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Abstract

Wood is widely used for various purposes, e.g. for pulp and paper, construction material and heating.
Thus it is surprising that the cellular and molecular regulation of wood formation remains poorly
characterised. This study therefore addresses the process of wood formation in order to elucidate
factors controlling this process at the molecular level. Two different approaches were taken, using
novel technologies that have become available in recent years.

First, a new group of homeobox transcription factors were identified, denoted the PALE class due to
a five amino acid insertion between helix1 and helix 2 in the homeodomain. All identified members
of this class in hybrid aspen have an expression pattern suggesting a role in wood formation. This
group of transcription factors were also identified in Arabidopsis thaliana, the model plant for plant
molecular biology. Function of the PALE-class of homeobox genes was investigated using, transgenic
hybrid aspen and transgenic Arabidopsis plants, expressing different PALE class members in sense
and anti-sense direction under the control of the CaMV 35S promotor. Transactivation properties of
the PttHB1 protein was analysed in yeast, and it was demonstrated that a region in PttHB I, which
show homology to the strong transactivation domain of VP16, can function as an activator of tran-
scription in yeast.

In the second approach, an EST sequencing project was initiated where 4809 EST’s, originating from
the cambial region of hybrid aspen, were sequenced. These EST’s corresponded to 2988 genes, based
on cluster analysis. 745 different proteins were identified and annotated (not counting iso-enzymes).
Using these EST’s as a base, a cDNA microarray was constructed representing the 2988 genes. The
microarray was used for detailed transcriptprofiling of the wood-differentiation process, initiating in
the meristematic cambium cells and terminating in mature xylem cells. In order to enable this experi-
ment, a high fidelity target amplification method was developed, which is based on a 3’-prime tagged,
PCR amplification protocol. This method allows transcript profiling with cDNA microarrays using
minute amounts of starting material (~0.1mg of plant tissue). In practical use, two-fold expression
changes observed with this technology is significant with 99% confidence. Using this technology, a
transcriptional roadmap to xylem formation was produced. This data set describes unique, hitherto,
unknown expression patterns for thousands of genes during xylem formation. We also demonstrate
the utility of this expression data as a platform to rapidly perform functional analysis of genes in-
volved in xylem formation, using Arabidopsis thaliana mutant collections.

Key words: Homeobox genes, PALE genes, wood development, transcript profiling, target amplifi-
cation, genomics, EST sequencing.
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Abstract
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Wood is widely used for various purposes, e.g. for pulp and paper, construction material and heating.
Thus it is surprising that the cellular and molecular regulation of wood formation remains poorly
characterised. This study therefore addresses the process of wood formation in order to elucidate
factors controlling this process at the molecular level. Two different approaches were taken, using
novel technologies that have become available in recent years.

First, a new group of homeobox transcription factors were identified, denoted the PALE class due to
a five amino acid insertion between helix1 and helix 2 in the homeodomain. All identified members
of this class in hybrid aspen have an expression pattern suggesting a role in wood formation. This
group of transcription factors were also identified in Arabidopsis thaliana, the model plant for plant
molecular biology. Function of the PALE-class of homeobox genes was investigated using, transgenic
hybrid aspen and transgenic Arabidopsis plants, expressing different PALE class members in sense
and anti-sense direction under the control of the CaMV 35S promotor. Transactivation properties of
the PttHB1 protein was analysed in yeast, and it was demonstrated that a region in PttHB1, which
show homology to the strong transactivation domain of VP16, can function as an activator of tran-
scription in yeast.

In the second approach, an EST sequencing project was initiated where 4809 EST’s, originating from
the cambial region of hybrid aspen, were sequenced. These EST’s corresponded to 2988 genes, based
on cluster analysis. 745 different proteins were identified and annotated (not counting iso-enzymes).
Using these EST’s as a base, a cDNA microarray was constructed representing the 2988 genes. The
microarray was used for detailed transcriptprofiling of the wood-differentiation process, initiating in
the meristematic cambium cells and terminating in mature xylem cells. In order to enable this experi-
ment, a high fidelity target amplification method was developed, which is based on a 3’-prime tagged,
PCR amplification protocol. This method allows transcript profiling with cDNA microarrays using
minute amounts of starting material (~0.1mg of plant tissue). In practical use, two-fold expression
changes observed with this technology is significant with 99% confidence. Using this technology, a
transcriptional roadmap to xylem formation was produced. This data set describes unique, hitherto,
unknown expression patterns for thousands of genes during xylem formation. We also demonstrate
the utility of this expression data as a platform to rapidly perform functional analysis of genes in-
volved in xylem formation, using Arabidopsis thaliana mutant collections.
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Introduction

Wood formation

Xylem formation (xylogenesis) is the process whereby meristematic cells differen-
tiate into xylem cells. The xylem serves as a mechanical support for the stem and
has an essential role in transporting water to all the different plant organs. Along
with the water, mineral nutrients and other substances such as plant hormones are
co-transported. In some species xylogenesis continues even after elongation growth
has ceased, leading to the production of secondary xylem. In woody species this
results in wood. Wood formation is initiated by a secondary meristem, called the
vascular cambium. This meristem originates from the pro-cambium, which in turn
develops from the apical meristem (Esau, 1977; Mauseth, 1988). In woody species,
the cambium occurs as a continuous ring of cells between the xylem and the phloem
throughout the entire length of fully expanded shoots and roots. The cambium is
composed of a few layers of cells, one layer of which is believed to comprise the
cambial initial cells (Larson, 1994). The dividing cells on each side of the initial
cells are called phloem- and xylem- mother cells, respectively. The initials plus the
mother cells collectively comprise the cambium or cambial zone, (Larson, 1994;
Wilson et al., 1966). The characteristic cell files seen in a cross-section of a stem are
the result of cambial cell divisions, in tightly controlled frequency, places and planes,
and the subsequent, regulated expansion and differentiation of various cambial de-
rivatives into tracheary elements, vessels, fibres, parenchyma, and sieve elements
(Mauseth, 1988). The vascular cambium increases the diameter of an axis by periclinal
divisions and its circumference by anticlinal divisions. On the xylem side of the
cambium the entire process, from the first division of a cambial initial to the final
development of the different forms of mature xylem cell types, occurs in a number
of defined phases. Anatomical observations have shown that these phases can be
visualised in several different zones. Closest to the cambium there is a dividing
zone, where the xylem mother cells continue to divide. Immediately inside the di-
viding zone an expansion zone can be distinguished, where the derivative cells ex-
pand in all directions, both radially and longitudinally (forming tracheids and fibre
tracheids) and radially and tangentially (forming vessel elements), to their final sizes.
Next, a maturation zone develops, where secondary cell wall thickening and
lignification of the xylem cells occur. Finally, programmed cell death is initiated,
leading to the termination of all cellular processes (Pennell and Lamb, 1997; Wilson
et al., 1966). The ray cells continue to live and contribute to the chemical structure
of the fibres and vessels (Barnett, 1981; Pickett-Heaps, 1968) through continued
lignification, and in some species in the production of heartwood that occurs several
years later (Magel, 2000).



Ways to study xylem development

Classical work

To gain insight into the developmental regulation of xylogenesis, a number of ap-
proaches have been adopted. Early work focused on anatomical and developmental
description of wood, and the influence of environmental stimuli on the developmen-
tal patterns. This yielded knowledge that still provides a basis for all studies of
xylogenesis (Larson, 1994; Barnett, 1981). Another area that has been extensively
studied is the involvement of phytohormones in xylogenesis and wood formation
(Little and Pharis, 1995). Auxin, cytokinins, abscisic acid, ethylene, gibberellins
and brassinosteroids have all been implicated in the control of xylem formation
(Savidge, 1996; Higuchi, 1997). Auxin, more specifically indole-3-acetic-acid, has
been the most intensively studied and is probably the most important hormone in
xylem formation. According to the canalisation theory auxin is a key regulator of the
initial vascular strand formation and patterning (see Berleth et al., 2000 for a re-
view). Alternative theories have been presented, but in these too Auxin is still per-
ceived as having a role. (Koizumi et al, 2000). Auxin is also required in the regula-
tion of secondary xylem formation, both for maintaining the cambial meristem and
cambial activity, and for the subsequent differentiation process (Little and Pharis,
1995; Sundberg et al 2000). In order to elucidate the function of auxin in xylogenesis,
exogenous applications of the hormone and inhibitors of auxin transport have been
widely used, in conjunction with auxin measurements. In planta overproduction
and down regulation of auxin-levels via transgene technology has also been a useful
approach (Klee et al., 1987; Romano et al., 1991; Sitbon et al., 1992; Tuominen et
al., 1996).

Plant model systems used for studies of xylogenesis

Studies on xylem formation have been conducted in several different experimental
systems, from cell suspension cultures of Zinnia (Fukuda, 1997), in vitro systems
using callus or explants, and intact plants. Today, three different model plant sys-
tems are much used in molecular and genetic studies of xylogenesis. These are
Arabidopsis thaliana, Zinnia and Populus, but other plants are also used (e.g. Pinus
taeda, Pinus radiata, birch, tobacco).

Arabidopsis, the main model system for plant research (Meinke et al., 1998), is a
small plant with a life cycle of just 6-8 weeks under optimal growth conditions.
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This, in combination with its capacity for self-pollination makes it an excellent sys-
tem to use in controlled crosses for purposes such as mutant mapping and genetic
complementation experiments, and for the production of double and triple mutants.
Arabidopsis is also easy to transform, and large collections of mutants are widely
available, produced by both chemical mutagenesis and T-DNA or transposon inser-
tion mutagenesis. Furthermore, Arabidopsis has a relatively small genome, of
125Mbp, for which the almost complete DNA sequence was reported in December
2000 (The Arabidopsis Genome Initiative, 2000). The availability of the genomic
sequence of Arabidopsis gives the opportunity to approach plant biology in new
ways, and in the near future it will probably be possible to monitor the whole
transcriptome of Arabidopsis thaliana using microarrays. Already, cDNA-microarrays
and oligonucleotide-based microarrays containing ~10,000 clones are available (see
Weisman and Ohlrogge, 2000; Zhu and Wang, 2000).

The Zinnia system is based on cultures of Zinnia leaf mesophyll cells that are in-
duced to re-differentiate, by appropriate applications of auxin and cytokinins, into
tracheary elements with an efficiency of up to 80% (Roberts and McCann, 2000).
This system has been used for gene finding and for studying the effects of applying
plant hormones and various other substances (Fukuda, 1997; Roberts and McCann,
2000). One of the advantages of the Zinnia system is that it is possible to synchro-
nise the entire re-differentiation process, enabling easy sampling at specific stages
and the possibility of adding or withdrawing substances quickly and efficiently at
any time during the re-differentiation process.

The third commonly-used model system for xylem differentiation is Populus. Being
a tree, Populus produces large amounts of secondary xylem (wood), in contrast to
Arabidopsis, which only produces secondary xylem under special conditions (Lev-
Yadun, 1994; Regan et al., 1999; Little et al., 2000). Populus is fast growing, it has
a relatively small genome of ~450Mbp, and is easily transformable, enabling re-
verse genetic approaches to be used, such as over-expression and down regulation
of specific genes. Populus spp. are widely used for commercial growth of fibres,
facilitating their use in practical biotechnology. Different Populus species have been
used in a large number of investigations related to xylem formation including stud-
ies on lignification (Baucher et al., 1996; Hu et al., 1999) and the roles of auxin and
gibberellins in xylem formation (Tuominen et al., 1996; Eriksson et al., 2000). The
initiation of a large EST sequencing project in Populus tremula x tremuloides (Sterky
et al., 1998; this thesis) has further strengthened the position of Populus as the model
system of choice for investigating wood formation by identifying a large number of
new genes potentially involved in the process.



Genetic approaches

Two fundamentally different approaches are used to elucidate molecular/ genetic
factors involved in xylem formation. One is forward genetics, where a mutated popu-
lation of individuals is screened for a specific trait, such as a thicker inflorescence
stem. The other approach is reverse genetics, which is used to identify the function
of a gene by introducing specific mutations into it (for example by changing the
promotor) in vitro and re-inserting the mutated gene back into the plant by transgene
technology.

Arabidopsis thaliana is an excellent model system to use in forward genetic experi-
ments to study xylem formation. The most difficult step associated with this ap-
proach is to set up an easy and robust assay that enables a large population of mu-
tated plants to be screened for the phenotype of interest. After a primary mutant has
been found much of the subsequent work involves classical genetics (Foster and
Twell, 1996). During the final stage, in which the phenotype of the mutatant is fully
characterized to elucidate the function of the mutated gene, further transgenic strat-
egies can be exploited. A number of screens for vascular mutants have been per-
formed in Arabidopsis, (reviewed in Roberts and McCann, 2000; Fagard et al., 2000).
These screens have identified mutations in various classes of genes related to
xylogenesis. The irx3 (irregular xylem 3) mutant, for example, has a mutation in a
cellulose synthase gene involved in secondary cell wall synthesis, giving the plant a
collapsed xylem phenotype (Turner and Sommerville, 1997; Taylor et al., 1999).
Another example of such a mutation alters the gene encoding Ferulate-5-hydroxy-
lase (FSH, an enzyme involved in the lignin pathway), thus generating the fahl/sinl
mutant, which has a reduced proportion of syringyl units in its lignin (Meyer et al.,
1996). Mutants have also been identified with mutations in regulatory genes, like
the ifl1 or interfascicular fiberless 1 mutant (Zhong et al., 1997), used to demon-
strate that the /FLI gene encodes a homeodomain (HD) protein (Zhong and Ye,
1999). The IFL1 gene is part of a class of homeobox (HB) genes that encode pro-
teins containing a HD-leucine zipper domain (Ruberti et al., 1991; Schena and Davids,
1992; Zhong and Ye, 1999). IFLI is most similar to genes in the HD-zip 3 sub
group, to which ATHB-8 belongs. ATHB-8 has previously been implicated in vascu-
lar development due to its expression in procambial cells and during early stages of
re-vascularisation after wounding (Baima et al., 1995). Other mutants that were not
initially identified when screening for phenotypes indicative of vascular malfunc-
tion can also sometimes give insights into xylem development. A number of
Arabidopsis mutants have been described, for instance, that are impaired in differ-
ent aspects of auxin transport and auxin perception. Many of these mutants show
pleiotropic phenotypes, and at least six examples (monopteros, bodenlos, pinl, gnom,
lopl and axr6) display vascular abnormalities (see Hardtke et al., 1998; Hamann et
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al., 1999; Galweiler et al., 1998; Mayer et al., 1993; Carland and McHale, 1996 and
Hobbie et al., 2000, respectively). This provides further genetic evidence that auxin
is fundamentally involved in xylem formation. It also shows that previously-de-
scribed mutants should be checked for vascular phenotypes if present knowledge
gives any reason for thinking that the mutated function could be involved in
xylogenesis, as is the case with auxin related mutants.

Homeobox genes
The homeodomain

Homeobox genes encode transcription factors and contain a semi-conserved DNA
region of ~180bp, denoted the homeobox (Biirglin, 1994). The homeobox encodes
the homeodomain (HD) part of these factors, a DNA binding domain with a number
of highly conserved amino acids that are essential for the ordered helix-loop-helix-
turn-helix structure of the HD and its DNA binding properties (Billeter ez al., 1990;
Otting er al., 1990; Gehring et al., 1994).

Homeobox genes are part of a large gene class

Homeobox (HB) genes have been found in all eukaryotic organisms for which large
amounts of DNA sequence data are available. Most likely, they are present in all
eukaryotes. Use of the “Simple Modular Architecture Research Tool”, SMART
(Schultz et al., 2000), to search protein databases (http://smart.embl-heidelberg.de/)
shows that humans and mice contain at least 246 and 217 HD-encoding genes, re-
spectively (these numbers will probably increase until the complete genomes have
been sequenced and analysed). In insects such as Drosophila melanogaster 176 dif-
ferent HD-coding genes can be identified and in the Caenorhabditis elegans 113
HD-coding genes can be found using the SMART tool. In Arabidopsis thaliana 92
HD-coding genes are known to be present and, finally, in the single cell organism
Saccharomyces cerevisiae 10 different HB genes have been found. Thus, multicel-
lular organisms such as plants and animals contain large numbers of homeobox
genes while yeast has only a few. Bacteria do not contain any HD proteins. How-
ever, Arabidopsis has more genes encoding transcription factors than the above-
mentioned animal species (The Arabidopsis genome initiative, 2000) so the class of
HD-coding genes, has expanded relatively less in Arabidopsis than in animal spe-
cies.
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Function of HD transcription factors

In total, 2248 HB genes are present in protein databases, as identified by the SMART-
tool. HD proteins have been shown to be crucial in the control of many, diverse
cellular and developmental processes, such as spatial patterning, positional infor-
mation, cell fate determination and cell differentiation, in virtually all eukaryotic
organisms studied, from yeast to man (Gehring ef al., 1994; Lawrence and Morata
1994; Scott et al, 1989). A large number of HB genes have been studied in plants
(see the Introductions and Discussions of Papers I and V included in this thesis for a
number of examples). Many of these genes have been shown to be involved in de-
velopmental processes at different levels. For example, the SHOOT MERISTEMLESS
(SM) gene plays arole in the formation and maintenance of the shoot apical meristem,
showing that homeobox genes help determine stem cell function (Barton and Poethig,
1993; Endrizzi et al., 1996; Long et al., 1996). Similarly, the GLABRA2 gene has
been shown to control trichome differentiation (Rerie et al., 1994) and the hairless
cell character in the root epidermis (Masucci et al., 1996; Schiefelbein ez al., 1997).
These observations show that some HB genes can be crucial in determining the
identity of single cells.

The role of HB genes (like that of any other gene) can be identified by both reverse
and forward genetics. The putative function of two HB genes involved in xylem
formation, for instance, was elucidated in two different ways. The Arabidopsis gene
IFLI was identified by screening an EMS-mutated Arabidopsis collection for mu-
tants with altered fibre formation through histological analysis of the inflorescence
stem (Zhong et al., 1997). The mutated gene in identified mutants was cloned, using
a positional cloning strategy (Zhong and Ye, 1999). The ifl] mutant totally lacks
inter-fascicular fibres, so the inflorescence stem is unable to stand erect. The muta-
tion also reduces the level of vascularisation in the vascular bundles. The expression
pattern of this gene in the interfascicular regions and in vascular bundles further
supports the hypothesis that /FL! is involved in xylem differentiation. Another HB
gene, the Oshox!1 gene from rice (Meijer et al., 1997), was cloned by homologue
screening of a rice cDNA library with the hetorologous probe HAT4 from Arabidopsis
(Schena and Davids, 1992). Initial reverse genetics experiments in Arabidopsis in-
dicated that it has a role in general growth. In later reverse genetics experiments the
Oshox1 gene was over-expressed in rice and the results (in combination with ex-
pression data from Oshox! promoter-GUS fusions in the same species) indicate that
it is involved in the step that commits cells to a pro-vascular fate (Scarpella et al.,
2000). The IFLI and Oshox1 genes both belong to the plant specific HD-ZIP class
of homeobox genes (see Paper I in this thesis for a short description of the different
homeobox gene classes in plants). If one assumes that phylogenetically related genes
are likely to be functionally related, this indicates that other HD-ZIP genes could be
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involved in vascular differentiation. Indeed, two other HD-ZIP genes have been
proposed to be involved in regulating different stages of xylem formation, namely
ATHB-2 and ATHB-S8 (Steindler et al., 1999; Baima et al., 1995).

Functional genomics

Now that the genome of Arabidopsis has been completely sequenced (The Arabidopsis
Genome Initiative, 2000) and genomic sequencing efforts are underway in other
species such as rice and maize, together with numerous EST sequence projects on
different plant species, new methods can be adopted to investigate plant biology and
gene function. Microarray technology has also recently made it possible to monitor
the expression of thousands of genes simultaneously (extensively reviewed in the
supplement to volume 22 of Nature, 1998). The two kinds of microarray approach
that are currently most commonly used are the Stanford or spotted cDNA, and the
Affymetrix techniques. In the spotted cDNA approach, cDNA clones are spotted in
high density on microscope-type glass slides using a robotic arrayer (Schena et al.,
1995, 1996). With this technique, it is possible to array all 25,000 gene sequences
from Arabidopsis on a single slide. The other method, from Affymetrix, exploits a
technique developed in the electronic industry to synthesise short (20-mers) com-
plementary to the 3’-end of the corresponding mRNA, this method can used to syn-
thesise as many as ~0.7 million oligonucleotides per square cm (Lipshutz et al.,
1998) making it possible to monitor up to 60,000 genes per hybridisation (Affymetrix
uses multiple oligos per gene analysed), these numbers could be increased. Which
of these methods is best with respect to factors like specificity, linear range and and
other analytical parameters is debatable. However, the current method of choice, for
experiments on species that are not main model species (like Arabidopsis), is the
spotted cDNA technique, because it is relatively cheap and simple. There are also
large-scale methods being developed to monitor the proteome and metabolome by
measuring the levels and status of thousands of proteins and metabolites in parallel
(Pandey and Mann, 2000; Fiehn, et al., 2000).

Combining data from transcript profiling experiments with previous knowledge of
the genes and other large data sets, such as those obtained from proteomic and
metabolomic screens as well as data from large scale 2-hybrid screens, will facili-
tate the elucidation of gene function. The proposed function should of course then
be tested using the standard techniques that are currently in use, a key technique
being reverse genetics using transgenic technology (e.g. the production and analysis
of over-, under-, miss- and null- expressers of the gene being considered).
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Present Study

The PALE class of Homeobox genes

Cloning of hybrid aspen PALE genes

In order to gain insight into the molecular regulation of xylogenesis we initially
started to clone genes that were potential regulators of the process, using differential
display (Liang and Pardee, 1992). Different tissues from the cambial region were
compared and tissue-specific bands were cloned (data not shown). However, only
the 3’ ends of the cDNA’s are obtained using this technique, which makes it difficult
to identify possible homologues by searching DNA and protein databases. Thus, the
identity of the cloned differentially expressed genes in most cases remained un-
known. Because of this, it was decided to adopt an alternative strategy.

As homeobox genes are known to be involved in the regulation of many different
processes we decided to clone genes of this class expressed in the cambial region of
Populus tremula x tremuloides (hereafter denoted hybrid aspen). Our strategy was
to investigate the expression pattern of the cloned HB genes and select candidate
genes with an expression pattern indicating a specific role in xylem-formation. A
cDNA library was constructed with mRNA from the cambial region of hybrid aspen
(see Papers I and IT). This cDNA library was used in two ways. In the first approach,
the library was screened with probes specific to HB genes (Paper I), and in the
second the library was used for EST sequencing (see Paper II, and below).

Two different probes were used to screen the cDNA library for HB genes: a PCR-
amplified fragment covering the HD of the Knotted (KN) type of HD and a degen-
erate primer mix complementary to the third helix region of the HB (originally de-
scribed by Biirglin et al., 1989 and later modified by Baima et al., 1995). From the
screen with the KN probe, one KN-like gene was cloned. However, this gene was
predominantly expressed in the bark region of the stem, which doesn’t correlate
with a function in xylem development (data not shown). A screen conducted with
the Helix 3-specific oligo mix, on the other hand, revealed two different homeobox
genes, named PrtHB1 and PttHB2, belonging to a type of homeobox gene that had
not been described previously. We assigned these genes to a new class, designated
“PALE” since they have a five amino acid insertion between Helix 1 and Helix 2 of
the homeodomain (Paper I). Expression pattern analysis revealed that both these
PALE genes had a distinctive and differential expression during the xylem forma-
tion process. The PrtHB1 gene was mainly expressed in the maturation zone, during
which the secondary cell wall is laid down and lignified. PrtHB2 was expressed in
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earlier developmental phases on both sides of the cambium, as well as in the cambium
itself (Paper I). Both of these expression patterns are indicative of a possible role in
xylem/vascular development. The PttHBI gene could be involved in regulating the
developmental switch that changes cells undergoing expansion into cells undergo-
ing secondary cell wall formation. It could also be involved in regulating a specific
process that is induced, or up-regulated, in this zone (e.g. cellulose synthesis). The
PttHB2 gene is expressed in dividing and expanding cells during vascular develop-
ment and might thus be involved in early stages of the process by, for instance,
keeping the cells competent for vascular formation, controlling cell proliferation or
repressing secondary cell wall formation.

Cloning and identification of Arabidopsis PALE genes

In order to investigate whether members of the PALE class of homeobox genes are
present in other organisms, protein databases were regularly searched for the pres-
ence of genes homologous to PrtHB1 and PttHB2. Approximately a year after the
two PrtHB genes were cloned, an Arabidopsis homologue, with high similarity to
PttHB2, not only in the HD region but over the whole protein, was found and named
AtPALE? (Paper V). This sequence was elucidated during the Arabidopsis Genome
Initiative’s (AGI) sequencing of the Arabidopsis genome. An AtPALE2 cDNA cov-
ering the whole coding region was RT-PCR amplified from mRNA isolated from
young bolting Arabidopsis plants. Initial expression analysis of AtPALE?2 revealed
that it was expressed in most tissue types, with the highest expression in hypocotyls
(see Paper V). This expression pattern is consistent with the possibility that AfPALE2,
like P1tHB?2, is expressed in developing vascular tissues. Thus, since they have high
sequence similarity, a close phylogenetic relationship (Paper V), and a possible con-
vergence in expression pattern, AtPALE?2 and PttHB2 may be orthologues to each
other.

A search of available protein databases at the end of the year 2000 (2000-12-01)
revealed a small family of PALE homeobox genes in Arabidopsis consisting of 14
members. At least four of these are expressed, since corresponding EST’s have been
found, indicating that they are real genes (Paper V). Possible redundancy amongst
different members could be anticipated due to high identity between pairs of the
PALE genes. For example AtPALE3 and AtPALE4 display 78% similarity over the
whole protein sequence and 86% identity in the HD.
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Functional analysis of PALE genes

In order to gain information concerning the function of PALE genes, especially with
respect to their possible function in regulating xylem development, a number of
transgenic plants were constructed. In a first set of experiments the PizHBI gene
was ligated into the pPCV702.km binary plant transformation vector (Koncz and
Schell, 1985) in sense and antisense direction and transformed into hybrid aspen
and Arabidopsis (essentially as described in Nilsson et al., 1992 and in Bechtold et
al., 1993). For hybrid aspen, primary transformants had to be used for analysis.
Therefore, in these experiments, wt plants that had been raised from tissue culture
and cultivated in the same way as the transgenics were always included as controls.
In Arabidopsis, independent antibiotic resistant transgenic plants (T1) were selected
and self crossed. Plants from the resulting seeds (T2) were again tested for antibiotic
resistance, and lines showing a Mendelian ~3:1 inheritance ratio of antibiotic resist-
ant to sensitive plants, were identified for further study. Homozygous plants were
isolated in the following generation (T3), by scoring their selfed seeds, and picking
plants that gave an all:0 ratio for antibiotic resistance. Homozygous T4 plants were
then used for phenotypic analyses.

Seven hybrid aspen 35S:PtHBI sense, three 35S:PttHBI antisense plants and two
wt plants were grown in parallel. In an initial analysis, no difference could be de-
tected in growth rate or morphology between these plants and wt. Total RNA was
prepared from each plant and used for northern blot analysis using the PrtHBI cDNA
as a probe (Figure 1). This showed that the several chosen plants over-expressed the
PritHBI gene to differing degrees and that the PrtHBI gene may have been down-
regulated in two anti-sense plants, AS2 and AS4. Four additional PizHBI anti-sense
plants were later produced, but none of them displayed any obvious phenotypic
deviation from wt.

The hybrid aspen plants were sampled at a height of ~1.5m. Samples were taken
from internodes at the top and bottom of the plant for further sectioning. The sec-
tions were stained with toludine blue as a general stain and with phloroglucinol to
stain lignin. This analysis did not reveal any differences between the control and
transgenic hybrid aspen plants. A sample from the basal region of the stem was used
for measuring fibre length and width, as well as cell wall thickness. For this pur-
pose, stem pieces were cut out and macerated using acetic acid and hydrogen perox-
ide for ~4 hours in a boiling water bath (Franklin, 1945). The macerated fibres were
then analysed using a Kajaani FiberLab instrument (Valmet Automation, Finland).
Again, no differences were detected between wt, PitHBI anti-sense and PrtHBI
over-expressers (Figure 2).
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Figure 1

Northern blot analysis of transgenic 35S:PrtHBI sense and anti sense hybrid aspen plants. Probes
used indicated on the right. The 2 PrrHBI sub figures represent different exposures of the same
hybridisation.
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Figure 2

Fiber analysis of wt and 35S:PrtHB/ sense and anti-sense hybrid aspen plants. 3 wild type plants
were poled, 7 sense plants were poled and 3 anti-sense plants were poled in this analysis. I(n)=
average fiber length (x 0.1mm); W= average fiber width (x 10pum); CWT= average Kajaani cell wall
thickness. Error bars indicate standard deviation.
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Arabidopsis PttHB1 over-expressers were analysed by examining several different
features: growth rate, lateral root formation, anatomy of inflorescence stem, toludine
blue and phloroglucinol stained hypocotyls, roots and inflorescence stems. No dif-
ferences were seen in any of these experiments. However, an interesting difference
was observed when germinating and growing the PrtHB1 transgenic Arabidopsis
seedlings in darkness on 1% sucrose + MS + 1% agar plates (Figure 3), where a
stochastic occurrence of a light-grown phenotype was observed in all four lines
analysed. Photomorphogenesis is a complex biological process involving several
distinct developmental stages, transcription factors and regulatory complexes. The
relevance of this observation, if any, is therefore difficult to discern at this stage but
it is definitely worth further study. Based on the Arabidopsis genome sequence, we
know that there are no obvious orthologues to the hybrid aspen PrtHBI gene in
Arabidopsis (Paper V). Interestingly, ATHB-2 (HAT4), which is proposed to be in-
volved in light regulated processes (Steindler et al., 1999), is related to PtitHBI (see
paper I, Figure 2d). However, the phenotypic characteristics observed in experi-
ments in which ATHB-2 transcript levels in transgenic Arabidopsis are altered are
not phenocopied or reversed in the PttHB2 transgenics. Thus, the functional rela-
tionship between the two genes, if any, is not straightforward. However it is still
possible that the PttHB1 protein in the transgenic plants interacts in the same path-
way as ATHB-2 by partially binding to the same cis-elements. Such an interaction
could be of physiological relevance, but could also be an artefact of over-expressing
the PttHB1 protein.

In order to elucidate the function of AtPALE?2, sense 35S:AtPALE?2 and two types of
anti-sense (full length and exon 2) Arabidopsis plants have been produced recently
see paper V. However, analysis of these plants has not yet given any insight into the
function of AtPALE2 (Paper V).

S2 S4 59 S S5hetro wt

Figure 3

Phenotype of 4 different 35S:PrtHB1 homozygot Arabidopsis transgenenic lines. Plants from one
heterozygot parent, for one of the lines, are indicated in the figure. Six seeds of each line were
germinated and grown for 5 days in the dark.
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PttHB1 contains a domain that is homologous to the transactivating domain of VP16
(see Paper I). In order to investigate if this domain could function as a transactivating
domain, serial deletions of the PrtHBI cDNA were fused in frame with the GAL4-
DNA binding domain (Figure 4), in the pAS2 vector (Durfee et al., 1993). These
constructs were introduced into yeast strain Y190, which carries a lacZ reporter
gene under the control of a yeast minimal promoter behind four copies of the DNA
binding site for GAL4. Colonies with the different constructions were grown on
Hybond-N membranes placed on synthetic solidified growth media. After three days
of growth, the colonies were stained with x-gal (Durfee et al., 1993), for 16 hours,
and a strong signal was fully developed on the filter after three hours of incubation
(figure 5). This experiment demonstrates that PttHB 1 contains a transactivating do-
main, which lies in the VP16 transactivation-like domain (Figures 4 and 5), indicat-
ing that PttHB1 is an activator of transcription.

Future strategies for functional analysis of PALE genes, will be presented in the
section on future perspectives.
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Schematic presentation of a transactivation study of PttHB1. A: Reporter-gene construct in Y 190. B:
Overview of the expression cassette of pAS2 vector. C: The different deletions used.
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Identifying genes by EST sequencing

The cambial region specific cDNA library from hybrid aspen was used as the basis
for an EST sequencing project. From 4809 cambial region EST sequences, 2988
different genes were identified by cluster analysis, and EST’s (singletons and clus-
ters) encoding 745 different proteins (counting sets of iso-enzymes as single pro-
teins) with known functions were identified and annotated from the cambial region
library. In total, including EST sequences produced from a xylem specific cDNA
library (from Populus trichocarpa), 820 different proteins with known function were
identified and annotated (Paper II). For example, all the identified genes involved in
lignin biosynthesis were found among the cambial region EST’s that were sequenced
(Paper II). Genes involved in diverse aspects of cell biology were identified (Paper
II, Figure 2), including many with putative regulatory functions, such as MADS-
box genes, Homeobox genes, and genes encoding trimeric G-proteins, protein kinases,
protein phosphatases and others. An interesting group of genes is represented by
EST’s that showed no significant homology to any sequence in the databases (12%
at that time, Paper II), and it is tempting to speculate that some of these genes could
be specific, previously unknown, regulators of wood formation.

Transcript profiling during secondary xylem formation
Construction of an hybrid aspen wood ¢cDNA microarray

Using a unigen set based on the produced EST’s (Paper II), a transcript-profiling
project was initiated (Papers III and IV). Singletons and one member from each
cluster (Paper II) from the cambial region EST’s were arrayed into a unigen set
consisting of 2,995 bacterial plasmid lysates. Each of these was re-transformed into
Escherichia coli and plasmids were subsequently prepared (Papers III and IV). The
cDNA inserts were PCR amplified, purified and spotted on glass slides using a GMS
417 Arrayer (Papers III and IV).

Method development

In order to facilitate the analysis of specific cell types during wood formation, a
technique was developed that allowed small samples to be used as targets for tran-
script profiling (Paper III). We showed that the method can be used for samples with
as little as 0.1 ug of total RNA, corresponding roughly to 0.05 - 0.1 mg of plant
tissue. Comparing transcript profiles obtained using this method with profiles ob-
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tained using standard techniques and 1 ug mRNA for labelling, it was estimated that
a 2-fold difference in expression could be distinguished with 99 % confidence using
the new method and 0.1 pg of total RNA (Paper III). The method is based on frag-
mentation of the transcriptome prior to PCR amplification of the 3’ part of the tran-
scripts (Paper III). The amplified cDNA population is subsequently labelled with
Cy3- or Cy5- labelled nucleotides, using asymmetric PCR (paper III). This approach
circumvents the bias previously seen for shorter transcripts when amplifying the
full-length transcriptome (Van Gelder et al., 1990). Another advantage of this am-
plification method is that a single amplification is enough for the several repetitive
hybridisations that are needed in order to gain reliable expression data. Further-
more, specific amplification of the 3’ end should avoid some of the problematic
cross-hybridisation that can occur between closely related gene-family members
when hybridising cDNA microarrays (DeRisi et al., 1997), by omitting most of the
coding regions in the target mix.

In an attempt to simplify the amplification procedure presented in Paper III, the 5’
template-switching effect was used (Clonetech, USA). In the SMART Kkits, produced
by Clonetech, single stranded cDNA with adaptor sequences on each end (5’ and 3°)
is produced from RNA in one reverse transcriptase reaction. This is achieved by the
use of a template-switching adapter that anneals to the short string of the extra dC-
nucleotides that certain reverse trancriptases add to the cDNA when reaching the
end of the template RNA molecule. The reverse transcriptase then switches template
from the RNA molecule to the adapter and synthesises the complementary sequence
to the adapter. This technique was developed in order to create full-length cDNA
populations. By fragmenting the RNA sample before cDNA synthesis and subse-
quent PCR amplification, a 3’-specific cDNA population, similar to the one de-
scribed in paper III, can be produced in six hours. In order to test the reliability of
this simplified amplification method, the same approach was taken as earlier de-
scribed (see Paper III). 0.1ug of total RNA from the same xylem and phloem RNA
samples as used in Paper III was fragmented by passing it through a 10 ul Hamilton
syringe 50 times. cDNA was synthesised and amplified using the SMART cDNA
synthesis kit as described by the manufacturer. The amplified cDNAs were labelled,
hybridised, washed and analysed as described in Paper III. The results suggested
that this method too could be used to differentiate between a 2-fold change in ex-
pression with 99% confidence (Figure 6). However the dynamic range of this ex-
periment was lower than for the experiments in Paper III, using the same amount of
starting material. To conclude, this simplified amplification method looks promis-
ing, but requires further optimisation.
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Figure 6

Scatter plots of log2 transformed expression-ratios from a hybridisation using 1pug of mRNA for
labelling (X-axis), plotted against a hybridisation using 0.1pug total RNA as starting material for
labelling (Y-axis). The solid line represents the regression line. The equation of the regression line is
shown.
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Creating a gene expression map for xylem development

As part of the EST sequencing project, a large number of genes potentially involved
in xylem formation were identified. In order to learn more about these genes, their
expression patterns were analysed in the vascular cambium and during subsequent
developmental phases in the differentiation process leading to mature xylem cells
(Paper IV). This analysis was conducted using cDNA microarrays in combination
with the newly developed target amplification protocol (Paper III). Six different
types of sample were used representing (progressing inwards from the bark): phloem,
cambium cells, early phase of expansion, late phase of expansion, secondary cell-
wall formation and finally the late maturation phase (see Figure 1 in Paper IV).
These specific differentiation stages were sampled using a tangential cryo-section-
ing technique developed by Uggla et al., (1996), which produces cell layer specific
sections through the cambial region.

cDNA microarray analysis of a wide range of samples, spanning meristematic vas-
cular cambium cells to cells late in terminal differentiation processes (up to and
including autolysis), poses considerable problems. Two issues that have to be dealt
with are normalisation and selection of a reliable reference. The presented array
contains only ~3,000 different genes, which probably mostly originate from the early
stages of xylem differentiation (due to RNA amount being present in tissues sam-
pled for the cDNA library used in the EST sequencing). This causes a considerable
normalisation problem since the ratio of the theoretical signal for all spots from the
sample, divided by the theoretical signal for all spots from the control, will vary
when different samples are analysed, thus a normalisation based on that the total
sample signal divided with the total reference signal should equal 1 can not be used
(or similar methods). To solve this problem we used spiked human cDNA for nor-
malisation (see paper IV). Secondly, different samples will probably have large dif-
ferences in gene expression; some genes being completely turned off in one sample
and highly expressed in another. If the control sample lacks expression, or has low
expression, of a significant amount of genes, expression-data for these genes would
be lost or result in unreliable estimates. To solve this problem, we used a mixture of
the samples as the control (Paper IV). Control experiments showed that the expres-
sion data from this experiment were reliable, according to standard filter
hybridisations in which the target is placed on a filter and incubated in a solution
containing a radioactively labelled probe (see Figure 2a and b in paper IV). After
analysing expression profiles from two different hybridisation schemes it was con-
cluded that 2-fold changes in expression reflect a significant change in expression
(Paper IV).
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From this transcript profiling experiment, one can conclude that a large proportion
of the genes on the array have specific functions during the differentiation process
that leads to mature xylem. For example, a significant group of genes were specifi-
cally induced in the zone of secondary cell wall formation, strongly indicating that
they have a function associated with this process (Figure 3b: VIIL in Paper IV). These
data will substantially increase our knowledge of xylogenesis, providing both pat-
terns of expression of genes with known function, and a basis for further investiga-
tion of the genes with unknown functions (see Paper IV). The data will also help us
produce a toolbox with promoters expressed during specific stages of xylem devel-
opment. Such promoters will be of great importance in functional analysis of differ-
ent genes, and for biotechnological purposes.

Another class of genes of special interest are those with homology to Arabidopsis
genes, either of unknown function, or with proposed functions in other stages of
plant development and physiology. We have demonstrated the utility of the tran-
script profiling data from hybrid aspen using a gene that is a member of the GRAS
family of plant transcription factors. This class of genes had not earlier been pro-
posed to be involved in xylogenesis. A hybrid aspen homologue to the GRAS family
is present on the array and shows a specific expression pattern (Figure 8A, Paper
IV). Thus, one can now combine results from the two model systems, Arabidopsis
and Populus. With knowledge of the specific expression pattern in the Populus stem
we analysed Arabidopsis mutants with mutations in GRAS family members, ob-
serving a vascular phenotype in short-root (Paper IV). This indicates the potential of
using hybrid aspen for transcript-profiling during xylem formation, and Arabidopsis
for the subsequent functional analysis. Several other candidate genes for this kind of
analysis are presented in Paper IV, figure 8.
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Future perspectives

A new class of Homeobox transcription factors was identified (Papers I and V) with
a possible function in xylogenesis. Initial functional analysis was performed in hy-
brid aspen and Arabidopis (Papers V and the Introduction to this thesis). We have
established that PttHB1 probably can activate transcription, but we do not yet have
conclusive information on which processes PtrtHBI regulates. The lack of an altered
phenotype in PrtHBI transgenic plants could be due to PrtHBI acting via combina-
tory effects and/or redundancy in the regulatory pathways. In the future, further
functional analysis of PALE genes should primarily be done in Arabidopsis, since
this will allow insertional T-DNA and transposon knock out mutants to be obtained,
and the possibility of creating multiple (e.g. double and triple) mutants, thus accel-
erating the analysis. The possibility of rapidly making specific crosses between se-
ries of mutants and over-expressors is especially useful when studying developmen-
tal and regulatory networks where redundancy and cross regulation could be present.
If a putative function is identified in Arabidopsis one should, if relevant, go back to
hybrid aspen plants and study its function in a tree species. Analysis of DNA bind-
ing preferences for the PALE genes would probably also give novel insights into the
biological function of some of these proteins.

Secondly, EST sequencing in combination with transcript profiling revealed the ex-
pression pattern of almost 3,000 genes during the xylogenesis process. These data
will be useful for identifying genes. They could also be used as the basis for a large-
scale functional genomics analysis of factors involved in xylem formation, by com-
bining the model systems Populus and Arabidopsis, exploiting the transcript profil-
ing advantages of the former and the genetic tools available in the latter. This data
set also gives expression profiles at high spatial resolution for genes that are already
being studied (for example, see Figure 5D, Paper IV).

With the recent completion of the sequencing of the Arabidopsis genome, a number
of possibly synergistic approaches could be envisioned for xylogenesis research
combining hybrid aspen and Arabidopsis. We initiated a large-scale EST sequencing
project, where the goal is to produce over 70,000 EST’s, current status 36 000 EST’s
(The Swedish Tree Functional Genomics Program). However, although a full-scale
genomic sequencing project for a Populus spp. would be a breakthrough for the
field, the cost is considerable and not a realistic option for the present time. There
are however a number of different ways in which the Arabidopsis genome sequence
could be exploited. For example a full suite of PALE genes could easily be identi-
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fied in Arabidopsis, a task that would be much more time consuming in hybrid
aspen. Searching all the hybrid aspen EST’s against the Arabidopsis genome DNA-
sequence and deduced protein complement will identify which hybrid aspen EST’s
have possible counterparts in Arabidopsis, and which genes are present in hybrid
aspen but not in Arabidopsis. Genes with expression profiles (in hybrid aspen) indi-
cating a certain function can be studied either in Arabidopsis or in hybrid aspen. All
hybrid aspen genes with a possible Arabidopsis orthologue are preferably studied in
Arabidopsis, using the wide variety of genetic tools available to elucidate their func-
tion. Hybrid aspen genes that do not have an Arabidopsis orthologue obviously have
to be further studied in hybrid aspen, preferentially using techniques that could po-
tentially be applied on a large scale like, for example, virus-induced gene silencing
(Burton et al., 2000), although more standard transgene techniques could also be
adopted. There is also a possibility of combining the detailed spatial expression
profiles obtained from wood formation in hybrid aspen with the genomic sequence
from Arabidopsis, in order to identify new cis acting DNA elements regulating de-
velopmental stage specific xylem expression.
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