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ABSTRACT 
 
 
Wood formation or xylogenesis is a fundamental process for so diverse issues as 
industry, shelter and a sustainable environment. Wood is comprised of secondary 
xylem, rigid large cells with thick cell walls that are lignified. The basis for the sturdy 
cells is an advanced composite made up of cellulose fibers cross-linked by 
hemicelluloses and finally embedded in lignin. This fiber-composite is the secondary 
cell walls of woody plants. Cell division and differentiation is regulated by switching 
on and off genes. Proteins encoded by these genes execute the major functions in the 
cells. They steer the entire machinery operating the structure and function of the cells, 
maintaining growth and synthesising essential products such as the cell wall 
carbohydrates.  
 
Here we describe the investigation of genes and proteins involved in xylan formation 
as well as the development of a model system that will aid the functional analysis of 
wood formation. Xylan is the main hemicellulose or cross linking glycan in dicot 
wood and thereby one of the most abundant carbohydrates on earth. We demonstrate 
that hybrid aspen cell suspension cultures can be used as a model system for 
secondary cell wall formation. We have also examined glycosyltransferases from 
CAZy family 43 that play a part in secondary cell wall formation. We have focused 
on one of these, Pt×tGT43A, a likely ortholog of Arabidopsis IRX9, which plays a 
crucial role in xylan formation. The protein was transiently expressed in Nicotiana 
benthamiana and its function and localization is described. Also, we investigate a 
glycoside hydrolase, Pt×tXyn10A, involved in wood formation. Its role is not clear 
but it most likely modifies xylan as it gets incorporated into the secondary cell wall 
after secretion from the Golgi. This influences the interaction between cellulose, xylan 
and lignin in the finished wood cell. We have also cloned a transcription factor, 
Pt×tMYB021, a likely ortholog of Arabidopsis MYB46 and we show that it activates 
GT43A, GT43B and Xyn10A. By analysis of the promoter sequences we identify a 
CA-rich motif putatively important for xylem-specific genes. 
 
By mastering proteins involved in xylogenesis we will acquire the tools to improve 
and develop the wood product market. Xylan is an immense unexploited source of 
renewable carbohydrate. New products envisioned include e.g. faster growing trees, 
changed fiber characteristics, optimised utilization of wood carbohydrates for biofuels 
and biomaterials as well as invention of intelligent materials by biomimetic 
engineering. 
 
Keywords: Populus, xylan biosynthesis, hemicellulose, glycosyltransferase, GT43, IRX, glycoside 
hydrolase, GH10, Xyn10A, CAZy, transcription factor, MYB, wood formation, secondary cell wall, 
Arabidopsis  
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SAMMANFATTNING 
 
 
Vedbildning, eller xylogenes, är en grundläggande mekanism för så skilda områden 
som industri, boende och en hållbar miljö. Ved består av sekundärt xylem som är 
starka, stora celler med tjocka cellväggar som är lignifierade. Grunden för de starka 
cellerna är en avancerad komposit bestående av cellulosafibrer tvärbundna av 
hemicellulosa och slutligen ingjutet i lignin. Denna fiberkomposit är den sekundära 
cellväggen i vedartade växter. Celldelning och differentiering regleras genom att sätta 
igång och stänga av gener. Proteiner som kodas av dessa gener utför de viktigaste 
funktionerna i cellerna. De styr hela maskineriet som upprätthåller cellernas struktur 
och funktion, underhåller tillväxt samt tillverkar nödvändiga produkter såsom 
cellväggskolhydraterna. 
 
Här beskriver vi utforskningen av gener och proteiner som är inblandade i 
xylanbildning liksom utvecklandet av ett modellsystem som kommer vara en hjälp i 
den funktionella analysen av vedbildning. Xylan är den vanligaste hemicellulosan, 
eller korsbindande glykanen, i lövträd och därför en av de vanligaste kolhydraterna på 
jorden. Vi demonstrerar att hybridaspcellkulturer i suspension kan användas som ett 
modellsystem för sekundär cellväggsbildning. Vi har också undersökt 
glykosyltransferaser från CAZy-familj 43 som tycks spela en viktig roll i bildandet av 
sekundär cellvägg. Vi har fokuserat på en av dessa, Pt×tGT43A, en trolig ortolog till 
Arabidopsis IRX9 som spelar en viktig roll i xylanbildning. Proteinet har uttryckts 
övergående i Nicotiana benthamiana och dess funktion och lokalisering beskrivs. 
Dessutom undersöker vi ett glykosidhydrolas, Pt×tXyn10A, involverad i vedbildning. 
Dess roll är oklar men högst sannolikt modifierar det xylan medan det inkorporeras i 
sekundära cellväggen efter sekretion från Golgi. Detta influerar interaktionen mellan 
cellulosa, hemicellulosa och lignin i den slutliga vedcellen. Vi har också klonat en 
transkriptionsfaktor, Pt×tMYB021, en trolig ortolog till Arabidopsis MYB46 och vi 
visar att den aktiverar GT43A, GT43B och Xyn10A. Genom analys av 
promotorsekvenserna har vi identifierat ett CA-rikt motiv förmodat viktigt för 
xylemspecifika gener. 
 
Genom att bemästra proteinerna som är ansvariga för vedbildning får vi verktyg att 
utveckla skogsproduktsmarknaden. Xylan är en ofantligt stor outnyttjad källa till 
förnyelsebara kolhydrater. En vision är nya produkter som till exempel snabbväxande 
träd, ändrade fiberegenskaper, optimerat användande av vedkolhydrater för biobränsle 
och biomaterial såväl som utvecklandet av intelligenta material genom biomimetisk 
ingenjörskonst. 
 
Nyckelord: Populus, xylan, hemicellulosa, glykosyltransferas, GT43, IRX, glykosid hydrolas, GH10, 
Xyn10A, CAZy, transkriptionsfaktor, MYB, vedbildning, sekundär cellvägg, Arabidopsis  
 
Upphovsrätt © Anders Winzéll, 2010 
 

iv 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“När det faller röda blad  
Dem ni kallar döda blad  

Då är tiden inne...” 
 
 

Ur ”Mannen som älskade träd No.2” 
 
 

Cornelis Vreeswijk 
 

v 



vi 

LIST OF PUBLICATIONS 
 
 
This thesis is based on the following papers and are referred to in the text by their 
Roman numerals 
 
 
I Ohlsson AB, Djerbi S, Winzell A, Bessueille L, Ståldal V, Li XG, Blomqvist 

K, Bulone V, Teeri TT, Berglund T. (2006) Cell suspension cultures of 
Populus tremula × tremuloides exhibit a high level of cellulose synthase gene 
expression that coincides with increased in vitro cellulose synthase activity. 
Protoplasma 228(4):221-229. 

 
II Winzell A, Guerrierio G, Aspeborg H, Wang Y, Rajangam AS, Terri TT, 

Ezcurra I. Biochemical characterization of family 43 glycosyltransferases in 
the Populus xylem: challenges and prospects. Submitted to Plant 
Biotechnology.  

 
III Takahashi J*, Awano T*, Winzell A, Kallas Å, Ratke C, Gorzsás A, 

Lesniewska J, Gouget A, Berthold F, Teeri TT, Ezcurra I, Sundberg B, 
Mellerowicz EJ. Suppression of wood expressed xylanase affects cell 
expansion and secondary wall composition. Manuscript. 

 
IV Winzell A*, Ratke C*, Naumann N, Wang Y, Aspeborg H, Terri TT, 

Mellerowicz EJ, Ezcurra I. Family 43 glycosyltransferases in Populus and 
Arabidopsis: phylogeny and expression analysis. Manuscript. 

 
V Winzell A, Aspeborg H, Wang Y, Ezcurra I. Molecular cloning and 

functional characterization of Pt×tMYB021, a MYB46-like transcription factor 
in Populus. Manuscript. 

 
 
In addition, previously unpublished data is included. 
 
*Authors contributed equally to this work 
 
 
Related publication not presented in this thesis. 
 
i Gray-Mitsumune M, Mellerowicz EJ, Abe H, Schrader J, Winzell A, Sterky F, 

Blomqvist K, McQueen-Mason S, Teeri TT, Sundberg B. (2004) Expansins 
abundant in secondary xylem belong to subgroup A of the alpha-expansin 
gene family. Plant Physiology 135(3):1552-1564. 

 
 
 



TABLE OF CONTENTS 
 
 

1  INTRODUCTION ________________________________________________ 1 
1.1  Wood biotechnology _______________________________________________ 1 

1.2  Tree growth and development _______________________________________ 2 
1.2.1  Biochemical composition of wood _________________________________________ 5 
1.2.2  The process of wood formation ____________________________________________ 8 

1.2.2.1  Cell division, meristematic cells (A-zone) _______________________________ 8 
1.2.2.2  Early and late expansion (B and C-zones) ______________________________ 10 
1.2.2.3  Secondary cell wall formation (D-zone) _______________________________ 11 
1.2.2.4  Late cell maturation (E-zone) ________________________________________ 12 
1.2.2.5  Reaction wood ___________________________________________________ 12 

1.2.3  Transcriptional regulation of wood formation ________________________________ 13 

1.3  Heterologous protein expression ____________________________________ 15 
1.3.1  Escherichia coli _______________________________________________________ 15 
1.3.2  Pichia pastoris ________________________________________________________ 16 
1.3.3  Baculovirus infected insect cells __________________________________________ 16 
1.3.4  Plant expression systems ________________________________________________ 17 

1.4  Glycosyltransferases involved in plant cell wall formation _______________ 17 

1.5  Glycoside hydrolases involved in plant cell wall formation ______________ 19 

1.6  Xylan biosynthesis ________________________________________________ 21 

2  AIMS OF THE PRESENT INVESTIGATION ________________________ 25 

3  RESULTS AND DISCUSSION _____________________________________ 26 
3.1  Plant cell suspension cultures as a model for wood formation (Paper I) ____ 26 

3.2  Family 43 glycosyltransferases involved in xylogenesis (Paper II and IV) __ 28 

3.3  A family 10 glycoside hydrolase involved in xylogenesis (Paper III) _______ 33 

3.4  A MYB transcription factor involved in xylogenesis (Paper V) ___________ 36 

4  CONCLUDING REMARKS AND PERSPECTIVES ___________________ 37 

5  LIST OF ABBREVIATIONS ______________________________________ 39 

6  Populärvetenskaplig översikt (in Swedish) ____________________________ 41 

7  ACKNOWLEDGEMENTS ________________________________________ 44 

8  REFERENCES _________________________________________________ 45 
 

vii 





Anders Winzéll 

1 INTRODUCTION 
 

1.1 Wood biotechnology 
 
The classical fields of wood-based enterprises are forestry for lumber and for the pulp 
and paper industry. These two businesses are essential for Sweden’s economy and 
have played a major role in the development of the Swedish society. Approximately 
half of Sweden’s land area is covered by forest and about 12% of total net export 
comes from wood products (http://www.skogsstyrelsen.se, 2005). Comparisons 
globally reveal that Sweden is the third largest exporter of paper and lumber and the 
fourth largest exporter of pulp products world wide (http://www.skogsindustrierna.se, 
2005). Roughly one third of the world landscape is covered by forests and wood 
products are the fifth most important trade in the world (Plomion et al., 2001). 
Although the Swedish forest industry has receded somewhat, the world’s demand for 
wood is growing annually by almost 2% (Fenning and Gershenzon, 2002). Increased 
forestry means an increased toll on nature’s reserves, which must be resolved in an 
ecologically sustainable matter. Recent emphasis on the effect of fossil fuel usage on 
global warming is resulting in renewed interest in biofuels, which is anticipated to 
further increase the demand for biomass feedstocks (Sims et al., 2006). The solution 
may well include a more contemporary forestry sector that takes advantage of all 
possible tools at hand. 
 
The exploitation of biotechnology by the forest industry is still in its infancy. Among 
the first biotechnological applications were enzymatic treatments used in pulp and 
paper treatment. The enzymes that have so far been implemented are microbial 
cellulases, xylanases, lipases and laccases as reviewed by Kenealy and Jeffries (2003). 
The use of enzymes in the pulp and paper industry is ecologically sound but the 
increased cost of the treatment is hard to advocate. The industry uses cheap bulk 
chemicals and relies on machineries that have constituted large investments. Changes 
in the process are hard to implement because most steps are effectively optimised.  
 
Microbial enzymes act on wood in a deteriorating manner. Mixtures of microbial 
enzymes generally lead to total hydrolysis while single enzymes result in limited 
hydrolysis. By incomplete degradation, components of the fiber surface can be 
selectively removed in the pulp and paper industry. This is a very precise method but 
it is very costly. In most applications, whether it is for lumber or paper, it is the plant 
cell wall with its specialized carbohydrates that is responsible for the desired property. 
Instead of using degrading enzymes it is possible to change the cell wall using 
synthetic enzymes. One approach is to harness the potential of enzymes involved in 
wood fiber synthesis to determine the properties of developing wood fibers. The 
increased value of resulting products may justify the increased cost of the 
biotechnological modifications. 
 
Different types of carbohydrates are synthesised and modified by Carbohydrate 
Active enZymes (CAZymes). These enzymes are collected in the CAZy database 
(http://www.cazy.org/`,Cantarel et al., 2009) where they are divided into five 
categories: glycoside hydrolases (GH), glycosyltransferases (GT), polysaccharide 
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lyases (PL), and carbohydrate esterases (CE). The database also includes 
carbohydrate-binding modules (CBM) even though they are not enzymes but have an 
anchoring function to specific carbohydrates. Each category is further divided into 
families and each family is predicted to have the same basic tertiary protein fold and 
the same catalytic reaction mechanism. The availability and detailed understanding of 
the function of CAZymes open up many possibilities for novel wood biotechnology. 
One example is the XET-technology developed at KTH (Brumer et al., 2004). 
Utilising the mechanism of xyloglucan endotransglycosylase (XET) functional groups 
can be incorporated in the hemicellulose xyloglucan. Since xyloglucan has a high 
natural affinity to cellulose, the biopolymer adheres the functional groups to cellulose. 
The functional group can e.g. be an initiator for polymerisation thus aiding the 
interaction between cellulose and synthetic polymers in composites (Zhou et al., 
2006a). Another field of research that may flourish from knowledge about CAZymes 
is biomimetic sciences where new advanced materials are constructed by learning 
from and copying nature (Teeri et al., 2007).  
 
Wood biotechnology employed in a more classical sense of forestry is also emerging. 
Trees with changed lignin content or composition and trees with shorter rotation times 
are being tested in field trials (Campbell et al., 2003). Also, through biotechnological 
improvements it is possible to construct plants that tolerate salt stress sufficient to 
grow on land that is not suited for conventional plants (Wang et al., 2003). Plants that 
are changed by modern biotechnology are by definition genetically modified 
organisms (GMO). World awareness of GMOs is tainted by a general fear of the 
unknown combined with quite aggressive counter campaigns. It is of utmost 
importance that both the potential health and ecological risks of GMOs are carefully 
evaluated and that the GMOs are found safe before implementation in practical use.  
 
 

1.2 Tree growth and development 
 
Trees are highly organised and advanced structures. Living trees can be 5000 years 
old; stand 110 meters tall; weigh 1600 tons and have a circumference of 58 meters. 
These giant structures have a load bearing structure made of a composite constructed 
of strong but nevertheless light-weight fibers embedded in a matrix. This high-tech 
material is known as secondary xylem or wood. 
 
Wood is divided into two categories depending on which kind of tree it comes from. 
Wood from gymnosperms (conifers), plants with needles, is called softwood. Wood 
from angiosperms, plants that have leaves, gives rise to hardwood. Sweden is situated 
in the northern coniferous zone that stretches all the way from Canada to Siberia and 
the most common trees are pine and spruce, both being softwoods. Birch and aspen 
are the most common hardwoods found in Sweden.  
 
The trunk or stem of a mature tree can be divided into different zones (Figure 1). 
What you first see on a tree is the bark. In closer details this consists of periderm and 
phloem. Inside this is the vascular cambium where the girth of the tree increases and 
the wood is formed. Wood is formed inside the cambium and consists of two states. 
The first section of wood is still living and handles the transport of sap from the roots 
and is consequently referred to as sapwood. The last zone, the centre of the stem, is 
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often darker and more fragrant. This is called heartwood and consists of dead cells 
with high lignin content. The cells are filled with waste products such as resins, 
tannins and oils and can no longer handle transport of water and nutrients. However, 
the cells are sturdy and fulfil a load bearing function. The resins and other metabolites 
protect the heartwood from microbial degradation further protecting the tree. In 
temperate regions tree growth is halted during winter due to dormant cambium. In the 
spring when growth begins the wood cells formed are large and have thin walls. Later, 
the cells formed are smaller but develop thicker walls. These two patterns are called 
early and late wood, respectively, which give rise to the annual rings observed in 
trees.  
 

 
 

Figure 1: Schematic picture showing different zones of a mature stem. (Adapted from Campbell, 1996) 
 
 
Xylogenesis takes place in the cambial region of the trunk (Figure 2). Newly divided 
cells expand and differentiate. They reach their determined size and start to be 
reinforced by the formation of a thick cell wall. Eventually the cells mature and die 
but only after lignification has occurred where after they become a rigid core of the 
growing tree. Cambial cells divide along the widest part of the cell as opposed of most 
other cells that divide along the shortest stretch. This means that biosynthesis of the 
newly formed cell walls during division must be very high, something reflected in the 
vast amount of gene transcripts (mRNA) found in the cambial region (Mellerowicz et 
al., 2001). 
 
 

3 



Introduction 

 
 

Figure 2: Representation of cell types and processes in the vascular cambium where xylogenesis 
occurs. Sections harvested for microarray analysis are shown: meristematic cells (A); early expansion 
(B); late expansion (C); secondary cell wall formation (D) and late cell maturation (E). Also, extent of 
the main cell wall components is shown. (Adapted from Hertzberg et al., 2001 and Schrader J. doctoral 
thesis SLU 2003) 
 
 
Proper wood is only formed by trees which have true secondary xylem, although 
woody structures can also occur in other types of plants. For instance the stems of 
palm trees, which belong to monocots, may resemble trees but do not contain 
secondary xylem. The weed Arabidopsis thaliana, which is an annual plant, does not 
form wood but can under certain manipulated conditions form apparent secondary 
xylem (Nieminen et al., 2004). It is alleged that all the genes needed for wood 
formation are present in the weed (Kirst et al., 2003). The advantage of using 
Arabidopsis as a model system for studies of xylogenesis is that it is the most studied 
plant organism and many experiments can be routinely executed in a controlled 
laboratory environment. However, for a comprehensive understanding of wood 
formation in trees, tree model systems are needed. 
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1.2.1 Biochemical composition of wood 
 
Wood is a composite containing five categories of components. Cellulose, 
hemicellulose and pectin are carbohydrates while lignin is a phenolic polymer. In 
addition, structural proteins such as the hydroxyproline-rich glycoproteins (HRGP); 
extensions; proline-rich proteins (PRP) (Kieliszewski and Shpak, 2001) and 
arabinogalactan proteins (AGP) (Showalter, 2001) as well as glycine-rich proteins 
(GRP) (Ringli et al., 2001) also contribute to wood structure and properties.  
 
The primary cell wall mainly consists of cellulose, hemicellulose and pectin. 
Hemicellulose and pectin make up the elastic matrix that encases the cellulose fibrils. 
The secondary cell wall, the main constituent of wood, consists of cellulose, 
hemicellulose and lignin. Lignin is a stiff polymer consisting of three aromatic 
alcohols that are highly cross-linked. Lignin is incorporated in the cell wall after the 
differentiation is finished and the polymerisation fills up all available space making 
the plant cell very rigid. The hemicellulose content differs in primary and secondary 
cell walls as well as in hardwoods and softwoods. The different carbohydrate classes 
are defined based on the extraction method. Upon polysaccharide extraction from 
wood, the first fraction that comes out is pectin. The extraction is done using a hot 
aqueous solution of acid or chelating agent. The other matrix polysaccharide, 
hemicellulose, is extracted by an alkali solution. Left in the wood is now cellulose. 
 
The main component of the cell walls is cellulose consisting of β-(1,4)-glucose 
(Figure 3). Cellulose has no sidechains and the chains are arranged in microfibrils that 
are further arranged into fibrils. The main hemicellulose in primary cell walls of wood 
is xyloglucan. Xyloglucan is built up of a β-(1,4)-glucose backbone with sidechains 
that can be one to four sugar residues long. The first sidechain sugar is always xylose; 
followed by galactose; then fucose and in some cases by a terminal arabinose (Figure 
3). The main hemicellulose in hardwood secondary cell walls is glucuronoxylan. 
Glucuronoxylan has a backbone consisting of β-(1,4)-xylose and sidechains of either 
glucuronic acid or 4-O-methyl-glucuronic acid (Figure 3). There can also be low 
amounts of arabinose sidechains in hardwood glucuronoxylan. The main 
hemicellulose in softwoods is glucomannan (galactoglucomannan). The glucomannan 
backbone consists of β-(1,4)-linked glucose and mannose residues in a ratio of 1:3 
with galactose sidechains linked to some of the mannoses (Figure 3). Both xylan and 
glucomannan can be acetylated.  
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Figure 3: Structure of cellulose and the major hemicelluloses. Xyloglucan is the most common 
hemicellulose in primary cell wall of dicots and conifers. Xylan is the most common hemicellulose in 
hardwood and glucomannan in softwood.  
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Pectins are primarily found in the primary cell wall and the middle lamella. There are 
four main types of pectin: homogalacturonan, rhamnogalacturonan I, 
rhamnogalacturonan II, and xylogalacturonan (Figure 4). The different polymers are 
connected but it is not clear exactly how (Scheller et al., 2007). Pectins, especially 
rhamnogalacturonan I and II are highly branched polysaccharides. The backbones for 
homogalacturonan, rhamnogalacturonan II, and xylogalacturonan are α-(1,4)-
galacturonic acids while rhamnogalacturonan I backbone consist of the disaccharide 
α-(1,4)-galacturonic acid-α-(1,2)-rhamnose. 
 

 
 

Figure 4: Structure of pectin. The most common varieties of pectin are shown in a model on how they 
are connected. (Adapted from Scheller et al., 2007) 
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1.2.2 The process of wood formation 
 
Populus species have emerged as an excellent model organism to study wood 
biosynthesis (xylogenesis) (Mellerowicz et al., 2001). The completion of the Populus 
trichocarpa genome sequence (Tuskan et al., 2006) strengthened Populus as the most 
prominent model organism for studies of tree development and physiology. The 
Populus genome is estimated to be circa 485 megabases (Mb) (Tuskan et al., 2006). 
This is a bit smaller than the predicted size but still four times the size of the 
Arabidopsis thaliana genome (125Mb), which was the first fully sequenced plant 
genome (Arabidopsis Genome Initiative, 2000). The Populus genome, the first tree 
genome, is nevertheless small compared to that of the conifer Picea abies (Norwegian 
spruce), which is estimated to be 33Gb (33.8pg) (Siljak-Yakovlev et al., 2002), 
approximately ten times the size of the human genome. It is also possible to transform 
Populus via Agrobacterium mediated gene transfer which enables a range of 
interesting, experimental approaches. A database has been assembled by expressed 
sequence tag (EST) sequencing from tissue specific cDNA libraries of different 
Populus species (http://www.populus.db.umu.se/). This database also includes data 
from a several mRNA expression profiling studies utilizing microarrays (Sterky et al., 
2004). Narrow zones of the developing xylem of Populus tremula x tremuloides 
(hybrid aspen) were isolated by cryosectioning (Figure 2). MRNA from these zones 
was isolated representing the genes needed for xylogenesis. Complex expression 
profiling revealed a pattern of which gene products are needed in different stages of 
wood formation (Hertzberg et al., 2001) .  
 
 

1.2.2.1 Cell division, meristematic cells (A-zone) 
 
The vascular cambium is situated along the side of the tree’s trunk, roots and branches 
like a cylinder. It is responsible for the secondary growth. Cells in the vascular 
cambium are meristematic cells resembling stem cells in animals. The meristematic 
cells, also called cambial initials, do not divide into one final cell type but rather 
divide into one mother cell which then undergoes subsequent divisions to form the 
specialised cells (Figure 5). This arrangement is thought to stock genetically healthy 
cells in the cambium (Mellerowicz et al., 2001). The mother cell is either destined to 
form xylem or phloem depending on the direction the meristematic cell divided.  
 
If the mother cell is formed on the inside of the cambium subsequent cell divisions 
will lead to the formation of primary xylem and if it is formed on the outside of the 
cambium it will give rise to primary phloem. Xylem and phloem are responsible for 
different functions within the plant. Xylem transports water and nutrients (sap) from 
the roots upwards in the plant. Phloem’s role is trafficking of carbohydrates formed 
through the photosynthesis in the leaves to where the energy or building blocks are 
needed. This flow of sugars moves from the source to the sink tissues, that is, in any 
direction needed. The cambial cells can split in one more way. The cells can also 
divide anticlinally, as opposed to periclinally, to form two cambium cells. This allows 
the vascular cambium to maintain a closed ring shape when the girth of the tree 
expands. Some meristematic cells are destined to become ray cells instead of ordinary 
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xylem cells. Ray cells handle transports horizontally as compared to xylem and 
phloem.  
 

 
 

Figure 5: Schematic picture showing cell divisions in the cambial zone of vascular cambium in a tree. 
 
 
In zone A the cells divide, expand and elongate with emphasis on division (Figure 2). 
Genes primarily expressed in zone A are involved in cell cycling but in order to 
function the cell also need synthesis of the cell wall. This early in the xylogenesis the 
cell wall mainly consists of cellulose made by cellulose synthases (CesA). CesAs are 
GTs in the family GT2 and contain eight transmembrane spanning regions. The 
CesAs is predicted to be part of a protein complex, called a rosette, in the plasma 
membrane (Figure 6). Other proteins in, and associated to this complex, are for 
example believed to be a sucrose synthase, the family GH9 cellulase designated 
KORRIGAN as well as several so far unknown proteins (Scheible and Pauly, 2004). 
Already from the beginning the cell wall is reinforced by biosynthesis of the 
carbohydrate polymers pectin and hemicelluloses. These are polysaccharides 
synthesised in the Golgi and exported to the plasma membrane in vesicles. It is not 
known how the synthesising proteins interact with each other but it is believed that 
each different glycosidic bond is made by a specific GT which means that there must 
be a complex coordination of enzyme activity in order to synthesise the non cellulosic 
cell wall carbohydrates. It has been estimated that in order to make pectin alone, 46 
individual GTs are needed (Mohnen, 1999). 
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Figure 6: Schematic picture of cell wall carbohydrate biosynthesis. Cellulose is made at the plasma 
membrane in the cellulose synthase complex (CSC) called a rosette. Hemicellulose and pectin are made 
in the Golgi by different types of GTs from NDP-sugars. Synthesised matrix polysaccharides are 
secreted to the cell wall in vesicles. (Adapted from Scheible and Pauly, 2004) 
 
 

1.2.2.2 Early and late expansion (B and C-zones) 
 
Cells grow rapidly in the cambial region. Their expansion is driven by turgor, the 
water pressure in the vacuoles inside the cells. This pressure forces the cell walls 
outwards but to be able to expand the walls must give. This is handled by at least two 
different proteins. Xyloglucan endotransglycosylases (XET) cleave the hemicellulose 
xyloglucan that connects cellulose microfibrils. XETs belong to the CAZy GH class 
of enzymes but most isozymes so far characterized have no hydrolytic activity (Kallas 
et al., 2005). Once the cell has expanded XET rejoins the reducing end of the cleaved 
xyloglucan to the non-reducing end of another xyloglucan molecule. This mechanism 
leaves a cell wall with essentially the same strength as before expansion.  
 
The other protein class that faciliates cell expansion are expansins. The mechanisms 
how expansins work are not clear. Structural analysis reveals a distant relation to 
family 45 endoglucanases. However, no hydrolytic activity has been shown for 
expansins. Expansin’s role in cell expansion seems to be correlated to the occurrence 
of so called acid growth (Cosgrove, 2005). It has been shown that plant cells grow 
faster at acidic pH. Expansins are pH dependent wall loosening proteins that get 
activated when the pH is between 4,5 and 6. Expansin has been proposed to disrupt 
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non-covalent bonds between the carbohydrates in the cell wall (Cosgrove, 2005). It 
has also been demonstrated that expansin does not weaken the cell wall further 
supporting the non hydrolytic theory. Expansins are divided into four phylogenetic 
families. Proteins from the families of α- and β-expansins, EXPA and EXPB can 
induce extension of the cell wall while the expansin-like families A and B, EXLA and 
EXLB have an unknown function.  
 
Pectins, hemicelluloses and cellulose are continually being synthesised to maintain 
and strengthen the growing primary cell wall. Gene products that affect pectin, which 
is important in the primary wall, like pectin esterases and pectin lyases are highly 
expressed during the cell expansion (Hertzberg et al., 2001). 
 
 

1.2.2.3 Secondary cell wall formation (D-zone) 
 
The wood cell has now reached its final size. The outer rim of the cell is formed by 
the primary cell wall with its random distribution of cellulose microfibril. The primary 
cell wall is reinforced by hemicelluloses and pectins but is still very elastic. The cell 
machinery now switches towards building the main body of the cell, which is 
responsible for strength. This is where the main wood formation occurs. The 
secondary cell wall is formed inside of the primary wall. In secondary cell walls the 
cellulose microfibrils are organised in defined angles. Three layers of secondary cell 
wall are formed, S1-S3 (Figure 7). The main difference between the layers is the 
angle the microfibrils are arranged relative to the axis of cell, called the microfibril 
angle (MFA). Secondary cell wall layers 1 and 2 are formed in the D-zone (Figure 2). 
Biosynthesis of hemicellulose is high in order to reinforce the newly formed 
secondary cell wall layers. The hemicellulose incorporated in the secondary cell walls 
are of different kind than in the primary cell wall. The main hemicellulose in 
hardwood secondary cell walls are xylan and in conifers glucomannan (Timell, 1967). 
 

 
 

Figure 7: Schematic picture of xylem fiber cross section showing the different cell wall layers and the 
direction of the cellulose microfibrils. (Picture from Aspeborg H. doctoral thesis KTH 2004) 
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1.2.2.4 Late cell maturation (E-zone) 
 
The late cell maturation zone is the final stage for xylem cells. The last secondary cell 
wall layer (S3) is made and lignification is intensive (Figure 2). The final phase is 
programmed cell death (PCD). Hydrolytic enzymes accumulate in the vacuole of the 
maturing xylem cells (Moreau et al., 2005). Finally, the vacuole disrupts releasing 
proteases and nucleases into the cytoplasm where cell content gets degraded. Upon, 
this final irreversible process the xylem cells are now totally differentiated and are the 
hollow cell types that make up wood. 
 
 

1.2.2.5 Reaction wood 
 
If, for instance, the ground collapses tilting the stem or strong wind mostly blows in 
one direction, the tree is exposed to mechanical bending. In order for the tree to regain 
its favoured posture a special kind of wood is formed referred to as reaction wood. 
The purpose of reaction wood is to straighten the stem or branches back into position. 
In conifers the reaction wood is called compression wood (CW) and it is formed on 
the lower side of the strained tree (Figure 8). In angiosperms the reaction wood is 
formed on the upper side of the tree and it is called tension wood (TW). Although the 
two special kinds of wood have the same function they handle the dilemma in totally 
different ways. Both the mechanism and physiology are dissimilar in CW and TW. In 
conifers, the CW is highly lignified and contains intercellular space. TW in dicots has 
an altered morphology in the secondary cell walls. Instead of finding the S1-S3 layers, 
the S2 layer is thinner and the S3 is replaced by a thick gelatinous layer. This is called 
the G-layer and consists almost primarily of pure cellulose. The MFA is close to the 
axis. TW also contains fewer vessels than normal wood. The wood opposite of 
reaction wood is also of altered size and is referred to as opposite wood (OW).  
 
The occurrence of reaction wood decreases the value of wood products but offers 
interesting tissue for studying the mechanisms behind cellulose and lignin 
biosynthesis. Genomic analysis examining a tension wood EST library and microarray 
analysis reveals changes in the carbon flux as well specific patterns of gene 
expression (Andersson-Gunnerås et al., 2006). Gene expression of most GTs 
decreased as a response to the difference in the carbohydrate composition of TW. 
However, gene expression of fasciclin-like arabinogalactan proteins (FLA) were 
specifically high in TW. Also, many FLAs were without true Arabidopsis orthologs 
further supporting their specific role in TW formation. 
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Figure 8: Schematic picture showing the two types of reaction wood. Gymnosperms form compression 
wood on the lower side of the trunk while angiosperms form tension wood on the upper side of the 
trunk. 
 
 

1.2.3 Transcriptional regulation of wood formation 
 
Wood formation is an extensively complex process, which demands the coordinated 
expression of a vast number of genes. The outcome of this process is the production 
of an extensive battery of enzymes and proteins that together make the cellular 
machinery synthesizing the secondary cell wall. This process may be regulated at 
several levels, from mRNA synthesis to the control of protein activity, involving 
regulation of chromatin structure, DNA-RNA transcription, RNA processing, 
transport and stability, RNA-protein translation, and post-translational modifications. 
Transcriptional regulation has been the most intensively studied level of regulation of 
wood-related gene expression, and it involves a variety of transcription factors (TFs) 
that operate through less well-understood regulatory mechanisms. TFs are proteins 
that can activate or repress the expression of a gene and in so regulate the amount of 
gene product present in the cell. TFs recognize and bind specific DNA sequences, 
called regulatory elements, in the upstream region of genes, the promoters, and 
activate transcription by interacting with components of the basal transcriptional 
apparatus (Figure 9). TFs are modular in structure, and their specific domains may 
mediate DNA binding, dimerization and transcriptional activation. DNA-binding 
domains may be classified according to their structural motifs; these include the helix-
turn-helix, the zinc fingers, the leucine zipper and the MYB domain. Many TFs bind 
their cognate elements as dimers, which permits combinatorial interactions by 
heterodimerization. Accordingly, cellular processes are controlled by combinations of 
proteins, rather than by individual proteins. The heterodimerization of TFs requires 
that their cognate regulatory elements are physically clustered, and such clusters of 
regulatory elements are called composite elements. The activities mediated by the 
different domains of TFs may be regulated by a variety of mechanisms, by example 
transport to the nucleus, action of inhibitory molecules, and post-translational 
modifications, such as phosphorylation or dephosphorylation. Frequently, 
developmental or environmental signals modulate gene expression through the 
activation of signalling cascades leading to the phosphorylation and subsequent 
activation, or inactivation, of specific sets of TFs.  
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Figure 9: A schematic model for transcriptional activation. General transcription factors (GTFs) 
associate with the TATA-box and RNA polII to activate expression. Specific transcription factors (TF) 
bind to regulatory elements (white boxes) in the promoter and interact with GTFs. (Adapted from 
Kornberg, 2007). 
 
 
Analysis of the Arabidopsis genome showed that as much as 6% of the total number 
of genes in the genome code for TFs (Riechmann et al., 2000). In wood formation two 
main classes of TFs have been investigated, namely the NAC domain and MYB 
domain TFs (Ko et al., 2009). The NAC group includes SECONDARY WALL-
ASSOCIATED NAC DOMAIN PROTEIN1 (SND1), NAC SECONDARY WALL 
THICKENING PROMOTING FACTOR (NST) 1 and NST2, as well as 
VASCULAR-RELATED NAC-DOMAIN (VND) 6 and VND7. MYB TFs are found 
in all eukaryotic genomes investigated and their DNA-binding domain consists of up 
to three imperfect repeats. Each MYB repeat forms a helix-turn-helix structure of 
about 53 amino acids, and carries three regularly spaced tryptophan residues, which 
form a tryptophan cluster in the three-dimensional helix-turn-helix structure. The 
three repeats in vertebrate MYB TFs are referred to as R1, R2 and R3, and, depending 
on the number of MYB repeats, MYB TFs may belong to any of the following 
categories: R1R2R3, R2R3, and R1. The plant MYBs can have all three repeats but 
most often they belong to either R1 or R2R3-type (Wilkins et al., 2009). The R2R3-
MYB family is expanded in Arabidopsis compared to animal genomes and even more 
so in Populus compared to Arabidopsis, and it was suggested that the R2R3-MYB 
TFs play important roles in plant-specific processes, such as responses to plant 
hormones, establishment and maintenance of cell type identity and plant secondary 
metabolism (Riechmann et al., 2000; Wilkins et al., 2009).  
 
There are several proposed hypotheses concerning the hierarchy of TFs regulating 
secondary cell wall formation (Demura and Fukuda, 2007; Zhong and Ye, 2007; 
Zhong and Ye, 2009). SND1, NST1, NST2, VND6 and VND7 are considered master 
switches of secondary cell wall formation, possibly determining tissue and/or cell type 
specificity. MYB46 appears to be placed at a hierarchical level below the master 
switches and it is proposed to be a direct regulator of cellulose, xylan and lignin 
biosynthesis in secondary cell walls (Ko et al., 2009). Recent studies show that the 
MYB46-like MYB83 protein regulates secondary cell wall biosynthesis redundantly 
with MYB46, and that they both activate expression of MYB TFs MYB42, MYB43, 
MYB52 and MYB54, which are involved in secondary cell wall polysaccharide 
biosynthesis, as well as MYB58, MYB65 and MYB85, which regulate lignin 
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biosynthesis (McCarthy et al., 2009). The study suggests that MYB46 and MYB83 
regulate their target MYB TFs and secondary cell wall formation in what is referred to 
as a feed-forward loop, where one TF regulates another, and then together they 
regulate their common downstream targets (Figure 10). 
 

 
 

Figure 10: A schematic model accounting for the transcriptional network regulating secondary wall 
formation. At the top of the network, NAC TFs are master switches activating several downstream TFs. 
MYB83 and MYB46 are direct targets of SND1 and its close homologs and they regulate the 
expression of a number of further downstream secondary wall-associated TFs. (Adapted from 
McCarthy et al. 2009). 
 
 

1.3 Heterologous protein expression 
 
The native source of enzymes involved in wood formation – the tree – is not an easy 
starting material for protein purification. The relative concentration of the enzymes is 
low in the tissues but more importantly, wood is a tough material and enzymes are not 
easy to extract. For enzyme characterisation and, later, for biotechnological 
applications a more effective source for enzyme is needed. Heterologous expression 
can give high yields of protein that can be easily purified (Farrokhi et al., 2009). It can 
be cost effective and scaled up to industrial levels. The following sections describe 
well-characterised systems for the production of recombinant protein.  
 
 

1.3.1 Escherichia coli 
 
The prokaryote Escherichia coli is the most commonly used organism for 
heterologous protein production (reviewed in: Jana and Deb, 2005). There is a wide 
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assortment of vector systems and host strains to give extensive choices for fine tuning 
the expression. It is a robust system that is fast and efficient. An expression vector is 
constructed containing the gene of interest (GOI), a promoter and a selection marker, 
usually resistance towards an antibiotic. The vector or plasmid is transformed into the 
expression strain most commonly by electroporation or heat shock. The promoter can 
be either inducible or constitutive and steers the expression of the gene from the 
plasmid. The GOI is never incorporated into the genome in E. coli expression 
systems, but remains in the plasmid within the cell. Plasmids with high copy numbers 
give good protein yield. Although it is a fast and convenient system, E. coli has some 
limitations. Prokaryotic expression systems are unable to perform post translational 
modifications which may intervene with the expression, folding or the solubility of 
the target protein. The expression of such proteins thus requires the use of alternatives 
expression systems.   
 
 

1.3.2 Pichia pastoris 
 
Yeast is one of the genetically best understood eukaryotes and provides a convenient 
expression system for heterologous proteins. While Saccharomyces cerevisiae often 
suffers from hyper-glycosylation of heterologous proteins, the methylotrophic yeast, 
Pichia pastoris often overcomes this problem (reviewed in: Daly and Hearn, 2005). 
Similar to the expression of heterologous proteins in E. coli, a vector for the 
transformation of the host cell is constructed but a difference is that in yeasts, the gene 
is incorporated into the genome. The selection is often based on complementation of a 
mutation in e.g. histidine or uracile biosynthesis, or by introducing tolerance towards 
antibiotics. The heterologous protein expression can be inducible or constitutive. In P. 
pastoris, the most common approach relies on the methylotrophic growth of P. 
pastoris. The protein expression is induced by limiting the carbon source to methanol 
to activate the AOX promoter guiding the heterologous proteins expression. Since P. 
pastoris is a eukaryote the proteins will be glycosylated if they have a suitable 
glycosylation site. Glycosylation can be needed for some proteins to fold properly and 
to be active and stable. However, it seems that proteins which are difficult to express 
may confuse the secretory pathways and thereby be hyper-glycosylated even in P. 
pastoris.  
 
 

1.3.3 Baculovirus infected insect cells 
 
Baculovirus technology utilizes the ability of Autographa californica multiple nuclear 
polyhedrosis virus (AcMNPV) to infect and produce protein in an insect host. 
Recombinant expression can be performed in insect larvae or insect cell cultures 
(reviewed in: Kost et al., 2005). The early bottle neck was isolation of recombinant 
expression vectors that had to be isolated through plaque assays. The recombination 
efficiency was about 0,1% and positive plaques had to be identified microscopically. 
A major advancement was achieved with the development of the Bac-to-bac system 
(Luckow et al., 1993). The gene of interest is transferred from a donor vector to 
baculoviral DNA within E. coli forming a recombinant bacmid. The bacmid is 
selected for and propagated in E. coli before it is harvested and used to transfect insect 
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cells forming recombinant viruses. The baculovirus expression vector system has been 
further improved to develop the BaculoDirect expression system (Invitrogen, USA). 
A purified transposase transfers the gene of interest to the viral DNA in vitro. Insect 
cells are transfected with the mixture of recombinant and parental virus DNA and 
selection occurs in the insect cells. 
 
 

1.3.4 Plant expression systems    
Many heterologous proteins have successfully been expressed in plants (Gleba et al., 
2007). The major advantages with plants as hosts are that costs can be low because 
plants grow by photosynthesis and also, they perform post-translational modifications 
(reviewed in: Streatfield, 2007). This is of more theoretic use when the goal is enzyme 
characterisation but is more important for large scale production. There are three main 
strategies for protein production in plants. The foreign gene can be permanently 
incorporated in the plant genome. This gives a stable protein expressing plant. A 
second alternative is to incorporate the transgene into a genome in the plastids. This 
approach is more resilient against gene silencing but is not as effective. The third 
strategy is transient expression of the protein. Transient expression may be driven by 
viral mechanism which can give high yield in little invested effort (Marillonnet et al., 
2005). To transform plant expression systems either Agrobacterium mediated gene 
transfer or microprojectile bombardment is used. Some of the more subtle advantages 
with plant expression systems are the opportunity to study cell localisation of 
heterologous protein. Also, difficult plant proteins can benefit from more correct 
surroundings. However, a major drawback of using a plant host for the expression of 
plant proteins is the added risk of background activity from endogenous plant 
enzymes.  
 
 

1.4 Glycosyltransferases involved in plant cell wall formation  
 
Glycosyltransferases (GTs) are a class of enzymes that affect many different kinds of 
processes in the plant. They transfer sugar moieties to as diverse acceptors as proteins, 
lipids, secondary metabolites and growing polysaccharide chains. The CAZy database 
currently consists of 92 GT families (http://www.cazy.org/`, Cantarel et al., 2009). 
The GTs may adopt either of two structural folds, called GT-A and GT-B, and they 
may be either inverting or retaining depending on whether their activity inverts or 
retains the anomeric stereochemistry of the donor sugar. According to CAZy inverting 
GTs presumably perform a single displacement mechanism directly involving the 
acceptor and sugar donor (http://www.cazy.org/fam/acc_GT.html). How the retaining 
GTs act is not well understood and some hypothetical mechanisms have been 
proposed. It may be through a glycosyl-enzyme intermediate in analogy to retaining 
GHs (Lairson et al., 2008). Using iterative searches of sequence databases, a third 
fold, called GT-C, was predicted for large transmembrane GTs although it was never 
experimentally verified (Liu and Mushegian, 2003; Lairson et al., 2008). It has been 
proposed that many new folds and mechanisms will be uncovered following 
successful biochemical and enzymatic characterization (Henrissat et al., 2008). Here, 
successful enzymatic characterization of GTs involved in making plant cell walls is 
scarce. Scheible and Pauly (2004) concluded in 2004 that only six individual GTs 
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were enzymatically characterised. Of these, four were involved in xyloglucan 
biosynthesis and the other two in mannan and galactomannan synthesis, respectively. 
This means that no GTs involved in synthesis of hemicellulose found in the secondary 
cell wall had been characterised by 2004. Since then, GTs involved in pectin synthesis 
have also been characterised. There are some interesting phenotypes in Arabidopsis 
mutant plants where secondary cell wall is clearly affected. Cell wall analyses indicate 
functions for biosynthesis enzymes but attempts to confirm activity in vitro by using 
purified or recombinant enzymes have failed. 
 
The first GT involved in cell wall biosynthesis to be characterised was galactomannan 
α-(1,6)-galactosyltransferase, GMGT from fenugreek (Edwards et al., 1999; Edwards 
et al., 2002; Reid et al., 2003). The enzyme was expressed in P. pastoris in both full 
length and truncated form. GMGT, belonging to the CAZy family GT34, transfers 
galactose to the β-(1,4)-mannose chain backbone. Galactomannan and mannan have 
the same backbone and a mannan β-(1,4)-mannosyltransferase, ManS was 
characterised from guar seed. First, the activity was characterised in seed endosperm 
and then by heterologous expression in embryogenic soybean suspension cultures. 
This enzyme belongs to the CAZy GT family 2 and is classified as a cellulose 
synthase like (Csl) protein (Dhugga et al., 2004). Also, Liepman et al. (2005) 
expressed Csl genes from Arabidopsis in Drosophila S2 cells and found ManS 
activity for three examined proteins. All the ManSs so far characterised belong to Csl 
subgroup A (CslA). A hemicellulose only found in monocots is mixed-linked β-
glucans (β-(1,3;1,4)-glucan). Activity of β-(1,3;1,4)-glucan synthases was shown for 
several rice Csls by a gain-of-function approach (Burton et al., 2006). Genes 
belonging to subgroup F (CslF) were expressed in Arabidopsis which normally do not 
contain β-(1,3;1,4)-glucans. Subsequent detection of this carbohydrate in transgenic 
plant cell walls exposed the enzyme activity. These results support the theory that 
polysaccharide backbones are synthesised by Csls and sidechains are added by type-II 
membrane bound GTs (Lerouxel et al., 2006).  
 
The other characterised GTs that build hemicelluloses all construct xyloglucan. The 
first one characterised was an Arabidopsis xyloglucan α-(1,2)-fucosyltransferase, 
FUT1 (Perrin et al., 1999; Vanzin et al., 2002; Perrin et al., 2003). FUT1 was 
heterologously expressed in mammalian COS and 293T cells as a full length protein. 
FUT1 is mutated in the Arabidopsis mur2 mutant and belong to CAZy family GT37. 
The function is to transfer fucose to galactose on the xyloglucan sidechain. The same 
transfer is reported for FT1, also a GT37 in pea (Faik et al., 2000). Enzyme 
characterisation was carried out on protein purified from pea microsomes. Another 
GT involved in xyloglucan biosynthesis is xyloglucan β-(1,2)-galactosyltransferase, 
MUR3 responsible for the mutant mur3 (Madson et al., 2003; Ryden et al., 2003). The 
predicted soluble region of the protein was expressed in P. pastoris. MUR3, 
belonging to CAZy GT family 47, adds galactose to xylose on the xyloglucan 
sidechain (Figure 3). The third mechanism characterised for xyloglucan is the transfer 
of xylose to the β-(1,4)-glucose chain backbone (Figure 3). Two xyloglucan α-(1,2)-
xylosyltransferases, XT1 and XT2 in the CAZy family GT34 have been characterised 
from Arabidopsis (Faik et al., 2002; Cavalier and Keegstra, 2006). XT1 was 
expressed in P. pastoris as full length protein. At the time of characterisation they 
were unable to detect activity for XT2. Upon expression of full length protein in 
baculovirus infected Drosophila S2 cells XT2 was found to be active. Lastly a 
nasturtium CslC and the predicted Arabidopsis ortholog (CSLC4) from family GT2 
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have been expressed in P. pastoris and β-(1,4)-glucan accumulation could be detected 
(Cocuron et al., 2007). AtCSLC4 is co-expressed with xyloglucan biosynthesis genes 
and it was concluded that the detected activity was xyloglucan synthase (XyGS) 
responsible for backbone formation. 
 
No pectin-synthesising GTs were characterised before 2006. First out was a 
homogalacturonan α-(1,4)-galacturonosyltransferase, GAUT1 (Sterling et al., 2006). 
Protein without the predicted transmembrane domain was transiently expressed in 
mammalian HEK293 cells. Homogalacturonan consist of α-(1,4)-galacturonic acids 
(Figure 4) so it could have been expected to be synthesised by a Csl protein but 
GAUT1 is a type-II membrane bound protein belonging to CAZy GT family 8. It is 
however, not clear how the different pectins are associated to each other (Scheller et 
al., 2007). Additional characterised plant cell wall GTs are involved in synthesis of 
the pectin rhamnogalacturonan-II. Two highly similar proteins were revealed to be 
rhamnogalacturonan-II α-(1,3)-xylosyltranferases, RGXT1 and RGXT2 (Egelund et 
al., 2006). The soluble parts of the proteins were expressed in baculovirus infected 
Sf9 as well as in Hi5 insect cells. Recombinant protein was targeted for secretion so 
enzymatic studies could be carried out using growth media. Rhamnogalacturonan-II is 
a highly branched polysaccharide that has several unusual sugars in its sidechains 
(Figure 4). RGXT transfer xylose to fucose on sidechain A. Characterisation of 
RGXTs led to the formation of a new CAZy family GT77. Also yet another paralog, 
RGXT3, have been successfully expressed as a soluble secreted protein in P. pastoris 
(Egelund et al., 2008). Another pectin GT expressed and biochemically characterized 
is XGD1, a family GT47 determined to be a xylogalacturonan xylosyltransferase 
(Jensen et al., 2008). The protein was transiently expressed in leaves of Nicotiana 
benthamiana and activity was determined in microsomal preparations. 
 
Xylan is the most important hemicellulose in xylem from hardwoods. However, no 
GTs involved in xylan synthesis have so far been biochemically characterised. 
Instead, there are several interesting mutants in Arabidopsis with severely affected 
xylan content (See section 1.6). A similar situation is observed with GT2s involved in 
cellulose biosynthesis. 
 
 

1.5 Glycoside hydrolases involved in plant cell wall formation 
 
Glycoside hydrolases (GHs) are a class of enzymes that are involved in many aspects 
of plant physiology, such as cell wall polysaccharide metabolism, glycan biosynthesis 
and remodeling, storage reserves mobilization, plant defense, symbiosis, metabolism 
of secondary plant metabolites, signaling and glycolipid metabolism (Minic, 2008). 
Their enzymatic function is to cleave glycosidic linkages. If the enzyme cleaves the 
substrate from the end of the carbohydrate chain it is exo-acting and if it cleaves 
within the carbohydrate chain it is endo-acting (Teeri, 1997). The CAZy database 
currently consists of 115 GH families (http://www.cazy.org/`, Cantarel et al., 2009). 
The GHs are either inverting or retaining depending on whether their action inverts or 
retains the anomeric stereochemistry of the sugar substrate. According to CAZy, 
inverting GHs cleave the substrate via a single displacement governed by two 
catalytic residues of the enzyme (http://www.cazy.org/fam/acc_GH.html). Retaining 
enzymes operate via a glycosyl-enzyme intermediate resulting either in hydrolysis, as 
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in hydrolases, or in transglycosylation, where a new sugar linkage is created, as in 
transglycosylases (Gilbert et al., 2008). In analogy to revelations in the field of GTs, 
new folds and mechanism are likely to be unveiled (Henrissat et al., 2008). GHs are 
often physically linked to another category of proteins within the CAZy classification, 
the CBMs currently consisting of 59 families (http://www.cazy.org/`, Cantarel et al., 
2009). The CBMs generally bind with high specificity to a given carbohydrate and 
therefore aid the GH affinity for its substrate and prolong the interaction time. Further, 
the CBMs are divided into type A-C depending on the mechanism of carbohydrate 
interaction (Boraston et al., 2004). There are also some rare cases of independent 
CBMs not linked to a GH catalytic domain (Boraston et al., 2004). GHs are modular 
proteins meaning that they can have a signal peptide or transmembrane domain and 
none or several CBMs linked to the catalytic domain. Starting from family GH9, a 
new nomenclature was suggested where the modular structure is considered 
(Urbanowicz et al., 2007). Accordingly, subclass A describes proteins with a cytosolic 
domain, a transmembrane domain and a catalytic domain, whereas subclass B proteins 
have a signal sequence before the catalytic domain and, finally, subclass C proteins 
have a signal sequence, a catalytic domain and, divided by a linker region, one or 
several CBMs (Urbanowicz et al., 2007). For instance KORRIGAN1 (KOR1), a 
family GH9 cellulase highly important for plant cell wall formation (Nicol et al., 
1998) was suggested to be renamed GH9A1 (Urbanowicz et al., 2007). Once the 
protein is biochemically characterized, as was for instance the hybrid aspen KOR1 
ortholog Pt×tCel9A1 (Master et al., 2004) it may be given the trivial name Cel9A1 
(Urbanowicz et al., 2007). 
 
An interesting role of GHs is their involvement in biosynthetic processes during cell 
wall assembly and reorganization. This is an unexpected function since generally GTs 
are considered to be involved in synthesis and GHs in degradation. The plant GHs that 
are involved in cell wall biosynthesis and assembly are active both in the primary and 
secondary cell wall. GHs acting on cellulose, hemicelluloses and pectin have been 
identified and there are both endo- and exo-acting. However, the precise functional 
role of these GHs involved in biosynthesis of cell wall polysaccharides needs to be 
determined. Here, they could be involved in facilitating changes in cell size and 
morphology during plant growth and development, by selective degradation of some 
polysaccharide components to allow the remodeling of the cell wall structure (Minic, 
2008). The principal function of GHs in the primary cell wall is to loosen the cell wall 
in order for the cell to grow via turgor pressure. The main enzymes for this are 
cellulases, xyloglucan endotransglycosylases (XETs) and xyloglucan endohydrolases 
(XEHs), the two latter collectively referred to as XTHs. This is of course a reflection 
of the fact that the primary cell wall mainly consists of cellulose and xyloglucan. The 
function of the GHs identified in the secondary cell wall is more obscure. The final 
size of the cell is already determined as biosynthesis of the secondary cell wall is 
initiated. Therefore these enzymes could hardly be involved in cell wall loosening, as 
is the role of GHs in the primary cell wall. One family GH9 cellulase denoted Cel9A1 
was identified as upregulated during wood formation in Populus (Aspeborg et al., 
2005). The catalytic domain was recombinantly expressed in P. pastoris and the 
preferred substrate was long low substituted soluble cellulosic polymers (Master et al., 
2004). The Arabidopsis ortholog has a well-characterized mutant phenotype named 
KORRIGAN1 (KOR1). KOR1 is implicated in cellulose biosynthesis but the 
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mechanism is not understood. The three main hypotheses are: a) release of the newly 
synthesized cellulose microfibril, b) release of a putative primer for cellulose 
biosynthesis or c) control of chain length. KOR1 is located to the plasma membrane 
although it is not entirely determined whether the catalytic domain faces the cytosol or 
the cell wall (Bessueille and Bulone, 2008).  
 
 

1.6 Xylan biosynthesis 
 
As described earlier xylan or glucuronoxylan consist of a linear backbone made up of 
β-(1,4)-xylose with O-2-linked sidechains of methylated or un-methylated glucuronic 
acid. The backbone xylosyl residues can also be acetylated. Biosynthesis of the xylan 
backbone can therefore be expected to require a xylosyltransferase, a 
methyltransferase, an acetyltransferase and a glucuronyltransferase. Consequently, the 
structure of the xylan acceptor will vary depending on when, or whether, the 
sidechains are attached, possibly resulting in the requirement for distinct 
xylosyltranferases with different acceptor specificities. Also, it has been hypothesized 
that methylation of the glucuronic acid might occur before attachment to the backbone 
(Zhong et al., 2005), which would require two different glucuronyltransferases for 
addition of the sidechains. Recently, it was rediscovered that the reducing end of 
glucuronoxylan in several species consists of a different sequence that might act as a 
primer for xylan formation (Peña et al., 2007). This putative primer, first described in 
1976 (Shimizu et al., 1976), consists of β-xylose-(1,3)-α-rhamnose-(1,2)-α-
galacturonic acid-(1,4)-xylose. The reducing end sequence suggest the requirement of 
three to five more GTs, namely a galacturonosyltransferase, a rhamnosyltransferase, a 
xylosyltransferase with a rhamnose for acceptor and then one or two 
xylosyltransferases depending on how many glycosyl residues that are recognized 
within the acceptor position of the GT active site. To conclude, from analysis of the 
glucuronoxylan structure there can be as many as nine GTs in addition to 
methyltransferase and acetyltransferase required for correct biosynthesis.  
 
Members of our research group identified 25 GTs and nine GHs that are upregulated 
during wood formation (Aspeborg et al., 2005), and it was expected that the proteins 
mediating xylan biosynthesis were included within this group. The first direct 
evidence of which GTs that could be involved in xylan biosynthesis came from 
analyses of cell wall sugars in Arabidopsis mutants, which identified three 
IRREGULAR XYLEM (IRX) genes termed IRX7, IRX8 and IRX9 which code for 
enzymes belonging to CAZy families GT47, GT8 and GT43 respectively (Brown et 
al., 2005; Persson et al., 2005). The irx7, irx8 and irx9 mutants had lower amount of 
xylose in the cell wall indicating a role in xylan formation (Brown et al., 2005). The 
mutants exhibited severe dwarf phenotypes, in contrast to the first Arabidopsis irx 
mutants, irx1, irx2 and irx3, which exhibited collapsed xylem cells by microscopy of 
stem sections (Turner and Somerville, 1997). In these latter examples, IRX1 and 
IRX3 was found to be AtCesA8 and AtCesA7 respectively(Taylor et al., 2000) and 
IRX2 was the GH AtKOR1 (Szyjanowicz et al., 2004) all implicated in cellulose 
biosynthesis. 
 
The Arabidopsis irx7 mutant is also known as fragile fiber 8 (fra8) (Zhong et al., 
2005). FRA8/IRX7 was shown to be a type II membrane protein that localizes to the 
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Golgi. It was also demonstrated that Populus alba × tremula GT47C (PoGT47C) can 
complement the Arabidopsis fra8 mutant, implying that they are orthologs (Zhou et 
al., 2006b). Detailed cell wall analysis revealed that fra8 plants have a lower amount 
of the tetrasaccharide starting primer, suggesting that FRA8 function in formation of 
the reducing end sequence (Peña et al., 2007). Also, microsomal preparations from 
fra8 plants maintain xylosyltransferase activity and glucuronyltransferase activity 
indicating that FRA8 is not involved in xylan backbone formation or side chain 
additions (Brown et al., 2007; Lee et al., 2007a). A closely related protein is encoded 
by the Arabidopsis gene denoted FRA8 homolog (F8H) (Lee et al., 2009a). The 
mutant lacks a visible phenotype but over-expression of F8H can complement the fra8 
mutant. Also, the double mutant exhibits a phenotype even more severe than fra8 
alone. This indicates that the two gene products are functionally redundant paralogs 
active in synthesis of the starting primer. IRX8 is also a Golgi localized type II 
membrane bound protein. Similarly to fra8, irx8 mutant plants are deficient in the 
reducing end tetrasaccharide (Peña et al., 2007). Also, microsomal preparations from 
irx8 xylem exhibit xylosyltransferase activity as well as glucuronyltransferase activity 
(Brown et al., 2007; Lee et al., 2007a), implying that IRX8 is also involved in 
synthesis of the starting primer. Populus GT8D is identified as the closest homolog of 
IRX8 however over-expression of PoGT8D cannot complement the IRX8 mutant 
(Zhou et al., 2007). IRX9 is a type II membrane bound protein localized to the Golgi. 
Cell wall analysis of the irx9 mutant shows that the reducing end tetrasaccharide is 
unaffected, and there are more, and shorter, xylan chains compared to wild type (Peña 
et al., 2007). Microsomal preparations from the mutant have reduced 
xylosyltransferase activity and unaffected glucuronyltransferase activity (Brown et al., 
2007; Lee et al., 2007a). These findings indicate that IRX9 could be responsible for 
xylan backbone elongation. The Arabidopsis irx9 mutant can be complemented by 
Populus GT43B (PoGT43B; Zhou et al., 2007). The irx10 mutant was initially 
examined simultaneously with irx7, irx8 and irx9 but it exhibited only a weak 
phenotype (Brown et al., 2005). The closely related protein IRX10-like (IRX10-L) 
lacks mutant phenotype although the double irx10/irx10-l mutant has a severe 
phenotype (Brown et al., 2009; Wu et al., 2009). IRX10 and IRX10-L are predicted to 
contain a signal peptide and IRX10-L is localized to the Golgi (Wu et al., 2009). The 
reducing end tetrasaccharide is present and the chains have a lower degree of 
polymerization in mutant cell wall analysis (Brown et al., 2009; Wu et al., 2009). The 
double mutant also reveals a major reduction in xylosyltransferase activity in 
microsomal preparations (Brown et al., 2009). These facts suggest that IRX10 and 
IRX10-L are functionally redundant paralogs involved in xylan elongation. The irx14 
mutant shows no visible phenotype although it has reduced amount of xylose, 
similarly to IRX7/FRA8, IRX8 and IRX9. Analysis of the irx14 cell wall detects 
normal amounts of reducing end tetrasaccharide although microsomal extracts have 
reduced xylosyltransferase activity (Brown et al., 2007), indicating functional 
resemblance to IRX9. In addition, both proteins belong to CAZy family GT43. The 
parvus mutant was investigated prior to the identification of the xylan-related irx 
mutants. Its role in xylan biosynthesis was confirmed via mutant cell wall analyses 
showing reduced levels of the starting primer. Microsomal preparations from mutant 
plants showed no decrease in xylosyltransferase or glucuronyltransferase activity 
(Brown et al., 2007; Lee et al., 2007b). These results groups it together with the GTs 
predicted to have a role in primer synthesis. PARVUS is reported to have a signal 
peptide and to be localized to the ER (Lee et al., 2007b) and it was suggested that this 
localization of PARVUS to an earlier compartment in the secretory pathway is 
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consistent with a function for this protein as the initial xylan-related GT, possibly 
fulfilling a function similar to what is reported in animal glycosylation, where the first 
glycosyl is attached to a non-sugar acceptor (Lee et al., 2007b). The parvus mutant 
can be independently complemented by two Populus orthologs (PdGATL1.1/PoGT8E 
and PdGATL1.2/PoGT8F) indicating that they are functional paralogs. The Populus 
paralogs are localized to both ER and Golgi, somewhat in contrast with results with 
Arabidopsis PARVUS (Kong et al., 2009; Lee et al., 2009b).  
 
As discussed earlier it was long believed that hemicellulose backbone formation was 
performed by Csl proteins (Lerouxel et al., 2006). However, biochemical 
characterization of GAUT1, showing α-(1,4)-galacturonosyltransferase activity of a 
type II membrane protein, contradicted this hypothesis (Sterling et al., 2006; see 
section 1.4) Mutant analysis in Arabidopsis suggest that out of the identified xylan 
biosynthesis-related GTs, one subgroup is making the reducing end primer that is 
different from the main glucuronoxylan backbone in composition. Identified 
candidates for this role are FRA8/F8H (IRX7), IRX8 and PARVUS. The other 
function is glucuronoxylan backbone elongation, probably involving side chain 
additions. Likely candidates here are IRX9, IRX10/IRX10-L and IRX14. An 
interesting observation is that all the xylan-deficient mutants examined (FRA8, IRX8, 
IRX9, IRX10/IRX10-L, IRX14 and PARVUS) have drastically reduced amount of 
side chains consisting of glucuronic acid while methylated glucuronic acid is still at 
wild type levels (Brown et al., 2007; Brown et al., 2009). Each subgroup contains 
proteins that are not predicted to be type II membrane bound proteins, such as 
PARVUS and IRX10/IRX10-L (Lee et al., 2007b; Wu et al., 2009). One possible 
mechanism that would allow the soluble proteins to function in a coordinated fashion 
within the secretory pathway is their participation in a complex (Kong et al., 2009). 
This type of mechanism has in fact been suggested, mainly because of the 
recalcitrance of xylan-active proteins to biochemical characterization (Brown et al., 
2007; Peña et al., 2007). This could partly explain why the proteins are difficult to 
express individually (See section 1.4). Additionally, there are two hypotheses 
concerning in which order xylan is being synthesized, depending on whether the 
reducing end tetrasaccharide is a starting primer or a terminator (York and O'Neill, 
2008). 
 
Upon completion of the xylan chain the polysaccharide is secreted to the cell wall in 
vesicles (Lerouxel et al., 2006). Hydrolytic enzymes were identified that are 
expressed during secondary cell wall formation, suggesting their role in remodeling of 
the polysaccharides (Mellerowicz and Sundberg, 2008). Their possible roles could 
involve regulating the interaction between cellulose and xylan in the secondary cell 
wall, similarly to the model proposed for how XET regulates the interaction of 
cellulose and xyloglucan in the primary cell wall (Fry et al., 1992; Van Sandt et al., 
2007). One Arabidopsis xylanase belonging to CAZy family GH10, AtXyn1, was 
found localized to the secondary cell wall (Suzuki et al., 2002). In Populus the 
putative ortholog Xyn10A is upregulated in the wood-forming zone (Aspeborg et al., 
2005). Studies of Xyn1 reveal a modular protein consisting of three N-terminal 
carbohydrate-binding modules and a C-terminal glycoside hydrolase catalytic domain. 
Over-expression studies showed a two fold increase in xylanase activity from plant 
cell extracts (Suzuki et al., 2002). Recombinant expression of Xyn1 in E. coli (Suzuki 
et al., 2002) and Xyn10A in P. pastoris (Å. Kallas, personal communication) was 
unsuccessful. 
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Table 1: GTs reported to be involved in glucuronoxylan formation 
 
Arabidopsis Populus  CAZy Proposed 

function 
Enzyme 
activity 

References 

IRX7/FRA8, 
F8H 

PoGT47C 
complements 
Arabidopsis  
mutant 

GT47 Primer 
formation 

n.d. Zhong et al., 2005 
Brown et al., 2005 
Zhou et al., 2006b 
Brown et al., 2007 
Peña et al., 2007  
Lee et al., 2007a 
Lee et al., 2009a 

IRX8 PoGT8D 
does not 
complement 
Arabidopsis  
mutant 

GT8 Primer 
formation 

n.d. Brown et al., 2005 
Persson et al., 2005 
Persson et al., 2007 
Zhou et al., 2007 
Peña et al., 2007 
Lee et al 2007a 
Brown et al., 2007 

IRX9 PoGT43B 
complements 
Arabidopsis  
mutant 

GT43 Backbone 
formation 

n.d. Brown et al., 2005 
Persson et al., 2005 
Bauer et al., 2006 
Lee et al., 2007a 
Zhou et al., 2007 
Brown et al., 2007 
Peña et al., 2007 

IRX10 
(IRX10-L) 

 GT47 Backbone 
formation 

n.d. Brown et al., 2005 
Wu et al., 2009 
Brown et al., 2009 

IRX14  GT43 Backbone 
formation 

n.d. Brown et al., 2007 
Brown et al., 2009  

PARVUS PdGATL1.1/ 
PoGT43E 
and 
PdGATL1.2/ 
PoGT43F 
complements 
Arabidopsis 
mutant 

GT8 Primer 
formation 

n.d. Lee et al., 2007b 
Brown et al., 2007 
Kong et al., 2009 
Lee et al., 2009b 
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2 AIMS OF THE PRESENT INVESTIGATION 
 
 
The general aim of this investigation was to study the biosynthesis and remodelling of 
the secondary cell wall of the tree model organism Populus. Specifically, an in depth 
study of proteins involved in formation of the hemicellulose xylan. 
 
 
The specific aims were: 
 

o Development of hybrid aspen cell suspension cultures as a model system to 
investigate selected aspects of wood formation (Paper I). 

 
o Functional analysis of family 43 glycosyltransferases upregulated during wood 

formation in hybrid aspen (Paper II, IV and unpublished data). 
 

o Functional analysis of a family 10 glycoside hydrolase and carbohydrate-
binding modules involved in wood formation (Paper III and unpublished data). 

 
o Functional analysis of a MYB transcription factor involved in wood formation 

(Paper V). 
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3 RESULTS AND DISCUSSION 
 

3.1 Plant cell suspension cultures as a model for wood 
formation (Paper I) 

 
Cell suspension cultures can be an effective tool for plant molecular research. 
Different cell cultures of Populus tremula x tremuloides have been established with 
the aim of investigating the function of enzymes involved in cell wall biosynthesis. In 
order to characterise the nature of two types of cell suspension cultures, fine 
suspension and granular cultures, cell wall specific genes and proteins were 
investigated throughout a growth period. It has previously been shown that cellulases, 
XETs and expansins can be used as markers for primary cell wall formation (Paper I 
and references therein). Cell suspension growth, cellulase and XET activity and 
occurrence of expansin transcript were examined (Paper I, Figure 1). The growth of 
cell cultures exhibited a lag phase; rapid growth and a stationary phase. 
Endocellulases acting randomly along cellulose chains are believed to play a role in 
cell wall expansion and growth (Paper I and references therein). Consistent with this 
hypothesis, cellulase activity was detected in the early stages of the rapid growth 
phase after which it declined. XET activity facilitates cell expansion by cleaving 
xyloglucan cross-linking and rejoining different xyloglucan chains after expansion, 
leaving a strong cell wall (Rose et al., 2002). In the hybrid aspen cell cultures, XET 
activity was, similar to cellulase activity, highest in the early exponential growth but 
was also detected throughout the investigated timescale. This was especially clear in 
the granular cultures where relatively high and stable XET activity was detected 
throughout the growth curve. Expansins assist cell wall expansion by a poorly 
understood mechanism that probably involves disruption of hydrogen bonds 
(Cosgrove, 2005). Pt×tEXPA12 transcript levels were investigated using RT-PCR. 
Granular cultures showed strong, constant, expression throughout the experiment 
while levels peaked in fine suspension cultures during maximal growth. This is 
consistent with the growth curve of the cell cultures where granular cultures have an 
even growth while fine suspension cultures show a more prompt initial growth. Taken 
together these data confirm pattern of proteins involved in primary cell wall synthesis 
suggesting that the hybrid aspen cell cultures can be used for primary cell wall 
research in their rapid growth phase. This is further confirmed in a study involving 
carbohydrate analysis and microscopic characterisation (Christiernin et al., 2005). 
 
The levels of cellulose synthase (CesA) transcripts were then investigated using RT-
PCR (Paper II, Figure 3). Seven Populus CesAs known to exhibit differential 
expression were analysed. Pt×tCesA1, Pt×tCesA3-1 and Pt×tCesA3-2 were 
previously shown to be highly expressed in xylem and tension wood formation where 
secondary cell wall formation is extensive (Djerbi et al., 2004). The transcript levels 
revealed upregulation of these CesA genes in the late stationary growth phases in both 
cell suspension cultures. Also, Pt×tCesA9 has been shown to be involved in 
secondary cell wall formation although transcript levels exhibited constitutive levels 
of expression throughout the whole growth scale. Cellulose synthesis is hard to 

                                                 
2 In paper I referred to as PttExpα1. 
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dissect because of many reasons, one being difficulties of purifying whole complexes, 
another being parallel synthesis of callose using the same building blocks. Aging cell 
suspensions were harvested for isolation of cellulose synthase complexes by detergent 
extractions. Membranes showed high in vitro cellulose synthesis with a ratio 
cellulose:callose of 50:50. Build up of cellulose corresponding to expression of 
secondary cell wall CesAs was supported by staining with Calcofluor white M2R 
(Paper I, Figure 4). The level of CesA transcripts; high yielding in vitro synthesis; 
increase of cellulose in the stationary phase and the formation of tracheary elements 
all suggest that the hybrid aspen cell suspension cultures can be an effective tool in 
the future for studying the mechanisms of xylogenesis. 
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3.2 Family 43 glycosyltransferases involved in xylogenesis 
(Paper II and IV) 

 
Two glycosyltransferases (GTs) belonging to CAZy family 43 displayed upregulated 
expression during wood formation in P. tremula × tremuloides (Aspeborg et al., 
2005), by analysis of global gene expression in wood tissue sections using cDNA 
microarrays. The analysis shows that the two isozymes have similar high relative 
levels of expression specifically in a wood zone representing secondary cell wall 
formation (Figure 11).  
 

 
 

Figure 11: Expression levels of Pt×tGT43A and Pt×tGt43B in tissue sections from the developing 
xylem extracted from microarray analysis (Aspeborg et al., 2005).  
 
 
The Populus GT43 family consist of seven members (Geisler-Lee et al., 2006) and we 
show that the family is divided into three clades based on phylogenetic analysis 
(Paper IV Figure 1), which were named I, II, and III. The Populus EST database 
contains libraries of transcripts extracted from different tissues of the fully-grown tree 
(Sterky et al., 2004). Examining the EST distribution for the family GT43 members 
suggests differences in their tissue-specific expression (Paper IV Figure 3). Both 
GT43A and GT43B are represented by six different EST clones (Table 2). Libraries 
most relevant for wood formation are the cambial libraries (A and B) and a tension 
wood library (G). GT43A is most abundant in tension wood while GT43B is primarily 
found in the cambial zone. These differences might indicate a difference in function 
between the isozymes since the carbohydrate composition is somewhat different in 
the two tissues. The only other Populus GT43 found in the EST libraries are GT43C 
represented with one hit in roots (UR) and one hit in apical shoot (UK), which 
supports a more general role. 
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Table 2: ESTs corresponding to Pt×tGT43A, Pt×tGT43B and Pt×tGT43C retrieved from the Populus 
EST database (http://www.populus.db.umu.se/). Full length clones used for sequencing and cloning are 
marked in bold. 

 Pt×tGT43A Pt×tGT43B Pt×tGT43C 
Matching 

ESTs 
B002P16 
G126P74 
G064P96 

G086P70 
G081P08 
G082P86 

A027P19 
A044P26 
A080P68 

A047P05 
B012P36 
UM68TH12 

UR108TC08 
UK112TG06

 
 
The expression of all family GT43 members was assessed by semi-quantitative RT-
PCR, where also tension wood (TW) was analysed (Paper IV Figure 4a). The results 
show that clades I and II consisting of GT43A and GT43B, as well as GT43F and 
GT43G, respectively, are specifically involved in secondary cell wall formation, and 
these results were confirmed by mining a publicly available P. trichocarpa microarray 
database (Paper IV Figure 4c). 
 
Since the primary analysis of GT43A and GT43B were done in hybrid aspen and the 
genes are very similar in sequence to each other (89%), we were concerned that they 
might represent two alleles of the same gene in the hybrid species. However, analysis 
of the P. trichocarpa genome reveals separate gene models for each of the seven 
family GT43 members (Paper IV Table S1). Sequence alignment of the two GT43A 
and GT43B isozymes from P. trichocarpa and hybrid aspen together with the putative 
Arabidopsis ortholog (IRX9) is shown in Paper II Figure 2. The major differences are 
one small insert, possibly a small loop, in the GT43B paralogs and a dissimilar C-
terminal, which raises the question of whether the two proteins might have different 
funtions. A deeper analysis of the catalytic domain of all the GT43s in both 
Arabidopsis and Populus reveals a high overall similarity (Paper IV Figure 2b) but 
with significant differences in putative key residues identified by sequence 
comparison with human GlcAT-I, a GT43 with well characterized enzymatic activity 
(Paper IV Table 1). These differences are conserved within, but not between, the 
phylogenetic clades, suggesting that their members might have different enzymatic 
activities. In addition, this analysis suggests that GT43A and B have the same 
enzymatic activity, as their putative key residues are overall highly conserved. 
 
All family GT43s are predicted to be type II membrane-bound proteins with a N-
terminal cytosolic tail, a transmembrane domain, a stem region and a catalytic domain 
facing the Golgi lumen (Paper IV Figure 2a). The biosynthesis of hemicellulose is 
localized to the Golgi (Gibeaut and Carpita, 1990). To investigate the localization of 
the GT43 family two representatives (GT43A and GT43B) were fused to a C-terminal 
GFP and transiently expressed in N. benthamiana. GFP signal could in both cases be 
localized to the Golgi but signal was also detected in the endoplasmic reticulum (ER) 
(Paper IV Figure 5b-c). Whether these proteins have a function in the ER or if the 
observed localisation is only a transportation step to the Golgi cannot be concluded. 
However, PARVUS, another xylan-related GT was reported to be localized to the ER 
(See section 1.6). 
 
Cell wall analysis of Arabidopsis mutants irregular xylem 9 (irx9) and irx14 suggests 
that the putative orthologs GT43A and/or GT43B, and GT43F and/or GT43G, 
respectively, are involved in xylan backbone formation (See section 1.6 and Paper IV 
Figure 1) These mutants exhibit severely dwarfed phenotypes and collapsed xylem. 
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The different irx-mutants reported in Arabidopsis have similar phenotypes but the 
mutations are in genes belonging to different gene product categories. The fact that 
irx9 and irx14 have severe growth phenotypes and are deficient in xylan makes the 
Populus GT43 isozymes especially interesting since xylan is the major hemicellulose 
in hardwoods. Our studies of phylogeny and gene expression establish that GT43A 
and GT43B, and GT43F and GT43G, are wood-specific paralogous pairs belonging to 
phylogenetically distinct branches, but provide no information on whether they 
perform the same transfer reaction. Perhaps the highly similar proteins use the same 
donor substrate but transfer it to different acceptors, or use different donor sugars but 
transfer them to the same acceptor, thereby building different structures in xylan or 
other hemicelluloses. Therefore, biochemical characterization of the proteins is 
required. As the purification of membrane-bound proteins from plant tissues is a 
difficult task, heterologous expression is often the approach of choice. 
 
In this work we have explored heterologous expression of Pt×tGT43A in Pichia 
pastoris and baculovirus infected insect cells. In both expression systems, western 
blotting experiments indicate the presence of proteins that react with antibodies raised 
to recombinant Pt×tGT43A (Figure 12). However, the corresponding bands could not 
be identified on Coomassie stained protein gels (data not shown) suggesting low 
levels of protein expression. 
 

 
 
Figure 12: Western blot analysis of recombinantly expressed Pt×tGT43AΔ1-36 using protein specific 
antibodies. Pt×tGT43AΔ1-36 expressed in P. pastoris (lane 1), Pt×tGT43AΔ1-36 co-expressed with 
GlycoSwitchM8 (lane 2), Negative control P. pastoris (lane 3), Pt×tGT43AΔ1-36 expressed in 
Baculovirus infected Sf9 cells (lane 4), Negative control Baculovirus infected Sf9 cells (lane 5) and 
Positive control His6-ABP-Pt×tGT43A expressed in E. coli (lane 6). Molecular weights (MW) from 
marker are shown. 
 
 
The low mobility of the immunoreactive bands detected in the P. pastoris culture 
supernatants (Figure 12) suggested that the protein is hyper-glycosylated. The P. 
pastoris constructs were made with a secretion signal and without an affinity tag. In 
spite of several trials, purification of Pt×tGT43A was not achieved using ion 
exchange chromatography. Unsuccessful purification is most likely due to a 
combination of low expression levels and the heterogeneous and excessive 
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glycosylation that influenced the binding of the protein in the matrices used. We then 
attempted reduction of the glycosylation by glycan engineering in the yeast, but this 
did not improve either the yield of specific protein or its purification. Finally, 
enzymatic deglycosylation destabilized the recombinant protein and probably led to 
proteolysis since no immunoreactive protein could be detected after the treatment in 
Western blots (data not shown). 
 
The construct expressed in insect cells contained a secretion signal and a His-tag. 
Transfection and amplification of the virus were done using Spodoptera frugiperda 
Sf9 cells. The protein expression was carried out both in Sf9 and Trichoplusia ni Hi5 
cells followed by purification using immobilized metal ion affinity chromatography. 
However, no purification was achieved (data not shown), again most likely due to low 
initial amount of the specific protein in the culture medium. It seemed reasonable that 
the expression of a complex eukaryotic protein could be improved in a higher 
eukaryote system as baculovirus infected insect cells compared to a microbial host 
such as yeast. However, in the case of Pt×tGT43A, this did not lead to better 
expression.  
 
In an attempt to overcome some of the potential problems involved in heterologous 
expression we focused on developing in planta transient expression in Nicotiana 
benthamiana leaves. Full-length GT43A was transiently expressed in N. benthamiana 
leaves utilizing a viral vector based system able of producing large amount of protein. 
A band of correct size could reproducibly be identified on Coomassie stained SDS-
PAGE and was recognized by GT43A specific antibodies in western blot (Paper II 
Figure 3). Microsomal preparations were assayed for xylan xylosyltransferase 
activity, by measuring transfer of radiolabeled xylose from UDP-[14C]xylose to 
exogenously added xylan, but only very low levels of activity were detected (Paper II 
Figure 4). Positive controls in the form of stem extracts from aspen and N. 
benthamiana displayed substantial incorporation of radiolabel, and similar results 
were obtained in a separate experiment. Treatment of the positive control with 
Trichoderma viride xylanase (Sigma) reduced the amount of radioactively labeled 
product by two thirds, in line with the measured activity being xylan 
xylosyltransferase (Figure 13). 
 

 
Figure 13: Treatment of [14C]xylose-labeled product from xylem microsomes with Trichoderma viride 
xylanase. Error bars, standard error. 
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It has become evident that the xylan biosynthesis-related GTs will not give up their 
secrets easily. The obtained low levels of heterologous expression could be caused by 
the properties of the target protein. For example, an active GT could interfere with 
normal glycosylation in the host cell and thereby impede expression. Although other 
truncated GTs have been expressed successfully, GT43A is a membrane-bound 
protein and the truncation utilised in the recombinant expression trials could make it 
unstable. It could also be that these type II membrane-bound proteins act in complex 
with other proteins, and that they are not stable when expressed individually. The 
proposed role of the xylan biosynthesis-related GTs, namely elongating the backbone 
and adding side chains in a coordinated fashion to glucuronoxylan implies that they 
may indeed work in close proximity to each other, thus allowing them to act in 
concert with each other. The work presented here stresses the difficulties in 
heterologous expression of plant GTs, and suggests that transient co-expression in 
leaves of multiple GTs may be a viable approach for formation of an active xylan 
xylosyltransferase enzymatic complex.  
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3.3  A family 10 glycoside hydrolase involved in xylogenesis 
(Paper III) 

 
A glycoside hydrolase (GH), Pt×tXyn10A, belonging to CAZy family 10 was 
previously shown to be highly expressed during wood formation in P. tremula × 
tremuloides (Aspeborg et al., 2005), and we confirmed its secondary cell wall-specific 
expression by semi-quantitative RT-PCR (Paper III Figure 3). After the P. 
trichocarpa genome was made publicly available by the US DOE Joint Genome 
Institute, we identified a gene model corresponding to Xyn10A that differed in the 
annotated translational start from the hybrid aspen Xyn10A sequence that was 
previously submitted to NCBI (accession AY935501) by members of our research 
network. After examination of the annotated gene sequence we discovered that the 
translational start showed strong sequence similarity to the three carbohydrate-binding 
modules (CBMs) denoted CBM22_1-3Pt×tXyn10A found in Xyn10A (Figure 14). 
 

 
Figure 14: Protein alignment showing strong sequence similarity of CBM22_1, CBM22_2 and 
CBM22_3 to a putative fourth CBM (CBM22_X) belonging to Xyn10A. 
 
 
Xyn10A is a putative ortholog of AtXyn1 (Paper III Figure 2), a xylanase located to 
the cell wall (Suzuki et al., 2002). Both AtXyn1 and Pt×tXyn10A appear to lack a 
signal peptide mediating cell wall localization. This raised the question whether 
Xyn10A was wrongly described and in reality at some stage contains an additional 
CBM22 and perhaps also a signal peptide. RT-PCR with primers from the putative 
fourth CBM and the downstream Xyn10A sequence should connect the sections if the 
open reading frame (ORF) is in fact longer (Figure 15).  
 

 
 

Figure 15: Position of a putative CBM (CBM22_X) upstream of Xyn10A in genome sequence of P. 
trichocarpa drawn to scale. UTR and Start indicated is that of Pt×tXyn10A consistent with the gene 
structure we identified in P. trichocarpa. Grey arrow indicates continuation of Xyn10A gene.
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The RT-PCR experiment amplified a fragment connecting the common Xyn10A 
sequence to the putative fourth CBM, which displayed signs of splicing. However, 
this amplified fragment lacked a distinguishable open reading frame suggesting that 
the identified connection was an artefact, possible a splicing intermediate of a rare 
transcription event (data not shown). Consistent with this, 5’RACE analysis 
confirmed the previously described start with no further upstream sequence. Thus, the 
upstream CBM22 could be one of the individual CBMs reported with unknown 
function in plants. In a separate study, we cloned a 1000 bp fragment upstream of the 
Xyn10A translational start and showed that it was transactivated by MYB46, a 
secondary cell wall-specific transcription factor (TF), consistent with the Xyn10A 
translational start being correct (See section 3.4).  
 
Given the fact that the gene predicts a protein without signal peptide we wanted to 
investigate whether Xyn10A is localized to the cell wall. A recent study of Populus 
xylem sap proteome identified secreted xylem proteins having either signal sequence 
(SS) or secreted by non-classical (NS) mechanisms (Dafoe and Constabel, 2009). 
Although this study fails to list Xyn10A as xylem sap protein, analysis by 
SecretomeP, a server for prediction of non-classical protein secretion 
(http://www.cbs.dtu.dk/services/SecretomeP/`; Bendtsen et al., 2005) predicted it to 
belong to the non-classically secreted proteins. This provides an explanation to the 
localization observed for AtXyn1 (Suzuki et al., 2002). 
 
Western blot using Xyn10A specific antibodies show one immuno-reactive band in 
the xylem fraction from aspen tree extracts (Paper III Figure 5). The size is however 
not the expected 101 kDa but rather close to 68 kDa suggesting the protein could be 
processed at a predicted protease cleavage site within CBM22_2 (Paper III Figure 1a). 
In an effort to confirm this, leaf extract with the transiently expressed full length 
Xyn10A-GFP fusion were analyzed but no band could be detected (data not shown). 
Either the expression levels were to low or the protein was lost during extraction. 
 
Transgenic Populus trees with Xyn10A antisense constructs were grown and reduced 
transcript levels were confirmed (Paper III Figure 6). Cell wall analysis revealed 
shorter and narrower fibers (Paper III Figure 9) and the cell wall was also thicker 
compared to wild type (Paper III Figure 8). These results imply that there is still some 
cell plasticity when Xyn10A acts and that the antisense construct disturbs normal cell 
expansion and secondary cell wall formation. This could be possibly caused by a 
changed lignification pattern as a result of incorrectly processed xylan in the 
secondary cell wall. 
 
Further information of the function of Xyn10A could be gained by determining the 
carbohydrate affinity of the CBMs. CBM22_1, CBM22_2 and CBM_3 were 
individually expressed in E. coli and purified (Figure 16). 
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Figure 16: Coomassie stained SDS-PAGE showing expression and purification of CBM22_1, 
CBM22_2 and CBM22_3. M: marker, molecular weights are shown; L: E. coli extracts loaded on 
purification column; FT: flow through and E: eluted fraction used for analysis. 
 
 
Carbohydrate-affinity PAGE, which involves a retardation assay by PAGE analysis of 
the purified recombinant CBMs in native gels cast with different carbohydrates (Rye 
nd Bovin, 1998) was undertaken but no specific affinity could be identified, mainly 

 the 
urified protein.  

a
because of the purified CBMs did not migrate well in the native gels, even in the 
absence of carbohydrate (Table 3). Some possible explanations for this could be a 
missing co-factor or denaturing conditions under the high pH required for migration, 
due to the high pI of two CBMs. CBM22_1 has a predicted pI of 5,8; CBM22_2 has 
pI 8,0 and CBM22_3 has pI 7,9 which could imply that CBM22_1 requires pH 8,8 
while CBM22_2 requires pH of 10,5 for migration. This does however not explain the 
inability of CBM22_3 to migrate in the native gel, suggesting some fault with
p
 
Table 3: Results from carbohydrate affinity PAGE assay  
 CBM22_1 CBM22_2 CBM22_3 BSA 
E. coli expression Y Y Y n.a. 
Purified  Y Y Y n.a. 
Migration:     
pH 5,8* N N N N 
pH 8,8 Y N N Y 
pH 10,5 Y Y N Y 
Retention:     
Glucuronoxylan N N n.a. N 
Arabinoxylan (Wheat) N N n.a. N 
Glucomannan (Konjac) N N n.a. N 
Β-glucan (Barley) N N n.a. N 
Affinity n.d. n.d. n.d. n.a. 
*Reversed polarity. 
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3.4 A MYB transcription factor involved in xylogenesis (Paper 
V) 

 
TFs regulate gene transcription and by doing so they even regulate the accumulation 
of proteins. Recent studies have identified several TFs important for secondary cell 
wall formation, including MYB46 in Arabidopsis (See section 1.2.3). MYB46 appears 
to be essential for cellulose, lignin and xylan biosynthesis in secondary cell walls of 
several different cell types. We identified and cloned a putative ortholog of MYB46 
from Populus named MYB021 (Paper V Figure 2), according to the nomenclature of a 
recent investigation of MYB TFs in Populus (Wilkins et al., 2009). The Pt×tMYB021 
cDNA sequence allowed us to correct the annotated protein sequences of P. 
trichocarpa MYB021 and MYB002 (Paper V Figure S1). The corrected protein 
sequences also allowed us to produce an updated phylogenetic tree revealing 
evolutionary relationships of MYB46-type TFs in Populus and Arabidopsis (Paper V 

p://bar.utoronto.ca`; 
ilkins et al., 2009) of the Populus MYBs in the phylogenetic tree reveals that 

am MYB transcription factors, and it was proposed that the 
 a feed forward loop, where MYB46 

 th  ce targets 
). In ou B0 e iva xylan-
and altho h we cannot 021 activates expression 

ous downstream anscription tors, the strength of the reporter gene 
ests direct transactivation of the reporter gene

43A, GT43B and yn10A all were activated we had the opportunity to 
 promoters in silico of unrelated genes (GTs and GHs) for putative MYB 

nitial anal s of promoters from Popu T43A and T43B and 
tifie a strikingly nserved larger region that could be a 
rta for xylan bi nthesis (Pa  Table 2) his region 
p- tif, CCACC C, which is ly similar  the ACII 

activatio lignin bios esis enzym aes et al., 2003`; Paper 
d analy f shorter, otifs wit opulus GT  GT43B 
l as Arabidopsis IRX9 and Xyn1 identified four CA-rich motifs, 

esignated CAm1, CAm2, CAm3 and CAm4, which overlap with the CCACCAAC 
otif. We show that the CA motifs are over-represented in xylem genes (Paper V 

Figure 5), suggesting that ACII elements mediate xylem-specific expression of 
secondary cell wall CAZymes, besides lignin biosynthesis enzymes.  

Figure 1). 
 

ene expression data mined from the Poplar eFP Browser (httG
W
MYB003, MYB020 and MYB021 are specifically expressed in wood forming tissue 
(Paper V Figure 3A). MYB46 is involved in xylan biosynthesis (Zhong and Ye, 2007) 
and therefore we wanted to investigate the effect MYB021 would have on promoters 
of three xylan-related proteins from Populus. The promoters of GT43A, GT43B and 
Xyn10A that all are specifically expressed in wood forming tissue (Paper V Figure 
3B) were cloned in front of a GUS reporter (Paper V Figure 4A). GUS activity was 
measured upon transient co-infection with 35S::MYB021 in N. benthamiana leaves 
and all three promoters were significantly activated (Paper V Figure 4B). Similar 
results were recently obtained in Arabidopsis where MYB46 is shown to activate 
IRX9, an ortholog of GT43B (See section 1.6) and, possibly, of GT43A (Ko et al., 
2009). MYB46 was shown to activate the expression of secondary cell wall genes as 
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4 CONCLUDING REMARKS AND PERSPECTIVES 
 
 
 
The work described in this thesis aimed to widen the knowledge about wood 
formation in general and xylan biosynthesis in detail.  
 
It is hereby shown that cell suspension cultures of Populus represent a convenient 
model system for studies of cellulose synthesis in vitro. The task now is to further 
develop and to take advantage of the possibilities the system provides for other 
secondary cell wall processes. Primarily, the cell cultures can be used to identify 
proteins involved in carbohydrate synthase complexes as well as other elemental 
processes. It is also plausible that the Populus cell cultures could be used for up- as 
well as downregulation of key players in the cell wall biosynthesis for rapid cell wall 
haracterisation. The effect of transient or steady expression of identified TFs would 

he idea of a plant glycoside hydrolase that is necessary for carbohydrate biosynthesis 

 certain gene in 

c
be a useful tool for studies of TF function and/or either characterization of activated 
gene expression programs (transcriptome and/or proteome).   
 
Our conclusions that GT43A, GT43B, GT43F and GT43G play major roles in 
secondary cell wall formation are waiting to be confirmed. Arabidopsis mutants 
examined by other groups suggest roles in xylan biosynthesis. Xylan is the major 
hemicellulose in dicot trees and it is therefore especially interesting to understand its 
sophisticated machinery. It has, globally, proved difficult to express GTs synthesising 
xylan and the putative IRX9 ortholog GT43A is no exception. Recombinant protein 
can only be found at low levels and it seems like some character of the enzyme 
interferes with the expression host. Transient expression of full-length protein in 
Nicotiana benthamiana produces sufficient amounts for Coomassie detection. 
Microsomal preparations exhibited a slight increase in xylosyltransferase activity 
albeit not satisfactory to decisively determine the true enzymatic activity of GT43A. 
The focus for improvement should lie in investigating what effect proximity to a yet 
unidentified protein complex will have to meet the demands of the protein. An 
attractive way of determining if GT43A and GT43B as well as GT43F and GT43G 
respectively are functional paralogs or unique enzymes are complementation of 
Arabidopsis irx9 and irx14 mutants. 
 
T
is appealing. Very few glycoside hydrolases have been identified by global gene 
analysis that may shape secondary cell wall formation, and the absence of redundant 
paralogs may facilitate functional characterization. At least one hydrolase that is 
important for cellulose biosynthesis has been identified, called KOR1, and here we 
describe the analysis of a xylan-related hydrolase, Xyn10A. Even a modest down 
regulation affects important characteristics like wood fiber size. By further learning 
function and effect of Xyn10A we could master a tool that could advance xylan-
related research. 
 
The study of TFs is an important new angle for the understanding of wood formation. 
Identification of key players gives us new tools for characterization of xylan-related 
proteins. Also TFs may present efficient ways of modifying wood formation and 
xylan biosynthesis in planta. Changing the expression pattern of a
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transgenic trees is often impaired by functional redundancy of genes and/or regulation 
ned 

n exciting strategy of making large changes with little effort. For instance, making an 
utoregulatory construct where a wood-promoting TF drives its own expression could 

mechanisms. By altering the modes of the TFs whole gene programs may be tur
n or off resulting in major changes that may be sought-after. TFs function allows for o

a
a
produce strongly enhanced wood formation, provided no negative feedback 
mechanism is activated. The phenotype of such a plant would be interesting to 
nvestigate.  i
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5 LIST OF ABBREVIATIONS 
 
 
AceA Aceric acid 
Ac Acetyl 
AGP Arabinogalactan proteins 
Api Apiose 

CAZy Carbohydrate active enzymes 
CBM Carbohydrate-binding module 
cDNA Complementary deoxyribonucleic acid 
CE Carbohydrate esterase 
CesA Cellulose synthase 
CSC Cellulose synthase complex 
Csl Cellulose synthase like 
CW Compression wood 
Dha 3-deoxy-D-lyxo-2-heptulosaric acid 
EST Expressed sequence tag 
EXLA Expansin like family A 
EXLB Expansin like family B 
EXPA α-expansin 
EXPB β-expansin 
FLA Fasciclin-like arabinogalactan protein 
fra Fragile fiber 
Fuc Fucose 
FUT; FT Xyloglucan fucosyltransferase 
Gal Galactose 
GalA Galacturonic acid 
GAUT Galacturonosyltransferase 
Gb Gigabases 
GH Glycoside hydrolases 
G-layer Gelatinous layer 
Glc Glucose 
GlcA Glucuronic acis 
GMGT Galactomannan galactosyltransferase 
GMO Genetically modified organism 
GOI Gene of interest 
GRP Glycine-rich proteins 
GT Glycosyltransferase 
HRGP Hydroxyproline-rich glycoproteins 
irx Irregular xylem 
Kdo 2-keto-3-deoxy-D-manno-octulosonic acid 
Man Mannan 
ManS Mannan mannosyltransferase 
Mb Megabases 
Me Methyl 
MFA Microfibrill angle 

Ara Arabinose 
bp basepairs 
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mRNA Messenger ribonucleic acid 

wood 
 cell death 

T acturonan-II xylosyltransferase 

 se chain reaction 

 protein 

lc 
n 

cosylase 

NDP- Nucleotide diphospate 
NAC secondary wall thickening promoting factor NST 

OW Opposite 
PCD Programmed

m pg Picogra
PL 

 
Polysaccharide lyases 

rich proteins PRP Proline-
RGX

 
Rhamnogal

 Rha Rhamnose
RT-PCR

 
Reverse transcriptase polymera

S1-S3 Secondary cell wall layer 1-3 
SND Secondary wall-associated NAC-domain
TF Transcription factor 
TW 

G
Tension wood 

UDP-
 

Uridine diphosphate glucose 
omaiVND Vascular related NAC-d

sglyXET Xyloglucan endotran
XT Xyloglugan xylosyltransferase 
Xyl Xylose 
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6 Populä versikt (in Swedish) rvetenskaplig ö
 
 

d äTrä r så my e. Det är en avancerad komposit, starkare 
lättare än st. Lövträd består framför allt av cellulosa, 

lls mest undersökt cellulosa och lignin. 
ar me en detta är på väg att 
Xylan raterna på jorden. Dess 

 på blo
r fantast  källa till virke och 

en se tiv är de unika. Levande träd kan vara upp till 
la. r upp i skyn, väga 1600 ton eller ha en 

58 m xt liksom en liten delikat vitsippa. Det 
m sk de och har ett liknande genom och 

e små o erna som forskarna letar efter. För 
stå varför eta hur alla komponenter samspelar. 

odellorganismer hjälper till att förstå 
ör att kunna förstå vilka gener som finns och vad deras genprodukter gör har 
rskarna modellorganismer. Det är arter som är väl studerade och mottagliga för 
olekylärbiologisk modifiering. För växtbiologin är två av de bäst studerade arterna 

n ört och ett träd. Örten Backtrav (Arabidopsis) är ett litet oansenligt ogräs som blev 
den första växten med sekvenserat genom. Det första trädet som fick sitt genom 
sekvenserat var Asp (Populus). Med hjälp av informationen från de två arterna kan 
man söka vad som är gemensamt och vad som skiljer dem åt. Både Backtrav och Asp 
är möjliga att förändra i labbet. Det innebär att man kan slå ut gener eller tillföra nya 
gener för att förstå deras funktion. 
 
Från gen till funktion -reglering på flera nivåer 
Förhållandet mellan gener och proteiner kallas för det centrala dogmat. Det innebär 
att en gen (DNA) i genomet uttrycks dvs transkriberas. Produkten är ett budbärar-
RNA som sedan översätts till en aminosyrasekvens dvs translateras. 
Aminosyrasekvensen veckas till en bestämd enhet och det är proteinet. Proteinet, inte 
genen, är det som utför funktionen i cellen. Det kan vara att tillverka eller bryta ner 
byggstenar i cellerna. Arbetet som sker måste regleras hårt för annars fungerar inte 
cellen. Regleringen sker på flera nivåer. Det första som sker är att ett behov uppstår. 
Transkriptionsfaktorer startar då uttrycket av genen vars produkt behövs. Men 
proteinet kan inte hålla på för alltid för då brister kontrollen ändå. Därför bryts 
proteinerna ner för att aktiviteten ska upphöra. Hela denna process regleras alltså av 
andra proteiner i sin tur. 
 
Vedbildning -en följd av faser 
Vedbildning är när trädets stam och grenar växer till och blir till trä. Tillväxten sker i 
en särskild tillväxtzon längs med stam och grenar. Denna tillväxtzon kallas vaskulära 
kambiet och ligger strax innanför barken. Kambiet består av moderceller, en slags 
växtstamcell. Cellerna delar sig antingen utåt och bildar floem eller inåt och bildar 
xylem. Det är xylemet som benämns ved och utgör själva trädmassan. Cellen delar sig 

cket mer än bara virk
och glasfiberarmerad pla
lignin och xylan. Forskningen har hitinti
Xylan h

s. 
st setts som en ointressant biprodukt m

e mest förekommande kolhydändra är en av d
tillverkning har länge varit en gåta som nu är på väg att lösas. 
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oftare inåt än utåt vilket leder till att tillväxten består av xylem. Floem och bark bildar 

är xylemcellen åldras följer den ett förutbestämt mönster. Först expanderas och 

 vedcellen är då 
ka eller en kärlcell för transport av vatten och 

x 
. Växtcellväggen är sammansatt som en 

m finns i störst mängd beror på om det är primär 
icellulosan i primära cellväggen i 

 flyttar en sockermolekyl från en donator till en växande 
lykosyltranferas finns det regioner som känner igen 

bara ett tunt skal även på ett gammalt kraftigt träd. 
 
N
förlängs cellen tills dess den antagit sin slutliga storlek. Detta sker genom en 
kombination av vattentryck i cellen (turgor) och tillfälligt försvagade cellväggar. 
Cellväggarna försvagas temporärt genom att två olika proteinfamiljer påverkara 
bindningarna mellan fibrerna i cellväggen. När cellen har antagit sin rätta storlek 
börjar en andra cellvägg bildas innanför den första. Denna är tjockare och rigidare. 
Det är denna avancerade cellvägg som utgör styrkan i ved. När den sekundära 
ellväggen är färdigbildad dör cellen. Den färdigbildade dödac

antingen en fibercell för styr
näringsämnen från rötterna. 
 
Vedens beståndsdelar 
Cellväggen i växter består alltid av cellulosa, hemicellulosa och pektin. Dessa är 
kolhydrater eller polysackarider och utgör den första (primära) cellväggen som finns i 
alla växter. När det finns en sekundär cellvägg så består den också av cellulosa och 
hemicellulosa men pektinet är ersatt av lignin. Lignin är ingen polysackarid utan en 
iopolymer uppbyggd av tre olika monomerer. Dessa bildar en mycket kompleb

förgrenad molekyl utan bestämd struktur
avancerad fiberkomposit bestående av cellulosafibrer och lignin. Strukturen kan 
jämföras med glasfiberarmerad plast eller järnarmerad betong men oändligt mycket 
lättare och starkare. Cellulosafibrerna består av långa kedjor av glukosmolekyler och 
läggs ut i ett mönster ifrån de proteinkomplex som står för syntesen. 
Proteinkomplexen som bildar cellulosa sitter i cellemembranet och cellväggen bildas 
sedan utanför. 
 
Cellulosafibrerna binds samman av olika hemicellulosa som också är sockerkedjor 
men som är grenade, kortare och bestående av andra sockermolekyler. Det finns flera 

lika hemicellulosor och vilken soo
eller sekundär cellvägg samt vilken växt det är. Hem
örter och träd är oftast xyloglukan. Ryggraden i xyloglukan är identisk med cellulosa 
men den har dessutom sidokedjor bestående av flera olika sockermolekyler. Den 
första sockermolekylen i sidokedjan är alltid xylos därav namnet xyloglukan. Den 
vanligaste hemicellulosan i barrträd är glukomannan. Den har en ryggrad bestående 
av glukos och mannos med sidokedjor av galaktos. I lövträd är den vanligaste 
hemicellulosan xylan. Ryggraden i xylan består av xylosmolekyler. Sidokedjorna 
skiljer mellan arter men för lövträd är det glukuronsyra. Hemicellulosor tillverkas i 
golgiapparaten och transporteras sedan i vesikler ut till cellväggen. 
 
Xylan och dess tillverkning 
Polysackarider tillverkas av en grupp av proteiner som heter glykosyltranferaser. 

eras funktion är att deD
sockerkedja, acceptorn. I varje g
både donatorn och acceptorn. Det innebär att det finns en specifik glykosyltranferas 
för varje unik bindning i en polysackarid. Cellulosa tillverkas av ett proteinkomplex 
bestående av flera olika glykosyltranferaser. Fler och fler bevis tyder på att även vissa 
hemicellulosor tillverkas av proteinkomplex. 
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Genom två skilda strategier har man identifierat flera troliga kandidater för 
tillverkningen av xylan. I asp har man undersökt vilka gener som är särskilt uttryckta 
nder vedbildningsfasen. Glykosyltranferaserna som tillverkar cellulosa och xylan ser 

erkningen av polysackarider verkar också vara en viss 

 det ett växande forskningsfält kallat biomimetik. Det handlar om att 
ra sig av naturens avancerade metoder och material för att kunna tillverka liknande 

u
inte likadana ut och kan särskiljas genom deras sekvens. I och med att xylan är den 
mest tillverkade polysackariden efter cellulosa så är det sannolikt att de mest uttryckta 
glykosyltranferaserna man hittat har sin roll i syntesen av xylan. Resultat från 
undersökningar i backtrav komplementerar bilden. Genom att slå ut gener för 
intressanta gykosyltranferaser så kan man få ledtrådar genom att undersöka 
sockersammansättningen i cellväggen hos mutanterna. Analyserna av de felaktiga 
cellväggarna ger goda indikationer på proteinernas funktion. Trots det måste man 
kunna mäta proteinets faktiska reaktion för att veta säkert. Därför försöker man 
uttrycka proteinet och mäta dess aktivitet i värdorganismer som inte har funktionen 
naturligt.  
 
En viktig del av tillv
omorganisering av de nybildade sockerkedjorna. Detta sker av glykosid hydrolaser. 
Det är proteiner som normalt används för att bryta ner lagrad sockerenergi i växterna 
t.ex. i fröet. De är också vanliga i mikrorganismer som bryter ner växternas cellväggar 
för energi. Men ett fåtal av glykosid hydrolaserna verkar, utifrån deras 
uttrycksmönster och mutantanalyser, vara en viktig del av nybildningen. Det är ännu 
inte förstått hur, men det är funnet både för cellulosa och xylan. 
 
Intressant för industrin 
Intresset för förnyelsebara råvaror är ständigt växande. Behovet är stort både för grön 
kemi som t.ex. biologiskt nedbrytbara plaster och för koldioxidneutral energi, kanske 
främst då bioetanol. Xylan finns i enorma mängder men utnyttjas inte till fullo idag. 
Dessutom finns
lä
industriellt. Tanken är inte att göra billiga material på ett nytt sätt utan att göra ytterst 
avancerade material på ett sätt som tidigare inte varit möjligt. 
 
Framtiden 
Flertalet av deltagarna i biosyntesen av xylan är sannolikt identifierade idag. De 
molekylärbiologiska verktygen är nu så utvecklade att det finns en god chans att 
bestämma den specifika rollen för kandidaterna. Trots det är det en lång väg kvar för 
att veta vad de enskilda proteinerna gör och hur de interagerar. Varje litet framsteg är 
ett stort steg framåt. Samtidigt är det många svar som kommer ge upphov till nya 
frågor. 
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