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Abstract Spruce (Picea spp.) species are the dominant component of the
circumboreal forest and one of the most reforested species groups in the world.
They have become a reference among conifers for fundamental and applied geno-
mics research. This chapter reviews the compelling progress made in the field of
spruce population genomics, from the supportive field trials established by tree
breeders to the release of complete sequences of their cytoplasmic and nuclear
genomes to most recent applications in forestry. Initial efforts focusing on sequenc-
ing the spruce gene space resulted in the development of extensive genomic
resources such as expressed sequence tags libraries, gene and single nucleotide
polymorphism catalogs, genotyping arrays, and high-resolution genetic maps. Dur-
ing the last decade, these resources allowed to gain insights into a variety of topics
such as phylogeography and phylogeny, introgression and speciation processes, as
well as association mapping. Thanks to the recent advent of high-throughput
genotyping and sequencing technologies, population genomics data are now being
produced at an exponential rate, which translates into new applications and oppor-
tunities in conservation genetics and spruce breeding, such as genomic prediction.
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1 Introduction

Spruces (Picea spp.) are coniferous evergreen trees exclusively found in the North-
ern Hemisphere and due to their extensive distribution, they bear considerable
ecological importance. They are a major component of boreal forests but are also
found in mountainous areas of temperate zones, as well as in high elevation forests of
subtropical areas. Because spruce forests also have an important economic value
related to recreational activities and commercial use for a wide variety of timber and
non-timber products, spruces have become one of the most planted species groups
around the world (Mullin et al. 2011).

Population genomics is a relatively new discipline in forestry and forest genetics
that can contribute to preserve the many benefits and functions of forests, especially
in the context of rapid climate change currently affecting spruce forests worldwide.
By providing new insights into processes driving population evolution, it can lead to
improved monitoring and management of natural and domesticated genetic
resources. Fueled by the advent of high-throughput sequencing and genotyping
technologies, much progress has been made during the last 10 years regarding the
advancement of spruce population genomics.

In this chapter, we comprehensively review milestones accomplished to date,
which make spruces a potent model for conifer population genomics and its appli-
cations. We recapitulate the current state of knowledge regarding the biology and
evolutionary history of the genus, then describe spruce genomic resources currently
available for population genomic studies and the main research findings in popula-
tion genomics, including their applications in the fields of genetic resource conser-
vation and tree breeding. Finally, we look forward to major challenges and
opportunities arising, and how they relate to the advancement of the spruce popu-
lation genomics agenda and its integration with other ‘omics research.

2 The Genus Picea

Picea is a member of the family Pinaceae, together with other widespread genera
such as Pinus, Abies, Larix, and Tsuga. The family is an important component of the
order Pinales, also known as Coniferales, the conifers (Gernandt et al. 2011). With
approximately 38 extant species (Table 1), Picea is the third most diversified genus
of the Pinaceae after Pinus and Abies.

Spruces (Picea spp.) are generally the dominant genus of the circumboreal forest
(Farjon and Filer 2013), where they usually form large and contiguous populations
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Table 1 Nomenclature of Picea spp. and their geographical distributions

Subspecific classification

Liu’s Farjon’s Provenance tests/
(1982) (2010) breeding
Species subgenus section Natural range programs
P. abies (L.) Karst. Picea Picea Baltico-Nordic boreal |V
zone, Europe
P. alcoquiana (Veitch | Picea Picea Japanese Archipelago
ex Lindl.) Carr.
P. asperata Mast. Picea Picea Qinghai-Tibetan Pla-
teau and adjacent
regions
P. aurantiaca Mast. Picea Picea Qinghai-Tibetan Pla-
teau and adjacent
regions
P. brachytyla Omorika Picea Qinghai-Tibetan Pla-
(Franch.) Pritzel teau and adjacent
regions
P. breweriana Omorika Picea Western North
S. Wats. America
P. chihuahuana Omorika Picea Mexico
Martinez
P. crassifolia Picea Picea Qinghai-Tibetan Pla-
Komarov teau and adjacent
regions
P. engelmannii Parry | Picea Casicta Western North \?
ex Engelm. America
P. farreri Page & - Picea Qinghai-Tibetan Pla-
Rushforth teau and adjacent
regions
P. glauca (Moench) Picea Picea North American boreal | V
Voss zone
P. glehnii Omorika Picea Japanese Archipelago
(Fr. Schmidt) Mast.
P. jezoensis (Sieb. & | Picea Casicta Eastern Asia, Japanese
Zucc.) Carr. Archipelago
P. koraiensis Nakai Omorika Picea Eastern Asia
P. koyamae Shirasawa | Omorika Picea Japanese Archipelago
P. likiangensis Picea Casicta Qinghai-Tibetan Pla-
(Franch.) Pritz. teau and adjacent
regions
P. linzhiensis Cheng | — Casicta Qinghai-Tibetan Pla-
& Fu teau and adjacent
regions
P. mariana (Mill.) Picea Picea North American boreal |V
Britt., Sterns & zone
Poggenb.
P. martinezii - Picea Mexico

Patterson

(continued)
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Subspecific classification

Liu’s Farjon’s Provenance tests/
(1982) (2010) breeding
Species subgenus | section Natural range programs
P. maximowiczii Omorika Picea Japanese Archipelago
Regel ex Mast.
P. mexicana Martinez | Picea - Mexico
P. meyeri Rehd. Picea Picea Qinghai-Tibetan Pla-
& Wils. teau and adjacent
regions
P. morrisonicola Omorika Picea Southeastern China
Hayata
P. neoveitchii Mast. Picea Picea Qinghai-Tibetan Pla-
teau and adjacent
regions
P. obovata Ledeb. Picea Picea Eastern, Western Asia N
P. omorika (Pancic) Omorika Picea Europe
Purkyne
P. orientalis (L.) link | Omorika Picea Middle East
P. pungens Engelm. Picea Casicta Western North v
America
P. purpurea Mast. Picea Casicta Qinghai-Tibetan Pla-
teau and adjacent
regions
P. retroflexa Mast. - Picea Qinghai-Tibetan Pla-
teau and adjacent
regions
P. rubens Sarg. Picea Picea Eastern North America | V
P. schrenkiana Fisch. | Omorika Picea Qinghai-Tibetan Pla-
& Mey. teau and adjacent
regions
P. sitchensis Picea Casicta Western North v
(Bong.) Carr. America
P. smithiana (Wall.) Omorika Picea Qinghai-Tibetan Pla-
Boiss. teau and adjacent
regions
P. spinulosa (Griff.) Omorika Picea Qinghai-Tibetan Pla-
Henry teau and adjacent
regions
P. torano (Sieb. ex Picea Picea Japanese Archipelago
Koch) Koehne
P. wilsonnii Mast. Omorika Picea Qinghai-Tibetan Pla-
teau and adjacent
regions

“Mostly focusing on P. glauca X P. engelmannii (interior spruce)



Spruce Population Genomics

across Canada, Northern Europe, and Russia. Despite their extensive geographical
distribution in the boreal zone, species diversity is relatively low due to the harsh
environmental conditions prevailing at these latitudes (Peh et al. 2015). Hence, most
spruce species are rather found in mountainous temperate forests of North America
and Eurasia, with China being considered as a hot spot because it contains almost
half of the total number of spruce species (Farjon and Filer 2013). In the southern-
most part of their range, spruce species are restricted to subtropical high-altitude
zones of Mexico and Taiwan where they typically occur as small and fragmented
populations. However, distribution ranges are dynamic because species are con-
stantly tracking climatically suitable habitats (Davis and Shaw 2001). This is
especially relevant at large time scales, as Quaternary climatic oscillations prompted
recurrent latitudinal or altitudinal range shifts of large amplitude (Hewitt 2000).
Hence, current spruce distributions in boreal and subtropical zones mirror their
idiosyncratic demographic trajectories, with ongoing climate change promoting
range expansion in northern species (e.g., Payette and Filion 1985), and range
contraction in southern species (Wright 1955; Jaramillo-Correa et al. 2006; Bodare
et al. 2013). From a population genomics perspective, understanding the historical
dynamics of species distributions is highly relevant since it strongly influences their
extant natural genetic diversity and structure (Jaramillo-Correa et al. 2009; de
Lafontaine et al. 2018).

As for other taxa in the Pinaceae family, spruce trees are monoecious. Self-
fertilizing is therefore possible, although deleterious effects on viable seeds produc-
tion were reported (Franklin 1970). However, due to high outcrossing rates, open-
pollinated mating system, and wind-dispersed pollen and seeds, high heterozygosity
and high gene flow among populations are usually observed in species from the
temperate-boreal forests with large natural ranges (e.g., Isabel et al. 1995; Jaramillo-
Correa et al. 2001; Perry and Bousquet 2001; O’Connell et al. 2007). This allows for
the maintenance of large effective population sizes with high levels of recombina-
tion, which, in turn, results in high levels of genetic diversity. Exception to this rule
are encountered in endemic spruce species with more fragmented distributions,
reduced gene flow, and increased inbreeding where reduced genetic diversity and
higher population differentiation are usually observed (Ledig et al. 2000a, b, 2002;
Jaramillo-Correa et al. 2006, 2015).

Reproductive isolation among spruce taxa is generally weak and introgressive
hybridization is common throughout the genus natural range (Wright 1955; Perron
and Bousquet 1997; Rajora and Dancik 2000; Bouillé et al. 2011). Consequently,
species delimitation is often difficult and many sympatric or parapatric species are
rather considered as “species complexes” that can involve several taxa (e.g., Perron
and Bousquet 1997; Du et al. 2009). Because of such weak reproductive isolation,
interfertility is also maintained among various geographically isolated species, such
as between the allopatric P. glauca (white spruce) and P. jezoensis (Wright 1955),
two taxa currently occurring in North America and Asia, respectively. At the same
time, species found in distinct phylogenetic clades but in sympatry over large areas
are usually well isolated reproductively, as is the case for the largely distributed
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P. glauca and P. mariana (black spruce) across the North American boreal forest
(Haselhorst et al. 2019).

Both molecular and morphological data indicate that the genus Picea is mono-
phyletic (e.g., Wright 1955; Hart 1987; Farjon 2010; Leslie et al. 2012; Li et al.
2017). The origin of the genus would date back to the Early Cretaceous,
corresponding to the early diversification of the Pinaceae (Savard et al. 1994;
Gernandt et al. 2008; Lin et al. 2010; Leslie et al. 2012). Based on several lines of
evidence, the crown age of extant Picea lineages could be traced back much later to
the Oligocene/Miocene transition (~25 Mya) (Bouillé and Bousquet 2005; Lin et al.
2010; Leslie et al. 2012; Lockwood et al. 2013; Ran et al. 2015). According to these
studies, most extant spruce lineages diverged by the end of the Miocene (5-10 Mya),
indicating that extant species radiation was relatively recent and rapid on the
geological time scale. The geographic origin of the genus is still debated but most
cpDNA and nucDNA phylogenies resolve the North American and morphologically
archaic P. breweriana as sister to extant Picea lineages (Ran et al. 2006, 2015;
Bouillé et al. 2011; Leslie et al. 2012), thus supporting the hypothesis of a North
American origin of the genus. On the other hand, phylogenies relying on mtDNA are
more conflicting, pointing to a North American (Ran et al. 2015) or Asian
(Lockwood et al. 2013) origin of the genus depending on the set of DNA markers
considered.

While monophyly of the genus is generally accepted, the taxonomic status of
various species remains ambiguous, especially in Asia (Wright 1955; Ledig et al.
2004; Farjon 2008, 2010). Phylogenetic relationships among taxa are still a matter of
debate, depending on which genome they relied upon (Sigurgeirsson and Szmidt
1993; Ran et al. 2006, 2015; Bouillé et al. 2011; Lockwood et al. 2013; Zou et al.
2016; Sullivan et al. 2017), and phylogenies are not congruent with morphological
data, which are affected by parallel and convergent evolution (Liu 1982; Farjon
1990; Weng and Jackson 2000; Bouillé et al. 2011; Jia et al. 2014).

Several reasons related to population genetic processes may explain the lack of
congruence among the many Picea phylogenies published to date. As for many
northern hemisphere taxa, spruce species experienced repeated historical contacts
via migration, given the various intercontinental land bridges that connected North
America, Asia, and Eurasia during glacial eras since the late Jurassic (LePage 2003).
In addition, introgression via long-distance pollen dispersal (e.g., Comtois 1997;
Abbott and Brochmann 2003; Alsos et al. 2007) likely contributed to the complex
biogeography. Reticulate evolution, which is the horizontal exchange of genetic
material between species, has played a major role in plant evolution (Okuyama et al.
2004). In spruces, recurrent interspecific genetic exchanges likely impeded specia-
tion (but see Sun et al. 2018) while maintaining weak reproductive isolation (e.g.,
Wright 1955; Mikkola 1969; Gordon 1976) and thus, facilitating introgression (e.g.,
Perron and Bousquet 1997; Du et al. 2009; Tollefsrud et al. 2015). Not only recent
introgression but ancient reticulation (Bouillé et al. 2011) likely contributed to blur
phylogenetic relationships among spruces. This is because the chloroplast genome
and half of the nuclear genome are paternally transmitted through pollen in spruces,
which facilitates long-distance dispersal and reticulate evolution, compared to
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maternally transmitted mtDNA which is more locally dispersed through seeds
(Bouillé et al. 2011; Sun et al. 2018). Given the recent crown age of extant Picea
lineages and following the rapid radiation of extant species, incomplete lineage
sorting (i.e., the retention of ancestral polymorphisms) has also been invoked to
explain the lack of morphological and genetic divergence among Picea lineages and
taxa. This process would thus complicate the reconstruction of the genus history
(Bouillé and Bousquet 2005; Chen et al. 2010), but could also facilitate the conduct
of population genomic studies by allowing the use of multi-species genotyping tools
based on shared polymorphisms among species (Pavy et al. 2013a).

3 Spruce Population Genomic Resources

3.1 Field Trials

Many of the current population genomics applications in spruces would not be
possible without the extensive field resources gathered in common-garden experi-
ments initiated by spruce breeders in the last century. For instance, provenance trials
allow phenotypic assessment of trees from various populations in homogenous
environments, which is a prerequisite for genotype—phenotype association investi-
gations aiming to identify marker loci that co-segregate with key phenotypic traits of
adaptive or economical value (see Sect. 4 for further details). Genomic selection,
which aims to estimate or predict the genetic worth of trees for quantitative traits (see
Sect. 7 for further details), is another application that requires access to phenotypic
data collected in genetic field tests. Further research into the adaptive potential of
spruce populations to climate change will also benefit from using population geno-
mics in connection with the retrospective analysis of reactions of common-garden
populations to biotic or abiotic stress, in order to better design genomic scans such as
association mapping. This is illustrated by recent studies in white spruce where tree
ring analysis of mature provenance trees was used to identify signatures of past
reactions to drought, how these reaction signatures were found to be related to local
adaptation and use of population genomic scans to decipher genes and favorable
alleles involved into local adaptation (Housset et al. 2018; Depardieu et al. 2020,
2021).

In addition, provenance/progeny trials represent a convenient and essential
resource to sample populations across much of species ranges. Such extensive
population sampling is often required to conduct meaningful population genomic
studies, such as genotype-environment association studies (see Sect. 5 for further
details), or studies of large-scale geographical structure in order to guide genetic
resources conservation and management (see Sects. 6 and 8 for further details). Field
trials are also critical resources from a conservation standpoint, as they allow
preserving a large proportion of natural genetic diversity, which can prove useful
to breeding programs as well as re-insertion of natural genetic diversity into the
landscape, should the need arise. Field trials including large numbers of provenances
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and families have been established in various climatic conditions and countries,
especially for P. abies, P. glauca, P. glauca x engelmannii (interior spruce),
P. mariana, P. rubens (red spruce), and P. sitchensis (Sitka spruce) (Mullin et al.
2011). A large provenance trial in Russia has also been reported and analyzed for
P. abies and P. obovata (Nakvasina et al. 2017).

3.2 Spruce Genomic Resources Available for Population
Genomics

Similarly to field resources, genomic resources are at the core of most population
genomics investigations and applications. Thanks to large efforts and sequencing
technology developments over the past 15 years, Picea nuclear genomes have been
deciphered using a variety of approaches, and genetic markers from transcripts and
exome sequences have been largely reported. Spruce genomic resources available to
date include a variety of data and derived tools, such as genome sequences and
annotated gene catalogs, DNA markers catalogs and genotyping chips, linkage maps
or gene expression data. In the following section, we will summarize the main
genomic resources of direct interest for spruce population genomics research and
applications.

Spruces possess 2n = 24 chromosomes and their nuclear genome of ~20 Gb is
among the largest ones in plants (Murray et al. 2012). Recently, next-generation
sequencing (NGS) technologies have been used to obtain draft genome sequence
assemblies for Norway spruce and white spruce (Birol et al. 2013; Nystedt et al.
2013; De La Torre et al. 2014a; Warren et al. 2015). In an effort to reduce genome
complexity, gene catalogs were produced early on based upon large-scale expressed
sequence tag (EST) sequencing, in order to describe the effective transcriptome of
Picea species. Large-scale EST sequencing data were then combined to full-length
cDNA sequencing data and assembled in transcript sequences to produce a large
gene catalog of ~28,000 cDNA clusters in white spruce, representing as many
distinct genes (Rigault et al. 2011). The number of transcribed spruce genes,
currently estimated at ~32,000, is in the range of that observed in angiosperm
model plants (Rigault et al. 2011; Nystedt et al. 2013), and it is composed of
many gene families, often very large, containing conifer-specific and spruce-specific
duplicates (Guillet-Claude et al. 2004; Bedon et al. 2010; Pavy et al. 2012a; De La
Torre et al. 2015; Warren et al. 2015; Stival Sena et al. 2018). For Norway spruce,
gene models were inferred along with the release of the draft genome sequence
(Nystedt et al. 2013), thus providing opportunities to develop annotated marker
resources in this species as well.

In addition to the nuclear genome, spruces possess two cytoplasmic genomes, the
chloroplast and mitochondrial genomes. The advent of NGS technologies soon
allowed sequencing whole cytoplasmic genomes and to gain much insights into
their architecture and annotation. The first spruce complete chloroplast genome was
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published by Cronn et al. (2008) for Sitka spruce (revised by Coombe et al. 2016),
and complete sequences are now available for P. abies (Nystedt et al. 2013),
P. glauca (Jackman et al. 2016), P. jezoensis (Yang et al. 2016), P. engelmannii
(Lin et al. 2019), P. crassifolia and P. asperata (Ouyang et al. 2019), P. mariana
(Lo et al. 2020), and P. schrenkiana (Li et al. 2020). With a size of around 124 kb,
spruce chloroplast genomes show high sequence similarity among taxa, high
synteny, and high homogeneity in gene content (114 genes). Similarly, complete
mitochondrial genomes are now available for P. abies (Nystedt et al. 2013; Sullivan
etal. 2020), P. glauca (Jackman et al. 2016), and P. sitchensis (Jackman et al. 2020).
Spruce mitochondrial genomes are noticeably larger (5-6 Mb) than their chloroplast
counterpart. Although their structure is complex and not fully resolved, much
similarity has been observed in protein-coding genes among taxa. Over the years,
these genomes have been the source of a large number of highly useful maternally
inherited mtDNA and paternally inherited cpDNA polymorphisms in various spruce
species (Table 2), allowing to infer their phylogeny, phylogeography, zones of
suture and contact and more generally, subspecific structures (see Sects. 2 and 6).

Although highly useful for various population genetics applications, the first-
generations of molecular markers from spruce nuclear genomes (e.g., allozymes,
randomly amplified polymorphic DNAs (RAPDs), simple sequence repeats (SSRs)
also called microsatellites, and expressed sequence tag polymorphisms (ESTPs))
were diverse but relatively limited in number. Over the past 10 years, the use of EST
(expressed sequence tags) sequencing, exome capture and sequencing, RNA
sequencing (RNA-Seq), genotyping-by-sequencing (GbS), and the development of
automated pipelines of detection and filtering of single nucleotide polymorphisms
(SNPs) allowed the development of large annotated SNP resources in white spruce,
black spruce and more recently, in Norway spruce, which are at the basis of
population genomics applications at the nuclear DNA level. A first annotated SNP
resource including ~12,000 SNPs detected in a set of ~6,500 expressed genes was
constructed for white spruce (Pavy et al. 2006). Following the discovery of nearly
400,000 nonsingleton gene SNPs in white spruce, a catalog of ~213,000 high-
confidence SNPs spanning ~13,500 genes and ~2,500 gene families was released
by Pavy et al. (2013b). Similarly, for black spruce, a catalog of ~100,000
high-confidence nonsingleton SNPs encompassing nearly 15,000 genes was
obtained after the detection of ~460,000 SNPs from exome capture and sequencing
(Pavy et al. 2016). Applying a similar approach to Norway spruce, a restricted set of
~62,000 high-confidence nonsingleton SNPs found in ~13,500 genes could be
delimited from an initial set of ~240,000 SNPs obtained after exome capture and
sequencing (Azaiez et al. 2018).

Other vast sets of SNPs were also obtained for Norway spruce and interior spruce.
However, some of these SNP sets obtained in the context of targeted GbS or
resequencing experiments were not meant to be annotated and released as SNP
resources in the public domain. SNP sets were developed for Norway spruce from
RNA-Seq (Heer et al. 2016) and from exome capture and sequencing (Chen et al.
2018; Mukrimin et al. 2018; Baison et al. 2019). Three other SNP sets were obtained
for interior spruce from exome capture and sequencing (Suren et al. 2016), or from



Table 2 Polymorphic mitochondrial and chloroplastic DNA regions in Picea spp.
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Polymorphic
Polymorphic mtDNA cpDNA regions
Species regions References and markers References
P. abies nadl intron b/c Sperisen et al. | cpSSR-Pr26081; | Vendramin

(2001)

cpSSR-P(63718;
cpSSR-Pf71936

etal. (2000)

mh02; mh05; mh08;
mh09; mh09’; mhl0;
mh27; mh33; mh33’;
mh34; mh35; mh38;
mhd4; mh50

Jeandroz et al.
(2002)

trnT-trnF

Tollefsrud
etal. (2015)

P. alcoquiana nadl intron b/c; mh02 Aizawa et al. trnC-trnD; trnD- | Aizawa
(2008) trnT; trnK et al. (2008)
P. asperata nadl intron b/c; nad5 Du et al. - -
intron 1 (2009)
P. chihuahuana | mhi0 Jaramillo- cpSSR-P126081; | Jaramillo-
Correa et al. cpSSR-P130204 | Correa
(2006) et al. (2006)
P. crassifolia nadl intron b/c; nad5 Meng et al. trnC-trnD Meng et al.
intron 1 (2007) (2007)
trnL-trnF; trnS- Du et al.
trnG; rps5-trnS; | (2009)
ndhK/C
P. glauca nadl intron b/c; nad5 Jaramillo- trnL-trnF; trnT- | Anderson
intron 1 Correa et al. trnL; ndhK/C etal. (2006)
(2003)
P. glehnii nadl intron b/c Aizawaetal. | — -
(2015)
P. jezoensis nadl intron b/c; mh02 Aizawa et al. trnC-trnD; trnD- | Aizawa
(2007) trnT; trnK etal. (2007)
P. koraiensis - - trnL-trnF; trnS- Du et al.
trnG; rps5-trnS; | (2009)
ndhK/C
P. likiangensis nadl intron b/c; nad5 Du et al. trnL-trnF; trnS- Du et al.
intron 1 (2011) trnG; ndhK/C (2011)
P. mariana nadl intron b/c; nad5 Jaramillo- cpSSR-P126081; | Gérardi
intron 1; SSU rRNA V1 | Correa et al. cpSSR-P130204; | etal. (2010)
(2003) cpSSR-P163718;
nad7 intron 1 Jaramillo- cpSSR-P171936
Correa et al.
(2004)
P. mexicana - - cpSSR-P126081; | Jaramillo-
cpSSR-P163718 | Correa
etal. (2015)
P. meyeri - - trnL-trnF; trnS- Du et al.
trnG; rps5-trnS; | (2009)

ndhK/C

(continued)
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Table 2 (continued)

Polymorphic
Polymorphic mtDNA cpDNA regions
Species regions References and markers References
P. morrisonicola | nadl intron b/c; nad5 Zou et al. - -
intron 1 (2013)
P. neoveitchii nadl intron b/c; nad5 Zou et al. trnL-trnF; trnS- Zou et al.
intron 1 (2013) trnG; ndhK/C (2013)
P. obovata nadl intron b/c Tollefsrud trnL-trnF; trnS- Du et al.
et al. (2015) trnG; rps5-trnS; | (2009)
ndhK/C
trnT-trnF Tollefsrud
etal. (2015)
P. omorika nadl intron b/c Aleksi¢ and cpSSR-Pr26081; | Nasri et al.
Geburek cpSSR-P171936 | (2008)
(2014)
P. pungens nadl intron b/c Jaramillo- - -
Correa et al.
(2003)
P. purpurea nadl intron b/c Du et al. trnL-trnF; trnS- | Du et al.
2011) trnG; ndhK/C (2011)
P. rubens nadl intron b/c; nad5 Jaramillo- cpSSR-P126081; | Gérardi
intron 1; SSU rRNA V1 Correa et al. cpSSR-P130204; | etal. (2010)
(2003) cpSSR-P163718;
nad7 intron 1 Jaramillo- cpSSR-P171936
Correa and
Bousquet
(2005)
P. schrenkiana nadl intron b/c; nad5 Lietal. (2015) |- -
intron 1
P. smithiana nadl intron b/c; nad5 Lietal. (2015) |trnL-trnF; trnS- Liet al.
intron 1 trnG; ndhK/C (2015)
P. wilsonii nadl intron b/c; nad5 Zou et al. trnL-trnF; trnS- Zou et al.
intron 1 (2013) trnG; ndhK/C (2013)

sequencing barcoded genomic DNA (Chen et al. 2013; Gamal El-Dien et al. 2015).
The four Norway spruce sets contained around 400,000 SNPs (Heer et al. 2016;
Mukrimin et al. 2018) or more than 100,000 SNPs (Chen et al. 2018; Baison et al.
2019), but their annotation has remained limited. The interior spruce set obtained
from exome capture and sequencing originally contained ~9 M SNPs, among which
~900,000 were deemed valid after applying several quality filtering criteria (Yeaman
et al. 2016). The two remaining sets of interior spruce SNPs obtained after sequenc-
ing barcoded genomic DNA contained in excess of 1.2 M SNPs of unknown
genomic location for the first set (~9,000 and ~63,000 deemed valid, depending
on the imputation method used; Gamal El-Dien et al. 2015), and 1-1.5 M for the
second one, among which ~18,000 SNPs had little or no missing data (Chen et al.
2013).
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The availability of high-confidence annotated SNP resources in several species
provided opportunities to further build reliable genotyping chips that could be used
simultaneously for diverse population genomics applications (Table 3). Customized
highly-multiplexed SNP genotyping arrays have first been developed for white
spruce and black spruce (Pavy et al. 2008) as a mean for efficient, cost-effective,
and repeatable genotyping of various natural and breeding populations for annotated
gene SNPs. These genotyping chips came in different sizes based upon improving
technologies and specific genotyping needs (Pavy et al. 2013a, 2016). Additional
chips were developed subsequently for Norway spruce (Chen et al. 2012; Lind et al.
2014; Heer et al. 2016; Azaiez et al. 2018; Bernhardsson et al. 2021), as well as for
Sitka spruce (Holliday et al. 2010b), for P. sitchensis x P. glauca (Hamilton et al.
2013a, b), and for interior spruce (De La Torre et al. 2014b, c), sometimes by using
shared SNPs between these taxa and white spruce (Pavy et al. 2008, 2013a) so to
hasten their development.

Genotyping arrays originally designed for white spruce were also tested on spruce
species lacking adequate genomic resources (Pavy et al. 2013a), such as subtropical
endemic species (Pavy et al. 2013a). The rate of SNP recovery between white spruce
and seven other spruce taxa varied from 64 to 2% with a median of 17%, and it was
positively influenced by decreasing phylogenetic distance and by the natural base
level of molecular genetic diversity of the tested species (Pavy et al. 2013a).
Bernhardsson et al. (2021) also reported that around half of the probes used to
build a Norway spruce genotyping chip could also be called with high confidence in
white spruce, black spruce, and Sitka spruce, which is a prerequisite for potential
SNP detection with these probes.

In addition to their use in diverse population genomics studies (Table 3), the
availability of high-quality annotated SNP resources and high-throughput
(HT) genotyping arrays prompted the development of high-density linkage maps.
Such maps are highly beneficial in many population genomic contexts, including
studies focusing on the identification of quantitative trait loci (QTL) involved in the
genetic control of various traits (e.g., in spruces, Pelgas et al. 2011, Lind et al. 2014,
Pavy et al. 2017), on speciation and hybridization or on population genetic infer-
ences (see Luikart et al. 2018 for a comprehensive review). Genetic mapping of
spruce genomes was first conducted using mostly anonymous DNA markers
(Tulsieram et al. 1992; Gosselin et al. 2002; Acheré et al. 2004; Scotti et al. 2005;
Pelgas et al. 2006; Kang et al. 2010, 2011) and saturated genetic maps were soon
obtained for white spruce, black spruce, and Norway spruce, recovering the expected
12 linkage groups. The era of HT transcriptome sequencing using RNA-Seq as well
HT SNP genotyping technologies fostered a rapid expansion of genetic mapping in
these three species, with the mapping of hundreds, then thousands of gene loci (Pavy
et al. 2008, 2012a, 2017; Pelgas et al. 2011; Bernhardsson et al. 2019), and in some
cases using large mapping populations of up to ~2,000 white spruce progeny so to
attain high mapping precision (Pavy et al. 2017).
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Table 3 High-throughput SNP genotyping arrays and resequencing methods used in spruce

population genomics studies

Genotyping
method Species Research topics References
Sequenom P. mariana Ecological genomics | Prunier et al. (2012)
iPLEX Gold P. mariana Association mapping | Prunier et al. (2013)
arrays P. mariana x Hybrid zones and de Lafontaine et al. (2015),
P. rubens introgression de Lafontaine and Bousquet
(2017)
P. glauca Pedigree traceability | Godbout et al. (2017)
[lumina P. glauca Ecological genomics | Namroud et al. (2008)
GoldenGate P. glauca, Linkage mapping Pavy et al. (2008)
arrays P. mariana
P. glauca Association mapping | Beaulieu et al. (2011)
P. glauca Linkage and QTL Pelgas et al. (2011)
mapping
P. mariana Ecological genomics | Prunier et al. (2011)
P. abies Ecological genomics | Chen et al. (2012)
P. glauca Conservation Namroud et al. (2012)
genetics
P. glauca Linkage mapping Pavy et al. (2012a)
P. sitchensis x Hybrid zones and Hamilton et al. (2013a, b)
P. glauca introgression
P. mariana Association and QTL | Prunier et al. (2013)
mapping
P. glauca % Hybrid zones, and De La Torre et al. (2014a, b,
P. engelmannii introgression 2015)
P. abies Linkage and QTL Lind et al. (2014)
mapping
[lumina P. glauca and Multi-purpose Pavy et al. (2013b)
Infinium iSelect | 7 other Picea spp.
arrays P. glauca Genomic selection Beaulieu et al. (2014a, b)
P. glauca Conservation Doerksen et al. (2014)
genetics
P. glauca Ecological genomics | Hornoy et al. (2015)
P. abies Ecological genomics | Heer et al. (2016)
P. mariana Validating exome Pavy et al. (2016)
SNP catalog
P. mariana Genomic selection Lenz et al. (2017)
P. glauca Linkage and QTL Pavy et al. (2017)
mapping
P. abies Association mapping | Trujillo-Moya et al. (2018)
P. abies Validating exome Azaiez et al. (2018)
SNP catalog
P. glauca Genomic selection Beaulieu et al. (2020)
P. abies Genomic selection Lenz et al. (2020a)
P. glauca Genomic selection Lenz et al. (2020b)

(continued)
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Genotyping
method Species Research topics References
P. mariana Ecological genomics | Napier et al. (2020)
P. glauca Association mapping | Depardieu et al. (2021)
Ecological genomics
P. glauca Seed orchard Galeano et al. (2021)
management
P. glauca QTL mapping Laoué et al. (2021)
Affymetrix P. abies and 3 other | Multi-purpose Bernhardsson et al. (2021)
Axiom array Picea spp.
Genotyping-by- glauca Multi-purpose Chen et al. (2013)
Sequencing glauca x Genomic selection Gamal El-Dien et al. (2015)
(GbS) . engelmannii

glauca x
engelmannii

Genomic selection

Ratcliffe et al. (2015)

glauca x
engelmannii

Multi-purpose

Suren et al. (2016)

TID|vT T |T Y YT

glauca % Association mapping | Yeaman et al. (2016)
engelmannii Ecological genomics
abies Genomic selection Chen et al. (2018)
. abies Association mapping | Mukrimin et al. (2018)
6 Western North Phylogeography and | Haselhorst et al. (2019)

America Picea spp.

phylogenomics

Exome capture

P. abies

Association mapping

Baison et al. (2019)

and ] P. abies Linkage mapping Bernhardsson et al. (2019)
resequencing P. abies Phylogeography and | Chen et al. (2019a)
phylogenomics
P. abies Association mapping | Milesi et al. (2019)
Ecological genomics
P. rubens Phylogeography and | Capblancq et al. (2020)
phylogenomics
P. abies Association mapping | Elfstrand et al. (2020)
P. abies Association mapping | Capador-Barreto et al. (2021)
RNA-Seq P. likiangensis, Phylogeography and | Ru et al. (2018)
P. wilsonii, phylogenomics
P. purpurea

4 Genotype—Phenotype Association Studies

Association mapping aims at deciphering genotype—phenotype associations (GPA)
in unstructured or natural populations where linkage disequilibrium (LD) is usually
very limited (Neale and Savolainen 2004; Pavy et al. 2012b). Using populations
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replicated in common-garden studies, association mapping studies have been
conducted under various settings in spruces, from testing modest numbers of
candidate genes or candidate SNPs to testing large numbers of SNPs distributed
over the whole genome, also known as genome-wide association studies (GWAS).

Most GPA studies in forest trees have tested the relationships between traits and
genotypes using mixed linear regression models (Yu et al. 2006). They include the
effect of the allele, the effect of identity-by-descent (expressed as a kinship matrix
among individuals), and the effect of a potential hierarchical population structure
(e.g., isolation by distance impeding random mating) (Yu et al. 2006; Holliday et al.
2010b; Beaulieu et al. 2011; Prunier et al. 2013; Sork et al. 2013; Trujillo-Moya et al.
2018). Corrections for multiple testing or false discovery rate (FDR) are usually
applied to avoid false positives (Storey and Tibshirani 2003). Recursive partitioning
algorithms such as Random Forest have also been used to identify restricted subsets
of genetic polymorphisms that maximized the prediction of adaptive phenotypes by
taking into account multiple individual loci effects, as well as interactions among
them (Holliday et al. 2012).

GPA studies have been carried out for a variety of traits in spruces including those
related to temperature adaptation such as growth, phenology, cold hardiness, and
injuries (Holliday et al. 2010b; Prunier et al. 2013; Yeaman et al. 2016; Trujillo-
Moya et al. 2018; Milesi et al. 2019; Depardieu et al. 2021) (Table 4). For instance,
hundreds of SNPs from candidate genes were tested for relationships with adaptive
traits in Sitka spruce (Holliday et al. 2010b) and in black spruce (Prunier et al. 2013).
In both cases, a few dozens of genes were found associated with adaptive trait
variation and showed allele frequency distributions correlated to latitudinal gradi-
ents, and overlap of gene annotations was found between sets of significant genes.
As observed for most GPA studies in trees (Hall et al. 2016), individual SNPs
explained a low proportion of the total trait variance in spruce species, typically
from 1 to 5% for quantitative traits, with a higher range of values observed for
simpler traits such as the concentrations of specific metabolites or biomolecules in
spruce tissues (Ganthaler et al. 2017; Lamara et al. 2018) (Table 4).

GPA studies have also been conducted for drought-resistance traits in Norway
spruce (Trujillo-Moya et al. 2018) and white spruce (Depardieu et al. 2021). Both
studies reported a significant provenance effect on the phenotypic variation associ-
ated with drought response, which was shown to follow geographical and climatic
clines (Trujillo-Moya et al. 2018; Depardieu et al. 2020). A number of gene SNPs
were significantly associated with drought-related traits in white spruce, especially
for those traits associated with post-stress recovery, including SNPs for genes shown
to be differentially expressed in trees submitted to contrasted water-stress conditions
(Depardieu et al. 2021).

GPA studies have also been conducted to identify SNPs associated with variation
in wood traits. Beaulieu et al. (2011) conducted such a study by considering a large
number of wood quality traits assessed in ~500 trees genotyped for ~500 candidate
genes in white spruce. Only 13 genes were significantly associated with wood trait
variations after false discovery rate (FDR) correction, each explaining between 1 and
5% of the total variation (Beaulieu et al. 2011). Lamara et al. (2016) tested about four
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times more white spruce trees and candidate gene loci for wood trait variation. Using
more relaxed corrections for multiple testing, a large co-expression network could be
identified, implicating key gene regulators. In Norway spruce, Baison et al. (2019)
identified 39 significant genes by assessing genotype—phenotype associations for
~180,000 SNPs in more than 5,000 trees. In most of these studies, additional lines of
evidence supporting the involvement of these genes in traits variation were obtained
from gene expression experiments showing significant accumulations of transcripts
in key tissues.

Other traits may be less continuously distributed than those analyzed above,
which would indicate that they are controlled by a smaller number of genes with
greater individual effects. Such a trend has been hypothesized for traits related to
resistance to herbivorous insects and pathogens, where the production of a few
compounds toxic to the pest can be sufficient to resist or sustain the attack. To verify
this hypothesis, an association study was conducted in Norway spruce from Austria
where trees harbored a binary resistant or non-resistant phenotype to needle bladder
rust (Chrysomyxa rhododendri) (Ganthaler et al. 2017). A total of 20 SNPs were
found significantly associated with rust resistance or variation in phenolic com-
pounds, explaining, respectively, 22 and 59% of the phenotypic variance. The
authors interpreted these results as evidence for narrower genetic control of rust
resistance.

In a recent Norway spruce GWAS study relying on a clonal test, Mukrimin et al.
(2018) identified eight genes (10 SNPs) involved in susceptibility to Heterobasidion
parviporum infection, out of ~375,000 SNPs considered in the analysis (Table 4).
The use of clonal replications permitted to obtain more precise phenotypic values.
Three of the genes identified were previously reported as potentially involved in the
regulation of plant defense responses, and hence appear as good candidates to further
investigate susceptibility to fungal infection. While the study by Mukrimin et al.
(2018) resulted in a very low rate of discovery, the reduced number of clones used
for association analyses might have limited the statistical power, while enabling to
genotype and test for much of the SNPs residing in the Norway spruce exome.
Similar results were reported by Capador-Barreto et al. (2021) in a subsequent study
on susceptibility to Heterobasidion annosum in the same species. Although no
significant SNPs could be identified after using FDR correction, the use of a relaxed
p-value threshold resulted in 18 significant SNPs, out of ~63,000 SNPs tested. While
these significant loci were all different from those associated with resistance to
H. parviporum, they identified 20 loci involved in resistance to both pathogens
using a multi-trait GWAS approach.

Lamara et al. (2018) conducted a GPA study in white spruce for acetophenone
metabolites, which are key defensive phenolic compounds related to chemical
resistance against a major pest in eastern North America, the spruce budworm
(Choristoneura fumiferana Clem.). They reported a total of eight significant
single-locus gene associations for four different defense traits that explained from
2.3 to 11.2% of the phenotypic variance, depending on the metabolite. Using a
multilocus approach, they could also identify 26 significant associations that
explained up to 43% of the phenotypic variance, the best case being for the piceol
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content of needles which implicated nine genes. Thus, the multilocus approach was
more powerful for identifying candidate genes implicated in the constitutive defense
against spruce budworm in white spruce. It also indicated that many genes with
small to medium effects are likely implicated. Contrary to popular belief, no
significant trade-offs with growth traits were noted.

Knowing that endophytic fungi in the phyllosphere have the potential to both
enhance and reduce tree growth and fitness, Elfstrand et al. (2020) took another
approach to study pathogen defense in Norway spruce. By combining barcoding of
phyllosphere fungi with GWAS, they could identify nine markers associated with
variations in fungal community and the presence of latent pathogens on dormant
buds. Thus, the approach showed that these traits are determined not only by
environmental factors, but also by host genetic factors.

5 Genotype-Environment Association Studies

Genotype—environment association (GEA) studies are an important part of ecolog-
ical genomics and aim at identifying adaptive variation without prior information
regarding the phenotypic traits under selection (Sork et al. 2013; Cali¢ et al. 2016;
Storfer et al. 2018). They include regressions, which test associations between allelic
frequencies and environmental factors variation (e.g., Joost et al. 2007; Coop et al.
2010; Hornoy et al. 2015; Yeaman et al. 2016; Depardieu et al. 2021), recursive
partitioning algorithms (e.g., Hornoy et al. 2015), or Fgr-based outlier detection
analyses (Beaumont and Nichols 1996; Beaumont and Balding 2004) among others.
The last approach requires a large number of genetic markers to model the neutral
distribution of Fgr as a function of heterozygosity, and subsequently identify loci
under selection departing from this neutral distribution.

Apart from the study of Bashalkhanov et al. (2013) reporting on the genetic
response of red spruce populations to air pollution, most GEA studies in Picea spp.
addressed the issue of local adaptation to climate (Table 5), with temperature and
precipitation/aridity being the most intensively surveyed factors. This body of work
provides important insights into the molecular mechanisms governing the evolution
of adaptive evolution in the genus Picea. In addition, by mapping the current
distribution of adaptive genetic diversity among populations, these studies are useful
for spruce breeding and gene conservation applications in the face of ongoing
climate change (Hornoy et al. 2015).

One of the first SNP outlier detection scans for undomesticated plant or animal
species was conducted in white spruce (Namroud et al. 2008). In this early work,
SNPs from ~350 candidate genes were used to investigate possible signatures of
local adaptation in trees from six ecoregions mostly defined by temperature and
precipitation variation. Using two Fgp-based outlier methods, the number of SNPs
putatively under selection ranged between 0.9 and 9%, depending on the severity of
statistical criteria used to identify outlier SNPs. These rates appear in line with values
derived from similar genomic scans in other spruce species conducted since then
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(Table 5). Such differences seen in the discovery rate of putative adaptive SNPs from
one study to the next can usually be attributed to the severity of correction for FDR,
as observed in GPA studies. A notable exception is the study of Prunier et al. (2012)
in black spruce, where a high rate of adaptive polymorphisms was reported (~50%),
given that all gene SNPs tested had been already identified as outliers in a previous
scan of a much larger set of SNPs conducted on a more restricted part of the black
spruce transcontinental range (Prunier et al. 2011).

A larger GEA study was subsequently conducted in white spruce (Hornoy et al.
2015), implicating ~11,000 SNPs in ~8,000 expressed genes. Signatures of adapta-
tion to climatic factors involved only a few dozen genes when severe FDR was
employed, resulting in a very low rate of positive identification (~0.5%). Only small
to moderate genetic effects and allele frequency shifts were observed, which
suggested relatively weak selection intensities at individual loci, in line with previ-
ous per generation estimates (Prunier et al. 2011). However, taken together, these
SNPs accounted for over 50% of the variance in climatic factors, but with more
genes implicated in temperature adaptation than in adaptation to precipitation, which
is a less contrasted climatic factor in Eastern North America where white spruce
populations were sampled.

Similarly, a low rate of positive identification was obtained in an even larger GEA
scan in interior spruce in British Columbia, where hundreds of genes carrying
adaptive SNPs to climatic factors could be positively identified ~900,000 SNPs
(Yeaman et al. 2016). Almost half of the putative adaptive genes previously iden-
tified in white spruce (Hornoy et al. 2015) could be found among these genes,
indicating partly similar metabolic processes involved in climate adaptation in both
species. To a fewer degree, some of the interior spruce genes could also be identified
in the phylogenetically more remote but sympatric Pinus contorta (Yeaman et al.
2016), suggesting that genetic adaptation to climate could be constrained to some
degree at the level of the family Pinaceae.

A very low rate of positive identification (in the 0.1% range) was also reported in
a GEA study conducted in Norway spruce (Milesi et al. 2019), indicating that this is
a common trend in widespread spruce taxa. In this large-scale study, the authors used
~900,000 SNPs to identify genetic variation involved in adaptation to temperature
and precipitation in ~800 individuals sampled throughout the species range. More
than 800 putatively adaptive polymorphisms were discovered after controlling for
population structure and false positives. The overlap between markers showing
significant associations with temperature and precipitation variables was limited,
and contrary to white spruce, the majority of adaptive SNPs were related to precip-
itation variables. Altogether, approximately 50% of the markers were located in
intergenic regions, 25% of them in intronic regions, while the remaining 25% was
located in exons, which indicates that noncoding regions can have a significant role
in spruce adaptive evolution.

In the face of climate change, drought has drawn increased attention in recent
years, given that it has been identified as a major cause of decline in productivity and
survival of forest species (Choat et al. 2012). Hence, drought has been studied in
black spruce Alaskan populations, using over 500 gene SNPs by means of outlier
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detection, redundancy analysis, and regression approaches (Napier et al. 2020).
The intersect of the methods resulted in nine significant SNPs, representing as
many distinct genes (see Sect. 5 for further details). Given that Alaska likely
represents a distinct historical genetic lineage in black spruce (Gérardi et al. 2010),
this result supports the idea that adaptation can build up from lineage-specific
standing genetic variation (Prunier et al. 2012). Depardieu et al. (2021) also focused
on drought adaptation in a recent white spruce population survey combining GEA,
GPA, and transcriptomic approaches. Starting from a subset of ~6,500 gene SNPs,
they identified 285 genes likely involved in drought resistance, including 110 genes
differentially expressed in response to drought under greenhouse-controlled condi-
tions. These genes represent valuable candidates for surveys in range-wide natural
populations, as well as in breeding populations, given the scale of anticipated climate
change in the next decades.

As for results from GPA studies, these trends suggest that genetic adaptation to
climate is multi-dimensional and highly multigenic with small single-locus effects.
These empirical results are coherent with theoretical expectations predicting small
shifts in allele frequencies and little differentiation among populations (Fgst) at
adaptive loci in species experimenting high gene flow and recent natural selection
(Yeaman and Whitlock 2011; Le Corre and Kremer 2012; Rajora et al. 2016). These
features typically apply to most spruce species due to wind pollination and large
effective population sizes, and because most spruce species experienced recent
range shifts and demographic fluctuations dating back to the end of the last ice
age, which translates into a relatively small number of generations since
recolonization of glaciated areas but sizeable natural selection intensity at outlier
loci (Prunier et al. 2011).

Altogether, spruce genes found significantly associated with environmental var-
iation cover a large array of molecular functions related to stress responses (biotic
and abiotic), phenology, development/growth, or reproduction (e.g., Hornoy et al.
2015; Yeaman et al. 2016; Depardieu et al. 2021). Adaptive genes with no known
homologs in angiosperms have also been commonly detected in spruces, suggesting
distinct evolution of adaptive pathways.

GEA studies pose several challenges mainly related to spatial scale of analysis,
environment heterogeneity, and population structure (Storfer et al. 2018). Indeed, a
majority of studies are designed to survey shifts in allele frequency of populations
sampled along a specific environmental gradient. For instance, misleading conclu-
sions can be drawn if another environmental gradient overlaps the targeted gradient
of interest. Solutions to overcome this drawback include the replication of the
experimental design on two or more gradient locations or regions (Prunier et al.
2012; Di Pierro et al. 2017). In order to control for overlapping gradients and local
adaptation, some authors (e.g., Prunier et al. 2011) have successfully applied a
strategy consisting in grouping geographically remote populations occurring in
similar environmental conditions. While avoiding redundancy, assessing numerous
environmental variables representing various potential selective constraints should
also alleviate this limitation.
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Population structure can also bias the results from GEA studies by creating
artificial gradients of non-adaptive nature. The origin of population structure can
either be recent, most often indicating non-random mating among individuals
(especially at local to regional scales), or be ancient, and therefore reflect historical
biogeographic processes such as species range shifts or demographic fluctuations. In
either case, assessing population structure prior to conducting GEA studies is
mandatory in spruces, considering that most Picea taxa still carry the genetic imprint
of historical processes from the Pleistocene and Holocene eras (see Sect. 6 for further
details). In some cases, such population structure can follow environmental gradients
like climatic clines, or it can implicate hybrid zones, which can make it difficult to
disentangle adaptive variation from population structure (Chen et al. 2012; Yeaman
etal. 2016). In such GEA studies, it also appears important to control for isolation by
distance (IBD), in order to reduce the number of false positives (Hornoy et al. 2015).
Several analytical methods now take into account neutral population structure as a
covariate in the analytical framework to address this issue (e.g., Coop et al. 2010),
though some have argued that such methods might result in high rejection rate of true
positives in certain situations (e.g., Yeaman et al. 2016).

Several strategies and body of evidence are generally used to gain more robust
insights from landscape and association genomics studies. The most common
strategy consists in cross-validating the results obtained using different analytical
methods. For instance, results of outlier detection methods, regression methods, or
recursive partitioning algorithms are often compared with each other (e.g., Prunier
etal. 2011, 2012; Scalfi et al. 2014; Hornoy et al. 2015; Di Pierro et al. 2017; Napier
et al. 2020). Annotating candidate genes and performing gene ontology
(GO) enrichment analysis represent other common validation procedures that
strengthen the link between putative adaptive genes and selective pressures (e.g.,
Bashalkhanov et al. 2013; Hornoy et al. 2015; Di Pierro et al. 2016; Yeaman et al.
2016). Comparing lists of putative adaptive genes in different spruce taxa, such as
those shared between P. glauca (Hornoy et al. 2015) and P. glauca x engelmannii
(Yeaman et al. 2016), may also help identify key genes when very large numbers of
candidate genes representing much of the transcriptome are tested. Similarly, com-
paring results from GPA and GEA analyses may help identify key genes given that
large number of candidates are screened (Yeaman et al. 2016), although limited
overlap is usually expected given the distinct physiological or metabolic processes,
often largely unknown, that may underly testing in GPA versus GEA analyses
(Depardieu et al. 2021). Also, expression studies at the genotypic level in controlled
conditions represent one of the most convincing a posteriori demonstrations for the
implication of specific gene polymorphisms in adaptation to environmental factors
(Chen et al. 2012; Prunier et al. 2015; Yeaman et al. 2016) or in relation to specific
adaptive traits, as recently shown by Depardieu et al. (2021) where four white spruce
genes previously identified with both GPA and GEA approaches were also found
differentially expressed between trees submitted to drought and non-drought condi-
tions under greenhouse-controlled environment.
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6 Molecular Genetic Variation of Historical Nature

Climatic oscillations of the Quaternary ice ages have caused recurrent reorganiza-
tions of biota, including large-scale displacements of taxa, changes in species
composition, and altered biodiversity patterns from genes to the ecosystems
(Huntley and Webb 1989; Webb and Bartlein 1992; Davis and Shaw 2001). The
expansion of the ice sheets confined high-latitude species toward suitable environ-
ments (i.e., glacial refugia), followed by the recolonization of previously inhospita-
ble territories when the ice sheets receded (Bennett et al. 1991). The lingering
genetic imprint of range contractions and expansions (i.e., bottleneck effects and
founder events) is still recognizable in most boreal and temperate taxa (e.g., Hewitt
2000; Taberlet et al. 1998; Jaramillo-Correa et al. 2009). Specifically, the last glacial
period appears to be largely responsible for the current distribution of species wide
scale neutral genetic diversity (Hewitt 2000; Petit et al. 2003). In such endeavors,
molecular genetic signatures obtained from genetic variation in the cytoplasmic and
nuclear genomes have been key to deciphering the population genetic history of
spruce taxa.

6.1 Natural Hybridization, Introgression, and Speciation

One consequence of these recurrent glacial/interglacial range shifts is the possibility
of secondary contact between previously allopatric species (Hewitt 2011). When
interspecific reproductive barriers are permeable between two closely related taxa,
natural hybridization and introgressive hybridization (i.e., introgression; repeated
backcrossing of hybrids with parental species) can occur within such secondary
contact zones (Rieseberg et al. 2007). In Picea, several taxa are found in parapatry
with opportunity for genetic contact to occur in presence of weak reproductive
isolation (Wright 1955). The application of molecular markers to the genetic char-
acterization of contact zones between interbreeding spruce species has been initiated
early to quantify introgression (e.g., Sutton et al. 1991; Krutovskii and Bergman
1995; Perron et al. 1995; Rajora and Dancik 2000). These hybrid zones thus
represent natural laboratories for population genomics, offering the opportunity to
study gene flow between species, and eventually providing useful insights on
speciation and for orienting the conservation and management of natural genetic
resources (Barton and Hewitt 1985; de Lafontaine et al. 2015; Taylor et al. 2015;
Arnold 2016).

Gene exchange between closely related parapatric taxa ultimately results in gene
capture, a process in which a gene from a donor species is transferred irreversibly
into a recipient species. Similarly, cytoplasmic capture refers to the production of
hybrids carrying the nuclear genome of a species and the cytoplasmic genome of
another (Rieseberg and Soltis 1991). In Picea, mtDNA capture was reported in Asia,
within the Picea asperata complex (P. asperata, P. crassifolia, P. obovata,
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P. meyeri, P. koraiensis) (Du et al. 2009) and between P. purpurea and
P. likiangensis (Du et al. 2011), also in boreal Eurasia between P. obovata and
P. abies (Tsuda et al. 2016), in Japan between P. jezoensis and P. glehnii (Aizawa
et al. 2015, 2016), in western North America between P. glauca and P. sitchensis
(Hamilton and Aitken 2013), and in eastern North America between P. mariana and
P. rubens (Jaramillo-Correa and Bousquet 2005; Gérardi et al. 2010). However, in
most instances, species delimitation relied on morphological evidence rather than
molecular inferences or signatures drawn from the nuclear genome, which represents
an over-simplification of a complex reality. Current population genomics approaches
could help overcome this limitation by providing an accurate assessment of the
genome-wide ancestry of individuals, which may in turn provide new insights into
this process.

P. mariana and P. rubens represent a recent progenitor-derivative species pair,
where molecular genetic evidence has shown that red spruce originated from
glaciation-induced isolation of a pre-existing black spruce population during the
Pleistocene (Perron et al. 2000; Jaramillo-Correa and Bousquet 2003). Although
well differentiated morphologically (Manley 1971; Perron et al. 1995; Johnsen et al.
1998), a high occurrence of hybrids and highly introgressed individuals was reported
from populations located in the large sympatric area, indicating weak reproductive
isolation between the two taxa (Perron and Bousquet 1997). This finding was
recently corroborated by de Lafontaine and Bousquet (2017), who reported a
hybridization rate of 38% for ~200 trees sampled within the sympatric zone, using
SNPs from ~300 genes spread over the 12 spruce chromosomes. However, the level
of introgression between these two spruce taxa appears variable across the genome
(de Lafontaine et al. 2015). Specifically, while most SNPs (79%) reflected selec-
tively neutral diffusion across the porous species barrier, a small number of SNPs
(8%) pointed at genomic regions virtually impermeable to interspecific gene flow,
thus forming the actual genomic boundary between species. A third set of SNPs
(13%) were highly permeable and were equally found in the two taxa (de Lafontaine
et al. 2015). Such heterogeneous patterns of introgression across the genome were
also reported in western North America between P. glauca and P. sitchensis
(Hamilton et al. 2013a), as well as between P. glauca and P. engelmannii (De La
Torre et al. 2014b).

Asymmetric patterns of interspecific gene flow have been reported in many
spruce species complexes. For instance, in western Canada, P. sitchensis X
P. glauca hybrids showed a predominance of Sitka spruce ancestry (Hamilton
et al. 2013a). A similar trend was observed in the hybrid zone between the temper-
ate/boreal P. glauca and the subalpine P. engelmannii along the Canadian Rocky
mountains, where hybrids collectively showed a greater genetic contribution from
the latter species than from P. glauca (De La Torre et al. 2014c). However, this
finding was not confirmed by a recent study that analyzed populations sampled
across a wider geographical range, suggesting that the direction of gene flow is likely
heterogeneous in this species complex (Haselhorst et al. 2019). On the Qinghai—
Tibet Plateau, directional introgression was also observed among various taxa pairs
of the P. likiangensis species complex (Ru et al. 2018; Sun et al. 2018).
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In another population genomics study, de Lafontaine and Bousquet (2017)
estimated the asymmetrical migration rates among black spruce natural purebreds,
red spruce natural purebreds, and their hybrids. They reported a higher rate of gene
flow from black spruce natural purebreds toward red spruce natural purebreds than
vice versa. This asymmetry likely reflects the historical, unidirectional gene flow
between the two taxa at the time of species inception and during postglacial
colonization. By contrast, greater level of gene flow was found between red spruce
natural purebreds and the hybrids than between black spruce natural purebreds and
the hybrids, particularly at loci impermeable to introgression. This observation
suggests that the actual boundary between species is unidirectional and mostly
preventing introgression with black spruce (de Lafontaine and Bousquet 2017).
While population genomics provides valuable insights into natural hybridization,
introgression, and speciation processes, Haselhorst et al. (2019) emphasized the
importance of sampling individuals throughout the whole interspecific zone of
contact, as intraspecific variation can bias the assessment of introgression patterns.

The above findings provided useful insight into the maintenance of hybrid zones
and species integrity in Picea. Associations between hybrid index and environmental
variables are usually invoked as a line of evidence that exogenous selection, that is,
natural selection acting along environmental gradients or clines, is likely the main
mechanism promoting the maintenance of hybrid zones (De La Torre et al. 2014c).
The rationale is that both parental species are locally adapted to their respective
native ecological niche and hybrids have higher fitness than either parent taxa within
the transitional environment. This pattern may be reinforced by the apparent lack of
phenotypic effect of parental species deleterious alleles due to complementation of
deleterious alleles and reduced mutation load in hybrids (Conte et al. 2017). This
model could explain the maintenance of the hybrid zone and species integrity in
hybridizing spruce species pairs from north-western North America (e.g.,
P. sitchensis x P. glauca (Hamilton et al. 2013b; Hamilton and Aitken 2013), and
P. glauca x P. engelmannii (De La Torre et al. 2014c). In the P. mariana X
P. rubens case study, an association between ancestry and precipitation was found,
with red spruce natural purebreds receiving higher precipitation than hybrids and
black spruce purebreds within the zone of sympatry (de Lafontaine and Bousquet
2017). Although this association could suggest that exogenous selection is at play in
this system, this interpretation falls short in light of the asymmetrical levels of gene
flow. Specifically, precipitation could not stand out as a strong selective filter
because i) gene flow between red spruce natural purebreds and the hybrids was
globally high despite significant differences in precipitation, whereas ii) the amount
of precipitation received was not different between black spruce natural purebreds
and hybrids, that is within the actual barrier to interspecific gene flow (de Lafontaine
and Bousquet 2017). The study of the hybrid zone between black spruce and red
spruce reiterates that, while genetic/climatic associations should indeed be expected
in the presence of exogenous selection, they do not provide firm evidence for this
evolutionary process. In fact, formal assessment would require testing the fitness of
progeny from controlled crosses in multiple environments across the hybrid zone,
which represents a significant endeavor.
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6.2 Phylogeography and Historical Demography

Phylogeography is the science of retracing the various ancestral lineages making up
the modern genetic heritage of species (Jaramillo-Correa et al. 2009). Such knowl-
edge has important implications for our understanding of the evolution of genetic
diversity, for better orienting gene conservation efforts, and for assisting the delin-
eation of breeding zones. Most early phylogeographic inferences were drawn using
DNA markers from the chloroplast and mitochondrial genomes, due to the unipa-
rental inheritance and contrasted dispersal of the two cytoplasmic genomes in Picea
spp. and other Pinaceae. Indeed, paternally inherited cpDNA allows tracking pollen
dispersal while maternally inherited mtDNA allows tracking seed dispersal, which is
usually on more restricted distances than pollen dispersal on average, thus allowing
to better track phylogeographic patterns in Picea spp. (e.g., Du et al. 2009; Gérardi
etal. 2010). Along with pollen and macrofossil records evidence, a number of broad-
scale phylogeographic surveys made it possible to uncover patterns of glacial
survival, postglacial recolonization, and demographic fluctuations for most spruce
taxa, as well as key vicariance factors that likely affected the genetic structure of a
large numbers of plant and tree species (e.g., Jaramillo-Correa et al. 2009). Below,
we review a number of compelling cases on spruce taxa with broad distributions, and
for which genomic information has shed new light on the history of spruce taxa.

In North America, cytoplasmic DNA provided evidence for the persistence of the
transcontinental black spruce through the last glacial maximum (LGM) in at least
three largely dispersed glacial refugia south of the ice sheet, and also in two possible
cryptic northern refugium located in unglaciated coastal Labrador and Beringia
(Jaramillo-Correa et al. 2004; Gérardi et al. 2010). The range-wide comparison of
the geographic extent of cytoplasmic DNA lineages revealed that extensive pollen
gene flow between ancestral lineages occurred preferentially from west to east
during the postglacial expansion of black spruce, while seed-mediated gene flow
remained geographically restricted. The survey of cpDNA variation in white spruce
populations also provided support for a Beringian glacial refugia, as well as bidi-
rectional mixing along the putative migration route (Anderson et al. 2006). Addi-
tional studies showed that central and Eastern North America were colonized by
genetically differentiated lineages originating from two southern glacial refugia
possibly located in the Mississippi River region and east of the Appalachians,
respectively (de Lafontaine et al. 2010).

More recently using a GbS approach, Haselhorst et al. (2019) surveyed patterns
of genetic diversity and gene flow among six North American spruce taxa
(P. breweriana, P. pungens, P. sitchensis, P. engelmanii, P. mariana, and
P. glauca). Interspecific gene flow was confirmed between P. glauca and P
engelmannii, but contrary to previous multiple evidence, no gene flow was observed
between P. glauca and P. sitchensis, possibly due to incomplete sampling of the
P. sitchensis natural range. The authors also identified three genetically differenti-
ated clusters in P. engelmannii, while only two clusters were reported in this species
to date (Ledig et al. 2006), thus illustrating how phylogeographic inferences can be
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improved by combining high-throughput sequencing of the nuclear genome and
genomic analyses.

Recently, Capblancq et al. (2020) investigated the geographic structure and
demographic history of P. rubens across its fragmented natural range. The authors
used an exome capture/sequencing approach to identify and analyze over 1 M SNPs
in ~350 individuals (although such large number of nuclear markers are not neces-
sary to detect neutral population structure). Using a PCA method, they could identify
three differentiated genetic clusters distributed latitudinally along the species’ range,
thus located at the core, margin, and edge of red spruce distribution. Estimates of
genetic divergence among the three clusters supported the idea that the species
survived the LGM in a single glacial refugium, thus ruling out the hypothesis of
multiple refugia in the Appalachian Mountains. Consistent with previous literature
and evidence that red spruce would have originated from a black spruce isolated
coastal population during the Pleistocene era of repeated glaciations (Perron et al.
2000; Jaramillo-Correa and Bousquet 2003), a sustained population decline initiated
at least 700 kya during the Pleistocene era was observed, along with a major
bottleneck dating back to 400 kya during one of the previous interglacial periods
(Capblancq et al. 2020). A similar bottleneck at about the same time was also
inferred in the same species from cpDNA microsatellites (Jaramillo-Correa et al.
2015). However, effective population size of the core cluster appeared stable during
the last 3,000-5,000 years, suggesting that these populations do not require partic-
ular conservation efforts, contrary to their more southern counterparts (Capblancq
et al. 2020). It also appears likely that the northernmost cluster might be character-
ized by significant introgression from black spruce (Capblancq et al. 2020), which is
in agreement with similar observations using more limited sets of nuclear markers
(Perron and Bousquet 1997; de Lafontaine et al. 2015), and also with the observation
of directional gene flow from black spruce purebreds to red spruce purebreds in the
zone of contact (de Lafontaine and Bousquet (2017).

Norway spruce is widespread in Europe and its range is divided into a northern
part covering Fennoscandia and European Russia, and a southern part mainly
occurring along the mountain ranges of central and southeastern Europe. From
multi-gene sequence signatures, various bottlenecks were inferred at different
times of the Pleistocene for these populations (Heuertz et al. 2006; Namroud et al.
2010). Early works based on cytoplasmic variation and paleobotanical evidence
indicated that the northern part of the range originates from a single glacial refugium
likely situated in Russia (Tollefsrud et al. 2008). Based on molecular and ancient
DNA evidence, it was also proposed that Norway spruce could have persisted during
the LGM in a western Scandinavia cryptic refugium located north of the ice sheet
(Parducci et al. 2012). The southern part of the range would have been colonized by
two or more distinct refugia possibly located in the Alps and the Carpathian
Mountains (Tollefsrud et al. 2008).

Chen et al. (2019a) revisited recently the population structure and demographic
history of Norway spruce using ~400,000 SNPs detected in an exome capture/
sequencing experiment. They also included samples from the hybridizing species
P. obovata to search for signatures of past introgression events (i.e., shared ancestral
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polymorphisms), as well as from P. omorika, in order to assess the impact of recent
material transfer from mainland Europe to Sweden, that occurred as part of Swedish
reforestation programs. Their results essentially corroborated the three differentiated
genetic clusters described previously, but showed that admixture among clusters was
much more prevalent than previously thought. They also found that historical
admixture from P. obovata into P. abies extended as far west as in Swedish
populations. Taken together, these findings challenge the idea that postglacial
recolonization was mainly initiated from populations that persisted in southern
refugia, and the hypothesis that sparse populations may have survived further
north is emerging, as shown in North America for the transcontinental black spruce
(Jaramillo-Correa et al. 2004; Gérardi et al. 2010) and white spruce (Anderson et al.
2006). In addition to phylogeographic insights, Chen et al. (2019a) could identify
Norway spruces with foreign genetic background in southern Sweden and Denmark,
suggesting that genomic profiles are well suited to trace back relatively recent
translocation events.

Phylogeographic surveys relying on cytoplasmic markers have also been
conducted in numerous Asian taxa, which occur in three distinct geographical
zones, namely the Japan archipelago, southeastern Russia/northeastern China, and
the Qinghai-Tibetan Plateau (QTP). Well-differentiated intraspecific lineages have
been reported in most species (e.g., Aizawa et al. 2007, 2008), and these species
were also affected by Pleistocene climate oscillations, as observed for taxa in other
parts of the world. Many pairs of phylogenetically close taxa found in parapatry,
with inland and coastal or island distribution patterns, could represent cases of recent
species divergence with incomplete reproductive isolation (Bouillé et al. 2011).
Phylogeographic patterns are particularly complex in the QTP of northern China,
which is a biodiversity hotspot home of multiple spruce species often forming
interbreeding species complexes (e.g., Du et al. 2009). In this context, population
genomics approaches appear particularly well suited to decipher the intricate rela-
tionships among these recently diverged taxa.

One example of such application was provided by Ru et al. (2018), who sampled
34 populations from the three closely related species P. likiangensis, P. purpurea,
and P. wilsonii, and used phylogenetic and coalescent analyses to resolve their
history. They found out that P. purpurea emerged from homoploid hybrid speciation
from P. likiangensis and P. wilsonii, and that the species is now well delimited
genetically. They also showed that around 60 and 40% of P. purpurea ancestry
derived from P. wilsonii and P. likiangensis, respectively, thus providing evidence
for asymmetric introgression between the two parental species. In addition, they
discovered that the speciation process likely unfolded in two steps, involving the
early divergence of a “ghost” (i.e., now extinct) lineage genetically closer to
P. likiangensis, which would have subsequently evolved in P. purpurea following
backcrossing events with P. wilsonii.

Patterns of Holocene expansions and modern gene flow between congeneric
boreal conifers are still a matter of debate. For instance, most studies suggest that
the deglaciated territory was primarily colonized by an advancing front, thus gener-
ating clinal patterns of spatial genetic structure (e.g., Chen et al. 2010; Holliday et al.
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2010a; Hornoy et al. 2015). However, the contribution of long dispersal founding
events is also acknowledged although many phylogeographic studies in Picea spp.
have failed to detect them. Support for such phenomenon from mtDNA signatures
has been provided in the boreal black spruce (Gamache et al. 2003). More recent
analyses combining dendrochronology with next-generation sequencing data have
also been successful in detecting such long-distance colonization events and
confirming that pollen-mediated gene flow promotes high levels of genetic variation
from the very beginning in the colonizing stands (Holliday et al. 2017). Such gene
flow would provide the necessary variation for rapid adaptation to new environ-
ments, which in turn may generate new clines of adaptive alleles (e.g., Chen et al.
2012; Prunier et al. 2012; Hornoy et al. 2015).

As for patterns observed in the collapsing mountain populations of subtropical
Picea species in Mexico, Quifiones-Pérez et al. (2014) found significant IBD among
the southernmost stands of the endangered P. chihuahuana. These results confirmed
previous evidence from cytoplasmic DNA markers of reduced genetic diversity and
strong genetic isolation of the scattered stands from collapse due to Holocene
warming (Jaramillo-Correa et al. 2006). For the more largely distributed
P. mexicana, bottlenecks also could be inferred as far back as the previous intergla-
cial period, more than 100 kya (Jaramillo-Correa et al. 2015).

6.3 Nucleotide Diversity

Demographic fluctuations related to population expansions or contractions are often
detected by analyzing nucleotide diversity in DNA sequence data or by using
coalescence simulations. To date, nucleotide diversity in Picea spp. has been largely
estimated by resequencing of nuclear coding genes (Table 6). As expected from
neutral theory, a recent study by EkIof et al. (2020) in Norway spruce showed that
nucleotide diversity estimates derived from whole-genome resequencing (WGR),
exome sequencing, and GbS were comparable, indicating some interesting compar-
isons among spruce species. For instance, the nucleotide diversity of genes is usually
lower in species secluded to mountain populations, such as P. scherenkiana or
P. breweriana, and higher in geographically widespread species, such as white
spruce or Norway spruce (e.g., Li et al. 2015; Conte et al. 2017; see also Table 6).
However, some exceptions exist, particularly for species that have experienced
drastic changes in their effective population sizes in the past. One such example is
Sitka spruce, a species that spans along the Pacific coast of North America from
northern California to Alaska, for which a strong historical bottleneck followed by a
recent expansion was inferred from over 150 genes (Holliday et al. 2010a;
Haselhorst et al. 2019). On the other hand, an unexpectedly high nucleotide diversity
was estimated for P. purpurea, fueled since the middle to late Pleistocene by
recurrent introgressions from its parental species P. wilsonii and P. likiangensis
(Ru et al. 2018).
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Contrary to the popular belief that most demographic events in conifer
populations occurred during or after the LGM, most population size changes
detected in Picea spp. largely predate that period. The general demographic trends
inferred so far from analyzing haplotype and nucleotide diversity in spruce species
include, among others, modern species’ origins followed by ancient bottlenecks and
subsequent population expansions (Table 6). For instance, past size population
increases have been dated back as far as to the late Pliocene or the early Pleistocene
era for P. glauca, P. likiangensis var. likiangensis, and P. mariana (Chen et al. 2010;
Li et al. 2013), and strong bottlenecks were inferred for P. asperata, P. crassifolia,
P. mexicana, P. meyeri, or P. morrisonicola during or before the last interglacial
period, some 130 kya (Bodare et al. 2013; Jaramillo-Correa et al. 2015; Bi et al.
2016; Wang et al. 2016). Largely distributed temperate and boreal species such as
P. abies, P. glauca, and P. mariana further experienced more recent expansions
(e.g., Namroud et al. 2010; Pavy et al. 2012b), whereas subtropical species secluded
into isolated mountain stands either would have kept a rather constant population
size since their decline (e.g., P. breweriana, P. smithiana, P. rubens; Chen et al.
2010; Liet al. 2015; Capblancq et al. 2020 for core red spruce populations), or would
still be suffering ongoing demographic collapse (e.g., P. asperata, P. chihuahuana,
P. crassifolia, P. rubens, P. neoveitchii, and P. omorika; Jaramillo-Correa et al.
2006; Wehenkel and Saénz-Romero 2012; Bi et al. 2016; Wang et al. 2016;
Capblancq et al. 2020 for red spruce margin and edge populations).

Discordance in demographic inferences among studies often exists in the popu-
lation genomics literature, and the genus Picea is not an exception. For example,
nucleotide diversity data from regulatory genes in white spruce, black spruce, and
Norway spruce (Namroud et al. 2010), as well as additional data from many other
white spruce genes (Pavy et al. 2012b), better fitted the hypothesis of a bottleneck
during the LGM with subsequent early Holocene expansion, as generally supported
by palynological data. On the other hand, nucleotide diversity data from other genes
in Norway spruce indicated a far more ancient population bottleneck followed by
subsequent population size increase (Heuertz et al. 2006; Chen et al. 2010). How-
ever, the most recent and exhaustive study in Norway spruce to date reported a major
bottleneck dating back to the very end of the Pleistocene (Chen et al. 2019a), in
agreement with earlier studies (Namroud et al. 2010). Bottlenecks inferred for the
North American white spruce and black spruce generally agree with the biogeo-
graphic history of their major lineages migrating south of the ice front during the
LGM, followed by recolonization and expansion of their natural distributions
(Namroud et al. 2010; Pavy et al. 2012b). However, contradictory results reported
for Norway spruce may be attributed to differences in populations and lineages
sampled, to historical introgression with other species (such as P. obovata) that may
not have always been taken into account, or to variations in the number of genes
investigated (see Chen et al. 2010, 2019a).

In plants and trees, knowledge about linkage disequilibrium (LD) is relevant for
the design and use of efficient methods in various types of population genomic
studies (Neale and Savolainen 2004). Similarly as for pine genes, resequencing of
spruce genes has shown that LD decays rapidly, in most cases within gene limits
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(Heuertz et al. 2006; Namroud et al. 2010; Pavy et al. 2012b). For instance, LD was
scrutinized in 105 white spruce genes by sequencing a panel of haploid megagame-
tophytes from natural populations, which was further compared with LD in Norway
spruce and other Pinaceae (Pavy et al. 2012b). Low levels of LD were generally
observed within white spruce genes, with half-decay of LD reached at a distance of
less than 100 bp, on average, which was smaller than that observed for pine genes.
Similar results were also obtained for Norway spruce. This trend has important
implications for population genomics studies. If this trend is common throughout the
gene space or the genome, a very large number of SNPs should be required to
uncover exhaustively phenotypic-genetic associations in natural spruce populations.
Thus, from several hundreds of thousands to nearly a million SNPs would be
necessary to cover adequately the spruce gene space in exome-wide association
studies, assuming an average size of 3-3.5 kb per gene (Hamberger et al. 2009) and
~32,500 transcribed genes in the spruce genome (Rigault et al. 2011). Even more
SNPs or other types of variants would need to be screened for association mapping
targeting noncoding DNA which represents most of the spruce nuclear genomes
(Nystedt et al. 2013; De La Torre et al. 2014a). Hence, a priori functional genomics
information could be useful in several association study contexts where large
numbers of trees must be considered, so to narrow down the lists of target regions,
or candidate genes or gene families suspected to be involved in the genetic control of
traits of ecological or economical interest, as documented for several key physio-
logical processes (e.g., Lamara et al. 2016).

Conducting neutrality tests on nucleotide diversity is another frequent use of
spruce population resequencing data. A full description of these various tests has
been provided by Vitti et al. (2013). Briefly, frequency spectrum-based methods
such as Tajima’s D or Fay and Wu’s H are standard procedures to detect molecular
signatures of selection in genes or genomic regions of interest, leading to potent
markers to be used to monitor adaptive genetic variation in natural or breeding
populations and for the conservation of natural genetic resources. Tajima’s D test
verifies whether the proportion of rare variants in a given sequence meets neutral
expectations, while Fay and Wu’s H test focuses on the proportion of high frequency
derived alleles and determines the ancestral state using an outgroup. These two tests
are often reported together, given that H is less sensitive than D to putative
confounding effects of demography on selection signals. While near null D and
H values are expected under neutrality, negative values of D are generally associated
with positive selection, selective sweeps or population expansion, and negative
values of H are generally associated with selective sweep or ancient bottleneck. A
key way to distinguish between selection versus demographic signatures is that the
latter can usually be detected genome-wide.

Negative average D and H values appear to be the rule for most spruce species
(Table 6). This trend was expected given that spruce species experienced cycles of
range contractions and expansions driven by Pleistocene climatic oscillations, gen-
erally associated with population demographic fluctuations. However, evidence for
positive and balancing selection, or selective sweeps, was reported in several spruce
species for a number of genes (Namroud et al. 2010; Pavy et al. 2012b;
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Bernhardsson et al. 2019). In some cases, these signatures of selection were
supported by higher than average LD values within the genes of interest (Namroud
et al. 2010). The genes with such signatures could thus represent valuable candidates
for association studies.

7 Genomic Selection in Spruce Breeding Programs

Genomic selection (GS; Meuwissen et al. 2001), also known as genomic prediction,
is a whole-genome regression approach to analyze complex traits in living organisms
and predict the worth of individuals making up a breeding population based on their
multilocus genomic profiles and their genomic-estimated breeding values (GEBVs).
The approach is typically population genomics-based but mostly applied in the
context of domesticated or breeding populations. It has the potential to significantly
increase the intensity with which favorable alleles can be accumulated in a breeding
population, reduce considerably the time needed to complete selection cycles,
improve several traits of interest simultaneously including adaptive traits and in
turn, increase the gain per time unit, especially for traits of low heritability (Park
et al. 2016). The rationale for GS is that a large set of markers evenly distributed
across the genome and genotyped within a population of artificially reduced effec-
tive size (such as spruce advanced-breeding populations) will capture by virtue of
LD most of the QTLs involved in the quantitative traits of interest (Meuwissen et al.
2001; Lebedev et al. 2020).

The potential for use of GS in spruce breeding was recently explored in many
ways. Results of 15 studies have so far been published, including six studies on
white spruce, four on Norway spruce, three on interior spruce, one on black spruce as
well as one on Sitka spruce (summarized in Table 7). These studies considered with
success a large number of traits including growth, wood quality, and resistance to
weevil attacks and to spruce budworm (Table 7). These proof of concept studies
relied on a variety of population types, statistical approaches, and different
genotyping platforms. While GS studies in interior spruce relied on
15,000-50,000 markers obtained from genotyping-by-sequencing (GbS), more
than 100,000 markers from exome sequencing have been considered for the con-
struction of GS models in Norway spruce (Table 7). For white spruce, black spruce,
and Norway spruce, Illumina Infinium iSelect arrays have been used to genotype
trees for roughly 4,000-7,000 validated SNPs representing as many distinct gene
loci (Table 7). Hence, all spruce GS studies were based on SNP markers, except for
the Sitka spruce study, which was carried out using RAD markers (Fuentes-Utrilla
et al. 2017).

Several whole-genome-regression approaches of parametric or semi-parametric
nature provide estimates of each marker effect (Meuwissen et al. 2001; Gianola et al.
2006; de los Campos et al. 2009). However, the estimation of many thousand marker
effects generated by the use of dense SNP panels requires specific algorithms. In
forestry, Bayesian approaches have been repeatedly used such as Bayesian least
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absolute shrinkage and selection operator (LASSO), Bayesian estimation of vari-
ances (BayesCr), and Bayesian ridge regression (RR-BLUP). Several of these
methods assume non-normal distribution of QTL effects and hence, allow marker
contribution to overall genetic variance to vary among loci. For example, LASSO
assumes a Laplace distribution of marker effects and was tested in datasets of white
spruce (Beaulieu et al. 2014a) and Norway spruce (Chen et al. 2018) (see also
Table 7). BayesCr allows modelling a proportion of markers (1—x) to have an effect,
while a proportion & of marker effects are shrunk toward zero in order to reflect the
expected genetic architecture of traits controlled by few loci of major effect
(Ratcliffe et al. 2015 for interior spruce; Lenz et al. 2020a for Norway spruce).
Whereas RR-BLUP assumes marker effects to be normally distributed and hence of
nonzero effect, which is appropriate for traits controlled by a large number of genes
of small effects. This appears to well reflect the known genetic control of wood and
growth traits that have been so far assessed in successful proof of concept studies in
spruce breeding populations: e.g., white spruce (Beaulieu et al. 2014a), interior
spruce (Gamal El-Dien et al. 2015; Ratcliffe et al. 2015), black spruce (Lenz et al.
2017), and Norway spruce (Zhou et al. 2020). Indeed, quite similar GS model
accuracies were reported and there seems to be no clear advantage of one or the
other statistical approach in the analyses of current spruce datasets with shallow
pedigree and relatively low marker densities (Beaulieu et al. 2020; Lenz et al.
2020a).

In recent years, GS modelling based on the genomic realized relationships
between population individuals (VanRaden 2008) was more popular because of its
ease of implementation and interpretation. Although this method assumes that a
priori marker effects are normally distributed with a common variance, it provides
results similar to those from other methods with different marker distributions (Lenz
et al. 2020b). With this method called GBLUP, GEBVs are estimated using best
linear unbiased prediction in a standard mixed model framework (BLUP: Henderson
1975). Based on multilocus genomic profiles, the G-matrix codes for the realized
genomic relationships between individuals of a population and thereby replaces the
numerator relationship matrix (A-matrix), which represents the registered pedigree
information that has traditionally been used in quantitative genetics analysis. How-
ever, contrary to the A-matrix, the G-matrix accounts for Mendelian sampling effects
resulting from the random segregation of parental alleles (Hill and Weir 2011).
Hence, replacing the A-matrix by the G-matrix does not alter standard quantitative
genetic analyses, and it confers a major advantage for forward selection because it is
possible to predict individual breeding values and not only the family breeding
values, as it is the case for the pedigree-based method (ABLUP).

The ease of including realized relationship matrices in mixed modelling has led to
further developments to take advantage of all the pedigree information available in
breeding populations. Legarra et al. (2009) proposed to combine the pedigree and the
genomic information in a blended hybrid relationship matrix (H-matrix). Misztal
et al. (2009), in a companion paper, developed an efficient computing strategy to
obtain solutions to mixed model equations using the H-matrix and estimate
corresponding breeding values, which is known as single-step GBLUP (or rarely
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HBLUP). Applying this approach to the white spruce open-pollinated family data of
Beaulieu et al. (2014b), Ratcliffe et al. (2017) concluded that single-step GBLUP is a
cost-effective approach that allows for increased accuracy of GS models and reduced
bias in heritability estimates with already a small proportion of genotyped trees.
These results support the implementation of GS in conifer breeding programs with
shallow pedigree and large effective populations.

The efficiency of GS is measured by the accuracy of the models to predict the
breeding or genetic values based on cross-validation. However, it should be noted
that different measures of accuracy are used by GS proof of concept studies in
spruces, hampering easy comparison among studies (see Table 7 for details).
Therefore, recent studies provided several accuracy estimates to facilitate compari-
son (Beaulieu et al. 2020; Lenz et al. 2020a).

Model accuracy in published spruce GS studies varies significantly: lowest
accuracies are obtained for models based on half-sib families (Beaulicu et al.
2014b; Ratcliffe et al. 2017 using 214 white spruce open-pollinated (OP) families;
Zhou et al. 2020 using 62 Norway spruce OP families, and see also Thistlethwaite
et al. 2020 for a comparison between interior spruce and Pseudotsuga menziesii),
which is due to lacking control over the paternal contributions with resulting
relatively large effective population size. Accuracy somewhat increases when
reduced numbers of OP families or polycross families are considered (Gamal
El-Dien et al. 2015 using 25 interior spruce OP families; Lenz et al. 2020a using
38 white spruce polycross families). These results confirmed simulation studies
where effective population size was a key factor affecting GS accuracy (Grattapaglia
and Resende 2011). In white spruce, Beaulieu et al. (2014a) conducted a first study
addressing the application of GS in full-sib families and showed that higher accuracy
was obtained when models were based on controlled crosses and thus, smaller
effective population size. Thereafter, other studies based on full-sib families also
led to high accuracy estimates, such as in black spruce (Lenz et al. 2017) and
Norway spruce (Chen et al. 2018; Lenz et al. 2020a). Because LD decays rapidly
in spruce natural populations (Pavy et al. 2012b), current GS models should be
applied only to predict GEBVs of trees belonging to the same breeding population
used for training models, in order to obtain high prediction accuracy and sizeable
genetic gains per time unit. Indeed, prediction accuracies were close to zero when
trees of the training set and those of the validation set were not genetically related
(Beaulieu et al. 2014a, b; Lenz et al. 2017).

It has been shown that higher GS model accuracy is reached asymptomatically
not only with decreasing effective population size of the breeding population
analyzed, but with increasing trait heritability, larger size of the model training
population and larger marker density up to 20 markers per centimorgan
(cM) (Grattapaglia and Resende 2011). For a Norway spruce breeding population
of full-sib families and using genotyping-by-exome capture and sequencing, Chen
et al. (2018) relied on about 6 markers per cM for GS modelling of growth and wood
quality traits, which was about twice as many markers per cM than the marker
density used for GS modelling from SNP array-based genotyping of white spruce
full-sib families (Beaulieu et al. 2014a; Lenz et al. 2020b), black spruce full-sibs
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(Lenz et al. 2017), and Norway spruce full-sibs (Lenz et al. 2020b), which were also
assessed for growth and wood quality traits in all cases. No notable differences in GS
model accuracies could be observed between these two levels of genome coverage
among studies. With black spruce full-sib families, Lenz et al. (2017) further showed
that reducing the number of well-distributed and high-quality markers to about 1,000
did not significantly hamper the estimation of the “true” marker effects, suggesting
that GS model accuracy was mostly dependent on capturing well the relatedness in
the target population (Zapata-Valenzuela et al. 2012; Thistlethwaite et al. 2020).

When the repeated use of a SNP array is not planned, GbS could represent an
alternative approach to increase genome coverage so to maximize GS model accu-
racy, especially in the case where large effective population sizes are implicated in
GS modelling, such as with half-sib families (e.g., Ratcliffe et al. 2015). Depending
on the success of the GbS approach, imputation methods have been frequently used
when the rate of missing data was high. The error rate of the data imputation
procedures that are usually used in such case can be quite high (for error rates, see
Lenz et al. 2020b; Beaulieu et al. 2020) and it is not clear how this might decrease the
accuracy of GS models when data imputation is used extensively. It is likely that
when LD is decreased in populations of half-sibs with large effective population size
as compared to full-sibs, GS accuracy could be more affected by the error rate in data
imputation. More studies are needed at this level.

It has also been suggested that strategies focusing on markers having previously
shown to harbor large effects may improve GS model accuracy (Lenz et al. 2017;
Chen et al. 2018). Given the high level of LD in breeding populations, such ability
may not only be related to tracing relatedness but also to tracing recombination
hotspots, rather than tracing quantitative trait nucleotides (QTN5s) at shorter physical
distance from markers. However, such an enrichment strategy should be used with
caution, given that estimates of marker effects provided by GS models are not
orthogonal and consequently may not represent well the percentage of variance
explained as that estimated in conventional single-marker association studies.

Focus traits of GS modelling in spruces have so far mainly been growth and wood
quality. However, recent studies also looked at traits related to biotic stress resistance
such as white pine weevil attack (Lenz et al. 2020a) or acetophenone aglycones in
spruce needles, that are tightly linked to spruce budworm resistance (Beaulieu et al.
2020). Given that large number of candidate trees can be screened with GS, these
studies also assessed multi-trait prediction and evaluated the ability to use genetic
covariance among traits to predict genomic breeding values when targeted traits
cannot be measured on the full population due to operational or financial constraints.
Lenz et al. (2020a) showed that strong genetic correlation with a trait with full
records can be used to obtain high accuracy on a secondary trait with less complete
records, such as data related to pest resistance which are often more scarce or
expensive to collect.

Similar to conventional modelling, GS needs to account for genotype-by-envi-
ronment interaction (GXE), especially when validating models across very different
environments (Gamal El-Dien et al. 2015). For example in white spruce, signifi-
cantly lower across-site prediction accuracy was reported for growth traits than for
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wood quality traits (Beaulieu et al. 2014a), indicating higher GXE for growth traits.
Gamal El-Dien et al. (2018) highlighted that modelling strategies considering several
sites allow for variance partition and including GxE in the model itself. In cases of
more uniform environmental variation or traits less sensitive to GXE such as wood
quality, GS accuracy remained high even with multi-site modelling (Beaulieu et al.
2014a, 2020; Lenz et al. 2017).

GBLUP and generally all approaches based on the realized genetic relationships
G-matrix appear to be more precise than pedigree-based approaches given that
pedigree-based estimates of additive genetic variance are generally upwardly biased
because of lack of consideration of Mendelian sampling and possible pedigree
contaminations. Hence, a trend being well supported in various species (Beaulieu
et al., in preparation) indicates that GBLUP and other approaches based on the
G-matrix and pedigree reconstruction provide more realistic estimates of genetic
parameters such as heritability, thus resulting in less inflated genetic gain estimates
than those obtained with the conventional pedigree-based approach (see in Beaulieu
et al. 2014a, b; Gamal El-Dien et al. 2016; Lenz et al. 2017, 2020b). This has
important implications for the efficiency of conventional spruce breeding programs.

Non-additive genetic effects including dominance and first-order epistatic inter-
actions (including additive-by-additive, dominance-by-dominance, and additive-by-
dominance) as well as marker-by-environment interaction (M x E) effects were also
recently assessed in Norway spruce full-sib families (Chen et al. 2019b). GS models
partitioned additive and non-additive genetic variances more precisely than the
pedigree-based models and the predictive ability in GS was substantially increased
by including dominance. It was also slightly improved by including M x E effects.
Dominance effects were also considered for inclusion in GS modelling in white
spruce full-sib and polycross families (Lenz et al. 2020b) and in Norway spruce full-
sibs from the Quebec breeding program (Lenz et al. 2020a), but no significant
dominance effects could be detected for any of the growth, wood quality, or pest
resistance traits analyzed, precluding the inclusion of this effect in GS models. This
was likely due to small family size (Lenz et al. 2020b). In a study focusing on GS for
a New Brunswick white spruce breeding population of full-sib families (Beaulieu
et al. 2020), dominance effects were significant for a few traits and could be included
in GS modelling but the accuracy of GBLUP and ABLUP models was not increased,
as similarly reported for other tree species (Bouvet et al. 2016; de Almeida Filho
et al. 2016). It was argued by de Almeida Filho et al. (2016) that dominance effects
have to be large (4> > 0.2) to improve prediction accuracy.

The research of less than 10 years has documented in many ways the usefulness
of GS in spruce breeding programs, which are characterized by especially long
breeding cycles. A few general trends are emerging: (1) GbS and SNP arrays are
efficient methods to genotype trees, but the later resorts less to data imputation and
offers the opportunity to genotype additional trees for the exact same gene marker
set, which could be useful for repeated implementation of GS in specific spruce
breeding programs or populations; (2) relatedness appears to be the main driver of
GS prediction accuracy; consequently, prediction accuracy is generally much higher
for full-sibs or polycross progeny than for populations of open-pollinated half-sib
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families, which usually harbor much larger effective population sizes. In small
advanced-breeding populations characterized by controlled crosses, and as long as
both training and testing sets are genetically related, only a few thousand well-
distributed Mendelian markers with little missing data are needed to obtain moderate
to high prediction accuracy; (3) prediction accuracy can be influenced by GxE and
thus, GS modelling should test this source of variation so to optimize breeding
strategies; and (4) genetic parameters and genetic gains estimated using marker-
based approaches are generally more accurate than those estimated using the con-
ventional pedigree-based approach because of their capability to capture the realized
relationships between individuals. Ultimately because large numbers of candidate
trees can be assessed by GS without the need for phenotyping, associated costs can
be saved, selection can proceed at a very early age from screening young material,
multi-trait selection is facilitated and selection intensities can be largely increased,
delivering larger gains per generation or time unit than conventional selection.

8 Conservation of Endangered Taxa and Assisted
Migration and Gene Flow

Most conservation programs set worldwide are designed for preserving entire
habitats or species diversity within habitats. This approach is particularly relevant
for taxa confined to a few tractable populations, especially if results from studies of
geographical structure are integrated into dynamic conservation strategies. The
starting point for such actions is including most of the genetic variation of the
focus species into a conservation framework, after either estimating the contribution
of each population to the total species genetic pool and/or by identifying putative
management units from ecological, geographical, or phylogeographic surveys. This
last type of initiatives has the advantage that they provide information about ancient
population vicariance and demography, which can be used as a proxy to define
conservation units aiming to preserve macro-evolutionary processes and species
adaptive potential. Such information is already available for a great variety of
threatened spruce species from México (e.g., Ledig et al. 1997, 2000a, b, 2002;
Jaramillo-Correa et al. 2006), Asia (e.g., Deshun et al. 2006; Aizawa et al. 2008,
2015; Katsuki et al. 2011), or the Balkans (e.g., Nasri et al. 2008; Aleksi¢ and
Geburek 2014). In addition, it is also available for more widely distributed species
that are not currently endangered but may have valuable threatened populations or
may become vulnerable under future climate shifts, as shown in red spruce
(Jaramillo-Correa et al. 2015; Capblancq et al. 2020).

However, phylogeographic surveys have the downside of being conducted with
neutral markers at large spatial scales, and at a single point in time (i.e., they seldom
cover more than one generation of adult trees). Thus, their results may be unsuitable
for evaluating micro-evolutionary processes at the landscape level or for forecasting
future evolutionary trends. Local population genetic or genomic surveys testing for
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stochastic forces within specific conservation units (or populations) have thus to be
performed, such as those that have detected genetic erosion in the younger cohorts of
the southern populations of P. chihuahuana (Wehenkel and Saénz-Romero 2012)
and a decreased number of pollen donors in peripheral stands of P. sifchensis
(Mimura and Aitken 2007). To the best of our knowledge, no formal micro-scale
landscape genetics or genomics studies (i.e., with intensive sampling of trees at
distances in the scale of a few meters from each other) have been performed in Picea
spp., other than those on P. chihuahuana (e.g., Wehenkel and Saénz-Romero 2012;
Quifiones-Pérez et al. 2014), which were mostly focused on detecting IBD and local-
scale genetic structure in relict populations. However, establishing such a landscape
genetics or genomics framework for guiding conservation, reforestation and man-
agement programs may be useful, as there is growing evidence that natural selection
can play a significant role in shaping genetic structure at the micro-site level in forest
trees, particularly when driven by variations in soil or other micro-site aspects (e.g.,
Eckert et al. 2012; Orsini et al. 2013; Forester et al. 2016).

Predicting the adaptive potential of populations or their possible response to
specific selective forces such as pest outbreaks, influx of contaminants, or climate
change, also relies on detecting the genetic variants or measuring the right quanti-
tative traits involved in these responses. Although a growing number of studies
report on genes potentially associated with environmental variation (mainly climate)
and their related phenotypes in spruce (see Sects. 4 and 5 above for further details),
this information has not been yet integrated into conservation planning. However,
constant improvement in phenotypic prediction from multilocus genotypes in vari-
ous spruce species (see Sect. 7 above), along with reliable environmental zonation
derived from quantitative trait variation (see Rodriguez-Quilén et al. 2016 for an
example in Pinus), promises for integration of population genomics-based predic-
tions into conservation programs in a near future.

The estimation of evolutionary potential and the implementation of population
genomics-based predictions seem particularly urgent for subtropical or mountain-
isolated spruce taxa, for which other strategies than preserving ongoing evolutionary
processes may be necessary. One such action is assisted migration, either in the form
of pollen transported from a donor to a target population (assisted gene flow) or by
translocating seedlings into new habitats that should become more suitable under
future climate change (assisted migration). In the case of the endangered subtropical
species P. chihuahuana, it has been proposed to establish plantations beyond the
species natural ranges (Ledig et al. 2010). For boreal taxa, proposals mostly involve
assisted gene flow, in order to increase the frequency of adaptive alleles faster than
under natural gene flow. Such strategies have been proposed for white spruce
(Andalo et al. 2005; Benomar et al. 2016, 2018; Otis Prud’homme et al. 2018),
Sitka spruce (Aitken et al. 2008), and more recently Norway spruce (Milesi et al.
2019). However, caution should be taken as most predictions for assisted migration
are mostly based on climate variables, and thus ignore other key factors that may
affect plantation/migration success, such as soil properties and biotic interactions
such as competing species, pests, or mycorrhizal communities. A more complete
evaluation of the realized multi-dimensional niche of each species and the use of
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population genomics-based selection strategies to identify pre-adapted individuals
(or pollen donors) thus seem necessary to implement such programs (Aitken and
Bemmels 2016). Moreover, climate change might bring more extreme and frequent
drought conditions (Depardieu et al. 2020, 2021) and generally more unpredictable
conditions, such as the recent cooling trend reported for central and eastern North
America as well as central and eastern Eurasia, due to the deglaciation of the Arctic
Ocean and ensuing shifts of the polar vortex under more meridional latitudes (Kug
et al. 2015; Kim et al. 2017).

9 Monitoring of Genetic Diversity and Traceability
in Spruce Breeding Programs

Recent advances in genomic information and technology have allowed developing
several genotyping applications aimed at monitoring genetic diversity and ensuring
traceability in spruce breeding programs. One example aimed at comparing genetic
diversity for more than a thousand gene loci between white spruce base
undomesticated populations and selected subpopulations for growth improvement
under various selection intensities (Namroud et al. 2012). An SNP array designed to
target over ~1,000 gene loci was used to genotype the various populations. No
alleles were found lost in the selection populations, and only a handful of loci
showed a significant shift in allele frequencies between the base population and
selected subpopulations. This result was anticipated, given previous studies in white
spruce revealing the genetic control of growth traits by many QTLs each with small
effect (Pelgas et al. 2011) and thus, weak selection pressures on individual loci.
Another example of such applications was recently provided by Galeano et al.
(2021), based on genotyping data obtained for ~1,000 white spruce progeny and
~5,000 gene SNPs. They reported that the achievement of 5% genetic gain in tree
height through eliminating two-thirds of an open-pollinated seed orchard would
result in an eightfold loss in effective population size, but with no significant effect
of tree selection on observed heterozygosity and inbreeding index.

A second application in white spruce breeding programs aimed at monitoring the
actual level of inbreeding in intra-population crosses by estimating kinships using a
genomic relationship matrix obtained from genotyping with a dense gene SNP array.
Kinships and inbreeding levels could be evaluated precisely, with significant
inbreeding and depressed height growth observed in the progeny (Doerksen et al.
2014).

Another straightforward promising application from using SNP genotyping
arrays has been the development of a genetic traceability system for the Québec
white spruce advanced-breeding program (Godbout et al. 2017). The integrated
system aims to trace the pedigree of genetic materials through all phases of breeding
and clonal propagation, including somatic embryogenesis and ensuing production of
emblings, so as to ensure the delivery of predicted genetic gains. Therefore, a small
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SNP chip (Sequenom iPLEX, ~40 SNPs) was developed by selecting only highly
informative markers for a targeted breeding population, allowing for cost-effective
periodical assessments of identity and pedigree for thousands of sampled genets and
trees (Godbout et al. 2017). The first large screening of cryopreserved cell lines and
other clonal material established in the field indicated that 8% of samples had
pedigree errors. Pollen contamination at the stage of crossing the selected parents
appeared as the main cause for these discrepancies, followed by errors incurred
during clonal propagation. In another recent study that relied on using pedigree
reconstruction from genotyping for a few thousand SNPs, Galeano et al. (2021)
showed that, on average, 30% of seedlots were contaminated by exogenous pollen in
a white spruce open-pollinated seed orchard. The main source of pollen contamina-
tion was located 1 km away from the seed orchard upstream of prevailing winds.
Similar findings using microsatellites were aso reported in P. abies (Sgnstebg et al.
2018).

10 Future Perspectives

10.1 Toward Integrating Population Genomics with Other
“Omics”

In order to bypass difficulties associated with whole-genome sequencing, consider-
able efforts have been deployed to explore the spruce gene space, which likely
contains much of the functionally relevant information. The sequencing of several
spruce transcriptomes, followed by exomes, has been the source of major spruce
annotated genomic resources including sequence and SNP data, as well as gene
expression data. These resources can be exploited in various fields of research and
offer many integrative and comparative genomics opportunities.

For instance, single-copy gene sequences were recently used in a phylogenomics
context to resolve phylogenetic relationships among gymnosperm lineages (Li et al.
2017). Such approaches will undoubtedly be expanded to more taxa in the near
future and help comprehend the evolution of the Pinaceae family and the genus
Picea in particular. Linking gene and species phylogenies will also be a major area of
research, as resequencing efforts are expected to increase for a larger number of
spruce taxa. As shown recently in white spruce by Depardieu et al. (2021) and Laoué
et al. (2021), the integration of population genomics with expression studies should
also intensify given the large high-quality expression resources that have been
developed. While hastening the validation of outcomes from association studies
(e.g., Chen et al. 2012; Prunier et al. 2015), this integration of approaches should
help identify genes and gene families with high rates of substitution and tissue-
specific expression (e.g., Beaulieu et al. 2011; Pavy et al. 2013b; De La Torre et al.
2015), thus providing useful lists of candidate genes to be tested in association
studies. In addition, such studies may help identify polymorphisms in genes’ cis-
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regulatory regions, which should contribute to bridge the gap between population
genomics and transcriptomics and pave the way for subsequent fundamental studies
and field applications.

Large catalogs of high-confidence and annotated gene SNPs representing much
of the spruce transcriptome and exome have been released (Pavy et al. 2013a, 2016;
Azaiez et al. 2018), and they should continue to provide opportunities to further
densify white spruce and Norway spruce reference genetic maps (Pavy et al. 2017;
Bernhardsson et al. 2019, respectively), and expand other spruce genetic maps to test
for micro-collinearity and identify the frequency of segmental rearrangements. This
will also result in more precise QTL dissection, provided that large populations are
genotyped and phenotyped. Comparing the genomic architecture of quantitative
traits between species should then become possible, assisting in delineating valuable
sets of candidate genes for association mapping and ecological genomics studies.

One of the main future challenges lies in the validation of the many results
reported in association mapping studies through independent means. One avenue
involves determining the functional annotation of candidate genes, as well as
surveying their expression in relation to specific pathways and environmental
conditions. Much groundwork has already been accomplished in this regard by
analyzing genomic, microarray, and RNA-Seq data in several spruce species (e.g.,
Raherison et al. 2012, 2015; Yeaman et al. 2014; Warren et al. 2015; Jokipii-Lukkari
et al. 2017; Trujillo-Moya et al. 2018; Depardieu et al. 2021; Laoué et al. 2021;
Whitehill et al. 2021; Zhu et al. 2021). However, many spruce or conifer-specific
transcripts and genes remain unannotated to date, and extensive efforts will be
required to further improve the annotation of spruce transcriptomes, which will
facilitate population genomics studies aiming to decipher genetic adaptation and
fitness, what is sometimes called functional population genomics. Validation by
assessing gene expression may also benefit from the advent of breakthrough tech-
nologies such as CRISPR/cas9 genome editing (Tsai and Xue 2015). In any case,
validation of candidate genes or loci identified by population genomics approaches
is moving toward integrating several lines of evidence to corroborate inferences.
This may include crosstalks among data types (e.g., sequence/polymorphism data,
expression data, phenotypic data, functional evidence, etc.), crosstalks among dis-
ciplines and analyses (phylogenomics, phylogeography, association studies, linkage
mapping, etc.), or a combination of both.

Together with accumulating evidence from GWAS (e.g., Hornoy et al. 2015;
Yeaman et al. 2016; Milesi et al. 2019; Depardieu et al. 2021), a more precise picture
of adaptation at the population genomics level is emerging for long-lived spruces,
which supports the conventional view of complex traits being controlled by multiple
genes carrying SNPs under positive selection but with small effects. The increasing
large body of literature emerging from spruce association mapping studies also
indicates that genes carrying adaptive polymorphisms do not appear to be randomly
distributed across the transcriptome, with specific functions, gene families, and
metabolic pathways more represented than others. Recent studies also indicate that
adaptation to temporarily and spatially heterogeneous environments is likely to be
complemented by more complex structural variation such as CNVs (Prunier et al.
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2017a, b) and by the expansion of key gene families which are thought to provide
more metabolic flexibility in response to biotic and abiotic stress (e.g., Warren et al.
2015; Stival Sena et al. 2018).

There is also recent evidence from large-scale association studies that the geno-
mic architecture of complex traits is not simple, with instances of spatial clustering
of significant SNPs for key conifer metabolic traits (De La Torre et al. 2019).
Whether this pattern is related to functional gene clusters (Pavy et al. 2017) or to
an overrepresentation of significant SNPs in regulatory DNA regions of the open
chromatin (Grattapaglia et al. 2018) remains to be clarified. However, this example
illustrates well that the number of integrative genomics studies is expected to
increase in the future, along with the ever-growing volume of quality conifer
genomic data produced. In turn, these resources will improve the understanding of
conifer and spruce genome biology, evolution, and structure in various population
and evolutionary genomics contexts.

10.2 Toward the Population Genomics Information Age
in Spruce Forestry

A major expected trend in the future relates to field applications of spruce genomics
research and information. In addition to contributions to fundamental knowledge,
several genomics tools of demonstrated efficiency were developed recently in order
to inform policy makers and assist conservationists and forestry practitioners (see
Sects. 7, 8 and 9 above for further details). Along with studies assessing the
distribution of neutral genetic diversity, association mapping studies linking geno-
mic information to phenotypes and environmental conditions represent the starting
point for integrating genomic information into genetic conservation programs. The
efficiency of in situ conservation strategies could thus be improved by delineating
optimal conservation units that will maximize conservation of both neutral and
adaptive genetic diversity (Funk et al. 2012). Alternatively, these studies can guide
sampling strategies for ex situ conservation efforts by identifying hotspots of genetic
diversity and genetically depauperate species in need of specific conservation efforts.
In line with this idea, assisted migration stands at the border between forest conser-
vation and forest management strategies. Because of ongoing climate change, it can
be seen either as a conservation strategy for endangered species facing extinction if
no action is taken (Ledig et al. 2010) or a management strategy that can help improve
forest resilience and productivity for species exploited commercially, but that are
gradually becoming maladapted to their current local environments because of
climate change (Andalo et al. 2005; Aitken et al. 2008; Milesi et al. 2019). In either
case, population genomics provides valuable insights regarding the genetic back-
ground of trees, and can therefore help forest practitioners selecting trees that will be
best adapted to their future environment.
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Applications of genomics in the management of domesticated genetic resources
should also take off, given the obvious benefits of better tracing pedigree in breeding
and production populations to deliver the predicted genetic gains (e.g., Godbout
et al. 2017; Galeano et al. 2021; see also Sect. 9 above for details). The large benefits
shown from the implementation of early genomic prediction in spruce advanced-
breeding programs should also fuel this expansion (Park et al. 2016). GS is rapidly
becoming a standard tool to screen candidate trees at a very early stage and in larger
numbers, in order to hasten selection and breeding, increase selection intensity, or
facilitate multi-trait selection while preserving genetic diversity in spruce breeding
programs.

This trend is likely to be exacerbated given the multiple traits that are becoming
the subject of scrutiny by spruce breeders under the contexts of climate change and
rapidly evolving forest product markets (see Spruce-Up project, http://spruce-up.ca),
as currently seen in crop breeding (e.g., Das Gracas Dias et al. 2018). Many of these
traits related to adaptation to climate, pest resistance, or wood quality are expensive
or difficult to assess on large cohorts of trees, and/or must await tree maturity before
selections are being made, thus increasing the need to develop performant genomic
prediction tools. This rapidly evolving context also underlines the necessity to
pursue actively common-garden studies, which are essential to develop GS and to
assist in identifying relevant genetic marker information related to adaptive traits and
fitness. Implicating breeders and other users of genomic information at the early
stage of the development of genomic resources for a new species should also favor
the uptake of genomic information and the sustainable development of genomic
research, including the establishment and maintenance of valuable multi-purpose
field tests.

11 Conclusions

Conducting population genomics studies in non-model or undomesticated species is
often a challenging task due to the lack of genomic resources, particularly in
organisms with very large and highly heterozygous genomes such as conifers and
spruces in particular. However, this caveat is progressively being overcome in
spruce, given that several transcriptomes/exomes and cytoplasmic genomes have
been resequenced, and that whole nuclear genome sequences, albeit still fragmented,
have been released for a few species and are being actively improved and made more
contiguous, together with the development of affordable GbS approaches. These
advances have allowed the development of extensive genomic resources, such as
large catalogs of annotated genes and SNPs, hybridization microarrays that have
resulted in gene expression databases, high-resolution gene linkage maps, and high-
throughput genotyping chips for several species. Owing to the amount of genomic
data already obtained, as well as the economical, ecological, and societal importance
of spruces worldwide, the genus Picea has become a reference among conifers for
population genomics research.
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Field resources gathered in common-garden experiments are essential for pheno-
typic assessment of trees in homogenous environments, efficient large-scale sam-
pling across species range, and ex situ conservation. The maintenance and expansion
of these trials is becoming even so more critical for a number of spruce species, as
climate change and deforestation are taking place. Thanks to these trials, an array of
phylogeographic studies could characterize the range-wide distribution of neutral
genetic variation for many spruce taxa. Spruce geneticists more recently took
advantage of this background information to conduct association mapping and
ecological genomics studies, linking phenotypic and environmental variation to
genetic variation at the molecular level. Insights derived from these population
genomic studies are now available to forest practitioners to improve the efficiency
of genetic resources conservation and tree breeding efforts.

With the increasing power of sequencing technologies and bioinformatics algo-
rithms, spruce population genomics should benefit from the integrative analysis of
large data sets of various nature, such as exome and genome sequences, genetic
maps, expression data, as well as metabolic, physiological, and dendrometric data.
This should open new perspectives to improve our understanding of evolutionary
processes driving the distribution of selectively neutral and fitness-related genetic
variation among spruce species and their populations.
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