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Sammanfattning

Lignocellulosa är den vanligast förekommande källan till markburen
biomassa och är en av de förnybara energikällor som potentiellt kan
ersätta användningen av fossila bränslen. För ett land som Sverige,
där skogsindustrin som st̊ar för 10 % av den totala exporten, skulle
därför en ökad produktion av biomassa kunna ge stora ekonomiska
fördelar. Forskningen p̊a barrträd, som utgör majoriteten av svensk
skog är begränsad och den huvudsakliga forskningen som har bedri-
vits p̊a växter, har skett i modell organismer tillhörande gruppen
gömfröiga växter som till exempel i Arabidopsis thaliana. Det evo-
lutionära avst̊andet mellan gömfröiga (blommor och träd) och na-
kenfröiga (gran och tall) begränsar dock möjligheten att identifiera
regulatoriska system mellan dessa grupper. Vid s̊adana stora evolu-
tionära avst̊and krävs det mer än att bara identifiera en gen i en
modellorganism utan ytterligare information krävs som till exempel
genuttrycksdata. I denna avhandling har tv̊a högupplösta experiment
som profilerar vedens utveckling undersökts; ett fr̊an gömfröiga träd
Populus tremula och det andra fr̊an nakenföriga träd (barrträd) Picea
abies. Datat som behandlats har publicerats tillsammans med webbsi-
dor med flera olika verktyg för att bland annat visa genuttryck, se kor-
relationer av genuttryck och test för anrikning av funktionella gener i
en grupp. En resurs som utvecklats till̊ater interaktiva jämförelser av
korrelationer mellan arter för att kunna identifiera moduler (grupper
av gener) som bevaras eller skilts åt mellan arter över tid. Identifie-
ringen av s̊adana bevarade moduler kan hjälpa att fokusera framtida
forskning samt ge biologer en möjlighet att identifiera regulatoriska
gener för en riktad förbättring av egenskaper hos träd.
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Abstract

Lignocellulosic plants are the most abundant source of terrestrial
biomass and are one of the potential sources of renewable energy that
can replace the use of fossil fuels. For a country such as Sweden, where
the forest industry accounts for 10% of the total export, there would
be large economical benefits associated with increased biomass yield.
The availability of research on wood development conducted in conifer
tree species, which represent the majority of the forestry in Sweden,
is limited and the majority of research has been conducted in model
angiosperm species such as Arabidopsis thaliana. However, the large
evolutionary distance between angiosperms and gymnosperms limits
the possibility to identify orthologous genes and regulatory pathways
by comparing sequence similarity alone. At such large evolutionary
distances, the identification of gene similarity is, in most cases, not
sufficient and additional information is required for functional annota-
tion. In this thesis, two high-spatial resolution datasets profiling wood
development were processed; one from the angiosperm tree Populus
tremula and the other from the conifer species Picea abies. These
datasets were each published together with a web resource including
tools for the exploration of gene expression, co-expression and func-
tional enrichment of gene sets. One developed resource allows inter-
active, comparative co-expression analysis between species to identify
conserved and diverged co-expression modules. These tools make it
possible to identifying conserved regulatory modules that can focus
downstream research and provide biologists with a resource to identify
regulatory genes for targeted trait improvement.
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1 Introduction

Variation in gene expression and regulation is thought to be a major driving
force of phenotypic evolution both at the population (among individuals)
and species level. During my thesis I have developed web resources that
enable visualization, comparative exploration and interpretation of plant
gene expression data using co-expression and functional gene annotation,
thus providing the community with novel tools to further perform compar-
ative regulomics studies of several plant species. While my primary focus
was the development of resource tools, I also applied these to investigate
the regulatory network underlying secondary cell wall synthesis to exem-
plify their potential for identifying conserved and diverged co-expression
modules across distantly related forest tree species. My results highlight
the importance of well-designed experiments and high resolution data for
the identification of modules involved in specific processes, and include a
comparison of tissue expression atlases and high spatial resolution datasets
profiling wood development in the gymnosperm Picea abies (Norway spruce)
and the angiosperm Populus tremula (Eurasian, or trembling, aspen).

1.1 Background

Interest in understanding the origin of species dates back to Charles Darwin.
He was the the first person to officially challenge the traditional view of how
new species arise and was first to present a modern view of the relationships
between species. In one of his most famous examples, the finches of the
Galapagos Islands, he noted a surprisingly large variation in beak size among
a group of bird species isolated on the islands. This variation was unexpected
because their craniofacial properties were so similar that it looked like they
were related. This was one of his most influential observations leading to
development of his theory regarding the origin of species. In Darwin’s work
‘On the origin of species’, he described a continuous development of species
in which they were all related with a common ancestor, via the mechanism
of natural selection that results in what was eventually termed evolution
(Darwin, 1859).

Evolution is the process describing how populations of individuals adapt
to optimise their fitness within their local environmental conditions and
how they, over time, may diverge into different species. For many years the
dogma was that variation in protein structure as a result of non-synonymous
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changes was the underlying molecular mechanism of phenotypic evolution.
It is only relatively recently that the importance of changes in gene expres-
sion levels has been recognised as a key process, with regulation of gene ex-
pression being the major mechanism of variation within populations (Hoban
et al., 2016). Within a population, genome wide association studies (GWAS)
can link single nucleotide polymorphisms (SNPs) in the DNA, where the
nucleotide at one base pair is swapped for another, to modulations in gene
expression that result in characteristic differences between individuals (Ko-
rte and Farlow, 2013). However, when comparing more distant evolutionary
relations, such as different species, looking at single base pair changes is
impractical or even impossible. At the beginning of this century, relatively
cost effective methods for obtaining both genome sequences and genome
wide expression data enabled new possibilities for comparing populations or
species. This made feasible, for example, the analysis of global gene expres-
sion in relation to genomic features, environmental factors and phenotypes.
When comparing gene regulation between species, the most commonly used
methods involve differential gene expression (different expression levels of
orthologous genes between species) and differential co-expression (ortholo-
gous genes with similar expression patterns across several conditions in one
species, but not in another), which are used to identify key evolutionary con-
served or diverged sets of genes, often termed modules or clusters (Hansen
et al., 2014).

While many phenotypic properties have complex regulation and genetic ar-
chitecture, there are examples where a change in the expression of a single
gene has played a significant role in the evolution of a species. Abzhanov et
al. studied the genetics underlying beak shape of Darwin’s finches (Abzhanov
et al., 2006, 2008). Using a comparative gene expression approach they dis-
covered that high expression of a single gene called BmP4, which is a bone
morphogenetic protein, was highly correlated with a broad and deep beak
morphology. Properties that are directly controlled by a few or even a single
gene could easily be detected using traditional methods such as overexpres-
sion or gene knockout of a limited number of genes. However, when mod-
ulations of complex pathways involving many genes underlie a trait, the
regulation leading to the trait can only be unravelled using combinations
of data types and methods for identifying modules of conserved/diverged
gene expression among several species. Using single gene experiments can
also be misleading when a gene high up in the pathway hierarchy may give
the expected phenotype, but only because genes further downstream in the
pathway are also affected.

During my PhD I have focused on developing tools enabling interactive ex-
ploration of global gene expression data, including a comparative tool that
identifies conservation or divergence of expression modules across species.
Identification of such conserved or diverged regulatory modules acting dur-
ing wood development, for example, may open up new possibilities to modify
central pathways to increase biomass yield or specific wood properties, which
are economically and environmentally important.
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1.1.1 Forestry and bioenergy

Trees dominate forest ecosystems and are the largest source for terrestrial
biomass (typically referred to as plant material that is not used for food or
feed). In many countries in the northern hemisphere, trees including many
poplars i.e. Populus trichocarpa and Populus tremula, and conifers such as
Picea abies and Pinus taeda are of economical significance. Conifers are the
largest lineage of gymnosperms and dominate boreal forests in the north-
ern hemisphere. In Sweden, for example, over 80% of the forest is spruce
(42%) or pine (39%) and the forest industry accounts for more than 10%
of the total export industry (Statistiska centralbyr̊an, http://www.scb.se).
Forestry products are used in everything from construction to the produc-
tion of paper and liquid biofuels and, increasingly, in advanced cellulosic
based polymers. Therefore, improvements in tree performance such as in-
creased growth rate or modification of the lignin or cellulose composition of
wood to render harvested biomass more accessible for downstream uses are
of significant interest.

Forestry is not only an important economical factor. Products from trees
are also an environmentally friendly and carbon neutral alternative to the
use of fossil fuels. The excess carbon dioxide (CO2) levels in the atmosphere
due to the extensive use of fossil fuels is concerning. Global temperatures
are rising and continuous emissions of CO2 may eventually put earth into
an irreversible climate disruption (Page, 2016). Still the global use of fossil
fuels is constantly increasing, partially due to the increasing population on
earth and the technical advancements of developing countries. To reverse
this trend and develop a CO2 neutral society, alternative energy sources
must be developed. Lignocellulosic plants are the most abundant source of
terrestrial biomass for the production of biofuels, and represent an energy
source with potential to replace much of the current use of fossil fuels. Lig-
nocellulose is composed of carbohydrate chains of cellulose, hemi-cellulose
and aromatic polymers (lignin). However the energy or chemical treatments
required to break the carbohydrate polymers into fermentable sugars and
the toxicity of lignin are major complications for the fermentation process
required for liquid fuel production. With biotechnological research, the com-
position of the cell wall components could potentially be transformed so that
robust lignin molecules, which have toxic effect at high concentration, could
be reduced or made easier to degrade, perhaps resulting in increased acces-
sibility of the valuable cellulose and hemi-cellulose, which would effectively
enhance biomass yield (Ford, 2014; Li et al., 2014). For many years, due
to technical limitations, it was impossible to conduct genetic experiments
directly in conifer trees. Therefore, much of the science conducted in plants
was performed in model species such as Arabidopsis thaliana. For forest tree
species the Populus genus, which consists of many fast growing species, has
a wide geological distribution in the northern hemisphere and a compara-
tively small genome for tree species. This and many other features resulted
in the selection of Populus trichocarpa as the model species for angiosperm
trees (explained in more detail in section 1.1.2).
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1.1.2 Model species

The diversity and complexity of species is a major challenge for biologists.
However, the evolutionary theory of common origin is of great value since
the relations between species can be used and knowledge about one species
can provide useful insight into the biological functions in related species. In-
vestigating all features of all existing species would be impossible. Therefore
the use of model species is central for biological research. One important
reason for selecting a model species is that the research community has
a greater possibility to uncover much of the genetics in a wide range of
experiments, rather than having a small set of experiments from many dif-
ferent species, which may become hard or even impossible to compare. A.
thaliana was selected as the model for plant research and some key features
important for the selection included the relatively small genome, a short
generation time (8 weeks), small size (allowing large numbers of plants to
be grown in greenhouse conditions), and straightforward genetics with a
genome that was relatively easy to modify with Agrobacterium tumefaciens
(Takata and Eriksson, 2012). (Bechtold and Pelletier, 1998; Koornneef and
Meinke, 2010). While A. thaliana may be a great model for plant devel-
opment in general, it lacks important features essential to the development
of many other plants, such as certain aspects of secondary growth and sea-
sonal growth (Jansson and Douglas, 2007). The obvious choice for selecting
a species to boost growth and biomass in trees would, perhaps, be one of
the most widespread and economically important species producing biomass,
such as pine or spruce. However, many technical and practical issues, such
as the physical size, long generation time and, in particular, their ginormous
genomes, were significant obstacles. When P. trichocarpa was sequenced by
Tuskan et al. in 2006, it naturally became the model species for seasonal
growth in woody species (Tuskan et al., 2006). The selection arguments were
similar to those listed for A. thaliana above; rapid growth, relative ease of
experimental manipulation, many available genetic resources and the small
genome size. The relatively close phylogenetic relationship to A. thaliana
was not a selection criteria, but was nonetheless advantageous for species
comparison and gene annotation (Jansson and Douglas, 2007; Tuskan et al.,
2006). Subsequently, the Populus toolbox has been expanded to include
the use of a number of hybrid genotypes, for example the P. tremula x P.
tremuloides ’T89’ genotype used extensively at Ume̊a Plant Science Center,
that are easy to grow in tissue culture and that are easy to transform using
A. tumefaciens. The first draft genomes of conifer species were not available
until 2013, when the genomes of Picea abies and Picea glauca were published
(Birol et al., 2013; Nystedt et al., 2013), followed rapidly by a number of
additional pine and fir species (De La Torre et al., 2014).

It has been suggested that the number of model species must be increased
(Abzhanov et al., 2008). While this may be true, second generation se-
quencing methods (RNA-Seq) developed during the first decade of the 21st

century, have allowed unbiased transcriptome analysis and the identification
of novel genes, with no requirement for a previously assembled genome. This
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technique opens up new possibilities for research as it allows gene expression
experiments to be conducted directly in the species of interest. Using co-
expression analysis, it is possible to compare species without deep knowledge
of their individual genes or gene function, and it may be possible to identify
interesting targets or modules for initial experiments. In addition a novel
DNA modification technique using a new vector CRISPR/Cas-9 was pub-
lished in 2014 (Fonfara et al., 2016; Hilton et al., 2015; Sander and Joung,
2014). That will allow targeted modifications and knockout experiments also
in heterozygous, outbreeding or polyploid species (including conifer trees),
and has the potential to revolutionize plant science (Noman et al., 2016).

The science conducted in model species is highly valuable, but analysis of
the conducted experiments is often limited to the scope of the individual
publication. However, the availability of tools to analyze these datasets,
such as visualization, comparison and identification of genes between the
models and a species of interest, is what ultimately allows identification
and interpretation of evolutionary conserved and diverged processes. In
Paper I, all available experiments with gene expression data in three species
were extracted and used to produce a resource that allows identification of
conserved/diverged modules between species. As plant science has limited
funding in comparison to for example human research, it is important to
maximize the potential of the available data.

Experiment design is also important. It is unfortunately not uncommon that
experimental designs result in data that is not possible to use for statistical
interpretation. Although biological replicates entail extra costs, it is even
more wasteful to produce data that cannot be used for analysis. Careful
consideration of data quality and experimental design is also important when
using pre-existing data for new analysis.

It is increasingly common to provide interactive web resources that allow
direct browsing of published datasets together with the publication (Ing-
varsson et al., 2016). However, there is a lack of implementation consensus
that both makes it hard to apply such tools to other datasets and to com-
pare with data between existing resources. The expression tools developed
in this thesis require only two inputs (genes IDs and the expression of those
genes) and are open source (free to use and distribute). In other words
anyone can download the sourcecode for the developed tools and the only
input required is a list of genes and their corresponding expression matrix.
This allows for a relatively easy integration for other researchers to reuse
and make their expression results available for browsing.

1.1.3 Plant data resources

The number of species with sequenced genomes and the number of available
gene expression datasets has increased dramatically during recent years. The
main reason is the development of second generation sequencing techniques
in the late 2000s, providing high-throughput sequencing, such as RNA-Seq
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(Lister et al., 2008; Mortazavi et al., 2008; Nagalakshmi et al., 2008). Most of
these datasets have been made public through different web resources (table
1). However, there is a large discrepancy in the number of tools available for
visualization and analysis. For example, the European Nucleotide Archive
(ENA; http://www.ebi.ac.uk/ena) is an excellent resource to retrieve public
RNA-Seq and microarray datasets, but they only provide raw data and no
analysis tools.

Two genes with a common ancestral DNA sequence are called homologs.
Homologs can be further divided into two sub categories paralogs: two or
more homologous gene copies in a species as a result of gene duplication,
and orthologs: homologous sequences in different species, in which biological
function has been evolutionary conserved. There are different strategies to
identify gene similarity between species. Genomic tools provide possibilities
to identify sequence similar genes and certain recognizable modules, such
as protein family domains. Identifying sequence similar genes in a model
species, such as A. thaliana, may provide a general idea about the function
of the genes in the species of interest. However, since many genes exist in
families, with many sequence similar members, the transfer of functional in-
formation between species is not trivial. When a gene is duplicated there are
three typical evolutionary outcomes: 1) degeneration/non-functionalization
means that one of the copies is lost over time; 2) neo-functionalization is
when the two copies diverge and one takes on a new function; 3) subfunc-
tionalization is when the original function, which may have been included
involvement in several biological pathways or developmental stages, is split
between the two copies. Given a gene in one species, it may be difficult to
determine which of two paralogs in another species has maintained the ances-
tral biological function. In Paper I, we show that it cannot be assumed that
this will be the most sequence similar gene in the pair, highlighting the need
for additional data such as the conservation of co-expression neighborhoods
(i.e. genes with correlated expression profiles in a gene-gene co-expressed
network), which we argue should also be considered in order to infer the
‘functional ortholog’ (Netotea et al., 2014).

Many web services are available for identification of homology based on ge-
nomic features, such as sequence similarity (table1 Genomic tools), but, as
explained above, identifying sequence homology is many times inadequate.
Several available web services address this problem (table1 Comparative
tools) using slightly different strategies. PlaNet, for example, uses a com-
bination of co-expression and metadata, such as protein domains, across
eight different species to measure to what degree orthologous genes have
co-expression neighborhoods that share metadata (Mutwil et al., 2011).
PLAZA combines a large number of species with several ortholog meth-
ods and is useful for gathering genome comparative information about a
single gene or gene family (Proost et al., 2009, 2015). The ComPlEx tool
developed as part of this thesis (Paper I) is based on measuring the conserva-
tion of co-expression neighborhoods between species using ortholog groups.
This strategy aims to identify the expressolog (the most expression similar
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ortholog) of a gene, among several sequence similar orthologs (Ingvarsson
et al., 2016; Netotea et al., 2014). Using a combination of the expression
tools developed in this thesis that may allow identification of a subset of
possible regulators from a larger list of differentially expressed genes. In
combination with for example PLAZA that can give further information
about the genetic conservation of those genes, may help resolve and identify
an even smaller set of high potential gene regulators, which can be targeted
for further investigation of a process.

There is a lack of community consensus for comparative web services, which
makes the transfer and comparison between species difficult. In Paper II, the
goal was to extend the Populus Genome Integrative Explorer (PopGenIE;
http://popgenie.org) (Sjödin et al., 2009) to provide a set of basic tools and
a common structure for visualization and comparison of a number of plant
species, including the integration of ComPlEx2, which includes a visual
upgrade of the previous version and where the background datasets were
changed to include P. tremula P. abies and A. thaliana.

The two resources; AspWood and NorWood, developed in this thesis, aim
to provide insight into the biological processes that are important in the
development of wood and may allow the identification of key regulators
that could allow beneficial modifications of the plant cells. The experimental
design provides a higher spatial resolution than any previous published data
of wood development, which we show is essential to accurate cross-species
inference regarding conserved and diverged co-expression modules. The two
sites are linked using sequence orthology inference, where the orthologs in
the other species can be retrieved, based on the ortho-MCL method utilised
in Paper II. We are now additionally integrating these into ComPlEx, which
will aid identification of conserved biological processes common between the
two distant lineages of angiosperms and gymnosperms. Identification of
regulator genes may also allow modification of the plant cell, which in turn
could answer important biological questions and lead to for example an
increase of biomass yield.
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Table 1 Comparative genomic and expression tools.
Raw data

NCBI NCBI Resource Coordinators 2016 http://www.ncbi.nlm.nih.gov
ENA Hamm and Cameron 1986 http://www.ebi.ac.uk/

Genomic tools

TAIR10 Lamesch et al. 2012 http://arabidopsis.org
PlantGenIE Sundell et al. 2015 http://plantgenie.org
Plaza Proost et al. 2015 http://bioinformatics.psb.urgent.

be/plaza
Phytozome Goodstein et al. 2012 https://phytozome.jgi.doe.gov

Comparative tools

ComPlEx Netotea et al. 2014 http://complex.plantgenie.org
PlaNet Mutwil et al. 2011 http://aranet.mpimp-golm.mpg.de
AraNetv2 Lee et al. 2015 http://www.inetbio.org/aranet/
PoplarGene Liu et al. 2016 http://bioinformatics.caf.ac.cn/

PoplarGene/

Wood development tools

AspWood Sundell et al. 2016 http://aspwood.popgenie.org
NorWood Jokipii-Lukkari et al. 2017 http://norwood.popgenie.org

CMS

EucGenIE Myburg et al. 2014 http://eucgenie.org
GenIE CMS Mannapperuma et al. 2017 https://geniecms.org/

1.2 Plant growth and development

Trees are in the phylogenetic group of seed plants (spermatophytes). The
first historical evidence of sprematophytes dates back to around 320 million
years ago (mya) and they were progenitors to both the gymnosperms and
angiosperms (Jiao et al., 2011). The oldest conifer evidence appeared in the
fossil record around 300 mya, while the first fossil evidence of an angiosperm,
which is the most diverse group of plants on earth today, appeared around
160 mya and as is thought to have diverged from gymnosperms around
250-200 mya. Despite the large historical separation between the two fam-
ilies, both lineages contain woody species, such as trees. Conifer species
are in general slow-growing large trees that produce tracheids, which are
single cells responsible for both mechanical support and water transport.
Angiosperm trees share much of their properties with coniferous trees, but
there is a striking anatomical difference between the two families: in addi-
tion to tracheids, angiosperm trees also produce, vessels, which are larger
tubes formed by cells organized in cylindrical structures that can conduct
water.
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1.2.1 The plant cell wall

Figure 1: Three stages of vascular cam-
bium development. Newly formed stem close
to the tip of the stem or a branch (top). The
first layer of secondary xylem that is formed
during the first year (middle). First layer
of extended xylem and extended phloem af-
ter the second year (seasonal growth; bot-
tom) (Source:Galleryship. Image by PCMB
Ohio).

Plant cells differ from other liv-
ing cells in that they form a cell
wall (not just a lipid membrane).
All plant cells form a primary cell
wall (PCW) that shapes and pro-
tects the cell from external factors.
The PCW contains cellulose, hemi-
cellulose, pectin and structural pro-
teins. The interactions between
these components form a strong
yet flexible and dynamic primary
wall suitable for leaves, buds and
twigs. In the stem, and also in
thick branches and roots, of woody
plants, however, flexibility is not
as important. Instead the cells in
the stem form a secondary, thicker
and more rigid wall that provides
mechanical strength and, in spe-
cific xylem cell types, through the
formation of cavities in the cen-
ter, which allow water transport.
The secondary cell wall (SCW) has
the same components (although in
varying composition) as the pri-
mary wall, except that pectin is ex-
changed with lignin. Lignin has
a complex and irregular structure
that is different from pectin, which is likely one reason why it is so robust to
degradation. This irregular form makes it difficult to develop enzymes that
break it down (Sarkar et al., 2009). Cellulose is synthesized in the plasma
membrane by large complexes (described in more detail later) and forms so
called microfibrils by combining multiple glucose chains. Sclerenchyma cells
contain an extensive amount of microfibrils are commonly known as fibers
or cellulose fibers. The composition of cellulose, hemi-cellulose and lignin is
what builds the strength of the stem, but also the resistance to degradation,
which may be problematic in biomass processing.

1.2.2 Angiosperm and gymnosperm wood

Gymnosperms contains one type of water conducting element called tra-
cheids. They are evenly distributed circular cells that can be seen in the
early wood of P. abies (figure 2). Tracheids consists of vertically elongated
interconnected cells, whose walls consists of a PCW and three layers of SCW.
The first layer formed just inside the PCW normally has a higher concentra-
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tion of lignin than the other two layers. Layers two and three have a higher
concentration of cellulose fibers. The orientation of the cellulose fibers in
the three layers of SCW is different and is thought to enhance the strength
of the cell wall. angiosperm trees also contain tracheids, but they have in
addition developed a second vascular tissue called vessels. Vessels consists
of cells forming a large cylindrical cavity for water transport. They are more
efficient in water transport than tracheids by having a larger diameter. Vi-

Figure 2: A cross section image from Paper VI shows cambium on the left
followed by, expanding xylem, cell death zone, mature xylem and latewood. The
section with latewood has smaller tracheid cells compared to early wood. They
are also darker due to a higher content of lignin and fibers. A ray cell is visible
along the bottom of the figure as a darker line.

sually there is a difference in the tracheid structure between angiosperms
and gymnosperms where tracheid formation in gymnosperms is normally
well structured and forms straight vertical lines in the xylem in for example
P. abies (figure 2). The angiosperm wood is disrupted by the formation
of vessels, which are not evenly distributed in the wood, for example in P.
tremula (figure 3). Ray cells are cells that are elongated perpendicular to
vessels and tracheids and conducts radial transport of nutrients and water
in the stem. They form in both angiosperms and gymnosperms and can be
seen as darker lines in between the tracheids/vessels in the wood (figure 2
and 3).

Figure 3: A cross section image from Paper III showing the vascular bundles
as large white bubbles. The leftmost section contains pure phloem cells, im-
mediately followed by many small sections containing cambium differentiates in
different stages. Close to the cambium are phloem differential cambial cells and
close to the xylem are xylem differential cambial cells. The Vascular bundles in
the xylem are surrounded with small tracheid cells in different growth stages.
The thin year ring is visible in middle of the rightmost section. A ray cell is
visible in the mature xylem (pink middle).

The exact regulation and development of the vascular system is not yet fully
understood, but a model for early cambium development has been suggested
in A. thaliana (Chaffey et al., 2002; Nieminen et al., 2015). Despite the fact
that A. thaliana does not have seasonal growth, it does develop both vascular
cambium and secondary xylem and can be considered a model for wood
formation (Nieminen et al., 2004). However, one major drawback using A.
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thaliana as a model for secondary growth is that the physical resolution of
the secondary growth is limited by the small diameter of the flowering stem.
Also A. thaliana does not form ray cells. Ray cell formation can be induced
under high pressure on the stem (Mazur and Kurczynska, 2012), but they
do not form under natural conditions. Hence research on a tree species,
in which secondary growth is wider and well defined, may help resolve the
regulatory pathways controlling vascular development in greater detail and
identify the key regulators of ray cell formation.

Several transcription factors (TFs) regulating gene expression underlying
wood formation have been described in A. thaliana. Some of the best de-
scribed TFs are the Vascular-related NAC-Domains 1-7 (VND) that in A.
thaliana are a group of genes associated with vascular development (Kubo
et al., 2005; Yamaguchi et al., 2008). NSTs (NAC Secondary wall Thick-
ening promoting factors 1-3) are associated with fiber formation. NST3 is
also commonly know as Secondary Wall Associated Nac Domain protein1
(SND1) (Mitsuda et al., 2007; Zhong et al., 2007). SND2 is another protein
in the NACIIB subfamily of NACs that also has been associated with fiber
development. It has been shown to increase fiber thickness in eucalyptus
wood formation (Hussey et al., 2011). However, overexpression of the NAC2
orthologs in P. trichocarpa did not change SCW thickness (Grant et al.,
2010). A group of myb proto-oncogene protein (MYB) TFs that has been
associated with SCW formation, including MYB46 and MYB83, are known
as the second layer master switches since these are regulated by the NAC
TFs. Downstream of these MYBs, other MYBs involved in wood formation,
including MYB52, have been described. The class II KNOX KNAT7, also
acting downstream of the MYB master regulators, has been described as a
negative regulator of SCW formation in both A. thaliana and Populus (Li
et al., 2012). However, one recent study showed that KNAT7 could work
as an activator of vessel formation (Greco et al., 2012), which also agrees
with the co-expression network constructed in Paper IV (Grant et al., 2010;
Sundell et al., 2016). NST1, which is associated with fiber formation in an-
giosperms including P. tremula and A. thaliana, was in Paper III found to be
negatively correlated with the expression of cellulose synthases in P. abies,
which are major components of fiber formation. It was also shown that the
two groups of TFs (VND and NST) were only represented by one expressed
ortholog each in P. abies. Many more TFs are involved in the regulation of
wood formation, which shows the complexity of the regulation.

Secondary cell wall cellulose synthase

The secondary cell wall cellulose synthase (CeS) complex (CSC) was first
observed during a freeze-fracture experiment in maize (Mueller and Brown,
1980). Its common name CesA, also used hereafter in this thesis, was de-
fined by Deborah Delmer (Delmer, 1999). The A is denoting the homology
to the A. tumefaciens cellulose synthase described by Matthysse (Matthysse
et al., 1995a,b). In higher plants, the CSC has best been described in
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Figure 4: a) Cellulose synthase proteins (CesAs) in plants consists of
eight transmembrane alpha helix domains, a zinc-finger binding domain
near the N terminal, a class region and a plant specific region. b) When
a glucan is added to a glucan chain the CesA protein rotates 90◦. c)
The primary cell wall synthase complex forms a rosette and consists of
12-36 CesA proteins (CesA 1, 2, 3, 5, 6 and 9) producing 12-36 glucan
chains per microfibril. The secondary cell wall synthase complex consists
of secondary CesAs (4, 7 and 8) (McFarlane et al., 2014).

.

A. thaliana. The secondary and the PCW complexes are similar in their
structure, however their building blocks are unique. CesAs belong to the
glycosyltransferase-2 super family, defined by eight transmembrane alpha
helixes. Plant CesAs contain a zinc domain close to the N-terminal, which
is a class-specific region (figure 4a). In the PCW complex, which consists of
three sets of dimeric CesA isomers, CesA1 and CesA3 have been shown to
be essential, with gene knockouts being gamete lethal (Persson et al., 2007).
The third dimer can be any of the remaining PCW dimers CesA2 -5 -6 and
-9. In the SCW CSC, three other dimers, the CesA4, CesA7 and CesA8, are
all essential for normal synthesis of SCW. They have been shown to phys-
ically interact and heterodimerize (figure 4c). However, although there are
two distinct trimers for PCW and SCW. Experiments replacing promoter
sequences, for example by having CesA1 be driven by the CesA7 promoter,
reduced the defects of a CesA8 knockout, showing that the involved trimers
are not exclusive in their function and may be exchangeable under some
circumstances. In Paper III and IV we also show that many of the primary
CesAs are expressed at a significant level during the entire period of SCW
development, in both P. tremula and P. abies. This suggests that the pri-
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mary CesAs may have other functions in this area, possibly as interacting
partners with the SCW complex.

1.2.3 Bioenergy

The primary target with bioenergy research is a CO2 neutral society where
renewable energy sources replace the use of fossil fuels. However, to reach
this goal a significant increase in biomass yield is required. For lignocellu-
losic biomass this may have to involve modification of the plant cell wall.
It would also likely involve a changed composition of the cell wall and/or
modification of the chemical complexity of lignin. The lignin has to be
modified in a way that it is able to retain the stability for tall healthy trees
and maintain microbe resistance, but still be easily degraded for bioenergy
purposes. Cell wall development is a complex process. The plant cell wall
is thought to be constructed by a large number of genes (>1000), meaning
that traditional strategies such as the use of gene knockout experiments are
impractical (Sarkar et al., 2009). Genome wide co-expression analysis may
aid the identification of key regulators and structurally important genes,
which can help focus research without the need to knock out every gene
involved in the process. The identification of conserved modules between
distant species, may especially help to target the most central and influen-
tial regulators of biomass production.

1.3 Introduction to gene expression

Figure 5: A gene is transcribed from
the DNA to form a primary transcript (pre-
mRNA). The RNA is processed to mes-
senger RNA (mRNA) and introns (red)
may be removed through a splicing process.
The mRNA is transported to the cytosol
where it is translated into a protein (Source:
Wikipedia. Image by ArneLH.)

Gene expression is the process
where a gene is transcribed from
the DNA and forms a gene product.
More specifically, transcription is
when DNA is transcribed, forming
a mirrored, complementary, copy
of the DNA as an RNA molecule
called messenger RNA (mRNA).
Many genes are translated into pro-
teins, but this is not the fate of all
transcribed RNA. Some have regu-
latory effects as RNA and are called
non-coding RNA (ncRNA) or non-
messenger RNA (nmRNA). A gene
information locus in the DNA con-
sists of four main parts: A promoter
region responsible for much of the
expression initiation, and within the start and stop site of transcription,
there are UTRs (untranslated regions), exons (protein coding regions) and
introns (non protein coding regions that are removed by splicing before
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translation) (figure 5). Some of the major mechanisms will be described in
more detail since they are all important for the understanding of gene regu-
lation and the comparison of how genes are differentially regulated between
species.

1.3.1 Regulation of gene expression

The regulation of gene expression has many levels of complexity. The first
regulatory level relates to how the DNA is stored in the cell. The DNA is
wrapped around protein complexes called nucleosomes that consist of eight
histone protein subunits. This DNA nucleosome complex can further fold
and form a structure called chromatin. Genes in a densely packed region of
the chromosome, such as the chromatin, are not accessible for transcription.
As described in 1.3.1 the packing may be modified by DNA binding proteins,
but there are also many other mechanisms for DNA modification including
methylation of DNA or methylation of histones, which can influence accessi-
bility for transcription (Hashimshony et al., 2003). Transcription of genes is
under strict control as random transcription of DNA may damage the cell.
The primary region controlling regulation is typically located in an area up-
stream of the coding region of a gene and is targeted by transcription factors
(TFs) – protein molecules that bind to specific DNA motifs (figure 6). TFs
that are bound to the promoter will guide the assembly of the transcription
initiation complex and increase the likelihood of transcription. Further con-
trol of gene expression exists in form of activators and suppressors (figure6).
In addition to the local promoter, there may be enhancer regions that are
more distantly located further upstream of a gene. These are typically 50
to 1500bp long regions where TFs can bind and act to enhance transcrip-
tion, for example by causing folding of DNA or interacting with a mediator
complex (figure 6). After transcription, pre-mRNA goes through a matur-
ing process where introns and UTRs are spliced out (merging the protein
coding exons) in a process called RNA-splicing. This process is catalyzed by
a complex of small ncRNA molecules called the spliceosome. The resulting
mRNA is called a mature mRNA. Genes may have several alternative splic-
ing products where one or more exons can be skipped, and hence a gene can
form more than one protein product. It is typically the mature mRNA that
is assayed by RNA-Seq methods.

The mRNA molecule has a limited lifetime. A tail of A or T added during
the transcription process to most mRNAs prevents the molecule from being
degraded. However the molecule may still be degraded before it is translated
into a protein. This is one level of regulation that differentiate the transcrip-
tome (transcripts expressed) and proteome (proteins formed). The protein
is synthesised by the ribosome, which is a combined protein-RNA complex
translating the mRNA sequence into a protein sequence. Proteins are built
from twenty different amino acids. The amino acids have different proper-
ties such as electric charge (positive or negative), polarity or hydrophobicity.
The combination of amino acids with their different properties will deter-
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mine the function of the protein, for example a membrane protein requires
a hydrophobic surface to be allowed to penetrate the hydrophobic centre
of the lipid bilayer in the membrane. The amino acid sequence must be
folded to a correct tertiary structure to become a functional protein. Mis-
folded proteins will be degraded, if not, they may cause problems for the
cell (Brown, 2002).

Transcription factors

TFs are proteins that bind to a specific DNA sequence motif typically around
6-12bp and that regulate gene expression (Spitz and Furlong, 2012). The
mechanisms and complexity of TF binding are still not well described, but
it is thought that the majority of TFs bind within 1000 bp upstream of the
gene in the so called promoter region and help the polymerase to localize to
the transcription start site. There are, however, many exceptions where the
binding site may be located further upstream, downstream or even within
the UTRs or introns of the transcribed region of the gene (Dixon et al.,
2012; Hong et al., 2008). The first description of a DNA binding protein
was published in 1961, when it was discovered that the expression of a lactose
gene in E-coli could be directly controlled by the abundance of the protein
from another gene (Jacob and Monod, 1961).

Promoter and enhancer regions

A review by Spitz and Furlong from 2012 on TFs and enhancer regions
describe a complex relationship between gene expression patterns of genes
and transcription factor binding. Very few, if any, genes are controlled by a
single transcription factor (Spitz and Furlong, 2012), rather the expression
pattern of a gene is the result of a consecutive presence of different combi-
nations of TFs. When broadly expressed activator TFs are expressed with
spatially specific suppressors, their combination gives rise to a more refined
expression pattern of a gene (Halfon et al., 2000). TFs can also bind to clus-
ters of TF binding sites located in enhancer regions. It has been shown that
TF binding in some cases is proportional to the concentration of individual
TFs (additive model). Since many TFs bind to a large number of regions
(one has been shown to target 30% of all annotated genes in P. trichocarpa)
(Liu et al., 2015), the expression pattern of a specific gene is likely the result
of many individual TFs binding in a promoter region. There are also other
mechanisms by which TFs can regulate gene expression. They can form
complexes, resulting in a non-linear relationship between occupancy of the
enhancer binding sites and the concentration of TFs (cooperative mode).
This mechanism may be the function behind binary switches, for example,
where TFs that have both reached their minimum concentration for binding
results in a sharp change in expression pattern of the regulated gene. In this
case, both TFs are required for expression of the gene, where one TF could
have a high expression over a long period of time, possibly be involved in
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Figure 6: The transcription initiation complex with transcription factors and
enhancers. The promoter region (green) is located adjecent to the transcription
start site (brown). Transcription factors (Blue, green and yellow) are bound to
enhancer regions, which further binds to a mediator and the RNA polymerase
(Nature education c© 2010).

other processes, without resulting in expression of the regulated gene unless
the other TF is also expressed (Spitz and Furlong, 2012). TF cooperative
mechanisms may involve many complexes binding to adjacent sites in the
DNA, however as shown in (figure 6), it is possible for cooperative TFs to
bind at distant locations as well. Some descriptional mechanisms involving
pairs of TFs are transcriptional synergy: two or more adjacent TFs binds a
co-factor; pioneer TF: required for chromatin remodeling to open the bind-
ing site for other TFs; collaborative competition: where a gene is transcribed
only when the other is not and DNA bending: proteins that bend DNA so
that binding sites can be close in 3D space and increase affinity. Other fac-
tors that are important include the binding site position and orientation.
The orientation of a TF binding site may result in cooperation when two
TFs are both facing the same direction, but not otherwise. The relative po-
sition may allow two TFs to cooperate when one TF binds before the other
but not vice versa. Also motifs have to be correctly spaced and oriented to
allow interaction. This is because DNA has a double helix structure (i.e.
it is coiled). As such the location of two motifs separated by a physical
distance along the DNA molecule must be considered in view of that helical
structure. In many cases, having the two motifs located proximal to each
other will require one of the two to be located on the opposite strand of the
DNA helix. The complexity of transcription factor cooperation is increasing
with number of TFs involved in the complex. However, it has been found
that it is uncommon for more than six factors to cooperate in a complex
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(Spitz and Furlong, 2012).

1.3.2 Quantifying gene expression

Microarrays

Figure 7: Microarray hybridization:
Probes for different genes are attached to
a glass slide. Labeled cDNA hybridize and
binds strongly to the probe, weakly bound
cDNA (not matching the probe perfectly)
can be washed away (Source: Wikipedia.
Image by Squidonious).

A DNA microarray is a small chip
or glass slide coated with probes
that are placed in a two dimen-
sional matrix where each probe is
designed to match with one unique
gene (or transcript). A sample
with fluorescent labeled mRNA is
applied to the chip and gene ex-
pression can then be quantified by
scanning the light intensities from
each probe-location. DNA microar-
rays were the first technique that al-
lowed genome wide expression anal-
ysis. The first miniaturized array
was reported by Shena et al. in 1995
(Schena et al., 1995) and two years

later the first genome wide experiment on a eukaryotic organism was per-
formed using cells from Saccharomyces cerevisiae, commonly known as bak-
ers yeast (Lashkari et al., 1997). The technique continued to develop and by
the beginning of the 21st century it was widely used, with several companies
providing standardized pipelines for microarrays, including the downstream
normalization and analysis software. There are two main usages for microar-
rays: quantitative measurement of gene expression and a comparative setup
for differential expression analysis, where the relative expression of each gene
between two samples is measured. The requirement of an assembled tran-
scriptome is perhaps the most significant limitation of microarrays, which
rules out the possibility to measure expression in many species. Some other
limitations include saturation, where a probes may become saturated, and
low sensitivity, as it is difficult to detect at low levels of expressed RNAs.

RNA-Seq

RNA-seq is an application of second generation sequencing techniques for
assaying RNA expression in an unsupervised manner (without a preselected
subset of genes) that, significantly, can be used to detect novel transcripts.
RNA-Seq uses a sequencing by synthesis approach to sequence individual
short reads derived from the expressed mRNA after conversion to a comple-
mentary DNA (cDNA) copy. This means that RNA-Seq, unlike microarrays,
does not require any previous annotation of the gene sequences. There are
several techniques for RNA sequencing, with the most common currently be-
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ing the Illumina sequence protocol. In the Illumina Hi-Seq protocol, cDNA
is used in place of genomic DNA, with all other aspects of the sequenc-
ing method being identical. Briefly, RNA is first reverse transcribed into a
cDNA copy, the cDNA is then fragmented and subsequently two adapters
(tags) (figure 8 pink and green) containing the sequencing primers are added.
For single end reads the fragment length is typically selected between 100 to
250bp, while when sequencing paired end reads longer fragments are used.
For paired end sequencing, the reads are sequenced from each end of the
fragment, leaving a gap in the middle. If required, protocols are available
that maintain information on whether the transcript was derived from the
forward or reverse DNA strand in order to identify strand specificity. In the
next step, all fragments are spread across a flow cell containing thousands of
pre-attached tags matching the adapter sequences. All attached sequences
are then amplified in a process called cluster generation (figure 8). After one
end of each read is ligated to the flow cell (figure 8) (1) a second step lig-
ates the other end forming a bridge (2). A primer will synthesize the reverse
strand (3,4) and finally the two strands are denatured and forms the forward
and reverse strand. The bridge cycle is repeated until a cluster of forward
and reverse strand sequences has been formed to strengthen the signal of
each read upon sequencing (6). The sequence by synthesis step is performed
by attaching fluorescent labelled nucleotides (with four unique wavelengths)

Figure 8: Cluster generation: 1) complementary DNA (cDNA) binds to
primers (green pink) attached to the flow cell. 2) The DNA bends forming
a bridge and attach its other end. 3) A primer synthesizes the complementary
(reverse) strand. 4) The two strands are denaturated and detach from one of
their ends to from the forward and reverse strand. 6) This cycle is repeated to
form a cluster of clonal copies of the forward and reverse strands to strengthen
the signal upon sequencing (Source: Wikipedia. Image by DMLapato).
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to the end of each sequence using a polymerase. A reading phase will excite
the fluorescent molecules and register which nucleotide was added at each
cluster. The number of cycles determines the read length. Since the reads
in the cluster may go out of sync, there is a limit to the read length that can
be generated. This fact will also affect the accuracy, which typically reduces
towards the end of a read. After the forward read is sequenced, the ligation
to the adapter is swapped and the reverse read can be synthesized. The
second read is also more likely to have a slightly reduced quality compared
to the first since degradation or other complications may occur with time.

The result from an Illumina HiSeq sequencing protocol is a fastq file for each
sample (two for paired end reads) with information about every read, includ-
ing a quality value assigned to each base representing the likelihood that the
base was correctly detected. The read files can later be used for transcrip-
tome assembly or gene expression quantification (section 1.3.2). RNA-Seq
protocols are also available for assaying expressed small RNAs, including
miRNAs, or several types of non-coding RNAs (described in detail later),
and in all cases these will include previously undetected and unannotated
genes.

1.3.3 RNA-Seq pre-processing

In my thesis I have used Illumina Hi-Seq RNA-Seq data and below I describe
in more detail the necessary pre-processing steps and mention possible con-
taminations. For a comprehensive and thorough explanation, read the pub-
lication of our RNA-Seq pre-processing pipeline: Guidelines for RNA-Seq
data analysis (Delhomme et al., 2014).

Quality control

The quality control step is typically performed using FastQC (Andrews,
2010). It delivers a comprehensive statistical overview of the read qual-
ity based on the Phred scale (A quality score assigned to each base using
an ascii letter, that reflects the base-calling error probability) and distri-
bution of bases and reads in the input data. Common contaminations in
RNA-Seq data include long poly-A tails, ribosomal RNAs (rRNA) and over-
represented sequences, which can include primers from the sequencing, for
example. Low quality bases can be present near the start or end of a read
and may require trimming (removal). Careful reading of the fastQC report
can detect these contaminations and the reads can be filtered before further
analysis. The two most common filtering steps include read trimming and
rRNA removal. A highly sensitive rRNA filter program called SortMeRNA
is commonly used to detect and remove any contaminating rRNA. The algo-
rithm uses a comprehensive database of known rRNA to match and remove
rRNA (Kopylova and Noe, 2012). A trimming software called trimmomatic
can be used for adapter removal and to trim bases with low quality (Phred
score) at the end of reads, as well as remaining poly-A/T tails (Bolger et al.,
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2014).

Transcriptome assembly

In the case where there is no existing transcriptome the reads must be as-
sembled into transcripts. One of the most comprehensive and commonly
used tools for this is Trinity (Bolger et al., 2014), which is a combination
of three programs: Inchworm assembles the RNA-seq reads to a number of
unique transcripts including alternatively spliced transcripts; Crysalis clus-
ters these transcripts and constructs complete de Bruijn graphs for each
cluster. The graph in this case is a way to resolve conflicting alternatives of
assembling the reads into longer sequences; Butterfly is finally used to pro-
cess the graphs and return a set of transcripts, of which many are full-length.
These transcript can be used for read alignment and gene annotation. In the
case where a transcriptome or a genome is already available it is still com-
mon to perform a transcriptome assembly, in particular for species where
the genome is not yet supported by an extensive amount of annotations. In
Paper VI P. tremula mRNA was aligned to the P. trichocarpa genome. To
identify species specific genes a transcriptome assembly was performed. This
assembly pipeline was also designed to detect novel coding and non-coding
transcripts. The full description of the assembly pipeline can be found in the
paper (Sundell et al., 2016). A comprehensive review comparing different
assemblers was published in 2016 by Conesa et al. (Conesa et al., 2016).

Read alignment

Since the RNA-Seq technique is relatively new, novel tools for read alignment
are presented every year. A review from 2013 performed a comprehensive
comparison of all the tools up to that date showing benefits and caveats
of different aligners (Engström et al., 2013). One of the highest perform-
ers was STAR, a new fast alignment algorithm for spliced read alignment
published earlier the same year. A spliced alignment is an alignment of a
read that spans two (or more) exons. When this happens, modern algo-
rithms can split the read and align different parts to different exons, adding
splice junctions across the intron region. STAR is based on a variation
of the MEM method (Maximum Exact Matches) called MMP (Maximum
Mappable Prefix) (Dobin et al., 2013), and outperformed many of the other
aligners. Several other high performing aligners were mentioned in the re-
view. However, STAR was at least 60 times faster than any of the other
algorithms, and therefore became the natural choice of aligner for the data
processed in this thesis. HTSeq-count was used to count the aligned reads
to generate a measure of expression per gene.
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Expression quantification

There are several tools for post processing of RNA-seq reads. The most
widely used are Cufflinks (Trapnell et al., 2010), edgeR (Chen et al., 2014),
DESeq (Anders and Huber, 2010) and DESeq2 (Love et al., 2014). A com-
parison between EdgeR and DESeq by Stephen Turner showed that the two
packages generate very similar results (Stephen Turner, 2012) in terms of
identifying differentially expressed genes. Differentially expressed genes are
all genes that are determined to be statistically significantly differentially
expressed between two conditions. The edgeR and the DESeq packages are
developed to detect differentially expressed genes, however, they also have
the option to output expression values for each gene in the form of normal-
ized log2 expression. Cufflinks will assemble a transcriptome based on the
input reads and can be given a reference genome. With each transcript,
cufflinks will output an associated FPKM (Fragments Per Kilobasepair of
exon per Million fragments mapped) value, which is a commonly used entity
for measuring expression in many publications. However, the use of FPKM
for gene expression estimation has been critically debated, and even one of
the creators of cufflinks, Lior Pachter, has argued that FPKM should not
be used for estimating gene expression since the expression values derived
are not comparable between experiments (https://youtu.be/5NiFibnbE8o).
In my thesis I have used DESeq (Sundell et al., 2015, 2016) and DESeq2
(Jokipii-Lukkari et al., 2017). The DESeq packages provides an option to
normalize the expression data, when calculating expression, with a method
called Variance-Stabilizing Transformation (VST) which is a method that
takes into account the fact that lowly expressed genes will have a larger
variance than highly expressed genes (i.e. the difference between 1 and 2 is
larger than the difference between 101 and 102) (Delhomme et al., 2014).

1.3.4 Functional annotation

By using the knowledge gathered about gene function in model species, it is
possible to assign a likely function to sequence similar genes in closely related
species. The gene ontology consortium has created a catalog for annotation
of genes. Gene functions are organized in three distinct and non overlapping
categories: cellular component, molecular function and biological process.
Each category forms a graph where nodes represent a control vocabulary for
describing gene function and edges describes the relationship between these
descriptions (GO terms). The graph can be viewed as a directed rooted in-
tree where parent nodes are more general than their child nodes and where
all genes annotated to a child also belong to the parent. The category is the
top root (Oliver, 2000; The Gene Ontology Consortium et al., 2000).

Functional categorization of genes is typically used to to test gene clusters
for enrichment of gene function (statistical over-representation of genes in-
volved in a defined process) e.g. using GO or metabolic pathways (KEGG).
In the late 90s the term guilt-by-association gained popularity in genomics,
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a concept that builds on the assumption that two proteins that are similarly
expressed are likely to have similar biological function. Enrichment can be
calculated for a set of genes to identify categories that are over-represented
and a tree graph can be used visualize the relation between enriched terms.
The enrichment test is typically performed using Fisher’s exact test (Fisher,
1922), with false discovery rate (FDR) correction for multiple testing (Ben-
jamini and Hochberg, 1995).

1.4 Co-expression networks and network statistics

When multiple gene expression variables are measured for a dataset, an un-
derlying relationship will exist between each pair of variables, where some
will correlate while others will not. Butte and Kohane 1999 were first to
describe a method to create a relevance network (co-expression) for gene
expression data in an unsupervised manner (Butte and Kohane, 1999). A
gene-gene co-expression network consists of nodes (genes) and edges (link-
ing co-expressed genes), were a co-expression score measures the expression
similarity (i.e. co-expression) between pairs of genes in a set of experiments
(figure 9). Different methods for inferring networks may represent an edge
as either there or not or as a score or rank on how co-expressed two genes
are in comparison to other pairs. A co-expression network can be visu-
alized as an undirected graph. When more information is available, such
as TF annotations, a directed graph can be shown (then often referred to
as a regulatory network), with edges that determine the direction of regula-
tion. Different types of algorithm for inferring networks are described below.
Biological networks are assumed to be scale free. A scale free network con-
tains few hubs with many connections and many nodes with few connections
(Barabási and Oltvai, 2004). A gene-gene network has many genes with few
connections (low connectivity) and few highly connected genes (hubs). This
property (referred to as being scale-free) buffers the network against the ef-
fects of random mutations affecting the expression pattern or protein coding
sequence of a gene, as random mutations are more likely to occur in a gene
with low connectivity (Jeong et al., 2001; Lachowiec et al., 2016; Levy and
Siegal, 2008).

1.4.1 Correlation methods

Pearson correlation calculates the linear dependence between two variables,
denoted X and Y (figure 9). The linear correlation is scored between -1 and
1 with -1 being perfect negative correlation, 1 being perfect positive corre-
lation, and 0 being no correlation. Pearson correlation is fast to calculate
and has been shown to identify many true correlations (interactions, such
as protein-protein interactions, verified by other experiments) in gene-gene
networks. However it lacks the power to find non-linear relations and is
sensitive to outliers. Spearman’s rank correlation coefficient measures the
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dependency between variables using the rank of the correlation. The rank
system makes the correlation measure more robust against outliers compared
to Pearson correlation. Mutual Information (MI) is a statistical measure of
the relationship between two independent variables with the power to detect
non-linear relationships. MI together with a network background correction
method called Context Likelihood of Relatedness (CLR) has been shown to
identify many true relationships between genes (Madar et al., 2010).

Beyond co-expression networks, there are methods that aim to calculate di-
rected edges between nodes and, hence, to infer the gene regulatory network
(TFs controlling the expression of other genes) from expression data. The
regression method aims to predict the most likely set of genes controlling the
expression of a target gene (Vignes et al., 2011), while Bayesian networks
allow previous knowledge to be included within a probabilistic framework
(Tamada et al., 2003). Another method, developed to distinguish direct and
indirect regulation, is ARACNE. This method investigates the interaction
between triplets of genes and, in the case where all three are connected,
the weakest link is removed under the assumption that this link represent
an indirect relationship (Margolin et al., 2004). Methods for inferring reg-
ulatory networks are computationally expensive and were not considered in
this thesis.

Positive correlation

Negative correlation
Positive linear  

correlation

gene 1

ge
ne

 2

Figure 9: Four genes with different expression profiles are shown in
the left panel. A scatter plot showing the expression of gene 1 (blue) on
the x-axis and the expression of gene 2 (purple) on the y-axis is shown in
the middle. A high correlation between two genes will result in an edge
in the network (right). Two genes may have inverse relationship (green)
resulting in negative correlation. Genes with dissimilar profiles will not
correlate (black).

1.4.2 Network centrality measures

There are a number of network centrality measures that have been shown
to provide biological insight (Koschützki and Schreiber, 2008). The most
commonly used centrality metric is the degree centrality, which is simply
the number of nodes (hereafter genes) a gene is directly linked to. In both
protein and metabolite networks, built on verified interactions, the degree
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centrality has been shown to correlate with evolutionary age (Jeong et al.,
2001). The older the molecule or protein domain, the more connections it
has, and old proteins/metabolites have been shown to have important func-
tions. A high degree entity in a biological network also has been shown
to have a higher likelihood of representing a gene that is lethal if removed
(Provero, 2002; Wuchty and Stadler, 2003). The betweenness centrality
measure was developed by Linton Freeman in 1977 to identify the flow of
information in social networks (Freeman, 1977). The shortest path is the
minimum number of edges between a pair of genes and the betweenness cen-
trality is representing the number of shortest paths that pass through a node.
A gene with a high betweenness centrality is thought to have important bio-
logical roles and they have been shown to have essential function in protein
networks (Barabási et al., 2011). Also, genes with high betweenness have
been shown to have a wide range of degree centrality values. Koschutzki et
al. described two different types of high betweenness genes. A gene with
both high betweenness centrality and high degree is likely to be in the center
of a cluster, while a high betweenness gene with a low degree is thought to
be involved in modularization of the network, acting as a switch control-
ling the transition from one expression program to another. This second
type of high betweenness nodes are absent in randomly generated scale-free
networks (Joy et al., 2005; Koschützki and Schreiber, 2008).
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2 Summary of papers

2.1 Paper I - ComPlEx

ComPlEx: Conservation and divergence of co-expression networks in A.
thaliana, Populus and O. sativa. Regulation of gene expression has emerged
as one of the key mechanisms for evolutionary differentiation and specia-
tion. While the majority of annotations in plants are predicted from the
annotations in Arabidopsis thaliana and are based on protein sequence sim-
ilarity, many plant species consist of large families in which there may be
several alternative orthologs for a gene in another species. In Populus, a
recent whole genome duplication has in addition resulted in two copies of
most genes in the genome. The evidence suggests that co-expression in ad-
dition to sequence similarity is important for functional annotation (Das
et al., 2016). Many methods of co-expression network analysis have been
developed to include gene expression similarity in addition to sequence sim-
ilarity when inferring orthology. In this paper, we applied a network based
approach to compare all publically available microarray expression datasets
from NCBI for three plant species Arabidopsis thaliana (6,665 experiments),
Oryza sativa (711) and experiments from several Populus species (462) in-
cluding Populus trichocarpa. A co-expression network was calculated using
Mutual Information (MI) and Context Likelihood of Relatedness (CLR),
which is a state of the art method for calculating biological co-expression
networks. The idea of network conservation is that the co-expression neigh-
borhood of a gene is more likely to be conserved for the functional ortholog
and may reveal which of two sequence similar genes has maintained the
ancestral function. We found that individual gene-gene co-expression was
vastly diverged and did not show significant conservation, however, the co-
expression neighborhood was conserved in up to 80% of the cases. We also
found that network centrality was conserved in networks where edges were
filtered so that the network approached scale-free properties. One of the
most important findings was that given a group of alternative orthologs
(sequence similar genes), the expressolog (the ortholog with the most over-
lapping co-expression neighborhood) was not necessarily the most sequence
similar ortholog. Other interesting observations were made using network
motifs of TF-gene regulation. Two particular motifs were over-represented
in specific functional subnetworks. The first was the feed forward loop where
two TFs regulate the same gene. The second most enriched motif was a com-
bination of two feed forward loops, where two TFs regulate two genes, called
a bi-fan motif. We presented an interactive website Comparative Plant Ex-
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pression ComPlEx (http://complex.plantgenie.org) where expressologs can
be identified among a group of sequence similar genes.

2.2 Paper II - PlantGenIE

The plant Genome Integrative Explorer Resource (PlantGenIE; http://plantgenie.org).
During recent years the methods for sequencing have undergone a signifi-
cant upgrade including the possibility to analyze transcriptome data. This
has resulted in a large increase in the number of sequenced genomes for
a number of different species, including many plants species. Previously,
most of the research relied on experimental data and the genome assemblies
from a very small number of model species, such as A. thaliana for plants.
Today there are many assemblies available for a large number of plant fam-
ilies. The number of datasets has also significantly increased the need for
new tools for data processing, visualization and interpretation. The Populus
Genome Integrative Explorer (PopGenIE; http://popgenie.org) website was
originally published in 2009 (Sjödin et al., 2009) and included a large variety
of genome tools. Paper II extends the resource to include three plant species
and includes upgrades of several tools, including two new expression explo-
rative tools: One creates heatmaps and the other is a network browser based
on CytoscapeWeb (Lopes et al., 2011). Upgraded tools include a GeneList
that can now store multiple lists, each of which can be used in any subset of
tools on the site and a new exImage (expression Image) browser to visualise
tissue specific expression. Gbrowse/JBrowse for genome browsing is inte-
grated with an updated user interface for BLAST in which the sequences
can be directly linked and explored in either of the two genome browsers.
ComPlEx2 was enhanced visually and the comparative networks include A.
thaliana accompanied with two tree species from the two main groups of
plants P. tremula (angiosperms) and P. abies (gymnosperms). New tools
include exNet, which is a co-expression network browser where gene co-
expression can be visualized and network neighbors can be extracted and
added to a genelist for further exploration and an enrichment tool that cal-
culates and visualizes functional enrichment in a number of gene annotation
categories such as Gene Ontology (GO), KEGG and Pfam. The resulting
subset of enriched genes can be exported to a gene list for further analysis
and WebApollo is available for custom user annotation of genes. With this
publication, we provided an expression atlas of P. tremula data consisting
of 24 samples from a wide range of tissues including buds, wood, root, leaves
and some experiments from varying conditions, such as mechanical damage
and drought. Several worked examples were included. One used previously
known clusters of genes involved in leaf development and this set confirmed
the quality of the expression atlas data. The cluster was visualized in exNet
and two dense clusters were enriched for early leaf development and pho-
tosynthesis genes, respectively. The power of ComPlEx2 was demonstrated
using the co-expression neighborhood of the two A. thaliana Photosystem
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I subunit D1 and D2 that showed ortholog co-expression overlap to all pre-
dicted orthologs in P. abies. The most important contribution of this pub-
lication related to my thesis was the new web-tools including co-expression
visualization and comparative co-expression network analysis.

2.3 Paper III - NorWood

Conifers make up a large volume of the total biomass of trees in the northern
hemisphere and include several important species for the forest industry. Re-
cently several conifer genomes have been sequenced and published, including
Picea abies, Picea glauca and Pinus taeda. This provides new possibilities
for specific research on conifers. The anatomical difference between gym-
nosperm and angiosperm trees suggest a difference in the regulation in the
formation of the xylem, with angiosperms forming vessels and tracheids and
gymnosperms only forming tracheids. We produced a high-spatial resolu-
tion dataset from three genetically identical biological replicates including
samples from the dividing cambium to latewood from the previous year. We
performed a global analysis of all expressed genes (18,513) using two types
of clustering methods to confirm the validity of the data, and to find major
patterns responsible for wood development. Hierarchical clustering based on
Pearson correlation was performed on 7,788 genes with a minimum variance
across the three replicates. The clustering resulted in seven (a-f) distinct
clusters with distinct gene profiles. A GO enrichment analysis of the clus-
ters showed a general agreement between the maximum relative expression
value in each cluster and what was expected related to the manual tissue
annotation based on staining and visual examination of the cross sections.
For example, one cluster peaked in the cambial area and was enriched for
categories related to cell division including DNA replication and regulation
of cell cycle and the cluster peaking over the secondary cell wall formation
zone contained all three genes annotated to the secondary cell wall (SCW)
complex (CesA 4,7 and 8). A second clustering approach was conducted
where each gene were assigned to the sample where it had its highest ex-
pression, with genes assigned to several samples if the expression was high
in several samples. GO enrichment of the resulting sample clusters showed
agreement with expected developmental processes. For example, genes as-
signed to sample T1-03 were highly enriched for processes related to cell
division, reflecting that T1-03 contained the cell layer of dividing cambial
cells. Similarly all secondary cell wall related genes were assigned to samples
located in the SCW formation zone. A gene-gene co-expression network was
calculated using the MI and CLR co-expression inference algorithm result-
ing in a network containing 17,942 genes. Four network statistic measures
were calculated: degree, betweenness, closeness and average nearest neigh-
bor degree. The betweenness and closeness centralities were transformed
into a rank for easier interpretation. For example, MA 10018650g0010 had
a high betweenness rank and was located in cluster-b suggesting it may be
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involved in the transition between xylem cell expansion and maturation.

As a worked example of the use of NorWood, the CesA gene family in P.
abies was identified starting with one of the genes in the group of CesAs in
A. thaliana. Using ComPlEx2 we identified five P. abies genes that were co-
expressed with the CesA genes from both A. thaliana and P. trichocarpa,
of which four were also co-expressed in the P. abies wood cross section
series. Three of the CesAs represented the closest homologs to the three
genes forming the SCW synthase complex, CesAs 4,7 and 8. The fourth
gene in P. abies clustered outside the CesA sub-cluster, but was closer to
the CesA sub-cluster than the CesA-like sub-cluster. The co-expression
neighborhood of the four genes, at a Z-score of five, contained nine TFs of
which several have been previously shown to be involved in the regulation
of wood development.

As a second example, we looked closer at some known regulators of the ho-
mologs of CesAs 4,7,8. Both the VASCULAR NAC DOMAIN 7 (VND7)
and NAC SECONDARY CELL WALL THICKENING PROMOTING FAC-
TOR1 (NST1) had only one expressed representative in the P. abies wood
development dataset. The two TFs were not among the first neighbors of
the SCW formation complex. The VND homolog was correlated with the
SCW CesAs as a third degree neighbor, suggesting that it may be a regu-
lator further upstream in the network, as in angiosperms. The gene profile
of the NST homolog, however differed significantly from the profiles of Ce-
sAs 4,7 and 8, suggesting that the NST homolog has a different function in
gymnosperm wood development.

As the main contribution to this thesis, an expression exploration tool Nor-
Wood (http://norwood.congenie.org) was developed, including visualization
of expression profiles, a co-expression neighborhood browser and GO enrich-
ment tool.

2.4 Paper IV - AspWood

Populus is one of the most widespread families of woody trees in the north-
ern hemisphere and is of great economical value. Populus trichocarpa was
also the first woody species to be sequenced (Tuskan and Torr, 2007) and
has become the model system for trees. textitArabidopsis thaliana is by far
the most researched angiosperm where SCW formation has been extensively
described. However as the dimensions of the woody tissue in A. thaliana
are small, this limits the ability to use A. thaliana for high-spatial resolu-
tion research on wood development. Several publications have researched
the developmental tissues of the cambium and phloem using a tangential
cryosection method developed by Uggla et al. (Uggla et al., 1996). We pro-
duced a high resolution cryosection RNA-Seq dataset of the newly formed
wood development ring from old phloem to mature xylem covering the
year ring, in four genetically identical, wild growing Populus tremula trees.
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A web resource was developed (AspWood; http://aspwood.plantgenie.org)
that contains modules for visualization of gene expression, co-expression,
enrichment analysis for several gene annotations, a heatmap visualization
for larger datasets and a gene list providing basic gene information and net-
work statistics. The layout for browsing a single gene allows more detailed
gene information, network neighborhood exploration and neighborhood en-
richment testing. The main transcriptional modules activated during wood
development were identified using a co-expression network based on Mutual
Information (MI) and Context Likelihood of Relatedness (CLR). A worked
example showed the regulation and gene co-expression of cell wall cellulose
synthases (CesA). We showed that the primary cell wall synthases had a
more general expression pattern than previous experiments have suggested,
where high expression is maintained into late xylem formation. Secondary
cell wall could also be shown to have a significant expression peak in phloem
development and not only in mature xylem. The CSC in A. thaliana is built
from mainly three proteins coded by the CesA4, CesA7 and CesA8 genes
(McFarlane et al., 2014). In our dataset we found a set of five highly co-
expressed secondary cell wall synthases with the most significant expression
in mature xylem, including A. thaliana orthologs to all three genes, with two
gene copies of CesA7 and CesA4. We could also show that the secondary cell
wall initiators VND6 and the secondary cell wall associated NAC Domain
1 (NAC1 or SND2 ) was in the network neighborhood of the secondary cell
wall synthases, suggesting that they do have a regulatory role in secondary
cell wall synthesis also in P. tremula.

A pipeline for identifying novel coding and non-coding genes was also de-
veloped. A number of novel genes were discovered and categorized into
novel protein coding genes, fragments with undetermined coding potential,
or non-coding transcripts. The fragments represent transcripts rescued us-
ing frameshift correction, and where the resulting fragment contained an
incomplete coding sequence with either a start codon, a stop codon, or nei-
ther. A new co-expression network was calculated including the novel genes.
Of the 29,294 expressed genes, 14,119 were present in the network, of which
25 (out of 78) were novel genes, 87 (out of 307) were fragments and 205 (out
of 567) were non-coding RNA. The network statistics calculated on this
network showed that many of the novel genes, including non-coding RNAs,
are well integrated in the network, suggesting that they do have biological
function (figure 10). It will therefore be important to include novel genes,
including non-coding mRNA expression features, in future transcriptomic
research to obtain a more complete picture of the regulome.
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Figure 10: Network integration of novel genes. Network statistics,
mean expression and expression specificity is shown for the five categories of
annotated genes: Genes less than 200bp in length (200bp;Red), fragments (Yel-
low), non-coding RNA (ncRNA;Green), novel coding genes (novel:Blue) and
previously annotated Populus trichocarpa genes (purple). An asterisk in the
plot indicates a significant difference from annotated genes: a) The mean log
VST expression shows that the novel categories, except novel coding genes, all
have a significantly lower expression than coding genes. b) The sample speci-
ficity is higher in non-coding RNAs. c,d and e) The network statistics of average
neighbor degree, degree and closeness were all similar to that of any previous
annotated P. trichocarpa gene. f) Novel coding genes and short novel genes (less
than 200bp) had significantly lower betweenness centrality.
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3 Conclusions

The potential of lignocellulosic plants as a resource for producing renewable
energy is one of the current motivations driving research on wood. The
primary goal is to increase biomass yield through enhanced growth and an-
other to modify wood properties to increase economic value, for example by
making the cellulose more accessible for bioethanol production. Achieving
such targets requires an in-depth understanding of the biological processes
and underlying regulatory mechanisms determining growth rate and cell wall
formation. The high spatial resolution datasets analyzed during this thesis
provide the community with a resource to identify regulatory pathways at
a greater detail than was previously possible and are therefore valuable for
future research in tree species. However, just as function can be transferred
from a model species to other plants, modules or pathways identified us-
ing these high resolution datasets may aid the identification of important
regulators in other lignocellulosic plants such as crop species, where the
physical resolution of the SCW formation zone is limited. The availability
of flexible new tools, such as CRISPR-Cas9, for genome editing makes it
possible to produce proof of function lines that were previously impossible.
For example, homozygous deletion lines (knockouts) can be produced in het-
erozygous species (Zhou et al., 2015), including aspen and Norway spruce,
and polyploid species become more tractable (Krasileva et al., 2017), which
is important as numerous crop species are polyploid. Importantly, it is also
likely that the use of CRISPR-based genome editing will also be applicable
not only for scientific research but also for commercial use, which will make
it far more feasible to transfer knowledge gained from advanced systems
biology studies into forest trees with enhanced biomass yield.

Appropriate experimental design is essential for ensuring that data gener-
ated can be used to address the original biological question. A clear ex-
ample of the importance of high spatial resolution was demonstrated in
Paper III. Proost et al. suggested that P. abies only contained one con-
served co-expression module, containing both the secondary and primary
cell wall CesA orthologs, acting during cell wall formation. This is in con-
trast to other species investigated, which have one module for PCW for-
mation and one for SCW formation (Proost and Mutwil, 2016). Proost et
al. made this inference based on the expression atlas available at ConGe-
nIE (http://congenie.org) (Nystedt et al., 2013). However, using the high
spatial resolution data from Paper III, we were able to identify two defined
modules, in which one was linking all but one of the expressed PCW genes

31



and the other linked the SCW genes. This shows that interpretation of re-
sults always has to consider the experimental design and what limitations
this may place on drawing conclusions from such a design. In both Paper III
and IV we also found that PCW genes are expressed across a wider range
of developmental stages than previously thought, being expressed not only
in the cambial area but during the whole developmental process of SCW
formaiton. This suggests that synthesis of pectin and xyloglucan may still
be active during SCW biosynthesis.

The tools developed in this thesis, in addition to being useful resources for
the processed data, are designed to allow the use of a simplistic background
database, with few inputs that can easily be updated to include additional
datasets, or even genome updates. This is required to keep the resource
up-to-date as improved genome and annotation releases become available as
well as making them easily extensible, allowing new datasets to be included
or for their use in other species. All tools developed in Paper I through
IV are open source and can be downloaded freely (although some basic
programming knowledge will be required for setting up a functional web
front end). Gaining the possibility to browse expression datasets from a
large variety of experimental conditions and developmental stages derived
from a wide range of experiments will increase the possibilities to identify
genes and their involvement in processes at many levels, and possibly help
with resolving the complexity of gene expression regulation in biological
systems in greater detail and in a wider perspective than what would be
feasible based on one dataset or species alone. What remains to be solved
when it comes to data visualization of transcriptomic datasets related to
these novel resources is the development of a streamlined pipeline to add
additional datasets. The comparison between species is, perhaps, the most
powerful technique with potential to identify regulatory pathways that are
conserved or diverged between species, with conserved modules or regulatory
mechanisms likely to be central in their biological function.

The current resources discussed in 1.3 provide genome comparative data,
however there is a lack of consistency when it comes to annotations and
genome versions. The genome assemblies are continuously developed and
new publications are typically made available a few times per decade. Many
available web resources are not updated with the development of new genome
assemblies. There are also the cases where the official nomenclature of
genes is not followed, which makes transition between different resources
less smooth. In Paper IV we integrated novel gene annotations including
coding and non coding genes. We chose to keep the same nomenclature
structure as the existing annotation. To keep track of which genes were new
the gene signifier G was exchanged to N for a non-coding feature or C for a
protein coding feature. These are issues that have to be addressed in order
to provide a developing global resource that allows comparison of published
datasets.
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3.1 Future perspective

We targeted the lack of consensus among gene expression analysis tools by
developing the current version of PlantGenIE. To extend the basic philoso-
phy driving our development we have now initiated a further step towards
broad-scale extensibility by developing a standardized layout, including all
available visualization and genome browsing tools, in a flexible, module man-
ner. We are actively developing the GenIE Content Management System
(GenIE-CMS) (Mannapperuma et. al 2017, in progress) as a modular sys-
tem that can be fed transcriptomic and meta data in a simple format that
can then be integrated within the tool using simple procedures that are
described in our supplied guidelines. We have also worked to make the pre-
processing of RNASeq data as seamless as possible by providing a published
guideline detailing our RNA-Seq preprocessing pipeline (Delhomme et al.,
2014), that includes all steps from raw reads processing through to the gen-
eration of normalized gene expression values. The ultimate goal of the CMS
project is to provide a service that includes a streamlined pipeline for pro-
cessing gene expression data and integration with the available genome and
co-expression tools in PlantGenIE, including ComPlEx.

3.1.1 Regulatory network comparison of secondary cellulose
synthase (CesAs).

As a demonstration of the resources developed in Paper III and IV and their
potential to identify conserved co-expression, I performed a comparison of
the TF neighbourhood of the co-expression network between the two wood
development networks created in Paper III and IV.

Figure 11 shows the TF co-expression neighbourhood of the SCW cellulose
synthase complexes of P. tremula and P. abies. The network was based
on the MI+CLR networks provided in the respective publications using a
CLR threshold of 5 and the figure was created using the first and second
TF neighbours of the SCW CesAs identified in Paper III and IV. Negative
correlation (red edges) was identified using the sign from Pearson correlation.
All co-expressed TFs in the P. tremula network showed correlation to the
CesAs in at least one other public co-expression datasets. For P. abies, no
external datasets were available, but all genes in module a2 were confirmed
to also be co-expressed in PlantGenIE (exNet; exAtlas). Known regulators
outside the network are shown as labels with connecting arrows. A solid
arrow indicates correlation at threshold 5, a dotted arrow indicates that
a gene is connected to the network through other genes, but not directly
correlated. Blue arrows shows known protein interactions from the SND1
gene to other genes in the network (Hussey et al., 2011). Gene names given in
the figure were all assigned using the synonym names of the best BLASTp A.
thaliana gene except for the two SND2 genes, which were assigned using the
NAC gene phylogenetic tree in figure 12. I investigated the TFs identified
in this module further together with the genes identified in the other species
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Figure 11: Transcription factor network neighborhood of the secondary cell
wall synthase Arabidopsis thaliana homologs(CesA 4,7 and 8). a) shows the
TFs that has been identified as co-expressed in at least two independent co-
expression networks and/or identified using cross species comparison including
the two networks of Populus tremula and Picea abies in (figure11). a1 and a2)
Shows a conserved module that overlaps between the two networks shown in the
figure. b) Shows an interesting module with some conserved orthologs NAC75,
MYB103 and two TFs with no current annotation to SCW formation. All gene
labels are assigned using the gene annotation of A. thaliana best pBLAST hits.

and any best BLAST arabidopsis genes, to identify orthologs. I constructed
phylogenetic trees using phylogeny.fr (Dereeper et al., 2008), including the
genes within the modules or in the vicinity of the CesA genes in P. abies
and P. trichocarpa (figure 11). In the MYB tree a few genes outside the
defined subfamily, but that had a relatively close phylogenetic relation in the
A. thaliana MYB family tree, was included (Stracke et al., 2001). The NAC
tree included all genes from the NAC tree in Paper IV, with the addition
of the P. abies NAC orthologs present in figure 11 (Yao et al., 2012). The
LOB domain genes were not in the same subfamily, so the A. thaliana genes
from each subfamily of either LOB was included in the tree (Wang et al.,
2013). Protein sequences were retrieved from the PlantTFDB (downloaded
2017-02-10) (Jin et al., 2015, 2017).

Within this network, one conserved module (a1 and a2) contains TF or-
thologs that all are co-expressed with the CesA orthologs. The phylogenetic
relationship was confirmed for each TF family (figure 12. A connected sub-
network containing the MYB103 and the NAC75 A. thaliana orthologs in P.
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MYB

NAC LBD

Figure 12: Phylogenetic trees of the genes annotated to NAC, MYB and
LOBs TF families in the TF neighborhood figure 11a1 and a2. The MYB tree
shows that the P. abies gene annotated as MYB105 and the P. trichocarpa gene
annotated as MYB52, were found to be photogenically closer to each other than
to any other gene in the tree suggesting they are likely true orthologs. The
NAC tree shows a paired relation between the two NAC73/75 genes that are
also paired in the network. However, it also shows that the one P. abies NAC
(figure 11 b) is closer phylogenetically to the A. thaliana NAC73. Using best
BLASTp they are instead matching the A. thaliana NAC75. The LBD tree does
not show a close relation between the P. tremula and the P. abies genes.

abies b), which are known to be involved in the regulation of cellulose in an-
giosperms (Endo et al., 2015), is perhaps part of the regulatory mechanism
of CesAs in P. abiesNorway spruce. However, this module has no corre-
sponding module in the P. tremula network. The genes in thise module
identified above may representbe a good targets for set of genes to initially
modifying to alter fiber developmentexpression in P. abies.

The assets that are now available at the AspWood, NorWood and Plant-
GenIE web resources for browsing high resolution gene expression profiles
during wood development together with ComPlEx will be highly important
for future research in wood developmental science. The potential to iden-
tify regulatory modules will help direct future research aiming to optimize
growth and cell wall properties in trees or other lignocellulosic plants. Mak-
ing the tools developed available as open source and the implementation to
enable easy integration with any type of dataset will also drive the inclusion
of numerous future datasets. This makes the resource ever more power-
ful and available in an easily accessible format that can be explored using
intuitive interfaces. As such, these tools will, I hope, become an integral
component of the toolbox that biologist use in their future research.
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