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• Science of conifers
• Evolution: The last major plant group without a sequenced 

genome
• Ecology: Dominant members of boreal forests
• Biology: Unique biological features

• Available genome sequence will aid and facilitate
• Genomic improvement for biomass productivity, quality, 

health
• Optimise cellulose and wood fibre qualities (new materials)
• Optimised feedstock for bio-refineries

• Norway spruce is Sweden’s most economically important tree
• 30% net exports
• 3,000 spruce trees per citizen
• Annual growth increment worth 2.2 billion €  or ~240 € per 

citizen per year

Scientific and socioeconomic interest 
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• Challenges
• 19.6 Gbp genome
• 12 evenly sized chromosomes (Chromosome sorting 

not possible)
• Fairly high heterozygosity
• High repeat content

Sequencing and assembly

Vischi et al (2003)
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Hierarchical assembly strategy

 
 

 

Supplementary Figure 1.2. Hierarchical assembly strategy and characteristics of the Picea abies 1.0 
asssembly. (a) Schematic representation of the strategy used to construct the P. abies 1.0 assembly. A set 
of 450 assembled fosmid pools were merged to obtain a whole genome shotgun (WGS) assembly derived 
from haploid tissue. This was followed by scaffolding using five insert libraries created from diploid tissue. 
Finally, the assembly was scaffolded using digitally normalised RNA sequencing read-pairs. (b) Feature 
Response Curve evaluation of the main steps of the assembly pipeline. The haploid WGS assembly (red 
line), merged assembly (yellow line) and P. abies 1.0 assembly (green line) showed progressively steeper 
FRC curves, demonstrating assembly improvements as a balanced measure of quality and contiguity. (c) 
Alignment of 11,944 Sitka spruce (P. sitchensis) full-length ESTs8 to the P. abies 1.0 assembly. Only the 
best hit scaffold for each EST was considered. (d) Repeat content of various assemblies compared to an 
assembly-independent estimation. Genomic repeat content was estimated from unassembled reads (top left). 
Fosmid pool assemblies (bottom left) and the final P. abies 1.0 assembly (bottom right), were more 
representative of true genomic repeat content than the haploid WGS assembly (top left), which was depleted 
of high-copy repeats.  

 
 
Supplementary Table 1.5. Assembly statistics (Gbp) 
 

 
Haploid WGS 

assembly 
Fosmid pool 
assemblies 

Merged 
assembly  

P. abies 1.0 

>200 bp scaffolds (total) 9.8 10.2 12.0 12.0 
>1000 bp scaffolds 5.8 6.7 8.4 9.2 
>5000 bp scaffolds 1.4 5.0 3.5 6.0 
>10000 bp scaffolds 0.2 3.8 2.0 4.3 
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Fosmid pool sequencing
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Nystedt et al Nature 2013
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Genome sub-selection for gene annotation

 Sub-selection of genomic scaffolds were done before 
gene prediction

Wednesday, February 19, 2014
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Picea abies gene annotation
• Augustus+Eugene were run 

on scaffolds showing evidence 
for transcription (bwa mapping 
RNAseq reads) + all Scaffolds 
>10 Kbp

• 26,597 High Confidence gene 
predictions
• >70 % supporting evidence 

coverage

• 32,263 Medium Confidence 
predictions
• 30-70 % coverage

• 8,197 Low Confidence 
predictions
• <30 % coverage
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Long introns

2,384 HC genes contain 2,697 
introns >5 Kbp

2,679 contain TE

Wednesday, February 19, 2014
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RNAseq scaffolding

• For a relatively large 
fraction of genes, 
assembly breaks in long 
(>10kb) introns

• Scaffolding using RNAseq 
data alleviates this to 
some extent (59% → 
64%)

• Transcript, PacBio and 
gene fusion based 
scaffolding

• expected to complete 
~5000 additional genes

Nystedt et al Nature 2013

RNAseq reads

genomic scaffolds
transcripts
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Expression across tissues
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An expression catalogue

22 libraries, 50 M PE reads per library

Wednesday, February 19, 2014
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Identification of  repetitive sequences

• Identitification
• For each species: random samples of 100000 454 

reads longer than 500 bp
• RepeatScout + cap3 + cd-hit-est clustering

• Characterization
• Similarity (blastX and tblastx) searches against 

other TEs database and nr GenBank. 
• removal of plastid contaminants and candidates 

having hits with known gene families
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LTRs are widespread ad shared between 
species

spruce within draft genome assemblies of P. sylvestris and G. gnemon
(Supplementary Information 4.2). Introns identified as orthologous to
a long intron inP. abieswere also atypically long (Fig. 3a, b), suggesting
that intron expansions started early in the history of conifers.

The evolution of important conifer traits
Two major differences between angiosperms and gymnosperms are
their contrasting reproductive development and the development
of water-conducting xylem cells. We therefore manually identified
P. abies loci homologous to genes known to be centrally involved in
these processes in angiosperms.
In angiosperms, homologues of the A. thaliana phosphatidyletha-

nolamine-binding protein (PEBP) FLOWERING LOCUS T (FT) are
key activators of flowering. It has been suggested that gymnosperms
lack orthologues of FT genes, instead containing a group of FT/TFL1-
like genes that probably act as flowering repressors36,37. We identified
four putative FT/TFL1-like genes in the P.abies 1.0 genome that have
not been previously described and confirmed that the genome does
indeed lack FT-like genes (Supplementary Information 5.1).
MADS-box genes are involved in controllingmost aspects of angio-

spermdevelopment38. A total of 278 sequences with clear homology to
MADS boxes were identified in the P.abies 1.0 assembly (Supplemen-
tary Information 5.2), 41 of which had transcript support. Type I and
II MADS-box genes are distinguished in plants. Only 5% of the iden-
tifiedMADS boxes were of type I (Supplementary Fig. 5.2.), the lowest
percentage of potential type I genes recorded in any plant genome.
Type II MADS-box genes are subdivided into about a dozen ancient
clades. We observed remarkable expansions in the TM3-like (or
SOC1-like), STMADS11-like and TM8-like gene clades in P. abies.
Because members of these gene clades are involved in vegetative
development and phase changes such as the floral transition in
angiosperms39, we propose that the expansion of these gene clades
has contributed to the evolution of developmental phase changes in
gymnosperms.
The xylem tissue of most gymnosperms comprises a single water-

transporting cell type, tracheids. By contrast, the xylem tissue of angio-
sperm species contains fibres, originating from tracheids that have to a
large extent lost the capacity to conduct mass water flows, and vessels
that have takenover thewater-transport function in the stem.Formation
of vessels is controlled by theVASCULAR NAC DOMAIN (VND) gene
family, which has seven members in A. thaliana40. We detected two
VND genes inP. abies (Supplementary Information 5.3), suggesting that
co-option and expansion of the VND gene family in vessel formation
might have been important for angiosperm evolution.
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Figure 3 | Intron sizes are conserved among gymnosperms. a, b, Intron size
comparisons between P. abies, P. sylvestris (a) andG. gnemon (b), respectively.
Orthologues of introns that were categorised as short (50–300 bp) or long
(1–20 kb) in P. abies were identified in P. sylvestris and G. gnemon, and the
corresponding intron size was scored.
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Figure 2 | Conifer genomes contain expansions of a diverse set of LTR-RTs.
a, Distribution of different classes of transposable elements from six
gymnosperm species. The figure is based on the total fraction of
transposable elements (TE) identified and grouped into different classes from
the different species. Genome sizes of the six species are given in circles and
their phylogenetic relationship is shown, with tentative dating of divergence
times (x-axis) based on 64 chloroplast genes over 39 species and five fossil
calibration points. b, c, Heuristic neighbour-joining trees constructed from
5,922 sequences similar to the Ty3/Gypsy (b) and 3,052 sequences similar to
the Ty1/Copia (c) reverse transcriptase domain from nine plant species. The
trees to the right have only sequences from P. abies and Z. mays coloured,
whereas the grey dots are the uncoloured versions of the other species
represented on the left. d, Distributions of insertion times calculated for LTR-
RTs inPicea abies,Picea glauca andOryza glaberrima/O. sativa, usingmutation
rates (per base per year) of 2.23 1029 for the Picea spp. and 1.83 1028 for O.
glaberrima50.
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Repetitive structure of  the Norway spruce 
genome

spruce within draft genome assemblies of P. sylvestris and G. gnemon
(Supplementary Information 4.2). Introns identified as orthologous to
a long intron inP. abieswere also atypically long (Fig. 3a, b), suggesting
that intron expansions started early in the history of conifers.

The evolution of important conifer traits
Two major differences between angiosperms and gymnosperms are
their contrasting reproductive development and the development
of water-conducting xylem cells. We therefore manually identified
P. abies loci homologous to genes known to be centrally involved in
these processes in angiosperms.
In angiosperms, homologues of the A. thaliana phosphatidyletha-

nolamine-binding protein (PEBP) FLOWERING LOCUS T (FT) are
key activators of flowering. It has been suggested that gymnosperms
lack orthologues of FT genes, instead containing a group of FT/TFL1-
like genes that probably act as flowering repressors36,37. We identified
four putative FT/TFL1-like genes in the P.abies 1.0 genome that have
not been previously described and confirmed that the genome does
indeed lack FT-like genes (Supplementary Information 5.1).
MADS-box genes are involved in controllingmost aspects of angio-

spermdevelopment38. A total of 278 sequences with clear homology to
MADS boxes were identified in the P.abies 1.0 assembly (Supplemen-
tary Information 5.2), 41 of which had transcript support. Type I and
II MADS-box genes are distinguished in plants. Only 5% of the iden-
tifiedMADS boxes were of type I (Supplementary Fig. 5.2.), the lowest
percentage of potential type I genes recorded in any plant genome.
Type II MADS-box genes are subdivided into about a dozen ancient
clades. We observed remarkable expansions in the TM3-like (or
SOC1-like), STMADS11-like and TM8-like gene clades in P. abies.
Because members of these gene clades are involved in vegetative
development and phase changes such as the floral transition in
angiosperms39, we propose that the expansion of these gene clades
has contributed to the evolution of developmental phase changes in
gymnosperms.
The xylem tissue of most gymnosperms comprises a single water-

transporting cell type, tracheids. By contrast, the xylem tissue of angio-
sperm species contains fibres, originating from tracheids that have to a
large extent lost the capacity to conduct mass water flows, and vessels
that have takenover thewater-transport function in the stem.Formation
of vessels is controlled by theVASCULAR NAC DOMAIN (VND) gene
family, which has seven members in A. thaliana40. We detected two
VND genes inP. abies (Supplementary Information 5.3), suggesting that
co-option and expansion of the VND gene family in vessel formation
might have been important for angiosperm evolution.
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Figure 3 | Intron sizes are conserved among gymnosperms. a, b, Intron size
comparisons between P. abies, P. sylvestris (a) andG. gnemon (b), respectively.
Orthologues of introns that were categorised as short (50–300 bp) or long
(1–20 kb) in P. abies were identified in P. sylvestris and G. gnemon, and the
corresponding intron size was scored.
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Figure 2 | Conifer genomes contain expansions of a diverse set of LTR-RTs.
a, Distribution of different classes of transposable elements from six
gymnosperm species. The figure is based on the total fraction of
transposable elements (TE) identified and grouped into different classes from
the different species. Genome sizes of the six species are given in circles and
their phylogenetic relationship is shown, with tentative dating of divergence
times (x-axis) based on 64 chloroplast genes over 39 species and five fossil
calibration points. b, c, Heuristic neighbour-joining trees constructed from
5,922 sequences similar to the Ty3/Gypsy (b) and 3,052 sequences similar to
the Ty1/Copia (c) reverse transcriptase domain from nine plant species. The
trees to the right have only sequences from P. abies and Z. mays coloured,
whereas the grey dots are the uncoloured versions of the other species
represented on the left. d, Distributions of insertion times calculated for LTR-
RTs inPicea abies,Picea glauca andOryza glaberrima/O. sativa, usingmutation
rates (per base per year) of 2.23 1029 for the Picea spp. and 1.83 1028 for O.
glaberrima50.
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The same LTR group have different fates in 
different conifer species 
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The same LTR group have different fates in 
different conifer species - an extreme case!
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Summary of  the repetitive fraction

• Conifer large genomes are mostly repetitive
• LTR-RTs are the most represented TE class and are 

shared across different genera; 
• LTR-RTs from the same group had different fates in 

different species... 
• ...nothing unexpected and nothing that different from 

what was already described in several angiosperms!
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LTR amplification in Picea mostly pre-dates 
speciation

• 113 LTR-RTs complete 
elements were identified in 
25 P. glauca BACs

• The tracts spanning for 1000 
bp all the boundaries 
genome-LTR-RT-genome 
were mapped onto P. abies 
assembly 

• 45 elements: not mappable 

• 5 inserted in P. glauca after 
speciation (empty spot in P. 

abies); younger than 13 MY 

• 63 inserted before 
speciation: older than 13 MY
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LTR amplification in Picea mostly pre-dates 
speciation
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Summary of  LTR insertion dynamics

• LTR-RTs massively amplified in ancient times; 
• There is no (or limited) evidence of recent LTR-RTs 

insertional activity; 
• A huge amount of ancient inserted LTR-RTs escaped 

removal 
• The emerging scenario is totally different from the 

one in angiosperms and leads to a crucial question: 
• Why (How) these elements have been retained?
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LRT removal through unequal recombination

• We searched for evidence 
of UR for 3 LTR-RT 
families in P. abies 

• We used 4 BACs, 20 
fosmids and the assembly 
contigs longer than 50 kbp 
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Estimating LTR removal through unequal 
recombintion

• LTRs can be assigned to complete elements or identified as a solo-LTR 
• If it is followed by PBS...it's the 5' LTR of a complete element; 
• If it is preceded by PPT...it's the 3' LTR of a complete element; 

• If there is no evidence of PPS or PPT and there are TSD at end → solo LTR 
• Any other case → UNCLEAR (amount should be negligible) 
• Ratio complete_elements: sLTRs ---> (5'LTR +3'LTR)/2 : sLTR
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Estimating LTR removal through unequal 
recombintion

LTR 
Family

Complete 
elements

Solo 
LTRs Ratio

ALISEI 27 5 0.185

3K05 26 5 0.192

4D08_5 43 0 0.0

Total 96 10 0.104

• In P. abies the ratio of solo-LTRs to complete elements is ~1:9 
• In A. thaliana, rice and barley the corresponding ratios are 1:1, 0.6:1 and 16:1.
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The emerging picture: how did conifer 
genomes become so large?

Massive LTR-RTs amplification 
occurred for a long period in ancient 

evolutionary times 

+

(very) limited homologous recombination 
targeting these elements 
– No LTR-RTs removal; 

– No LTR-RT mediated damage to the 
host genome

=

LTR-RT accumulation → Large genomes
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sRNA distribution

To trace the history of transposable elements in vascular plants we
inferred phylogenies of a domain of the reverse transcriptase genes of
both Ty1/Copia and Ty3/Gypsy elements. The phylogenies revealed
several diverse and ancient transposable element subfamilies, present in
almost all of the examined conifer genera, whereas only a few subfamilies
were expanded in the angiospermgenomes (Fig. 2b, c and Supplementary
Information 3.11).Most internal cladeswith significant bootstrap support
were consistently species-specific, indicating that most expansions of
extant transposable element families occurred after divergence. Two
species-specific amplification bursts were evident: aTy1/Copia family in
J. communis and a Ty3/Gypsy family in T. baccata. We used complete
LTR-RTs from P. abies and P. glauca to investigate further the timing of
conifer transposable element insertions31 (Supplementary Information
3.4–3.8). In contrast to a similar set of elements identified inOryza sativa
and O. glaberrima (Fig. 2d), we detected no evidence of recent activity
(that is, less than 5Myr ago) inP. abies. Instead, insertions seem to have
occurred over several tens of millions of years (older insertions are more
likely to escape detection). Analysis of 68 orthologous transposable ele-
ment insertions inP. abies and P. glauca further supported this: 63 inser-
tions apparently predated divergence, and only five occurred after the
lineages separated 13–20Myr ago (Supplementary Information 3.9).

We clustered LTRs of complete elements to identify transpos-
able element families32. More than 86% of the elements remained as
singletons, indicating that LTR-RTs are quite divergent and that
there are several low-abundance families. We searched three LTR-
RT families for signatures of unequal intra-element recombination
events in scaffolds .50 kb and 20 complete fosmids33. For families
ALISEI, 3K05 and 4D08_5 we identified 21, 22 and 39 complete
elements, and four, five and no solo LTRs, respectively (Supplemen-
tary Information 3.10). Although this data set is limited, the analysis
suggested that LTR-RT-related sequences might be removed less fre-
quently by unequal recombination than in other plant genomes. The
ratio of solo-LTRs to complete elements inP. abies is,1:9, whereas in
A. thaliana, rice and barley it is 1:1 (ref. 33), 0.6:1 (ref. 34) and 16:1 (for
the abundant BARE 1 element35), respectively. Taken together, these
findings indicated that the extant set of transposable elements inP. abies
accumulated slowly over tens or hundreds of millions years, mainly by
the insertion of LTR-RT elements with limited transposable element
removal.
An analysis of introns across taxa provided further insight into the

genome of the last common ancestor to the conifers. We identified
orthologues of normal sized (50–300 bp) and long (1–20 kb) introns in
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Figure 1 | The gene-space and transcribed fraction of the P.abies 1.0
assembly. a, Gene family loss and gain in eight sequenced plant genomes
(Arabidopsis thaliana, Populus trichocarpa, Vitis vinifera, Oryza sativa, Zea
mays, Picea abies, Selaginella moellendorffii and Physcomitella patens). Gene
families were identified using TribeMCL (inflation value 4), and the DOLLOP
program from the PHYLIP package was used to determine the minimum gene
set for ancestral nodes of the phylogenetic tree. We used plant genome
annotations filtered to remove transposable elements. ‘Orphans’ refers to gene
families containing only a single gene. Blue numbers indicate the number of

gene families. b, Boxplot representation of length distribution for the 10%
longest introns in the same eight genomes. c, Scatter plots of cumulative intron
length against log10 expression calculated as fragments per kilobase per million
mapped reads (FPKM) for high-confidence gene loci (top, coloured orange)
and green for lncRNA loci (middle, shaded green). The bottom panel shows a
histogram of cumulative intron size in the two sets of loci. d, Distribution of
small (18–24-nucleotide (nt)) RNAs and their co-alignment-based colocation
to genomic features (repeats, high-confidence genes and their promoter/
UTRs). CDS, coding sequence.
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In-progress RNAseq and sRNA studies

• Root, needle, cambium and soil seasonal profiling: control and 
long-term fertilized + metagenomics and metatranscriptomics

• Needle developmental profiling
• Phloem and xylem seasonal profiling
• Developing wood cross section
• Somatic embryogenesis
• Reproductive organ development
• Embryo and seedling development
• Suspensor cell
• Diurnal expression in needles and cambium
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Bioinformatic resources
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