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1 Principles of Genome Sciences

Introduction

Genome science is the discipline that studies 
ensembles of genes and genomes, and their 
interactions, at scales that range from individ-
ual cells to entire populations. The creation 
of the discipline was an obvious progression 
from the characterization of structure and 
function of individual genes to the analysis 
of the entire complex of elements that are 
genetically inherited. Genomics encompasses 
a wide array of areas, including deoxyribo-
nucleic acid (DNA) sequencing, assembly, 
and annotation, and all the analytical and 
computational approaches required to ob-
tain, interpret, summarize, and display this 
information (Fig. 1.1). Genomics also includes 
the study of areas beyond genome character-
ization, such as the epistatic interactions 
among loci. Finally, a number of derivatives of 
the term genomics have emerged to represent 
the study of other elements of the central 
dogma of biology, which are now being stud-
ied at an “omics” level. These include the ana-
lysis of transcripts of all coding sequences, or 
“transcriptomics”, as well as their translation 
products, termed “proteomics”. The purpose 
of this chapter is to describe the major discip-
linary areas of genomics that have been ex-
plored in and utilized for various tree species. 
It will serve as a foundation for the remain-
ing chapters in Section I of this book.

Why Study the Genome of Tree 
Species?

Fundamentally, genetic phenomena such as 
recombination and segregation are similar be-
tween annual herbaceous and woody peren-
nial plant species. However, tree species have 
properties that make them unique among plants. 

Trees differ from most agricultural crops by 
their perennial growth habit, and by their ability 
to form secondary xylem, or wood. Some of the 
other distinctive characteristics of trees create 
unique challenges for genomic analysis. For in-
stance, their long generation times preclude the 
use of traditional methods for genomic dissec-
tion of complex traits, such as fine mapping of 
quantitative trait loci (QTLs) in multi-generation, 
biparental populations. In addition, several tree 
species have exceptionally large and complex 
genomes relative to other plant species. For in-
stance, the nuclear DNA content of conifers is 
several times the size of the human genome 
(Zonneveld, 2012), making them particularly 
challenging to study, compared with other 
plants (Fig. 1.2). Regardless of the difficulty, 
the beginning of the 21st century has wit-
nessed tremendous progress in the genomic 
characterization and analysis of trees. This  
information has led to a better understanding  
of how the genomes of trees have evolved in 
natural populations (Neale and Ingvarsson, 
2008; Neale and Kremer, 2011; Evans et al., 
2014), and in the improvement of gains in 
breeding (Grattapaglia et al., 2009; Harfouche  
et al., 2012). Genomic information is becom-
ing even more critical as the threat from cli-
mate change impacts natural forests (Bonan, 
2008; Allen et al., 2010), and for developing 
genotypes that will be needed to sustainably 
meet society’s growing demand for food and 
energy (IEA, 2016).

Organization of Section I: genomics  
of forest trees

Section I of this book is focused on describ-
ing genomic methods, their application to 
the characterization of woody perennials, 
and the results derived from these analyses. 
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Chapter 1 provides an overview of the ana-
lytical approaches used to study the genomes 
of tree species, including the analysis of 
DNA, the transcriptome, and the proteome. 
The methods described are necessary for 
understanding the discoveries stemming from 
tree genomic analyses, as well as those from 
population and quantitative genetics, which 
are described in the remaining chapters of 
Section I.

Despite the challenges of studying conifers, 
the dramatic improvement in DNA sequen-
cing technology has resulted in the recent 

characterization of three of their genomes 
(Birol et al., 2013; Nystedt et al., 2013; Neale 
et al., 2014). Because of the significant level of 
synteny among conifer genomes (Krutovsky 
et al., 2004), these draft sequences will serve 
as a foundation for the sequencing of other 
conifer species. The properties of conifer gen-
omes are reviewed in Chapter 2.

While not significantly different in average 
size from the genome of other flowering 
plants, several woody angiosperms have been 
shown to possess their own unique proper-
ties. For instance, sequencing of the genome 
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Fig. 1.1. In the biology central dogma, hereditary information flows from the DNA that is transcribed to 
produce mRNA, which is then translated to produce proteins. The genome sciences aim to characterize 
each of these levels (genomics, transcriptomics, and proteomics). As other factors that influence the 
biology central dogma have been recognized, other “omics” sciences have emerged to characterize them 
(e.g. epigenomics). Similarly, new fields that describe intermediate and later steps of the central dogma 
have been proposed (e.g. metabolomics and phenomics). Bioinformatics can be broadly defined as a set 
of tools and resources used for analysis of data derived from the genome sciences.
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Fig. 1.2. Mean DNA amount (C-value) in the gametic nucleus of the most common genera of tree 
species that occur worldwide (Plant DNA C-values database; Garcia et al., 2014), ranked based on their 
genome size. Conifers are identified by filled circles.
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of flooded gum (Eucalyptus grandis) revealed 
the highest frequency of tandem repeats ever 
recorded for a plant species (Myburg et al., 
2014). The properties of the genomes of 
species within the genera Eucalyptus, Popu-
lus, and other woody angiosperms recently  
sequenced are described in Chapter 3.

The phenotypic diversity and remarkable 
adaptability of trees is a reflection of variation 
in their DNA composition, as well as the result 
of complex interactions between genetic elem-
ents and various environmental cues (Neale 
and Kremer, 2011). Most traits of relevance 
in forestry are complex and are likely to be 
controlled by a large number of loci of small 
effect. Therefore, until it is possible to charac-
terize the entire genetic variation in a species 
or population, and its contribution to pheno-
types, it is unlikely that the full potential of 
genomics will be applied to breeding and other 
forms of tree improvement. Similarly, studies 
of natural forest populations have shifted 
from the analysis of separate loci to a focus on 
the understanding of the changes in frequen-
cies of all alleles that affect an individual’s 
adaptation to the environment. The final two 
chapters of this section review the impact of 
genomics on the study of tree populations 
(Chapter 4) and breeding for genetic improve-
ment (Chapter 5).

Genetic Linkage and Mapping of 
Forest Tree Species

Cytogenetic maps

Genetic maps describe the order, orientation, 
and distance between loci in the genome. 
Before genetic maps were developed, cytogen-
etics was used to assess the general position of 
certain features in chromosomes. Cytogenetic 
maps rely on staining so that chromosomes 
can be visualized under a microscope. Band-
ing patterns generated by the staining create 
unique profiles that characterize individual 
chromosomes, or karyotypes, and allow com-
parisons to be made among individuals. 
Methods of staining have evolved signifi-
cantly in the last century, allowing visualiza-
tion of specific segments of chromosomes, 

such as heterochromatic regions (Speicher and 
Carter, 2005). Further developments, such as 
fluorescent in situ hybridization, which uses 
fluorescently labeled probes that hybridize to 
chromosome preparations, identify the general 
location of specific sequences (Caspersson 
et al., 1970). This and other methods provide 
an overview of the organization of specific 
elements along the chromosomes and allow 
them to be distinguished from one another. 
However, cytogenetic maps do not permit 
the development of precise genetic or phys-
ical maps of these genomic elements.

Genetic maps

Genetic maps characterize genomes by rep-
resenting the position of various loci relative 
to each other. Genetic maps are developed by 
observing and measuring the frequency of 
recombination events between loci during 
meiosis (Box 1.1). Genetic linkage between 
two loci is defined by the lack of independent 
assortment between their alleles. Because the 
probability of recombination among molecu-
lar markers defines the genetic distance that 
separates them, it is also possible to infer their 
distribution and order along chromosomes 
(Box 1.2). Even though genetic maps don’t 
offer the resolution of complete genome 
sequences, they can define the relative pos-
ition of specific genetic features in genomes. 
This information can then be used to map 
QTLs and to support the assembly of genome 
sequences, among other applications.

Genetic mapping populations

Genetic mapping of plants has generally relied 
on the analysis of inbred lines, near-isogenic 
lines, or backcross populations, which are used 
in the analysis of most crop species. The 
development of these populations requires 
the ability to self or interbreed closely related 
individuals, typically for several generations. 
However, tree species usually outcross, have 
long generation times, and suffer from severe 
inbreeding depression when selfed due to 
high genetic load (Williams and Savolainen, 
1996; Hedrick et al., 2016). As a consequence, 
the generation of traditional genetic mapping 
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pedigrees is too time-consuming or infeasible; 
hence, novel approaches needed to be devel-
oped for trees. In addition to the lack of fully 
or near-homozygous lines or linkage-phase 
information, linkage analysis of forest trees is 
complicated by the fact that for each marker 
locus, up to four alleles may occur and segre-
gate. Therefore, a mixture of segregation types 
resulting from the presence of heterozygous 
loci in one or both parents may be observed 

across genetic markers. On the other hand, 
tree populations typically carry high levels of 
genetic diversity among the full- and half-sib 
progeny that are generated. Thus, identifying 
variable, recombining, and segregating loci in 
a mapping population is more likely than in 
species that have gone through severe genetic 
bottlenecks during the multiple rounds of 
breeding and selection in their domestica-
tion. The constraints associated with the 

Box 1.1. Genetic Linkage 

Mendel’s law of independent assortment states that alleles at one locus segregate independently from 
alleles at different loci during gamete formation. In this scenario, an individual that is heterozygous at 
two unlinked loci (locus A = A/a, locus B = B/b) is expected to have four types of gametes (AB, Ab, aB, 
and ab), each with a frequency of approximately ¼.

If two loci are on the same chromosome, the number of gametes in each class will deviate from ¼. 
A higher frequency of gametes will have the same haplotype as the parents (AB and ab). However, due 
to recombination during meiosis, some gametes will have the haplotype Ab and aB (recombinant gam-
etes). The number of recombinant gametes will be proportional to the genetic distance between the A and 
B loci. If they are in close proximity, it is less likely that a recombination event will occur between them. 
Linkage mapping uses the frequency of recombination between loci to estimate their genetic distance.
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Box 1.2. Genetic Mapping 

A genetic map is developed by quantifying the number of recombination events between different loci. 
If no recombination occurs, the loci are considered to be in complete linkage. Otherwise, loci are either 
located on the same chromosome (partial linkage) or on different chromosomes (unlinked loci). 
Recombination was first hypothesized by Thomas Hunt Morgan in 1911, while studying the segregation 
of traits in the fruit fly (Drosophila melanogaster). An undergraduate student working with him, Alfred 
Henry Sturtevant, suggested that the frequency of recombination should be related to the distance 
between loci. To study this phenomenon, geneticists typically used populations derived from crosses 
that could easily be analyzed for segregation of distinct loci. For instance, for the loci A and B, the 
cross between a heterozygous individual (Aa, Bb) and an individual that is fully homozygous recessive 
(aa, bb; also called a tester) permits quantification of the number of recombination events between 
both loci during meiosis.

The actual genetic distance between two loci, measured in centimorgans (cM), is calculated by:

cM =
number of recombinants

number of offspring
100´

Thus, the maximum genetic distance that can be measured between any two loci is 50 cM, when 
both recombinant parental classes each represent 50% of the offspring. Loci are then considered to be 
located on two different chromosomes. John B.S. Haldane also proposed a correction of the map dis-
tance to reflect that the relationship between recombination and map distance is only linear within 
~10 cM. Beyond a frequency of recombinants of 10%, the relationship between measured and actual 
map distances is described by:

r e m= -1 1 2( )

where r is equal to the proportion of recombinants and m is the corrected genetic distance.
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development of inbred and backcross popu-
lations have resulted in the development of 
new types of pedigrees and segregation ana-
lyses that are more suitable for forest-tree 
species (Box 1.3). These are described below.

Pseudo-testcross mapping population

Traditionally, testcrosses were performed by 
crossing an individual displaying a dominant 
phenotype with one exhibiting the recessive 
form. Segregation in the progeny revealed 
whether the determinant locus was homozy-
gous dominant or heterozygous in the domin-
ant parent. A similar principle is applied in the 
“pseudo-testcross” approach, which is based 
on the assumption that a dominant marker 
will segregate in a 1:1 ratio in a testcross of het-
erozygous parents (Grattapaglia and Sederoff, 
1994). Dominant genetic markers, such as ran-
dom amplified polymorphic DNA (RAPD; Wil-
liams et al., 1990) or amplified fragment length 
polymorphisms (AFLPs; Vos et al., 1995) were 
widely used in the early days of genetic map-
ping. These markers are considered to be 
“dominant” because homozygous individuals 
for the dominant allele are not distinguishable 
from heterozygous individuals (for more de-
tails about genetic markers, see Chapter 4 in 
White et al., 2007). The “pseudo-testcross” 
 approach allows analysis of segregation of: 
(i) testcross markers inherited from either the 
male or female parent (segregating 1:1) and  
(ii) intercross markers inherited from both 
parents (segregating 3:1). Based on the paren-
tal source of the markers, the two testcross 
marker sets can be used to construct single- 
tree genetic maps of the two parental trees. 
This approach has been widely used in intra-
specific full-sib pedigrees, or in first-generation 
(F1) interspecific families, particularly when only 
dominant markers were available.

Pseudo-backcross mapping population

The “pseudo-backcross” follows principles 
similar to those underlying traditional back-
cross designs. However, instead of the F1 
 progeny being backcrossed to the original 
parents, it is crossed to alternative parents 
of one of the two species used for the ori-
ginal cross in order to avoid the negative 

 consequences of inbreeding depression 
(Myburg et al., 2003). In this scenario, dominant 
alleles that are fixed in one species segregate 
1:1 in the progeny. The double pseudo- 
backcross approach is based on the two-way 
pseudo-testcross design but allows compara-
tive mapping with much higher resolution 
due to the higher proportion of shared marker 
polymorphism in the resulting pedigree 
(through the shared F1 parent). This provides 
an excellent genetic framework for compara-
tive mapping of genes and genetic factors 
involved in interspecific differentiation of 
the parental species.

Open-pollinated (half-sib) mapping  
population

This model relies on a unique feature of conifer 
seeds: the haploid megagametophyte. This 
tissue contains a mitotic derivative from one 
of the four cells resulting from a single meiotic 
event and is identical to the maternal contri-
bution to the zygote, which develops into an 
embryo. Thus, each megagametophyte is 
genetically identical to the single recombin-
ant gamete inherited from the maternal par-
ent. As a consequence, each heterozygous 
locus in the maternal parent segregates in a 
1:1 ratio. Pairs of segregating markers may, 
therefore, be tested for linkage and recom-
bination. The testcross segregation pattern 
(1:1) of marker alleles in megagametophytes 
can be used to determine linkage between 
markers, estimate recombination distance, 
and assign linkage phase. This information 
can be used to construct single-tree genetic 
linkage maps of the maternal parent.

Physical maps

A physical map is another way of depicting the 
genome and is represented by a continuous 
sequence of DNA. The distance between fea-
tures is described by the number of nucleotides 
that separate them. Physical maps are typic-
ally generated by cleaving the genome into 
segments using restriction enzymes, or by 
randomly shearing it, and cloning the result-
ing fragments so that they can be analyzed 
individually. The characterization of each 
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Box 1.3. Genetic Mapping Populations

Genetic mapping of forest trees has typically relied on the use of available populations developed by 
tree-breeding programs, rather than pedigrees specifically designed for that purpose.

Pseudo-testcross

A pseudo-testcross mapping population is obtained when two highly heterozygous individuals are crossed 
and genotyped with dominant markers. Two distinct parental marker configurations that segregate in the 
progeny can be observed: the testcross and the intercross. The testcross allows the generation of single- 
tree maps for each individual parent, based on the segregation of alleles at heterozygous loci from each 
parent. The intercross can be used to establish synteny between the two single-tree, parental maps.

Testcross Marker Segregation

Progeny genotypes

Parent 1 Parent 2 1 2

Marker alleles A/a a/a A/a a/a
Marker phenotype present absent present absent
Frequency progeny ½ ½

Intercross Marker Segregation

Progeny genotypes

Parent 1 Parent 2 1 2 3

Marker alleles A/a A/a A/A A/a a/a
Marker phenotype present present present present absent
Frequency progeny ¼ ½ ¼

Pseudo-backcross

A pseudo-backcross mapping population is generated by crossing the F1 individual derived from two 
heterozygous parents with a different parent. Crosses typically involved F1 parents from different species, 
and primarily target loci where the dominant maker is homozygous in one species and the recessive 
marker is homozygous in the alternative species. As a consequence, the F1 hybrid is heterozygous for all 
loci that are fixed for alternative alleles in the distinct species.

F1 Hybrid

Progeny genotype

Species 1 Species 2 1

Marker alleles A/A a/a A/a
Marker phenotype present absent present
Frequency progeny 1

As the F1 is crossed to an alternative parent from either of the hybrid parental species, dominant 
 alleles that were fixed in each species are expected to segregate.

Pseudo-backcross Segregation

Progeny genotypes

F1 Species 2' 1 2

Marker alleles A/a a/a A/a a/a
Marker phenotype present absent present absent
Frequency progeny ½ ½

Continued



8 Chapter 1 

segment can be done through the generation 
of unique restriction digestion profiles, to 
produce a minimum-tiling path (see below). 
Arranging these overlapping segments into 
a contiguous sequence is often the founda-
tion of genome sequencing projects and relies 
on a hierarchical strategy.

Principles of DNA Sequencing

Genetic linkage maps describe the relative pos-
ition of individual loci, established based on 
their linkage to neighboring loci. While useful, 
genetic maps lack the resolution of complete 
genome sequences – they inform the distribu-
tion of loci dispersed across the genome, but 
do not describe the genome sequence data 
between these loci. Furthermore, the genetic 
distance between two loci does not represent 
their physical distance (i.e. the number of nu-
cleotides that separate them). Physical maps 
address that limitation by aiming to describe 
the actual physical distribution of genome 
features. The most detailed physical map is 
the complete genome sequence.

The genome is composed of DNA, which en-
codes the genetic information that is inherited 
from generation to generation, and defines 
the growth and development properties of all 
eukaryotes. DNA is formed by two comple-
mentary strands of successive nucleotides. 
Nucleotides are composed of the bases ad-
enine (A), cytosine (C), guanine (G), or thy-
mine (T), together with a deoxyribose sugar 

and a phosphate group. Each nucleotide is 
joined to the one next to it by covalent bonds 
between the sugar of one nucleotide and the 
phosphate of the next, resulting in an alter-
nating sugar–phosphate backbone. According 
to base pairing rules (A with T, and C with G), 
hydrogen bonds bind the nitrogenous bases of 
the two separate polynucleotide strands to 
make double-stranded DNA. Further details 
about the DNA molecule can be found else-
where (see Chapter 2 in White et al., 2007).

DNA sequencing methods

DNA sequencing involves identification of 
the successive nucleotides (A, C, G, and T) that 
make up a DNA strand. Methods to identify 
the individual bases and their order have 
been pursued since the discovery that DNA 
is the inherited genetic material (Avery et al., 
1944). Early approaches to DNA sequencing 
were costly and labor-intensive, but in the 
past decade the throughput of sequencing 
technologies has matched or outpaced what 
is predicted by Moore’s Law. This maxim re-
fers to the doubling of capacity of computer 
components every 2 years. Similarly, the cost 
of sequencing an individual nucleotide has 
been reduced to less than 1/100,000 of what 
it was at the beginning of the 21st century 
(Fig. 1.3). Current methods of DNA sequen-
cing and their commercial application differ 
significantly with respect to: (i) throughput, 
or the amount of DNA sequence that can be 

Half-sib

This design is suitable for genetic mapping of open-pollinated populations, where haploid tissue from 
the known parent can be obtained. In this case, dominant alleles that are heterozygous in the known 
parent are expected to segregate in the progeny.

Testcross Marker Segregation

Progeny genotypes

Known parent 1 2

Marker alleles A/a A/a a/a
Marker phenotype present present absent
Frequency progeny ½ ½

Box 1.3. Continued.
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characterized within a certain timeframe; (ii) 
cost per nucleotide; (iii) error rate; and (iv) 
read length (for a review of the most current 
methods, see Goodwin et al., 2016). Sequen-
cing instruments also differ greatly with re-
spect to their cost. An overview of the main 
methods of DNA sequencing, and their ad-
vantages and disadvantages, are described 
in the following sections. The most commonly 
used commercial providers that employ these 
methods, and the equipment and their speci-
fications, are presented in Table 1.1.

Chain-termination (Sanger)  
DNA sequencing

Frederick Sanger achieved the most significant 
early advance in DNA sequencing technology 

by using primer extension coupled with a 
mixture of native deoxynucleotides and dide-
oxynucleotides (Sanger et al., 1977). Incorp-
oration of the latter terminates synthesis of 
a complementary strand, generating a collec-
tion of extension products whose length is 
dependent on the position of the dideoxy-
nucleotide (Fig. 1.4). Numerous advances 
were later made in this method, including the 
incorporation of dideoxynucleotides with 
fluorescent tags, capillary electrophoresis, and 
general automation. While the most advanced 
methods of Sanger sequencing can generate 
reads that exceed several hundred bases and 
with a low error rate, the low throughput and 
high cost per base have led to its replacement. 
Since the early 2000s, chain-termination DNA 
sequencing has largely been substituted by 
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Fig. 1.3. Estimated cost (US$) of 
sequencing the genome of a 
species of Populus (~500 Mbp, 
dark green line) and Pinus 
(~23,000 Mbp, light green line). The 
cost estimate assumes that the 
genomes are sequenced with 
short-read, next-generation 
sequencing methods, with an 
average sequencing depth  
of 30×. Costs also include other 
expenditures beyond sequencing 
reagents, as described in www.
genome.gov/sequencingcostsdata/ 
(accessed July 15, 2019).

Table 1.1. The most widely used commercial DNA sequencing platforms. With the exception of Sanger 
sequencing, all other platforms are referred to as next-generation DNA sequencing instruments. Cost 
estimates are approximate and vary depending on sequencing provider and sequencing mode.

Method
Main commercial 
provider (instrument)

Throughput  
(Gbp)

Cost  
(US$/Gbp) Read length (bp) Error (%)

Sanger  
sequencing

Thermo Fisher 
Scientific (3730XL 
DNA analyzer)

0.69–2.1 2,000 400–900 (depending on 
run module)

<1

Sequencing by 
synthesis

Roche (454 GS FLX 
Titanium XL+)a

0.7 10,000 ~700 ~1

Illumina (HiSeq X) 800–900 7 150 <1
Single-molecule 

sequencing
Pacific Biosciences 

(Sequel)
3.5–7 250–500 Variable

(8,000–12,000)
10–15

Gbp, gigbase pairs.
aPlatform discontinued.

www.genome.gov/sequencingcostsdata/
www.genome.gov/sequencingcostsdata/
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next-generation sequencing (NGS) methods, 
except when low error rates and long reads 
for a few target sequences are desired.

Next-generation DNA sequencing

sequencing by synthesis Sanger sequencing 
and advances in its implementation provided 
the tools necessary to sequence the first human 
and plant genomes early in this century 
(Lander et al., 2001; Venter et al., 2001). 
However, the use of the Sanger method is too 
costly, low throughput, and labor intensive 
to support sequencing large numbers of in-
dividuals. To address this limitation, the US 
National Institutes of Health and numerous 
private enterprises supported efforts to 

develop new approaches to DNA sequencing 
that would overcome the limitations of 
Sanger sequencing. The result was a dramatic 
increase in DNA sequencing throughput that 
doubled every 7 months for the first part 
of the 21st century. A parallel decrease has 
occurred in the cost of DNA sequencing of 
genomes (Fig. 1.3).

Compared with Sanger sequencing, NGS 
uses a fundamentally different approach to 
identify the successive bases that define a 
DNA strand. Instead of inferring the position 
of each base from the molecular weight of a 
partially extended complementary strand, 
they are detected as the DNA polymerase 
incorporates them. Because the strength of 
the signal produced by the incorporation of 
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Fig. 1.4. Sanger DNA sequencing is based on the differential extension of the complementary strand by 
DNA polymerase using dideoxynucleotides (ddNTPs). A template is denatured and a primer anneals to 
one of the strands. Four separate extension reactions are carried out (left panel); each contains DNA 
polymerase, all four dNTPs, and one type of ddNTP (ddATP, ddCTP, ddGTP, or ddTTP). When the DNA 
polymerase introduces a ddNTP, the reaction stops, generating an extension product of length that 
corresponds to the position of the specific ddNTP in the strand. These can be determined by separating 
the product of each of the four separate extension reactions in a matrix, such as a polyacrylamide gel 
(right panel). The smallest product moves the fastest, so the sequence can be read directly from the gel.
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a single nucleotide is limited, these approaches 
typically require that many copies of identi-
cal molecules be synthesized. Thus, the first 
critical advance of NGS was the development 
of methods to amplify DNA molecules in 
parallel, to produce multiple copies of thou-
sands to millions of individual templates. 
Two variations of this approach that have 

been widely adopted are based on emulsion 
polymerase chain reaction (PCR) amplification 
(Tawfik and Griffiths, 1998) and bridge PCR 
amplification (Fedurco et al., 2006) (Box 1.4).

As soon as the DNA is amplified, the next 
step for sequencing is the detection of the 
specific base incorporated into a template 
strand (Box 1.5). The differences between 

Box 1.4. Methods of DNA Amplification Prior to Sequencing by Synthesis

Prior to sequencing, most next-generation sequencing methods require that multiple copies of the DNA 
template be generated. Several methods have been developed to achieve this goal, two of which have 
been extensively used: (a) the emulsion PCR and (b) the bridge PCR amplification.

Emulsion PCR – (a) Two different adaptor (light and mid lines) are first ligated to the ends of each DNA 
molecule (green line), and combined with a bead coated with oligonucleotides that are complementary 
to one of the two adaptors (light green lines on surface of bead). (b) After denaturation, the adaptor 
complementary to the oligonucleotide on the bead surface anneals to it. (c) The complementary se-
quence of the template that annealed to the bead is synthesized (dashed line) in the presence of DNA 
polymerase and dNTPs. (d) After the cycle is repeated multiple times, the bead surface contains sev-
eral copies of identical single-stranded DNA templates. To be successful, emulsion PCR requires that 
a single DNA molecule be combined with each bead, otherwise different molecules are amplified on the 
same bead surface. In order to achieve this, beads and DNA are combined in an oil–aqueous emulsion 
containing DNA polymerase and dNTPs. The solution creates individual droplets that encapsulate the 
components of the reaction.

Bridge PCR amplification – Similar to emulsion PCR, bridge PCR amplification begins with (a) DNA 
molecules (green line) that contain two different adaptors (light and mid green lines). However, the reac-
tion occurs on a solid surface coated with oligonucleotides that are complementary to one of the two 
adaptors (light green lines on a solid support). (b) After denaturation, one of the adaptors anneals to an 
oligonucleotide on the surface of the solid support. (c) This oligonucleotide now serves as the starting 
point for an extension reaction by the DNA polymerase, which generates a strand complementary to the 
template (dashed line). (d) This creates a complementary DNA molecule that is bound to the surface, 
after denaturation and release of the template strand. (e) The complementary DNA molecule can now 
create a “bridge” by the annealing of the adaptor on the other end, to the alternative oligonucleotide on 
the solid surface. (f) This oligonucleotide and the annealed DNA molecule now serve as a template for 
synthesis of the complementary strand (dashed line). (g) After denaturation, two complementary strands 
bound to the solid surface will be present. Because the reaction is repeated many times, large numbers 
of identical molecules are created.

(a) (b) (c) (d)

Continued
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(a) (b) (c) (d) (e) (f) (g)

Box 1.4. Continued.

Box 1.5. Sequencing by Synthesis 

After amplification of DNA templates by emulsion PCR or bridge PCR, sequencing can be initiated. Sequencing 
by synthesis can be carried out using different approaches: (i) cyclic reversible termination; and (ii) single- 
nucleotide addition. These methods also adopt different approaches to detect the incorporated nucleotides.

Cyclic reversible termination

Initially, DNA polymerase, primer (grey arrow) and modified nucleotides are added to the solid surface, 
where the DNA molecules that are targeted for sequencing have been immobilized (a). All four nucleo-
tides (dATP, dCTP, dGTP, and dTTP) that are added are fluorescently labelled with base-specific and 
cleavable fluorophores (stars). These nucleotides also contain a reversible block on the 3′ group—as a 
consequence, only a single nucleotide can be added by the DNA polymerase until the block is removed. 
After the DNA polymerase adds the first nucleotide, the reaction stops (b). An image is taken and the 
fluorophore type is recorded. Next, the blocker is removed together with the fluorophore (c). The exten-
sion reaction is initiated again, with the addition of the four fluorescently labelled and cleavable nucleo-
tides and DNA polymerase (d). As a nucleotide is incorporated in each successive cycle, an image is 
taken in step; thus, the DNA sequence is based on the detection of each base-specific fluorescence.

Single-nucleotide addition

This method is similar to cyclic reversible termination but differs in the way individual nucleotides are 
incorporated and detected. The method developed and used in the first NGS platform, commercialized 
by 454 Life Sciences Corp., was based on the detection of the pyrophosphate molecule (PPi) that is 
released when each nucleotide is incorporated by the DNA polymerase. When combined with ATP 
sulfurylase, PPi transforms adenosine 5′-phosphosulfate (APS) into ATP. ATP then acts as a cofactor 
in the conversion of luciferin to oxyluciferin—a reaction that produces light and can be detected by a 
charge-coupled device (CCD) camera. Thus, as each individual nucleotide is added to the elongating 
chain, light is detected to define the presence or absence of that nucleotide as the complementary base 
to the template. When many nucleotides of the same type are added, the light intensity increases to 
reflect their repeated incorporation. Other NGS platforms that were developed were based on similar 
principles. For instance, the Ion Torrent (Thermo Fisher Scientific) uses the same approach but instead 
of detecting the release of PPi, it detects the H+ ion that is released in the process, and the pH change.
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these approaches are related to the nature 
of the signal emitted as nucleotides are 
 incorporated. The two methods most widely 
adopted are based on: (i) release and detec-
tion of pyrophosphates (Ronaghi et al., 
1996; Margulies et al., 2005) or ions (Roth-
berg et al., 2011) as a consequence of the 
incorporation of one or more nucleotides; or 
(ii) fluorescence (Turcatti et al., 2008). Both 
rely on the direct detection of the base(s) 
incorporated, rather than the inference of 
their position in the sequence based on the 
molecular weight of a terminated chain.

The requirement that multiple copies of 
each template be generated during bridge 
amplification or emulsion PCR creates a limi-
tation for sequencing by synthesis. In each 
cycle of nucleotide incorporation, the process 
will fail for some of the copies of the template 
being synthesized. Failure occurs because 
addition of nucleotides may not occur for 
all molecules. As the process of nucleotide 
incorporation is repeated, sequencing qual-
ity deteriorates. Thus, accurate sequencing is 
typically only achieved for a few hundred 
bases without significant loss in sequence 
quality. As a consequence, while DNA analysis 
using sequencing by synthesis has achieved 
high throughput and low cost, compared 
with Sanger sequencing, read lengths have 
remained relatively short.

single-molecule dna sequencing To address 
the read-length limitation of sequencing by 
synthesis, single-molecule methods were 
developed. As opposed to sequencing by syn-
thesis, where incorporation of each nucleo-
tide or nucleotide type is detected in discrete 
steps, in single-molecule DNA sequencing, 
detection occurs as the DNA polymerase 
progresses, without a pause in the sequencing. 
As a consequence, sequencing occurs more 
rapidly than in existing NGS platforms. 
Currently, the predominant single-molecule 
DNA sequencing platform (Sequel; Pacific 
Biosciences) is based on monitoring the DNA 
polymerase as the individual, complemen-
tary, and fluorescently labelled nucleotides 
are incorporated into the copy being made 
of the template strand. This generates a sig-
nal pulse of the color associated with the nu-
cleotide being incorporated. The fluorescent 

tag is then released, eliminating the fluores-
cent signal detected previously (Box 1.6).

While technically challenging, single- 
molecule DNA sequencing has been demon-
strated in at least one commercial platform 
(Eid et al., 2009). The primary advantage of 
using single-molecule sequencing is the gen-
eration of very long reads compared with the 
existing NGS platforms. A second advantage 
of this and other DNA sequencing platforms 
is that the incorporation of individual nu-
cleotides is detected in real time. However, 
the error rate is significantly higher in the 
existing platforms compared with those that 
use sequencing by synthesis (Table 1.1).

sequencing by ligation This approach is funda-
mentally different from other NGS methods 
because it uses hybridization of short, la-
beled oligonucleotides and ligation for se-
quencing, instead of DNA polymerization. 
As with the other methods, sequencing initi-
ates with a single-stranded DNA template 
that is flanked by a sequence common to all 
templates (typically an adaptor). In the first 
step, an oligonucleotide complementary to 
the flanking, common sequence anneals to 
each template. Next, a mixture of diverse 
oligonucleotides and DNA ligase is added. 
In this case, only those oligonucleotides 
complementary to the template and posi-
tioned immediately adjacent to the common 
oligonucleotide will hybridize and be ligated. 
These oligonucleotides are labelled, allowing 
the detection of those that are incorporated. 
However, because a limited number of fluor-
escent tags is available, the identification of 
specific nucleotides being incorporated at 
each position has to rely on a combination of 
signals. While platforms based on sequen-
cing by ligation have been developed and 
commercialized, they have largely been sur-
passed by other methods due to its limita-
tions with respect to throughput, accuracy, 
speed, and cost.

Future prospects in  
DNA sequencing advances

Despite the significant advances in DNA 
sequencing, existing methods still pose cer-
tain limitations that hamper their broad 
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use. For instance, the read length of NGS 
sequencers with the highest throughput is 
still limited to a few hundred bases, making 
it computationally difficult to generate con-
tiguous genome assemblies. Other sequencing 
platforms provide reads of longer length 
but with limited throughput and high error 
rates. Finally, all existing methods require 
relatively sophisticated techniques to prepare 
the DNA for analysis, along with special-
ized equipment and highly trained person-
nel. These and other limitations provide 

incentives for the development of even 
more advanced DNA sequencing platforms 
that depart from the current paradigms. 
Several potentially disruptive technologies 
are currently under development or in the 
early stages of commercialization, including 
electron-microscopy sequencing (Mankos 
et al., 2014) and nanopore-based sequen-
cing (Jain et al., 2016), among others. 
Recent advances in these technologies have 
been reviewed in detail elsewhere (Goodwin 
et al., 2016).

Box 1.6. Single-molecule DNA Sequencing

The single-molecule DNA sequencing method developed by Pacific Biosciences does not require amp-
lification of DNA templates for detection of the nucleotides incorporated. Instead, it relies on a highly 
sensitive method of detecting the fluorescence associated with individual nucleotides as they are 
added by the polymerase to the copy of the template molecule. To detect fluorescent single nucleo-
tides, the sequencing platform utilizes a microscopic well (also referred as a zero-mode waveguide), to 
the bottom of which a DNA polymerase is attached, as shown in (a). The DNA template is processed 
by the DNA polymerase, which incorporates fluorescently labeled complementary nucleotides (A, C, T, 
and G) on the top of the well. As the next complementary labeled nucleotide (shown in (b) as a C with 
a star) is added, excitation from a laser located at the bottom of the well leads to emission of a fluores-
cent signal from the labeled nucleotide, as shown in the graph in the lower panel. Because the well is 
small, the zone excited by the laser is restricted to the lower surface, where the DNA polymerase is 
located. After cleavage of the fluorescent tag linked to the pyrophosphate group of the complementary 
nucleotide, the tag diffuses away from the bottom of the well (dotted arrow), leading to a drop in signal 
strength.
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Principles of Genome Sequencing, 
Assembly, and Annotation

The genome size of plants varies over a range 
of at least three orders of magnitude, from less 
than 100 Mb in several species of Lentibu-
lariaceae, a family of carnivorous plants 
(Greilhuber et al., 2006), to over 100 Gbp in the 
monocot Paris japonica (Pellicer et al., 2010). 
Forest-tree species also vary significantly in 
genome size, from the relatively small genome of 
black cottonwood (Populus trichocarpa) (480 Mb; 
Tuskan et al., 2006), the first tree genome to 
be sequenced, to Norway spruce (Picea abies), 
the first conifer genome to be characterized, 
with a genome of 20  Gbp (Nystedt et al., 
2013). Sequencing a genome involves a series 
of steps that include decisions concerning 
the: (i) sequencing and assembly strategy to 
use; (ii) annotation of that sequence; and 
(iii) evaluation of the quality of the final 
product. A description of these steps is pro-
vided below.

Genome sequencing and assembly

The decision about the method to use to 
 sequence a genome has depended primarily 
on its size and on the amount of repetitive 
DNA. Large genomes typically contain a sig-
nificant fraction of repetitive, nearly identical 
segments of DNA. Repetitive DNA represents 
the most significant challenge to the assem-
bly of a genome, because it can lead to the 
conclusion that a given sequencing read may 
be positioned in another region of the gen-
ome. Two distinct, general approaches have 
been used to overcome this obstacle. The first, 
clone-by-clone or hierarchical genome sequen-
cing, attempts to simplify the challenge of 
assembling repetitive regions of the genome 
by dividing it into long segments (Fig. 1.5). 
These segments are likely to contain sequences 
that extend beyond the repetitive DNA. As a 
consequence, at least part of the segment is 
non-repetitive and can be positioned uniquely, 
relative to other sequences in the genome. 
The method was used to sequence the highly 
complex and large genome of maize (Zea mays) 
(Schnable et al., 2009). The second approach, 

whole-genome shotgun (WGS) sequencing, 
relies on generating DNA fragments of dif-
ferent sizes and sequencing their ends (Sta-
den, 1979; Anderson, 1981). Because larger 
fragments are likely to span most repetitive 
regions, the end sequences are used to assemble 
local regions of the genome (Fig. 1.5). Since 
the advent of NGS methods in the early years 
of the 21st century, most genome sequen-
cing projects have adopted a WGS approach. 
Detailed descriptions of both approaches 
are described in the following sections.

Clone-by-clone or hierarchical genome 
sequencing

The clone-by-clone sequencing approach typ-
ically involves digesting the genome with “rare- 
cutter” restriction enzymes to generate large 
DNA segments. These fragments are then 
cloned into large-insert vectors, such as bac-
terial artificial chromosomes (BACs) or 
fosmids. Clonal segments then undergo “fin-
gerprinting” where they are individually 
digested by frequent-cutter restriction en-
zymes to generate an individual restriction 
map. As other clones are fingerprinted, their 
overlap is determined by the similarity in 
their restriction pattern. Based on this overlap, 
a minimum-tiling path is constructed—that 
path defines the minimum set of clones 
 required for as much coverage of the genome 
as possible. These selected clones are then 
sequenced separately, and assembled. Finally, 
sequences from individual clones are com-
bined with those of adjacent clones to form 
scaffolds (Fig. 1.5).

An advantage of this method is that the 
position of one clone relative to its neighbor is 
known. Therefore, as the assembly is com-
pleted, the amount of missing DNA sequence 
information can often be estimated. By defin-
ing the minimum-tiling path, the clone- by-
clone approach also attempts to minimize the 
amount of sequencing required, a significant 
concern before low-cost and high- throughput 
NGS became available. A significant disadvan-
tage of this approach to sequencing genomes 
is the extensive amount of work required 
for “pre-sequencing” in the fingerprinting of 
clones and creation of the minimum-tiling 
path. Furthermore, because some genomic 
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regions lack the restriction sites needed to 
create large-insert clones, they may not be 
present in the final genome assembly.

WGS sequencing

This is an alternative to the hierarchical gen-
ome sequencing approach and is based on 
randomly shearing the genomic DNA, clon-
ing the sheared fragments into vectors, and 
then sequencing and assembling them. In 
contrast to the hierarchical approach, WGS 
sequencing does not rely on cloning the gen-
omic DNA into large-insert libraries and fin-
gerprinting them to select those to be se-
quenced. Instead, it is based on the 
assumption that if a sufficient number of 
sequencing reads is generated, most of the 

genome will be represented at least once 
among those reads. A potential drawback of 
the WGS method is sequencing repetitive 
regions of genomes, because individual reads 
may not span these regions. This limitation 
has been addressed, in part, by combining 
data from short-insert libraries with sequen-
cing of mate-pair libraries, where DNA is 
cloned into larger-insert libraries and se-
quenced from both non-overlapping ends 
(Box 1.7). Combining data generated from 
mate-pair library sequencing with that from 
short-insert paired-end reads provides a 
powerful combination of read lengths for 
maximal coverage of the genome. In fact, 
studies have shown that sampling multiple 
libraries and fragment lengths can reduce 
bias in genome sequencing and result in a 

Hierarchical genome sequencing Shotgun genome sequencing

Sequencing ends of
large inserts are

used to join contigs
generated by

assembly of short inserts.
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Fig. 1.5. Genomic sequencing and assembly strategies. In hierarchical genome sequencing, genomic 
DNA is cloned into large-insert DNA libraries. Individual large-insert clones are then fingerprinted to 
select a minimum number of partially overlapping inserts (minimum-tiling path) to cover the genome. 
Selected individual large-insert clones are sequenced and assembled individually. Based on the end 
sequences of the large-insert clones, they are assembled with neighboring large-insert clones. Further 
positioning and orientation of clones or assemblies can be done by approaches such as genetic mapping. 
In shotgun genome sequencing, genomic DNA is cloned into short-insert and large-insert mate-pair DNA 
libraries. Sequences from the short-insert libraries are assembled to generate contigs. Based on the 
sequenced ends of the large-insert mate-pair libraries, contigs are joined into scaffolds.
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more consistent representation. With the 
rapid increase in DNA sequencing through-
put and reduction in costs, random-shotgun 
sequencing has become the method of choice 
for sequencing most plant genomes, including 
the large conifer genomes of Norway spruce 
and loblolly pine (Pinus taeda) (Chapter 3).

Measuring the quality of a genome 
assembly

The assembly of a genome sequence usually 
results in two types of sequence assemblies: 
contigs and scaffolds. A contig is a continu-
ous sequence of DNA, where bases are 
known and there are no gaps. A scaffold is a 

set of sequences or contigs that have a defined 
order and orientation (Fig. 1.6); however, there 
are gaps of known or unknown size among 
them. Several summary statistics have been 
used to define the completeness of genome 
assembly (Yandell and Ence, 2012). The most 
common is the contig or scaffold N50 and 
L50 (Fig. 1.7). N50 is generated by ordering 
the assembled segments from the longest to 
the shortest. The number of segments with a 
cumulative size that is greater than 50% of 
the assembly size, corresponds to N50. Thus, 
a longer N50 indicates that a larger propor-
tion of the genome sequence has been assem-
bled and, consequently, that a higher-quality 
outcome has been obtained. Because N50 is 
calculated relative to the total assembly size, 
comparing N50 values between different 

Box 1.7. Paired-end sequencing and Mate-pair DNA Libraries 

Paired-end sequencing is the characterization of the nucleotide sequence from both ends of a contigu-
ous DNA segment. Because most NGS platforms generate relatively short reads (<500 bp), the con-
tiguous segments are typically only a few hundred bases long. The genomic DNA is first fragmented 
into short segments of a few hundred bases (a). These segments are then ligated to adaptors (b). The 
DNA segments with adapters are then ready for sequencing from both ends using an NGS platform 
such as Illumina (c). Assuming 100 bp are sequenced from both ends, the first 100 and the last 100 bp 
will be known. However, the internal bases are not sequenced.

Mate-pair DNA libraries generate segments for sequencing that, in contrast to paired-end sequencing, 
are separated by several thousand bases. Many methods to create mate-pair libraries exist, but one of the 
most common involves the following steps. The genomic DNA is first fragmented into large segments of a 
specific, pre-determined size (a). End repair of the DNA segments using biotinylated nucleotides is then 
carried out (b). Next, the DNA segments are circularized, such that the junction of each end now contains 
biotinylated nucleotides (c). Finally, the circular DNA molecules are fragmented and the segments that 
contain biotinylated nucleotides are recovered (d). These segments now contain the ends of a larger DNA 
segment that can be sequenced after adaptor ligation, as described in the figure above (step c).
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assemblies is often not meaningful because 
of variability in their sizes. To address this 
limitation, NG50 was proposed as an alter-
native. NG50 adheres to the same principles as 
N50 but is based on the estimated genome 
size, not the assembly size. Another meas-
ure related to N50 is L50, which refers to the 
number of contigs or scaffolds required to 
generate an assembly that contains more than 
50% of the genome (Fig. 1.7). Finally, the 
quality of a genome assembly can also be 
estimated by the number of gaps in the con-
tigs and scaffolds, as well as the percentage 
of coverage of the gene and genome. The latter 
measures are defined by counting the number 
of genes represented in the assembly or the 
total length of the assembly represented in 
contigs or scaffolds, relative to the theoretical 
expectation. The quality of tree genome 
assemblies released to date varies greatly 
depending mainly on the size of the genome 
and the strategy and platform used for sequen-
cing. The N50 of contigs and scaffolds of the 
large loblolly pine genome (22 Gbp), which 
was assembled largely from short (<200 bp) 

reads, is 8.2 and 66.9 kilobase pairs (kbp), 
respectively (Zimin et al., 2014). In the much 
smaller E. grandis genome, which was shotgun 
sequenced, using longer, higher-quality Sanger 
sequencing, the N50 of the contigs and scaf-
folds extends over significantly longer dis-
tances (Myburg et al., 2014).

Genome annotation

The sequence derived from a genome assem-
bly has limited value unless its “landmarks,” 
such as genes and repetitive sequences, are 
properly identified and annotated. Genome 
annotation follows a series of logical steps. 
This process normally begin with the identifi-
cation of regions of repetitive DNA, which are 
detected computationally using bioinformat-
ics tools that compare the sequence of the gen-
ome with libraries or databases of repetitive 
DNA sequences. Because repetitive DNA is 
largely the product of known transposable 
elements, such as retrotransposons, many 
of them can be identified and annotated. 

Contig 1 Contig 2 Scaffold

Fig. 1.6. DNA sequencing contigs and scaffolds. Left panel: contig sequence assembly. The overlap 
between multiple DNA sequencing reads (narrow horizontal lines joined by dashed vertical lines) is used to 
determine the sequence of contigs (thick lines, contig 1 and contig 2). Right panel: scaffold sequence 
assembly. Sequencing reads (narrow horizontal lines) derived from mate-pair libraries can have their ends 
overlapping two contigs, allowing them to be joined (thick dashed line) into a scaffold.

100 Mbp

20 15 10 8

N50 = 8 Mbp (20 Mbp + 15 Mbp + 10 Mbp + 8 Mbp ≥ 50 Mbp)
L50 = 4 contigs

Contig
1

Contig
2

Contig
3

Contig
4

Fig. 1.7. Genome assembly quality measures (N50 and L50). N50 is the length of the shortest contig or 
scaffold that represents more than 50% of the genome sequence, when ordered from largest to smallest. 
In the figure, a 100 Mbp genome (green box) is assembled into multiple contigs (pale green boxes), with 
sizes 20, 15, 10, and 8 Mbp, and below. When summing the length of the contigs from larger to smaller, 
as the fourth contig is added, the length reaches 53 Mbp, which is larger than 50% of the genome 
sequence length. Thus, N50 is 8 Mbp. L50 is the number of contigs or scaffolds that were required to 
reach N50 (four contigs in this example).



 Principles of Genome Sciences 19

However, because these repetitive sequences 
are not under selective pressure, ancient events 
of transposition may diverge in sequence to 
the point where they are not computation-
ally recognized. In the process of detecting 
repetitive DNA, other low-complexity se-
quences, such as homopolymers, are also 
identified. After categorizing these sequences 
into their distinct classes, they are com-
monly “masked” (i.e. they are made unavail-
able to further analysis) in order to simplify 
the identification of genes and other fea-
tures, and to avoid their spurious annota-
tion as other genomic features.

The second major step in the description 
of a genome involves the identification of 
genes and other associated features, such 
as promoters. This step takes advantage of 
known expressed sequence tags and protein 
sequences from the same or phylogenetic-
ally related species that are aligned with 
the genome to identify homologous coding 
sequences—these are commonly referred to as 
homology-based methods. Gene predictions 
can also be made using ab initio methods, 
which utilize statistical approaches to define 
the probability of a gene occurring in a certain 
DNA segment, including its untranslated 
regions, exons, and introns. Most bioinfor-
matics tools used for identification of genes 
combine evidence-based and ab initio-based 
methods to support the conclusion that a 
gene is present in a given sequence (Yandell 
and Ence, 2012).

Identification of repetitive sequences, 
genes, and their associated features is only 
the beginning of the full description of a gen-
ome. Next, genes and repetitive sequences 
that were identified have to be placed into 
specific categories. For genes, this may include 
classification into a specific molecular func-
tion, based on homology with previously 
characterized genes, the detection of certain 
motifs, or predicted protein structure. In 
order to organize the way genes are categor-
ized, specific categories have been developed 
by the Gene Ontology (GO) Consortium 
(http://geneontology.org/, accessed July 15, 
2019; Ashburner et al., 2000; Gene Ontol-
ogy Consortium, 2015). This approach cat-
egorizes each gene based on: (i) its cellular 
component (i.e. the cellular environment 

within which the gene product acts, such as 
the nucleus or cell wall); (ii) its biological pro-
cess (i.e. the general process the gene contrib-
utes to, such as development or response to 
stimuli); and (iii) its molecular function (i.e. 
the specific molecular activity that the gene 
product carries out, such as binding or cata-
lyzing a reaction). A database of GOs can  
be searched using a browser (AmiGO), which 
relates genes and their products to specific 
ontologies. Furthermore, tools that automat-
ically assign genes to GO categories have 
been developed (BLAST2GO) and are widely 
utilized for the functional annotation of 
genomes (Conesa et al., 2005). Much more 
information can be incorporated into the 
annotation of a gene, and is available in dis-
persed databases. This includes data about 
the interaction of a gene with other genes 
(e.g. STRING, http://string- db.org, accessed 
July 15, 2019); its domains (e.g. Prosite, 
http://prosite.expasy.org, accessed July 15, 
2019); and secondary or tertiary structures 
(e.g. PredictProtein, www.predictprotein.
org/, accessed July 15, 2019).

Genome annotations typically require the 
combined use of various bioinformatics tools 
to identify features of interest and assign 
them a role, whether structural or functional, 
or both. In order to integrate these tools, 
annotation pipelines that combine their dis-
tinct capabilities have been developed and are 
now commonly used in genome annotation. 
Expectedly, the quality of the annotation of 
a genome depends primarily on the quality 
of the assembly of its sequence. Short con-
tigs or scaffolds limit the ability to detect 
complete genome features. However, gen-
ome properties can also limit the quality of 
the assembly. For instance, there is direct 
relationship between genome size and the 
length of its genes—larger genomes have 
longer genes while smaller genomes contain 
shorter genes. As a consequence, for an 
 assembly of similar quality, it will be more 
difficult to annotate the genome of a 20 Gbp 
conifer than that of the 480 Mb black cotton-
wood. Also, certain genomes may have an 
exceedingly large number of tandem copies of 
genes, as is the case with flooded gum. These 
repeated sequences can limit the computa-
tional  assembly of genomes, which may fail 

http://geneontology.org/
http://string-db.org
http://prosite.expasy.org
www.predictprotein.org/
www.predictprotein.org/
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to recognize the occurrence of two or more 
copies of the same gene and instead collapse 
them into a single gene. Thus, because multiple 
genes are not recognized, the annotation 
will not represent a complete description of 
the genome.

Discovery and Genotyping of DNA 
Sequence Variation

DNA sequence variation contributes to the 
phenotypic diversity observed among indi-
viduals and populations. Thus, identifying 
and genotyping that variation is critical for 
understanding the genetic basis of trait dif-
ferences. When DNA sequence variation is 
genotyped in a segregating population, it can 
be used to generate genetic maps and to map 
simple or complex traits. Genotyping also 
provides a tool for uniquely identifying indi-
viduals (fingerprinting) and the dispersal of 
their genetic material in the environment 
(gene flow). Other uses include: (i) identifying 
genes under natural and artificial selection; 
(ii) uncovering genetic structure in natural 
and breeding populations; and (iii) screening 
for resistance to plant diseases.

Types of DNA sequence variation

Variation in DNA sequence can occur at the 
chromosome level. These mutations can in-

volve deletions, translocations (i.e. a segment 
of one chromosome is transferred to another), 
inversions (the orientation of a chromosome 
segment is reversed), and duplications. 
Such changes can impact large parts of the 
chromosome.

While there may be differences in large 
chromosome segments among samples, these 
are typically very rare. Instead, most DNA 
sequence variation observed between any 
two samples affects one or a few nucleotides. 
These most common DNA variants can be 
categorized into two non-exclusive classes 
(Fig. 1.8). First, they can be classified based on 
their functional consequences. A synonym-
ous substitution occurs when the mutation 
does not result in a change in the amino acid 
during the translation of a codon (i.e. there is 
degeneracy in the genetic code). A non- 
synonymous substitution leads to a change 
in amino acid, resulting in a missense muta-
tion that may lead to loss of function of the 
protein. Non-synonymous substitutions can 
also result in the formation of a premature 
stop codon, which is commonly referred to 
as a nonsense mutation.

Second, DNA variation is classified based 
on the structural consequence of the vari-
ation, which is generally one of three kinds: 
(i) single-nucleotide variants (SNVs), which 
arise by the substitution of one nucleotide 
by another; (ii) insertion and deletion vari-
ants (indels), which are characterized by the 
addition or removal of one or more nucleotides 
at a given position; and (iii) sequence-repeat 

Synonymous
substitution

Non-synonymous
substitution (missense)

Non-synonymous
substitution (nonsense)

AGT
methionine

TAT
tyrosine

AGT
serine

AGT
methionine

AGT
methionine

AGT
methionine

TAC
tyrosine

CAC

TAA
STOP

AGT
serine

AGT
serinehistidine
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AGTTCTAGT

AGTTATAGT

AGTTAATAGT
AGTT-TAGT

AGTTATTATAGT
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Fig. 1.8. Functional and structural DNA sequence variation. DNA sequence variation that may have 
functional consequences can be classified as synonymous and non-synonymous substitutions (left 
panel). Synonymous substitutions occur when a nucleotide change results in a codon for the same amino 
acid, while non-synonymous substitutions lead to a different amino acid (missense mutation) or a stop 
codon (nonsense mutation). Structural variation in the DNA sequence (right panel) can be classified as 
single-nucleotide variant or polymorphism, insertion and deletion, and repeat variants. Functional and 
structural DNA sequence variations are non-exclusive; for example, an insertion or deletion may lead to a 
non-synonymous substitution.
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or copy-number variants, which are defined 
by variation in the number of consecutive 
copies of the same sequence. The most com-
mon type of genetic variation in eukaryotic 
genomes is SNVs. When their frequency in 
a population exceeds 1%, SNVs are often 
 referred to as single-nucleotide polymor-
phisms (SNPs). Because of their abundance, 
SNVs/SNPs are the preferred type of genetic 
variant used in genome-wide analyses. How-
ever, variants in the number of repetitive 
sequences can be highly valuable when the 
unique identification (fingerprint) of an 
individual is desired, or when an individual’s 
parental origin is sought. This occurs because 
the multi-allelic nature of these variants results 
in a higher probability that any two unrelated 
individuals will not share the same profile at 
a given locus. As a consequence, at the level 
of an individual locus, a sequence-repeat 
variant may be more informative than an 
SNV. However, given the abundance of SNVs 
in genomes, a larger number of loci may need 
to be sampled to obtain the same informa-
tion content.

Factors that contribute to  
DNA sequence variation

The abundance of DNA sequence variation in 
an individual or population is dependent on 
the species’ mutation rate and its evolution-
ary history. The average mutation rate of 
eukaryotes has been shown to be directly 
related to the size of its genome; species 
with larger genomes have a higher frequency 
of mutation, per nucleotide, than species 
with smaller genomes (Lynch, 2010). This 
may be due to a higher frequency of errors 
during DNA replication or lower efficiency 
of DNA repair. However, the mutation rate 
is not consistent across the genome, and is 
dependent on the base composition and gen-
ome context (Baer et al., 2007). DNA sequence 
variation is constantly being removed because 
of the contribution of evolutionary forces, 
such as natural selection and random gen-
etic drift. Natural selection imposes a limita-
tion on the number of mutations that may 
accumulate, particularly in genomic regions 

that are critical for growth and development, 
by removing alleles that may be detrimental to 
the fitness of an individual. Random genetic 
drift—the effect of random sampling of 
gametes that will contribute to the next gen-
eration—also results in the removal of DNA 
sequence variation. The elimination of DNA 
sequence variation by random genetic drift 
is particularly significant when the frequency 
of the new allele is low in the population, or 
when the size of the population is small or 
undergoing a reduction in size.

Identification and genotyping DNA 
sequence variation

Numerous methods of characterizing genetic 
sequence variation have been developed since 
the discovery of DNA. Detection of DNA vari-
ation began with the analysis of allozymes. 
Allozymes are enzymes that perform the same 
function but differ in amino acid sequence, 
and can be separated by their molecular 
weight because of their variable migration 
rates through a solid matrix (e.g. starch gel) in 
the presence of an electrical current (i.e. gel 
electrophoresis). While allozymes offered the 
opportunity for analysis of segregation and 
detection of genetic linkage, and established 
the foundation for the first tree genetic maps 
(Guried and Ledig, 1978; Guries et al., 1987), 
there are limits to the number of loci that can be 
assessed using this type of marker. Genotyping 
allozymes is also labor-intensive and through-
put is low; thus, it is not useful for analyzing a 
large number of samples. Hence, the analysis 
of genetic variation moved towards charac-
terizing variation in the DNA sequence itself, 
rather than the reflection of that variation in a 
protein. DNA sequence variation can be iden-
tified and genotyped in two ways: (i) indir-
ectly, by detecting a difference in mobility of a 
DNA fragment or (ii) directly, by observing 
the variant in a sequencing read or by sin-
gle-base extension. In the indirect approach, 
the actual variant that causes the change in 
DNA mobility is usually not known, but its 
presence results in changes in DNA fragment 
length, charge, or conformation, allowing  
alternative alleles to be distinguished.
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Indirect methods of genotyping

Until the development of NGS methods, most 
analyses of DNA sequence variation were 
based on approaches that detected variants by 
gel electrophoresis. In the following sections, 
the genetic markers commonly used in the 
analysis of forest-tree species are briefly 
reviewed. A more detailed description of 
indirect genotyping methods widely used in 
forestry can be found elsewhere (e.g. Chapter 
4 in White et al., 2007).

Restriction fragment length polymorphism 
(RFLP) markers

Prior to the development of genetic markers 
that utilized PCR (see below), RFLP markers 
were the only alternative to allozymes for 
genotyping. RFLP analysis is done by digest-
ing the genomic DNA with a restriction en-
zyme, followed by separation of the resulting 
fragments by gel electrophoresis, transfer of 
the resulting DNA bands to a membrane and 
detection of specific loci using a labelled DNA 
probe that is complementary to the target 
region. DNA sequence variation at the restric-
tion recognition site, or the occurrence of 
insertions or deletions within the digested 
fragment, results in a shift in the migration 
pattern, which can be visualized by the probe. 
While RFLP markers can be designed to target 
unique regions of the genome, the procedure 
is labor-intensive and costly, explaining why 
most tree genotyping studies using them 
assayed a very limited number of loci (<100) 
(Devey et al., 1991; Bradshaw et al., 1994).

Random amplified polymorphic DNA 
(RAPD) markers

The most significant improvement in early 
methods of genotyping occurred with the 
development of PCR. This is a method for 
amplifying target DNA, based on the use of 
one or more pairs of primers that are comple-
mentary to sequences flanking the region of 
interest. The technique is performed by first 
denaturing the DNA using heat, followed by 
annealing the primers to their targets and 
extending them with a thermal-stable DNA 
polymerase, using the genomic DNA as a 

template. By repeating this process many 
times, the region between the primers is 
amplified exponentially, resulting in the gen-
eration of large numbers of copies of one or 
more target sequences. These amplicons can 
then be separated and visualized by gel elec-
trophoresis for the detection of variation 
among individuals. While PCR was rapidly 
adopted for the analysis of specific target 
sequences, the lack of genome sequence 
information, which was necessary for pri-
mer design, initially limited its application.

The dearth of genome sequences and the 
difficulty in developing primers targeting large 
numbers of specific loci led to the develop-
ment of RAPD markers. This method utilizes 
a pair of short (~10 nt) primers to amplify 
one or more positions in the genome. If a se-
quence variant is present in one or both pri-
mer annealing sites, or if a large insertion 
occurs between them, the amplification will 
fail or will result in a shift in the migration 
rate of the amplified product. Because the 
short RAPD primers are not selected based 
on genome sequence information, primers 
with a large number of different nucleotide 
combinations were typically screened in a 
subsample to identify those that led to amp-
lification of variable loci.

Amplified fragment length polymorphism 
(AFLP) markers

After the development of PCR and RAPD 
markers, numerous other approaches to 
genotyping soon emerged. AFLP markers be-
came one of the most widely used methods. 
This technique is based on a combination of 
restriction digestion and PCR, and uses pri-
mers that would anneal to a subset of the 
restriction fragments. Basically, after genomic 
DNA is digested with one or more restriction 
enzymes, an adaptor is ligated to the “sticky 
ends” left by the digestion. In the next step, 
PCR primers that anneal to the adaptor 
sequence, and one or more specific bases 
beyond the restriction site, are used to amp-
lify a subset of fragments. This “selective” 
amplification ensures that only a fraction of 
the fragments produced by restriction are 
detectable, resulting in higher reproducibil-
ity and an increase in the number of loci 
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that can be analyzed, compared with other 
methods, such as RAPD.

Microsatellites or simple sequence  
repeats (SSRs)

Most of the methods described above share 
the characteristic that the loci being geno-
typed are “unknown” until the amplified 
region is sequenced or positioned on a gen-
etic map. In other words, restriction enzymes 
or RAPD/AFLP primers were not selected 
based on prior information but rather were 
tested randomly, and the ones that yielded 
the most variable number of markers were 
used for analysis. Microsatellite, or simple 
sequence repeat (SSR), markers differ in that 
assays are developed to target each locus in-
dividually. Analysis of microsatellites are 
based on PCR amplification of sequences 
with differences in short, repetitive se-
quences (e.g. CAA versus CAACAACAA) by 
using DNA markers specifically designed to 
bind to each occurrence of the chosen repeti-
tive DNA sequence. Due to high variability in 
the number of repeats among individuals, 
this class of markers is highly informative, 
and is used primarily for forensic and identifi-
cation purposes. However, the labor intensity 
and high cost of microsatellite development 
meant that, typically, only a few hundred to 
a few thousand loci were developed for any 
species. While valuable for identification 
and mapping purposes, these markers are of 
limited value for applications requiring 
high-density markers that are distributed 
genome-wide.

Direct methods of genotyping: highly 
parallel assays of individual loci

One limitation of the early methods of geno-
typing was the difficulty in carrying out par-
allel assays to characterize thousands of loci 
simultaneously. Another shortcoming was that 
early genotyping methods, such as RFLPs or 
RAPDs, only sampled a fraction of the exist-
ing genetic variation. This is insufficient for 
some applications, such as genome-wide asso-
ciation studies, which are used to dissect com-
plex traits (see Chapter 4, this volume).

The most abundant form of genetic vari-
ation in eukaryotic genomes is SNVs. These 
variants may be detected indirectly, as with 
other types of genetic markers (e.g. a SNP at 
a restriction enzyme recognition site may 
result in an RFLP marker), but until recently 
the tools to analyze, in parallel, a large num-
ber of such variants were unavailable. This 
limitation has been overcome since the 
 development and reduction in cost of methods 
of DNA synthesis on two-dimensional sur-
faces. This led to the creation of the first 
methods of high-throughput genotyping of 
DNA polymorphisms using DNA “chips” and 
other approaches described in the following 
sections. Most high-throughput methods of 
genotyping rely on the same few principles 
of polymorphism detection, including dif-
ferential hybridization and ligation, and 
primer extension (Fig. 1.9). A comparison of 
approaches and how they have been applied 
in commercial platforms developed for high- 
throughput analysis of DNA variants in forest 
trees is described below.

Genotyping by differential hybridization  
and ligation

Methods of polymorphism detection based 
on differential hybridization rely on the pres-
ence or absence of annealing of an oligonucleo-
tide, depending on whether or not its sequence 
is perfectly complementary to a region of the 
genome (Fig. 1.9a). For a genotyping assay 
based on differential hybridization, oligonucleo-
tides that are complementary to alternative 
allelic forms of a locus have to be designed. 
Differential hybridization was the principle 
behind the first high-throughput method of 
DNA genotyping developed for analyzing 
over 10,000 human SNV loci (Matsuzaki et al., 
2004). While the complexity of the proced-
ure used in this first approach to SNV detec-
tion was not applicable to species without a 
high- quality genome sequence, it showed 
the feasibility of using DNA chips and the 
sensitivity of differential hybridization as a 
method of SNV detection, and resulted in 
the creation of improved approaches.

The first method of highly parallel geno-
typing used in a forest-tree species was the 
GoldenGate platform from Illumina, which 
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utilized differential hybridization followed by 
ligation (Fig. 1.9b) (Pavy et al., 2008). The 
method is based on oligonucleotides syn-
thesized on beads, which are then affixed to 
a two- dimensional surface. Two oligonucleo-
tides are synthesized to contain a sequence 
complementary to the upstream regions of 
DNA variants. However, these oligonucleo-
tides differ in their last position, so that 
each is complementary to one of the two 
possible alleles. A third oligonucleotide an-
neals downstream of the variable site. Exten-
sion of these oligonucleotides and ligation of 
the product allows the identification of the 
genotype of each individual (i.e. the two al-
leles are distinguished by the differential hy-
bridization of alternative oligonucleotides).

Genotyping by single-base  
primer extension

This method of genotyping relies on primer 
extension based on an oligonucleotide that 
anneals adjacent to a polymorphic site. After 
annealing the primer to genomic DNA, 
 alternative nucleotides labelled with dis-
tinct signaling molecules (i.e. various fluor-
escent tags) are added and DNA polymerase 
incorporates the nucleotide that is comple-
mentary to the variable site. Because the 
nucleotides are modified to avoid incorporation 

of additional bases, the extension reaction is 
stopped, creating a molecule that fluoresces 
at a distinctive wavelength that defines the 
allele at the variable position (Fig. 1.9c).

The genotyping principle of single-base 
primer extension is currently used in the 
most widely commercialized genotyping plat-
forms, such as the Infinium II from Illumina. 
Its main advantage is the simplicity of the 
assay compared with previous high-through-
put genotyping methods, which were based 
largely on differential hybridization. Single- 
base primer extension platforms are also able 
to test a much larger number of loci in each 
genotyping assay.

Direct methods of genotyping: genome 
resequencing and reduced genome 

representation

The rapid decline in the cost of sequencing 
and the dramatic increase in throughput have 
created the possibility of genotyping by 
simply “resequencing” genomes from sam-
ples of interest, and comparing them to a 
reference to call variable DNA loci. While 
resequencing multiple genomes is now feas-
ible for several species, including tree spe-
cies (Evans et al., 2014), there are significant 
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Fig. 1.9. Principles of high-throughput DNA polymorphism detection assays. Methods of detecting DNA 
polymorphisms in high-throughput assays are generally based on: (a) differential hybridization, (b) 
differential ligation, (c) primer extension, or a combination of them. In this example, the allele to be detected 
is a cytosine (C) in the genomic DNA. As shown in (a), using differential hybridization, two oligonucleotides 
(oligo 1 and oligo 2) compete for hybridization with the same segment of genomic DNA. Only oligo 2 anneals 
because it is perfectly complementary to the genomic sequence. In (b), using differential hybridization and 
ligation, only the complementary oligonucleotide anneals to the genomic DNA, allowing ligation of a 
downstream oligonucleotide. In (c), using primer extension, one oligonucleotide complementary to the 
upstream position of the SNV anneals to the genomic sequence. Distinct nucleotides labelled with 
alternative signal molecules are added to the reaction (G**, T*), but only the nucleotide complementary 
to the SNV (G**) is added by DNA polymerase, producing a signal that reflects the genotype.
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drawbacks to using this approach due to at 
least two major limitations. First, several for-
est species, including all conifers, have very 
large genomes. Thus, the effort to  sequence, 
assemble, and detect sequence variants for 
large numbers of individuals can be compu-
tationally demanding and cost-prohibitive. 
Second, several tree species harbor signifi-
cant amounts of genetic diversity, which can 
limit the value of a reference for the purpose of 
aligning reads and identifying DNA variants.

An alternative approach to whole-genome 
resequencing and genotyping is to focus the 
analysis on a reduced representation of the 
genome. The effort can be targeted to regions 
where the most relevant DNA sequence vari-
ation may occur, avoiding the expenditure of 
a significant sequencing effort on regions of 
limited interest. Genomic regions typically 
avoided include the highly repetitive, non- 
coding fraction of the genome. Most plant 
genomes, and particularly conifers, have 
large amounts of highly repetitive sequences 
(de la Torre et al., 2014). Several approaches 
to generate a reduced genomic representa-
tion have been proposed, and can be separ-
ated into four main categories: (i) C0t-based 
cloning; (ii) methyl filtration; (iii) sequence 
capture; and (iv) restriction digestion-based 
methods. The most commonly used strat-
egies are described in the following sections.

After sequencing, the reads are aligned to 
a reference genome, and DNA variants are 
identified using standard bioinformatics tools. 
The most widely used bioinformatics tools 
for DNA variant detection from sequencing 
include the Genome Analysis Toolkit (GATK; 
McKenna et al., 2010) and SAMTools (Li et al., 
2009). However, numerous other methods 
have since been developed and are regularly 
being published and compared for their per-
formance (e.g. Sandmann et al., 2017).

C0t-based cloning

The product of C0 (the initial concentration of 
DNA) and time (t) is represented by C0t. C0t-
based cloning and sequencing is based on the 
principle that, after denaturation, the highly 
repetitive fraction of a genome is expected 
to renature more rapidly than the single- 
copy fraction (Waring and Britten, 1966). 

This occurs because complementary strands 
of the highly repetitive fraction are more 
likely to encounter their complement than 
single- copy or rare sequences. Renaturation 
is also affected by the concentration of DNA 
and time. This method has been used to 
quantify the fraction of the genome that is 
highly and moderately repetitive, or a single 
copy, in several plant species (Flavell et al., 
1974). In a genome-sequencing context, this 
approach has been used to reduce genome 
representation, to sequence the low-copy, 
gene-rich fraction of complex plant genomes 
(Peterson et al., 2002; Yuan et al., 2003).

Methylation filtration

DNA methylation involves the addition of a 
methyl group to cytosine or adenine nucleo-
tides, and is a mechanism used by several 
eukaryotes to regulate gene expression in the 
genome (Law and Jacobsen, 2010). Genome 
complexity reduction based on methylation 
filtration relies on the observation that ex-
pressed genes are generally hypomethylated, 
whereas the non-expressed and the repeti-
tive fraction of genomic DNA from plants is 
often methylated. To reduce genome com-
plexity, genomic DNA is cloned into strains 
of Escherichia coli that restrict methylated 
DNA. As a consequence, only the hypometh-
ylated fraction of the genome is obtained. As 
with Cot-based cloning, methods to filter 
the genomic DNA and capture the fraction 
that is hypomethylated have been applied to 
characterize large plant genomes (Martiens-
sen et al., 1999; Palmer et al., 2003; Whitelaw 
et al., 2003).

Sequence capture

A significant limitation of Cot-based cloning 
and methylation filtration is that the fraction 
of the genomic DNA retrieved is dependent 
exclusively on its abundance or methylation 
state, rather than the sequence per se. How-
ever, when genotyping based on sequencing a 
reduced genome representation, there is often 
interest in retrieving not only the general 
fraction that is low-copy or hypomethylated 
but also a specific set of genes or genomic 
regions. Other than through direct PCR of 
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individual regions of the genome, methods 
for obtaining a large pool of defined regions 
were not available until the development of 
sequence capture. This approach relies on the 
use of a set of probes (generally 50–120 nt) 
that are complementary to the regions of 
interest. The probes are hybridized to sheared 
genomic DNA and the fraction that anneals to 
it is then retrieved for sequencing. Since its 
introduction, sequence capture has under-
gone a series of refinements to simplify the 
process and increase its efficiency. Sequence 
capture was done initially by hybridizing 
genomic DNA to microarrays containing 
probe sequences (Albert et al., 2007). The pro-
cedure was later simplified by being carried 
out in solution, where the genomic DNA is 
combined with probes that are biotinylated 
(Gnirke et al., 2009). After hybridization to 
the biotinylated probes, the genomic DNA is 
retrieved using streptavidin beads (Fig. 1.10).

Other approaches to genotyping by  
sequencing a reduced genome  

representation

With the recent reduction in sequencing costs, 
a suite of alternative methods of genotyping 
based on sequencing has been proposed. The 
most popular methods rely on a general 
approach that resembles the RFLP and AFLP 
methods of genotyping, using DNA digested 
by endonucleases. The difference is that DNA 
variants are identified based on sequencing 
instead of differences in the migration of DNA 
fragments in a gel (Fig. 1.11). These methods 
include: reduced-representation libraries 
(RRLs; Altshuler et al., 2000); complexity re-
duction of polymorphic sequences (CRoPS, van 
Orsouw et al., 2007); restriction-site-associat-
ed DNA sequencing (RAD-seq; Davey et al., 
2011); and genotyping-by-sequencing (GBS, 
Elshire et al., 2011). All of these methods fol-
low a similar general strategy, where genomic 
DNA is digested with one or more restriction 
enzymes, adaptors are ligated to the digested 
fragments, which are then sequenced. How-
ever, they differ in the stage at which restric-
tion digestion occurs and the adaptors are 
ligated, as well as the types of restriction di-
gestion enzymes that are frequently used. An 
overview of the most common approaches 

Shear
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Hybridization to 
biotinylated probes

Capture probe–DNA
hybrids with streptavidin

Denature and elute 
captured DNA

Fig. 1.10. Sequence-capture approach to reduce 
genome representation. Sequence capture begins 
with shearing of the genomic DNA and addition of 
adaptors (thick lines) to the ends of the DNA 
fragments (thin lines). These are then hybridized to 
probes (dashed line) that have a sequence 
complementary to the segment of the genome that is 
being targeted for analysis. Probes can be biotinylated 
to facilitate their later separation and removal. The 
hybrid molecules composed of the probe and the 
complementary genome fragment are then captured 
using streptavidin magnetic beads (circles). The 
magnetic beads are retrieved using a magnet, 
allowing the separation of probes and complementary 
DNA fragments from the rest of the genome. After 
probe–DNA denaturation, genomic fragments that 
correspond to the regions of interest are obtained. 
The presence of common adaptors added at the 
beginning of the process allow universal PCR 
amplification and sequencing of these fragments.
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Fig. 1.11. General principles of genotyping based 
on restriction digestion and NGS. This approach to 
genotyping involves the restriction digestion of 
genomic DNA with endonucleases and the 
addition of adapters (thick lines); variation in the 
order that these reactions are carried out depends 
on the specific method used (reviewed by Davey 

that use restriction digestion-based geno-
typing from sequencing reads and their dif-
ferences has been provided elsewhere (e.g. 
Davey et al., 2011). A comparison between 
bioinformatics pipelines used for DNA vari-
ant detection in the datasets resulting from 
these approaches revealed that there is exten-
sive variation in the number of polymorphisms 
detected and in the accuracy of the genotyping 
call (Torkamaneh et al., 2016).

Transcriptome Analysis

The DNA sequence represents the most funda-
mental genomic information. However, DNA 
needs to be transcribed into mRNA and trans-
lated into protein so that the information 
contained in the genome sequence can result 
in a phenotype. Until the mid-1990s, the tools 
available to monitor gene-expression vari-
ation were northern blotting and (after the 
discovery of PCR) quantitative real-time PCR 
(qRT-PCR). Northern blotting requires the 
separation of mRNA by gel electrophoresis, 
followed by transfer to a nylon membrane and 
hybridization of radioactively or chemilumi-
nescently labeled probes that are comple-
mentary to the target mRNA. After stringent 
washes, the signal, which is captured on X-ray 
film, serves as an indication of the presence 
and abundance of the target mRNA molecule. 
Quantitative RT-PCR was introduced later 
and is based on the principle that the most 
abundant mRNA molecules in a sample will 
reach exponential amplification in fewer cycles  

et al., 2011). The adaptor sequence provides a site 
for a sequencing primer, necessary for NGS of 
each sample (dashed arrow). Following sequencing, 
reads originating from each sample are aligned, 
and variants are detected based on differences 
among them or relative to a reference genome 
sequence. In the figure, sample A has three 
sequencing reads that contain a DNA variant 
relative to a reference (× on dashed line), while 
three reads do not contain the variant. These data 
suggest that the genotype of sample A is 
heterozygous. In contrast, because all reads of 
sample B have the DNA variant, it is expected that 
it is a homozygote that carries the alternative 
allele, relative to the reference.
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than rare mRNAs. The procedure requires syn-
thesis of complementary DNA (cDNA) from 
mRNA, followed by PCR using specific fluores-
cent dyes that bind to double-stranded DNA. 
Alternatively, a sequence-specific oligonucleo-
tide probe labeled with a fluorescent reporter 
is detected after hybridization of the probe to a 
complementary sequence. While northern 
blotting and quantitative PCR have become  
established methods to quantify gene expres-
sion, both methods have significant limita-
tions in that they are restricted to the analysis 
of one or a few genes in parallel. Thus, they 
are unsuitable for analysis of gene expression 
on a transcriptomic scale.

A few alternative approaches to quantifying 
mRNA have been developed to allow highly 
parallel analysis of gene expression, including 
serial analysis of gene expression (SAGE; 
Velculescu et al., 1995). In this case, mRNA is 
transcribed into cDNA, which is then cleaved 
by a restriction endonuclease. Adapters that 
contain restriction sites are ligated to the cDNA 
fragments, creating two tag sequences, or “dit-
ags.” After further enzymatic digestion, these 
ditags can be concatenated and amplified 
prior to sequencing. While SAGE effectively 
permits the analysis of thousands of tags, rep-
resenting a snapshot of the genes transcribed 
in a sample at a given time point, the laborious 
nature of this method, as well as the high cost 
of DNA sequencing that prevailed in the 
1990s, limited the extent of its use.

Microarrays

Complimentary DNA microarrays provided 
the first platform to analyze gene expression 
on a transcriptomic scale, dramatically ex-
panding the number of genes that could be 
analyzed, beyond the few that could be 
done with qRT-PCR or northern blotting. 
Microarrays were first developed based on 
the relatively simple principle that cDNAs 
representing a wide variety of transcribed 
genes could be cloned, amplified, and at-
tached to a solid surface (Schena et al., 
1995). This provides a platform for tran-
scriptome analysis of any sample derived 
from individuals of the same species, by la-
beling their mRNA or cDNA and hybridizing 

it to the microarray (Fig. 1.12). As with nor-
thern blots, the signal detected, after stringent 
washes, provided an estimate of transcript 
abundance. While microarrays were, in prin-
ciple, not much different from northern 
blots, they revolutionized gene expression 
analysis by miniaturizing the platform to 
detect and quantify a massive number of 
transcripts in parallel. As a consequence, 
analysis of the expression of hundreds to 
thousands of genes and, eventually, the full 
suite of known genes in a genome, became 
possible.

Although cDNAs provided an easily access-
ible substrate for the production of micro-
arrays, they have several drawbacks. Inconsist-
ent PCR amplification of individual cDNAs, 
and the potential for cross-hybridization, 
were some of the limitations that led to the 
development of microarrays based on syn-
thetic oligonucleotides. In this case, each 
oligonucleotide is designed to complement 
only a specific transcript and is synthesized 
in defined amounts. Therefore, regions of a 
transcript that have a sequence similar to that 
found in other genes in the genome could be 
avoided, and concentration of oligonucleo-
tides deposited in the microarray could be 
standardized (Fig. 1.12).

The quality of early microarrays was also in-
consistent because of the approach used to 
“print” them on a slide. Essentially, the method 
required that a hollow pin be immersed in the 
cDNA or oligonucleotide solution. The pin 
would withdraw a small fraction of that solu-
tion, which was then deposited on and fixed 
to the slide. Numerous pitfalls were possible in 
this process, including clogged or damaged 
pin tips, which would result in inconsistent 
printing within or between slides. These limita-
tions were addressed by another significant ad-
vance in microarray technology: in situ synthesis 
of the oligonucleotides directly on the surface of 
the slide (Gao et al., 2004). This approach per-
mitted the production of a consistent platform 
for analysis of any set of genes or any genome.

RNA sequencing

Microarrays were the tool of choice for ana-
lysis of the transcriptome until the rapid 
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Fig. 1.12. Principles of cDNA and oligonucleotide microarray design. Early microarray technology to 
detect transcriptome changes were based on the use of cDNA (left panel). In this technology, mRNA 
extracted from the species of interest is reverse-transcribed using an oligo(dT) primer to synthesize the 
first strand of the cDNA. The oligo(dT) primer may also contain an adaptor sequence (NNN), which 
becomes incorporated into the first strand of cDNA. Thus, the product of the reaction is the complement 
of the mRNA, with an adaptor at the 5′ end. Next the mRNA is degraded, leaving only the cDNA 
molecule. Another adaptor (NNN) can be added to the 3′ end, prior to second-strand cDNA synthesis 
using a primer that anneals to the adaptor sequence. Finally, the double-stranded cDNA can be amplified 
by PCR before immobilization on the microarray. More advanced technologies for microarray design were 
established based on synthesized oligonucleotides (right panel). In oligonucleotide microarrays, regions 
that are unique to genes to be analyzed are first identified bioinformatically. Based on these sequences, 
oligonucleotides are synthesized and printed on the microarray surface.

 development of DNA sequencing methods led 
to RNA sequencing (RNA-seq). RNA-seq relies 
on the principle that, by producing cDNA from 
mRNA extracted from a sample of interest 
and sequencing it, one can infer the abun-
dance of gene expression. RNA-seq has a number 
of advantages relative to microarrays for 
transcriptome analysis (Wang et al., 2009). 
First, RNA-seq does not require prior know-
ledge about the content of the transcriptome. 
In other words, rather than interrogating 
the specific elements present in the micro-
array, the investigator can measure the abun-
dance of any transcript present in the tran-
scriptome. Another significant improvement 
lies in the fact that RNA-seq allows infer-
ences about the occurrence of alternative 
splicing, based on the presence or absence of 
exons among the sequencing reads for a 
transcript. RNA-seq also provides estimates of 

expression that span a wider dynamic range 
than microarrays, including rare transcripts 
whose signal may be confounded by back-
ground signals from microarrays. Consider-
ing all these advantages, RNA-seq has rapidly 
become the predominant technology for 
transcriptome analysis. However, several 
challenges remain, particularly with respect 
to the most suitable approach to the analysis 
of RNA-seq data. More specifically, numerous 
methods to normalize the data across samples 
and declare differences in gene expression 
among treatments have been proposed, but 
no consensus approach that addresses the 
method’s limitations has yet emerged. Other 
questions related to the method of sample 
preparation and amount of sequencing re-
quired for a suitable estimate of gene expres-
sion also remain largely unknown. To address 
these limitations, best-practice workflows 
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have been developed to standardize the ana-
lytical methods (e.g. Conesa et al., 2016).

Proteome Analysis

Proteomics is the survey and quantification 
of the ensemble of proteins present in a 
sample. Proteomics complements genomics 
and transcriptomics by providing an add-
itional level of information concerning gene 
expression. Transcript abundance reflects, 
to some extent, the quantity of each protein 
in a sample. However, numerous studies 
have shown that this correlation is inexact, 
demonstrating the need to analyze the prote-
ome for a complete understanding of the 
flow of information from genotype to pheno-
type. Furthermore, proteins may undergo 
numerous modifications that can change their 
properties and are not accounted for by 
sequencing DNA or detecting transcripts.

Proteome analysis by mass  
spectrometry

The first and most immediate application 
of proteomic analysis was to catalogue the 
proteins present in a given sample. To achieve 
this goal, the proteins were extracted, solu-
bilized, and denatured, to make them access-
ible to site-specific digestion. Digestion was 
typically achieved by treating the protein ex-
tract with trypsin, although other methods 
were applied, including the use of multiple 
proteolytic enzymes, which can increase the 
range of the proteins characterized. Digestion 
was followed by fractionation and analysis 
of the resulting peptides via liquid chroma-
tography/mass spectrometry. In this pro-
cess, the masses of individual peptides are 
recorded as they are eluted from the column 
used to separate them. In the final stage, the 
mass spectra are analyzed to determine the 
primary structure of the protein.

Recently, proteomics has evolved from 
the simple detection of protein species in a 
sample, to the actual quantification of each 
polypeptide. For quantitative proteomics stud-
ies, samples are labeled with distinct isotopes 

to discriminate sample origin. Methods of 
proteomic analysis have evolved dramatically 
since the first development of mass spectrom-
etry. Improvements in the accurate estimation 
of mass of peptides and the speed at which 
the mass spectra are collected mean that a 
much larger fraction of the proteome can 
now be sampled and quantified.

While the number of protein-coding genes 
is limited in most genomes, genetic variation 
that leads to amino acid substitutions, alter-
native splicing, protein modifications, and 
other phenomena that affect protein struc-
ture and function results in numerous alter-
native forms. These changes are dictated by 
modifications in the mass and composition 
of proteins.

Summary

Genomics is the science that studies the 
structure and function of genomes, includ-
ing the elements that contribute to the way 
in which the genetic information encoded in 
DNA is manifested as a phenotype. Genom-
ics encompasses many areas, from genome 
sequencing to transcriptome and proteome 
analysis, and beyond. Because forest-tree 
species have properties that are of critical 
societal value and that make them unique 
among plants (e.g. perennial growth habit 
and wood formation), they have been a focus 
of genomic studies since the development of 
the first methods to characterize genetic 
variation. However, studying tree species has 
been challenging because many have very 
large and complex genomes, and their long 
generation times and physical size can hinder 
many approaches commonly used in genomic 
analysis of annual plants.

The genomic study of most plant species 
started with the development of genetic 
maps. However, because genetic mapping 
theory was largely developed based on ana-
lysis of populations that are impractical to 
create for forest trees (e.g. backcross popula-
tions), new types of mating designs, such as 
pseudo-backcrosses and mapping theory, 
had to be developed.

Progress in tree genomics accelerated 
with the development of NGS methods and, 
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in particular, the sequencing-by-synthesis 
approach. Later, sequencing by synthesis 
was complemented by the creation of other 
advanced methods of sequencing based on 
the analysis of single, long DNA molecules, 
which now allows the characterization of 
sequences of 1 Mbp or more (although with 
a high error rate).

The rapid decrease in cost and the increase 
in throughput of DNA sequencing have popu-
larized the sequencing of plant genomes, 
including those of tree species. For genome 
sequencing, most scientists use the shotgun 
sequencing approach. Shotgun sequencing is 
based on shearing the genome into fragments 
of different sizes, sequencing the ends of 
these fragments, and assembling them using 
extensive computational resources that take 
into consideration the similarity between 
overlapping reads and their length.

Despite the advances in DNA sequencing, 
for many tree species it remains difficult or 
impractical to sequence their genome. In par-
ticular, the genome of one of the most im-
portant groups of forest-tree species, the 
conifers, is among the largest of land plants. 
Sequencing of conifers required the develop-
ment of new assembly strategies and com-
putational tools, but the quality of conifer 
genome sequence assemblies remains sig-
nificantly lower than those of angiosperm 
tree species. In the future, the expectation is 
that sequencing methods will continue to in-
crease their throughput and read length. In 
combination with better computational re-
sources, the quality of the genome sequences 
of conifers is expected to continue improving.

Many studies in forestry aim to character-
ize genetic variation in large populations, 
requiring the development of approaches to 
identify DNA polymorphisms in many sam-
ples. While numerous methods of genotyp-
ing have been created since the discovery of 
DNA (e.g. RAPD and SSR genetic markers), 
they did not achieve genome-wide coverage 
until NGS and DNA chips were developed. 
NGS is now being used for genotyping by 
aligning DNA from multiple individuals to 
reveal their differences. However, DNA chips 
rely on the detection of individual bases or 
probes, as they are incorporated into 
an  oligonucleotide on a two-dimensional 

surface. Both approaches have their advan-
tages and disadvantages in terms of cost 
and accuracy, which have to be carefully 
considered before selecting the genotyping 
tool.

While genome sequencing and analysis is 
a fundamental component of the genomic 
sciences, other levels of heritable information 
are also relevant and have been extensively 
studied, such as mRNA and proteins. Tools 
for genome-wide analysis of all transcripts, 
the transcriptome, first emerged with the 
development of DNA microarrays, where frag-
ments of genes were printed on a surface 
and their expression abundance quantified 
by hybridizing labelled sequences derived 
from mRNA. The rapid evolution in DNA 
sequencing methods is now resulting in the 
replacement of microarrays by direct sequen-
cing of mRNA derivatives (e.g. cDNA). Char-
acterization and quantification of all proteins, 
or proteomics, is also of interest, and has 
been achieved largely by mass spectrometry. 
Improvements in methods to identify and 
estimate the abundance of protein in a sam-
ple have evolved rapidly, although obtaining 
a survey of the full spectrum of peptides in a 
sample remains challenging. Research on the 
characterization of other “omics” components 
(e.g. metabolomics) has also advanced and is 
becoming common in forest-tree species.
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