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SUMMARY

Spruces (Picea spp.) are coniferous trees widespread in boreal and mountainous forests of the northern
hemisphere, with large economic significance and enormous contributions to global carbon sequestration.
Spruces harbor very large genomes with high repetitiveness, hampering their comparative analysis. Here,
we present and compare the genomes of four different North American spruces: the genome assemblies for
Engelmann spruce (Picea engelmannii) and Sitka spruce (Picea sitchensis) together with improved and more
contiguous genome assemblies for white spruce (Picea glauca) and for a naturally occurring introgress of
these three species known as interior spruce (P. engelmannii X glauca x sitchensis). The genomes were
structurally similar, and a large part of scaffolds could be anchored to a genetic map. The composition of
the interior spruce genome indicated asymmetric contributions from the three ancestral genomes. Phyloge-
netic analysis of the nuclear and organelle genomes revealed a topology indicative of ancient reticulation.
Different patterns of expansion of gene families among genomes were observed and related with presumed
diversifying ecological adaptations. We identified rapidly evolving genes that harbored high rates of non-
synonymous polymorphisms relative to synonymous ones, indicative of positive selection and its hitchhik-
ing effects. These gene sets were mostly distinct between the genomes of ecologically contrasted species,
and signatures of convergent balancing selection were detected. Stress and stimulus response was identi-
fied as the most frequent function assigned to expanding gene families and rapidly evolving genes. These
two aspects of genomic evolution were complementary in their contribution to divergent evolution of pre-
sumed adaptive nature. These more contiguous spruce giga-genome sequences should strengthen our
understanding of conifer genome structure and evolution, as their comparison offers clues into the genetic
basis of adaptation and ecology of conifers at the genomic level. They will also provide tools to better moni-
tor natural genetic diversity and improve the management of conifer forests. The genomes of four closely
related North American spruces indicate that their high similarity at the morphological level is paralleled by
the high conservation of their physical genome structure. Yet, the evidence of divergent evolution is appar-
ent in their rapidly evolving genomes, supported by differential expansion of key gene families and large
sets of genes under positive selection, largely in relation to stimulus and environmental stress response.
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INTRODUCTION

Spruces (Picea spp.) are coniferous evergreens widely dis-
tributed across the northern hemisphere with their origin
dating back to the diversification of Pinaceae during the
Cretaceous era (Savard et al., 1994). Due to their abun-
dance, spruces are keystone species of many boreal and
mountain ecosystems and they play a major role in sup-
porting the forest industry in northern countries (Mullin
et al., 2011). In Canada alone, more than 300 million
spruce seedlings are planted every year (http:/nfdp.ccfm.
org/en/data/regeneration.php), and mature spruces are an
important source of lumber and wood fiber, contributing a
substantial portion of the country’'s GDP (Natural
Resources Canada, 2021).

Adaptation to environment is one of the major driving
forces in evolution that modifies the genetic makeup of spe-
cies. In the mountainous landscape of western North Amer-
ica, high diversity of spruce species is found where they
have adapted to a variety of climates, including glaciations
of the Pleistocene repeatedly reshaping their geographic
distributions (Jaramillo-Correa et al., 2009). Genomics has
been key to better understanding the evolutionary biology
of spruces, characterizing their genetic diversity in relation
to response to biotic and abiotic factors, and providing
tools to accelerate spruce breeding programs (Bousquet
et al., 2021). In the context of climate change, the search for
ecologically relevant markers has taken increasing rele-
vance in the past years and several large-scale studies have
contributed to better understanding some of the linkages
between the genetic diversity of spruce species and climate
(Hornoy et al., 2015; Yeaman et al., 2016).

The sequencing and assembly of conifer genomes
requires major computational efforts due to their large
genome size, ranging between approximately 7 and 37 bil-
lion base pairs (Gbp) (Ahuja & Neale, 2005). One of the
major forces driving spruce genome expansion has been
the accumulation of repeat DNA of diverse nature (De La
Torre et al., 2014), but much remained to be deciphered in
terms of the divergent evolution of conifer genomes.

Several conifer draft genome assemblies have been
reported, including those of Norway spruce (Picea abies)
(Nystedt et al., 2013), loblolly pine (Pinus taeda) (Zimin
et al.,, 2017), Douglas fir (Pseudotsuga menziesii)
(Neale et al., 2017), sugar pine (Pinus lambertiana)
(Crepeau et al., 2017), silver fir (Abies alba) (Mosca
et al., 2019), giant sequoia (Sequoiadendron giganteum)
(Scott et al., 2020), and coast redwood (Sequoia semper-
virens) (Neale et al., 2022). Here we introduce the genome

sequences of Engelmann spruce (Picea engelmannii [geno-
type Se404-851]) and Sitka spruce (Picea sitchensis [Q903])
along with improved genome assemblies of white spruce
(Picea glauca [WS77111]) (Warren, Keeling, et al., 2015)
and interior spruce (Picea engelmannii x glauca x sitchen-
sis [PG29]) (Birol et al., 2013), a naturally occurring ingress
of the former three. Engelmann spruce, which can live for
up to 300 years, has a scattered and continental distribu-
tion in western North America confined to the east of the
Coastal Mountains of the Rocky Mountains (Figure 1a).
Sitka spruce is one of the typical trees of the Pacific coastal
forests, with a natural range from Northern California to
Alaska, and a life span reaching 700-800 years (Far-
rar, 1995). Its mature trees are the largest among the spe-
cies represented here, reaching up to 55 m in height and
200 cm in diameter. Sitka spruce is well adapted to the
temperate rainforest climatic conditions of the Pacific
Northwest (Figure 1b). The more cold-tolerant white
spruce has a vast continental range that spreads across the
North American boreal forests, and it can reach 200 years
of age. Interior spruce is widely used in managed forests
in western Canada and the United States and it corre-
sponds to the large area of sympatry between the previous
three species.

Given the largely different distributions and ecology of
these closely related spruce species, the analysis of their
assembled genomes provided a unique opportunity for the
discovery of features and mechanisms implicated in their
divergent evolution, which could be of potential relevance
for differential adaptation. We present a comparative anal-
ysis of their genomes and identify conserved features as
well as elements indicative of the diversifying evolution of
their genomes.

RESULTS AND DISCUSSION
Genome sequencing and assembly

The different spruce genomes were sequenced using a
combination of short, linked, and long sequencing reads
(Appendix S1). The short and linked reads were sequenced
at approximately 80-110 fold coverage for all the genomes
and were used for the initial de novo assembly. The Oxford
Nanopore ONT long reads were sequenced at 2-4-fold cov-
erage for Engelmann and Sitka spruce, and were used for
scaffolding their draft genome assemblies. For each of the
four spruces, the total reconstructed genome assembly
size was approximately 21 Gbp, closely matching their esti-
mated genome sizes (Table 1; Appendix S2). The scaffold
NG50 Iength, a metric for contiguity of genome assemblies
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Figure 1. Geographical distribution and characteristic features of spruce species of this study. (a) Geographical distribution of Engelmann spruce (P. engelman-
nii) in green, Sitka spruce (P. sitchensis) in red, white spruce (P. glauca) in green, and the range for interior spruce (P. engelmannii x glauca x sitchensis) in
gray as indicated by the overlap of Engelmann and white spruce distributions. Colored dots on the geographic map indicate the locations of the specific Engel-
mann spruce (Se404-851 — blue), Sitka spruce (Q903 - red), white spruce (WS77111 — green), and interior spruce (PG29 - gray) genotypes sampled for genome
sequencing, with numbers indicating the location elevations. The Sitka, white, and interior spruce trees sequenced are from their native ranges. The Engelmann
spruce originated from a seed collection in New Mexico, USA, and was grown in a comparative provenance field test in British Columbia. The genotypes
sequenced for Engelmann, Sitka, and white spruce were from allopatric populations distant from the area of sympatry where interior spruce is found. (b) Spruce
dendrometric attributes. Maximum height of spruce species: 55 m for Sitka spruce (the tallest of the three), 36 m for interior spruce, 35 m for Engelmann
spruce, and 25 m for white spruce. Maximum diameter is 200 cm for Sitka, 90 cm for Engelmann, 64 for interior, and 60 cm for white spruce.

normalized for genome size, was 355, 38, 131, and 122 kbp
for Engelmann, Sitka, white, and interior spruce, respec-
tively (Table 1, Appendix S3). All four genome assemblies

Table 1 Genome assembly statistics and reconstruction size. The
final genome assembly statistics are shown for scaffolds of
>1 kbp. NG50 was calculated for an assembly size of 21 Gbp

Number of Longest Scaffolds Genome

scaffolds  scaffold (kbp) NG50 (kbp) size (Gbp)
Engelmann 946 053  6646.0 355.4 20.75
Sitka 1770974  1973.1 38.4 18.22
White 2 443500  4209.0 131.3 21.58

Interior 2 064 648  3589.0 121.7 20.14

© 2022 The Authors.

have similar completeness in the genic space, as measured
by the number of reconstructed single-copy orthologs
reported by BUSCO analysis (Simao et al., 2015): the ‘com-
plete — single copy’ BUSCO ranges from 29.1 to 41.1%
across the four spruces. The gene space completeness
levels were comparable to those of other published conifer
genomes (Crepeau et al., 2017; Neale et al., 2017; Neale
et al., 2022; Nystedt et al., 2013; Scott et al., 2020; Zimin
et al., 2017) (Appendix S4).

Linkage groups assignment

To organize the four spruce genomes into super-scaffolds
matching linkage groups representative of chromosomes,
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we assembled an improved white spruce genetic map that
orders the relative positions of 14 727 genes represented
by ¢cDNAs along the 12 white spruce linkage groups (Pavy
et al.,, 2008, 2012). Integrating the genetic map and the
genome assemblies provided a coordinate scheme that
associates centimorgan positions on the genetic map and
the nucleotide positions on assigned scaffolds, building
one super-scaffold per linkage group for each genome
(Figure 2a). The map and assembly coordinate systems
were largely collinear, as evidenced by the majority of the
cDNA positions falling on a continuous, main diagonal.
The few off-diagonal cDNA points represented less than
2% of the total assigned sequence for all four genomes. In
contrast, up to 35% of the genetic map cDNAs co-occur
with at least one other ¢cDNA on the same scaffold
(Appendix S5.1). The off-diagonal ¢cDNA points included
off-target alignments, alignments to paralogs, and possible
misassemblies in either the map or genome sequences.
The overall consistency between the genome sequences
and the genetic map highlighted the quality and correct-
ness of the genome assemblies, and confirmed at a fine
scale the high synteny between phylogenetically distant
spruce (Pavy et al., 2008) and Pinaceae genomes (Pavy
et al., 2012, 2017). Up to approximately 31% of scaffolds
from a single assembly (P. engelmannii, 6.12 Gbp) were
assigned to the genetic map (Table 3, Appendix S5.2).

Interior spruce genomic composition

The interior spruce PG29 genotype is an elite tree in a
breeding program for insect resistance and other traits
(Celedon et al., 2020; Warren et al., 2015a). It was previ-
ously reported as white spruce (Warren et al., 2015a), but
was then hypothesized to represent an introgress of white
spruce and other spruce species. We used shared single-
nucleotide polymorphisms (SNPs) from the super-scaffolds
to infer its genome composition (Figure 2b) and confirmed
its hybrid nature but with asymmetrical contributions from
three parental species. Its ancestral contributions were pre-
dominantly of white spruce genomic background (68.4%),
with lesser contributions from the Engelmann (16.1%) and
Sitka (12.9%) spruce genomes (Appendix S5.2). The detec-
tion of such three-species hybrids is rare (Hamilton

et al., 2015) and noteworthy, given that interior spruce is
most often described as a two-species hybrid in the zone
of contact between P. glauca and P. engelmannii (e.g.,
Haselhorst & Buerkle, 2013), and that natural two-species
hybrids have also been frequently reported between P.
glauca and P. sitchensis where they come into contact
(e.g., Hamilton et al., 2015). As our results indicate, it is
likely that small gene leakage from a third parental species
has been difficult to detect without assessing natural
hybrids with an informative genome-wide detection
method.

Genome annotation

All four genomes were annotated with the MAKER2 (Holt &
Yandell, 2011) pipeline, and only gene models supported
by direct evidence such as RNA-seq, cDNA, and manually
annotated predicted protein sequences were considered.
We derived 34 365, 30 324, 30 410, and 28 943 high-
confidence genes for Engelmann, Sitka, white, and interior
spruce, respectively (Table 2), selected for protein com-
pleteness and gene length to filter putative pseudogene
annotations. The high-confidence genes contained known
protein domains selected based on Pfam (Finn et al., 2014)
analysis and BLAST (Shiryev et al., 2007) alignments
against evidence-based proteins. The content and com-
pleteness of functional domains were compared between
the protein sequences from the predicted gene models
(Appendices S6.1 and S6.2). We observed little variation in
the number of BUSCO ‘complete’ core genes and Pfam
domains between the spruce genome annotations reported
herein. We plotted the length distributions of exons and
introns found in our gene annotations for genes longer than
10, 25, 50, 100, and 250 kbp (Appendix S6.3). We observed
longer intron and gene sizes in white and interior spruce
when compared to Engelmann and Sitka spruce. The distri-
bution of exon lengths remained similar for the gene
lengths examined. Gene homology was tested through
reciprocal best BLAST hit (RBH) in each pair of spruce taxa;
approximately 30-40% of the annotated proteins had a pro-
tein homolog in each comparison (Appendix S6.4).

Overall, repeats accounted for approximately 70% of
each of the four genomes. Repeat composition was largely

Figure 2. Genomic structure and sequence similarity. (a) Collinearity of super-scaffolds and the genetic map. The mapped cDNAs were aligned to the genome
assembly of each species, and the scaffold that best aligned to each cDNA was identified. These scaffolds were stitched together in the order dictated by the
genetic map, yielding one super-scaffold per linkage group representative of each of the 12 chromosomes. The cDNAs were then realigned to the scaffolds. The
plot shows the start positions of the aligned cDNAs versus their positions on the genetic map. (b) Shared SNP composition in introgressed interior spruce geno-
type PG29. For each of the interior spruce PG29 linkage group super-scaffolds, we plotted the proportion (0-100%) of SNPs unique to interior spruce (gray) and
those shared with Sitka (red), Engelmann (blue), and white spruce (green) within each 1-Mbp tile, while moving the frame over by 100-kbp window increments
(track 2 from the rim). Shared SNP composition densities in white spruce (green, track 3), Engelmann spruce (blue, track 4), and Sitka spruce (red, track 5) were
plotted using the circos.genomicDensity function of the circlize R package (v0.4.8, window.size = 10E6). Ideograms (track 1) show sections of the linkage groups
having the highest shared SNP composition within each overlapping 5-Mbp tile. Regions of identical densities between two or more species were not assigned
and are shown as white gaps in the ideogram. By varying the window size, we estimated the base contribution proportions of white, Engelmann, and Sitka
spruce to be approximately (average + SD) 68.4 + 11.2, 16.1 + 5.0, and 12.9 + 5.1%, respectively, as indicated in the center track (track 6). Unassigned portions
(2.6 + 2.5%) are shown in light gray.
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Table 2 Genome annotation statistics for the high-confidence genes from MAKER (Holt & Yandell, 2011). The annotated mRNAs are shown
as total annotated and as single-exon mRNAs. The length is calculated for the total mMRNAs, exons, and total proteins, shown as an average

(bp or aa) + standard deviation

Total annotated Total annotated Single-exon

Average total mMRNA  Average total exon Average total protein

genes mRNAs mRNAs length (bp) length (bp) length (aa)
Engelmann 34 365 60 224 14 804 1284 + 857 272 + 346 338 + 246
Sitka 30 324 58 175 13 002 1347 + 900 264 + 326 345 + 256
White 30 410 56 535 12 833 1275 + 838 257 + 320 323 + 234
Interior 28 944 62 397 13 043 1250 + 865 261 + 315 311 4+ 240

Table 3 Genetic map integration. Total number of scaffolds, scaf-
folds NG50, and genome size assigned to the genetic map, part of
the super-scaffolds assignments, for the four genomes

Number of Scaffolds Total genome
scaffolds NG50 (kbp) size (Gbp)
Engelmann 11 262 920.29 6.12
Sitka 12 897 246.81 1.94
White 12 627 664.97 3.86
Interior 12 483 482.68 3.25

consistent across the four spruces (Appendix S7) and other
published conifer genomes (Nystedt et al., 2013; Stevens
et al., 2016). Long terminal repeat (LTR) transposons (LTR-
gypsy, LTR-copia, and unclassified LTR) covered more than
60% of the assemblies, similar to the high interspersed
repeat content in the sugar pine (P. lambertiana,

(a) . [Plcea glauca
Interior spruce
_|'——Picea engelmannii C,‘
Picea si &
——Picea abies
[%]
" @
Pinus taeda 3
—: D_
2]
Pinus lambertiana ' 2
0.008 a
) [e
. Picea glauca

Interior spruce

-Picea engelmannii

Picea abies

'—Picea sitchensis

Pinus taeda

Pinus lambertiana

0.002

approximately 67%) and Norway spruce (P. abies, approxi-
mately 50%) genomes (Nystedt et al., 2013, Stevens
et al., 2016).

Phylogenetic analysis

Whole organellar and nuclear (nc) genome sequences
were used to construct phylogenies comprising five spruce
and two pine species (Figure 3). In agreement with previ-
ous analyses relying on rRNA and plastid (pt) genes (Chaw
et al., 1995; Wang et al., 2000), spruces and pines formed
distinct clades separated by the longest internode in each
phylogeny. Notably, the topologies of the spruce clades in
the nc and mitochondrial (mt) phylogenies were congru-
ent, substantiating previous results that were based on
individual gene sequences (e.g., intron of mt NADH genes,
the nc 4CL gene) or transcriptome data (Bouillé et al., 2011;
Feng et al., 2019; Lockwood et al., 2013).

(b) <|—Picea glauca
I
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Figure 3. Conifer genome phylogenies. The sequence divergence between the (a) nuclear (nc), (b) mitochondrial (mt), and (c) plastid (pt) genome assemblies
for each conifer species was estimated by comparing the k-mer content of the respective genome assemblies obtained using the neighbor-joining method.
Panel (d) shows the topology of the summary tree obtained by analysis of 780 orthologs with STAG and ASTRAL-Ill, with numbers on interior nodes and termi-
nal branch tips indicating the number of rapidly evolving gene families (P < 0.001) in black and red for expanding and contracting gene families, respectively.

Cell diagrams were made in ©BioRender (biorender.com).
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The topology of the pt phylogeny differed from those of
the nc and mt genomes in the relative positions of Norway
and Sitka spruce. In particular, Sitka spruce appeared as an
outgroup to all other spruce sequences including Norway
spruce. This result is consistent with an earlier report,
which showed that spruce phylogenies based on mater-
nally inherited mitochondrial DNA resulted in topologies
that are more consistent with geographical distributions,
while the paternally inherited chloroplast DNA may yield
different phylogenetic trees due to ancient reticulation,
which for Sitka spruce may result from long-distance gene
flow driven by pollen dispersal (Bouillé et al., 2011). The
discordant pt phylogeny obtained here was also confirmed
with an orthogonal phylogeny method (Appendix S8).
Engelmann spruce appeared as a sister group to white and
interior spruce in the nc, mt, and pt phylogenies (Fig-
ure 3a—c), reflecting the close genetic proximity between
Engelmann and white spruce which naturally hybridize
and introgress in their large area of sympatry (Hamilton
et al., 2015; Haselhorst & Buerkle, 2013). In the nc and mt
phylogenies, the lineage leading to Sitka spruce appeared
as a close sister group to Engelmann and white spruce,
reflecting their parapatric distributions and the reported
natural introgression between Sitka spruce and the two
other species (Hamilton et al., 2015). This is also in agree-
ment with the sizeable genomic contribution of Sitka
spruce to the genome of the introgressed interior spruce
described above. The lineage leading to Norway spruce
was more remote and a sister group to North American
spruces in all but the pt genome sequences. This is consis-
tent with the estimates of an ancient divergence time in
excess of 10 million years between the lineages leading to
white and Norway spruce (Bouillé & Bousquet, 2005). The
close position of interior spruce with white spruce in all
tree topologies reflects the large genomic contribution of
white spruce to the genome of the introgressed interior
spruce as described above. Overall, the phylogenetic pat-
terns observed here reflected the fraction of shared SNPs
at orthologous nc genes between Engelmann/white spruce,
Sitka/white spruce, and Norway/white spruce pairs, with
respective proportions of 64%, 22%, and 12% (Pavy, Gag-
non, et al., 2013), thus showing a declining pattern with
increasing phylogenetic distance (as depicted in Fig-
ure 3a).

Predicted protein sequences were clustered in
orthogroups (gene families) for comparative analysis
across different spruce and pine species. Out of a total of
22 397 orthogroups, 3165 were shared between the differ-
ent species, 907 were shared between all spruces, and
1215 were shared between the North American spruce spe-
cies (Appendix S9). A set of 780 proteins from the 3164
orthogroups represented in all species was used to recon-
struct phylogenetic relationships based on protein
sequences inferred from gene models. The protein family
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phylogeny obtained (Figure 3d) had the same topology as
we observed for nc and mt phylogenies (Figure 3a,b).

Expansions and contractions of gene families

To first test for divergent genome evolution, changes in
gene families were compared against the phylogenetic tree
topology based on protein sequences (Figure 3d) to assess
possible links between long-term evolutionary change and
differential adaptation of the different spruce species to
their environments. To this end, we first identified gene
families evolving at a rate significantly different between
the parent and child nodes (Table S1). Contrary to the
common ancestor of North American spruces, we
observed a substantial number of gene family contractions
in the lineage leading to Norway spruce (+29/-95) (Fig-
ure 3d), where +/— numbers in the parentheses indicate
the number of expanding/contracting families. Among the
phylogenetically closely related North American spruces,
the taxon with the largest number of rapidly evolving gene
families was Engelmann spruce with 60 (+56/—4) gene fam-
ilies, followed by interior, white, and Sitka spruce with 57
(+42/-15), 42 (+23/-19), and 39 (+38/—1) gene families,
respectively (Figure 3d). As the assembly contiguities
improve, it should be possible to assess whether expand-
ing gene families are physically tandemly arrayed (Pavy
et al., 2017) and if other molecular mechanisms are
involved in their expansion, such as translocations (Guillet-
Claude et al., 2004). It is also noteworthy that many more
gene family expansions versus contractions were detected
in Engelmann, Sitka, and interior spruce than in white
spruce. The former taxa may have been under additional
selective pressures since their separation, given that they
have historically been facing a more heterogeneous land-
scape in western North America (Figure 1a). This is in
sharp contrast with what is typically observed east of the
Rocky Mountains on the continental Canadian shield
where white spruce is mostly found, including the individ-
ual representative tree used herein for genome sequenc-
ing, which pertains to the eastern North American
phylogeographic lineage (Figure 1a).

Among the top expanding gene families, several were of
unknown functions and represented by several domains of
unknown function (DUFs; DUF4283, DUF4219, DUF659),
several were related to retroelements (transposase family
tnp2, GAG-pre-integrase domain, reverse transcriptase),
and the others represented various functions well known
in plants (Table S1). These proteins of known function
were associated to gene ontology (GO) terms, and enrich-
ment tests highlighted some terms found enriched only
among the expanding gene families and not among the
contracting gene families (Table S2). For example, at a P-
value of <1E-5, the 18 GO terms enriched among expand-
ing families included eight terms related to metabolism or
its regulation and six terms related to responses to various
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