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Abstract 

Andersson Gunner¬s, S. 2005. Wood formation and transcript analysis with focus on tension 
wood and ethylene biology. Doctorôs dissertation,
ISSN 1652-6880, ISBN 91-576-7014-5

New molecular tools were used to study wood formation in hybrid aspen (Populus tremula L. 
x tremuloides Michx.), with a focus on tension wood (TW) formation. TW is a gravitational 
response, and forms on the upper side of the stem to maintain an optimal position. TW 
formation is associated with an increased growth rate, modiýed ýber cell walls with low 
lignin, and high cellulose content. 
The plant hormone ethylene is induced during TW formation, but mechanisms regulating 
its level in wood forming tissues, and its exact function in wood development, are not 
well known. Several ethylene related transcripts were found in expression sequence 
tags (EST) libraries from wood forming tissues. A 1-aminocyclopropane-1-carboxylate 
oxidase (ACO) was cloned, observed to be expressed in developing xylem, and highly up-
regulated exclusively in (upper side) TW forming tissues. Simultaneously, the precursor 
of ethylene, ACC, accumulated in opposite (lower) wood. This ýnding demonstrated 
that ACO expression, rather than ACC availability, regulated ethylene production in this 
system. Further, an ACC deaminase (ACD) that metabolizes ACC was identiýed from EST 
libraries. Previously thought to be speciýc to microorganisms, this is the ýrst report of an 
ACD endogenous to plants. The poplar ACD was mainly expressed in the cambial zone and 
phloem, complementing the expression of ACO in the xylem, which suggests that ethylene 
synthesis within the stem is tightly controlled. 

A poplar microarray was used to study gene regulation in TW. The analysis was focused 
on genes related to the þux of carbohydrates to cell wall components, plant hormones and a 
group of highly up-regulated fasciclin-like arabinogalactan proteins. The study demonstrates 
several genes important for the þux of carbohydrates from lignin and hemicelluloses towards 
cellulose production.  

Microarray analysis was also used to study the effect of gene expression in transgenic 
trees down-regulated in lignin biosynthesis genes, either the enzyme caffeic acid O-methyl 
transferase or cinnamyl alcohol dehydrogenase (CAD). Interestingly, several of the genes 
uniquely affected by CAD down-regulation where related the plant clock function. This 
ýnding appears to be caused by a secondary event, due to the red coloration of the xylem 
observed in the transgenic lines.

Keywords: populus, wood formation, tension wood, ethylene, ACC, lignin, CAZY, fasciclin-
like arabinogalactan proteins, microarray
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Introduction

Trees provide us with wood, a natural and renewable resource used for a diversity 
of products; e.g. building materials for house construction, furniture, energy, pulp 
and papermaking and even for clothes. With a growing human population the 
demand for wood and woody products is constantly increasing, and large areas of 
natural forests have therefore been exploited. Much recent research on forest trees 
is focused on improving not only wood biomass production, but also the properties 
of wood and wood ýbers and new techniques in biology have provided us with 
research tools to accelerate tree breeding (reviewed by Campbell et al., 2003). To 
a large extent, future forestry is likely to rely on plantations with highly productive 
trees grown for speciýc purposes. Such plantations would allow for larger areas to 
be kept as natural forests.

Wood anatomy and its physical development are well described (e.g Savidge, 
2000; Mellerowicz et al., 2001; Ye, 2002), but still much research remains in order 
to elucidate the molecular regulation of wood formation. One of the ýrst initiatives 
to study molecular regulation of wood formation in a global perspective was done 
by Sterky and co-workers (1998), who produced over 5,000 expressed sequence 
tags (ESTs) from a complementary DNA (cDNA) library made from wood forming 
tissues (cambial region) of hybrid aspen (Populus tremula L. x Populus tremuloides 
Michx.). Nearly half of the sequences either showed no similarity to existing 
sequences available in public databases or represented genes of unknown function. 
Hertzberg and co-workers (2001) used a unigene set from this EST library to 
produce a microarray with nearly 3,000 ESTs. By combining micro-dissection with 
polymerase chain reaction (PCR) ampliýcation, gene expression across the wood 
forming tissues was visualized. This study revealed, for example, genes speciýcally 
expressed during secondary wall formation and ligniýcation, two important steps 
in the wood forming machinery. Schrader and co-workers (2004) elaborated on this 
approach further using a 13 K poplar array (Andersson et al., 2004), demonstrating 
gene expression across the cambial meristem regulated according to a developmental 
gradient. To date, more than 100.000 EST have been sequenced from P. tremula 
x P. tremuloides and P. trichocarpa T.&G. (Sterky et al., 2004), and recently 
the poplar genome (P. trichocarpa) was fully sequenced by the Joint Genome 
Institute, US Department of Energy (http://www.jgi.doe.gov/). These efforts have 
established poplar as an important model system for molecular tree biology and 
biotechnology (Bradshaw et al., 2000; Brunner et al., 2004). The softwood species 
Loblolly pine (Pinus taeda L.) has been exploited by a similar global effort (http:
//pine.ccgb.umn.edu/), including EST sequencing of wood related libraries and 
production of microarrays (Allona et al., 1998; Whetten et al., 2001). There are also 
other wood related EST databases made from several other tree species like cider 
tree (Eucalyptus gunnii Hook) (Paux et al., 2004) and maritime pine (Pinus pinaster 
Ait.) (http://www.pierroton.inra.fr/Lignome/Posters/lignomeforet.jpg).

Although EST sequencing and array experiments result in enormous amounts of 
data, transcript abundance does not give the complete story of molecular events in 
the experimental tissue(s). Ideally, transcript data should be combined with protein 
and metabolite information, because regulation also occurs post-transcriptionally. 
Global studies of proteins and metabolites in wood forming tissues are still in 
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its infancy and only few examples in the literature are available. For example, 
Mijnsbrugge and co-workers (2000) compared protein patterns between bark and 
wood tissues from aspen, and Morris and co-workers (2003) performed metabolic 
proýling on differentiating xylem tissue of loblolly pine. Much research in this ýeld 
is in progress and these techniques are likely to be used on a more regular basis in 
the near future.

The information on gene expression in public databases is a valuable source 
that can be used for comprehensive functional genomics approaches to identify 
key components in the process of wood formation. In this thesis, I have explored 
information emerging from the Swedish poplar-sequencing project (http://
www.populus.db.umu.se/). In the ýrst library sequenced from wood forming tissues 
(Sterky et al., 1998) several ethylene related genes were identiýed. In particular the 
roles of an ACC oxidase and an ACC deaminase were investigated. I have also used 
microarray technology to study gene expression during tension wood formation and 
in transgenic poplars with modiýed lignin.

Background

Wood formation

The lateral meristem of a tree, the vascular cambium, is responsible for the 
production of wood. The outer side of the vascular cambium (bark side) forms 
phloem, which is responsible for the transport of photosynthates from source to 
sink tissues. Towards the inner side the cambium forms xylem (wood). The wood 
provides support to the stem and is responsible for upward transport of water and 
nutrients from the root system. Wood formation is a highly organized process 
(Fig. 1) where the xylem mother cells ýrst divide, then differentiate through the 
phases of radial expansion and elongation, secondary wall deposition, ligniýcation 
and eventually the cellôs protoplast is hydrolyzed and broken down. Recent 
understanding of wood development has been reviewed by e.g. Mellerowicz and 
co-workers (2001) and Plomion and co-workers (2001) and based on their reviews 
I will brieþy describe this process.

In angiosperm trees like poplar, wood is composed of vessel elements, ýbers and 
parenchyma cells. These cell types have different function and originate from two 
types of initials in the cambial meristem: 1) the fusiform initials giving rise to the 
axial wood elements, such as vessel elements, ýbers and axial parenchyma cells, 
and 2) the ray initials giving rise to horizontally oriented ray cells. Fiber cells are 
the most abundant cell type and serve mainly to provide mechanical support. Vessel 
elements mature faster then ýbers and are responsible for water transport. The 
secondary wall of vessel elements is thinner and the cell diameter wider than that of 
ýbers. Horizontally aligned ray cells also form a secondary wall, but stay alive for 
several years. Their function is to store nutrients like starch and for its transport to 
and from the phloem. The proportion of the different cell types varies between tree 
species. For example, Panshin and De Zeeuw (1980) reported poplar wood to be 
composed of 53-55 % ýbers, 33 % vessels and 12-15 % ray cells.
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Figure 1. Schematic overview and terminology of the cambial region in Populus (from 
J.Schrader, thesis 2003)

Variations in wood

The structure and composition of wood is highly variable within a stem. This 
variation is due to both intrinsic and environmental factors. Examples of intrinsic 
wood variation are the formation of juvenile/mature wood and heartwood formation. 
Juvenile wood is normally formed during the ýrst 10-15 years of cambial activity 
from inception and is in general characterized by shorter ýbers with greater micro 
ýbril (MF) angles as compared to mature wood (reviewed by Parresol and Cao, 
1998). Heartwood is formed in the central core of the stem after a period of time that 
varies depending on species. Heartwood accumulates extractives, does not conduct 
water and contains only dead cells (reviewed by Panshin and De Zeeuw, 1980).

Examples of environmentally induced wood variations are earlywood/latewood 
and reaction wood. Earlywood/latewood are typical characteristics in trees growing 
in temperate regions and results in annual rings. Earlywood is associated with fast 
early seasonal growth and has xylem cells with large lumen and relatively thin 
secondary walls. Latewood cells form later in the growing season and have cells 
with narrow lumina and thicker cell walls. Annual ring formation is more or less 
species dependent. Poplar is a diffuse-porous tree, with an even distribution of 
vessels and less pronounced seasonal variation within an annual ring. However, 
increase in xylem cell length and altered lignin composition has been reported in 
latewood (Liese and Ammer 1958; Takabe et al., 1992), beside the characteristic 
cell wall morphology. Formation of reaction wood enables stems and branches 
undergoing secondary development to grow in more favorable directions. This 
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response results in a drastic developmental switch, with changes in several aspects 
of the wood produced e.g. altered growth rate and cell wall composition. 

Clearly, there are large variations of wood properties within a tree stem that will 
affect its use as a raw material. Because wood is mainly composed of cell walls, 
their biosynthesis is an important aspect in understanding the molecular control 
underlying wood properties and wood variations.

The cell wall

Plant cells deposit a primary cell wall. Major components of the primary wall are 
pectins, cellulose and hemicelluloses. Xylem cells eventually develop a secondary 
cell wall, which is deposited between the plasma membrane and the primary cell 
wall after cell expansion is complete. Major components of the secondary cell 
wall are cellulose, hemicelluloses and lignin. There are major differences in the 
composition and properties of the primary and secondary cell walls. Pectins and 
xyloglucan are only deposited into the primary wall although a recent study reported 
that the majority of xyloglucan is deposited when the secondary wall is already 
partially formed (Borquin et al, 2002). The organization of cellulose also differs 
between the primary and secondary walls. Several long (1-4) }-D-glucan chains 
of paracrystalline cellulose are linked together by many hydrogen bonds to form 
MFs that in the primary wall are randomly oriented tending to the longitudinal axis 
whereas MFs in the secondary wall lie parallel to each other in a helicoidal pattern 
(Fig. 2A). The MF angle in the cell wall contributes signiýcantly to its properties. In 
the secondary wall the MF angle differs across the wall and results in the formation 
of two to three distinct layers termed, S1, S2 and S3 (Timell, 1986). In the S1 the 
MFs are usually almost transverse to the cell axis, whereas the thickest layer S2, 
has more longitudinally arranged MFs. In the S3 layer, the MFs have again a more 
transverse angle (Fig. 2A). 

                      A                                           B      

Figure 2. Three-dimensional structure of a Populus wood ýber (inspired from Plomion et 
al 2001). The cell wall is divided into different layers, each layer having its own particular 
arrangement of cellulose MFs, which determine the mechanical and physical properties of the 
wood in that cell. These MFs may be aligned irregularly (as in the primary cell wall), or in a 
particular angle to the cell axis (as in layer S1, S2, and S3). A, Normal wood ýber. B, G-ýber: 
part of S2 and S3 is replaced by the thick gelatinous G-layer.

The cell wall also contains structural proteins such as glycine-rich proteins, proline 
rich proteins, arabinogalactan proteins, and hydroxyproline-rich glycoproteins (or 
extensins) that are mainly cross-linked with wall carbohydrates (Brett and Waldron, 
1996). The group of arabinogalactan proteins (AGPs) may also have a function in 
growth and development. This idea is supported by the ýnding that some AGPs 
are anchored to the plasmalemma by a glycosylphosphatidylinositol (GPI)-anchors 


