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The xylem secondary cell walls (SCW) are a strong carbon sink in woody plants and part of an irreversible
developmental commitment which ends in programmed cell death. The biosynthetic processes involved in
fibre SCW wall formation are guided by intrinsic developmental programmes and extrinsic signals, such as
mechanical stress in woody stems, which are tightly co-ordinated. The model plants Arabidopsis and Populus
have been used to study many of the transcription factors which are involved in the complex network
responsible for the regulation of the formation of SCW. It is thought that variation in the expression of SCW
transcription factor genes will affect cell wall deposition and wood properties in commercially important wood
fibre crops such as Eucalyptus tree species and hybrids. To date the transcriptional control of SCW deposition
in woody plants has not been fully resolved nor is it known which components of the transcriptional network
regulating SCW exhibit natural variation in expression, or what the genetic architecture of such regulatory
variation might be. In this study expression quantitative trait locus (eQTL) mapping and expression correlation
analyses was performed for SCW-related transcription factor (transcription factor) homologs predicted in the
Eucalyptus grandis genome. The expression of 353 candidate xylem-expressed transcription factor genes was
quantified in the immature xylem of 156 and 127 F, backcross progeny of an E. grandis x E. urophylla F;
hybrid respectively using Illumina RNA-Seq expression profiling. Many of the SCW related transcription
factor genes shared trans-acting eQTLs or had shared cis- and trans-eQTLs, indicating the presence of

polymorphisms affecting the expression of these SCW transcription factors and their downstream targets in
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the transcriptional network. Using information from expression correlation across 283 individuals and from
shared transcription factor eQTLs, regulatory modules of the Eucalyptus SCW transcriptional network were
partially reconstructed allowing the identification of known and novel candidate transcription factor genes

and their genetic interactions that represent novel targets for functional studies in woody plants.

v
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Preface

The main component of woody biomass in trees is the secondary cell walls (SCWs) of the xylem
tissue in stems and branches. One of the major plantation crops that is planted for its woody biomass
comprise a group of fast-growing Eucalyptus tree species and their hybrids. The formation of this
tissue is controlled by a complex regulatory and metabolic network which has been the topic of
many recent studies. The purpose of these studies is to determine which genes and transcription
factors are involved in the formation of wood, with the aim of increasing the amount and improving
the properties of woody biomass. Unravelling the regulatory network of transcription factors
directing the formation of the woody biomass may allow for the modification or enhancement of
expression of several biosynthetic genes at the same time and rewiring of the network to modify the

regulation of particular biopolymers in the SCWs of wood fibre cells.

The majority of traits that are of agronomic importance are quantitative traits. The dissection of
these traits will allow for the improvement of crop and plantation species, as well as allowing an
understanding of the genetic architecture of the traits. The expression profiles of genes (measured
as transcript abundance) in a population can be treated as quantitative traits and as such the genomic
regions contributing to variation in expression can be mapped in a similar manner to traditional
guantitative trait loci (QTLs), an approach referred to as eQTL mapping. These eQTLs can then be
used, with additional supporting information, to infer modules (groups of interacting transcription
factors) or parts of modules of the transcriptional networks regulating the expression of the genes.
This is done by classifying the eQTLs as either cis- or trans-eQTLs and identifying transcription
factor genes that share trans-eQTLs, evidence for underlying regulatory polymorphisms affecting
two or more functionally related or interacting transcription factor genes. A cis-eQTL implies that
the polymorphism that is altering the expression of the gene is close to or at the same position as the
gene itself. A trans-eQTL implies that the polymorphism is located elsewhere in the genome and

affecting the expression of the gene in a trans-acting fashion.
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In this study, | examined the expression profiles of Eucalyptus homologs of transcription factors
that are thought to be part of the SCW regulatory network. This study was performed on an F»
pseudo backcross population generated in 2005 and first analysed by Kullan et al. (2011). The study
of these SCW transcription factor homologs allows for the characterisation of some of the
underlying genetic architecture of woody biomass formation. Chapter 1 reviews the literature on
QTLs, eQTLs and transcriptional network inference as well as the economic importance of
Eucalyptus as a crop species. Chapter 2 is written in the format of a manuscript for a peer reviewed
journal as is the convention of our research program (Forest Molecular Genetics). In Chapter 2, |
report the selection of SCW transcription factor homologs, their gene expression profiles, eQTL
mapping and the generation of partial regulatory networks using all of the available information.
My study revealed that there are large differences in genetic architecture of transcript abundance
between the two backcross families which can be attributed to the different alleles segregating from
the F1 hybrid used as parent in both backcrosses. The MSc study also identified several novel

interactions that appear to play a role in SCW regulation.

The following conference proceedings have emanated from this MSc work:
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M. Calvert, S.G. Hussey, E. Mizrachi, A.A. Myburg. “Genetic architecture of secondary cell wall
related transcription factor networks in wood-forming tissues of a pseudo-backcross pedigree of E.
grandis x E. urophylla.” South African Genetics & Bioinformatics Society Conference, Tshwane,
South Africa, September 23-26, 2014.

(Poster Presentation)

International:

M. Calvert, S.G. Hussey, E. Mizrachi, A.A. Myburg. “Genetic dissection of gene expression
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Chapter 1

Literature Review:

Quantitative genetics of transcriptional regulation in plants
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1.1 Introduction

One of the most widely cultivated plantation tree genera is Eucalyptus. This is due to the favourable
growth properties, such as height and wood density, of many species in the genus and the
interspecific hybrids that they are able to form (Ladiges et al., 2003). They are also capable of
growing in a variety of different environments and are used to manufacture a large variety of
products, for example pulp, paper and specialised cellulose. Recently it has been identified that
Eucalyptus is a potentially valuable source of biomass for the production of biofuels (Saxena et al.,

2009, Shepherd et al., 2011).

The main source of woody biomass in Eucalyptus comes from the secondary cell walls (SCW) of
the xylem tissue, which is formed by a process known as xylogenesis, i.e. wood formation (Mizrachi
et al., 2012, Scheller & Ulvskov, 2010, Delmer & Amor, 1995). The SCW of the xylem tissue are
composed of cellulose, hemi-celluloses (such as xylan) and lignin. These molecules are closely
linked, and together provide strength and support to the xylem fibres and tracheary elements. Over
the past few years much more information has become available on genes involved in the
biosynthetic pathways producing these molecules (Mizrachi et al., 2012, Oikawa et al., 2010,
Scheller & Ulvskov, 2010, Hussey et al., 2011, Zhong et al., 2008, Zhong et al., 2011). While there
have been advances in understanding the transcriptional control of these pathways (Demura &
Fukuda, 2007, Hussey et al., 2013, Zhong et al., 2011), they are still not fully understood in
Eucalyptus, and it is not completely understood how variation in transcriptional regulators affects

the cell wall properties.

The use of expression Quantitative Trait Loci (eQTL) analysis to study regulatory pathways and
reconstruct transcriptional networks is becoming more common (Hansen et al., 2008, Kloosterman
et al., 2012, Mackay et al., 2009). This approach uses the gene expression variation of a gene,
measured by microarray or RNA-Seq analysis in a segregating population, as a quantitative trait.

This allows for the identification of cis-acting eQTLs, polymorphisms that are at the same physical

© University of Pretoria
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location as the gene, and trans-acting eQTLs, that are at a different physical location in the genome
to that of the gene. These trans-acting eQTLs can be used to identify genes which influence the
expression of others and as such may be genetically upstream of the target gene(s), i.e. it may be a
transcriptional regulator. In this way it is possible to identify regions of the genome, and as such
candidate genes, that were not previously known to be associated with a gene or trait. As gene
expression is under transcriptional regulation it is a way of elucidating the transcriptional network
regulating a specific pathway or phenotype. The trans-eQTL for different genes involved in similar
functions or the same pathways may form clusters known as eQTL hotspots. These hotspots may be
formed by the presence of a transcriptional regulator which is segregating in the population under
study and influencing multiple genes either directly or indirectly. It is important to note that the term
“regulator” can refer to a multitude of molecular mechanisms, such as transcription factors,
miRNAs, INcRNAs and siRNAs, and can also be the result of polymorphisms in a metabolic gene
which results in the metabolic regulation of many related genes to compensate for the

polymorphism.

1.2 Quantitative Trait Loci

A quantitative trait is a trait that can show a continuous distribution in a population, depending on
which genes are polymorphic in that specific population, i.e. it is not just present or absent, is
affected by multiple genes and is influenced by environmental interactions. Often these traits
comprise those that are of economic importance in crops, traits such as growth, yield, disease
resistance and nutrient composition (composition of proteins, carbohydrates and oils). This makes
the study of quantitative traits of great importance in terms of improving livestock, agricultural and

plantation crop species.
Quantitative trait loci (QTLS) are regions of the genome that are statistically associated with a

guantitative trait. These traits are analysed with QTL mapping, which is the localisation of a

guantitative trait with molecular markers based on its genetic linkage to a specific marker locus

© University of Pretoria



(Mackay et al., 2009). Lander and Botstein (1989) first described QTL mapping using the Interval
Mapping (IM) approach. This approach uses one marker on either side of the proposed QTL, and
by means of LOD score analysis, determines whether the association exceeds that which is expected
by chance (Lander & Botstein, 1989). Subsequently Composite Interval Mapping (CIM) and
Multiple Interval Mapping (MIM) were developed to reduce the background noise and more
precisely identify smaller regions associated with the quantitative trait (Kao et al., 1999, Zeng, 1993,
Zeng, 1994). CIM was developed to minimize the bias created by several QTLs on the same
chromosome and increase the power of QTL detection (Zeng, 1993, Zeng, 1994). CIM restricts the
statistical analysis to a defined interval; minimizing the effect of other QTLs segregating outside of
this interval (Zeng, 1994). MIM, however analyses multiple intervals at the same time, increasing
the statistical power and the precision with which the QTL is mapped (Kao et al., 1999). One of the
requirements for QTL mapping is a genetic linkage map of the molecular markers for that species
or population. In the initial paper by Lander and Botstein (1989) a genetic linkage map consisting
of Restriction Fragment Length Polymorphisms (RFLPs) was used to develop the statistical
approach. There are now many different types of molecular markers, such as polymorphic insertions
or deletions (indels), simple sequence repeats (microsatellites) or single nucleotide polymorphisms

(SNPs) that are used to generate genetic linkage maps (Mackay et al., 2009).

Two types of QTL mapping studies can be performed, linkage mapping and association mapping.
In linkage mapping the QTLs are mapped in a specific pedigree produced by crossing divergent
strains or species. In association mapping the QTLs are mapped in unrelated individuals from the
same population. Genome-Wide Association Studies, or GWAS, are an example of association
mapping (Mackay et al., 2009). Associations discovered by GWAS are not considered as QTLS

even though they can refer to the same type of polymorphism.

The success of QTL detection depends on different aspects of the experimental procedure. The
power to detect QTLs is dependant not only on the size of the effect of the QTL but also on allele
frequencies in the population and the size of the experimental population under study (Jansen &
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Nap, 2001, Mackay et al., 2009). As the effect size of the QTL decreases more individuals are
required for successful detection, since it is easier to detect QTLs with larger effects than those with
smaller effects. This has resulted in effect size of QTLs often being overestimated (Beavis et al.,
1994). As such, an increase in the number of individuals used in QTL mapping experiments has
resulted in the detection of more QTLs of smaller effect. Another factor on the detection of QTLSs
is the presence of linkage in the population under study. If there are large linkage blocks in the
population fewer markers are required, however the regions of the genome associated with the trait
will be very large, as there is more distance to the nearest molecular marker, which may hamper the
identification of candidate genes (Sutter & Ostrander, 2004). One method of further narrowing the

selection of candidate genes in QTL mapping is through the use of expression QTLs (eQTLs).

1.2.1 Expression QTLs

Expression QTLs are similar to QTLs, except the quantitative phenotype being measured is the
abundance of transcripts produced by the gene, or the expression of the gene. The use of eQTLs to
better understand quantitative traits was first proposed by Jansen and Nap (Jansen & Nap, 2001).
They proposed using the genetic variation observed in related segregating progeny to identify
polymorphisms affecting quantitative traits, and how this is related to other quantitative phenotypic
traits (Jansen & Nap, 2001). eQTL analysis is based on the same principles as conventional QTL
analysis, yet can provide more information about the biological processes of interest. The
combination of QTL and eQTL analysis has the potential to narrow the number of candidate genes
identified, as well as possibly showing which other genes have an effect on a specific trait (Jansen

& Nap, 2001, Mackay et al., 2009).

1.2.2 Cis- and trans-eQTLs

There are two different types of eQTLs, namely cis-eQTLs and trans-eQTLs (Jansen & Nap, 2001;
Figure 1.1). The definition of cis-eQTLs and trans-eQTLs is dependent on the resolution of the

genetic map and the number of individuals used in the study, as an eQTL may be classified as a cis-
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eQTL when it is within a certain number of centiMorgans (cM) from the gene. The detection of
molecular markers depends on the type of molecular markers to be used, the species and the

population under study.

It has been noted that cis-eQTLs are generally of a larger effect than trans-eQTLs (Mackay et al.,
2009, Drost et al., 2010). This is possibly due to the nature of the polymorphism responsible for
generating the eQTL. A cis sequence polymorphism has a direct effect of the expression of a gene,
as such making the effect larger. As transcriptional abundance is often regulated by multiple factors,
a polymorphism in one regulator is likely to only have a small effect on the expression of the genes
under its regulation. As such the polymorphism underlying a trans-eQTL is likely to affect multiple
genes. As multiple genes are often affected, a trans-eQTL can be considered pleiotropic. Large-
effect mutations in pleiotropic genes are often harmful, which may also be a constraint on the effect

size of trans-eQTLs (Hansen et al., 2008)

The target genes of a transcription factor could have trans-eQTLs at the position of the transcription
factor, which may itself have a cis-eQTL (Hansen et al., 2008). The variation in expression caused
by the cis-eQTL can affect multiple downstream target genes, and as such cause phenotypic
variation. There are multiple different causes of cis-eQTLs, as promoter polymorphisms, indels,
splicing variants or differential RNA degradation can all generate differential transcript abundance

(Hansen et al., 2008).

There are two methods by which to draw networks from eQTL data. The first method is a priori
network analysis, where the network being drawn or tested is known or predicted. The other method
of network analysis is a posteriori network analysis which is used for the identification of novel
networks and novel regulation. This method generally uses the correlation of expression patterns of
genes or the sharing of eQTLs to identify gene clusters or networks (Hansen et al., 2008). These
networks can use different definitions for the nodes and edges depending on the main purpose of
the study (Keurentjes et al., 2007, Kliebenstein, 2009)

6
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There have been multiple studies done using eQTL analysis. One of the first eQTL studies that was
performed on a plantation tree species was done by Kirst et al. (2005) on a Eucalyptus grandis x E.
globulus hybrid. In this study they examined how transcript abundance was regulated among
individuals of an interspecific segregating population. They also examined the conservation of
regulation of orthologous gene transcripts (Kirst et al., 2005). They determined that the high
environmental variation in tree plantations affects the ability to detect eQTLs by lowering the
statistical power of the study. They also determined that the eQTLs clustered in specific genomic
regions. The interaction between these loci plays an important role in the control of transcript
abundance (Kirst et al., 2005). The eQTL hotspots that were identified may be in gene-rich regions
or they may be overlying a transcriptional regulator that controls multiple downstream genes. These
regions may be used to identify genetic loci that control the flux through metabolic or regulatory

pathways.

A study by Drost et al. (2010) in Populus was one of the first to draw transcriptional networks using
eQTL data. This study focused on how gene expression and the related transcriptional networks
were involved in organ differentiation. This was done because it is known that differential gene
expression is one of the critical ways in which phenotypic diversity is created in eukaryotes (Jansen
& Nap, 2001). One of the main discoveries in this study was that trans-eQTLs play a larger role in
cell or organ differentiation than when compared to a cis-eQTL for the coding region (Drost et al.,
2010). This is because trans-eQTLs typically affect multiple downstream genes which are
functionally related, and therefore more likely to be involved in a pathway. Cis-eQTLs however are
by default stochastic, i.e. the result of random mutation in or near genes, and therefore we do not

expect strong functional enrichment.
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1.3 Genetic Architecture

Genetic architecture is the description of the genetic interactions and structure that underlie a
specific phenotypic trait. This will include the number of loci involved with the production of that
phenotype, the interaction between and regulation of those loci, the alleles that potentially cause
variation in the loci and any other factors that can affect the genetic underpinnings of a phenotype

(Mackay et al., 2009, Mackay, 2001).

It is often difficult to get a comprehensive view of the genetic architecture of any one phenotypic
trait, especially those that are quantitative in nature (Mackay, 2001). There are many ways of
determining genetic architecture ranging from experimental approaches, such as experimental
crosses and linkage mapping, to computational approaches, such as QTL and eQTL mapping and
genetic network analysis (Civelek & Lusis, 2014, Mackay, 2001, Porth et al., 2013). It is often
difficult to prescribe a specific variation in phenotype to one specific gene or transcript. This is due
to the nature of these types of study; the effects that are discovered are often specific to the

population and the environmental conditions of the experiment (Mackay, 2001).

There have been severally studies done that look at the genetic architecture of specific traits. The
majority of these studies do not elucidate the full nature of the trait, as there is not enough
information available to provide a complete examination (Mackay, 2001). One of these studies was
recently performed by Porth et al. (2013). In this study they looked at the genetic architecture for 6
different wood traits and their interaction networks. This was done by looking at the differentially
expressed transcripts and SNPs that were present or absent in different phenotypic extremes in the
population. They identified multiple transcripts that were differentially expressed and SNPs that
were dependent on the specific phenotypes. They determined that due to the complexity of the
genetic architecture of the specific wood phenotypes under examination, it will be challenging to
produce any genetic improvements for economically important traits using molecular markers as

opposed to phenotypic selection (Porth et al., 2013).

© University of Pretoria



1.4 Transcription Factors

Transcription factors (transcription factors) are involved in the activation, repression and
modulation of transcription of genes. As such they are instrumental in the regulation of the
expression of genes in different tissues and conditions. Multiple transcription factors are involved
in the regulation of one gene, these transcription factors are in turn regulated by other transcription
factors; as such transcriptional networks are formed. Transcriptional networks contain transcription
factors, represented by nodes, and interactions, whether activation or repression, represented as
edges (Hussey et al., 2013). They help to show which transcription factors interact with each other
and in turn with which genes, as well as the manner in which they interact. This all contributes to a
better understanding of the phenotype that is produced by the gene or pathway and what influences

it.

Multiple families of transcription factors exist which have different characteristics and modes of
action depending on the family. These characteristics are usually defined by several specific
domains in the protein, such as the activation and the binding domains. These domains are
characterised by specific DNA and protein sequences. This allows for the prediction of transcription
factors, from genomic sequence, as well as of target genes and modes of action (Perez-Rodriguez et
al., 2010). A database of the transcription factors in plants Planttranscription factorDB 3.0, is
available online. They contain information on the different transcription factor families, as well as
the protein and nucleotides sequences in different plant species (Jin et al., 2014, Perez-Rodriguez et
al., 2010, Riano-Pachon et al., 2007). They contain the same seven taxonomic groups, the
Bangiophyceae, Prasinophyceae, Chlorophyceae, Bryophyte, Lycopodiophyta, Monocot and
Eudicot, and 83 species and are divided into 84 and 58 gene families (Jin et al., 2014, Perez-
Rodriguez et al., 2010). They are an exceptionally useful resource for the plant research community
as they can assist with the identification of transcription factors and their sequence characteristics

in different species.
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1.4.1 Transcriptional Networks

Transcriptional networks are an intricate component of gene regulation. These types of networks
often share similar features, such as structure and organisation (Bhardwaj et al., 2010). The position
of a transcription factor in the network may provide prior expectations about its regulation and
expression. Often transcription factors within a specific hierarchical layer will have similar
properties to other transcription factors in that layer, yet those properties will differ depending on
the specific layer (Jothi et al., 2009). This allows for variation in the network and may confer a
selective advantage under certain conditions, such as when it is energetically expensive to maintain
the expression of a specific transcription factor and as such that transcription factor will require a
very low concentration to achieve the desired effect or the pathway it activates may be activated by
another transcription factor as well (Jothi et al., 2009). The core or middle layer transcription factors
of a transcriptional network is well known to have the most connections to other transcription factors
in the network. Genes in this layer are often able to regulate within the same layer and exhibit co-
regulation of downstream targets (Bhardwaj et al., 2010, Jothi et al., 2009). It is also know that the
higher up in the hierarchy a transcription factor is, the more conserved and versatile (involved in
multiple pathways) that transcription factor (Jothi et al., 2009). This is often seen because the top-
layer, or master, transcription factors are involved in several different networks. It has also been
determined that post-translational regulation or modification of transcription factors is important in
ensuring the correct amount of transcription factor is available in the cell when needed (Jothi et al.,
2009). This shows that the level of gene expression of a transcription factor may not be a complete

indication of its level of activity.

When constructing transcriptional networks it is important to consider the information available and
how to utilise it in the most appropriate way. There are multiple different models available that can
be used to construct these networks, such as Bayesian network construction, Correlation network

construction, Gaussian graphical model-based network construction and Maximum Likelihood
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network construction (Schadt et al., 2005, Zhang et al., 2010, Zhu et al., 2012, Koo et al., 2014). All
of these methods have their own specific advantages and disadvantages, and are often dependent on
the computational resources available, as well as the type of data and available resources for the
species. It is important to remember that over-fitting of the data to a specific model (having a model
that is to stringent) can result in incorrect or skewed results, as such procedures like ‘leave-one-out’

analysis can be useful (Porth et al., 2013).

Transcriptional networks can be said to be democratic or autocratic in nature (Bhardwaj et al., 2010).
Most networks show a combination of these two approaches to governing expression. An autocratic
network is a network in which several main regulators regulate their own targets, or sets of targets,
and have chains of influence. A democratic network is a network in which many regulators regulate
many other targets cooperatively. This results in multiple genes working cooperatively to get a
specific response. These two different types of regulation result in the network being organised into
neat hierarchies, in the case of autocratic regulation, and a lack of specific hierarchies or structure,

in the case of democratic regulation (Bhardwaj et al., 2010).

1.5 Tree Development

Trees are eukaryotic organisms with multiple different industrial uses, such as pulp, paper and
specialised cellulose. The type of tree planted for a specific product is determined by the stature of
the tree, which refers to the size, and the architecture, which refers to the form of the tree
(Grattapaglia et al., 2009). Another set of characteristics that are important in plantation trees are
the growth rate of the tree and the wood density (Grattapaglia et al., 2009). Tree growth comes from
the division and expansion of cells in the apical (primary) and cambial (secondary) meristems, which
results in growth in height and diameter respectively. Wood density is the relative proportion of cell
wall thickness and cell size. These are the characteristics that are most often considered when

selecting plantation trees for a specific industrial purpose.
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The most important part of the tree with regards to industrial uses is the woody biomass of the tree,
which is composed of the secondary cell walls (SCW) of the xylem tissue. The difference between
the primary and SCWs is the lignification that takes place in the SCWs and composition of the
cellulose, hemicelluloses and pectins in the cell wall (Scheller & Ulvskov, 2010, Lee et al., 2011).
The xylem tissue, which is composed of xylary fibres, vessels and tracheary elements, forms the
‘wood’ of the tree as opposed to the bark, which is formed by the phloem tissue. Xylem is
responsible for the transport of water and mineral salts in the tracheary elements, and is formed

during primary growth by the procambium and during secondary growth by the vascular cambium.

1.5.1 Secondary Cell Walls

The SCWs of terrestrial plants are mainly composed of cellulose, hemi-celluloses (such as xylan,
xyloglucans, mannans and glucomannans) and lignin (Lee etal., 2011, Mizrachi et al., 2012, Oikawa
etal., 2010, Scheller & Ulvskov, 2010, York & O'Neill, 2008). The composition of hemicelluloses
in pant cell walls varies between different plant species and cell types, an example of which is (3-
(13, 1=>4)-glucans which are found only in Poales and several other groups (Scheller & Ulvskov,

2010).

Wood is one of the richest sources of carbon-rich biomass available, which has led to interest in its
possible use in the production of biofuels (Saxena et al., 2009). Cellulose is the main component of
SCWs which make up the wood. Traditionally the research regarding cellulose biosynthesis has
focused on cellulose synthase proteins (CESA) located on the plasma membrane, which make up
the cellulose synthase complex (CSC). Cellulose is mainly composed of cellobiose, which is a chain
of glucose molecules bound via a B 1-4 linkage to form (3 1-4-D-glucan (Delmer & Amor, 1995).
The chains that are formed are linear and extended. This means that they can interact with each
other, and other molecules, in a specific manner to form a rigid structure (Delmer & Amor, 1995).
These interactions are generally in the form of hydrogen bonds and the resulting chains are referred

to as microfibrils. In SCW these microfibrils often join together in what is referred to as a macrofibril
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(Delmer & Amor, 1995). The side-chain substitutions of the hydroxyl groups of C,, Cs and Cs alter
the properties of the cellulose and as such its industrial applications (Mizrachi et al., 2012). There
are multiple different enzymes involved in cellulose biosynthesis, some of these enzymes can be
seen in Figure 1.2 which gives a schematic representation of the formation of cellulose and xylan.

Xylan is the major hemicellulose found in dicotyledonous plants (Scheller & Ulvskov, 2010). It is
composed of 1,4-linked-B-D-xylopyranosyl residues that can contain multiple different side chain
residues, such as glucuronic acid or 4-O-methyl glucuronic acid, arabinose or a combination of
neutral and acid sugars which forms glucuronoxylan, arabinoxylan and glucuronoarabinoxylan
respectively (Scheller & Ulvskov, 2010, York & O'Neill, 2008). In plants that contain SCW there
is a unique sequence of glycosyl residues at the reducing end which is required for the formation of
xylan in the Golgi bodies (York & O'Neill, 2008). There are three main stages to xylan biosynthesis,
backbone biosynthesis, side-chain modification and reducing end biosynthesis (Lee et al., 20123,
Lee et al., 2012b, Oikawa et al., 2010, Scheller & Ulvskov, 2010, York & O'Neill, 2008). The

biosynthetic pathway of xylan, including some of the enzymes involved, can be seen in Figure 1.2.

Lignin biosynthesis is a more complicated biosynthetic process that cellulose or xylan biosynthesis,
as there are multiple different ways in which carbon can move through the phenylpropanoid
pathway. After cellulose lignin is the most abundant biopolymer found in nature (Boerjan et al.,
2003). It is derived from three hydroxycinnamyl alcohol monomers that differ in their degree of
methoxylation, p-coumaryl, coniferyl and sinapyl alcohols. These monomers produce, p-
hydroxyphenyl (H), guaiacyl (G) and syringyl phenylpropanoid units (S) respectively (Boerjan et
al., 2003, Vanholme et al., 2008). As with hemicelluloses the composition of the different
monolignol units differs among plant species, for example in hardwood trees the lignin is mainly
composed of G and S units with small amounts of H units, whilst softwood trees have lignin that is
mainly composed of G units with small amounts of H units (Vanholme et al., 2008, Boerjan et al.,
2003). An example of the biosynthetic pathway that produces the different monolignol units is given

in Figure 1.3.
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In the nuclei of the developing xylem cells, specific families of transcription factors that have been
identified as being involved in the regulation of SCW biosynthesis. These families include the
NAM/ATAF/CUC (NAC) family, MYELOBLASTOSIS (MYB) family, AUXIN RESPONSE
FACTOR (ARF) family, CLASS 1| HOMEODOMAIN-LEUCINE ZIPPER (HD-ZIPIII) family
and the KANADI (KAN) family (Demura & Fukuda, 2007, Yamaguchi et al., 2010, Zhong et al.,
2008). These transcription factors are controlled by different regulatory signals, often in the form of

hormones, at different stages of the plants development.

The main regulatory transcription factors involved in the formation of SCWs are NAC transcription
factors, which are often referred to as the secondary wall NACs (Zhong et al., 2011). These NAC
proteins are functionally redundant and often function in pairs. They include NAC SECONDARY
WALL THICKENING PROMOTING FACTOR1 (NST1) and SECONDARY WALL
ASSOCIATED NAC DOMAIN PROTEIN1 (SND1) as a pair, and VASCULAR RELATED NAC
DOMAING (VND6) and VND7 as another pair (Kubo et al., 2005, Yamaguchi et al., 2010, Zhong
et al., 2006, Zhong et al., 2008, Zhong et al., 2007). These pairs are found in the nuclei of the
developing xylem within the plant, with NST1 and SND1 being found in the xylary and
interfascicular fibres, the siliques valve endocarps and valve margins, and VND6 and VND7 being
found in the vessels. These pairs of SCW NACSs co-regulate a common set of targets and as such
VNDG6 and VND7 are able to complement the snd1 nstl double mutant (Yamaguchi et al., 2010,
Zhong et al., 2011). They do not co-regulate all the same targets however, as can be seen in the
differing ability to activate certain programmed cell death genes. If these genes are not activated,
the vessels are unable to reach maturity (Ohashi-Ito et al., 2010). A recent review of SCW regulatory

mechanisms can be found in Hussey et al., (2013).

1.6 Eucalyptus

The hardwood genus Eucalyptus forms part of the Myrtaceae family and is the most used short-

rotation hardwood plantation species (Myburg et al., 2014, Ladiges et al., 2003). The genus evolved
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in Australia and its surrounding islands, and grows in tropical, sub-tropical and temperate regions
depending on the specific species (Ladiges et al., 2003). As the different species grow in such a
wide variety of environments, there is significant genomic variation within and between the species,
yet there is high genome interspecific collinearity between the species (Myburg et al., 2014). The
different species readily form hybrids which allows for the selection of specifically desired growth,
wood quality and defence traits, and as such the tailoring of the plantation tree to a specific
environment and purpose. Species that are commonly grown as plantation species are Eucalyptus
grandis, E. globulus, E. camaldulensis, E. urophylla, E. nitens and hybrids of these species (Myburg
et al., 2011, Myburg et al., 2014, Poke et al., 2005). These species grow well in plantation regions
and have desired wood and growth properties. In tropical and subtropical regions, hybrids of E.
grandis and E. urophylla are commonly grown as this hybrid shows excellent growth properties in
these regions, as well as fungal disease resistance which is contributed buy E. urophylla (Ladiges et
al., 2003, Myburg et al., 2011, Myburg et al., 2014, Poke et al., 2005). In temperate regions the most
commonly grown species are E. globulus and E. nitens. Together these species are the targets of

breeding programs to enhance tree quality and production (Poke et al., 2005).

A draft sequence of the E. grandis genome was produced at the DOE Joint Genomes Institute (JGI),
funded by the US Department of Energy (DOE) in collaboration with the Eucalyptus Genome
Network (EUCAGEN, E. grandis V1.1, JGI, www.phytozome.net (Myburg et al., 2011, Myburg et
al., 2014). The tree that was sequenced was a partially inbred, i.e. one generation of self-fertilization,
17 year-old E. grandis tree from Brazil (BRASUZ1). The specimen had to be partially inbred due
to the difficulty in sequencing and assembling a highly heterozygous genome. This new resource
has made investigation of the genome of Eucalyptus much easier, as it provides the opportunity to
perform in depth transcriptome analysis and is extremely valuable with regards to marker-assisted
breeding. There is evidence for the duplication events that are known to have taken place in the
rosid clade, as well as unique lineage-specific genome duplications in Eucalyptus. This can often be

seen when candidate genes are selected for analysis. There have already been several studies
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utilising QTL and eQTL data in Eucalyptus species, an example of which is the study by Kirst et al.

(2005) which was discussed previously.

1.7 Conclusion

Phenotypes are often determined by the proteins that contribute to growth and development. These
proteins are in turn controlled by the regulation of the genes which are responsible for their
production. Transcriptional networks ultimately underlie desirable and non-desirable phenotypic
characteristics. These networks can be highly complex and inter-connected. A small manipulation
of one transcription factor has the potential to influence multiple nodes of a network and the

biological systems associated with these nodes.

The study of transcriptional networks and their genetic architecture has become more
comprehensive through the use of transcriptomics, eQTLs and other molecular techniques such as
yeast-two-hybrid approaches. This allows for a better understanding of the effects a specific
manipulation may have on the network and resulting phenotype. Once a more comprehensive
understanding of a transcriptional network is achieved, a way to engineer a desired phenotype with
minimal disruption of the network or other related traits can be determined. The resulting plant will
be tailored to the manufacture of a specifically desired product. In terms of forestry plantations this
will increase the productivity of the plantations, thereby decreasing the amount of land required to

meet production goals.

This study will contribute to our understanding of the regulatory network underlying SCW
biosynthesis in Eucalyptus hybrids. As the majority of the work on the regulatory networks of SCWs
has been done in Arabidopsis and occasionally in Populus, the expansion of this work to Eucalyptus
has the potential to determine novel interactions. This could then be applied to other tree species, as

well as confirming the validity of the discoveries made in other species.
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Figure 1.1. Schematic explanation of the difference between cis- and trans-eQTLs. A cis-acting
polymorphism is represented by the blue and purple triangles in the promoter regions of alleles A and A’ of
Transcription factor A in individual 1 and 2, respectively. This polymorphism results in higher transcription
and higher protein levels of allele A’ (purple squares) compared to allele A (blue squares) in the two
individuals (ignoring in this example that the other A allele carried by each of the individuals may also be
polymorphic). If Transcription factor A regulates Gene B, the same polymorphism in the promoter of
Transcription factor A may constitute a trans-acting polymorphism resulting in higher expression of Gene B
in individual 2 vs individual 1. Note that the trans-acting polymorphism in Transcription factor A is not
dependent on any polymorphism in Gene B, although it is likely that Gene B could also be polymorphic and

have a cis-acting polymorphism in highly outbred organisms like Eucalyptus.
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Figure 1.2. Schematic representation of cellulose and xylan biosynthesis. Xylan biosynthetic pathway
enzymes are represented in blue and cellulose biosynthetic pathway enzymes are represented in red. Pathway
redrawn based on previous reviews (Brown et al., 2007, Brown et al., 2005, Mizrachi et al., 2012, Scheller &

Ulvskov, 2010, York & O'Neill, 2008).
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Figure 1.3. A schematic representation of the main lignin biosynthetic pathway. The enzymes that
appear once in the pathway are coloured in blue, while the enzymes that appear multiple times each have

their own specific colour. Pathway redrawn based on previous reviews (Vanholme et al., 2008, Vanholme et

al., 2012).
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