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1 INTRODUCTION

1.1 Background on Populus Biology

The genus Populus consists of about 29 species organized into six major
sections that occur primarily in the Northern Hemisphere (Eckenwalder
1996). Species from the different sections of the genus have diverse
ecological characteristics. Two of the most economically important
sections (Aigeiros and Tacamahaca) contain species collectively known
as cottonwoods. These occur mostly in riparian zones and are
characterized by primarily ruderal life history, dominating early
successional stages and thriving on flood-mediated disturbance (Braatne
et al. 1996; Karrenberg et al. 2002). The other major section of the genus
(section Populus, also known as Leuce), contains species commonly
known as aspens, which are characterized by extensive clonal growth,
and which can occur in very diverse sites, from mixed upland forests to
boreal regions (Barnes 1967; Peterson and Peterson 1992; Romme et al.
2001). The cottonwood sections of the genus are highly interfertile and
readily hybridize, and the aspen species are also highly interfertile, but
the cottonwoods are reproductively isolated from the aspens. This
isolation is reflected by the strong ecological, morphological, and genetic
distinctions between these groups of species (Stettler et al. 1980). All
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Populus species have 38 chromosomes in their diploid genomes
(Blackburn and Heslop Harrison 1924), with exceptions apparently
occurring regularly within species due to meiotic nondisjunction
(Einspahr et al. 1963; Bradshaw and Stettler 1993).

1.2 Selection of Populus for Sequencing

Populus was the first tree selected for whole-genome sequencing, and the
third plant overall. At the time of its selection in 2003, Populus was
already well-established as a model organism because of its
experimental tractability, potential economic importance, and its central
role in many ecosystems (Wullschleger et al. 2002). One of the primary
advantages of Populus is the ease with which it can be vegetatively
propagated using simple stem cuttings in many species without the
necessity of hormonal treatments (Heilman 1999). Another key factor is
that the genus consists of ecologically contrasting species that readily
hybridize. This occurs naturally between sympatric Populus species
around the world (Eckenwalder 1984; Zsuffa et al. 1996; Lexer et al.
2004), and has been a key feature of Populus breeding programs for
decades (Stettler et al. 1996). In fact, the combination of hybridization
and vegetative propagation has dominated Populus genetic improvement
efforts thus far, and most major breeding programs have focused on
making a large number of interspecific crosses and choosing clones that
show a high degree of heterosis, and display characteristics that are
particularly amenable to plantation culture (Stettler et al. 1996). This trait
has also made Populus one of the premier models for genetic engineering
(Taylor 2002; Bhalerao et al. 2003), because transformed lines with
desirable characteristics and low somaclonal variation can be rapidly
and cheaply disseminated (Strauss et al. 1995). Hybridization has also
been a key feature in ecological studies, as Populus hybrid zones have
provided a fertile area for ecological and evolutionary genetics, and have
been a favorite subject in the burgeoning new field of Community
Genetics (Whitham et al. 2006).

The rationale for selecting Populus was based in part on its
importance, and in part on its tractability as a model organism for
genomics research. The Populus whole-genome sequencing project was
initially proposed by Roger Dahlman, Program Manager of the US
Department of Energy’s (DOE) Terrestrial Carbon Program, in January
2001. The DOE had made major infrastructure and personnel
investments for the Human Genome Project, including the creation of
the largest public sequencing facility in the world, the Joint Genome
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Institute Production Genomics Facility (JGI) in Walnut Creek, CA. Due
to continuous improvements in the efficiency of their sequencing
pipeline, JGI was capable of producing in excess of 1 Gb of high-quality
sequence per month at the time (Detter et al. 2002), which was orders of
magnitude higher than was expected at the time of its establishment. As
the DOE portion of the Human Genome Project neared completion in
2000, DOE had begun to identify organisms worthy of sequencing that
would be relevant to the DOE missions of research related to energy
production and its consequences. The choice of Populus therefore made
perfect sense, because there was a long history of DOE-funded research
on Populus as a potential bioenergy crop (Dinus et al. 2001), and a surge
of interest in Populus as a possible solution for carbon sequestration to
counter anthropogenic climate change (Tuskan and Walsh 2001).
Following Dahlman’s initial suggestion, Stan Wullschleger and Jerry
Tuskan of DOE’s Oak Ridge National Laboratory led to efforts in
organizing the Populus genetics and genomics community, leading to the
formation of the International Populus Genome Consortium (http://
www.ornl.gov/sci/ipgc/). Following substantial grass-roots lobbying and
the production of a series of white papers, the sequencing project was
approved by the DOE’s Office of Science in October 2001.

The importance of community organization and international
cooperation in the establishment and success of this project cannot be
overestimated. The Populus Genome Sequencing Project was a
gargantuan effort involving 40 laboratories in eight countries, with 108
researchers directly contributing to the sequencing and subsequent
analysis, with particularly notable contributions from the United States,
Canada, Sweden, and Belgium. The sequencing itself took place
primarily at the DOE’s Joint Genome Institute (JGI) under the direction
of Daniel Rokhsar, and this certainly represented the bulk of the expense
of the project. However, major contributions were made by cooperating
institutions around the world. Some of this work was funded by the US
National Science Foundation’s Plant Genome Research Program, which
supported efforts to create a genome portal and to enhance Populus
bioinformatics tools. Genome Canada supported the involvement of the
University of British Columbia, which contributed full-length cDNA
sequences and BAC end-sequencing, and a BAC physical map to
enhance assembly. The Swedish government supported efforts by the
Umea Plant Sciences Center, which spearheaded the collection and
analysis of approximately 350,000 EST sequences provided by
laboratories around the world. Finally, the government of Belgium and
the European Union supported efforts by the University of Ghent, which
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customized software for gene prediction and annotation. Countless other
individual researchers around the world provided in-kind contributions
to the project, in the form of physical resources like template DNA, ESTs
or BAC libraries, or analytical expertise related to some aspect of the
genome analysis.

1.3 Tools in Place at the Time of Selection

From a technical standpoint, many of the required features for a
successful genome sequencing project were already in place for Populus
at the time it was selected. First, enough cytogenetics and genetic
mapping work had been done to establish that Populus had a relatively
tractable genome. Genetic maps were available for multiple species
(Bradshaw et al. 1994b; Cervera et al. 2001; Yin et al. 2001), establishing
that segregation occurs as expected in interspecific diploid crosses (with
some notable exceptions: Bradshaw and Stettler 1993, 1994; Yin et al.
2004b). Furthermore, information from genetic mapping and flow
cytometry indicated that the haploid genome size of the major Populus
species was approximately 550 Mb (Bradshaw and Stettler 1993), about
four times larger than Arabidopsis, but a fraction of the size of most
conifers (Bradshaw et al. 2000). This was one of the primary factors in
the choice of Populus as the first sequenced tree over more commercially-
important species like loblolly pine (Pinus taeda) and Douglas-fir
(Pseudotsuga menziesii), which had dominated tree improvement research
funding prior to the genomics era. Another major factor was the
phylogenetic similarity between Populus and Arabidopsis. Prior to
sequencing, approximately 150,000 ESTs were available for Populus, and
these showed high sequence conservation with known Arabidopsis genes
(Sterky et al. 1998, 2004b), thereby facilitating provisional annotation of
predicted genes based on similarity to intensively studied model annual
species. Finally, several BAC libraries were available for Populus, and
shotgun sequencing of a handful of these BACs had revealed
microsynteny between Arabidopsis and Populus, and a moderate density
of repeat elements in Populus (Stirling et al. 2003; Lescot et al. 2004). This
initial sequencing suggested that assembly of a whole-genome shotgun
sequence was feasible, and that existing algorithms for gene prediction
in Angiosperms would function reasonably well for Populus (Lescot et al.
2004).
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2 THE GENOME SEQUENCING PROJECT

The results of the genome sequencing project have previously been
described by Tuskan and 108 co-authors in a publication in Science in
2006 (Tuskan et al. 2006), as well as in many subsequent publications by
members of the International Populus Genome Sequencing Consortium.
Unless otherwise specified, the original citation for my descriptions of
this project below is the Science paper.

2.1 Sequencing Strategy

At the initiation of the project, there was substantial debate within the
sequencing consortium about the overall approach to the project. The
primary question was whether the genome should be approached as a
true whole-genome shotgun project, or whether a BAC-by-BAC
approach would be more prudent. The whole-genome shotgun
approach, in which the genome would be randomly sheared into small
pieces, which would then be sequenced separately and subsequently
assembled computationally, had previously been used successfully for a
number of large whole-genome sequencing projects at JGI and elsewhere
(Aparicio et al. 2002; Dehal et al. 2002; see also Chapter 5 of this
volume). The alternative BAC-by-BAC approach requires a physical map
of tiled BACs, which is produced with restriction fragment length
polymorphism (RFLP) fingerprinting, followed by shotgun sequencing
of individual BACs of known position in the physical map (Marra et al.
1997; see also Chapter 2 of this volume). A similar debate had taken
place within the Human Genome Sequencing Projects, with the public
sequencing consortium initially attempting a BAC-by-BAC approach
(Lander et al. 2001), and a private effort led by Celera and J. Craig
Venter attempting a whole-genome shotgun approach (Venter et al.
2001). The primary advantage of the whole-genome shotgun approach is
speed, and when it became clear that the private sequencing effort
would be completed well ahead of the public effort, the public Human
Genome Sequencing project was forced to partially switch to the shotgun
strategy as well (Green 2001). In the case of Populus, it was unclear if a
whole-genome shotgun would be feasible for two reasons: (1) the repeat
composition and high heterozygosity of the genome could prevent
coalescence of sequence contigs into coherent scaffolds; and (2) there
was some evidence of a recent genome duplication in Populus (Bradshaw
et al. 1994a), and it was feared that this would complicate the assembly.

In the end a hybrid strategy was agreed upon. The group at the
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University of British Columbia and the BC Genome Sciences Center
would produce a physical map by fingerprinting and end-sequencing a
Populus BAC library, while JGI would proceed with a whole-genome
shotgun for this same genotype. The end sequences were to be used to
integrate the physical map with the sequence, and gaps and problematic
areas of the assembled sequence were to be filled by shotgun sequencing
of selected BAC clones. The whole-genome shotgun was to proceed
using paired clone-end sequencing of random genomic fragments in
independently-prepared libraries of three main sizes: 3 kb inserts, 8 kb
inserts in standard plasmid libraries, and 40 kb inserts in phosmid
libraries. The rationale for the different-sized libraries is that the bulk of
the sequencing would be performed on 3 kb fragments, which would
minimize cloning bias that is commonly observed in large-fragment
libraries, while the larger libraries would enhance contiguity of scaffolds
by bridging small repetitive regions of the genome.

2.2 Selection of Genotype for Sequencing

Another controversial decision was the selection of genotype to be
sequenced. There was a strong push to select an aspen (Populus tremula,
P. tremuloides, or P. alba), because most of the model transformation
clones were derived from these species, and the majority of ESTs were
also from that section of the genus. However, the cottonwoods are much
more important commercially in the United States, and cottonwood
hybrids were the leading candidates for high-yield plantations for
bioenergy and carbon sequestration (Tuskan 1998; Perlack et al. 2005).
Furthermore, most genetic maps and pedigrees were for cottonwoods
(Bradshaw et al. 1994b; Cervera et al. 2001; Yin et al. 2004b, 2008), and
the existing BAC libraries were also from cottonwoods (Stirling et al.
2001a; Lescot et al. 2004), so the most relevant resources for genome
sequencing and assembly were already in hand. Therefore, for strategic
reasons, and to accelerate the production of template for the sequencing
pipeline, it was decided to sequence a black cottonwood tree (Populus
trichocarpa Torr. & Gray). The selected genotype, clone number 383-2499,
was originally collected along the Nisqually River in Washington State
by Toby Bradshaw, one of the pioneers of Populus genomics. This clone,
commonly called ‘Nisqually-1’, was the maternal parent for the largest
pedigree produced for Populus, a cross with P. deltoides clone ILL-101 to
produce a family of 2,028 F, progeny. The purpose of this pedigree was
to isolate a major gene conferring resistance to a hybrid leaf pathogen,
Melamspora x columbiana 3, which was segregating at an 1:1 ratio in this
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pedigree (Stirling et al. 2001a). For this purpose, a 9.5x BAC library was
also prepared for this pedigree by partially digesting high molecular
weight genomic DNA with HindlIlIl (Stirling et al. 2001a). The existence
of the large pedigree and the BAC library, coupled with the availability
of abundant material in clone banks at the University of Washington and
elsewhere, was enough to tip the balance in favor of this genotype. There
are, however, several ironies about Nisqually-1: (1) the disease resistance
gene that originally piqued interest in this genotype still has not been
isolated, due in part to high complexity of this genomic region, which
may be linked to suppression of recombination in the large pedigree,
thereby making map-based cloning nearly impossible (Stirling et al.
2001b; Yin et al. 2004a); (2) the original ortet has since been destroyed by
flooding in its native habitat; and (3) Nisqually-1 has proven to be
somewhat difficult to handle in tissue culture. Even though
transformation protocols have been successfully developed (Ma et al.
2004; Song et al. 2006), this clone is unlikely to supplant aspen hybrids
as the model of choice for functional genomics in Populus (Busov et al.
2005). However, there is enough sequence conservation on a genome-
wide scale between the model aspens and P. trichocarpa that for most
purposes genomic resources from one species can be used informatively
for other species in the genus (Sterky et al. 2004a).

2.3 Preparation of Sequencing Template

The initial sequencing template was prepared from surface-sterilized
leaves of Nisqually-1 using a CTAB-based protocol. This template was
used to construct the 3 kb and 8 kb libraries that form the basis for most
of the sequence data (Table 1). A second set of templates was also
prepared from root tissue grown in hydroponics and tissue culture. The
DNA extraction protocol involved a nucleii isolation step using a sucrose
gradient followed by a cesium chloride gradient centrifugation step. This
DNA was expected to be virtually free of plastid contamination, and was
used to construct the fosmid libraries.

2.4 Shotgun Sequencing

A total of 7.65 million sequence reads were generated from these
libraries, with 4.4 million reads coming from 3 kb libraries and 2.5
million reads from 8 kb libraries, and 650,000 reads from fosmid libraries
(Table 1). In addition, 81,904 end sequences were obtained from BAC
clones that averaged 100 kb in size (Kelleher et al. 2007b). This resulted
in a theoretical sequence coverage of the genome of nearly 10x (i.e., an
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Table | Description of sequencing libraries generated for the Populus
trichocarpa genome sequencing project by JGl as of January 2004. The
difference between theoretical and actual coverage of the genome is based on
the cumulative length of sequence actually assembled into contigs.

Insert Libraries Sequences Theoretical Assembled Clone
size (kb) sequence sequence coverage®
coverage coverage
3 4 4,427,983 5.48 3.57 13.69
8 4 2,570,799 3.18 2.14 21.20
36 3 651,211 0.8l 0.62 24.17
100 I 81,904 0.11 0.10 9.49
Total I 7,649,993 9.46 6.33 6

*Sequence coverage is calculated based on the total amount of sequence in each library
divided by the estimated genome size of 485 Mb.

*Clone coverage is the total insert size of the clones (assuming the averages given in
the insert size column) divided by the estimated genome size of 485 Mb.

Table 2 Kingdoms represented among unassembled sequence reads and small
scaffolds from the Populus shotgun sequence dataset, based on WU-BLASTN
searches versus the NCBI non-redundant nucleotide database.

Unassembled reads Small scaffolds (<10 Kb)
Kingdom Taxa Sequences Taxa Sequences
Fungi 78 540 I |
Metazoa 175 10,638 6 45
Archaea 9 54 0 0
Bacteria 291 13,656 40 231
Eukaryota 40 477 2 2
Viruses 27 407 0 0
Vector 67 1,996 5 7
Viridiplantae 723 577,511 35 2,900
Total 1,410 605,279 89 3,186

average of 10 sequences representing each nucleotide position), and an
expected clone coverage of nearly 70x (i.e., the average number of clone
inserts covering each position in the genome, though only the ends of
the clones are represented by actual sequence). Therefore, a highly
contiguous assembly was expected.
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2.5 Sequence Assembly

The shotgun sequences were initially assembled based on homology and
paired end read information using the JAZZ assembler (Aparicio et al.
2002). The assembly process began with identification and masking of
reads derived from repetitive regions of the genome. This was
accomplished by counting the number of occurrences of all 16-mer
‘words’ in the entire set of 7.65 million sequences, and then masking of
16-mers that occurred more than 32 times. This resulted in removal of
entire reads from the assembly process and mitigated the confounding
effects of repetitive DNA on shotgun assembly (Green 2001). Pairwise
alignments of all sequences were then performed, and contigs were
constructed by converting pairwise relationships to a graph topology
and finding the most direct route through the graph. Sequence contigs
were joined using similar methodology, taking advantage of linkage
information contained in paired end-read information.

The initial assembly utilized 4.8 million of the sequence reads to
form approximately 45,970 sequence contigs of at least 1 kb in length,
resulting in approximately 427 Mb of assembled genome sequence
contigs, excluding gaps. These contigs were grouped together using
paired clone end information into 22,136 sequence scaffolds that covered
464 Mb of assembled sequence and ‘captured” sequence gaps (the size of
which was estimated based on average clone insert size). Half of this
scaffold sequence was contained in 62 major scaffolds, each of which
was at least 2 Mb in size. The maximum contig size was 1.7 Mb, and the
maximum scaffold size was nearly 12.5 Mb.

2.6 Contamination of the Sequencing Template

Nearly 2.85 million of the original sequence reads could not be
assembled into meaningful sequence contigs in the whole-genome
shotgun assembly. Approximately 750,000 of these were simply low-
quality or chimeric sequences that were excluded by the assembler.
However, 2.1 million were high quality sequences that otherwise should
have assembled. The leaf-derived sequences failed to assemble at a
much higher rate (25%) than the root-derived sequences (18%),
suggesting that the DNA extraction method was related to this problem.
Two sets of sequences with uniform sequence depth (954x and 60x
respectively) were removed and assembled into putative chloroplast and
mitochondrial genomes, respectively. These accounted for approximately
300,000 of the unassembled sequences. Another 613,000 corresponded to
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Populus repeat elements, as determined by high 16-mer composition and
comparison to Populus repeat libraries using WU-BLASTN (see below).
The remaining 1.1 million unassembled sequences were compared to the
NCBI nonredundant nucleotide database using WU-BLASTN searches.
Approximately 600,000 of these sequences showed no homology to
known sequences, and are therefore of unknown origin. An additional
482,199 had significant hits to known, non-Populus sequences. Of these,
the vast majority had hits (E <1e') to other plants, and likely represent
inexplicably unassembled portions of the Populus genome. However,
nearly 25,000 of the remaining sequences had hits to fungi, bacteria, and
viruses that were likely endophytic or pathogenic contaminants of the
sequencing template, despite the fact that the leaves and roots were
surface-sterilized prior to extraction. Similar trends were seen for small
scaffolds from the sequencing dataset, where nearly 300 of the scaffolds
<10 kb in size were apparently of microbial origin. This provides a
potentially-interesting window into the invisible and largely unknown
microbial associates of Populus (Germaine et al. 2004).

2.7 BAC Physical Map

A physical map was constructed using a 10x Nisqually-1 BAC library
that had previously been constructed by the BAC Center at the Texas
A&M University. The library was constructed from high molecular
weight DNA extracted from leaf tissue (Stirling et al. 2001a) and
partially digested with HindIIl. Restriction enzyme fingerprinting (Marra
et al. 1997) using HindIIl was performed on 46,025 clones from this
library with an average insert size of 100 kb, providing 9.4-fold coverage
of the physical map (Kelleher et al. 2007a). This resulted in production
of 3,471 contigs containing 11 BAC clones each on average. One
exceptional contig consisted of over 1,200 clones, which was ultimately
discovered to represent chloroplast contamination. The relative lack of
contiguity in this library appears to be the result of complex haplotype
structure in the Populus genome (Kelleher et al. 2007a). In particular,
heterozygous polymorphisms at Hindlll sites prevented haplotypes from
converging in the assembly, leading to complex forking patterns in the
tiling path. This is likely a problem for the sequence-based assembly as
well. Another complicating factor is the apparent existence of HindIII
‘deserts” in the Populus genome: large regions entirely lacking HindIIl
sites. These regions would not be represented in this BAC library, since
it was constructed with a single restriction enzyme. Such complexity
greatly mitigates the advantages of a BAC-by-BAC sequencing approach
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in a highly heterozygous organism like Populus, and tips the balance
strongly in favor of the more efficient whole-genome shotgun approach.
Nevertheless, BAC end-sequences and the BAC physical map were
extremely useful in enhancing the contiguity of the shotgun assembly, so
BAC fingerprinting and mapping still plays a vital role in genome
sequencing projects.

2.8 Map-Based Assembly

The large number of scaffolds in both the sequence assembly and the
physical map posed substantial challenges for the analysis and
application of the genome sequence. We, therefore, sought to anchor
sequence contigs onto a genetic map representing the 19 Populus
chromosomes (Yin et al. 2004b, 2008). This was accomplished by using
sequence tags provided by PCR primers for 356 simple sequence repeat
(SSR) markers that could be placed unambiguously in the sequence as
well as on the genetic map. Location of the primer sequences in the
assembled genome sequence was accomplished by performing BLASTN
searches and requiring that both primers match the putative SSR locus
in inverse orientation relative to each other, and at a distance that was
consistent with the known size of the SSR. This resulted in linking 155
major sequence scaffolds and 335 Mb of sequence into chromosomal
linkage groups (LGs) (Fig. 1). The smallest chromosome, LG_IX, was
covered by two scaffolds containing 12.5 Mb of sequence. In contrast, the
largest chromosome, LG_I, contained 21 scaffolds representing 35.5 Mb
of sequence.

Some caveats are in order regarding the map-based assembly. First,
the vast majority of the markers used for genome assembly were
mapped with only 44 progeny, so the resolution of the map is quite low,
and small sequence scaffolds are not always positioned or oriented
accurately. This is also a problem for scaffolds that are only mapped
with one marker, which is true for 75 out of 155 scaffolds. Second, the
low resolution of the map can also lead to tandem assembly of scaffolds
representing different haplotypes that should actually be assembled to
the same position. This type of misassembly can easily be misinterpreted
as large-scale tandem or segmental duplications. It is extremely difficult
to distinguish between mis-assemblies of this type and true duplication
events. Examples of problematic regions of the assembly are the
peritelomeric (top) portions of LG_X and LG_XIX (Fig. 1). LG_XIX has
been investigated in some detail, and demonstrated by intensive
mapping to have very strong haplotypic divergence in this peritelomeric
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Fig. | Representation of a recent map-based assembly of the Populus genome. Black
bars represent chromosomal linkage groups derived from genetic mapping, and
white bars represent sequence scaffolds from the sequence-based assembly.
Positions of microsatellite markers are indicated by lines connecting the linkage
groups to the sequence scaffolds.

region (Yin et al. 2008). This, coupled with strong suppression of
recombination and the mapping of sex determination to this region
(Markussen et al. 2007; Gaudet et al. 2008), has led to the speculation
that this chromosome might be in the early stages of evolving into a sex
chromosome (Yin et al. 2008).

Integration of the physical and genetic maps afforded the
opportunity to examine the ratio of physical to genetic distance in
Populus. The median ratio of physical to genetic distance was 118.5 kb/
centi-Morgan, based on 54 ‘“framework’ SSR markers (mapped with at
least 150 progeny) located on the same sequence scaffold. There is, as
expected, a substantial amount of variation in these estimates (Fig. 2),
reflecting real differences in recombination frequency across the genome,
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Fig. 2 Relationship between genetic distance and physical distance for Populus
sequence scaffolds for Populus framework markers, which were mapped with over
|50 progeny (Yin 2004).

as well as errors in estimation of physical genome size caused by
sequence gaps, imprecision in mapping positions, and actual differences
in genome composition between Nisqually-1 and the clone used in the
mapping pedigree, 93-968 (Yin et al. 2004b).

3 POPUJLAUS GENOME CHARACTERISTICS

3.1 Gene Content

Gene content prediction was carried out using four different approaches,
and the results were merged to provide a consensus list of gene models.
The four main gene-calling algorithms were ab initio FgenesH,
homology-based FgenesH (which uses EST evidence) (Solovyev et al.
2006), Genewise, GrailExp6, and EuGene (Foissac et al. 2008), all of
which were trained with a set of over 4,664 full-length cDNA sequences
(Ralph et al. 2008). These gene predictions were carried out by three
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independent groups (JGI, ORNL, and the University of Ghent), and then
merged by the JGI to produce consensus predictions. Most gene
prediction programs provide markedly different results, and each has its
own strengths and weaknesses, with major tradeoffs between specificity
and sensitivity, depending on the weight given to different evidence
sources (ESTs, full-length cDNAs, alignments to other genomes) in the
training and analysis phases (Foissac et al. 2008). As expected, the gene
finding algorithms produced quite different results for Populus as well
(Fig. 3), and it was challenging to identify the best model at each locus,
and derive a consensus set of predicted genes that are likely to be true,
protein coding genes. The initial consensus set of contained 58,036
putative genes, only 25% of which were predicted by two or more
algorithms. This set was quickly discovered to contain many
pseudogenes and transposable elements, and was gradually reduced to
the publicly-released set of 45,555. However, this set still contains
approximately 370 genes with strong hits to known transposable

Fig. 3 Number of genes predicted by each set of gene prediction programs, as well
as the consensus set of gene models released by the genome consortium in 2004.
‘Homology support’ indicates the number of gene models with significant BLASTN
(E <le'?) alignments versus know proteins in the NCBI nonredundant database, and
‘EST Support’ is the number of gene models with significant BLASTN alignments to
one of the ~250,000 Populus ESTs that were available at the time of prediction.




The Populus Genome Initiative ‘257

elements. Furthermore, it appears that many bona fide genes from the
initial set are not included in the final set of released genes. BLASTP
searches revealed that 4,520 of these excluded genes have significant hits
to plant proteins in the NCBI non-redundant database. Furthermore,
3,675 of these excluded genes showed some evidence of expression in
whole-genome microarray experiments using diverse Populus tissues
(Brunner et al. in prep.). Therefore, the gene content of Populus is still
poorly determined, and efforts to improve the selection and annotation
of gene models are continuing. Nevertheless, it seems clear that the final
number of Populus genes will exceed 40,000, based on expression
evidence and homology to known genes.

3.2 Comparison of Gene Content with
Arabidopsis and Grape

In one sense, the gene content of Populus is surprisingly similar to that
of Arabidopsis, despite the considerable phylogenetic distance between
these taxa and their obviously contrasting biological characteristics.
Populus is a member of the Eurosid I subclass, while Arabidopsis is in the
Eurosid II subclass. Furthermore, Arabidopsis is a diminutive herbaceous
annual with perfect flowers and largely selfing mating system (see also
Chapter 6 of this volume), while Populus trichocarpa is the tallest
perennial angiosperm in the northern hemisphere, with a dioecious,
completely outcrossing breeding system (DeBell 1990). Nevertheless,
72% of the Populus genes had significant BLASTP hits to at least one
Arabidopsis gene, with an average expectation score of 7.3 x 10" and an
average of 59% (+/-1.6%) amino acid identity over their aligned iengths.
The comparison looks even more favorable in the opposite direction,
with 87.4% of Arabidopsis genes showing significant hits to Populus
proteins, with an average amino acid identity of 61% (+/-1.6%) over
their aligned length, with 17% of gene models having 80% or greater
amino acid identity (Fig. 4). The discrepancy in the reciprocal
comparisons probably reflects a higher frequency of incorrectly
annotated pseudogenes in Populus, since the Arabidopsis annotation has
received substantially more attention and resources than the Populus
annotation (Swarbreck et al. 2008).

The complete genome of the wine grape (Vitis vinifera) was also
recently published (Jaillon et al. 2007b), and this genome makes for some
interesting comparisons with Populus. First, one might expect more
similarity in coding sequences because grape is also a perennial woody
plant. However, the phylogenetic position of grape relative to the rosids
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Fig. 4 Comparison of Populus predicted proteins to those in the Arabidopsis and
grape genomes. Comparison only includes genes with significant BLASTP alignments
(E score <le-10). The % identity is the weighted average of all High Scoring Pairs
from the BLASTP alignments. The Arabidopsis comparison is based on 26,994
significant alignments out of 30,900 proteins compared (87.4%), while the grape
comparison is based on 46,288 significant alignments out of 55,990 proteins
compared (82.7%).

has been the subject of some controversy, and recent analyses seem to
place the order Vitales as a sister group to the Rosids (Jansen et al. 2006).
Therefore, based on phylogeny one might expect grape proteins to be
more divergent from Populus than Arabidopsis proteins. Surprisingly, the
percentage of proteins showing significant hits to Populus proteins was
somewhat higher in grape (84.9% of 30,442 proteins) compared to
Arabidopsis, using the criteria described above. Furthermore, the amino
acid identity was 65.1% (+/-1.49%), with 26.5% of models showing 80%
or greater amino acid identity to Populus genes (Fig. 4). Therefore, grape
genes have substantially higher identity to Populus genes than to
Arabidopsis genes, despite the fact that Arabidopsis is closer evolutionarily
(Velasco et al. 2007). This is probably due to the higher rate of evolution
in Arabidopsis and other herbaceous annuals, which have many more
generations per time interval than long-lived woody perennials like
Populus and grape (Tuskan et al. 2006; Semon and Wolfe 2007).

The relative abundance of genes in functional categories provides a
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more sensitive and informative measure than gross gene content
differences between genomes. The Gene Ontology classification system
provides a convenient means of doing this (Harris et al. 2006). Because
GO classifications have not yet been performed for Populus, we assigned
provisional GO classifications using Arabidopsis best hits, utilizing the
simpler GO-Slim terms. There were significant differences between
Populus and Arabidopsis for almost all GO-Slim categories, but only five
categories were different between Populus and grape (Fig. 5).
Interestingly, the classes that showed significant differences between
grape and Populus were transcription factor activity and kinase activity,
which were over-represented in Populus, and ‘response to stress” and
‘cell wall’, which were over-represented in grape. Both of these latter
classes were in turn strongly over-represented in Populus compared to
Arabidopsis, so perhaps both of these classes are related to the woody,
perennial habit. However, in the case of the cell wall class, a large
portion of those over-represented in grape are related to flavonoid and
polyphenol production, which is one of the aspects of grape chemistry
that makes this species so desirable for wine production (Jaillon et al.
2007a; Velasco et al. 2007).

3.3 Genome Structure

Assembly of the genome and corresponding gene content to linkage
groups made it possible to investigate the gross structure of the genome
at a chromosomal scale. This revealed the striking existence of two
whole genome duplication events. This was accomplished by making
pairwise comparisons among all Populus genes using double-affine
Smith-Waterman alignments. This revealed the presence of large
syntenic blocks of genes on different linkage groups that had
approximately concordant genetic distances (Fig. 6). Blocks of these
syntenic genes were defined based on the existence of two or more genes
aligning on different chromosomes, with fewer than 10 intervening,
nonaligning genes. The genetic distance between these aligning genes
was calculated based on the number of transversion substitutions at
four-fold degenerate nucleotide sites (4DTV), which is a conservative
estimate of genetic divergence that should be less susceptible to multiple
substitutions than more commonly-occurring synonymous substitutions
(Comeron 1995). Comparison of the size of the syntenic blocks versus
the mean 4DTV value for those blocks revealed two clear groups of
blocks that were of approximately uniform age (Fig. 6). The group of
larger blocks centered at 4DTV = 0.068 represents the most recent whole
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Fig. 6 Comparison of genes with significant alignments between two linkage groups,
chromosome X (left) and Chromosome VIII (right). Genes are represented by black
lines connecting the heavy lines representing the chromosomes. Position on the
linkage group is given in megabases to the side of each group. Genetic distances
between genes in these large syntenic blocks are highly concordant, indicating that
these syntenic chromosome blocks originated from whole genome duplication
events.

genome duplication in Populus, while the group of smaller blocks at
4DTV = 0.31 represents a more ancient duplication event (Sterck et al.
2005). Dating of these events is difficult, because the Populus genome is
evolving considerably slower than genomes that have previously been
used to calibrate the angiosperm molecular clock. Using the molecular
clock as calibrated by fossil records for the Brassicaceae, for example, the
most recent duplication dates to 8 million years ago (Sterck et al. 2005).
However, the Populus genus has been in existence for at least 50 million
years (Eckenwalder 1996), and the genome duplication is shared by
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many species in the genus (Sterck et al. 2005), so the Populus genome is
clearly evolving at a much slower rate than herbaceous angiosperms,
which is to be expected based on generation time (Bell et al. 2005).

The Arabidopsis genome also shows evidence of at least two whole-
genome duplication events (Blanc et al. 2003; see also Chapter 6 of this
volume), but following these events the genome has become
substantially rearranged, making it difficult to reconstruct the older
events (Blanc et al. 2003). A similar rearrangement has occurred in
Populus, but much less severe (see figure in Tuskan et al. 2006). Extensive
rearrangements following genome doubling is a common component of
the diploidization process (Adams and Wendel 2005; Semon and Wolfe
2007). The structural complexity of these two genomes, coupled with the
high rates of gene evolution in Arabidopsis, make it particularly difficult
to establish orthology and determine whether the ancient duplication
event in Populus is shared with Arabidopsis. The timing of the event is
similar to the timing of the split of the Arabidopsis and Populus lineages,
as determined by pairwise comparisons of genetic distances between
Populus duplicated genes, Arabidopsis duplicated genes, and between
putative Arabidopsis and Populus orthologs. Given the close timing of
these events, it is tempting to speculate that the genome duplication was
a primary driver of the diversification of the rosids (Lynch and Conery
2003).

In contrast to Populus and Arabidopsis, the grape genome has been
comparatively quiescent, with minimal rearrangements, and equivocal
evidence of a single whole-genome duplication that could be shared
with Populus and Arabidopsis (Jaillon et al. 2007b; Velasco et al. 2007).
This structural simplicity has allowed reconstruction of the truly ancient
whole genome duplication event that is shared by all angiosperms. It
appears that this event resulted in hexaploidy in the ancient angiosperm
progenitor, as suggested by the presence of three syntenic blocks in rice,
Populus, and Arabidopsis for every one block in grape (Jaillon et al.
2007a). However, evidence for this event is still weak, because the
genetic distance is too great to allow relative dating with nucleotide
substitution rates, and it is possible to confound two different
duplication events that occurred at very different times, followed by
massive rearrangement and gene loss. This same analysis (Jaillon et al.
2007a) suggested that only one duplication event had occurred in the
Populus genome, despite the existence of virtually unequivocal evidence
for two events when relative levels of divergence are taken into account
(Fig. 7). Part of the problem is the confusion about the proper
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relationship of grape to the Rosids. If grape is taken as on outgroup, then
a clear model that incorporates both Populus duplications can be
accommodated (Velasco et al. 2007). However, if grape is assumed to be
closer to Populus than Arabidopsis, as sequence similarity suggests, then
grape would have to share the duplication event that occurred near the
time of the split with Populus. However, this event was not detected in
grape or Populus, based on an analysis using reciprocal BLASTP hits,
without regard to degree of divergence of putative orthologs (Jaillon et
al. 2007b). Fortunately, many more plant genomes are currently in
sequencing pipelines, so the duplication history of the angiosperms will
soon become much clearer.

4 IMPLICATIONS AND APPLICATIONS OF THE
GENOME SEQUENCE

The genome sequence was truly a watershed event for the tree genetics
community, and the impacts have reverberated throughout forest science
and even into other parts of plant science. The genome sequence has
provided a nearly complete catalog of all genes and regulatory elements
in this model tree, thus opening up a whole realm of research that was
not possible before the sequencing project. One index of the impact of
the sequence is the number of citations of journal articles related to
Populus has more than doubled since 2004, the year that the sequence
was first publicly released, and the number of Populus publications has
nearly doubled since 2000. The main article describing the genome
sequence (Tuskan et al. 2006) has been cited over 250 times since it was
published in September, 2006.

The genome sequence has already had extensive applications in
applied science. For example, Populus is currently the focus of three
major bioenergy projects, two in the US and one in Canada, with a total
committed funding of more than $20 million over the next few years.
One of these projects, the DOE Bioenergy Science Center headed by Oak
Ridge National Lab, is resequencing 18 Populus genotypes using next-
generation sequencing technology. The project will characterize single
nucleotide polymorphisms (SNPs) across the genome for the purpose of
genetic association studies to identify genes underlying cell wall
biosynthesis, with the ultimate goal of reducing the recalcitrance of
lignocellulosic feedstocks to cellulose extraction (Rubin 2008). The
project will then use Illumina Bead Arrays to assay 20,000 SNPs for over
1,000 trees collected across the range of Populus trichocarpa. These trees
will be established in three different common gardens encompassing
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most of the range of the species (California, Oregon, and British
Columbia), and phenotyping will be performed for a large number of
traits. This project, and others like it, will therefore propel Populus from
the realm of comparative genomics, and almost complete reliance on
gene homology to herbaceous models for functional annotation, to direct
functional characterization of a large fraction of the genes in the genome.
Populus will thus be solidly established as a premier model organism for
functional genomics.

The impact in areas outside of genomics has been equally profound.
The fields of community genetics and ecological genomics are
flourishing, with Populus as one of the primary model organisms, driven
by the availability of the genome sequence and the central importance
of Populus in many ecosystems (Whitham et al. 2006, 2008). Multiple
large-scale ecological genomics studies have been funded in Populus
since the publication of the genome sequence, including an NSF-FIBR
project (Whitham et al.), two Plant Genome Research Program projects
(Buerkle et al. and Olson et al.), and several large projects in Europe
(Taylor et al.; Lexer et al.). The genome sequence is allowing exploration
of diverse questions, such as exploration of the genetic architecture of
species barriers, based on patterns of introgression across hybrid zones
(Lexer et al. 2007), or the genetic basis of sexual selection (Yin et al.
2008). Furthermore, additional species associated with Populus have also
been sequenced (Martin et al. 2004, 2008), and many more are in
progress. We are truly on the threshold of a brave new era in which
genome sequencing of entire communities will become entirely
plausible, potentially allowing elucidation of fundamental truths about
the mechanisms of the assemblage and persistence of ecological
communities (Whitham et al. 2008). This is likely to fundamentally
change the way we approach ecological and evolutionary research.
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