharide to be identified even when they are
present in low concentrations (Filonova et al., 2007). The knowledge of the localization of
each of the polysaccharides in the SCW in relation to each other will greatly improve

understanding of how the SCW is synthesized and how it might be modified.

1.4.6. Genome-wide analyses of CAZymes in plants

CAZymes have been examined from a genome-wide perspective in a number of studies. In
plants, the first of these was done in 2001, directly after the release of the A. thaliana genome.
The study analyzed the frequency and diversity of CAZymes in the A. thaliana genome
(Henrissat et al., 2001). CAZymes in A. thaliana were found to be a major class of genes in
the genome, with 730 of the 25,000 genes in A. thaliana being GTs or GHs, the highest
number found in any organism sequenced to date. The authors highlighted the large number
of CAZymes in GT families responsible for the synthesis of cell wall polysaccharides,
including the GT2s responsible for cellulose biosynthesis (Henrissat et al, 2001). The
number of GHs was also interesting, in that the Arabidopsis families with cellulase activity
had fewer members than had previously been found in bacteria. The authors proposed that
this decrease was due to the very specific modifications that GHs make during cell wall
synthesis in plants versus the complete degradation of polysaccharides that occurs via
bacterial GHs (Henrissat et al., 2001). The GT1 CAZyme family was found to contain 116
potential members in A. thaliana, the largest of all the CAZymes (Henrissat et al., 2001). This
highlights the importance of this family in plant metabolite glycosylation, a regulatory

mechanism that is still not fully understood to this day (Caputi et al., 2012).

Comparative analysis between A. thaliana and O. sativa cell wall related genes in a
previous study have observed differences in the sizes of a few GH and GT gene families
between the two species (Yokoyama & Nishitani, 2004). Despite those few exceptions, the

gene family sizes of GHs and GTs between these evolutionarily distinct species, the monocot
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O. sativa and the dicot 4. thaliana, the GT and GH gene family size and diversity was well
conserved (Yokoyama & Nishitani, 2004). Differences in cell wall gene family diversity
between the two species were observed for a-fucosyltransferase genes, which were not found
in O. sativa, in concordance with the observation that O. sativa xyloglucan does not possess
fucosyl residues on the galactosyl side chains (Yokoyama & Nishitani, 2004). Thus
comparative genomic approaches to can confirm the differences in cell wall biology between

two divergent species, along with the striking similarities in core cell wall structure.

GT gene families have been analyzed in the genomes of species basal to the land
plants. In Selaginella moellendorffii, a basal vascular land plant, and Physomitrella patens, a
non-vascular land plant, the inventory of GTs was found to be similar to that of seed plants A.
thaliana and O. sativa (Harholt et al., 2012). The most distinct differences between the
lycophyte and bryophyte, and the seed plants was in the GT gene family sizes, with the basal
species having reduced family sizes in most cases (Harholt et al., 2012). Some GT family
members have been lost in the seed plant lineage, mainly GT51 and GT78, indicating
retention of ancestral genes in the basal species (Harholt et al., 2012). Comparisons in the cell
wall polysaccharides of the basal plant species and the seed plants showed similarities in
composition and differences in abundance, and the authors propose that the strategies for cell
wall formation between basal land plants and seed plants were different to optimize cell wall

architectures for each species using common genes (Harholt et al., 2012).

GHs in the grasses Brachypodium distachyon and Sorghum bicolor have been
analyzed and compared to each other and sequenced plant genomes to improve understanding
of GH function (Tyler et al., 2010). Analysis of GHs in grasses in addition to comparative
analysis with A. thaliana, P. trichocarpa and O. sativa showed that lineage specific
expansions/ contractions of specific GH families have occurred in GH families throughout

plant evolution. However, the families present in the five genomes analyzed comprised of the
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same 34 GH families (Tyler ef al., 2010). GH18 and GH19 domain families were analyzed as
they have a shared chitinolytic activity, but have very different sequence and structural
identity (Tyler et al., 2010). GH18 and GH19 domain families both contain genes that are
classified as pathogenesis related (PR) proteins, which are integral players in plant defense
strategies. The authors found expansions in eudicot class V chitinases in GH18 that are the
result of duplications in this lineage, however, class 1II GH18s were indistinguishable
between eudicots and monocots (Tyler et al., 2010). This, along with other data presented in
the analysis, indicates a shared evolutionary history of plant GHs with lineage-specific

functional diversification.

Geisler-Lee and colleagues performed the only comprehensive analysis of woody
perennial CAZymes in P. trichocarpa in 2006, soon after the release of the Populus genome
(Geisler-Lee et al., 2006). They found that P. trichocarpa had more CAZyme genes than 4.
thaliana or any other sequenced organisms with 1, 647 CAZyme genes, including expansins.
The authors noted the proportional increase in most P. trichocarpa CAZyme families
compared to A. thaliana in concordance with known genome-wide duplications in
P.trichocarpa (Djerbi et al., 2005; Geisler-Lee et al., 2006). The transcriptomes of A.
thaliana and P. trichocarpa in different tissues and developmental conditions were analyzed
using expressed sequence tag data. The analysis revealed that the wood forming tissues of P.
trichocarpa had a higher abundance and greater diversity of expressed CAZymes compared
to that of A. thaliana, leading the authors to highlight the role that CAZymes play in wood
formation. Amongst the differences they found in the transcriptomic comparison was that P.
trichocarpa also had greater frequency and diversity of expression of CAZymes related to
secondary metabolite glycosylation, which is indicative of a more sophisticated defense

arsenal (Geisler-Lee et al., 2006).
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1.4.7. CAZymes and cell wall evolution

Plant and algal cell walls have large lineage specific diversity that has arisen
throughout their evolution (Popper & Fry, 2004). The diversity in cell walls can be
related to the evolution CAZymes and the evolution of regulatory mechanisms,
especially after genome-wide duplications (Fangel et al., 2012; Rodgers-Melnick et
al., 2012). The conservation of core functionality of cell wall metabolic genes can be
seen in numerous examples from different plant lineages. The predicted proteins of
the unicellular Chlamydomonas reinhardtii and the multicellular Volvox carteri are
remarkably similar. The green algae diverged from the land plant lineage 725-1200
million years ago (Becker & Marin, 2009), and their cell walls are similar in the
composition of cellulose and hemicelluloses (Popper et al., 2011). The green algae are
non-vascular, so they do not possess the biosynthetic genes for lignin production
(Vanholme et al., 2010), which appeared first in the mosses (Weng & Chapple, 2010;
Delaux et al., 2012). Interestingly, the brown algae Ectocarpus siliculosis, which has
diverged considerably from the plant lineage, shares many CAZyme gene families
with plants, although the number of genes in each family is reduced compared to land
plants (Michel et al., 2010). E. siliculosis does however lack GT43 and GHI16

(XTHs), the genes necessary for xyloglucan synthesis (Popper et al., 2011).

The diversity of land plant cell wall polysaccharides is predominantly due to the
inherent heterogeneity of cell walls and the enzymatic mechanisms that produce them (Burton
et al., 2010). Between land plant lineages there is considerable diversity in polysaccharide
composition. Monocots contain less pectin and xylans in their cell walls than dicots do, and
they have more heteroxylans (glucuronoarabinoxylans), as well as mixed-linked glucans

(MLGQ) in the grasses specifically (Gibeaut & Carpita, 1994). The genes responsible for MLG
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production belong to the CslF and CslH (GT2) family of glycosyltransferases and is found
only in the grasses (Burton et al., 2006; Doblin et al., 2009). In terms of plant cell wall
diversity, an important example is the evolution of the secondary cell wall cellulose synthase
(CESA) genes. It has been hypothesized that genome-wide duplication and subsequent
tissue/organ specific specialization and transcriptional changes are responsible for the

diversity of gene families in the GT2 CESA gene family (Popper et al., 2011).

1.5. Eucalyptus

One of the major global concerns for the future is the need to acquire sources of renewable,
energy and bio-based materials. Scientists and policy makers have been looking to plantation
forestry as a source of lignocellulosic biomass as the alternative fuel of the future (Hinchee et
al., 2009). This is due to the fact that a considerable amount of research has already gone into
increasing the economic viability of woody plantation species in the past, as they are a major
renewable resource for many industries worldwide, such as the paper and pulp industry. Short
rotation woody, purpose grown tree species which can be harvested within 3 to 15 years are
the ideal biomass feedstock, as they can sustainably replace at least 30% of dependence on
fossil fuels according to a sustainability study done in the United States of America (Buford

& Neary, 2010).

In order to meet the requirements for lignocellulosic biomass to be a viable option as a
feedstock for these applications, the forestry industry needs to increase the annual yield of its
crop species. This can be done by cell wall modification to increase the extractability of
biopolymers in the present yield (Mansfield, 2009). The US Department of Energy project
that an annual yield of 8-10 tons/acre of dry mass will be needed to sustain renewable energy
production from forest plantations (Hinchee et al., 2009). There are several genetic strategies
that have been identified for achieving that aim. The first is traditional selective breeding,

where two parental strains with desired qualities are crossbred and superior progeny are
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selected and carried forward to the next generation, an extension of which is molecular
marker assisted breeding technology. The second is to modify existing genes to improve the
growth and productivity of the species, and the third is to add genes through genetic
transformation. All three methods have been utilized in different wood species with varying
degrees of success (for a recent review see Hinchee et al, 2009). The focus of our research is
the hardwood species Fucalyptus and how it compares to other crop species such as Populus
and Pinus in terms of its suitability as a crop species for bioethanol production and genetic
modification. The availability of newly sequenced plant species data has allowed for
comparative analyses to complement A. .thaliana as a model species for cell development
(Jansson & Douglas, 2007). With data from Populus (Tuskan et al., 2006) and Eucalyptus
(Mizrachi et al., 2010, Myburg et al.,, in revision) genome and transcriptome sequences
available, the genes responsible for xylogenesis can be studied in the appropriate manner,
aided by the extensive data collected by the Arabidopsis research community. A major
question that needs to be addressed with this data is how the genomic and transcriptomic
diversity of CAZyme domain containing proteins is linked to the woody habit. Is the genomic
frequency and diversity of CAZymes in woody plants different to those of non-woody plants,
or have woody plants utilized existing CAZymes to form wood via regulatory mechanisms

not found in non-woody plants?

Eucalyptus is a fast growing hardwood crop species, which is currently the most valuable
and widely planted fiber crop species (Grattapaglia & Kirst, 2008). The main advantages of
Eucalyptus and its hybrids as a plantation crop species in the forestry industry is fast rotation
time compared to Pinus species (Hinchee et al., 2009). Eucalypts are also more adaptable to
biotic and abiotic stressors than Populus, which is the current model genus for wood
development, and the first woody perennial genome sequenced (Jansson & Douglas, 2007).
Eucalyptus is an attractive genus in which to study CAZymes in a woody perennial for a

number of reasons. The genome of E. grandis has recently been sequenced, allowing for
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genome-wide identification and annotation of CAZymes in a woody plant genus with unique

wood producing properties (Myburg et al., 2011).

There is a large amount of transcriptome data available for E. grandis which allows for
more in depth analysis of the data generated from the genome, as genes coexpressed with
known secondary cell wall developmental genes can be identified (Myburg et al., 2010). This
coexpression data can be cross-referenced with the same data for Arabidopsis genes in
databases such as ATTED-II (atted.jp) (Obayashi et al., 2009) and Genevestigator
(www.genevestigator.com) (Zimmerman et al., 2004) for validation. Eucalyptus grandis x
Eucalyptus urophylla hybrid clones have recently been used to produce a high density genetic
map of eQTL’s in Eucalyptus (Myburg et al., unpublished), which in tandem with the
reference genome sequence will further aid the selection of candidate genes involved in

secondary cell wall biosynthesis.

1.6. Conclusion

The synthesis, modification and degradation of the plant secondary cell wall is an important
area of research due to the significance and potential impact this research has to industry
(Mansfield, 2009; Hinchee et al., 2009) (www.esa.org/biofuelsreports/). By proper utilization
of in silico comparative genomics for analyzing predicted proteins that putatively modify cell
wall polysaccharides, target proteins for biochemical analysis can be effectively selected. Due
to the modular nature of the carbohydrate active enzymes that modify cell wall
polysaccharides, the known CAZyme domains present in the gene models and transcriptomes
of xylogenic tissue can be identified. The identification of known CAZyme domain
containing genes in a newly sequenced genome not only aids annotation efforts, but may also
lead to interesting biotechnology applications in terms of the identification of lineage- and
species- specific CAZymes and novel SCW biosynthetic genes. Analysis of the literature

shows that there are questions as to what the contribution of CAZyme domain frequency and
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diversity across plant genomes is to the physiochemical properties of plant cell wall
polysaccharides. This study aims to address these questions by analyzing the genomic
frequency and diversity of CAZyme domains across twenty-two phylogenetically diverse
plant species. Furthermore, the expression investment of CAZyme domains in woody and
non-woody tissues in two distinct woody genera, Eucalyptus and Populus, will be compared
to identify the patterns of CAZyme domain expression that define xylogenic tissue. This
study will aid in expanding the understanding of the evolution of the woody habit by
analyzing the enzymatic building blocks that synthesize, degrade and modify plant cell wall

polysaccharides.
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2.1. Summary

* Previous studies have suggested that the woody perennial Populus trichocarpa has greater
Carbohydrate Active enZyme (CAZyme) diversity and expression in carbohydrate
metabolism than the herbaceous annual Arabidopsis thaliana. A comprehensive study of
CAZymes across more plant species, including a second woody perennial, Eucalyptus
grandis is now possible.

* We investigated the genome-wide frequency of CAZyme domain families in plant species
available on Phytozome. In addition, the diversity of CAZyme domains was analyzed for
certain sequenced monocots, dicots and algae. Expressed CAZymes across six tissues in E.
grandis were analyzed and the xylem and leaf CAZyme expression profiles in E. grandis and
P. trichocarpa were compared.

* The relative abundance of CAZyme domains within plant species were similar, as was the
diversity of CAZyme domain families in land plants, indicating that the retention of a basic
suite of CAZymes is a feature of land plant evolution. Of the 2,542 predicted CAZyme
domain-containing proteins in E. grandis, those related to cell wall biopolymer synthesis and
cellular signaling showed higher expression in the immature xylem, a pattern that is
conserved in P. trichocarpa xylem.

» Our results suggest that genomic potential to metabolize carbohydrates is similar among
land plants. The expression level of cell wall biosynthetic CAZyme domain families within
different tissues is what allows secondary cell wall biopolymers to be deposited in large

amounts in woody perennials E. grandis and P. trichocarpa.
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2.2. Introduction

Carbohydrate metabolism in plants is responsible for a diverse array of products involved in
energy metabolism, signaling, defense and cell wall structure (Coutinho et al., 2003) as well
carbohydrate-related post-translational modifications (Wilson, 2002). Carbohydrate
biopolymers in the secondary cell walls (SCWs) of fiber cells form the bulk of woody
biomass, a valuable natural resource with a variety of industrial applications, including
potential for biofuel production (Grattapaglia et al., 2009; Hinchee et al., 2009). The vessel
and fiber cells in angiosperm wood have large amounts of cellulose, hemicellulose and lignin
in their SCWs (Plomion et al., 2001; Cosgrove, 2005). Cellulose and hemicelluloses are
synthesized, modified, and degraded by Carbohydrate Active enZymes (CAZymes), a group
comprising of modular protein domains that are ubiquitous across all living organisms
(Hansen et al. 2010; Cantarel et al. 2009; Henrissat & Davies 2000). CAZymes have been
classified into four classes of enzymatic domains, namely glycosyl transferases (GTs),
glycoside hydrolases (GHs), polysaccharide lyases (PLs) and carbohydrate esterases (CEs)
(Henrissat & Davies 1997; Henrissat & Davies 2000) as well as the non-enzymatic class of
carbohydrate-binding modules (CBMs) (Henrissat et al. 2001; van Tilbeurgh et al. 1986).
Currently, the five CAZyme classes are collected and organized into families based on amino

acid sequence similarity in the CAZy database (http://www.cazy.org/) (Cantarel et al., 2009).

GTs catalyze glycosyl bonds between a donor sugar substrate and another molecule,
typically another sugar (Lairson ef al., 2008). Along with defense, signaling and storage
carbohydrate biosynthesis, plant GTs are responsible for the production of cellulose (GT2
domain family- CESA gene superfamily) (Dhugga, 2001) and hemicelluloses (GT2, GTS, 43,
47, and 61 families, among others) (Djerbi et al., 2005; Lee et al., 2009; Li et al., 2011;
Serapiglia et al., 2011; Chiniquy ef al., 2012; Dhugga, 2012). GH domains hydrolyze the

glycosyl bonds between sugars in carbohydrate biopolymers (Henrissat & Davies 2000). They
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play an important role in the modification of biopolymers to be introduced into the cell wall,
as well as abscission and dehiscence (Minic, 2008). PLs are implicated in non-hydrolytic
cleavage of activated glycosidic bonds in pectin modification and degradation (Linhardt ef al.,
1986; Garron & Cygler, 2010). CEs de-acetylate polysaccharide side-chains, and are thought
to modify the ability of hemicellulose to cross-link with lignin (Cantarel et al., 2009; Tsai et
al., 2012). CBMs facilitate specific binding to different carbohydrate biopolymers, allowing
for the precise modification of these biopolymers by enzymatic domains as they are added to
the cell wall (Boraston ef al., 2004; Hervé et al., 2010). Due to their ability to disrupt the
secondary cell wall network by binding to cell wall polymers, CBMs have been used in
industry to increase the efficiency of cell wall degradation during the pulping process (Levy

& Shoseyov, 2002).

Previous studies have shown that the genome of P. trichocarpa has a higher
frequency and diversity of CAZyme genes than that of 4. thaliana (Geisler-Lee et al., 2006),
which in 2001, had the most CAZymes in its genome compared to sequenced fungi and
bacteria (Henrissat et al., 2001). Furthermore, the CAZymes expressed in wood forming
tissues of P. trichocarpa, specifically those involved in cellulose and hemicellulose
biosynthesis, were more abundant and diverse than those in non-wood forming tissue such as
the young leaves (Geisler-Lee et al., 2006). Based on these findings, the authors noted the

importance of CAZymes to the woody habit.

Protein domains, as the functional and evolutionary building blocks of plant proteins,
are informative of the functional capacity of the genome (Nasir et al., 2011; Kersting et al.,

2012). A recently published database of CAZyme domains, dbCAN (http://csbl.bmb.uga.edu-

/dbCANdev/index.php) (Yin et al. 2012), can be utilized to identify the frequency and

diversity of CAZyme domains in plant genomes available on Phytozome

(http://www.phytozome.net/). dbCAN utilizes Hidden Markov Models (HMMs), based on the
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seminal CAZyme family sequence data available (www.cazy.org), to accurately and
reproducibly identify CAZyme domains (Yin er al, 2012). Using the dbCAN database,
protein coding genes containing CAZyme domains in plant species can be compared to
analyze their CAZyme domain repertoire. In this study, twenty plant and two algal species
(grouped together and hereafter referred to as twenty-two plant species) available from

Phytozome v8.0 (http://www.phytozome.net/) with well annotated genes and domains (Dr A.

Kersting, personal communication) were chosen to represent the diversity of Viridiplantae

leading to the angiosperm lineage and wood-forming plant species.

With the availability of the genome of a second hardwood species, that of E. grandis,
along with mRNA-Seq data for E. grandis and P. trichocarpa (Myburg et al., 2011, Mizrachi
et al., 2010) (https://eucgenie.bi.up.ac.za/), we aimed to characterize the CAZyme domain
frequency and diversity in plant species, and their expression levels in P. trichocarpa and E.
grandis woody and non-woody tissues. By comparing the xylem and leaf transcriptomes of E.
grandis and P. trichocarpa, we could identify the common expressed CAZyme repertoires
involved in carbohydrate metabolism in wood forming tissues of two evolutionary divergent
tree genera. Specifically, we asked: Does the frequency and diversity of CAZyme domains
between plants reflect their evolution and developmental complexity? Is the expression of
CAZyme domains related to wood formation in E. grandis and P. trichocarpa? We
hypothesized that expression investment of CAZyme domain-containing genes expressed in
the developing xylem would be higher than in non-xylogenic tissue as a reflection of focused
carbohydrate metabolism in this sink tissue. This study is the most comprehensive analysis of
genomic and expressed CAZyme domains in plant species, with a focus on the newly
sequenced E. grandis genome. The identification of CAZyme domains involved in wood
formation will aid the identification of target genes for increasing yield, and modifying

carbohydrate structure and composition in trees for industrial purposes.
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2.3. Materials and Methods

2.3.1. Genome-wide analysis of CAZyme domains in plant species
All CAZyme domains for twenty two plant species (Table 2.1) in Phytozome v8.0

(www.phytozome.net) available on dbCAN were obtained from the dbCAN database

(http://csbl.bmb.uga.edu/dbCAN/) (Yin et al., 2012). The plant species examined for the
genome-wide analysis of CAZyme domains were chosen in order to encompass the
Viriplantae lineage (see Table 2.1 for all species and abreviations), including Chlorophyta (in
cluding only C. reinhardtii and V. carteri), Embryophyta, encompassing P. patens onwards,
Tracheophyta, encompassing S. moellendorffii onwards and monocot and dicot

representatives of the Magniliophyta.

Analysis was performed using custom Python scripts (Python v2.6, Additional file

2.5 and Additional file 2.6) and Galaxy text manipulation tools (http://galaxyproject.org).

Python is a programming language (Lutz, 2008) used in this study to write and execute
custom scripts to rapidly, reproducibly and accurately analyze large tables of data. The
primary applications of these scripts included basic data manipulation of the text files
obtained from the dbCAN database, firstly extracting all the CAZyme domains present in
each genome and collating them by domain family, and secondly, counting all the CAZyme
domains in each family per genome. These collated and counted values of domain frequency
per CAZyme domain family per genome were analyzed further in Excel. We classified three
parameters, namely i. Frequency- the absolute numbers and relative frequencies of annotated
genes within each of the five CAZyme domain classes, and the families assigned to these
classes in the genomes of all twenty-two species, ii. Diversity- the number and type of
individual CAZyme domain families within and between species and iii. Complexity-

occurance, frequency and diversity of CAZyme domains within annotated genes. Covariance
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analysis to determine within and between species CAZyme domain class relative frequency

variation was done using SAS v9.3 (Statistical Analysis Software- SAS Institute Inc.).

Diversity of CAZyme domains were analyzed by grouping and counting all the
individual domains present in each genome (including each domain in multidomain proteins)
into their families based on dbCAN annotations. Complexity analysis was performed on a
subset of ten species representing major lineages of land plant evolution (Table 2.1). The
analysis of CAZyme domain complexity with annotated genes in each genome involved
identifying all annotated genes that contained multiple CAZyme domains. Firstly, the number
of annotated domains per gene in each of the ten genomes was calculated and visualized in
Excel. Secondly, all genes containing multiple annotated CAZyme domains were separated
based on whether they consisted soley of repeat CAZyme domains, or contained unique
CAZyme domain families. These two different categories of multiple CAZyme domain
containing annotated genes were then analyzed either by the frequency of the domain repeats,
or by the combinations of unique domains they contained, and subsequently compared across

species.

2.3.2. Gene expression analysis of CAZyme-coding genes in E. grandis and P. trichocarpa
In previous studies, next generation deep mRNA-sequencing using the Illumina platform was
used to quantify the genome-wide expression in the transcriptomes of multiple tissues in E.
grandis and P. trichocharpa (Hefer et al., 2011, Hefer et al., in preparation; Myburg et al.,

2011; https://eucgenie.bi.up.ac.za/). Genome-wide transcriptome data for six tissues in E.

grandis from Dr. C. Hefer was obtained for analysis of the transcript abundance and tissue

specificity of all expressed genes (https://eucgenie.bi.up.ac.za/). The tissues analyzed in this
study were: Young leaves, mature leaves, immature xylem, phoem, shoot tips, and flowers of

E. grandis (Hefer et al., 2011; https://eucgenie.bi.up.ac.za/), as well as young leaves and

immature xylem of P. trichocarpa (Hefer et al., in preparation). The expression levels of
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every gene in each tissue/organ were averaged across three biological replicates, and filtered
for genes containing CAZyme domains in E. grandis and P. trichocarpa from the dbCAN

database (http://csbl.bmb.uga.edu/dbCAN/) for further analysis.

The transcript abundance of genes from mRNA-Seq can be quantified as Fragments
Per Kilobase of exon per Million fragments mapped (FPKM) (Trapnell et al., 2009). FPKM
parameters K and M are optimized to individual experiments in the software used to assemble

the transcriptome, in this case Cufflinks (http://cufflinks.cbcb.umd.edu), was used (for more

detail, refer to Trapnell et al., 2009). was used to infer the investment of expression of
CAZyme domain families in each tissue. This was done by adding up the total transcript
abundance for all genes in each CAZyme domain family and comparing that total to the
FPKM expression investment values for the other tissues, using Excel for numerical
comparisons and visualization. When calculating total expression investment of domain
families, genes annotated with multiple CAZyme domain families were treated differently: If
the gene was annotated as consisting soley of repeats of the same CAZyme domain, the total
transcript abundance of the entire gene was added once to the CAZyme domain family total
transcript abundance. Therefore repeat domains of the same CAZyme family were ignored
when calculating CAZyme domain family specific transcript abundance. If the gene was
annotated as having multiple domains from different CAZyme domain families, the transcript
abundance of that gene was added seperately to each domain family once. For example, a
gene annotated as having domains “X-X-Y”, would have the FPKM value of the gene added
once to “family X expression investment total”, and once to “family Y expression investment

total”.
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2.4. Results

2.4.1. Genome-wide analysis of CAZyme classes in plants

To determine the CAZyme domain content of twenty-two plant species that have been
annotated in dbCAN from Phytozome, we examined the number of genes containing CAZyme
domains and the frequency of CAZyme domains in these genes within each plant genome
(Table 2.1). The frequencies of the five CAZyme domain classes were compared to give
insight into the evolution of CAZyme genes in these plants. The average frequency of
CAZyme domains is highest in dicot genomes (2,230) and lowest in the green algal lineages

considered (693).

The absolute frequency of genes from each CAZyme class per genome shows that seed
producing plants (except Carica papaya- 1, 341 CAZyme domains) have more CAZyme
containing genes and CAZyme domains than non-seed organisms such as the bryophyte
Physcomitrella patens (1, 519 CAZyme domains) and the lycophyte Selaginella moellendorffii
(1, 476 CAZyme domains) and almost double that of the green algae species Volvox carteri
and Chlamydomonas reinhardtii (654 and 731 CAZyme domains respectively) (Figure 2.1a.,
Table 2.1). However, the absolute frequencies of these genes in angiosperms can be deceptive,
as some plant genomes have undergone whole genome duplications (WGD) and experienced
extensive gene loss in the past (Freeling, 2009; Proost et al., 2011). The absolute gene
frequency may reflect the age of the genome since the last WGD and the rate of gene loss in
the lineage, as well as other mechanisms such as tandem gene duplication (Maere et al., 2005;

Freeling, 2009; Proost et al., 2011).

Although the absolute frequencies of CAZy domains vary between plant genomes, the
proportions of the five functional classes of CAZymes are remarkably similar between species
(Figure 2.1 a. and b). Coefficient of variance analysis was performed to determine if the ratios

of CAZyme classes between monocots, eudicots, lycophytes and bryophytes, and green algae
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varied significantly. For all CAZyme domain classes except PLs, the variance between the
frequency ratios in the land plant (excluding the green algae) classes is negligible
(Supplementary table 2.1). In land plants, GTs comprise roughly 40% of the CAZyme domain
content in the genome, with GHs having a relative frequency of 30%. CEs, CBMs, and PLs
have relative frequencies of 18, 10 and 2 percent respectively. In contrast, the green algae have
frequency ratios of 57% for GTs, 14.5% for GHs, 0.5% for PLs, 10% for CEs and 17% for

CBMs.
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Figure 2.1 Absolute and relative frequency of CAZyme domain class frequency across twenty-two
plant species. (a) Absolute frequency of CAZyme domains in five classes across twenty-two plant
species. Plant species are on the y-axis, and the absolute frequency of CAZyme domains within all
CAZyme genes is shown on the x- axis. The glycosyl transferase (GT) domain class is represented in blue,
glycosyl hydrolase (GH) domain class in red, polysaccharide lyase (PL) domain class in green,
carbohydrate esterase (CE) domain class in purple and carbohydrate binding module (CBM) domain class
in light blue. (b) Relative frequency of CAZyme domain classes in twenty-two plant species. The relative
frequency of carbohydrate active enzyme (CAZyme) domain classes in CAZyme genes, as a percentage,
is shown on the x-axis. The species of plant is shown on the y-axis. For species abbreviation, refer to
Table 2.1.
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2.4.2. Genome-wide comparison of CAZy domain diversity and complexity

Next, we asked what the diversity of CAZyme families within each class was between plant
species. The objectives for this part of the study were to analyze the CAZyme domain families
within each broader functional class present in each genome to determine whether the presence
of unique domains families contributed to the organismal complexity of seed producing
vascular plants. All twenty-two species from the previous analysis were analyzed to determine
the diversity of the domain families present in each species (Additional file 2.1). There are 231
different CAZyme domains present across the plant lineages analyzed (72 GT, 92 GH, 13 PL,
16 CE and 38 CBM families). R. communis (157) has a greater diversity of CAZyme domain
families in its genome than any of the other species, followed by P. patens (148). There are 15
domain families that are unique to R. communis compared to the other 21 species analyzed,

including 7 GHs, 3 CBMs, 3 GTs and 2 PLs (Additional file 2.1)

There are no unique domains in A. thaliana (Additional file 2.1), and there were no
domains that were unique to the two woody perennials, E. grandis and P. trichocarpa
compared to the other plant species analyzed. Of the 233 CAZyme domain families found
across all 22 species, 65 are common to all, leaving 166 that are not present in all. The 166
domain families show varying levels of presence/absence between genomes that is more at the
species-specific level rather than at the lineage specific level (Additional file 2.1). Of these,
108 (46% of total, 65% of domain families that are not ubiquitous) are not present in the green
algae, Chlamydomonas reinhardtii and Volvox carteri (Additional file 2.1). CBM16, which
binds cellulose and glucomannan, is only detected in vascular plants in the twenty-two species

analyzed, but is also found in Archaea and Bacteria (http://www.cazy.org/CBM16.html).

The distribution of CAZy domain-containing multi-domain proteins in ten
representative land plant species (five dicots, three monocots, lycophyte and bryophytes)

followed the power law of gene complexity and gene number (Tordai et al, 2005)
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(Supplementary figure 2.1). The composition of complex CAZyme proteins was considered in
terms of whether they consisted solely of repeat domains, or of combinations of different
domains. CAZyme proteins containing repeat domains were found in all 10 genomes,
representing the majority of complex proteins considered (60% of complex CAZyme proteins
are repeats of a single domain) (Additional file 2.3). All CAZy domain-containing proteins that
have five or more domains in all examined species contain GT41 domains, which are involved

in glycan biosynthesis and signaling (Martinez-Fleites et al., 2010; Breton et al., 2012).

Annotated genes containing more than one CAZyme domain family show lineage
specific combinations across the ten plant genomes analyzed. Supplementary figure 2.2 is a
Venn diagram depicting the CAZyme domain family combinations that occur within the same
annotated genes in the five eudicots studied. Of these, 15 CAZyme domain combinations are
common to all five eudicots, as shown in the central over-lapping region of Supplementary
figure 2.2. Glycine max has the most unique combinations between the eudicots at six (shown
in pink on the figure), with P. trichocarpa, E. grandis and V. vinifera having two unique
CAZyme domain family combinations each (shown in blue, yellow and green respectively).. 4.
thaliana has only one unique CAZyme domain family combination compared to the other five
eudicots (shown in beige on Supplementary figure 2.2). Of the 28 CAZyme domain
combinations that occur in E. grandis, the six that have genomic frequency >10 are: CBM43-
GH17 (38), GH28-GHS55 (21), CBM18-GH19 (16), CBM22-GH10 (16), CE1-CE10 (12) and
CE1-CE7 (12) (Additional file 2.4). It is interesting to note that in E. grandis, CE domains
only occur in combination with other CEs, and PLs are only found as repeats, never in
combination. CBMs in combination are thought to act as enhancers and mediators of the
enzymatic action of their appended domains. In the E. grandis dataset, this cooperative
relationship is evident in the activity of the enzymatic domain and the specificity of the
attached CBM. CBM43 protein domains bind to B-1,3-glucan, and the complementary GH17

protein domain is a B-1,3-endoglucanase (http://www.cazy.org/CBM43.html,

http://www.cazy.org/GH17.html), similarly, the binding specificity of CBM22 is to xylan and
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GHI10 is a xylanase. Combinations with CBM domains are prevalent in the E. grandis genome,
with CBM domain- enzymatic CAZyme domain combinations accounting for 11 of the 28

combinations.

2.4.3. Expression of CAZyme domain containing genes in E. grandis

mRNA-Seq expression profiling across six tissues in E. grandis showed that of the 2, 542
CAZyme domain containing genes in the E. grandis genome, 80.5% (2, 044) are expressed in
at least one tissue (Additional file 2.2). The proportion of transcript abundance for each
CAZyme domain class is very similar across tissues (Figure 2.2), although the expression of
GH and GT domain classes are proportionally higher in the immature xylem. GTs constitute
44.5% of expression investment of CAZyme domain containing genes in the immature xylem
vs. 35.9% in the young leaf, similarly, GHs account for 39.8% of transcript abundance of
CAZyme domain containing genes in the immature xylem and 29.7% in the young leaf (Figure
2.2). CE domain family expression is proportionally lower in the phloem and immature xylem
compared to the young leaf, mature leaf, flowers and shoot tips, making up 7% of the total
CAZyme expression investment in the immature xylem and 20.3% in the young leaf. Variation

at the level of individual CAZyme domain families was observed, and is discussed below.
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Figure 2.2 Total gene expression levels of five CAZyme domain classes across six tissues in E.
grandis. The y-axis represents the mRNA-Seq expression data in FPKM, and the x-axis the tissue type

analyzed. The average expression data in FPKM for each gene can be found in Additional data file 2.2.

The majority of GT domain families show fairly low levels of ubiquitous expression
across six tissues in E. grandis tissues (Figure 2.3). Of the forty-seven GT domain families
present in the E. grandis genome, eleven GT families are not expressed at the same level in all
tissues. Together, the eleven families that have differential investment across tissues contribute
81% of the total average expression of GTs across all six tissues. GT1, GT2, GT4, GTS,
GT14, GT31, GT41, GT43, GT47, GT65 and GT68 have total tissue specific expression
investment that differs between tissue types (Figure 2.3). Of these, all except GT1 have greater
expression investment in the immature xylem than in the other five tissues. GT41 has the
highest expression investment across all tissues (Figure 2.3). GT41 proteins often contain
repeats of the GT41 domain, and in E. grandis the gene Eucgr.L00641 contains 7 GT41
repeats and has the highest expression of all GT41 containing proteins at >6 million FPKM in
the xylem (Additional file 2.2). The GT41 domain occurs 241 times in the E. grandis genome,

of which 120 genes containing this domain are expressed in at least one tissue. In comparison,
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GT1 occurs 511 times in the genome, of which 332 are expressed in at least one tissue and has
lower expression investment in the immature xylem compared to the other five tissues
analyzed. Thus GT1 domains are more prevalent in the genome, and more genes containing
this domain are expressed, but the magnitude of expression of these genes is considerably

lower than the less abundant GT41 domain-containing genes.
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GH domain family expression investment across six tissues in FE.grandis
(Supplementary figure 2.3) showed that three GH domain families (GH9, GH16 and GH19)
have relatively high levels of expression in different tissues. GH16 domain containing genes
are highly expressed in the immature xylem and phloem, and GH19 domain containing genes
are highly expressed in the immature xylem and shoot tips. The GH16 domain family is
present in the xyloglucan endotransglycosylase/transferase (XTH) gene family, which can be
involved in side chain hydrolysis or side chain rearrangement without hydrolysis (EkI6f ef al.,
2013). GH9 domain families are highly expressed in the immature xylem compared to the
other tissues, the overall higher expression investment in the immature xylem is due to fewer
genes (18) being expressed at higher levels than in the other tissues, similar to the GT41
domain containing genes (Supplementary figure 2.3, Additional file 2.2). The most highly
expressed CAZyme gene in E. grandis xylem is a GH19 family gene, Eucgr.H04034 at
1,01E+08 FPKM (Additional file 1- Table 4). The A. thaliana ortholog AT3G16920.1 is a
chitinase-like (C7TL2) gene which is known to be involved in cellulose synthesis (Sanchez-

Rodriguez et al., 2012).

PL families have very few CAZyme domain families (13) across all species,
including the four expressed in E. grandis. The expression investment of PL. domain families
across six tissues in E. grandis shows that all four PL domain families are expressed at
diverse levels in all tissues (Figure 2.3, Supplementary figure 2.4). PL1 and PL10 show high
expression investment in the flowers compared to the other four tissues. There are no PL
families that show high expression in woody tissues compared to non-woody tissues. CEs
show interesting expression investment across six tissues in E. grandis in that they are
expressed fairly ubiquitously in the same level across all tissues (Supplementary figure 2.5),
leading to their lower proportional expression investment level in the immature xylem

compared to GT and GH expression investment. Of the 12 CE domain families that are
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expressed in the E. grandis genome, the exception to this pattern is CE16, which has low
relative expression in the immature xylem and phloem, despite having the highest level of
expression investment across the remaining four tissues. CE16 domain-containing genes are
acetyl xylan esterases, which de-acetylate preferentially at the O-3 and O-4 positions of the

backbone xylopyranosyl residues (Pawar et al., 2013).

Most CBM domain families do not show tissue specific expression investment, they
are expressed at the same (relative) level in 3 or more tissues (Supplementary figure 2.6).
There are two exceptions to this expression pattern: CBM18, which is highly expressed in
young leaf and shoot tips compared to the other four tissues, and CBM22, which is highly
expressed in the immature xylem compared to the other five tissues. CBM18 has the highest
expression investment in young leaf of all the CBM domains expressed in E. grandis. CBM57
has the highest expression investment of all the CBM domains expressed in the mature leaf,
immature xylem and the shoot tips, while CBM43 has the highest expression investment in
the flowers and phloem. CBM43 and CBM57 together contribute 51% of the total average

expression investment out of 17 CBM domain families in all tissues.

2.4.4. Comparative expression investment of CAZyme domains in E. grandis and P.
trichocarpa

To analyze the expression investment of CAZyme domain families in two divergent tree
species, we compared the transcript abundance of CAZyme domain families in xylem and
leaf tissues of E. grandis and P. trichocarpa (Additional file 2.2, Hefer et al., 2011; Hefer et
al., in prep). The pattern of CAZyme family expression was said to be similar if the
expression level of the genes containing that CAZyme domain family was comparatively
higher or lower between the two tissue types in both species. i.e. if the E. grandis expression
level for GTX is visibly higher/lower in the xylem than in the leaf, and the P. trichocarpa
expression level for GTX is also visibly higher/lower in the xylem than in the leaf, the

expression pattern was said to be the same. The absolute transcript abundance in FPKM
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cannot be directly compared between these analyses as the experiments were conducted
independently, with gene length (K) and sequence depth (M) parameters normalized within

the individual transcriptomes for each species (Charles Hefer, personal correspondence).

For the GT family of CAZyme genes, the expression pattern is similar in E. grandis
and P. trichocarpa. The majority of GT domain families are expressed at a low level in E.
grandis and P. trichocarpa xylem and leaf tissue, which indicates that they are involved in
other aspects of carbohydrate metabolism, rather than cell wall biosynthesis (Figure 2.4). GT1
family shows higher expression investment in the leaf tissue as opposed to the xylem tissue in
both E. grandis and P. trichocarpa. The GT domain families identified in this study as having
higher expression investment in the immature xylem compared to the other five tissues in E.
grandis (Figure 2.3) show greater expression investment in both E. grandis and P.
trichocarpa xylem compared to leaf (Figure 2.4). These mainly include the domain families
that have been implicated in cellulose and hemicellulose biosynthesis, namely GT2, GT4,
GTS8, GT14, GT31, GT43, GT47, GT65 and GT68. The conservation of these expression
investment patterns between xylogenic and non-xylogenic tissues of divergent species

indicates a conserved mechanism for cell wall biosynthesis at a functional domain level.
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Figure 2.4 Total gene expression levels of GT domain families in E. grandis and P. trichocarpa
xylem and leaf tissues. (a) Expression level per glycosyl transferase (GT) family in E. grandis in
xylem and leaf tissues. The y-axis shows the transcript abundance in FPKM, the x-axis shows the GT
family with xylem in brown, and leaf in green. (b) GT domain family (x-axis) expression level for P.

trichocarpa xylem and leaf tissues in FPKM (y-axis).
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The expression pattern of GH domains in E. grandis and P. trichocarpa is similar for
most of the GH domain families (Supplementary figure 2.7). GH4 family is not expressed in
the E. grandis tissues studied, including the xylem, while it is expressed at relatively low
levels in the xylem and leaf tissue of P. trichocarpa. Furthermore, GH57, 62 and 80 are not
expressed in P. trichocarpa xylem and leaf, while they are expressed at low levels in E.
grandis. GHs that are expressed at low levels in one species and not in the other may be
involved in specific defense or response to abiotic factors, and are thus not captured in a
tissue transcriptome of either species. As with E. grandis, the most highly expressed CAZyme
in the immature xylem of P. trichocarpa is a CTL2 homolog, POPTR 0010s15150

(Additional file 1- Table 3).

For PL family expression between E. grandis and P. trichocarpa xylem and leaf
tissue (Supplementary figure 2.8), PL1 has a higher expression investment in the xylem as
compared to the leaf in both species, with X:L ratios of 1.9 and 7.1 in E. grandis and P.
trichocarpa respectively. The same four PL domain families are present in the genome and
expressed in both E. grandis and P. trichocarpa. The CE domain family shows variable
expression investment patterns between xylem and leaf tissues for E. grandis and P.
trichocarpa (Supplementary figure 2.9). CE2, 3 and 5 are not expressed in E. grandis and are
expressed at relatively low levels in P. trichocarpa xylem and leaf. CE15 is expressed in E.
grandis and not in P. trichocarpa. The CE8 domain family contains pectin methylesterase
genes (Jolie et al., 2010), and is more highly expressed in P. trichocarpa xylem than in the
leaf, while E. grandis shows the opposite trend (Supplementary figure 2.9). CE16 has the
highest expression investment in the leaf tissue of all the CE domain families expressed in
both species. CBMs show different expression investment patterns between P. trichocarpa
and E. grandis xylem and leaf tissues in a number of families (Supplementary figure 2.10).
CBM18 shows the highest expression investment in the leaf of all the CBMs expressed in E.
grandis xylem and leaf, while CBM57 has the highest expression level in xylem compared to

the expressed CBMs in E. grandis xylem and leaf. In P. trichocarpa, CBM47 shows the
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highest expression in both xylem and leaf of all the CBM domain families expressed

(Supplementary figure 2.10 a and b).

2.5. Discussion

We find that the genomic content of CAZyme domains in evolutionary diverse plant genomes
is conserved with respect to the ratios of GTs, GHs, CEs, PLs and CBMs, although the
absolute frequencies vary (Figure 2.1). This result is surprising in that our hypothesis, based
on previous findings (Geisler-Lee et al., 2006), was that woody perennials would have a
larger proportion of GTs for the carbohydrate metabolism needed for wood production. The
reality is that the land plants analyzed show a genomic ratio of 40:30 percent of GTs to GHs,
regardless of their relative investment in different types of carbohydrate metabolism. This
result is explained when the literature regarding functional domain conservation across
species is examined. A study that compared the main functional domain classes across
thousands of species across all forms of life found that the ratio of functional domain classes
was highly conserved, indicating that the integrity of cellular functionality is maintained by a

ratio of functional domains within each organism (Nasir et al., 2011).

Importantly, when considering the maintenance of the ratios of the different CAZyme
classes within the genomes between plant species, we observe that the ratio of functional
enzymatic domains is maintained, despite high levels of tandem and segmental duplications
in plant genomes due to the gene dosage balance model (Veitia ef al., 2008; De Smet & Van
de Peer, 2012).The retention of duplicated genes after polyploidization or tandem duplication
is based on the position of the protein product of that gene within a network where the
interaction of proteins is dosage sensitive. Genes within large biochemical networks where
stoichiometry needs to be maintained are rarely retained if they do not undergo
neofunctionalization or become pseudogenes (Arrigo & Barker, 2012). As CAZymes
involved in polysaccharide biosynthesis form parts of complex interacting networks that

control the carbon flux within plants, encompassing primary and secondary metabolic
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networks, gene dosage is a likely explanation for the maintenance of functional CAZyme

domain class ratios.

The genome of Glycine max has undergone multiple WGD events, and as such almost
75% of genes in this species are duplicated (Schmutz et al,. 2010). The large amount of
recently duplicated genes in G. max (Cannon & Shoemaker, 2012) is the likely reason why it
has 2839 CAZyme containing genes, compared to the average of 1784 CAZyme genes in
angiosperm genomes. There is evidence of a correlation between the number of genes in a
genome and the number of CAZyme domain containing genes (specifically GHs and GTs)
(Coutinho et al., 2003), which is supported by the results obtained in this study, the number of
CAZyme containing genes per total number of genes in the genome of angiosperms is

between 4% and 9% (Table 2.1).

From examining the presence of unique domains in the sequenced genomes of
twenty-two plant species, we can conclude that the genomic potential to metabolize
carbohydrates to form wood is apparently not associated with to the emergence of unique
CAZyme domain families (Kersting et al., in preparation). The fact that P. patens, despite
having a relatively low amount of CAZyme genes, has a larger diversity of CAZyme domains
in its genome than vascular plant species, indicates that primary and secondary cell wall
metabolism utilizes a standard set of CAZyme domains between different tissue types in land
plant species. The proportionally higher frequency of GT domains in the green algal genomes
compared to GH, PL and CE domains reflects the minimal need of non-vascular green algae
to modify cell wall biopolymers after synthesis compared to land plants (Popper ef al., 2011;
Leliaert et al., 2012). Within woody species, the existing CAZyme domain family diversity of
vascular plants may contribute to wood formation via unique combinations and regulatory
mechanisms of ancestral domains within the genomic and transcriptomic context. We have
found that unique combinations of CAZyme domains does not differentiate woody plants

from non-woody plants, as the majority of the types of combinations that CAZymes make in
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complex proteins are common between lineages, with low promiscuity of domains
(Additional file 2.4). This result is expected as protein domain promiscuity has been found to
be highest in proteins involved in protein-protein interactions and chromatin and ubiquitin

signaling (Basu et al., 2008).

An evolutionary mechanism that may have played an important role in the emergence
of wood development is the sub-functionalization of CAZyme domains after WGD. A study
by Yokoyama (2010), suggests that vascular plants and bryophytes have undergone
independent diversification of ancestral gene families. The study examined the frequency and
diversity of the GH class xyloglucan endo-transglycosylase/hydrolase (XTH) genes in P.
patens compared to A. thaliana and O. sativa. They found that P. patens had similar diversity
and frequency of XTHs compared to the angiosperms, although further biochemical analysis
uncovered functional diversity between bryophyte specific XTHs compared to angiosperm
XTHs (Yokoyama et al., 2010). The bryophyte XTHs demonstrated distinct spatial and
temporal distribution patterns and different hormone responsiveness compared to those in
angiosperms (Yokoyama et al., 2010), highlighting the importance of understanding the
functional differences in CAZyme families that have diverged between lineages in response
to unique evolutionary pressures. Another interesting example of this maintenance of cell
wall biosynthetic mechanisms can be seen in the green algae, where the multicellular V.
carteri and the unicellular C. reinhardtii share similar domains and domain combinations,

including those for cell wall biosynthesis (Prochnik et al., 2010).

PL domain family diversity was shown to be highly variable across plant species,
with E. grandis, P. trichocarpa and S. bicolor having the same four PL families present in
their genomes (Additional file 2.1), all of which were expressed in P. trichocarpa and E.
grandis. The PL families cannot be clustered by their presence or absence across plant
evolution or their frequency within those genomes. Of the four PL families expressed in E.

grandis and P. trichocarpa, PL1 is a pectin lyase that is known to be highly expressed in
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wood development in Populus and Fucalyptus (Mellerowicz & Sundberg, 2008; Goulao et
al., 2011) (Supplementary figure 2.8). This expression is likely related to primary cell wall
pectin remodeling (Palin & Geitmann, 2012), rather than SCW deposition, as SCWs are

known to have less pectin than PCWs (Ishii, 1997; Cosgrove & Jarvis, 2012).

The results of the expression analysis show that the CAZymes in the E. grandis
genome are almost always expressed in at least one tissue, and across tissues at a low level
(80.5%) (Additional file 2.2). This suggests that either the remaining 19.5% of CAZyme
genes in the E. grandis genome are pseudogenes, or the more likely option; they are
expressed in response to biotic and abiotic stresses, or at other stages of development, not
sampled in this study. As an example, GT domain containing gene UGT74E2 in A. thaliana is
expressed in response to oxidative stress, and mediates drought response and plant
architecture via auxin glycosylation (Tognetti et al., 2010). GH domains and CBM domains
have been implicated in pathogen response in plants, especially GHs and CBMs that

recognize and respond to chitin (Kawabata et al., 2000; Minic, 2008).

We identify domains that are known to be crucial in cell wall polysaccharide
biosynthesis by examining the expression investment patterns across and between species,
highlighting the capacity to identify functional domain families from a global comparative
approach using next generation mRNA-Seq technology. CE domain containing genes have
low transcript abundance in the immature xylem compared to the other five tissues studied in
contrast to GT and GHs (Figure 2.2). CE16 domain family has a leaf to xylem (L:X)
expression ration of 15.8 in E. grandis and 13 in P. trichocarpa, contributing to the decreased
proportion of CE expression in the xylem of both species (Supplementary figure 2.9). CE16
domain containing acetylesterases have been shown to remove acetyl groups from xylo-,
gluco- and manno-oligosaccharides in Hypocrea jecorina (Li et al. 2008). Given their
function in removing side chains from hemicelluloses and pectin, decreasing cross linking to

lignin; the relatively stable expression of CEs in the immature xylem with increased
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expression investment of GTs and GHs may contribute to the physiochemical properties of
vessel and fiber cells of wood. CES has a differential expression pattern in P. trichocarpa and
E. grandis xylem and leaf tissues (Supplementary figure 2.5). Pectin methylesterase (PME)
genes are found in this CAZyme family, and they function to remove methyl ester groups
from the homogalacturonan (HG) backbone of pectin, affecting the gel properties of the cell
wall (Jolie et al., 2010). The difference in expression is a possible contributing factor to the

differences in wood properties between Populus and Eucalyptus.

The most highly expressed genes in E. grandis immature xylem and P. trichocarpa
xylem are GH19 domain containing genes, Eucgr.H04034 (Additional file 2.1- Table 4) and
POPTR 0010s15150 (Additional file 2.2, Hefer et al., 2011; Hefer et al., in prep). CTL2;
along with its homolog C7L1, modify cellulose microfibrils as they are extruded, shown by
the reduced levels of crystalline cellulose in double knockdown mutants of c#/1/ctl2 (Sanchez-
Rodriguez et al., 2012). CTL2 has previously been shown to be a part of the SCW regulatory
network in E. grandis (Hussey et al., 2011), highlighting the importance of domain families

responsible for degradation acting as modifiers to the synthesis of the SCW.

GTs known to synthesize cellulose and hemicellulose show greater expression
investment in the immature xylem compared to the other tissues in E. grandis (Figure 2.3).
Furthermore, these GT domain families show conserved expression patterns in E. grandis and
P. trichocarpa xylem and leaf (Figure 2.4), identifying the importance of conserved
biosynthetic mechanisms at the domain level. This pattern of conserved domain expression
investment in xylem is seen in GT2, GT4, GTS8, GT14, GT31, GT41, GT43, GT47, GT65 and
GT68 domain families. GT41 family genes are GlcNAc transferases, involved in a multitude
of functions, predominantly intracellular signaling (Breton et al., 2012). Signaling is an
important cellular mechanism, providing the sensitive feedback necessary to coordinate the
deposition of cell wall polysaccharides. GT41 mediated modification of proteins can be

compared to phosphorylation, as it is dynamic method of post-translational modification for

77



cytoplasmic and nuclear proteins. GT41 domain containing proteins are also the most
complex CAZymes, with greater than four GT41 domain repeats within a single gene found
across all plant species analyzed. GT4 domain containing genes include the Sucrose synthase
(SuSy) genes, which are involved in the synthesis of UDP-glucose to cellulose synthase
complexes (Haigler ez al., 2001). As expected, GT2 domain family showed higher expression
in the xylem than in non-xylogenic tissues and conservation between E. grandis and P.

trichocarpa.

GT43 (IRX9 and IRX14) (Lee et al., 2012a) and GT47 (e.g. fragile fiber §) (Doering
et al., 2012) are known to be involved in xylan biosynthesis. GT43 gene family members
responsible for xylan backbone biosynthesis have been shown to have conserved biochemical
functions across vascular plants (Lee, Zhong & Z.-H. Ye 2012b). GT8 domain family
containing genes have high expression investment in the immature xylem compared to the
other tissues analyzed, members of this gene family have been characterized as xylan
glucuronyl transferases, including PARVUS and GAUT/GATL genes
(galacturonosyltransferasel) (Yin et al., 2010; Rennie et al., 2012). GT31 domain containing
gene At4g21060 in A. thaliana has recently been shown to be a galactosyltransferase that is
responsible for the galactosylation of arabinogalactan proteins during backbone formation
(Basu et al., 2013). GT65 and GT68 are fucosyl and oligosaccharide transferases respectively
(www.cazy.org). GT and GT-like enzymes accounted for 20% of the proteome of
Arabidopsis Golgi apparatus in seven day old protoplasts, including GT14, GT8 and GT31
domain containing genes, showing that these CAZyme domains are translated after being
expressed during primary cell wall biosynthesis (Parsons et al, 2012), strengthening the

argument for using expression investment as a proxy for functional importance.

This study provides a functional overview of CAZyme domains in the genomes of
twenty-two plant species. There are many CAZyme domain families that have gene members

with unknown functions, and domain analysis can give insight into their primary function
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(synthesis, degradation, modification). Along with comparative genomic data and
transcriptomic data, we can identify domain families that are important for wood formation.
Further analysis into CAZyme domain containing genes that differ in their expression pattern
and level of expression between E. grandis and P. trichocarpa could elucidate the enzymes
that contribute to the micro-heterogeneity that exists between carbohydrate biopolymers in

the two species (Burton et al., 2010).

The main result of this study is that the CAZyme containing genes in plant genomes
have a conserved ratio between species, regardless of their organizational complexity.
Although we find evidence for lineage specific diversity of CAZyme families in plant
genomes, the domain family diversity of CAZymes cannot be used to discriminate the eudicot
and monocot lineages. The expression investment pattern of the CAZyme domains
responsible for cellulose and xylan biosynthesis are conserved between two divergent woody
species; comparisons between other plant species transcriptomes may reveal that this is a
defining characteristic of plant evolution. This study highlights the importance of
transcriptional regulation in wood development as opposed to genomic innovations in the

enzymatic domains responsible for carbohydrate metabolism.
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2.7. Supplementary Tables and Figures

Supplementary Table 2.1 Relative standard deviation (RSD) (absolute co-efficient of variation)

between plant species.

GHRSD% GTRSD% PLRSD% CERSD% CBM RSD%

Green algae 4.88 5.28 9.80 3.25 15.17
Lycophytes and bryophytes 05 0.90 27.20 10.28 64
Monocots 8.70 6.78 37.68 6.57 13.82
Eudicots 5.44 3.75 11.85 4.91 8.40

Co-efficient of variation analysis for 5 classes of CAZyme domains within phylogenetic groups,
anything below 20% is considered significant (No variation). The null hypothesis for this analysis was

that the CAZyme domain class ratios within the groups of plants do not vary significantly.
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Supplementary Figure 2.1 Number of CAZy domains in complex CAZy domain containing
proteins across ten representative plant species. Protein domain complexity in CAZyme domain
containing proteins decreases with the number of domains within complex proteins across ten plant

species.
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Supplementary Figure 2.2 Venn diagram of CAZyme domain unique combinations within
complex proteins in five eudicots. The majority of CAZyme domain unique combinations in complex
proteins are shared among the five eudicot species analyzed. The raw data used to generate this Venn

diagram can be found in Additional file 2.4.
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Supplementary Figure 2.4 PL domain family expression levels across six tissues in E. grandis in
FPKM. The y-axis shows the total expression investment in FPKM from raw mRNA-seq data, while
the x-axis shows the polysaccharide lyase (PL) domain family whose gene expression was summed for
the analysis. The depth axis is the tissue type in E. grandis for which each domain family investment

FPKM was calculated. Tissues are colour coded as in Supplementary Figure 2.3.
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Supplementary Figure 2.5 CE domain family expression level across six tissues in E. grandis in
FPKM. The y-axis shows the total expression investment in FPKM from raw mRNA-seq data, while
the x-axis shows the carbohydrate esterase (CE) domain family whose gene expression was summed

for the analysis. The depth axis is the tissue type in E. grandis for which each domain family
investment FPKM was calculated.
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Supplementary Figure 2.6 CBM domain family expression level across six tissues in E. grandis in
FPKM. The y-axis shows the total expression level in FPKM from raw mRNA-seq data, while the x-
axis shows the carbohydrate binding module (CBM) domain family whose gene expression was

summed for the analysis. The depth axis is the tissue type in E. grandis for which each domain family
investment FPKM was calculated.
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Supplementary Figure 2.7 Comparative expression patterns of GH domain families in E. grandis
and P. trichocarpa. The y-axis shows the expression levels in FPKM for each glycosyl hydrolase
(GH) domain family on the x-axis in (a) E. grandis xylem and leaf tissue and (b) P. trichocarpa xylem

and leaf tissue. The bars representing the xylem tissue are shown in brown, and the bars representing

the leaf tissue are shown in green.
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Supplementary Figure 2.8 Comparative expression patterns of PL. domain families in E. grandis
and P. trichocarpa. The y-axis shows the expression investment values in FPKM for each
polysaccharide lyase (PL) domain family on the x-axis in (a) E. grandis xylem and leaf tissue and (b)
P. trichocarpa xylem and leaf tissue. The bars representing the xylem tissue are shown in brown, and

the bars representing the leaf tissue are shown in green.
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Supplementary Figure 2.9 Comparative expression patterns of CE domain families in E. grandis
and P. trichocarpa. The y-axis shows the expression level in FPKM for each carbohydrate esterase
(CE) domain family on the x-axis in (a) E. grandis xylem and leaf tissue and (b) P. trichocarpa xylem
and leaf tissue. The bars representing the xylem tissue are shown in brown, and the bars representing

the leaf tissue are shown in green.
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Supplementary Figure 2.10 Comparative expression patterns of CBM domain families in E.
grandis and P. trichocarpa. The y-axis shows the expression investment values in FPKM for each
carbohydrate binding module (CBM) domain family on the x-axis in (a) E. grandis xylem and leaf
tissue and (b) P. trichocarpa xylem and leaf tissue. The bars representing the xylem tissue are shown in

brown, and the bars representing the leaf tissue are shown in green.
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2.8 Additional files

Please see attached disc on back cover

* Additional file 2.1.xls- CAZyme domain family frequency across twenty-two plant species.

* Additional file 2.2.xls- Expressed CAZyme domain containing proteins (FPKM) and

domain content in E. grandis.

* Additional file 2.3.xls- CAZyme domain containing protein complexity summary in 10
plant species, showing the frequency of complex proteins with unique and repeated

CAZyme domains in ten plant species.

» Additional file 2.4.xls- Frequency of unique CAZyme domain combinations in complex

proteins in 10 plant species

» Additional file 2.5.txt- Python script domain_counter.py: Used to count the frequency of

multiple domains in all species for all families across columns.

+ Additional file 2.6.txt- Python script domain_pull.py: Used to sort gene frequency based on

domain family.

102



Chapter 3

Concluding remarks
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Protein domains are the functional and evolutionary building blocks of proteins, they evolve
independently, and in combination and via interactions they constitute the “protein universe”
(Chothia et al., 2003; Levitt, 2009). The protein universe consists of a set number of
functional domains that combine and interact in a multitude of ways to produce the wide
variety of boilogical networks seen across life (Levitt, 2009). The majority of protein domains
are conserved across all forms of life, with a relatively minor proportion being unique across
kingdoms (Apic et al., 2001). As independently evolving units, they can be used to analyze

the functional potential of whole genomes (Parikesit et al., 2012).

A domain-centric analysis can be extremely useful in studying the fundamental
metabolic strategies of carbohydrate metabolism without the confounding element of paralogs
and homologs that are found in abundance in plant genomes (Forslund et al., 2011; Bradshaw
et al., 2011; Zhang et al., 2012). Carbohydrate metabolism in plants is a very economically
important process, as the carbohydrates that are deposited in plant cell walls as celluloses,
hemicelluloses, and pectins are used in a variety of industrial activities. These range from the
production of pulp and paper, high-end cellulose derivatives, food products, and other
bioenergy or biomaterial applications. Carbohydrate metabolism strategies vary across plant
lineages, with some plants placing an emphasis on secondary cell wall components. The
carbon that is sequestered can be stored temporarily, e.g. starch, or permanently, e.g. in the
cell wall as cellulose and hemicelluloses. Although the main types of polysaccharides that are
deposited in cell walls in plants are common to plant lineages, a lot of heterogeneity in cell
wall composition exists within, and between plant species. To that end, it is important to
understand the proteins, and indeed, the domains that make up these proteins in plants with

different carbohydrate metabolism strategies.

Carbohydrate Active enZyme (CAZyme) domains are the domains responsible for the
synthesis, degradation and modification of glycosidic bonds in plants and all other forms of
life (Coutinho et al., 2003). In the case of polysaccharide biosynthesis, much work has been

done in identifying and classifying these functional building blocks of the enzymatic proteins
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responsible (Cantarel et al., 2009; Yin et al., 2012). Due to the complexity of polysaccharides
that are found in plants, and the difficulty in determining the structures of complex cell wall
polysaccharides such as pectin, much is still unknown about the functions of many of the
CAZyme domains beyond broad functional classifications (Popper et al., 2011; Atmodjo et
al., 2013). The functions of glycosyl hydrolases (GHs) are the best characterized out of the
five different functional classes of CAZyme domains, as they are integral to the ability of
fungi and bacteria to degrade plant cell walls and utilize the sugars for energy (Wei et al.,
2009). A domain-centric approach has been used to delineate carbohydrate metabolism
strategies in a variety of fungi and bacteria (Ospina-Giraldo et al., 2010; Battaglia et al.,
2011; Manzo et al., 2011). The functions of other domain class families are less well
characterized, the exceptions being the gene members of CAZyme domain families known to
be involved in the synthesis of cell wall polysaccharides such as cellulose and hemicelluloses

(Coutinho et al., 2003).

This study has highlighted the role of conserved functional CAZyme domain classes
in plant evolution. We find that the fundamental building blocks of cell wall formation in
plant species is reflected in the conserved ratio of functional CAZyme classes. Recent studies
in the evolution of plant biopolymers have shown that organisms such as green algae have the
ability to synthesize the same fundamental polysaccharides that are found in woody plants
(Leliaert et al., 2012). Del Bem and Vincentz reported in 2010 that the enzymatic machinery
necessary for the synthesis of xyloglucan, the major hemicellulose in non-graminaceous
angiosperms, predates the terrestrialization of plants (Del Bem & Vincentz, 2010). Similarly,
we find that the expression profiles of CAZyme domain families are conserved in two
divergent tree species. The results of this study highlight the importance of several key factors
in the evolution of plant carbohydrate metabolism. Firstly, the fundamental functional
building blocks for polysaccharide synthesis, degradation and modification are conserved
across plant evolution; and second, the controlled, dynamic differential regulation of these

CAZyme domain containing genes is the major contributor to the diversity of plant metabolic
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strategies seen throughout their evolution. Furthermore, we highlight CAZyme domain
families with unresolved functions in the process of carbohydrate metabolism, such as the
GT41 domain family members involved in signaling, provide an attractive avenue for future
research in wood formation. This study emphasizes the need to re-examine past comparative
genomics studies, as due to next generation sequencing technology, more sequenced land
plant genomes are available (Martin et al., 2013). Our results have expanded the
understanding of the role of the fundamental tools plants utilize synthesize, degrade and
modify polysaccharides, CAZyme domains, in wood formation and evolution from the

previous findings in Populus trichocarpa and Arabidopsis thaliana (Geisler-Lee et al., 2006).
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