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Introduction

In the late 1940’s, the members of  the scientific community were aware that
DNA was most likely the molecule of life, even though many were sceptical
since the molecule was so “simple”. They also knew that DNA included differ-
ent amounts of the four bases adenine, thymine, guanine and cytosine (usually
abbreviated A, T, G and C) but nobody had the slightest idea of  what the mol-
ecule might look like or how it could act as a carrier of  genetic information. In
1953 James Watson and Francis Crick revealed the structure and properties of
DNA (Watson et al., 1953), they discovered that the blueprint for an organism
was encapsulated in a long string of nucleic acids, arranged in a double stranded
helix, like a twisted rope ladder. However, one big question remained unan-
swered: how could this molecule carry genetic information? The answer was
provided by Nirenberg, Khorana and Holley in the early 1960’s. They discov-
ered that the genetic information was coded in the order in which the nucleotides
are present in the DNA molecule (Nirenberg, 1963; Khorana, 1965; Holley,
1965).
Cracking the code of life paved the way for a tremendous boom in molecular
biology and in the understanding of  biology in general. The DNA molecules
present in an organism’s genome ensure that each living organism contains within
itself  the information it needs to build a new organism.
After the finding that DNA’s information was encoded in its sequence of
nucleotides (A, C, T, and G), it was believed that one could determine this
sequence through a method of analyzing a large number of identical strands of
DNA and identifying each nucleotide in order of  it’s appearance in the DNA
sequence (genome sequencing). The concept of genome sequencing is quite
simple. Break your genome up into many different small fragments, clone these
fragments into a sequencing vector, isolate many clones and sequence each
clone. Assembling these fragments together will result in the complete sequence
of the genome. The next step is to decipher this genomic sequence (genome
annotation), identifying the location, structure and function of  genetic elements
of interest.
Genome sequencing is a resource-intensive effort, so it’s important to under-
stand why this effort is justified, especially in terms of  which genomes to se-
quence. Several reasons, like the financial costs and the scientific, economical,
medicinal or ecological value of the species for the scientific community or
society in general, influence this choice (Jackson et al., 2006). To some extent
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Figure 1. Basic steps in the Sanger sequencing protocol. (a) Synthesizing labeled DNA, (b)
separation of the new DNA on size (c) DNA fragments pass through optical detection system

(d) resulting chromatogram, (e) final sequence

also the genome size is an important criterion in choosing species to be sequenced
because this is directly linked to the costs of sequencing it. But there is also a
biological reasons for this criterion, large genomes tend to be filled with repeti-
tive elements that posses several difficulties for sequencing them (Vitte et al.,
2005).
As the costs to produce a genomic sequence are becoming less, for reasons that
are discussed later in this work, the financial aspect in the selection of species
to sequence is diminished and scientific and/or social reasons gain importance
(see appendix for a list of plant genome projects).
The availability to produce (annotated) genomic sequences of an organism has
created a new area of  research in molecular biology namely the study of  the
evolutionary past of a species genome. Since the genome is the blueprint of
each organism, the evolution of species will be reflected in the evolution of
their genome.
Next we will go more into detail, describing the process of genome sequencing
and annotation. In the last part, the research conducted to investigate the evo-
lutionary history of a genome will be introduced.

DNA sequencing, the Sanger method

Modern day high throughput DNA sequencing took a start in 1977 with the
publication of  the enzymatic DNA chain termination sequencing technique by
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Frederick Sanger and co-workers (Sanger et al., 1977).  At the time it was not
the only method available. A chemical procedure was published at about the
same time by Maxam and Gilbert (Maxam et al., 1977) but due to its technical
complexity, extensive use of  hazardous chemicals, difficulties with scale-up
and orders of magnitude slower it was quickly abandoned. As a consequence
the enzymatic approach of Sanger became the method of choice.

The Sanger method makes use of  modified analogues of  the normal
deoxynucleoside triphosphates (nucleotides, dNTPs), which act as specific chain-
terminating inhibitors for the DNA polymerase reaction. They differ from nor-
mal nucleotides because they lack the 3´0H-group that is required to chain
nucleotides together by the DNA polymerase enzyme.
The sequencing procedure requires a single stranded DNA template molecule,
a DNA primer (to start-off the DNA polymerase reaction), a DNA polymerase
enzyme, the four radioactively labelled standard nucleotides (dNTPs: A, T, G,
C) and the chain terminating nucleotides (ddNTPs). The initial DNA sample is
divided into four separated samples and to each of these samples one of the
labelled ddNTPs is added. Based on the template sequence, the DNA polymer-
ase will synthesize a new DNA strand, complementary to the template. When a
ddNTP is built into the growing DNA strand, the reaction is stopped and no
more nucleotides can be added to the DNA strand (figure 1). Afterwards the
newly synthesized DNA fragments are separated on size by gel electrophoresis.
Each of  the four separate samples is run in a different lane, the bands of  DNA
are visualised and the sequence can be read from the gel image (figure 1). The
above protocol describes the initial method as it was published by Sanger and
co-workers but since then the technique has undergone several refinements,
resulting in a quicker and safer protocol. Originally the primer or the dNTPs
were labelled, now the ddNTPs are labelled (dye terminator labelling). Moreo-
ver, the radioactive labelling is replaced by a fluorescent labelling of the ddNTPs
which allows automated optical reading of the DNA fragments (figure 1). A
final refinement was done by using four different fluorescent labels (one for
each nucleotide A,T, G or C) on the ddNTPs, each fluorescing at a different
wavelength which allows to perform the synthesis reaction in a single sample.
This procedure is now the standard method for DNA sequencing and is fully
automated which allows its use in large scale sequencing projects. Additionally,
the introduction of robotics has also been a key improvement to the whole
process, the human hand rarely touches the clone that is being sequenced.  Robots
pick subclones, distribute them into reaction plates, create the sequencing reac-
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tion, and load the plates onto the capillary detection system. DNA sequencing
robots available today can sequence DNA fragments the clock round with al-
most no human intervention. They can handle up to 384 samples at once and
produce sequences with a length from 300 to 1000 nucleotides, which adds up
to >350000 nucleotides per hour.

Large scale sequencing strategies

Sequencing the complete genome of a species requires, besides the above de-
scribed sequencing procedure, a whole set of  additional strategies. Since the
current sequencers can determine the base composition of  DNA stretches of
up to 1000 bases and considering that even the relatively small genomes of
bacteria can contain millions of  bases, it’s clear that some pre-processing of  the
DNA molecules is needed. In principal this is done by breaking up the sequence
into smaller DNA fragments of a size that is reasonable to sequence with the
automated Sanger method. Afterwards the smaller pieces are put back together
to result in the complete continuous sequence.
Two intrinsically different approaches can be used: the whole genome shotgun
(WGS) approach and the map-based (clone-by-clone) approach. They differ in
the protocol itself as in the final result.

Whole genome shotgun
In this approach it is essential to cut up the DNA sequence into overlapping
fragments, which is often done by mechanical power (eg. sonification). This
will result in a pool of random DNA fragments of different lengths which are
then separated based on their size. Pieces with a length of approximately 3000
and 10000 bases are selected from this set. These DNA fragments are then
cloned into an appropriate sequencing vector and amplified to form the 3Kb
and 10Kb libraries. From these libraries, random clones are selected to be
sequenced. A single sequencing run is performed with each of  the selected
clone to produce a ‘read’. At present day, from each clone, two reads are pro-
duced. A procedure sometimes referred to as double-barrel shotgun sequencing.
These reads are obtained from opposite ends of the same clone and are consid-
ered paired end-reads. Making use of  this paired end-read method is more cum-
bersome as compared to the original concept (one has to keep track of the
paired data) but contains valuable information: the reads are in opposite direc-
tion and are located in the original sequence with a gap of approximately the
size of the cloned DNA fragment. This knowledge can be used later on in the
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Figure 2. Overview of  the assembly procedure. From the sequencing reads, a draft genome
sequence is reconstructed. (a) creation of contigs, (b) paired end reads link contigs together in

scaffolds, (c) anchoring scaffolds according to a genetic map.

reconstruction of  the original DNA fragment. For large genome projects, like
those of most eukaryotic genomes, millions of these reads are generated in an
attempt to cover the whole genome. (Venter et al., 1996; Venter et al., 1998)
Because the method starts with random overlapping fragments many regions of
the genome will be sequenced several times, often called the sequencing depth
or the coverage. An 8x coverage thus means that, overall, every base position
of  the genome is sequenced eight times. This is of  course an average measure,
some base positions will be sequenced more often while other might even be
completely missed.
These millions of obtained reads might contain all bases of the original ge-
nomic DNA, however we have no idea where each read is derived from in the
original genomic DNA. Reconstruction of  the original sequence is called the
assembly process: all the small sequences are put back together to create a
representation of the original chromosomes from which the DNA originated
(Myers et al., 2000). The process starts with determining overlaps between all
the available reads, based on sequence similarity. This is where computer power
comes into play: each bit of  sequence has to be compared to all others. Reads
that are overlapping are consecutive in the original DNA fragment and can be
joined together to form contigs (figure 2). In the ideal situation this results in
one contiguous fragment, the original chromosome (or genome). Unfortunately,
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there usually remain gaps in the sequence because some regions of the original
genome might be underrepresented in the clone library, or even absent. This
might be due to cloning issues or the failure of the assembly as a result of the
presence of  repetitive sequences. (Myers et al., 2002) The closure of  these gaps
(the gap closure step) is skipped in many genome projects because it involves
cloning and sequencing of specific target regions of the genome which is very
labour intensive, slow and quite costly. Even without the closure of  gaps in the
sequence data, it is still possible to order the different contigs to reflect the
original chromosome. This is where the paired end-read data is incorporated. If
the two reads from a single clone each match a different contig, the contigs can
be linked together.  The actual sequence linking the two contigs is not known
but since we know that the two reads originated from the same DNA fragment
the two contigs can be linked together to form a scaffold (figure 2). Because we
also have the approximate length separating the two reads in the cloned frag-
ment we immediately have a size estimate of the gap and can fill it with a
number of  N (undetermined nucleotide). Making use of  the information of
genetic maps of the genome, these scaffolds can themselves be linked together
(figure 2). Genetic maps are a collection of positions of markers on a genome
inferred by classical genetic studies. Based on the presence and orientation of
the markers in the scaffolds, the scaffolds can be ordered and orientated result-
ing in the draft sequence of the genome (Myers et al., 2000).
The WGS approach is today the commonly used method to determine the ge-
nome sequence of  several organisms whether it is a tree, Populus trichocarpa
(chapter 2) or a brown algae, Ectocarpus siliculosus (chapter 3).

Map based, clone-by-clone sequencing approach
Unlike the WGS approach, the clone-by-clone method relies on a highly struc-
tured procedure to break up the genomic DNA. Each chromosome can be seen
as a separate project and often they are treated that way by assigning chromo-
somes to different sequencing centres. The DNA of  all chromosome is cut in a
controlled way making use of  restriction enzymes. This will generate pieces of
DNA of  approximately 150 Kb long. These pieces are cloned into a vector to
form bacterial artificial clones (BAC) that are then amplified in a bacterial host
(Burke et al., 1987). The end result is a set of clones each containing a different
piece of  the original sequence, also called a BAC-library (Osoegawa et al., 2001;
Luo et al., 2003). The BAC inserts are fingerprinted to give each BAC a unique
identification tag that determines the order of  the fragments. Fingerprinting
involves cutting each BAC fragment with a single enzyme and finding common
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Figure 3. Schematical representation of a BAC library and the minimum tiling path.

sequence landmarks in overlapping fragments that determine the location of
each BAC along the chromosome. In the WGS approach the selection of  clones
to sequence was highly random, now the selection of clones is well defined.
Sequencing starts off  from specifically selected BACs which are usually rich in
genes, the seed BACs. The following BACs to sequence are selected in such a
way that there is a minimal but sufficient overlap with the previous one (figure
3). The selected BACs are sequenced usually by a shotgun approach: cut the
DNA at random in small fragments, sequence each fragment and put them back
together to from the original BAC insert. Except for the small scale BAC assem-
bly there is no further assembly step needed in this procedure. The location of
each BAC on the original sequence is known in advance and they only need to
be merged in the order determined by the minimum tiling path (figure 3) (Engler
et al., 2003; Dale et al., 2007). The first two plant genomes ever sequenced
(Arabidopsis thaliana and Oryza sativa), were sequenced using this strategy (AGI,
2000; IRGSP, 2005). This method is no longer the method of  choice in most
sequencing projects although it is not completely abandoned as is presented in
chapter 4, where its application to determine the genome of  the model legume
Medicago truncatula is described.

Recent developments in DNA sequencing technology.

In the last decades progress in the field of automated DNA sequencing was
mainly achieved by improving the existing Sanger method resulting in a more
efficient protocol and a better automation of the procedure. In the last couple
of years, however, some new approaches (Mardis, 2007) have been described
that could, and will, revolutionise large scale DNA sequencing. These three
new technologies are grouped together as the massively parallel sequencing
approaches.
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454 pyrosequencing
The 454 sequencing approach is based on the principle of ‘pyrosequencing’,
which uses the pyrophosphate molecule released on nucleotide incorporation
by DNA polymerase to fuel a downstream set of reactions that ultimately pro-
duces light that can be recorded by an optical detection system. The DNA
strands of the library are amplified en masse by emulsion PCR on the surface of
hundreds of  thousands of  agarose beads. Each agarose bead surface eventually
contains up to 1000000 copies of the original DNA fragment to produce a
detectable signal. The beads are then loaded into a picotiter plate (PTP) and
nucleotide and reagent solutions are added in a sequential fashion. Imaging of
the light flashes from luciferase activity records which templates incorporates a
particular nucleotide and the emitted light is directly proportional to the amount
of  a particular nucleotide that is incorporated. The current 454 instrument, the
GS-FLX, produces an average read length of ~250 bp per sample/bead
(Margulies et al., 2005).

Illumina genome analyzer
This technique was first introduced in 2006, and is capable of producing se-
quence reads of 32–40 bp from tens of millions of surface amplified DNA
fragments simultaneously. Single stranded DNA samples are hybridised onto a
glass flow cell and amplified through a process called ‘bridge-amplification’ re-
sulting in clusters of copies of the original DNA sample. Afterwards each of
these clusters is supplied with polymerase and four differentially labelled fluo-
rescent nucleotides with chemically inactivated 3’-OH to ensure that only a
single base is incorporated per cycle. Each base incorporation cycle is followed
by an imaging step to identify the incorporated nucleotide at each cluster and
by a chemical step that removes the fluorescent group and deblocks the 3’ end
for the next base incorporation cycle. After the sequencing run the actual se-
quence is computed from the optical imaging data.

Applied Biosystems SOLiD sequencer
This instrument, released in October 2007, uses a unique sequencing process
catalyzed by DNA ligase. The ligation-based sequencing process starts with the
annealing of a universal sequencing primer that is complementary to the SOLiD
specific adapters on the DNA fragments and a limited set of semi-degenerate
8mer oligonucleotides and DNA ligase is added. When a matching 8mer hy-
bridizes to the DNA fragment sequence adjacent to the primer 3’ end, DNA
ligase seals the phosphate backbone. After the ligation step, a fluorescent readout
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Table 1. Summary of  the specificities of  the new sequencing technologies. As a reference also the
classical Sanger Method is included

identifies the fixed base of  the 8mer. A subsequent chemical cleavage step re-
moves the sixth to eighth base of the ligated 8mer by attacking the linkage
between bases 5 and 6, thereby removing the fluorescent group and enabling a
subsequent round of ligation. The process occurs in steps that identify the se-
quence of  each fragment at five nucleotide intervals.

While the first two methods are actually a reversible implementation of the
Sanger method (sequencing by synthesis), the later uses a completely new ap-
proach: sequencing by hybridisation. These methods have in common that they
are orders of magnitude faster and cheaper than the existing Sanger technique
(table 1). Besides the economical advantages, are the advantages in the sample
preparations which make them even better suited to be applied in high through-
put sequencing projects. The major advantage here is that there is no more need

to clone the fragments into a vector because the amplification of the DNA
fragments is achieved by Polymerase Chain Reaction of  the samples.
Momentarily, the major drawback of  these approaches is the relatively short
length of  the reads that are produced which present major bioinformatics chal-
lenges, particularly for genome assembly. The short read lengths and absence of
paired ends make it difficult for assembly software to disambiguate repeat re-
gions, therefore resulting in very fragmented assemblies (Pop et al., 2007). The
difficulties in the assembly step, which is also the hardest part in classical
sequencing approaches, is the main reason why these techniques are not yet
used for de novo sequencing of  complete genomes. It is however only a matter of
time before these techniques make their entrance in the field of genome
sequencing and examples of some hybrid approaches, where the classical method
is combined with eg. the 454 sequencing to increase the coverage, are already
available (Valesco et al., 2007). The current inability to apply these methods for

Sanger 454 Illumina SOLiD
cloning yes no no no

# Samples 96 400000 4,00E+07 1,00E+08

read length 900-1000 250 30-40 25-35

runtime 2,5h 7h 4days 5days

Mbases/run 0,096 100 1300 3000

Cost/run $300 $8500 $9000 $17500
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complete genome sequencing does not mean that they do not already have many
applications in modern day molecular biology research because they are very
well suited to be applied in any sequencing project where the assembly effort is
minimal. A typical example is the study of genetic variation in species by
resequencing genomes for which a reference sequence is already available. Here,
the reads don’t have to be de novo assembled but can be mapped on the refer-
ence sequence. Also the sequencing of transcripts (Chueng et al., 2006) and
non coding RNA (Lu et al., 2007) can be tackled with these new techniques.
Regulatory protein binding site identification is another possible application. It
is clear that these new approaches will enable us to gather genome-wide se-
quence information more rapidly (and cheaper) than ever before.

The structure of a eukaryotic gene

The structure of  genes and their expression mechanism is far more complicated
in eukaryotes than in prokaryotes. In eukaryotes, the region of  the DNA coding
for a protein is usually not continuous, like it is the case in prokaryotes. The
region that codes for a protein is present in the genome as alternating stretches
of exons and introns (figure 4). During transcription, both exons and introns are
transcribed onto the pre-mRNA, in the order in which they occur in the ge-
nome. Thereafter, a process called splicing takes place, in which the intron
sequences are excised and discarded from the pre-mRNA sequence. The re-
maining RNA segments, the ones corresponding to the exons are ligated to
form the mature RNA strand (mRNA). A typical multi-exon gene has the fol-
lowing structure (see figure 4). It starts with a promoter region, which is fol-
lowed by one or several transcribed but non-coding exons (and introns) called
the 5' untranslated region (5' UTR). Next to it lies the initial coding exon which
contains the start codon (AUG). Following the initial exon, there is an alternat-
ing series of  introns and internal exons, ending with the terminal coding exon,
which contains the stop codon (TAA, TAG or TGA). Ending the eukaryotic
gene, there is another transcribed non-coding region of exons and introns called
the 3' UTR. The exon-intron boundaries (i.e., the splice sites) are signalled by
specific sequences that are recognized by the snRNAs of the spliceosome that
mediates the intron excision through a two-step reaction (Hastings et al., 2001).
The 5' end of an intron is called the donor site which usually is indicated by GT
or GC consensus sequence. The 3' end of an intron is called the acceptor site
(usually AG sequence) (Dale et al., 2003). These sites are recognized and bound
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by specific snRNAs thereby precisely indicating the exon-intron junctions. The
nucleotide pattern that is recognized by the snRNAs is actually not limited to
the 2 conserved nucleotides but extents both in the exon and intron. For exam-
ple the snRNA that binds the donor site (U1 snRNA) uses a 12mer region (four
nucleotides upstream and eight downstream) to determine the correct donor
position. However, besides the two conserved nucleotides, considerable varia-

Figure 4. Structure of an eukaryotic gene

tion has been observed in the nucleotide sequences that are bound by the U1
snRNA resulting in a degenerated pattern for the donor site (Schwartz et al.,
2008). For completeness it has to be mentioned that there also exists a different
class of introns, U12 minor class introns, which are processed by different
snRNAs. The terminal nucleotides for these introns are AT-AC and GT-AG
(Wu et al., 1996; Dietrich et al., 2005). Although the short conserved sequences
are bordering the vast majority of both major and minor class of introns, excep-
tions on both the donor and acceptor site exist (Jackson, 1991; Sheth et al,
2006).
Examples of  the more frequently occurring exceptions are: GA-AG and GT-
TG but together these only account for about twelve introns in Arabidopsis
thaliana (TAIR). Besides the four nucleotides bordering the introns the only
other universally conserved nucleotide is the branch point base: A. However,
computationally identifying introns in genomic sequences does not only rely on
these short consensus sequences. There are many more features present that are
even less apparent in the sequence. In higher organisms the presence of a pyri-
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midine-rich region just upstream of the 3' splice site is common. Most splice
site predictors try to identify potential splice sites in genomic sequence based
on the positional, compositional and codon bias information that exists be-
tween exons and introns. This information is extracted from a large local con-
text around each candidate splice site and processed by a classifier that pro-
duces a score for the splice site (Degroeve et al., 2005).

The problem of  gene prediction is even more complicated due to the enormous
variation in gene structures: they show incredible diversity in size and organisa-
tion, even within a single genome. Eukaryotic genes can contain only a single
exon, but can also consist out of dozens of exons spread out over several thou-
sands of nucleotides in the genome. Moreover, the size of the exons and the
introns themselves can vary from a couple of nucleotides up to several thou-
sands nucleotides.

Turning sequence into knowledge: Genome annotation

Although the availability of  the complete sequence of  an organism’s genome
opens up a large range of  new possibilities to unravel the biology of  a species,
for most biologists the raw genomic sequence is not very useful. It has to be
translated into biological features: genes, promoter elements, RNAs, … This
process is referred to as genome annotation (Stein, 2001). Not all of the
nucleotides within a genome are biologically relevant. Within the genome of
higher organisms, large parts of  the DNA do not serve any obvious purpose.
This so-called junk DNA may, however, still contain unrecognized functional
elements. Indeed, research in the past years has shown has ascribed several
biological functions (eg. chromatin attachment, miRNAs, …) for these regions.
The process of  assigning biological information to the sequences can be split
up in 2 main parts: the structural annotation and the functional annotation
(Rouzé et al., 1999; Aubourg et al., 2001).
Structural annotation consists of  delineating elements in the genomic sequence:
protein-coding genes (gene annotation), RNA genes, transcription factors bind-
ing sites, … This part of the process is largely automated by the use of compu-
ter algorithms (in silico).
Functional annotation tries to assign biological function to the elements de-
rived from the structural annotation. What protein does a gene encode? What is
the role of certain RNAs in the cell? Although some automated methods can be
applied here, this process is still largely depending on biological experiments (in
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vivo or in vitro).

An accurate identification of the genes in the genome of an organism is essen-
tial for downstream bioinformatics analyses. It also provides the scientific com-
munity the raw material to conduct targeted experimental work to investigate
the genes of  a species. Therefore gene annotation is one of  the first and most
important steps in understanding the genome of a species once it has been
sequenced. Gene prediction or predicting the structure and location of  all pro-
tein-coding genes (the proteome) in a genome of a species is usually tackled
with three different approaches: ab initio, extrinsic and comparative methods
(Mathe et al., 2002; Stormo et al., 2001) which often are combined into a single
prediction pipeline.
Application of these approaches is done by developing computer programs,
capable of handling the vast amount of data to be processed. Examples of
prediction software will be given for each approach.

Ab initio or intrinsic approaches
In ab initio, or intrinsic, annotation the genomic DNA sequence itself  is system-
atically analysed for certain features of  protein-coding genes. These features
can be categorised as either signals or content. Signals are specific parts of the
sequence that indicate the presence of  a gene nearby: splice sites, PolyA sites
and others. Content reflects to known statistical properties of  genes. Protein-
coding DNA has certain periodicities and other statistical properties that make
it possible to discriminate potential coding from non-coding parts of the se-
quence (eg. local %GC or codon usage) (Majoros et al., 2005). To capture the
statistical properties of genes, complex probabilistic models, such as Hidden
Markov Models (HMM) (Eddy, 2004) or Interpolated Markov Models (IMM)
(Salzberg, 1999) are used. A Markov model or Markov Chain predicts the prob-
ability of an event (in gene prediction: the occurrence of an A, C, G or T) based
on the events of  one or more previous positions. These Markov Models have an
‘order’, indicating the number of previous positions taken into account. An
often used order in gene prediction is a fifth order Markov model (five previous
positions are considered) to exploit hexamer composition. Capturing these prop-
erties for genes in eukaryotic genomes is however far from trivial. This is mainly
due to the process of mRNA-splicing in eukaryotic cells which means that a
particular protein-coding sequence in the genome is divided into several parts,
exons (coding sequence) separated by non-coding sequences (introns), reduc-
ing the length of the regions the HMMs can work on. Besides HMMs or IMMs
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there are also other approaches to identify coding potential such as the Zcurve
method (Gao et al., 2004) or Fourier analysis (Tiwari et al., 1997) of  the ge-
nomic sequence but Markov models are still the most commonly used approach.
Recently is has shown that a combination of several methods can potentially
out-perform these HMM especially for the detection of  short coding sequences
(Saeys et al., 2007)
Tools based on the ab initio approach are being used for a long time. They were
the first kind of  prediction tools ever developed, but have proven, and still do,
to be very valuable, particularly for annotating genomes for which very little
resources are available. Genscan (Burge et al., 1997), GeneMark.hmm (Lucashin,
1998), Geneid (Para, 2000), and TigrScan (Majoros et al., 2004) are some of
the prediction tools that solely make use of  ab initio information.
The downside of these methods is that the models they rely on have to be
adapted for every genome. Although genes of all eukaryotic species are defined
by the same rules, the statistical properties of  the genes that are captured in
these models are somewhat different for every species. In the ideal case the
models are therefore remade for new organisms to fully incorporate the particu-
larities of that genome (Korf, 2004; Lomsadze et al., 2005).

Extrinsic gene prediction
Extrinsic (or evidence-based) gene annotation relies on searching for sequences
similar to that of known sequences of messenger RNAs (mRNA) or protein
products in the target genome. Messenger RNAs and expressed sequence tags
(EST) are sequences derived from cloned transcripts present in a cell (Rudd et
al., 2003). These mRNAs and ESTs can be aligned to the genomic sequence
and give as such precise indication of  the presence and structure of  the gene
they are derived from. Precise identification of similarities between DNA and
transcript sequences is difficult in eukaryotic organisms because of the frag-
mented nature of their genes (Usuka et al., 2000; Haas et al., 2003). However,
reliable tools are now available to produce these so-called spliced alignments
with high efficiency, precision and speed, including the identification of  small
exons, e.g. GeneSeqer (Brendel et al., 2004).
On the other hand, known protein sequences that are similar to the genomic
sequence also point to the presence of a gene but often don’t give an accurate
indication of  the gene structure (Cho et al., 2001).
An example of  a prediction tool that is based on protein information is GeneWise
(Birney et al., 2004).  Examples of  tools that rely on transcript information are
SIM4 (Florea et al., 1998), spidey (Wheelan et al., 2001) and GenomeThreader
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(Gremme et al., 2005)
The major downside of these methods is that they are heavily dependant on the
availability of  sufficient extrinsic data, being ESTs, mRNAs or proteins. The
information provided by these data sources will almost never cover the whole
proteome. Defining the sequence of all protein products of a cell is practically
not feasible and although the technologies to derive the sequence of mRNAs in
a cell are more suitable for high-throughput application they are hindered by
biological aspects. Some genes might only be transcribed in very specific condi-
tions or are only very weakly expressed and are therefore often missed (Rudd et
al., 2003).
An additional advantage of these methods is that they are not restricted to
information of  the species in question but can profit from information derived
from other species. This is particularly true when using protein information.
Protein products from other species, even if they themselves are the result of
an annotation effort, can easily be compared to the sequence to be annotated
and provide valuable information.

Comparative methods
Comparative approaches comprise of comparing the genomic sequence itself
to the genomic sequence of several (related) species (Brent et al., 2004; Castelli
et al., 2004; Lin et al., 2008). It is based on the principle that biological func-
tional sequences tend to be more conserved between species than non-func-
tional sequences. Due to natural selection, mutations in the DNA sequence are
preserved more frequently in non functional regions because the alteration of  a
functional region often results in a reduced fitness of the organism. Regions
that are subject to this evolutionary pressure for conservation are a good indi-
cation of the presence of genes (and other biological relevant features) (Meyer
et al., 2004). Although the extrinsic approach is sensu strictu also based on com-
parative analysis of sequences, the comparative method differs from the extrin-
sic because no prior knowledge on the gene structure in the other genomes is
used. Where the extrinsic approach can cause error propagation (eg. from badly
annotated genes in other genomes), the comparative method is completely free
from this phenomenon.
Requisite for this method is the availability of suitable genomes to compare,
which often remains the major downside of this approach, especially for non
vertebrate genomes (Windsor et al., 2006). TwinScan (Korf  et al., 2001) is
probably the best known prediction tool based on this approach.
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These different approaches are actually not exclusive and they all could provide
often complementary information which can lead to a better annotation result.
Initially some hybrid gene finding systems, such as GenomScan (Yeh et al.,
2001) and NSCAN (Gross et al., 2005) were developed, but today the general
trend is toward highly integrative gene finders that try to combine all available
data sources (Allen et al., 2004; Haas et al., 2005; Karaoz et al., 2004), each
with their own merits. An example of  such an integrative tool is described be-
low in detail and results obtained from applying this software on different genomes
are presented in chapters 2, 3 and 4.

EuGène

EuGène was in 2001 (Schiex et al., 2001) one of the first gene prediction tools
that made use of the integrative approach. The central idea of EuGène is to
mimic as much as possible the steps and decisions taken by a human annotator
when annotating a sequence manually. Human annotators routinely incorpo-
rate very diverse sources of data, such as other available predictions, expressed
sequence tag (EST) spliced alignments, protein similarities, comparative se-
quence alignments or other species-specific evidence.

Figure 5. The EuGène platform. Depicted above is the central framework and the basic set-up
of plug-ins of EuGène, this schema can be modified according to the genome that has to be

annotated and the available data.

To integrate these types of  knowledge, a rational design is needed that directly
merges all the available evidence into a single gene prediction and is also able to
easily incorporate new types of evidence. EuGène is a software tool capable of
exploiting the information given by the three general approaches (ab initio, ex-
trinsic, comparative) into a single gene prediction.
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Figure 6. Concise representation of  the DAG schema used in EuGène. Occurrence of  so-called
signals (ATG for translation start, GT/AG typically for donors and acceptors...) allow changing
tracks; represented by a diagonal edge that connect the two corresponding tracks. Each left-to-

right path without back steps corresponds to a possible gene structure.

The intrinsic part of EuGène includes IMMs to predict coding and non-coding
regions, splice and translation site predictors to predict signals typically border-
ing coding regions. Extrinsic evidence is obtained from alignments with pro-
teins, EST and cDNAs. In addition, information based on genomic alignments
between genomes can be integrated. To incorporate all these different data
sources, a plug-in system (figure 5) was adopted where each type of data has its
own plug-in. To incorporate new data sources as they become available, the
central framework of EuGène does not have to be changed but only additional
plug-ins need to be developed. Creating a EuGène version that can be applied
on a new genome requires three steps: training, optimization and evaluation. As
discussed earlier, the statistical models on which the intrinsic part of a gene
prediction tools is relying need to be rebuild for every genome and EuGène is
no different in that aspect. This is done in the training step in which the intrin-
sic parameters of EuGène are tuned making use of a training set of manual
annotated or well documented genes. Because EuGène makes use of  a combi-
nation of data sources, an optimization step is needed where the contribution
of each data source to the final prediction is weighted. Optimization of these
weights is done by applying a genetic algorithm that combines different param-
eter settings to come to a combination which gives the best prediction result on
the training set. A final step consists of the evaluation to asses the accuracy of
the predictions.



Chapter 1

28

To model gene structures, EuGène uses a weighted directed acyclic graph (DAG)
(figure 6). The gene model implemented in EuGène has the potential to dis-
criminate between different states in the genomic sequence, namely: exons,
introns, 5' and 3' UTRs, UTR introns as well as intergenic region. Each of
which is represented on the DAG scheme as a horizontal line (= content edge)
(figure 6). Each column on the graph represents a single nucleotide of the ge-
nomic sequence, the diagonal lines connecting 2 dots (= signal edge) are occur-
rences of  signals in the sequence that make it possible to switch between states.
Each of these edges receives a weight which is calculate from the available
information (intrinsic + extrinsic + conservation) for that nucleotide provided
by the appropriate plug-ins (eg. splice site prediction, protein alignments). The
weighting of  the edges favours or disfavours structures that are respectively
compatible or incompatible with the evidence. Each path going from left to
right (no backwards steps allowed) in the DAG represents a possible gene struc-
ture. Building an actual prediction from the information in the DAG is simply a
matter of finding the optimal path in the graph. Paths that are inconsistent with
the provided information are penalized resulting in negative scores for those
edges (Foissac et al., 2008). The search for the optimal path in the graph is done
by applying a dynamic programming approach. The optimal path and thus the
predicted genes is the one with the highest score achieved by summing all the
scores of the edges used in a path.

What follows is a protocol for the adaptation of EuGène to a new organism as
it was applied to generate the results discussed in the next chapters.
The behaviour of EuGène is controlled by a set of parameters mainly to tune
the way all the different data sources are incorporated. The list of parameters
used by EuGène is already quite extensive and is ever increasing with each new
data source that needs to be incorporated.
The first thing to do when annotating a new genome is the construction of  a
dataset of manually curated gene models for that organism to train EuGène.
This training set is a collection of  genes for which the correct structure in the
genome has been determined. An annotator will therefore have to manually
annotate genes in the new genome, often based on transcript and/or protein
sequences. This is a tedious and slow process but crucial for the accuracy of  the
final predictions. A good training set should contain as many different types of
genes as possible of  all lengths and shapes. Because of  statistical reasons it is
ideal to have 3 independent training sets, one for each step of the adaptation
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process: building the models, optimization of the weights and evaluation. Once
the training set has been established, the optimization of EuGène can start.

Optimizing EuGène always starts with the training of the ab initio part. As
discussed before this includes rebuilding the statistical models and if applicable
also the signal prediction software. The signal prediction software used here is
SpliceMachine (Degroeve et al., 2005), a tool capable of predicting splice and
translation start sites in genomic sequences.
Once the statistical models have been rebuilt and SpliceMachine has been trained
on the new genome, we can optimize the parameters controlling their behav-
iour in EuGène. This is done by evaluating the performance of  EuGène to
correctly predict the genes in the training set using different parameter settings.
Once we have found the optimal combination of parameters we have a work-
ing ab initio version of EuGène. Next step is to optimize the way in which all
the extrinsic and comparative information is incorporated. The extrinsic data is
best added in a stepwise manner. The order of  optimizing EuGène to the ex-
trinsic data is quite important and is opposite to the level of  information the
data sources delivers. The conservation information should be incorporated
first because it gives the least accurate indication of  the gene structure. Next
the (different) protein data sources can be added and finally the transcript infor-
mation which gives the most accurate information of  the gene structure. Opti-
mization of EuGène to incorporate these data sources is always done in the
same way, evaluating the performance of  EuGène to correctly predict the genes
in the training set based on the newly added extrinsic information. Adding the
data sources in this ordered, stepwise manner has its importance because of to
the nature of the optimization procedure. Once EuGène is capable of predict-
ing the correct gene structure, adding other information will not increase the
performance. One could argue that when the correct structure is predicted there
is no need to further optimize the software. This isn’t completely true because
the training is done on a limited set of genes for which in most cases plenty of
extrinsic information is available. The ultimate goal is of  course to predict all
genes in the genome as good as possible, which include genes for which very
limited extrinsic information will be available. Therefore, once we optimized
all components of  EuGène we need to evaluate its performance on a set of
genes that have not been used before in the optimization procedure. This is to
check whether the software has not been over fitted to correctly predict only
the genes used in the optimization but is also capable of predicting previously
unseen genes.
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The above described procedure is what we call the basic ‘recipe’. However, the
power of EuGène lies exactly in the fact that it can be optimized to integrate
whatever information is available, for instance predictions from other tools. In
chapter 4 where we discuss the results obtained on the Medicago genome, it is
shown that this approach can give even better results.

Other systems exists that make use of  combining the same kind of  information
sources, like the FgenesH package (Solovyev et al., 1995; Salamov et al., 2000),
but most of  them integrate these evidences in an a-posteriori way. They first do
an ab-initio prediction and then improve it by incorporating extrinsic informa-
tion. In contrast, EuGène incorporates these evidence sources in an a-priori
fashion: it first assesses the presence and quality of the available evidence and
only then proceeds to predicting a possible gene structure. The EuGène tool is
not the only one, eg. AUGUSTUS (Stanke et al., 2005), capable of  using the a-
priori approach but what makes EuGène unique is that is does not chooses the
most reliable information at each point but exploits all the information simulta-
neously to propose a gene structure prediction that is maximally consistent with
all available data. Moreover it is one of the few gene predictors for which every
aspect of the prediction procedure can specifically be configured to the particu-
larities of a new genome.
Just for completeness we need to mention that there is an alternative approach
for the integrative prediction tools. These alternatives are grouped as the
combiners. These tools, like GAZE (Howe et al., 2002) and JIGSAW (Allen et
al., 2005) are actually not capable of predicting genes on their own but make
use of the result of other prediction tools as input. They then combine these
different results in a single prediction for each gene model.

Transposable elements

Transposable elements (TEs) are fragments of  DNA that can insert into new
chromosomal locations, and often make duplicate copies of themselves in the
process. With the availablility of  complete genome sequences, it has become
apparent that, rather than being a rare component of  some genomes. TEs are
the single largest component of  the genetic material of  most eukaryotes. They
account for up to 50–90% of  some plant genomes (Wessler, 2006). Transpos-
able elements are classified based upon their mechanism of transposition as
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well as by comparison of  their genomic structures and sequences. Class I ele-
ments, or retroelements, transpose via the reverse transcription of an RNA
intermediate, and class II elements, or DNA elements, transpose directly as
DNA using a cut and paste mechanism. Class I elements can be divided into
several subclasses commonly referred to as SINEs, LINE-like elements and
long terminal repeat (LTR) retrotransposons. The SINEs or retroposons are
unique among these groups in that none of them encode their own transposi-
tion machinery and are thus retrotransposed in trans by enzymatic machinery
encoded elsewhere. Non-LTR elements, or LINE-like elements as they are col-
loquially known, do encode the enzymes used in their transposition. They usu-
ally possess two open reading frames and an internal promoter. LTR
retrotransposons have a genomic structure that is virtually identical to that of
retroviruses, and in fact they are close evolutionary relatives of  retroviruses.
LTR elements are flanked by two identical long terminal repeats and usually
have 1 - 3 open reading frames that encoded structural and enzymatic proteins
involved in retrotransposition. Class II elements are related to bacterial
transposons and have terminal inverted repeats that flank an open reading frame
encoding a transposase enzyme. The transposase enzyme binds class II element
DNA sequences at or near the inverted repeats and catalyzes transposition by
cutting out the element sequence and inserting it at a new location (Bennetzen,
2000; Wessler 2006).
Because many repetitive elements also encode proteins they can have serious
effects on the quality of an automated genome annotation effort (Bao et al,
2002). Although TEs don’t have completely the same statistical properties (eg.
coding potential) (Zdobnov et al., 2005) as genuine protein coding genes from
the host genome, they are similar enough to be picked up by gene prediction
software and are thus falsely predicted as true genes (Bennetzen, 2004). Be-
sides interfering with gene prediction TEs are to some extent also responsible
for the evolution of  genomes as will be discussed later.
Identification and masking these elements prior to the gene prediction step has
become an inherent part of any genome annotation project. Great effort is put
in constructing libraries of  representative copies of  the transposable elements
in a genome that can be used to mask the related copies. Because manual iden-
tification of these elements is a tedious job also here, as is the case for predict-
ing genes, automated procedures are applied that are capable of identifying
TEs on a genomic scale (Bao et al., 2002; Quesneville et al., 2005).
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Genome evolution

An important question that can be answered with the results provided from
genome sequencing and annotation projects is how the genome of a species is
shaped through evolution. This is tackled with evolutionary analyses mainly
focussing on two aspects: synteny (=conserved content of  genes) and collinearity
(conserved content and order of  genes) and duplication.
Duplication of genetic material seems to be prevalent in the genomes of many
species. This is especially true for plant species (Wendel, 2000; Blanc et al.,
2004), as will be discussed in the next chapters. These duplications can be di-
vided in small scale (eg. tandem duplication, usually through unequal crossing
over, of certain genes) or large scale events (whole genome or chromosome
duplication). The idea that large scale duplication events might explain major
leaps in evolution or adaptive radiations of species (Zhang, 2003; De Bodt et
al., 2005) has gained importance. Chromosomal or genome duplication prob-
ably occurs through errors in the disjunction among daughter chromosomes
after DNA replication (Hurles, 2004). Although being an important factor, gene
and genome duplications are not the only mechanisms that drive genome evo-
lution. Also transposable elements have the potential to restructure genomes.
Due to the abundant presence of some of these elements in genomes they
greatly increase the possibility for homologous crossing over to happen and
even non homologous crossing over, mainly due to transposase activity of Class
II elements resulting in shuffling of the original genome sequence (Lönnig et
al., 2002; Wessler, 2006). The copy-and-paste mechanism of  transposition of
the Class II TEs also has the ability to translocate genes or genomic segments.
Retroelements can on their turn be responsible for the excision of genomic
segments by homologous recombination on the LTRs that border these ele-
ments. The above described evolutionary effects are indirect effects of  the pres-
ence of TEs in a genome. However, transposable element activity also has a
more direct effect. Insertion of a TE can distort the regulatory regions or the
coding sequence itself  of  a gene, making the gene non-functional (Feschotte et
al., 2007). The consequence of transposon activity is not only loss of genetic
material, it can also create genes. Trans acting of  the reverse transcriptase ac-
tivity of the Class I elements can potentially turn any mRNA into DNA which
then is integrated into the genome and thus gives rise to intronless genes
(Bennetzen, 2005).
With the availability of  a genome and the (predicted) proteome, it’s possible to
start looking for remnants of  these events in the form of  blocks or segments of
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the genome that share a set of  homologous genes. A frequently used method to
detect these blocks is the map-based approach. All the genes of a chromosome
are sorted according to their position on the chromosome. Each list of genes is
then compared against all others of  the genome in a gene homology matrix
(GHM). In such a matrix each list of  genes is represented on an axis. If  two
genes are homologous a dot is placed in the matrix on the cross point of their
positions. In a next step, diagonals of  dots are detected in this matrix because
these exactly represent what we are looking for: a cluster of homologous genes
present in two distinct locations of the genome. This approach has been imple-
mented in software tools like i-ADHoRe (Simillion et al., 2004) and DiagHunter
(Cannon et al., 2003). Two parameters in this procedure will have a large im-
pact on the final result: the identification of homologous genes and the deline-
ation of  potential diagonals in the matrix (Van de Peer, 2004). Since the identi-
fication of  homologous genes is a bioinformatics research topic on itself  we
will not discuss this further but the results of the applying different implemen-
tations of this approach on the Medicago and Lotus genome sequences are de-
scribed in chapter 6.  From a practical point of view this seems a relatively
straightforward approach, unfortunately there are biological factors in play that
introduce some problems. Not every duplicated gene is retained in a genome;
the most likely fate of a duplicated gene is actually non-functionalization which
eventually leads to gene loss (Zhang et al., 2003). Not only gene loss hinders
the application of the map-based approach, also reshuffling of the genes has it
consequences. Even if  the genes are retained they might be translocated in the
genome and are therefore not longer present in ‘block’ configuration. Nonethe-
less, the map based approach is one of the most routinely applied methods to
investigate the duplication history of a genome as will be described in the next
chapters.
Many other methods exist to investigate the evolutionary past of a genome and
not all of them are based on the availability of the complete genomic sequence.
It is, for instance, possible to estimate the time of origin of the duplicated gene
pair. One of  the commonly used methods to date duplicated genes is making
use of  non-synonymous substitution rates. This is based on the fact that non-
synonymous substitution (Ks) of the DNA sequence does not alter the protein
sequence because the same amino acid is encoded and is therefore free from
evolutionary pressure and thus shows a clock-like behaviour (= they happen at
regular intervals). An important caveat of  this method is that it is only applica-
ble to investigate the ‘recent’ history of  a species. When we go further into the
past, these synonymous sites become saturated (due to the increasing number
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of substitutions that has happened we loose track of the real number of substi-
tutions that has occurred) and the information deduced from it becomes unre-
liable. This dating of duplicated genes can lead to hypotheses about the dupli-
cation history of a genome which is based on the following assumption: if a
large number of gene pairs seem to have arisen in a relatively short period of
time, it is probably due to a large scale duplication event. This can be visualised
by plotting the number of homologous gene pairs against the time since dupli-
cation (Ks): an age distributions of  the duplicated gene pairs. Peaks within
these plots point to potential large scale duplication events.
Applying this dating method on the proteome of species can give complemen-
tary evidence to the map-based approach. Moreover, this approach can even be
applied without the availability of the complete proteome by making use of the
available EST resources (Schlueter et al., 2004), an implementation also de-
scribed by Blanc and co-workers (Blanc et al., 2004). They applied the Ks dat-
ing method to search for duplication events in several plant species for which
no genome sequence was available, but for which extensive datasets of  ESTs
were available. By dating the duplicated protein pairs derived from these EST
sequences they could discuss the (recent) duplication history of more than a
dozen species. This technique is explained in more detail further in this work,
were it was applied on sets of  ESTs from several poplar species.
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We report the draft genome of  the black cottonwood tree, Populus trichocarpa.
Integration of shotgun sequence assembly with genetic mapping enabled chro-
mosome-scale reconstruction of  the genome. More than 45,000 putative pro-
tein-coding genes were identified. Analysis of the assembled genome revealed
a whole-genome duplication event; about 8000 pairs of duplicated genes from
that event survived in the Populus genome. A second, older duplication event is
indistinguishably coincident with the divergence of  the Populus and Arabidopsis
lineages. Nucleotide substitution, tandem gene duplication, and gross chromo-
somal rearrangement appear to proceed substantially more slowly in Populus
than in Arabidopsis. Populus has more protein-coding genes than Arabidopsis,
ranging on average from 1.4 to 1.6 putative Populus homologs for each Arabidopsis
gene. However, the relative frequency of protein domains in the two genomes
is similar. Overrepresented exceptions in Populus include genes associated with
lignocellulosic wall biosynthesis, meristem development, disease resistance, and
metabolite transport.
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Introduction

Forests cover 30% (about 3.8 billion ha) of  Earth’s terrestrial surface, harbor
substantial biodiversity, and provide humanity with benefits such as clean air
and water, lumber, fiber, and fuels. Worldwide, one-quarter of  all industrial
feed stocks have their origins in forest based resources (FAO, 2003). Large and
long-lived forest trees grow in extensive wild populations across continents,
and they have evolved under selective pressures unlike those of annual herba-
ceous plants. Their growth and development involves extensive secondary
growth, coordinated signaling and distribution of water and nutrients over great
distances, and strategic storage and redistribution of metabolites in concord-
ance with interannual climatic cycles. Their need to survive and thrive in fixed
locations over centuries under continually changing physical and biotic stresses
also sets them apart from short-lived plants. Many of  the features that distin-
guish trees from other organisms, especially their large sizes and long-genera-
tion times, present challenges to the study of the cellular and molecular mecha-
nisms that underlie their unique biology. To enable and facilitate such investi-
gations in a relatively well-studied model tree, we describe here the draft ge-
nome of  black cottonwood, Populus trichocarpa (Torr. & Gray), and compare it
to other sequenced plant genomes.

P. trichocarpa was selected as the model forest species for genome sequencing
not only because of its modest genome size but also because of its rapid growth,
relative ease of experimental manipulation, and range of available genetic tools
(Stettler et al., 1996; Tuskan et al., 2004). The genus is phenotypically diverse,
and interspecific hybrids facilitate the genetic mapping of economically impor-
tant traits related to growth rate, stature, wood properties, and paper quality.
Dozens of quantitative trait loci have already been mapped (Yin et al., 2004),
and methods of  genetic transformation have been developed (Meilan et al.,
2006). Under appropriate conditions, Populus can reach reproductive maturity
in as few as 4 to 6 years, permitting selective breeding for large-scale sustain-
able plantation forestry. Finally, rapid growth of  trees coupled with
thermochemical or biochemical conversion of  the lignocellulosic portion of
the plant has the potential to provide a renewable energy resource with a con-
comitant reduction of  greenhouse gases (Tuskan, 1998; Tuskan, 2001;
Wullschleger et al.,2005).
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Results

Sequencing and Assembly

A single female genotype, “Nisqually 1,” was selected and used in a whole-
genome shotgun sequence and assembly strategy (see Material and Methods).
Roughly 7.6 million end-reads representing 4.2 billion high quality (i.e., Q20 or
higher) base pairs were assembled into 2447 major scaffolds containing an esti-
mated 410 megabases (Mb) of genomic DNA (tables 2 and S1). On the basis of
the depth of coverage of major scaffolds (~7.5 depth) and the total amount of
non organellar shotgun sequence that was generated, the Populus genome size
was estimated to be 485 ± 10 Mb (±SD), in rough agreement with previous
cytogenetic estimates of about 550 Mb (Bradshaw et al., 1993). The near com-
pleteness of the shotgun assembly in protein-coding regions is supported by the
identification of  more than 95% of  known Populus cDNA in the assembly.

Table 1. Clones and end-read statistics for all sequenced insertion libraries used in the whole-
genome shotgun Populus trichocarpa draft assembly.

The ~75 Mb of unassembled genomic sequence is consistent with cytogenetic
evidence that ~30% of the genome is heterochromatic (see Materials and Meth-
ods). The amount of euchromatin contained within the Populus genome was
estimated in parallel by subtraction on the basis of direct measurements of
4’,6’-diamidino-2-phenylindole-stained prophase and metaphase chromosomes
(fig. S4). On average, 69.5 ± 0.3% of  the genome consisted of  euchromatin,
with a significantly lower proportion of euchromatin in linkage group I (LGI)
(66.4 ± 1.1%) compared with the other 18 chromosomes (69.7 ± 0.03%, P <
0.05). In contrast, Arabidopsis chromosomes contain roughly 93% euchromatin
(Koornneef et al., 2003). The unassembled shotgun sequences were derived
from variants of organellar DNA, including recent nuclear translocations; highly
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repetitive genomic DNA; haplotypic segments that were redundant with short
subsegments of the major scaffolds (separated as a result of extensive sequence
polymorphism and allelic variants); and contaminants of the template DNA,
such as endophytic microbes inhabiting the leaf and root tissues used for tem-
plate preparation (Santamaria et al., 2005) (fig. 1 and table S3). The end-reads
corresponding to the chloroplast (fig. S5) or mitochondrial genomes were as-
sembled into circular genomes of  157 and 803 kb, respectively (see Materials
and Methods).

Table 2. Sequencing and assembly statistics of  the Populus draft sequence assembly.

Figure 1. Putative origin of unassembled sequence reads and small scaffolds (<10 kb).
Sequences were assigned to different categories based on wu-BLAST hits (Evalue<1e-10) to

databases containing the assembled Populus trichocarpa mitochondrion, chloroplast, a database
of repeats identified by Recon and RepeatMasker or the non-redundant nucleotide database

from NCBI.

We anchored the 410 Mb of  assembled scaffolds to a sequence-tagged genetic
map (fig. 2). In total, 356 microsatellite markers were used to assign 155 scaf-
folds (335 Mb of  sequence) to the 19 P. trichocarpa chromosome-scale linkage
groups (Tuskan et al., 2004). The vast majority (91%) of  the mapped
microsatellite markers were collinear with the sequence assembly. At the ex-
tremes, the smallest chromosome, LGIX [79 centimorgans (cM)], is covered by
two scaffolds containing 12.5 Mb of assembled sequence, whereas the largest
chromosome, LGI (265 cM), contains 21 scaffolds representing 35.5 Mb (fig.
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2). We also generated a physical map based on bacterial artificial chromosome
(BAC) fingerprint contigs using a Nisqually-1 BAC library representing an esti-
mated 9.5-fold genome coverage (fig. 6). Paired BACend sequences from most
of  the physical map were linked to the large-scale assembly, permitting 2460 of
the physical map contigs to be positioned on the genome assembly. Combining
the genetic and physical map, nearly 385 Mb of  the 410 Mb of  assembled se-
quence are placed on a linkage group.

Unlike Arabidopsis, where predominantly self-fertilizing ecotypes maintain low
levels of allelic polymorphism, Populus species are predominantly dioecious,
which results in obligate outcrossing. This compulsory outcrossing, along with
wind pollination and wind-dispersed plumose seeds, results in high levels of

Figure 2. Representation of the 335 Mb of Populus genomic sequence contained in 155
scaffolds aligned and oriented to a genetic map of the 19 Populus linkage groups (indicated by

Roman numerals I-XIX). Each scaffold (yellow bars) was mapped to a chromosome (blue
bars) using microsatellite markers with unique sequence locations (red lines). Numbers in

parentheses are estimates of the percent of the linkage group covered by assembled sequence
(assuming uniform physical: genetic distance across the genome). Approximate size (in kb) is

indicated to the right of each scaffold. Gaps between scaffolds are of unknown size. This
assembly includes improvements since the version that was publicly released and used for

most genome analyses.
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gene flow and high levels of heterozygosity (that is, within individual genetic
polymorphisms). Within the heterozygous Nisqually-1 genome, we identified
1,241,251 single-nucleotide polymorphisms (SNPs) or small insertion/deletion
polymorphisms (indels) for an overall rate of approximately 2.6 polymorphisms
per kilobase. Of these polymorphisms, the overwhelming majority (83%) oc-
curred in noncoding portions of  the genome (Table S3). Short indels and SNPs
within exons resulted in frameshifts and nonsense stop codons within predicted
exons, respectively, suggesting that null alleles of  these genes exist in one of
the haplotypes. Some of  the polymorphisms may be artifacts from the assembly
process, although these errors were minimized by using stringent criteria for
SNP identification (see Material and methods).

Gene Annotation

We tentatively identified a first-draft reference set of  45,555 protein-coding
gene loci in the Populus nuclear genome (www.jgi.doe.gov/poplar) using a vari-
ety of  ab initio, homology-based, and expressed sequence tag (EST)-based
methods (Salamov et al., 2000; Birney et al., 2000; Schiex et al., 2001; Xu et al.,
1997) (table 3). Similarly, 101 and 52 genes were annotated in the chloroplast
and mitochondrial genomes, respectively (see Material and methods). To aid
the annotation process, 4664 full-length sequences, from full-length enriched
cDNA libraries from Nisqually 1, were generated and used in training the gene-
calling algorithms. Before gene prediction, repetitive sequences were character-
ized (fig. 3 and table S14) and masked; additional putative transposable ele-

Table 3. Characteristics of  gene models predicted using four different independently trained
gene calling algorithms. The “Reference” set combines representative models (one per each

locus) selected from all these predictions.
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ments were identified and subsequently removed from the reference gene set
(see Material and methods). Given the current draft nature of the genome, we
expect that the gene set in Populus will continue to be refined.

Figure 3. Comparative
depiction of transposable
elements found in Populus
and Arabidopsis. Consensus

amino acid sequences
generated from previously

identified coding regions of
Arabidopsis and Lotus japonicus
were used as queries in local
TBLASTN searches against

the available Populus database
to identify all Populus

homologs.

About 89% of  the predicted gene models had homology [expectation (E) value
<1x10-8] to the nonredundant (NR) set of proteins from the National Center for
Biotechnology Information, including 60% with extensive homology that spans
75% of  both model and NR protein lengths. Nearly 12% (5248) of  the pre-
dicted Populus genes had no detectable similarity to Arabidopsis genes (E value
<1x10-3); conversely, in the more refined Arabidopsis set, only 9% (2321) of  the
predicted genes had no similarity to the Populus reference set. Of the 5248
Populus genes without Arabidopsis similarity, 1883 have expression evidence from
the manually curated Populus EST data set, and of these, 274 have no hits (E
value <1x10-3) to the NR database (see Material and methods). Whole-genome
oligonucleotide microarray analysis provided evidence of tissue-based expres-
sion for 53% of  the reference gene models (Fig. S1). In addition, a signal was
detected from 20% of genes that were initially annotated and excluded from
the reference set, suggesting that as many as 4000 additional genes (or gene
fragments) may be present. Within the reference gene set, we identified 13,019
pairs of orthologs between genes in Populus and Arabidopsis using the best bidi-
rectional Basic Local Alignment Search Tool (BLAST) hits, with average mu-
tual coverage of these alignments equal to 93%; 11,654 pairs of orthologs had
greater than 90% alignment of gene lengths, whereas only 156 genes had less
than 50% coverage. As of 1 June 2006, ~10% (4378) gene models have been
manually validated and curated.
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Genome Organization

Genome duplication in the Salicaceae.

Populus and Arabidopsis lineages diverged about 100 to 120 million years ago
(Ma). Analysis of the Populus genome provided evidence of a more recent du-
plication event that affected roughly 92% of the Populus genome. Nearly 8000
pairs of paralogous genes of similar age (excluding tandem or local duplica-
tions) were identified (Fig. 4). The relative age of  the duplicate genes was esti-
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mated by the accumulated nucleotide divergence at fourfold synonymous third-
codon transversion position (4DTV) values. A sharp peak in 4DTV values,
corrected for multiple substitutions, representing a burst of gene duplication, is
evident at 0.0916 ± 0.0004 (Fig. 5A). Comparison of  1825 Populus and Salix
orthologous genes derived from Salix EST suggests that both genera share this
whole-genome duplication event (Fig. 5B). Moreover, the parallel karyotypes
and collinear genetic maps (Hanley et al., 2006) of Salix and Populus also sup-
port the conclusion that both lineages share the same large-scale genome his-
tory.

Figure 5. (A) The 4DTV metrics for paralogous gene pairs in Populus- Populus and
Populus-Arabidopsis. Three separate genome-wide duplications events are detectable, with the

most recent event contained within the Salicaceae and the middle event apparently shared
among the Eurosids. (B) Percent identity distributions for mutual best EST hit to Populus

trichocarpa CDS.
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If  we naively calibrated the molecular clock using synonymous rates observed
in the Brassicaceae (Koch et al., 2000) or derived from the Arabidopsis-Oryza
divergence (Lynch et al., 2000), we would conclude that the genome duplica-
tion in Populus is very recent 8 to 13 Ma, as reported by Sterck (Sterck et al.,
2005). Yet the fossil record shows that the Populus and Salix lineages diverged
60 to 65 Ma (22-25). Thus, the molecular clock in Populus must be ticking at
only one-sixth the estimated rate for Arabidopsis (that is, 8 to 13 Ma divided by
60 to 65 Ma). Qualitatively similar slowing of the molecular clock is found in
the Populus chloroplast and mitochondrial genomes (see Material and methods).
Because Populus is a long-lived vegetatively propagated species, it has the po-
tential to successfully contribute gametes to multiple generations. A single
Populus genotype can persist as a clone on the landscape for millennia (Mitton
et al., 1996), and we propose that recurrent contributions of “ancient gametes”
from very old individuals could account for the markedly reduced rate of se-
quence evolution. As a result of the slowing of the molecular clock, the Populus
genome most likely resembles the ancestral eurosid genome.

To test whether the burst of  gene creation 60 to 65 Ma was due to a single
whole-genome event or to independent but near-synchronous gene duplication
events, we used a variant of the algorithm of Hokamp et al. (Hokamp et al.,
2003) to identify segments of  conserved synteny within the Populus genome.
The longest conserved syntenic block from the 4DTV ~0.09 epoch spanned
765 pairs of  paralogous genes. In total, 32,577 genes were contained within
syntenic blocks from the salicoid epoch; half of these genes were contained in
segments longer than 142 paralogous pairs. The same algorithm, when applied
to randomly shuffled genes, typically yields duplicate blocks with fewer than 8
to 9 genes, indicating that the Populus gene duplications occurred as a single
genome-wide event. We refer to this duplication event as the “salicoid” dupli-
cation event.

Nearly every mapped segment of the Populus genome had a parallel “paralogous”
segment elsewhere in the genome as a result of  the salicoid event (Fig. 4). The
pinwheel patterns can be understood as a whole-genome duplication followed
by a series of  reciprocal tandem terminal fusions between two separate sets of
four chromosomes each—the first involving LGII, V, VII, and XIV and the
second involving LGI, XI, IV, and IX. In addition, several chromosomes appear
to have experienced minor reorganizational exchanges. Furthermore, LGI ap-
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pears to be the result of multiple rearrangements involving three major tandem
fusions. These results suggest that the progenitor of  Populus had a base chromo-
some number of 10. After the whole-genome duplication event, this base chro-
mosome number experienced a genome-wide reorganization and diploidization
of the duplicated chromosomes into four pairs of complete paralogous chro-
mosomes (LGVI, VIII, X, XII, XIII, XV, XVI, XVIII, and XIX); two sets of  four
chromosomes, each containing a terminal translocation (LGI, II, IV, V, VII, IX,
and XI); and one chromosome containing three terminally joined chromosomes
(LGIII with I or XVII with VII). The colinearity of genetic maps among multi-
ple Populus species suggests that the genome reorganization occurred before the
evolution of  the modern taxa of  Populus.

Genome duplication in a common ancestor of Populus and Arabidopsis.

The distribution of 4DTV values for paralogous pairs of genes also shows that
a large fraction of the Populus genome falls in a set of duplicated segments
anchored by gene pairs with 4DTV at 0.364 ± 0.001, representing the residue
of  a more ancient, large-scale, apparently synchronous duplication event (Fig.
5A). This relatively older duplication event covers about 59% of the Populus
genome with 16% of  genes in these segments present in two copies. Because
this duplication preceded and is therefore superimposed upon the salicoid event,
each genomic region is potentially covered by four such segments. Similarly, the
Arabidopsis genome experienced an older “beta” duplication that preceded the
Brassicaceae-specific “alpha” event (Bowers et al., 2003; Zahn et al., 2005; De
Bodt et al., 2005; Adams et al., 2005; Blanc et al., 2003).

We next asked whether the Arabidopsis “beta” (De Bodt et al., 2005; Blanc et
al., 2003) and Populus 4DTV ~0.36 duplication events were (i) independent
genomewide duplications that occurred after the split from the last common
eurosid ancestor (H1) or (ii) a single shared duplication event that occurred in
an ancestral lineage (i.e., before the divergence of eurosid lineages I and II)
(H2). These two hypotheses have very different implications for the interpreta-
tion of  homology between Populus and Arabidopsis. Under H1, each genomic
segment in one species is homologous to four segments in the other; whereas
under H2, each segment is homologous to only two segments in the other spe-
cies. These hypotheses were tested by comparing the relative distances between
gene pairs sampled within and between Populus and Arabidopsis. H2 was gener-
ally supported (see Material and methods), but we could not reject H1. We can
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only conclude that the Populus genome duplication occurred very close to the
time of divergence of the eurosid I and II lineages, with slight support for a
shared duplication. This coincident timing raises the possibility of a causal link
between this duplication and rapid diversification early in eurosid (and perhaps
core eudicot) history. We refer to this older Populus/Arabidopsis duplication event
as the “eurosid” duplication event. We note that the salicoid duplication oc-
curred independently of  the eurosid duplication observed in the Arabidopsis
genome.

Gene Content

Although Populus has substantially more protein-coding genes than Arabidopsis,
the relative frequency of domains represented in protein databases (Prints,
Prosite, Pfam, ProDom, and SMART) in the two genomes is similar (see Mate-
rial and methods). However, the most common domains occur in Populus com-
pared with Arabidopsis in a ratio ranging from 1.4:1 to 1.8:1. Noteworthy outliers
in Populus include genes and gene domains associated with disease and insect
resistance (such as, in Populus versus Arabidopsis, respectively: leucine-rich re-
peats, 1271 versus 527; NB-ARC domain, 302 versus 141; and thaumatin, 55
versus 24), meristem development (such as NAC transcription factors, 157 ver-
sus 100, respectively), and metabolite and nutrient transport such as oligopeptide
transporter of the protondependent oligopeptide transporter (POT) and
oligopeptide transporter (OPT) families, 129 versus 61, and potassium trans-
porter, 30 versus 13, respectively.

Some domains were underrepresented in Populus compared with Arabidopsis.
For example, the F-box domain was twice as prevalent in Arabidopsis as in Populus
(624 versus 303, respectively). The F-box domain is involved in diverse and
complex interactions involving protein degradation through the ubiquitin-26S
proteosome pathway (Schulman et al., 2000). Many of the ubiquitin associated
domains are underrepresented in Populus compared with Arabidopsis (for ex-
ample, the Ulp1 protease family and the C-terminal catalytic domain, 10 versus
63, respectively). Moreover, the RING-finger domains are nearly equally present
in both genomes (503 versus 407, respectively), suggesting that protein deg-
radation pathways in the two organisms are metabolically divergent.
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The common eurosid gene set.

The Populus and Arabidopsis gene sets were compared to infer the conserved
gene complement of  their common eurosid ancestor, integrating information
from nucleotide divergence, synteny, and mutual best BLAST-hit analysis (see
Material and methods). The ancestral eurosid genome contained at least 11,666
protein-coding genes, along with an undetermined number that were either lost
in one or both of  the lineages or whose homology could not be detected. These
ancestral genes were the progenitors of gene families of typically one to four
descendents in each of the complete plant genomes and account for 28,257
Populus and 17,521 Arabidopsis genes. Gene family lists are accessible at www.
phytozome.net. The gene predictions in these two genomes that could not be
accounted for in the eurosid clusters were often fragmentary or difficult to cat-
egorize, and we could not confidently assign orthology to them. They may in-
clude previously unidentified or rapidly evolving genes in the Populus and/or
Arabidopsis lineages, as well as poorly predicted genes.

Tandem duplications.

In Populus there were 1518 tandemly duplicated arrays of two or more genes
based on a Smith-Waterman alignment E value <10-25 and a 100-kb window.
The total number of genes in such arrays was 4839 and the total length of
tandemly duplicated segments in Populus was 47.9 Mb, or 15.6% of  the genome
(fig. S8). By the same criteria, there are 1366 tandemly duplicated segments in
Arabidopsis, covering 32.4 Mb, or 27% of  the genome. By far the most common
number of  genes within a single array was two, with 958 such arrays in Populus
and 805 in Arabidopsis. Arabidopsis had a larger number of  arrays containing six
or more genes than did Populus. Tandem duplications thus appear to be rela-
tively more common in Arabidopsis than in Populus. This may in part be due to
difficulties in assembling tandem repeats from a whole-genome shotgun
sequencing approach, particularly when tandemly duplicated genes are highly
conserved. Alternatively, the Populus genome may be undergoing rearrangements
at a slower rate than the Arabidopsis genome, which is consistent with our ob-
servations of  reduced chromosomal rearrangements and slower nucleotide sub-
stitution rates in Populus.

In some cases, genes were highly duplicated in both species, and some tandem
duplications predated the Populus-Arabidopsis split (see Material and methods).
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The largest number of tandem repeats in Populus in a single array was 24 and
contained genes with high homology to S locus-specific glycoproteins. Genes
of this class also occur as tandem repeats in Arabidopsis, with the largest seg-
ments containing 14 tandem duplicates on chromosome 1. One of the InterPro
domains in this protein, IPR008271, a serine/threonine protein kinase active
site, was the most frequent domain in tandemly repeated genes in both species
(fig. S8). Other common domains in both species were the leucine-rich repeat
(IPR007090, primarily from tandem repeats of disease resistance genes), the
pentatricopeptide repeat RNA-binding proteins (IPR002885), and the uridine
diphosphate (UDP)-glucuronosyl/ UDP-glucosyltransferase domain
(IPR002213) (table S9).

In contrast, some genes were highly expanded in tandem duplicates in one ge-
nome and not in the other (fig. S8). For example, one of  the most frequent
classes of tandemly duplicated genes in Arabidopsis was F-box genes, with a
total of 342 involved in tandem duplications, the largest segment of which
contained 24 F-box genes. Populus contains only 37 F-box genes in tandem du-
plications, with the largest segment containing only 3 genes.

Materials and Methods

Overview of sequencing and assembly

Shotgun sequencing strategy and results

A whole-genome shotgun strategy (Myers, 1999) was adopted for sequencing
and assembling the Populus genome. It was augmented by construction of  a
physical map based on BAC restriction fragment fingerprints, BAC-end
sequencing, and extensive genetic mapping based on simple sequence repeat
(SSR) length polymorphisms (Tuskan et al., 2004; Yin et al., 2004). Since Populus
is an obligate outcrosser, inbred strains were not available and haplotypic
polymorphisms were expected. All genomic DNA was obtained from a single
genotype from Washington State, designated ‘Nisqually-1’ (previously referred
to as P. trichocarpa clone 383-2499) (Stirling et al., 2001). Template DNA was
initially extracted from surface disinfested leaf tissue and randomly sheared
and size-fractionated to create libraries with roughly 3 kb and 8 kb inserts. Ini-
tial quality-control sequencing determined that these libraries contained a high
degree of chloroplast and mitochondrial DNA contamination (see below). There-
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fore, a second genomic DNA preparation from the same genotype was prepared
from root tips of plants grown in tissue culture and hydroponic culture using a
sucrose gradient to separate nuclei from organelles, followed by a cesium chlo-
ride gradient centrifugation and pulsed-field gel electrophoresis. The root-de-
rived template was used to prepare fosmid libraries, which were effectively free
of organellar contamination. Prior to the initiation of the sequencing project, a

Figure 6. Fingerprint clone and contig layout on assembly of LGII. The ideogram of LGII
is composed circularly, with 1 Mb spans colored in alternating black and white strips. The
innermost histogram track (black) shows the fingerprint map clone coverage, with each

concentric circle representing a 5X clone depth. The next outer histogram track (red) shows
the coverage provided by fingerprint map clones not assigned to contigs (singletons). The

next track shows the extent of anchored contigs, coded with an alternating color scheme. The
final track inside the ideogram circle shows the sequence position of individual anchored
clones in each contig, colored by map contig assignment. The first outer track shows the

sequence position of clones that lack map contig assignment. The second outer track shows
the coverage provided by the singletons.



Populus trichocarpa genome

57

BAC library (~10X genome coverage) was constructed from Nisqually-1 at Texas
A&M University with partially HindIII digested genomic DNA. BAC-end se-
quence (BES) reads were generated on ABI Prism 3700 DNA Analyzer. The
trace data were processed by the program Phred (Ewing et al., 1998), with
default parameters. Low-quality bases and vector sequence were trimmed from
the reads. Trimmed reads containing =15 bp were retained for analysis. The
BAC-end sequences are available for download at: (http://www.bcgsc.bc.ca/
lab/mapping/data). Nearly 7.5X total sequence redundancy was obtained from
the 3 kb and 8 kb paired plasmid ends using standard methods, along with ca.
15X clone coverage in paired fosmid ends (ca. 36 kb average insert size) and ca.
8X clone coverage in paired BAC-ends (ca. 108 kb average insert size) (Table
1). The sequence was assembled with the JAZZ assembler. This resulted in 234
scaffolds longer than 200+ kb which cover 6 378.5 Mb of the genome; 62
scaffolds, each longer than 2.06 Mb, covering a total of  238 Mb or more than
half of the whole genome. A total of 410 Mb are captured in the scaffold
assembly (Table 2).

Unassembled reads

It was not possible to assemble a substantial fraction of the whole-genome
shotgun reads into sequence scaffolds. To assess the nature of  the sequences in
this fraction of  the genome, we performed wu-BLAST searches against databases
containing the assembled P. trichocarpa mitochondrion, chloroplast, a database
of repeats identified by Recon and RepeatMasker (described below), and the
non-redundant nucleotide database from NCBI (Fig. 1). These results show
that a substantial fraction of the unassembled DNA belongs to repetitive DNA
in our database of Populus repeats and to possible repetitive DNA not yet char-
acterized in Populus or other organisms (no hit to NCBI non-redundant data-
base).

Although the genomic DNA template for whole-genome shotgun sequencing
was prepared from surface disinfested leaves and roots, endophytic microor-
ganisms apparently escaped removal by such approaches and their contaminat-
ing DNA contributed to the unassembled whole-genome shotgun sequences.
To assess these sequences, unassembled reads and small scaffolds (<10 kb)
were queried against the NCBI non-redundant database. Results showed that
0.16% of the total number of end reads were from DNA from archaea, bacteria
and fungi, suggesting that these organisms may in fact be Populus endophytes.
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Completeness of the assembly of the “euchromatic” genome

Although as described in the previous section a significant fraction of shotgun
reads were not assembled, the assembled regions did capture the vast majority
of  known genes in Populus. Specifically, BLAT alignment of  4,664 full-length
cDNAs found that 98.8% hit the assembly over at least 50% of their length.
Similarly, 89% of  the 260,809 Populus ESTs were mapped to the assembly.

BAC clone fingerprinting and physical map construction

BAC clones were fingerprinted with HindIII with an agarose gel-based method
(Marra et al., 1997; McPherson et al., 2001). Restriction fragment identifica-
tion, fragment mobility, and size determination were performed with automated
analysis software (Fuhrmann et al., 2003). Automated fingerprint map assem-
bly was accomplished with FPC (Soderlund et al., 2000). Additional processing
of the map contigs was achieved by a combination of manual editing and auto-
mated tools. The fingerprint map is available for download in FPC format from
the Genome Sciences Centre website (http://www.bcgsc.bc.ca/lab/mapping/
data) and will be described in detail elsewhere (C. Kelleher et al., in prepara-
tion). The maps may be viewed with Internet Contig Explorer (Fjell et al., 2003).
Comparisons of  BAC-end sequence to the whole-genome shotgun assembly
(JGI Poplar Genome Assembly version 1.0) were conducted with BLAST
(Altschul et al., 1997). Those alignments satisfying the criteria of either (i) >99%
identity and E-value <1e-50 or (ii) >95% identity for >95% of the read length
with an alignment length >50 bp were used to anchor fingerprint map contigs
to the sequence assembly. A total of  94,877 alignments associated with 73,374
unique end-sequences and 42,809 unique clones passed these filters. When align-
ments for both end sequences of a clone were available, they were subject to
additional orientation and distance filters to accept only topologically consist-
ent paired-end alignments (Fig. 6). To aid integration of  the assembled sequence
and physical map with the 19 Populus linkage groups (LG), a genetic map of
Populus was constructed from 535 di-, tri- and tetranucleotide sequence-tagged
markers (SSR) identified from BAC-end reads, raw shotgun data and targeted
library sequences. These markers were applied to a P. trichocarpa x P. deltoides
hybrid pedigree with an average recombination rate of ca. 1 centiMorgan (cM)
per 200 kb. Locations of  mapped markers in the assembled genome sequence
were determined, resulting in an initial assembly of  155 sequence scaffolds,
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representing 335 Mb mapped to the P. trichocarpa chromosomes by one or more
sequence-tagged markers, with over two-thirds of  the assigned scaffolds ori-
ented by two or more markers. This formed the basis of  the first publicly-re-
leased sequence assembly (available at: www.jgi.doe.gov/poplar). Subsequently,
162 scaffolds, totaling 385 Mb of genomic sequence were assembled, taking
advantage of  the orientation information provided by aligning homeologous
chromosome segments (see below). The order of the markers on the genetic
map was consistent with the major scaffolds, corroborating the large-scale struc-
ture of  the shotgun assembly (Fig. 2).

Whole-genome DNA alignment

We used the VISTA pipeline infrastructure (Frazer et al., 2004) for the con-
struction of  genome wide pairwise DNA alignments between Populus and as-
semblies of  Oryza and Arabidopsis. To align genomes we implemented new al-
gorithms that used an efficient combination of  global and local alignment methods.
First, we obtained a map of  large blocks of  conserved synteny between the two
species by applying Shuffle-LAGAN global chaining algorithm (Brudno et al.,
2003) to local alignments produced by translated BLAT (Kent, 2002). After
that we used Supermap, the fully symmetric whole-genome extension to the
Shuffle-LAGAN. Then, in each syntenic block we applied Shuffle-LAGAN a
second time to obtain a more fine-grained map of small-scale rearrangements
such as inversions. We have also extended this approach to compare duplicated
segments within the genomes. 58% of  the length of  coding exons, 8% of  UTRs
and 5% of non-coding sequences of the Populus genome are covered by signifi-
cant pair-wise alignments with Arabidosis (calculated using the techniques first
applied to the human-mouse comparison (Schwartz et al., 2003)). These frac-
tions are respectively 38%, 4% and 3% for the alignment of  Populus with Oryza.
The constructed genome-wide pair-wise alignments can be downloaded from:
http://pipeline.lbl.gov/downloads.shtml and are accessible for browsing and
various types of analysis through the VISTA browser at: http://pipeline.lbl.gov/
.

Gene Content

Gene prediction and annotation

The gene prediction methods used for annotation include ab initio FgenesH
(Salamov et al., 2000), homology-based FgenesH+ (http://www.softberry.com/
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berry.phtml), Genewise (Birney et al., 2000), GrailExp6 (Xu et al., 1997), and
EuGène (Schiex et al., 2001). Parameters for each gene prediction method were
developed independently on subsets of Populus and other plant genes by three
separate annotation groups. A total of  4,464 full-length sequences from en-
riched cDNA libraries prepared from Nisqually-1 were generated and used in
training the gene-calling algorithms. Repetitive elements were identified as de-
scribed below and masked on the genome assembly to exclude such elements
from the final model set. All predicted gene models were annotated by double-
affine Smith-Waterman alignments against SwissProt, KEGG, nonredundant
green plant protein database at NCBI, and known Arabidopsis proteins. Protein
domains were predicted using InterProScan against various domain libraries
(Prints, Prosite, Pfam, ProDom & SMART). Annotations were also assigned to
Gene Ontology, eukaryotic clusters of  orthologous groups (KOG (Koonin et
al., 2004)) and KEGG metabolic pathways (Kanehisa et al., 2004). The com-
posite non-redundant “reference set” of genes was promoted on the basis of I)
homology to a curated set of  307,579 plant proteins, II) completeness of  the
model, III) homology to a manually-curated Populus-specific EST and IV) pre-
dicted transcript and protein size (Table 3).

Nomenclature

The 45,555 nuclear gene models that were promoted to a “Reference” set, in-
cluding 4,378 models manually annotated at a community “Jamboree”, are avail-
able at: www.jgi.doe.gov/poplar. Genes are provisionally designated by the ref-
erence set. This designation is a combination of the annotation gene program
name and a unique alpha-numerical combination. Each gene has also a unique
numeric identifier (protein_id), which defines it locus tag.

Transposable elements

Transposable element coding regions were screened out of  the predicted set of
gene models based on homology to known transposable elements present in the
GenBank nonredundant nucleotide database. However, this set of transpos-
able elements is incomplete and does not contain elements specific to Populus.
Subsequent to the release of  the 45,555 gene models, we identified Populus-
specific repeats as described below. A BLASTn comparison of  these newly an-
notated elements with the Populus gene set revealed that 375 of the promoted
gene models had significant (Evalue<1e-10) homology to putative Populus trans-
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posable elements and an additional 2,873 gene models had homology to
unannotated Populus repetitive elements.

Conserved hypothetical homologs

The annotated Populus gene set contains conserved homologies with approxi-
mately 725 Arabidopsis gene models designated as “hypothetical.” The homolo-
gous annotations in Populus can be used to change the Arabidopsis designation
from hypothetical to unknown (i.e., “conserved genes of  unknown function”).
Conversely, approximately 1,099 hypothetical genes in Arabidopsis were not
corroborated by clear conservation in Populus and for now should be viewed as:
1) spurious or partial gene predictions or 2) highly divergent but still hypotheti-
cal. In addition, there were 25 hypothetical Arabidopsis genes that had a BLAST
hit on almost all Populus chromosomes. These hits were however mostly in re-
petitive regions of  the Populus genome, suggesting that these hypothetical genes
may represent undiscovered transposable element families in Arabidopsis (See
http://www.ornl.gov/sci/ipgc/).

Repetitive Elements

The repeat composition of the Populus genome was estimated in three comple-
mentary ways. First, the frequency of  16-mer words was determined for all
sequence reads and these word frequencies were mapped onto the assembled
sequence. Approximately 41% of the assembled genome was covered by 16-
mers that occurred with a frequency of 34 or greater in the raw sequence reads,
which corresponded to 44% of the assembled genome. This initial identifica-
tion of repeats was used to premask the assembled genome prior to gene call-
ing, thus minimizing the number of coding regions from repetitive elements
that were included in the initial set of  gene models. The methods for incorpo-
rating this masking information into gene calling algorithms varied among the
annotation groups. The word-based method for identifying repeats is efficient
but coarse, and many coding sequences from large gene families were included
in the masked regions. We therefore also identified individual repetitive ele-
ments in the assembled genome by comparing all assembled scaffolds with each
other using wu-BLASTn and processing the output using Recon (Bao et al.,
2002). We identified 12,250 consensus sequences for repetitive elements. Only
794 of  these repeat elements had homology to known repeat elements in the
databases at RepBase (http://www.girinst.org/) (Table S14). We used
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RepeatMasker v3.1 with wu-BLAST to delineate the occurrence of these ele-
ments in the assembled genome. In total, these elements covered approximately
173 Mb, and an additional 3.3 Mb were covered by low complexity repeats,
representing 42% of the assembled genome. Elements that were annotated as
known TEs covered approximately 53 Mb of the assembled genome, while
unidentified elements accounted for the remaining 120 Mb of repetitive se-
quence (Table S14).

The third method for characterizing repeat composition of the genome was to
use conserved portions of  known transposable element (TE) coding regions as
query sequences in TBLASTN searches of the assembled genome, followed by
examination of flanking sequence for characteristic signatures of each element.
As the largest fraction of most eukaryotic genomes, TEs are the most abundant
component of genomic sequencing projects (Zhang et al., 2004). Not surpris-
ingly, this is also true of  the Populus genomic sequence (Fig. 3). All previously
identified major TE types are present in Populus. The most abundant TE are
Class 1 elements (Copia-like, Gypsy-like and LINE) which are collectively rep-
resented by over ~5000 copies. Class 2 elements of  all superfamilies (PIF, Pong,
CACTA, MULE and hAT) account for ~1000 copies each. Comparison of  the
major TE types between Populus and Arabidopsis revealed that all TE are more
abundant in Populus except for MULE which are roughly three times more abun-
dant in Arabidopsis. Because the Helitrons have distinct structural features that
are not readily detected by computer-assisted approach this group of elements
was not examined in this study.

Conclusions

Our initial analyses provide a flavor of the opportunities for comparative plant
genomics made possible by the generation of the Populus genome sequence. A
complex history of whole-genome duplications, chromosomal rearrangements
and tandem duplications has shaped the genome that we observe today. The
differences in gene content between Populus and Arabidopsis have provided some
tantalizing insights into the possible molecular bases of their strongly contrast-
ing life histories, although factors unrelated to gene content (such as regulatory
elements, miRNAs, posttranslational modification, or epigenetic modifications)
may ultimately be of equal or greater importance. With the sequence of Populus,
researchers can now go beyond what could be learned from Arabidopsis alone
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and explore hypotheses to linking genome sequence features to wood develop-
ment, nutrient and water movement, crown development, and disease resist-
ance in perennial plants. The availability of  the Populus genome sequence will
enable continuing comparative genomics studies among species that will shed
new light on genome reorganization and gene family evolution. Furthermore,
the genetics and population biology of  Populus make it an immense source of
allelic variation. Because Populus is an obligate outcrossing species, recessive
alleles tend to be maintained in a heterozygous state. Informatics tools enabled
by the sequence, assembly, and annotation of  the Populus genome will facilitate
the characterization of allelic variation in wild Populus populations adapted to a
wide range of environmental conditions and gradients over large portions of
the Northern Hemisphere. Such variants represent a rich reservoir of  molecular
resources useful in biotechnological applications, development of alternative
energy sources, and mitigation of  anthropogenic environmental problems. Fi-
nally, the keystone role of  Populus in many ecosystems provides the first oppor-
tunity for the application of genomics approaches to questions with ecosystem-
scale implications.
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Ectocarpus siliculosus is the first brown algae to have its genome sequenced. It is
a small multicellular filamenteous organism living in marine environments.
WGS sequencing of the genome with a size of 214 Mbp resulted in a draft
sequence with an 11x coverage. Automated gene prediction is done with
EuGène and proposed 37646 protein coding gene loci. Genes in Ectocarpus
contain many small exons, interspersed by large intronic sequences and sepa-
rated by very short intergenic region. All this makes automated gene predic-
tion in this genome very difficult. Due to the current status of the assembly
identification of duplicated blocks in the genome is not feasible, but a prelimi-
nary evolutionary analysis has been carried out on the available unigenes. There
seems to be evidence for a large scale duplication event in the genome but
further research is needed to investigate the consequences on the biology of
Ectocarpus.
Results presented here are from preliminary analyses as the project is still fully
ongoing. Nonetheless, already some remarkable features seem to be present in
this genome.
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Introduction

Ectocarpus siliculosus is a small filamentous brown alga, widely distributed in tem-
perate seas including Australian, Chilean and Britannic coast lines. Brown al-
gae, or Phaeophyceae, are members of a group of species called the heterokonts
(other members include diatoms and oomycetes), a eukaryotic group of organ-
isms distinguished most prominently by having chloroplasts surrounded by 4
membranes. This suggests an origin from a symbiotic relationship between a
basal eukaryote and another eukaryotic organism. They are therefore not re-
lated to green and red algae which are part of the plant lineage (Ben Ali et al,
2001; Baldauf, 2003). The vast majority of the brown algae live in marine envi-
ronments, where they play an important role as a food resource and as the habi-
tats they form. For instance Macrocystis, a member of  the Laminariales may reach
up to 60m in length, often forming prominent underwater forests. All members
of this group are multicellular, with morphologies ranging from uniseriate
branched filaments (Ectocarpales) to complex parenchymatous thalli with mul-
tiple cell types including vascular like tissue (eg. Laminales). The brownish col-
our of these algae is caused by the presence of fucoxanthin, a xanthophyll pig-
ment. The principal carbohydrate reserve is laminaran and not starch as in many
other organisms. Also, in addition to cellulose, the cell walls of  brown algae
contain a variety of  other polysaccharides including alginates and fucans. These
polysaccharides have several applications mainly in food production which ex-
plains the industrial interest in these species.
The choice to sequence the genome of  Ectocarpus was driven by a number of
reasons: its small size, the fact that the entire life cycle is well known and can be
completed in the laboratory, its high fertility and rapid growth (the life cycle can
be completed in 2 months), the ease with which genetic crosses can be carried
out and the relatively small size of the genome (approximately 220 Mbp) (Pe-
ters et al., 2004). Moreover, several pathogens infecting Ectocarpus have been
identified, including a large DNA virus, an asset which opens possibilities for
genetic transformation of  the organism. Particular points of  interest include
the independent evolution of complex multicellularity within this lineage, the
secondary endosymbiosis event that produced chloroplasts and the production
of  unique biomolecules.
Here we describe the draft genome of  Ectocarpus siliculosus, the very first brown
algae for which the genomic sequence has been determined. However, the re-
sults presented here are from a preliminary genome analysis, the project is still
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ongoing and more in depth results are expected in a later phase of the project.

Materials and Methods

Genome sequence
The Ectocarpus siliculosus genome is sequenced using a Whole Genome Shot-
gun strategy. The sequence effort has resulted in a drfat sequence with 11x
coverage, composed out of 4 300 000 reads using several plasmid libraries con-
structed at Genoscope with 3 and 10 kb inserts. All data were generated by
paired-end sequencing of  cloned inserts using Sanger technology on ABI3730xl
sequencers. Assembly of  the genome was done with ARACHNE (Batzoglou et
al., 2002) after elimination of the sequences matching the ribosomal DNA re-
peats and the mitochondrial DNA. The dataset that is retained for further analysis
contains 1886 scaffolds with a size larger than 2 kb.

cDNA libraries
Genoscope has sequenced 83502 ESTs from cDNA libraries constructed at
different stages of the life cycle: young and mature sporophytes, young
gametophytes and protoplasts. 37642 ESTs from this set are generated by a
sequencing run using the reverse primer on the same clone, resulting in 14960
paired-end ESTs.

Genome annotation
Gene prediction was preformed with EuGène (Schiex et al., 2001) which was
specifically trained on sequence data of  Ectocarpus. Also the signal prediction
software, SpliceMachine (Degroeve et al., 2005) was adapted to the Ectocarpus
genome. For the training of  these software a dataset of  382 manually curated
gene models was created making use of  transcript alignments. 150 genes from
that set were used to rebuild the interpolated Markov Models of EuGène and
to serve as a dataset of  splice sites to train SpliceMachine. Besides optimizing
the ab-initio part, EuGène was also optimized to incorporate several kinds of
extrinsic data sources. These include protein searches against the SwissProt /
UniProt (Bairoch et al., 2005) database and against the predicted protein se-
quences of  four other straminopiles, Phytophthora sojae (Tyler et al., 2006),
Phytophthora ramorum (Tyler et al., 2006), Thalassiosira pseudonana and
Phaeodactylum tricornutum.  Also the genomic conservation data with the other
straminopiles genomes was incorporated through TblastX (Altschul et al., 1997).
Spliced alignments of  the available Ectocarpus ESTs were generated with
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GenomeThreader (Gremme et al., 2005) which were then provided as an addi-
tional data source to EuGène. The paired ESTs were given to EuGène as a
separate data source so that the coupled EST information was maximally ex-
ploited.
Prior to the gene prediction, the genomic sequence was masked for transpos-
able elements (TE) with RepeatMasker using a library of  Ectocarpus TEs.
The functional annotation of the predicted gene models was done based on
information retrieved from a screening for protein domains against the InterPro
database and blastP matches against the SwissProt/UniProt database (Bairoch
et al., 2005).

Elimination of bacterial contamination sequences
Early in the annotation procedure it became clear that some scaffolds were not
part of  the nuclear genome of  Ectocarpus but were originated from bacterial
contamination in the sequencing libraries. An initial manual inspection by the
expert annotators returned 63 scaffolds being flagged to be contamination. As a
more thorough approach an automated procedure was applied to screen for
bacterial contamination in the scaffold sequences. This was based on blasting
all the predicted genes against the non redundant protein database at NCBI.
Combining this information with the fact that single exon genes are
underrepresented in the nuclear genome and taking into account the average

Figure 1. Scatter plot of the %GC of a scaffold against the fraction of genes on a scaffold having
as best a bacterial protein. Green dots denote scaffolds that are manually flagged as contamina-

tion, red dots are the ones from the automated procedure.
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%GC was used as a measure to identify the bacterial sequences (see fig 1).

Identification of transposable elements
A dataset of  transposable elements in the Ectocarpus genome was constructed
with an automated procedure. Predicted proteins from an initial prediction run
were screened on the presence of  protein domains (eg. integrase, reverse tran-
scriptase, transposase) specific for transposable elements. Protein sequences
containing these domains were selected and the corresponding gene loci were
extracted from the genome. The genomic region was then further examined for
the presence of regions typically bordering these transposable elements, long
terminal repeats (LTR) and terminal inverted repeats (TIR).  It the borders could
be detected, the region was manually inspected and the complete transposon,
including the borders was added to the library.

Evolutionary analysis
An analysis on a set of  unigenes was preformed. Unigenes were constructed by
assembling the available EST sequences with the program TGiCL (program
available at http://www.tigr.org/tdb/tgi/software/). Proteins were extracted
from the unigenes with the FrameD software (Schiex et al., 2003) making use
of  an Ectocarpus specific model trained on a set of  manually annotated unigenes.
Predicted proteins shorter than 100 amino acids were discarded from the data
set. Defining paralogous relations in this set of proteins were based on a blastP
(Altschul et al., 1997) result and applying a criterion of more than 30% similar-
ity and at least 150 positions in the blast alignment. Ks-dating of paralogous
genes was done with the progam CODEML (Goldman et al., 1994) from the
PAML (Yang et al., 1997) package. An inhouse script was used to correct the
number of  Ks values. The correction is justified because the number of  unique
pairwise comparisons of proteins in a gene family is larger than the number of
duplication events that have happened.

Results

Genome assembly
The genome size of  Ectocarpus siliculosus has been estimated to be approximately
214 Mb. Assembly of  the whole genome shotgun sequences resulted in 1886
scaffolds representing the nuclear genome (see materials and methods). 27 scaf-
folds are longer than 1Mbp and the N50 of  the scaffolds is 504428bp. The
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average scaffold length is 105479bp with an average contig length of  13937bp.
The current assembly contains 196 622 892 bp and covers more than 90% of
the Ectocarpus genome (table 1). There are 12141 gaps in the sequence of
which 6009 of known size (4287337 bases in total) and 6132 of unknown size.
Due to difficulties in the construction of  large insert BACs and the lack of
genetic mapping information it was not possible to reconstruct the original chro-
mosomes. The number of  chromosomes present in Ectocarpus remains unknown.

Gene content
Automated gene prediction by EuGène (Schiex et al., 2001), as described in
methods, resulted in 37464 genes. This number is most certainly an overestima-
tion because EuGène tends to split up genes. Manual curation of  a number of
gene models confirmed that in most cases the majority of  the exons were cor-
rectly predicted but that regularly introns were mistakenly predicted to be
intergenic region. Further research is needed to determine if  the origin of  this
behaviour is related to failures (in the training) of EuGène or to a biological
reason. A possible biological reason could be that there are 2 (or more) different
types of  intron used in Ectocarpus as reported before in other algae (Derelle et al,
2006, Palenik et al., 2007) On the other hand, also the masking of TEs turned
out to be incomplete. The procedure applied (see methods) to identify trans-
posable elements produced a library of 62 transposons, mainly retrotransposons
(57) but also 4 DNA transposons were identified. As mentioned the masking
turned out to be incomplete so some more fine-tuning of the detection pipeline
will be necessary to also find more degenerated elements.

Table 1. Assembly statistics of  the Ectocarpus draft genome
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Genes in Ectocarpus tend to be comprised of  many exons, on average around 10
per gene of relative small size. There is also a remarkably low number of single
exon genes, excluding the region where the EsV-1 virus (Muller et al., 1998) has
integrated which is composed of  only single exon genes. Moreover the intergenic
region separating the genes is quite small compared to the average length of an
intron. This particularity is likely the main reason of many genes being split up
in the prediction.
Manual curation has been performed on the predicted models through a custom
made genome browser which resulted in 2356 models being humanly corrected.
Most of the corrections concerned functional assignments of the gene models
but 312 models have also been structurally curated by expert annotators.

Genome structure
Protein coding genes in Ectocarpus are located in the genome as clusters. Re-
gions very dense in genes are interspersed with long regions where apparently
no or very few protein coding genes are present. However, in these gene deserts
many (degenerated) copies of transposable elements have been identified. In
the gene clusters, the genes are often present alternating strands.
The remarkable structure of  the genes in Ectocarpus combined with their ge-
nomic organisation has lead to the observation that the majority of  the
Ectocarpus genome can be catalogued as intronic sequence.

Genome history
An evolutionary analysis of  the Ectocarpus genome has been carried out based
on the unigene set (see methods). Results of this analysis clearly show that a

Figure 2. Age histogram of paralogous protein pairs. A peak is visible at a Ks of 1.1
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large scale duplication event occurred in the genome. A peak can be seen in the
age history of the duplicated gene pairs at around Ks = 1,2 (see fig 2).  The
peak in the plot is actually not really pronounced but is rather broad which
could indicate that the duplication event was not a single event but a series of
segmental duplications.
The large scale duplication event is supported by the observation that many
genes exist in duplicated located in different regions of the genome and the
presence of  very few tandem duplicated genes.

Genome Browser Portal
Manual annotation of the predicted genes was done through an annotation por-
tal, especially developed for this project. The systems uses a simple MySQL
database schema combined with a library of PERL modules for the data ma-
nipulation. The web interface provides the expert annotators with all the infor-
mation useful to manually annotate a gene. Information from transcript sequences
and protein domains is available. Also the multiple alignment of the predicted
protein with known proteins from the public databases is provided as a graphi-
cal overview. This kind of  representation allows easy identification of  poten-
tial errors in the predicted gene models.
Users can enter modify both the functional information and the structure of
the genes. Edits to the functional information are entered by filling in a web
form. Modification of  the gene structures is done with artemini. Artemini, which
is based on the popular annotation tool Artemis (Rutherford et al., 2000), is
fully integrated in the web browser and allows ‘on the fly’ editing of the gene
models. Once the structural modifications are submitted, the system automati-
cally updates the multiple alignment, the transcript information and the protein
domain information.
A history is kept from all modifications being entered by users. This is to allow
a wiki approach of  the annotation effort (Salzberg, 2007). Information for a
gene locus can be improved by several users. In this way, users with more expe-
rience in the structural annotation of  genes can improve the structure of  a gene
for which another user, with more expertise on the function of the gene, can
alter the functional information. In case of  a disagreement it is possible to go
back to previous versions of the gene with the use of the history option.
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Conclusion

Although many analyses are still ongoing, it is already shown that the genome
of  Ectocarpus contains some features that are until now not have been observed
in a eukaryotic genome. The availability of  the genomic sequence of  Ectocarpus
opens a range of applications in fundamental and applied research in the brown
algae. This will increase the importance of  Ectocarpus as a genetic (and now
also) genomic model system of the brown algae.
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Medicago truncatula, a model for legume genomics, has a nuclear genome of
approximately 500 Mbp that is organized into gene-rich euchromatic arms
largely separate from pericentromeric heterochromatin. Assembly of  BAC-by-
BAC sequence of  the M. truncatula euchromatin has produced high quality
pseudomolecules for all eight chromosomes, comprising ~63% of the euchro-
matin and capturing ~58% of  all M. truncatula genes. Annotation defines
~42,000 gene models in this assembly, including ~13,000 lacking experimen-
tal support. Many of these unsupported gene models are short (<300 bp) and
are members of  families over-represented in M. truncatula. Preliminary RT-
PCR experiments suggest that a significant fraction is transcribed. As expected
from previous cytogenetic observations, gene density is relatively high and
homogeneous throughout the euchromatin. Chromosome 6 differs significantly
in organization from other chromosomes, with lower gene density, distinctive
gene structure, elevated transposons, and far few synteny blocks. Duplication
blocks are shorter and more fragmented in M. truncatula compared with other
sequenced plants with the exception of  a highly conserved duplication be-
tween M. truncatula chromosomes 5 and 8. It is likely that the ancestor of M.
truncatula experienced numerous genome rearrangements soon after a whole
genome duplication event early in legume evolution. Approximately 58% of
the M. truncatula euchromatin exhibits synteny with both Arabidopsis thaliana
and Poplar trichocarpa, but synteny is strikingly uneven between different chro-
mosomes and chromosome arms.
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Introduction

Legumes play a vital role in ecological and agricultural systems worldwide.
Among cultivated crops, legumes are unique in their ability to fix atmospheric
nitrogen through symbiosis with rhizobial bacteria. Since they are not constrained
for nitrogen, legumes achieve remarkable levels of protein, a property both
biologically and agriculturally significant. Nearly 33% of all nutritional nitro-
gen comes from legumes and in most developing countries, legumes serve as
the single most important source of vegetable protein (Gepts et al. 2005). Leg-
umes provide a significant fraction of  the world’s edible oil  and also synthesize
an impressive array of isoflavonoids and triterpene saponins, compounds pos-
sessing anti-cancer, anti-inflammatory, and cardiovascular-promoting proper-
ties (Gepts et al. 2005).
Legumes are split into three subfamilies: Caesalpinoiodeae, Mimosoideae and
Papilionideae, home to most of  the cultivated species. Papilionoid legumes first
appeared ~65 million years ago (Mya) based on the fossil record (reviewed in
Doyle et al. 2004). Most Papillionoids fall into two large clades, the tropical
legumes including species like Glycine max (soybean) and Phaseolus vulgaris (com-
mon bean), and the temperate legumes including species like Medicago sativa
(alfalfa) and Pisum sativum (pea). The family is itself embedded in the large
Eurosid clade of  dicots. Eurosid I includes the legume family as well as the
Salicaceae, home to Populus trichocarpa (Pt), while Eurosid II includes the
Brassicaceae, home to Arabidopsis thaliana (At). Consequently the Eurosids com-
prise a phylogenetically and economically valuable group of dicots with multi-
ple sequenced genomes. Molecular analysis dates the separation of  the two
Eurosid clades approximately 100 Mya (Wikstrom et al., 2001; Blanc et al.,
2003; Bowers et al., 2003; Raes et al., 2003).
Medicago truncatula (Mt), a close relative of alfalfa, is one of two preeminent
models for legume genomics (the other is Lotus japonicus, Lj) (Cannon et al.
2006). For more than two decades, Mt has played a critical role in legume re-
search, especially the search to understand symbiosis (Crespi et al 1994; Pichon
et al 1992). Unlike most legumes, Mt has a compact genome of ~500 million
base pairs (Mbp) (www.rbgkew.org.uk/cval/), simple Mendelian genetics, short
seed-to-seed generation time, workable levels of  transformation, efficient
transposon-tagging, excellent collections of  mutants, and large collections of
diverse ecotypes (Cook 1999). Like At before it, Mt moved from a species for
studying targeted biological questions into a model for genomics and genome
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sequencing. M. truncatula’s pivotal role in symbiosis research combined with rec-
ommendations of  the U.S. Plant Genome Initiative (Committee on Objectives
for the National Plant Genome Initiative, 2002) convinced the Samuel Roberts
Noble Foundation and Bruce Roe at the University of  Oklahoma to begin ge-
nome sequencing of Mt in 2002. This initiative expanded dramatically in 2003
with support from the U.S. National Science Foundation, the European Union
6th Framework Programme, the Biotechnology and Biological Sciences Research
Council (BBSRC) in the U.K., and l’Agence Nationale de la Recherche (ANR)
in France. In keeping with M. truncatula’s role as a reference for legume genomics,
sequencing in Mt is BAC-by-BAC with the goal of  contiguous “Bermuda Stand-
ards” sequence (http://www.genome.gov/10001812) for the entire euchromatic
portion of the genome.
Here, we report the initial description of the Mt genome based on the first
large-scale assembly of  its BAC-by-BAC sequence. We go on to compare this
pre-finished Mt sequence with other sequenced plant genomes in terms of  gene
and gene family content, duplication history, and syntenic relationships.

Highlights from the M. truncatula Genome Sequence

· Gene density is high and homogenous throughout the sequenced portion
of  the genome, in confirmation with cytogenetic observations that the Mt ge-
nome is organized into chromosome arms that are overwhelmingly euchromatic.
· The ratio of physical-to-genetic distance rises substantially near the ends
of most chromosomes, indicating lower rates of recombination in these ge-
nome regions.
· There are numerous gene families and domains over-represented in Mt.
Many of  these genes show homology to previously described defensin-like pro-
teins. Others show homology to domains of  unknown function present in high
levels in Mt and Oryza sativa (Os), but relatively rare in both At and Pt.
· The Mt genome contains large numbers of  short gene models. RT-PCR
analysis of these predicted genes indicates that many are transcribed.
· Chromosome 6 differs in organization from other chromosomes, display-
ing reduced gene density, unusual gene structure, elevated levels of  transposons,
and very few synteny blocks.
· Duplication blocks are shorter and more fragmented in Mt compared with
other sequenced plants – except for a highly conserved duplication region be-
tween Mt chromosomes 5 and 8. It is therefore likely that the Mt genome has
undergone more frequent rearrangements than other dicots and these
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rearrangements occurred during a relatively short span of time.
· Synteny with other plants is notably uneven between different chromo-
somes and different chromosome arms. Where syntenic blocks occur, they are
usually shared in comparisons between multiple plant species and also within
genome duplications.

Results

Sequencing, Assembly and Genome Coverage
A single accession of  Mt known as ‘Jemalong’ provided DNA for three BAC
libraries as a basis for hierarchical, BAC-by-BAC sequencing of  the gene-rich
euchromatin (Nam et al. 1999). The genome of Mt (2n=16) has been estimated
at 450-560 Mbps (1C=0.465-0.575 pg) (Blondin et al. 1994), slightly larger
than the genome of Os (International Rice Genome Sequencing Project, 2005).
Though similar in size, the physical organization of the Mt genome is substan-
tially different than in Os. Fluorescent in situ hybridization (FISH) of  pachytene
chromsomes had previously demonstrated that the Mt genome is organized into
chromosome arms that are overwhelmingly euchromatic, with heterochromatin
localized to pericentromeric regions (Kulikova et al. 2001). Only chromosome
6 displays heterochromatic chromomeres along both arms (Kulikova et al. 2001).
Every one of  80 gene-rich BAC clones examined using FISH localized to the
visible euchromatic regions (Choi et al. 2004). For all these reasons, the Mt
sequencing consortium chose to extend the sequence out from initial gene-rich
seed BACs through the use of  a high density fingerprint physical map (42,000
BAC clones or ~20X coverage) and BAC-end sequences (BES) (162,000 end
reads).
As of  July 2006, a total of  1,863 BAC clones had been sequenced, comprising
186.2 Mbp of  non-redundant genome sequence (Table 1). Of  these clones,
1,151 clones (122 Mbp) were finished to phase 3, 371 clone (37 Mbp) to the
level of ordered and oriented (phase 2), and 304 (30 Mbp) to the level of shot-

Table 1. Assembly statistics of  the M. truncatula genome sequence
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gun (phase 1). These BACs reside on 348 sequence contigs that combine to
form 275 scaffolds (Table 1). Together with 138 singleton BACs, the scaffolds
span 211.1 Mbp of genome sequence. These sequences, contigs, and scaffolds
were used to generate an pseudo-golden path (pgp) and an intial release of
pseudomolecules for all eight chromosomes of Mt . There are a total of 331
gaps in the sequence assembly plus 89 BAC clones (9 contigs and 68 singletons)
not yet anchored to the genetic map (see below). Known BACs extend into one
or both ends of  215 of  these gaps. The average size of  BAC scaffolds is 699 kb
and the N50 is 505 kb, with sizes ranging from 87 kb (the shortest singleton) to
slightly more than 4 Mb (Table 1). Based on the estimated size of  the Mt ge-
nome (450 – 560 Mbp), the assembly so far constitutes 38-47% of the entire Mt
genome, with coverage of the protein coding portion (gene-space) notably higher
(see below).

To anchor the sequence assembly to the existing genetic map of  Mt we utilized
851 BAC-based simple sequence repeats, 121 BAC-based cleaved amplified
polymorphic sites, and 16 additional single nucleotide polymorphisms using
two previously described mapping populations (Thoquet et al. 2002; Choi et al.
2004). It has been reported that the Jemalong cultivar now being sequenced
(and one of the parents used in mapping) had experienced a balanced transloca-
tion between chromosomes 4 and 8 (Kulikova et al. 2004). As expected, the
Jemalong-based map displayed numerous biases in marker segregation along
with recombination depression on the south ends of chromsomes 4 and 8 (Mt-
4S and Mt-8S). The second (non-Jemalong-based) linkage map was free of dis-
tortion, enabling us to place BAC-based markers accurately in these regions.
Altogether, a total of  1,774 BACs comprising 177.2 Mbp (97.2% of  the total)
could be anchored to M. truncatula’s eight chromosomes in this manner (Table
1). The remining 68 BACs remain unanchored, but are included in most calcu-
lations described below. Genetic marker order was colinear with the inferred
genome sequence 91% of  the time for intervals greater than 1 cM in length.
The accuracy of the sequence assembly was also validated by comparison with
available BES data, where 97% agreed with the predicted BAC clone order.
The goal of the Mt sequencing initiative is high quality “finished” sequence,
therefore we estimated the accuracy of the sequence by comparing overlapping
phase 3 BAC data coming from different sequencing centers. There were a total
of  256 cases totaling 5.5 Mbp of  such overlapping BAC sequence. Because
most of  the initial (seed) BAC sequencing took place at the University of  Okla-
homa (OU), most cases of  overlapping BACs involved at least one OU BAC.
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Altogether, sequences between different centers were identical 99.987% of the
time, just barely missing the 1 in 10,000 standard for finished sequence.
To examine the nature of  the genome sequenced so far and to contrast it to the
unsequenced portion, we compared the sequence assembly to an earlier pilot
whole genome shotgun sequence (WGS) (Mun et al. 2006). Although the ear-
lier WGS achieved only ~0.1X coverage, it provided an unbiased representa-
tion of  the overall genome. Because comparisons based on phase 1 and 2 BACs
were likely to miss some alignments and thus underestimating coverage, these
sequences were removed from the comparison, leaving 122 Mbp of phase 3
sequence. At a stringency of  >50% coverage and >95% identity, 25.9% of
WGS sequences were captured by phase 3 sequence. This value fell to 20.9% at
>80% coverage and >95% identity. Extrapolating, these results indicate that
the entire Mt genome lies between 471 and 583 Mbp in size, in close agreement
with previous estimates. As expected, uncaptured sequences from the WGS
differ dramatically from those found within the current assembly. Most striking
is the near complete absence of centromeric related repeats (Kulikova et al.
2004). The MtR2 centromeric repeat, for example, is entirely absent from the
sequence assembly compared with 1,089 instances in the WGS (5.8% of the
total). A small fraction of  centromeric repeats MtR1 and MtR3 are observed
within the sequence assembly, but at much lower levels compared with WGS
(25 copies versus 489). Moreover, all the MtR1 and MtR3 repeats are found on
a small number of  BACs located near centromeres or on BACs still unanchored
to the genetic map.
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Figure 1. Transposon and protein densities along M. truncatula chromosome 4.
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To further refine the physical size estimate of  the Mt euchromatin, we deter-
mined the degree of chromatin condensation and extrapolated this to the cu-
mulative length of  the euchromatic chromosome arms during pachytene, previ-
ously estimated previously at 350 µm (Kulikova et al. 2001). Since the degree
of condensation varies depending on chromosomal region, condensation was
examined at four locations using large physical contigs (>1 Mbp) as reference.
These values varied between 0.6-1.4 Mbp/µm, with an average of 0.84±0.20
Mbp/µm. Extrapolating, the euchromatin is projected to span 294±70 Mbp,
translating to 63% coverage of the euchromatin by the current sequence as-
sembly.
The overwhelming majority of Mt genes are expected to be located in the euchro-
matin, so the fraction of genes captured in the sequence assembly should mir-
ror the proportion of  the euchromatin sequenced. To estimate the fraction of
genes identified within the sequence assembly we determined the fraction of
high quality tentative consensus sequences (HQTCs) in TIGR Mt truncatula
Gene Index version 8.0 captured in the current Mt assembly. HQTCs were de-
fined as those at least 500 nucleotides in length with at least five EST members.
Again, phase 1 and 2 BAC sequences were excluded from the comparison. At a
stringency of  >50% coverage and >95% identity, 37.2% of  all HQTCs aligned
with phase 3 sequence. Increasing the stringency to >80% coverage and >95%
identity lowered the percent aligned to 35.3%. These numbers indicate that 55-
58% of  Mt genes have been captured within the current genome assembly, in
close agreement the estimated sequence coverage of euchromatin. Assuming
the rate of gene capture in future sequencing continues unchanged from the
current pace, these results suggest that the gene-space for Mt is approximately
335 Mb, or 60-70% of  the entire size of  the Mt genome.

Physical to Genetic Relationship
Anchoring the genome sequence to the genetic map enabled us to calculate the
relationship between physical and genetic distance. All 86 scaffolds spanning
marker intervals greater than 0.5 cM in size were compared with the corre-
sponding sequence-based distance, yielding an average ratio of 506 kbp/cM in
the portion of  the Mt genome sequenced to date. Separately, we mapped all
sequence-based markers to the assembly and used the data to estimate physical
to genetic distances along M. truncatula chromosomes. Surprisingly, the ratio of
physical to recombination distance is relatively low in central regions of chro-
mosomes and higher towards the ends with the exception of chromosome 8
(Figure 2). Excluding chromosome 8, the average of physical to genetic dis-
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tances in the North, Middle and South regions of the other seven chromosomes
are 755±86 kbp/cM, 206±23 kbp/cM, and 786±157 kbp/cM respectively. In
other words, rates of recombination decrease significantly (3-4-fold) towards
the ends of  most Mt chromosomes. The recombination rate of  206 kbp found
in the central regions of the Mt chromosomes is very similar to level in At (Lin
et al 1999) and rice (Chen et al 2002).

Centromeres and Pericentromeres
Since our goal is sequencing the gene-rich euchromatic arms, we intentionally
avoided BACs located within centromeres and pericentromeres. To physically
delineate the gene-rich euchromatin, we used FISH to identify BAC clones lo-
cated in border regions between heterochromatic and euchromatic portions of
the genome. At the time of  assembly, 15 of  16 borders had been defined in this
manner (Figure 1). The distance between borders ranged from just four BAC
clones up to 20. Cases with large distances between borders were generally due
to the difficulty in finding BACs that hybridized to just a single border region,
necessitating the choice of  other, and for the most part more distant clones. In
most cases, just one or two unbridged gaps in the pgp could generally be pin-
pointed as the probable location of the centromere within FISH-defined re-
gions for each chromosome.
With the exception of  Mt-2, an unmistakable peak in the density of  long termi-
nal repeat (LTR) retrotransposons (defined here as copia plus gypsy elements)
was associated with the location of  the centromere. Generally, LTR-
retrotransponson densities rise from a level of 10-20 copies per 100 kbp to a
peak of  60-70 per 100 kbp near centromeres. Gene density is correspondingly
lower near centromeres; approximately 10 genes per 100 kbp compared with a
genome-wide average of  22.3 per 100 kbp. With the exception of  chromo-
somes Mt-3 and Mt-7, where the drop in protein density is not dramatic (Figure
1). In cytogenetic analysis, Mt-6 differs from the remaining chromosomes in
having substantial heterochromatin along both chromosomes arms. It is not
surprising, therefore, that this chromosome also has a higher retrotransposon
density throughout its length and even exhibits a second retrotransposon den-
sity peak nearly as high as the one at the centromere.

Protein-Coding Genes of Medicago truncatula
Based on the IMGAG annotation process, more than 42,000 non-transposon
gene models were uncovered within the current assembly of the Mt genome
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(Table 2). Of  these gene models, 9% have full-length support (F), 24% have
partial EST coverage (E), 38% show similarity to known proteins (H), 8% are
hypothetical (I), and 21% are both hypothetical and shorter than 300 bp (L).
Expression of  the lower confidence categories was examined using RT-PCR.
Out of 48 I class genes tested on leaf, root and tissue culture cDNA prepara-
tions, 40 showed expression in at least one of  the samples. Evidence of  tran-
script splicing was detected in 16 out of  36 intron-containing genes. We also
tested expression of 96 genes from class L where products for 69 genes were
observed in at least from one of  the three cDNAs samples. Transcript splicing
was detected in 23 out of  72 intron-containing genes. In other words, roughly

Figure 2: Physical to genetic distance comparison along chromosomes
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70% of the I and L class genes tested were expressed, with 30-50% showing
evidence of  splicing. These rates of  expression are similar to those observed for
At hypothetical genes (Xiao et al. 2005), but the proportion of unspliced tran-
scripts appears to be greater in Mt.
Averaged over the entire genome sequence assembly, Mt gene density is 22.8
per 100 kb (1 gene per 4.4 kb), comparable to the observation of  1 gene/4.5 kb
in At and significantly more dense than 1 gene/9.9 kb in Os (Arabidopsis Ge-
nome Initiative 2000; International Rice Genome Sequencing Project 2005).
The observation of  42,000 gene models in the current assembly implies that a
very large number of genes will eventually be discovered in the Mt genome, as
many as 70,000. Mt genes average 1,700 bp in size and predicted peptides aver-
age 239 amino acids (aa). These values are shorter than published values for At
(gene size, 1,992 bp; peptide products, 434 aa) or Os (gene size, 2,699 bp;
peptides, 359 aa) (Arabidopsis Genome Initiative 2000; International Rice Ge-
nome Sequencing Project 2005). Mt also has fewer exons per gene on average
(3.1 in Mt versus 5.2 in At and 4.7 in Os). This difference is explained for the
most part by the fact that IMGAG annotation explicitly included short genes
and gene products, many of which we now know are transcribed (see above).
Comparable short gene models had been excluded in earlier plant genome an-
notation projects (Draper et al. 2002; Zhang 2002; Scheetz et al 2003).

Table 2. Summary statistics of  M. truncatula genes

Gene density is similar on different Mt chromosomes, though somewhat lower
on Mt-6 (20.9 per 100 kb). Mt-6 is also notable in having predicted proteins that
are shorter on average (219 aa versus 243 on other chromosomes), fewer exons
per gene (2.6 versus 3.1 on other chromosomes), and exons that are longer (385
bp versus 310 on other chromosomes) (Table 2). Coupled with obervations
that Mt-6 is also very high in transposable elements (TE) density and low in
synteny (see below), it is not surprising that the protein-coding complement of
this chromosome is also unusual.
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To learn more about genes that are unique or over-represented in the Mt ge-
nome, we compared all 42,000 Mt gene models to available plant genomes and
genomic databases. In this analysis we used data sets from the completed genomes
of  At, Pt and Os as well as TIGR’s EST tentative consensus sequences (now
located at Dana Farber Center at Harvard University) (Quackenbush et al.,
2001; http://compbio.dfci.harvard.edu/tgi). Altogether, 64% of  predicted Mt
genes had detectable homologs to one or more of these data sets and 59% were
represented within available Mt EST resources.
First we examined the Mt genome to look for over-represented domains struc-
tures. Using a conservative trusted threshold (http://pfam.janelia.org/help/
scores.shtml), 15,017 Mt genes contained at least one Pfam domain with a total
of 20,373 domains detected overall. (In this analysis, a Pfam domain is counted
only once per gene, e.g. a cluster of  LRRs is only once per gene.) We then searched
specifically for domain signatures over-respresented in Mt. The top 30 domains
in terms of  count within the Mt genome are shown in  Table 3. Not surprisingly,
the late nodulin protein domain was detected 112 times in Mt, but not in any
other organism. Many of these late nodulin containing proteins appear to mem-
bers of the cysteine cluster proteins family (see below). Other domains, while
not entirely Mt-specific, were substantially more abundant in Mt than in other
plants. For example, 30 BURP domain-containing proteins were identified in
the current Mt assembly, while At, Pt and Os had only 5, 18, and 14, respec-
tively (P= 9.7e-09) (Table 3). Though the function for the BURP domain is
largely unknown, Granger et al (2002) reported that several BURP domain-con-
taining proteins are duplicated multiple times in soybean compared to homologs
in the At genome. Similarly, F-Box containing proteins are significantly over-
represented in Mt (P=1e-40) (Table 3). Graham et al. (2004) also identified F-
Box proteins in their search for legume-specific genes, where a legume-specific
F-box gene was defined as having no BLAST homology to non-legume databases
(E<10-4) even though motif recognition software could uncover putative F-
Box domains with weak similarity. Presumably, the Mt F-box proteins described
here are signficantly divergent from others in that family, possibly reflecting
novel function. Interestingly, a separate F-box associated domain (Gagne et al
2002) is underrepresented in the Mt genome. Two other PFAM domains of
unknown function, DUF1723 and DUF889, are present at much higher levels
in both Mt and Os compared with much lower abundance in either At or Pt.
To characterize gene families in the Mt genome and compare them with Mt, At,
Pt and Os, we used OrthoMCL (Li et al., 2003). OrthoMCL constructs
orthologous groups across multiple taxa using a Markov cluster algorithm to
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group orthologs and paralogs. In this analysis, Mt had the smallest overall number
of families and singletons, presumably due to partial coverage in the current
assembly. A total of  6,298 (56%) families were shared among all four species,
with 76% of Mt gene families overlapped at least one of the three others (Fig-
ure 3). A total of 2,759 gene families, representing 10,779 proteins (24%), were
unique to Mt based on the OrthoMCL analysis, a percentage similar to that
observed in Os (23%), and significantly higher than either Pt or At (14.5% and
8% respectively).

 As a legume, Mt differs from the other sequenced plants in forming nitrogen-
fixing nodules. Recent analysis of  the Mt genome demonstrates that many im-
portant genes involved in nodulation were recruited from pathways common to
non-nodulating plants (Zhu et al. 2006), but others may still be unique to leg-
umes. To determine if  any of  the 10,779 Mt-specific proteins identifed by
OrthoMCL were truly legume-specific, we initiated a series of  BLAST searches
similar to those described previously (Graham et al. 2004). BLAST was used to
compare the Mt-specific OrthoMCL proteins against the four largest non-leg-
umes plant gene indices at TIGR (Arabidopsis AtGIv12, Rice OsGIv16, Maize
ZmGIv15 and Tomato LeGIv11) and also against the Uniprot protein database

Table 3. Over-represented domains in the M. truncatula genome

Table 3. Over-represented domains in the M. truncatula genome
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(Apweiler et al. 2004). Any Mt sequence with BLASTP homology (E<10-4) to
any non-legume sequence was eliminated. Though strict, this E-value cutoff
presumably retained any sequence that was truly legume-specific. As a result,
52% of the putatively Mt-specific proteins were eliminated. Of those that re-
mained (5,191), just 3% had functionally informative hits to other legume se-
quences, the same percentage observed previously (Graham et al. 2004). Clearly,
the function of most legume-specific genes, including those that play a role in
nodulation and symbiosis, still await discovery.
We next examined the species distribution of  legume-specific genes found within
the Mt genome (Mt legumes-specific genes) among other legumes. Here, we
used BLASTP (E<10-4) to compare the remaining 5,191 Mt sequences against
a translated database of TC assemblies (Childs et al. 2007) from ten different
legume species (Arachis hypogaea, Glycine max, G. soja, L. corniculatus, Lupinus

Figure 3. Venn diagram of  OrthoMCL generated gene families

albus, M. sativa, Medicago truncatula, Phaseolus coccineus, P. vulgaris and Pisum sativum).
Of  the 5,191 sequences, 2,870 had no homology to any expressed legume se-
quence, 1,496 were specific to Mt, and 825 had similarities to other legumes.
Of  the Mt legume-specific genes, 478 had homology to legume-specific ESTs
identified previously, corresponding to 50 of  the gene families described in
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Graham et al. (2004). Of these gene families, 12 had additional functional in-
formation gained through motif  analysis, including nodule- and seed-specific
CCPs, F-box proteins, phloem-specific proteins, pollen-specific proteins,
chitinases, and proteins involved in self-incompatibility. By far the largest group
of  functionally described Mt legume-specific genes were the CCPs. The CCPs
encode small, tissue-specific cysteine-rich proteins that share many of the hall-
marks of  plant defensins, including similar gene structure and genome organi-
zation (Graham et al. 2004, Silverstein et al. 2005). Previously, Graham et al.
(2004) identified more than 300 nodule and seed-specific CCPs from Mt and
soybean EST databases. Using a combination of  BLAST and motif  analyses,
we identified genomic sequences for 154 nodule-specific CCPs and 19 seed-
specific CCPs. Defensin-like sequences are clustered in the At genome
(Silverstein et al. 2005), and this appears to be true in Mt as well, where 93 of
173 CCPs were found in clusters ranging in size from two to six members.

Comparisons among dicot genomes
Because At, Pt, and Mt are all members of the Eurosid clade, the newly assem-
bled Mt sequence makes possible a first ever large-scale sequence comparison
among related dicot genomes. Phylogenetic evidence indicates that the lineage
leading to Mt and Pt split off  from At between 100 and 120 Mya (Tuskin et al.
2006) followed by a later split between Mt and Pt approximately 84 Mya
(Wikstrom et al. 2001, 2003). Further details about this sequence-based com-
parison are found elsewhere (Wang et al, in preparation). Here we highlight
important trends.
The most striking feature of the multi-species comparison is the very large
number and relatively short lengths of synteny blocks (Figure 4). Based on
DiagHunter analysis using uniform parameters across comparisons, there are
472 synteny blocks averaging 0.72 Mbp in size in the Mt/At comparison and
545 blocks averaging 0.63 Mbp in Mt/Pt (Figure 4). In both comparisons ap-
proximately 58% of  the Mt genome is found within synteny blocks. Comparing
Pt and At, synteny blocks are also numerous and widespread: 1186 synteny
blocks averaging 0.46 Mbp in size and spanning 67% of the Pt genome. The
larger apparent number of Pt/At synteny blocks is primarily due to the more
complete status of genome sequencing in Pt and At. In simulations based on a
Pt genome with 60% coverage compared against a complete At genome (see
Materials and Methods), the number of synteny blocks drops by nearly half, the
proportion of the genome within synteny blocks declines roughly 10%, and the
average length of synteny blocks actually rises, presumably because short blocks
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are eliminated in comparisons based on incomplete genome sequence. (Table
5).

Figure 4. Dot-plot comparisons of synteny blocks

Another striking feature of the dot-plot synteny analysis is the much lower
level of  internal colinearity (duplication) observed in the Mt self-comparison
than in either the Pt or At self-comparisons (Figure 4). Apart from a conserved
region of synteny involving Mt-5 and Mt-8, Mt duplication appears highly frag-
mented and scattered. Altogether there are 94 duplication blocks in Mt averag-
ing 0.65 Mbp in length and spanning 36% of the genome. This contrasts with
245 synteny blocks averaging 0.47 Mbp spanning 80% in At and 419 blocks
averaging 0.62 Mbp and spanning 74% of the Pt genome. Again, the lower
numbers observed in Mt are due to the incomplete nature of  the current assem-
bly. Simulations based on 60% coverage of  either the At or Pt genomes indicate
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that both the number of blocks and the proportion of the genome contained
within blocks declines 50-60% (Table 5). Consequently the number and frac-
tion of the Mt genome sequence contained within synteny blocks is projected
to be similar compared with At and Pt duplications. Still, the proportion of  all
Mt genes that are actually syntenic is much lower (7.78%) than either At (41%)
or Pt (58%) and this difference cannot be accounted for simply by the incom-
plete Mt genome sequence (Table 5).

Table 5. Summary statistics for synteny comparisons

Based on these observations, we predict that the overall number and fraction
of the Mt genome found in duplication blocks will eventually approach the
levels seen in At and Pt, although Mt duplication blocks will still be more dis-
rupted than in either At or Pt, even at completion. This raises the question of
whether Mt experienced higher rates of gene loss/rearrangement or whether
internal colinearity within Mt might actually be the result of one or more partial
duplication events rather than a whole genome duplication (WGD). Phylogenetic
analysis argues against extraordinary gene loss in Mt. Gene trees can be mined
to determine the frequency of  surviving gene duplications following the most
recent WGD. Considering the most-closely related paralogs from different
chromosomes and a total of 699 gene trees evaluated, there are 421 pairs in Mt,
977 in At, and 1,865 in Pt (table 6). Though the number of  terminal gene pairs
is lower in Mt, it is close to the expected value for a genome sequence 60%
complete (i.e., 36%). Analysis of internal duplication in Mt also indicates that
synteny blocks are found in most possible chromosome comparisons (31 of 36
possible). This could be due to extensive genome scrambling after a (relatively)
recent WGD, small remnants of  older genome duplications, or a combination
of  both. To determine which explanation is most likely, we assessed the age of
colinear blocks based on the average rates of synonymous substitutions per
duplication block. A majority of duplication blocks are “young” (Ks <= 1.1)
rather than “old” (Ks > 1.4) and blocks are widely distributed across all chro-
mosome comparisons (data not shown), supporting a genome-wide duplication
event.
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In summary, synteny between the Mt, Pt and At genomes is extensive, but indi-
vidual synteny blocks are dispersed and fragmented. Previous studies compar-
ing Mt and At have noted this same overall picture (Zhu et al. 2004; Kevei et al.
2005). Within individual synteny blocks, colinearity can be extensive (Zhu et
al. 2004; Kevei et al. 2005; Mudge et al. 2005). Short and fragmented synteny
blocks are also observed in self-comparisons of  Mt, and the proportion of  genes
syntenic within these blocks is lower on average than in duplication blocks of
either Pt or At. This pattern of  disrupted synteny differs markedly from syntenic
relationships between Mt and Lotus japonicus (Lj) (Cannon et al. 2006). In the
Mt/Lj comparison, nearly all synteny blocks are localized to ten coherent di-
agonals that presumably trace back to their common ancestor and maintained
since speciation. Phylogenetic data strongly suggest that the most recent WGD
in legumes occurred after the split with Pt and before the separation of Mt and
Lj (Cannon et al. 2006). Consequently, genome rearrangements must have oc-
curred more frequently in the period between the time of the legume WGD
(broadly dated to a period 55-80 Mya, Lavin et al, 2005) and the Mt/Lj split
(approximately 50 Mya, Lavin et al, 2005) than during the more recent period
after the separation of Mt and Lj. This raises the question of whether early
legume polyploidy might have been related to the rapid speciation observed
early in legume history (Lavin et al. 2005). If polyploidy created an intrinsically
unstable genome, this might have led to high rates of speciation and the strik-
ing diversification observed in legumes (Scannell et al. 2006).

Table 6. Summary statistics of  duplication blocks

It is also striking that the distribution of synteny blocks varies so much from
one Mt chromosome to another or even along the lengths of individual chromo-
somes (Figure 5). More than 85% of Mt-5 is syntenic to both At and Pt, while
Mt-6 displays just 19% synteny to either Pt and At. Like Mt-6, Mt-3N contains
few or no synteny blocks, while Mt-3S is much higher in terms of  synteny cov-
erage (Figure 5). Similar, though less dramatic cases of contrasting synteny on



Medicago truncatula genome

103

chromosome arms are also seen on Mt-4, Mt-7 and Mt-8. In each case, the
boundary between synteny-rich and synteny-poor regions is located at or very
near the centromere (data not shown). Previous studies have also observed that
Mt-6 displays much lower levels of synteny than the remainder of the Mt ge-
nome (Choi et al. 2005; Cannon et al. 2006), and it is clear that Mt-6 lacks
synteny even in comparisons to closely related legume species, including Lj and
Pisum sativum (Choi et al. 2005; Cannon et al. 2006). Different chromosomes
and chromosome arms also vary in terms of  duplication block density. Once
again, Mt-5 has the highest coverage of internal duplication (more than 51%
overall), while Mt-6 is the lowest (23%). Of course Mt-6 is notable for its high
density of heterochromatin and TEs (Figure 1; Kulikova et al. 2004), a feature
presumably related to reorganization and the paucity of synteny blocks (Bow-
ers et al. 2005).

Figure 5. Synteny coverage on M. truncatula chromosomes

Conclusions

Perspectives on the Medicago genome sequence
This initial look at the Mt genome sequence, though still incomplete, provides
new insights into plant genome function, organization and evolution. Mt has a
large number of short genes, many of which are expressed. The discovery of
short, transcriptionally active genes in Mt implies that other plant genomes should
be re-examined to see whether they, too, have undiscovered short genes. The
results of Silverstein et al (2005), where Mt-based sequences enabled a search
for previously undescribed defensin-like sequences in At, certainly supports
this. The presence of  many short gene models also contributes to the large
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number of Mt-specific proteins discovered, where short predictions (100 aa or
less) constitute 63% of the total. Although their functions are largely unknown,
it seems likely they play a role in novel biological processes including nodula-
tion and nitrogen fixation. Among Mt legume-specific genes with EST support,
36% are expressed in root nodule, recognizing, however, that Mt EST libraries
are generally biased toward sampling of nodule tissue.  Also surprising is the
observation of  hundreds of  proteins containing one of  two domains of  un-
known function in Mt and Os, that re present in fewer than 20 copies in both At
and Pt.
In terms of  genome organization, Mt chromosome Mt-6 displays much more
structural divergence than the remainder of  the Mt genome. Its chromosome
arms are more heterochromtic, TEs are observed throughout its length, and the
chromosome lacks synteny blocks with other sequenced plants or blocks result-
ing from genome duplication. Mt-6 is not the only genome region structurally
different from the rest. Four other chromosome arms, especially Mt-3N, are also
much lower in synteny and Mt-3N also has high levels of TEs compared with
the rest of  the genome. Significantly, Mt-6 also lacks synteny with Lj (Cannon
et al. 2006) and P. sativa (Kevei et al. 2005), so its structural changes must have
taken place within the last 39 Mya, the estimated time of divergence between
Mt and P. sativa (Lavin et al 2005). This contrasts with separate evidence indi-
cating substantial genome rearrangement sometime between the time of a WGD
event early in legume evolution and the time of separation between Mt and Lj.
The Mt genome also displays one region of  striking genome conservation – a
long, highly conserved duplication between Mt5 and Mt8. While nearly all du-
plication blocks in Mt are short and scattered, this duplication is long and co-
herent, running nearly 10 Mbp or nearly the entire lengths of  the two chromo-
some arms. Even more striking is the degree to which this genome region is
conserved and duplicated within At and Pt. In At, for example, there are four
multi-megabase blocks on four different chromosomes that are syntenic to Mt5/
Mt8. In Pt, there are five such synteny blocks, though the corresponding synteny
block is broken into two parts on Pt2 and Pt5. Apparently Mt contains genome
regions with notably high levels of  structural reorganization, like Mt6 and Mt-
3N, and other regions, Mt5/Mt8, that are rearranging much more slowly that
the rest.
In terms of  sequencing strategy, it is worth reflecting on the wisdom of  the
approach adopted for the Mt genome. Here, we are following classic hierarchi-
cal, BAC-by-BAC sequencing targeted to the euchromatic regions because Mt
appeared cytogenetically to have a genome organization favorable for this strat-
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egy. Such a high quality genome sequence has the advantage that it provides an
excellent reference for comparative genomics with related species (especially
other cool season legumes) and it has the potential to facilitate the assembly of
future legume sequencing projects. Our results confirm that this rationale does
have merit. The “gene-space” of Mt seems to coincide substantially with its
euchromatin, gene density is high and approximately uniform throughout the
assembly, and this portion of  the genome can be accessed efficiently by walking
out from gene-rich seed BACs. Nevertheless, the BAC-by-BAC approach re-
mains quite slow, even with development of  new sequencing technologies (e.g.,
Margulies et al. 2005). Consequently, even after five years of  dedicated effort,
the Mt sequence only covers 60% of the euchromtain and more than 300
unbridged gaps remain. In part this results from the realization that the size of
the Mt euchromatin is larger than originally estimated (300 Mbp versus 200
Mbp). Nonetheless, the sequencing effort is ongoing and the goal of a minimal-
gap, high quality sequence assembly for the Mt euchromatin is on-track for the
end of 2008.

Materials and Methods

Genome assembly.
To reconstruct pseudomolecule sequences, all frozen BAC sequences were first
run through program MUMMer (Delcher et al. 2002) to find overlap regions.
We required regions to have at least 2,000 bp and 99% identity between two
sequences to be considered an overlap. For phase 2 and 3 BACs, only the termi-
nal overlap was considered and the redundant region between two BACs was
removed to form a contiguous contig sequence. For overlap involving phase 1
BACs, the terminal criteria was not required due to the draft nature of  the BAC
sequences and 5,000 Ns were incorporated into the contig sequence to denote
presence of  a phase 1 BAC. All contig sequences were then joined or extended
to form scaffolds through the use of  paired BES. BLAT (Kent 2002) was used
to align all BESs against the BACs. Only low copy BES pairs (both ends hit
<=2 times) were chosen and the parameters used were 99% identity and 90%
coverage of  the BES. In cases where scaffolds could be formed by paired BES,
50,000 Ns were inserted between two contigs to construct scaffolds. The final
step of assembly was to anchor and order scaffolds onto the eight chromo-
somes by reference to genetic maps composed of DNA-based genetic markers
(Thoquet et al. 2002; Choi et al. 2004). All scaffolds or singleton BACs that
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could not be anchored to the genetic map were collected together onto an
unanchored chromosome 0.  100,000 Ns were inserted between scaffolds that
could not be spanned by any BACs or paired BES.

Transponson discovery.
To detect TEs, two different approaches were used. One relied on predictions
of unmasked sequences involving pre-existing predictions and the other was a
de novo method to find TEs based on pairs of  repeated sequences. The first
method is based on the fact that TEs with coding potential will often be pre-
dicted as protein-coding genes. To discriminate such putative TEs, we used
BLASTP (Altschul et al., 1990) to compare predicted protein-coding genes
against NR and sequences that mainly gave hits to known TEs were kept aside
for further analysis. Sequences with TE characteristics were extracted from the
genomic sequence 5,000 bp up- and downstream of  the locus. Each extracted
region was then screened for repeats, either direct or inverted, while the region
between the repeats (translated in all three frames, both strands) was screened
using TE-specific Pfam-domains. The de novo method relied on the LTR_seq
program (Kalyanaraman et al. 2006) that specifically looks for LTRs within a
user defined range. This program also attempts to find a putative insertion site
and other typical features of  LTRs. Subsequent steps were the same as for the
first method by screening different translated frames with TE-specific domains.
The resulting annotated TEs were then classified according to the occurrence
and order of Pfam-domains within each element. The sequences were gathered
together to create an in-house repeat database for masking and analyzing the Mt
genome.

Gene annotation.
Annotation was carried out by the International Medicago Genome Annotation
Group (IMGAG) (Town 2006). BAC sequences were first masked using the in-
house repeat database and then subjected to gene prediction by FGENESH
using a Mt matrix (http://www.softberry.com/berry.phtml). All available Mt
ESTs were mapped to the BACs using the Program to Assemble Spliced Align-
ments (PASA), requiring 95% identity over 90% of  the EST length (Haas et al.
2003). The FGENESH predictions that had been enhanced by PASA-based
cDNA/EST updates were included as additional evidence in the EuGène pipe-
line that combines both intrinsic (ab initio predictions) and extrinsic (cDNA/
EST and protein matches) data to produce its gene structure predictions (http:/
/medicago.toulouse.inra.fr/imgag_egn/cgi-bin/egn_getinfo.cgi).
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Gene predictions were assigned a confidence level according to the nature of
the evidence supporting their structure: F - complete coverage by FL-cDNAs
or ESTs; E - expressed sequence match(es); H - homology to protein(s) from
Mt or other species; I - predicted by ab initio algorithm(s); L low confidence
gene calls: gene calls not in categories F, E, or H and less than 100 aa in length.
The predicted proteins from the resulting gene structures were then searched
against the INTERPRO collection of databases and against a comprehensive
non-redundant in-house protein database at TIGR. Automatic assignment of
gene function was based first on the most significant domain match(s) in
INTERPRO or, failing that, on the best match in the TIGR database.

RT-PCR analysis.
RNA from leaf, root and tissue culture was isolated from plants grown at the
Noble Foundation in Ardmore, OK. The SuperScript® III First-Strand Synthe-
sis System for RT-PCR (Invitrogen, Carlsbad, CA) was used to generate cDNA
for PCR according to the manufacture’s instructions. A Perl script was used to
design pairs of gene specific primers base on the predicted coding sequences of
Class I and Class L genes. This script combines Primer3 (http://www-
genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) and BLASTN programs.
Primers were designed with an optimum melting temperature between 58 and
62°C. PCR product sizes ranged from 300 bp to 800 bp for class I genes and
150 bp to 299 bp for class L genes. The remaining parameters were the default
for Primer3. Primers were blasted against Mt pseudomolecules and those that
were unique by this criterion were selected. Forty-eight (48) pairs of  primers
were designed from class I genes, 12 each having 0, 1, 2 or 3 introns. Ninety-six
pairs of primers were designed from class L genes with 24, 36, 33 and 3 having
0, 1, 2 or 3 introns, respectively. In all cases, primers for intron-containing genes
spanned a predicted intron. Primers were synthesized by Operon Biotechnolo-
gies, Inc. (Huntsville, AL). PCR conditions for detection of the gene expression
in different cDNA populations were: 94°C for 4 min, 35 cycles of 94°C for 30s,
59°C for 30s, and 72°C for 1 min followed by 72°C for 10 min.

Protein families.
Protein families were computed using OrthoMCL (Li et al. 2003) with standard
settings applied. Protein domains for Mt, At, Os and Pt proteins were computed
using a local installation of the Pfam database and HMMER hidden Markov
model software (Release 21.0) (Finn et al. 2006). Only protein domains ex-
ceeding the Pfam trusted cutoff  where considered for the analysis. Statistical
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analysis was performed using the Fisher exact test and a Bonferroni correction
of the p-value applied.
Blast analyses to identify Mt legume-specific proteins were performed as previ-
ously described (Graham et al. 2004). Briefly, BLASTP was used to compare all
Mt-specific OrthoMCL proteins against a translated database of the four larg-
est non-legumes plant gene indices at TIGR (At AtGIv12, Os OsGIv16, Maize
ZmGIv15 and Tomato LeGIv11) and against the Uniprot protein database
(Apweiler et al. 2004). Any Mt sequence with BLASTP homology (E<10-4) to
any non-legume sequence was immediately eliminated. In order to characterize
the resulting legume-specific Mt proteins, BLASTP was used to compare against
the Uniprot protein database and a translated database of  legume-specific ESTs
identified in (Graham et al. 2004). In order to identify CCP sequences, we took
advantage of the CCP/defensin-like gene motifs developed previously (Graham
et al. 2004, Silverstein et al. 2004). Hmmpfam was then used to screen pre-
dicted Mt proteins for CCP/defensin-like gene motifs. Only matches with an E-
value more significant than 10E-4 are reported.

Comparative Genomics.
IMGAG annotated proteins in Mt were searched against proteins in At, Pt and
Os by BLAST. At proteins (TAIR v6.0) were downloaded from ftp://
ftp.arabidopsis.org/home/tair/Genes/TAIR6_genome_release/,  Pt proteins
(JGI v1.1) from http://genome.jgi-psf.org/Poptr1_1/
Poptr1_1.download.ftp.html,  Os proteins (TIGR v4.0) from ftp://ftp.tigr.org/
pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/
version_4.0/all_chrs/. Transposon-related sequences and short alternatively
spliced models were removed before making an all-by-all homology search us-
ing BLAST. A total of  26,751 proteins from At, 42,653 from rice, 45,105 from
Pt and 39,975 from Mt were used in the search. Output from BLASTP was
filtered to an E-value cutoff 1e-15 and then processed to retain only reciprocal
top hits per chromosome pair (i.e., a protein in one chromosome was only re-
ported if it was the best match to a protein in the comparison chromosome and
vice versa). The output of BLAST was then processed using a Perl script pipeline
from ‘Crush and Compare’ (Odland et al. 2006), which utilizes the dot-plot and
synteny identification program, DiagHunter (Cannon et al. 2003), conducts
various meta-analyses, and reports the results in a single graphical figure for a
genome comparison. Scripts were modified to display multiple genome com-
parisons. Parameters for DiagHunter were the same for different comparisons
to ensure the comparability across genomes. Key DiagHunter parameters were:
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use_orientation: 1 compress_factor: 2500; min_diag_len: 3; min_diag_qual: 30;
sensitivity: 83. Simulation tests were carried out to test the effect of genome
incompleteness on genome comparisons. Custom Perl scripts were written to
randomly mask 40% genome in blocks of  size 0.1 Mb, mimicking the current
Mt genome sequences. Proteins from the reduced genome were fed to the same
pipeline using the same parameters. Each simulation test was performed 100
times. All scripts and configuration files for Crush and Compare are available
upon request.
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• We analysed the publicly available expressed sequence tag (EST) collec-
tions for the genus Populus to examine whether evidence can be found for
large-scale gene-duplication events in the evolutionary past of  this genus.
• The ESTs were clustered into unigenes for each poplar species examined.
Gene families were constructed for all proteins deduced from these unigenes,
and KS dating was performed on all paralogs within a gene family. The frac-
tion of paralogs was then plotted against the KS values, which resulted in a
distribution reflecting the age of  duplicated genes in poplar.
• Sufficient EST data were available for seven different poplar species span-
ning four of  the six sections of  the genus Populus. For all these species, there
was evidence that a large-scale gene-duplication event had occurred.
• From our analysis it is clear that all poplar species have shared the same
large-scale gene-duplication event, suggesting that this event must have oc-
curred in the ancestor of poplar, or at least very early in the evolution of the
Populus genus.
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Introduction

The genus Populus consists of  some 30 species of  woody plants including pop-
lars, cottonwoods and aspens, all of which are found in the Northern hemi-
sphere (Taylor, 2002). The genus is further subdivided into six distinct sections:
Abaso, Turanga, Leucoides, Aigeiros, Tacamahaca and Populus (Eckenwalder,
1996 and references therein). The latter two sections each contain about a dozen
species. Poplar trees have been used all over the world to produce a large vari-
ety of  wood-based products including timber, pulp, and paper. In addition to
their great economical value, poplars are also rapidly becoming the model or-
ganism for forest biology and tree biotechnology. They can be easily transformed
and vegetatively propagated, and have rapid growth. Another major advantage
of  the poplars is that they have a modest genome size (approx. 500 Mbp; J.
Tuskan, personal communication) organized in 19 chromosomes. It is therefore
not surprising that, in 2001, poplar was selected as the first woody plant to have
its genome sequenced. Because of its successful use as a model organism for
trees, much genomic information and many resources are already available for
poplar (for review see Brunner et al., 2004), including several expressed se-
quence tag (EST) collections. Public EST libraries generally form an unbiased
sampling of genes that are expressed in a wide variety of conditions and have
proven to be an invaluable source of  information (Rudd, 2003).

Blanc & Wolfe (2004) have proposed an elegant method to study the duplica-
tion past of  genes in an organism’s genome based on EST data when a com-
plete genome annotation is not (yet) available. Within the EST data collections
of different plant species, they identified paralogous sequences after which the
time of duplication was inferred by estimating the number of synonymous sub-
stitutions (KS) between two duplicates. Because synonymous substitutions do
not alter the amino acid sequence, they are assumed to be under no or minimal
selection, and to accumulate substitutions at a neutral and steady rate. When
the number of duplicated pairs of genes is plotted against their age, inferred
from the number of synonymous substitutions per synonymous site (Ks), the
resulting age distributions exhibit a typical L-shape, with many recently dupli-
cated genes and much fewer older duplicates. Based on these age distributions,
Lynch & Conery (2000, 2003) suggested a steady-state stochastic birth–death
model for the dynamics of duplicated gene populations, from which they in-
ferred the overall rate of  both gene duplication and gene loss. However, large-
scale gene or entire genome duplication events cause a sharp increase in the
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number of paralogs over a short period, and are visible as peaks in the L-shaped
age distributions (Vandepoele et al., 2003; Blanc & Wolfe, 2004; Van de Peer,
2004). Here we have analyzed age distributions based on the EST data collec-
tions publicly available for poplar, to investigate whether evidence can be found
for large-scale gene duplications in its evolutionary past.

Materials and Methods

Construction of the unigene sets

As no ‘unigene’ data sets are available for poplar (a unigene is the consensus
sequence of a cluster of transcripts that represents a unique gene in a genome),
we have assembled our own as follows. First, we selected all poplar species for
which >10 000 entries exist in the dbEST database (Boguski et al., 1993).
Seven different Populus species meet this criterion: Populus alba × Populus tremula;
Populus balsamifera ssp. trichocarpa; P. balsamifera ssp. trichocarpa × Populus deltoides;
P. tremula; P. tremula × Populus tremuloides; P. tremuloides and Populus euphratica.
ESTs for these species were downloaded from the dbEST database. At a later
stage we also included nonpublic ESTs from P. balsamifera ssp. trichocarpa, P.
tremula and P. tremula × P. tremuloides to confirm our results (Sterky et al., 2004).
Next, the different data sets were screened for
low complexity and vector contamination with the program SEQCLEAN (us-
ing the UniVec-Core database, ftp:// ftp.ncbi.nih.gov/pub/UniVec), after which
the cleaned ESTs are assembled into unigenes using the program TGiCL. The
program was run with default parameters except for the minimal overlap, which
we set at 40 bases instead of the default 30. Both programs are available at
http://www.tigr.org/tdb/ tgi/software.

Defining paralogous relationships

The coding frame and putative coding sequence on our unigenes were deter-
mined with FrameD (Schiex et al., 2003), which uses a hidden Markov model
(HMM) to search for the coding potential and has the ability to correct frameshifts.
Because no HMM exists to recognize coding sequences in poplar, we used the
Arabidopsis model provided by the FrameD program. From all proteins pre-
dicted by FrameD, we discarded all proteins that were shorter than 150 amino
acids.
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Next, for each set of  unigenes we performed an all-against-all BLASTP (Altschul
et al., 1997). Based on the BLAST results, we defined gene families for each
Populus species. Two sequences were regarded as paralogs if  the aligned region
is longer then 150 amino acids and when the sequences showed more than 30%
similarity.

Ks-based dating

For each gene family, all members were aligned with each other at the protein
level with CLUSTALW (Thompson et al., 1994), after which these alignments
were used as a guide to align the corresponding nucleotide sequences. Then all
N-containing codons and gaps were removed. Starting from these cleaned align-
ments, Ks was estimated using a maximum-likelihood approach as implemented
in the program CODEML (Goldman & Yang, 1994) which is part of  the PAML
package (Yang, 1997). Because the program can become trapped in suboptimal
optima and therefore produce incorrect Ks estimations, it was run five times
and only the Ks with the best likelihood was used for each pair of  sequences.

Corrections on number of Ks values

In order to exclude redundant sequences in our initial data sets, we identified all
paralogous gene pairs that had both a synonymous and a nonsynonymous sub-
stitution rate equal to zero. Next, one of  both sequences, preferably a singleton
EST, was chosen from each of  these pairs and all Ks estimations involving this
sequence were discarded for further analysis. The elimination of  these pairs will
not influence our results concerning the large-scale duplication event, because
the fraction of pairs discarded this way is very small, and because such pairs are
randomly spread over all Ks bins.

A gene family of n members can be created by at most n-1 gene-duplication
events. However, the number of  possible pairwise comparisons within a gene
family is n(n - 1)/2 and, in particular for large gene families, can thus be consid-
erably larger than the number of  gene duplications. Therefore, in order to elimi-
nate redundant Ks values when building the age distribution for duplicated
genes, phylogenetic trees were constructed for each gene family using an aver-
age linkage clustering algorithm. Starting from each gene as a separate cluster,
the clusters with the lowest mean intercluster Ks value were iteratively merged.
The splits in the average linkage tree represent the n - 1 retained duplication
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events. For each split, the m Ks measurements between the two merged gene
clusters were added to the Ks distribution with a weight 1/m (Blanc & Wolfe,
2004).
A final cleaning step was performed by excluding all pairs that had a Ks larger
than 3.5.

Table 1 Numbers of  sequences for all poplar species used in this analysis

Results

For four out of  the six sections of  the genus Populus there is a representative in
our data set (Table 1). The initial number of  downloaded transcripts for each
species ranged from ~ 10 000 for the smallest set to 66 000 for the largest.
These sequences were clustered into unigenes for each species separately. The
final unigene set consists of the assembled transcripts (contigs) and the single-
ton transcripts (singlets). For a substantial part of  each set we were able to
extract a protein longer than 150 amino acids (Table 1). Gene families were
defined at the protein level using BLASTP.

Figure 1 shows age distributions for ESTs for the seven different poplar species
obtained by plotting the number of paralogs against their Ks values (see Mate-
rials and Methods). The high number of paralogs with very low Ks values refers
to sequence pairs that result from recent small-scale gene duplications, an on-
going process in most species (Lynch & Conery, 2000; Blanc & Wolfe, 2004).
However, as can be clearly observed, for all species there is a sharp increase in
the number of sequence pairs with a Ks between 0.20 and 0.30, which means
that a large number of gene duplicates must have been created at about the
same time. The most plausible explanation for such an observation is a large-
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scale gene- or even entire genome-duplication event (Van de Peer, 2004). The
sudden increase in the number of paralogs is even more evident when we plot
the cumulative percentage of paralogs (grey line, Figure. 1). It is clearly seen
that there is a sudden increase in the number of Ks values in the lowest Ks bins
(Ks < 0.45) indicating that, for all Populus species, more than half  the dupli-
cated genes originated through very recent small-scale gene duplications and

Fig. 1 Age distribution of  paralogous EST
sequences from seven different poplar species:
(a) Populus alba × Populus tremula; (b) Populus

balsamifera ssp. trichocarpa; (c) Populus tremula; (d)
Populus tremula × Populus tremuloides; (e) Populus
tremuloides; (f) Populus balsamifera ssp. trichocarpa

× Populus deltoides; (g) Populus euphratica.
Left axis, percentage of paralogs; grey line,

cumulative number of paralogs (right axis). One
bin corresponds with a KS of 0.05.
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one relatively recent large-scale duplication event (Fig. 1). The Ks distribution
for higher Ks values (KS > 0.90) again shows a small increase in the number of
duplicates. It should be noted that the error on the Ks estimations rises quickly
for Ks values > 1 (Li, 1997), and that these values therefore should be inter-
preted with caution. Nevertheless, we believe that this increase probably re-
flects older large-scale gene-duplication events early in the evolution of the
angiosperms (Simillion et al., 2002; Bowers et al., 2003).

It could be argued that the data sets of hybrid poplars should not be used for
studying duplication history in the genus Populus by means of  Ks dating, be-
cause the hybridization event could interfere with the duplication event. How-
ever, in general the difference between two alleles is much smaller than the
differences between duplicates (not shown). Moreover, we believe our results
show that this is not a concern, the strongest argument being the fact that we
observe the large-scale duplication peak in all species examined at the same
time, regardless of  whether the poplar species are hybrids (Fig. 1a,d,f) or not
(Fig. 1b,c,e,g).

Discussion

Although the number of EST sequences and paralogs is quite small for some
species (Table 1), some general trends can be observed for all collections. For
example, for all EST sets, even the smaller ones, the large-scale duplication
event can clearly be uncovered. This proves that the approach used is quite
robust and suggests that general duplication trends in a genome can already be
recognized, even in species for which there is a limited amount of EST data
available. For all seven species, a sharp increase in the number of  paralogs is
observed at a KS of  0.20–0.30, which points to a large-scale duplication event
that has occurred at the same time in all species. As it is most unlikely that there
was a duplication event independently in all these species at the same time, we
conclude that the duplication event must have occurred very early in, if not
before, the evolution of  the genus Populus.
When Ks values are converted to time (T = Ks/2ë), using a rate ë of 1.5 × 10-
8 synonymous substitutions per synonymous site per year, as proposed by Koch
et al. (2000), the polyploidy event in poplar is estimated to have occurred some
8 myr ago. Using a different rate of  9.1 × 10-9 synonymous mutations per
synonymous site per year, as suggested elsewhere (Lynch & Conery, 2000), the
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large-scale gene-duplication event in poplar is dated at approx. 13 myr ago.
Although these dates differ considerably and should be interpreted with cau-
tion, it is clear that all the poplar species examined share the polyploidy event.
This can be explained only if the genome duplication occurred in the ancestor
of  all these species, somewhere between 8 and 13 myr ago. This also means
that the divergence of the different poplar sections must be more recent than
the polyploidy event. The earliest fossils claimed as being of poplar are 58-myr-
old leaves ascribed to the section Abaso, which is probably one of  the earliest
diverging poplar species (Fig. 2; Eckenwalder, 1996), but for which unfortu-
nately no EST data exist. Therefore we cannot conclude for sure whether the
Abaso section shares the duplication event. In this respect it would also be
interesting to examine the duplication past of other members of the family
Salicaceae, such as the sister genus of  Populus, Salix, which is closely related
(Leskinen & Alström-Rapaport, 1999; Wikström et al., 2001) to see whether
they share the same duplication event. Unfortunately too few EST data are
available for the other Salicaceae, so this question remains unanswered. The

Fig. 2 Schematic representation of  the phylogeny of  the genus Populus and some relevant plant
species, based on Blanc & Wolfe (2004); Eckenwalder (1996); Wikström et al. (2001). Grey dots
indicate large-scale duplication events proposed by Blanc & Wolfe (2004; see also Van de Peer,
2004); a black dot denotes the large-scale duplication event in poplar proposed in the current

study.
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earliest fossil evidence ascribed to the other poplar sections is claimed to be
between 18 and 40 myr old (Eckenwalder, 1996 and references therein), which
predates the polyploidy event, and is thus clearly in disagreement with our data.
There are two possible explanations for this incongruence. The first is that the
poplar fossils are not correctly ascribed to the different poplar sections. Alter-
natively, it is possible that the rate of  synonymous substitutions (ë) for poplar is
somewhat different than the value generally used for dicots (see above). This is
not unlikely considering the fact that the generation time of a species is known
to affect its nucleotide-substitution rate (Gaut, 1998) and that poplar has a
much longer generation time than most other plant species used in molecular
research. Careful calibration of some poplar molecular markers in the future
may shed further light on this.
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Genome sequencing of the model legumes, Medicago truncatula and Lotus
japonicus, provides an opportunity for large-scale sequence-based comparison
of  two genomes in the same plant family. Here we report synteny compari-
sons between these species, including details about chromosome relationships,
large-scale synteny blocks, microsynteny within blocks, and genome regions
lacking clear correspondence. The Lotus and Medicago genomes share a mini-
mum of 10 large-scale synteny blocks, each with substantial collinearity and
frequently extending the length of  whole chromosome arms. The proportion
of genes syntenic and collinear within each synteny block is relatively homo-
geneous. Medicago-Lotus comparisons also indicate similar and largely homoge-
neous gene densities, although gene-containing regions in Mt occupy 20-30%
more space than Lj counterparts, primarily because of larger numbers of Mt
retrotransposons. Because the interpretation of  genome comparisons is com-
plicated by large scale genome duplications, we describe synteny, synonymous
substitutions and phylogenetic analyses to identify and date a probable whole-
genome duplication event. There is no direct evidence for any recent large-
scale genome duplication in either Medicago or Lotus but instead a duplication
predating speciation. Phylogenetic comparisons place this duplication within
the Rosid I clade, clearly after the split between legumes and Salicaceae (pop-
lar).
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Introduction

Legumes (Fabaceae), the third-largest family of flowering plants, are vitally
important to agriculture and the environment. Because of their capacity for
symbiotic nitrogen fixation, legumes provide a substantial fraction of all nutri-
tional protein and reduce the need for agricultural chemicals. Legumes are an
old and diverse plant family comprising nearly 18,000 species in essentially all
terrestrial habitats (Doyle et al., 2003). Legumes have been the subject of nu-
merous studies aimed at understanding their genome organization and evolu-
tion (reviewed in Young et al., 2003 and Zhu et al., 2005). Of  particular inter-
est have been questions of synteny and large-scale duplications, although our
knowledge in these areas remains surprisingly limited. In contrast to the
Gramineae, where fine-scale collinearity among rice, wheat, barley, and corn
has been examined in detail (Bowers et al., 2003), details about macro- and
microsynteny in legumes are more fragmentary. Previous studies have demon-
strated broad-scale conservation of  legume genes and gene order (Boutin et al.,
1995; Choi et al., 2004), and a few studies have examined specific cases of
microsynteny (Cannon et al., 2003; Gualteri et al., 2002; Mudge et al., 2005).
Choi and co-workers (Choi et al., 2004), for example, used gene based markers
to create an integrated map and infer genome-wide synteny among five species
in the Papilionoideae subfamily. Other studies have come to similar conclu-
sions, focusing on different sets of species (Boutin et al., 1995; Leet et al.,
1999; Simon et al., 1997). Consequently, it is now clear that synteny, often
disrupted, is widespread among cultivated legumes, with some regions exhibit-
ing very high levels of  microsynteny. Nonetheless, comparisons of  sufficient
scale and resolution to reveal the details and extent of legume genome conser-
vation are still required. At the same time, it is important to learn more about
the role of polyploidy and whole (large-scale)-genome duplication (WGD) in
shaping legume genomes. A profound realization from plant genome sequencing
has been the high frequency of  large-scale duplications in plants (AGI, 2000;
Yu et al., 2005). Evidence for one or two WGD is found in the rice genome (Yu
et al., 2005), whereas two or three rounds of WGD are apparent in both poplar
and Arabidopsis, with the most recent events occurring independently (Blanc
et al., 2004; Sterck et al., 2005). In legumes, the timing of hypothesized WGD
events remains in dispute. Using substitutions per synonymous site (Ks) analy-
sis of  EST data, Blanc and Wolfe proposed polyploidy near the time of  separa-
tion between Medicago truncatula (Mt) and soybean, possibly after their split, con-
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cluding that “a complex set of events occurred in the legume lineage at around
the time of the soybean\Medicago divergence” (Blanc et al., 2004). On the basis
of phylogenetic and Ks analysis in 39 gene families, Pfeil and co-workers (Pfeil
et al., 2005) proposed a more ancient round of polyploidy that probably oc-
curred in the common ancestor of Medicago and soybean, although Ks peaks
were diffuse and the timing of the duplication event uncertain.

Recently, two legume models were chosen for large-scale genome sequencing,
Mt and Lotus japonicus (Lj) (Young et al., 2005). These species were selected
because they were already useful models for studying nitrogen fixation and sym-
biosis, and because both were found to have relatively small genomes with
genes concentrated in euchromatic chromosomes arms. Mt and Lj had a com-
mon ancestor approx. 40 Mya (Lavin et al., 2005), near the time of radiation of
most agriculturally important tribes in the Papilionoideae. Here we combine
large-scale sequence comparisons between and within Mt and Lj together with
Ks and phylogenetic analyses to describe syntenic relationships and duplication
histories. In the process, we lay the foundation for reconstructing the ancestral
genome of the Mt\Lj progenitor, a goal that will eventually establish a robust
model for legume genomics and node for studies of  angiosperm evolution.

Results and Discussion.

Genome Sequence Coverage.
At the time of the analysis, nonredundant map-anchored genome sequence in
the Mt and Lj builds was 149 and 121 Mbp, respectively. An additional 15 and
27 Mbp had not yet been anchored to genetic maps and were not used for
synteny analysis. Genome sizes for both Mt and Lj have been estimated at
approx. 475 Mbp (www.rbgkew.org.uk\cval). Extensive FISH data indicate both
genomes are organized into gene-rich euchromatic chromosome arms and dis-
tinct gene-poor centro-meric\pericentromeric regions (Hayashi et al., 2001;
Kulikova et al., 2004; Pedrosa et al., 2002). Thus, both projects have targeted
the euchromatin by walking from gene-rich seed BACs or, in the case of  Lj,
transformation-competent artificial chromosomes (TACs) (Liu et al., 1999).
Coverage of gene-rich euchromatin was estimated by representation in two dif-
ferent datasets, EST sequences and low-copy genes. Both methods point to
approx. 50% coverage of euchromatin in the datasets analyzed with approx.
40% of each genome both sequenced and anchored. Based on BLASTP and
BLASTX comparisons of  995 Arabidopsis conserved single-copy genes against
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the available sequences from Mt and Lj, the proportions of recovered hits un-
der stringent criteria (see Methods) were 48.5% for Lj and 51.3% for Mt. These
results were largely consistent with the proportion of  ESTs showing matches to
genomic DNA. In Mt, for example, where greater numbers of EST sequence
data are available than in Lj, 55% of high-quality tentative consensuses (TCs;
see Methods) matched genome sequence at the time of  the analysis. After ad-
justing for BACs and TACs not anchored to the genetic map, the proportion of
gene-rich euchromatin both sequenced and anchored was approx. 46% for Mt
and 37% for Lj.

Gene Prediction and Relative Gene Densities.
Gene prediction using a version of EuGène (Schiex et al., 2001) specifically
trained for Medicago (International Medicago Genome Annotation Group) re-
turned 18,844 gene models (plus 1,826 on unanchored sequences) for Mt and
20,800 (plus 5,088 on unanchored sequences) genes for Lj after masking for
transposons and other repeats. We expect the number of  genes in Lj to be slightly
overestimated, because the program had not been trained specifically for this
genome and sometimes tended to split genes in the Lj sequence. The average
gene density in the assemblies was 12.6 genes per 100 kb for Mt (SD=2.9,
n=1,644 bins of 100 kb) and 17.4 genes per 100 kb for Lj (SD=3.5, n=1,490).
Thus, the Lj/Mt ratio of gene densities was 1.38, with the small standard de-
viations indicating relatively homogeneous density distributions in the portions
of  the genomes sequenced so far.

This estimate of the Lj/Mt gene density ratio could be sensitive to differences
in gene-calling accuracy between the two genomes, so we also carried out a
complementary approach in which the lengths of Mt and Lj segments within
syntenic blocks (see below) were compared and the ratio used to estimate rela-
tive gene densities. This approach is less sensitive to the accuracy of  individual
gene calls. Distances between synteny block endpoints in Mt and Lj have an R2
of 0.71 with a dMt/dLj slope of 1.20. Based on these results, we conclude that
gene containing regions in Mt occupy 20-30% more space than their Lj counter-
parts. Most of  this difference can be explained by additional repetitive sequences,
primarily retrotransposons, in Mt based on the observation that the proportion
of masked (repetitive) sequence in Mt was 38% compared with just 19% in Lj.
Other explanations, including additional types of repeat elements, introns, and
tandem duplications, could also contribute to the difference but were not ex-
amined in detail.
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Synteny Between Medicago and Lotus.
To detect syntenic regions in Mt and Lj, we used DiagHunter (Cannon et al.,

Fig. 1. Dot plots, synteny closeup, and chromosome correspondences. (A) In the dot plot, each
dot represents the reciprocal best BLASTP match between gene pairs. Red dots show regions of

synteny as identified by DiagHunter. Some Lj chromosome orientations have been flipped
(“fLj5, fLj6, fLj2”) to visually correspond to Mt orientations. Both Mt and Lj have been scaled to

occupy the same lengths. See supporting information for all dot plots and related results. (B)
Closeup views of  synteny. Lines in shades of  blue or yellow indicate BLASTP E-values, with

strongest correspondence blue (0.0) to weakest yellow (0.01). Only single strongest reciprocal hits
are shown. Comparisons a and b (upper callout) show synteny in Lj2 – Mt5; comparisons c and

d (lower callout) show synteny in Mt5 –Mt8 (see text). (C) Graphs showing percentages of
individual pseudochromosomes with synteny between Mt and Lj. Coverage is calculated as the
sum of block sizes (a block has dimensions of the end gene minus the start gene). Multiple

synteny blocks over the same region are counted, so altogether coverage can exceed 100%.
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2003) and i-ADHoRe (Simillion et al., 2004). Predictions by the two programs
were similar, with i-ADHoRe predicting higher numbers of small- and lower-
scoring synteny blocks (i.e., greater sensitivity but also greater likelihood of
false positives). Because we were primarily interested in relatively recent synteny
(~40 Mya) and genome duplication remnants (<100 Mya), we report results
from DiagHunter unless other-wise indicated. Full results from both programs
are available in supporting information, which is published on the PNAS website.
The DiagHunter and i-ADHoRe programs, respectively, detected 32-43% of
sequenced and anchored Lj sequence within synteny blocks in Mt and 26-40%
of sequenced and anchored Mt sequence within synteny blocks in Lj. In both
cases, multiple blocks overlapping the same region were counted. Of course,
just 37% of Lj and 46% of Mt euchromatin were represented in these compari-
sons, so the maximum amount of synteny expected based on random coverage
(and assuming no lineage-specific genome duplication) would be 46% of the Lj
sequence (vs. 32-43% synteny observed) and 37% of  the Mt sequence (vs. 26-
40% observed). Consequently, these results can be interpreted to indicate es-
sentially complete synteny coverage between the genomes, or, more likely, the
presence of secondary blocks resulting from genome duplication (see below).
Synteny results were examined at three different levels of organization, whole
genome, large-scale synteny blocks, and microsynteny <1 Mbp (Fig. 1). For
many Mt/Lj chromosome comparisons, the level of  synteny is striking (Fig. 1 A
and C).
Although both genome builds were incomplete with some misordered contigs
at the time of analysis, Mt1 and Lj5 show synteny along their entire lengths,
and Lj1 is almost entirely syntenic with Mt3 and Mt7. Correspondences promi-
nent in Fig. 1 A and C and supporting information are Mt1-Lj5, Mt2-Lj4/
Lj6,Mt3/Lj1, Mt4/8-Lj3/4, and Mt5/6-Lj2, with secondary duplications prob-
ably corresponding to older duplication remnants. These results substantially
extend observations of  Mt/Lj synteny in earlier publications, where many of
the same relationships had been observed (Choi et al., 2004; Young et al., 2005).

Chromosome-sized relationships between Mt and Lj correspond for the most
part to 10 large-scale synteny blocks that generally extend the length of whole
chromosome arms (Fig.1 A). Genome wide, these large-scale synteny blocks
account for ~67% of the Mt genome and ~64% of Lj. Within individual synteny
blocks, conservation of  gene content and order (synteny quality) is substantial.
In the genome region illustrated in Fig.1B, for example, 61% (58/94) of  genes
exhibit corresponding homologs within these regions. Averaged across all pre-
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dicted orthologous blocks, synteny quality is 54% ±14%, where “synteny qual-
ity” is calculated as twice the number of matches divided by the total number
of genes in both segments after excluding transposable elements and collapsing
tandem duplications. Values reported here are probably underestimates and are,
in fact, lower than those reported in (Choi et al., 2004). At the time of our
analysis, a significant fraction of  BAC and TAC clone sequences were still un-
finished, with some errors in order and orientation. Our analysis was also based
on preliminary and automated gene calls. Together, these sources of  error prob-
ably obscured some real cases of  synteny. Also noteworthy is the absence of
synteny in some genome regions, including much of Mt6 and smaller sections
of Mt3, Mt8, Lj3, Lj4, and Lj6. Coverage of Mt6 by the entire Lj genome is just
4.8% (primarily 1.9% coverage by Lj1 and 2.8% by Lj2) compared with 27.4%
coverage of Mt7 by Lj1. Chromosome Mt6 is unusual inbeing much shorter and
transposon-dense than any other Mt chromosome (Kulikova et al., 2001; Lavin
et al., 2005). It is also home to novel repeats not found elsewhere in the Mt
genome (data not shown) as well as a significant fraction of all Mt NBS-LRR
genes (Zhu et al., 2002). Further genome sequencing will help to resolve the
nature of  this missing synteny, including the opportunity to determine whether
scattered genome regions correspond to regions lacking large-scale synteny and,
if  so, the genome distribution of  such scattered regions.

Duplication History of Medicago and Lotus.
Evidence from synteny analysis. There is substantially less genome sequence
within internal duplications in either Mt or Lj, measured as within genome synteny
blocks, than in synteny blocks between the two genomes. Using the same pa-
rameters as in the Mt/Lj comparisons above, DiagHunter detected just 9.7%
and 6.8% of  the Mt and Lj genomes, respectively, as internally duplicated (Fig.
1 A and supporting information). Because 46% of  the Mt sequence and 37% of
Lj were available at the time of the analysis (representing the upper limits for
the amount of  internal duplication that could be observed), these levels of
internal synteny are just one-fifth that expected from a single recent WGD.
Observed internal synteny within both Mt and Lj is also three to four times
lower than the intergenomic comparison between Mt and Lj. The smaller amount
of internal synteny presumably reflects an ancient WGD followed by gene loss
and rearrangement. This ancient WGD helps to explain the high level of synteny
observed in the Mt/Lj comparison relative to the expectation of  no prior WGD.

The nature of synteny between Mt and Lj provides further evidence that a
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WGD predated speciation. Syntenic blocks tend to be extensive between Mt
and Lj but more degraded internally in either Mt or Lj. In the illustration of
microsynteny in Fig. 1B, the Lj/Mt comparison exhibits 62% conservation,
whereas the Mt/Mt region retains just 36% and the Lj/Lj region, 30% (support-
ing information). Overall, synteny quality is 31% in Mt/Mt duplications and
25% in Lj/Lj duplications, substantially lower than the 54% observed in Mt/Lj
synteny blocks. Assuming genome duplication preceded speciation, a dot plot
between Mt and Lj should exhibit cases of paired synteny blocks, each corre-
sponding to descendants of the ancient duplication event, and each exhibiting
comparable levels of  synteny between the two species. We see this 2-fold cov-
erage in several regions of  the Mt/Lj dot plot comparison (Fig. 1 A). For exam-
ple, the Lj2/Mt5 synteny in Fig. 1B is matched by Mt5/Mt8 synteny, a region
that also contains Lj2/Lj4 synteny (supporting information). Overall, the pro-
portion of Lj/Mt synteny blocks showing this pattern of overlaid duplications
is 28.6% for Mt and 23.1%for Lj. These genome regions may provide useful
material for studying the evolution of large duplicated regions in plants, includ-
ing the question of whether duplicated regions have been relatively stable since
the Mt/Lj separation or whether differential duplicated gene loss has been on-
going.

Evidence from synonymous substitution analysis.
If homologous segments were generated by a single large-scale duplication event,
they should all have been created at the same time. By plotting the number of
duplication blocks against the average Ks value of the blocks (see Methods),
we obtain a distribution reflecting the approximate age of  the duplication (Van
de Peer, 2004). As seen in Fig. 2, the age distribution of  Mt has a clear peak at
0.8 (median 0.80) synonymous substitutions per site, and Lj has a broader peak
or set of peaks at 0.7-0.9 (median 0.73). Thus, it seems likely that a large-scale
duplication event occurred around the time corresponding to Ks 0.7-0.9. On
the same figure, the age distribution for synteny blocks between Mt and Lj is
also plotted, showing a peak at a Ks of 0.6 (median 0.64), corresponding to
speciation between Mt and Lj. Differences between the distributions are highly
significant: P = 2.3E-11 for Mt/Mt vs. Mt/Lj, and P = 1.1E-23 for Lj/Lj vs.
Mt/Lj. These results suggest a large-scale duplication preceding speciation, al-
though other details remain uncertain, including the relative timing of older
peaks in the range Ks ~1.5-2.0, event(s) presumably shared with other
angiosperms.
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Evidence from phylogenetic analysis.
To further establish the timing of  WGD relative to speciation, we carried out a
high-throughput genome-wide phylogenetic analysis of duplicated genes in
Arabidopsis, poplar, Mt, and Lj (Maere et al., 2005). Trees were constructed to
determine whether a majority of  gene duplications in the two legumes occurred
separately in each lineage (after speciation) or shared between both species
(before speciation). Among 413 informative trees, several non tandem terminal
clade duplications were apparent in Mt and Lj (65 and 30,respectively). These
numbers must be interpreted with caution. If the phylogenetic pattern (M,M)
represents paralogous Mt genes, (L,L) paralogous Lj genes, and (L,M) orthologous

Fig. 2. Ks dating of  duplication blocks and Mt/Lj synteny blocks. Age distributions of  dupli-
cated (Mt, Lj, and Arabidopsis) and collinear segments (Mt/Lj). The vertical axis indicates percent
of Ks values, and the horizontal axis denotes Ks (one bin corresponds with a Ks value of 0.1).

Ks values are averages of three adjacent homologs within a collinear segment, as described in
Methods.

Lj and Mt genes, then in the absence of gene loss, greater numbers of orthologous
duplications (L,M) compared with paralogous non tandem duplications (M,M
and L,L) suggest WGD before speciation. We call this the “WGD-early” model.
Greater numbers of  paralogous duplications suggest WGD after speciation, the
“WGD-late” model. Because gene loss and non recovery of existing genes can
lead to multiple outcomes, only a complete pattern provides clear evidence.
Less clear-cut interpretations can be made from patterns with a single gene loss.
Among 413 trees, there were 11 exhibiting completely informative patterns for
Mt and Lj plus 116 with a single gene loss. Nine completely informative trees
supported WGD-early, whereas just two supported WGD-late. The numbers
were 81 WGD-early vs. 35 WGD-late among partially informative trees (Table
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1).These phylogenetic trees can be further analyzed to ask whether WGD oc-
curred before or after the separation between Rosid 1 and the Salicaceae (pop-
lar). In this analysis, we required at least three legume sequences in each legume
clade and at least one poplar and one Arabidopsis sequence in correct phylogenetic
positions. Among 65 WGD-early trees with at least 70% boot-strap support in
the diagnostic legume clade, 23 matched the “WGD within Rosid I” model, and
none matched “WGD before Rosid I.” Thus, it is virtually certain that a WGD
occurred within Rosid I, after the split between poplar and legumes.

table 1. Tree patterns and timing of  WGD

Values reflect counts of  tree patterns that support different timings of  WGD. Complete, trees
that exhibit patterns of  no gene loss; partial, trees with only a single gene loss. Trees exhibiting
the pattern [(M,L),(M,L)] are counted as WGD-early; those with the pattern [(M,M),(L,L)] are

counted as WGD-late.

Conclusions

Comparisons between Mt and Lj genomic sequences, even while the sequencing
projects are still underway, demonstrate extensive synteny plus the existence
and timing of one or more large-scale genome duplications early in legume evo-
lution. Genome comparisons also indicate relatively homogeneous gene densi-
ties throughout the euchromatin of both genomes, with the Mt gene space oc-
cupying 20-30% greater size than Lj due to larger numbers of  Mt transposons.

Our results substantially extend previous observations of  synteny between Mt
and Lj (Choi et al., 2004, Young et al., 2005), defining more precisely the end
points of large-scale synteny blocks and illustrating the fine-scale details of
similarities within syntenic regions. Even accounting for incomplete sequence
data and internal duplications, the scale of synteny at both the micro- and
macroscale is impressive. As these sequencing projects move forward, the avail-
ability of two highly syntenic legume genomes with nearly complete sequence
coverage of  their euchromatin will enable reconstruction of  ancestral chromo-
some sequences. The 10 large-scale synteny blocks described here provide the
basis for this reconstruction process, although more complete genome sequence
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is still needed. In addition to their utility in legume genomics, these virtual
chromosomes will provide a well-placed node for evolutionary comparisons
with other angiosperms. Shorter and more degraded synteny is observed in com-
parisons of each genome to itself, evident as secondary synteny blocks in com-
parisons between Mt and Lj. This pattern of strong extended synteny between
Mt and Lj together with shorter, weaker synteny in self comparisons demon-
strates that any WGD significantly predated the common ancestor of Mt and
Lj. Moreover, Ks frequencies indicate a strong peak in Mt/Lj synteny blocks
that is significantly more recent than diffuse Ks peaks in either Mt/Mt or Lj/Lj
synteny blocks. Finally, a genome-wide phylogenetic analysis of  duplicated genes
uncovered five times as many trees with patterns supporting a WGD predating
speciation compared with patterns supporting independent WGD events after
speciation. Similar tests unambiguously place the WGD event within the Rosid
I clade, after the separation of  the Salicaceae and Fabaceae. Together, these
results support earlier suggestions of  an old legume WGD predating the ~50
Mya Mt-soybean separation (Mudge et al., 2005; Lee et al., 1999; Pfeil et al.,
2005; Schlueter et al., 2004). Although the literature also contains Ks-based
results suggesting this “old” WGD might have occurred relatively recently, and
possibly independently in soybean and Mt (Blanc et al., 2004), our results clearly
support a more ancient duplication event.

Methods

Genome Sequencing Strategies.
Both sequencing projects used a clone-by-clone approach (Young et al., 2005),
with the Medicago project sequencing from BACs and the Lotus project, from
TACs (Liu et al., 1999). To anchor clone sequences, both projects used a com-
bination of sequence-based genetic mapping, chromosome walking to extend
sequence contigs, and fingerprint contig data (Engler et al., 2003). The Lotus
project is also using whole-genome shotgun sequence data and low-density clone
sequencing to extend genome coverage and fill gaps (Sato et al., 2005).
Chromosome Sequence Assembly. Construction of  chromosome assemblies be-
gan with the creation of sequence contigs (sequence composed of more than
one BAC sequence) based on overlapping sequence, then ordering on the basis
of  genetic markers and fingerprint contig data (Engler et al., 2003). For Medicago,
BAC sequences were assembled into larger sequence contigs by first comparing
all BAC sequences against one another using Mummer (Delcher et al., 2002)
and assembling overlapping BACs into contigs using the Paracel Genome As-
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sembler (Paracel, Pasadena, CA). Similar procedures were used in Lotus but
with overlap coordinates determined through manual evaluation of  individual
BAC overlaps and supporting information including PCR verification, marker
location, and paired BAC end matches. For both genomes, locations of  BAC
singletons and sequence contigs were determined primarily by using genetic
marker locations, with fingerprint contigs and paired BAC ends providing addi-
tional information about local BAC and contig orderings.

Repeat Identification, Masking, and Gene Calling.
Pseudochromo-some sequences were masked by using RepeatMasker
(www.repeatmasker.org) by using a dataset that combined Repbase (Jurka et al.,
2005) and a specialized database of  Medicago and Lotus transposable elements.
Sequences in the database of Medicago and Lotus transposable elements were
identified by iteratively finding PFAM (Bateman et al., 2000) hits to transposon-
related domains on predicted proteins. Afterward, a region of  10 kb upstream
and 10 kb downstream around the selected loci was extracted followed by Reputer
(Kurtz et al., 1999) to look for LTR or terminal inverted repeats within. Once
potential borders were defined, putative transposons were checked with BLAST
(Altschul et al., 1997) against Uniprot (Bairoch et al., 2005) to ensure there
were no better hits to nontransposon sequences. Gene models were predicted
by using EuGène Ver. 3.2 (Schiex et al., 2001) with the parameters trained for
Medicago by the International Medicago Genome Annotation Group
(www.medicago.org/genome/ IMGAG).

Estimates of Genome Sequencing Coverage.
We estimated sequence coverage of  the euchromatic regions in two ways: by
determining proportions of  ESTs with strong matches and by calculating pro-
portions of  “low-copy conserved genes” with strong matches. For EST com-
parisons, we used only EST contigs with at least five ESTs in a contig (increas-
ing the likelihood of high-quality query sequences). These TCs (Lee et al., 2005)
were considered to have a genomic match if at least 90% of the TC matched at
least 95% identity in a BLAT search (Kent et al., 2002). For comparison with
“low-copy, con-served genes,” we began with a list of  995 genes that are single
copy in Arabidopsis, poplar, and rice. These were considered to have a genomic
match in Medicago or Lotus if at least 50% of the gene matched in a TBLASTN
search with at least 50% positive residues in the alignable region. Stringent
criteria were defined as >50% of alignable region identical or similar amino
acid content and E-value < E-10, whereas lenient criteria required E-value <
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E-10 only.

Genome Comparisons and Synteny Identification.
Chromosome-scale synteny comparisons were made with two methods,
DiagHunter (Cannon et al., 2003) and i-ADHoRe (Simillion et al., 2004). Both
methods identify runs of  collinear predicted proteins between genomic regions.
Protein sets were identified as described above. Parameters for DiagHunter
were as follows; only top reciprocal BLASTP matches per chromosome pair
were considered at E-values less than E-20. The hit-matrix “compression fac-
tor” was 2,500. Gene orientation was considered, and four genes with the same
respective orientations in both genomes were required to establish a synteny
block. Insertions, deletions, and inversions were accommodated as described in
Cannon et al. (Cannon et al., 2003). Parameters for i-ADHoRe were as follows.
Homologous relations between genes, which serve as input for the i-ADHoRe
algorithm, were determined by implementing the Li-Rost criterion (Li et al.,
2001) on all-vs.-all BLASTP result of  predicted proteins. The following param-
eters were used in the i-ADHoRe analysis: gap size of 60 genes, Q value of 0.9,
a minimum of four homologs to define a block, and the higher-level multiplicon
detection disabled (level 2 only). For Ks analysis, synteny blocks were further
required to have at least four homologs in each genome, with the condition that
each homolog fell within 1-10 kb of another in the block. Synteny comparisons
on a scale of  hundreds (rather than millions) of  kb (e.g., Fig. 1B) were also
made by using unpublished PERL scripts that visualize protein homologies based
on identifications with BLASTP. Large-scale synteny blocks were inferred by
visual inspection of  dot-plot blocks on proximity and collinearity of  runs iden-
tified by DiagHunter and i-ADHoRe.

Ks Analysis of Homologous Segments.
The “age” of duplication or divergence of homologous segments was estimated
by computing the number of synonymous substitutions per synonymous site(Ks)
between homologous genes. To determine the Ks value of  the pairs we used
CODEML (Goldman et al., 1994) from the PAML package (Yang, 1997). Be-
cause the program can become trapped in local optima, we ran the program five
times for each gene pair and took the Ks estimation with the highest likelihood.
Initially, Ks values were computed for individual homologs within a homolo-
gous segment. Outliers (strongly deviating Ks values) were eliminated by Grubbs
outlier detection. Before determining Ks distributions, we calculated the mean
Ks value for adjacent Ks triplets within the segment. Ks distributions were
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based on these locally aver-aged Ks values.

Phylogenetic Analysis.
On the basis of an all-versus-all BLASTP search of all Arabidopsis, poplar, rice,
Lj, and Mt proteins, we identified pairs of homologous genes using the Li-Rost
criterion (Li et al., 2001). These pairs were clustered into gene families by using
a single linkage clustering method. A filtering step was performed based on the
following criteria: all five species should be represented in the family with at
least two protein members in both Mt or Lj and a maximum threshold of nine
members for anyone species. This resulted in a subset of  the initial gene fami-
lies for use in phylogenetic analysis. A multiple sequence alignment was con-
structed with CLUSTALW for each gene family (Thompson et al., 1994), after
which the alignments were stripped by removal of  non in-formative and gap-
containing columns from the alignment. Neighbor-joining trees (100 bootstraps)
were constructed with PHYLIP (Felsenstein, 1989) and the resulting trees
analyzed with a custom made PERL script that evaluated duplication events in
each tree and determined the relative dating for observed duplication events.
For this final step in the analysis, only nodes supported with a bootstrap value
higher than 70 were considered.
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Annotation of the first few complete plant genomes has revealed that plants
have many genes. For Arabidopsis, over 26 500 gene loci have been predicted,
whereas for rice, the number adds up to 41 000. Recent analysis of the poplar
genome suggests more than 45 000 genes, and partial sequence data from
Medicago and Lotus also suggest that these plants contain more than 40 000
genes. Nevertheless, estimations suggest that ancestral angiosperms had no
more than 12 000 – 14 000 genes. One explanation for the large increase in
gene number during angiosperm evolution is gene duplication. It has been
shown previously that the retention of duplicates following small-and large-
scale duplication events in plants is substantial. Taking into account the func-
tion of genes that have been duplicated, we are now beginning to understand
why many plant genes might have been retained, and how their retention might
be linked to the typical lifestyle of  plants.
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Introduction

How to count the number of genes in eukaryotic genomes, much less the number
of  proteins that they encode, is not self-evident (Petsko, 2000; Zhang, 2002;
Mathé et al., 2002). Nevertheless, in the past few years, much has been learned
from major genome annotation projects, and estimates of gene number are gen-
erally becoming more realistic (Bennetzen et al., 2004; Town, 2006). What has
become clear from recent plant genome-sequencing projects is that plants seem
to have lots of  genes: studies often report more than 40 000 (Yu et al, 2005;
Rabinowicz et al., 2005; Cannon et al., 2006; Tuskan et al., 2006). There might
be several reasons for this. A first explanation that has been put forward many
times has to do with the typical lifestyle of a plant. Plants are sessile and cannot
escape enemies or uncomfortable conditions. They are stuck in place and have
therefore developed many strategies that improve their chances of  survival when
faced with grazing herbivores (including insects and snails), pathogens (viral,
bacterial and fungal), varying climates, competing neighbour species, and other
forms of  stress. In addition, because they do not move, many plants have in-
vented either efficient reproductive strategies that rely on external factors, such
as wind and water, or ways to build colourful and scented flowers that attract
pollen-and nectar-collecting animals to effect efficient mating and seed disper-
sal. In other words, plants must make tens of thousands of chemical com-
pounds, which they use to ward off competition from other plants, to fight
infections, and to respond generally to the environment.

A second reason why plants have so many genes might be gene duplication, or
more precisely gene retention following gene duplication. Gene duplication and
retention in plants has been extensive and gene families are generally larger in
plants than in animals. Furthermore, most (if  not all) plant species have experi-
enced at least one (and probably more) whole-genome duplications in their evo-
lutionary past (De Bodt et al., 2005; Ciu et al., 2006). Many of the genes cre-
ated through these major events have been retained in extant plant genomes
(Maere et al., 2005). Here, we briefly discuss what is known about the number
of genes in those plant species whose whole-genome sequences have been de-
termined, and comment on possible reasons for the large number of  genes in
these genomes. When discussing gene numbers, we consider protein-coding gene
loci rather than the number of  transcripts a gene potentially encodes. Non pro-
tein-coding genes are not discussed here, although it has been shown that many
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regions of the genome that were previously considered inactive or featureless
might actually contain many sites of RNA activity (Stolc et al., 2006; Lu et al.,
2005).

The caveats in gene prediction have been extensively discussed elsewhere and
are not the subject of  this paper. Suffice it to say that, although great progress
has been made in the development of sophisticated gene finders and gene-
prediction platforms (e.g. Schiex et al., 2001; Parra et al., 2003; Majoros et al.,.
2004; Allen et al., 2005), gene prediction and genome annotation are notori-
ously difficult (Mathe et al., 2002; Bennetzen et al., 2004). Because the annota-
tion community is well aware of this, gene models are continuously being re-
evaluated on the basis of novel data and feedback from experts, and software is
being improved and retrained before the whole annotation pipeline is applied
again (Haas et al., 2005). In addition, increasing numbers of transposable ele-
ments are being identified (Bennetzen et al., 2004; Quesneville et al., 2005),
and hence these can be masked in annotation processes. More and more ex-
pressed sequence tags (ESTs), full-length cDNAs and genomes are being
sequenced, allowing the use of comparative approaches to reveal regions of
sequence conservation and hence indicating the presence of  genes that were
missed by intrinsic prediction (Windsor et al., 2006). It is also important to
realize that, for many genomes, particularly during the first stages of annota-
tion, there are a considerable number of so-called ‘hypothetical genes’. The
structure of  these genes has been predicted solely on the basis of  intrinsic gene

Fig1. Change in the predicted number of protein-coding gene loci for Arabidopsis thaliana (left
axis) and Oryza sativa (right axis).
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prediction, with no support from either expressed sequence matches or homologs
of  nucleic acids or proteins from other species. For instance, at the completion
of the Arabidopsis thaliana genome in 2000, 5690 of the annotated genes were
designated as ‘hypothetical’ (AGI, 2000; Xiao et al., 2005), but with increased
database content, improved annotation, and proof  of  expression (e.g. Xiao et
al., 2005), this number has decreased over time to just 732.
As a result of ongoing annotation efforts, predicted gene numbers continue to
change (Figure 1). The genomes of Arabidopsis and rice have both been avail-
able to the scientific community for a couple of  years. When the first draft of
the Arabidopsis genome sequence was published, about 25 500 protein-coding
genes were reported (AGI, 2000). In subsequent releases of  the genome, this
number increased to more than 27 000, mainly because of the availability of
many more ESTs and improved gene prediction software. These new data and
improved gene prediction revealed that some genes were fused in the initial
modelling, while smaller genes were missed. Currently, 31 407 genes are docu-
mented in the TAIR6 (The Arabidopsis Information Resource6) release (Rhee
et al., 2003); http://www.Arabidopsis.org/), of  which 26 751 are annotated as
protein-coding genes, 3818 as pseudogenes, and 838 as non-coding RNA genes.
For the rice genome, more than 50 000 genes were predicted upon publication
of  its draft sequence (Goff  et al., 2002; Yu et al., 2002). In further releases of
its annotation, this number has dropped significantly to slightly more than 41
000 genes (http://www. tigr.org/). This decrease in the number of  genes is
mainly due to the discovery and removal of an increasing number of transpos-
able elements (Bennetzen et al., 2004). Although all predictions of gene number
are thus still subject to change, it is clear that Arabidopsis has a considerably
smaller number of  genes than rice (see also Vandepoele et al., 2005). It would
be premature to conclude, however, that dicots in general have smaller num-
bers of  genes than monocots (Rabinowicz et al., 2005). For example, the number
of  genes in the poplar genome is estimated to be over 45 000 (Tuskan et al.,
2006), whereas partial sequence information from the Medicago and Lotus ge-
nome projects also suggests more than 40 000 genes (Cannon et al., 2006).

Figure 2 shows a Venn-diagram representing the number of  shared and unique
genes in the genomes of Arabidopsis, poplar, and rice. Populus has more protein-
coding gene loci than Arabidopsis, with an average of 1.4–1.6 putative Populus
homologs for each Arabidopsis gene. The relative frequency of protein domains
in the two genomes is highly similar (Tuskan et al., 2006), however, confirming
that the greater gene number in poplar is largely due to the expansion of gene
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families. Rice also has many more genes than Arabidopsis, but unlike the situa-
tion in poplar, these are primarily genes for which no homolog exists in
Arabidopsis, and might therefore be monocot specific (Vandepoele et al., 2005;
Figure 2). Although we only consider gene loci here, it should be stressed that
the proteome of plants might be much larger than the number of predicted
protein-coding loci. Recent analyses suggested that more than 20% of  plant
genes might be alternatively spliced (Xiao et al., 2005; Wang et al., 2006), al-
though it remains to be seen to what extent all of these splice variants are
biologically functional.

Why are there so many genes in plants?

One of  the most striking features of  angiosperms is that many have experi-
enced one or more episodes of polyploidy in their ancestry (Ciu et al., 2006;
Tate et al., 2005). Apart from species that are currently polyploid, which in-
clude most crops, others are considered to have paleopolyploid genomes. When
the sequencing of the flowering plant Arabidopsis genome started, this model
plant, with its small genome, was not expected to be an ancient polyploid. Five
years after the release of  its genome sequence (AGI, 2000), however, there is
compelling evidence that the genome of Arabidopsis, or rather that of its an-
cestors, has been duplicated three times during the past 150–200 million years
(Maere et al., 2005; Simillion et al., 2002; Bowers et al., 2003).

Fig2. Venn-diagram representation of  (a) genes that are shared or unique and (b) gene families
for Arabidopsis, poplar, and rice. Gene families were constructed with MCLBLASTLINE (inflation
factor: 2.2) based on BLASTP (E-value < e-3) analyses. Genes are classified as unique when they

do not belong to gene families that are shared with the other genomes.
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Recently, we developed an evolutionary model that simulates the birth and death
dynamics of genes on the basis of the age distribution of duplicated genes in
the Arabidopsis genome (Maere et al., 2005). We took into account both a con-
tinuous mode of small-scale gene duplications and the three major genome-
wide duplications that the Arabidopsis genome has undergone in its evolution-
ary past. When different functional classes of genes are considered, our study
showed that gene families that are involved in transcriptional regulation, signal
transduction, and development have all expanded considerably following the
whole-genome duplications. Similar conclusions were reached by others who
studied the retention of genes after genome duplication events (Blanc et al.,
2004; Seoighe et al., 2004). However, few regulatory and developmental gene
duplicates appear to have survived small-scale duplication events. This is in
agreement with the ‘gene balance’ hypothesis, which states that the retention
of genes that could have strong dosage effects, such as transcription factors,
will be selected against if they are copied without their partners in a regulatory
or protein-interaction network (Freeling et al., 2006).
On the other hand, if genes that encode products that cooperate in a complex
pathway or network are duplicated together, as is the case in whole-genome
duplications, gene dosage effects might be avoided by retaining all of the genes
in that particular complex or network.

We also showed that genes that are involved in secondary metabolism or in
responses to biotic stimuli, such as pathogen attack, tend to be preserved re-
gardless of the mode of duplication (Maere et al., 2005). The finding that such
genes have a good chance of retention following either small-or large-scale gene
duplications probably reflects the continuous interaction between plants and
animals, fungi, or plant pathogens, which imposes a constant need for adapta-
tion. In other words, whatever the mechanism of duplication, novel genes that
are important for fast adaptation to changing environments are often retained
and quickly put to use by plants (Casneuf et al., 2006).

We can use the number of  genes that have been retained following small-and
large-scale duplication events to estimate the number of genes present in the
ancestral angiosperm genome. Assuming a continuous rate of  gene birth and
three whole-genome duplications during the evolution of Arabidopsis and its
predecessors, we estimate that the ancestor of  the angiosperms had no more
than 14 000 genes (Maere et al., 2005). A comparison of the Arabidopsis and
poplar gene sets infers a similar number of around 12 000 genes in the con-
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served gene complement of  their common ancestor (Tuskan et al., 2006). So, if
Arabidopsis and poplar both started out with about 12 000 or 14 000 genes and
both experienced three genome duplications, two of which have been shared,
how can poplar have more than 45 000 genes whereas Arabidopsis has only 26
500? This is particularly puzzling as it is believed that the youngest genome
duplication in Arabidopsis occurred more recently (24–40 Mya, Blanc et al.,
2003) than that in poplar (60–65 Mya, Tuskan et al., 2006). If  the youngest
genome duplication in Arabidopsis is more recent than that in poplar, we would
expect Arabidopsis to have lost fewer genes (i.e. to have formed fewer
pseudogenes) than poplar as gene decay is a function of time (Lynch et al.,
2000). One explanation for the smaller number of genes in Arabidopsis is that
this species could have lost an unexpectedly large set of genes since its diver-
gence from poplar. There are indeed some indications that this might be the
case (Allen, 2002; Rabinowicz et al., 2005). For instance, there are 224 gene
families that are present in poplar and rice but absent from Arabidopsis (Figure
2). About 30% percent of these gene families are also present in the partially
determined Medicago genome (L Sterck et al., unpublished). Alternatively, the
greater number of genes in poplar might be explained by its lower rate of evo-
lution. Because poplar is a long-lived vegetatively propagated species, it has the
potential to contribute gametes to multiple generations. Arabidopsis plants have
an annual lifespan, whereas a single Populus genotype can persist as a clone on
the landscape for millennia. Recurrent contributions of ancient gametes from
very old individual trees could potentially account for the markedly reduced
rates of  sequence evolution (Tuskan et al., 2006) and thus also gene loss seen
in Populus. This implies that many poplar genes might still be on the track to
pseudogenisation.
Rice has probably also experienced several genome-wide duplications (Paterson
et al., 2005), although convincing evidence can only be found for the most
recent one, which occurred after the split of monocots and dicots (120–150
Mya) but before the divergence of the grasses (50–70 Mya) (Paterson et al.,
2005; Vandepoele et al., 2003). There is, however, evidence of  additional seg-
mental duplications and massive ongoing individual gene duplications in rice
(Yu et al., 2005), which are at least partly responsible for the large number of
genes in rice.
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Conclusions

When discussing genomes with fellow scientists, their first question is usually,
‘How many genes’? The abstracts of papers that publish the first drafts of ge-
nome sequences also often mention the estimated number of  genes. Our inter-
est in the number of genes in a genome is probably a relic from the days when
we were convinced that this number was correlated with the complexity of its
host. In the meantime, we have learned better. The fact that man has only about
twice the number of  genes of  the worm Caenorhabditis elegans, which in turn
has more genes than the more complex fly Drosophila, was sobering in this
respect. We have come to realize that the number of  gene loci is far from being
the sole contributor to genomic and biological complexity.

Nevertheless, the number of genes in plant genomes is very high. The sessile
lifestyle of most plants could be part of the explanation, particularly if we link
it to gene duplication, which has been rampant in plant genomes.
Until we have a more complete picture that is based on the careful annotation
of many more genomes, it will be hard to judge the extent to which gene number
is related to the rate of evolution, the number of major duplication events,
ecology, and plant biology in general.
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Discussion

In this work we presented the results obtained from analysing genomic sequences
which were generated by the whole genome shotgun method, applied to the
genomes of  Populus trichocarpa and Ectocarpus siliculosus, and by the clone-by-
clone method, applied to the genome of Medicago truncatula. Each of these ap-
proaches has advantages and disadvantages. The clone-by-clone method is reli-
able but slow, and the mapping step can be especially time-consuming. In con-
trast, the whole-genome shotgun method is potentially very fast, but it can be
extremely difficult to assemble the typical high number of tiny pieces of se-
quence. Finishing the genomic sequence, which involves both assembly and a
laborious process of double-checking in order to refine the sequence to elimi-
nate sequencing and assembly mistakes and to close gaps, can often take longer
than the sequencing itself. Despite these difficulties the WGS method turns out
to be the quickest way to determine a genomic sequence. It took less than a
year to produce the sequence for Populus and Ectocarpus, while the sequencing
of Medicago is already ongoing for more than four years and is still not finished.
Besides the difference in speed, also the costs associated with sequencing a
genome are very different for the two approaches. The price to sequence
Ectocarpus is (still) approximately three million euro while the costs for Medicago
are at least an order of  magnitude higher. It then seems surprising that the clone-
by-clone approach is still being used. It is, mainly because of  two reasons. One
is the important issue of  quality. A genomic sequence that has been generated
by the clone-by-clone approach is considered of higher quality than one gener-
ated with the WGS. The large scale and the random nature of  the sequencing
strategy in the WGS results in a higher rate of  errors like frame-shifts and
misassembly, especially compared to the error rate of  the highly structured clone-
by-clone approach. The latter is therefore used to produce the sequences of
species that are important model systems in molecular biology like for example
Arabidopsis thaliana (AGI, 2000), Caenorhabditis elegans (CSC, 1998) or Medicago
truncatula (chapter three). The other reason is simply because it’s just not possi-
ble to sequence certain genomes with the WGS method as was the case for the
human genome sequence (IHGSC, 2001). Determining the actual sequence was
still feasible with the WGS approach but assembling all the reads together turned
out to be only possible when data from the clone-by-clone effort was incorpo-
rated. Eukaryotic genomes tend to be filled with stretches of DNA of a highly
repetitive nature, mainly due to the presence of many transposable elements
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(Bennetzen, 2000). Because of the applied protocol in the WGS method these
regions are less likely to appear in the clone libraries caused by biological con-
straints of  the high copy plasmid libraries. The clone-by-clone is less affected
by this phenomenon because the BACs have low copy number and carry larger
pieces of DNA.
The question when a genome project is finished has unfortunately no clear-cut
answer. One could of  course state that it’s finished when every nucleotide po-
sition in the genome has been determined but this goal is only sporadically
achieved for genomes with very small sizes. For most eukaryotic genomes that
remains, even today, an unachievable goal. These genomes are composed out
of  regions that are difficult to clone with the current methods. These include
the centromeres and telomeres, which are the highly repetitive regions at the
centre and ends of chromosomes and the repetitive DNA (transposons, re-
peats), which are widely considered to be unsequenceable, at least with current
technology. The completeness of  a genomic sequence is measured as either the
number of nucleotides of the original genome captured in the draft genome
sequence as it was done for poplar or the number of gene loci present in the
final sequence which was applied for the Medicago genome. Nevertheless, ge-
nome sequences published today are complete enough to be useful to scientists
as a base for future research in finding genes and understanding how the ge-
nome as a whole is organised and has evolved.
Despite the imperfections, genome sequences have already helped researchers
learn more about the biology of  several species and as such reached one of  its
main goals.

The status of the draft genome sequence has obviously its consequences for
the quality of the automated gene prediction. When the assembly is of poor
quality with several misassembled contigs and frameshifts in the sequence, it’s
unlikely that the subsequent annotation effort will results in correct gene mod-
els. On the other hand, gene prediction in eukaryotic genomes remains extremely
difficult even when a high quality assembly is available and tackled with the
most sophisticated methods. However, great advances have been accomplished
in the field of automated gene prediction (Brent, 2007). The quality of the
predictions that modern day gene prediction tools generate have never been
better. And still, after the initial automated prediction the number and structure
of  predicted genes remains the subject of  several rounds of  improvements.
Even for well studied model organisms like Arabidopsis and Oryza, for which
extensive information is available the number of  predicted genes is still being
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altered. This can be explained by the incapability of the gene prediction soft-
ware to correctly predict all genes in a genome but also our increasing knowl-
edge of  biology. With almost every genome that has been sequenced our under-
standing of  the (structure of) genes increases and raises awareness of  genes
missed in previous annotation efforts. An example is the small genes that seem
to be present in the Medicago genome which have a length that was previously
considered too short to be a protein coding gene. Another example is very small
exons and introns which were until recently (Saeys et al., 2007; Martin et al.,
2008) not believed to be actually correct. Over the past few years genome an-
notation has shifted from being a necessary evil in every genome project to
being an effort that can give great additional value to each genome sequence.
After all, it is the location and structure of  the genetic elements present in a
genome that are of interest to most researchers, not the genomic sequence it-
self. This is reflected in the amount of effort that now is put into the production
of thorough annotations, either by simultaneous annotation of the same se-
quence by different groups and combining the results as was done for the poplar
sequence or by grouping different teams to participate in the same annotation
pipeline. These ‘annotation groups’ combine the strengths of different research
groups and the complementarity of different approaches into one coordinated
effort. IMGAG (International Medicago Genome Annotation Group) was one
of  the first but certainly not the only annotation group. This approach is also
adopted by the tomato genome consortium (iTAG, international Tomato Anno-
tation Group) (Chiusano et al., 2008).
Besides the increased effort that is put into the annotation of a genome, the
improved availability of  extrinsic data sources greatly boosts the performance
of the automated gene prediction pipelines, as indicated by the results pre-
sented in this work (Populus and Medicago). On the other hand, when the avail-
able data sources are scarce like is the case for Ectocarpus, the accuracy of  an
automated prediction is remarkable lower. It is then also not surprising that the
major improvements in gene prediction performance are expected to come from
the extrinsic and comparative approaches. The impact of  these approaches on
the final prediction results will only grow as more and more genomes are
sequenced. It is however important to notice that they will probably never elimi-
nate the intrinsic approach. They have the capability of finding genes that are
previously unknown, which is exactly one of the key reasons of sequencing
genomes.
Despite the recent advantages in automated gene structure predictions and the
increasing availability of extrinsic data sources, the uncertainty and inconsist-
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ency of  gene structure annotation remains a limitation on research in the ge-
nome era. However, it is unrealistic to hope for better software solutions in the
near future that would solve all problems. The issue is all the more urgent with
more species being sequenced and analyzed by comparative genomics – errone-
ous annotations could easily propagate, whereas correct annotations in one spe-
cies will greatly facilitate annotation of  novel genomes. This is why more and
more effort is being put in the manual curation of  genome annotations. Human
annotators combine their efforts by forming annotation communities that keep
on manually improving the annotations for years to come (Schlueter et al., 2005;
Elsik et al., 2006). The increased need for high quality, curated annotation is
also reflected in the number of web resources that are available to the scientific
community, many of  which are specifically developed to ensure the community
approach to manual curation of a genome annotation.

The reliable annotation of a genome is essential for the success of many of the
subsequent research that makes use of the genomic data like for instance evo-
lutionary research. Despite the potential problems with the provided annota-
tion, it is already not trivial to investigate the evolutionary past of a eukaryotic
genome. Finding duplicated regions in a genomic sequence is hindered by sev-
eral factors, one of  which is the status of  the assembly. If  the assembly is still in
a premature state, as it is the case for Ectocarpus, finding duplicated regions is
not evident due to the fragmentary nature of the sequence. But probably the
most important factor is the evolutionary history itself, the process of duplica-
tion and subsequent gene loss can easily disturb the detection of these dupli-
cated regions. If  we compare the results obtained from the evolutionary analy-
sis of the poplar genome with those from analysing the Medicago genome, it is
clear that even when similar approaches are applied the observed picture of  the
duplication  past of a genome can be very different. Where the presence of a
(recent) genome duplication is very clear in Populus, it is much more obscure in
Medicago although also there growing evidence suggests that a genome duplica-
tion must have occurred.
Also here, the major advantages in elucidating the evolutionary past of an or-
ganism are expected to come from the increased availability of genome se-
quences. As was reported when comparing the Medicago and Lotus sequences,
looking for collinearity between genomes can help to explain the pattern of
duplication observed in one genome. This approach even has the potential to
formulate alternative hypotheses on the duplication history of  well studied spe-
cies like Arabidopsis. Recently this was nicely illustrated with the publication of
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the Vitis genome by Jaillon and co-workers (2007). By comparing the grapevine
genome to that of Arabidopsis they claim that Arabidopsis did not undergo one
(as is common believed) but two rounds of duplication since its divergence
from poplar. This observation was later confirmed by the publication of  the
papaya genome (Ming et al., 2008). However, the publication of a second grape-
vine genome (Valesco et al., 2007) disagrees with the evolutionary hypotheses
of Jaillon et al., and they propose an alternative hypothesis that is more in
agreement with previous work.

Sequencing the genome sequence of eukaryotic species has already provided
the scientific community with valuable knowledge. It destroyed the myth that
large genomes (like the human genome) contain large amounts of  genes. Cur-
rently the gene count of the human genome is 20000-21000, less than half of
the number in poplar that has a genome which is six times smaller. The avail-
ability of the sequence of eukaryotic genomes also revealed their complex com-
position. Many of them went through several rounds of whole genome duplica-
tion, shaping the genome to what we observe today. The complexity of  these
genomes is also reflected in the structure of  their genetic elements. Large vari-
ation in structure and number can be observed in the genomes of  eukaryotes.
With every new genome that is published this complexity even increases but at
the same time it provides crucial information that will eventually enable us to
unravel the complex structure of  eukaryotic genomes.
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Outlook

Great expectations are put in the capabilities of the new sequencing technolo-
gies. The vision of  the $1000 genome, being able to sequence a genome for only
a thousand dollar, will become reality in the near future. However, the draw-
backs of the new sequencing approaches are momentarily withholding them
from being applied in de novo large scale genome sequencing. But without any
doubt it is only a matter of time before they are mature enough to be up for the
task. People sometimes tend to forget that the now widely used Sanger method
suffered from the same drawbacks (eg. short read length) when it was first intro-
duced, but refinements of the method have overcome most of them in the
decades that followed. That it will not even take so long for these new tech-
nologies to overcome their drawbacks is nicely illustrated by the recent publica-
tion of  a protocol to sequence paired end read (Jarvie et al., 2008) with the 454
technology, one of  the important requisites for application in de novo genome
sequencing. It is clear that the massive parallel sequencing techniques will be
the method of choice to sequence genomes in the (near) future. The classical
sequencing approach will however not immediately be abandoned and both
will coexists for some time, giving the new technologies the possibility to grow
to full maturity.
Also in the field of  genome annotation things are changing. The biggest changes
are, however, not to be expected from improved technology but rather from the
increased availability of  biological data sources. The developments in large scale
sequencing will make it much easier to generate information to be used in the
genome annotation procedure. The increased availability of genome sequences
will greatly enhance the importance of the comparative approach and new meth-
ods are already being developed to best make use of this data source (Lin et al.,
2008). Besides the increased amount of different sequences also developments
in fields other than DNA sequencing can be useful for gene prediction. A good
example is tiling array information (measuring expression on a genomic scale/
level), a new data source that can become important to be included in the gene
calling process. The integrative genome annotation approach is the preferred
approach even more so when the applied software is adapted to incorporate
new data sources that become available.
It does not need many words to explain that also the evolutionary analyses will
benefit from all these developments. The possibility to sequence genomes at
high speed and low cost will allow researchers to precisely track down and fairly
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accurate date the evolutionary events that shaped the genomes as we see them
today, thereby providing valuable information to increase our knowledge on
how the complexity of eukaryotic genomes has been established. Although the
concept of evolution is widely accepted in the scientific world it is challenged
by the creation of  ‘alternative’ theories. Arguments to take the edge of  these
theories will, to some extent, also be derived from results of evolutionary ge-
nome analysis.
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English summary

The genome sequence of  eukaryotic species is being determined making use of
two intrinsically different methods. These are the whole genome shotgun method
(WGS) and the clone-by-clone approach. In the WGS method the DNA is bro-
ken up in random fragments of different sizes and fragments of approximately
3000 or 10000 bases are selected. From each of these fragments 2 paired-end
reads are produced. For a typical eukaryotic genome project, millions of  these
reads are generated in an attempt to cover the whole genome. Afterwards, these
different reads are assembled to resemble the original sequence. In contrast, the
clone-by-clone approach uses a highly organised protocol to fractionate the DNA
into fragments. By making use of  restriction enzymes the DNA is cut into pieces
of  around 150Kbp. The complete collection of  these pieces is referred to as a
BAC library. These fragments are then fingerprinted positioning them on the
genome. Then a minimum tiling path is constructed in order to sequence as few
DNA fragments as possible.
Once the genomic sequence of  an organism has been determined, one still
needs to locate the biologically functional features in this genome. This step is
called genome annotation which is mainly focused on predicting the location
and structure of  the (protein-coding) genes present in the genome. The ap-
proaches used to achieve this can be grouped in 3 categories. Namely, the ab
initio, or intrinsic, methods which try to predict genes based on information
gained from the genomic sequence itself, the extrinsic approaches that prima-
rily use protein and transcript alignments and the comparative approach that is
based on genomic alignments between different genomes. However, today the
trend is to use integrative prediction tools that combine the information of  all 3
general approaches in order to propose gene models that are maximally consist-
ent with the provided data. One such example of an integrative prediction tool
is EuGène. It was designed to mimic as much as possible a human annotator at
work and therefore makes use of state of the art mathematical models and
computational methods. These models are however specific for each genome
and thus the software needs to be trained for every genome. This training is a
tedious process that requires the manual construction of  a training set of  curated
gene models and the fine tuning of the parameters that control the behaviour
of EuGène.
Although being an important milestone, an annotated genomic sequence is not
an end point. It is the starting point of a whole range of downstream
bioinformatics analyses. For instance, annotated genomes are used to elucidate
the evolutionary past of an organism of which one aspect is the duplication
history of a genome. When the genome sequence is available collinear regions
within or between genomes can be detected and investigated. In an alternative
approach the time of origin of paralogous gene pairs using the number of syn-
onymous substitutions per synonymous site between paralogs as a measure, can
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be estimated. These dates can be plotted as age histograms of duplicated genes
that can be analysed for the presence of  sharp peaks. These peaks reflect poten-
tial large scale duplication events that have happened in the evolutionary his-
tory of a genome.
Populus trichocarpa, the model species for tree biotechnology, is the first tree and
only the third plant species for which the genomic sequence has been deter-
mined. A WGS approach was chosen to sequence it’s ~500Mbp genome result-
ing in an assembly that contains more than 410Mbp of  the 19 chromosomes.
Annotation of the genome was done by different tools, one of which was
EuGène. Combining the results of the different annotation efforts resulted in a
predicted reference set of 45555 genes and potentially another 4000 genes, for
which there is some experimental evidence, have to be added to this set. Al-
though poplar obviously contains more genes than Arabidopsis, the relative
frequency of  protein domains is very similar. Evolutionary analysis of  the ge-
nome clearly indicates a relatively recent duplication of the genome that is not
shared with Arabidopsis. Almost the complete genome is still found in dupli-
cated region which is probably due to low evolutionary rates, resulting in less
gene loss in poplar.
A sequencing effort is also ongoing for Ectocarpus siliculosus. This is a small multi-
cellular brown algae for which the genome is sequenced by the GenoScope in
France. In this project, again, the WGS method was applied to determine the
genome with a relatively small size of  214Mbp. Few information on the biology
of  this species is available causing several issues in the assembly (eg. no genetic
map information) and subsequent annotation of  the sequence. The annotation
was performed with EuGène, specifically trained for the Ectocarpus genome,
and produced 37646 genes. In depth analysis of  this genome is still ongoing but
preliminary research already provided some interesting results. The genes in
Ectocarpus have many exons (>10/gene) separated by large introns. An initial
analysis of the genome history reveals that a large scale duplication event has
occurred. Further research is needed to investigate whether this event might be
linked to important evolutionary events, particularly the acquisition of multi-
cellularity. To boost the manual curation of  the predicted genes and to accom-
modate to specific demands of the consortium, a new type of genome annota-
tion portal has been developed.
The clone-by-clone sequencing approach is less popular than the WGS but is
still being used, for instance to sequence the genome of the legume Medicago
truncatula. The choice to use the clone-by-clone approach is driven by the wish
to produce a high quality reference genome for further research in the agricul-
turally important legume family. The workload to sequence the heterochromation
fraction of  the 8 chromosomes is distributed over several sequencing centres.
Also this project is still ongoing but has entered his final year of  sequencing. For
the moment 183 Mbp of non-redundant sequence is available capturing > 55%
of the gene space. On this sequence, more than 40000 gene models have been
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predicted in a coordinated effort of  several annotation teams. Remarkable in
this set is the presence of very small genes, many of which seem to be ex-
pressed. Genome organisation in Medicago is remarkable mainly because of a
region with a higher than average number of transposons (chromosome 6) and
a region with well conserved remnants of  a duplication event (between chro-
mosome 5 and 8). A genome duplication, of which scattered evidence can be
found, happened early in the evolution of  the legumes.
Evolutionary analysis of a species can also be conducted in the absence or prior
to the availability of the complete genome sequence. By analysing sets of
unigenes constructed from ESTs of  several different poplar species, it was shown
that a genome duplication has occurred before the radiation of the species within
the genus Populus. The estimated date of  this event is in clear disagreement
with the fossil records that are available. This resulted in the hypothesis that
the evolutionary rate of Populus was slower than was reported for other species
and that the date should therefore be older.
Hypotheses about the evolutionary past of  organisms can not only be formu-
lated by analysing a single genome but also through the comparison of several
genomes. When comparing the available genome sequence of  Medicago and Lo-
tus japonicus questions related to the evolution of the legumes could be addressed.
The genome duplication event in the legumes, proposed by earlier research was
given a more precise timing. The comparison also revealed that the extent of
synteny between Medicago and Lotus is still extensive, in some cases extending to
almost whole chromosomes despite the difference in chromosome number.
The genome sequences of eukaryotic species have a complex organisation,
shaped through a rampant history of  duplication events. Also the diverse vari-
ation in number and structure of  genetic elements such as protein-coding genes
and transposable elements adds to the complexity. Consequently, the analysis
of eukaryotic genomes is intrinsically difficult even when tackled with state of
the art computational methods. However, the increasing number of  genome
projects will provide the data to eventually unravel the complexity of eukaryotic
genomes.
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Nederlandse samenvatting

Het sequeneren van het genoom van een eukaryoot species kan gebeuren op
twee intrinsiek verschillende manieren. Er is de keuze tussen de whole genome
shotgun methode (WGS) of de clone-by-clone techniek. Bij de WGS methode
wordt het DNA in stukken gebroken van willekeurige lengte. Hieruit worden
deze geselecteerd die ongeveer 3000 of  10000 nucleotiden lang zijn. Van deze
stukken DNA wordt langs beide kanten een deel van de sequentie bepaald. In
een eukaryoot genoom project worden zo miljoenen stukjes DNA bepaald om
zo het hele genoom te kunnen omvatten. Al deze stukjes sequentie worden dan
in elkaar gepast om zo terug de originele, volledige sequentie te bekomen. De
clone-by-clone strategie volgt echter een uiterst gestructureerde manier om het
DNA te breken. Het DNA wordt geknipt met restrictie enzymen in fragmenten
van ongeveer 150000 nucleotiden. Een volledige collectie fragmenten die heel
het genoom omvat, wordt een BAC bibliotheek genoemd. Voor al deze
fragmenten wordt vervolgens de positie in het genoom bepaald waarvan het
stuk DNA afkomstig is. Op basis van de posities van de BACs op het genoom
wordt er een minimum tiling path opgesteld om zo een min mogelijk aantal
fragmenten te moeten sequeneren.
Eenmaal de genomische sequentie van een organisme is bepaald moeten hierin
nog alle biologische elementen gelokaliseerd worden. Dit proces, genoom
annotatie, is vooral gefocust op het bepalen van de locatie en de structuur van
de proteïne coderende genen in het genoom. Om dit te verwezenlijken kan men
gebruik maken van drie algemene technieken. Een eerste manier is de ab initio,
of  intrinsieke strategie die gebruik maakt van informatie gewonnen uit de
genomische sequentie zelf om genen te voorspellen. Similariteit gebaseerde
methoden, die zich hoofdzakelijk baseren op proteïne en transcript alignementen,
is de tweede mogelijkheid. De laatste manier is de comparatieve aanpak waarbij
de conservatie tussen verschillende genomen wordt aangewend als input voor
het voorspellen van de genen in het genoom. De trend vandaag is om vooral
integrerende genpredictie programma’s te gebruiken die in staat zijn om de
informatie van deze drie algemene technieken te combineren om zo genen te
voorspellen die maximaal in overeenkomst zijn met alle aangebrachte informatie.
EuGène is een voorbeeld van zo een predictie programma. Door gebruik te
maken van de meest moderne mathematische en computationele modellen wordt
geprobeerd om het gedrag van een annotator zo goed mogelijk na te bootsen.
De gebruikte modellen zijn echter meestal specifiek voor een bepaald organisme
en moeten daarom voor elk genoom opnieuw bepaald worden. Het aanpassen
van die modellen is een moeizaam proces waarin onder meer een training set
moet worden opgesteld met manueel gecureerde genmodellen en al de param-
eters, die het gedrag van EuGène bepalen, moeten worden afgesteld.
Hoewel het een belangrijke mijlpaal is, is het geannoteerde genoom geen eindpunt
maar het startpunt voor een hele reeks ander bioinformatica onderzoek.
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Geannoteerde genomen zijn bijvoorbeeld een ideale dataset om de evolutie van
species te bestuderen. Eén aspect hiervan is het onderzoeken van de geschiedenis
van duplicaties in het genoom. Als de genomische sequentie beschikbaar is kan
dit gebeuren door het zoeken naar colineaire regio’s van genen in één genoom
of tussen verschillende genomen. Alternatief kan ook de ‘leeftijd’ van
gedupliceerde genen bepaald worden waarvan dan een histogram kan gemaakt
worden. Als er in deze histogrammen scherpe pieken aanwezig zijn kan dit er
op duiden dat er een grootschalige duplicatie gebeurtenis is voorgekomen in het
genoom.
Het model organisme voor de boom biotechnologie is Populus trichocarpa. Het is
tevens de eerste boom en slechts het derde planten genoom dat gesequeneerd
is. Het genoom, dat ongeveer 500 Mbp groot is, werd bepaald door middel van
de WGS techniek. Het resultaat is een genomische sequentie die 410 Mbp bevat
van de 19 chromosomen in het genoom. De genpredictie op het genoom werd
uitgevoerd met behulp van verschillende programma’s waaronder EuGène. De
resultaten van de verschillende software werden gecombineerd om zo tot een
set van 45555 genen te komen waarbij mogelijks nog eens 4000 genen moeten
worden toegevoegd waarvoor er bewijs van expressie is. Het is duidelijk dat
populier meer genen bevat dan Arabidopsis maar de relatieve frequentie van
proteïne domeinen is echter zeer gelijkend. Evolutionair onderzoek heeft
aangetoond dat er zich redelijk recent een genoom duplicatie heeft voorgedaan
die niet gedeeld is met Arabidopsis. De restanten van die verdubbeling zijn nog
goed zichtbaar in het genoom dat bijna volledig in gedupliceerde segmenten
wordt teruggevonden.
Momenteel wordt ook het genoom van Ectocarpus siliculosus gesequeneerd door
het GenoScope instituut in Frankrijk. Ectocarpus is een kleine bruine
multicellulaire alg met een genoom dat slechts 214 Mbp groot is. Ook hier wordt
de WGS manier gebruikt om de genoomsequentie te bepalen. Over dit organisme
is er echter weinig gekend wat bijvoorbeeld de assembly (door het ontbreken
van een genetische kaart) en de daaropvolgende genoom annotatie bemoeilijkt.
De genpredictie is uitgevoerd met EuGène, dat specifiek getraind is geweest op
Ectocarpus en resulteerde in 37646 voorspelde genen. Het analyseren van het
genoom is nog volop bezig maar de eerste resultaten zijn toch opmerkelijk. De
genen in Ectocarpus blijken opgebouwd te zijn uit vele exonen (>10 per gen)
afgewisseld met grote intronen. Een voorlopige studie van de
genoomgeschiedenis toont aan dat er een grootschalige duplicatie is geweest.
Meer onderzoek is echter nodig om te zien of deze gebeurtenis in verband staat
met het verwerven van multicellulariteit. Om de manuele annotatie van het
genoom te bevorderen en om aan specifieke eisen van het consortium te
beantwoorden werd een nieuw type van genoom annotatie systeem ontwikkeld.
De WGS methode is tegenwoordig duidelijk de populairste methode, toch is de
clone-by-clone manier niet volledig afgezworen. Ze is bijvoorbeeld gebruikt
om het genoom van Medicago truncatula te bepalen waar het een bewuste keuze
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was om een kwalitatief hoogstaande sequentie te genereren die als referentie
kan dienen voor onderzoek in deze belangrijke familie van voedselgewassen.
Het project is nog steeds bezig maar is zijn laatste jaar ingegaan. Momenteel is
er 183 Mbp van het genoom beschikbaar die meer dan 55% van alle genen
omvat. Verschillende annotatie teams werken samen om de genen in dit genoom
te bepalen en dit resulteert in meer dan 40000 genen in de huidige sequentie.
Opmerkelijk zijn de vele kleine genen die voorspeld worden. Ook qua
genoomstructuur zijn er een paar opmerkelijke zaken zoals een regio met een
verhoogde concentratie van transposons (chromosoom 6) en een regio met goed
bewaarde restanten van een duplicatie (tussen chromosoom 5 en 8). Er is tevens
bewijs voor een genoom duplicatie die waarschijnlijk vroeg in de ontwikkeling
van de familie gebeurd is.
Ook zonder, of voorafgaand aan de beschikbaarheid van de genomische
sequentie kan men onderzoek verrichten naar de evolutie van een species. Dit
kan bijvoorbeeld door het analyseren van set van unigenes die opgesteld zijn op
basis van ESTs. Zo is aangetoond dat er een genoom duplicatie gebeurd is in
het genus Populus. Het dateren van dit evenement bleek echter duidelijk in
tegenstrijd met de fossiele gegevens. De hypothese werd vooropgesteld dat
evolutie blijkbaar trager verloopt in populier en dat de duplicatie ouder is dan
initieel geschat was.
Hypotheses over de geschiedenis van een organisme kunnen niet alleen
geformuleerd worden op basis van onderzoek in één genoom maar ook door het
vergelijken van genomen van verschillende species. Door het vergelijken van
de beschikbare genoomsequenties van Medicago en Lotus kon een antwoord
gegeven worden op een aantal vragen in verband met de evolutie van deze
families. Zo is een meer precieze datering mogelijk van de genoomduplicatie
die door eerder onderzoek al vooropgesteld was. De vergelijking toonde ook
aan dat de synteny tussen Medicago en Lotus nog zeer substantieel is en soms zelf
volledige chromosomen omvat ondanks het verschillende chromosoom aantal
van de twee species.
Genoom sequenties van eukaryoten hebben een complexe organisatie die het
gevolg is van een geschiedenis van duplicatie gebeurtenissen. De complexiteit
wordt dan ook nog eens verhoogd door de diversiteit in aantal en structuur van
de genetische elementen zoals proteïne coderende genen en transposons. Het
wekt dan ook geen verbazing dat de analyse van deze genomen intrinsiek moeilijk
is, zelfs al wordt dit gedaan met de meest moderne computationele technieken.
Het zal echter net die data zijn die aangebracht wordt door het sequeneren van
nieuwe genoomsequenties die ons uiteindelijk in staat zal stellen om de
complexiteit van eukaryote genomen te ontwarren.
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List of plant genome projects

Latin name
Common

name Status

current
gene
count

Sequencing
method Reference

Aquilegia

formosa
columbine pending WGS

Arabidopsis

lyrata

lyreleaf

rockcress
finishing WGS

Brassica rapa rapeseed in progress clone-by-clone

Capsella rubella

pink

shepherd's

purse

in progress WGS

Carica papaya papaya completed 28,629 WGS
Ming et al. (2008), Nature

452: 991-996

Eucalyptus

grandis
eucalyptus pending WGS

Glycine max soybean finishing WGS

Gossypium

hirsutum
cotton in progress WGS

Lycopersicum

esculentum
tomato in progress clone-by-clone

Lotus japonicus completed 30,799
clone-by-clone

+ WGS

Sato et al. (2008), DNA

Research :

doi:10.1093/dnares/dsn0

08

Manihot

esculenta
cassava in progress WGS

Medicago

truncatula
barrel medic in progress clone-by-clone

Mimulus

guttatus

monkey

flower
in progress WGS

Populus

trichocarpa
poplar completed 45,555 WGS

Tuskan et al. (2006),

Science 313: 1596-1604.

Ricinus

communis
castor bean in progress WGS

Solanum

tuberosum
potato in progress clone-by-clone

Triphysaria

versicolor

yellow owl's

clover
pending WGS

Vitis vinifera grape completed 29,585 WGS + (454)
Valesco et al. (2007)

PLOS One 2: e1326

Vitis vinifera grape completed 30,434 WGS
Jaillon et al. (2007),

Nature 449 : 463-467

For  a complete and updated list of  eukaryotic genome projects, please refer to
http://www.genomesonline.org/gold.cgi

Dicots
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Monocots

Other

Latin name
Common

name Status

current
gene
count

Sequencing
method Reference

Bathycoccus in progress WGS

Chlamydomonas

reinhardtii
completed 15,256 WGS

Merchant et al. (2007),

Science 318: 245 - 250

Bathycoccus in progress WGS

Chlamydomonas

reinhardtii
completed 16,256 WGS

Merchant et al. (2007),

Science 318: 245 - 251

Ostreococcus

lucimarinus
completed 7,651 WGS

Palenik et al. (2007),

Proc. Natl. Acad. Sci.

USA 104: 7705-10.

Ostreococcus tauri completed 7,725 WGS

Derelle et al. (2007)

Proc. Natl. Acad. Sci.

USA 103: 11647-52

Ostreococcus (Deep

strain)
in progress WGS

Physcomitrella

patens
moss completed 35,938 WGS

Rensing et al. (2008),

Science 319: 64-69

Selaginella

moellendorffii

gemmiferous

spike moss
finishing 22,285 WGS

Volvox carteri finishing 15,544 WGS

Latin name
Common

name Status

current
gene
count

Sequencing
method Reference

Brachypodium

distachyon
grass in progress WGS

Musa acuminata banana in progress clone-by-clone

Oryza sativa

japonica
rice completed 41,615

clone-by-clone

+ WGS

Goff et al. (2002),

Science 296: 92-100

Oryza sativa

indica
rice completed 41,615 WGS

Yu et al. (2002), Science

296: 79-92

Setaria italica foxtail millet pending WGS

Sorghum bicolor sorghum finishing 35,899 WGS

Triticum aestivum wheat in progress

clone or single

chromosome

shotgun

Zea mays maize in progress clone-by-clone
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4DTV four-fold degenerative transversion
BAC Bacterial artificial chromosome
BES BAC end sequence
BLAST Basic Local Alignment Search Tool
Bp basepair
cDNA Complementary DNA
CDS coding sequence
DAG Directed acyclic graph
ddNTP dideoxyribonucleotide triphosphate
DNA Deoxyribonucleic acid
dNTP deoxyribonucleotide triphosphate
EST Expressed sequence tag
FISH fluorescent in situ hybridization
GHM Gene homology matrix
HMM Hidden Markov model
IMGAG International Medicago Genome Annotation

Group
IMM Interpolated Markov model
JGI Joint Genome Institute
Ks synonymous substitution rate
LINE Long interspersed nuclear element
LTR Long terminal repeat
miRNA MicroRNA
mRNA messenger RNA
Mya Million years ago
NCBI National Center for Biotechnology Information
PCR Polymerase chain reaction
PTP Picotiter plate
RNA Ribonucleic acid
SINE Short interspersed nuclear element
SNP Single nucleotide polymorphism
snRNA Small nuclear RNA
TAC transformation-competent artificial chromosome
TAIR The Arabidopsis Information Resource
TC Tentative consensus
TE Transposable elements
TIR Terminal inverted repeats
UTR untranslated region
WGD Whole genome duplication
WGS Whole genome shotgun

List of abbreviations





If  science teaches us anything,
it teaches us to accept our failures,

as well as our successes,
with quiet dignity and grace.

(the young Dr. Frankenstein, 1974)


