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Insights from sequenced genomes of major land plant lineages have advanced research in almost every aspect of plant biology.
Until recently, however, assembled genome sequences of gymnosperms have been missing from this picture. Conifers of the pine
family (Pinaceae) are a group of gymnosperms that dominate large parts of the world’s forests. Despite their ecological and
economic importance, conifers seemed long out of reach for complete genome sequencing, due in part to their enormous genome
size (20–30 Gb) and the highly repetitive nature of their genomes. Technological advances in genome sequencing and assembly
enabled the recent publication of three conifer genomes: white spruce (Picea glauca), Norway spruce (Picea abies), and loblolly
pine (Pinus taeda). These genome sequences revealed distinctive features compared with other plant genomes and may represent
a window into the past of seed plant genomes. This Update highlights recent advances, remaining challenges, and opportunities
in light of the publication of the first conifer and gymnosperm genomes.

Conifers are the most widely distributed group of
gymnosperms, with 600 to 630 species in 69 genera,
including 220 to 250 species of the Pinaceae family
(Wang and Ran, 2014). Coniferous forests cover an
estimated 39% of the world’s forests (Armenise et al.,
2012). Conifers dominate many natural and planted
forests in the northern hemisphere and are also plan-
ted as exotics for commercial forestry in the southern
hemisphere. The importance of conifers for global
ecosystem services, their value for forestry-dependent
economies, and their contrasting biology with angio-
sperms are major drivers behind efforts to understand
the complex structure, functions, and evolution of their
genomes. However, owing to their nonmodel system
attributes (i.e. slow-growing and long-lived life history
traits), extremely large genome size (Fig. 1), and repeat-
rich genome sequence with repeats mostly in the form of
transposable elements, no reports of a conifer genome
assembly, or any gymnosperm genome for that matter
(Soltis and Soltis, 2013), were published until recently.

Following early releases of the white spruce (Picea
glauca) and loblolly pine (Pinus taeda) genome se-
quences in public databases (e.g. National Center for
Biotechnology Information and http://dendrome.ucdavis.
edu/treegenes/), a series of articles described the first
conifer genome assemblies for Norway spruce (Picea
abies; Nystedt et al., 2013) and interior white spruce, a
genetic admix of white spruce (Birol et al., 2013) and
loblolly pine (Neale et al., 2014; Zimin et al., 2014).
Norway spruce is a prominent forest tree in northern
Europe. White spruce is a dominant tree species across
the large Canadian forest landscape. Loblolly pine domi-
nates commercial forestry in the southeastern United
States. White spruce, Norway spruce, and loblolly pine
represent some of the most economically important coni-
fers worldwide, and they are the subjects of important tree
improvement/breeding programs (Mullin et al., 2011).
This Update highlights significant insights obtained from
these genomes as well as some ongoing challenges and
recent developments in conifer genomics.

CONIFER GENOME ASSEMBLIES

Characteristics of the Norway spruce, white spruce,
and loblolly pine genomes and the corresponding se-
quence assemblies are summarized in Table I. The
assembly statistics shown in Table I reflect sequences
that are at least 500 bp and are calculated for the

1 This work was supported by the European 7th Framework Pro-
gram under the ProCoGen project (to A.R.D.L.T. and P.K.I.) and by
Genome Canada, Genome British Columbia, and Genome Quebec
through the Large-Scale Applied Research Project Program under
the SMarTForests Project (to I.B., J.Bou., S.J.M.J., C.I.K., J.M.K., K.R.,
A.Y., P.Z., and J.Boh.).

* Address correspondence to bohlmann@msl.ubc.ca.
www.plantphysiol.org/cgi/doi/10.1104/pp.114.248708

1724 Plant Physiology�, December 2014, Vol. 166, pp. 1724–1732, www.plantphysiol.org � 2014 American Society of Plant Biologists. All Rights Reserved.

http://dendrome.ucdavis.edu/treegenes/
http://dendrome.ucdavis.edu/treegenes/
mailto:bohlmann@msl.ubc.ca
http://www.plantphysiol.org/cgi/doi/10.1104/pp.114.248708


published assemblies using the fac utility within the
ABySS package (Simpson et al., 2009).
The Norway spruce genome project (Nystedt et al.,

2013) assembled a draft of the 19.6-Gb nuclear genome
using a hierarchical sequencing strategy combining
fosmid pools with both haploid and diploid whole-

genome shotgun (WGS) and transcriptome (RNA se-
quencing [RNA-Seq]) sequence data. The resulting as-
sembly (P. abies 1.0) included 4.3 Gb in more than 10-kb
scaffolds, with this subset of the assembly covering an
estimated 63% of all protein-coding genes. The total
reconstruction reaches 10 Gb, when scaffolds of 500 bp

Figure 1. Size and assembly of conifer genomes compared with other plant genomes. Genome size is plotted against the
number of scaffolds divided by the haploid chromosome number for a range of plant species. As such, an assembly that
reconstructs a genome with perfect contiguity will have a value of 1, and values greater than 1 represent increasing genome
fragmentation. Genome assemblies that utilized Sanger sequencing either in full or in part are represented as white circles.
Assemblies constructed using only next generation sequencing technologies are represented as black circles. Both axes are
plotted on a log10 scale. With the exception of Populus tremula, Hordeum vulgare, and the three conifer genomes, all genomes
were obtained from the Phytozome resource (version 10; http://phytozome.jgi.doe.gov/). The early release draft assembly of
P. tremula was obtained from the PopGenIE.org FTP resource (ftp://popgenie.org/popgenie/UPSC_genomes/UPSC_Draft_Assemblies/
Current/Genome/) and H. vulgare ‘Morex’ from the Munich Information Center for Protein Sequences barley genome database FTP
resource (ftp://ftpmips.helmholtz-muenchen.de/plants/barley/public_data/sequences/). The conifer genomes are detailed by Birol
et al. (2013), Nystedt et al. (2013), and Zimin et al. (2014).

Table I. Characteristics of the three conifer genomes and the corresponding sequence assemblies published for white
spruce (Birol et al., 2013), Norway spruce (Nystedt et al., 2013), and loblolly pine (Zimin et al., 2014)

Contiguity statistics reflect sequences of length 500 bp or longer, and the total reconstruction figures represent the
scaffold-level assemblies with undetermined bases (n) not contributing to the counts.

Characteristic Norway Spruce White Spruce Loblolly Pine

C value (1C pg)a 20.01 16.15 22.10
Genome size (Gb)b 19.6 20.8 22
Karyotype 2n = 24 2n = 24 2n = 24
Assembly

Contig N50 (kb) 0.6 5.4 8.2
Scaffold N50 (kb) 0.7 22.9 66.9
No. of scaffolds (million) 10.3 7.1 14.4
Total reconstruction (Gb) 12.0 20.8 20.1

Gene space
Predicted No. of genes 70,968 56,064 50,172
Reconstruction of 248 core eukaryotic

genesc (complete/at least partial)
124/189 95/184 185/203

aAmount of DNA in picograms contained in a haploid cell as reported by Murray et al. (2012). bAs reported by Birol et al.
(2013), Nystedt et al. (2013), and Zimin et al. (2014). cAs described by Parra et al. (2009).
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or longer are considered. Transcript assemblies of the se-
quenced Norway spruce individual as well as full-length
complementary DNA (cDNA) reference sequences from
Sitka spruce (Picea sitchensis; Ralph et al., 2008) were used
to assess gene space contiguity of the genome assembly.

The white spruce genome project (Birol et al., 2013)
assembled a draft genome of 20.8 Gb consisting of 4.9
million scaffolds, with a N50 scaffold size of 20.4 kb.
The sequenced individual (PG29) represents an elite
parent in an advanced breeding program of the British
Columbia Ministry of Forests. It originated from a
western Canadian white spruce population near Prince
George, British Columbia. This population was recently
found to have ancient features of a genetic admix of
white spruce with Engelmann spruce (Picea engelmannii)
and Sitka spruce (De La Torre et al., 2014a; Hamilton
et al., 2014). The white spruce genome was reconstructed
entirely from WGS sequences of multiple libraries and
assembled using the ABySS software (Simpson et al.,
2009). Another novelty of the approach involved com-
plementation of high-coverage short-read data from the
HiSeq2000 platform with low coverage of longer reads
from a modified MiSeq platform to support the assembly
process. Increased read length together with paired-end
reads from longer fragments had a major impact on as-
sembly contiguity through their effect on the optimum
k-mer length (the length cutoff for specific read-to-
read alignments during assembly). The optimum k-mer
length was higher (k = 109 bp) when using both short
and long reads compared with using only short reads
(k = 101 bp). The assembly quality was evaluated using
white spruce bacterial artificial chromosome sequences
(Hamberger et al., 2009; Keeling et al., 2010) and Sitka
spruce and white spruce cDNAs (Ralph et al., 2008;
Rigault et al., 2011).

The loblolly pine genome project (Neale et al., 2014;
Wegrzyn et al., 2014; Zimin et al., 2014) completed a
draft assembly of 17.6 Gb consisting of 2.1 million
scaffolds and an N50 scaffold size of 72.9 kb. Most of
the sequence data were fromWGS sequencing of a single
megagametophyte (haploid female gametophyte). Longer
fragment mate-pair libraries were made with diploid
DNA from needles of the maternal tree to produce long-
range linking libraries. Two methods were used to link
the assembly over large distances: mate-pair jumping
libraries and fosmid ends or DiTags. The genome assem-
bly was aided by condensing high numbers of paired-end
reads into a smaller set of superreads, making the as-
sembly computationally feasible, and by supporting the
additional scaffolding by transcriptome assemblies.

A major focus when assembling the very large and
repeat-rich conifer genomes using short-read sequenc-
ing technologies is to reconstruct the gene space as
contiguously as possible. This has been particularly
challenging because of the level of overall assembly
fragmentation (e.g. approximately one-third of genes
appeared to be fragmented across more than one scaffold
in the Norway spruce genome assembly), combined with
the challenge of distinguishing assembly fragments of
functional genes from pseudogenes (Nystedt et al., 2013;

Wegrzyn et al., 2014). To maximize gene space contigu-
ity, the three conifer genome assemblies implemented
scaffolding approaches using information from de novo
transcript assemblies or unassembled RNA-Seq data.

The Norway spruce genome assembly (Nystedt
et al., 2013) used a different strategy to utilize RNA-
Seq data for scaffolding. Raw, unassembled paired-
end RNA-Seq reads from a collection of 22 samples
were first digitally normalized and subsequently strin-
gently aligned to the assembly, which had already been
scaffolded using paired-end and long-insert mate-pair
libraries. To avoid introducing assembly errors, only
uniquely mapped read pairs were used as scaffolding
evidence, resulting in the formation of 11,528 new scaf-
folds and improving the representation of genes fully
contained within a single assembly scaffold. Further
improvements to transcriptome-based scaffolding are
under development and evaluation. For the loblolly
pine genome assembly, additional long-range paired
reads, particularly DiTag pairs, were used to increase
scaffold lengths and maximize gene space contiguity
(Zimin et al., 2014). In addition, a large number of
mapped single-nucleotide polymorphisms (SNPs) will
allow the placement of loblolly pine genome sequence
scaffolds onto the 12 chromosomes providing concrete
physical anchors for the genome assembly.

GENE SPACE ANNOTATION

Despite limitations of gene space contiguity, gene
space annotations using both automated and manual
approaches have been developed for the three sequenced
conifer species. In Norway spruce, automated annotation
using a combination of AUGUSTUS (Stanke et al., 2004)
and EUGENE (Schiex et al., 2001) identified a total of
70,968 genes. Of these, 28,354 were classified as high
confidence based on EST or transcript support (Nystedt
et al., 2013). In white spruce, automated annotation with
MAKER (Holt and Yandell, 2011) identified 56,064 genes.
Completion of these annotations, although automated,
requires weeks to months of devoted computer cluster
time. MAKER-P (Campbell et al., 2014) allows opti-
mization and improvement of the automated annota-
tion process. MAKER-P was used with the loblolly pine
assembly to produce ab initio gene predictions together
with SNAP (Korf, 2004) and AUGUSTUS. After applying
multiexon and protein domain filters to remove abun-
dant pseudogenes and fragmented genes, 50,172 genes
were identified in loblolly pine. The majority of these
(97%) align to known genes in other species, and 15,653
were reported as high confidence (Wegrzyn et al., 2014).

UNIQUE FEATURES OF CONIFER GENOMES

Gymnosperms and angiosperms differ in a number of
features, of which contrasting reproductive biology and
water-conducting systems are most prominent. The
publication of three conifer genomes provided insights
into the composition and structure of gymnosperm
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genomes and their differences from angiosperms. The
genome of the basal angiosperm Amborella trichopoda,
the sole living species of the sister lineage to all other
extant flowering plants, provides a key reference for
gymnosperm and angiosperm comparisons (Amborella
Genome Project, 2013). In brief, the gymnosperm ge-
nomes as represented by conifers are extremely large,
although the number of protein-coding sequences is not
proportionally larger compared with sequenced angio-
sperm genomes. The conifer genomes contain very long
introns and an abundance of repeat-rich content mostly
in the form of transposable elements and a smaller
contribution of tandem repeats. Transposable elements
are mainly long terminal repeat-retrotransposons (LTR-
RTs), with fewer non-long terminal repeat (LTR) retro-
transposons, such as long interspersed nuclear elements
(LINEs) and short interspersed nuclear elements (SINEs),
and DNA transposons.

Accumulation of Transposable Elements Increased the
Size of Gymnosperm Genomes

In contrast to angiosperms, in which genomes have
been shaped by several whole-genome and smaller
duplication events, there is no evidence of recent
whole-genome duplication in gymnosperms and the
basal angiosperm A. trichopoda (Kovach et al., 2010;
Amborella Genome Project, 2013; Nystedt et al., 2013).
Only one ancient whole-genome duplication event that
predated the angiosperm-gymnosperm split (approxi-
mately 350 million years ago) is known to have occurred
(Jiao et al., 2011; Amborella Genome Project, 2013). In-
stead, it appeared that gymnosperm genome size in-
creased over millions of years as a result of a massive
accumulation of LTR-RTs such as the Ty3/Gypsy, Ty1/
Copia, and Gymny superfamilies, together with limited
removal of transposable elements through unequal
recombination (Nystedt et al., 2013). These findings
support previous studies using bacterial artificial chro-
mosome clones constructed for species such as white
spruce, loblolly pine, maritime pine (Pinus pinaster), and
bald cypress (Taxodium distichum), which found that
abundant and diverse retrotransposons were the main
components of the nongenic portion and accounted for
the large genome size in pines (Kovach et al., 2010;
Magbanua et al., 2011) and spruce (Hamberger et al.,
2009). Homology analysis revealed that 62% of the
loblolly pine genome is composed of retrotransposons,
of which 70% are LTR-RTs, mainly Gypsy and Copia
(Neale et al., 2014; Wegrzyn et al., 2014). Non-LTR
retrotransposons including LINEs and SINEs are usually
found at lower frequencies in conifers (Wegrzyn et al.,
2014). Loblolly pine LINEs accounted for 2.35% of the
genome, higher than previously reported for the same
species (Wegrzyn et al., 2013) and for other conifers such
as Scots pine (Pinus sylvestris; 0.52%) and Norway spruce
(0.96%; Nystedt et al., 2013). Very low ratios of SINEs
were found in gymnosperms and in some angiosperm
species such as Tausch’s goatgrass (Aegilops tauschii; Jia
et al., 2013; Nystedt et al., 2013; Wegrzyn et al., 2013,

2014). As in the Norway spruce genome, the average
age of LTR-RTs (Gypsy and Copia) in A. trichopoda was
much older than in all other angiosperm species (the
insertion time of LTRs in A. trichopoda was approxi-
mately 40 million years ago; Amborella Genome
Project, 2013), possibly reflecting the ancient nature of
this species. Comparison of Norway spruce and five
additional gymnosperm genomes, of Scots pine, Siberian
fir (Abies sibirica), common juniper (Juniperus communis),
European yew (Taxus baccata), and gnetum (Gnetum
gnemon), sequenced at low coverage, indicated that the
diversity of transposable elements is shared among gym-
nosperms (Nystedt et al., 2013).

Besides transposable elements, tandem repeats
(minisatellites, microsatellites, and satellites) also con-
tribute to the highly repetitive content of conifer ge-
nomes; however, they represent less than 3% of these
genomes (Wegrzyn et al., 2014). Main components of
telomeres and centromeres, tandem repeats are in-
volved in epigenetic responses on heterochromatin
and gene expression regulation (Wegrzyn et al., 2014).

Long Introns

A notable characteristic of the predicted gene
structures in the three sequenced conifer genomes is
the abundance of long introns, with the largest ob-
served intron lengths among the longest found in any
plant species, only comparable with the repeat-rich
genomes of A. trichopoda, grapevine (Vitis vinifera), and
corn (Zea mays). Introns of more than 20 kb and up to
68 kb in length were found in the Norway spruce ge-
nome (Nystedt et al., 2013). Based on a high-confidence
set of 15,653 transcripts, 48,720 introns, an average in-
tron length of 2.4 kb, and a maximum length of 158 kb
were found in the loblolly pine genome (Wegrzyn et al.,
2014). Long introns appear largely conserved between
pine and spruce (Sena et al., 2014). However, overall,
the presence of very long introns does not appear to be
a major contributor to the very large conifer genome
size. In loblolly pine, introns contained 54.28% retro-
transposons (34.57% of these were LTR-RTs) and 3.52%
DNA transposons (Wegrzyn et al., 2014). Higher re-
petitive content was found in longer introns in loblolly
pine, since intron expansion can be partially attributed
to the generation of repeats (Wegrzyn et al., 2014).

Noncoding and Short RNAs

Small noncoding RNAs and short RNAs (sRNAs),
which contribute to the epigenetic silencing of trans-
posable elements, show differences in gymnosperms
and angiosperms (Morin et al., 2008; Nystedt et al.,
2013). RNA sequencing in Norway spruce revealed
previously uncharacterized sRNAs (Nystedt et al., 2013).
Although thought to be absent in gymnosperms (Morin
et al., 2008; Yakovlev et al., 2010), the recent genome
analysis found 24-nucleotide sRNAs in gymnosperms,
but at lower abundance than in angiosperms (Nystedt
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et al., 2013). The presence of 24-nucleotide sRNAs was
highly specific to reproductive tissues, largely associ-
ated with transposable elements. In contrast, the di-
versity of 21-nucleotide sRNAs was higher, with many
repeat-associated sRNAs. Novel sRNAs of uncharac-
terized function were also reported in lodgepole pine
(Pinus contorta; Morin et al., 2008) and in Norway
spruce (Yakovlev et al., 2010; Nystedt et al., 2013).

Long noncoding RNAs involved in RNA processing
or transcriptional and posttranscriptional gene regu-
lation exhibited more sample-specific expression dis-
tributions than protein-coding transcripts. They were
shorter and contained fewer exons, as also reported in
humans (Nystedt et al., 2013). Analyses of the Norway
spruce transcriptome data suggested that long non-
coding RNAs are prevalent, yet largely uncharac-
terized, in conifers (Nystedt et al., 2013).

Reproductive Biology, Water-Conducting Systems, and
Secondary Metabolism

Gymnosperms and angiosperms differ in their repro-
ductive systems and water-conducting xylem tissues, and
conifers also have characteristic secondary metabolism.
Phylogenetic analysis identified gymnosperm-specific
patterns of gene duplications and evolutionary trajecto-
ries for several different gene families (Nystedt et al.,
2013; Zerbe et al., 2013; Neale et al., 2014). These include
gene families related to cell wall and xylem formation, such
as cellulose synthases and VASCULAR NAC DOMAIN,
and gene families for transcription factors, such as
KNOTTED-LIKE HOMEOBOX CLASS1. Examples of
lineage-specific expansions of defense-related genes
of secondary metabolism are gymnosperm-specific
families of cytochrome P450s and terpene synthases
(TPS-d). Gymnosperm-specific evolutionary trajecto-
ries were found for FLOWERING LOCUS T/TERMINAL
FLOWER1-like genes, putative regulators of reproduction
and seasonal growth cessation and bud set. The loblolly
pine genome also revealed expansion of a particular class
of Toll-interleukin receptor/nucleotide-binding/Leucine-
rich repeat genes, potentially involved in pathogen resis-
tance (Neale et al., 2014).

Conifer lignin biosynthesis is a feature highlighted
by Neale et al. (2014) in the analysis of the loblolly
pine genome assembly. The xylem of conifers differs
from that of woody angiosperms in lignin composi-
tion (guaiacyl rich versus mixed syringil and guaiacyl),
hemicellulose composition (mixed heteromannans ver-
sus xylan rich), and water-conducting cell types (tra-
cheids versus vessels; Weng et al., 2010; Scheller and
Ulvskov, 2010). For comparison, the basal angiosperm
A. trichopoda has xylan-rich woody cell walls, typical of
angiosperms, but lacks vessels; the relative abundance of
syringil subunits in the mixed syringil and guaiacyl lignin
is lower in A. trichopoda (13%) than in other angiosperm
species (greater than 50%; Amborella Genome Project,
2013). These features of A. trichopoda cell walls may
be representative of the biological transition between

gymnosperms and angiosperms (Amborella Genome
Project, 2013). A comprehensive set of expressed genes of
lignin biosynthesis has been identified in the loblolly
pine genome (Neale et al., 2014). The apparent lack of a
gene encoding ferulate 5-hydroxylase, involved in the
biosynthesis of syringil subunits, is in agreement with
conifer lignin composition (Neale et al., 2014).

Although the origin of angiosperm flowers may be
partially explained by the presence of novel gene lin-
eages, the majority (70%) of floral genes, including
genes involved in floral timing and initiation, meristem
identity, and floral structure, were present in the most
recent common ancestor of all extant seed plants
(Amborella Genome Project, 2013). These include the
MADS box genes, whose duplications and diversification
predated the angiosperm-gymnosperm split (Amborella
Genome Project, 2013). However, the number of MADS
box genes appeared to be, in general, much higher in
gymnosperms than in angiosperms (Gramzow et al.,
2014). Most of these genes in gymnosperms were type
II MADS box genes, while the number of type I MADS
box genes was low (Nystedt et al., 2013; Gramzow
et al., 2014).

Conifer-Specific Gene Families

Comparative genomics studies have begun to in-
vestigate conifer- or gymnosperm-specific gene fami-
lies and their evolution (Nystedt et al., 2013; Wegrzyn
et al., 2014). Pavy et al. (2013a) found a set of 1,911 (486
after e-value adjustment) apparently species-specific
sequences in white spruce. These sequences were gen-
erally associated with high substitution rates. Nystedt
et al. (2013) found 6,615 gene families in Norway spruce,
of which 1,021 were apparently species specific and
overrepresenting genes involved in DNA repair and
methylation. In a broader gene family analysis, Wegrzyn
et al. (2014) compared the genome of loblolly pine with
13 other plant species and identified 7,053 gene fami-
lies in loblolly pine, of which 1,554 were conifer spe-
cific, containing at least one sequence in loblolly pine,
Sitka spruce, and Norway spruce. These apparently
conifer-specific gene families overrepresented genes
generally annotated as involved in protein and nucleic
acid binding and hydrolase activity, with an addi-
tional large contribution from small molecule bind-
ing (Wegrzyn et al., 2014).

FUNCTIONAL GENOMICS IN CONIFERS

For functional characterization of the gene-coding
space of conifers, an abundance of ESTs and full-length
cDNAs, as well as microarray tools and proteome se-
quences, and whole-transcriptome resources have been
developed for several species to identify genes involved
in processes such as wood formation, abiotic stress, so-
matic embryogenesis, and the defense and resistance
against insects and pathogens (MacKay et al., 2012;
Canales et al., 2014; Cañas et al., 2014). In the absence
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of mutant lines, functional genomics in conifers relies
critically on approaches of metabolite profiling, pro-
tein and enzyme biochemistry, and transformation.
Using these tools in conjunction with transcriptome
and genome sequences, biochemical processes have
been identified that feature prominently in conifers,
such as the biosynthesis of oleoresin terpenoids and
phenolics in conifer defense. For example, new func-
tions of cytochrome P450 genes and enzymes in
diterpene resin acid biosynthesis (Hamberger et al.,
2011) and new routes in tetrahydroxystilbenes bio-
synthesis (Hammerbacher et al., 2011) were discovered
based on biochemically exploring spruce transcriptomes.
The transcriptome resources also enabled the functional
characterization of several dozen spruce and pine ter-
pene synthases of the TPS-c, TPS-e, and TPS-d gene
families (Keeling et al., 2010, 2011b; Hall et al., 2013).
TPS-c and TPS-e genes are essential for GA phyto-
hormome biosynthesis. TPS-d genes are important for
conifer resistance against pests and pathogens. The
TPS genes represent the largest group of functionally
characterized members of any conifer gene family (Zerbe
and Bohlmann, 2014). Characterization of spruce TPS-d
genes provides examples of combined genomics, tran-
scriptomics, proteomics, and biochemical approaches for
gene characterization in nonmodel systems (Hall et al.,
2011), including the discovery of novel enzyme mecha-
nisms (Keeling et al., 2011a) and genomic features of
copy number variations in spruce defense genes (Hall
et al., 2011). The recent publication of a new white spruce
resistance gene, encoding a functional glycosylhydrolase
specialized for the release of acetophenone metabolites
that are active in the resistance of white spruce against
spruce budworm, highlighted how transcriptomics and
biochemical genomics approaches can be applied in na-
tive forest tree populations for the successful de novo
discovery of conifer defense genes (Mageroy et al., 2014).
Functional genomics approaches also enabled new pro-
gress in transcriptional networks involved in conifer
secondary cell wall assembly, identifying a NAC gene
involved in wood formation (Duval et al., 2014), and in
secondary metabolism, showing evolutionary conserva-
tion and lineage-specific evolution and function of MYB
regulators (Bomal et al., 2014).

SNP DISCOVERY

Sequencing of cDNAs, genomes, and transcriptomes
accelerated the discovery of SNPs and the development
of large SNP databases for several conifers (Howe et al.,
2013; Pavy et al., 2013a; Canales et al., 2014; Pinosio et al.,
2014). The landscape of nucleotide diversity showed that
the frequency of nucleotide polymorphisms varied sig-
nificantly across gene families as a function of genes that
appear to be specific to conifers and the breadth of ex-
pression patterns (Pavy et al., 2013a). SNPs have been
used to design high-throughput genotyping chips of
broad coverage in species of spruce and pine as well
as Douglas fir (Pseudotsuga menziesii) and other conifer

species (Chancerel et al., 2011, 2013; Pavy et al., 2012,
2013b; Howe et al., 2013). They have been used to
conduct various structural and population genome
scans for genetic linkage mapping (see below) and for
large-scale association studies with phenotypic and en-
vironmental variation in spruces, pines, and Douglas fir
(Eckert et al., 2012; Prunier et al., 2013; De La Torre et al.,
2014b). Present efforts aim at transcriptome-wide asso-
ciation studies and genome-wide association studies
(GWAS) utilizing tens of thousands of genetic variants of
diverse nature using genotyping chips or resequencing
methods (Yeaman et al., 2014).

GENETIC LINKAGE MAPS

High-density genetic linkage maps have been de-
veloped for several conifer species, including white
spruce (Pavy et al., 2012), loblolly pine (Martinez-
Garcia et al., 2013; Neves et al., 2014), and maritime
pine (Chancerel et al., 2011, 2013; Plomion et al., 2014).
Three maritime pine linkage maps with 1,015 to 1,131
markers were produced using a 12,000-SNP genotyp-
ing array. These three maps were combined to a 1.712-
centimorgan (cM) composite map of 1,838 SNP markers
to estimate genome-wide levels of linkage disequilibrium
and genetic diversity (Plomion et al., 2014). Linkage
disequilibrium decayed rapidly and mostly extended
over short physical distances, as in other outcrossing,
long-lived species (Pavy et al., 2012; Plomion et al., 2014).
The white spruce map comprised 1,801 genes distributed
among the 12 linkage groups with a map length of 2.083
cM (Pavy et al., 2012). A loblolly pine map was con-
structed using exome sequence-capture genotyping and
comprised 2,841 genes distributed among the 12 linkage
groups with an average of one marker every 0.58 cM
(Neves et al., 2014). Martinez-Garcia et al. (2013) used a
combination of different markers and two reference three-
generation outbred pedigrees to construct a high-density
loblolly pine consensus map containing 2,466 markers
with a map length of 1.476 cM and average marker
density of 0.62 cM per marker. Comparative analyses
indicated high levels of conservation of macrosynteny
and colinearity among spruce and pine maps (Pavy
et al., 2012). Given a divergence time of more than 100
million years between the spruce and pine lineages
(Savard et al., 1994; Wang and Ran, 2014), this paralysis
of genome macrostructure appeared unprecedented in
seed plants.

APPLICATIONS OF CONIFER GENOMICS IN
TREE BREEDING

The prospect of acquiring novel breeding tools and
methods has been part of the rationale for sequencing
genomes of economically and ecologically important
conifers. Genomics-based breeding methods could
shorten the long breeding cycle for conifers and im-
prove the efficiency of genetic selection schemes
(Burdon and Wilcox, 2011). The identification of genetic
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markers that explain a significant part of the variation
in quantitative traits of interest for breeding has been
pursued to unlock this potential by using approaches
ranging from quantitative trait locus detection to
GWAS (Burdon and Wilcox, 2011; de Miguel et al.,
2014). In addition, genomic selection was proposed to
afford a better fit with breeding objectives because of its
ability to predict the genetic values of individuals
(Jannink et al., 2010; Grattapaglia and Resende, 2011).
The application and accuracy of genomic selection have
been shown for Eucalyptus spp., loblolly pine, and white
spruce (Resende et al., 2012; Zapata-Valenzuela et al.,
2013; Beaulieu et al., 2014). These advances are signifi-
cant considering the low linkage disequilibrium, the
largely undomesticated status, and the wide genetic
diversity of conifer breeding populations in addition
to their large genome size. The availability of genome
sequences and their polymorphisms will enable and ac-
celerate the development of more efficient GWAS or
genomic selection methods along with basic knowledge
of the structure of conifer genomes. For example, work is
under way aligning transcriptomics-discovered SNPs to
the white spruce genome assembly to increase the re-
peatability of markers when transferred to DNA-based
genotyping platforms. It is expected that, as conifer ge-
nome assemblies improve, and with more genotypes
being sequenced, they will help to usher in more reliable
and easily adaptable marker selection approaches. This
could occur by better targeting SNPs in causative vari-
ants, with less reliance on linkage disequilibrium (Hayes
et al., 2013), as well as by breeders developing a
better understanding of SNP frequency and effects
from historical population structures or hybridiza-
tion events. Furthermore, with continued improvements
and reductions in the costs of genotyping, such as large-
scale genome coverage by genotyping-by-sequencing
methods (Elshire et al., 2011), the cost effectiveness
of using genomics-based breeding values is expected
to offset some of the costs of phenotyping, particularly
for expensive wood quality or complex pest resistance
traits.

CONIFER GENOME DATABASES

The Dendrome database (https://dendrome.ucdavis.
edu/) was the first to comprehensively host conifer
genome data and a wealth of other important infor-
mation for the tree genetics community, including
updated versions of the loblolly pine genome assembly
(Zimin et al., 2014; http://loblolly.ucdavis.edu). The
Conifer Genome Integrative Explorer (ConGenIE; http://
congenie.org) database was launched with the release of
the Norway spruce genome sequence (Nystedt et al.,
2013) and has been extended to include the white spruce
and loblolly pine genome assemblies. The ConGenIE
database design enables hosting genomes of multiple
conifer species, and work is under way to cross-link
between species under the umbrella PlantGenIE do-
main (http://plantgenie.org). This includes further

development of the ComPlEx resource for investigating
cross-species gene expression network conservation/
divergence (Netotea et al., 2014; http://complex.
plantgenie.org), where spruce RNA-Seq data have
been integrated. In support of conifer genome anno-
tation and comparative genomics, ORCAE (Sterck et al.,
2012) and Genome Plaza (Van Bel et al., 2012), respec-
tively, have been set up for conifer genomes at the Uni-
versity of Ghent in Belgium, modeled after existing
platforms for other plant genomes, and will be integrated
with the ConGenIE resource.

CONCLUSION

The genome sequences of conifers revealed distinctive
features compared with other sequenced plant genomes.
Structural features such as the large size of their genomes
without recent whole-genome duplication, the very high
occurrence of repeat elements, and the stability of mac-
rostructure over long periods of time appear unique
among known seed plant genomes. Although current
conifer genome assemblies provide an important new
resource for biological analyses, the road toward fully
assembled and annotated conifer genomes still presents
significant technological challenges. While much pre-
liminary information about the gene space of conifer
genomes can be gleaned from ab initio and computa-
tional comparisons with angiosperms, research in func-
tional genomics beyond gene or protein profiling is
critical to explore conifer genes and gene families, such as
those of wood formation in gymnosperms, conifer-
specific secondary metabolism, and defense against in-
sect pests and disease.
Received August 14, 2014; accepted October 27, 2014; published October 27,
2014.
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