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Abstract

Conifers are a group of woody plants that dominate vast forest ecosystems and repre-
sent a fundamental source of raw materials such as wood and other forest-derived
products of great interest for humankind. Thus, understanding the molecular basis
underlying the growth and development of these woody plants, as well as the response
of these plants to environmental cues, is of paramount importance for the conservation
of coniferous natural forests and the production of new tree lines with improved traits
for sustainable forest plantations. Conifers have a series of characteristics that hinder the
application of genetics and molecular biological approaches to generate data of high
biological value. However, nowadays the biological sciences are dominated by omics
techniques that have extensively increased the fundamental knowledge of conifer biol-
ogy over the last decade. Novel resources are currently available for functional genomics
research, and these resources are accessible to researchers all over the world. Recent
advances in next-generation sequencing and assembly capacity have enabled
whole-genome sequencing of several conifer species and have favoured the develop-
ment of functional genomics studies in these non-model plant species. Currently, it is
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possible to obtain large amounts of data to explore the transcriptome or genome of any
species with a limited budget. However, functional genomics studies using genetics
approaches and gene manipulation remain tremendously challenging, and the appli-
cation of recent gene editing techniques in conifers is awaited.

1. Introduction

Conifers are a group of woody gymnosperms that appeared during the
Carboniferous period, approximately 300 million years ago (Farjon & Filer,
2013). This group of plants is distributed across all continents except Ant-
arctica, dominating the forest ecosystems found in the vast boreal regions
of North America and Eurasia (Farjon & Filer, 2013). These boreal forests
are considered one of the major global biomes covering around the 11% of
the land surface on Earth (Essen, Ehnstrom, Ericsson, & Sjoberg, 1997;
Lorenz & Lal, 2010). Conifers are also an important source of industrial
raw materials, including resins and wood (Farjon, 2010). Conifers accounted
for the 64.8% of the total global production of sawlogs and veneer logs
and for the 50.9% of that of pulpwood in 2015 (Fig. 1; FAOSTAT,
http:/www.fao.org/faostat/en/?#home).
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Fig. 1 World wood production in 2015 including the amount and percentage
corresponding to conifers. Dark brown cylinders correspond to wood products from
non-coniferous sources. Light brown cylinders correspond to wood products from
coniferous sources. Data from FAOSTAT (http://www.fao.org/faostat/en/).
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Opver their evolutionary story, conifers have acquired a series of unique
characteristics in response to interactions with their environments and to
overcome biological challenges. There are very tall species, reaching up
to 100m, such as Douglas fir (Pseudotsuga menziesii) (Domec et al., 2008).
Most conifers are long-living evergreens, including species with extreme
longevity such as Pinus longaeva (some specimens of which are approximately
5000 years old) (Farjon & Filer, 2013) and Fitzroya cupressoides (some spec-
imens of which are approximately 3600 years old) (Lara & Villalba, 1993).
Due to the long-life spans of conifers, these trees are exposed to changing
environmental conditions, mainly due to seasonal changes (Canas et al.,
2015; Canas, de la Torre, Pascual, Avila, & Canovas, 2016). Therefore,
some conifers species have developed extraordinary adaptations, such as
the capacity of the Siberian Picea obovata to survive at extremely low tem-
peratures (Kjellsen, Shiryaeva, Schroder, & Strimbeck, 2010).

Conifers also have very large genomes, which range from 20 to 40 Gb
(De La Torre et al., 2014; Mackay et al., 2012; Ritland, 2012) and include
a large number of repeated sequences with long telomeres up to 57 kb in size
(Aronen & Ryynanen, 2012; Flanary & Kletetschka, 2005; Neale et al.,
2014), big introns (Garcia-Gutiérrez, Canovas, & Avila, 2018; Nystedt
et al.,, 2013) and large amounts of transposable elements, mainly LTR
(Long Terminal Repeat) retrotransposons, which may account for more
than 70% of the genome (Canas et al., 2017; Neale et al., 2014; Nystedt
et al., 2013; Stevens et al., 2016).

In spite of the benefits of these biological characteristics of conifers, these
characteristics have hindered conifer breeding, propagation and research,
especially in the context of genetic manipulation (mutant libraries, produc-
tion of transgenic plants, efc.). In some cases, these limitations have been
overcome using large and costly infrastructures, which are available only
to a small number of research groups. However, the emergence of
“omics” techniques has partially palliated this problem at the research level.
Of these techniques, next-generation sequencing (NGS) has allowed
cheaper and faster sequencing of conifer genomes compared with classical
reference models such as humans and several plant crop species, which
would have been unbelievable in the recent past. Furthermore, these tech-
niques have provided a way to explore gene function and perform functional
genomics of conifers, including the characterization of the transcriptomes,
proteomes and metabolomes but also the interactions and biological func-
tions of their metabolic and regulatory pathways. An overview of recent
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advancements is presented in this chapter, which attempts to trace the cur-
rent status of the resources that are available for functional genomics of
conifers.

2. Resources

Nearly every current omics technique requires the development of a
reference dataset, such as genome and transcriptome sequences or metabo-
lite libraries. An example of such a dataset is a physical or virtual cDNA
library containing enough transcriptomic information to identify cDNAs
and design and synthesize oligonucleotides for microarray construction.
When omics techniques first started to be used, the procurement of these
sequence pools was very time consuming and costly. However, this situation
has changed with the emergence of NGS platforms, allowing the rapid
sequencing of transcriptomes and even entire genomes, which remains a real
challenge in conifers due to the enormous genomes of these species (De La
Torre et al., 2014). In conifer research, resources for omics techniques have
greatly increased over the last decade, which hasled to the increased research
activity associated with some functional genomics methods.

The resources available for conifer functional genomics include genome
and transcriptome sequence assemblies, microarrays and bioinformatic tools.
Most of these resources are publicly available through online databases,
which can also be considered as resources since they usually provide addi-
tional tools for the analysis and visualization of biological data.

2.1 Genome assemblies

Despite the large sizes and repetitive nature of conifer genomes, five genome
assemblies have been published to date (Table 1): Picea abies (Nystedt et al.,
2013), Picea glauca (Birol et al., 2013), Pinus taeda (Zimin et al., 2014), Pinus
lambertiana (Stevens et al., 2016) and the first draft of the P. menziesii genome
(Neale et al., 2017). In addition, the genome assembly of Gnetum montanum,
a gnetophyte, has been recently published (Wan et al., 2018). Current
phylogenomic analyses indicate that gnetophytes belong to the same clade
as conifers (Li et al., 2017; Wickett et al., 2014).

Overall, the size and complexity of conifer genomes lead to these assem-
blies having too many contigs with very partitioned drafts. This character-
istic along with the presence of very large introns in a considerable number
of genes has also limited the bioinformatic identification of many genes.
With the exception of P. abies, the number of high confidence genes is very



Conifer functional genomics 5

Table 1 Conifer genome assemblies.
Sequenced genomes

Reference of Year of first
Species last version Online database Genes® version

Pseudotsuga  Neale et al. (2017)  http://treegenesdb.org 35,880 2017

menziesii

Pinus Stevens et al. (2016) http:/treegenesdb.org 13,936 2016
lambertiana

Pinus taeda  Zimin et al. (2017)  http:/treegenesdb.org 9024 2014

Picea glauca Warren et al. (2015) http:/congenie.org 14,462 2013

Picea abies  Nystedt et al. (2013) http://congenie.org 26,359 2013

“High confidence genes.

low in every assembly (Table 1). Each one of these limitations has led to new
assembly strategies in order to obtain better draft genomes (Warren et al.,
2015; Zimin et al., 2017). The use of sequencing platforms rendering long
reads such as PacBio (https://www.pacb.com/) and Oxford Nanopore
(https://nanoporetech.com/) in combination with Ilumina could led to
high-quality genome assemblies in conifers.

In functional genomics, genome assemblies are excellent tools to analyse
different pools of data from NGS sequencing, which can include RNA-Seq
and chromatin-derived samples (Alonso & Stepanova, 2015; Pevsner, 2015).
However, there have been no reports of conifer genome assemblies being
used for these purposes. In the case of RINA-Seq, the use of genome assem-
blies as a reference not only is useful to quantify gene expression but also can
allow the identification of new transcripts derived from alternative splicing
of genes (Steijger et al., 2013). Therefore, due to the limitations imposed by
the quality of the constructed genome, reference transcriptomes and de novo
transcriptome assemblies are much more adequate for RNA-Seq analyses
(Steijger et al., 2013). In contrast, RNA-Seq data can also be used to aid
the annotation of conifer genomes by identifying exons and introns from
protein coding and non-coding genes.

For chromatin sequencing methods, read mapping with a genome
assembly is essential for analysis. However, this process is dependent on
the completeness and accuracy of the assembly. Fragmented and poorly
annotated drafts are not adequate references for these analyses and lead to
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bias in sequence coverage (Meyer & Liu, 2014). Another problem associated
with conifer genomes is the number of repeated sequences, accounting for
almost 80% of the genome in some species such as P. lambertiana (Stevens
et al.,, 2016). This phenomenon can make it challenging to use these
genomes as references for read mapping due to the introduction of bias in
the coverage of certain regions, which, in the case of conifers, could be very
substantial.

An important utility of genome sequences is that these sequences can be
used for the implementation of genome editing tools such as TALENs
(Boch, 2011) or CRISPR/Cas9 (Charpentier & Doudna, 2013; Feng
et al., 2013). The application of these tools requires precise knowledge of
the target sequence (see Section 2.5). However, considering the difficulties
in using forward and reverse genetics for functional validation in conifers,
the use of genome assemblies in the future as a reference for certain methods
such as ChIP-Seq (Johnson, Mortazavi, Myers, & Wold, 2007) and DAP-
Seq (O’Malley et al., 2016) is crucial for developing functional genomic
research in conifers. The identification of epigenomic regulation sites and
transcription factor-binding sites in chromatin will be of great utility for
conifer research in the near future. Several studies have paved the way by
characterizing transcription factors associated with plant development
(Alvarez et al., 2018, 2015; Bravo et al., 2017; Carlsbecker et al., 2013;
Hedman, Zhu, von Arnold, & Sohlberg, 2013; Niu et al., 2016; Rupps,
Raschke, Rummler, Linke, & Zoglauer, 2016; Uddenberg, Akhter,
Ramachandran, Sundstrom, & Carlsbecker, 2015; Uddenberg et al.,
2013; Valledor, Pascual, Meijon, Escandén, & Canal, 2015; Zhu,
Moschou, Alvarez, Sohlberg, & Von Arnold, 2014; Zhu, Moschou,
Alvarez, Sohlberg, & Arnold, 2016) and those associated with lignification
and regulation of secondary metabolism (Bedon et al., 2010; Bedon, Grima-
Pettenati, & Mackay, 2007; Bomal et al., 2008, 2014; Craven-Bartle,
Pascual, Canovas, & Avila, 2013; Pascual, Canovas, & Avila, 2015;
Pascual et al., 2016, 2018; Rueda-Lopez, Garcia-Gutiérrez, Canovas, &
Avila, 2013). The application of these types of techniques will be extremely
helpful in the functional characterization of regulatory networks involved in
the control of essential processes in conifers. The elucidation of these reg-
ulatory networks will provide essential biological data to be employed in
the development of new tree lines with improved traits. However, the cur-
rently available methods are insufficient, and it is necessary to improve the
assemblies and annotations to implement accurate genome-wide analyses.
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2.2 Transcriptome assemblies

Whole transcriptomes are fundamental tools to design expression micro-
arrays, analyse RINA-Seq experiments, identify peptides in proteomic stud-
ies using mass spectrometric analyses, annotate genome assemblies and
identify genetic markers such as single nucleotide polymorphisms (SNPs)
and simple sequence repeats (SSRs) (Dufva, 2009; Lowe, Shirley,
Bleackley, Dolan, & Shafee, 2017; Pevsner, 2015; Romero-Rodriguez,
Pascual, Valledor, & Jorrin-Novo, 2014). However, each tissue and cell type
has its own transcriptome, which depends on development, metabolic state,
environmental conditions, efc. (Yang & Kim, 2015). Therefore, the trans-
criptome is dynamic and changes with the forms (alternative splicing and
chemical modifications of N bases) and amounts of individual transcripts
(Ozsolak & Milos, 2011). Thus, the whole transcriptome of a species is
the set of different transcriptomes expressed in each of the cell types and
under different conditions.

This biological complexity leads to technical difficulties in obtaining
complete transcriptomic data. In addition, before the emergence of NGS
technologies, the procurement of transcriptomic data was very laborious
and costly. The first resources for the generation of large-scale trans-
criptomic data were expressed sequence tag (EST) databases (Adams
et al., 1991). The need for physical libraries of cDNA in Escherichia coli
and the individual Sanger sequencing of each clone limited the number
of EST sequences and the assembly of transcriptomes (Lowe et al., 2017).
In addition, the experimental procedures favoured the identification of tran-
scripts coding for proteins, while sequences belonging to non-coding RNA
(ncRNA) were not analysed because these sequences were considered
sequencing errors or junk. Different EST databases were generated for coni-
fer species for gene discovery and annotation (Table 2), and in addition, a
substantial number of studies in conifers have developed ESTs for genetic
marker identification (e.g. Bérubé et al., 2007; Perry & Bousquet, 1998;
Rungis et al., 2004). The objectives and laboratory resources involved are
indicative of the variety of efforts in EST studies, with projects ranging from
282 sequences in Pinus pinea (Alonso et al., 2007) to 206,875 sequences in
Picea sp. (Ralph et al., 2008). Due to the lack of genomic information about
conifers caused by the enormous sizes of the genomes of these species, the
main objective of most of these EST studies was the construction of gene
catalogues. Therefore, the research efforts to develop EST data can be con-
sidered the pioneering functional genomic studies of conifers. Additionally,



Table 2 Representative published EST data in conifer species. Sequences obtained by Sanger’'s method.

Article Species Tissues Reads Unigenes Contings Singletons
Allona et al. (1998) Pinus taeda Ditferentiating 1097 ND ND ND
compression wood and
side wood
Ujino-Thara et al. (2000) Cryptomeria japonica Inner bark 2231 1398 353 1045
Kirst et al. (2003) Pinus taeda Xylem-forming tissues 59,797 20,377 8070 12,307
Ujino-Thara, Taguchi, Cryptomeria japonica Male and female cones 1210 1173 ND ND
Yoshimura, and Tsumura
(2003)
Pavy et al. (2005) Picea glauca Different tissues and 49,101 16,578 9354 7224
treatments
Asiegbu, Nahalkova, and Li  Pinus sylvestris Infected roots 966 656 147 509
(2005)
Lorenz et al. (2006) Pinus taeda Water stressed roots 12,918 6765 2006 4759
Cairney et al. (2000) Pinus taeda Zygotic embryos 68,721 12,154 5274 6880
Yakovlev, Fossdal, Johnsen,  Picea abies Bud burst 1585 673 270 403
Junttila, and Skreppa (2006)
Lee, Chan, Wang, and Chu  Taiwania cryptomerioides  Inner bark 973 303 144 159
(2006)
Alonso et al. (2007) Pinus pinea Cultured cotyledons 282 245 24 221




Ralph et al. (2008) Picea sp. (P. sitchensis, Different tissues and 206,875 46,745 19,941 26,804
P. glauca, P. glauca- treatments
engelmannii)
Futamura et al. (2008) Cryptomeria japonica Male strobili 36,011 10,463 7686 2777
Li, Wu, Dillon, and Pinus radiata Xylem-forming tissues 5952 3304 952 2352
Southerton (2009)
Chancerel et al. (2011) Pinus pinaster Difterent tissues and 31,678 13,730 4483 9247
treatments
Rigault et al. (2011)" Picea glauca Different tissues and 146,616" 27,720 ND ND
treatments
Fernandez-Pozo et al. Pinus pinaster Different tissues and 19,160 10,843 2814 8029
(2011) treatments
Fernindez-Pozo et al. Pinus sylvestris Different tissues and 674 401 92 369
(2011) treatments
Villalobos et al. (2012) Pinus pinaster Differentiating 8429 ND ND ND
compression wood and
side wood
Mann, Wegrzyn, and Picea mariana Needles 4594 2731 497 2234

Rajora (2013)

*Additional reads from NGS.

*In addition to EST from Pavy et al. (2005) and Ralph et al. (2008).

ND, Not determined.
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the resulting EST data were used to design different cDNA expression
microarrays for conifer species such as those developed for P. faeda (Van
Zyl et al., 2002), P. sitchensis (Ralph et al., 2006) and Pinus pinaster
(Villalobos et al., 2012) (see Section 2.3).

However, times have changed, and NGS allows rapid and inexpensive
procurement of transcriptomic sequences in comparison with the old
approaches. NGS makes it possible for individual research groups working
in non-model species to generate appropriate transcriptomic resources.
Although these data could be used to design new expression microarrays,
this approach has become meaningless since most transcriptomic data are
obtained from RINA-Seq experiments, accounting for transcript accumula-
tion. Thus, the main uses of transcriptomic data are as follows: (i) as a
reference to map sequenced reads in RNA-Seq experiments (e.g. Canas
et al., 2015), (i) as a guide for genome annotations (e.¢. Warren et al.,
2015; Wegrzyn et al., 2014), (iii) to generate a virtual proteome for peptide
identification in proteomic experiments (e.g. Romero-Rodriguez et al.,
2014), (1v) as a reference for the design of gene/exome capture experiments
(Lu et al., 2016; Neves, Davis, Barbazuk, & Kirst, 2013, 2014; Seoane-
Zonjic et al., 2016; Suren et al., 2016) and (v) as a source of information
about genetic markers such as microsatellites or SSRs (e.g. Canales et al.,
2014; Hu et al., 2016) (Fig. 2).

In most cases, the results obtained from a single experiment are sufficient
for the analyses (e.g. RNA-Seq). However, in some situations, complex
transcriptomic assemblies that use data from a variety of tissues or conditions

CHIP-Seq RNA-Seq iﬁz:::f::;'
A 1
Functional
. Annotation 5
Tiling Global Transcriptome .
= Proteomics
Microarray Genome Specific Transcriptomes

\ 4
DAP-Seq

Genome
Sequence
Capture

Genetic Markers
Identification
Fig.2 Some of the main roles of genome and transcriptome assemblies as references in
research. Techniques highlighted with blue lines are dependent on genome assemblies
or sequences. Techniques highlighted with red lines are dependent on transcriptome
assemblies or sequences. Techniques in grey still have not been developed in conifers
due to fragmented genome assemblies. ChIP-Seq, chromatin immunoprecipitation

sequencing; DAP-Seq, DNA affinity purification sequencing.
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are required, for example, when using the transcriptome for genome anno-
tation. In such cases, the reference transcriptome is used in an attempt to
cover most of the transcripts expressed in a species, including splice variants
and non-coding protein sequences (e.g. Canales et al., 2014; Lorenz et al.,
2012; Rigault et al., 2011; Yeaman et al., 2014). In this regard, studies on
microRNA (miRNA) are very limited, with some reports identifying and
exploring miRINA expression under different physiological and develop-
mental conditions (de Vega-Bartol et al., 2013; Fossdal et al., 2012;
Liu & El-Kassaby, 2017; Morin et al., 2008; Niu et al., 2015; Qiu et al.,
2015; Quinn, Iriyama, & Fernando, 2014; Wan et al., 2012; Xie et al.,
2017; Zhang et al., 2013) or performing computational analyses in species
with a genome draft, such as P. faeda (Quinn, Iriyama, & Fernando,
2015) and P. glauca (Yakovlev & Fossdal, 2017). Studies on long non-coding
RNA (IncRNA) are nearly non-existent with the exception of the IncRINA
catalogue for Norway spruce which was included in the first whole-genome
assembly (Nystedt et al., 2013). Nevertheless, considering that a good
genome assembly is necessary for classification of the identified IncRINA,
it is understandable that IncRNAs have been poorly characterized in conifer
species.

2.3 Expression microarrays

Expression microarray technology makes it possible to experimentally
explore important portions of a transcriptome including miRNA by using
specialized platforms. Expression microarrays are a hybridization-based
technique that uses thousands of probes, cDNAs or oligonucleotides,
corresponding to different transcripts fixed on a solid surface and hybridized
with experimental samples labelled with fluorophores (the current state of
the art is reviewed in Li, Sedighi, & Wang, 2016). In comparison with pre-
vious methods of gene expression analysis such as dot, slot and northern
blots, the emergence of microarrays was an extraordinary advancement
and provided the ability to evaluate the expression dynamics of thousands
of transcripts simultaneously. Regarding expression studies in conifers, this
methodology was used to complement and, finally, to overcome the tran-
script catalogue age of EST libraries. A significant, early study was published
by Whetten, Sun, Zhang, and Sederoft (2001). Currently, in the NCBI’s
Gene Expression Omnibus (NCBI's GEO, https://www.ncbi.nlm.nih.
gov/geo/) more than 30 microarray platforms for conifer species have been
deposited since 2004 (Tables 3 and 4). This resource includes improved
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Table 3 Gene expression microarrays available for conifers (Pinidae term in a platform search) at NCBI Gene Expression Omnibus (GEO).

GEO accession Species Type Probe Spot number Year
No submitted” Pinus tabuliformis Commercial In situ oligonucleotide 60,000 2016
GPL21977 Pinus taeda Commercial In situ oligonucleotide 180,880 2016
GPL22783 Picea glauca Commercial In situ oligonucleotide 177,321 2016
GPL19600 Cryptomeria japonica Commercial In situ oligonucleotide 71,984 2016
GPL21757 Pinus sylvestris; Cenococcum geophilum Commercial In situ oligonucleotide 43,926 2016
GPL19234 Pinus pinaster Commercial In situ oligonucleotide 42,500 2015
GPL19078 Pinus sylvestris Commercial In situ oligonucleotide 36,349 2015
GPL18419 Pinus pinaster Non-commercial Spotted cDNA 8208 2015
GPL18152 Cryptomeria japonica Commercial In situ oligonucleotide 62,892 2014
GPL18030 Cryptomeria japonica Commercial In situ oligonucleotide 75,191 2013
GPL18004 Pinus massoniana Commercial Spotted oligonucleotide 48,598 2013
GPL14845 Cryptomeria japonica Commercial In situ oligonucleotide 45,753 2013
GPL16286 Pinus taeda Commercial In situ oligonucleotide 180,880 2012
GPL15915 Pinus taeda Non-commercial Spotted cDNA 26,496 2012
GPL15526 Pinus pinaster Non-commercial Spotted cDNA 4223 2012
GPL15510 Pinus pinaster Non-commercial Spotted cDINA 2910 2012
GPL15033 Picea glauca; Picea sitchensis Non-commercial Spotted oligonucleotide 34,992 2011

GPL11184 Pinus taeda Non-commercial Spotted cDNA 26,496 2011




Table 3 Gene expression microarrays available for conifers (Pinidae term in a platform search) at NCBI Gene Expression Omnibus (GEO).—

cont'd

GEO accession Species Type Probe Spot number Year
GPL10754 Picea glauca Non-commercial Spotted cDNA 11,036 2010
GPL8302 Pinus radiata Non-commercial Spotted cDNA 18,432 2009
GPL6582 Pinus pinaster Commercial Spotted cDNA 24,288 2008
GPL5189 Pinus taeda Non-commercial Spotted cDNA 49,152 2007
GPL5423 Picea Non-commercial Spotted cDNA 25,344 2007
GPL5763 Pinus taeda Non-commercial Spotted cDNA 5376 2007
GPL2027 Pinus taeda; Pinus elliottii var. elliottii Non-commercial Spotted cDNA 8448 2006
GPL4039 Pinus taeda Non-commercial Spotted cDNA 6144 2006
GPL4657 Pinus taeda Non-commercial Spotted cDNA 5376 2006
GPL1880 Pinus taeda Non-commercial Spotted cDNA 4794 2005
GPL1014 Pinus taeda Non-commercial Spotted cDNA 9216 2004
GPL1508 Pinus taeda Non-commercial Spotted cDNA 9204 2004
No submitted” Pinus taeda Non-commercial Spotted cDNA 3000 2002

“Presented at Niu et al. 2016.
Presented at Whetten et al. (2001).
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Table 4 miRNA expression microarrays available for plants including conifers (Pinidae
term in a platform search) at NCBI Gene Expression Omnibus (GEO).

GEO Spot

accession  Species Type Probe number Year

GPL17805 Different plant species Commercial In situ 1512 2013
including P. glauca, oligonucleotide

P. sitchensis and P. taeda

GPL9858 Different plant species Commercial In situ 3968 2011
including P. taeda oligonucleotide

GPL9344 Different plant species Commercial In situ 3968 2009
including P. taeda oligonucleotide

GPL9736 Different plant species Commercial In situ 3540 2009
including P. taeda oligonucleotide

GPL9738 Different plant species Commercial In situ 3281 2009
including P. taeda oligonucleotide

GPL9737  Different plant species Commercial In situ 3122 2009
including P. taeda oligonucleotide

versions of the first microarrays for determined species and some versions
that cover plant miRINA catalogues with sequences from certain conifer
species.

However, the nature and characteristics of this technology had led to
major limitations in the use of microarrays in research compared with
RNA-Seq. Some of the main problems associated with microarray technol-
ogy in comparison to RINA-Seq are lower sensitivity, lower dynamic range,
hybridization bias and that microarray technology only yields information
about known transcripts (Martin, Dehler, & Krol, 2016). Therefore, the
depth of the analysis depends on the number and the origin of the probes
deposited over the microarray. In contrast, in RNA-Seq, the depth of the
analysis depends on the number of sequenced reads in the experiment. Thus,
in expression microarrays, it is not possible to cover both gene expression
and the expression of alternative transcript forms that are not physically
contained in the microarray. Therefore, the previous work to design and
produce the microarrays determines the final quality of the data obtained.
Microarrays containing spotted cDNAs as probes can be limited by the num-
ber of analysed transcripts and by transcriptome coverage (Martin et al.,
2016). cDNAs must be cloned and physically preserved but also arranged
in plates to be printed on the microarray surface, which is time consuming,
costly and requires a lot of space. In this context, covering the whole
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transcriptome of a species can be a challenging objective. The transcriptome
coverage of a microarray is, of course, strongly associated with the origins of
the sequences (tissues, environmental, physiological and metabolic condi-
tions). However, microarrays using synthesized oligonucleotides as probes
allow more extensive coverage of the transcriptome. In this case, the
sequences employed for oligonucleotide design come from the large trans-
criptomic databases that have become available since the advent of NGS (e.g.
Canas, Feito, et al., 2015; Raherison et al., 2012). The generation of micro-
arrays has become more accessible making it possible to include a greater
number of probes. In conifers, the platform with the higher number of spot-
ted cDNA is GPL5189 for P. taeda with 49,152 probes (Table 3), while the
oligonucleotide platform for a conifer species with the most probes has
180,880 probes (GPL21977 for P. taeda, Table 3), which is 3.7 times higher
than the value obtained for GPL5189. Since 2012, concurrent with the rise
of NGS, in situ oligonucleotide microarrays have been preferred to cONA
microarrays and are usually commercially manufactured by specialized com-
panies such as Agilent or Afftymetrix. NGS and RNA-Seq are increasingly
replacing gene expression microarrays, although microarrays have demon-
strated extraordinary utility over the last 15 years. Since 2012, there have
been an increasing number of studies on conifers using RNA-Seq, and in
the last few years, the number of studies using RNA-Seq has surpassed
the number of publications using microarrays (Fig. 3). Currently, there is

35
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Fig. 3 Publications in conifers using microarrays and RNA-Seq. The publication num-
bers were estimated through a search in the Web of Science. Blue line shows microarray
publications per year (search: “microarray AND conifer*”). Red line shows RNA-Seq pub-
lications per year (search: “RNA-Seq AND conifer*”.). *Data accessed at 28th November
2018.
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a clear trend towards performing transcriptomic analyses via NGS, which is
mainly because the output of a large amount of data does not require pre-
viously determined information about the transcriptome. Each experiment
is an opportunity to discover new transcript variants, including those with
low expression levels. In the case of non-conventional model species such
as conifers, the use of RNA-Seq is extremely advantageous because the
transcriptome is obtained primarily from the assembly of sequencing data
(see Section 2.2). Additionally, microarray hybridization can also lead to
more false positives than the RNA-Seq procedures (Canas, Feito, et al.,
2015), which is mainly due to hybridization bias; the probe can hybridize
with transcripts of different genes with extremely high identity (e.g. two
paralog genes appearing in a recent genetic duplication) or does not differ-
entiate between different transcripts of a single gene, mainly if spotted
c¢DNA microarrays are used.

2.4 Online resources

New high-throughput techniques coupled with functional genomics pro-
duce large amounts of data requiring laborious analyses, resulting in most
of the data remaining unseen. Therefore, access to data is an important issue
in the omics era. The need to revisit the data and make new comparisons or
visualizations has promoted the emergence of accessible online databases
(Galperin, Fernandez-Suarez, & Rigden, 2017) and web-servers (Benson,
2017). There are general web resources that can be employed for every spe-
cies in biological research, for example, the three main databases containing
nucleotide and protein sequences: NCBI’s GenBank (Benson et al., 2017),
DDBJ (Mashima et al., 2016) and ENA (Gibson et al., 2016). Whole-
genome sequence assemblies of four conifer species have been deposited
in NCBI's GenBank: P. menziesii (GCA_001517045.1); P. glauca (GCA_
000411955.5, GCA_000966675.1 and GCA_001687225.1); P. taeda
(GCA_000404065.3) and P. lambertiana (GCA_001447015.2). Although
sequence information is basic, such resources may also store other types
of functional genomic data and tools such as gene expression data from
RNA-Seq and microarrays (GEO, Barrett et al., 2013), data regarding plant
metabolic and regulatory pathways (Plant Reactome, Naithani et al., 2017)
and mass-spectrometric data from proteomic analyses (ProteomeXchange,
Vizcaino et al., 2014).

In addition to these general web resources, there are several databases and
web-servers containing specific information and tools that can be used for
functional genomic studies of conifers (Table 5). Usually, these resources


ncbi-p:GCA_001517045.1
ncbi-p:GCA_000411955.5
ncbi-p:GCA_000411955.5
ncbi-p:GCA_000966675.1
ncbi-p:GCA_001687225.1
ncbi-p:GCA_000404065.3
ncbi-p:GCA_001447015.2

Table 5 Online resources for conifer functional genomics.

Name Data type Species Link
Dendrome/ Genome assemblies, P. taeda, P. glauca, https://dendrome.ucdavis.edu/index.php/
TreeGenes transcriptomes P. sitchensis, and other  http:/tgwebprod.cam.uchc.edu/Drupal/
species
PineRefSeq Genome assemblies  P. taeda, P. lambertiana,  http://pinegenome.org/pinerefseq/
P. menziesii
ConGenlE Genome assemblies, P. abies, P glauca, P. taeda http://congenie.org/
transcriptomes, and other species
gene expression,
visualization and
analysis tools
NorWood Wood gene P. abies http://norwood.congenie.org/norwood-v1.0/
expression network
GymnoPLAZA Transcriptomes P. taeda, P. abies and https://bioinformatics.psb.ugent.be/plaza/versions/gymno-plaza/
other conifers
EVOLTREE  Genomic and EST  A. alba, P. abies, http://www.evoltree.eu/index.php
sequences P. pinaster, P. sylvestris
PineDB Transcriptome P. taeda http://bioinfolab.muohio.edu/txid3352v1/index.php

Sugi Genome
DB

Genome sequences
Transcriptomes

C. japonica,
C. obtusa

http://www.ftpri.aftrc.go.jp/labs/cjgenome/index.html

SustainPineDB

Transcriptome

P. pinaster

http://www.scbi.uma.es/sustainpinedb/home_page
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have been developed in the framework of research projects, and therefore
most of these resources have either disappeared or have been integrated
into other specific or general databases upon culmination of the project
(e.g. Fernandez-Pozo et al., 2011; Lippert, Yuen, & Bohlmann, 2009;
Pavy et al., 2007). Among current online resources, Dendrome/TreeGenes
is one of the older resources available (Wegrzyn, Lee, Tearse, & Neale,
2008). Dendrome/TreeGenes was developed under the framework of the
Dendrome Project as a resource to integrate tools and tree-genomic data
including data regarding species, publications, genetic maps, molecular
markers, and genotypes as well as phenotypic data, genomic sequences,
transcriptomes and expression data. Although the database was not con-
ceived only for conifers, they constitute a fundamental part of the database.
Of the 271 tree species in the transcriptome database 176 correspond to
conifers; however, a substantial number of these sequences correspond to
only a few species such as P. taeda and P. sitchensis. Another interesting
web resource is PineRefSeq, which is closely associated with Dendrome/
TreeGenes in terms of the project partners, primarily the University of
California, Davis (UC Davis). Both databases provide FTP access to the
genome assemblies and transcriptomes of three different conifers from
North America (P. taeda, P. menziesii and P. lambertiana) including new
unpublished versions.

Similar to Dendrome/TreeGenes, Conifer Genome Integrative
Explorer (ConGenlE) is a web resource that integrates data about difterent
conifer species, although this resource is mainly focused on P. abies as a part
of the Norway spruce genome sequencing project (Sundell et al., 2015).
This resource includes the genome assemblies of P. abies, P. glauca and
P. taeda; transcriptomic sequences of these three species and difterent conifer
and gymnosperm species; gene expression data from P. abies; and different
visualization and analytic tools. ConGenlE is part of the Plant Genome Inte-
grative Explorer (PlantGenlE) platform, which includes genomic resources
tor Populus (PopGenlE) and Arabidopsis (AtGenlE) (Sundell et al., 2015). An
important characteristic of ConGenlE is the integration of this resource with
additional web tools to analyse the gene expression data from P. abies or even
other conifers such as P. pinaster. The Comparative Plant Expression tool
(ComPIEx, http://complex.plantgenie.org/) allows the comparison and
visualization of the gene co-expression networks of the three species in
PlantGenlE (Netotea, Sundell, Street, & Hvidsten, 2014). Another example
is the exImage tool for visualizing gene expression over organ and tissue pic-
tograms in P. abies and more recently in P. pinaster (Canas et al., 2017; http://
v22.popgenie.org/microdisection/). A web resource associated with


http://complex.plantgenie.org/
http://complex.plantgenie.org/
http://v22.popgenie.org/microdisection/
http://v22.popgenie.org/microdisection/
http://v22.popgenie.org/microdisection/

Conifer functional genomics 19

ConGenlE is NorWood, which contains gene expression profiles and
co-expression networks from high-spatial-resolution tissue sections of the
cambial and woody tissues of P. abies (Jokipii-Lukkari et al., 2017). Integra-
tion of the data from NorWood with PlantGenlE data from Arabidopsis and
Populus provides evolutionary insight into plant wood formation.

Another web resource that includes data from different species is
GymnoPLAZA, which is part of a bigger platform for plants, PLAZA
(Proost etal., 2015). GymnoPLAZA contains sequence and gene annotation
data from different conifer species and other gymnosperms and angiosperms.
This web resource also provides tools for comparative genomics.
GymnoPLAZA is a good source of data for functional genomics, although
the main aim of this resource is the facilitation of comparative and
evolutionary genomics. Other resources that were not developed for func-
tional genomics but contain useful information for such studies in conifers
are the transcriptomic and genomic databases generated in the framework of
the EVOLTREE project (http://www.evoltree.eu/). These databases con-
tain data from conifer species such as Abies alba, P. abies, P. pinaster,
P. sylvestris and Podocarpus oleifolius and also from angiosperm species of
the genera Fagus and Quercus.

Alternatively, several web resources containing data about specific coni-
fer species have been mainly developed to store the results generated by
other projects and research groups. For example, PineDB at Miami University
(Oxtord, OH, USA) is a web database that contains extensive transcriptomic
information for P. taeda (Table 5). Among this class of resources, a constant
and meritorious effort is that of the Sugi Genome DB, which centralizes
the genetic, genomic and transcriptomic data of the Asian cypresses; Crypto-
meria japonica (sugi, Japanese cedar) and Chamaecyparis obtusa (hinoki, Japanese
cypress) (Table 5). This resource contains information that has been generated
since 1998 by the Japanese Forestry and Forest Products Research Institute.
Finally, the SustainPineDB contains the transcriptomic sequence information
of the western Mediterranean conifer P. pinaster (Canales et al., 2014). This
database replaced an earlier resource, the EuroPineDB (Fernandez-Pozo
et al., 2011), and was developed in the framework of the European research
project SustainPine (http:/www.scbi.uma.es/sustainpine/).

2.5 Genetics for conifer functional genomics

Genetic techniques are powerful tools for elucidating gene functions. In
model plant species such as Arabidopsis thaliana, these techniques have been
widely used for the functional characterization of genes by taking advantage
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Arabidopsis Conifers
20-25cm Plant size 0.03-100 m
Herbaceous Plant type Woody
65,529 Articles* 9,722
135 Mp Genome size 4-36 Gb
High quality Genome assembly Fragmented
Annual Life time Perennial
6 weeks Life cycle Several years

= 300,000 lines  Mutant collections =

Fast “floral dip” Transformation Somatic embryogenesis

Fig. 4 Characteristics of Arabidopsis vs. conifers. *Articles in the Web of Science from
2008 to 2017 (searches “Arabidopsis thaliana” and “Conifer”).

of the biological characteristics of the model, including small plant and
genome sizes, short lifespans and ease of transformation (Fig. 4). These
advantages are complemented by the high number of labs and researchers
working on this model, leading to a high potential for knowledge accumu-
lation and to the development of new methods, mainly using reverse genet-
ics, to study gene function (Provart et al., 2016). However, conifer species
exhibit characteristics that make it challenging to apply certain genetic
methods: large body sizes and long-life cycles (Farjon, 2010), large genome
sizes (Ritland, 2012), high heterozygosity (Badenes, Fernandez 1 Marti,
Rios, & Rubio-Cabetas, 2016) and difficulties in obtaining viable transgenic
plants (Klimaszewska, Lachance, Pelletier, Lelu, & Seguin, 2001) (Fig. 4).

In this context, the genetic approaches used with conifers have been
focussed on genotype-phenotype association, breeding, diversity and pop-
ulation structure more than on large-scale programs of mutant characteriza-
tion or genetic engineering associated with functional genomics (Badenes
et al., 2016; Plomion et al., 2016). The final aim of these studies is to assist
and improve conifer breeding programs. Breeding programs for trees,
including conifers, are large, expensive and long, requiring many years
and resources to produce desired results (West, 2014). Many of these pro-
grams were started in the 1950s and have continued till the present (Paques,
2013). Although these approaches are so powerful that important gains in
the desired traits can be obtained in a few generations (West, 2014), there
is a need in to accelerate these programs due to the long breeding cycles.
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An alternative method to reach that goal is to use marker-assisted selection
(MAS) of trees and quantitative trait loci (QTL) mapping. In recent years,
the emergence of omics techniques has improved the identification and
use of markers, mainly single nucleotide polymorphisms (SNPs), for gene
mapping and genotyping. Transcriptome sequencing is widely employed,
even in species rarely used in research, to identify thousands of SNPs
(e.g. Liu et al., 2016; Wachowiak, Trivedi, Perry, & Cavers, 2015). The
extent of genotyping has widened since the advent of SNP microarrays
(e.g. Chancerel et al., 2013; Pavy et al., 2013, 2017), CGH microarrays
for the identification of DNA copy number variations (CNVs) (Prunier,
Caron, & MacKay, 2017) and exome capture sequencing, which also allows
the identification of new markers (e.g. Lu et al., 2016; Neves et al., 2014;
Pavy et al., 2016; Suren et al., 2016). Although SNPs in allelic variants
can be considered mutations, most SNPs have no evident associations with
a defined phenotype. In some cases, these relationships have been established
allowing assignments of function to specific genes (e.g. Lu et al., 2017).
A promising step forward in tree domestication seems to be the combined
use of genomic selection (GS) of conifers with clonal propagation via
somatic embryogenesis (Harfouche etal., 2012). This approach can substan-
tially accelerate breeding programs. Unlike MAS, the fundamental principle
of GS is the development of a prediction model generated from all available
genetic markers and phenotypic data collected from a sample population.
The aim of this model is to determine the genomic breeding value of prog-
eny (Harfouche et al., 2012).

The use of genetics to search for or validate gene function is very limited
in conifers. There are no mutant collections and extensive transformation
programs are slow and expensive. In the case of mutant collections, screen-
ing for individual conifers with modified characteristics would be challeng-
ing due to their long-life cycles and large sizes of these trees, and the time and
infrastructure required to complete the study would be tremendous. Thus,
few studies have been carried out with mutant conifers, and usually, these
studies have been conducted on trees with apparent phenotypes
(Carlsbecker et al., 2013; Guo, Zheng, & Yang, 2014; Han, Shinohara,
Kakubari, & Mukai, 2003; Hirao, Watanabe, Kurita, Kondo, & Takata,
2009; Ning, Lu, Liu, Yang, & Wang, 2013; Tsubomura, Kurita, &
Watanabe, 2016; Uddenberg et al., 2013), although the best characterized
conifer mutant, a mutant of the gene encoding the cinnamyl alcohol dehy-
drogenase enzyme (CAD; EC 1.1.1.195) in P. taeda, was identified in a
genetic screen (MacKay et al., 1997; Ralph et al., 1997). NGS and other
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omics techniques represent a new opportunity to characterize conifer
mutants and, in some cases, to identify the mutated gene. An excellent
example of such a study is that performed on the Norway spruce mutant
acrocona, in which a MADS box transcription factor was identified as the reg-
ulator of early cone setting using RNA-Seq (Uddenberg et al., 2013).

Gene function assignment by using spontaneous mutants can also be
driven by gene silencing using RNA interference (RINAi) (Watanabe,
2011). Despite the challenges associated with transforming conifers, gene
knockdown characterization has provided the data required to explore can-
didate genes and assign molecular and physiological functions to these genes
(e.g. Maloney, Samuels, & Mansfield, 2012; Moschou etal., 2016; Zhu et al.,
2014). Similar to the study of mutants, the combination of this approach
with omics analyses is a powerful tool for functional genomics. Recently,
a global gene expression analysis of maritime pine seedlings in which the
PpNACT transcription factor had been silenced allowed the elucidation
of the role of this gene in wood formation and the relationships of this gene
with other gene expression regulators involved in this process (Pascual et al.,
2018). Notably, gene silencing has been very useful for studying the
phenylpropanoid synthesis pathway in the context of lignification in
conifers. This method has allowed the functional characterization of each
member of the pathway, highlighting the roles of these members and
quantifying their importance (Moller, Steward, Phillips, Flint, & Wagner,
2005; Trontin et al., 2014; Wadenback et al., 2008; Wagner et al., 2009;
Wagner, Phillips, Narayan, Moody, & Geddes, 2005; Wagner et al.,
2007, 2013, 2011).

Additionally, different studies have used genetic transformation to over-
express genes (e.¢. Dalman et al,, 2017; Mageroy et al., 2017; Moller,
McDonald, Walter, & Harris, 2003; Nagel, Berasategui, Paetz,
Gershenzon, & Schmidt, 2014; Uddenberg, Abrahamsson, & von Arnold,
2016) and to study the functions of gene promoters (Bedon, Levasseur,
Grima-Pettenati, Seguin, & MacKay, 2009). Furthermore, to study gene
function, genetic manipulation can also provide a biotechnological oppor-
tunity to generate better tree lines with improved characteristics. For exam-
ple, the transformation of tracheary elements of P. faeda with genes encoding
ferulate 5-hydroxylase (F5H) and caffeic acid O-methyltransterase (COMT)
from Liquidambar styraciflua resulted in the production of lignin containing
sinapyl alcohol, which is a type of monolignol not found in conifers making
this wood more appropriated for biofuel production (Wagner et al., 2015).

Despite the great potential of these techniques, their use to study
conifers is still scarce due to their unfavourable characteristics, mainly their
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long-life cycles. As a resource, to avoid or minimize this challenge,
researchers have used cultured cell lines of conifers to perform genetic
manipulations and analyse these cultures (e.g. Moller et al., 2005), develop-
ing somatic embryos (e.g. Klimaszewska, Hargreaves, Lelu-Walter, &
Trontin, 2016; Pascual et al., 2018), and in vitro tissues as tracheary elements
(e.g. Wagner et al., 2005, 2015). Additionally, transient gene expression in
protoplasts has been employed as a successful alternative to study conifer
gene promoters (Craven-Bartle et al, 2013; Goémez-Maldonado,
Canovas, & Avila, 2004; Goémez-Maldonado, Crespillo, Avila, &
Canovas, 2001; Pascual et al., 2018; Rueda-Lopez, Crespillo, Canovas, &
Avila, 2008). A widely used strategy to analyse conifer genes via genetic
manipulation is overexpression in heterologous systems such as
Avrabidopsis, tobacco or poplar (e.g. Gao et al., 2013; Hills, Khan, &
Lopez-Juez, 2015; Katahata, Futamura, Igasaki, & Shinohara, 2014;
Rueda-Lopez, Cafas, Canales, Canovas, & Avila, 2015; Rueda-Lopez
et al., 2017; Rupps et al., 2016). Complementation of Arabidopsis mutants
with the putative homologue of the conifer gene under study is a commonly
used approach (e.g. Karlgren, Gyllenstrand, Kallman, & Lagercrantz, 2013;
Larsson, Sundstrom, Sitbon, & Von Arnold, 2012; Li et al., 2013; Maloney
et al., 2012; Nilsson, Carlsbecker, Sundas-Larsson, & Vahala, 2007). Alter-
natively, complementation of E. coli (e.g. Hosoo, Kimura, Nanatani, &
Uozumi, 2014) and yeast mutants (e.g. Castro-Rodriguez et al., 2016) when
possible is extremely useful. Mutant complementation in heterologous sys-
tems provides functional information about the genes and the products of
these genes (e.g. EI-Azaz, de la Torre, Avila, & Cénovas, 2016), while over-
expression is more adequate as a biotechnological tool (e.g. Castro-
Rodriguez et al., 2016).

One way to overcome the problems associated with the generation of
mutant and transgenic conifers would be the use of genome editing tech-
niques such as CRISPR/Cas9 technology (Charpentier & Doudna, 2013;
Doudna & Charpentier, 2014; Feng et al., 2013). This method can poten-
tially be used for directed mutation, modification or substitution of specific
genes, facilitating genetic studies of gene function modification (loss, reduc-
tion, improvement or shift, Fig. 5) (Nonaka, Arai, Takayama, Matsukura, &
Ezura, 2017; Wang et al., 2014) and differential gene expression (Park,
Dempewolf, Zhang, & Wang, 2017; Shi et al., 2017). The opportunities
are diverse, and this method has the advantage of being a targeting method.
Unfortunately, despite the promise of this method, there are no published
studies using CRISPR /Cas9 technology in conifers. Thus, CRISPR /Cas9
seems to hold great potential for conifer research.
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3. Conclusions and perspectives

Overall, functional genomic research in conifers has advanced enor-
mously over the last 15—20 years following the development of omics
techniques. Considering the main obstacle, which is the unfavourable char-
acteristics of conifers as experimental models, the accumulation of data and the
generation of scientific resources for conifer functional genomics are impres-
sive achievements. Among these achievements, the assembly of the whole-
genome sequences of several conifer species is the most relevant. Maybe, in
the future, this achievement will be crucial for obtaining further information
of biological and biotechnological value, although in order to reach that goal,
improvement of the assemblies and annotations is mandatory. Current, and
maybe future, techniques to study the regulation of gene expression and chro-
matin dynamics require high-quality whole-genome sequences.

At the genetic level, functional studies have been limited since the mutant
screening and transgenesis are difficult to achieve. However, the application of
genome editing techniques opens new perspectives in the field. When the
possibility of manipulating the functions of conifer genes in a “surgical”
way is realized, such studies will increase and profoundly change our knowl-
edge about conifer biology. All these new resources are the “holy grail”
towards obtaining trees with improved characteristics.
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