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Integration  of Arabidopsis  and  Poplar Model  Systems  to  Elucidate Gene 
Function during Wood Formation 

Abstract 
Wood is an essential raw material being used for a number of different applications 
including construction, pulp and paper production and as a source of biomass for 
bioenergy generation. The increasing number of sequenced plant genomes provides 
powerful tools to evaluate plant gene function. Cross-species integration is 
increasingly being used as a way to facilitate gene discovery and functional 
characterisation. In this thesis poplar and Arabidopsis model systems were integrated 
with the aim of identifying and characterising cell wall biosynthesis or modifying 
genes. Wood forming tissues of poplar represent an ideal model system to study 
developmental processes from cell division through to cell death. However, the 
relatively large size and slow growth rate of poplar make it practically challenging to 
use as an experimental system. An alternative is to identify closely related genes in 
Arabidopsis where their function can be analysed using T-DNA knockout lines and 
then transfer this knowledge back to tree species. 

  Transcriptomics data for the wood forming tissues of poplar was used to identify 
genes which were specifically upregulated in the zone of secondary wall formation. 
Several of these poplar genes were used to identify the closest Arabidopsis homologs 
in a 3-step screening filter. One of these genes was selected for further analysis in 
Arabidopsis resulting in the identification of a small family of 4 related sequences 
which were named DUF DOMAIN PROTEINs (DDPs). T-DNA knockouts were 
generated for each of the genes and all possible mutant combinations made. ddp 
mutants affected root elongation, lateral root formation and seed development. 
Analysis of the biochemical composition of the ddp mutant combinations revealed 
possible changes in the relative amount of hemicellulose, pectin and/or lignin, 
compounds important in the secondary cell wall.  
 The Arabidopsis epc1 mutant was identified previously as having severe growth 
defects, with reduced cell-cell adhesion and increased secondary growth. Two 
poplar EPC1 homologs were identified and complementation studies show that 
they are able to rescue the Arabidopsis epc1 mutant. RNAi downregulation of 
PtEPC1 resulted in only minor effects on growth which may be due to residual 
message producing sufficient functional protein. 
 
Keywords: Arabidopsis, poplar, model systems, wood formation, RNAi 
downregulation, T-DNA mutants. 
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1 Introduction 

The completed and ongoing sequencing of different plant genomes gives an 
ever increasing opportunity to study the function and development of plants 
in more detail. This has provided the tools to start to gain better 
understanding about wood development which is an essential process, both 
for the tree to provide rigidity, transport of nutrients and protection as well 
for industries that utilize trees for pulp and paper manufacture, construction 
and increasingly as a source of biomass and bioenergy production. The 
complexity of fiber and cell wall formation and regulation makes it a 
challenging task to unravel the biosynthesis pathways and identify the key 
enzymes. 
  Sequencing of the poplar genome together with detailed transcript 
profiling of poplar wood forming tissues allows novel potential genetic 
regulators of wood formation to be identified. However, it is time 
consuming to analyze the function of a large number of genes using RNAi 
or antisense-based knockdown techniques in poplar. An alternative approach 
is to first study the function of closely related putative orthologs in 
Arabidopsis to identify genes with apparent important function. This then 
allows a subset of genes to be identified which can be studied in poplar 
whose putative function is indicated by results obtained in Arabidopsis.  

In Paper I transcript profiling data obtained for the poplar wood forming 
tissues was used to identify genes specifically upregulated in zones correlated 
with late wood development. These genes were then used to identify the 
closest Arabidopsis homologs. Of the different genes selected and found to 
be associated with secondary growth, one was At4g27435, a gene with no 
previously assigned function. Despite the efforts made in characterizing the 
function of all genes in Arabidopsis since its full sequence was established, 
approximately 30 % of the Arabidopsis genes have either only a hypothetical 
or unknown function (Brown et al., 2005; Clare et al., 2006). It is important 



 10

to develop ways to determine the function of these genes in order to gain a 
full understanding of all aspects of plant function and development. The 
protein encoded by the At4g27435 gene shows homology to proteins 
encoded by 3 other genes (At1g52910, At1g61065 and At3g15480), all of 
which have no known function. The work reported in Paper II aimed to 
identify the function of this small family of related Arabidopsis genes and to 
establish whether there is functional redundancy. In Paper III we describe 
the two poplar homologs of the Arabidopsis ECTOPICALLY PARTING 
CELLS 1 (EPC1) gene. The poplar EPC1 homologs have approximately 70 
% identity to the Arabidopsis EPC1 at the protein level. Arabidopsis epc1 
knockout mutants are severely affected in growth and exhibit an increase in 
secondary growth in hypocotyl tissues (Singh et al., 2005). We have shown 
that the poplar EPC1 genes are functional orthologs of the Arabidopsis 
EPC1 using complementation and experiments were carried out to elucidate 
the role of the EPC1 family in Populus. 
 
 

1.1 Wood formation 

Plants grow as a result of cell divisions that occur at the shoot and root apical 
meristems. This process of divisions of cells results in the formation of new 
organs or an elaboration of the root system (primary growth) (Northington 
and Schneider, 1996). In woody species a further two lateral meristems, the 
vascular and cork cambiums function to increase the woody tissues and 
outer bark respectively. The activity of the vascular and cork cambium 
allows the trees to increase in girth (secondary growth). The activity of these 
cambiums varies with the season for trees that undergo a dormant phase 
resulting in the characteristic growth rings seen in wood. Of the two lateral 
meristems it is the vascular cambium that produces the secondary phloem 
and xylem cells and it is the secondary xylem that constitutes wood (Fig. 1). 
Wood provides the tree with water and nutrient transport as well as overall 
support. As the tree continues to grow cells begin to die resulting in 
sapwood. Sapwood consists of predominantly dead cells and it is this part of 
the wood that conducts the water and nutrient transport. During the lifespan 
of a tree it accumulates different compounds such as oils, gums, tannins, 
resins and aromatic substances that infiltrate cells in the central wood region 
eventually giving rise to the inner heartwood. (Northington and Schneider, 
1996). 
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Gaining a full understanding about the differences in wood formation 
processes between different tree species as well as the regulation of the 
formation of wood fibers and cell walls would be of considerable potential 
benefit to the forestry industry. The possibility to tailor wood fibers could 
potentially lead to trees with specific end uses, either pulp and paper 
manufacturing or construction material, businesses with different demands 
on the wood properties.  

 
 

 

Cell division 

A B C D
Cortex Phloem    Cambium Developing xylem

Mature xylem

Cell expansion/elongation

Secondary cell wall formation

Lignification

Programmed cell death

E

 
 
Fig. 1. Photograph showing a cross section of a birch tree trunk with the cambium region 

highlighted and shown in more detail. The cellular developmental stages are indicated, and A-
E denotes the sample locations of microarrays conducted and referred to in this thesis. Figure 
modified from thesis by Takahashi Schmidt (Takahashi Schmidt, 2008). Photograph taken 
by E. Edvardsson.  
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1.2 The cell wall ‐ glycosyltransferases 

Cell walls perform a vital structural function providing strength to the plant 
as well as performing a protective function (Shedletzky et al., 1992; Braam, 
1999; Vorwerk et al., 2004), regulating cell volume and shape (Delmer and 
Amor, 1995) and mediating cell-cell interactions (Karp, 1999). The primary 
cell wall is comprised predominantly of cellulose microfibrils which are 
crosslinked via hemicellulose and embedded in a gel-like matrix made of 
pectin (Fig. 2). Cellulose constitutes roughly 25 % of the dry weight of the 
primary cell wall. The cellulose microfibrils are made exclusively of glucose 
monomers joined together via 14) linkages into linear molecules which 
provide resistance to tensile or pulling forces. In most cases the microfibrils 
of one layer are oriented at approximately 90º to those of adjacent layers 
(Zablackis et al., 1995; Northington and Schneider, 1996; Reiter, 1998; 
Karp, 1999).  
 

 
 
Fig. 2. Schematic overview of the primary cell wall, depicting the cellulose synthase complex 
generating cellulose microfibrils which gets crosslinked into a complex network together with 
hemicelluloses surrounded by pectins (not shown). Figure credit United States Department of 
Energy Genome Programs (http://genomics.energy.gov) 

 
 
The hemicelluloses are polysaccharides that bind to the surface of 

cellulose microfibrils, cross-linking them into a complex structural network. 
There are many classes of hemicellulose and they all have a long linear 
backbone of only one type of sugar (glucose, xylose, mannose or galactose) 
from which shorter side chains of other sugars protrude (Karp, 1999). 
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Xyloglucans are one member of the hemicelluloses and it may account for 
up to 20 % of the dry weight of the primary wall. Xyloglucan has been 
hypothesized to be a major factor in controlling cell wall expansion rate, and 
thereby regulating plant growth (Zablackis et al., 1995; Takeda et al., 2002).  

The pectins are negatively charged polysaccharides containing 
galacturonic acid forming a hydrated gel filling in the space between the 
fibrous elements. There are three main forms of pectin found in the cell 
wall, namely homogalacturonan (HGA), rhamnogalacturonan I (RG-I) and 
rhamnogalacturonan II (RG-II). HGA is a linear chain of galacturonic acids 
(GalA) that may be methyl esterified and/or acetylated and under the right 
conditions two homogalacturonans can bind Ca2+ resulting in gelformation. 
The RG-I backbone consists of alternating GalA and rhamnose residues. 
The rhamnose residues can be substituted with galactan and arabinan rich 
side chains which in turn can be methylated or acetylated. RG-II is the most 
complex plant polysaccharide identified to date and consists of a galacturonic 
acid backbone which is substituted by four different side chains comprising 
20 different monosaccharides, some of which are only found in RG-II. One 
of the RG-II sidechains contains an apiose residue which is involved in 
forming a borate-diol ester crosslink between two RG-II polymers which 
influences the structure and properties of the pectin. Pectin is believed to 
account for almost a third of the primary cell wall macromolecules and is 
also involved in the plant defense through the release of signaling molecules 
or oligosaccharins from the wall when a cell is attacked by pathogens 
(Shibuya and Minami, 2001; Willats et al., 2001; Osorio et al., 2008).  

The structural proteins found in the cell wall make up between 1-10 % 
of the dry weight of primary walls. They do not appear to have any 
enzymatic function and become immobilized by covalent cross-linking to 
other cell wall proteins. They are classified on their bases as glycine-rich 
proteins (GRPs), proline-rich proteins (PRPs)s and hydroxyproline-rich 
proteins (HRGPs) (Reiter, 1998; Karp, 1999). 

Newly divided cells have primary walls that are extensible allowing for 
expansion. Cell wall loosening is a requirement for expansion and several 
enzymes have been implicated in this process. One group of enzymes are the 
pectin methylesterases (PMEs). The PMEs demethylesterify HGA chains and 
thereby initiate the binding of the exposed carboxylate ions to Ca2+ resulting 
in crosslinking and stiffening of the pectate network (Fig. 3b). The result of 
PME action can in some cases stimulate the activity of cell wall hydrolases 
such as polygalacturonases and pectate lyases resulting in cell wall loosening 
(Fig. 3a) (Bosh and Hepler, 2005).  
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Fig. 3. PME actions in the cell wall; depending on the wall properties it can act in a random 
fashion (a) promoting hydrolases and resulting in cell wall loosening or act in a blockwise 
manner (b), resulting in stretches of carboxyl groups that can react with Ca2+ and hence cause 
stiffening of the wall. PME: pectin methylesterase, PG: polygalacturonase, Ca2+: calcium, 
black blocks represents methylesterified galacturonic acid and white blocks are demethylesterified 
GalA. Adapted from (Micheli, 2001). 

 
 
 
Another important group of cell wall modification enzymes is the 

xyloglucan endotransglucosylase/hydrolase (XTH) family consisting of 
xyloglucan endotransglucosylases (XETs) and xyloglucan hydrolases (XEHs) 
which can cut and rejoin xyloglucan chains, a feature necessary for the 
expansion of cell walls (Rose et al., 2002). 

Most mature cells lack the extension capacity due to the formation of a 
inner rigid secondary cell wall (Turner et al., 2001). The secondary wall is 
important due to its strengthening function as well as being involved in 
water conduction for certain cell types. This transformation from having 
only a primary wall to consisting also of a secondary wall occurs when the 
cell stops growing and increases its content of aligned and crystalline 
cellulose and different hemicelluloses (Ebringerova and Heinze, 2000) and 
usually it incorporates a phenol-containing polymer called lignin. Secondary 
walls contain more cellulose than primary walls and pectin is not always 
present making cells with secondary walls rigid. Secondary walls are usually 
deposited in three distinct layers (S1, S2 and S3) and each layer differs in the 
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orientation of their cellulose microfibrils. This contributes to the increased 
strength of the cell wall. Lignin provides the cell with structural support by 
cross-linking cellulose and hemicellulose and it is also the second major 
component of wood. It is the hydrophobic property of lignin that makes it 
possible for certain cell types to play a role in the water transport of plants. It 
is believed that lignin biosynthesis was a crucial development step in order 
for plants to live on land and the complete lignin biosyhtesis pathway seems 
to have appeared in mosses first (Xu et al., 2009).  

 
It becomes obvious that the cell wall is important when looking at the 
number of genes involved in the synthesis and destruction of components 
from the wall. In Arabidopsis it is predicted that over 700 genes, or 2.8 % of 
the total coding regions, encode carbohydrate-active enzymes (CAZyme) 
and that is 2x more than in C. elegans and D. melanogaster (Henrissat et al., 
2001). In a woody species such as poplar the number of carbohydrate-active 
enzymes is even greater having almost the double compared to Arabidopsis 
reflecting the differences between herbaceous and woody plant species 
(Geisler-Lee et al., 2006). There are different classes of carbohydrate-active 
enzymes such as glycoside hydrolases (GHs), the polysaccharide lyases (PLs), 
carbohydrate esterases (CEs) and glycosyltransferases (GTs) 
(http://www.cazy.org/; Geisler-Lee et al., 2006; Cantarel et al., 2009). GTs 
have a central role in polysaccharide synthesis by catalyzing the transfer of a 
sugar moiety from an activated donor sugar onto saccharide and 
nonsaccharide acceptors creating a glycosidic bond. Based on their predicted 
protein sequence the GTs have been divided into 90 families (Campbell et 
al., 1997; Henrissat et al., 2001; Coutinho et al., 2003) and the GTs either 
catalyse a group transfer with a net inversion, forming a  glycosidic linkage, 
or a net retention, forming an  linkage (Coutinho et al., 2003; Lairson et 
al., 2008). The number of GT mutants with cell wall defects highlights the 
importance of GTs in the function and maintenance of specific cell wall 
components. For example, a number of different CesA mutants, belonging 
to the GT family 2, have been found to affect cellulose synthesis in either 
the primary or secondary cell walls (Taylor, 2008). It has been demonstrated 
that AtCESA1, 3 and 6 are required for primary cell wall synthesis and 
mutations in these genes can range from embryo-lethal to less severe growth 
defects (Fagard et al., 2000; Persson et al., 2007). Several AtCESAs have 
been proven to show redundancy, at different growth stages AtCESA2, 5 
and 9 are partially redundant with AtCES6 (Desprez et al., 2007; Persson et 
al., 2007). Mutations affecting the secondary cell wall synthesis due to 
collapsed xylem has been indentified and were named irregular xylem 
mutants (irx) (Turner and Somerville, 1997) and irx1, irx3 and irx5 are 
caused by defects in AtCESA8, 7 and 4 respectively (Taylor et al., 2003). 
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Other mutations in AtCESA 7 and 8 result in mutants with reduced strength 
in their interfascicular fibers, named fragile fiber 5 and 6 (Zhong et al., 
2003). Other Arabidopsis GT mutants such as quasimodo 1 (qua1) mutant 
belonging to the GT8 family and qua2 which is a putative methyl 
transferase, have also been identified which are defective in synthesis or 
modification of homogalacturonan resulting in a defect in cell adhesion 
(Bouton et al., 2002; Mouille et al., 2007). Another GT8 mutant, in the 
PARVUS gene, displays effects in the assembly of hemicellulosic xylan. A 
xylan decrease can also been seen in mutants from other GT families namely 
irx9 and irx14 (GT43) and irx10/irx10-L double mutant and fra8 (GT47). 
The irx9, irx10 and irx14 mutations cause a disruption in the xylan 
backbone chain elongation while fra8 affects synthesis of the reducing end 
tetrasaccharide of glucuronoxylan (Lee et al., 2007; Brown et al., 2009; Lee 
et al., 2009; Wu et al., 2009). 
 
 

1.3 Model systems 

Arabidopsis was the first plant to have its genome fully sequenced in 2000 
which confirmed its status as an excellent model plant system. Since then a 
number of other plant models have emerged, including poplar, tobacco, rice 
and moss thus providing researchers with a range of diverse species with 
different developmental characteristics. Attributes that are useful for a model 
plant are ease of cultivation, ability to be transformed, a sequenced genome 
and preferably a short generation time. Although Arabidopsis represents an 
excellent model system for most aspects of plant development it is not ideal 
for studies into processes such as fruit ripening or wood formation. 
Therefore it may be necessary to adopt alternative model systems or to 
integrate the use of two or more model species in a single study. The work 
in this thesis made use of both the poplar and Arabidopsis model systems to 
study the genetic regulation of wood development.  

 
 

1.3.1 Arabidopsis thaliana 

Arabidopsis thaliana is a small annual plant with a relative short generation 
time of about 6-8 weeks and is easy to transform. Arabidopsis was the first 
plant genome to be fully sequenced revealing approximately 25 500 genes 
distributed on 5 chromosomes (The Arabidopsis Genome Initiative (2000)). 
A major advantage of Arabidopsis is the availability of a large number of 
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transfer DNA (T-DNA) mutant insertion lines which allow for knockout 
lines to be obtained for the majority of genes. In Papers I and II both SALK 
and SAIL T-DNA lines were utilised (Sessions et al., 2002; Alonso et al., 
2003). Thus Arabidopsis is an ideal model organism to screen for the 
function of large numbers of genes of interest. Under normal growth 
conditions Arabidopsis does not form extensive secondary growth, although 
it is still possible to induce this feature when grown under short day 
conditions. When grown under these more special conditions the hypocotyl 
undergoes increased secondary growth and develops both vascular and cork 
cambiums, making it resemble woody species such as poplar (Chaffey et al., 
2002). However, Arabidopsis does not form parenchyma rays therefore 
limiting its usefulness in studying genes involved in wood formation 
(Nieminen et al., 2004). Thus in order to fully evaluate gene function in 
wood development it is important to conduct studies in a true wood species 
such as poplar.  
 

 

1.3.2 Populus 

Poplar has been shown to represent a good model system to study the 
formation of wood in part due to the distinct ontology of cellular 
development within the cambium from the meristem through to fully 
lignified cells. Transcript profiling of the different developmental zones has 
identified genes which are up or downregulated during different specific 
developmental stages of wood development (Hertzberg et al., 2001; 
Schrader et al., 2004; Moreau et al., 2009). The findings of these transcript 
profiling studies have been collated in the PopGenIE database (Sjodin et al., 
2009). Sequencing of the poplar genome has further increased its potential as 
a model system for wood development. Compared to other tree species, 
poplar has a relatively small genome size of around 480 Mbp coding for 
approximately 45 500 genes distributed on 19 chromosomes (Tuskan et al., 
2006). The development of a transformation system for poplar (Nilsson, 
1992) made it possible to introduce constructs to overexpress or 
downregulate expression of specific genes allowing stable transgenic lines to 
be generated to study various aspects of development. Compared to other 
tree species such as pine or spruce, Populus undergoes rapid growth often 
making it the tree of choice for studies into wood formation.  
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2 Main objectives  

 
The first part of my work has been on a set of genes with no previously 
designated function. In Paper I (Ubeda-Tomas et al., 2007) poplar 
transcription data combined with different selection filters were used with 
the aim to more rapidly gain insight to poplar gene function by the use of 
Arabidopsis homologs. One of these Arabidopsis genes was found to be part 
of a small four member family which has not previously been assigned a 
putative function. These genes were investigated further in Paper II with the 
focus on understanding their function and potential role in plant 
development and growth. 

 
The second part of my work focused on characterizing poplar homologs of 
the Arabidopsis EPC1 gene. Arabidopsis epc1 knockout mutants have 
reduced cell-cell adhesion and this is hypothesised to be a contributing factor 
in the increased secondary growth observed in hypocotyl tissues (Singh et al. 
2005). This observation indicates that tree homologs of the Arabidopsis 
EPC1 gene may provide a useful genetic tool to modulate wood biomass 
formation. The possibility to influence the secondary growth or wood 
production in trees would have a significant impact for the forestry industry, 
potentially generating trees with an increased wood formation rate. The aim 
of the project reported in Paper III was to elucidate the role of PtEPC1 by 
the use of RNAi and overexpression lines.  
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3 Overview of methods used 

3.1 Gene identification 

In Paper I transcript profiling was utilized to select genes expressed during 
the secondary growth phase in poplar. Microarray data sets generated from 
previous studies (Hertzberg et al., 2001; Schrader et al., 2004; Aspeborg et 
al., 2005) were analysed to identify ESTs highly expressed in the D zone 
representing the region of secondary cell wall formation. In total 150 EST 
sequences were identified and used to find full length sequences from the 
poplar genomic database. Due to its relative large physical size and slow 
growth, poplar presents some practical problems when it comes to analyzing 
a large set of genes in detail. Therefore Arabidopsis was used to identify the 
function of the closest homologs of the poplar genes of interest with the aim 
of transferring findings back to poplar for a selected subset of the genes. In 
order to ensure the highest likelihood of this approach being successful it 
was important to place stringent criteria on the selection of Arabidopsis 
homologs of the poplar genes by use of three selection filters. The first filter 
identified putative Arabidopsis homologs by tBlastX searches against the 
Arabidopsis genome, using the predicted full length poplar cDNAs. Since 
the aim was to identify genes involved in secondary cell wall formation the 
second filter selected Arabidopsis genes expressed in secondary thickened 
hypocotyls due to its ability to undergo secondary growth and hence 
resemble wood formation to some extent (Chaffey et al., 2002). Despite 
these two filters in some cases there was still two or more related genes 
which passed the first selection filters. In these cases the expression levels in 
other tissues were also taken into account and genes were selected which 
were highly expressed in the secondary thickened hypocotyl and had a low 
expression level in other tissues. It was reasoned that these genes were most 
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likely to have a function which was specifically related to secondary cell wall 
formation. Three poplar ESTs were selected in order to validate the 
selection design developed and potential orthologs in Arabidopsis were 
found and investigated in more detail. One of these Arabidopsis genes 
encodes a predicted protein of 173 amino acids with an N-terminal signal 
peptide sequence and three transmembrane spanning regions. The protein is 
annotated as having no known function. Blast searches of the protein 
sequence against the Arabidopsis database revealed three further related 
proteins also annotated as having no known function. Paper II reports the 
work done to characterize this small family of four Arabidopsis genes in 
more detail.  

In Paper III we examined the poplar EPC family with the focus on the 
closest homologs to the Arabidopsis EPC1 gene. The distinct developmental 
ontology found in the cambium of poplar represents an ideal tissue to 
identify important genes involved in different stages of wood formation. 
Previous work utilized the transcription profiling data set generated for 
specific developmental zones (Hertzberg et al., 2001) to identify an EST for 
a glycosyltransferase from family GT64 (Singh et al., 2005). Blast searches 
against the Arabidopsis database using the poplar GT64 EST revealed high 
homology to At3g55830 which was subsequently named Ectopically Parting 
Cells 1 (EPC1). The Arabidopsis epc1 mutant has been reported to display a 
severe growth phenotype, cell adhesion loss (Singh et al., 2005), 
hypersensitivity to ABA and a reduction in the level of galactan (Bown et 
al., 2007). It was found that there was an increase in secondary growth 
associated with the reduction in cortical cell adhesion in the epc1 hypocotyls 
and this resulted from an increase in the number of cells rather than cell size. 
This link between EPC1 and secondary growth in Arabidopsis indicated that 
the poplar homolog(s) may also play a critical function in regulating the 
development of woody tissue prompting the work described in Paper III 
looking at the effect of PtEPC1 downregulation on development. 

  
 

3.2 Forward and reverse genetics 

There exist different ways in order to study gene function. One way is to 
generate mutants which have either a loss or reduced gene activity or 
specific genes can be induced to be highly expressed throughout the plant or 
in certain tissues. Forward genetics is the generation of randomly generated 
mutants most commonly created by insertion of T-DNA (transfer DNA) or 
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EMS (ethyl methanesulfonate) mutagenesis allowing any resulting 
phenotypes to eventually be associated with a specific gene defect. The T-
DNA comes from part of the Ti (tumor-inducing) plasmid of the bacterium 
Agrobacterium tumafaciens. The T-DNA sequence can be transferred from the 
bacterium and stably inserted into the plant genome, a property which is 
exploited by researchers to introduce specific transgenes. Inclusion of an 
antibiotic resistance marker allows for simple selection of the  transformed 
plants (Azpiroz-Leehan and Feldmann, 1997). EMS mutagenesis typically 
results in single base pair changes, mispairing, which can give rise to 
missense (amino acid change), or nonsense (premature stop codons) 
mutations as well as splicing defects. In Paper I and II, specific Arabidopsis 
T-DNA insertion lines from the SALK and SAIL populations mutants were 
utilized (Sessions et al., 2002; Alonso et al., 2003).  

With reverse genetics the aim is to identify phenotypes arising from 
mutation or manipulation of the expression of specific targeted genes. In 
Paper III reverse genetics in the form of RNAi (interference) and gene 
overexpression was used in order to change the EPC1 expression level. The 
method of silencing genes using RNAi was developed in the late 1990’s for 
Caenorhabditis elegans (Fire et al., 1998) and has since been used successfully 
in a variety of different organisms including plants. RNAi makes use of 
double stranded hairpin that targets specific mRNAs for degradation. The 
RNAi vector pK7GWIWG2(I) compatible with the GATEWAY system 
was used in Paper III for a rapid and easy way to generate the necessary 
constructs (Karimi et al., 2002).   

Another way to study the impact of alterations in gene expression is to 
overexpress genes typically by placing them under the control of the 35S 
cauliflower mosaic virus promoter (35S CaMV), an approach that was used 
in Paper III. The CaMV genome was sequenced 30 years ago (Franck et al., 
1980) and the 35S and 19S promoters were the first promoters identified 
(Covey et al., 1981; Odell et al., 1985). The possibility to constitutively 
overexpress genes has since then been widely used in plant molecular 
genetics.   
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3.3 Plant transformation 

Genes can be introduced into a plant’s genome in different ways. The most 
commonly used method for Arabidopsis transformation is floral dip whereby 
the floral tissues of the plant are immersed into an Agrobacterium suspension 
transformed with the construct of interest (Clough and Bent, 1998). After 
transformation, seeds need to be screened typically using a selective agent 
such as an antibiotic, to find plants that have integrated the desired construct 
in their genome.  

The introduction of genes into poplar involves a different approach 
which takes longer compared to Arabidopsis. Small pieces of petiole or stem 
tissue are soaked in an Agrobacterium solution containing the desired 
construct and then placed on plates with growth hormones (indole-3-
butyric acid (IBA), 6-benzylaminopurine (BAP) and thidiazuron (TDZ)) 
and selective antibiotics (claforan and kanamycin or hygromycin) (Nilsson, 
1992). After callus has formed it is transferred to media promoting shoot 
elongation, containing IBA and BAP. Elongated shoots are cut and 
transferred to media not supplemented with any hormones to allow for root 
initiation. When enough rooted material has been generated the plants can 
be transferred to soil and propagated in a controlled environment. 
 
 

3.4 Polymerase Chain Reactions – RT‐PCR and qPCR 

In order to investigate the gene expression level in transgenic lines both 
reverse transcription PCR and real-time PCR were used. In this thesis I 
have adopted the nomenclature suggested by Bustin et al. where reverse 
transcription PCR is denoted RT-PCR and quantitative real-time PCR is 
named qPCR (Bustin et al., 2009). The RT-PCR technique can be used as 
a way to semi-quantitatively determine gene expression and was utilized in 
both Papers I and II. Total RNA or mRNA is extracted and reverse 
transcribed into cDNA using reverse transcriptase. The cDNA is then used 
as template in the following PCR reaction and the products are separated on 
an agarose gel for analysis. RT-PCR is a useful method to determine 
whether a gene is transcribed in a particular tissue or at a specific timepoint 
but does not provide reliable quantitative information. The qPCR method 
allows detection of the amplified DNA in real time by monitoring the 
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incorporation of fluorophores (SYBRgreen was used in Paper I and III). It is 
then possible to calculate the relative gene expression more accurately even 
of genes with a weak expression and also to discern between closely related 
genes (Czechowski et al., 2004).   

In order to obtain reliable qPCR data it is important to choose reference 
genes that are stably expressed in the tissue tested. This is an important issue 
that has been extensively highlighted in animal, yeast and bacterial research 
but has not been so widely reported to date in plant systems (Gutierrez et al., 
2008). The possibility to choose a good reference gene for any particular 
experiment has recently been aided by the development of the geNorm 
software (Vandesompele et al., 2002) (http://medgen.ugent.be/~jvdesomp/ 
genorm/). geNorm is an algorithm based program designed to determine 
the most stable reference gene from a group of chosen genes. The geNorm 
software was utilised in Paper II and of the tested reference genes UBQ-L 
and GADPH both turned out to be stably expressed and were used in the 
study. In Paper I the reference gene used was GADPH and in Paper III both 
GADPH and 18S were used.   
 

 

3.5 Fourier Transform Infrared Spectroscopy 

FT-IR is a rapid and non-invasive method that can detect a range of 
functional groups in complex samples. Almost no compounds have identical 
Infra-Red (IR)-signatures apart from stereoisomers. Different compounds 
absorb at different wavenumbers and can therefore be identified by IR 
spectroscopy. FT-IR can be a useful tool for identification and classification 
of unknown samples and can assist when looking for small biochemical 
changes in a range of different materials (Morikawa et al., 1978; Morikawa 
and Senda, 1978; Williams and Fleming, 1980). In the IR spectrometer, 
based on the optical design of a Michelson interferometer, an infrared source 
emits radiation with a range of frequencies of 400 to 4000 wavenumbers 
measured in units of cm-1, which are passed through the sample. Specific 
chemical bonds in the sample will thus absorb radiation of specific 
frequencies from the beam, which passes to a detector (Williams and 
Fleming, 1980). Spectra collected in Papers I-III were loaded into OPUS 
(version 5, 2003, Bruker Optik GmbH) and baseline corrected and 
normalized before being exported to Excel. The raw data was processed in 
SIMCA-P multivariate analysis software version 10.5 or 12.0 (Umetrics AB, 
Umeå, Sweden). 
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Depending on the aim of the particular experiment, there are different ways 
to prepare materials for analysis. In both Papers I and II cryosectioned 
Arabidopsis hypocotyls were analyzed in order to obtain information about 
the composition of the intact secondary growth tissue. The poplar stem 
tissues analyzed in Paper III were freeze dried and ball-milled prior to FT-
IR measurements meaning that a homogenous mix of all different cell types 
was analysed rather than just the secondary xylem cells. It has been reported 
that the physical effect of ball-milling can give rise to artifactual spectral 
differences (Schwanninger et al., 2004). In Paper III the ball-milling time 
was limited to 70 seconds to try and reduce these artifacts. 

 
 

3.6 Statistical analyses 

In the 1970’s Wold developed a method of statistical analysis that is now 
known as chemometrics, namely the field of applying mathematical 
information to interpret both chemical and biological data. The vast data 
generated through methods such as FT-IR can be analyzed with different 
multivariate methods including Principle Component Analysis (PCA) 
(Wold, 1976), Partial Least Square-Discriminant Analysis (PLS-DA) and 
Orthogonal Projections to Latent Structures (OPLS) (Trygg and Wold, 
2002). The multivariate methods are used to interpret data with many 
variables and enabling the essential data to be presented in plots. The 
SIMCA software (Soft Independent Modelling of Class Analogies) can be 
used to visualize information obtained from multivariate analysis methods. 
The SIMCA-P (Umetrics AB, Umeå, Sweden) versions used in this thesis 
were 10.5 (Paper I) and 12.0 (Paper II and III). 

In Paper II a vast number of root measurements were made and in order 
to test the hypothesis if any significant difference in growth pattern exists 
between mutants and wildtype, the data was analyzed using a linear model 
in the software called R.  
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4 Results and discussion 

4.1 Screening methods to identify potentially important genes 
involved in secondary growth (paper I) 

The sequencing of an increasing number of plant genomes is providing a 
wealth of information which can be utilised to identify key regulators of cell 
wall formation and wood development. During the course of evolution 
important key genes have been maintained and this is evidenced by the high 
degree of conservation seen across species between certain genes. The 
process of secondary growth in plants is an important feature, yet despite 
this, many essential genetic components remain uncharacterised. In Paper I 
the focus was on poplar genes identified using transcript profiling data as 
being differentially expressed in the secondary cell wall forming zone (D 
zone) and by the use of Arabidopsis T-DNA mutants evaluate possible 
functions for the poplar genes.  

By adapting three selection filters potential Arabidopsis orthologs to three 
selected poplar cDNAs, PttGT2A, PttGT47A and PttUnkA, were found. In 
the first selection potential Arabidopsis homologs to poplar genes with an 
expression in the D zone were identified through BlastX searches. The 
second filter was based on transcription profiling data from Arabidopsis 
hypocotyls grown under short day conditions to further narrow down 
potential candidates to genes associated with secondary growth in 
Arabidopsis. In cases where more than one candidate Arabidopsis gene was 
found a third selection filter was applied in which expression pattern from 
other tissues were also analysed in order to select for genes specifically 
associated with the secondary growth. 
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4.1.1 Integrating poplar and Arabidopsis model systems – a way to identify and 

characterise key genes? 

The three poplar cDNAs were selected in order to validate this three stage 
selection filter design and potential Arabidopsis orthologs were found by the 
use of the selection filters and corresponding T-DNA lines were obtained. 
The first of the three genes was AtCSLA2, a potential ortholog of PttGT2A 
belonging to the cellulose-synthase-like family of genes. The second poplar 
gene selected was homologous to At1g27440 (now known as IRX10) and 
the third was related to At4g27435, a gene encoding a protein with no 
known function but shown to be co-expressed with secondary cell wall-
associated CESA genes (Brown et al., 2005; Persson et al., 2005). T-DNA 
lines were obtained for the candidate genes and the initial tests revealed no 
visible morphological defect. Despite the lack of clear visible phenotypes in 
the single mutants it was possible that there were more subtle biochemical 
differences. To investigate this further hypocotyl sections were subjected to 
FT-IR analysis and compared to the wild type. Although the homozygous 
insertion lines for At4g27435 and Atcsla2 did not show any difference to 
wild type samples in the secondary thickened hypocotyls it does not exclude 
the possibility of alterations in other tissues or in compounds not detected by 
FT-IR. In contrast, the FT-IR result for the At1g27440 (Atirx10) 
homozygous line did show a clear separation from wild type samples, with 
alterations suggesting an increase in the amount of cellulose and/or 
hemicellulose.  

Among the plausible explanations for a lack of a visible phenotype in the 
At4g27435 and AtcslA2 single mutants is the possibility of genetic 
redundancy where other genes are able to perform the same or similar 
functions. It is also possible that the genes play only minor roles in plant 
development. For the At4g27435 gene, the possibility of redundancy was 
investigated further by identifying 3 additional related Arabidopsis genes and 
generating all possible single and combinatorial mutants in Paper II.  
  

 

4.2 Combinatorial knockouts of a small gene family of unknown 
function (paper II) 

The At4g27435 gene encoding a protein with no known function and 
shown to be associated with secondary growth in Paper I was analysed 
further in Paper II together with three additional related genes all with no 
known function.  
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Specific signal peptides mostly located in the N-terminal domain can 
direct proteins to different compartments and are transported via the 
endoplasmic reticulum and Golgi. Some proteins are incorporated into the 
plasma membrane through transmembrane spanning regions that function as 
an anchor while other proteins lack an anchor and function elsewhere (Karp, 
1999). All four Arabidopsis genes investigated in Paper II encode proteins 
with three predicted transmembrane spanning regions and an N-terminal 
signal peptide. This indicates that the proteins may be transported through 
the secretory pathway and potentially be incorporated into the 
plasmamembrane. All of the four selected Arabidopsis genes lack any 
assigned function and they all also contain a Domain of Unknown Function 
(DUF) number 1218, and so were collectively named DUF1218 Domain 
Proteins (DDPs). 

 
 

4.2.1 Knockout of the DDPs reveal only minor growth alterations 

Homozygous T-DNA single knockout lines (ddp1, ddp2, ddp3 and ddp4) 
were obtained and grown on soil for total height to be measured and overall 
development to be observed. The knockout lines were also grown on MS 
agar plates in order to look at root and hypocotyl length and lateral root 
development. The single mutant lines did not reveal any severe effects and 
therefore all possible knockout combinations were made to establish 
whether there is redundancy between the members of the family. However, 
only minor phenotypes were observed in the combinatorial mutants 
including the quadruple where all four genes were mutated. For soil grown 
plants a shorter inflorescence was recorded for the quadruple mutant. When 
grown on MS agar plates a shorter root length was recorded for two single 
mutants (ddp1 and ddp2), two double mutants (ddp1,3, ddp2,3), three triple 
mutants (ddp1,2,3, ddp1,2,4, and ddp1,3,4) as well as the quadruple mutant 
(ddp1,2,3,4). In addition more lateral roots were formed by one single 
mutant (ddp2), four double mutants (ddp1,2, ddp1,3, ddp1,4 and ddp2,3), 
three triples (ddp1,2,3, ddp1,2,4 and ddp2,3,4) and the quadruple 
combination (ddp1,2,3,4). These small changes in height and root 
development did not reveal any clear indications about the function of the 
genes. In order to determine if any biochemical differences had occurred 
FT-IR was used on short day grown hypocotyls. A gradation of differences 
could be seen with the FT-IR and the differences are more pronounced the 
more genes that were knocked out with the clearest effects in the triple and 
quadruple mutants. The FT-IR differences are indicative of changes in the 
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relative amount of hemicellulose, pectin and/or lignin though further work 
is required to validate these observations.  

The work conducted to date is not conclusive as to the precise role of 
the DDP family and further investigations are needed in order to gain a 
complete understanding of their developmental role in Arabidopsis. 
 
 
 

4.3 Function of PtEPC1 during wood development (paper III) 

This Paper addressed the question of the role of EPC1 in poplar plants as a 
continuation of the work conducted in Arabidopsis (Singh et al., 2005). The 
cambium of poplar represents an ideal tissue for studying GTs important for 
development due to its large size and the vast information that has been 
generated from transcription studies of the wood forming tissues. Singh and 
coworkers searched these transcription data sets for GTs upregulated in the 
A, B and C zones correlating to genes potentially involved in the primary 
cell wall biosynthesis. The work identified a poplar EST (AI162408) and 
comparisons against the Arabidopsis database indentified At3g55830 (EPC1) 
as the gene with the highest homology. EPC1-related genes are found in a 
wide range of species, both plant and non-plant, such as rice and moss as 
well as frog, rodents and humans. Of the five related human homologs, four 
are encoded by bi-modular proteins containing both a GT47 and a GT64 
domain, and defects in these proteins cause hereditary multiple exostosis 
(HME) an autosomal dominant disorder (Lind et al., 1998; McCormick et 
al., 1998). In contrast, the plant EPC1 consists of only a GT64 domain. This 
conservation of EPC1 across such a wide range of different species and the 
severe effects seen in Arabidopsis indicates a highly conserved and important 
function for this gene. The mutant Atepc1 displayed severe growth defects in 
the formation of the inflorescence, leaves, and roots and is virtually infertile 
only rarely forming 3 or 4 seeds per plant. It was also established in the 
Singh et al. study that the mutant plants displayed a reduced cell adhesion 
within the hypocotyl and leaf tissues but this was not seen in a later study 
(Bown et al., 2007). In Paper III we chose to investigate the role of EPC1 
directly in poplar utilising overexpression and RNAi knock down 
approaches.  
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4.3.1 Ptepc1 knockdown lines do not display the same severe developmental 

defects as Atepc1 

Transcript profiling data from 2004 (Schrader et al., 2004) and 2009 
(Moreau et al., 2009) revealed that PtEPC1 was associated with the later 
developing zones corresponding to the secondary cell wall formation zone in 
contrast to the earlier findings of Hertzberg and coworkers (Hertzberg et al., 
2001). The fact that PtEPC1 is able to fully complement the Arabidopsis 
epc1 mutant demonstrates that both proteins are likely to perform the same 
function. However, despite having confirmed altered expression levels in 
transformed hybrid aspen trees, no severe phenotype was observed in any of 
the overexpression or RNAi lines.  

The overexpression lines were grown for 8 weeks in a greenhouse with 
weekly recordings of height, internode diameter and leaf development. No 
severe growth defects were detected and there was no separation of the lines 
compared to wild type samples after FT-IR screening.   

The RNAi lines were also grown on soil for 8 weeks with measurements 
made of total height of the plants and the diameter of internode 19, counted 
from the apex. Two lines displayed an increase in overall height compared 
to the wild type controls but no difference in respect to internode diameter 
or leaf development was found. The length and width of fibers were 
measured for samples taken from the basal part of the stem, approximately 
30 cm above the soil, in order to establish whether there were any 
developmental effects at the single cell level. One line showed shorter fibers 
while two other lines displayed an increase in width of individual fibers. 

No striking difference was found in respect to total height, diameter or 
leaf morphology in the RNAi lines, however this does not rule out the 
possibility that smaller chemical differences still have occurred. FT-IR is a 
tool that can provide information about small biochemical changes 
occurring in different samples and this approach was chosen for the 
greenhouse grown plants. Samples were collected from the basal part of the 
stem and stored in a freezer. Samples were ultimately freeze-dried and ball-
milled for 70 sec before FT-IR measurements. The FT-IR analysis was 
done in SIMCA 12.0 and when including all lines revealed a Q2 value of -
0.645 making it impossible to draw any conclusions since the Q2 value is 
negative. The predictive ability (Q2) of a model is based on cross-validation 
and a Q2 value of 1 is a “perfect” model and a model with Q2=0 means 
there is no predictive ability. However, looking more closely at the lines it is 
clear that two of the lines cluster closer to the wild type T89 clones and only 
one of these showed a small increase in fiber width while the other had no 
recorded difference. By excluding both of these ‘wild type’ appearing lines 



 32

more meaningful data could be gained resulting in a Q2 value of 0.331. This 
is still a low Q2 value making a prediction of the data suboptimal but more 
reliable. Thus, analysis of the RNAi lines can only be interpreted as 
indicative for two of the four lines due to this low predictability. The FT-
IR indicates that RNAi lines 14 and 15 may have an elevated lignin and 
absorbed water content compared to the wild type T89 lines which have 
proportionally more cellulose, hemicellulose and/or pectin.  

For the transformed hybrid aspen RNAi lines there was still a low level 
of residual message present (2-17 %) making it possible that this is sufficient 
to produce enough functional protein to give a wild type phenotype. In 
contrast, the use of T-DNA insertion in Arabidopsis results in a total 
knockdown of gene expression. This renders the plant unable to transcribe 
even the smallest amount of protein circumventing the possibility of residual 
message. It has not yet been possible to test if the degree of poplar EPC1 
gene downregulation correlates with a comparable decrease in protein level 
due to the lack of EPC1 antibodies. The relatively short growth time of 
transformed plants could also be a reason for not seeing a phenotype or it 
might be possible that growing the plants in suboptimal conditions or field 
trials could uncover phenotypes that are not evident when grown under 
near optimal greenhouse conditions. The findings in Arabidopsis of different 
levels of glucose and -(1-4) galactan and indications from FT-IR analysis of 
changes in sugar containing polymers in RNAi hybrid aspen lines suggests 
changes in the composition or synthesis of cell wall components. Possible 
affected components dependent on galactose are extensins, arabinogalactan 
proteins and Rhamnogalacturonan I sidechains.  
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5 Summary and future perspectives 

The sequencing of genomes of important plants provides essential and 
valuable tools in the quest to establish the function of genes and to 
understand plant development. The possibility to tailor wood fibers to 
specific end uses is something with great appeal to the forest industry but in 
order to investigate all aspects of wood development a vast number of genes 
needs to be characterized, both ones with proposed functions as well as 
genes with previously unknown functions. 

The techniques available to alter gene expression, such as RNAi 
downregulation, 35S overexpression and T-DNA knockouts provide 
different ways to study the functions of specific genes. Despite these 
advantages a distinct phenotype is not always guaranteed making it 
sometimes hard to assign functions to specific genes. A lack of visible 
phenotype could have different reasons. There could be a redundancy issue 
where related genes can take over or mask the effect of the targeted gene. 
Functional redundancy in Arabidopsis has been characterized, reviewed in 
2006 (Briggs et al., 2006) and with wood formation being crucial for trees it 
is likely a similar regulatory machinery exist in poplar. Recent work has 
indicated possible redundant poplar genes (Zhang et al., 2010; Zhong et al., 
2010). It is also possible that knockout of certain genes does not give rise to 
a viable plant and hence only plants with enough transcribed protein for 
normal development are recovered from the transformation procedure. A 
low level of residual message in transformed RNAi lines, seen in Paper III, 
could be sufficient to allow for normal development. It is not always 
guaranteed that the degree of message downregulation correlates with a 
similar decrease in protein levels and for EPC1 it is not currently possible to 
test the level of EPC1 protein in poplar due to a lack of antibodies. The 
findings in Arabidopsis of different levels of glucose and -(1-4) galactan and 
the FT-IR based indication of changes in sugar containing polymers in the 
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RNAi lines suggests changes in the composition or synthesis of cell wall 
components. The lack of phenotype in the transformed hybrid aspen lines 
could also be due to compensatory changes occurring. The possibility by 
plants to sense changes and react by triggering multiple signaling pathways is 
an interesting feature (Pilling and Hofte, 2003). Studies have indicated the 
possibility to compensate a loss of one polymer with an increase in another. 
In the Arabidopsis mur3 mutant there is an increase in specific xyloglucan 
derived oligomers possibly to compensate for a loss of fucose containing 
side-chain (Madson et al., 2003).  

 More extensive work (analysis of cell wall sugars, microscopic analysis, 
PtEPC1 protein levels, inducible constructs and also a prolonged growth 
period) is required in order to find out what part PtEPC1 plays in the 
intricate machinery that regulates wood formation. 

 
Combining Arabidopsis and poplar model systems has been used 

extensively in this thesis as a way to identify and rapidly screen for the 
function of genes. The fact that Arabidopsis when grown under short day 
conditions can resemble poplar wood forming tissues to some extent and the 
high degree of gene conservation facilitates the integration of the two 
species in studying wood development. The three stage selection approach 
used in Paper I, is a good method to identifying additional genetic regulators 
not found in alternative studies since the three genes identified in this way 
were not picked up in a separate study of the transcriptome of secondary 
growth in Arabidopsis (Oh et al., 2003). It is of great importance to 
understand function and interaction of all genes if we are to fully understand 
plant development. Despite the efforts made to characterising the function 
of all genes in Arabidopsis still approximately 30 % of the genes have either 
only a hypothetical or even unknown function. The DDP genes studied in 
Paper II were depicted as having no known function and our efforts in 
characterising these, despite a lack of severe growth effects, revealed 
differences in FT-IR that points to roles in the secondary growth. The exact 
role for DDPs remains unknown but it is clear they are needed to maintain 
correct levels of hemicellulose, pectin and lignin. 

 
It is important to remember that all experiments in this thesis have been 

conducted under ideal greenhouse conditions and the possibility that a 
phenotype would manifest itself if plants were grown under suboptimal 
conditions or even outside in a field trial has not been evaluated. The next 
steps to be taken are to pin point the precise sugar alterations seen for both 
the DDPs as well as PtEPC1 and continue to integrate both Arabidopsis and 
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poplar model systems. To be able to fully facilitate in the production 
processes for the forest industries all plant genes need to be identified and 
their interaction determined. With the ever increasing insight gained and the 
constant development of better scientific techniques, pathways will be more 
easily unraveled and this holds the promise of new and interesting findings 
in the future.  
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