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Abstract Conifers are evolutionarily distant from angio-
sperms, separated by 300 million years of evolution. The
genomes of coniferous species are very large, among the
largest of any nonpolyploid plant species. Their genomes
are characterized by reduced evolutionary rate for coding
genes, accumulation of noncoding DNA, and evolutionarily
distance from angiosperms. I highlight both the advantages
and disadvantages for conifers as model organism for
genomics. With advances of new high-throughput sequenc-
ing technologies, we are at a watershed in conifer genomics.
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Introduction

Conifers are a keystone species in most boreal forest eco-
systems and even in some tropical ecosystems and have an
economic market share in many countries (Neale and
Kremer 2011). While conifers seem rich in species diversity
(witness cedar, pine, spruce, fir, larch, redwood, cypress,
juniper, yew), when compared to flowering plants, the num-
ber of conifer species is low (ca. 65 genera and 600 species
in conifers vs. ca. 450 genera and 300,000 species in angio-
sperms). Conifers are also separated from angiosperms by
over 300 million years of evolution (Bowe et al. 2000).
Conifers also retain many features of primitive land plants
and have extremely large genome sizes. The combination of

large genome size, ecologic importance, and evolutionary
distance makes conifers a unique phylum for studies of
genome evolution.

“Genomics” involves the sum total of accounting for how
all genes contribute to the phenotype and adaptation of an
organism. Before proceeding, I note a new book, “Genetics,
Genomics and Breeding of Conifers,” where there are sev-
eral relevant chapters to conifer genomics. These include the
integration of molecular markers in breeding (Burdon and
Wilcox 2011) transcriptomics (Mackay and Dean 2011),
proteomics and metabolomics (Dauwe et al. 2011), genetic
mapping (Ritland et al. 2011), and prospects for conifer
genome sequencing (Morgante and De Paoli 2011). With
this caveat, I proceed with a narrower objective below.

I review the current status of genome sequencing in
conifers and its immediate application for the development
of genotyping platforms, and the sequence-based studies of
the unique nature of the conifer genome. I will then describe
the current challenges and opportunities to enhance our
understanding of conifer genomics These challenges and
opportunities include (1) the genome size and complexity
of conifers, (2) the rates of evolution and levels of diversity
of conifers, (3) the uniqueness of gene content relative to
angiosperms, and (4) the recent advances of sequencing
technology that will give genome sequences of several large
conifer genomes.

Current genomic resources for conifers

Like most crop and animal species research, from 1980 until
about 2000, research in conifers was directed at identifying
genetic markers, mapping these markers to create genetic
maps, and using this information to identify genes for
genetic transformation. Early investigations into the nature
of conifer genomes focused on their large size putatively
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due to the presence of significant levels of repetitive ele-
ments in the genome Miksche and Hotta (1973). This
ultracentrifugation study and others showed that conifer
genomes are large and likely very repetitive (Kinlaw and
Neale 1997). Other studies utilizing more recent genomic
technologies substantiate the highly repetitive nature of the
conifer genome and are presented below.

EST sequences

Expressed sequence tags (ESTs) are the best resource for
characterizing the gene space of a large genome. While
conifer genomes can be extremely large in size, data from
expressed genes reduce the complexity to a manageable
level. The pioneering research on sequencing mRNAs
(ESTs) in conifers was done by Claire Kinlaw and associates
(Kinlaw et al. 1996). Originally, this work was directed
towards finding gene-based genetic markers for constructing
genetic maps, but as sequencing throughput increased, ran-
dom EST sequencing approaches were used as means to
characterize conifer genome composition. In addition to
providing possible biochemical functions encoded by indi-
vidual random cDNAs, their work allowed identification of
classes of genes actively transcribed in tissues from actively
growing seedlings or developing phloem and cambium and
also provided the first glimpse into the molecular nature of
complex gene families within pine genomes.

The Forest Biotechnology Group at North Carolina State
University extended this work; a first-pass sequence analy-
sis for 1,097 sequences from differentiating xylem of lob-
lolly pine identified 833 unique expressed sequences
(Allona et al. 1998). Since these seminal studies were pub-
lished, a large number of ESTs and unigene sets have been
collected for several important coniferous species. The
numbers of currently available ESTs for conifers and repre-
sentative angiospersms are given in Table 1. Loblolly pine
(Pinus taeda), white spruce (Picea glauca), and Sitka spruce
(Picea sitchensis) dominate the group. P. glauca and P.
sitchensis are at opposite ends of the Picea genus, with
about 4 % EST nucleotide divergence (Ritland, unpublished
data) so that their numbers cannot be combined. Picea abies
(Norway spruce), P. glauca (white spruce), and P. sitchensis
(Sitka spruce) all have large EST collections, and their joint
analysis should reveal lineage-specific insights into conifer
evolution, as the three species are about equally related
(Ritland, unpublished data).

Another sequence resource is full-length cDNAs (FL-
cDNAs), which span the entire length of coding sequences
plus possibly 5′ and 3′ noncoding regions. In terms of
functional characterization and marker development, FL-
cDNAs are best suited for deciphering the conifer genome.
Additionally, “unigene sets” can be identified from collec-
tions of ESTs; these are groups of singleton ESTs and

contigs of ESTs which mutually are inferred to be distinct
genes (ncbi.nlm.nih.gov/unigene). The use of conifer FL-
cDNAs has been instrumental in drawing inferences about
conifer genome evolution as presented in Fig. 2.

Bacterial artificial chromosomes

The size of the conifer genome warrants millions of bacterial
artificial chromosomes (BACs) to cover the genome; in this
light, BACs are only of value for characterization of genome
structure (clustering of genes, nature of repetitive DNA).
Recent achievements in BAC conifer genomics include a
1.8 million clone library that was constructed for loblolly
pine (100-kb average insert size) (Magbanua et al. 2011). In
bald cypress, a 600,000 clone library was constructed (113
average insert size) (Liu et al. 2009). In white spruce, a 1.1
million clone library was constructed (140-kb average insert

Table 1 EST numbers and genome sizes (C value) for conifers and
some angiosperms

No. ESTs C value

Pines

P. taeda 328,662 22.10

P. contorta 40,483 18.90

Pinus banksiana 36,379 17.20

P. pinaster 34,044 24.35

Pinus radiata 34,044 24.35

P. radiata 8,717 22.00

Pinus densiflora 3,316 21.50

Spruce

P. glauca 313,110 20.20

P. sitchensis 186,637 N.A.

Picea engelmannii × P. glauca 28,174 19.45

P. abies 14,345 20.01

Other gymnosperm phyla

C. japonica 56,645 11.05

Ginkgo biloba 21,590 9.95

Gnetum gnemon 10,724 3.87

Welwitschia mirabilis 10,129 7.20

Major angiosperms of interest

Z. mays 2,019,105 2.73

Arabidopsis thaliana 1,529,700 0.16

O. sativa 1,251,304 0.50

T. aestivum 1,071,335 17.33

Brassica napus 643,884 1.15

Vitis vinifera 362,392 0.43

Mimulus guttatus 231,095 0.37

Numbers of EST that were present in GenBank as of February 1, 2011
and were for taxa with more than 1,000 deposited; C-genome sizes are
from Leitch et al. (2001) and from Kew Plant C values database
(data.kew.org/cvalues). C values approximately equal the number of
gigabases (billions of bases) in the genome
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size) (Hamberger et al. 2009). In maritime pine (Pinus
pisaster), an arrayed library of 72,192 clones was achieved
(average insert size of 107 kb). (Bautista et al. 2007).

SNPs from genomic resources in conifers

The first major database for conifer SNPs was that for white
spruce, where an automated in silico approach found 12,264
SNPs from 6,459 EST contigs (Pavy et al. 2006). These and
other SNPs discovered in later studies are currently being
used on an Illumina 13,680 SNP format Illumina chip for
various studies (Bousquet, personal communication). In
“ADEPT2” (dendrome.ucdavis.edu/NealeLab), a unigene
set of roughly 20,500 contigs was identified in loblolly pine,
from which 7,424 amplicons were successfully rese-
quenced. Of those, 6,178 amplicons yielded high-quality
SNP data from which a panel of SNPs for current use are
available and being utilized in the laboratory of D. Neale at
UC Davis. So far, this work represents the first initial
practical genomic-scale application of EST resources.

More interestingly, these primers were tested in five addi-
tional conifer species, as listed in Table 2. As expected, since
the primers were designed from loblolly pine, SNPs were
more easily transferred to more closely related species; 84 %
of the primers were successful in the closely related Pinus
radiatia (a hard pine as is loblolly) but only 30 % for Pinus
lambertiana (a soft pine in the other major section of Pinus).
Both spruce and Douglas fir had about 10 % success. While
this might sound low, this still provides hundreds of SNPs that
have a value for comparing the overall genome structure and
evolution in these related species and for providing cross-
species markers for breeding applications. SNP transfer suc-
cess with more distantly related species such as redwood,
which is not a pine family member, was very low, 0.5 %.

Chloroplast genomes

Chloroplast genomes are relatively conserved among plants
and are small (100–150 kb) with few genes (ca. 140). These
genes are mainly involved with major metabolic activities.

Classically, the chloroplast genome has been used for many
studies of plant systematics. rbcL and matK seem to be the
current focus for “DNA barcoding” (Group et al. 2009). As of
September 2010, complete chloroplast sequences have been
deposited in GenBank for 164 angiosperm and 12 conifer
species (Pinus koraiensis, Pinus krempfii, Pinus gerardiana,
Pinus contorta, Pinus nelsonii, Pinus monophylla, Pinus
longaeva, P. lambertiana, Pinus thunbergii, P. sitchensis,
Keteleeria davidiana, and Cryptomeria japonica).

Seven of the pine and spruce chloroplast genomes were
done in a single study with the Solexa sequencer (Cronn et
al. 2008). This study obtained a mean coverage per genome
of 55× to 186×, with sequence runs made from pools of four
species. With this approach, genomes were not completely
assembled; the number of contigs ranged from 9 to 183, and
assembly strategy relied upon previously sequenced conifer
chloroplast genomes. This study previews what can be done
at the genome level in spruce and pine.

Mitochondrial genomes

Unlike the chloroplast genome, the mitochondrial genome
of plants is highly variable in organization. This genome can
be more than 100 times larger in plants than in animals and
is structurally complex due to frequent recombination
(Knoop et al. 2011). For conifers, a complete genome
sequence exists only for Cycas taitungensis (fern palm)
(Chaw et al. 2008), with a size of 414.9 kbp that is similar
to angiosperm mitochondrial genome sizes but much larger
than those of Charophytes and Bryophytes. Unlike the chlo-
roplast genome of conifers, the conifer mitochondrial
genome is as yet uncharacterized.

Transcriptome and protein profiling

Transcriptome profiling in forest trees, using a variety of
microarray technologies, is a very active area of research. In
conifers, most profiling studies are focused on growth,
wood properties, biotic stress, and abiotic stress. As Pinus
and Picea have the largest EST collections, most published
studies have focused upon resources from these species.
Transcript profiling can be done digitally by comparing
EST abundance among libraries constructed from RNAs
isolated from somatic embryogenic tissues (Cairney et al.
2000), from roots responding to water stress (Lorenz et al.
2006), or with cDNA microarrays constructed from tissues
responding to defoliation by insects (Ralph et al. 2006). EST
and FL-cDNA databases have also been very useful for
large-scale identification of expressed spruce transcripts
(Lippert et al. 2005). Recent and more comprehensive
reviews of the profiling of transcripts, metabolites, and
proteins are given by Dauwe et al. (2011) and Mackay and
Dean (2011).

Table 2 Ability of primers designed in P. taeda to amplify other
conifer species (data of D. Neale and associates)

Species No. of successful
resequenced amplicons

Percent total

P. taeda 7,424 100.0

P. radiata 6,429 84.2

P. lambertiana 2,234 30.1

P. abies 1,024 13.8

P. menziesii 750 10.1

Sequoia sempervirens 40 0.5
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Websites for conifer genomics

Databases are needed to deposit and manage genome
resources. Unlike species such as Arabidopsis with the
established TAIR database (arabidopsis.org), there is no
single comprehensive database for conifers. Currently, the
most complete database for conifers (and tree species) is
Dendrome (dendrome.ucdavis.edu); others include the
Conifer Genomics Network (pinegenome.org) and Conifer-
EST (Liang et al. 2007). The major goal of a current European
Union project (foresttrac.eu) is how to coordinate databases
between Europe and North America.

Obstacles for conifer genomics

The presence of large, repetitive, and often polyploid
genomes in many plant species presents challenges for
genomics and genome sequencing (Paterson 2006). Before
discussing conifers, we must note recent achievements made
in two crop plant species with large genomes: maize and
wheat (Zea and Triticum, respectively, in Table 1). In maize,
a draft genome sequence found nearly 85 % of the genome
to be composed of transposable elements (Schnable et al.
2009). The even larger genome of wheat was recently
examined by sequencing different regions of its largest
chromosome; gene distribution was not random, with
75 % of them clustered into small islands containing three
genes on average (Choulet et al. 2010). But concomitant
with the writing of this review, the introduction of next-
generation sequencing technologies is changing the whole-
genome sequencing landscape for many complex genomes,
and thus, many of the previous obstacles in obtaining
whole-genome sequences in conifers may no longer exist.

Genome size and traditional hierarchal sequencing
approaches

Conifers are famous for their large genome size. Genome
size can be roughly gauged by C values, as measured by
flow cytometry. Table 1 gives C values for conifers derived
in major gymnosperm EST sequencing projects and those of
some representative angiosperms.

As evident in Table 1, the genomes of spruce and pine
have sizes of 19–24 billions of bases (gigabases or gb). This
is over six times the size of the human genome but at least
comparable to the genomes of some angiosperms such as
Zea mays and Triticum aestivum. With a conifer genome
size of 20 gb, with a BAC insert of 120 kb, just for a
1× coverage, 166,000 BAC clones are needed. The size of
conifer genomes precludes traditional “hierarchical”
sequencing projects, which use tiled BAC maps, since this
would require a prohibitive number of large insert clones for

fingerprinting and tiling path construction for sequencing. In
conifers, no library has been fingerprinted for the purpose of
constructing tiling paths.

Genome complexity

Duplicate genes and nearly identical paralogues Southern
hybridization patterns suggested that genomes of gymno-
sperms include complex families of genes (Kinlaw and
Neale 1997). The presence of multiple hybridizing frag-
ments to probe in analyses of conifer DNAs compared to
single hybridizing fragments in parallel samples of repre-
sentative angiosperms was considered an evidence to sup-
port this hypothesis. The multiple hybridizing fragments
may represent nonfunctional pseudogenes or duplicated
loci. García-Gil (2008) showed that in a specific gene fam-
ily, the phytochromes, such genes add to complexity of the
phytochrome family in Pinus sylvestris, and psuedogenes
evolve neutrally, while functional genes have signatures of
natural selection. Another recent study that compared ge-
nome complexity in conifers to angiosperms involved C.
japonica. Futamura et al. (2008) found that the numbers of
transcripts that encoded certain protein families or domains,
such as NAD-dependent epimerase/dehydratase, the
C3HC4-type zinc finger, the WD domain, aspartyl pro-
teases, and aldo/keto reductases, were larger than those that
encoded the corresponding protein families or domains in
the Arabidopsis genome. They found an increased complex-
ity of gene families in C. japonica as compared to
Arabidopsis.

Sequencing of BACs can be much more revealing about
the underlying structure of conifer genomes. Sanger
sequencing of 10 loblolly pine BACs showed that the pres-
ence of both known and novel conservative repeats com-
prised only a small portion of the genome (Kovach et al.
2010). Computational annotation of the 10 BACs predicted
three putative protein-coding genes and at least fifteen likely
pseudogenes in nearly 1 mb of sequence. They found three
conifer-specific LTR retroelements in the BACs and tenta-
tively identified at least 15 others based on evidence from
the distantly related angiosperms. Hamberger et al. (2009)
found high-complexity repeats in two BACs from a white
spruce library. Compared to angiosperms, in these two
BACs that were sequenced, transposable element content
was about 20 %, and high-complexity repeats comprised
about 40 % of the sequences.

Implications for marker development The highly repetitive
and large genome size of conifers has been a major obstacle
for the development of genetic markers; however, large-
scale EST collections have allowed more efficient develop-
ment of markers for conifers. With traditional methods of
developing microsatellites (cloning of simple sequence
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repeat (SSR) motifs), the proportion of positive clones that
actually lead to a reproducible, clearly resolved, diverse
SSR loci is very low for conifers, about 1–4 per 100 pos-
itives (Ritland, personal communication). To avoid prob-
lems posed by the large and repetitive conifer genome,
microsatellites can be developed from ESTs (denoted EST-
SSRs). ESTs can also reveal polymorphisms in related taxa
(Ellis and Burke 2007). EST-SSRs have been found in
loblolly pine (Chagné et al. 2004) and spruce (Rungis et
al. 2004), and EST-SSRs from loblolly pine amplified prod-
ucts in lodgepole pine (Liewlaksaneeyanawin et al. 2004).
However, one disadvantage to the use of EST-SSRs is that
as gene sequences, they exhibit less polymorphism than
genomically derived SSRs. For example, spruce EST-SSRs
had 9 % less heterozygosity than genomic-derived SSRs.
EST databases can also identify “conserved orthologous
set” (COS) markers (Fulton et al. 2002). Using current
EST databases, a large set of COS markers were identified
for loblolly pine, white spruce, Douglas fir, and sugi
(Krutovsky et al. 2006). A wet-lab study however found
that COS markers do suffer from reduced diversity; average
nucleotide heterozygosity for 931 tested primers was ca.
0.04 % (Liewlaksaneeyanawin et al. 2009) about 10 times
lower for other genes in loblolly pine (Brown et al. 2004b).
Conifers also pose the same problems for next-generation
genotyping methods.

A recent promising technology that is very appropriate
for conifers is restriction-site associated DNA (RAD). It
uses next-generation DNA sequencing to generate
thousands of genetic markers across a genome, multiplexing
tens of individuals in a single sequencing lane. DNA frag-
ments assayed by RAD are generated by restriction frag-
ment enzyme digests. “Radcounter” (wiki.ed.ac.uk) allows
one to estimate the number of “RADSeq” sites (loci), and
rare cutters should be used for a conifer genome. NotI is by
far the best to achieve rare cutting with just 35 K loci
expected in the 20 gb conifer genome.

Getting around the repetitive genome of conifers

A number of “reduced-representation sequencing” approaches
have been used to enrich for the gene space by removing
repetitive DNA. There are two gene-enrichment approaches:
methylation filtration and high-Cot sequencing (Barbazuk et
al. 2005). Springer and colleagues (Springer et al. 2004)
evaluated the ability of these two strategies to reconstruct 78
full-length cDNAs in maize. Both methyl filtration and high-
Cot enrichment methods provided a sevenfold to eightfold
increase in gene discovery rates as compared to random
genomic sequencing. Wheat researchers also realize that prior
to new sequencing technologies, sequencing 17 gb of DNA
requires a more targeted approach (Lamoureux et al. 2005).

They concluded that Cot filtration was twice as efficient as
methyl filtration at enriching for gene sequences. Although
these approaches have been used in the past, next-generation
sequencing technologies are expected to eclipse such technol-
ogies in the future.

Opportunities for conifer genomics

Slower rate of sequence evolution and lower diversity
in conifers

Within the pine family, most of the ca. 240 species have 12
chromosomes (the exception being Douglas fir with 13),
and polyploidy is rare in conifers, except in the Cupressa-
ceae (redwoods, junipers, cedars). At the macrosynteny
level, there is much conservation of genetic map marker
order and content (Krutovsky et al. 2004). At the micro-
synteny level, as inferred by EST sequence comparisons of
loblolly pine with white spruce, nucleotide substitution rates
appear to be an order of magnitude lower in the pine family
compared to angiosperms, with an average synonymous
substitution rate of about 4×10−10 per year which is 10
times slower than that of most Angiosperms (Buschizzo et al.
2012). Low levels of nucleotide diversity have also been found
in studies of single-nucleotide polymorphisms, a level consis-
tent with a low mutation rate of 1.17×10−10 per year (Brown
et al. 2004a). These results suggest that genomic information
can be transferred among coniferous species and that species
such as spruce and pine would have the same degree of
sequence similarity and microsynteny as angiosperms sepa-
rated by 10–20 million years of evolution.

Ancient retroelements and genome assembly

By comparing the two ends of a retrotransposon, which are
genetically identical at the time of insertion, the date of
transposition can be inferred by the sequence divergence
of the two ends, assuming a molecular clock. In an exami-
nation of four BAC sequences from spruce, De Paoli et al.
(unpublished data) demonstrated that the spruce genome
was shaped by the mobilization of several retrotransposon
families. They inferred that there were two waves of colo-
nization in spruce, involving the copia and gypsy elements:
50–80 mya for copia and 5–40 mya for gypsy. This is far
older than any reported angiosperm such as corn (which
demonstrated retroelement movement only 10–15 mya).
These researchers suggest that the retention of ancient re-
petitive features contributes to conservative gymnosperm
genome evolution. These results bode well for genome
assembly, as most “related” repetitive elements in the coni-
fer genome will be substantially diverged eliminating prob-
lems of erroneous sequence merges due to identical
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repetitive element sequences. Despite the overall low rate of
conifer genome evolution, this implies that paralogy of
transposons will not pose a problem for assembly of future
whole-genome shotgun sequences for conifer genomes.

Low amounts of linkage disequilibrium and population
structure for association mapping

The most important downstream application of genome
sequences is identifying genetic variants associated with
genes critical for genetic improvement and management of
adaptive diversity in the face of climate change (Neale and
Kremer 2011). In loblolly pine, a survey across 18 kb found
that linkage disequilibrium declined within several kilobases
(Brown et al. 2004a). The same pattern was found by
Heuertz and colleagues in Norway spruce (Heuertz et al.
2006). Low linkage disequilibrium allows much greater
power to directly associate single nucleotide polymorphisms
with phenotypic traits. In contrast to the limited population
structure of conifers, the presence of population structure in
many crop plants, particularly inbred species, reduces the
power for detecting marker–trait associations. A good
example is rice, where both varieties and inbred lines contrib-
ute to population structure and family relatedness and make
association studies more complicated (Wen et al. 2009).

The megagametophyte and a haploid library

A unique feature of conifers is the haploid tissue, the
“megagametophyte.” This is a small nutritive tissue derived
from the maternal parent and has been used extensively in
conifer isozyme population genetics. For genomics, most
notably, it was the tissue used for the generation of the first

RAPD genetic map of a conifer (Tulsieram et al. 1992). It
would be ideal to construct BAC libraries and perform
genome sequencing on this tissue (to avoid mistaken paral-
ogy due to heterozygosity). While the amount of extractable
DNA is small in spruce, the Swedish Norway spruce project
has successfully sequenced megametophytes for their proj-
ect, and the PineRefSeq projet led by David Neale has used
the larger megametophyte of pine for sequencing as well. As
this activity is currently in flux (as of January 2012), for
further information, contact Stefan Jansson (UPSE.SE) and
David Neale (UCD.EDU) for updates on this activity.

To get around the problem of small tissue available for
DNA isolation, one can resort to tissue culture. Tissue
cultures of haploid gametophytes have been successfully
generated in spruce (Simola and Santanen 1990) and larch
(Aderkas and Bonga 1993), but genetic instability (loss of
haploid lines within cell cultures) at least over the longer
term was observed in larch, such as various degrees of
polyploidy and aneuploidy (von Aderkas and Anderson
1993). Thus, the risk of introducing chromosome abnormal-
ities into genomic studies is too high with the current tissue
culture techniques.

Unique gene space of conifers

Early, it was recognized that comparison of conifers’ ESTs
with sequences from angiosperms could be used as a route
to gain information about the evolution of higher plant
genomes (Allona et al. 1998). Various methods for focusing
on the “gene space” of the genome have been investigated
and deployed in conifers.

There have been a few speculations about how many
genes in conifers are “unique” to this phylum. Gene
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annotation is critical for defining unique gene space in
different species. Simply doing a BLAST analysis against
published sequences in GenBank has pitfalls. Poor hits may
be due to either rapid gene evolution or short sequence
length, especially in light of the evolutionary divergence
between conifers and annotated angiosperms. To illustrate
the problem of gene length, we used the 6,464 complete
cDNA collection of spruce full-length cDNAs (Ralph et al.
2008) to perform a BLASTX search (which compares puta-
tive protein coding codons) against the Arabidopsis and
total GenBank databases. At a threshold of 1e−50, Fig. 1
shows that any coding sequence below about 800 bp (333
amino acids) is difficult to annotate to angiosperms, as
evidenced by smaller proportions of hits below about
800 bp, compared to 1,000 bp and above. It might be that
the smaller genes evolve more quickly. The asymptote sug-
gests that the actual number of genes that are unique to
conifers is about 5 %, which is much less than that sug-
gested by a much earlier study of Allona et al. (1998) which
found only 42 % of ESTs from loblolly pine to show strong
similarity to public databases at rather low e values (1e−5).
Further research is needed to disentangle the biological role
of rapid gene evolution from statistical artifacts of small
sequence lengths.

The uniqueness of the conifer genome can also be gauged
by comparing the size of unigene sets among angiosperms
and conifers. We examined unigene sets assembled by Gen-
Bank (ncbi.nlm.nih.gov/unigene) as of February 1, 2011 and
removed the effect of the number of ESTs and mRNAs used
to infer the unigene set by regressing the number of ESTs
and mRNAs used vs. actual numbers of unigenes inferred.
The results, in Fig. 2, show that (1) the unigene sizes of
conifers (white spruce, Sitka spruce, loblolly pine) are all
quite similar, about 20,000 genes on average, and these

results are not confounded by the number of ESTs and
mRNAs used; (2) unigene sizes for conifers are close to
many angiosperm species, such as Malus (apple), Vitis
(grape), and Medicago (alfalfa); and (3) there are a number
of genomes in angiosperms with much larger unigene sets
(wheat, rye, soybean, due to polyploidy). These data suggest
that while conifers harbor many repetitive elements and
psuedogenes, the number of expressed genes in conifers is
quite similar to many angiosperms species.

Conclusions

“Next-generation” sequencing is the new wave of genomics.
These advances in DNA sequencing involve parallel se-
quencing of millions of oligonucleotides at one time, result-
ing in gigabases of sequences in a few days. Besides
impacting the whole of plant and animal genomics and
making (in my opinion) the activities of EST collections,
microarrays, and SNP discovery, members of the “past
generation,” this new sequencing technology will make the
greatest relative impact on conifers. With the typical 20
billion base conifer genome, for example, the Illumina
Hiseq 2000 can sequence at a current capacity of 60 billion
bases per slide, meaning each slide can do a 3× coverage of
a conifer. This cost is a fraction of a percentage compared to
technologies available 10 years ago.

Bioinformatics for genome assembly now becomes the
major issue. In the past 10 years, the method of assembly via
the “de Bruijn graph” has become predominant (Li et al.
2010b) and as well as the algorithms to handle the massive
numbers of contigs (Bonfield and Whitwham 2010). While
the reads are short (ca. 100 nucleotides), they are getting
longer, and paired reads (mate pairs) can be generated, with
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the reads separated by several hundred nucleotides which
potentially can allow spanning of unreadable regions and
repetitive elements (Shendure and Ji 2008). Short read
assemblers are available, such as SSAKE (Warren et al.
2007) and ABySS (Simpson et al. 2009). The major issue
is distributing work among processors and the available
memory space in the final assembly. ABySS can efficiently
assemble conifer-sized genomes at the first stage, through
distributed algorithms among processors (128 at last count),
but final stages of assembly require a computer with enor-
mous RAM. The panda genome sequence (Li et al. 2010a) is
an excellent example of a sequencing strategy for a conifer.
In the panda genome project, a variety of library sizes were
used to shotgun the genome without resorting to BAC tiling
paths.

To provide longer contiguity and sequence scaffolds, new
“third-generation” technology is required. Such sequencing
technologies should allow us to identify differentiation at
the “pan-genomic” level. By scanning nucleotide diver-
gence between contrasting populations, we can identify
specific genomic regions involved with phenotypic species
differentiation (Neale and Kremer 2011). In a larger time
frame, we might be able to fully catalog the genetic changes
that have occurred during conifer evolution. This can be
done by comparing whole-gene sequences of spruce to pine
to sister groups of conifers and to representative angiosperm
species. Ever since Darwin, it was speculated that the Gne-
tales (Gnetum spp.) and various fossil groups were sister to
angiosperms. Bowe et al. (2000) using chloroplast rbcL,
nuclear 18S rDNA, and three mitochondrial genes, demon-
strate this relationship. Comparisons with these sister groups
could reveal the uniqueness of conifers.

In the last months of 2011, there has been an avalanche of
genome projects funded for conifers. As of February 2012,
genome sequencing projects have been initiated in at least
seven conifer species (P. taeda, P. lambertiana, Pinus pinaster,
P. sylvestris, Psuedotsuga menziesii, P. abies, P. glauca). As
noted above, this has been aided by (1) next-generation se-
quencing, (2) new strategies for sequencing, and (3) advances
in the bioinformatics of assembling large genomes. It is diffi-
cult to write a review in such changing times.
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