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Cell Wall Chemotyping for Functional Genomics

Applications of Pyrolysis—Gas Chromatography / Mass Spectrometry

Abstract

The interest in lignocellulose as a sustainable resource for energy and materials has
fueled research on biotechnology applications in tree breeding to improve biomass
production and wood properties. An important aspect of this research is the ba-
sic understanding of gene function in wood formation, where analysis of wood
chemistry and wood structure is of utmost importance.

Current research strategies often involve large-scale screening of plant mate-
rial, and therefore there is a need for rapid chemical characterisation and classifica-
tion (chemotyping) of samples. Pyrolysis-Gas Chromatography/Mass Spectrom-
etry (Py-GC/MS) provides a chemical fingerprint with more than hundred peaks
representing each sample. Despite the fact that the technique is very informative,
the wealth of data resulting from each sample has prohibited its use as a high-
throughput method in large scale projects. For this reason, a novel application of
Py-GC/MS was developed. An automated data processing pipeline was created and
implemented, which together with a new simplified rule-set to analyse Py-GC/MS
data overcame the bottleneck of time-consuming data handling. The added value
of the method was demonstrated by fingerprinting and classifying the wood of
736 transgenic hybrid aspen (Populus tremula x tremuloides) trees representing 44
different genotypes. Among these genes were fructokinases (FRKI and 2) and su-
crose synthase (SUS) isoforms, both involved in primary carbon metabolism. A
battery of chemotyping tools demonstrated that the downregulation of FRK re-
sulted more specifically in a decrease in cellulose biosynthesis, whereas the repres-
sion of SUS affected the amount of all of the major wood polymers. It was fur-
ther demonstrated that the wood of transgenic SUS trees was affected in structure
and mechanical properties. In another study, it was shown that down-regulating
a lignin biosynthetic gene, cinnamate 4-hydroxylase, resulted in a modified wood
structure in hybrid aspen. Interestingly, the large reduction in lignin content re-
sulted in only minor effects on the ultimate tensile strength of the wood. Finally,
the battery of chemotyping tools was used in a study to show that the transcrip-
tion factor MYB103 is required for ferrulate-5-hydroxylase (FSH) expression and
S-lignin biosynthesis in Arabidopsis thaliana.
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1 Introduction

1.1 Why Study Wood?

Wood, the characteristic tissue of trees, has been used throughout human
history as a raw-material in many different applications: as construction
material, for tools, or as an energy source, to name some of them. Still
nowadays, more than two billion people use wood as a direct source of
energy (http://www.fao.org/forestry/energy/en). Wood is also one of the
most abundant biomasses on earth and vast forests account for an important
share in the global carbon pools.

Reserves of easily available fossil carbon sources are limited. The in-
crease of atmospheric CO, levels from burning fossil carbon and its impact
on the global climate is today a fact. This sparked increasing efforts to de-
velop and engineer industrial processes towards the use of renewable hydro-
carbons (Gallezot, 2012). Lignocellulosic raw materials such as wood are
a potential source of renewable biomaterial. However, there are legitimate
fears for a surge in global food prices due to competing land use between
food- and biomass production (http:/ /www.fao.org/bioenergy/47280/en/).
Further, increasing the area of cultivated land could have increasingly ad-
verse effects on environment and biodiversity. An arguable strategy to ad-
dress those issues is to promote methods to further increase the efficiency
of agricultural and agro-forestry production systems. Recent techniques
and practices used to increase the production of wood and lignocellulosic
biomass include the use of biotechnology in tree breeding, clonal- and
short rotation forestry (Neale and Savolainen, 2004; Tullus et al., 2012).
Biotechnology can be used in breeding programs to select for offspring
with favourable genes (marker assisted breeding), but also for genetic im-
provement of elite clones by transgenic technology (Harfouche et al., 2011).
The potential of forest biotechnology is currently intensively explored and
progress in this research will benefit from interdisciplinary collaborations
across the fields of biology and chemistry as well as material- and computa-
tional sciences.

1.2 Wood Structure

Booker and Sell (1998) divided wood structure into four levels according to
the length scale on which it can be observed. The macroscopic structure
can be studied by bare eyes and includes tissues such as early and late wood,
sap and heart wood. At the microscopic level, the distribution of single
cell types can be observed by light microscopy. Together the macroscopic-
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and microscopic features describe the anatomy of wood. At the ultrastruc-
tural level of organisation, best studied by electron microscopy, sub cellular
details such as the distinct layered architecture of the cell wall become vis-
ible. Certain details of the nanostructure can still be resolved by electron
microscopy while composition and properties of large molecular agglomer-
ates in the range of nanometers are best studied by physico-chemical meth-
ods such as size-exclusion chromatography, viscosimetry, laser light scatter-
ing, thermal analysis, x-ray diffraction, NMR spectroscopy and similar ap-
proaches. Finally, the molecular level of organisation, in the order of tenths
of nanometers can be visualised directly with AFM microscopy. However
to explore the chemical composition of the various polymers, a wealth of
indirect analytical methods and strategies are commonly employed. The
subsequent paragraphs will describe in more detail all mentioned structural
levels of wood and cell walls. As the description of ultrastructure and cell
wall architecture readily refers to the chemical properties and structures of
cell wall constituting molecular aggregates, chemical components will be
described just after wood anatomy but before cell wall ultrastructure.

1.2.1 Macrostructure of the Stem

Anatomical features of a tree stem are shown in Figure 1. These are formed
by cell divisions and differentiation in the cambial region (Mellerowicz et al.,
2001). Briefly, to the inner side of the vascular cambium, cambial daughter
cells differentiate to xylem tissue which is colloquially termed wood. To
the outer side of the cambium phloem is formed. The bark subsequen-
tially comprises functional phloem, non-functional living and dead phloem
as well as cells formed in the cork cambium (Ray, 2006, p. 427). Seasonal
growth rings in the xylem of trees from temperate regions are the result of
radially wide cells formed during vigorous growth in the early growing sea-
son in contrast to more narrow cells formed in the late growing season. In
the centre of the tree stem is the pith, a primary tissue that originates from
the apical meristem. Trees, older than about 10-20 years, often have a dark
coloration of the innermost xylem when exposed to air. This is called the
heartwood, while the outer light colored part of the xylem is termed sap-
wood. The coloration of the heartwood is mostly due to phenolic extrac-
tives that become oxidised when exposed to air. The extractives make the
heartwood hydrophobic and also provide antimicrobial properties (Schef-
fer, 1966). Physiologically, sapwood is the part of the wood which is active
in water transport. Heartwood has structural function.
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Figure 1: Schematic picture describing the major tissues in a tree stem. Modified
from Shmulsky and Jones (2011), with permission

1.2.2 Wood Anatomy

The major cell types in hardwood xylem are fibres, vessel elements and ray
cells (Figure 2). Fibres and vessel elements are axially elongated cell types.
Fibres are the most abundant cell type and fulfill mostly a structural func-
tion, whereas vessel elements are transporting water and nutriments from
the root. Both fibres and vessel elements undergo programmed cell death
after deposition of the secondary cell wall. The radial dimension of the
developing fibres and vessels zone is within the range of hundreds of mi-
crometers to millimeter, so the major part of wood in trees is composed of
dead cells. Ray cells are elongated in radial direction and function in radial
transport of nutriments from the xylem and phloem streams. In contrast
to fibres and vessel elements, ray cells stay alive for many years but finally
undergo cell death at the border to the heartwood (Murakami et al., 1999).
They are also involved in depositing the extractives of the heartwood.
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Figure 2: Schematic picture showing the different cell types in hardwood: Fibres
in yellow, ray cells in grey, cambium in blue, vessels in green and in red the
phloem with sieve cells. Modified, from Méigdefran (1951).

1.2.3 Wood Chemistry

The underlying work of this thesis was mostly conducted on aspen wood.
The following description of wood chemistry is therefore based on hard-
wood from angiosperms, mostly from Populus wood.

The chemical composition of wood can be indicated in many different
ways. The elemental composition, for example, depicts the percentages of
carbon, hydrogen, oxygen, nitrogen and sulphur in a sample and includes
no information about structural aspects (7able 1). Summing up the yields
from extracting several chemically distinct polymer fractions gives already
some insight into the structure of wood. There are a large number of differ-
ent protocols to extract sub-fractions from wood (Browning, 1967; Fengel
and Wegener, 1989; Hon and Shiraishi, 2001). The origin and consequences
of this variety will be discussed in more depth in section 1.4. A widely
accepted nomenclature to define the distinct chemical fractions of wood
are the terms ‘cellulose’, ‘cross-linking glycans’ (or ‘matrix polysaccharides’,
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‘hemicelluloses’), ‘lignin’, ‘pectins’, ‘extractives’, ‘ashes’ and ‘structural wall
proteins’.

Table 1: Elemental composition of hybrid poplar wood according to Huang
et al. (2009).

Carbon 50.02 %
Hydrogen 6.28 %
Nitrogen  0.19 %
Oxygen 42.17 %
Sulphur 0.02%

Table 2: Chemical composition of Populus tremuloides composed from Pan-
shin and de Zeenw (1980, p. 92) and Fengel and Wegener (1989, p. 57)

Cellulose 40 %
Cross-linking Glycans 31 %
Lignin 20 %
Pectin 3%
Extractives 7 %
Ashes >1%

The distribution between the chemical fractions shown in Table 2 are
reference values with room for substantial variation. While the chemical
composition at various heights of a tree stem is rather constant, substantial
variation can occur in-between growth rings (Sykes et al., 2008). Further,
there is also variation among different species and hybrids of aspen as shown
in Sannigrahi et al. (2010). The abundance of ’structural wall proteins’ in
wood is very low, according to Liidtke and Lieflinder (1970) between 0.068
% and 0.21 %. They are therefore not accounted for in Table 2.

Below follows a short description of the various cell wall constituents,
with the aim to give an overview about molecular composition, intra- as
well as extra-molecular structure, physico-chemical properties and a short
account for their biosynthesis.

Cellulose, the largest and most abundant macromolecular assembly of
wood, is made of long B-(1 — 4)-D- glucose chains. The orientation of
each glucose molecule is 180° rotated in respect to both its neighbouring
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molecules. As such, the actual repeating unit of cellulose is the disaccha-
ride cellobiose. The degree of polymerisation of each such glucose chain
has been determined to an average of 10°000 for Populus wood (Fengel and
Wegener, 1989, p. 75).

During biosynthesis a distinct number of elementary glucan chains are
bundled together by hydrogen bonding into larger aggregates called cellu-
lose microfibrils (CMF) (Ding and Himmel, 2006; Fernandes et al., 2011).
Such microfibrils as well as further aggregations of multiple microfibrils
comprise both amorph and crystalline zones while all other cell wall poly-
mers are exclusively amorph. Two important properties resulting from this
fact are the sizes of individual crystallites and the degree of crystalline re-
gions expressed in percentage of the total cellulose fraction (Zugenmaier,
2008, p. 207-212). Cellulose is hydrophilic and can swell substantially when
it absorbs water (Zugenmaier, 2008, p. 213). The enzymatic machinery for
cellulose synthesis is thought to be a multi-subunit complex located in the
plasma membrane, including a number of cellulose synthases (CesA) as the
catalytic subunits (Mutwil et al., 2008; Kumar et al., 2009).

The major types of cross-linking glycans in Populus wood are glu-
curonoxylan, glucomannan and xyloglucan. Glucuronoxylan, the most
abundant cross-linking glycan in Populus consists of a 5-(1 — 4)-D- xylose
backbone chain. About 70 % of the backbone xylosyl units are acetylated in
the C-2 or C-3 position. About 10 % of the backbone xylosyl units are dec-
orated through a (1 — 2)-linkage with 4-O-methyl-a-D-glucuronosyl acid
residues (SjOstrom, 1993, p.67-68). The reducing end has a well conserved
pattern including rhamnnose and galacturonic acid (Fengel and Wegener,
1989, p. 110) (Pefia et al., 2007).

Glucomannan is the second most abundant cross-linking glycan in Pop-
ulus wood with a mannose:glucose ratio of about 1:1 - 1:2 (Sj6strom, 1993,
p.68-69) (Fengel and Wegener, 1989, p.115)(Kim and Daniel, 2012). It is
largely unbranched. Xyloglucan (Simson and Timell, 1978) consists of a
B-(1 — 4)-D- glucosyl backbone where about 70% of the C-6 positions
are decorated with a-D- xylosyl units. Those side-chains can be several
sugar units long incorporating also galactosyl- and fucosyl units (Simson
and Timell, 1978).

The physico-chemical properties of cross-linking glycans vary accord-
ing to their molecular composition. However, they are all of hydrophilic
character and can therefore form hydrogen bonds. The glucuronic-acid
branchings of the glucuronoxylan contribute due to their high abundance
to a large extent to the chemical environment in Populus cell walls. While
a large number of enzymes involved in biosynthesis of cross-linking gly-
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cans have been identified and located to the golgi apparatus, it is today still
largely unknown how the enzymes work together to build the well defined
and complex polysaccharide structures (Scheller and Ulvskov, 2010). After
initial assembly, the polymers are packed in vesicles and transported to the
growing cell wall.

Lignin is a three dimensional-linked hetero-polymer consisting of phenyl-
propanoic building blocks, the monolignols. In angiosperm trees, three
types of monolignols are incorporated into the lignin polymer: p-coumaryl-

, coniferyl-, and sinapylalcohol (Boerjan et al., 2003). The commonly used
acronyms H, G and S type lignin refer to the first letters of p-Hydroxyphenyl,
Guaiacyl and Syringyl lignin units (Lapierre, 2010, p. 12). The three mono-
lignols differ in the degree of methoxylation of their phenyl group.

Polymerisation of the macromolecular structure of lignin takes place in
muro. The actual deposition process of lignin is called ‘end-wise radical
coupling’ and opposed to the other cell wall polymers, it is not under di-
rect enzymatic control (Ralph et al., 1999; Hatfield and Vermerris, 2001).
It complies to chemical equilibrium rules where the abundance of mono-
lignols and catalytic radicals determine the rate of reaction. As such, the
abundance of different types of bonds that are formed in a lignin polymer
can be explained with the reactivities of the respective atoms according to
the rules of organic chemistry (Syrjinen and Brunow, 2001). Small devia-
tions from such theoretical values can occur due to a variety of conditions
in the plant cell wall such as pH, oxidation potential, relative concentra-
tion of the reactants, steric constraints and also chemical bonds to other cell
wall constituents (Brunow and Lundqvist, 2010, p. 270). A commonly cited
characteristic of the lignin polymer is the ratio between the different mono-
lignol building blocks incorporated into the polymer (°'S/G ratio’). This ra-
tio is of interest because different types of monolignols preferentially form
different intramolecular bonds which have different susceptibilities towards
degradation (Lapierre et al., 1999; Huntley et al., 2003; Studer et al., 2011).
As there is no conserved sequence or larger consistently conserved three-
dimensional polymeric structure in lignin, it is best characterised chem-
ically by the abundance of the different ether and carbon-carbon bonds
(Dimmel, 2010). The main bonding patterns are shown in Figure 3.

4-O-[3 ether bonds are the most abundant lignin bonds in hardwoods
and make up about 60% of all bonds. From the naturally occurring carbon-
carbon bonds, those involving the aryl C-5 position are of special inter-
est as they are significantly less reactive than for example ether bonds and
therefore more resistant to degradation. This specific structure is also called
condensed lignin (Dimmel, 2010, p. 3). The aryl C-5 carbon is only avail-
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Rz

(b) (©)
B- arylether(B —-0-4) Phenylcoumaran Blphenyl (5-5) Dibenzodioxocin
(B-5 and a-0-4) (5-5, B-0-4, a-0-4)

(d) (e)
Resinol Biphenyl ether Spirodienone Diarylpropane (B-1)
(B-B, a-0O-y) (4-0-5)

Figure 3: Main bonding patterns of native lignins (R, = R, = H in p-
hydroxyphenyl units; Ry = OMe, R, = H in guaiacyl units, R, =R, = OMe
in syringyl units). With permission, adapted from Ralph et al. (2004).

able for bonding in guaiacyl and p-hydroxyphenyl monolignols. The latter
are of rather low abundance in hardwoods, whereas guaiacyl monolignols
constitute about 30-40% of the total lignin. Except a few percent of p-
hydroxyphenyl type, the rest is syringyl type lignin. The phenyl group
makes the lignin hydrophobic, which is in contrast to the other cell wall
polymers. The degree of polymerisation of native lignin polymer is hard
to determine and widely different values have been published depending
on the method used. According Sjostrom (1993), hardwood lignins have
usually a degree of polymerisation below 20°000 and rather high polydis-
persities of 2.5 to 3.

Pectin is a collective name for a number of polymers where some have
very complex structures (Caffall and Mohnen, 2009). Generally, pectins are
of rather low abundance in wood. The main pectic polysaccharide in Popu-
lus wood is rhamnogalacturonan, a (1 — 4)-3-D- galacturonosyl -(1 — 2)-L-
rhamnosyl main-chain with (1 — 4)-3-D- galactan and (1 — 5)-a-L- arabi-
nan branchings at the rhamnosyl C4 position. Some of them carry an ara-
binose or fucose terminal group (Simson and Timell, 1978). This polymer
is often also referred to as Rhamnogalacturonan-I. Rhamnogalacturonan-
IT (RG-II), a pectic polysaccharide with a similar backbone but much more
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complex branching structures, is found and described in many other model
species including Arabidopsis thaliana. There is today little or no literature
about RG-II in Populus. Due to the rather complex structure and expected
low abundance, it has probably been left out so far from systematic investi-
gations in this species.

Biosynthesis of pectins occurs in the golgi apparatus. Upon initial as-
sembly, for vesicle transport to the wall, most galacturonosyl groups of
the backbone are methyl esterified. After deposition in the wall, pectin
methylesterases actively modify the chemical properties of the pectic poly-
mers (Cosgrove, 2005). The galacturonic residues are of importance not just
to regulate the pH in the cell wall but also for building calcium bridges to
other pectic polymers.

A large variety of extractives exists in the wood of angiosperm trees.
Functionally, extractives are not part of the load bearing cell wall structure.
Many of them are involved in pathogen resistance, active defense or plant-
insect interactions (Scheffer, 1966; Ralph, 2009). Chemically, extractives are
almost exclusively of hydrophobic character. Inclusion of extractives, there-
fore modifies the cell wall chemistry towards a more aseptic environment.
The major extractives of Populus wood are fatty acids such as linoleic acid
and oleic acid, wax acids, glycerol, wax alcohols, paraffin waxes and sterols
such as sitosterol (Rowe and Connor, 1979). A large range of small phenolic
and poly-phenolic molecules are another major class of extractives.

Ashes is the inorganic fraction that remains after complete combustion
of the cell wall. Populus wood contains about 0.4 % of ashes (Fengel and We-
gener, 1989, p. 57). Calcium is the by far most abundant inorganic element
in wood. In contrast to most other inorganic elements in plants, it is struc-
turally involved in cell walls by connecting two chains of the pectin polysac-
charide homogalacturonan through ionic bonds (McNeil et al., 1984). A
similar function has also the much less abundant element boron, which
builds borate diester cross-links between the apiose residues of two RG-II
chains (O’Neill et al., 2004). The other highly abundant inorganic elements,
potassium and magnesium, are not know to have a structural function in the
cell wall.

The most prominent Structural wall proteins in wood are the APG’s
which are built of a protein part and a carbohydrate part with substantial
complexity (Seifert and Roberts, 2007). Not much data on chemical quan-
titation and characterisation of Arabinogalactan proteins (AGP) in Populus
is available. However, studies elucidating the genes involved in cell wall
biosynthesis suggest that AGPs are present in Populus (Andersson-Gunneras
et al., 2006; Geisler-Lee et al., 2006).
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1.2.4 Ultrastructure and Cell Wall Architecture

The ultrastructure of the fibre cell wall is to a large degree determined by
the cellulose polymer because the cellulose microfibrils extend over a much
longer distance than any other cell wall polymer. Further, they are the first
polymer that is laid down in the growing cell wall, they are usually well or-
dered and function as a scaffold for the other polymers. The angle between
the longitudinal axis of a fibre and the direction of the cellulose microfibril
is called micro fibril angle (MFA) and is an important parameter to describe
the ultrastructure of a cell wall (Donaldson, 2008)(Figure 4). The main ul-
trastructural feature of a fibre wall that is visible by electron microscopy on
transverse sections are concentric layers with different radial dimensions.
These layers reflect different orientations of the cellulose microfibrils. The
outermost layer is the primary cell wall (P), the three inner layers consist of
the secondary wall and are denoted S1, S2 and S3 (Figure 4).

The primary cell wall of a fully developed fibre has no uniform orien-
tation of the cellulose microfibrils. The criss-cross structure is a result of
a high MFA and ‘spring’ like reorientation of the microfibrils during cell
expansion (Burgert and Fratzl, 2009). The MFA of the S1 and S3 layers is
rather high, while S2 has a much lower MFA (Donaldson, 2008). The inter-
cellular layer, or middle lamella (ML), is the volume between two adjacent
primary cell walls. There is usually no clear border between the middle

lamella and the primary walls, therefore it is often described as compound
middle lamella (CML).

While the ultrastructural features of cell wall layers are on a micro-scale,
many cell wall architectural details are on a nano-scale. The cell wall archi-
tecture is determined by the abundance of the cell wall polymers in different
morphological regions (cellwall-layers, —corner, -tip, tangential- and radial
walls), their orientation and linkage to neighbouring polymers. To describe
the structural architecture of cell walls, Booker and Sell (1998) used the anal-
ogy of reinforced concrete. The partly crystalline cellulose fibrils make up a
scaffold similar to iron rods, cross-linking glycans make the connections be-
tween the cellulose fibrils, similar to cement and lignin compares to the sand
as a filling material in the afore mentioned analogy. In primary cell walls
of Populus, xyloglucan is the most abundant cross-linking glycan, whereas
glucuronoxylan, the most abundant of the secondary cell wall. Pectin poly-
mers are highly abundant in the middle lamella, but also in the primary
walls. Investigation on the orientation and interlinkage of cell wall poly-
mers is an active field of research and many questions are still unanswered.
Generally, more is known about the primary cell wall, often from studies
in Arabidopsis.
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fiber direction

Figure 4: Ultrastructural features of a fibre: Four concentric layers with dis-
tinct cellulose microfibril (CMF) orientations. The microfibrils of the primary
(P) wall are criss—crossed, while the secondary (S) wall layers show distinct mi-
crofibril angles (MFA). The middle lamella (ML) is the space between primary
walls. Modified from Shmulsky and Jones (2011), with permission.

A schematic model of the primary cell wall before lignification, referred
to as ‘sticky network model” is shown in Figure 5. In this model, stretches
of xyloglucan chains are hydrogen bonded on the surface of cellulose mi-
crofibrils. The majority of xyloglucan chains are bonded to more than one
cellulose microfibril, hence they connect them loosely to each other. Some
xyloglucan chain ends are also thought to be attached to cellulose microfib-
rils by being buried on the inside of them during biosynthesis (Cosgrove,
2000). In another model, the *multicoat model’, cross-linking glycans are
suggested to coat individual cellulose microfibrils without linking them to-
gether (Talbott and Ray, 1992). Based on recent structural analysis by Fer-
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Figure 5: The schematic drawing is a model of the primary cell walls® archi-
tecture. This model is referred to as the ’sticky network model’, which is one
of several. The main distinguishing feature to other models is the direct con-
nection of several microfibrils by the cross-linking glycan xyloglucan. From
Scheller and Ulvskov (2010), with permission.

nandes et al. (2011) of the secondary cell wall in spruce fibers a *multicoat
model’ is favoured.

The lignin polymer forms within the matrix of the existing wall struc-
ture. When interpreting literature data regarding the spatial distribution
of different cell wall polymers to specific morphological regions it is im-
portant to note that values also vary depending on the developmental stage
(Terashima, 1990). For example, during formation, the primary cell wall
does not contain notable amounts of lignin. However, at a much later
developmental stage, the primary cell wall is not excluded from the ligni-
fication process. Indeed the lignification has been even found to start in
the middle lamella of the cell corners where also the lignin concentration
was reported to be the highest (Ma et al., 2011). From there, lignification is
thought to spread by end wise radical polymerisation throughout the whole
cell wall. It has been described that the aromatic rings of the lignin poly-
mer align parallel to the cell wall (Atalla and Agarwal, 1985; Akerholm and
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Salmén, 2005). Terashima (1990) proposed that the anisotropic shrinkage,
when the swollen hydrophilic cell wall becomes hydrophobic due to de-
position of lignin, causes the phenyl rings to align parallel to the cell wall.
Other research groups proposed that non-covalent interactions with the
cellulose network cause this alignment (Siegel, 1957; Houtman and Atalla,
1995; Roussel and Lim, 1995; Li and Eriksson, 2005). Since a long time there
has been a discussion about the presence of covalent bonds between lignin
entities and several other cell wall polymers, so called LCC’s (Merewether,
1957; Lai and Sarkanen, 1971; Koshijima and Watanabe, 2003). Such bonds
seem to have a large influence on the degradability of cell walls for exam-
ple in pulping processes (Chakar and Ragauskas, 2004; Henriksson et al.,
2007; Dimmel and Gellerstedt, 2010). But due to their low abundance, not
much is known about their formation, chemical structure and distribution
throughout the cell wall layers.

The primary cell wall is enzymatically modified in muro after its for-
mation to facilitate cell expansion (Cosgrove, 2005). The ‘pectin methyl
esterase’ for example, removes the methyl esterification of homogalactur-
onan pectins when freshly deposited into the cell wall (Wolf et al., 2009).
The formed weak acid is prone to constitute ionic calcium bridges with
other acidic pectin groups. Other enzymes that actively modify deposited
cell wall polymers are “Xyloglucan endotransglucosyslase/hydrolase’ and a
number of endo-glucanases such as for example “Korrigan’ (Molhoj et al.,
2002). It has also been proposed that the secondary wall is enzymatically
modified after its formation. A recent idea proposes that endoglucanases
chop cross-linking glycans that are trapped in the so called gelatinous layer
of tension wood fibres in angiosperm trees. This would make the gelatinous
layer swell and fulfill its function as the force generator in the tension wood
response (Mellerowicz and Gorshkova, 2012).

1.3 Bulk Properties

Bulk properties of wood refer to parameters that can be measured on a
macro, and sometimes on a micro scale. They are therefore also dependent
on the nano- and ultrastructure of the fibre cell wall. Density, or ‘mass di-
vided by volume’ can be assessed at different levels of organisation in wood.
Usually, bulk density refers to the density of a piece of wood and is based
on dry mass and wet volume. It is mainly dependent on volume and density
of the cell wall material. The volume of cell wall material per volume wood
is defined by the wall thickness and the volume of the lumen. In hardwood,
fibers are the most important determinant for density, but vessels and ray
cells will also have an influence.
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The density of the cell wall material per se, however, is for the sake of
simplicity usually assumed to be constant (1.056 gcm ™) (Kollmann, 1951).
When working with transgenic plant material, where the range of chemi-
cal composition and structure can vary beyond the natural variation, this
assumption may not hold true. It is therefore in certain cases relevant to
determine the density of the actual cell wall material in order to fully under-
stand the effect of the transgene. The density of cell wall material depends
on its chemical composition, structure and the resulting porosity. When
the density of actual cell wall material shall be determined, precise anatom-
ical measures of the sample material are needed. Porosity, can be measured
for example by cryoporometry (Petrov and Furo, 2009).

Mechanical properties of solid wood, wood sections or even single fi-
bres are bulk properties that describe the mechanical behaviour of the tested
specimen. Because wood and fibres are anisotropic, mechanical proper-
ties are dependent on the measuring direction (Salmén and Burgert, 2008).
Commonly determined parameters for wood sections or single fibers are
‘stiffness’, and ‘ultimate stress’. In a typical experiment, an increasing force
is applied to a specimen in a defined direction and axis until it breaks. Ap-
plied force and deformation are constantly measured and represented in a
’stress—strain’ diagram. A typical such diagram for wood is presented in
Figure 6.

Wood has generally a very high ‘tensile strength’ in fibre direction and
can withstand substantial forces until the point of "ultimate stress’ is reached.
Even the ‘compressive strength’ in fiber direction is rather high. These
properties are mostly a consequence of the cellulose ultrastructure. The
strength properties perpendicular to the fiber direction are in contrast rather
poor. Wood withstands in this direction just low tensile or compressive
stresses (Bodig and Jayne, 1993).

1.4 Chemical Characterisation of Wood

A large number of different methods and techniques to chemically charac-
terise wood and plant cell walls are described in literature. Among them,
there is a basic tool-set of more readily used methods in plant cell wall re-
search that mostly aims at characterising a range of different sample mate-
rials in a comparable way. There are also a number of advanced and spe-
cific methods that can be used to further explore details about the cell wall.
Often those methods require tedious sample preparation and specifically
trained researchers.
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Figure 6: Typical stress—strain curve for micro-mechanical tensile strength test-
ing of thin wood sections as presented in Paper I1I. The slope of the linear portion
determines the property Stiffness’ or ‘elasticity’ of the tested specimen. The sam-
ple deformation in this region fully recovers after stress release. In contrast, the
deformation after the yield point, in the non-linear part of the curve, is perma-
nent. This property is called sample ‘plasticity’. The force at which the specimen
fractures is the point of ‘ultimate stress’

1.4.1 The Basic Tool-set

Before describing in more detail a number of analytical methods, some im-
portant terms from analytical chemistry, taken from Harris (2007), are in-
troduced: Accuracy, a measure of how close a measured value is to the ‘true’
value. Precision, a measure of the reproducibility of a measurement. Robust-
ness, ability of an analytical method not to be affected by small deliberate
changes in operating conditions.

The accuracy for most of the basic methods, depends on specificity of
chemical reactions: The different bonds within and between wood poly-
mers are of rather similar character, it is therefore difficult to find reactions
that exclusively isolate a specific wall component. The type of reactions and
reaction conditions used are usually optimised for a specific type of sample.
If the robustness of a method has been assessed, it should include how much
the accuracy of the method varies when applied to a large array of different
sample types. However, this information is usually not available and there-
fore the comparison of analytical results between species and tissue types
should be met with caution.

Chemical characterisation of wood can be done at three different lev-
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els. First the main functional fractions of wood (lignin, cross-linking gly-
cans, cellulose and extractives) are quantified. In respect to wood analysis,
pectins are usually included without mentioning in the cross-linking glycan
fraction as they are low abundant and the strategy for analysis is the same.
The second level is the compositional analysis of individual wood polymers.
And finally, the structural determination of wood polymers can be done.

Quantification of wood polymers Initially, suitable portions of woody tissue
have to be sampled, dried, ground and sieved. Pulp and paper industry’s
standardised procedures (http://www.tappi.org, http://www.iso.org) for
those tasks are a good choice when dealing with bulk material. If just mil-
ligrams of sample material are available, substantial adaption of mills, sieves
and general glassware is usually required. Determination of the first frac-
tion, the extractives, is done gravimetric by weighing prior and after extrac-
tion. A generic extraction procedure uses the soxhlet extractor with three
steps of extraction, ‘ethanol-toluene’, ‘ethanol’ and ‘water’ (Ona et al., 1995).
The resulting sample material is called ‘extractive free wood’. Determina-
tion and quantitation of the various extractives is usually not a standard
experiment in laboratories that work mostly on structural features of plant
cell walls.

In a next step, the lignin content is determined. This is done on a
small subfraction of the ‘extractive free wood’. Two commonly used proce-
dures are the ‘Klason lignin’ determination ( http://www.tappi.org, T222
om-88) and the ‘Acetyl-Bromide’ method (Fukushima and Hatfield, 2004).
The ‘Klason lignin’ determination is done gravimetric after all carbohydrate
polymers are hydrolyzed and solubilised. In the ‘acetyl bromide’ method,
the lignin polymer is dissolved using acetyl-bromide in glacial acetic acid.
Then quantitation is done by measuring the absorption at 280 nm.

For cellulose determination, the ‘extractive free wood’ has to be delig-
nified. The most common method is by sodium chlorite where a num-
ber of reactive chlor species are formed in solution that specifically degrade
the lignin polymer (Ona et al., 1995). The sample after lignin extraction
is called ‘holocellulose’. In the next step, the cross-linking glycans are
degraded by ‘alkali dissolution’, while the much more resistant cellulose
is dissolved as intact macromolecules and determined gravimetric. Cellu-
lose determined with this method is usually termed ‘a-cellulose’. Cross-
linking glycans can then be calculated as mass closure. Another standard
protocol to determine cellulose content is the ‘Updegraft’ method (Upde-
graff, 1969). Here, all polymers except cellulose are degraded by a mix-
ture of acetic- and concentrated nitric acid. Finally, the total sugar con-
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tent of the non-dissolved portion is measured photospectrometrically by
the phenol-sulphuric acid method from ‘Dubois’ (Dubois et al., 1956; Ma-
suko et al., 2005). Direct quantitative methods to determine the content
of cross-linking glycans are scarce. Sometimes, the values from molecu-
lar composition determination, described in the following sections, can be
used.

Molecular composition of individual wood polymers ~ The second step in basic chem-
ical characterisation of wood is determination of the molecular composition
of lignin and the cross-linking glycans. Whereas there are two readily used
standard procedures for lignin composition, analysis of cross-linking gly-
cans can be taken to many levels of sophistication. This is due to the large
variety of different cross-linking glycans and pectins as well as their well
conserved complex structures.

The most popular procedures for lignin composition analysis are ‘thioaci-
dolysis’ (Rolando et al., 1992) and *derivatisation followed by reductive cleav-
age’ (DFRC) (Lu and Ralph, 1997). In both methods, wood powder is dis-
solved (in the case of DFRC after bromination derivatisation to improve
solubility), before the lignin polymer is degraded by specific chemical reac-
tions, that will free lignin monomers without degrading them. In the case
of ‘thioacidolysis’ this is done with an acid-catalyzed reaction specific for
the highly abundant S — O — 4 bonds. In the ‘DFRC’ method, cleavage
of the same bond type is obtained by reductive cleavage using zinc dust.
Finally, the dissolved monomers are derivatised for separation and analysis
by GC/MS. The analytical result will give a good estimation on the abun-
dance of the three different monolignols in the lignin polymer. With slight
modifications, the same methods can also be used to detect and quantify a
number of oligo-lignols (Peng et al., 1998).

For the molecular composition determination of cross-linking glycans
a whole range of methods are readily applied. In fact, it is more like a mod-
ular system of different experimental steps that are put together depending
on the problem to be solved. All analyses consist however of three steps
where the first step is to obtain the starting material. In the simplest case,
this is either extractive free wood or holocellulose and the major fraction of
abundant cross-linking glycans and pectins can be analysed without further
fractionation. It is also possible to fractionate the sample to obtain for ex-
ample samples enriched in pectins or acidic cross-linking glycans etc. Such
procedures are tedious and vary substantial depending on the used sample
material. The second step is the depolymerisation of the polysaccharides. A
number of different protocols, using a range of different acids are described
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in literature. The most common are in aqueous solvent TFA, sulphuric acid
(Saeman hydrolysis), or in dry methanol, by hydrochloric acid (methanol-
ysis) (Biermann and McGinnis, 1989). While the first two are classic hy-
drolytic cleavage reactions, the third is based on solvolysis. After depoly-
merisation, the samples consist of free monosaccharides, which in solution
freely ‘mutarotate’ between the a— and S— and the ‘furanose’ and ‘pyra-
nose’ conformations. The last step is the analytical determination. The two
most common techniques here are GC/MS and HPAEC-PAD. For GC/MS
two popular protocols exist. In the determination as ‘alditol acetates’, the
monosaccharides are first reduced with sodium borohydride to alditols,
then derivatised by acetylation and separated on a rather polar column.
Here, the reduction step will yield one peak for each sugar. This method is
compatible with TFA and sulphuric acid hydrolysis (Biermann and McGin-
nis, 1989). Methanolysis, when analysed by gas-chromatography, is usually
combined with tri-methyl silylation derivatisation and separation on a non-
polar column (Biermann and McGinnis, 1989). Here, each monosaccharide
can result in up to four peaks due to the above mentioned ‘mutarotation’
of the molecules in solution. An advantage of the ‘methanolysis’ proce-
dure is the ability to analyse also uronic acids, while the acidic group be-
comes reduced and the information lost in the reduction step of the ‘alditol
acetates’ procedure. A general strength of analysis by GC/MS is the pos-
sibility for analyte identification by the mass spectra and retention time
comparison with standards. For analysis by HPAEC-PAD, no derivatisa-
tion is needed. Here, each monosaccharide will result in one peak. Analyte
identification is done purely by retention time. Chromatographic separa-
tion of the monosaccharides common to wood polymer by HPAEC-PAD
is a bit slower than with GC. It has also been reported, that the separation
of certain monosaccharides can be problematic (Perry and Currie, 2006).
Results from carbohydrate analysis can be reported as weight or mol per
weight, respectively normalised to weight or mol percentage. The former
can give information on the depolymerisation efficiency, which for small
wood samples is rather common to deviate substantially from 100%. Due
to this problem, the mol % visualisation will give more reliable values on
the molecular composition of the hydrolyzed polymers.

Sequence and structure of wood polymers  As a third step in basic chemical
characterisation, the sequence and structure of cell wall polymers can be
determined. For lignin a detailed quantification of all abundant bonding
structures in the lignin polymer is readily done by solution state 2D NMR
experiments (Lu and Ralph, 2011). However, data processing and analysis
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is tedious and needs NMR spectroscopists’ expert knowledge.

For complete structural elucidation of carbohydrate polymers a sequence
or linkage analysis of the polymer is done. A commonly used method is to
methylate all free —OH groups prior to TFA hydrolysis (Hakamori, 1964;
Ciucanu and Kerek, 1984). After methylation, the reduction step is con-
ducted with deuterated sodium borohydride to conserve the linkage infor-
mation. Then, the samples are derivatised by acetylation and analysed by
GC/MS. A detailed list with abundances of different linkage types is the
analytical result obtained by this method.

The actual structural information can only be determined from oligo
saccharides obtained by specific enzymes. Two different types of mass-
spectrometers are popular for the structural determination of oligo-sacchar-
ides: MALDI-TOF or ESI-IT-MS (Zaia, 2004). Both methods result in mass
spectra that allow interpretation of the oligo-saccharides actual structure.

1.5 Wood Formation and Functional Genomics

Gene expression analysis and functional genomics research have revealed
many of the genes and enzymes that are involved in cell wall biosynthesis
(e.g. Mouille et al., 2003; Bhalerao et al., 2003; Aspeborg et al., 2005; Boer-
jan, 2005; Brown et al., 2005; Andersson-Gunneras et al., 2006; Mitchell
etal., 2007; Yang et al., 2011). Establishing of the model organism Arabidop-
sis was an important premise towards standardising methods and resources
for functional genomics among plant researchers around the world. For
research on woody species, the early availability of the Populus genome se-
quence and secondary cell wall transcriptome databases were the departure
for successful research (Tuskan et al., 2006; Sterky et al., 2004; Hertzberg
et al., 2001).

High-throughput methodologies for chemotyping lignocellulose are be-
coming increasingly critical for large-scale approaches in functional geno-
mics involving screening of natural or mutant populations. Moreover, there
is often a need to couple high-throughput analysis with the capability to
handle small sample amounts. For these purposes wet chemistry approaches
are less suitable because they are in general tedious, require large sample
amounts, and are difficult to automatise. Some recent developments have,
however, been presented for high-throughput analysis of lignin and non-
cellulosic carbohydrates (Tuskan et al., 1999; Lerouxel et al., 2002; Mouille
et al., 2003; Bauer, 2012).

As an alternative to isolate and analyse individual wall components, the
whole cell wall fraction can be analysed without prior extraction and sep-
aration. This approach provides a chemical fingerprint (chemotype) of the
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sample, and is particularly advantageous in studies where an overall pic-
ture of cell wall composition is wanted. There are several techniques that
can provide cell wall chemotypes. One possibility is to dissolve the whole
finely ground sample with appropriate solvents, followed by 2D solution
state NMR spectroscopy (Lu and Ralph, 2003, 2011). This approach pro-
vides as output complex spectral maps where individual signals can be as-
signed to their origin cell wall polymers. Due to the complexity of the data,
it is preferentially analysed and classified by multivariate data analysis prior
to tedious manual spectral assignments (Hedenstrom et al., 2009). How-
ever, required sample amount is in the range of 50 to 100 mg, the sample
preparation and analysis is not truly high-throughput and quantitative ana-
lysis is difficult due to many spectral overlaps in a complex two-dimensional
dataset.

Another possibility to obtain cell wall chemotypes is by transmittance
FTIR spectroscopy. Here, analysis of powdered samples does not require
laborious sample preparation beyond the milling procedure, and the rather
quick acquisition time allows throughputs of several hundred samples per
day. Also, FTIR fingerprints are rich in information, but due to the over-
lap of characteristic bands from different polymers they do not translate
so easily into chemical structure and composition. Therefore quantitative
estimates will be inaccurate (Gorzsas et al., 2011). However, chemical fin-
gerprints obtained by FTIR are well suited for sample classification (Brown
et al., 2005; Mouille et al., 2003).

A third technique that has been demonstrated to be useful for high-
throughput analysis of complete cell wall samples is Py-MBMS. Here, py-
rolysis of powderised samples is used for reproducible sample fractiona-
tion prior to mass spectrometric detection. The degradation products were
shown to be specific for the different types of lignin as well as pentose and
hexose sugars (Tuskan et al., 1999; Sykes et al., 2008; Studer et al., 2011).
Thus, this approach provides quantitative estimates of the main cell wall
polymers, but it is rather insensitive for sample classification due to the lack
of a chromatographic step.

A chemical fingerprinting method that has been demonstrated mostly
for primary cell wall tissues with a focus on cross-linking glycans and pectins
employs matrix assisted laser desorption ionisation as sample introduction
to mass spectrometry (Obel et al., 2009). This specific method has some-
times been called oligomer mass profiling (OLIMP) (Lerouxel et al., 2002).
The method employs an enzymatic pre-treatment directly on the tissue of
interest, which is then mounted on the sample stage of a MALDI-TOF in-
strument. Prior to analysis the samples are coated with MALDI matrix.
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The resulting data is dependent on the efficiency of employed enzymes.

2 Objectives

The objectives of the work described in this thesis were to develop and
evaluate Py-GC/MS, together with other cell wall analysis approaches, as
a technique to be used in a wide range of analytical scenarios in functional
genomics research. Such applications could include compositional and/or
structural cell wall analysis, high-throughput chemotyping and micro-ana-
lysis of woody tissues for different sample types. After several initial exper-
iments it became obvious that an automated data processing pipeline would
be needed to achieve the main objective. A toolbox of data processing and
evaluation functions were therefore also included in the list of objectives.
The tools developed was used in interdisciplinary projects together with
plant biologists and material scientists to explore the function of several
genes important in wood formation.

3 Methodological Overview

3.1 Plant Material and Sample Preparation

Samples from Arabidopsis thaliana and aspen (Populus tremula x tremuloides)
were used in a majority of the experiments. For the study of secondary cell
walls in Arabidopsis plants, either the hypocotyl or the inflorescence stem
was used. Samples were grown under standard conditions in the growth
chamber. Aspen trees were grown in the greenhouse according to an exper-
imental design that minimises environmental effects (Pinto et al., 2011).
Depending on the specific type of sample, slightly adapted sample prepa-
ration protocols were employed. The generic sample preparation for Py-
GC/MS analysis consists of freeze drying the frozen material and then ei-
ther grinding or excising the tissue to be investigated. In most cases, the
samples were not extracted prior to analysis. If the application demanded
extraction, standard procedures such as preparation of AIR (Coimbra et al.,
1996) in Arabidopsis or toluene:ethanol soxhlet extraction (Ona et al., 1995)
for aspen wood were employed. To grind Arabidopsis hypocotyls and stems,
1.5 ml cups with one 7 mm ball were used in a vibratory ball mill (MM 400,
Retsch, Germany) at 30 Hz for 2 min. Small sample amounts of aspen wood
were ground in the same way. Larger wood samples were ground in 10 ml
containers with either one 12 mm ball for 2 min at 30 Hz or with two 12
mm balls at 30 Hz for 70 s. If wet chemical procedures were applied to
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a wood sample, it was initially disintegrated by a centrifugal mill (ZM 200,
Retsch, Germany) with a 0.25 mm cutting sieve. Powder was then produced
as described above for small sample amounts. All ball-milling procedures
used stainless steel containers and grinding balls.

3.2 Pyrolysis—Gas Chromatography / Mass-spectrometry

Development and application of an analytical pyrolysis method for plant
research was a major effort of this thesis. Therefore a short account for
pyrolysis as an analytical technique in general is presented here. Pyrolysis
is the disintegration of molecules by thermal energy only, while analytical
pyrolysis is the technique where the resulting fragments of pyrolytic degra-
dation are studied to gain information about the initial intact molecules
(Wampler, 2007, pp. 1-2). The most common applied conditions for an-
alytical pyrolysis are an inert atmosphere and temperatures in the range
between 300°C-800°C. The pyrolytic process is complex and consists of
a whole chain of reactions, especially when applied to biological matrices.
Commonly occurring types of reactions include eliminations, rearrange-
ments, substitutions and additions (Moldoveanu, 1998, pp. 9-31).

A pyrolyser is a device that allows heating of a sample to the desired py-
rolysis temperature under a controlled atmosphere. This can be achieved in
many different ways and accordingly a number of different types of pyrol-
ysers are available. A more detailed description of these can be found else-
where (Wampler, 2007, pp. 27-46). When used as an analytical technique,
pyrolysis is often hyphenated online with gas-chromatography for sepa-
ration and mass-spectrometry (Py-GC/MS) for characterisation and quan-
titation of the pyrolysate. Alternatively, online direct analysis by mass-
spectrometry (Py-MS) without prior separation is possible (Wampler, 2007,
pp. 47-64).

In the past, pyrolysis has often been used for analysis of lignocellulosic
materials (Moldoveanu, 1998, pp. 342-345). It is particularly suited for
analysis of the lignin fraction, as the pyrolytic degradation products of this
polymer are very informative to its composition. Notably, quick determi-
nation of the S/G ratio is a major application of analytical pyrolysis (Ro-
drigues et al., 1999; Barbosa et al., 2008; Fagundes Lopes et al., 2011). Com-
pared to spectroscopic techniques such as FTIR or NIR, analytical pyroly-
sis yields reliable S/G values even without multivariate calibrations (Nunes
et al., 2010; Alves et al., 2011; Sun et al., 2012).

In contrast, the carbohydrate fraction of the lignocellulosic material
does not result in a high yield of characteristic degradation products. This is
somehow surprising as pyrolysis of almost every single molecule that com-
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poses the lignocellulosic polymer matrix results in a well distinguishable
fingerprint (Moldoveanu, 1998, pp. 217-237). However, the data obtained
when pyrolysing the whole matrix at once is much more than just the sum
of those fingerprints. A whole range of additonal paramters contributes to
the resulting pyrolysate. An obvious example are linkages between different
molecules that are not accounted for when the single molecules or homoge-
nous polymers are pyrolysed. But also other more subtle differences, such
as sample particle size, rest water content or inorganic species can influence
the pyrolysis process. The degradation of the carbohydrate matrix seems
to be more affected by such effects than the lignin polymer. Therefore,
thorough structural and compositional characterisation of the whole ligno-
cellulosic matrix by analytical pyrolysis is in the opinion of the author not
easy, or maybe even impossible, to achieve.

Initially a Pyrola 2000 (PyrolAB, Lund, Sweden) mounted on a GC/MS
(Agilent 5975C/7890, Agilent Sweden, Kista, Sweden) was employed in
some of the initial method development experiments. This pyrolyser has
a resistive heated platinum foil that serves as sample stage. To allow unat-
tended analysis of large numbers of samples, the setup was upgraded to a Py-
2020 pyrolyser with an AS-1020 auto-sampler (both Frontier Lab, Fukushi-
ma, Japan). This pyrolyser has an oven with a pneumatic controlled sample
introduction system that allows automatic operation.

The GC injector port was operated in split mode to adapt for various
sample amounts. Sample amounts were usually in the range between 30
g to 100 pg. The GC oven was ramped from 40°C to 300°C. To achieve
best possible analyte separation in the rather short GC runs of about 20
minutes, different heating gradients were chosen to adapt for varied peak-
dense parts of the chromatogram. When lower and upper temperatures of
the oven program were chosen, the length of the chromatographic run was
adapted so that the heating gradient always stayed below the maximum oven
heating rate. This is important in order to achieve stable retention times
and overall good reproducibility of the chromatograms as otherwise small
changes in environmental conditions can influence the oven heating rate.
The quadrupole mass spectrometer was operated in scan mode. To achieve
the highest possible number of data points over one peak, the scan range
was reduced to 35-250 m/z, which includes most of the known pyrolytic
lignocellulose degradation products. The above mentioned conditions were
initially published in Paper I but subsequently also used in most of the other
papers that include Py-GC/MS analysis.
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3.3 Data Processing and Analysis
Rawdata from Py-GC/MS has the same basic properties as GC/MS data,

l.e. an x-y matrix where x is time and y is an individual mass channel.
For each pair of x-y coordinates, there is a value for the signal abundance
(the actual measured value). However GC/MS is a technique with a very
large application envelope that will require different strategies and steps of
data processing, depending on the application. Even within the application
of Py-GC/MS, different scenarios can be thought of, that have different
requirements to the data processing strategy. For high-throughput appli-
cation of Py-GC/MS, the obtained data compares to data from GC/MS
metabolomics applications. The distinguishing properties of GC/MS data
from high-throughput methods will be discussed in further detail below,
when describing the commonly implemented data processing steps such as
smoothing, chromatogram alignment, background correction, peak recog-
nition, spectral deconvolution and peak integration.

e Smoothing is used to remove signal noise of different types. The
trade-off in signal smoothing filters is between removing noise arti-
facts and loss of real data features. Common methods include moving
averages, savitzki-golay, or smoothing splines. Mass-spectrometers
have a large number of parameters that can be optimised and that
will affect the noise level of the basic signal. Therefore optimising the
data smoothing is usually a two way process that involves adjusting
both processing and instrumental settings.

e Aligning of multiple chromatograms can help to identify correspond-
ing peaks in each chromatogram. Generally it can be said that gas-
chromatography is one of the most robust chromatographic methods
and recent instruments exhibit excellent oven temperature stability,
which is the most important factor that affects retention time shifts.
This is at least true when other general chromatographic conditions
are optimal. However, column overload and similar methodological
failures will affect retention time stability. Column overload is some-
times unavoidable when analysing complex samples with hundreds
of analytes typical in Py-GC/MS applications. Therefore alignment
steps are usually integrated in Py-GC/MS workflows. A number of
different approaches are used readily, including both linear and non-
linear methods (Nielsen et al., 1998; Fraga et al., 2001; Johnson et al.,
2003).

e Background Correction in Py-GC/MS rawdata is required due to
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several reasons. Especially online pyrolysis setups that use furnaces at
constant temperature can exhibit sample bleed if the remaining char
is not removed from the reactor during the chromatographic separa-
tion. This bleed can give rise to an unwanted constant background
signal. During gas chromatography, when elevated temperatures are
needed to elute the analytes, column bleed from the stationary phase
of the GC column can cause a background signal. Background cor-
rection algorithms usually detect points of local signal minima, and
subtract the signal under the linear interpolation between two such
local minima (Liang et al., 1993).

Peak recognition and integration is the process of identifying start
and end point of the chromatographic peak and determining the peak
area. For a small number of well separated and ideally shaped peaks, it
is rather straightforward to automatise this process. However if these
conditions are not met, applying an automated process is not triv-
ial. Chosen Py-GC/MS run conditions are, from a chromatographic
point of view, non-ideal, as they should fit for all kind of different
peaks (early- or late eluting, small or large). It is simply impossible
to obtain ideal peak shapes throughout a whole run. A further major
difficulty is the deconvolution of overlapping peaks. Deconvolution
should result in an integral of the deconvoluted peak and the under-
lying mass-spectra.

Many different approaches have been presented of which none be-
came the only prevailing solution (Tauler, 1995; Stein, 1999; Smith
et al., 2006; Dixon et al., 2006; Aberg et al., 2008; van Stokkum et al.,
2009; Amigo et al., 2010; Hantao et al., 2012). During the work of
this thesis several approaches were tested. The method finally imple-
mented as standard data processing pipeline is based on an algorithm
called multivariate curve resolution by alternating regression (MCR-
AR) (Tauler, 1995; Jonsson et al., 2005). Its strength is the parallel
processing of all chromatograms at once. This guarantees a consis-
tent global peak list opposed to methods where chromatograms are
processed in sequence.

While the raw data consisted of a single data matrix, the resulting data

of a processing pipeline that includes the above mentioned steps, consists of
two matrices. The first contains samples and integrated peak areas per peak
and the second contains mass spectra per peak. Now the data are ready for
analysis. The strategy or method chosen to analyse processed Py-GC/MS
data depends on the aim of the analysis. Either the complete information
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from the chemical fingerprint is used to identify and classify variation in
the data set (for example in a mutant screen), or annotated peaks are used
for quantitative estimates of specific compounds (i.e. lignin type and carbo-
hydrates). Multivariate data analysis is chosen when the complete dataset is
used, whereas univariate data analysis is used to make quantitative estimates.

Multivariate Data Analysis and classification methods can be applied
directly to the peak table of a sample set. A brief, non-mathematical de-
scription of the methods and some common terms follows here. Principal
component analysis (PCA) and orthogonal projection to latent structures
by partial least squares-discriminant analysis (OPLS-DA) are the two meth-
ods mostly used in the presented work (Eriksson et al., 2001; Byles;jo et al.,
2006). The main applications of PCA is data simplification and overview,
while OPLS-DA is used for sample classification. The PCA algorithm finds
iterative a model that describes in a single ‘linear combination’, or ‘princi-
pal component’” (PC) as much variation of the data as possible. This PC
is then subtracted from the initial data, the process is repeated and the next
PC can be determined. The number of significant PCs has to be determined
with an additional algorithm. The benefit of this method is that a dataset
with hundreds of data variables (in this case integrated peaks from the Py-
GC/MS chromatogram) can be represented by a few numbers. Graphically,
the most common representations is to show two principal components as
an x-y plot. In the ‘scores plot’, every sample is represented by a spot.
Samples that cluster in the x-y plot are similar to each other, according to
the measured variables. In the ‘loadings plot’, each measured variable is
represented by one spot. The x-y positions of variables in the ‘loading plot’
explain the contribution of this variable (chromatographic peak) to the vari-
ation in the dataset. No prior information about the samples is required for
PCA analysis, and the method is therefore "unsupervised’. PCA is usefull
to have an initial overview of a large dataset, to identify potential outliers
and to find groups of samples that clearly differ from others.

The graphical output of OPLS-DA analysis is also in the form as ‘scores’
and ‘loadings plots’, however with some important differences for the inter-
pretation. OPLS-DA is in contrast to PCA a supervised method. Prior to
analysis, the class membership of each sample has to be defined. The aim
of OPLS-DA is to find the variation that separates classes. Often, there are
just two classes, for example ‘mutant’ and ‘wildtype’ plants. This is done by
finding iterative a component that maximises the co-variation between sam-
ples of the defined classes. OPLS-DA constructs a first model term (termed
‘predictive component’) that contains all class separating variation, i.e. the
difference between mutant and wildtype plants. Eventual further compo-
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nents (termed ‘orthogonal component’) contain only in—class variation.
Similar to regression analysis, certain metrics are calculated for multi-
variate models to describe their qualities, such as percent of described vari-
ation and predictive power of the model. Many of those metrics are calcu-
lated in a process called cross-validation. In a widely used cross-validation
method (leave-one-out), the model is re-calculated from a subgroup of the
available samples and the samples not used in model building are predicted.
This process is repeated until every sample has been predicted once. The
variability of the model and the accuracy of the predictions during this pro-
cess are a good measure for the predictive power of the full model.
Univariate data analysis of Py-GC/MS data allows quantitation of the
different lignin types, total lignin and total carbohydrate fractions. For this
purpose, the mass spectra of each peak in the chromatogram are consulted
and potentially identified. A number of freely available libraries of py-
rolytic degradation products from lignocellulosic biomass simplify this pro-
cess significantly (Faix et al., 1991, 1990; Ralph and Hatfield, 1991). Then
the identified peaks are grouped and evaluated with univariate statistics such
as t-tests. There are several such examples included in the presented work.

4 Results and Discussion

4.1 Py-GC/MS for Wood Analysis

We have developed an analytical protocol for high-throughput applications
of Py-GC/MS instruments. We were specifically interested in obtaining a
method for high-throughput chemotyping, suitable for minute samples be-
cause Arabidopsis is commonly used as an experimental plant in functional
genomics research on cell walls. Initially, we tried to optimise the instru-
mental conditions to achieve as high precision as possible. However, we
realised that it was not easy to broadly asses analytical reproducibility of
chromatograms that typically contained more than 100 peaks. Therefore
we concentrated on implementing an automated data processing pipeline
that would initially facilitate method development, and eventually become
instrumental for high-throughput applications.

In Paper I three main achievements are presented. First, an automated
data processing pipeline is implemented that made it possible to quickly ob-
tain integrated peak tables from large Py-GC/MS sample sets. For parallel
data processing of large Py-GC/MS data-sets, we adapted multivariate curve
resolution by alternating regression (MCR-AR) (Jonsson et al., 2005). The
presented pipeline includes data smoothing, background correction, chro-
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matogram alignment and the actual MCR-AR algorithm (Paper I, Figure 1).
The latter is used for peak recognition and deconvolution, peak integration
and extraction of deconvoluted mass spectra. MCR-AR has the advantage
over many other automated methods, in that it processes chromatograms
simultaneously. This results in consistent master peak tables with corre-
sponding mass spectra, valid for all chromatograms.

Second, we employed the data processing pipeline to optimise the in-
strumental conditions for chemotyping by Py-GC/MS. We used the aver-
age relative standard deviation (RSD) of ten technical replicates as a metric
for the quality of the whole method. For all optimisation experiments, the
sample set consisted of each ten aspen and spruce wood powder samples
that were analysed in random sequence. Several parameters were system-
atically varied to find optimal settings for both instrumental analysis and
for the automated processing pipeline. Further, we evaluated the contri-
butions of genuine signal, background, and noise to each total ion count
chromatogram. It was found that 37 % of the raw signal contributed to
the integrated peaks, 58 % was unavoidable background signal and 5 % in-
strument noise. For the two different sample types, we achieved an average
RSD’s below 9 % for a selection of around 100 peaks that represented 99 %
of the total integrated peak area.

Third, we defined a new simplified rule-set to analyse Py-GC/MS data
from lignocellulosic samples. For many applications the only needed infor-
mation is the composition according to the different types of lignin (S-, G-,
H-lignin) and fraction of carbohydrates. We found that the largest peak in
the mass spectra was for 90 % of the peaks unequivocally assignable to one
of the above mentioned compositional groups (Paper VI, Table 1). We wrote
a script that used this feature to determine the composition of hundreds of
samples within seconds. The result of this script compared well with man-
ual peak identification with just minor deviations for lignin (below 1 %) and
still acceptable for carbohydrates (below 5%) (Paper VI, Table 3).

In summary, we developed and validated an analytical method that, to
our knowledge, for the first time combines Py-GC/MS with a highly auto-
mated multivariate curve resolution based data processing pipeline. Method
validation using authentic test samples demonstrated an excellent overall re-
producibility, indicated by average RSD values around 10 % for close to 100
peaks analyzed in ten technical replicates. The Py-GC/MS method is ap-
plied frequently both in research (forensics, art object analysis) and industry
(pulp and paper, paint and coating, rubber tires, plastic recycling). To the
authors knowledge, tedious manual data processing is still commonly used.
Our novel approach to quickly classify peaks of pyrolytic degradation prod-
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ucts according to their highest abundant mass channel in the mass spectra
is particularly of interest for studies on lignocellulose. This method signif-
icantly reduces time from analysis to interpretable results with an accept-
able trade-off in accuracy. It is especially of interest in laboratories where
Py-GC/MS is used by non-chemists as a standard procedure to obtain quan-
titative values on the samples’ lignin composition.

4.2 Data Integration in Screening Projects

In Paper II we demonstrate a novel application of the OPLS-DA method
(Bylesjo et al., 2006) for data mining of combined data-sets with large between-
study variation. Between-study variation is a common but often unavoid-
able problem when complex datasets from large projects that involve par-
allel experiments are to be combined for global data analysis. In our case,
we evaluated a large-scale functional genomics project where 736 transgenic
trees representing 44 genotypes and 174 independent lines were grown to-
gether with 165 wildtype trees in the greenhouse (Paper VI, Tables S1 and
§2). Because of the size of the experiments the trees were grown in four
batches at different times of the year. The Py-GC/MS method developed in
Paper I was used for chemical fingerprinting of wood samples for all trees.
Datasets consisted of tables with one row per analyzed sample and one col-
umn for each integrated peak from the chromatogram. PCA analysis of all
obtained datasets revealed substantial between experiment variation (Paper
II, Figure 2A). This is not surprising since environmental conditions will
unavoidable vary in the greenhouse during different times of the year.

When only few mutant lines are investigated it is common practice to
establish OPLS-DA models for each mutant line and compare them to cor-
responding wildtypes (Bylesjo et al., 2006). But in large screening projects
this approach becomes cumbersome as each model yields several graphs and
metrics to be considered. Here we developed a method where a matrix was
based on consensus profiles for all chemical fingerprints. As consensus pro-
files we chose the predictive loading vectors from OPLS-DA analysis. Be-
cause each transgenic line is compared to a group of wildtype samples, the
predictive loading vector becomes independent of between-study variation,
which is the precondition for global data analysis.

The experiment was designed to contain a large number of control wild-
type trees in each growth batch, whereas the number of replicates per trans-
genic line varied between three to six. Initially, the number of OPLS-DA
components was determined by leave-one-out cross-validation. To ob-
tain class-balanced models, we implemented a second important achieve-
ment: a boot-strapping approach where we calculated the average from 300
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randomly re-sampled class-balanced models, each built using five wildtype
trees. This process also yielded cross validation metrics by using the num-
ber of misclassifications from the 300 re-sampled models. At this stage the
method was validated by comparing the initial PCA analysis of the raw-data
with the PCA analysis of the consensus profile matrix that confirmed the
successful exclusion of between-study variations (Paper II, Figures 2A and
2B).

A third achievement in Paper II is the visualisation of Py-GC/MS data
by hierarchical clustered heatmaps for quick and intuitive interpretation of
the dataset (Paper II, Figure 3). We used ‘“Ward’s clustering’ method to re-
order the heatmap according to similarities of the consensus profiles from
individual transgenic lines. The clustering was validated by PCA analysis
(Paper II, Figures 4A and 4B). It was found that transgenic lines with simi-
lar chemotypes indeed were grouped into the same cluster. Along with the
transgenic lines, the dataset also contained positive controls, i.e. transgen-
ics with already well described chemotypes. These are used to predict the
effect of unknown genes in transgenic lines that clustered with the positive
controls.

In summary, we have demonstrated a novel data normalisation strategy
for large-scale screening studies based on the well-established multivariate
classification method OPLS-DA. Despite an increasing use of —omics plat-
forms in modern research, there are to our knowledge just a few data pro-
cessing strategies that allow the global analysis of such complex datasets.
Also the use of boot-strapping to obtain better comparable OPLS-DA mod-
els is novel in this field, and solves a problem that is inherent in many life
science experiments. Often the number of bio-replicates at the end of an
experiment can not be known in advance, and it is often not feasible to
have the same number of samples for every sample type. In all such cases,
it is a good solution to create class-balanced models by applying the boot-
strapping strategy presented here. To make optimal use of the obtained
global data set, an appropriate method to access the data was established.
Using hierarchical clustered heatmaps for a matrix of Py-GC/MS effect pro-
files is a large simplification for intuitive and quick evaluation of large Py-
GC/MS chemotyping datasets.

4.3 Case Studies

In Paper I and II we developed a Py-GC/MS method for high-throughput
analysis and dealt with issues arising when analyzing large chemotyping
datasets. In the following Papers III-VI, Py-GC/MS was applied along with
many other techniques and experiments to explore gene function in cell wall
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biosynthesis both in aspen and in Arabidopsis. Py-GC/MS served either for
initial quick chemotyping or for quantitation of the various lignin fractions.

4.3.1 Functional Studies of Genes in Primary Carbohydrate Metabolism

Function of Sucrose Synthase in Wood Formation of Aspen In many tree species,
including Populus sp., photosynthate is transported as sucrose from pho-
tosynthetically active leaves through the phloem to sink tissues (Turgeon,
1996). Most of the biomass in a tree is laid down as wood in the stem and the
wood forming tissues are therefore the trees’ most important carbon sink
(Pregitzer and Euskirchen, 2004; Bonan, 2008). Two classes of enzymes
that catalyze sucrose hydrolysis are invertases (INV) and sucrose synthases
(SUS) (Sturm and Tang, 1999). Invertases are a group of S-fructosidases
that hydrolyze sucrose irreversibly. Sucrose hydrolysis catalyzed by SUS
is reversible and yields UDP-Glc and fructose. Despite a large number of
studies in many different species, the relative importance for these two en-
zymes in sucrose hydrolysis is unclear (Zrenner et al., 1995; Nguyen et al.,
1997; Ruan et al., 2003; Chourey et al., 1998; Barratt et al., 2009; Baroja-
Fernandez et al., 2011).

About 40 % of wood is composed of cellulose. A concept initially based
on immuno co-localisation of CesA and SUS by Amor et al. (1995), pro-
posed that SUS associated with the cellulose biosynthetic machinery at the
plasmamembrane for efficient provision of UDP-Glc (Haigler et al., 2001).
While conclusive experimental evidence for the direct interaction of SUS
and CesAs is still missing, a recent study showed that an Arabidopsis sus1
sus2sus3sus4 quadruple mutant grew normally and had indifferent propor-
tion of cellulose in the stem tissues (Barratt et al., 2009).

In Paper III we addressed the role of SUS in wood-forming tissue by
generating transgenic aspen trees that had downregulated levels of SUS?
and SUS2, the major SUS isoforms in developing wood (Paper III, Figure
S1). The almost complete downregulation of SUSI and 2 in three trans-
genic lines resulted in a much reduced SUS activity (Paper III, Figures 1 and
7). Despite this, the trees developed and grew almost like the wild type con-
trols (Paper III, Table 1), and no difference in wood anatomy was observed
under the light microscope (Paper III, Table 4). To further investigate any
role of SUS in wood formation, we conducted a more in-depth analysis of
the wood chemistry and ultrastructure in the transgenic lines. Initially, we
applied Py-GC/MS combined with class-separation analysis by OPLS-DA
for wood chemotyping. The samples from all three lines clearly separated
in a two class model (Paper III, Figure 2). By peak integration of the Py-
GC/MS data, we found an increase in the S/G ratio and a trend suggesting
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reduction of the carbohydrate fraction in the transgenic lines compared to
wildtype control trees (Paper III, Table 2). Cell-specific chemotyping with
FTIR micro-spectroscopy (Gorzsas et al., 2011) confirmed this difference,
and also showed that all cell types in the wood were chemically modified
in a similar way (Paper III, Figure S2). However, quantification of cellulose,
hemicelluloses and lignin fractions by wet chemical analysis showed that
their relative abundance was, by large, not altered (Paper III, Figure 4A).

A major modification was however found in a reduced bulk density and
large differences in mechanical properties of the wood (Tables 3 and 4). Sur-
prisingly, the decrease in wood density could not be readily explained in
a difference of the fiber to vessel ratio or a reduced fiber cell wall area in
the wet sample. These data suggested that the density of the cell wall per
se was decreased, meaning that the wall ultrastructure was more porous.
Indeed, much thinner cell walls were observed by electron microscopy in
dehydrated sections, suggesting a higher degree of collapse after dehydra-
tion, and therefore supporting this idea (Paper III, Figure 5). The density
data also allowed us to estimate the amount of wood polymers per volume
of wood (Paper III, Figure 4B). Hence reduced SUS activity caused an over-
all reduction of carbon flow to all wood polymers, and not specifically to
cellulose.

Our study demonstrates the limitations of the common practice to nor-
malise chemical analysis results of the cell walls against dry-weight. Without
further analysis of wood density, we would have concluded that SUS did not
have any major effect on the biosynthesis of cell wall polymers, as was the
case with the Arabidopsis quadruple mutant. In fact we also demonstrated
with Py-GC/MS and OPLS-DA, that these Arabidopsis mutants indeed were
severely affected in their cell wall, which further proofs the strength and
sensitivity of Py-GC/MS chemotyping. When browsing the recent litera-
ture on the function of cell wall biosynthesis genes, there are few studies
where density has been assessed. This means that whenever a difference in
polymer composition is found it can not be concluded which polymer is
primarily affected, and which was affected just as a result of the percent-
age normalisation. However, in cases where gene function is known, an
educated guess can be done. Despite this, there are examples of data inter-
pretation where a reduction of for example lignin was also interpreted as an
increase in cellulose without any further investigations of density to make
sure that this was not just an effect of normalisation (Hu et al., 1999).

The novel finding in this study is that SUS is important for carbon flux
to all wood polymers, and does not seem to have an exclusive role in provid-
ing UDP-Glc for cellulose biosynthesis. It is interesting to note that despite
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the almost absent activity of SUS, most of the cellulose was still produced.
This strongly suggests that INVs have an important function in sucrose
metabolism in wood forming tissues. We also demonstrate on the require-
ment for wood density measurement to fully understand the effect of gene
modification on cell wall polymer biosynthesis.

Function of Fructokinase in Wood Formation of Aspen  Sucrose is delivered from
its transport in the phloem to the wood forming tissues, where it is hydrol-
ysed by INV or SUS to enter primary carbon metabolism for biosynthesis
of cell wall polymers (Sturm and Tang, 1999). In both cases, fructose is
formed, which has to be phosphorylated by either a fructo- (FRK) or hex-
okinase (HXK) in order to be further metabolised (Sharples and Fry, 2007).
The affinity of FRKSs to fructose is about three orders of magnitudes higher
than for HXKs (Renz and Stitt, 1993; Granot, 2007). This positions FRKs as
a potentially very important enzyme in sucrose metabolism in wood form-
1ng tissues.

There is limited knowledge on the role of FRK in carbon metabolism
to cell wall polymers in wood. In Paper IV we addressed this question by
downregulating FRK2A and FRK2B, which were found to be the by far most
important FRK isoforms in wood forming tissues (Paper IV, Figure §2). A
single RNAI construct resulted in strong downregulation of both genes in
three transgenic lines and reduced FRK transcript to 4-9 % in developing
wood (Paper IV, Figure 1 and Table S6). The transgenic greenhouse grown
lines showed only minor growth phenotype in comparison to the wildtype
controls (Paper 1V, Table 1).

An initial analysis of the transgenic lines with Py-GC/MS and OPLS-
DA data analysis identified a characteristic chemotype in all transgenic lines
(Data not shown). Compositional analysis by integration and summation
of Py-GC/MS peaks showed an increase in the lignin S/G ratio as well
as a moderate decrease in the carbohydrate to lignin ratio (Paper IV, Ta-
ble 2). To obtain more detailed information on the amount of individual
cell wall polymers, we conducted solution state 2D *C-'H HSQC NMR,
wet-chemical cellulose determination by Updegraff (Updegraff, 1969) and
monosaccharide analysis of extractive-free wood hydrolysates by HPAEC-
PAD (Perry and Currie, 2006). NMR confirmed the decrease in cellulose
fraction which was quantified wet chemically to be about 20 % in all lines
(Paper 1V, Figures 2 and 3). The main finding from monosaccharide analy-
sis was a decrease in glucose, which was interpreted as reduction of non-
crystalline cellulose as also the total amount of cellulose was reduced (Paper
1V, Table §1). FTIR micro-spectroscopy (Gorzsas et al., 2011) showed that
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the modification in chemotype took place both in fibers and vessels (Pa-
per 1V, Figure §4). Wood anatomical features were evaluated by light- and
electron microscopy. This showed significantly thinner cell walls in the
transgenic lines, but generally unaffected anatomy (Paper IV, Figure 4, Table
3).

By using LC-MS/MS and robotic enzyme assays we assessed the general
status of the carbohydrate metabolism in the wood forming tissue (Gibon
et al., 2004, 2002; Lunn et al., 2006). Whereas sucrose, glucose, and fructose
levels were increased, the assayed hexose phosphates were all reduced (Paper
1V Figure 6). These results confirm the important role of FRKs in carbon
fluxes to the different wood polymers. Further metabolic data and micro-
array transcript profiling showed no signs of pleiotropic effects that would
weaken the presented interpretation of our data (Paper IV, Figure S5 and
Tables $3, §4 and S5).

Taken together, we presented novel data on the role of FRK in wood
forming tissue. In-depth analysis of the cell wall chemistry and ultrastruc-
ture suggests FRK as an important enzyme for carbon partitioning to the
cell wall in general and to cellulose biosynthesis in particular.

4.3.2 Functional Genomics of Genes involved in Lignin Biosynthesis

Function of Cinnamate 4—Hydroxylase for lignification, wood structure and wood me-
chanics in aspen The lignin pathway has been extensively studied and is
rather well understood (Vanholme et al., 2008). Cinnamate 4-Hydroxylase
(C4H) is an enzyme in the early lignin pathway, that hydroxylates cinnamic-
acid to p-coumaric-acid (Boerjan et al., 2003). Functional analysis of C4H
has previously been conducted in Arabidopsis, tobacco and alfalfa xylem. It
was consistently found that a reduction in C4H resulted in reduced lignin
content and in most cases altered lignin composition (Sewalt et al., 1997;
Blee et al., 2001; Shadle et al., 2007; Schilmiller et al., 2009)

In paper V we evaluated the role of C4H for the first time during wood
formation in a tree (aspen). Two independent transgenic lines with about
80 % reduction of C4H expression were identified and the wood in the
transgenic lines was characterised for chemical, mechanical and ultrastruc-
tural properties.

In the greenhouse the transgenic lines showed a slight reduction in height
growth, but plant development and wood anatomy was similar to wildtype
control trees. Wet chemical procedures revealed a severe reduction of Kla-
son lignin, from 22 % to 15 %, with corresponding increase in cellulose due
to weight normalisation (Ona et al., 1995)(Paper V, Table 1). Py-GC/MS
analysis and FTIR spectroscopy confirmed the severe reduction of lignin
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(Paper 'V, Table 1). The lignin S/G ratio, determined by Py-GC/MS, was
not affected.

To assess the ultrastructural consequences of such a severe reduction
of a major wood constituent, we first measured the bulk density of the
transgenic trees, which was reduced by 10 % (Paper V, Figure 1). This was
supported by AFM measurements, which showed a looser arrangement of
hemicelluloses/lignin lamellas, eventually swollen and hydrated due to the
low abundance of hydrophobic lignin (Paper V, Figures 2 and Table 2). Cel-
lulose MFA and crystallinity, the most determining parameters for the me-
chanical properties of wood, were measured by X-ray diffraction and were
not found to be affected (Paper V, Figure 1).

To investigate the influence of the modified ultrastructure on the me-
chanical properties of the wood, we conducted a number of static and dy-
namic micro-mechanical tests. From theory, a reduction in wood density
should result in a decrease of stiffness (Kohler and Spatz, 2002). Measure-
ments by static tensile testing showed that this was indeed the case (Paper
V, Figures 1 and 3). However the ultimate tensile strength was not affected
(Paper V, Figure 1). This is inline with the textbook knowledge, stating that
cellulose microfibrils are the by far most important load bearing molecules
in uni-axial tensile strength tests (Salmén and Burgert, 2008). However, it
still seems surprising that a relative reduction of as much as 30 % in the
lignin polymer did not result in more significant changes in strength param-
eters. Dynamic mechanical testing under varied humidity and temperature
environment did not reveal any change in the glass transition temperature
of the wood polymer (Paper V, Figures 4,5,6 and 8).

In summary, this was the first time that C4H was functionally analysed
in a tree species, which facilitated novel findings on the effect of lignin re-
duction on wood structure and wood mechanics. We demonstrate that a
strong reduction of lignin amount reduces wood density, which is the most
likely cause of the concomitant reduction in stiffness. The most surprising
result of our study was however that the ultimate tensile strength of the
transgenic wood was not affected despite the severe reduction in lignin.

Functional Analysis of the Transcription Factor MYB103 in Arabidopsis Secondary
cell wall biosynthesis has been shown to be regulated by a transcriptional
network (Cafio Delgado et al., 2010). According to current understanding,
there are ‘master switches’ for secondary wall formation that are specific
for fibers and vessels. These ‘master switches’ in turn control a network of
common downstream transcriptional regulators, and eventually the biosyn-
thetic genes for cellulose, hemicelluloses and lignin. In the case of the lignin
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biosynthetic pathway, several MYB transcription factors are suggested to be
key regulators (Zhao and Dixon, 2011)

In Paper VI, we investigated the cell wall chemistry of two MYB103 null
mutant alleles. MYB103 was initially identified by Zhong et al. (2008) and
shown by several authors to be a direct target of the fiber and vessel mas-
ter switches (Yamaguchi et al., 2008; Nakano et al., 2010; Yamaguchi et al.,
2010). Because MYB103 was found to activate CesA8 in a protoplast trans-
activation assay, it was speculated to have a role in regulation of cellulose
biosynthesis (Zhong et al., 2008).

We identified two T-DNA null alleles for MYB103 that initially were
evaluated by Py-GC/MS. Peak integration for compositional analysis re-
vealed that a lack of MYB103 resulted in up to 75 % reduction in S-type
lignin. G-type lignin was increased, leaving the total proportion of lignin
by large unaffected (Paper VI, Table 1). Further in-depth chemical cell wall
characterisation included solution state 2D *C-!H HSQC NMR on sol-
ubilised whole cell wall material, Klason lignin, Updegraff cellulose and
monosaccharide composition by HPAEC-PAD. NMR analysis supported
the Py-GC/MS data, showing severely reduced S- and increased G-type
lignin, but also minor reductions in the proportion of cellulose and glu-
comannan and a minor increase in xylans (Paper VI, Figure 4). Equally,
wet chemical analysis also showed a trend (non significant) for a decrease
in the proportion of cellulose in 7yb103 mutants, whereas Klason lignin
was the same as for wildtype (Paper VI, Table 1). A difference in hemicel-
luloses between myb103 mutants and wildtype plants was also indicated in
the HPAEC-PAD data (Paper VI, Table 2).

In Arabidopsis interfascicular fibers, xylem fibers and vessels all form lig-
nified secondary cell walls (Chaffey et al., 2002). FTIR micro-spectroscopy
with OPLS-DA data analysis (Gorzsas et al., 2011) revealed that all these
types had different chemotypes (Paper VI, Figure 5). We confirmed the en-
richment in S-type lignin in interfascicular fibers, earlier shown by Miule
staining (Zhong et al., 2008), but also demonstrated in differences in the car-
bohydrate matrix of the cell wall. The effect of myb103 mutation on S-type
lignin could be observed in all cell types indicating a general function of this
transcription factor (Paper VI, Figure 5).

We tried to identify potential downstream interactors of MYB103 in or-
der to better understand the function of this transcription factor. We found
that the transcript levels of F5H, the enzyme that branches into the synapyl
alcohol synthesis, were significantly reduced in 7yb103 mutants (Paper VI,
Figure 7). We further demonstrated that the effect of oligolignols were sim-
ilar in a F5H mutant and in myb103 mutants (Paper VI, Figure 8). Together,
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these data strongly indicate that MYB103 is required for F5H expression,
hence S-lignin biosynthesis. However, a protoplast transactivation assay
did not show any interaction between MYB103 and the promoter of F5H
(Paper VI, Table 4).

Transcript profiling of myb103 mutants revealed a number of transcrip-
tion factors that were significantly downregulated in both mutant alleles
(Paper VI, Table 3). We hypothesised that the effect of MYB103 on F5H ex-
pression was mediated through any of these transcription factors. However,
none of the tested TFs could activate the F5H promoter in our protoplast
system. Thus, we have no simple explanation for the molecular mechanism
connecting MYB103 with F5H expression.

The novel finding in this study is a first clue on the molecular regu-
lation of ‘S-type’ lignin formation in lignocellulose. Although an earlier
study claims that the master regulator SND1 directly binds and regulates
F5H (Zhao et al., 2010) we demonstrate that this is an effect of using the
Arabidopsis gene and the Medicago promoter in the transactivation study.
Thus, at present MYB103 is a main candidate for transcriptional regulation
of F5H, but our data suggest that this regulation also involves other players.

5 Conclusions and Future Perspectives

5.1 Concluding Remarks

An automated data processing pipeline for Py-GC/MS data allowed the pro-
cessing of a large number of complex chromatograms in a short time. This
opened a whole new range of applications for this technique that is com-
plementary to direct pyrolysis and spectroscopic techniques such as FTIR
and NIR. While spectroscopic techniques yield information about chemical
bonding characteristics in a sample, mass-spectrometry results in identifi-
cation and quantitation of molecules. Both types of data can easily be used
as chemical fingerprints, but the chemical interpretation differs widely. Py-
GC/MS data allows a very direct and uncomplicated interpretation of the
lignin fraction in lignocellulosic samples. Combined with the possibility
for high sample throughput, this allows for replacing tedious wet-chemical
methods such as the ‘Klason lignin’ or ‘thioacidolysis’ procedure. It can
also be applied on small sample amounts. Compared to direct Py-MS tech-
niques, the chromatographic separation resulting in higher sensitivity of
Py-GC/MS allows for detection of minute differences between, for exam-
ple, transgenic plants.

We used transgenic plants to study both structure and biosynthesis of
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the plant cell wall. Transgene modifications can result in structural cell
wall features beyond the natural variation for a species. Thus, transgenic
material is useful for testing hypothesis about function of specific cell wall
polymers and wood structures and about the control of cell wall biosyn-
thesis. For this purpose a range of techniques was applied that included
both chemical analysis and mechanical testing, assessment of bulk proper-
ties as well as assessment of detailed anatomical parameters to have a broader
understanding of the plant cell wall. Our findings showed that the use of
several, sometimes overlapping, experiments is very valuable to build and
verify more detailed models about the cell wall structure and the role of
each individual polymer.

5.2 Future Perspectives

To reach the goal of tailor-made raw material from forest production sys-
tems using biotechnology tools, it is not sufficient to understand the bio-
synthetic pathways and the molecular biology of wood formation. To de-
velop transgenic approaches that successfully target and modify specific prop-
erties of interest for wood processing and the final product will also require
an understanding of the chemical network of wood polymers and the result-
ing ultrastructure. This in turn requires that a large range of wood proper-
ties can be measured.

In particular the interaction of the different wall polymers and the re-
sulting bulk properties are still poorly understood. Cell wall material den-
sity is one of them. In transgenic trees, downregulated in genes functional in
either lignin biosynthesis or primary carbon metabolism, bulk density was
reduced. In SUS and C4H mutant lines, we found that this was to a certain
extent also due to looser or more porous cell wall material. While this seems
logic in the case of reduced lignin, it is more intriguing in the case of the SUS
transgenics where the abundance of all polymers was reduced. These find-
ings are very encouraging for biotechnological applications: There seems to
be a substantial range of cell wall modifications possible while maintaining
the structural integrity of the wall.

To further explore the range and possible targets of cell wall modifi-
cations, novel approaches and methodologies in cell wall analysis will be
needed, that in combination with traditional tools will increase the resolu-
tion of our knowledge of the plant cell wall. A special focus should be put
on computational modelling to integrate and connect various data-sets nu-
merically. In terms of current analytical developments it seems that the re-
cent generous funding of renewable biomass research has created a surge in
the availability of cutting edge tools to the laboratories in this field. Hence,
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there has recently been an impressive number of cell wall analysis related
methods published that will produce novel information. A general trend in
bio-analytical chemistry is the increasing spatial resolution of many analyt-
ical methods. This should also benefit cell wall research as many structural
details need to be assessed at sub-micron resolution. For example, highly
resolved x-ray micro-tomography could become instrumental to quickly
obtain a numerical evaluation of wood anatomy. It can also be expected
that imaging mass-spectrometry techniques will be used more readily in
cell wall analysis to obtain detailed chemical maps of specific morphologi-
cal regions of the cell wall.
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