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Abstract The genetic information in the genome of Eucalyptus camaldulensis was investigated by sequencing the
genome and the cDNA using a combination of the conventional Sanger method and next-generation sequencing methods,
followed by intensive bioinformatics analyses. The total length of the non-redundant genomic sequences thus obtained was
654,922,307 bp consisting of 81,246 scaffolds and 121,194 singlets. These sequences accounted for approximately 92% of
the gene-containing regions with an average G+C content of 33.6%. A total of 77,121 complete and partial structures of
protein-encoding genes have been deduced. Comparison of the genes mapped on the KEGG pathways or located in the
KOG classification with those in other plant species revealed the characteristics of the £. camaldulensis genome, and it was
found that 23 pathways contained enzymes present only in the E. camaldulensis genome. Polymorphism analysis using
microsatellite markers developed from the genomic sequence data obtained was performed with six Eucalyptus species
collected from various parts of the world to estimate their genetic diversity, and the usefulness of these markers was
demonstrated. The genomic sequence and accompanying information presented here are expected to serve as valuable
resources for the acceleration of fundamental and applied research with Fucalyptus, especially in the fields of paper
production and industrial materials. Further information on the genomic and cDNA sequences and microsatellite markers is
available at http://www.kazusa.or.jp/eucaly/.
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Eucalyptus (Myrtaceae) is a large genus that includes
about 700 species of hardwood trees and shrubs.
Eucalyptus species are widely distributed in the

developing more stress-tolerant tree species. The
development of Eucalyptus biotechnology is thus
necessary for breeding stress-tolerant trees suitable for

temperate zone in the southern hemisphere, and are
used as material for pulp and paper production around
the world (Turnbull and Pryor 1984). The paper
manufacturing industry has particularly high demand for
Eucalyptus wood, because the trees have superior growth
properties and pulp quality. There are two major aims for
the development of Eucalyptus biotechnology. The first
aim is to secure land areas for FEucalyptus tree
plantations. It has become more and more difficult
recently to secure areas for tree plantations for the
paper pulp industry, since crops for food and bio-fuel
production compete with trees for land. One possible
way to sidestep these competing demands is to expand
tree plantations into dry, saline and acidic areas by

marginal lands.

The second aim is to improve the paper quality. Paper
quality is greatly affected by the fiber properties of wood,
such as fiber length, cell wall thickness, and cellulose
and lignin content (Higgins 1984). However, little is
known about the genes that affect these fiber properties.
Thus, Eucalyptus biotechnology based on tree genomics
is necessary for elucidating the genes that control the
fiber properties.

In 2005, with the release of the whole genome
sequence of Populus (Tuskan et al. 2006), forest tree
biotechnology has entered a “post-genomic” research
phase. Two Eucalyptus whole-genome sequencing
projects have been launched: the present study, which
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began in 2004, and another by the DOE Joint Genome
Institute (JGI), USA, which began in 2007. Additionally,
there are a large number of Eucalyptus ESTs in private
or semi-private databases, though these EST data are not
always open to the public domain. For example,
Arborgen Inc. (USA, http://www.arborgen.com/) has
218,000 ESTs (23,000 contigs) from E. grandis and
other species, the ForEST consortium (Eucalyptus
genome sequencing project consortium) supported by
FAPESP (Fundagdo de Amparo a Pesquisa do Estado
de Sao Paulo, Brazil, http://www.fapesp.br/) has 123,000
ESTs from E. grandis (Bocca et al. 2005), and the
Genolyptus consortium (Brazil, http://www.ieugc.up.ac.
za/newsgenolyptus-25may2006.htm) has 120,000 ESTs
from E. grandis, E. globulus and other species.

ESTs and genome sequencing data could be combined
to produce contigs (unigenes or tentative consensus
sequences) that would be useful for microarray design,
for annotation of the genome, and for the development of
molecular markers (possibly by using single nucleotide
polymorphism (SNP) chips) to be used to anchor the
genome sequence to a high-density genetic linkage map
of the FEucalyptus genome (Grattapaglia et al. 2011).
These data from different Eucalyptus species also could
aid in the discovery of polymorphisms (e.g. simple
sequence repeats (SSRs) which are highly informative as
markers in mapping projects).

Among the FEucalyptus species, E. camaldulensis,
known as river red gum, is naturally distributed in most
of the Australian mainland, and is planted in many
tropical and subtropical countries (Butcher et al. 2002).
Because of its diploid nature (2n=22) and feasibility of
Agrobacterium-medicated genetic transformation
(Mullins et al. 1997), E. camaldulensis is suitable for
molecular genetic analysis and application of genetic
engineering. To quickly survey the genetic information
carried by this plant and to accelerate the process of
molecular breeding, we analyzed the structure of the
whole genome of E. camaldulensis. For genome
sequencing, we adopted a combination of shotgun
sequencing by the conventional Sanger method and the
next-generation sequencing method, which was followed
by intensive bioinformatics analyses. In addition,
microsatellite markers were developed using the
sequence information, and polymorphism among six
Eucalyptus species was examined. The information on
the E. camaldulensis genome generated in this study will
enhance both fundamental and applied research on
Eucalyptus and related plants.

Materials and methods

Plant materials
Eucalyptus camaldulensis, E. dunnii, E. globules, E. grandis,
E. nitens and E. urophylla were grown in an experimental field

at the Forestry Research Institute (Oji Paper Co. Ltd.). A clone
of E. camaldulensis, named CPT1, was used as a material for
EST collection and genome sequencing in this study.

EST collection

The cDNA libraries were constructed from xylem tissues of
three-year-old stems, leaves and roots of ‘CPT1’. Total RNA
was extracted from 5g of each tissue using a Plant RNA
Isolation Reagent (Invitrogen, USA) following the supplier’s
protocol. Purification of polyadenylated RNA and conversion
to cDNA was performed as described previously (Azamizu et
al. 1999). Synthesis and cloning of cDNA were performed with
a SMART™ cDNA Library Construction Kit (Clonetech,
USA). Synthesized cDNA fragments were cloned into Sfil-
digested arms of a ATriplEx2 vector (Clonetech) and
introduced into an Escherichia coli BM258 strain (Clonetech)
according to the supplier’s protocol. For generation of ESTs,
plasmid DNAs were prepared from the colonies and sequenced
using the BigDye Terminator cycle sequencing ready reaction
kit (Applied Biosystems, USA). The reaction mixtures were
run on an automated DNA sequencer ABI PRISM 3730
(Applied Biosystems), and the collected data were processed as
described below.

In addition, ESTs were also collected from the seedling
plants grown from cutting propagation of ‘CPT1’. The total
RNA was extracted from young leaves, cane tops of shoots and
roots as described above with slight modification. Five cDNA
libraries, ELS from shoots without dark treatment, EDS from
shoots with dark treatment for 26 h, EDL from leaves with dark
treatment for 26 h, EHR from roots and ENM from a mixture
of shoots, leaves and roots, were constructed from their
polyadenylated RNA purified using the PolyATtract mRNA
Isolation System (Promega). Conversion to ¢cDNA and size-
selection of cDNA were performed as previously described
(Asamizu et al. 1999). The cDNA fragments were cloned
into EcoRl-Xhol sites of pBluescript II SK-plasmid vectors
(Agilent Technologies, USA) and transformed into E. coli
ElectroTen-Blue cells (Agilent Technologies). Each average
insert size in ELS, EDS, EDL and EHR was approximately
4 kb, and both ends of the inserts were sequenced. The ENM
library was subjected to normalization as described (Asamizu
et al. 1999), of which the average insert size was approximately
2kb, and both ends of the inserts were sequenced. The
sequencing was performed as described in the section “Shotgun
sequencing of the genome”.

Construction of BAC libraries and BAC
sequencing

BAC genomic libraries were constructed using the genomic
DNA of E. camaldulensis partially digested with HindIll and
Copy Control pCCIBAC as a cloning vector. The average
insert size of these libraries was 86.5kb. A total of 57,600
clones, which covers the haploid genome 7.7 times in total,
were constructed and arrayed in 384-well microtiter plates (150
total).

To analyze end sequences, BAC DNAs were amplified using
a TempliPhi large construction kit (GE Healthcare, UK), and
the end sequences were analyzed according to the Sanger
method using a cycle sequencing kit (Big Dye-terminator kit,
Applied Biosystems, USA) with DNA sequencer type 3730xl1
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(Applied Biosystems). The sequencing process yielded 98,006
reads that were quality checked with PHRED (Ewing et al.
1998, Ewing and Green 1998), allowing the identification and
removal of low-quality sequences.

High-quality BAC sequences were determined according to
the shotgun strategy using the Sanger sequencing protocol with
five times redundancy, as described previously (Sato et al.
2008).

Shotgun sequencing of the genome

For sequencing by the Sanger method, shotgun libraries with
average insert sizes of 2.5 kb were generated using pUC118 as
a cloning vector, and these were used to transform E. coli
ElectroTen-Blue (Agilent Technologies, Santa Clara, CA,
USA). The shotgun clones were propagated in microtiter plates,
and the plasmid DNA was amplified using a TempliPhi kit (GE
Healthcare). Sequencing was performed using a cycle
sequencing kit (Big Dye-terminator Cycle Sequencing kit,
Applied Biosystems) with DNA sequencer type 3730xl
(Applied Biosystems) or DeNOVA-5000HT (Shimadzu Co.,
Japan) according to the protocols recommended by the
manufacturers.

In parallel, a shotgun library with an average insert size of
2.5kb was constructed from a pooled DNA sample isolated
from 26,715 selected BAC clones (Selected BAC Mixture:
SBM) in which neither end sequence showed homology with
any of the highly repetitive sequences of the E. camaldulensis
genome identified as contigs by the assembly of 0.5 million
WGS reads. Template preparation and sequencing of this
shotgun library, designated as a BAC mixture shotgun library,
were carried out using the same strategy as described above. A
total of 1,341,303 reads and 2,893,145 reads were accumulated
from the WGS library and BAC mixture shotgun library,
respectively.

454 paired-end sequence

For paired-end sequencing on the 454/Roche GS-FLX
sequencer, two distinct shotgun libraries, namely 3-kb and 8-kb
paired-end libraries, were constructed. Amplification and
sequencing of these libraries were performed using GS FLX
Titanium Sequencing Kits and 454 Genome Sequencer FLX
Instruments following the manufacturer’s protocols (Roche
Applied Science, Mannheim, Germany). In total, 805.7 Mb of
sequence data was generated from 1.91 million 3-kb paired-end
reads and 0.56 million 8-kb paired-end reads.

Assembly of sequence data
EST sequences from the libraries of leaves, roots, stems and
shoots were collected. Sequencing chromatograms were
evaluated with PHRED and vector-derived sequences were
trimmed with CROSS_MATCH (Ewing and Green 1998). The
EST reads were quality-trimmed by the PHRED quality score
at a position where five ambiguous bases (PHRED score under
16) were found within 15 contiguous bases. Reads comprising
=100 contiguous bp of satisfactory quality were submitted to
the DDBJ/EMBL/GenBank databases. Assembly was
performed using MIRA 3.2.1 program (Chevreux et al. 2004)
with the EST mode.

Reconstruction of the genome sequence of E. camaldulensis
CPT1 was performed by assembly of sequence data generated
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by different types of DNA sequencers. The sequence data
collected by the Sanger protocol using a 3730xl capillary
sequencer with low quality and including the genome sequence
of E. coli K12 MG1655 (GenBank: U00096) were excluded.
The remaining sequences were subjected to the masking
of cloning vectors (UniVec: http://www.ncbi.nlm.nih.gov/
VecScreen/UniVec.html) and trimming of the masked and low-
quality bases (QV<15) by CROSS_MATCH and TRIM2
programs (Huang et al. 2006). These Sanger sequences and the
pyrosequences with paired-end (3kb and 8kb) were directly
assembled using the Celera assembler 6.1 program (generally
called CABOG) (Koren et al. 2010). Scaffolds
constructed by adding N characters between the contigs by the
WGS6.1 program. Scaffolds and singlets generated by the
assembly were subjected to similarity searches against the
bacterial genome sequences and non-redundant amino acid
sequences (nr) published in the NCBI database, and the
chloroplast of E. grandis (GenBank: NC_014570) and the
mitochondria of Arabidopsis thaliana (GenBank: NC_001284)
using BLASTN or BLASTX programs (Altschul et al. 1997).
Matching sequences were then removed. Finally, sequences that
were 499 bp and shorter were removed. The resulting scaffolds
and singlets were designated as follows. The scaffolds were
prefixed with ‘EcC’ followed by a seven-digit number, and the
singlets were prefixed with ‘EcS’ followed by a seven-digit
number.

were

Repetitive sequence analyses

Repetitive elements in the E. camaldulensis genome were
identified by comparing all of the contig units using BLASTN
and processing the outputs using the RECON program (Bao
and Eddy 2002). A total of 99 consensus sequences of
repetitive elements that appeared at least 20 times were
identified. The consensus sequences of these elements were
subjected to a similarity search against known repeat elements
in the RepBase (http://www.girinst.org/). For the consensus
sequences with features of class I or class II transposable
elements (TE), full-length candidate sequences were identified
by comparing the 10kb upstream and downstream of the
corresponding genomic regions to find long terminal repeats
or terminal inverted repeats. For unclassified consensus
sequences, the longest representative sequences were selected
by comparing the corresponding genome sequences using the
CLUSTALW (Thompson et al. 1994) multiple alignment
program. Full-length elements of TE and representative
sequences of unclassified repeats were collected into a repeat
sequence library and used as references for RepeatMasker
(http://www.repeatmasker.org) analysis to delineate the
occurrence of these elements in the E. camaldulensis genome
sequences.

Simple sequence repeats (SSRs) 15 nucleotides or longer in
length, which contained all possible combinations of di-
nucleotide (NN), tri-nucleotide (NNN) and tetra-nucleotide
(NNNN) repeats, were identified from the E. camaldulensis
genome sequences and the unigene set of EST sequences using
the MISA program (Thiel et al. 2003).

Gene assignment
Gene prediction and modeling were performed by automatic
gene assignment programs that employ ab initio gene finding
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and similarity searches. For ab initio gene finding, predictions
of protein-coding regions were carried out using
GENEMARK.HMM (Lukashin and Borodovsky 1998) and
GENESCAN (Burge and Karlin 1997) programs with the
matrix trained by an A. thaliana gene set, and predictions of
exon—intron structure were performed using NETGENE2
(Hebsgaard et al. 1996) and SPLICEPREDICTOR (Brendel
and Kleffe 1998) programs. Similarity searches for the
potential protein-coding regions and for all contigs were
performed respectively against the Uniref database
(http://www. ebi.ac.uk/uniref/y by BLASTX or BLASTP
programs with a cut-off E-value =le-10. The exon—intron
structure of the potential protein-coding regions and the contigs
homologous to the Uniref database were predicted using the
NAP program (Huang and Zhang 1996). Suitable exon—intron
structures were determined by considering all the information
above. The predicted gene structures were further confirmed by
comparison to the cDNA sequences analyzed in this study. The
protein-coding genes assigned in this manner were denoted by
IDs with the contig names followed by sequential numbers
from one end to another. They were classified into four
categories based on sequence similarity to registered genes:
genes with complete structure (intrinsic genes), pseudogenes,
genes with partial structure (partial genes), and transposons/
retrotranspons  (TE). In addition, gene prediction was
performed using the AUGUSTUS program (Stanke et al. 2006)
with the A. thaliana training set. The genes which were not
homologous to those predicted by GENEMARK.HMM and
GENESCAN were then included. The amino acid sequences
with lengths >50 amino acid residues were used for further
analyses.

Functional assignment and classification of
potential protein-coding genes

To assign gene families, functional domains, GO terms, and
GO accession numbers (Ashburner et al. 2000), the predicted
genes were searched against InterPro using InterProScan
(Hunter et al. 2009) software. Genes with E-values =1.0 were
selected. GO terms were grouped into plant GO slim categories
using the map2slim program (http://www.geneontology.org/
GO:.slims.shtml).

The predicted protein-encoding genes were mapped onto
KEGG metabolic pathways (Ogata et al. 1999) using the
BLASTP program against the GENES database (Ogata et al.
1999). Thresholds of amino acid sequence identity =25% and
of length coverage of the query sequence =50% with a cut-off
E-value =1e-10 were applied.

The predicted genes were classified into eukaryotic clusters
of orthologous groups (KOG) categories according to the
results of BLASTX searches against amino acid sequences in
the KOG database (Tatusov et al. 2003). These sequence
similarities were considered to be significant when the E-value
was less than le-10.

Phylogenetic analysis

The genes with two domains related to terpene synthase,
namely IPR001906 (terpene synthase-like) and IPR005630
(terpene synthase, metal-binding domain) were identified
using InterProScan from the total genes of E. camaldulensis
and A. thaliana (TAIR10 (Garcia-Hernandez et al. 2002)).

Evolutionary relationships of terpene synthase genes were
inferred for their amino acid sequences using the bootstrap
consensus tree in 1,000 replicates resulting from neighbor-
joining analysis by CLUSTALW program (ver. 2.0.12).
Phylogenetic trees were constructed with MEGA 5 software
(Tamura et al. 2007).

Allele frequency of the microsatellite markers of
Eucalyptus germplasms

A total of six Eucalyptus species, E. camaldulensis, E. dunnii,
E. globules, E. grandis, E. nitens and E. urophylla, were used
for polymorphic analysis of genome and EST-derived
microsatellite markers. The numbers of tested genome and
EST-derived microsatellite markers were 512 and 500,
respectively. PCR amplifications (5 ul) were performed on
0.7ng of Eucalyptus genomic DNA in 1XPCR buffer
(BIOLINE, London, UK), 3mM MgCl,, 0.04U BIOTAQ™
DNA Polymerase (BIOLINE, USA), 0.8mM dNTPs, and
0.4 mM of each primer, using the modified ‘Touchdown PCR’
protocol described by Sato et al. (2008). PCR products were
separated by 10% polyacrylamide gel electrophoresis using
TBE buffer, and data were collected as described previously
(Sato et al. 2008). Allele detection and genotype code typing
performed using the Polyans program (ver.l.1;
http://www.kazusa.or.jp/polyans/). The presence or absence of
amplification and the number of different-sized fragments,
which was regarded as the number of alleles, were recorded
using  Polyans (http://www.kazusa.or.jp/polyans/)
software. Loci where no amplification was observed were
regarded as null alleles. Single bands were regarded as
homozygous loci. In the presence of multiple loci, the alleles of
the clearest locus were qualified as the observed data of the
marker. The HZ (heterozygosity) of the markers was estimated
by the following equation:

were

ver.1.1

HZ,=1- ) F}

Jj=1

Here P is the frequency of the jth allele for the ith marker.

Results and discussion

Collection and clustering of ESTs

A total of 70,683 ESTs were collected from several
tissues of E. camaldulensis CPT1 by the Sanger method
as shown in Materials and methods. After trimming of
the vector sequence and the low-quality regions, 58,584
ESTs were selected. These include 11,436 sequences
from leaves, 13,128 from roots, 21,847 from stems,
3,009 from the ELS library, 2,265 from the EDS library,
2,844 from the EDL library, 1,182 from the EHR library,
and 2,873 from the ENM library.

The ESTs were subjected to assembly using the MIRA
ver. 3.2.1 (Chevreux et al. 2004) program, and 20,020
non-redundant sequences (unigenes) consisting of 9,022
contigs and 10,998 singlets were generated. The total
length of the contigs and singlets was 12,792,464 bp. The
average contig length was 781 bp, with the longest being
3,366 bp.
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Genome sequencing

Details of the sequencing of the genome of F.
camaldulensis CPT1 are summarized in Supplemental
Figure 1. A total of 4,376,079 sequence reads were
obtained by the conventional Sanger sequencing method.
After removal of reads with low quality and those
derived from the E. coli genome, the remaining
3,676,829 reads, consisting of 2,479,289 SBM
sequences, 122,893 BAC end sequences, and 1,074,647
WGS sequences, were subjected to the trimming of
vector sequences and low-quality bases. These Sanger
sequences were combined with 1,909,515 and 555,045
reads of 3-kb and 8-kb paired-end 454 FLX pyro-
sequencing, and were assembled using the CABOG
(Celera assembler 6.1) program (Koren et al. 2010) as

H. Hirakawa et al.

described above. Among 20,020 non-redundant
sequences, 18,336 matched the EUC_rl.0 sequences,
suggesting that 91.6% of the gene space in the E.
camaldulensis genome was covered by EUC_rl.0
sequences.

To investigate the structural features of the E.
camaldulensis genome, high-quality sequences of 64
BAC clones were obtained by manual finishing. The total
length of the sequences of the BAC clones was
4,641,094bp, of which 4,040,869bp (87.1%) was
covered by EUC_rl.0 sequences. For the 723,718 bp
(15.6%) regions covered by the BAC sequences, two
corresponding but different EUC_r1.0 sequences were

Table 1. Statistics of the assembly of EUC_r1.0
described in Materials and methods. As a result, 81,246 Scaffolds
scaffolds and 121,194 singlets were obtained. This
Total length (bp) 624,468,648
dataset' was denoted as EUCTrl.O. The total length of the (Total Tength excluding scaffold gaps (bp)) (535.166.177)
genomic sequences excluding the scaffold gaps was Total number 1246
654,922,307bp. The average genome size of the Average length (bp) 7,686
subgenus Symphyomyrtus, which includes the majority Maximum length (bp) 708,721
of the most widely planted and bred species of N30 18,024
. . G+C content (%) 33.6
Eucalyptus (e.g. E. camaldulensis and E. grandis), has
been estimated to be 650 Mb (Grattapaglia and Bradshaw Singlets
1994); thus, the genome sequences obtalned. in this s.tu.dy Total length (bp) 119.756.130
represent 96% of the presumptive genome size. Statistics Total number 121,194
of the assembly of EUC_r1.0 are summarized in Table 1. Average length (bp) 988
The coverage of gene space in EUC_rl.0 sequences Maximum length (bp) 34,761
. . R G+C content (%) 39.4
was estimated by matching the EST unigene sequences
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Figure 1. Gene assignment to KOG functional categories.
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identified. These regions could be derived from highly
heterozygous regions, and thus were difficult to assemble
into a single contig in EUC_r1.0.

Repetitive sequences

A total of 91,570 di-, tri-, and tetra-nucleotide simple
sequence repeats (SSRs) equal to or longer than 15 bp
were identified in the E. camaldulensis genomic
sequences (Supplemental Table 1). Provided that the size
of the Eucalyptus genome is 650 Mb (Grattapaglia and
Bradshaw 1994), the frequency of occurrence of the
above SSRs was estimated to be one SSR in every 7.1 kb.
Di-, tri-, and tetra-nucleotide SSRs accounted for 53.4%,
30.3%, and 16.3% of the identified SSRs, respectively.
The SSR patterns that appeared frequently were (AG)n,
(AAG)n, and (AAAT)n, each representing 81.9% of di-,
35.3% of tri-, and 47.3% of tetra-nucleotide repeat units.

In the ¢cDNA fraction, on the other hand, a total of
1,746 SSRs were identified in the unigene sequences
of 12.8 Mb in total. Thus, the average frequency of
occurrence of SSRs is one SSR in every 7.3 kb slightly
higher rate than 1 per entire genome. The frequencies of
trinucleotide SSRs, such as (GGC)n, (GGA)n and so
forth, were high in the cDNA unigene sequences. The
ratio of (AG)n was also high, presumably corresponding
to the UTR regions.

A search using the repeat-sequence-finding program
RECON against the E. camaldulensis genomic
sequences revealed the presence of a variety of repeat
elements including class 1 and class II transposable
element (TE) subfamilies and those that are difficult to
classify into known subfamilies. The composition of
these repeat sequences was analyzed with the
RepeatMasker program (http://repeatmasker.org/); the
results are summarized in Supplemental Table 2. Among
the highly repetitive elements identified by the RECON
program, EcREOQ2, a copia-type retrotransposon, was
found in 3.9% of EUC_r1.0 sequences (data not shown).

A large number of short repetitive sequences including
miniature inverted repeat transposable elements
(MITEs), terminal-repeat retrotransposons in miniature
(TRIM) and short interspersed nuclear elements (SINEs)
were found in the E. camaldulensis genome. Over
40,000 copies of MITEs were identified (Supplemental
Table 2) and classified into 9 types (data not shown). A
substantial portion of these short repetitive sequences

was found in introns and 3’ regions (putative 3" UTRs)
of the predicted genes.

Gene prediction and annotation

The E. camaldulensis genomic sequences were subjected
to the automatic assignment of protein-encoding genes,
and a total of 118,501 genes including 38,227 transposon
related genes, were assigned. Complete structures with
lengths =50 aa were predicted for 77,121 genes, but
only partial structures were predicted for 32,729 genes.
In addition, 2,869 genes and 26,997 genes with complete
and truncated structures, respectively, were likely to be
pseudogenes. It should be noted that the gene number
may be overestimated by multiply counting the genes
separated in multiple contigs and singlets. Of the 77,121
presumptive protein-encoding genes, 22,537 (29.2%)
carried ESTs with a sequence identity of 90% or more
for a stretch of 50 nucleotides.

Structural features of the protein-encoding genes in E.
camaldulensis were investigated in detail for 278 genes
predicted on the 64 BAC clones (4.60 Mb in total) for
which high-quality sequences were obtained by manual
finishing and annotation. As shown in Table 2, the basic
structures of the protein-encoding genes in F.
camaldulensis were similar to those of 4. thaliana except
for the average lengths of genes and introns: 2,863 bp
versus 1,918 bp for genes and 383 bp versus 157 bp for
introns in E. camaldulensis and A. thaliana, respectively.

A similarity search of the translated amino acid
sequences of the 77,121 presumptive protein-encoding
genes was performed using the TrTEMBL database as a
protein sequence library (Bairoch and Apweiler 1996).
The results indicated that 51,642 (67.0%) genes had
significant (E-value =1e-20) sequence similarity to
genes in this database. Of these genes, 33,530 (64.9%)
genes showed sequence similarities to the unigene
constructed in this study with a cutoff E-value =1e-20
using TBLASTN.

The 77,121 presumptive protein-encoding genes
assigned in E. camaldulensis, the 35,386 genes in A.
thaliana released by TAIR10 (Garcia-Hernandez et al.
2002) and the 45,033 genes in populus (Populus
trichocarpa released by Phytozome (http://www.
phytozome.net/)), which is a model for the molecular
biology of a fast-growing tree, were classified into plant
GO slim categories (Carbon et al. 2009). The numbers of

Table 2. Structural features of the genes in E. camaldulensis
E. camaldulensis A. thaliana

Average Min. Max. Average Min. Max.
Length of gene including intron (nt) 2,863 243 22,097 1,918 78 17,203
Length of gene (aa) 436 55 2,351 427 25 4,706
Number of introns per gene 4 0 36 4 0 48
Length of exon (bp) 260 3 4,035 256 2 5,966
Length of intron (bp) 383 25 4,630 157 23 2,989
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genes classified into the various GO slim categories (i.e.,
Biological Process [BP], Cellular Component [CC] and
Molecular Function [MF]) are listed in Supplemental
Table 3.

Of the 77,121 presumptive genes in the E.
camaldulensis genomic sequences, 3,920 genes could be
mapped onto 128 of the 152 metabolic pathways in the
KEGG database (Ogata et al. 1999), whereas the 4,371
and 1,300 genes of A. thaliana and P trichocarpa were
mapped onto 130 and 128 pathways, respectively. The
enzymes mapped by the genes in the E. camaldulensis
genome alone were identified in the twenty-three
pathways including ‘pentose and  glucuronate
interconversion’ and ‘fructose and mannose metabolism’
in carbohydrate metabolism, ‘steroid hormone
biosynthesis’ in lipid metabolism, ‘tyrosine metabolism’
in amino acid metabolism, ‘cyanoamino acid
metabolism’ in metabolism of other amino acids and
‘betalain biosynthesis’ in biosynthesis of other secondary
metabolites (Supplemental Table 4).

Among 77,121 presumptive genes, 64,046 (83.0%)
showed similarity to the amino acid sequences in the
KOG database. With the aim of comparing the features
of the genes in the other organisms, KOG classification
was carried out against the genes of A. thaliana and P
trichocarpa. The distribution of the genes assigned to
various KOG functional categories is shown in Figure 1.
Slightly high proportions of presumptive genes were
classified into the metabolism categories of Signal
transduction mechanisms (KOG T), Energy production
and conversion (KOG C), Carbohydrate transport and
metabolism (KOG G), Lipid transport and metabolism
(KOG I) and Secondary metabolites biosynthesis,
transport and catabolism (KOG Q).

Gene features in the genome of E. camaldulensis
Genes for cellulose biosynthesis
Eucalyptus  retains major lignocellulosic biomass
generated by the accumulation of their cellulose
microfibers over a long period. These celluloses are
synthesized with the cellulose synthases (CesAs) using
UDP-glucose as a substrate. Genes encoding CesAs form
a common gene family. A total of 10, 18, and 9 genes for
CesA have been identified in the genomes of 4. thaliana,
P trichocarpa, and Oriza sativa. For E. grandis, 6
different cDNAs for CesA have been cloned (Ranik and
Myburg, 2006). Based on the sequence similarity,
orthologous genes of each of these six cDNAs were
identified in the E. camaldulensis genomic sequences.
In addition to these, 5 more candidate genes for
CesA (EcS729250.10, EcC074048.10/EcS733245.10,
EcC001269.10, EcC047978.10, EcC050269.10) were
found, suggesting that the CesA gene family in E.
camaldulensis consists of at least 11 genes.
UDP-glucose, one of the substrates for cellulose

H. Hirakawa et al.

biosynthesis, is produced by the cleavage of sucrose by
sucrose synthase. E. camaldulensis has 27 genes
encoding sucrose synthase, while only 6 genes have been
identified in 4. thaliana. Another pathway for production
of UDP-glucose involves phosphorylation of glucose 1-
phosphate by UDP-glucose pyrophosphorylase. Three
copies of the genes for UDP-glucose pyrophosphorylase,
EcC053822.20, EcC054676.20 and EcC054864.40, were
found in the genome of E. camaldulensis.

Genes for terpenoid synthesis

The genus Eucalyptus is known to produce essential oils,
whose major oil compounds are monoterpenes and
sesquiterpenes (Chen et al. 2004; Kampranis et al. 2007).
It has been reported that immature flowers of E.
camaldulensis mainly contain 1,8-cineol, beta-pinene
and spathulenol (Giamakis et al. 2001). The genes
related to terpenoid biosynthesis tend to be clustered in
the genome of A. thaliana: Tholl et al. (2005) assigned
33 genes to the gene family related to terpenoid
synthases (TPSs); each bore two protein domains,
“Terpene synthase, metal-binding” (IPR005630) and
“Terpene  synthase-like” (IPR001906). The E.
camaldulensis genome contains at least 146 presumptive
genes for the TPSs, which is significantly more than
those in other trees, P trichocarpa (42 genes) and
Vitis vinifera (74 genes). Fifty-seven and 40 of the TPS
genes in E. camaldulensis formed sub-families with 6
monoterpene synthases and 20 sesquiterpene synthases
in A. thaliana, respectively, suggesting that the genes for
oil production in E. camaldulensis are diverse and many
of them are unique to the species (Figure 2).

Genes for P450

The genes for Cyt P450 constitute a relatively large gene
family, which is further classified into sub-families on
the basis of nomenclature files on the Cyt P450
Homepage (http://drnelson.utmem.edu/cytochromeP450.
html). Investigation of the EUC_r1.0 sequences revealed
1,021 putative cytochrome P450 genes, including
partially predicted genes. This gene number is larger
than those previously identified in the plant genomes,
such as A. thaliana (275 genes), P trichocarpa, (566
genes), V. vinifera (553 genes) and Oryza sativa (417
genes). The composition of some of the sub-families of
cytochrome P450 genes in the E. camaldulensis genome
was remarkably different from that of A. thaliana.
Significant amplification of the members was observed
in the sub-families CYP75B, CYP76G, CYPS2C,
CYP704A, CYP716A, and CYP734A, when compared
with cytochrome P450 genes in the 4. thaliana genome
(Supplemental Table 5). While the detailed functions of
these subgroups remain to be analyzed, the CYP75B
subfamily is reportedly involved in the flavonoid
synthesis pathway, while CYP716A and CYP734A are
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Figure 2. Phylogeny of the genes for terpenoid synthases (TPS).

believed to be respectively involved in the monoterpene
biosynthesis pathway and the triterpene, sterol, and
brassinosteroid metabolism pathway, based on the co-
expression analysis (Ehlting et al. 2008).

Genetic diversity

A total of 512 and 500 primer pairs to amplify
microsatellites were designed based on the genomic
sequences and ESTs of E. camaldulensis, respectively,
and PCR amplification was examined for six Eucalyptus
species: E. camaldulensis, E. dunnii, E. globules, E.

grandis, E. nitens and E. urophylla. As a result, 477 and
449 primer pairs from genomic sequences and ESTs,
respectively, successfully amplified polymorphic bands
(Supplemental Table 6). Of these, null alleles were
detected for 46—68 of genome-derived and 44-53 of
EST-derived microsatellite markers for each of the six
Eucalyptus species (Supplemental Table 7). The number
of genome- and EST-derived microsatellite markers for
which multiple loci were detected multiple loci was 257
(53.5%) and 138 (30.7%), respectively. The number of
alleles per locus ranged from 1 to 9 with a mean value of
4.1 in genome-derived microsatellite markers, while
those of EST-derived markers ranged 1 to 11 with a
mean value of 3.8 (Figure 3). The HZ value ranged from
zero to 0.88 for both genome- and EST-derived markers.
No marker was observed for those with HZ values in the
range 0=HZ=0.1. The mean HZ values of genome- and
EST-derived microsatellite markers were 0.61 and 0.53,
respectively.

Generally, high heterozygosity of DNA markers leads
to high transferability of the marker, because
polymorphism between haplotypes is essential to transfer
the information of the DNA marker. Up to the present,
genome-derived microsatellite markers showing high
heterozygosity and transferability within intraspecies
genomes have been reported in E. leucoxylon (Ottewell
et al. 2005), E. grandis (Kirst et al. 2005), E. sieberi
(Glaubitz et al. 2001) and E. nitens (Byrne et al. 1996).
In this study, we investigated the interspecies
polymorphisms. The mean HZ value of 0.61 and 0.53 for
genome- and EST-derived microsatellite markers,
respectively, suggested a high transferability of the
microsatellite markers found in this study across species.

The diversity of genus Eucalyptus is large, containing
more than 700 species (Brooker 2000). According to
the phylogenetic groups defined by Brooker et al. (200),
the six Eucalyptus species used in this study belong
to subgenus Symphyomyrtus, and further into three
sections, Exseriaria, (E. camaldulensis), Latoangulatae
(E. grandis, E. urophylla) and Maidenarla (E. globules,
E. nitens and E. dunnii). Despite the fact that the
primer pairs for the microsatellite markers were designed
based on the genomic information in E. camaldulensis,
the result obtained in this study indicated the high
conservation of microsatellite regions across the
subgenus Symphyomyrtus.

In Eucalyptus, microsatellite markers have been used
for ecological studies such as the estimation of gene flow
in orchards (Chaix et al. 2003) and effects of native
forest regeneration on genetic diversity (Glaubitz et
al. 2003), as well as breeding studies such as the
identification of QTLs (Thamarus et al. 2004) and
development of a breeding method (Grattapaglia et
al. 2004). To date, more than 300 genome-derived
microsatellite markers have been reported for several
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species of FEucalyptus, including E. grandis and E.
upophylla (Brondani et al. 1998, 2002, 2006), E.
globulus (Steane 2002), E. nitens (Byrne et al. 1996), E.
sieberi (Glaubitz et al. 2001) and E. leucoxyon (Ottwell
et al. 2005). The genome- and EST-derived DNA
markers developed in this study will be a useful resource
to accelerate genetic analyses not only in E.
camaldulensis but in all Symphyomyrtus plants.

Database and accession numbers

A web-based database that provides the nucleotide
sequences and the predicted genes is available at
http://www.kazusa.or.jp/eucaly/.

The ESTs were deposited in the DDBJ/EMBL/
GenBank databases with the accession numbers
FY782538 to FY841121 (58,584 entries). Information
about the genomic sequences (contigs and singlets) and
BAC clone sequences is available through international
databases (DDBJ/Genbank/EMBL) under accession
numbers BADO01000001 to BADO01274001 (27,4001
entries). Paired-end sequences for 3 kb and 8 kb libraries
by the GS FLX sequencer are available through DDBJ
Sequence Read Archive under accession numbers
DRA000466 and DRA000467, respectively.
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