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Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of “markers” physically linked to them. These included visible
or morphological, cytological, protein, and molecular or DNA markers.
Among them, the first DNA marker, the RFLPs, introduced a revolutionary
change in plant genetics and breeding in the mid-1980s, mainly because
of their infinite number and thus potential to cover maximum chromosomal
regions, phenotypic neutrality, absence of epistasis, and codominant nature.
An array of other hybridization-based markers, PCR-based markers, and
markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits, and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period, a number of new mapping populations beyond F2
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and for mapping of polygenic clusters or
QTLs. Molecular markers were also used in the studies of evolution and
phylogenetic relationship, genetic diversity, DNA fingerprinting, and
map-based cloning. Markers tightly linked to the genes were used in crop
improvement employing the so-called marker-assisted selection. These
strategies of molecular genetic mapping and molecular breeding made a
spectacular impact during the last one and a half decades of the twentieth
century. But still they remained “indirect” approaches for elucidation and
utilization of plant genomes since much of the chromosomes remained
unknown and the complete chemical depiction of them was yet to be
unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated the development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic—physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.

vii



viii

As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But the development of information technology made
the life of biologists easier by leading to a swift and sweet marriage of
biology and informatics, and a new subject was born—bioinformatics.

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has traveled much beyond biology
and involves biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods. The
development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, the development of
collaborative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crops and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated
Web pages of the consortia and databases. There is no compilation of plant
genomes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful to both
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are, therefore, focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, the potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
particularly Dr. Christina Eckey and Dr. Jutta Lindenborn, for the earlier set
of volumes and presently Ing. Zuzana Bernhart for all their timely help and
support.

I always had to set aside additional hours to edit books beside my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav and Devleena. I must mention that
they not only allowed me the freedom to take away those hours from them
but also offered their support in the editing job itself. I am really not sure
whether my dedication of this compendium to them will suffice to do justice
to their sacrifices for the interest of science and the science community.

New Delhi, India Chittaranjan Kole



Pines (Pinus) are the world’s most economically important forest tree
species. With more than 100 species, pines are also the most abundant extant
group of Gymnosperms. Pines are naturally distributed in the Northern
hemisphere, where they inhabit pure or mixed-species forests or are planted
for commercial uses. Some species such as Pinus radiata are also planted as
commercial species in the Southern hemisphere. Efforts to understand their
complex biology, functions and evolution were limited by their non-model
system attributes (e.g., long generation times, slow growth, difficulty to clone
or vegetative propagate) and huge genome sizes (20-40 Gbp) with high
percentages (>70%) of repeat sequences, mostly transposable elements. In
the last five years, improved and more accessible sequencing and bioinfor-
matic tools have allowed significant changes in the study of the genomics and
transcriptomics of pines. Since 2014, four species (Pinus taeda, Pinus lam-
bertiana, Pinus pinaster and Pinus radiata) have been sequenced, and
numerous transcriptomic resources have been developed.

This book is the first comprehensive compilation of the most up-to-date
research in the genomics, transcriptomics and breeding of pine species across
Europe, North America and Australia. The twelve chapters in this book aim
to cover different aspects in genomic and transcriptomic research mainly
focusing on the species with sequenced genomes but also in other pines of
ecological and economical importance. In the Chap. 1, recent advances in
whole-genome sequencing, transcriptome sequencing and target enrichment
of nuclear genes for North American pine species are described. In the
absence of chromosome-level reference genomes, studies on the genome
architecture have been based on the presence of genetic and linkage maps.
Genetic mapping and comparative mapping approaches are reviewed with an
emphasis on P. taeda in Chap. 2.

Transposable elements are major components of pines and gymnosperm
genomes. Although initial studies have revealed important information on
their structure, classification and genome organization, many questions
remain regarding their role in adaptive responses and genome x environment
interactions in long-generation species such as pines. Chapter 3 provides a
comprehensive review on the latest discoveries and future research per-
spectives for the study of transposable elements in plants, with an emphasis
on pine species.
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Rapid changes in the climate due to increases in temperature and altered
precipitation regimes pose a significant challenge for natural and planted
populations of pines. Our ability to predict future responses to environmental
changes will only come from a thorough understanding of the genomic and
transcriptomic basis of abiotic stress. In this book, associations between
genotypes and environmental variables are tested across the P. lambertiana
species’ natural distribution (Chap. 4). Plastic responses to low water
availability analyzed with transcriptome analysis for P. pinaster are reviewed
in Chaps. 5 and 9.

Whole-genome sequencing and the development of a transcriptome atlas
in P. pinaster are fully covered in Chap. 5. In addition, this chapter provides
a comprehensive review of some of the most important research in
P. pinaster, including recent findings in molecular breeding, transgenesis,
comparative genomics, gene expression regulation, biotic and abiotic stress
and genetic architecture and variation in the species. Perspectives about the
impact of these recent discoveries and future research approaches are also
discussed.

Most phenotypic traits of commercial importance in pines and plants in
general have complex genomic architecture, meaning that a large number of
genes are usually involved. Chapter 6 summarizes recent studies on complex
traits in P. taeda, while Chaps. 7 and 8 focus on the genomics of disease
resistance against fungal pathogens causing three major diseases in North
American pine species: white pine blister rust, pitch canker and fusiform rust.

Transcriptomic approaches in European pines such as P. pinaster and
P. sylvestris are covered in Chaps. 9 and 10. While Chap. 9 focuses on the
transcriptomic, proteomics, metabolomic and genetic transformation used in
functional genomic studies in P. pinaster; Chap. 10 focuses on the tran-
scriptional and genomic responses to radiation stress in P. sylvestris popu-
lations from the Chernobyl exclusion zone after the Chernobyl nuclear power
accident in the late ‘80s.

Given the economic importance of many widely distributed pine species,
there is wide interest on improving breeding efficiency by shortening
breeding cycles in long-generation pines. A big limitation, however, is the
little knowledge about the genomics of complex traits in conifer species. The
genomic selection was, therefore, developed as a potential solution. Genomic
selection has the potential to shorten breeding cycles when compared with
conventional (pedigree-based) breeding, reduce the cost of phenotyping and
also does not require the identification of causal genes (as in marker-assisted
breeding). Chapter 11 reviews recent research advances in genomic selection
in P. sylvestris in Sweden and P. radiata in New Zealand.

Finally, the book concludes by discussing the future needs and applica-
tions in pine genomics by proposing a collaborative international advisory
committee that organizes and prioritizes species to be sequenced and publicly
accessed by the scientific community (Chap. 12). All the recent genomic and
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transcriptomic resources and studies described in this book have paved the
way for understanding the complex biology of this very important group of
plants and will help future management, conservation and breeding efforts.

Flagstaff, Arizona, USA Amanda R. De La Torre
June 2021
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Abstract

Genetic and evolutionary questions are being
addressed in pines using a host of
high-throughput sequencing strategies, includ-
ing whole-genome sequencing, transcriptome
sequencing, and target enrichment of nuclear
genes. Some of the questions being addressed
include the genetic basis of pathogen and
drought resistance, differential expression,
genetic mapping, phylogeography, and phy-
logenetics. Pine genomes are enormous, rang-
ing from 20 to 40 Gb. At present, draft
genomes are available for only two pine
species, P. taeda (loblolly pine) and P. lam-
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bertiana (sugar pine), but most other approx-
imately 80 species of North American pines
have been represented in evolutionary studies
based on complete plastomes, low-copy
nuclear genes, and transcriptomes. A number
of online databases have been developed and
made publicly available for comparative stud-
ies of pines and other conifers.

1.1 Nuclear Genomes
Pine species are naturally distributed in the
Northern Hemisphere and are also planted as
commercial species in the Southern Hemisphere.
Due to their importance for commercial forestry,
they are considered the world’s most economi-
cally important forest species. Efforts to under-
stand their complex biology and evolution were
limited by the absence of reference genomes.
Pines, as other conifers, are slow-growing, long-
lived species and possess enormous genomes
(20-40 Gb) with a high number of repeat ele-
ments (Wegrzyn et al. 2014). Limitations of
short-read sequencing technologies, computa-
tional power, and assembly software made the
sequencing of pine genomes a daunting task just
10 years ago (De La Torre et al. 2014, 2019). To
date, only two North American pine species have
been sequenced: Pinus taeda and Pinus
lambertiana.

The first sequenced genome was Pinus taeda
(loblolly pine) in 2014, the most planted forest
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tree in North America and a key species for
commercial forestry in the southwestern United
States (McKeand et al. 2021). Whole-genome
shotgun sequencing was used to analyze the
22 Gb genome and develop the first two genome
assemblies (versions 1.0 and 1.01) of the
P. taeda genome (Wegrzyn et al. 2014; Zimin
et al. 2014). Version 1.0 was based on the
MaSuRCA (Zimin et al. 2013) assembly of
paired-end reads from a haploid female gameto-
phyte (or megagametophyte) and long insert
linking read pairs (“super-reads”) from diploid
needle tissue (Zimin et al. 2014). This version
resulted in a draft genome sequence of 20.15 Gb
(spanning 23.2 Gbp) with an N50 scaffold size of
66.9 kbp (Zimin et al. 2014), from which 82%
was composed of repetitive elements (Neale et al.
2014). Version 1.01 employed scaffolding from
independent genome and transcriptome assem-
blies (Wegrzyn et al. 2014). Structural annotation
identified 50,172 gene models with long intron
lengths varying from 2.7 to 100 kbp (Neale et al.
2014). Current version available from the Tree-
Genes database (see below) is version 2.01,
which contains 51,751 protein sequences (file
Pita.2_01.pep.fa, last accessed in June 2021).
Another economic and ecologically important
pine species in North America is sugar pine
(Pinus lambertiana). P. lambertiana populations
are severely affected by the exotic fungal
pathogen Cronartium ribicola (white pine blister
rust, WPBR) throughout their natural range
(Weiss et al. 2020). Therefore, interest in iden-
tifying the genes coding resistance to the disease
was a significant motivation to decode its gen-
ome. The sequencing and assembly of P. lam-
bertiana followed a similar procedure to that
used in P. taeda (in fact, both species were
sequenced by the same group of researchers at
University of California-Davis, US). Paired-end
libraries for short-read Illumina sequencing were
constructed from haploid megagametophyte tis-
sue, error-corrected and later used to construct
“super-reads” with MaSuRCA 2.3.0 (Zimin et al.
2013). Mate pairs from diploid tissue libraries
were cleaned and filtered and added to the hap-
loid data for genome assembly with SOAPden-
ovo2 (Luo et al. 2012). Newly developed Pacific
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Biosciences (PacBio) and Illumina RNA-seq data
were used for additional scaffolding steps
(Gonzalez-Ibeas et al. 2016). The total length of
assembly version 1.0 including all scaffolds and
contigs >200 bp was 27.6 Gbp from a 31 Gbp
estimated genome size (Stevens et al. 2016). An
important contribution of this assembly was the
identification of candidate genes for Cr/ (major
gene for WPBR resistance) that could signifi-
cantly contribute to marker-assisted breeding
efforts (Stevens et al. 2016). In a more recent
study, long-reads from 10X Genomics (wWww.
10Xgenomics.com) were used to build and
improve the assembly, generating an eightfold
improvement over the original NG50 scaffold of
247 kb (Crepeau et al. 2017).

1.2 Plastid Genomes and Target
Gene Sequencing

An important aim in the generation of bioinfor-
matic resources for pines has been the search for
markers for evolutionary studies. Nuclear gen-
omes of pines are characterized by their high
levels of gene duplication and high frequency of
repeat regions, making it difficult to identify
useful nuclear markers for phylogenetic and
population genetic analyses, which usually
assume orthology relationships of genetic vari-
ants. Plant mitochondrial genomes have low
substitution rates and relatively high rates of
rearrangement and transfer to and from the
nucleus. Until recently most DNA-based phylo-
genetic and population studies in Pinus have
been based on plastid markers. To take into
account coalescent processes, phylogenetic
studies of low-copy nuclear genes were adopted
(e.g., Syring et al. 2007; Willyard et al. 2007,
DeGiorgio et al. 2014).

The first fully sequenced plastid genome of a
gymnosperm was that of the hard pine (subgenus
Pinus) Pinus thunbergii (Wakasugi et al. 1994).
The plastome of P. koraiensis, a soft pine (sub-
genus Strobus), was made available in public
sequence databases a few years later. Adoption of
short-read sequencing accelerated the pace of
plastome sequencing until presently complete or
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nearly complete genomes are available for more
than 100 pine species, including all species from
North America. Plastome sequencing has allowed
inference of phylogenies with well-resolved
relationships; however, there is clearly discor-
dance between organellar gene trees and nuclear
gene trees of pines (e.g., Wang and Wang 2014;
Gernandt et al. 2018), and some relationships
among species remain uncertain. Due to the size
of the pine genome, alternative approaches to
whole-genome sequencing were needed. There-
fore, efforts were made to identify suitable low-
copy nuclear regions for evolutionary studies.

Target enrichment has been used to acquire
sequences for most (Neves et al. 2013) or a
fraction (Gernandt et al. 2018) of putative low-
copy nuclear genes in pines for studies ranging
from genetic mapping to phylogenetics.
Biotinylated RNA oligonucleotides are used to
enrich genomic libraries for specific regions of
interest such as exomes (the entire protein coding
fraction of the genome), which can then be
characterized with massively parallel sequencing
(Gnirke et al. 2009). Target enrichment can be
combined with genome skimming to also include
in the same sequencing runs the high-copy
fraction of genomes, particularly nuclear riboso-
mal DNA and complete plastomes, a strategy
called Hyb-Seq (Weitemier et al. 2014). Hyb-Seq
can be performed on degraded or historical
samples and has a low per-sample price (Hale
et al. 2020). Because the method includes
flanking sequences of targeted genes or exons, it
provides additional information on the history of
markers that may have undergone gene duplica-
tion or loss. This method has been used to
characterize hundreds of genes for phylogenetic
studies of the three most species-rich clades of
exclusively North American pines, subsects.
Australes, Ponderosae, and Cembroides (Ger-
nandt et al. 2018; Montes et al. 2019; Willyard
et al. 2021) and to study population genetics and
local adaptation (Peldez et al. 2020).

Can evolutionary questions be addressed bet-
ter by characterizing hundreds or a few thousand
nuclear genes and complete plastomes with Hyb-
Seq or by characterizing transcriptomes? It has
been argued that genes and data derived from

genes, in particular, transcriptomes should not be
analyzed with coalescence methods because of
the likelihood that they have undergone recom-
bination. This is particularly the case for those
genes that are divided into exons dispersed more
broadly across the genome and represent
unlinked/independent estimates of gene tree
relationships (Springer and Gatesy 2016).

1.3 Transcriptomic Resources

The characterization of transcriptomes is a basic
tool for the annotation of reference genomes, so
for the annotation of the P. taeda reference gen-
ome, transcriptomes of different tissues at differ-
ent stages of development for the species were
generated. This allowed the identification of more
than 80,000 transcripts, of which about 45,000
genes were successfully mapped (Wegrzyn et al.
2014). Similarly, for P. lambertiana, by charac-
terizing a reference transcriptome from different
tissues and taking advantage of different
sequencing platforms, close to 30,000 transcripts
have been functionally annotated (Gonzalez-
Ibeas et al. 2016). As mentioned above, the
sugar pine is threatened by the WPBR, as are its
white bark pine relatives with similar distribu-
tions. Through a comparative analysis of tran-
scriptomes  of the white  pine
(P. monticola), limber pine (P. flexilis), white
bark pine (P. albicaulis), and sugar pine (P. lam-
bertiana), signals of positive selection were found
in different genes, including candidates to WPBR
resistance (Baker et al. 2018). Transcriptome
sequences for loblolly pine and sugar pine are
available in the TreeGenes database (see below).

Identification of the genetic basis of processes
and phenotypes in pines requires a more detailed
analysis, considering biotic or abiotic factors, and
comparing tissues and species. For example,
characterization of transcriptomes of P. patula
and P. tecunumanii from plantations in South
Africa (species from Mexico and Central Amer-
ica) using tissues infected with a fungus
(Fusarium circinatum) and differential expres-
sion analyses has allowed the identification of
genes involved in the response to pathogens in

western



these species (Visser et al. 2019, 2018, 2015).
Similarly, through differential expression analy-
sis (DE) specific genes have been identified for
the response to a fungal infection (Dothistroma
septosporum) in P. contorta (Lu et al. 2021).
Through DE transcriptomic analyses, genes
involved in wood maturation in P. radiata (Li
et al. 2011) and in resin tapping in P. elliotti (de
Oliveira Junkes et al. 2019) have also been
identified.

The development of bioinformatic resources
for pines of arid environments is of special
interest, since in many cases these species are the
only forest resource in said environments. For
species of arid climates in Mexico, investigations
have been carried out on P. pinceana, through
the characterization of transcriptomes of indi-
viduals from different populations in the range of
distribution of the species (Figueroa-Corona
et al. 2021) and for P. cembroides, a differen-
tial expression analysis has been carried out to
identify the changes in gene expression in juve-
nile and adult leaves (Webster et al. in prep).

While low-copy genes are informative for
evolutionary inferences, identification of func-
tional genes requires characterization of the
transcriptome and detection of differentially
expressed genes. Recent advances have been
made in this regard, by obtaining and character-
izing new transcriptomes for 107 pine species
from megametophytes or young needles for an
evolutionary study of the genus Pinus (Jin et al.
2021). This study included 66 species distributed
in America, of which 31 are mainly distributed in
the United States and Canada and 35 are from
Mexico, the Caribbean, and Central America.

1.4 Databases for Genomic

and Transcriptomic Resources
1.4.1 Plaza
The database and online resource PLAZA (http://
bioinformatics.psb.ugent.be/plaza/) version 4.0
were created to allow comparative, evolutionary,

and functional genomic analyses among plant
species through a user-friendly web interface
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(Van Bel et al. 2018). PLAZA allows users to
browse genomes, gene families, and phylogenetic
trees; to find functional information through
BLAST; and to explore genome organization
through different visualization tools (e.g., Ks
graphs, Skyline plots, WGDotplot) based on gene
collinearity or synteny information (Proost et al.
2015). PLAZA Gymnosperms includes structural
and functional annotation of 16 gymnosperm
species, including 777,165 genes clustered in
30,041 multi-species gene families (last accessed
in June 2021). In the case of gymnosperm species
lacking reference genome sequences, PLAZA
uses curated transcriptomic data to identify genes
and gene families and make them available for
comparative genomics analyses. To date, PLAZA
contains data on only three Pinus species: Pinus
taeda, Pinus sylvestris, and Pinus pinaster (last
accessed in June 2021).

1.4.2 TreeGenes

The Dendrome project and the associated Tree-
Genes database (https://treegenesdb.org) were
created in the early 1990s as a repository to store
genetic linkage and Expressed Sequence Tags
(ESTs) data with a focus on commercial Pinaceae
species (Wegrzyn et al. 2008, 2019; Falk et al.
2018). Over the years, TreeGenes expanded to
include curated data in addition to data provided
by users (Falk et al. 2018). To accommodate the
needs of larger datasets as a result of the high-
throughput sequencing, TreeGenes incorporated
more efficient models for data storage and later
moved to the Tripal framework, a more flexible,
efficient, and sustainable platform (Falk et al.
2018). The Tripal Gateway framework supports
cross-site query, data transfer, access to analyti-
cal pipelines (e.g., Galaxy), and different mod-
ules such as Tripal Plant PopGen Submit (TPPS),
Tripal Sequence Similarity Search (TSeq), and
OrthoQuery (Falk et al. 2018). The TSeq module
allows sequence similarity search against genes,
TreeGenes UniGenes, proteins, and full genome
through NCBI BLASTX, BLASTN, or
BLASTP. Genetic, phenotypic, and/or environ-
mental data submission from users can be
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