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ABSTRACT

During the course of the work described in this thesis, EST sequencing project was
initiated in woody plant poplar for large scale gene discovery in a tree specie. Since most
of the tree genomes are considerably large in size, EST sequencing was considered to be
a cost effective method for gene discovery. Initially, EST sequencing was performed on
cDNA libraries prepared with mRNA isolated from woody tissues. This was first such
attempt to identify genes associated with the process of wood formation on a large scale.
At this stage, most of the sequence data was manually curated and a database was
established for storage of sequence information and making it available to biologist. One
of the observations of this initial work on sequencing of woody tissue cDNA libraries
was the large number of ESTs displaying no similarity to any known gene in the database
prompting the suggestion regarding the existence of tree specific genes. Subsequently,
over 130,000 ESTs were sequenced from 19 different cDNA libraries and a set of perl
scripts were written to facilitate efficient and automated procedure for data handling. In
this automated pipeline, the output from sequencing machines as raw sequences would be
subjected to quality control, blast and annotation processes eventually leading to storage
of this data in an easily accessible, internet based database. The data from sequencing of
cDNA libraries from leaves at two different stages of development, namely, actively
growing young poplar leaves and senescing leaves was used to identify the changes in
gene expression occurring during the induction of senescence. In order to identify genes
that may be involved in wood formation and to investigate whether there maybe tree
specific genes, a bioinformatics approach was taken by comparing EST composition of
cDNA libraries prepared from woody tissues from poplar, birch and pine and compared
with the ESTs and genomic sequence of Arabidopsis which under normal circumstances
does not form wood. This comparison lead to the conclusion that there may be few if any
tree specific genes finally using this data we could identify a set of genes whose
expression was significantly upregulated in woody tissues. Finally assembly of 130,000
ESTs was performed to obtain a glimpse into the genetic composition of trees and this
data was compared with that of Arabidopsis genomic sequence to get a better
understanding of the similarities and differences between trees and annuals at the
molecular level.
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"Education is a companion which no misfortune can depress, no
crime can destroy, no enemy can alienate,no despotism can
enslave. At home, a friend, abroad, an introduction, in solitude a
solace and in society an ornament.It chastens vice, it guides virtue,
it gives at once grace and government to genius. Without it, what is
man? A splendid slave, a reasoning savage."

-Joseph Addison
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Aim

The main goals of the work described in this thesis are:

1. Gene discovery in the woody plant aspen using large scale EST sequencing.

2. Establishment of automated pipeline for the processing of post-sequencing data.

3. To establish a database for the storage of the EST sequences and making this data
available to the scientific community.

4. To investigate the feasibility of using the comparison of EST composition of different
cDNA libraries to determine the changes in gene expression accompanying a
developmental change.

5. To test the hypothesis of the existence of wood and tree specific genes.
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1.Introduction

1.1 Understanding the genetic basis of diversity in plant form:

Considerable diversity exists between different species of the plant kingdom (Lambers et
al., 1998) . These differences are not merely limited to variations in size but also extend
to variations in lifestyle. For example, trees are perennials and display cyclic activity in
their meristems with alternating periods of activity and dormancy (Catesson, 1994), while
plants such as Arabidopsis are annuals. Trees are among the latest flowering plants taking
several years to flower (Nilsson and Weigel, 1997), whereas others, e.g. Arabidopsis can
flower within a few weeks. Furthermore, considerable differences exist between different
groups of trees e.g. gymnosperms and angiosperms, and even between different tree
species of the same family, such as the differences between different species of Salix that
can range from herbs to trees (Ogren, 1999; Landberg and Greger, 2002). This diversity
in form and lifestyle in the different species of the plant kingdom is reflected in the
differences in the geographical distribution of the flora that populates different parts of
the world. Understanding the molecular and genetic basis of the diversity in plant form
and lifestyle is essential for social, economic and scientific reasons. However, while there
are several studies that have investigated the physiological and anatomical differences
between different plants, few investigations have examined the molecular basis of these
differences (Frewen et al., 2000; Kirst et al., 2003; Grattapaglia et al., 1996).

1.2 Why work on trees?

There are several reasons for initiating a genomic analysis of trees (the subjects of the
experimental work underlying this thesis) and comparing these with other model plants
such as Arabidopsis. Firstly, trees present opportunities to investigate biological
phenomena that cannot be readily addressed in other organisms (Taylor, 2002). For
instance, trees are perennials and their lifestyle allows the study of mechanisms to adapt
to changes in the environment and the ability to survive for hundreds of years. Given the
perennial nature of trees, another interesting feature that could be analyzed is the
recycling of nutrients from leaves that are shed every season. Unlike annuals, trees can
take several years to flower (Nilsson and Weigel, 1997). These are but a few scientific
issues that cannot be addressed in annuals such as Arabidopsis. Furthermore, trees are
economically important and provide wood: a source of raw material for many products,
ranging from paper to diverse building material. Due to the rising population there is an
increasing demand for wood, and hence considerable pressure to raise forest productivity,
which is increasing deforestation (Fenning and Gershenzon, 2002). One of the major
roles of forests is maintenance of ecosystems, so there is a need to understand how trees
function so as to devise strategies to increase productivity while minimizing deforestation
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(Bhalerao et al., 2003). All of these issues require a better understanding of how trees
function at the molecular level, and comparison with other plants to improve our
understanding of plant diversity and its molecular basis.

Therefore, there is a clear need to use molecular techniques to analyse tree functions, but
for a number of years studies of trees have lagged behind investigations of other plant
species in the exploitation of molecular genetic approaches. One of the main reasons for
this is that trees are considerably more difficult experimental subjects than other plants.
For example, their generation times are long, genetic transformation is generally difficult,
and even relatively simple molecular procedures such as isolation of good quality DNA
and RNA from them has been difficult and time consuming until fairly recently. This is
reflected in the fact that prior to the work described in this thesis few genes had been
cloned from tree species (see Figure 1). In the absence of sequences from large numbers
of genes or ESTs (Venter, 1993) from tree species, and prior to the advent of sequencing
and other molecular techniques, DNA hybridisation and other methods were used to
obtain rough estimates of genetic parameters related to plant diversity. However, while
useful, these approaches provide only a glimpse of the genetic basis of physiological and
developmental differences between different plant species. Thus, it was necessary to
obtain molecular data that could provide detailed information on the genes, their
sequences, and regulation in tree species for comparative analyses of various plant
species.

Given the lack of molecular information concerning the process of wood formation in
trees a gene discovery program was initiated in the woody plant hybrid aspen (Sterky et
al., 1998). There were several reasons for choosing poplar as a model system, including
the facts that it is a fast growing tree, it can be transformed by Agrobacterium-mediated
techniques (Nilsson et al., 1996; Feuillet et al., 1995), it has a relatively small genome
(approximately 550 MB) (Taylor, 2002), and it can be propagated vegetatively.

Figure 1: Progress of the different plant EST projects from 1998 upto August 2003.
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1.3 EST sequencing as a rapid and economical method for gene
discovery

Due to the progress made in sequencing technology and collaborative efforts at the
international level full genome sequences of a number of eukaryotic species are now
available for instance: Arabidopsis Thaliana, Rice, Drosophila, Celegans and Yeast. For
higher plants, the complete genome of the model plant Arabidopsis (Arabidopsis genome
initiative, 2000) and recently of Rice (Sasaki et al., 2002) have been sequenced providing
invaluable information about their genetic composition. Now several studies are focusing
on comparative genomics of these two plant species, and the results have shown such
approaches to be very powerful when complete genome sequences are available (Sasaki
et al., 2002; Izawa et al., 2003; Yuan et al., 2001; Vandepoele et al., 2002; Turcotte et
al., 2001; Salse et al., 2002). Therefore, to be able to compare trees with other plants at a
genetic and molecular level, it was evident that having the genomic sequence of at least
one model tree is required. However, at the time the work described in this thesis was
initiated, obtaining a completely sequenced tree genome appeared to be unfeasible
because of the prohibitive cost associated with the sequencing of tree genomes which are
amongst the largest of all known genomes (Leitch et al., 2001). Since sequencing the
entire genome seemed prohibitively expensive, alternative, more cost-effective
approaches were needed to obtain greater knowledge of the genetic composition of trees
at the molecular level. A similar problem was initially encountered , when the human
genome project was planned and there was a considerable debate regarding the method
that would most rapidly yield information concerning the genetic composition of human
genome (Venter and Adams, 2001). A technique was proposed by Craig Venter, then at
NIH, termed as EST sequencing, EST standing for expressed sequence tag (Venter,
1993). The basic idea behind this was to sequence large numbers of cDNA clones, which
would rapidly provide sequences, perhaps 400-500 basepairs (bp) long on average, and
would serve as ”tags” for the presence of a corresponding genes in any organism, thereby
facilitating the rapid discovery of thousands of genes (Venter, 1993). These EST
sequences could then be checked against existing sequences in the relevant databases and
if any sequence displayed a high degree of similarity to an existing genomic sequence, it

would indicate the
p r e s e n c e  o f  t h e
corresponding gene.

Figure 2: A cDNA library
is prepared from the
mRNA isolated from a
specific or a mixture of
tissues. Several thousand
individual are sequenced,
usually from 5´or 3´end.

A major advantage of EST sequencing methodology over genomic sequencing from the
gene discovery perspective is that it is considerably cheaper. This is because unlike
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genomic sequence, in which in addition to protein coding blocks (exons or open reading
frames) considerable amount of non-coding sequence blocks are present (introns,
intergenic sequences etc), EST sequencing focuses on protein coding sequences as cDNA
is the sequencing target (Figure 2). Thus for the same amount of DNA sequenced EST
sequencing would detect greater number of genes compared to genomic sequences.
Another advantage of EST sequencing would be that although cDNA clones are
sequenced randomly, it is possible to compare the data and assemble contigs after the
sequencing. Thus, despite the limitation that only 400-500 bp are sequenced for each
clone, alignment of these EST sequences can yield the entire sequence for full length
cDNA, representing the entire coding sequence of the corresponding gene (Figure 2).

In addition to being a rapid and economical method for gene discovery, EST sequencing
has other uses as well. Firstly, it provides a rapid means of cataloguing the genes
transcribed in a tissue or cell type from which the cDNA library is constructed (Sterky et
al., 1998; Allona et al., 1998; Ewing et al., 1999). Secondly, the frequency of an EST can
be used as a rough indicator of the expression levels of the corresponding gene in “digital
northern” analyses (Audic and Claverie, 1997). Thirdly, comparing the EST distribution
of two or more cDNA libraries can provide useful information on differences between the
transcriptomes of the specific tissues or developmental stages (Bhalerao et al., 2003;
Ewing et al., 1999; Audic and Claverie, 1997). Fourthly, in addition to being a source of
a catalogue for genes, EST sequences can be useful for SNP discoveries (Picoult-Newbe
et al., 1999; Deutsch et al., 2001; Kota et al., 2003).

However, it must be taken into account that the use of EST datasets for the purposes
mentioned above is subject to certain important limitations, before drawing too far-
reaching conclusions. Some of these limitations are discussed below:

1.4 Problems related to assembly of ESTs and gene function
detection:

(i) Limitations caused by large 5’ untranslated sequences (UTRs):

One of the most common aims of EST sequencing is gene discovery. Usually, EST
sequencing projects are based on 5’ sequencing of cDNA clones, and generally 400-500
nucleotide sequences of acceptable quality DNA are obtained after vector trimming, and
other quality controls steps. These 400-500 nucleotides of each sequence are then
compared to the DNA and protein sequences deposited in databases to identify homology
with previously sequenced genes or cDNA sequences. Often BlastN (Atlschul and Gish,
1991) or BlastX (Altschul and Gish, 1991) are used to detect homology between the EST
clone and the DNA sequences or corresponding protein sequences in the public
databases. In many cases no homology is detected at either DNA or the protein level
between the EST and any other sequence in the database. This observation is exemplified
by the unusually large numbers of “unique” no homology EST sequences that are
reported in the EST sequencing projects (Sterky et al., 1998; Allona et al., 1998). A
common cause for this problem is that EST sequencing with few exceptions is performed
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on the 5’ end of the cDNAs. These 5’ ends may include large untranslated sequences
(often called UTRs) prior to ATG start codon. Therefore, since the conservation at the
DNA level in the UTRs between similar genes from same or different species can be very
low, homology may not be detected. In addition, if the UTRs are large, very small part of
the coding region may then be available for homology detection with a related gene,
further reducing the ability to detect similarity between the EST and then gene.
Furthermore, when EST sequences alone are used for determining the identity of a gene
or its function for annotation purposes, e.g. classification into a specific class of
transcription factors or enzymes, the rate of failure is often high. This is often because
this type of determination of function is frequently dependent on the presence of certain
motifs, which may lie outside of the protein coding sequence that can be deduced from
the EST sequence. For instance, the endoplasmic retention signal is present at the
carboxy terminus of the proteins (Munro and Pelham, 1987; Pelham, 1990) and will not
be detected unless the 3’ end of the cDNA is also sequenced which usually is not the case
for cDNAs larger than 500 bases.

(ii) Problems arising from low sequence quality:

In most EST sequencing projects every individual cDNA clone is sequenced only once
(single pass sequencing). Therefore, the quality of the DNA sequences is critical for any
downstream applications. Low sequence quality has several implications. As sequence
quality is often low close to the primer-binding site used for sequencing, predicting the
start of an open reading frame is often impossible. Also since certain types of signal
peptides are situated close to the start codon at the amino-terminus, for instance
chloroplast translocation, low sequence quality may lead to loss of this information as
well. Poor sequence quality can also make detecting the overlap between EST sequences
difficult, thereby reducing both the sequence length of the assembled contigs, and the
number of clones for which gene identity can be determined, as these two variables are
correlated (www.phrap.org). Furthermore, low sequence quality may lead to erroneous
estimates of gene family sizes, especially if there are blocks of high and low quality in
the ESTs. Finally, low sequence quality may lead to the inability to determine homology
with known sequences in the database. Therefore, it is important to determine the quality
of EST sequences and exclude ESTs with low sequence quality from the datasets.

iii) Contamination from organellar or other types of DNA contaminations:

In EST sequencing, cDNA used is constructed using mRNA as starting material.
However, mRNA may be contaminated during cDNA cloning stage, with organellar or
bacterial RNA, or DNA, which can lead to erroneous conclusions regarding the origin of
a certain genes. Contamination from bacterial, other microbes or pathogens occurs more
frequently when using material grown in non sterile conditions. In addition, the
sequences may be contaminated with linker sequences during cDNA cloning. These types
of contaminations may also cause problems in the assembly process, which in turn can
lead to discrepancies in annotation and classification. Therefore, it is essential to query
the EST sequences against organellar and common vector and linker sequences to
exclude or reduce these contaminating sequences.
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iv) Chimeric cDNA clones:

During the cloning of cDNA, two different cDNAs may be ligated to each other and
cloned in the same vector, generating a chimerical EST clone, which in turn will create
problems during the assembly process with the two ESTs being assembled in one contig
and annotated as one single gene.(see Figure 2a)

Figure 2a Chimeric ESTs causing 2 genes merging into one cluster in EST assembly

1.5 The choice of cDNA libraries for EST sequencing project:

Clearly from the above discussion, inspite of the limitations, EST sequencing still offers
several advantages for gene discovery in species where genomic sequencing is not
feasible. As the starting material for any EST sequencing project is a cDNA library, the
choice of cDNA library is an important issue to consider before embarking on the project,
as this will profoundly affect the potential uses of the information likely to be generated.
cDNA libraries can be generated for specific cell, tissue type, developmental stage
specific or upon treating the organism with chemicals to name just a few possibilities. In
addition to these variations, the cDNA libraries may be normalized, non-normalized or
enriched with transcripts expressed under certain conditions (as in subtractive cDNA
libraries). All of these three types of cDNA have certain advantages and disadvantages.
(Vingron and Hoheisel, 1999)

A) Non-normalised cDNA libraries: To generate non-normalised cDNA libraries,
mRNA is isolated, the cDNA generated from the mRNA is cloned into a vector and
transformed into E. coli and then the cDNA clones are picked randomly for sequencing
(Venter, 1993). In these cDNA libraries, the level of expression of the genes will be
correlated with the proportions of the corresponding cDNA clones (since the transcripts
corresponding to strongly expressed genes will give more cDNA compared to those for
lowly expressed genes). Therefore, there will be a correlation between the relative
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frequency of an EST for a specific gene and its level of expression (Audic and Claverie,
1997). Consequently, following the sequencing of couple of thousand EST clones, one
can obtain a rough picture of the transcriptome of the tissue or cell type represented by
the cDNA library (Bhalerao et al., 2003; Allona et al., 1998). However, for gene
discovery, this type of library has a disadvantage where genes that are expressed at low
levels will probably not be detected, especially when limited numbers of cDNA clones
are sequenced.

B) Normalised cDNA libraries: Generation of normalized cDNA libraries allows the
bias towards highly expressed genes to be reduced, and thus facilitates the discovery of
weakly expressed genes (Bonaldo et al., 1996; Soares et al., 1994). Normalized cDNA
libraries are therefore useful for maximizing gene discovery. However, making high
quality, normalized cDNA libraries is technically demanding. Furthermore, information
regarding gene expression levels is lost in the process of normalization, and if
normalization is performed on mRNA using two or more tissues then information
regarding the expression pattern associated with the specific tissues is also lost.

C) Subtractive cDNA library: Subtractive cDNA libraries are prepared so as to enrich
the cDNA with respect to transcripts of interest, e.g. genes that are expressed only during
a specific developmental stage or following exposure of an organism to a specific
chemical (Buchaille et al., 2000). Preparation of subtractive cDNA libraries is highly
useful for obtaining genes that may be expressed under specific conditions, and
considerably more efficient than the other methods described above for this purpose,
especially when limited numbers of cDNA clones are sequenced.

In summary, different types of cDNA libraries can be used as starting material for an EST
sequencing project, and it is important to consider the relative advantages and
disadvantages of the different cDNA libraries for the proposed downstream applications
before selecting a particular type of cDNA library for a specific project.

1.6 EST distribution as a measure of gene expression

 In recent years several authors have used ecniques based on the concept of “digital
northerns” (Audic and Claverie, 1997), in which the frequencies of ESTs for specific
genes detected during the sequencing of a library are used to obtain rough estimates of
their level of transcription. A further use, is that if EST sequencing has been performed
on two cDNA libraries from, say, a tissue at two different developmental stages, their
EST distribution can be compared to derive information on transcriptional changes
associated with the developmental change. Another interesting application of this
approach is that distributions of common ESTs can be used to estimate the relatedness of
specific tissues, or the similarity of metabolic and other changes taking place during
developmental changes in two seemingly unrelated tissues (e.g. during transitions from
active to dormant states in cambial tissues and shoot apices). This has been further
explained in paper IV. However, it is important to remember that preparation of RNA,
cDNA, and other stages of library construction, can have unpredictable effects on EST
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distribution in the cDNA library used for sequencing, and thus on subsequent analyses
and conclusions. In this project we sequenced cDNA libraries prepared from RNA
isolated from leaves collected during both the active growing period and during
senescence. We then compared the EST distributions in the cDNA libraries from these
two developmental stages of leaves (actively growing and senescing) to identify changes
in gene expression and to assess the changes in photosynthesis and metabolism (Paper II).
As mentioned above, it is important to note that these kinds of data comparisons must be
treated with caution. However, considerable amounts of relevant research have been done
on senescence, so at least some of the conclusions drawn in our case study can be cross-
checked by comparing our data with results presented in previous publications. This
method can be used to analyse changes in gene expression, e.g. during a developmental
change or following exposure to a specific hormone etc.

2. Analysis of sequences from EST sequencing project:

In the past, individual researchers would each sequence a few clones, but now EST
sequencing projects churn out hundreds of sequences per day. Thus, considerable
computation is clearly needed to process the output from the sequencing machines
efficiently. It was immediately clear that bioinformatics tools were needed that would
allow the biologists to get access to the sequence information. Firstly, in order to do this
an internet based database platform was essential to store and disseminate information.
Secondly, an automated annotation system was necessary to deal with the large amount
of sequence data that was accumulating. Therefore a web based database was developed
and an automated annotation system was developed in the course of work described in
this thesis.

Figure 3 Steps from raw data to cleaned ESTs for further assembly, annotation and
functional classification.
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The major tasks involved in post-sequencing curation of sequence information in order to
arrange the data that is made available to the researcher in the format most useful for
them as shown above in Figure 3 consist of vector cleaning, quality control and read
length of the EST.

2.1 Clustering:

ESTs are often assembled into clusters to form consensus sequences to reduce
redundancy, to increase quality, and analyze alternative splicing variants (Bouck et al.,
1999). Conventional EST assembly approaches often use algorithms like Phrap
(www.phrap.org), CAP4 (www.paracel.com) or TIGR Assembler (www.tigr.org) to
produce a list of consensus sequences. However a significant problem in EST analysis
still remains: clustering. There are several reasons for this. Firstly, if ESTs are obtained
from the 5´-end of the clones, many clones (especially those originating from large
transcripts) will not be full-length and with the average EST sequence being 400-500bp
long, ESTs from the same gene may not be overlapping. In addition, clustering programs
like PHRAP and TIGR assembler have a strong tendency to split highly expressed genes
that are represented in many copies into several contigs (Liang et al., 2000). All of these
potential problems can lead to significant overestimations of the number of genes
represented in an EST collection. In addition, the assembly programs may cluster several
related genes into a single contig (gene), thereby reducing the number of unique genes
detected for some gene families.

2.1.1 Brief Description of Clustering or Assembly softwares

The most commonly used programs for EST assembly are :

i) TIGR Assembler: Created as a tool for assembling genomic sequences resulting from
Genome sequencing projects, TIGR Assembler (Sutton et al., 1995), is based on the basic
principle of performing pairwise sequence comparisons between sequences to produce
assemblies. It makes a list of all possible 10-mers found in the ESTs and then aligns
them, using Smith Waterman algorithm (Smith et al., 1981) to group possibly
overlapping sequences. The criteria applied are that there should be a minimum of 95%
identity between EST sequences assembled over atleast a 40bp region with a maximum
of 25bp of unmatched sequence at each end (see Figure 4 below).
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Figure 4 : This diagram illustrates a typical EST assembly and the parameters involved.
Here, 5 individual EST sequences, shown as arrows are derived from the same gene, with
one being a sequence from the 3' end. They each have substantial overlap with the other
ESTs, which are shown by the color bars between each EST. Red regions are regions
greater than 40bp long with over 95% sequence identity. Blue regions are short regions
found at the ends of sequences which may fall below the 95% identity but only if they are
25 bp or shorter The consensus sequence is built pairwise as new ESTs are added to the
assembly. Figure adapted from
( http:// weedsworld.Arabidopsis.org.uk/Vol3i/rounsley/assembly.html)

ii) Phred and PHRAP (VERSION 0.990319) for Assembly of ESTs :

Phred (www.phred.org) is used in association with Phrap(www.phrap.org) in order to
obtain good quality and reliable consensus sequences from the assembled EST sequences.
The format in which automatic sequencing machines store the data are called trace files
(see figure 5).

Figure 5 Trace signals for each base of EST

On the basis of the trace characteristics, phred computes a probability “p” of an error
occurring in the base-call at each position, and converts this to a quality value, “q”,using
the transformation q = -10 log_10(p). Thus, a quality of 30 corresponds to an error
probability of 1/1000, a quality of of 40 to an error probability of 1/10000, etc. The
quality value 99 is reserved for base-calls that have been visually inspected and verified
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as "highly accurate" (during editing), and 98 for bases that have been edited but are not
highly accurate (these are converted to quality 0 in Phrap).  If two reads appear to match
but have discrepancies involving bases that have quality 99 in both reads, phrap does not
allow them to be merged during assembly. At present this is the only way to break false
joins made by Phrap. If all input quality values are relatively small (less than 15), Phrap
assumes that they do not correspond to error probabilities and attempts to rescale them so
that the largest quality value is approximately 30. This allows different input scales to be
used( http://www.phrap.org/phrap.docs/phred.html). Phrap ("phragment assembly
program", or "phil's revised assembly program"; a homonym of "frappe" = French for
"swat") is a program for assembling shotgun DNA sequence data. (Davison, 1991;
Favello et al., 1995; Venter et al., 1998). For matches with upto 90% identity, the
stringency in the parameters of phrap needs to be adjusted. Penalty is made -9 and also
minimum score parameter could need to be increased. The total quality of the sequences
needs to be estimated before running the Phrap assembly.

iii) CAP4 from Paracel Transcript assembler:

With the amount of EST data produced growing exponentially, considerable efforts have
recently been made to develop algorithms, that can integrate all the aspects that are
needed to be considered during EST assembly. CAP3 (Huang and Madan, 1999) was the
result of one such successful attempt to develop a reliable tool for assembling ESTs and
thus achieve good quality consensus sequences. Paracel (www.paracel.com) then
modified the CAP3 algorithm and brought out a commercial version, CAP4, which run
together with the HASTE algorithm (www.paracel.com) performs similarity searches and
automatically assembles sequences, starting from raw trace data provided by automatic
DNA sequencing machines. The Paracel Transcript assembler takes as input the raw trace
files from ABI or Beckman Coulter automatic sequencing machines. It then analyses the
ESTs, as illustrated in the Flowchart 1 below.

Flowchart 1: Flowchart showing a general operation of the Paracel transcript Assembler

2.2 Annotation:

A major task remaining after assembling sequences from EST data is to predict the
number of transcripts expressed among the ESTs, and their functions, by running
similarity searches against the known databases. Running sequence similarity searches of
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individual ESTs is likely to give very few hits, since they are limited in length due to a
few hundred bases. Therefore, in order to improve the determination of gene identity and
function a consensus sequence generated after EST assembly is used in the annotation
process. Blast ( Altschul, 1990) is the tool most commonly used to run sequence
similarity searches in order to obtain gene homology and identity. We used WU-Blast2
(blast.wustl.edu) along with a combination of perl scripts (www.perl.org), developed
inhouse, to speed up the annotation of 25000 Contigs and singletons obtained from the
assembly of around 130,000 ESTs (as explained in section 3.3). We used these perl
scripts to run such searches against databases like Swissprot (a well curated protein
database that can be accessed at www.expasy.ch), NCBI nrdb(www.ncbi.nlm.nih.gov),
Mendel Gfdb(http://ukcrop.net/perl/ace/search/Mendel-GFDb), MIPS(mips.gsf.de)
and TAIR Arabidopsisdb (www.arabidopsis.org). Initially a set of perl (www.perl.org)
scripts was prepared which was eventually condensed to a single script
(blast_combine.pl) in order to make the process as automatic as possible.
Blast_combine.pl is the script used to run a predefined tblastx search of each consensus
sequence against itself to obtain the self blast score (explained in section 3.2.2), and
blastx score against swissprot, nrdb, Athdb, Mendel Gene Family Number and to  save
the number of best hits as asked while the script is processed, and to save the best hit ID,
best hit score, evalue and the score ratio of the best score to the self tblastx score of the
query sequence.

3. PopulusDB:

Once EST sequences have been obtained, they must be analysed and functionally
classified in order to make them available to the scientific community in an easily
comprehensible and useful format. Thus as raw trace files are obtained from sequencing
projects, it is necessary to store them in a database and to provide tools allowing
researchers to use the database as efficiently as possible. The goal is to establish a ”one-
stop shop” where one should be able to obtain key information from EST sequences in
the database, such as their similarity to other genes, putative functions, tissue of
expression, frequency in the cDNA library (or libraries) sequenced (tissue specific
distribution), and mutant phenotypes. These are but a few examples of the type of
information that can be obtained or may be required by a interested researchers in the
course of their work.

In the Populus EST large-scale sequencing project, handling the database has been a
challenge, since few packages (if any) were available to facilitate the establishment of
such databases when the program was initiated. Therefore, we have progressively
improved the database, and the steps involved in its generation, producing three different
versions in the years from 1996 to date.

3.1 PopulusDB version 1
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Initially, starting with a set of 5000 ESTs from the cambial cDNA library, we modelled
our databasing efforts on AceDB (http://www.acedb.org), an object oriented database
specifically  designed for the C.elegans genome sequencing project. The web interface in
AceDB, in form of perl scripts, was called webace. The querying system used in AceDB
had a non-standard data model and a set of graphical tools that suited more genomic data,
and required a considerable knowledge of computing to browse the query pages. We
introduced several modifications in this database and added our own features such as
metabolic pathways.

Initially most of the post-sequence processing was performed manually. Firstly,
sequences were edited using PREGAP (Staden, 1996) program to remove vector
sequences and to determine the sequence quality. A script EXP2ACE was then written
(Sterky, 1998) to transform these trimmed sequences into AceDB format, which was used
for storage of information. Contaminants such as rRNA, vector sequences that still
remained were identified and removed together with short sequences (100 bases or less).
We used Blastn (Altschul and Gish, 1990) for similarity searches against Genbank
(http://www.ncbi.nih.gov/Sitemap/#GenBank) with the help Pedros molecular Biology
tool BCM search launcher (http://www.bcm.tmc.edu/) and saved the resulting files, for
each and every sequence in html format. Individual ESTs were translated and subjected
to BlastX against non-redundant protein database from NCBI (www.ncbi.nih.gov) and
the ESTs were also subjected to BlastN against non-redundant EST database at NCBI
(www.ncbi.nih.gov). Blastx Scores greater than 100 were considered significant and the
annotation of the top hit was used to assign function to the poplar EST. These files were
then run through MSPcrunch (Sonnhammer and Durbin, 1994). In a Blastx output,
MSPcrunch removes redundancy in congested regions and so that only the high-scoring
match regions are kept. The data was converted to ”ace” format (AceDB import format)
and finally saved in PopulusDB version. In this version we also included ”webace”
(http://www.cbi.pku.edu.cn/Doc/Databases/AcedbManual/) as the web CGI interface for
researchers doing keyword searches. The best first 10 hits from Genbank obtained after
running MSPcrunch were also saved in the database. A web Blast server was also setup
on the Unix machine. At this stage data storage was a difficult task and no curation was
performed. Scripts were needed to convert the outputs from the blast searches in a format
in which they could be imported into the database. Subsequently, ESTs were assembled
using TIGR Assembler (Sutton et al., 1995) optimised for EST sequences. The output
from TIGR Assembler was then converted to GAP (Staden, 1996) format and GAP4
(Bonfield et al., 1995) program was used to manually assemble potentially overlapping
sequences.

3.2 PopulusDB version 2:

Following the initial sequencing of cambial EST library, biologists were needed to
manually curate the sequence (see section 4.1). Webace interface was difficult to use, so
alternative methods were necessary to publish data on the web as well to store in a
database, while several other cDNA libraries were being sequenced. Therefore, it was
deemed necessary to improve the data handling process compared to that described in
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Paper I and above, by automating the sequence data handling and curating the sequence
data.Further desired steps were to establish a database for storage of sequence data and to
make the sequence data available to interested scientists for analysis. Towards this end I
wrote several scripts to automate as much of the data handling as possible, and for the use
of database more efficient. The flowchart illustrating this automated procedure is shown
in figure 6.

Figure 6: Assembly of 35,000 ESTs from a total of seven EST libraries followed by steps representing an
effort to automatically annotate the unique transcripts with the help of perl scripts that run similarity
searches and parses through the best matches against the Swissprot, Mendel Gfdb and Arabidopsis TAIR
databases.

3.2.1 Data curation in POPDB verison 2

PHRED (Ewing et al., 1998) was used to check the quality of the raw chromatogram
sequences  f rom the automat ic  sequencers ,  whi le  Vectors t r ip
(http://www.hgmp.mrc.ac.uk/Software/EMBOSS/) was used to eliminate vector
sequences and low-quality regions. The data remaining was then converted into fasta
format which is the most commonly used format in order to run similarity searches on the
sequences. A set of perl scripts were written to run in a semiautomatic way is used (as in
Figure 3) BLASTN algorithm of NCBI-BLAST (Altschul et al., 1990) is used for
comparison of Arabidopsis sequences (accession numbers X52322, AP000423 and
Y08501/ Y08502, containing rRNA, chloroplast DNA or mitochondrial DNA
respectively) to identify poplar ESTs which are homologous to these sequences were then
excluded from the further analysis. PHRAP (http://www.phrap.com/) is then run upon the
clean inserts in order to get consensus sequences for each contig with overlapping ESTs
and also the list of singletons. Following this we performed similarity searches of these
consensus sequences and singletons using WU-BLASTX against three different protein
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databases Swissprot (www.expasy.ch), MATDB (mips.gsf.de) and the Mendel GFDB
which consists of gene family number assigned to group of genes from the same family
(see section 3.2.2). Self blast score (SBC) of each the above set of sequences is calculated
using WU-Tblastx. A set of PERL scripts is merged into one blast_combine.pl (Figure
12) and designed to semiautomatically run the pipeline process of running multiple blast
searches and parsing the blast result file and retrieving the annotations of the sequences
producing the best hit.

3.2.2 Use of the Mendel GFDB

A procedure, shown in figure 6, was set up to add a grade to the annotations (valid,
perhaps valid and probably invalid), to aid database-users. However, it is not easy to
distinguish clearly between "valid" and "invalid" annotations. In the MENDEL GFDB
(www.mendel.ac.uk) database, quality is scored by dividing the BLASTX score with the
SBC to calculate the Relative Confidence Value (RCV) (Lonsdale et al., 2001). In this
way, there is a normalisation of the BLASTX scores for sequence length; long contigs
produce higher BLASTX scores than shorter with the same percent similarity. RCV was
considered to be thus more reliable compared to the e-values obtained from the BLASTX
searches. We manually examined a large number of sequence alignments and found that
RCVs >0.35 corresponded to what we regarded as "valid" annotation. For a 500 bp
sequence, this corresponds to a BLASTX score of about 300. For very long contigs,
significantly higher BLASTX scores could still give a RCV<0.35, so we introduced a
second criterion, BLASTX score >300 should also be regarded as valid. In the cases
where Blast score is less than 100, sequences were assigned the grade “probably invalid”
while anything with BlastX scores between 100 and 300 was assigned as probably valid”.

This provided a way to overcome the drawbacks of clustering programs like Phrap and
TIGR Assembler, which could potentially split the ESTs representing the same gene or
gene family into several contigs, if for instance, there was insufficient overlap, or large
numbers of ESTs from highly expressed genes etc. Contigs that did not match any known
GFN were further compared with the best hits in Swissprot and Arabidopsis and based on
high or low homology assigned same annotation or with no annotation. In addition, we
utilised the Mendel gene family database for annotation purposes. This database
represents an attempt to standardise gene nomenclature in higher plants (Lonsdale et al.,
2001). Each plant “gene family” is composed of sequences that are very similar. In 1999,
all plant sequences in the Swissprot family of databases were blasted against each other
and if there was high homology pLog value (greater or more than 1x10¯11), they were
either grouped together into families or subjected to further Blast searches against the
updates of sequences from Swissprot. The families were then assembled with ClustalW
( H i g g i n s ,  1 9 9 4 )  a n d  u s i n g  B O X S H A D E
(http://www.ch.embnet.org/software/BOX_faq.html), they were scrutinised to decide if
all the sequences represented the same families or whether they could be further divided
into more subgroups. The final result was that each group was assigned a unique
identifier, called a gene family number. An attempt was made to decide a unified
description for each GFN based which would be concise. The database to date can be
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found at http://ukcrop.net/perl/ace/search/Mendel-GFDb. We ran
similarity searches of the contigs against the three above mentioned databases and began
first by picking the GFN from the best hit in the Mendel database. Thus, contigs and
singlets belonging to the same gene family would automatically come in the same GFN
category, making it easy for us to group them.

3.2.3 Database design

Eventually, as the amount of data increased, we adopted a more convenient relational
database system, FileMaker Pro 4.1 (www.filemaker.com), in association with Lasso
webserver (http://www.blueworld.com/blueworld/), allowing SQL querying against the
database. In order to import data easily, perl scripts (see table 2) were written to
download data that needed regular updates from public sequence databases, such as
Swissprot and Non Redundant database from NCBI, as well as the latest version of
curated Arabidopsis protein data from TAIR (www.arabidopsis.org) with updated
functional classification from the internet. In this database, files could be saved in smaller
tables.Thus, just a few tables had to be updated if alterations occured that affected the
annotation process. The various tables created included: (i) Individual EST data stored
with ID, (ii) Best hit to the public databases, (iii) The cluster that it belongs to together
with other ESTs in our database and (iv) The nucleotide sequence of the filtered 5´ and
3´EST. Also clusters were saved with information including the various libraries the
member ESTs belong to, their IDs, the functional classification based on MIPS
(mips.gsf.de) scheme, EC number extracted from the best Swissprot hit and thereby a
html link to the specific Enzyme number entry in KEGG (Kyoto Encyclopedia of Genes
and genomes) database (http://www.genome.ad.jp/kegg/)
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Scripts and software used
for EST analysis pipeline Description

Reference -weblink

Phred Base calling and quality values
assigned from raw trace file

Ewing et al 1998

Phd2fasta_trim.pl Based on the trim values set
by Phred, a fasta format
sequence file is created

Inhouse perl script

Vectorstrip Removes linker and vector
sequences from raw sequence
files

www.emboss.org

Rerun_vectorstrip.pl Makes one more run on the
resulting files to filter out all
vector and linker sequences

Inhouse perl script

Blast_combine.pl Runs tblastx on contigs and
singleton sequence itself and
blastx against swissprot, nrdb
Arabidopsis protein database,
calculates rcv and saves output
as described in figure 12

Inhouse perl script

Get_swp_updates.pl
Get_nrdb_updates.pl

Updates SwissprotDB and
Nrdb, formats into blastable
dbs, also creates a record file
for each ID for DB import

Inhouse perl script

Table 1 Various scripts and modules used for EST analysis

Figure 7 The relations between various tables in the PopulusDB
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Figure 8: The interface for Contigs in the 13500 Cluster database

The database layout and the web interface is shown in Figures 7 and 8 respectively.
All annotation data were put into a FileMaker Pro-database using perl scripts. A
password-protected web page was setup to enable users to make queries against the
annotated set of ESTs saved as contigs and singletons. In addition, links were set up to
corresponding entries in Swissprot and MIPS for hits detected in Blast searches against
PopulusDB. There are also direct links to the KEGG (Kyoto Encyclopedia of Genes and
Genomes,  ht tp: / /www.genome.ad.jp/kegg/)  and Enzyme databases
(http://www.expasy.ch/enzyme/) to give easy access to more detailed information. The
web search interface for the 13,000-cluster dataset is shown in Figure 9:
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Figure 9 The interface for making searches in PopulusDB version2

3.3 Populus DB version 3:

Finally, when the EST sequencing was complete, there was a total of around 130,000
sequences, including 3’ ESTs as well as re-sequenced 5’ sequences and 5’ ESTs from a
total of 19 libraries. At this stage, MYSQL (www.mysql.com) seemed to be a more
appropriate solution to store data, and Apache (www.apache.org) was installed as the
webserver to run both local Blast searches via an interface and to execute keyword
searches using php scripts (www.php.net). The relational database model used as
described in section 3.2.3 is modified only to minor extent. Data were also stored in
Filemaker Pro 5.5, but the browsable database in the background of the webserver is
MYSQL (see Figure 10).
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Figure 10 Query interface of the latest web browsable database

3.3.1 Assembly of 130000 ESTs in PopulusDB version 3:

With the completion of sequencing of more than 100, 000 ESTs from the 5’ end, and
about 8, 000 3’ ESTs, a good assembly algorithm was needed to reliably predict the
number of transcripts these ESTs represent. During this stage we compared the efficiency
of the three assembly softwares described in section 2.1.1: TIGR_Assembler version 2
(www.tigr.org), phredPhrap (www.phrap.com) and Paracel transcript assembler (PTA)
(www.paracel.com). These packages were compared by using each of these to assemble
799 EST sequences.This was a subset of ESTs from the total 100, 000, which PTA
clustered into three clusters, constituting three similar genes belonging to one gene
family, and encoding same protein,” light harvesting chlorophyll a/b binding protein of
PSII”. We show in Table 2 how the 3 different assembly algorithms clustered these
together.

PTA runs searches based on sequence similarity, using the HASTE algorithm and forms
clusters, which are then further split into contigs and singlets, during the process of
assembly of ESTs within the clusters. In the above case, PTA formed 3 clusters,
representing three similar genes, and split them into eight contigs and eight singletons,
whereas PHRAP assembled the ESTs into 15 different contigs.

TIGR Assembler version 2 was clearly not useful for assembling EST data into unigene
sets as it exhibited a tendency to split the dataset into far higher numbers of contigs and
many more singletons than appropriate.
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We then tested the quality of the consensus sequences obtained from each of these
algorithms. The consensus sequence that CAP4 built has a much higher quality,
compared to that of TIGR_Assembler. Phrap also forms good quality consensus, but has
a tendency to over-assemble the ESTs resulting in erroneous consensus sequences for
certain contigs. Our results indicate that in terms of choosing unigene set PTAs CAP4
algorithm, proves to be a reliable assembly software. Here we choose one EST from each
of the 3 clusters, to be spotted on the cDNA microarray, as compared to 15 and 392, if we
had adopted Phrap or TIGR Assembler instead.

Assembly software N o .  O f
clusters

No of
Contigs

Number
of
singletons

Average blastx
scores to
Swissprotdb

TIGR_Assembler_v2 109 283 760

Phred_Phrap_v 15 0 1085
PTA_CAP4 3 18 14 852
Table 2

Thus Paracel Transcript Assembler (www.paracel.com), based on CAP4 which in turn is
derived from CAP3 (Huang and Madan, 1999) was used to assemble the final dataset
(Liang et al., 2000), as the results indicated that CAP4 was most useful of the three
clustering algorithms for assembly of EST data.

3.3.2 From Assembly to Annotation:

Chromatogram raw files (trace files) were used as the starting set. So approximately
130,000 ESTs includind 3´, 5´, requenced 5´, and full length sequences were included in
the start set for assembly. PTA runs cleanup step first that is removing all low quality
traces and masking the vector sequence. The program also eliminates rRNA, chloroplast
DNA, mitochondrial DNA and all possible contaminating sequences. The next step is
clustering, whereby sequences are compared to each other and grouped together based on
the similarities to each other. These groups are called clusters and the clones that do not
match any other sequence are separately stored as singletons. The next step is the
assembly procedure, in which all clones in one cluster are matched against each other.
Clones that do not match over their entire lengths are then separated to form other contigs
within the cluster. Different contigs are formed when the clones are alternative splice
forms. Clones that do not become part of a contig are separated as singlets within cluster.
The set of contigs (i.e. consensus sequences obtained for each contig), singletons, and
singlets is passed through the annotation process. The following details need to be
completed before starting the automatic BLAST search on this set of sequences. The
latest versions of Swissprot, trembl, non-redundant database from NCBI and Arabidopsis
protein databases (with the latest curation and functional classifications) need to be
downloaded and formatted (for swp and nrdb we have an automatic script that fetches the
latest versions of these dbs as they are updated on their respective websites). A data file
containing all of the information about each entry in each of these databases is
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downloaded, and perl scripts (Table 1) are also used to update the versions of these files
as and when they are updated on their respective websites. Alongside this we run perl
scripts to extract useful information from these files and export it to the Filemaker Pro
database (www.filemaker.com) that contains the fields shown in Figure 8. Once all of
these files are ready, another perl script (blast_combine.pl) can be used to run BLAST
searches on the query sequence file for contigs and singletons and go through the pipeline
of databases (i.e. search against selfdb to fetch the score against the sequence itself, then
run tblastx against the Mendel GFdb to extract the most similar gene family number to
the queried sequence, and against Swissprot, the non-redundant database, ArabidopsisDB
and Mendel GFDB to identify the most homologous sequences in their respective data
banks.

Figure 11: Flowchart of the pipeline script blast_combine.pl from cleaned EST insert
to table with all hits to different databases
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4. Summary of papers:

4.1 Gene discovery in the wood-forming tissues of poplar:
analysis of 5692 expressed sequence tags.

The vascular cambium is a lateral meristem that gives rise secondary xylem and phloem.
The fusiform cambial cells of the vascular cambium divide to form xylem and phloem
mother cells, which then undergo additional rounds of divisions and the resulting cells
then undergo maturation (Larsson, 1994). On the xylem side, this process of maturation
can be easily recognised by the spatial separation of cells undergoing division, expansion,
secondary wall formation and cell death. The formation of this developmental gradient of
xylem cells provides an excellent experimental system in which to investigate the role of
various factors, e.g. plant growth regulators, in controlling differentiation (Uggla et al.,
1996; Hertzberg et al., 2001a, 2001b). Unlike Arabidopsis, in which some of these
processes also occur (Chaffey et al., 2002) the size of the secondary xylem in woody
plants such as poplar makes it feasible to measure the concentration of growth regulators
and gene expression with much greater resolution. Analysis of the regulation of xylem
development is important for understanding the process of wood formation (Mellerowicz
et al., 2001). When the EST sequencing project was initiated in poplar, there was
abundant information anatomical and physiological features of wood formation (Larsson,
1994; Lachaud et al., 1999). However, there was very little information on molecular
aspects of wood formation. Except for vascular development in the model plant
Arabidopsis, in which some vascular development mutants were obtained (Przemeck et
al., 1996; Carland et al., 1996). In addition, a few studies had been performed in Zinnia
cell cultures, which can be programmed to form tracheary elements (Fukuda et al., 1994;
Woffenden et al., 1998; Ye et al., 1994; Roberts et al., 1994). However, since
Arabidopsis is a non-woody plant and Zinnia cell culture system is a in vitro system, it
was not clear whether the analysis of vascular development in these systems could be
directly extrapolated to wood formation in trees. A particular limitation was that few
genes had been cloned from the wood-forming tissues and even fewer genes were
analysed functionally, except for those involved in the lignin biosynthesis pathway (Ye et
al., 1994; Osakabe et al., 1995; Zhang  and Chiang, 1997; Lacombe et al., 1997; Li et al.,
1997).

Therefore, in order to investigate wood formation at the molecular level, an EST
sequencing project was initiated in hybrid aspen (poplar). Two independent cDNA
libraries were constructed. Firstly, a cDNA library (referred to hereafter as “Library 1”)
was constructed from mRNA isolated from phloem and xylem scrapings to cover the
major woody tissues (including developing xylem, phloem and the meristematic cambial
zone) and secondly, a cDNA library was constructed solely from developing xylem
tissues (“Library II”). One of the reasons for preparing these two distinct cDNA libraries
was to compare the EST distributions in them, and thus determine whether a cDNA
library prepared from a specific tissue would yield a greater proportion of genes involved
specifically in regulating the development of the tissue concerned (here, developing
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xylem) than a more broadly-based library. This analysis would be useful for deciding
whether it is more efficient for gene discovery to prepare several cDNA libraries from
different tissues or developmental stages than to exhaustively sequence a single cDNA
library.

The cDNA clones from the two cDNA libraries described above were sequenced from
the 5’ end, and the number of cDNA clones sequenced from Libraries I and II amounted
to 4,883 and 928, respectively, the average read length being 391 and 446 basepairs, and
the number of useable sequences obtained being 4,809 and 883, respectively. After
assembly, 751 clusters and 2,237 singletons were obtained from the 4,809 ESTs of
Library I, together with 78 clusters and 653 singletons from the 883 ESTs of Library II.
These results indicate that 2, 988 and 731 transcripts were identified from the two cDNA
libraries, assuming that each singleton represented a unique transcript. This is expected to
be an overestimate of the true number of unique transcripts since EST sequencing was
performed only from the 5’ end, reducing the ability to detect overlaps that may exist
between different singleton ESTs. Putative functions could be deduced for the
corresponding proteins for 63% of the ESTs from library I and 54% of those from
Library II. The total number of proteins with known functions from the two libraries was
820, assuming that several unique transcripts represent isoforms of the same protein. 164
of the proteins were common to both the libraries, 581 were unique to library I, and 75
unique to library II. Again, it is important to remember that these numbers would
probably fall if the sequence lengths were increased or 3’ sequencing was performed. The
percentages of ESTs with no similarity to any other sequence in the EST database were
12% and 9% in libraries I and II, respectively, while the proportions of ESTs displaying
significant similarity to sequences that had no apparent homology to any other previously
recorded sequences in the database were 25% and 37%, respectively.

The comparison of the EST composition of the two cDNA libraries indicated differences
in the relative distribution of the functional groups and some of these are mentioned here.
Firstly, the percentage of the genes in library II involved in cell wall formation was twice
as much as those in library I. Secondly, the percentage of protein synthesis genes in
library I was significantly higher in library I compared with library II. Thirdly, while the
lignin biosynthesis genes are found in both the libraries, they are more abundant in the
developing xylem library. Interestingly, in case of the genes potentially involved in lignin
polymerisation, there was a difference between library I and library II. For example,
peroxidases were more abundant in library I where as laccases were more abundant in
library II. This result may indicate differential mechanism of lignin polymerisation in
meristematic cambial tissues and early xylem compared to late xylem.

The EST sequencing of the cDNA libraries thus yielded large amount of data regarding
the genes involved in wood formation and their relative expression in distinct zones of
wood forming tissues. Several genes in the lignin biosynthesis and polymerisation and
cell wall biogenesis were identified and these appeared to have differential accumulation
in the two libraries. Interestingly, several ESTs from both the libraries did not display any
homology to any known sequence in the database were identified. Similar results were
obtained by Allona et al (1998). This observation initially lead to a hypothesis concerning
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novel genes that were specific to tree species and perhaps involved in wood formation.
Our results published in paper I also indicated the usefulness of sequencing specific
libraries to obtain genes that may be involved in specific processes as exemplified here
by the sequencing of the developing xylem library (library II).

4.2 Analysis of autumn senescence in poplar leaves

A final stage of leaf development is senescence followed by shedding of leaves in
perrenial plants (Pauly and Perry, 1954). While it is mainly short day length that triggers
senesence,  cold temperature leads mostly to shedding of leaves. Thus, in terms of the
signals inducing leaf senescence, perennials differ from other plants, such as annuals,
where a number of factors such as stress or seed set are often correlated with the
induction of leaf senescence. A key feature of leaf senescence is that there is considerable
shift in metabolism, with recycling of nutrients that are diverted to storage tissues until
their reutilisation during the following growing season (Feller and Fischer, 1994; Collier
and Thibodeau, 1995). Thus, during the process of leaf senescence a major shift in
genetic and metabolic pathways is expected to occur. However, while this process is well
characterised in model plants such as Arabidopsis, our knowledge of the regulation of
leaf senescence at the molecular level in perennial species is rudimentary. While it may
be hypothesised that leaf senescence may be highly similar in annuals and perrenials a
definitive comparison is lacking. Consequently, it is unclear as to which processes are
unique and which are common between these two type of plant species. The study of
autumn senescence in perennials such as tree species of the temperate forests is also
essential in order to understand the regulation of the senescence since the timing of
senescence varies greatly with latitude (Pauley and Perry, 1954). Also, since during the
induction of senescence photosynthesis declines and therefore the timing of induction of
senescence has major implications for plant productivity. Thus for several reasons it is
important to investigate the regulation of senescence in perennial trees.

Since there has not been any data on gene expression during leaf senescence in perennial
trees, we generated a cDNA library from senescing leaves of poplar and sequenced
several thousand cDNA clones to identify and characterise gene expression during
senescence. We then compared the EST composition of a cDNA library of senescing
leaves with that of cDNA library corresponding to young growing leaves to characterise
the changes in gene expression upon induction of leaf senescence in poplar.

In total 5, 258 ESTs were sequenced from the senescence cDNA library compared to 4,
923 ESTs from the actively growing leaf cDNA library. We then used the MIPS
functional classification scheme to obtain functional classifications for each of our
contigs and singletons, or, more precisely for each GFN and PGFN that the contigs and
singletons had been assigned to. However, it should be noted that in many cases MIPS is
not the best system for classification of plant genes, although at the time of curation of
the sequences used in this paper, this was the most useful. While 380 Mendel GFNs (see
section 3.2.2) could be assigned in the senesence library, 460 different mendel GFNs
could be assigned in the active growing leaf library and of these 155 were shared between
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the two libraries. Furthermore, only 207 PGFNs were shared between the two libraries.
These results in general are indicative of large changes in gene expression going from
actively growing leaf to senescence. Furthermore, the senescence library had a larger
number of PGFNs (2,027) compared to those in active growing leaf library (1,483),
indicating that the senescence library had a greater proportion of hitherto uncharacterised
genes compared to that in actively growing leaf library.

Table 3 The most abundant genes in the young leaf and senescing leaf library

Table 3 shows the most abundant genes represented in the two libraries. At first glance,
these data suggest that the most abundantly expressed genes in the actively growing leaf
are those involved in photosynthesis and light harvesting, while abundant non-
photosynthetic ESTs in the library include ubiquitin and metallothionein sequences. In
contrast, proteases, metallothioneins, stress induced ELIPs and other genes are highly up-
regulated in the senescence library, none of which are related to photosynthesis (with the
exception of ELIPs). These results, showing that distinct sets of genes are up-regulated in
the two libraries, most likely reflect differences in the cellular processes dominating in
leaves at these different stages of development. To further identify genes that may be
specifically coupled to the process of senescence we used an algorithm developed by
Audic and Claverie (1997), with which we identified a set of 35 genes (see table 4 below)



29

Table 4: 28 of the 35 genes most strongly expressed in senescing autumn leaf EST
library.

for which the relative abundance of ESTs in the senescence library suggests expression
significantly higher during senescence. While in several cases the function of these genes
is not clear, their expression is higher in tissues that are undergoing senescence or
subjected to stress in other plants (Bhalerao et al., 2003). In addition to this analysis, we
also checked whether genes whose expression has been shown to increase senescence
,the so called SAGs (Gan & Amasino, 1997) were represented in our senescence library
(see table 5).

Table 5: EST frequencies for known SAGs in Young and Autumn senescing leaf library
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Of the 14 representative SAGs we checked, most were present in our senescence library
and those that were present were significantly enriched in this library compared with the
actively growing leaf library. Comparison of the EST composition of the two cDNA
libraries also indicated several other differences. For example, the percentage of ESTs
associated with photosynthesis was clearly lower in the senescence library compared with
the actively growing leaf library. In contrast, there were only minor differences in the
percentage of ESTs related to photorespiration. Several studies have suggested that
during senescence, lipid metabolism (Wanner et al., 1991; Vincentini and Matile, 1993;
Gut and Matile, 1988) provides energy, and in accordance with this we did find some
enrichment of ESTs related to lipid and fatty acid metabolism in the senescence library
compared to the actively growing leaf library. The other classes for which the ESTs were
enriched in the senescence library compared to the actively growing leaf library were
protein destination, cell rescue, defence and cell death. Finally, we conducted northern
analyses to check whether some of our poplar SAGs really were up-regulated during
senescence, and found that the three proteases (cysteine proteases), PR1 and ubiquitin
were indeed up-regulated, whereas the Lhcb2 gene was downregulated, as expected.

4.2.1: Timetable of Autumn senescence: a microarray approach to the
above studies:

We have also recently investigated the time course of alterations in gene expression
during autumn senescence in leaves of aspen utilising the cDNA microarray approach
(Andersson et al unpublished). A unigene set of 13,500 ESTs based on the assembly of
35,000 ESTs as described in section 3.2.1, was spotted and hybridised with probes
generated from leaves of naturally grown aspen trees during August and September,
when leaf senescence occurs under natural conditions in Umeå. The analysis of changes
in gene expression detected in the microarray experiment confirmed the expression
predictions we had made based on the EST distributions described in paper II.

4.3 Transcriptome of wood formation

There is considerable diversity in the types of wood present in different woody plants in
terms of cell wall composition, the presence of secondary metabolites etc.(Mellerowicz et
al., 2001; Larsson et al., 1994). In addition, even in wood from the same plant, age-
dependent differences occur, e.g. juvenile wood differs from mature wood(Larson et al.,
1994). However, neither is there any information on the molecular basis of the diversity
in wood between different tree species nor is it clear if there are any wood specific genes.
At the start of the EST sequencing project comparison of the EST composition of cDNA
libraries from the wood forming tissues from both poplar and pine with Arabidopsis
indicated several genes from poplar and pine that did not appear to have a homolog in
Arabidopsis (Allona et al., 1998; Sterky et al., 1998, Paper III). This lead to speculation
at that stage regarding the possibility of “wood specific genes” defined as those genes
that were involved in wood formation. It was speculated at that time, that there might be
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wood specific genes present in trees, that would be lacking in the genome of annuals that
normally do not appear to form wood. However, there is an alternative possibility that
wood formation in trees, does not necessarily involve wood specific genes unique to
woody plants, but may involve differential regulation of the genes existing in annuals
such as Arabidopsis. Thus there were two important questions that were unanswered.
These are: (i) Are there any wood specific genes? Or (ii) Whether the differences
between annuals such as Arabidopsis and woody plant such as poplar and pine or birch
reside in distinctive, developmentally controlled regulation of genes, that are present in
all the plants mentioned above that underlies the process of wood formation in trees in
contrast to annuals such as Arabidopsis.

Therefore, we used an approach in which gene expression in stem tissues in trees (such as
poplar, birch and pine) were compared with gene expression in Arabidopsis, (most of the
ESTs from Arabidopsis came from tissues not undergoing wood formation, Arabidopsis
forms wood only under specific growth conditions (Chaffey et al., 2002) to address the
questions raised above (paper III). To do so, we utilised the extensive EST resource in
woody species such as poplar (Sterky et al., 1998), birch(Palva, personal communication)
and pine (Allona et al., 1998; http://pinetree.ccgb.umn.edu/) and the complete genomic
sequence of Arabidopsis (Arabidopsis genome Initiative, 2000). Our strategy, as outlined
in Figure.12, was based on identifying a set of genes that could only be found in woody
species such as birch, poplar and pine but not in Arabidopsis.

 Figure 12 Flowchart of analysis of ”wood specific genes”

The total number of potential ESTs that could be derived from these species is huge, but
in this study we only used ESTs generated by sequencing libraries prepared from stems.
Firstly, we constructed a dataset of genes that were common to the two woody
angiosperms namely, poplar and birch, but could not be found in Arabidopsis. In this
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initial study we did not use ESTs from pine, since pine is expected to be considerably
more divergent at the sequence level from the other three species all of which are
angiosperms. We identified 58 pairs of sequences for which there was significant
homology between poplar and birch sequences (either singletons or contigs) but neither
of which gave any significant hits with sequences in the Arabidopsis protein dataset using
BLASTX searches. Of these 58 pairs, 40 pairs could be eliminated from further analysis
since TBLASTN searches detected significant homolgy between them and Arabidopsis
sequences. This was mainly due to the fact that Arabidopsis datasets from different
sources were used, and these consisted of different number of proteins sequences. Of
these remaining 18 pairs 10 more could be eliminated as these gave significant hits
against other herbaceous species such as rice, potato, tobacco, maize or Phaseolus. These
could potentially be sequences that have been lost from Arabidopsis, but retained in other
herbaceous species and therefore cannot be considered to be wood specific in true sense.
Thus finally 8 sequences remained that could be used for further analysis. To further
refine the analysis, these 8 sequences were compared with poplar sequences generated
from cDNA libraries prepared from non-woody tissues. This analysis would assist in
identifying genes that can be considered to be potentially wood specific if these are
represented only in wood cDNA libraries but not in other libraries. Eventually, only two
sequences remained after this final filter that were absent in non-wood cDNA libraries.
Given that around 4000 to 5000 ESTs were sequenced from each tissue in poplar, we
believe that even these two remaining sequences are probably not wood specific,
although they may be woody plant specific. Thus, our analysis indicates that there are
probably no truly wood-specific genes.

It is important to note that our analysis has certain caveats. For example, it is likely that
we have not extensively covered the entire transcriptome of wood formation in the trees.
Thus, we may have missed weakly expressed genes, that may not have been represented
in our EST collection, especially since our libraries were not normalized. Furthermore,
since chimeric contigs may be formed during EST assembly, which may combine
unrelated genes, it is  also possible that the developmental program of wood formation in
woody plants may involve differences in copy numbers of multigene families between
woody plants and Arabidopsis. Since it is difficult to identify exact orthologues using
EST sequencing we may have this essential difference. Another problem is that in case of
genes encoding enzymes with motifs such as cytochrome P450 may be grouped together
and it may be possible that the function of these different cytochrome P450 genes may be
different between woody plants and Arabidopsis which may be difficult to predict based
on limited sequence data. This is particularly relevant issue since the components of cell
wall can be different between different plant species (Mellerowicz et al., 2001; Larsson,
1994) While the problems raised above may preclude the discovery of wood specific
genes at this stage, the recent sequencing of poplar genome may allow a better
comparison of Arabidopsis and poplar and may allow the discovery of wood specific
genes in poplar. Secondly we attempted to identify genes in Arabidopsis that may be the
complement to those involved in wood formation in trees or in other words describe a
transcriptome of wood formation based on Arabidopsis. In order to do this we compared
the datasets of ESTs from birch, poplar, pine and Arabidopsis and identified Arabidopsis
genes that had a closely related sequence in all of the three. We also identified



33

Arabidopsis genes that had a closely related sequence in the dataset comprising common
genes in any of the two woody species

Table 7: Number of Arabidopsis genes with closest homologue in different datasets.
A= Aspen, B=Birch, P= Pine.

In total we found 1497 such genes. In addition we found 3453 Arabidopsis genes with a
closely related sequence in the dataset obtained from comparing any two woody plants
While it is certainly possible, that some of the 3453 genes with homologs in any of the
two other woody species, at this stage we used only 1497 genes common to all the woody
plants and Arabidopsis to identify Arabidopsis genes involved in wood formation. In
order to determine the quality of the dataset used for determining genes involved in wood
formation we checked our dataset (1497 genes) for ribosomal proteins and histones that
are expected to be present in all cells. If there was a significant lack of representation of
Arabidopsis genes that are expected to be well represented in most tissue then the quality
of the dataset would be considered to be low. We found that 4 out of 5 histones, 17 out of
23 ribosomal analysed were represented in our dataset. Based on this analysis we
assumed that 75% of the genes with reasonable expression levels (comparable to histones
and ribosomal proteins analysed) were represented in our dataset. 628 genes out of 1497
did not appear to have informative annotation and therefore their function could not be
predicted. This dataset was well represented in genes involved in cell wall formation such
as 4-coumarate CoA ligase, Cinnamoyl CoA reductase and cellulose synthase amongst
others (reviewed in Mellerowicz et al., 2001). Surprisingly, other less obvious genes
found in this dataset were those for some photosynthetic proteins. This may be due to the
fact that young phloem often appears to contain photosynthetic apparatus (Oksanen et al.,
2001). Functional classification of the dataset using MIPS database indicated that the
dataset was particularly enriched in genes involved in protein synthesis and protein
destination (ribosomal proteins, protein folding factors etc) where as the class of
transcription factors was considerably depleted.

In order to identify genes that were particularly highly expressed in wood forming tissues
we compared the ESTs from pine and total ESTs for Arabidopsis. In this comparison, we
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used only pine libraries which consists mainly of xylem tissues (Allona et al., 1998)
where as the other libraries from poplar and birch included tissue such as cambium young
phloem (Sterky et al., 1998), where several process such as cell division, primary cell
wall formation occur that also occur in non woody tissues. Further we identified 184
genes particularly enriched in pine dataset compared to total Arabidopsis EST dataset
(Audic and Claverie, 1997). After identifying poplar sequence closely related to these
184 genes, we proceeded to identify which of 184 poplar genes were enriched in poplar
dataset comprising of libraries had a homolog that was enriched in libraries prepared
from stem tissues in poplar when compared with those prepared from leaf tissues. This
lead to the identification of 63 genes that were significantly enriched in poplar wood
libraries compared with leaf libraries. This dataset comprised of genes involved in lignin
biosynthesis such as cinnamyl-alcohol dehydrogenase, phenyl ammonia lyase and 23
additional genes that lacked informative annotation. These 23 genes that appear to be
expressed at higher level in woody tissue but whose function is unclear present a future
target for mutational analysis in Arabidopsis to assess their function.

4.4 A glimpse into a tree genome: A Populus EST inventory

As outlined in the introduction, EST sequencing is a cost effective strategy to perform
large scale discovery in organisms in which genomic sequencing is not an option.
However, even when genomic sequencing is performed, access to large EST collections
serve several important functions. The ESTs can be used for: (i) open reading frame
(ORF) predictions, (ii) training programs for intron-exon predictions, (iii) getting an idea
regarding tissue or developmentally regulated gene expression. In case of poplar, we
initiated EST sequencing by sequencing of the cambial libraries. This was then extended
to several other cDNA libraries e. g. young and senescing leaves. Over 130, 000 ESTs,
from 102, 019 clones were sequenced from 19 different cDNA libraries and further EST
sequencing was terminated partly due to the fact that DOE in USA had decided to
sequence the poplar genome and at the time of writing this thesis, the task of genomic
sequencing of poplar has been completed (Jerry Tuscan, personal communication).

In order for our EST collection to be useful for curating the genome sequence of poplar it
was essential to assemble and curate the EST sequences. Clustering of the ESTs was
performed using Paracel Transcript Assembler since this program gave the best results in
our hands as well as in tests performed by others. A total of 12,760 singletons and 11,896
clusters were obtained. The cDNA libraries used for EST sequencing were constructed
from tissues obtained from 3 different types of poplar species [P. tremula (swedish
aspen), P. trichocarpa, P. tremulaXP. Tremuloides (hybrid aspen)]. This presented an
oppurtunity to compare the sequence variation between these three species. At least using
the default parameters PTA was not able to discrimate between the sequences from
different species as clusters did not appear to be species specific. However, it was clear
that the high level of identity in the coding did not extend to non coding region as closer
examination of species specific sequences indicated a high level of divergence in the non
coding UTRs. These results indicate that as far as microarrays are concerned it will be
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possible to use cDNA microarrays across different poplar species although designing
oligo arrays that will across species in poplar may be more difficult.

It has recently been argued that considerable gene loss has occured during the evolution
of angiosperms. Further, several EST projects in trees had identified large proportion of
EST not similar to any other sequence in Arabidopsis leading to hypothesis regarding tree
specific genes. In order to do address these issues we used our EST resources to compare
the genetic composition of poplar with Arabidopsis. For this purpose we used 4 182 full
length EST sequence (not to be confused with full length cDNA sequence which
corresponds to entire open reading frame) in which 5´and 3´sequence overlap and come
from sequencing of the same physical cDNA clone. This set was compared with
Arabidopsis proteome using BLASTX. As expected very small sequences (<300 bp)
displayed low degree of similarity to Arabidopsis proteins where as a strong correlation
appeared between blastX score and sequence length for sequences greater then 300 bp. In
particular for sequences over 1500 bases, 98.8% had a very high blast score. Only 3 out
of 240 poplar sequences in this latter category had a long sequence but low blastX score
but importantly these sequence were poplar sequences as judged by the existence of a
corresponding genomic sequence in the unassembled poplar genomic sequence. These
results prompt us to believe that while gene loss may have occured during the evolution
of angiosperms such as Arabidopsis but the figure mentioned by Allen (2001) may be an
overestimate. We also compared all the predicted genes in Arabidopsis with our EST
datasets using TBLASTN. Our results show that over 50% Arabidopsis of genes have a
blast hit in poplar EST database with score of 10-38 or lower and over 75% of predicted
arabidopsis genes give a hit in poplar database with score of 10-10 or lower. These results
indicate that majority of the Arabidopsis gene families have a homolog in our poplar EST
collection. However at this stage we are not able to compare e. g. the size of gene
families between Arabidopsis and poplar. In this case the complete assembled poplar
genome will be a better material.

It has been shown by us and others that EST compositions of cDNA libraries from two
different tissues or the same tissue at different stages can be used to compare changes in
gene expression. We have performed this type of analysis in paper II (Bhalerao et al.,
2003). Comparison of the EST composition over 19 cDNA libraries indicates a clear
tissue and developmental regulation of distinct classes of genes. For example, major
changes in gene expression occur during senescence as described before. Similarly,
during active and dormant cambial libraries also show large changes in gene expression.
These results also indicate that tissues that are seemingly unrelated e.g. apical bud and
cambium and seed probably activate similar type of genes during a specific
developmental stage e. g. during dormancy. Furthermore, enrichment in specific classes
of genes is observed in specific cDNA libraries e. g. development class is more abundant
in imbibed seeds and dormant buds, energy in leaves, protein synthesis in apical shoot
and apical meristem libraries. While this data should be treated with caution given the
several unpredictable effects of library preparation, tissue collection etc, it is nevertheless
noteworthy and gives a hint of cellular processes occuring in a specific tissue or at a
specific developmental stage. Finally we also investigated codon usage in poplar with
Arabidopsis. Our results indicate high degree of similarity of codon usage between poplar
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and Arabidopsis. One distinction between poplar and Arabidopsis was the mild
suppression of CG dinucleotide in the last two positions of codon (XCG/XCC=0.92) in
Arabidopsis compared to that in poplar (XCG/XCC=0.38).
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Conclusions

The main findings and outcomes of the work described in this thesis are:

1. EST sequencing is an efficient and cost effective method for gene discovery in the
absence of genome sequence.

2. A set of of perl scripts has been written to establish an automated pipeline for
processing of post-sequence EST data thereby reducing manual curation.

3. A database for storage of poplar EST data has been established which allows easy
access to the scientific community to the EST data.

4. Sequencing of over 19 different cDNA libraries representing different tissue and
developmental stages has lead to an EST resource of over 130,000 ESTs.

5. The 130,000 EST have been assembled and this information has been used to generate
a unigene set for microarrays.

6. We have compared the EST composition of young and senescing cDNA libraries to
identify genes expressed at higher levels in leaves at these two distinct developmental
stages. These results have subsequently been validated using microarrays.

7. We have investigated the transcriptome of wood formation in trees and concluded that
most likely there are few, if any, wood specific genes.

8. We have compared our EST data with Arabidopsis genome sequence and this indicates
that there are few tree specific genes. These results suggest that the differences in the
copy number in gene families and/or differential regulation of genes in Arabidopsis and
poplar may underlie the gross differences in growth habit between an annual like
Arabidopsis and a woody plant such as poplar.
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Future perspectives

In the future, the work will concentrate on using the EST resources to complement the
work on genome sequencing in poplar. We will use our EST resources for:

1. Incorporating the data from genomic sequencing into the poplar database.

2. Training of the programs for intron-exon borders.

3. Predictions of open reading frames in genome sequence.

4. Construction of a unigene set for printing full genome microarrays for poplar.

5. Estimating the sizes of gene families in poplar and analyzing the regulation of distinct
family members in context of different biological processes
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